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~ ABSTRACT

¥ The Crowsnest Formauon in southwestern . Alberta is composed of a dxf ferentiated suite of

.cxtrusxve alkalme volcanics dommated by pyroclastic rocks. A relatively complelc 400m section

through- the formauon- was exposed in 1981 west of Colcman Alberta. Tlns new; section is
herein proposed as the type section for the Crowsnest Formation. The deposits of this newly
proposed type section are divided into a recessive, 124m lower and a resistant, 276m upper
mem.ber. » o | * .
Mineralogically, the lower and imper“membérs différ somewhat. The lower membgr is}
composed of phenocrysts, cognate and juvenile rock fragments and finer matrix constituents,
,in‘cluding pronounced alteration phasés. The. phenocryst phase is dominated by.‘ sanidine,“

melanite, aegrine - augite and,-to a lesser extent, analcime, andesine ahd sphene. The

~ distribution of the denser minerals, notably garnets and Fe-Ti oxides, define many bedding -

structures as a result of pronounced density -stratification. Cognate and juvenile rock fragments’

are found in all but the finest beds. Many exhibit a trachytic flow texture, reflecting their origin

as lavas or viscous plugs. In many instances; rock fragments and crystals- exhibit plastic

deformation, sutured--boundaries and baked/ resorbed margins indicating high emplacement

temperatur,és and subsequent Wwelding. ; '

The matrix of the lower member is comnosed of finer rock fragments, sméli crystals

and crystal fragments and a pronounced alteration asscmblage. This alteration assemblage is

dominated by both clay mincr\als (illite, illite/smectite) and calcite. Kaolinite and chlorite are
also found. Zeolites are rare. _
In_ the ‘upper member, the phenocryst phase is less well dcveloped exocpt in the

abundant cognate and Juvemle rock fragments. Many phenocrysts. notably samdme and

- analcime, have suffered recrystallization to chert-like adularia + sericite + epidote masses and -

pseudomorphs. Analcime as a discrete phenocryst was not observed. Garnets are relatively rare’
compared to the lower member. - (, '

’ The matrix of fost upper beds is composed dorn.inanlly of a finely-cr‘ystall-ine‘

‘chert like assemblage listed above. Also found were -illite (10A mmega!s) chlorite; bxome

J

patne hemame manomagmemc ﬂmemte and pyme S -

Geochemical analyses of pyroclasnc rocks and lava flows ( in Lhe latter case data taken

- from Pearce, 1967 and Ferguson and Edgar, 1978) class:fy the deposits of thc Crowsncst



Formation as tristanites of the potassic alkaline basalt series. Blairmorites, howei'er, classify as
benmorites of the sodic series. The occurrence of carbonate (Fe-calcite) as a major component
~ of bombs within the formation suggest the presence of a carbonatite phase. Geochemical
comparis@n with known carbonatites does not favor a truly carbonatite phase; however,
recrystallization under igneous conditions is indicated. B ’

The deposits of the lower membér are composed of interstratified pyroclastics of four
| ‘kmds: pyroclastic floWs (massive), surges- (both closs and density-stratified), air-falls
(including bombs) and lallal's. The presence of both massive and cross-stratif ied flow deposits i
sugge;s emplacemem by both _massive and turbulent pyroclastic flows respectively. Many. of
these deposits had been previqusly’idemif 1ed as volcanogenic sediments 'by Pea}ee (1937) and
Ricketts (1982). Comparison with modern pyroclastic eposits suggest a strictly‘ pyroclastic
origin and proximity to their source. o C

Resistani, thxckly bedded pyroclastm brecmas carrying charred plant remains comprise
the upper member. The clasts of the breccias are dominated by cognate and juvenile types..
ranging up to 3 meters in size. Textural evidence suggests that fhe'deposi;s are essentially rla.vas
which had incofpoated high concentran'ons of clasts during dome buildihg eruptiods

Dcspxte the absence of an exposed vent or vents, the sequence and style of Crowsnest
empuons can be mterpreted from the nature of the deposits. Volcanism occurred on a broad
flood plane which flanked the east side of the rising Cordlllera during Upper Albian time. Early

erupuons were vnolem and gas- charged, producing vertical eruption columns and subsequently

"~ the air-fall and ignimbrite depgsits. of the lower member. Such eruptions also produced deposits

to the east in the Alberta basm' notably within the Vzkmg Formauon Effusives occurred
dunng the waning stages of these eruptiorns. Compos:te cones were probably produwd by these

. early, gas-charged eruthons ‘

‘ Dimng zhe mature stages of Crowsnest volcamsm gas poor dome- bmldmg eruptions
produced the thick p‘yroclastm breccxas of the upper member. The deposx-ts form a thick cap
' over. thc lower member in the vicinity of Coleman Volcanism came to an end towards the close

of Albxan time and was followed by a trangressnon of the Cenomanam - Turoman sea’in the

" area.

-~

.\;i . .
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I INTRODUCI}ON

In 1§8l. a virtually ‘complete section through the Crowsnest Formation was exposed along a
relocated highway No. 3 “lesl of ‘ Coleman, Alberta. This new exposure is herein proposed as the
type secuon of the formation since no type section has previously been desrgnated A Tecessive
lower mémber and resistant upper member are well defined at this exposure

’ . The deposits of the proposed type section are composed entrrely & pyroclastic suites.
Many similar deposits in otller exposures of the formation weré previously identified as
volcanogenic sediments b}' Pearce (1967) and Ricketts (1982). The d.epositional characteristics
Qf these deposls are compared to modern examples in order 'to determine an eruptive style and
history for the CrowsnesL Fc;rmation. To datc_A ne study has investigated this aspect ef $he
f o'rmatr'qn. - .

‘m
‘A. Purpose and Methods ,
‘The prime objective of this study is to determine a model for the genesis and deﬁosition

. of the Middle Cretaceous Crowsnest Formation based upon the erposure of the critical section
west of Coleman. Supporgsectiorrs were mapped immediately north and sollth ef this section.
Conclusions are based on the f ollowing lines of investigation: .
Mineralogy. The mineralogical signature.of the pllenecryst. rock fragment and matrir phase_s

are determined to provide insight into the compositional variation wirhin beds, between

“beds and between each of the phases. The distn'buu'on of the phase's' in and berween the

lower and upper horizons are mvesugated to define the processes by whrch they were

cmplawd

As alteration assemblages com_prise a major part of many beds, the diagenetic‘ .

mineral ésscmblages are investigated to define the conditions under which they were

formed.

-

Geoc hemlstry Whole rock .major and trace. element composmons are used to classify the ‘ﬂ

Crowsncst suite. Genetm assumpuons are based upon the - chermcal signature and

comparisons- with chemxcal suites ‘of igneous rocks of known ongms The .degree of

‘alteration is assessed by the amount of chermcal variation - bctween altered pyroclasnc‘

samples and those of both fresh, pnmary‘ Crowsnest sultcs and standard alkalmc rocks

R Y L

'In this sense, the term pnmary ;s “used - for all 1gneous rocks (lavas plugs
: mtrusrvcs ctc) ot of pyroclastm origin.
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Volcanologx. Perhaps the most important line of investigation is the identification and
interpretation of the textures and depositional structures found in the beds of the
formation. The fine line “dividing truly”sedimentary rocks from those of pyroclastic origin
imparts a marked simirarity between the structures although the mediuin which fmplaced
the deposits may be markedly different. - ) ‘ ‘

The type of pyroclastrc deposit, determined from the preserved structures, provides
insight into the erupuon type and origin of the deposit. . '
traugraphy Stratigraphic relationships are discussed on two levels: |

a. Detarled Slraugraphy A detailed straugraphrc analysis characlenzes the relauonshrps
berween/‘beds wrthrn the type section and subsequently with those of the support
socuons As the lower beds (lower }tmber) are highly recessive, the examination is
confrned to those sections with exposires of this horizon. /.

b. Regronal An andlysrs incorporating known studres on the mlddie and upper ‘
Cretaceous sequences of the area provrdes the regrona] srraugraphrc relauonshrps of
the fdrmation: The rmphcauons of having a volcanic horizon-within this sequence will
also be addressed. L

The stratigraphic associations, both locnl and regional, provide evidence for the

'reeonstructidn of the paleogeography before, during and after Crowsnest time.

Mapping and sampling‘-vvere carried out at the end of the summer of 1983 and

penodlcally over 1984 and 1985. Attenuon was focussed on the lower member at the rype

section where it is best exposed.

T

One hundred and thirty-four samples were collected from the lower membcr at the rype
§ sectron and represent every rype of bed observed Less detailed, though representative sampling

" was Qonducted in the thrck upper member and in some of the suppon sections.

R . . . o

. : o o & ¥

B. Locatron and Geologrcal Setting T e . -

’ The Crowsn}sr Formatron crops out in a relauvely sma]l area in thc extreme southwesr

.corne_r of Alberta (Frg. 1.1).Itis expoSed rn a series of , en-echelon staclrod. northerly rrendrng° -
thrust slices which have been e‘mplawd-aiong wesrerly dipping_thrust fau.lrs ( Fig' 1 .2). Thearea -

lh

' - was at one time ovemdden by Precambnan and Paleozorc sediments whrch wcrc emplaced by: .

¥ W,

4. the Lewrs overthrust. Erosron has removed most of this.cover in the vrcrmty of Coleman

a
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' ' exposing the Mésozoic rocks below. To the west of the study area, these rocks still remain
covered ;md expressions of the Lewis thrust are p'rominem (Fig. 1.2).

The best-exposures of the Crowsnest Formation and the focus of this study are in the®
western -most major thrust slice emplaced by the Cofeman thrust (Fxg 1.2). The thickest
exposures are west of Coleman at the proposed 1ype section and at Mz Butte (Fig. 12)
Generally, the formation has a northerly :tnke and dips to the west In the areas covered by

oA
this study, it smkes between 0 and 10 degrees north and dips 1o the west between 40 and 52

degrees. ’

The formation is underlain by the continental sediments of the Blairmore For?alion
(Glaister, 1958)1 and overlain by the marine shales of the Alberta Group, specifica ly the
Blackstone Formation. : )

~Gcncrally. the dominantly pyroclaétic sequences of the Crowsnest Formation occur as
two disu’hct units, herein designatéd the lower and upper members. The lower member is a
recessive sequence of thin to thickly bedded ash, tuff ,. lapilli tuff, and agglomerate. The upper

member is a thick sequence of massive pyroclastic breccias.and minor agglomerates. Itis a

* prominent ridge former in the area and is known for the occurrence of blairmorite f ragmenis.

C. Previous Work v N

A o The Crowsnest Formation was first reported by G. M Dawson in 1885 and was
| subsequemly remapped in 1912 by W. W Leach. The fi u'st petrographic descriptions were given |
"-by C.W. Knight (1904) who ‘coined the term "blaxrmome for» rocks composed chJeﬂ)~ of

analcite. MacKenzie (1914), described samples of blaim’:oﬁte and proposed an igneous origin

fi or the analcne He further suggested that the Crowsnest was deposited in a shallow f Tesh water

- sea. Pirsson (1915) criticized these 1deas especxally the 1gneous origin of . the analmme

MacKcnue rexterated his ideas ‘again in 1915. The crystal habits of the feldspars were
mvesugated by Rutherford (1938). MacKenue (1956) dxscussed the straugraphy and
- mineralogy of the formation. Fresh sanidine phenocrysls were dated at 96 Ma by potassnum
argon methods in 1957 by Folinsbee ef al.

- Pearce  (1967) produced a comptehensive doctoral thesis on the primary
analciing-bearing-lrock_s of the foi-mation. He suggested that the parqx;tai magma was a hydrous
“alkaline uachﬁc and that the pr;esenbe of analcime aé_a primary component was due to éodinqn



’
enrichment in a residual melt after sanidine, aegirine - augite and garnet were removed by

~ fractionation. Carbonate-rich rocks were also identified and the possibifity of carbonatite was
suggested. Very brief attention was given to the pyroclastic rocks, however thtee vent locations
were promsefi at Ma Butte, Colemnan and George Creei(. Parts of the thesis were published in
- 1971. . |

.The petrology of the analcime bearing-rocks of the formation was again investigated by
Ferguson and Edgar in 1978. They substantiate the ideas of Pearce (1967, 1971) and give-
evidence that differentiation followed a sodic path. Further, they‘suggest ghal diff e.rcn‘t-iation
occurred at hjgh pH,O below 25 km and that partial melting of the crust below 35 km produced
the trachytic thagma. T | _ é, - ,

Ricketts (1982) was the first to address the vblcanology' \of the formation. He identif ied
the occurrence of lahar deposits at locations south of the pfOposcq type sectfon. Beds
containing ripples, planar cross-beds and parallel -laminae werc‘identifiéd as alluvial deposits
;md were suggested to be the resﬁll of short lived slreamvdepo.sition. _

Dingwell and Brearly (1985) have studied the mineral chemistry of the spcclaculérly
zoned andradite garnets common in many beds of the formation and found them to be the
titanium-bearing variety, melanite. Statistical models were proposed for elemental §ubstitution

in the garnets.



I1. MINERALOGY

The mineralogy. of the primary deposits of the Crowsnest Formation has been studied by Pearce '

(1967,1970), Ferguson and Edgar (1978) and Dingwell and Brmrly (1985). Most attention has
been focused on the blairmorites due to their uniqtté)mineralogy. With the cxposure of the
section west of Coleman, a complete mineralogical assemblage of both the recessive lower
menfPer beds and the resistant upper member beds can be determjned. Standard thin section,
X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses are utilized to
determine the mineralogy at sampling points through both the lower and upper members. A

description of each technique and sample preparation procedures may be found in appendix B.

" The phases of the Crowsnest Formatioh,are divided into phenocryst, rock fragment and

matrix categories. Table 2.1 lists the compositions of the phenocryst, matrix and rock fragment
\

* phases. Due to the large variety of tock fragments, only their abundances are considered. The

samples are listed in stratigraphic order starting from the base of theslower member. Their
location in the section may be found in foldouts A and B. The distn’bution,‘and oocurrence of
any of these components is controlled by the type, intensity and source of the eruptions which
prodiiced the’ pyroclasu'c 'deposits (see Chapters I & IV). Chapter V documents the
. prenounced densrty -stratification and component f ractionation which has taken place
Alteration assemblages- are a pronounced feature of the pyroclastic deposrts of the
Crowsnest Formauon and may compnse a substanual pomon of the mineralogy. Generally

such assemblages are most concentrated in the matrtx

A. Phenocryst Phases _
The Crov)snest suite has a distinctive phenocryst assemblage which is especially

abundant in-.the crystal tuffs of the lower- member and in»cognate/ juyenile'fragments of the

* upper member. The lower member at the type sectron is notably composed of thin beds of
: :fcrystal and lithic tuffs and lapilli tuffs. In many beds, individual crystals may be easily

removed by hand due to the poorly consohdated nature of the matrix. It s clearly evident that
'alterauon has ocxurred preferentrally in: the matrix and is most commonly in the form of clays
and recrystalhzauon assemblages whrch are discussed lates. In the .dense beds of the upper
membcr the phenocryst phase is less well developed howcver 1t is still an mtegral part of the

.~ deposits. Phenocrysts are well developed. i in the abindant rock fragments charactensttc of the
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upper member.

Sanidine
Sapidine is the most abundant mineral component of the Crowsnest rocks. In the lower
* member, it makes up from 10 to 60% of the phenocryst. phase (Table 2.'1). It is found.in
slightly lesser abundances, averaging around 20%’ in the upper member. } ‘ '

In the lower member, sanidine is characteristically found as large euhedral to subhedral
cr?stals up to four centimeters in length (Plate 2.1a). It is also readily observed as srnall.
tabular laths in the‘matrix. In both cases, the- crystals are commonly broken, fractured and&
slightly rounded., reflecting the nature of eruption and emplacement mechanisms. Carlsbad
twinning is very common, especially in the larger crystals. )

‘The pronounced zoning which is charactensuc of safiidine may best be observed at rxght
angles to the "a crystallographlc axis, as was rLoted by Pearce (1967) (Plate 2.1a). Resorptxon
and continued~growth cyc}es are apparent by the wavy and occasnona]ly truncated patterns of
some zones. It is not uncommon ‘to,bbserve twenty or fmo're zones in- large crystals. Ferguson
and Edgar (1978)__ recognized an increase in sodium towards the outer edge of each zone,
reflecting sodium enrichment in the residual melt. Upon subsequent crystallization of analcime,
“the trend was repeated as the melt returned 1o a more potassic composition {Ferguson and
Edgar, 1978). | ‘ C

Inclusions may be observed in both the phenocryst and matrix samdmes though many
are inclusion free. Smaller’ matrix laths tend to contain few inclusions. Aegmne - augite,
plégioclase sphene, analcime and garnet maybe found in order of decreasing abundance. The
aegmne augite, plagroclase and sphene generajly ‘occur as euhedral mclusrons often exhrbmng

1 well defmed zonatrons " Garnets have less pronounced crystal forms Inclusrons are notably
absent in some beds or horizons. [ ‘

In the upper member samdme phenocrysts exhxbxt the same features as those in the.
lower member however, they are often corroded and recrystalhzed et

* -Alteration "
_ Alteration of samdme occurs throughout both members. - The mtensrty and type of
alterauon is, however ,-notably diff erent between the two. “ |

’Recrystalhzatlon of phenocryst phases, notably samdme and analcime, has probably
reduced their abundance ..
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"The mbst common alteration in the lower member is the conversn’pn of sanidiné to clay
minerals, calcite and, in some“cases, epidote group minerals. Rims, zones and fractures may
show pref eremiall alteration. Illite/smectite, illite and kaolinite are common alteration products
with the availabilty of K* and Al>* from the sanidine. Scanning electron microscopy shows that
crystals may or may not be corroded at the site of alteration (Plate 2.3a,b).

Calcite is occasionaﬂ?g found to rim crystals and fill fractures within the crystal.
Crys@ls towards the top of .the -lower section may be completely replaced by calcite. Small
© rectangular to rhombohedral inclusions oi’ caicite in sanidines are the pseud;)morphic

replacement of original aegirine - augite inclusions. ‘

The red "afbitization” described by,Pearce (1967) was mostly found coating sanidines
in primary, cognate clasts within the lower‘member. This seems to indicate that this alteration
‘took place prior to deposition. ‘

Alncreasingly t_o_ward's the top of the lower rﬁcmber. and very commonly throughout the
upper member, sanidine is seen io be recrystallized to the low temperature equivalent adplaria.
It occurs as a crysta] aggregate strongly resembling chert (Plate 2.1b). The présence of adularia

. was determmed by staining wnh sodium cobaltinitrite and by bulk X-ray diff racuon Zoncs and
mclusnons are rarely preserved. Epidote group minerals (zoisite and clinozoisite), sericite,
apatlite and rarely zcohles are associated wnth adularia in recrystallized fcldspars They alfe
especially abundant m the upper member. ‘

The alteration of the feldspars in the type séction_ is represented by the following

assgmblages:
1. sanidine = albite (pink color, Pearce 1967) * calcite *clays.
2. “sanidine = clays '(illitc/smectite‘ illite, kaolinite) ¥ calcite i zeolite (rare)

3. sanidine = édularia/sericile + eﬁidote éroup minerals * calcite + zeolite(rare) °

( The first two assemblages are primarily found in ihe lower member wherc the matrix
~ and phenocrysts are most. ;uscepﬁble to devitrif. ication“’l'he third ‘suite occurs in the upper part
| of the lowet member and as the major alterauon/recrystalhzauon phase in the upper membcr
In the latter case, recrystallization to adularia shows htlle pref erence for the matrix, phenocryst ,
or rock fragment phases. Slow cooling of an mmally ‘ot deposit is thought to have resulted in _

the recrystallization of sanidine to adularia and associated minerals.
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Garnet

Black andradite garnets are an abundant accessory, if not major constituent of the.
lower member where they may reach abundances of 21% and generally average about 8% (Table
2.1). They occur in much lesser amounts in the upper section. Their distribution and
concenlration is largely controlled by strong density-stratification m many deposits. Aegirine -
augite, sphene and magneu’te are found in common association wh'e‘re\ ihis has has taken place .
(see chapter 5). Towards the iop of the lower member, and throughout the upper member,
andradite garnet, as a discrete phenocryst, is much less common, averaging less than one
percent (Table 2.1). h | | |

Euhedral dodecahedrons which commonly show simple twinning are the rnajor crystal
form of the garnets (Plate 2.1c,d and Plate 2.3¢). These forms are observed in both hand -
specimen and thm section. The crystals range in size from <0.1mm in the matnx 10 a$ large as
Smm in the phenocryst phase. In many cases, the crystals are fractured and broken.

The well zorded nature of these gai"nets ( Plate 2.1Q), termed melanites for their
tit;'mium content, has been studied by Pearce (1967, 1971)_ and Dingwell and Brearly (1985).
Dingwell and Brearly showed that both normal and oscillatory zoning are present, rimming a
fesorbed core. Their f indings.shdwed the core to be enriched in. Mn?" and and AI**, while being
deplcte'd.'in Fe and Ti*. Further, the pronounced. dark versus light zones'rimming the core
result from Ti* and Fe variations, with th‘evdarlker zones being enriched in Fe, and Ti* relative‘
.to the lighter zones (Dingwell and Brearly, 1985). ‘

 The derl; brown color ann well def’ ined zoning are characteristic ,of garnets in the lower
" member. Within the ,uppe:‘r. member, r{owever, the garnets exhib;‘t‘a bleached out brown color
ivgth very poorly deyelope_d zoning. This change seems roughly coincident with the decrease in

abundance of garnets, perhaps resulting from ehang'es in, or disruption of, favorable conditions -

. inthe magma. chamber.

lnclusxons wnhm the garnets are very.common (suggesung a fater crystalla.mg phase),
-aegirine - auglte sphene and magneme being Lhe most abundant (Plate 2 1d). ’I’,he former twe
commonly show euhedral crystal forms. Mmor sanidine, andesme apaute and analcxme also.
occur. Aegmne - augne often shares a cornmon nucleanon site thh melanites. and may totally

. encompass an enure garnet (Plate 2. le)
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Alteration '

The melanites throughout much of the lower member are ver§ fresh and show little or
no alteration. Alteration of inclusions of aegirine - nugite to calcite and samidine to adularia
were periodically found. ‘ '

Towards the top of the lower member and throughout the upper mcrnber the color of
the garnets becomes pale brown.‘Edges often show minor resorption, and develop a rirff of a

magnetite.

Aegirine . Augite , : -

.Aegirine - augite is the third most abundant mineral in the proposed type section
averaging up to 5% in t'he lower memoer (Table 2.1). Much lower. abundances are found in the
upper section where it ave‘rages less than one percent. The crystals are most abundant towards
the top of lower member and may be concentrated in certain beds where they reach abundances
of up to 9% (Table 2.1).

' Crystals nre commonly euhédral. but_are often broken, fractured or abraided at their
_corners, They are easily distinguished by their upper second order birefringence, cleavage. and
green pleochroi‘sm.- Two types of zoning were identified (Plate 2.1f). The first is a. marked core
- rim zonation, with the core being augite, and the rim being ,aegirine. Pearce (1967) alsc

‘identified the opposite. The second style, common in the upper beds of the lower unit, is a fine

- thythmic zonation throughout the crystal (Plate 2.1f). Contacts between each zone are sharn,‘ o

‘with no apparent resorption.. Hourglass extincrion patte'rns were found to overprint zoning |
styles in a number of crystals (Plate 2. le) Ferguson and Edgar (1978) suggest that the .
differentiation trend of the melt to more sodic composruons is reﬂectcd in the zonations.
Pyroxenes are relatively free of inclusions, suggesung early’ crystalhzauon Subhedral
_garnets, analcime’ and Fe- oxrde are’ occasronally found as inclusions. As menuoned aegmne -
" augite often shares common nucleatxon Slghts with- garnets o ' :
It is o.f mterest ‘to note that-clasts of fresh, primary éegiﬁne'ngéregates— are found
occasionally in the upper section. These clasts have suffered little alteration asrde f rom the
”rxmmmg of Lhe ‘clast with- Fe Ti oxldes It is not known if such’ clasts are accrdcntal or
representative of the Crowsncst rocks. The latter is favored on the basrs of th@ccurrence of

aegirine.- augrte asa pnmary crysral component of. the f ormauon v

< o



Plate 2.1

A

Photomicrograph of a rhythmically zoned sanidine phenocryst (Fp) supported by a matrix |

of clay minerals (Cl) and smaller fragmems‘. Lower member, wch-56, _ficld‘of view 1 x

l1mm, X-polars.

Photomicrograph of a zoned sanidine phenocryst from an uppér bed of the lower member
showing alteration/recystallization to adularia aggregate (Ad) and clay minerals. Lower

member, wch-65, field of view 1 x 1mm, X -polars.

Photomicrograph of euhedral, twinned melanite garnets separated .from a green crystal .

ash. Lowet member, wch-32, field of view 1cm x lcm, X -polars.

. Photomicrograph of an intensely zoned .melanite phenocryst. Inclusions of sanidine and

- aegirine - augite are evident. The garnet is rimmed by a feldspathic coating. Lower.

member, field of view 2.7 x 2.7mm, X-polars.
3 . A N

Photomicrograph of an anhedral garnet (»Gr) which has been completely surrounded by

. .aegirine—z}ug,ite (A). Lower member, wch-47, field of view 2.7 x ‘2.7ﬁ'1m, P-pblars

F.

Photomicrograph of an intensely zoned aegi’rine-augite phenocryst showing‘shar'ply. defined

rhythmic ‘zohing and hour-gl‘ass extinction. Lower member, wch-39, field of view dx

 1mm, X-polars.
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Alteration - , ,

Within the lower member two types of pyroxene alteranon are observed -They are
represcnted by the following assemblages : .
1. Aecgirine - augite 7 Fe calcite 1 chlorite £ Fe-oxide .

2. Aegirine - augite = amphibole (hornblende)/biotite * calcite + Fe: oxrdes ‘

In both cases the replacement may be pseudomorphic. Calcite replacement tends to preserve the

original crystal shape, especially when it replaces euhedral inclusions in,other minerals (Plate

222). ... ot : S ‘

' The. presertce of pyroxene in the ‘ubt)er member is-demonstrated by intensely corroded

rélict cryst.als: The original modrrl ‘percentage cannot be determined. The two alteration

" assemblages common in the upper member are listed below. o '
Pyroxene = biotite = chlortte t Fe oxrdes .

2. Pyroxene = calcrte t Fe- oxrdes

It-is possible that amphibole was an intermediate phase that was not recogn}ted.

Analcime ‘ v
Analcime, as diserete crystals, is most common in the crystal-rich beds of the lower
‘rnember; however, it achieves greatest abundance in the upper member where it occurs as
_phenocrysts in Acognate and juvenile blairmorite clasts. It does not sur_vive as discrete
‘ phenocrysts in thc upper member. ‘ | ‘
 Inthe lowe; member, -analcime: averages around 2% but it may be totally absent from
- some beds (Table 2. 1) Conversely. certain beds are notably nch in analcune up to 24% (Table
S 2.0). Analcime is f ound’ as small microlites i in the matrrx (Plate 2.3d) and as larger phenocrysts .
: up to .Scm. Large fragments suggest the presence crystals larger than 1 cm. The crystals are
: euhedral trapezohedrons (Pearce 1967) which may or may not be rounded or broken _
‘ , .In tlun section, the analcunes of the type sertron have a charactensttc yellow hue'
k apparently the result of mmor replacement by hematrte whrch has been prevnously suggested by’
':,Pearce (1967) (Plate 2. 2b) Of the three. vaneues tdenttfted by Pearce (1967) only the brown
lrsotroprc analcrme was rdentrfred as‘a drscrete phenocryst The green and red amsotroptc

vanetres were not observed except as components m blarrmonte fragments h
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Inclusions in analcime are rare if not totally absent. "

Altefation !

Analcime is best preserved as phenocrysts in the lower member Preservation ls
enhanced in beds which have not undergone intense devitrifi 1catton and retam their original
matrix components In intensely altered beds larger crystals have rounded edges and do not
generally retain- therr euhedral nature. The low abundance of smaller crystals suggests that they
have oeen_completely convened to alteration products. Based upon textural and mmeralogncal
associations, the alteration assemblage is as f ollows:

Analcime = clays (_illite/smecu'te)':t‘ calcite?

Analcime = calcite = ,

In thin section, analcime microlites are seen to be converting to small calcite.grains similar to
those shown” in Plate 2. 7a Under a ‘scanning electron microscope. analcime is found to be
coatod by platy foliated clays. (Plate 2.3d). ‘

- In the upper.member, discrete analcime phenocrysts other than those found in
'blatrmonte f ragrnents are rare. Hexagonal crystal f orms, in some cases with remnant zonation,
are replaced by a fine chert like aggregate composed almost entirely of adularia' with minor
serlcrte (Plate 2.2¢, d). Usually the entire crystal has been replaced. Despite the similarity in
crystal forms between garnets-and analcime, it is not likey that adularia would replace a garnet..
It _woul_d seem'that discrzte analcime phenocrysts were unstable in the matrix of the ‘upper
member ‘and ﬁrob'ably recTystallized during cooling. The alteration of analcime in the upper
.sectron is summansed by the assemblage

Analcrme = adulana 1 calcite frbrous mass (serrcrte/zeollte)

In many blairmorite fragments of the upper member, analcime also exhibits these features,

though they are les§. pronounced.

Plagiociase . ‘

Plagroclase is a common yet mmor component f ound only in the lower fnember where it
' averages up 10 1% (Table 2 1). In some beds, d15cordam pipes of about 0.5 mm- wrdth contam.
almost excluswely euhedral andesine crystals assocrated thh abundant clays pyroxene and'
_minor quartz These features are thought'to be degaSSmg pipes. ' ’

..................

"Accordmg to Hebner et al. (1985) .at lower temperatures “and neutral pH analcime
will . convert to smectite. and calcrte o _

/r,

-



Plate 2.2

A.

Photomicrograph of a euhedral aegirine-augite (A) phenocryst which is being

" pseudomorphically replaced by Fé calcite (Ca ). Lower member, wch-44, field of view 1 x

lmm, X-polars.

Photomicrograph of an anhedral (rounded) analcime ( An) phenocryst showing the yeliow

"hue and fractured texture common .in analcimcs of the !ower member, wch-48, field of ‘

view 2.7 x 2.7mm, P-polars.

Pnotomiérograph of a hexagonal phenocryst sbo_v}in'g remnant zoning. It is composed of a
fine aggregate of adularia and sericite. Ar’xalcime' (An) is suspected. to be the precursor.

Lower merfiber, wch-75, field of view 1 x Imm, P-polars.

! .

#ho;omicrograpﬁ‘of "C" under crossed polars. Note the resemblance to chert. Lower

member, wch-75, field of view 2.7 x 2.7mm, X - polars. N

Photograph of aﬁ angular blairmorite fragment with its characteristically porphyritic
analcime (An)‘ and subor_dinaté éanidinc (Fp) crystals. Upper member at Willoughby
Ridge. - ' . ‘ '
Photomicrograph of a finely prophyritic (aphanitic to glassy) blairmorite fragment (Fg).

The analcime mi'croiiles are the small, dark grains. The clast is plastically deformed. This

‘type of clast is only found in the lower member. wch-lS. field of view 1 x Imm, P-polars.
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The composition of the plagioclase ranges ‘f rom An 31 to An 50 with an average around
An 40, andesine. Crystals occur as both large phenocrysts and es micrgéphenocrysts in the
matrix. Both types are euhedral and show excellent albite-and sithple twinning.

A unique occurrence of plagioclase is as euhedral, zoned inclusions with sharp crystal
boundaries in large zoned sanidine crystals. The'composition is again An 44, These features
. suggest that the crystals are inclusions rather then perthiu'c exsolution. In some cases a perthitic -
- texture was -identified; however the plagioclase showed no cfystal 'shape or zoning. The
composition in these.r cases was not determined. X

In almost all cases. plngioclase crystals are relatively unaltere'd, showjng only minor

. sericite development.

Accessory Minerals |

4 Sphene‘ is the most abundant aoeessory mineral in both members, where it has been
found in trace amounts in all but a few beds (Table 2.1). It occur& as euhedral well twinned
crystals u‘p to 4mm in size and may be f ound both as small mncrophenocrysts and mclusnons
:Elongation in the "¢” crystallographlc dxrectton is common. It generally alters to carbonate

‘Amphibole is a relattvely rare mineral found only in the upper beds of the lower

member. It occurs as an aggregate usually with a rim of Fe oxide, and rarely as dlscrete
phenocrysts.aBoth hornblende and 'basaltxc hornblende were identified. Alteration of aegirine’ -_
' -augife may be a likely source. I _ | |
. Apa-tite is a “common accﬁeséory found as very small crystals in the' matrix and -as
_ inclusions in garnets. It is abundant in the upper section in rock fragments which have been
altered to adularia aggregates -and rare as phenocrysts _
o stxte and chnozoxsrte have been identified in clasts of the upper member They are
. -likely secondary minerals. prdote has been observed as mclus:ons in an unaltered feldspar'_
which siggests it may also occur as a . primary component. The most common assocratron is .
~ with feldspar aggregate recrystallization of rock fragments. o '
' BlOtItB occasronally occurs in the upper member where itis found 10 alter to chlonte If
the presence of chlonte lS any mdlcatnon blOlllC may mmally have been present in much'

. greater abundances
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Metallic minerals are common throughout the section but are most abundant in the
upper member. Titanomagnetite, hematite, ilmenite- and pyrite were fourid to be the most
. common. In the lower member they may concentrate with other heavy non-metallic minerals in
density-stratif ied deposits (Chapter V). The crystals border the size range between
mrcophenocrysts and matrix phases
" B. Rock Fragments _ )

Rock fragments ‘u‘zake up a major part of the Croyvsnest suite. Their abundances Tange
from 0 to 73% throughout both the lower and upper members (Table 2.1). Vrrtually all
f ragments are cognate and Juvemle though a number of accidental clasts were identified,

The textures of the fragments suggests an .Origin as prevrously erupted flows or plugs.
They are very , commonly porphyritic, with the feldspar and sphene phenocrysts
charactensueally exhrbrtmg a trachytic texture Coarser or equrgranular rocks may reflect
plutomc or hypabyssal origin. Most fragments contam sanidine feldspar plus or mmus'
melanite, aegirine - augite and analcrme The orrgmal mineralogy of many fragments has been
obliterated by alterauon recrystallrzatron and pseudomorphtc replacement In many cases, the
ongmal textures are preserved _

A_detailed descnpuon and ‘classifi 1catron of all clasts present in the Crowsnest suite is
well beyond the scope of this study However therr presence as an integral component warrants |
" some. drscussron For general purposes, the ma;onty of fragments may be drvrded into five
‘groups, based in. part on the descrrptrons grven by Ferguson and Edgar { 1978) and Pearce
(1967) for prrmary rock types ‘The reader is referred to these works for comparatrve \
descnptrons of relatrvely fresh pnmary lava ﬂows whrch survrved the eruptrons which

produced and emplawd f ragments of similar mmeralogy and texture o
| 1. Trachytes Trachyte fragments of the Crowsnest are those whose rmneralogy consists of°
.'samdme aegrrme - augtte sphene melamte plagroclase and lesser amounts of magnetrte :
; -rlmemte. apatrte arnphtbole and analcrme Samdme is by far the most abundant '
| consntuent f ollowed by aegrnne augrte All other components are conf med to the matrix

phase, wnh some notably sphene achrevmg mrcophenocryst status ' . l
';2; Phonohtes Phonohte fragments may be categomed ‘under the name analcune phonohte"

due 10 occurrence of analcrme as a pnmary magmatrc consntuent (Ferguson and Edgar -
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1978). Generally, such rocks contain approximately equally amounts of sanidine and
analcime. l’earce (1967) noted abundances of about 18% of each in the phenocryst phase.
Other common constituents are aegirine - augite, aegirine, melanite; sphene, biotite,
chiorite, - amphibole' and Fe Ti - oxides. Apatite _was identified in:most fragments,

sometimes becoming fairly abundant. Sanidine,A pyroxene, analcime and melanite are

notably porphyritic‘. . .

Blairmorite. This unusual rock type, first named by Knight #n 1904, has since been the
focus of many studies; Mackenzie (1914), Pearce (1967, 1970) and Ferguson and Edgar
¢1978). The most common occurrence as noted by this study and those mentioned above is
as fragments -ifi the thick beds of the upper member (Plate’ 2.2¢). They are also quite
common as smallvglassy or aphanitic fragments in many beds of the lower member. Such
- fragments are composed of small analcime mtcrohtes in-a fine glass matrix (Plate 2.2f ).

These fine- gramed varieties probabty represent a Juvemle phase Characteristically,

.. analclme occurs as large euhedral phen0crysts up to 4cm. Small euhedral crystals ‘may also

be abundam in the matrix. They may constitute 60 to 6;5% of the phenocryst phase.
Samdme was ovserved to be present in substanttally lesser amounts than in other rock
‘types. Melanite gamet aegirine - augite, sphene and Fe - Ti oxtdes are found in vaviable

amounts in the matrix. The former two may occur as small phenocrysts along witlr-the

analcime. = L S
C_ry__l Aggregate Fragments. In Tare mstances fragments containing crystal aggregates of
2 smgle mineral. were identified. Amphtbole -rich fragments contarnmg almosy,_entirely
coarse hornblende crystals averagmg 25mm were recegmzed in the upper beds o thg lower
member and more abundantly in the upper sequences. An Fe-oxide rim about the whole -
f ragment was observed ina number of cases. Such rims were not found around mdrvrdual
" crystals wrthm the aggregate. . , S
Pure aegrine aggregates were tdenufted only in the upper sectron They are’ easnly
recogmzed by their bnlltant htgh brrefnngence and the radratmg habit ©of the crystals
vfﬁch average: about Imm m length There appears to have been httle or no alteration. ~

Acc:demal Fr gments, Accrdental fragments are occasronally found throughout the

*osrts of the proposed type section. They are totally absent in many beds and make up

¢ ore than about 2% in those tn which they occur. '

»

EN
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Ip the lower most beds of the lower member,. sandstone, shale and, in one case,
limestone were identified. Sparry calcite fragments found in the upper section are thought
to be accidental. Occurrenees of accidental igneous or metamorphic clasts were not
documented. | | ¢

Alteration .

In many welded beds of both members, fragments commonly exhibit an alteration
assemblage. It is thought that the fragments of the type section have undergone muﬂiple
alteration processes during their history. Initially deposited as f‘resh, viscose, primary lava
flows or plugs immediately surrowunding the vent, the deposits were probably subjecled 10
-alteration during subsequent eruptions. Further disrgption and redeosition as a component of
a hot, pyroclastic deposit may have overprinted the initial assemblage..

' In thin section, most clasts have suffered mineralogical changes. In the lower member,
the alteration is dominated by clays and pink albite alteration of the constituent sanidines. A
common alteration of clasls of the upper member is the apparrent recrystalhmnon of both the
matrix and phenocrysts (feldspar and analcime) to a fine, chert-like, “adularia/sericite
aggregate This aggregate also contains varying amounts of epidote, apatite, carbonate and
minor zeolne (Plate 2.6a). The transf ormation may not destroy crystal outlines.

In many fragments of both meinbers, small round spheroids filled with radiating fibers
are common. In some cases, adulana appears 1o accompany the radiating forms It is probable
that these forms may have been Temnant vesncles ]

A reflection of the.alteration/recrystallization which has taken pldce in mahy fragments -
)f rom both members is the presence of baked and/or resorbed rims around many clasts (Plate |
2.7f). This is almost always accompanied by a marked color change and evidence of | plastic

deformation indicating emplacement at elevated temperatures.

C. Matrix

The matrix ‘of .the Crowsnest suite is dominated by a highly complex mixture of mineral
species. Many of these species are the result of intense ah_eration. As with the ‘phenocryst
'phase_ there is a notable difference betw.eer_l the matrix phases of the upper and lower members,
indicating that- the origin, “min_eralc)gy and conditions of diagenesis varied betWeen the two

sequegl:es. In the lower member, the matrix is eoxhposed of fine-grained pyroclastic material
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consisting of small crystals, crystal fragments, rock fragments and their subsequent diagenetic

'
A

Original Material: Glassy and Aphanitic Components

.Original glassy/aphanitic components are those components of the matrix which have
retained their original composiiions and textures'after the alterat'i-on which has clearly taken
place in both members. Despite intense devitrif ication, rare, fine, glassy and aphanitic
fragments are préserved in some roc_k types. It is likely that glass was a major component of
the matrix i‘n sok=e beds of the lower member before alteration. Ferguson and Edgar (1978) and
Pearce ( 1-967) identify an abundant glass component ‘'in the flows of the formation. In the
pyroclastic rocks, true glasses were not generally L_{dentified; howevet, it is thought that the
abundant aphantic fragments of the lower member repreéent a slightly coalrser crystalline
coumer-‘paft. In the upper member, recrystallization has overprinted virtually all 6f this
_original material. '

Bubble walls and gla'ss_ghards likely compdsed a portion of many deposits in the lower
member. Despite the highly altered nature of many of these beds, the occurrence of very fine
fibers and crescent shapes indicate their oﬁg‘inal presence. These forms are ﬁow composed of
clays and other alteration assemblages. In many tases the original shapes have been destroyed
by alteration. | ‘ '

I gener'al. fine sanidine laths and sanidine-tich aphanites dominate these 6riginal
phasc;s. Sodium cobaltinitrite staining was ‘used to ‘d'etermine that the exfr‘emely fine-grained
varieties contained essenﬁally poms$ium feldspar as the dominant mineral phase.

The m_atrix_of the lower rﬁember was probably coxi)posqd 6f primary glass and/or -
aphanitic fragments and crystal fragments which have been intensely aitercd, obliteraﬁng the
original mineralogy and texture. Alteration to clay minerals and calléite' is ver} common e‘md‘will
be further discuséed in the following sections. Mos't'altération occurs in beds that are unweldéd.

- and therefore susceptible to devitrifying waters. This alteration is observed to some extent in all

beds, with some showing almost compleie alteration of the original material.

-t
- i
A
£
-
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In contrast, alteration of the matrix to clays in the upper upper member is much less
pervasive. This may have peen due to the impervious nature of the welded rocks. The matrix of
the unper member characteristically shows recrystallization to a fine adularia/sericite aggregate
and, in rare cases, zeolite. Serpentine, chlnrite, Fe-calcite and Fe -»Ti oxides are found in

abundance with occasional epidote group minerals and apatite.

Clay -Minerayls /

The abundance of clay and clay-sized materinl svithin the Crowsnest Formation is
apparent upon f irst inspection of the lower member at _Lhe type section. They represent the
‘ mosf cofnmon alteration assemblage of the pytoclastic rocks in these lower beds. '

X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersal
analysis (EDA) were used to identify the mineralogies in this size range .f or bolht_,members.

Sample preparation and analytical p;'bcedures may be found in appendix B.

Lower Member

Clay miner'als‘may be observed 'in' both hand specimen and thin section. Beds with a
non-welded character tend to have a hlgher abundance of clay minerals, likely due to thelr
perrneable nature Clays are present m all beds in Lhe lower member, although their whole rock
abundances vary (Table 2 l) They are distinguished in thm section from glass and zeolites by
thelr foliated nature “low to moderate birefringence and-length slow onemauon (Plate 2. 6b).

Clays are most abundant in- the mamx where devitrification of the original glass has
occurred. Large, zoned samdxne crystals have altered to clay ulxnerals around their boundaries,
' aleng fractures throughout tnEir interior and preferentially wi_ehin specific zones. The overall
abundance of clays can be aftri\buted o devitrification of ‘matrix glasses alteration of sanidine
phenocrysts and probably the alteratxon of analcune to cl@and carbonale ‘
| "X-Ray Diffraction . \\\ | A

Four clay mineral speeies \vere jdentified from the lower member. lllite, mixed.-layer
.'_illite/smectite chlorite and ka'oiinike were found in "decreas'ing-'yorder of abundance in the -
»clay size fractions (Table 2 2). The\lerm, "1llne is used for all mica species thh a 104 001
peak and subsequent integral dxffracno\ns e o ~
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Flgure 2 1 X Ray dnffractograms for Ca- glycolated samples from the lower member f or
N the <2um size fraction (Co Ka). . .
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A series of charts for <2um Ca’'-glycolated samples from the lower member are
shown‘in Figure 2.1. Each sample represems the - signature of a single bed The two most
pronounced characteristics of these _samples are their purity (i.e. Lﬁey contain odly clay
rﬁinerals) and the compositional similarity bet\-vee‘n samples in the same size range (Figure 2.1).

‘ The pronounced non-integral diffractions at about 13.0A, 9.4A, 5.2A and 3.3A are
identified as 8mixed~layer illite/smectite after methods proposed by Reynolds (1980). Hower -
~ (1981), and Brindley (1981). The relative percentages in the mixed-layer are discussed below. -

Discrete illité is idemified by d - spacings between 9.8 and 10. 2A and subsequem
integral diffractions (Figure 2 1). Deviation of the 10.0A, 001 reflection to 9 8A is suggested
by Srod‘fn (1980, 1984) to be the result of small percentages, up 10 5%, of expandable la}yers
meed randon;ly with illite. | -

Chlorite and kaolinite diffractions occur together. The presence of a 3.54A 004k
diffraction distinguishes chlorite from kaolinite which has a 3. S8A 002 diffraclion Enhanceg~—
diffractions at 14.2A, 7.1A and 3.54A upon heating to 550°C confirms 1he presence of chlorite Z
as kaqlinite is destroyed at this temperalure '

Discrete illite and the illite/smectite rhixed-layer are the dominant mineral 'species
comprising about 90 to 98- percem of the clay-size fraction (Table 2.2). Chlome and kaohmte '
make up the remamder These latter two phases are likey a reﬂecuon of composition, namely
the avaxlab&y of iron and_ alumlmum.‘ A deuuled analysis of a green crystal ash, (WCH -32,
see Chapter 1V) for the size ranges <2ym, 2 to Sum and ‘5 to 20um indica_te that clays .
dominate the finer size range‘ up to 5um"'at which size other mineral constituents sueb'i~ as
~ melanite-and sanidine begin to appear (Table 2.3).. o
TabIeZ 3 Detalled analysis of the <2um 2 to Sum and § to wum

size fractlon for sample wch-32.

lite/émectite ~ Dlite . Kzolinite Sanidine Garnet Analcime

<2y.l‘l’l Mv - M . - | - S
2-5pm M M m m - m  m
5-20pm M M m m M,

M = major component; m = minor component -~

These data indicate a virtually complete conversion to clay minerals in-<2um size range. -
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TABLE 2.2 RELATIVE CLAY MINERAL ABUNDANCES (%) IN THE <2um SIZE

FRACTION .

SAMPLE "KAOL. ~ ILLITE SMEC. CHLOR. ILLITE/
NUMBER * SMEC.
WCH-1 - 70 1
WCH-9 . 70 2 27
WCH.14 - 4 S 4 | 46 N
WCH-17 - 65 3 32
WCH-18 3 - ss . @
WCH-19 - 10 . 52 - 38
WCH:31 e .

. WCH-32A : 54 5 - 4
WCH-32B - 52 : : 48
WCH33 - o0 - a4 3

~ WCH40 = - 67 - 4 30

. WCHS? Y | 6 3
WCH-59 2 sl - 12 15
WCH62 4 e - 2 3% _
WCHTS 4 54 V.

. UPPER o | | -
SECTION . - o
WCHSS - & - n - \
wenei : 54 S e
WCH98' - o -3 -

. #$
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The nature of the mixed-layer clays, especially those” in bentonites, has oeen
investigated by Reynolds (1980) Hower (1981) and Srodon (1984). Their percentage
»‘ determinations for illite and smectite in the mixed- -layer are based- upon the shift of the
non-integral diffractions with changing percentages of illite and smectite in the mixed-layer.
The schemes also determine the order and stacking arrangement (i.e. IS versus ISII types and
their vanauons) All three systems are utilized in this study to compare the compositions of

. each bed The results of all methods are ngen in Table 2 4.
In Figure 2.2 the (001),0/( 002),, and ‘the (002),,,4/(0043).7 diffractions of the
mixed-layer are plor‘ted to determine their composit_ilon. As two sets of data are plotted on two
"dlfferen-t standard curves, the overlap between plorted samples is taken as a better
representation of the compositional range and the average. This assump't_ion excludes ‘data“
points on the upper and lower extremes'. The Crowsnest suite clusters ‘between 55% and 74%
illite for allevardite ordering (Figure 2.2).' Allevardite ordering is favored due to the highly
pronounced superlattice diffraction‘ on all calcium glycolated charts (Sroden, 1984). The
average composition from this method is around 64%illite. oo

The method proposed by Srodon (1984) fof (002),1/(003),, and {003),/( 005),,
diffractions (Frgure 2 3) shows the Crowsnest rocks to range between 20 and 50 % smectite,
clustering around 30%. Ordermg type is cjelermmed\/ by plomng percent smectite (FiguTe 2. 3)\ )
vetsus the (001),,/(001 ),, reflection (F:gure 2 4) Accordmg to this scheme th _
1llne/smecmes of the Crowsnest Formation have 1$ ordering type with slxghtly transmonal
values towards IIS type. No samples mdrcated random ordermg | ' :

Based upon these three schemes the rllne/smecme clays of the Lower Crowsnest
Formauon contam between S5 and 75% illite with an IS ordering rype stcrepancres between
the values listed in Table 2.4 1 may be caused by mterference of the mrxed layer diffraction by‘ '
the drscrete 1llne diffraction- and by broad, : rounded mixed - layer dxff ractrons For such

drf f racuons an estimated center of the diff’ racnon was used 10 determme the d - spacing.

" »o

Scanmng Eleclron Mrcroscopy i

, The morphology and chemlsrry of selccted samples from the lower member were
mvesngaled by scanmng electron mrcroscope (SEM) and. energy drspersm spectromety
"(ED‘S) ’
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TABLE 2.4 COMPOSITIONAL DETERMINATIONS FOR ILLITE/SMECTITE MIXED

LAYER CLAYS ’
WCH Reynolds, (1981) ) iiower (1980) Srodon (1984)
w00 ™ w0 c002)” " goos ) %Mt Orype
WCH1  60% 53% 0% % 80% IS
WCHI.  80% 6% - 67% 60% 78% 1S
CWCHM 0% - 6% 5% 63% % IS
WCH-1T  T1% 6% S6% 63% 0% IS
WCHIS 6% - 63% 0% 68% 6% IS
- WCH-19 69% 6% - 54% 67% 70% IS
WCH31  60% @ 6% 4% 62% 1% IS
WCH32  69%  66% 4% 66%  65% IS
WCH3  63% 4% 4% 6% - 1% IS
. WCH40 - 60% 60% 2% . % TI% . s
WCHSZ sk % 3% ne  s1% IS
WCHS9 5% 63% . 3% 6% 1% IS
 WCeHe2 ™% 6% S% - 6% .35 IS

WCH-S. 6% 61% - S0% - ‘»67772/ 6% IS
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N % '
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| Figure 2.2 Miite/smectite mixed-layer compositions using the (001),,/(002),, and the -
S é(l)gszo) ),.,/(003),, ref'le_ctiops.:;Standaxd line da;a from Hower (1281) and Reynolds.
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IlliLe/smectlte can %}%c\({gmwd by its foliated nalure, best exhibited in cross-section |
(Plate 2.3¢.f,g.h and \2\.43)_‘ 'Pla‘h\es\perpendicular 1oithe foliation show a smooth, hummocky"
surface. A marked foliat\ron is often developed around larger crystal and rock fragments (Plate
2.3h. Plate 2.4a). _ »
Discrete illite overgrowths arc‘observed to be an authigenic phase which developed after
‘ the f Ormaticn of the illite/smectite. It occurs as overgrowths on illite/smectite, as pore fillings,
and commcnly exhibits a ropy to fibrous texrnre (Plate 2.4c.de).

Chlorite occurs as platelets and poorly developed rosettes (Plate 2.4g).

Upper Member

\

Exoept for chiorite, clay minerals are \not abundan't in the massive sequences of the
upper member. Texturally, there is little resemblance to the beds of the lower part of ‘the
formalion. The processes which have encouraged the formatri‘)n of clays elsewhe.re have not
mﬂuenccd these upper beds. Their massive, seemmgl\y impermeable nature has apparem]y

teduced the effect of the devitrifying waters which \pave substantially altered the more
N

permeable, less massive beds of the lower member. ‘\' ‘ Ny

X-ray Diffraction ' \ | \

\

Diffractograms of .caicium glycolated samples from the\upper member show a marked '

change in thc clay signature from that of the lower member (Fré'ui: 5) Chlome and illite*

are rdenuf ied by diffractions.at 14.2A and 10. 2A respectwely Both exhibit integral drffracuons

. % .
- . The presence of the IOA peak is. parually due to the presence of bnpme\rdenuﬁed -in thm\’

section. _
In contrast to the <2um size ractron in the lower member (Figure 2 1) the samples of - |

the uppcr section’ are not composed - solely of clay mmerals Adularia, . analcrme mica group

" minerals and calcite are also present (Frgure 2. 5) Of the clay minerals, IOA rmnerals are the - |

dommant averagmg around 55% (Table 2.2). Chlonte abundance averages. around 39% (Table '

B . R S

7(
‘ Chlorne\;s lrkely the iron rrch vanety (chamosrte) as. manrfested by the presence of a -
» .subdued 001 “diffraction, an enhanwd 71A 002 dlffracuon and a 3 54A 004 drffracuon
J(Flgure 2. 5) The 001 peak is enhanoed upon heanng to 550 °C. -

"llhte includes illite and sericite.. - . e T TR,



Plate 2.3 _ R e,

A. SEM micrograph of a sanidine crystal (Fp) in sharp contact : ‘fa clay (C1) matrix

composed of illite and illite/smectite, Lower member, wch-16. _

. ‘ . ) .
B. SEM micrograph of a sanidine crystal (Fp) showing a corroded contact with a clay (Cl)

matrix composed of illite and illite/smectite. Lower member, wch-31.

C. SEM mrcrograph of a euhedral garnet (Gr) showing smooth unaltered crystal faces.
. Impact chips (ch) can be se¢n on both crystal faces and edges. The crystal is supported by

clay Q) mam‘x composed,of. illite and illite/smectite. Lower member, wch 32.

D. SEM micrograph of a euhedral analcime (An) coated in clay minerals. It is supporled bya

clay (Cl) matrrx Lower member wch-77. ; ‘ .

ht

E EDA graph of - the "analcime crystal in "D". showing the sodium aluminosilicate

/ , - .‘ ) . ) '» . ; . .
compostion’. - - . N\

" F. SEM mrcrograph of massrve 1llxte/smecmc showing a f olrated texture in cross-section and a

smooth hummocky surface perpendxcular to the: fohauon Lower member, wch 32

G. SEM micrograph of showin_g'a platy habit of illite/smectite.‘ Lower member, wch:32.

A
H. SEM mlcrograph of fohated clays (Cl) between crystal fragmems (Cf) Lower member, o

wch-52.

..................

o Au and Ag were mtroduced dunng sample preparauon






Plate 2.4

A.

E.
F.

¥ . .o :
G., SEM micrograph of chlorite (Chl) from the lower member exhibiting a platy habit and

H.

'SEM micrograph of massive illite/smectite. (I/S) supporting a euhedral garnet (Gr)

phenocryst. Lower member, wch-32.

EDA graph of a <0.2um separate of typical illite/smectite, from the Crowsnest Formation

showing calcium as the probable imerla);er cation.

SEM microg;aph of ropy, honeycomb-like illite (I) overgrowths on illite/smectite (1/S)

and other fragmental components. Lower member, wch-62.

SEM micrograph of wispy illite (I) overgrowths on massive illite/smectite (1/S). Lower

'member, wch-32.

»

SEM micrograph of honey comb illite (1) as a pore filier. Lower memiber, wch-74.

-
Cor

EDayoh\of the ropy illite in "E" showing its potassic composition.
poorly defined rosettes, wch-74.
SEM micrograph_,g,f honeycomb illite (l) from the upper member, wch-98.
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Scanning Electron Microscopy

Both illite and chlorite were recognized by SEM and EDA. . Illite is similar in appearence
to that of the Jower member, occurring as a foliated mass or as rope-like fibers arranged in a
honeycomb pattern (Plate 2.4h). It occurs with adularia aggregate and as secondary
0vergrowths on chlorite.

Chiorite formed as blade-like aggregates and as long fibrous to platy masses (Plate
2.5a,b). Partial rosettes which grew in very tight pore spaces formed radiating crystals ‘(Plate

2.5b). A

Carbonate ‘ |
‘Carbonate is an abundant matrix component after fine pyroclastic components and clay
minerals in the lower member. In the upper member, it is the second most abundant ‘matrix
phase after adularia recr)?stalliaation assemblages (Table 2.1). Staining using Alzarin red S
(K ;Fe(CN,)) mixed with 1.5% HCl and XRD analysis indicate an iron-rich ‘calcite. Similar
results were obtained from both members. Calcite may comprise up to 50% of the .matrix in
certain beds of the lower member and up to 20% in the'upper member (Table 2.1). In many
‘cases, the carbonate is found to support the other constttuents An anomalous s1tuat10n was
encountered in the upper beds of the lower member where bombs (samplé CB and CB,), were
_ found to be.composed of 70% radratrng Fe-carbonate (Table 2. 1) "‘Bombs from other exposures -
" of the Crowsnest. Formation also exhrbrts thrs calcareous nature. In many cases, the bombs are
supported by non- calcareous tuffs suggestmg that in situ calcrte replaoement has not occurred.
Throughout the section, numerous textures are cxhrbtted by carbonate They are divided
into six types based upon morphologres exhtbtted in thm section and SEM.
1. ers Thm nms are found.in ‘many cases to surround °uhedral samdmes garnets and
pyroxenes lt is not certain if the carbonate is pnmary though its presence as a coating”
suports the assumpuon - )

"2 Coarse Radtattng Crystals. This very unique texture 1s pnmanly restrrcted to bombs found

throughout the formauon “The cTystals grow as long fan shaped radratmg aggregates
which may comprrse the ennre matrix (Plate 2. 6d) The aggregates surround and support - ’
crystals crystal fragments and both ]uvemle and eognate clasts. Larger crystals show only

minor replacement on their margtns suggesnng that the ongm of the carbonate was not by



Plate 2.5 ) ’ : ' 0)

A.

B.

SEM micrograph-of platy chlorite (Chl) from the upper member, wch- 94.

SEM micrograph of radia}ing (rosettes) chiorite (Chl) crystals growing in tight pore

<

spaces. Upper member, wch-94.
SEM micrograph of calcite (Ca) growing in a pore. Lower member, wch-74.

SEM micrograph of ahlhigenic‘adulaﬁa (Ad) from the lower member growing with smail

amounts of clay (Cl) minerals in a pore space. Lower member, wch-52.

SEM micrograph of massive chert-like adularia common as a recrystallization assemblage

throughout the upper member, wch-74.

EDA graph of massive adularia. This potassic signature is common to both pore filling and

massive varieties.

throughout the upper mexﬁber. The crystals occur with chlorite (Chl), wch-88.

EDA of the titanomagnetite crystals in "G" showing the Ti content. .

" SEM micrograph of well formed titanomagnetite (Mg) crystals which are ver); common °






replacemen‘t of the coarser crystal com;;onent. In most cases, fine, cognate and juvenile
fragments are replaced .by a more massive, non-radiating carbonate in the prescnce of the
radiating forms (Plate 2.6d).

In all bombs, a remnant glass or aphanite phase was r_eplaced. by the massive,

radiating carbonate matrix (Plate 2.6d_.e.f ). This texture favors the wholesale replacement
of the original glass component. Further, fibtous, radiating feldspar crystals comprising a
fine matrix are replaced pseudomorphically (Plate 2.6f). . -
7 The source of the abundant carbonate is difficult to assess. The other components
of the bombs show good evidence of emplacemem as a viscose semi-solid mass at elevated
temperatures. With this evidence, ' it is probable that the carbonate was in part primary.
The origin of carbonate is further Tnvesugated by geochemtcal methods in Chapter II. N

Coarse, sparry crystals, Coarse sparry carbonate crystals are common in both members v

_but are better developed in the upper section. This morphology is most common in the
dense deposits of the upper member. It is probable that this texture is the result of
recrystallization or vein f iU-ir'rg. It may exhibit replacement characteristics (Plate 2.6c).

Fine crystal mass. Carbonate is often found as a fine-grained matrix in the beds of the.

lower member. It is observed tovreplace f inely crystalline components of rock fragments,
especially blairmorite and rock fragments in bombs, discussed above (Plate 2.6d.e)v. Larger
crystals do not seem to be affected, though there may"'be some reaction around their rim;
Granular mass. Occasionally small grains' or spheres oceur'i"n some beds of _the lower ‘
member (e. g wch- 14) The Spheres are commonly separatcd by foltated clay minerals
(Plate 2.7a). The. spherords apparently form in part by replacement of small analcime .
mtcrohtes commonly present in many glassy phases and in the matrrx In some beds,
notably wch - 67, these small grams define beds suggesting a stnctly pyroclasuc origin. _
Pseudomorphs. Single crystal pseudomorphs of Fe- calcxte af ter' aegirine- augrte and sphene
'are common where they . occur. as. phenocrysts in rock f ragments and as inclusions in other. '
- crys,tals. This rs documented in the descrtpttons of _the phenocrysts in the previous. section |
(Plate222). | D P

. Vems and fractures Calcrte veins and fractures are common in both members In some

f ragments- veins end abruptly at thexr edges suggestmg a prevxous f racturmg evcnt



Plate2.6 . o . %

A

Photomicrograph of. adularia/sericite recryseallization of tl}é matrix of a rock fragment

from the upper member. Twinned,‘ porphyritic garnets (Gr). show fracture infill and

- recrystallization of inclusions. Epidote, chlorite, apatite’and Fe - Ti oxides accompany the

adularia. Upper member, wch-93, field of view 0.6 x 0.6mm, X-polars.

Photomicrograph of foliated‘ clay minerals (Cl), illite and illite-srhectite, comprising ﬁi

matrix between sanidine (Fp), hornble’ndc (Hb) and garnet (Gr) phenocrysts. Remnant

aphanitic (glassy ?) (Ap) phases still .remain. Lower member, wch-32, field of view 1 x

1lmm, X-polars.

_ fCTOg ph»of coarse, sparry Fe calcite (Ca) replacement and possibly pore or
fracture filler. Fe - Tx oxides (Ox) compnse the rest of the picture. Upper member,

wch-93, T 1eld of view 1 x lmm X- -polars. .

Photomicrograph of coarse, radiating Fe calcite (Ca) supporling relativély fresh sanidine

(Fp) plagloclase and aegmne augite (A) crystal f ragments. Less radlatmg fine gramed Fe

calcite appears to have replaced aphamuc or glassy fragmems (Ap) These textures are

common to bombs whexe they occur. Pipeline section bomb; ﬁclé of view 1 x lmm

X- polars _ _ - .

Phoxomncrograph of fine grained Fe calcite (Ca) replacmg an aphamuc to glassy matrix

(Ap) The cuckular forms may be remnam vesicles. The sample 1s taken from a bomb.

Lower member, wch Cb,, field of. v:ew 1 x 1mm, X- polars

»

: Photormcrograph of Fe calcite (Ca) pseudomorphxcally replacmg f ine, f 1berous ‘sanidine
~ . laths (Fp) m the matnx Other notable consmuants are garnet (Gr) and plagloclase (P1).

~ The sample comes f rom a bomb at the Pxpelme secnon Pxpelme section, l‘ ield of view 0 6x

06mm X- polars R
»
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Calcite is seen to preferrentially replace féldspar, byroxene and analcime-rich glasses.
‘This is perhaps exemplified by its iron-rich nature.. In a number of cases, calcite comprises the
entire matrix. Wholesale replacement of a pre-existing matrix is indicated by the coarsé nature
" of the talcite, and, in most cases, the matrix supported nature of the rock. Radiating calcite
cry'stais may totally engulf smaller crystal§’ \or_ rock fragments, rcﬂecting subséquent
recrystallization. Under SEM, calcile‘ is obsérved as euhedral pore fillers ahd as a massive
matrix component (Plate 2.5c). In thé latter cas¢, secondary solution is indicated by a pittved
lexturé. - ‘ )

Feldspar Aggregate " ¢

Fine f.eldsbar aggregates may‘ be obser\;As both repiéécment and authigenic
components in both members. Tcxturally ‘they strongly reserﬁble chert. Staining with sodium
" colbaltinittite indicated that they are almost entirely composed of potassmm feldspars The low ‘

temperature form adularia was identified by XRD , SEM. and EDA It is.found as a

recrystalljization product of fine, feIdspathic glass/aphianite, feldspar~rich or glassy rock

fragmetz; and sanidine phénocrysts (Plates 2.lb\. and 2.7c.d and 2:6a). In m'any cases
remnants-of the origindl component remain. Two types wereiidemif ied.

1. Pore fillers. Crystal masses cofnposed of fine authiégm‘c adularia were found 1o
occasionally coat pore spaces in the middle of the lower merhber and in the upper member .
(Plate 2.5d,e). Indmdually the adularia crystals are Labular to platy with muluple crystal
faces. They- occur as overgrowths on pore walls and phenocrysts along wnh clay minerals. V
“This evxdcnce suggests th@t they were precipitated from pot/assxc» pore fluids as an ‘
authlgemc phase ) ‘ . i “

2. Dense gggzegates Dense chert- ﬁke masses of adulana contalmng abundam sericite IOA

:' mica), apatite, epxdote group mmerals and Fe-Ti oxxdcs are very common in the upper :
. member and cpmpl::se the major matrix phases .(Platéé‘m.d. 2.5{1 ,and 2.6a).
Recrystallization of feldspar phenocrysts to aggregate b’::gins“to o"cr':ur'”in' the upper beds of
the lower member. In the upper mex.hbe'r,v thq ma'tri‘x, phenbtryst and rock fr;gxnént phases
show ixjtense réérystallizatibn. In hi_ahyf"casés, the original cf’y_stél or fragment shape is
- preserved (Plates 2;1b. 2.2c.'d).' The grain size rgnges from < Ollmm' to as much as 3mm \-
in extfemé. cases.- It “is -thought \that"“'_this dense® j)thek‘adularia"aggrcgate rcprésents
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recrystalhzauon of hxgh temperature minerals (eg. sanidine, and feldspathic glasces) and
metastable minerals (eg. analcime at high temperatures) during slow cooling. This seems to "
have occurred pervasively througaut the‘r_)pper member and may reflect the type of deposit

and its emplacement .. This hroblem is further addressed in Chapters VI and VII.

Replacement of the aggregates by calcite occurs in both members.

Zeolites and Trace Minerals ,
Zcolites are rarely- found throughout both members at the type section. Two crystal
morphologies found in the matrrx of both members were interpreted as being zeolites. '

A tabular form exhrbrung excellent cleavage was found as a vein filler with calcite

. (wch-60). It was identified as heulandite and i€ associated with caicite and hematite A second

form was charactetized by its fibrous, radiating crystal habit. and is tentatrvely 1denuf1ed as

thompsomte
Trtanomagnetite was observed to occur as small, euhedral crystals, primarily in the
upper member (Plate 2.6g). Polished sections indicate that it ‘is associated with ilmenite,

hematite and pyrite. .

D. Textures

-

Many phases exhibit textural features which -are unique to pyroclastic rocks. “The

following de"scn'-ptions are based on those features exhibited by phases of the Crowsnest )

Formatxon which may attest to the conditions under which, they were emplaced _
Uniquely pyroclastrc textures are common throughout the type secuon on both outcrop
and microscope levels In most, cases they provnde evrdence of emplacement at- elevated
tempera_tures, th_ough_ weldxng rs not'always indicated. The mechanisms and energies of the
emp,laoement_ process may be reflected by some textures; )
Plastrq Deformatron Structures -
In the absence of bubble wall shards the best mdrcauon of weldmg is the plastrc
deformauon of Juvemle or cognate rock fragments Evndenoe that such- components were,ﬂ
emplawd by high temperature pyroclastrc erupnons 1s best establrshed by the shapes of the -
fragments

‘e
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In thin section, glassy and aphanitic juvenile fragments, cognate fragments and crystals
may exhibit compaction textures between more competent, coarse crystals and lithic pnases
(Plates 2.2f, 2.7b.c). In some fine-grained beds, appatently juvenile clasts may have an’
-amoeba -like outlinc (Plate 2.7b). They likely represent primary magma that was ejected asst
liquid clots. The presence of the above features éuggest that- the fragments were- hot and
malleable during deposition. The more Asolid clasts may exhibit only slight dc.form'ation ttlong

their edges. In many cases these features are assocrated with suturod boundaries and bem

crystals

‘In the majority of cases, plastic def ormation textures are found in the presence of more -
solid; undeformed lithic components wmch often exhibit rounded forms thh baked margrns

also indicating high temjeratures (Plate 2.7¢).

>

. Plastic deformation features occur in the massive resistant beds of the lower mernber
and throughout all beds of the upper member. In recessive beds, these features are not

generally fi ound. '

Suture Boundaries . - J;ﬂ '
Many phases in thin section exhibit sutured contacts with other phases. This usually
P occurs at contacts between sanidine crystals or cryst.al fragments and betWeen lithic clasts (Pl‘are o |
2.7d.e). Sutures are thought to rcpresent a welding ef ect; rather than pressure solution for’ the B —
f ollowmg reasons: ‘ ‘ '
1. 'They are associated wrth plast:c deformation structures bent cn'stals a.nd clasts wrth baked
‘margins. ‘ ' R '
2. They are not pervasive 'througho‘ut the beds in which.tlrey occur. s
3. ,They oocur in massive, resistant beds. | ’

4. Recessive beds, apparently unwelded rarely comam suture features.

Alone, suture boundanes are not used as criteria ﬁ' weldmg due to thetr rclauve ranty even m

f avorable homons



" Plate 2.7

Al

"a pyroclastic breccia, Pi.peline section.

Photomicrograph of Fe calcite granules from the lower member, wch-14, field of view 0.6

- x0.6mm, X-polars.’

Photomicrogtaph of .intensely defotmed aphanitic, -fragruents (Fg) supported by a fine

wff matrix composed of fine crystal and rock f ragments, wch-77, field of view 1cm x lem,

P- polars

,Photdgraph of large, plastically deformed bléirrnprite fragment whic'b has been flattened in

}

. Photomlcrograph showmg sutured contacts (sc) between two sanidine (Fp) crystals in a

welded crystal tuff, wch 33, fi 1eld of view 2.7 x 2.7mm, X- polars

Photormcrograph showmg sutured contacts between hthtc fragments in a welded hg’uc .

-~

E lapllll tuff, wch- 75 f:eld of vxew 2.7x 2 7mm P-polars.

Rhotograph of a green trachyte clast showing a marked baked msrgin, wch-13.
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_ -
Many coarse beds contain cognate fragments, mostly from earlier primary flows, that

Baked Margins

are rounded to subrounded and exhibit a baked rim which is marked by a sofhetimes dramatic )
color change (Plate 2.7f). This change is a reflection of recrystallization and/or alteration
around the rim of the fragment. It ie found around the entire perimeter of the clast and is
therefore tn'oughl to have occurred during, or shortly after deposition.

D
Rounding occurred prior to the baking of the margin. ©

E. Summary
The previous descriptions reveal that the phases, their mineralogical composilion and
distribution vary bet-ween the two members. Further, the alteration dsscmblages which comprise
a major part of the matrix of both members ismarkedly different between the two.
. . Generally, the Iower member is characterized by a well defined pl?lenocryst assemblage
.‘ Wthh is not as well developed ini the upper member. For the most part the phenocrysts of the
lower member occur in a matrix composed of finer crystal and rock fragments along with an
aoundam and marked alteration assemblage. This assemblage is dominated by clay mineral
species and calcite. ]
 The upper member js dominated by rock fragments and matrix phases with a less well
defined phenocryst assemblage Intense recrystallization has destroyed original compositions
and textures. The matrix resembles- that of a melanocratic dyke whxch cuts the member,
suggésting the presences of a fluid, ol
‘Figure ] 2.6 depicts the relative (‘x;currence' of the . mineralogical ;)hases and their

components within the type section. The marked change between the lower and upper members

is clearly depicted. : | (\
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II. GEOCHEMISTRY

A lotal of thmy samples were selectively taken from the type section west of Coleman to be
analyzed for whole rock abundances of the major oxndes, five trace or minor elements, sulfur,
CO, and loss on ignition 2t 1040°C. The majdr element oxides Si0,, Al,O,, Fe;O, . MgO, Ca0,
Na,0, K ,'O, TiO,, MnQ, P,0, and the minor elements Rb, Sr, Y, Zr and Nb weré d;lerfnined by
X-ray fluorescence at McMaster University in Hamilton Ontario, Canada (Table 3.1). The
thirty samples chosen for these analyses were take;l from ghe lower member of the Crowsnest
formatjon at the type section. A complete cross-section of ‘the member, and the various rock
. types within it were sampled. An analysis of a dyke found to intrude the pyroclastic breccias of
the member is also included and is plotted with the primary rocks. This rock type has not been
| identified by any previous workers.'Furthﬁr: two analysis of carbonate-rich bombs are included
and will be discussed separately. The massive upper sequence was not analysed due to the
problems of obtaining a representative sample of the coarsely fragmental rock type.

‘ The accuracy of McMaster XRF determinations is determined by comparison with a
standard sample® analyzed at the U_niVersity of Alberta by classical wet chemical methods. The
results are given in Table 3.2. ' ,

‘A series of gnalyses presented by Pearce (1967) and Ferguson an@Edgar (1978.) for
fresh primary ﬂdws and intmsives_ will be used to compare the pyroclasu’c“ ro;k sequences with
their primary counterparts. The results from Pearce (1967) were determined from the matrix -
glasses of Crowsnest igneous rocks. The samples are suggested by the author'to represent the
liquid f ractidn of the melt, excluding the analcime and sanidine crystals which are likely to have
been removed by fractionation. No data is available as to the accuracy of these analyses. They
are therefore used to determine an approximate field into whnch the Crowsnest matrix glasses
fall. A

Ferguson and Edgar (1978) present whole rock data for three petrologically different
suites; trachytes, anak:ime phonolites and blairmdrites Results were obtained using X-ray ‘
ﬂuoresehce methods. No ‘accuracy data was obtamable The samples are agam used to
determine a field for the compositions of the three rock types In total, 54 samples of primary

rocks from the Crowsnest formation are compared with those of this study. -
s .
....... daecamsensmaw

‘The standard sample is a composite sample from the basement of Alberta.
54
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TABLE 3.2 ACCURACY OF MCMASTER X-RAY FLUORESENCE TECHNIQUES

Sample Sample
R-122¢ R-122
-Ave.of 4 McMaster
"Wet : XREF*=*
chemical” , ' %
Analyses . + Change Error
SiO, 68.38 67.56 | .8 -1.19%
ALO, 1427 13.80 -4 o -3.29%
TiO, 55 54 o -0l 182%
Fe,0, 4.76 552 +.76 o +15.96%
MgO 1.73 2.29 +.54 +30.8%
Cs0’ 2.77 308 +.31 C+11.19%
Na,0 291 213 L8 -6.18%
K.0 432 4.27 05 -1.15%
Mn0 .06 : .08 +.02 . +33.33%
~ P,0, 17 15 -0 -11.76%
A | |

* Re-calculated as H,O free analysis. | ‘ ‘ ' _ i
** Calculated to total 100% without H,0. - '
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To date the Crowsnest volcanic suite has been classif jed by petrological descriptions and
limited chemical analyses. None of these results have been applied to modern claSsification ‘
schemes for the major oxides and trace elements. It would seem appropriate to discuss these
major classifications in the light of their appli’cability to the altered volcanic rocks of the
‘Crowsnest, specifically the lower member. ‘

Irvlne and Baragar (1971) have presented a well known, and widely used system for the
classification of common volcanic rocks based upon the use of CIP.W norms. This classification
is best suited for unaltered volcanic rocks, and assumes that all altered rocks have been removed
or that the nature of the alterauon has been 1denuf ied and"taken into account. A

The rocks of the lower pyroclastic member of the type section are mrensely alrered to.
clays ‘and in some mstances carbonate. It would seem that the use of the CIPW norm
classification 1s inappropriate unless an approximation of the degree of alteration and .
metasomatism can assessed. . , = (

The movement of sodium and potassium would .cause the greatest problem when using -
ClPW norms. A scheme presented-by Hughs (1973') defines an "igneous spectrum” based upon
~ the relative percent of K,O in the total alkalies. All fresh ‘igneous tocks fall within this-
spectrum. As such, it may be used to test the degree of sodic and potassic metasomatism in
altered igneous rocks. This scheme does not allow for the movement of calcium, maghesium; ’
* aluminum, iron, manganese and phosphorus which are known to be mobile during lbw-grade_
metamorphxsm (Cann, '1970; Pearce and Cann 1971 and Goff 1984). The degree of
‘ metasomansm which has occurred may theref ore be tested . el
k Trace element schemes are very useful when trying to classrfy altered 1gneous rocl:s- ;

Pearce and Cann (1971), Wedepohl (1978) and Goff (1984) have shown that Rb, Sr become' ‘
highly mobxle with K and Ca dunng alteration while Zr, Ti, Y, Nb and others are relauvely;

. - immobile. Classxfxcauons whrch utilize these latter elemems would seem: best sulted for the -

pyroclasnc rocks of the Crowsnest Formanon Wmchester and Floyd (1977) provrde a scheme
based on the mlnor elements Ti, Zr, Y, Nb, Ce Ga and Sc whrch are shown to vary dunng '
d:f ferentiation. Plotted against each other, xmmoblle elemental ratios deflne flelds mto which
the common 1gneous rock - types fall. stcmmnauon between alkalme subalkalme and thexr

vanous dlf f erennates can be made based upon the vanauon in the minor ‘element ratios.



. | | .8

Two diagram's used in this scheme incorporate the degree of silica saturation (Si0,
wt.%) as a parameter. It has been shown by Blatt et al. (1980) that silica becomes mobile

. ('during the devitrification process, and may migrate locally within the system. Comparison with
unaltered samples will determine the degree of silica migration during devitrification.

. The devitrified nature of the lower member causes sen'ous-'problems in classif’ ication
especially with regard to the norm- system utilized, by Irvine and Baragar (1971). In an attempt
to determine the degree of alteratton and metasomatism, the rocks of the lower Crowsnest will
be plotted against their primary counterparts ‘on all diagrams.

Further, the compositions of the pyroclastic beds are theught to be moré closely
representatrve of the phenocryst phase, as the processes which emplaoed the deposits have been

shown to concentrate the crystal f raction (Walker 1971).

A. Igneous spectrum ‘ .
Low grade'metamcﬂp_h_ivsm and/or alteration will initially involve the movement of the

primary alkalies, sodium and potassium. Calcium also becomes very mobile under such
conditions (Goff, 1984). The "Igneous Spectrum defined by Hughes (1973) (thure 31 -
"delineates a trend which encompasses the alkali composmons of common tgneous rocks Rocks .
whose composmons fall wrthm this Spectrum may be consrdered fresh or to have suf fered
closed- -system metasomatrsm. Rocks which suffer open system metasomatrsm may readtly '
fall outside the spectrym depending upon sodium or potassium. . ‘

~ This systemhas good potential to accommodate feldspathoidal volcanic rocks. Hughes
(1973) points out that leucite -bearing rocks would tend to fall to the right of the spectrum,
whtle rocks with. srgmftcant nephehne composmon would fall in the mrddle of the spectrum.
Rocks ‘with htgh percentages of It would seem apparent that, m light of the Crowsnest
 mineralogy, fresh rocks bearing signifi tcant analcrme would plot to the left or sodrum enrtched"

i

stde of the spectrum. o : . :
- Figure 3.]a shows plots of the primary rocks from Pearce ( 1971) and Ferguson and

Edgar (1977). Those: from the. Crowsnest type sectton are piotted in Frgure 3. ib The primary

' samples from Ferguson and Edgar (1978) form three ftelds trendtng from potassic trachytes‘;
through mtermedtate ana]crme phonolrtes to sodrc blatrmontes (Flgure 3.1a). The helds

.. defined by the _saggles fit the previous argument as lS 1nd1cated by their mmeralogy The
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matrix glasses of Pearce (1971) are found to cluster within the trachyte field (Eigttre 3.1a).

The primary samples probably represent the entire compositional range of the Crowsnest rocks..

Samples svhich fall to the right and left of the spectrum likely reflect the abundance of sanidine

and analcime Tespectively. Extreme cases m.ay. be the result of highly fractionated varieties.

Such a case is exhibited by the dyke which cuts the upper memher at the proposed type section

(wc'h -85) which is strongly potassxc (14.33 wt%, Table 3. I) The possrbtllty of leucue occurring

in' the dyke may be a significant 1nﬂuence on the potaSsrum content. ‘

| The analyses from the rocks of the l‘ower pyroclastic horrzons are plotted in Figure 3.2b

are found to straddle the right hand boundary of the_ igneous spectrum. The majority of

samples falling within the "igneous spectrum” cldsely mimic, thosé of the matrix glasses
analyzed by Pearce (1967) Ncne of th’e samples collected were analcime-ric‘h- i.e. blairmorites,
and therefore wereé not: expected to fall dramatically to the right of the spectrum within the
%umonte field. o E
. The maJonty of rocks sampled have been shown to be substantially altered to clay‘
minerals via devitrification of the ground mass or glassy/aphanitic f ragments. The nature of
thxs alteration would render both potassxum and sodium mobile. Esttmates\ from this diagram
- suggests that metasomausm has taken place in allﬂ\b showmg even mm\w alteration. The
shift to the nght of the spectrum suggests that sodium: has\been remov hile potassiuin was:
erther less mobile or remained in the system. ’I'h:s is cRTstEm with the formatron of

potassium-bearing illite: and ﬂlrte/smecttte as the ma]or dtagenetrc phases ,

‘ Inmally, the ongmal composmon of the pyroclastlc beds was probably approxxmated '
,by the trachyte and analcrme phonoltte f 1elds whrch repreSent an average composxtton for the
smtc due 10 the relattve rarity of blau'monte It is probable that the etuptton of the pyroclastlcs
hompgcnwed;the composition by mixing cognate and Juvemle components to the exten_t that an s |

approximation of: the average composition was achieved. P

'B Whole Rock Classifi tcatmn ‘ ‘ . ‘ i o
: 'rhe followmg wholc rock classrf 1catton 1s Ei‘upon the norm system of Irvine and
- Baragar (1979) 'l'he use of norms is %specxally suscepuble to error when dealing with altered

focks such as those of the Crowsnest Formatton It was shown m Frguyw aih and -

' tuff beds have suffered sodtum depl’/tro“ causmg an effective removal/of nep%clme f; rom the

e
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norm. This renders the use of the Ol'-Ne’-Q' diagram problematical. However, constituent
minerals such as the calcic aegirine-augites of the Crowsnest impart an alkaline nature to these

rocks.

Total Alkalies versus Silica
The alkali - silica variation diagram was first used by MacDonald and Katsura (1964)

to divide alkaline and subalkaline rocks. It was subsequently modif ied by Irvine and Baragar in.

Y
e

1971 10 its present form. | /

Figures 3.2a,b and c¢ show ali suites of Crowsnest rocks to be broadly alkaline m\
character. The primary rocks define three fields based on changirg silica content (Fig.ure 3.2b).\
All' rocks show a relatively uniform alkali concentration, with a marked silica depletion from
trachytes to blairmorités. The matrix glasses plot within all three fields, but are notably
clustered with the trachytes and analcime phonoliles (Figure 3.23).

vThe pyroclastics of the lorver Crowsnest are slightly depleted in alkalies relative to the ~
prirnary rocks (Figure 3-2c). All but two samples plot as alkali rocks within the trachyte field.
The anomalous samples are likely the result of alkali depleu’on.‘ especially sodium, by
metasomat_ism. Two samples ;f rom the cores of calcite-bearing bombs are véry silica
u,nder‘ saturated.

stcnmmanon between sodic and potassrc series for the altered volcamcs is made very
_drffrcult by the removal of sodium. However, the only primary rocks that are shown 1o be
relatively saturated in sodium are the blalrmomes while trachytes and analcime phonohtes are
substanially more potassrc (Fxgure 3. la) 4
.An-Ab-OrPlot ) ‘

Upon conc drng that the rocks of the Crowsnest volcamcs he within the alkali basalt

v senes the degree 0 dxff erenuatlon can be determined. Based upon a comprlauon by Muir and
Tilley ( 1961 in Irying and Baragar 1971) the An - Ab' - Or temary plot is used to drsungursh
' between sodr and potassrc diff erenuates of an alkali olwme basalt. Frgures 3.3a and b classif y
- all but the blarrmomes m the potassrc field. The ash and tuf f beds tend to be slightly mote An
.normame than the pnmary rocks whrch agam show a. well defmed trend from the potassic
trachytes to the sodic blaumontes The hrghly potassrc dyke (wch- 85) is strongly Or normauve

.
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L .:mabrllty to go mto solunon (Wedepohl 1978)
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The presence of carbonate has shifted the pyroclastic suite to a more An normative
composition. The bombs of the formation, with their abundant carbonate, are entirely An .

normative.

Normative Colorflndex versus:Normative Plagioclase Index -

Excludlng the blairmorites which plot as sodic séries. all Crowsnest samples ol;' this
study and those of Pearce (196"7‘) and -Fergus‘oni“and Edgar (1978) plot as intermediate -to'felsic
_potassrc senes thures 3. 4a and b show the primary ‘rocks to classify as tristanites and
trachytes The composmon of the ignimbrite beds is’ agam found to closely mimic that of an
analcime phonolttc and/or trachyte as defined by Fergnson and Edgar (1978) The matrix
' glasses of Pearce (1967) also fall wnthm this range Acc0rdmg to this sche@e ,the. average Vl
composmon of the Crowsnest suite, mcludmg the pyroclastrcs may be classified as tnstamte or
J trachybasalt of the potassrc alkalme basalt series. Blairmorites classify as benmontes of the
: sodtc senes : ‘ } S ' 4
3 C Mmor Element Geochemlstry ' .
s Perhaps the most uSef ul classrf ication of altered xgneous rocks is one that is based upon
.the relauvely tmrnobrle elements found in ref ractory mmerals Of these ~Zr, Y, Ti and Nb. will
- be used to classrf y the lower ash and tuf f horizons. These anﬁyses will wcompared with those
of Furguson and Edgar (1978) for pnmary rock types R '

Wedepohl (1978) and Goff (1984) points out that the im ‘j
; \' result of its abrltty to ‘be: mcorporated ifito ‘the- latuce of stable mmerals These mmerals must

rltty of an. element is the.

" show' resrstance to breakdov‘dunng alteratron and metamo rsm ln some mstances these

' elements may remam relanvely unmobtle éven after breakdown af the host mmeral due to their

The common alteratton of - t.tre lower Crowsnest is one of mt \ase. devntnf rcatton of the

_glassy ground mass of the ash or/tuf f beds It is, not known what affect on mobthty ‘such an

. '_ "mtense convcrsron of glass to elay~ mmerals bas on the mobxllty of Tr Y Zr and Nb: Cann‘

(1970) suggests however that dunng devxtnfrcatton of ptllow basalts they Suffer only mmor‘ ._
i'mobtltty it seems. that the progressive hy‘dratxon of volmmc glass w;ll not affect traoe element = -

mobrhty toasrgmftcant degree LT e \



) h
P
LA Primary Rocks ;
(Datg From Ferguson and P
Edjar, 1978) ' 4
: Trachyte (s)
Vo Analacime Phonollte (0) R L ,

Matrix Glassee ()

# %)5 . (Dote From Pearce, 1987)
C - .
'« Picrite — Basalts Alkali . o
% LR ~ Basalts Trachybasalts"
8 .
o .
3 .
. Z
20+
\
J
od ]
I
N .. 4
80 o . .
B) Pyroclostlc Rocks . . ,
0. L
r .ﬂ»' .
° ““ .

/% Alkall’ .+ =

Picrite — «Basalts
.e R S :Boéolts &

chyte

‘. 0 : ‘ A .' ' .
5. 80 . 0
. AN »Nof'rr'\cim Plag. Index
. ' N g
. “4 . ,13

Figqre 3. 4 Normauve color versus normative plag mdex after lrv' d ] (1971}
= pqmary rocks B py,roclasgcgp | lnc;: an Baragar (}971).

Ty S

a



66

The occurrence of Ti, Y, Zr, and Nb in the common rock forming minerals is especially
important in light of the relatively unique mineralogy of the Crowsnest. It is essential 1o
determine which mineral carries which element as the mineral distribution throughout the
sequence may have an affect upon the elemental ratios used in many classifications.

Titanium is commc_)nly found in the minerals ilmenite and augite..It alsn occurs in the
relatively rare andradite garnet commonly associated with alkaline igneous rocks (Wedepohl,
1978). Dingwell and Brearly (1985) have found rare occurrences of Fe-Ti oxides as inclusions
in garnets from a sample of ‘the lower Crowsnest. Their study (Dingwell and Brearly, 1985)
shows the garnets 10 be titanium-bearin% especially in th% dark zones.

Dunn et al. (1981) have shown that the clinopyraxenes, aegirine and aegi‘rin'e -augite are
capable of.f racuonanng zirconium during the magmatic process Iﬁe hnghly charged nature of

'zxrcomum usually results in the residual formation of zircon and 10 some extem ilmenite. The
~ absence of the latter mineral in the Crowsnest suite suggests that the concentration of Zr lies
with the clinopyroxencs.

Niobium, like zirconium and titanium, may be found in biotite, amphiboles and a host
of titanium-bearing minerals. It is prineipally found ‘ in sphene, pyroxene and ilmenite
(Wedephol 1978) Aegirine- augne and sphene are Lhe minerals which would likely carry the
greatest abundances of niobium in the Crowsnest sune

Yttrium and the associated lanthanides are ’principally found in Qminerals \”here‘ ‘
substitation for Ca®" can take place, (chepohl 197.8) - Apatite, sphene and calcic
agmne augite will have the greatest abundance of ytmum Minor amounts may be found jn
potash feldspar due to mmal crystalhzanon trappmg of yttrium, (Wedepohl 1978)

Upon identif ylng the minerals species which carry Ti; Y Zr, Nb; afi ew observations on
their dxsmbuuon throughoumhe sequence can be made. The most smkmg f eature can be found

in tablc 33 whlch lxsty the Crowsnest mmeral suite and thexr densities.

L
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TABLE 3.3. Trace element-bearing minerals and their densities

-

Mineral Density Trace Elements
Apatite 2.71 ‘ Y

Sanidine v 2.55-2.63 Y(tr.)
Sphene 3.45 - 3.55 Ti,Y
Aegirine-augite 3.45 _ Zr, Nb, Ti,‘~
Melanite . 3.7-41 Ti

Iimenite 4.72 ~ Ti, Nb
Titanomgnetite o517 Ti

All of the trace elements excepting Y are found to occur in the minerals with notably higher
densities. | .

During a ;ryroclasilic eruption, either air-fall or pyroclastic flow, a degree a
fractionation will take place. Separation of the Y, Zr, Ti and Nb-bearing ‘heavier minerals f rom‘
the lighter mineral species, the feldspars:/,.and analcimes, has. occurred in many beds which
exhibit strbrrg densixy-stratif ication. Zones enriched in the denser minerz'ils will have a much
higher concentration of trace elenrents relative to other zones composed chiefly of lighter
minerals. This type of fractionation may also take place with reSpect to the distance from the
vent. The deposits farthesp from the vent worxld_ be depiered in trace elements relative to those
in proximal areas. '

With this in mind, all samples anal‘ywd i:)y Uris study were collected so that all f raetions
within a single bed were represefned. A ¢om psrison ef samples frorn 'Ferguson and Edgar
(1978) with thls study should determine Ld&ree to which f ractionation hds taken place

Wmchester and Floyd (1977) have presented a number. .of classifications based on
mmoblle element composmon The three diagrams Zr/T 10, vs Nb/Y SiO, vs Nb/Y and SiO; vs
Z1/TiO, wxll be utilized to classrf 'y the Crowsnest rocks, With these. Classifi 1cauons only 2 ‘broad
| distinction can be made between alkahne and subalkalme rocks The line dividing the two suites
. is taken as only approximate. There is a]so no dwxsron between the potassxc and sodnc series.

However basanite, tnsLarﬂte/benmome. phonolite “and trachyte differentiates can be

e .
’

‘-dxsungulshed. A .
Trachya'nde'sit'e‘ is taken to be syﬁonymousv with tristanite on all diagrams, .as 1is

suggested .by. Irvine and Baragar (1977).
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Z:/TiO, versus Nb/Y A —

Three fields are again defined by the :r\&hytes analcime phonolites and blairmorites of
Ferguson and Edgar (1978), (Figure 3. Sa) Th&y are divided on the relative increases in. the
. Nb/Y ratio progressing from trachyte to blaiymorite. The ratio of Zr to TiO, isshown to be
quite variable within each group. l

The rocks of the lower Crowsnest are plotted in Figure 3.5b. Numerous,samples clusfer
just within the subalkaline field based upon their Nb/Y ratios, while the roajoril); classify as
tristanites. Again most cluster near values of the primary trachytes. v .

The enrichment of yttrium and the depletion of niobium-bearing minerals by crystal
fractionation may cause the-anomalous samples to fall in the subalkaline fields:

SiO, versus Nb/Y

Blairmorite, analcime phonolite and trachyte fields are again well defined (Figure

3.6a). The pyroclastics plot as tristanites along with the trachytes (Figure 5.6b). The igr;imbrite

beds show a slight enrichment in-SiO, relative to their primary counterparts. As expected some

samples plot within the subalkaline field.

SiO, versus Zr/T iO, _ o
No discrete fielde are delineated by the primary rocks on the basis of Zr/TiO, ratio -

(Figure 3.7a). The trachytes do ‘show a tendency to be slnghtly more silica- nch and plot as

tristanites and phonohtes« while the ana]cxme phonolites and the blalrmorntes plot as phonolites .

~and basariites respectwely ) N

The pyroclastic suxte is shghtly enrlched in sxlxca but plots as Lrachytes and tristanites:

along thh the primary trachytes (Figure 3. 7b).

13
v

D. Bomh Geochelmstry ' e ‘ o

The occurrence of carbonate in the Crowsnest has been documented since the f ormauon a
was first dlscov_ered. Peagce -‘(196‘_7) first predicted the occurrence of carbonatite based on the
presence of 6 to 10 inch c:_irbona'fe pfsoliths in some be&'s.:Simi\Lar"fofmé' are ig'ieﬁeified;as bombs.

7

in this-study.
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S

Textural evidence (Chapter II) suggests that much of the presence of carbonate is due
to the replacement of glass, glassy f ragments small analcime microlites and ] Jarger phenocrysis.
'The identification of bombs, which are dominantly composed of carbonate (Plate 2.6d.e.1). at
three locations provides 1nterestrng new evidence on the occurrence of a carbonatite phase.

The highly. differentiated composition and the unusual minetalogy of the Crowsnest-
Formation ‘is similar to compositions associated with carbonatites described by Moorhouse
(1959). Gold (1963) and Heinrich (1966). The similarity is exemplif ied by the presence of.the
minerals melanite, apatite, sphene, aegirine-augite and magnetite. -

Gold (1963) and Hemnck (1966) have shown that carbonatites may be drstmgurshed on
the basrs of the geochemrcal abundances of P, Ba, Sr, Nb Y, Zr, K, Na, rare earth elements
and oxygen 1sotope data The average carbonatite composition is compared with those for
' alkal_tne igneous rocks standard igneous rocks, limestones and seven Ca-rich samples from the
Crowsnest (Table 3.4). These seven samples represent two from carbonate-rich bombs, two -
from carbonate-bearing pyroclastrc beds, and one from each of the rock types defined by
Ferguson and Edgar (1978).The s'amples from pyroclastic beds contain small round spheroids
(Plate°2.7a' ) which were probably deposited as pyroclastic fragments. ‘ . '

' A comparison given in. Table 3.4 shaws that the compositions of the bombs closely
mimics the c’omposmons of both the pyroclasttc and prtmary Crowsnest sultes SrO, and CaO
were predictably variable. ]

The ma]or element compositions for Ti, Na, K, P and Sr for the Crowsnest rocks
approxrmates the composrtron for alkahne rgnebus rocks. Exept for P,O,, the bombs show no
chemrcal srmrlarmes with ltmestones suggestmg that the source is not in situ. replaoement The
trace element acomposltion for Nb, Y Zr again show a marked tgneous srgnature The

Crowsnest composrtrons are transrtronal between alkahne and standard rgrreous rock types The

< ismo matked similarity with Jimiéstones or true carbonatites. - L %

@

The souree “of the abundan“t oalcrum in these rocks and others throughout the Crowsnest
; 1s uncertam Further studres mvolvmg oxygen and carbon tsotopes may defrne a source though -

" the occurrence of carbonate i pnmary bombs and the rgneous composmonal stgnature, pomt
oo L e - . R ’ :
to a magmauc source

.

s S -
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E. Dlscusslon

The movement of ‘potassmm sodium and ‘calcium during dev1mf lcauon has has had
some affect on the classification of the Crowsnest pyrqclasuc suite. Elcmcmal movement is
illustrated” in the ~diagfams of this chapter and also in the abundance of the
alteration/authigenic phases illite, illite/smectite, calcite and adularia. Fortunately, the daqla f or
the f resh primary rocks have provnded a standard»to which the pyroclastics can be compared.

According to the classmcauon of Irvine and- Baragar (1971) both the primary and
pyroclastic rocks of the Crowsnest are potassic dif ferhmiates of an alkaline olivine basalt,

excluding the blaumor:tes which are sodic dlfferenuates The former classify dominantly as

-

tristanites while the latter classif y as benmomes
’ L4 b
LA’ significant fcature- of many dxagrams 15 the marked dlfferenuauon between the

trachytes, analcime phonohtes.and the blairmorites of Fcrgﬁson and Edgar (1978). These rocks
werg probably erupted from a strongly zonedr fractionated magma chamber and- therefore

represent prdgressive différentiation of the melt. More study is needed to reach any. further

conclusions.

The unusua] occurrcnce of carbonate bombs -suggests the presence of a carbonatite - '

phase Geochemxcally however the signatures of these bombs do not match those of SLandard
carbonatites. They .do show a strong igneous character suggesting that they recrystallized* from

. magmétic coinpbne}lts. perhaps CO, and calcium-bearing f éldspathic glass’.
. . . 2

‘Bas:;h7 on- ;e-x-tural observaé;ons ‘in. thin' section,” Plate 2.6d.e.f. o
“"Holland' and Borcsik (197 show that a decrease in pCO2 reduces - the solubility of
calc:te under favorable condluons The study is- hmned to tcmperatures bclow 2

<



IV. CLASSIFICATION AND NOMENCLATURE

Pyroclastrcs are one of the most diverse Iype of volcamc rock. There is"an extremel)

wide variety of deposrts which of ten grade freely into each other. Classifi ication has progressed
_substantially over the last fifteen years and has now»reached a point where deposit types, their
eruptive origins and emplacment mechanisms Iar_e understood.

Fisher (1961. 1966), Williams and McB‘imey (1979), and Schmid (1981) have provided
classifications of pyroclastic c‘omponcnts‘and the rocks in w.hich they are constituents. Deposit
types, their orrgm and emplacement mechanisms have been discussed by Sparks (1976) Fisher
(1979, 1983), Sparks (1982), Sparks et al. (1976) and Sparks (1982), among others. These'

" studies have described many important pyroclastic eruptions. ‘
The Crowsnest Formation provides an excellent opportunity Ito -apply the modern
_’X.understanding of pygoclastic rocks to an ancient pyroclastic deposit.. For this reason “the
f ollowmg brief review of py?oclastrc rocks is presented. It is intended as a reference to be used Ao
dt)rmg the discussions and mterpretatrons of the Crowsnest Formation and its deposrt; . v
- . ' ; ’ ’ . P : ~
+ .. A. Pyroclastic Components .‘fé: ' -
Individual pyroclastic components may be classified on the basis of their origin, which

is often usef uli in the interpretation of the deposit. Three types are now recognized

1. Juvenile Components Juvenile components ongmate\f rom the erupting magrna JThey may
consist of crystals, glassy f ragrnents bombs and magma clots. ' ’
2. Cognate Components Cognate components ongmate from prevrously ejected volcanic

rock. They may consrst of f ragmented flows, plugs, intrusives or pyroclastics.

3. Accrdental Cammnents Accidental components ongmate from the rocks into which -the
rising magma penetr €S- Such rocks are incorporated and eventually ejected as pyroclastrc ‘

-

_ debns They may consxst of any rock type

b

An 1mprotant system of gramsrze class1f1catron has been developed by Frsher (1961
,1966) and Schmrd (1981) Thxs system. dxvrdes pyroclasue components mtgb three snes ash¢
_ (<2mm) laprllr or lapxllus (2 64rnm) and blocks or bombs (>64mm) (Frgure 4. la)
correspdndtng deposrts of such oomponents are mlled tuff laptlhstone pyroelastrc breccra i“ '
. and/or agglomerate respectlvely Further drvrsron may be made on the basxs of 00arse or fine
: . 'gramsrze subdrvxsrons as defmed by Schmid (1981) in Frgure 4. 1a Mlxture terms are avarlable
5 a5 o : .
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and are defined in Figure 4.1b by Fisher (1966) and Schmid (1981). Descriptions of dit; ferent
types of ash, lappilus and bombs or fragments are fully described by Williams and McBirney
(1979) and Fisher and Schmincke (1984) and need not be discussed here. .

The problematical term "agglomerate™ was initially defined with broad criteria and has
. - been used to describe a number of different deposr} types. Unfortunately it seems$ that the use
of the term is still relauvely unresmcred in both rhe academic and}ndusmal sense. In the past,
it has been used to describe a rock composed of an "agglomeration” of very coa pyroclasuc
ejecra either homogeneous or heterogeneous. Frsher and Schmmcke (1984) sugiﬁ
| be restricted to a coarse deposrt consisting entirely of. bombs whrle Wr‘lhams and McBrrney

(1979) place a restriction of an intermediate to basaltic composmon on: such .bomb deposits.

Many deposits do not readily classrf y under the term pyroclastrc breccra beCause they consist of

vrrtually round pyroclasuc fragments which de not exhibit the characteristics .of ‘bombs. In such -

%

A cases the use of agglomerate may be appropnate - A
For the purpose of  this paper Lhe term agglomerate wrll bey used for a pyroclasuc

deposu consrsung of coarse, ?ounded f1 ragrnenrs ’l‘hrs would mc]u.de rocks whose.componems

o vmmally may have been angular (breccxa) but were rounded during flow. The term bomb

""{‘f'agglomerate is applied to the appropriate deposrts as is defined by Fisher and Schmincke
' (1984) The lerm pyroclasuC brectia will be used for deposits which are essenually composed of
angular f ra§ments ‘ ] : o . C

‘ N

<B Eruptwe Ongms ofy Pyroclastrc Rocks:

© Until the last decade the understandmg of how, why and under what condruons‘

pyroclas.uc deposrrs were f ormed was hrmted It is now known that such deposrrs are produced ‘

by a number of dif ferent types of erupuon

N k8 Factors whrc’h _may rmuate pyroclasuc eruptmns are qurte numerous However Sparks‘f.'
(1976 1982) and Frsher and Schmrncke (1984)‘9’pomt out’ that expansron of magmatic gases"_ .

and/or vaporrzauon of water are the two mosr cntrcal Generally, two types of erupuons are ;

1denul' ied:

1 Magggu Erupuons Magmatrc erupuons occur when gases wrthrn the rnagma expand:' |

cxplosrvely as the melt reaches the surface Vanauons m the mtensrty and- vrolenoe of the'f.- -

77

ts the term

erupuon depend On the amount of gas in the. melt Thrs has prof ound rmplrcatrons on thev 3

w,.
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formation of pyroclastxcs as will be discussed later. '
Hydroclastic Eru guons Hydroclasuc eruptions mvolve Lhe reaction between external watCT

and the rising magma or magmanc gases The erupuons can be divided into two types

n

-

accordmg to Fisher and Schmmcke (1984) - 'y ,,
a. Phreatnc eruptions occur when external ‘water (formauonal ¥ gurfacc) is rapndly
converted 0 Steam by heat generated from the magma. The resultant explosxon
disrupts the codntry fock pfoducing deposits which are rich in .accidental f ;agmems
b. Phreatomagmauc eruptions result when asdendmg magma contacts a water source of
any kmd Such deposus contam abundant juvemle cognat_e and achental
components. - :
Large volumes of steam are produced by hydroclasuc eruptions which cmplace

-4

deposits at substanual]y lowcr ‘temperatures than their magmatlc counterpans o

. Generally, erupuons are classxf ied by their relative mtens:ty whnch is dlrectly reﬂecled

by the dispersal of the.deposits. Dlspersal (D) is defi med by Walker (1973) as the’ area enclosed

by the 0.1 Tmax® isopach. The c1ass1f actiom is as follows:

' "mcreasmg values of D.

- @

@nz

. Hawailn 0-005 ' o
Strombolian 005-5 - . “
“Sub - Plinian 53000 . . '
' Pliniaf 50050000 IR

Ultra than - >50000 :

- Sparks (1982) notes that mcreasmg column hexght and erupuon mtensny con'

‘ Observanons of Tecent and hlSlOl’lC empuons bave helped to def me f 1vc major ruptwe '

all of these rnay occur dunng an eruption or eruptwe phase (Flgure 4. 2)

'1.
. :Bonlmg over (Wlllxams and McBnmey, 1978)
. ‘Dome Collapse (Schminicke and Johnston 1977)

‘Oonvecnve Column and Gravxtanonal Column Collapse (Sparks and leson 19.76)

InclmedBlast(Pefret 1939) R S

e/
. v

-

i

,' ongms (hsted below) for pyroclastlc rocks Four are dlscussed here m hmmed deta:l Any and ,' -
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-

5. Explosive disruption of lava fronts (Rose et al., 1977).

C0nvect1ve Columns and Gravitational Column Collapse __

. A major model developed over the last decade 1s\‘lat of convective columns and
gravitationat column collapse described by Sparks and Wilson (1976) and Sparks er al. (1978).
Based upon numerous observations, the model' allo@vs for the formation of air-falls and/ort .
pyroclastic flows from vertical eruption columns. The formation of such columns is’
summarized in smges by Sparks (1982):

1. Explosive Stage. Gas exsolution and expansion at relalxvely shallow depths in the vent '

initiates the eruption. Solid and llQUld componems achieve "peak velocities” between

100-600 m/s (Sparks and Wilson, 1976) as they lea:'e the vent. Velocity and other factors
~depend upon the depth of the explosion-and the morphology of the vent (Sparks and-
~ Wilson, 1976; Sp.arks et al., 1978 snd Sparks and Sparks, 1983).

2. . Gas Thrust. Sparks (1982) describes an area immediately above the vent where momentum

cof the particles éradually takes over from [hrus‘l,‘crearing a decrease in velocity. As the
* column spreads from lh: vent, a peripheral zone develons where violent mixing witn air
occurs. The zone grndually moves inwards towalrds the core of the' jet. Within this mixlng
zone, the velocity and temperature of the pnnicles and magmatic gas decrcarse as cooler air

is mixed and healed '
The two following models have been developed by Sparks and Wilson (1976) and

Sparks et al. (1978). They descnbe two columns, one f orming dommantly mr-fall deposits and

the other forming dommantly pyroclastrc flows (Figure 4. 3) There is a full gradauon bet\geen

the two types. - —— '

1. Convective Plume. The heated air and particles in the peripheral mixing zone become less
dense than the atmosphere and rise as a result of a denslty or buoyancy effect. Complete .
penetrauon of the column by tlus turbulent mixing zone produces a tall column rxsmg “well

-up mto the atmosphcre producmg dommantly air-fall deposns K . ' |

2. Column Collapse. Should mixing not. penetrate the entire column, the unmixed core

remains more Qmm‘._the surrounding atmosphere. As gravitational forces take over-
from-momentum, it _collanses and spreads as pyroclastic flows about the vent, Large heavy

. Iclasts fall near the vent forming co-ignimbrite lag deposits»aés described by Wright and
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Walker (1977). 2 S

Exceptionally gas-charged ”e‘ruptions produce violent mlxing zones, favoring fully .

‘convective columns’ afid subsequent air-falls. Eruptrons of lesser gas conoent.rauon would tend
to produce pyroclastic flows (Sparks 1982). Further wide vents and high discharge rates
~would also favor the formation of pyroclastic ﬂows (Sparks and Wilson, 1976; Sparks et al.,

1978; and Sparks, 1982). | : /

Botlmg Over o . \
Such eruptions are essentially the least gas charged -equivalent of the convecttve plume
. eruptions. Descrlbed in detail by Williams and McBimey (1979) as Krakatoan types these

eruptions tend to be more flutd and less gas charged. The eruptlons are mterpreted 0 be

shallow (Taxlor 1958) and may have resulted from intense vesxculatlon of magma, providing a

) buoyancy».mechamsm. Such eruptions cause very fluid ﬂows to essentially spill or well up c%er
. the crator rim (Williams and McBirney, 1979; Fisher and Schmincke, 1984) The eruptions may
.or may not be assocxated with a -vertical column (Fisher and Schmincke, 1984). Similar
eruptxons from f issures assocxa\ed with calderas, and those not 1elated to active volcanoes are
described as Valley of Ten Thousand Smokgs type and Valles type respectwely by thhams and

McBirney (1979)

-

}

Dome Collapse-

<

- The gravrtauonal collapse or dlsmtegratron of domes dome llanks and summit spines

have been descnbed by Perret (1937), Schnuncke ‘and Johnson (1977),,W|lhams and McBirney

( 1979) and Flsher and Schmincke (1984) Wllhams and Mchrney (1979) have tdenttfred two -

f undamental types of dome collapse;

1. Merapi Lnon cxplosrve) Merapr types form from the gravxtanonal collapse of o

) over- steepened dome ﬂanks or sptnes .

2. Pelean (cxplosrve) Pelean types may be gas-ric}x or '8as-poor and occur during active '»

' growth of the dome. Internal eruptrons dlsrupt the dome durmg its growth Such types are

often assocrated with lateral blasts

* Termed "Plinian eruption collumns”.

I
59
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e deposits of dorbe collapse have been described ‘as "block and ash flows™ by Perret
In the Pelean types magmatic compo'nents occur in the form of bombs pumice and
lapillus, while those of Merapi type are essentially composed of cognate matenal with lesser

Juvemle components. I} would seem possnble if not ‘probable to have’ hquxd magma as a-

component of some Pelean types. ‘ - »

_ Inclined Blast s
‘ “ First described by Perret in 1937, lateral or directional blasts may ogcur during most
types of eruption and produce a variety of deposits. As has been observed at Mt. St Helens.y
" such blasts ejecl material laterally, usually from the base of a vertical column or from the flank

of the volcano (Fisher and Schmincke, 1984)

b Flow Mechanics ; ‘ »

Miller (1978) defines a pyroclastic flow as a mobile fluidized mass that acor.uains“’ hot.
dry debris and gas, synonymous with the hot gaseous particulate density cﬁrrem of Fisher and
Schmincke (1984). The flows are composed essentially of coarser f ragments which are dispersed
in flmdlzed fines (Sparks, 1976) The gases which are responsnble for the. buoyancy and hence
smobxhty of the flows are derived from magmatic gases and the atmosphere The latter is
'mcorporated and heated during the formation and subsequem movement of fhe flow. ‘

Movement and emplacement of pyroclasnc ﬂows occurs by a number of comp}ex

mechamsms These mechanisms rely heavxly upon the. interaction between gas and sohds o

yield a mass of pamc]es that behave much like a fluid body (Sparks 1982) In turn t*he' o

morphology of the deposus reflect the mcchamsms by which they were emplaced A‘
‘comparauve analogue is a sedxmem densx‘ry current. The main body of a pyroclasne flow moves
as a dense pamculate mass along the ground. The initial energy xs provided' by the eruption
(Shendan 1979) and latet by gravnauonal forces. As” they advance flow froms develop a -
cleft and lobe" shape (Fnsher 1979; Fisher and Schmincke, 1984) the lobes resulung from '
mote rapxdly advancmg currents within the flow (Fishet and Schmmcke 1984)
o Initially, on mountam slopes flows may f oll.ow pre- exxstmg channels spreadirtg out as ‘
_ “lobes or fans away from the vent. ( Sparks et al, 1973 Rowley e al., 1981 and ‘Fisher and
Schmmcke 1984). They are observed by Fxsher and Schrmncke (1984) to almost completely
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drain the upper slopes, leavmg the greater thicknesses to be deposxted away from the source, in -
lower regrons Lag levees and proxrmal bedded deposits may remam ‘where the main body has
drained away (Rowey et al., -1982; Rowley et .al., 1985)- It seems reasonable to find pyroclastic
depositsbetter pres_erved in the low lying areas ﬂanl(ing a vent. ‘ .

.Pyroclastic flows are known 6 have great mobility {Fisher and Schmincke, 1984 and .
: uMiller and- Smith, 1977). Some documented flows (see Fisher ‘and Schiincke; 1984) have
covered dlstances of up to 600 km and surmounted topography as hlgh as 300 meters (Mt. St.
'lHelens) An extreme example occured in New Zealand where the Taupo ignimbrite climbed a
height of 1500-meters -(Walker and Wilson, personal com,, in Sparks, 1982). Miller and Smith
(1977) suggest that such l‘lows may have been thick, iknflated,'.'dilute clouds which attained high'

w1

altitudes and simply overrode topography i
. Velocities have been measured from 14 km (Féher and Schmmcke 1984) to 230 km/h .
(Moore and Melson 1969 in Fisher and Schmmcke 1984). Sparks (1982) - suggests that
~ velocities of flows average between 10-30 m/s or about 30-110 km/h. Hrgh volume f'lows tend
1o travel greater distances (Miller and Smith, 1977). "
The mobthty of ﬂows relies upon the buoyancy and- flundrzmg efl%ct prov:ded by hot
gas.or heated atr."l'he gases are provided by original magmatic gas, exsolution of gas frorh
juvenile fragments ‘(Sparks 1979) gas ‘release cluring breakage of solid fragerr'tents and

incorporation of air atthe front of flows. From these observations, Sparks (1982) has devised

jous types of flow movement (Figure 4.4):

Viscous Flows Essenttally a viscose flow, these types tend to have high .

"yield strength and vrscosxty with a non- turbulent flow front. Deposits are poorly- sortecl
and may carry very. large clasts. Movement is by shearing along a basal zone.
2. Strongly Fluidized Viscous Flows. Such ﬂows are intermediate between strictly turbulent

and viscous types. They are fluidized over part of their length as a result of ovemdmg of

air or water ‘This results in a loss of shear strength and a fnore flmdtzed effect.

,3. Flutdtzed Turbulent Flow Thts flow type is entirely turbulent the flutdxzmg affeCt is
caused by the rapid mrxmg ol' arr at the head resultmg in an mﬂated flow.

»/'f
Ty

Fnsher (1982) identifies four types of flow transformatmn whrch may ’ogl:ur along the

Lt

‘-lcngth of a ﬂow as shown in Frgute 4.5, Such transformauons result in textural varratmns
: "wrthm a flow (Hisher, 1983) Rowley etal ( 1985) provrc‘le evrdenee that mflauon and deflanon

3



‘Poorly Fluidized, Viscous Flow

@

Strongly Fluidized, Viscous Flow

BN

‘Surface Transformation ‘ S _
o ST .+ Elutriation Transformation
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. Figure 4.5 Flow transf ormations, after Fisher (1982).
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transformations may occur as a flow moves down the flank of the volcano 'l‘hey-"note that on
| steep, rough slopes, rapidly moving flows may mcorporate air, becoming mﬂated subsequently

‘developing a turbulent, mﬂated flow. On low<:r slopes, they may deflate and produce

nonturbulent ﬂows The resulting deposnts suggest that there is a complete gradatlon between
# dense, non- turbulent and dilute, turbulent ﬂows (Rowley etal, 1985)

Flows usually develop a two layer cfoss- -section, whrch is descrrbed by Vl)nlllams and
McBimey (1979) Sparks (1982) .and Fisher and Schmincke (1984) (Fxgurc 4.4). The basa]
layer is densgr with a high partrcle concentration; whrle the upper zone consrsts of a turbulent
lower concentratron cloud (ash cloud). The flow of the lower part is, ‘for the most part,
controlled by topography, whxle ‘the upper may move outward from the lower fl0w and may
separate from it enmely usually after movement of the lower has stopped Fisher (1975)
suggests that there is a crmcal zone which exists ‘between the dense and turbulent phases

-

_~ developing textural discontinuities in the resultmg deposrt ‘ . ' y

Pyroclasttc flows ongmate by column collapse lateral blast, dome collapse and- boxlmg

over (Frgure 4. 2) ‘During a grven erupuon ‘more than one mechamsm may operate to generate

pyroclastic flows. ‘ . : ‘ u

D. P?i'oclastlc Deposnts ’ : , .

Many criteria are used to drsunguxsh different deposus and their components In_ turn, .
rdenuf ication of deposit type allows for the mterpretatron of the mode. of emplacement and the
ongm “The most complete descnpuon of pyroclastic rocks, flow types, mechamsms and. on’ns _
is grven by Fxsher and Schmmcke (1984). Deposits can be dmded up into four maJor types:

' kpyroclasuc l'lows from rnagmaue eruptions (lgmmbntes-). pyroclastic flows, from hydroclast_rc . _'
eruptions (base-surges), “air-fall deposits and lahar de’poslts lflows f rom magmatic eruptions' |
“can be leldqd into flows and -Surges. Dunng an eruptron more than one type may be

emplaced

lgnlmbrites .

s pyrocla ic l‘lows f rom magmatlc erupuons The ﬂows may be emplaced at hlgh tcmperatures,

&
4
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though welding is not tmphed An rgmmbnte -deposit would therefore constitute an assemblage
of ﬂowsxwhrch resulted dunng the cour“se of a single eruptton (after Sparks, 1982) The,dterm
does not include flow deposrts of hydroclasuc or laharic origins. . 2 . -
The products of pyroclasttc ﬂows can be classrf ied into two types whrch represent.the

two end members of agradattonal series. These deposits are emplaced by nonturbulent, laminar -

- (viscous) ﬂows at one end and highly turbulent diluted I})ws at the other. Recently evrdence“
from deposits at Mount St. Helens (Rowley el al., 1985) suggest that a complete gradation
between the ty{o may occur both' vertically and' laterally durmg the course of the flow. The_
deposits representing these two enﬂd'member's arediscussed below followed by standard models

which Lrelate the two types.

1. Massrve Deposrts from Dense Non-Turbulent Flows. Generally massive beds are

poorly -sorted and often exhtbtt few features asxde from marked normal gradmg of the
lithic fragments and reverse grading of . pumaceous fragments (Sparks, 1976):

. Discontinuous lens_es Or trains of crystals or rock fragments may occur and are proposed

by Fisher and Schmincke (1984) to resuit jenﬁrftér-tonguing streams of variable flow
reg_ime..Occasionally. local areas of' thin lamination and low -angle cross-stratification may

S develop ‘Altérnating coarse to f ine layers can occur due to changing conditi'ons in 'th“e
eruptron column (Frsher and Schmincke, 1984)_Gas escape pipes (Frsher and Schmrrtcke .
1984) may occur along with drapmg struetures (Shendan 1979) durmg degassmg and
deflatron of a flow. Gas escape structures may be assocrated with hydroclasttc explosxon
its .(1denttf 1ed by Rowley et al 1982) where a pyroclastic flow has overridden a body of »Q'
waer. We}dtng may or may not occur. - )

The massive beds may show gradattonal or sharp contacts wrth other types ot‘ flow

facies” deposrts are the deflated counterpart of turbulent flows whrch produce surge -

/"

deposrts o . ‘o o : ;
2l Surge P posits; /{/gtz deposits are often intimately associated with the massive beds of
‘ denser pyr ?A(c flows. They Tepresent a turbilent phase ‘the deposrts ot‘ wh;ch,may

; overlte undeflie grade mto or extend beyond the massive main body of ﬂow (Fisher,
1979; Sherrdan 1979 Sparks 1982 and Rowley et al., 1985) The ongms of surge deposits,

. espemally the ground surge, ar¢ debatable and are drscussed below. Surges are hot, and ":

N

L

.deposrts notably surges. Rowley et al. (,1985) provide evrdence that massxve or mam T
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‘ .
hence are distinguished from the wet, cooler base sufges of hydroclastic erupu'ons.

" Surge deposits .are generally more fine-grained than flow deposits and uSually'
exhibit modernte to good sorring with large Ttlasts being (notably abscn’t (Sparks, 1982).
Thin, well-defined planar and lenticular beds are found in vertical and lateral association
with low-angle ¢ross-beds (5-157) and occasionally sand wave or dune forrns (Sparks et al.,

‘ 1973; Sparks. 1982; Fisher and Schmincke, 1984 and Rovllexet al., 1985). Rowley ef al.
(1985) identify plane parallel-beds as the dominant bed fornLB proximal surge deposits at
.Mt St. Helens. Scours often occur between deposits (Rowley et al., 1985). Surges have a
notably higher crystal concentratron than pyroclasnc flows (Walker, 1971; Sparks, 1976,

1983 and Fisher and Schmmcke 1984), thought to result from the disintegration of pumice

and subsequent concentrauon of phenocrysts. Purnaceous fines are removed during .

eruption and movement of the ﬂow (Walker, 1971 and Frsher and Sclrmmcke, 1984). Two
~ main types of surge are known. . ' * )

"a. Ground §g:rges_.;nese types tend to underlie pyroclastic flows (Fisher, 1979; Sparks,

1982 and Fisher and Schmincke, 1984). They exhibit all the features of surge deposits

» -and may also. tend to pinch and swe/ll ‘ usually caused .by uneven lower‘t‘opography

. (Sparks 1976). The origin of the ground surge is debatable 1

'Wilson (1980) and Wilson and Walker (1982) suggest that they form as the )

result of cool air being infolded at the turbulent head of the flow, causmg a turbulent

wshion to form at the base. Arguments that ground surge deposits become coarse

sf rom plu\g explosions, chadgmg vent conditions and drrecredgblasts durmg

Plinian erubtions. It is suggested by Sparks et al. (1973) and Sheridan (1979) that the

rks (1976) Frsher (1979) and Shendan (1979) suggest that the ground o

ground surge may mark the onset of a pyroelasuc event, with turbulent ﬂows movrngl “

out radially rom the vent durmg the begmnmg of the eruption.

b. Ash Cloud Surg .Ash cloud surg’e deposits contain the standard surge textures -and

. feamres 'I'hey are formed by. elutnauon (Fisher, 1979) from the top of a movmg: :

pyrocl_ﬁ_;suc flow. The deposrts, occur as drsconnnuous lenses which-overlie and extend - fg

‘ beyond“_"thefrnain,"l?odyvof the: flow. Ash clcﬁrd surges have a 'tendend to separate - -

L C AN

-
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entirely from the main body of the flow forming deposits which, in select areas, are
not associated with a massive flow (Sparks et al., 19:73; Fisher, 1979; Sheridan, 1979
- £
and Sparks, 1982).

" Ignimbrite Deposiu'onal Models

A standard 1gmmbme flow model is presented by Sparks et al.; (1973) along wnh
amended versions by Sparks (1976), Fisher (1979) Sheridan (1979) {and Frsher and
Schmincke (1984). Figure 4.6 depicts the idealized flow units of an ignimbrite deposit and
the origins of each. The‘facies are presemed for both proximal and dislal_ areas. Un-it 1
. {(Figure 4.6) is the. ’éround surge facies, which is often found in. assocciation with
pyroclastic flows. lt may not always be present between flow units, especially in cases

where the flows of a single eruption rapidly followed each other (Shendan 1979).

The ﬂow itself is defined by units 2a-2d in Frgure 46. Uml 2a is-a pronounced

basal zone or iayer which is usually thin compared to the main body. It is f-me gramed and
exhibits a poorly -Sorted nature. The grain srze distribution is similar to the main body,
only over a smaller size range, lacking large clasts (Sparks et al., 1973 and Sparkjl9’l6)
Reverse gradrng is identified jn most cases by Sparks (1973, 1976). th the reverse

gradmg in clast size towards the, top the basal unit is abruplly transmonal into the main

body. usually over a few centimeters (Sparks et al., 1973; Frgure 46) Fisher and'

/Schmmcke (1984) believe that this basal zone was formed by the- mgesnon'of air at the
; /flc)w front, whilé Sparks et al. (1973) suggest the basal layer forms by forces of shear and
. gram size distribution whxch ‘occur at the base of the ﬂow ) L
Layers 2b- 2d (ngure 4.6) represent the main body of Lhe flow It is esumated by

Sparks et al. (1973) to contain approxrmately 90% of the bulkof the flow The deposngs are

| generally poorly-sorted and may contain some very large rock fragmems A marked, ‘

grading results f rom. the d&n\sxty contrast of the more mass:ve and denser hthxc f ragmems

and the hghter pumrce fragments (Sparks et al., 1976, Sparks. 1976) thhr,c fragmems tend

to be normally graded concentratmg in umt 2b, whrle pumaceous clasts tend to "float” and '

concentrate at the top of the flow (unit 2d) The center of the ﬂow umt 2c is a

transmonal zone between the two , »
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The mechanisms of movement’have a profound effeet on sorting, as the denser

ﬂows inhibit the formation of graded zones (Sparks, 1976). The main body of thz flow is

of ten overlain by fine ash or ash cloud sufge deposits (umt 3, Figure 3.6) whrch form by -

"elutriation” ofy the upper part of the flow (Frshcr 1979) ” o

This ideal section or unit does not fit all types of flow. Two models have been

produced f or similar deposits in proximal and drstal regions. .

1’

2.

Proxrmal Regions. Areas immediately adJacem to the vent-on the steep ﬂanks of the

volcano contain tgmmbrrtes whrch are umque and do not fall under the standard flow
_model presented above. Generally, such deposrts are charactertzed by well defmed
parallel - beddmg wrth occasronal dunes and chute and pool structures Scour is often
noted between beds (Rowley et al 1985) '

Such deposrts have been termed ignimbrite veneer deposrts by erson and
Walker (1982) and proximal bedded pyroclastic flow deposits by Rowley ef al. (1985).
Rowley et al., (1985) suggest' that the deposits were emplaced by pyro‘cla»'stic f'lows \
whrch had become inflated and turbulent on the st’eeper flanks They f urther suggest-
that these deposits are. the mﬂated equrvalent o the morc massive main . facres
(standard tgmmbrrte) -and that there is a full gradation between the two. ‘l‘hey note -
that these closely-proxi‘mal beds grad'e imo massive beds where thefe is a decrease in
topography. “ g : R .
Distal Deposits. Sheridan (1979) suggests that proxrmal facies are gas mflated relauve”
to drstal areas where less pronouneed flow f: acrqs occur (figure 4.6). Generally gram‘ -
size tends to fine in distal areas.. ¢ "

thure 4, 7 shows ‘that flows resultmg f rom dlf ferent erupttons may result m other' "f

e

‘than idealized sec ons.

- The sequencc ground surge flow - ash cloud air fall (standard 1gmmbrrte l‘low -
model) is suggested by Sparks et al. (1973) and Sherrdan (1979) to represent the f yowmg

sequcnce
e ‘J‘:,J..-

e
t

6

t> i ,"ar . ;”h' ! .
Exploere or blast stage producmg ground surges (accordmg to the mterpretatrons of -

,Frsher 1979 and Sherrdan 1979). s

Avalanche or flow stage producrng pyroclastrc ﬂows ground surges (accordrng to, ) "

mterpretatton of thson and Walker, 1982) and ash cloud surges

.'\



.a outward from its base (Waters and Fisher, 1971 and Crow and Fisher, 1979) They move wit e

°

T

L9

3. Effusive Stage (Sheridan, 1979), erupting gas-poor primary lavas.

It is suggested . that the sequence represents: the tapping of progressively' deeper
« levels in the magma chamber, (Sparks et al., 1973). .

The deposits formed by ground surges. ash cloud surges and basal, reversely graded

M'zones may be helpful in defining flow boundaries. In situations where numerous flows

- ldirect]y follow one another, forming a sequence of massive flow beds without surge

deposits, the basal’zone and the gradmg of lithic and pumice fragmems may be helpful in

%

defmmg individual flow deposus

_ The Base Surge

N

I

2

.- shaped channels whnch}prévnopﬂy mmsed the slope. L o -

Base surge ﬂows account for a major part of hydroclastic deposits. They develop where.

Aa. mxxture of dense steam and solid components are combined to form a turbulent, fluidized

4

%eam supports ané ﬂuxdnzes the flow and lmparts a coheswe nature to the partic

-

flow ag;ted with hydroclasuc erupuons (Fxsher and Schmincke, 1984). The condensed

Schmmcke 1984) Ih"is cohesweness may have profound cffects on the -formatlion of bed
f orms, as dxscussed by Allan (1982) o, ' \

) The flows form at the base of collapsmg vemcal eruption columns and travel rad‘ﬂﬁ
a cleft and lobe style flow from similar to pyxoclasuc flows (Fisher and.Schmincke, 1984)
_ Fisher (1977) Jdenuflcs "U- shaped channels whnch a»re cut mto underlying deposxls by rap:dly

advancmg turbulent lobes on steeper topography In many cases the channels were ongmally AY

>
Y

A

Ty The deposws thm rapxdly (exponenually) away f fom the sourc’e though local thxckemng

. obsef'ved by Crow andvasher (1979) to pmch and’ swell over thexr 'length .
In general the deposns are poorly sorted Bedding is usuallyathm and very ‘well def mcd B

may result from topography changes (Wohletz and Shcndan.‘ 1979) They have also beenv
’ >

<

b il

resulung ‘from short muﬁ)}e hi'asts common in hydroclastxc erupuons (Fisher and Schmmcke

+1984). Soft sediment def ormauon of the qepgsn due to its cohesnve nature has been described -

" by szher and .Schmnqke (1984) Th!ndeposns of base surge flows are Syaractenzed by plane‘

&

parg}lel beds duncs nppleﬁ’ and chu:Re andgpool structures. 'I'he bed fortm have been descnbed :
by Ftshex' a#hd’ Watets (1970) Schmmcke et dl. %1973) Sheriﬁan 9and Upd1ke (1975) and Crowe" |

. %
N e R
o . e - L .

(Fisher and -



93
“

~

and Fisher (1979). Allan (1982) comments that these forms may depend on cohesi_vy’ forces
rather than flow regime. 7 |
A unique occurence of surge deposits has been dlocurroremed' by Rowley er al. (l98~l).
They describe phreatic explosidn pits on the upper. surfage of hot ignimbrites which have
“overridden a water source at Mount St. Helens. Steam explosions resulted in tlle formation -of
pits on the surface of the flow. Local deposits around the pits, from remobilized ignimbrite,
have bedforms cha‘rac(eristic of base surge or hydroclastic origin.
Air-Fall Deposits e
. - Air-falls are the most .widely known pyroclastic depo'sil.‘Thcse deposits may be
” distinguished by their overall geometry and their internal characteristics. Circular or f an shaped
lobé( are the most common morphology of airfall deposits. They are strongly ‘influenced by
wind acting vpon a c_onvecting column and are subsequently deposited do-wn-wind from the
vent (Sparks et al., 1976; Sparks, 1982 and Fisher and Schminc‘ke.ul984). The relative thickness
of a single deposlr may increase with proximity to the vent, though Sarna-Wojcicki er al.
(1981) show the presence of a secondari' Lhickening which developed dbwn-wind from the vent
durmg eruptions of Mt. St Helens on May 18, 1980. . , ’ - .
Unlike those emplaced by flow air- fall deposits tend to be moderately to well-sorted -
(Williams and McBrrney 1978; Sparks 1982 and Flsher and Schmincke, 1984). The beds are
plane parallel and notably mamle topography 6see Frsher and Schmmcke 1984 for exccllem
examples) Sbarp to gradatmnal beddmg contacts reflect the eruption energy, volume, rate of
. deposition, Wmd dnrecuon and. time between erupuons (Fisher and Schmincke, -1984). Color
. (composmon) dragenenc features -sorting or grain size may also defme beds. Other than’
various styles of grading, reflectmg eruption intensities, the beds are relatively featureless
(Frsher and Schmmcke‘ 1984) Sparks (1982) explains that a pulse like" eruption or series of s
eruptions develop the well strauﬁed dcpos:ts Commuous explosrve acuvny decreases the -
stratrflcatfon C . S
B 'l‘ransportatrcm is by balllstrc traJectory (coarse fragments) and by turbulent suspensnon
in convectmg columns (Sparks and erson 1976 Sparks et al., 1978; Sparks 1983 and FlShCl’
+  and $chmmcke,J 1984. see also discussion on convecuve column collapse). Intensely convecuve
plumes:; -resulting from. exceptio'na'llyh gas-charged eruptions, produce few flows while
% . L

8 - . . 3
5 o
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~ transporting fines well up into the aLmO‘sphere. Air-fall dephsits may also occur during a

pyroclastic flow when fine particles are elumated from the top of the ﬂow (Fisher and

Schmincke, 1984) and during other types of eruptnon which may suspené pamcles in the
atmosphere, for however brief a time. ‘

- Welding Rhas been identified in air-fall ,deposité by Sparks and Wright (1979). It is

controlled by numerous factors, the most important of which are the rate of discharge and

accurnulation. High rates tend to discourage heat loss, therefore allowing welding to occur in

the thicker areas of the deposit.

Lahars ‘ )

Lahars are essentially sediment gravity flows with larger clasts being supported or

suspended in a matrix of water and‘ finer particles. In the words of Fisher and Schmincke, 1984,
. the;/ behave like plastic mz;lerials similar to wet concrete.”

The flows may originate concufrcntly with eruptibns or by later erosion of a volcanic
piie (Crandell, 1§7l and‘Williaxps and ‘McBirney, 1979). Exéepu‘onally wetl eruptions of loose
material associated with lakes, ice, snow, or areas of intense rainfall are the more prolific
producers of lahars "'(Fisheh and Schmincke, '1.984 and Williams and McBirne#®, 1979). Some
have becn noted to originate as pyroclastic flows Which have later been -transformed by
incorpo;ation of water (Crandell, 1971 and Janda er al., 1981) (Figure 4.2). ‘

The flows are tongue-shaped, being initially confined to pre-existing channel§ or valleys
and later fanning out into broad lobes in areas of lesser relief. They may fill valleys to depths.
of hundreds of feet (Crandell, 1971). Janda ‘et al. (1981) mention that streams beds on Mt. St.
Helens were all at one time subject to laharic flows. ,

| The mobitity depends upon the water content and éteepness of slope (William ‘and
McBirney 1979). Flows with higher water content, and therefore Smith. (1986) describes three
types of debree ﬂow based on particle conceritration during flow and deposn charactenstncs
lower pamcle concentration, would have greater mobility.

The upper shrfaces of single deposits are described as hummocky (Fisher. and
Schmincke, 1984 and Janda et al., 1981), while the lower surfz;ces are toncordant and show no
erosion (Fxshcr and Schmincke, 1984). The beds tend to be thick, poorly -sorted and lack

mtemal straufxcauon Reverse and normal gradmg may occassnonally occur (Fnéher and

T .
e
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Schmincke, 1984). Progressivé stacking of flows may result in very thick massive deposits with
individual bedding contacts being ill-defined. Ricketts (1982) describes the presence of thin, red
shale veneers on the top of laharic beds of | the Crowsnes{ Formation. Similar fcauircs may be
of use in defining other deposits. '

The deposits _of lahars may strongly resemble those of massive, poorly-sorted
pyroclastic flows. Hot;lfih et al. (1979) distinguish the two bykthe remnant magmatism which

forms in hotter deposits.

E. Summarized Classification ‘

- Table 4.1 gives a summarized account of the physical features and origins of pyroclastic
rocks based on the preceeding discussion .and descriptions by the authors mentioned. It is
intended as a quick reference chegk and niot as a detailed classification. The reader is referred 10

the work of Fishef and Schmincke (1984) for further descriptions.
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TABLE 4.1 SUMMARY CLASSIFICATION OF PYROCLASﬁC DEPOSITS AND QZIR -

ORIGINS ,
Textures Pyroclastic Hydro- ~Air Lahars
and ‘ , clastic Falls
Features Flows Surges Base Surge
Deposits | lobes lobes fobes fans  tongues
sheets sheets sheets )
Components B Ko 1.C J.C.A S Ko C.A
Sorting poor moderate moderate good poor
~ )
Bedding thin to thin thin thin " thick
thick
Stratification
Parallel beds tr X X X
. laminations u X X X
dune forms - - X X -
~ chute & pool X X -
¢ massive - . )
beds , X - - X
Deflation
Structures X X X X
Mantle '
Bedding X X X
Gradin . ' _
norma X X X X x:
reverse X X X X - -
multiple X X X X -
" Temperature “  hot hot cool Var cool
Welding . Var. Occ. . Occ. -
Gas Escape , ‘
Structures . . X . X - ! - . ‘
Origin CCl. LB, CCLE,  CCLLB cC ’

DC,BO LB

I = juvcnijé, C = cognate, A = accidental, X = major, x = minor

CCl = column collapse, LB = lateral Blast'. DC1 = fome collapse

BO = boiling over, El = elutriation, CC = convective colamn



V. DEPOSITS

Pyroclastic deposits comprise an estimated 90% of all exposures of the Crowsnest Formation.

The remaining 10% are primary lavas and volcanogenic¢ sediments. In areas removed from the

type section, sediments derived from the Crowsnest pile become dorbinqm and interf inger with
the sediments of the Blairmore Formation (Mellon, 1967).. v
Surprisingly, little attention has been focussed on the pyroclastic deposits and their
depositional history. The only study conducted on such rocks was by Rlckeus (1981) who
identif nedxlabar deposits south of the. type section. This study also suggests that cross-stratified
deposms were short- hved stream deposns an interpretation whxchz is not f avored by this study
The new exposures at the type section allow for 4hé investigation of the deposits of Lhe
Crowsnest Formation as a whole unit. This in tum provxdes evxdence for the evcmual

mterpretauon of the deposmonal hlSIOI’)’ of the formauon '* o - . >

A. Pyroclastic Flow Deposits: Ignimbrites

. T

Agglomerates .
Coarse, poorly-sorted beds, composed pnmanly of large rounded clasts, aré 1denuf ied
as agglomerates in the lower member and the base of the upper member K¢ Foldout A& B) No

Lrue pyroclastic breccxas were found in the lower member. Agglomerates charactensucally

consist of rounded clasts in a° matnx of crystals, crystal f ragmems and small rock f ragmems

generally less ‘than 0. 5 cm (Plate 5.1a, b). Cognate ragments may compnse up to 75% of the

rock and often exhibit a strongly trachsmc ahgnment of feldspar phenocrysts attesting to a

pnmary flow origin (Plate 5.1a,b). They Tange, in size from 1 cm to as much as 50 cm and may -

show normal gr_admg. The presence of baked rims around many clasts suggest emplacement at
elevated temperatures. ‘ B o | o

The mamx is composed of cuhcdral crystals. of samdme gamet and aegmne augite
: .thh minor ‘occurrences of other minerals characteristic of the Cfowsnest Formauon The
majonty of crystals have been broken and/or intensely f ractured and show shghl roundmg
Mlcroscopncally, samdmc crystals may-be bent and in some instances- show sutured boundarles

The beds are consxdered to be welded
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The lower boundaries of these deposits are geuerally abrupt and may be roughly plunar
or show substantial relief as shown in the type section about 17 m from its base (Foldout A).
In this case, the lower contact is erosronal and exhibits approxnmately 2 meters of relief
(Foldout A). ‘

Upper contacts may or may not be 'gradatiorra] into overlying surge deposirs which are
discussed below (Plates 5.1a, 5.2b, 5.3d). In many instances these agglomeratg are present as a .
~ coarse basal deposit of the following cyclic sequence (Plate 5.1a, 5.3d):

| agglomerate - surge - agglomerate -
The agglomerates are much coarser than the surge deposits'.

The appearence of these deposits is sometimes remakably similar to a conglomerate.

The following features attest to their pyroclastic origin:
1. Welded textures. ' , |
Occasional drapmg of large fragments by surge -deposits (Plate 5.1a).

Grading structures.

SN

Sheet-like deposits which often show parelle! contacté with air-fall and otber flow deposits.
~The ‘occurrence of these deposiv; with those identified as surge deposits suggest an intimate
relauonshlp between -the two. ll is thought that the deposits result from explosions which
disrupt and fragmem plugs and/or primary flows deposits producmg coarse pyroclasuc flows.
“Itis Lhought that these agglomerates are essenual_ly a coarse lag, composed of large clasts which
dropped out of a turbulent, inflated block and ash flow. The remaining finer material was
debosited as cross-stratified surges which m’rerly"and extend beyond this coarser f raeu’on ‘The -
agglomerates themselves probably moved as a dense, non- turbulent ﬂow Roundmg probably
occurred ‘during emplacemem however plasuc deformation textures suggest some clasts may
initially have been malleable. ‘ . S s

Except. for the rounded nature of‘ } tbe clasts, they r_esemble the /de@f a block and
ash flow as. described by Fisher et al., (1980) (Figmre-4 n. Gx\fransport is indicated by

association wnh surge deposns whnch occasnonally contam gas deflatioh features,
e
,7'

fyroclastie Breccn'l‘s' S R [ : g
Thé major poruon of the upper member ‘is chay{ctenzed by thick beds of pyroclastic

breccia ‘which can be dlsungmshed from the prevxoui ly dlscussed agglomeratcs by theu dark
. Ea



+ Plate 5.1 _
A. Photograph of cyclic agglomerate (Ag) - surge (Sg) deposits. Larger clasts are rounded.
Surge deposits show cross-stratifcation and deflation drape structures (Ds), Pipeline

N

section.

: )}
B. Photograph of.a cut and polished slab of an agglomerate from the lower member. Cognate
_ clasts are rounded and show well defined trachytic textures (T). The matrix is composed of

sanidine and garnet crystals, wch-13. x

C. Photograph of a cut and polished slab of pyroclastic breccia from the upper member.

Clasts show baked margins and flow imbricau'or(l‘..

)
AW
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green - grey color, their massive nature and the increased angularity of the clasts (Plates 5.1c,
5.2a, 6.lb)‘, They are not generally associated with surge deposits..

sAndividually, the beds are composed of cognate and juvenile clasts with subordinate
accidental fragments.'"l’rachyt.i‘c textures in many fragments indicate their origin as'plugs or
flows. The blairmorite fragments, common to these upper beds, ma? be both cognate and
juvenile, as the latter are often intensely d’eformed by stretching and flattening (Plate 2.2e,
2.7¢). Other juvenile clasts are represented by fine-grained aphanitic f ragments. many of which
are mtensely deformed relauve to their cognate counter parts. Fragments composed of older
pyroclasuc debris, - surges flows and agglomerates, suggest that earlier erupted matenal has
been mcorporated in these flows. .

The sizes of the fragments range dramatically between less than half a centrmctei‘ fﬂas
much as three meters. They constitute between 25 and 85% of the rock, though in most cases,
the matnx is the more dominant and supporting phase (Pla@S lc). Pronotmced normal size
grading of fragments is common in a number of beds. Baked and/or" resorbed margms occuft
with( plastic deformation structures and rnay occasionally be aSsociated with imbrication and/or
flow stretching. o . . |

The matrix is dominated by a phase showing substantial alteration and/or
recrystallrzauon which ‘oblrterates many orrgmal textures. It is characteristically fine to
medium -crystalline, contammg abundant P’e-Tr Oxides (manomagnetite ilmenite pyrite) and
recrystallrzauon assemblages (calcrte chlorrte adularia) (see Chapter Il) The _matrix may
compnse up to about 75% of the rock. . ' T . ,,’ '

It.is the . contentron of this study that this® phase Tepresents asfstrbstaﬁual hqurd

magmauc component (lava) as rt exhibits a texture and composmon srmmll_ga 10 asdyke whrch

, _mtrude the upper member. This liquid fraction: would provrde mobrllrty to"&he ﬂow
No structures were found in these dense beds mdrcaung gas transport On‘the wﬁole ‘beddmg '
contacts are relauvely obscure but may be defined by slight color changes and ‘abrupt changes
m clast size (Plate 6. lb) The latter reflects normal gradmg throughout the Wh‘oletbed s
"The presence. of plastic def ormauon baked or resorbed margms charred wood and the

extremely massrve sometrmes Jomted character of ‘these beds provrdes evrdenoe that they were

emplaced as hrgh ternperature flows wrth the presence of a liquid as a supportmg and ‘

mobrhzaung phaSe Poorly defined Jomtmg may also be developed a good cxample of whrch‘

i
o
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- and other crystal consmuents compnse the coarser fracuon along with vanable amounts of '
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occurs towards the top of the type section. These beds probably represent a mix between a

pyroclastic and a true lava flow.

The resemblance of these beds 1o those of block and ash flows described by Perret
(1939), Williams and McBirney (1978) and Fisher and Schmincke ( 1984), suggest that they
originated by the disruption and/or f ragmemauon of a dome or summit spine. In the case-of
the Crowsnest, disintegration was induced and probably enhanced by an explosion followed by
the influx of magma and accon)panymg juvenile components which mcorporated éhe more solid |
cognate malenal The resulting flows appear to have been very dense with a primary liquid
supporting and carrymg large clasts derived from the dome and surrounding debris"pile. It
appears that the flows were fairly mobile as their deposits are found farthest from the vent.’
These types of beds generally comprise the upper 4/5 of the upper rnember. Williams and "
Mchirney (1979) suggest that such eruptions and their deposits represent rnature stages of -
volcanic activity. . ‘ ‘
Ash Flow Deposnts

Both laprlll tuffs and tuffs represcnt pyroclastic ﬂow emplaced deposits in the lower 4

member where they may be f ound_m'drscrete beds or graded sequences. They are not found in

_ the upper member though some agglomerates and pyroclastic breccias may fine to this size

range. Throughout the lower member, there is a full grada(ion between flow emplaced tuffs and
agglomerates, s_ornetimes within the 'same bed. The f ollowing deseriptions are concerned am‘ctly
with ash flows. Surge deposlts ‘are’ discussed separarelx due to their unioue origin and bed‘v
forms. | _

' Gcnerally the flow deposits of “the lower member are dominated by crystal-rich.

varieties contarmng abundant whole and broken ;phenocrysts of . samdme ‘garnet, aegmne augne , ‘

" and other trystal components. thhnc varieties, dommantly composed of cognate fragments are,
" however, well represented The deposns are compositionally Similar to those deposxted by
‘axr -falls . but can be drsungmshed by depositional textures (cross- stratrfrcauon) thnckness

} sortmg gram size and the presence of associated surge deposrts

‘The deposits are gcnerally pink, reflectmg the abundance of sanidine phenocrysts and-

‘ samdme rich rock fragments Lhough fmer gramed vaneues become purple Samdme garnet

[
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rock fragments. The crystals may be whole, fractured or broken and may show variable degrees

of rounding. Cognate rock fragments are most comman thou?ghv. juvenile aphanitic types may
\also be present. This coarse fraction may reach 70% of the rock.

The\namx is dominated by fine, crystal fragments, whele microlites and small rock

f ragmems Aphanmc fragments are also usually present. The matrix is considered to be a f iner,

more pulverrzed equivalent of the coarser component. Sorting is generally poor to moderate '

with a range in size from <0.1 mm (marrix) to 6 cm, for lithic types. Crystal-rich varieties

‘usually.do not exceed 1 cm.

The bedding contacts are generally abrupt and may be parailel or pinch and swell

slightly. Basal contacts are ‘hot generally %rosronal any may be. drsunguished by the following:

A ‘marked color change, usually from green or purp ash or tuff beds (air-fall) to the pink

color of the crystal-rich tuffs emplaced by flow. .

Abrupt changes in grain size. : s

:A marked change in the combetency of the bed reflecting the mere massive, sometimes
welded nature of flow emplaced deposits (Foldout A) (Plate 6.1a).

The presence of a reversely graded basal zone similar 'lo that -described for the standard

ignimbrite (Figure 4.6).

-The contacts may also be gradational where the bed overlies or un}Teries surge deposits.

The thicknesses of the flow deposited lapilli tuff or tuff beds at the type section range-

from thick beds, up to 7 meters, to thin beds of less than half a meter (foldoul A, Plate 6.1a).

Some of the thinnér varieties are seen 1o pinch out laterally on the scale of the outcrop.

Many beds exhibit features that resemble the standard ignimbrite flow unit described by

Sparks et al (1973), «Sparks:(1976) Sheridan (1979). Fisher (1979) and Fisher and Schrmincke
(1984) (see Chapter IV, Figure 4.6). The following features of the standard rgmmbme now

unit were 1dentrf ied in-the flow deposrts of the lower Crowsnesl Formauon

1.

Ground Surges Deposits of surge orrgrn drscussed below, were of ten 1dentrfred drrectlyA

' below thrck massive ﬂow deposus 'I'hey may show pinch and swell beddmg and, in some

| cases. appear to be scoured by the main body of the f'low They may not however always

&

bepresent ) i L“. .
Basal Zone. A thin basal zone is often deve‘loped below the mam body of the flow. It is

,drff 1cult to drstmgursh in many cases as the gram size is only slrghtly less th,an that of the
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. . ¢ .
main body. The basal zone often exhibits reverse grading into the main body of flow. This

is consistent with the standard ignimbrite flow model (see unit 2a, Figure 4.6).

- Main- Body. The bulk of such deposits is made up of thickly-bedded pink, coarse

crystal/lihtic tuffs and fine crystal lapilli tuffs (Plate 6.l1a). They are massive and are.

generally featureless; however the foll%wmg bed forms were observed :

a. Zones of density-stratified garnets and dense crystal components. These may be
discrete layers, lenses or trains.

b. Massive zones which grade laterally into density-stratified parallel- laminations which
in turn grade int‘odzones of low-angle cross-b_eddin'g.

c. Normal' grading of lithic f ragments and occasionally crystals. o

d. Lenses of green, crystal-rich ash occur at the top of many thick deposits, probably of

air-fall or ash cloud origin. '

The absence of very coarse rock fragments &uggest that these massive flows
are the deflated, rnore distal equivalent of a highly inﬂated surge after it has lost its
coarser fraction during turbulent flow. In such cases, they would be similar to the main
Jacies deposits of Mount St. Helens as described by Rowley el al. (1985). It may also be

that the flow, originated with a finer fragment constsituem' Low density pumaceous clasts

. were not observed in any beds. Weldmg features are usually present, though the degree of

welding is variable. ‘ :
Ash Cloud Surges and Air- falls Commonly overlymg the thrck massive beds which

comprise the main body of the f’low are surge, deposits and/or air-falls,’ both of which are

- described below (Plate 6.1a).

The deposrts which exhibit the features described above are mterpreted to have been

emplaced by pyroclasnc flows at elevated temperatures For the most part the mam body of the

deposns were empIaced by non- turbulent flow whxch produeed the massrve ‘beds with only

hmlted bed fonns Intemal flow transformatrons (see Ftsher. 1983) prohably produced the

zones of densrty.sstraufrcanon, cross-lamination and .erystal trains. .

Other types of lapilli tuff beds exhibit' features that sugges; emplacement by flow under

different condmons however they differ from the deposts of a standard xgmmbnte Most

-dlsplay complex .grading features whrle others may be totally massrve The presence” of -

low- ang;e cre§s lamination drstmgurshes these types .from air-fall deposits. In many instances
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the finer fractions show good evidence{%r surge dcposition. Massive flow tuff and lapilli wff
beds may periodically develop faint cross-stratified zones at their base. In this case, the dense’
beds (n\tay exhibit grading but are otherwise void of structures. The” deposrts were prohably
emplaced by a viscous, non-turbulent flow which developed a turbulent zone at its base.
Weiding features are usually present in all types of flow deposited laprlh tuff's and
tuffs, although the degree is certainly variable. The thicker massive beds generally show the

- higher degrees of welding.

Narges |
' ‘ySurge deposits may be«vcategorized under the terms coarse crystal tuff, crystal‘ lapilli
tuff and lithic lapilli tuff. They are discussed separately because they represent a deposit which
is distinct from those previously described. "Surge deposits are emplaced by the same
mechanisms as their ash flow counterpartS' however they are deposited‘ from turbulent clhuds
which inevitably form drstmct deposrtronal structures. They are found in intimate assocratron
with massive agglomerates tuffs, lapilli tuffs and to a much lesser extent breccras throughout
the lower member and the base of the upper member (Plate 5.2a,b). Such deposrts of ten grade
both verumll) and laterally into surge deposrts ‘ & ,

Surge deposrts of the Crowsnest are easily distinguished by their ahundant bcd form$
. .and thetr darker, red- pmk color. The deposits are composed of ‘primary crystals, sanidine and -
gamet being .domina'nt and roughly equal ‘amounts of rock fragments both cognate a'nd

juvenile. They are generally clast and/or crystal supported with a nouceable lack of very fine

components. Sanidines.and garnets tend to be both euhedral crystals and crystal f raments Kock :

f ragments are generally round to sub- rounded and may show plastrc def ormatton The size of
the fragments is variable but is usually less than 2 cm. Large fragments may occasnonally
appear within surge deposrts In such cases they may be draped (deﬂauon) by the finer

components

Indrvrdual surge beds are found to underlre ‘overlie and grade into other ﬂow deposrts

( Plates 5.1a, 5 Za b, 5.3b d) Bedding of a flow umt is generally planar though it often exhrbrts
a pinch and swell morphology and may ptnch out over a few, meters (Plates 5. la; 5.2a).

i _ Beddmg was not obse to exceed a meter though composrte beds may reach thrclmesses of . 5

y meters. Sornng is genera poor, but shows some mcrease m the densrty stratrfted horrzons

e . e

wi

.



Plate 52 : | o ‘ o

A. Phplograph of cychc agglomerate (Ag) - surge (Sg) deposus at the base of the upper

! mcmbcr The cychc sequences occur between two thick pyroclastic breccias (Br) carrying

-E‘

angular fragments, Pipeline séction. o ; ' '

B. Pholograph of parallel-bedded surge deposus and undeﬂymg agglomcrates upper member,
%
' Pipeline section. o
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Plate 5.3 _
A. Photograph 6f a cut and polished slab of fining upward surge deposit. The specimen

exhibits dune forms (Df) whic'h lack internal stratification. Top of the lower member.

B. Photograph of a cut and polished slab of a dense pyroclastic flow overlain by‘an ash-cloud
surge deposit. The surge deposit shows progressive fining to the top. Structures observed in
the surge deposit are parallel-beds (Pb), cross- stratification (Cs) and remobilization

structures (Rs), lower member.

C. Photograph of a cut and polished slab of a paralle}- bedded/laminated surgé deposit. Lower

member. .
D.. Photograph of a cut and polished slab of a cyclic agglomerate (Ag)- surge (Sg) deposit,

lower member, wch-14.
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Over a given surge bed, a progressive fining of the components may occur towards the
top of the bed (Plate 5.3a,d). The f ining is thought to represent decreasing flow energy.
Plane parallel-laminations, low amplitude rippleé. dune forms and zones of low-angle
- Cross - bedding/lamination are characlerialic of the deposits and are discussed in detail below.
These bedforms; are defined 4nd enhanced by a m‘arl;ed d_ensity~ stratification of - garnets,
sphene, aegirine-augite, titanomagnetite and ilmenite. Invariably, the forms show scour at their
bases. Size grading and component compgs‘i}ion may also def ine forms. . )
The prominent bed forms which occur in surge deposits-may be categorized into groups
‘based on morphology. o

-~

‘Parallel-Beds/Laminations, Beds and/or laminations which show roughly parallel boundaries

are the most common bed form found in surge deposits (Plates 5.2b.,. 5.3c¢.d, 5.4a, 5.5¢.d.
Figures 5.1, _5.2a) They range in thickness from <1 mm to as much as S cm. Each bed
exhibits scour at its base. Many deposits are lensoid as a result of truncation followed by
depostion during a subsequent flow or pulvse.“ Most have a stroug tendency to pinch and
swell over their length, and may pinch1or lens out err‘tirely. The deposits resemble a series
of inierf ingering lenss with light, coarse interiors bounded by darlr, fine, density-stratified: ‘
horizons. They are often seen .to grade laterally from slightly thicker, miore massir'e
deposits. | R ¥

| 'I‘hese deposits strongly resemble modern proxrmal bedded pyroclastic flow

deposits'® from Moum St. Helens Plate 5.4 compares the surge deposxts of the Crowsnesr ’

Formation with thosé of Mount St. Helens. . ' § |

~ The upper and lower boundanes are usuall) smoothly undulating surfaces which

'may drape over coarse, underlymg components (Plate 5.1a). Occasronally. poorly defmed

‘low amphlude npples may develop in some. fmer -grained boundanes A-given bed or

“lamination is dlstmgulshed by the followmg cross-section (Figures 5 l S. Za)

a. A black, f ine-grained densny -stratified zone which underlies the coarser main-body of
the bed and shows an’ abrupt or someumes gradanonal contact with Jower deposits.. It .
generally does not exceed 2 mm. m lhrckness Thxs zone may lens ‘in and out over the . ?
'length ‘of the bed. A marked reverse gradmg mlo the coarser, lighter main body of the

"Proximal pyroclastic flow deposxts are described by Rowley et 1985). as
- follows: "Individual beds range from 2 mm to more than 1 m" thlc and are mainly -
1 1o 20 .cm thick. Beds -typically ‘show pronounced lateral variations in_thickness,

generally wuhm a dlstance of a few melers," they occur wn.hm 3 km of the vent.



Plate 5.4 : ‘
A. Photograph of cut and polished slab of a surge deposit from the Willoughby Ridge section. -

The photograph shows parallel- beds similar to those found in surge deposits at Mount St.

Helens. ) :

B. Photograph of a proximal bedded pyroclastic flow deposit (surge) from Mount. St.
Helens. Photograph shows well defined 1 - Scm thick .parallel'-bedding. Reproduced with
permission (Rowley et al., 1985). 4 - .
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bed/lamination occurs over a few millimeter, Larger garnets (2 mm) are genefally

concentrated just above this basal zone (Figures 5.2, 5.2. Plates 5.4a, 5.5¢.d).

"The main body of the bed is composed of much coarser crystals and rock fragments.

'Sanidine crystals are gcnerally large, up to 1 cm, and exhibit eubedral crystal shapes

Many are broken and show slight rounding. Rock fragments are round and may

_exhnbu plasuc def ormation in bolh hand specnmen and thin section. Sorting is poor.

Three types of gradmg were identified in the main body (Figire 5.1):
1) Normal grading of garnet crystals from just above the densiiy stratified basal
zone to the top of the bed }
'23 Normal grading of f ragmems and samdme crystals
3) Reverse grading of sanidine crystals.
Large crystals and fragments at the top of a bed may’be draped by a suhsequem zone
of density-stratification (Plate 5.5¢,d). l

On occasion, the coarse main body may exhibit low-angle cross-laminations,

2-10°, and/or thin, parallel- laminations, again defiyd by density-stratified hegavy

_minerals. These zones often represent pinchouts of individual beds/laminations within

a larger lens

Dune Forms. Dune forms may be observed in most surge deposits but to a much lesser extent

than parallel and/or lensoid beds with which they are assocxated Agam the shapes and

features are defined by thin zones of marked densxty strauf ied heavy mmerals They may

also be defined by changes in grain size.

Such forms’ may range in size from 5 -70 cm. Much larger forms, up'to 3 m; have

been obseTved (wch 40). Generally they have rounded peaks ‘and gently slopmg sxdes at

angles between 10-20° with extremes of 5 30°. They may or may not be symmetrical.

Two types of dune forms may be dlsungmshed by their internal charactensncs.

(Figure 5.2b,c).

“~a.

Dune forms exhlbmng mternal low angle Cross- strauf ication, usually in one dn‘ecuonw

'are often assocxated with other bed forms (Fxgure 5 2c) The Cross- stranfxcanonw ‘

comprises a whole dune and is of ten truncated by subsequent deposns Structures are

well def med by marked density stranf lcauon of the denser mxnerals The gram su.e is |

generally fi mer and sorung is 1mproved Coarser poorly -sorted partmgs and/or lenss
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separate density -stratified equivalents.. -
Such deposits are interpreted as being the result of migration of dunes during
flow and subsequem deposition.

b. Dunes Wthh exhibit no mternal stratification, apart from a complex system of
grading, are also observed with parellel beds and migrating dunes (Figure 5.2b. Plate
5.3a). A single, ihin zone of density-stratification marks each \sidc and the base of the

“«dune form. The base is usually uneven and may form a trough which cuts into and
truncates underlying structures. Thc density -stratified basal zone often drapes larger .
clasts or crystals in the top of lower beds. The density-stratified zones that define the
sides of the form also dra;;e,coarse particles within the form.

Internally, these dune forms exhibit a complex system of grading as follows
(anure 5.2b):
1) Reverse size ‘grading of garnets from the base up into the center of the form. . '
2) Reverse grading of lithic clasts from base to the top of the form.

3) Feldspar concentration in the lower part of the form.

These dune forms are thought to répresem scour and erosion of previous,
coarser flow deposits and therefore are not true dunes. Reworking probably enhanced

the concentration of heavy minerals on top of eroded deposits, producing the basal

and flanking zones.

g . ’ . M {ps . . '
Zones of Cross-Stratification. Zones of low-angle and trough cross-stratification are associated

\\(ith Tplane parallel-beds, dune and {pple forms {Figure 5.1. Plate 5.5a,b) The angle of

inclinaiion is variable, but u_suaily ess than 30°. Density-stratif’ icatioxi ahd associated

coarscr horizons again define the fegfures. Four general tydcs are distinguished

a. Densny CTOsS- straufxcatxon ._ssoc1ated thh dunes and/or scour Features. Such types

have occurred as a result of durie and/or Tipple mxgrauon

b. Densxty Cross- strauf ication: in lateral assocxauon with plane parallel and lensoxd beds,

generally in the absence of scour. ‘

CC Dens;;y cross-s;raufncatxon associated with erosional channcls dr. Ft'rough, scopfsin_ the

»~ absence of dunes or dune forms (Plate 5.5a,b). Such features were probably f ovr_med"as
earlier deposits -were scgufed dr remobilized. ‘Truncation of previous bed forms is

, coin(pod in the -pr_esence of scours and subsequent ctcss-stra;if fation: | |

“
&



Plate 5.5 ' : 3
A. Photograph of a cut and( i)olished slab of a welded surge deposit from the Willoughby

Ridge section. The sample shows parallel-bedding (Pb), scour cross-stratification(Cs) and
possibly dune forms. Density-stratification enhances all features. Garnets show a marked

rev size grading within most features. A detailed sketch of this slab is presented in’
ngzzx. Lower member.

B. Photograph of "A" showing a close-up of trough cross-stratification (Cs) which has been )
| truncated by a parallel-bed. Again, gameté show a marked reverse grading in some cases
superimposed on a normally graded bed. ‘ |
C. Pﬁotograph of "A" showing a close-up of a paral\lélbed showing slight reverse grading of
sgnidine phenocryst fragments and rock fragments. Garnets also show-reverse grading. A
farge clast (Dc)in the top of the bed is draped by the overlyifig bed: '
AD‘. Photograph of "A" showing a close-up of a lcm drop clast ( Dc) which is draped by a zone

i

of density- stratification.
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d. Low angle cross-stratification at the base of massive flow deposits. In such-gases, the

 stratif iction was probably formed by:a turbulent cushion at the base of the flow.
- Ripples. Good ripple forms are generally rare; however, they are observed in fine-grained tops
of surge deposits and occasionally in fine-grained density stratified zones. At best, they are
poorly defined. Lengths are small, generally less than 3 cm, with heights not exceeding 1
cm. Small scale, internal cross-lamination, mdtcatmg mtgratton maybe observed.

Remobrhzauon Structures. Apart from trough-like scours, small, relatively featureless channels

are often seeff to truncate other structures (Pléte 5.3a,b). They mvartably occur- in the
finer-grained components at the top of the ﬂow Remobrhzauon of f ines during deﬂatton
would seem a probable explanauon for these structures
_Beds and bed forms from modern deposits similar to those described above are
interpreted as being emplaced' by hig'h energy, turbulent flows'by Fisher (1979, ‘1983 ), Sheridan
(1979), Sparks er al. (1973), Sparks (1982) and Rowley et al. (1985) chketts (1982)
prevrously 1denttfted these cross -stratified deposnts as deposits of short lrved streams wluch
-drained the upper slopes of the vent, The presence of plastic def ormauo_n and suture boundaries
indicate emp-lacement at high temperatures expected during higher temperature perCIastic
flows, a feature whrch cquld not form by sedimentary processes ’ '

The bed forms (dunes plane parallel -beds/laminations and cross-laminated ‘Lones)

- represent hrgh flow regime according to Blatt etal., (1980) and Rowley et al., (1985); however

flow regimes in pyroclasuc rocks are not well understood The observation that one bedform is
_not formed oonsxstently throughout the deposrt is thought 10 represent the abruptly changmg
conditions of flow, energy and turbulence whxch may be present in a surge flow.. Thus the

condruons of stabrlrty of one form may be only ternporanly achreved Condtttons probably

N Y

favored parallel ‘and lensord f orms as they are dommant m surges deposrts of the Crowsnest “

: 'Formatron Thrs is consrstent wrth\modern exalnples at Mount St Helens (Rowley el al., 1985)
and other surge deposrts descrrbed throughout the world,

The origins of the: densxty stratrﬁcanon chara.ctensuc of surges 1s unccrtam The .

| morphologﬁ‘of densrty stratrfled zones suggests some possrble orrgms _ ) . i o
1. Fallout from turbulent mflated suspensxon may produoe drapmg structures and graded

~ zones. Reverse srze gradmg could be facrlrtated by denser pamcle conoentrauons in thc

o’
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M

* flow, allowing only the finer, dense coﬁlponems 1o sink.

2. _Heavy rﬂinerals may be lef t behind as alag deposit during sceur Further traction may
produce structures in the ]ee of large particies, artd a beuer sorted deposit.

It is probable that both processes may have acted at once.

Overall, thre¢ types of sufge deposits were 1denufned in the lower member of the

IH

Crowsnest 'Formanon
Ground Surg . Surge deposits which form discrete beds immediately beneath less turbulent,

massive flow deposns are 1dem1f ied as ground surges (Plates 5.2a). ‘Such deposits may not

always be present , ’ ,
Ash Cloud Surges. Surge deposils which are in vertical or lateral contact with agglemerates and

non-turbulent pyroclastic flows are identified as ash cloud surges (Plates 5.3b, 6.1a). The
/

conLacllma)"'be sharp or gradational. . : .

Discrete: Surge Deposits. Surge deposils which are not directly associated with massive flows are

mlerpreted to be the result of deposition by surges which have over-shot and become

delached from the massive flows with which they were assomated

B. Air-Fall Deposits S » ‘ |
Deposus mterpreted as air-falls are abundant in the lower member, bul do not occur

with the massive beds of the upper member.. They are dxstmguxshed from ﬂow deposxns by the

following charactenszncs Ty : j'z oo T

1. Lack of internal st.ra’tjfication,.i.e. bedforms, eI, - ,.

.Draping structures.

| Generally better sorting; rangmg from poor to good between, and-within. beds.

B - PE I N

Fine matnx containing angular crysLal fragments The slight roundmg o@?egred in flows is
not evident. ; -
5. Grading sequences, descnbed below.
_6’.» Straugraphlc assoc:anon thh flo@ deposxts They may occur 1mmed1ately after flow
+ and/or surge deposits. ) '
1. .Oeeurfence of bombs in many fine-graiped twff horizons.

3

ﬁS - Sharp contacts kw,ith flow depbsits and gradational contacts with other Air-faue;

b . ’ ’ \
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Generally, the matrix of most tuffs is composed of very fine crystals and crystal
fragments and small rock fragments. Much of this fraction is too small to be ldenuf ied by
optical methods. It is thought to be dominated by feldspar fragments. Crescent shapes were
occasionally observed but they were too small to be firmly identified as remnants of devitrified
glass shards. .

The coarser fractions, generally less than 2 mm, ire composed chiefly of crYstals or
angular crystal fragments, dominaqtly sanidine and melanite, and varying amounts of cognate
and juvenile rock fragments. Many fragments are plastically deformed, sometimes intensely.
This usuaﬂy occurs in the absence of other welding structures, reflected by the reocessive nature
and intense alteration of air-falls. '

. Bedding of air-fall deposits is generally thin and usually does not exceed half a meter.
Average thicknesses are less than 20 cm, with extremely thinyyarieties measuring less' than S cm.
They are parallel-bedded, hewever some slight pinchAand swell .may occur. This may be mantle
bedding; however, the size of the exposure is too small to make a valid interpretation. Small
~scale mantle bedding i is identified and discussed below.

. Grading represems changing intensities in the eruptioh column according to work by
Williams and McB‘irney (1978). Further, sharp contacts represent separate eruprons.

Five types of air-fall deposits are identified at the Crowsnest lype section. The first

three described below are often found iﬁ 'assoc’tation with each other, defining Qhat is le;fned a

L]

trilogy.

Pink beds: Crystal Lgpllh Tuffs

Pink, crystal lapilli tuffs. represent the coarsest, most poorly -sorted air-fall deposns
excluding varieties which contain bombs (Plate 5.6a). They are chiefly. composed of cryseals.
crystal f ragmenis ind boih juvenile and cognate rock fragments The grain size does not eiceed
0.75 cm. The sapidine crystals and rock fragments often show pronounced normal grading and
may accompﬁny a weak density-stratification of gamets

‘Bedding thicknesses range between 5 cm and- 50 cm, Contacts with other air- fall
deposits are generally gradauonal. but may also be sharp. Purple tuf fs and green ashes are seen

to grade freely into pink beds. Small scale mantle bedding was observed.
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Welding features were observed in most pink beds, though sorne were distinctly
unweided. The degree of welding is noted to bc variable within, and bet\(een beds. The greater
the intensity the more resistant the bed is obsep{ed to become. ) | .

Pink, crystal lapllll tuffs are interpreted to be a proximal air-fall deposrt produced by
hlgh intensity erupuons The lack of flow features sets them apart from massive flow deposits*
with a similar grain size. They essentially represent a deposit which may have been formed
under conditions where sorting was not yet well developcd. Continually changing intensities and
conditions are rcﬂected by internal grading and grading between other air-fall deposits. Sharp
boundaries suggest separate eruptions. .

The welding features.observed suggest high rates of deposition which preserved heat

and the initial plastic nature of many components.

Green beds: Coarse Crystal Ashes ‘

, Green, coarse crystal ashes are intermediate in size between purple tuf fs and pmk
crystal lapilli tuffs. They are chiefly ‘composed of feldspar and garnet crystals and angular
‘crystal fragments, with lesser amounts of rock f ragritents. Sizes range f rorn <1 mm to 3 mm.
The matr'ix is often very intensely altered to the clay minerals illite and illite)smectlte,. giving
tlte deposit its light green appearance. For the most ,part. the original matrix does not survive. -
Glass'y f ragments and aphanitic shards were orobably the original,constituent as some remnents
were observed in thin section. The deposits of green; crystal ash are very loose and recessive
(Plate 6.1a). Sorting is moderate, in the absence of the original matrix phases l 7

The thickriesses of these beds.may range from <2 cm to as much as 40 cm, (wch 32)
They may pinch and swcll slightly, perhaps representing mantle bedding.

Intemally they are void of deposmonal structures excludmg different types of grading
as follows: ‘ | ’ |
1. .Norrnal Or reverse grading of feldspar crystals and crystal f ragments._ .

2. Faint, poorly defined density-stratification of garnets. ) -
3. Normal to reverse symmetncal gradmg w1th a very fine, clay rich ash (brown bentomte)

representmg the finest component

Bedding cOntacts may be either sharp or grada_tional-with all-df the otlrer_ types of air-fall
deposits. Sharp contacts are also observed. The-deposits are interpreted to be crystal-rich ash
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falls, again with grading suggesting changing intensities. Moderate sorting and thick deposits

suggest proximity to the vent.

Purple beds: Crystal tuffs ’

Purple crystal tuffs are dominated by fine (<1 mm) components, many of which are
too small to identify optically. These finer components may exhibit crescent shapes. as
memioned above, though their origin as pumice shards could not fully be .emonstrated. The
identifiable co‘mponents were dominated by angular feldspar and garnet fragments and/or
whole crystals. Rock fragments, especially juvenile types, and other crystal components were,
hou)e‘ver, common. For the most part, this f iner f raction is moderately - sorted.

- Many beds carry a distinctly bimodal assernblage with the presence of a coarse, <1.5
cm, phenocrysl assemblage usually consisting of whole and broken euhedral samdme crystals
and occasronally garnets, which are supported by the fine f raction. Phenocrysts do not usuall)
comprrse more. than 10% of the rock and may show normal or reverse grading (Plate 5. 6b)

A second unusual case rs the occurrence of large carbonate bombs (descrrbed below and
in Chapters & III) supported, by a fine, non- calcareous, purple tuff, generally without the
-phenocryst phase.

In all cases, bedding is thinner than a meter, wnh average thicknesses generally around
" 15 cm. Again, they may grade froe]y into the pink and green beds or exhrbn a sharp contact. |
They may also prnch and swell slrghlly, however they are generally parallel-bedded.,
| Purple érystal tuffs are thought to represent deposits of less intense eraptions which
deposited finer material. A_Coarse crystals or" bombs \yere Lhrown‘out-.in varying amounts during
deposition of the wiff. |

, ‘\‘

g Bomb AggIOmerates\ -

Beds. contammg bombs were f ound at both the type section and at the prpelme section
(Foldout A). The size of the supporting material is. often much too fme to be classif red as an
agglomerate however \the presence of bombs as the only coarse phase leads to this
classification. The beds comam up to 20% bombs

The bombs are chrefly composed of carbonate, up to- 70% Wthh supports whole and"

: broken crystals and both :nall cognate ‘and juvenile clasts._. ‘The carbonate often exhibits

Ea \

\



Plate 5.6

A.

—-

of thc sanidine phenocrysts and slight density-stréu‘f ication of the heavier jpineials. The

Photograph of a cut and polished slab of a "pink " air-fall deposit showing normal grading

base reversely grades into the main body of the deposit, lower member, wch-33.

Pholograph of a cut and ipolished slab of a purple air-fall wff showing strong normal

grading, lower member, wch-67.

Photograph of carbonate bombs taken from various locations.

a. -

b.

K

show strong porphynue and trachyuc textmes The Clasts are supported by a fine

: Sphcroidal bomb, Pipeline section.
" Bulbous, kidney-shaped bomb, wch-78.

Bulbous, kldney shaped bomb wch-78.

Spherondal bomo showing poorly defmed ribs, wch- 78

Bulbous, kxdn'_‘by -shaped bomb, wch-78.

Bulbous. kidney-shaped bomb, wch-78.

Spindie bomb, wch-78.

Almond-shaped bomb, Oldman River Bndge Collecled by D.A. White in 1966.

. Bulbous, kidney-shaped bomb, wch-78.

Almqr_ld-shaped bomb‘shoWing logitudinal ribs, Wch-78.

- Photograph of a cut and polished slab of a conglomeratc ‘probably f rom Ma Butte. Clasts

sxlty -sand matnx
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replacement textures though geochem‘icalv evidence does not rule out a primary source. The
other cons;ituems, especially the apham‘tie clasts, exhibit plastic deformation structures.
_ The following types of bombs were identified (Plate 5.6¢):
1. Spheroidal bormibs, exhibiting an equatorial ridges, ribs or flutes.
2. Spindle bombs. . e . »’
3. Almond bombs (bxpolar fusiform), often exhibiting flutes and/or ndges
4. Bulbous or kldney shaped bombs. )
At the pipeline sectron some spheroidal bombs were found to be flattened on one side by
- impact. The sizes of the Crowsnest bombs are variable between 2 and 25 cm.

Supporting components are variable throughout diffi erent beds. At the type section, the
beds containing bom'bs are-‘comprised of a fine, purple tuff which, unlike the bombs, is not
aopreciably cal‘lcareous'. ruling out in Situ carbonate replacement. At the pipeli-ne section, bombs
are found in a coarse lithic, lapilli tuff with a carbonate matrix in the viciniry of the bombs. In
both sections these beds occur towards the top of the lower member, though they are not
correlateable The bombs were apparently high temperature prOJecules whrch were emplaced

durrng air-falls and/or flows. .

. Clay beds: Bentonite

Thin.'\‘rery fine beds or laminations consistiug almost entirely of the clay mihérals illite,
illite/smectite and miuor kaolinite are observed in graded, green: crystal ash beds, irr'the upper
part-of the lower member - They are tlie finest component of the graded seouences and within
the whole of the formation. . ' - ' | ' L
| If truly vitric tuffs were formed by the Crowsnest eruptrons they would produce such
deposrts after devxtrxf ication. Their associauon with green crystal tuff would support thxs idea
7 uf as much as the mamx of the. crystal tuff has a strong resemblance to the bentomtes They
are also recessive, Emplacemem of - such fine deposrts was by weak or waning stages of

eruptions.



. - ' .

C. Lahar Deposits . ' —
Lahar deposits are relatively rare in the three sections investigated during this s(udy.
Only one flow or series of small flows were identified at the very base of the formation at its
type section (see Chapter 6) (Foldout A). -
They are characterized by their massive, very poorly sorted nature and the -occurrence -
of red and/or green shale clasts and partings; similar to those identified by Ricketts (1982). The
matrix is clay-rich and may or may not supporn eognate clasts which ranée in size from <1 cm
to as much as a meter. Crystal components .are also common. Bedding is usualfy poorly
def ined, however, deposits appear to be thick. Shale pa.rtrngs may define a boundary or contact.
' The deposits suggest that laharic mud flows drained the summits, incorporatrng cognale
f ragmen'ts and crystals .as it moved. The shale clasts may represent water flow between laharic
events. It is also e;{pected that the.ﬂow followed previously existing channels on the mountain

slope and may have later fanned out in areas of less relief.

D. Primary Flows and Intrusives )

Most of the occurrences of pnmary rocks in the Crowsnest have been well documemed
by Pearce (1967, 1970) and Ferguson and Edgar (1978)-and need not be discussed agarn here.
It is‘well dotumented, however, that flows are rare. Two occurrences not previously described
A‘discussed. . ( I' ) o |
trachytic?' flow wa‘s‘”identified on fthe Willoughb-y‘..Ridge section. It *

are herein brie

A relatively
lies within tbe top of the upper member and exhibits strongly traEhytic textures defined by
euhedral feldspar laths. | o : a

' In the upper member at the type secuon a thm (0. 5 -1 meter) dyke was’ f ound to
mtrude between two masswe breccxa flows. It exhrbrts a chllled margin and has mcorporated
what seém to be cognate clasts. The clasts exhxbn baked and/or resorbed rims. )

Mmeralogrcally it s composed chiefly -of recrystalhzed feldspars Fe-Ti- oxrdcs
(manomagneme 1lmemte pynte and hemame) The h:gh potassrum composmon (K,O wt%'
= 14. .33). suggests the occurri:nce of. a late dxff'erentrate (Chapter 4, wch-85). Texlurally. it
shares a close resemblance to the matrix of many pyroclasue breccxas of the uppcr member.

..................

.u Classrfled accordmg Ferguson and. EFgar (1978)
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E. Volcanogenic Sediments
Sediments derived from the Crowsnest volcamc plle are, in the vicinity of Coleman,
" rare and have been identified in only two cases:

1. Sandstone and Shales. Within the first 150 meters below the first outcrop of the Crowsnest

Formation on Willoughby Ridge a se;ies of quartzofeldspathic sandstones'and shales were
found to contain rounded to sub-rounded melanite gamels sphene and sanidine. The main
components of the deposits are charactensnc of sands from the Upper Blairmore Group as
described by Glaister (1958, 1959), Stott (1963) and Mellon (1967). This strongly implies
that an earlier phase of Crowsnest volcanism occur_red before the emplacement of the
- pyroclastics in the Coleman area. The implications of this observation are dlscussed more
f ully in Chapter 6. ‘ ) 4
2. Conglomerates." A eonglomerate from unknown location” was prbvided by Dr. RA.
‘Burwash at the University of Alberta (Plate 5.6d). Thé sample contains large, well
rounded cognate cobbles and pebbles of t‘raehvte analcime phonolite and blairmorite They
range in size between 1 cm and about 20 cm. The rock is clast supported with fme sands
comprising the rest of the matrix. White calcite is found to cement parts of the rock Some
1dennf iable crystals in the matrix suggest the fines were derived from pyroclastic deposns '
Slmllar deposus have been reported from Ma Butle by Pearce (1967) , some carrying clasts

esumaled at 15 tons.

TN

—~

The deposits were likely emplawd by hlgh energy ,strefams drammg the moumam
face. The origin of the streams was in areas dominated by pnmary flows or plugs

* There is a likelihood that the streams’ Wthh dramed the slopes of the vents also
produced finer- gramed deposxts Such occurrenccs were not identified m the vncmlty of ~

Coleman

Discussionv ‘ .
" The composmons of any or all ol' the above deposxls may change with either crystals or .

rock f ragments becoming dominant. It is probable that some clasts were mcorporated into the

- ':deposus as hot, semn molten bombs or molten clots, a fine equwalent to bombs. ”

P 'l'he _ moderately poor. sorung and the :.tnncknesses of ‘the deposits point strongly to '

deposition in proximal areas. The characteﬁstiés‘- of many deposits, such as surges and massive
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ash flows, also suggest proximal deposxuon Gradational contacts of air-fall deposits suggest
that many were emplaced by conuﬁuous eruptions which varied in intensity. This concept is
more -fully developed-in the next chapter. The implication for the deposition of air-falls over
greater areas, i.e. Alberta basin, is also addressed. , .

Pearce (1967, 1970) and Ricketts (1982) have suggestied that a substantial part of the
Crowsnest Formation is composed of volcanogenic sedimems'. The evidence presented in this
chapter strongly suggests thai many such deposits are the direc'( result of pyro;laslic volcanism.
which produced air-falls, pyroclastic flows and lahars. At the type scctidn, no squg\ema:y

deposits were identified.



VI. STRATIGRAPHY

A. Detailed Stratigraphy of the Proposed Type Section

The Crowsnest Formation at its type section is divided into an upper' and lower
member. 'I\'ng: lower membet is charactertzed by thinly to thickly-bedded tuffs, lapilli tuffs and
agglomerates, representing depdsition by pyroclastic flow, air-fall and minor lahars (Plate
6.1a). The deposits range in color fsom pink to light green to purple. Despite their recessive
natu;ef they are over 75% exposed on highway No.3 westiof Coleman Alberta

The upper member is characterized by: ialery thickly beddcd massxve pyroclasuc
breccias and minor agglomerates, forming remstant “cliffs in the area. The beds are commonly
dark green tp grey (Plate 6.1b). The division between the two mernbers is placed at the base of
the first po:z)tinuous occurrence of the massive beds of. the upper member (Foldout B). This
division is not intended to be time Stratigraphic, nor may it occur-at the base of the same bed
throughout the formation. It ;is,taken toyepresent a marked change in the type and conditions

-

of the eruptions which produced the deposits of the Crowsnest Formation.

Lower Mem{ t
Folddut A provides a detailed stratigraphic column of the lower 85 meters of the lower

member. The remaining 40.meters of the member are not included in the column as they are
- largely covered. They' are, however, discussed beiow and are well represented in Foldout B.
The lower member is djvided into six units based upon the physxcal and deposmonal

charactcnstxcs of the beds and their mf erred mode of origin (Foldout A).

,.U t1

*

_ _ The basal unit of the Crowsnest Formatxon (16 meters) lies in apparent contact with
maroon shales of the upper Blairmore Group. These are exposed 20 m straugraphtcally below
umt I ' Y 4 ‘ ]
The. umt is enttrely composed of thlckly bedded lahar deposxts s1mxlar to those
" identified by Rxcketts (1982) at other localities. The deposns are very poor]y soned and contain

T abundant cognatc fragmcnts Oommonly, acmdental fragments are found as red or purple shale

lenses and clasts whxch may or may nbt defme a beddmg plane The ‘lenses or clasts often

—
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Plate 6.1

Photograph of the middle of the lower member at the proposed type section. Units and
samples are marked for position. The photograph shows the thinly, parallel beddod air-fall
deposits of mnit III and the thick pyroclastic flow beds of unit IV. Thin beds are
characteristic of the lower member. (See foldout A a}ld appendix B for full
descriptions)(looking north) ' '

Photograph of the thick pyroclastié breccia beds of the upper member. Bedding contacts

. are marked in white along with their position-in the section. A thin mafic dyke (wch-85)

b

cuts the upper contact. (Looking north)
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exhibit soft sediment deformation. The upper contaCt with unit II is defined by a bed of
drscontrnuous shale lenses (Foldout A). Beddmg is p%@ly defined, but may be drsungurshed by’ -
shale lenses, and, in one case, a thin, purple crystal tuff (wch:9).

The presence of previouysly ejected effusjve material as clasts (cognate), and cry:stal}
phenocrysts as primary constituents of these basal lahars strongly suggests that Crowsnest
“volcanism had beén[occurring elsewhere before the emplacement of the deposits at the type

section. The implications of this observation are discussed under regional stratigraphy.

The deposits ':of unit II are more massive than those of unit ] and Ifl, though' the lower
contact does not show an abrupt change in competency Generally the umt is dommated by
‘ ﬂovIs and surges. Three types of deposrt were identified (Foldout A).’ ‘ ‘

The base of the unit is compnsed of thinly- bedded purple and prnk crystal tuf fs and
crystal laprllr tuffs. Deposttronal structures, mostly subtle normal and reverse gra,dmg, suggest
- an air-fall orrgrn though thin. ash flows cannot be ruled out. _ |
Some beds are nOtably calcareous and contain Fe - carbonate whrch comprrses most ol
_ the groundmass m the domrnantly matrix supported Tock, It exhrbrts both a replacement texture
and a granular texture The: latter may suggest a pyroclastic orrgrn as no analcrme mrcrolrtes .
were seen to b&replaced by carbonate as previously mentioned in Chapter I1. The contact wrth -

»

'«the overlymg agglomerate is sharp and shows substantial relief. of up to 3m .
Massive agglomerates occur perrodrcally throughout most of unit I and often occur as. -

“part of Ia cyclic fmmg upwards sequence The rock type has been descrrbed tn Chapter V;

(Plates 5 1b, 5. 3c) A tluck agglomerate rs seen to truncate lower strata and. shows an abrupt '
basal contact with substantral relref (Foldout A) 'l'hrs agglomerate grades upward abruptly mto' a

_overlyrng surge deposrts A srmtlar agglomerate wrthorlt erosronal contact caps the unit.

’I‘he upper. half of unit I is composed of the followmg frmng upwards cychc NI

“ . ' _ Basal agglomerate surge agglomerate _
- The thrckness of a grven cycle is vanable between about 10 cm and 50 cm (Plate b 3d) .'

V _'Contacts are abrupt to gradanonal over a_ few ccnnmeters ’l'he agglomerates and tuff are "

'.massrve and show poor somng The surges are only slrghtly better sorted and show .
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paral’lel-bedding/lamination, low-angle cross-stratif ication and lensoid bedding. All rypes may
drape larger fragments in thde lower deposits. Such deposits probably formed during turbulent,
inflated surges. / v - ' ‘

Deposruon f unit II was ifitially ®y air-fall followed by an agglomerate-surge flow
which may have scoured a stream valley. This was followed by cyclic flows which produced the‘
thin agglomerates and surge cycles. All types show welding, though the degree decreases from
'vagglomerales to surges.

The upper contact is abrupt and marks a change in competency.
Unit IIT

Most of unit III is dominated by purple crystal tuffs, green crystal ashes and ‘pink

crystal lapilli tuffs They are interpreted as air-fall deposits in Chapter V (Plate 6.1a). Three '

. types of bed pink tuff/laprllr tuff purple tuff and green ash grade into each other or, in the

case of green ashes, form lenses wnhm the other types. Where all three occur together they
| form trilogies. Three types have been identified: -
.1 _Purple tuffs grading rﬂersely into green ashes and .normally back into purple tuffs.
2 Purple tuffs gradir}g reversely into green ashes and normdlly into pink erystal lapilli tuffs.
3 Pink lapilli tuffs grading normally to green crystal ashes which in turri grade into purple
tffs. i ' . ;
OLher combmatmns were observed however they were minor.

- In cases where beddmg contacts are gradanonal deposition occurred durmg a smgle

. "serupuon wherc changmg mtensmes produced the dxfferent beds Wheré contacts are sharp,

. —

,pulse hke eruptrons or abruptly changmg mtensmes are mferred Welded pink crystal lapilli .
wffs suggest high rates of accumulauon ‘ L
" Although the unit is dommated by axr -fall deposrts flows are also present. ‘A small .
agglornerate srmrlar to those described i in udit ‘Il is f ound in;the mrddle of the unit. Classically,
it is ovemdden by a surge deposrt Towards the top of the unit, thxck tuffs and lapilli tuffs '_
~ occur with occasronal surges suggestmg an mcrmsed pyroclastrc flow influence. In these upper
‘beds, lenses of green crystal ash are common but only occur at the top of a flow.

It appears that - the unit .was emplaced by air-fall prooesses with occasional

) 1nterfmgcrmg pyroclasnc ﬂows Pxeservauon of the poorly consohdated beéds, the presence of

v

-
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welding in pink beds and the lack of erosional features suggest high, continuous rates of
deposition. The coarse, poorly sorted nature of many beds reflects proximity to the vent.
Towards the contact with unit IV, processes’ favouring flow deposits seem to. be increasing

(Plate 6.1a).

Unit ]

Unit IV is characterized by thick ignimbrite deposits (ash flow tuffs and dapilli tuffs
with intermittent surges) and air-fall beds (green ashes, purple tuffs, pink lqus and occasional
thin bentonites). The flow deposits range in thickness between <1 meter and 7.meters, while
surges are relatively thin and rarely exceed a meter. The air-fall' deposits are thinly-bedded\_v
generally less than 30 cm. Ignimbrites tend to be resistant, while air-fall deposits are recessive
(Foldout A, Plate 6.1a). |

w The thick flow deposit.which dominates the unit from 39 m 10‘47 m (Foldout A, Plate
6.1a) exhibits the classical‘f eatures of> lhe standard ignimbrite flow univl described by Snarks' el
al. (1973) Sheridan (1979) and Fxsher and Schmmcke (1984) and resembles the massive facies
of Row]ey et al. (1985). An initial ground surge is found at tfe base of the deposit, exhibiting
bo&kw cross-stratification and lensing features (Plate 6. la) It is seen to pinch and
swell laterally. The surge grades abruptly upward into h?ﬁe -grained reversely graded basal uml
approxrmately 20cm thick. The umt‘xs finer-grained than the main body of the flow into which |
it reversely grades. The main body is'massive and exhibits’fe"w features. Petrographic studies
show it to be welded. The top of the unit co‘ntains green ash lenses immediately below the
boundary, probably of air- fall origin. ‘ : o {?@

The other ﬂows are srmllar though well def’ med surge deposns are not generally presem
The thickness of the flows tends to decrease towards the top of the umt

Thmly bedded air-fall deposits ranging in combined t.htckness betwgen 1.5 and 4 meters. ‘
separate each successxve flow.: Towards the top of the umt a1r -fall depos:ts become thicker,
. though they may contain thm surges and flows. The presence of the air-fall deposits with the

' emplacement of 1gmmbntes is consistant with the standard ngmmbnte ﬂow model. The umt was

/

emplaced by pyroclqst.\c ﬂow processes\bth subordmate air-falls. ‘ .
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The base of unit V is dominated by air-fall beds composed of purple tuf fs, green ashes
and pink crystal lapilli tuffs similar to uhit III. The green ashes have a slightly higher garne{
content. Occasional thin flow deposns are found interbedded with the air-fall deposns The
beds on a whole contain the greatesr abundance of analcrme crystals and Juvemle blairmorite
fragments in the lower member. .

Overlying the air-fall beds is a 5 m sequence of bomb-bearing bearing purple tuffs, as
described in Chapler A% (Plale 5.5¢c), with green ash air-fall deposits separalmg the beds.

Thicker ﬂows surges and air-fall deposits overly the deposits.
Unit VI

Unit VI encompasses the deposits lying between unrf V and the base of the uppe
member. Mosr of the unit is recessive and poorly exposed (Foid.oul B). Test pits an(r trenches
.helped expose some areas as most of the outcrop was found to be covered by up to two feet of
overburden. Wind erosion is qQuickly removing the rerrraining cover.

- The base of }t.he.unil consists of massive pink agglomerate beds and accompanying surge
deposits. The rest of the lrnit, the covered interval, is apparently do’minaied by purple and pink
_crystal wffs. Pink, welded agglomerates and coarse lapilli tuffs are common but their
abundance could -not be determined. Thickly-bedded, rr}éssive égglomerates and lapilli tuffs
characteristic of the upper member occur towards the top of the covered irrterval ;I‘he' first

‘continuous deposits of this ype ‘vegrn a; 124 melers up section where- the base of the upper

oy
~

member is plar;ed (Foldout B). ST _

_ All sarqples collected f. rom the pits and trenches comarned only pyroclasuc ejecta. No
sedimems or reworked pyroclastics were found suggesting that there was not an extepeﬁ?
' penod of erqsion in the eoyered interval. The unit is dominarniy composed of ignimbrites and
‘eubordinate air-fall deposits, the latter apparently ~decreasing towafds Lhe base of the upper

A5 >

member. " . o o -' .
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) Upper Member

The upper member comprises about 70% (276 m) of the Crowsnest Formation at its
type section. In other aréas away from Coleman (i.e. Lynx Creek and Oldman River) it appears
0 comprise the emjre f o;mau‘on in the absence of.the lfne lbwer member. In the vicinity of the
type section, the uppér member seems to form a resistant cap over the deposits of the lbwéi
: member.

Despite its thickness, the type'of deposits throughout the upper member are uniform.
Pyroclastic breccias are the dominant deposit. Two discrete units were defined at the type’

section (Foldout B). For continuity the numbering is continued from the lower member.

Unit VII

/

The basal zone of the upper member is charactérized by massive agglomerates,
pyroclastic breccias ahd surges ranging up to 10 meters in thickness . It is, for the most part,
dominated by agglomerates with their characteristically round clasts. In all,cases, the beds
exhibit good welding: Colofs rarige from pink to brown to green. laternally 'Lhey exhibit
occasional normal grading, tréchytic alignrﬁém ofv sanidine - phenocrysts in the matrix .and
rarely, internal cross-lamination. Surge de.pOSi(s are often associated in small numl;crs.

The ap_proxfmale ecjuivalem, 1.2 km south on th_g pipeline section, Foldout B, exhibits
strongly defined sequences of agglomerates grading venicélly and laterally into‘ pronounced
surge deposits, similar to the deposits of unit 11 (Plate 5.2a,b). Laterally, these beds bécomc
coarse agglom_erates and/or w'ellydefjxil‘e\d pyroclastic :breccias. In the absence of surge ‘deposits
the bedding is defined by normal .giédingA of clasts, The di:posits of the upper member strongl);
resemble those of moderh block and ash flows which form during dome collapse as outlined in
Chépter Iv. Gas inflated flows and air-falls appear to have only occurred at‘ the base of the
upper member. ” SR | |

It may be that the beds present in bbth sections can be correlated‘.w:T he _changcable “
character of pyrbclasgic deposits would make this extiemely difficult without more exposure. |

~ No attempt to k:orrel'a_te single beds was made.

S
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Unit VIII =

Tne upper 230 meters of the proposed type section is-composed of thick, massive

pyroclastic breccias as described in. Chapter V (Plates 2.2e, 5.1c, 5.2b, 6.1b). Beddmg is at best

. vague wnh contacts being dxstmgmshed by shghl color changés and/or abrupt changes in grain

size (Plate 6. la) The beds are very thick, ranging from 20 meters to 120 meters. It is probable
that the thick beds are composite deposits with individual beds being indistinguishable.

A dyke, previously described in Chapter V, mlrudes along the contact of a bed at about

i

270 meters up section ' (Foldout B). It may be associated with brecciation found in the
lmmediale vicinity. . ‘

- Towards the top of the section, a densely welded tuff, possnbly of air-fall origin, is
sandwiched between two dense green breccias which contain mtensely charred wood f ragments. /
- The bed is tan colored and -occurs approximately 10 m below the upper contact with the

Blackstone Formation.

L4

The coarsé nature and in some cases the angularity of the fragments in these upper beds
indicate emplacement as coarse, block flows. Chapter IV more fully descrlbes the mode .of

emplacemem of these beds.

B. Local Stratigraphy _
"The correlation of the formation, even in the type area, is made difficult by the lack of

marker beds either within the formation itself, or' within the bracketing Mill Creek and.
Blackstone lFormations Indeed, the same problem’ exists with positioning the formation with -
Tespect to the Middle Cretaceous sequences of the foothills and the Alberta basin. This problem'
is further discussed under regional straugraphy ' ' '

Foldout B is a stratigraphic crOss section which meorporates the measured sections of
‘the type secuon the Pxpelme section and the Willoughby ridge section. Correlatlon ‘between the
. three secuons is only made at the conitact between the upper and lower members. As mennoned

It is not taken to be time strangraphlc nor may n lie at the base of the same bed or deposit. It

s, “however, thought to mark a dramauc change in’ erupnve conditions between the ash falls
‘and flows of the lower member and the block ﬂows of the upper member Other correlations '

are enurely schemanc and are intended as a model for the deposxt
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. The section is hung on-the approximate position of /noceramus labiatus which lies
directly on the Crowsnest Formation in the Coleman area (.Glaister 1958, 1959 and Mellon,
1967). Glaister (19§8, 1959) notes that the distance bet\yeen the top of theOCrowsne51 and the
I. labiatus zone increases both to the north and south.

Other factors taken into account during the construction of this section are as follows:
1. Thinning}wedging of pyroclastic deposits away from the source area causes a net decrease
in the thickness of the formation. This is exemptified by a thin 1 meter deposit of only the
upper member on the Oldman River, north of the propOSed type section.
2. The upper contact is disconformable (Glaister 1958, 1959; Stott, 1963; Norris, 1964 and
Mellon, 1967)..
3. The deposition rates of the volcanics near their vents logically exceeded those of the upper

Blairmore Group, inhibiting interfingering near the source during continuous eruptions.

The basal contact of the Crowsnest Formation is seen 1o be gradational at the .
‘Willoughby ridge section. Typical B.lairrnorel sandstones and shales may carry abundant
mineralogy charecteristie of the Crowsnest Formation up to 150 m below the first ogcurrence of
unreworked Crowsnest. Not all beds however contain these characteristic minerals. '

At the type section, the contact eppeers abrupt, however the first Blairmore sediments
observed occur below a 24 meter covered interval in which no samples were retrieved. '

Regardless of where the erloughby ridge section'is correlated the lowest Blairmore
'sedxments beanng minerals derived from the Crowsnest Formation apparently occur well below
* the base of the proposed type section (Foldout B). This seems to s&gest the presence of
volcamc aftmty before deposition at the type section. ‘

Further evrdence for earlier erupuve events is found in the basal lahars of the type
section, where the majonty of clasts are cognate, bemg formed by previous eruptions. The
~ presence of .a lahar suggests that rehef was already built up around the vicinity of - the vent '
I_bef ore deposition at the proposed type secuon : ) " N
‘ The Crowsnest Formatnon in Foldout B is drawn to depict the deposmonal £eatures _ '
whnch may result by overlapmg fan- shaped pyroclastlc deposns in the vncmlty of the vent or
Hvents Multlple vents have already been suggested by Pearcc (1967) Erosronal channels which, A
E although not observed except where they have been mfrlled by subsequent pyroclastnc flows,
probably dramed the mountam slope Theu presence is substantmted by the occurrence of the

. i
»
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conglomerates previously described in Chapter V.

C. Age and Correlation ‘

‘Regionally, the Crowsnesr Formation is restricted to the southwestern corner of
Alberta. Its exposure has been well documented by an”excelleﬂ map of the area \prod‘uced by
R.A. Price in 1959. The ttrickness of the formation is readily observed to‘ thin rapidly in all
directions from the local area around the type section and eventually oecomes a member of the
upper Blairmore Formation (Melion; 1967). To the west however, its extent is ,obscured b}' the

| rocks of Precambrian and Paleozoic age which have been overthrust along the Lewis fault
(Figure 1.2). The thickest known sections are found in the vicinity of Coleman at Itron Ridge
and Ma Butte (Figure 1.3) (This stjudy, MacKenzie, 1956; Norris, 1964 and Pearce, 1967). In
these areas the formation.achieves a maximum thickness of about 450 meters*? (1600 feet).

To the southwest of the study. area a group of mineralogically similar trachyte plugs
may be found in the vicinity of ’Howell Creek B.C., where it einpties into the Hathead Ris'er'
(Figure 1.1). Gordy and Edwards (1962). Norris (1964) and Currie (1976) suggest a genetic
similarity; however;-no study has yet confirmed the relatronshnp

In all areas of its exposure, the Crowsnest Formation is underlain b"y'v the continental
sediments of the upper Mcill Creek Formation and overlain by the marine shales of the Albera
Group specifically the Blackstone Formatiorn. |

" The Blairmore Formation has been described in detail by Carr (1946) Glarster (1958,

1959), Norris (1964) and Mellon (1967) The flora has been described "and 1denuf1ed by Bell ’

(1956), The upper Blarrmore as defined by Glalster (1958 1959) includes all rocks which lie '

between the calcareous ostracod marker honzon and the manne S of the Alberta Group :

. and/or rocks of she Crowsnest Formatnon Mellon (1967) 1dent1f1es e Mrll Creek Formatmn .

at the top of r.he Blalrmore Group This formation is disting shed by the occurrence of -
Dncotyledonous ﬂora which also occurs in the Crowsnest Formauon As such, the volcamcs

were considered the upper member of Lhe Mrll Creek Formauon However thexr dxsunct'

hthology in the vmmty of the. Crowsnest Pass certainly -warrants formauonal status. \

\/ ‘The rocks of the upper Blaxrmore _Group (Mxll Creek Formann) are- charactenzed by
the e"bundanoe of green. feldspathxc sandstones and greywackes (Glarster 1958 1959 and

o - “The total thickness of the proposed type secnon is 404 meters (1362 feet) (see
i appendxx A) : ‘

i G
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Mellon, 1967), the latter becoming more abundant towards the top of the formation.
Numerous igneous pebble conglomerates containi}lg granite, granophyre? vitrophyre and other
types.of possible calc-alkaline affinities were iden‘tif ied in the middle of the upper Blairmore by
Glaister ( 1958) and Norris (1964). These were{interpreted as being the result of the unroofing .
of thelNelson granitic complexes to the west (Carr 1946, Glaister 1958, 1959. Norris 1964). The
upper part of the Upper Blairmore is composed oominantly of arkosic greywackes (Carr 1946,
- Glaister 1958, 1959). | '

In the v1c1mty of the type section, the Crowsnest Formation lies in gradational contact
with the sediments of the upper Blairmore Formation. These sediments, especially the
sandstone were found to be quartzofeldspathic, containing abundant volcanic‘combonents not
related to the Crowsnest Formation. The rocks are indicative of lower tomiddle beds of “the
upper Blairmore as described by Glaister (1958, 1959). The arkosic greywackes Carr (1946) and
Glaister (1958, 1959), which characterize the top beds of the uppet Blairmore were not found,
suggestmg that the base of the Crowsnest lies within the middie of the upper Blalrmore~
Formation. , ,

Poor stratigraphic control inhibits the exact positioning of the Crowsnest Formation.

- The occurrence of the following flora have been identified in the Crowsnest Formation by ABell'
(1956): R - R
l Platanus
Sequoia condita ;
Celastrophophyllum acutedens -~ : .
Cinnamomoideslsp. - | E | » '
Cinnamomoides ovalis o ‘ ‘ ﬂ’\h
- He. suggests an Albxan age for the suxte ! - k ‘ ' |
Melamte gamets 1dent1cal to those of the Crowsnest Formatlon are f’ound consnstently
"~ in the fine- graxned sands and shales. of the Viking Formation from the Caroline'f 1eld northwest A

of Calgary” Thelr presence logically suggests a Crowsnest source placmg the beginning of =

o v)volcamsm at or near kamg ume The garnets . may have been emplaced by axr “fall -or: by

) ' erosron Theu presence only as very fine grams <0.05 mm, and the oocurrcnce of bentomtes :
' within the formanon (Amajor, 1978 1985). favor the latter. Further Amajor (1978) descrtbes

..................

13 Samples were provxded by Mike Dean, (pers. comm) and descnpuons of the '
Vlkmg Formation may be found in Dean (pe _ .
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five bentonite horizons which occur in-the Viking Formation. At least three of these bentonites
originated in the southwest and a Crowsnest $Burce is inferred (Amajor, 1978, 1985).

_ The duration’ of Crowsnest volcanic activity is difficult to assess. The deposits at the

type section suggest rapid deposition rates over a short time span. The apparent absence of

" uncomformities and the presence of weldéd air-fall dgposits in the proposed type section

confirm this observation. On the other hand, Blairmore sediments containing Ciowsnest
material suggest earlier eruptive phases. '

~ The possibility of a more extended period of volcanism may also‘ée suggested by the
occurrences of correlated volcanic horizons in the following stratigraphic sequences of the

Alberta basin:

1. As previously mentioned, the occurrence of black melanite garnets in the Viking Formation

/——,\/\strongly suggests qorrela'tion with the Crowsnest. The prominenr bentonite horizons in the
, formation further point to the same source as has been suggested by Amajor (1978, 1985)

o

-« b

2. Potassrum -argon dates have been determined for Crowsnest rocks by Folmsbee et al.
(1957) and Folinsbee er al. (1961). The dates achieved ranged between 93. 9 Ma to 101 Ma
and suggest an .Albian age. This evrdence is coincident wrth the paleomologncal dala
provided by Bell (1956). _ .

The spread of dates, 93.9 Ma for me‘typg section, to 101 Ma for Mill Creek,
suggest that total volcanism occurred over a span of 7 my. with individual deposits, i.e. the
type section being deposited over a shorter time sp‘an. |

 Tizzard and Lerbekmo (1975) dated sandine and biotite from Viking bentonire§ in

compared wrth dates for the Crowsnest in Fxgure 6.1:and show an excellem correlation.

';\3. The redspeck marker found in the top of the Bow Island Formation and equivalent

Colorado shales contains' a charactensucally high abundance of the zeolite heulandne

Thompson and Axford (1953) and Glarster (1959) suggest they were formed mdrrectly by .

volcamsm and correlate the zone wrth the Crowsnest Formanon
4, Carr (1946) and Glaxster (1958 1959) 1denufy tuffaceous honzons in the top of the

Blaxrmore Formanon where Lhe drstmct beds of the Crowsnes{ are mrssmg Carr (1946) B

the 'Suffield area of Alberta, Their results range from' 94 t0 105 Ma These data are

notes that tuffaceous horizons occur in the “Pper 600 Feet of the formation and ar

N,

conoentra&d in the upper 200 feet. In most cases, they are mrxed wnh clast1c components

A
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and may contain orthoclase (sanidine?), plagioclase, biotite, gamet, chlorite-and ap%tit'e, /
showing some resemblance to Crowsnest mineralogy. Carr (1946) alsd describes the )

" presence of a feldspathic marker bed 600 feet below the top of the Blairmore ongre

Highwood river. The bed contains well formed feldspar crystals which are correlated with

the Crowsnest (Carr, 1946).

5. Bentonites have been identified in the lower marine Blackstone Formation in the vicinity of
the Crowsnest Formation by Stott (1963) and Norris (1964). It is not known what relation
these beds have with the Crowsnest. However, Carr (1946) describes a tuffaceous horizon
in the lower Blackstone Formation on the Hrghwood River which contairfs garnet analc:me

and apatite, agarn suggesting a genetic link with the Crowsnest

a

‘ . ¢
The upper contact of the Crowsnest Formation is marked by a profound change from

the massiv\e agglomerates of the upper member to the fine-grained marine shales of the
Blackstone Formation. The contact is thought to be disconformable (Carr, 1946; Glaister,
1958, 1959 and Norris, 1964) This view is also favored by this study.
— Itis clcar that this boundary marks the cessation of the Crowsnest volcamsm though it
may not have occurred 51mu1taneously throughout the whole formation. Also, small sporadic
eruptions following deposition of the upper agglomerates and breccias cannot -be ruled out. The
exact time and posmon of the final eruptive eprsodes is ambrguous agam due to poor
straugraphlc control ] _ ’

The upper contact represents a maxrmum buxld -up of volcamc debris on the conunental
sedlments of the. Blarrmore Group In all areas the contact with ‘the Blackstone Formation
suggests that the volcamc ptle was built up before transgression of the Blackstone sea dunng
Cenomran Turonian ume The rehef of the Crowsnest pile, heretn termed the Crowsnest hrgh
has been determmed tobea maxxmum of 120 feet by Norris, (1964) based upon- a bentonrte
marker at the base of the Vrmy member- of the Lower Blackstone Formatxon Three
observatlons suggest a greater relief on the Crowsnest hlgthT , :

_ 1. The base of the Blackstone Formation in the vrcmrty of the Crowsnest is composed of the
- Sunkay Member contarmng the index fossnl Dunveganoceras on Mrll Creek and the
| 'overlymg Vuny member, containing the mdex fossils Watmoceras and Inoceramus labiatus.
‘(Stelck et al., 1956, Glatster 1958 1959 and Stelck, pers. comm. ) Both members thin

substanua]ly over the Crowsnest hxgh The Sunkay member thms by 97% from 631 feet at
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- its type section to 15 feet in the vicinity of the Crowsnest (Stott, 1963). It does not appear

to be present in areas of maximum Crowsnest buildup.

The Vimy Member thins by. 74% from 605 feet at its type section t0'154 feet in the
area of Crowsnest Pass (Sto,ll,"1963), .where it may lie directly on the volcanics (Glaister,
1959). Stott (1963), observes that the members rapidly thicken away from the Crowsnest
high. o "

Folinsbee. el al. (1961) noted that Inoceramus labiatus occurs 200 feet above their K- Ar
dated Crowsnest bed on Mill Creek. In ‘2ecordance with observations made by Glaister
(1959)'and Mellon (1885), that the saxne zone lies directly on the volcanics at tﬂheir type
section, the known relief is 2(;0“ feet. Further, Folinsbee er al. (1961) state that
Dunveganocerizs occurs 15 feet above the same volcanic bed at Mill Creek. The previous
evidence provided by I. labiatus suggests this horizon pinches out against the Crowsnest.
hngh '

The "fish scale”™ marker is not present in thc Crowsnest Pass suggesnng it pinched out

against the Crowsnest high.

In all of the above cases, the,relatipnships not only depend upon the m;ximum
relief of the Crowsnest high, but also on the time of no'n-deposition between cessation of
volcanism and trensgreSSion of the Blackstone sea. The true maximum 'relief of the
Crowsnest high_.-majf be still grealte'r‘as the maximum would occur at. the vents, none of

which aie exposed.

D. Interpretlve Stratlgraphy - s

" Mineralogical, paleontologacal and.- radnometnc data defme a straugraphlc bracket‘ ‘

wahm which the Crowsnest event falls, although exact posmomng is not y?t known

The earliest erupuons occurred at. or near Vlkmg time whxch has been well defined by '

Stelck (1958 1975) The deposmon of the Vtkmg occurred during minor .regressxons of . the
inland sea (Hem et al in press) Whether local regressnons reflected uphft in the vicinity*of” the

" Crowsnest is not known

..................

“The absence of nearly 1000 feet of lower Blackstone Formauon may suggest much
greater rehef ,

-
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The latest possible age f or ma JOr eruptions was probably pre-Dunvegan as.evidenced by
Dum;ega'nocera_v 15 'fee( above the volcanics on Mill Creek ( Foﬂlinsbee et al., (1961); however,
laler‘ small-scale events may have occurred after Dunvegan time. The disconformable upper.
contact of the Crowsnest may represent 2 much older date for the cessation (;f volcanism Whiclr '
* was-followed in the immediate area by a substantiai period of non-deposition prior to the
Lransgressron of the Blackstone sea. The occurrences of tuffs and bemomtes throughout
Blaxrmore/Colorado time suggest that erupnons may have dumped matenal periodically into
the Alberta basin. " ' .

~ Figure 6.2 nges a schematlc cross-section of southern Alberta which incorporates the
prevrous observations. The dlagram suggests that volcanism occurred throughout Colorado time
starting approxlmately during deposmon of the Vrkxng Formation. Whether eruptions were
constam over thal time or whether a very active, short‘hved eruptrve period was\premded or
f ollowed by small subordinate empuons is not known. The contmuous beds at Lhe type secuon

may favor the latter, however active vénts may have developed penodxcally through late Albian

time. »
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_ VII. HISTORY OF, THE CROWSNEST FORMATION
During mid to upper Albian time, structural discontinuities in the basement below Cranbrook,
B.C.** resulted in the formation of a hydrous, trachyte melt (Pearce, 1967, 1969 and Ferguson
and Edgar, 1978). Diffcrentiation of this melt probably occurred by crystal fractionation of
sanidine, analcime, pyroxene and garnet (Pearce, 1967, 1970 and Ferguson and Edgar 1978) at
‘ depthsv hetween 23 and 35 km (Fcrguson and Edgar, 1978). It appears that sanidine, aegirine .
augite andlsphene were first to crystallize followed by garnet and analcime. This assumption is
based on their occurrence as inclusions in other minerals. These observations are consistent with
those of Pearce (1967) and‘ Ferguson and Edgar (1978). Ferguson and Edgar (1978) suggest
that the melts were rapidly. propelled to the surface by H,0 and CO, gas and quickly cooled
preservrng the analcime under extrusive volcanic conditions.
] Geochemlcally both the primary and pyroclasuc flows show similar and sometimes
1dent1cal signatures desptte the-mtense devitrification, metasomamm and recrystalhzatnon which
has occurred in the pyroclastrcs especxally in the lower member. Both types classify readily as

_ tristanites of the alkali basalt, ssrc differentiate series wrth blarrmontes representing a sodic

end member, classified as a be e This suggests that the differentiation trend was from
potassic to sodic as the melt evolved ‘These results are somewhat contrary to Ferguson and
Edgar (1978), who suggest a completcly sodic path of dlfferenttatron
Surface erupttons of Crowsnest material occurred on the flood plarn\ﬂankmg the east

side of the Cordtlleran uplift with thc inland Joli Fou seaway lying to the east (Frgure 7.6a,b).
The dommantly pyroclasttc eruptions were subaenal deposmng air-falls, ignimbrites, lahars
: aﬂd subsquent sedrments on the ontiriental deposits Qf the Blatrmore Group.
_ Pearce (1967) suggested the presence of multiple vents in the vicinity of Coleman, Ma
‘.-Butte and George Creek, based on the presence of minor mtrusrves and the thlckest occurrences -
of the volcamcs The suggested volume of debrrs ejected has beeri estrmated at about 50 cubrc
miles (Pearce 967) although the effects of -erosion are hard g defme r'Ihcse views are
accepth by’ thrs study .- . , 4 )

' 'I'he ert.pnve events of the Crowsnest are divided into stages based upon the distinct
i character of the deposrts of .the lower and upper members of the f om_latron. As'no vents have.
been exposed, thei’r morphologies are only imerpret,ive.‘and are hased “upon modemn examples'

-----------------

”Pre -laramide position of the Crowsnest Formatron a&ordmg to Norns (1964)
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provided by G/reen.(l97l), Williams and“McBirney (1979) and Fisher and Schmincke (1984).

A. Early Eruptions

The distinctive nature of the deposits of rhe lower member suggest that the eruptions
and eruptive cbndilions which prevailed during early Crowsnest rigre were different from those
which- later emplaced the upper member. '

The deposits of the lower member show their thickest accumulation in the vicinity of
,AColeman. where a maximum of about 124 meters was measured on highway No.3 (Foldout A
and B). The deposits thin rapidly to the south and are not ound to th®south at Lynx Creek or
to the north on the Oldrnan River. The strike length is estimated at about 20 km north and
south of Coleman for a 1oral of about 40 km.

The deposits of the lower member at the type section are almost emirely composed of
air-fall and ignimbrite, with subordinate lahars. I(,iule evidence of erosion is present aside from
the probable presence of an erosional channel which has been subsequently filled by ignimbrite '
(Unit II, Fdldout A). ‘ 2

In areas away from the type section where the member notably thins, i.e. Willoughby
Ridge section, lower-laying Blairmore sedrmems carry mineral suites characteristic of the
Crowsnest Formation, suggesnng that erosion, al least in areas removed from the vents, has
" occurred. ASt‘ratigraphic evidence suggests this erosional debris has come from both earlier
deposits and those represented by the type section. | , '

Three t):pes of pyroclastic deposits were identified a the type section. _Air-falls and
ignimbrite were dominant, followed by su’bordinate lahars. Ignimbrites are idemified by their
depositional character which ranges from masswe to cross- lammated beds. Many deposus
strongly resemble the standard 1gn1mbme flow unit whrch sees a Cross- bedded ground surge -
followed by a massive flow and subsequent ash cloud surges. and/or air- falls respecuvely
'(I‘oldnur A and Chapter V) |

Arr fall deposits are identif: 1ed by their parallel -bedded. nature, their gradmg sequences
and the absence of flow features (cross stranfrcauon) In some cases mantle bedding on a
small scale is observed . ‘ .

As seen in Foldout A, axr -f all deposits and rgmmbmes may occur together (upper umt

IV and unit V) or as deposus dommated by-one type, unit II (ﬂow). unit III (air- fal]),
w L : . . . .

»
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suggesting }h;;xt eruption conditions favored the formation of one or both types. Comparison of
the lower deposits at fhe ‘type section With those described by Rowley er al. (1985) from Mount
St. Helens suggest a close proximity to the vent or vents. -

Tpe abundance of cogna.te and juvem’le' rock fragments which exhibit well defined
trac‘bynéjﬂow textures strongly favors the presence of lavas, plugs and probably intrusives.

Such clasts may constitute up to 80% of the rock.

Eruptive Model for Lower Crowsnest

The presénce of “air-fall deposits and interbedded ignimbrites in the lower Crowsnest
Formation provide powerful evidence that the eruptions which produced the deposits ofu the
lower member were gas;charged val\'ieties which favor air-fall deposits and may or may not
have produced ash flows. This interpretation is compatable with the genetic internretations of
Pearce (1967, 1970) and Ferguson and Edgar (1979). e

The eruptions were violent, as ascending magma propelled by H,O and CO, gas
' (Férguéon and Edgar, 1978) reached the surface, disintegrating plugs, flows and pyroclastics
which were previously deposited in the direct viéini}y of the vent. Such eruptions produced
deposits which were coxiiposed of juvenjle crystals and both cognate and juvenile components.
According to modern observations, these gas-charged eruptions would favor the formation of a
vertical eruption colymn, (Sparks and Wilson, 1976; Sparks ét al., 1978 and Sparks, .1983)

The occurrence of the air-fall and ignimsrite deposits déscribed in C};apters V & VI ;
suggest that varying conditions of eruption produced' both a completely convective column
and/or a convective column suffeﬁng different -stages of coliapse; Three - scenarios are
_postulated: - . o
Highly Gas-Charged Erubtions.‘Eruptions of a highly gas-charged nature are suggested by

Williams and__McBimey (1979), Spérks ( 19:82)‘ to favor the production: of air-fall deposits
by the convective plumé theory proposed by Sparks and Wilson (1976) and Spar_ks;el al.
(1978). Such eruptions during Crowsnest time would fa;v_or the thick sequences of air-fall
beds found within unit IIf, upper unit 1V and unit V §f~ thej typé secftic_m (Foidout A):
Figure’ 7.1a gives a graphical representation of this type of eruption with respect to the

Crowsnest deposits.
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A) Gas-charged

Air-falls with minor
pyroclastic Hiows

B) Moderately gas-
charged

Pyroclastic tiows and
air-falls -

a

C) Etfusive

Lavas and plugs

Figure 7.1 Modcls for early (lower) Crowsnest eruptions. 4
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In such a model, the relatively coarse air-falls of the type section would be
deposited in proximal areas, (near the flanks of the vent) essentially representing a deposit
-composed of coarser crystals and lithic fragments which were too heavy to be carried to
great heights. The intensities of the eruptions dictate where these deposits are emplaced.
Violent eruptions would eject coarser debris greater distances, while less intense eruptions .
would deposit finer material in similar areas.'-The marked grading readily observed in many
air -l'all beds reflects the changing imensity‘during eruptions. Alr-l’ all beds with gradational
contacts are thought to be deposlled during a single eruption, while. those with sharp _
contacts may have been elmpléced by separate pulse-like eruptions. The eruption column
was undoubtably affected by wind,_ res'ulting‘ in- the deposition of air-falls in lobes
downwind from the vent. _ o '

Mxnor pyroclastic flows are found wnthm thicker ‘sequences of air- fall geposits,
'suggesting that some gravitational column collapse had occurred. Small scale lateral blasts .
cannot, however, be ruled out.

Moderately Gas-Charged. Erupuons whxch are moderately gas-charged have a tendency to

produce a vertical eruption column, the core of which may collapse to form ash f‘low_s ‘
(Williams and McBirney, 1979 und Sparks 1982, see Chep‘ter I). The presence of deposits
“in the type section whnch fxt the standard lgmmbme flow model strongly suggest that this

. type of eruption occurred in early Crowsnest time (Umts Iand IV, Foldout A) ]

| A )‘)' Fxgure 7. lb graphlcally descnbes thns eruption model where moderately |
gas charged erupnons would form a vertical eruption column wrth a collapsmg core The

" . ensuing flows moved rapxdly down the mountain slope and-fanned out as they reached the _

lower relief ﬂanks of the volcano Ground surges and ash cloud surges accompamed these )

‘flows as evidenced by the assocxated deposits at the type sectron ‘ '

Contemporamous wnth the collapse of the core a convective zone in the eruption

column produced air-falls in a s:mrlar ‘manner to those described above The air- fal}s,

foliowed the emplacement of the 1gmmbme (Figure 7.1b) as evrdenced by the overlymg i

‘ deposrts -of the -type section (Umt IV 4Foldout A) Agam the air-fall deposrts were

'probably strongly affected by prévailing winds, producmg lobe -like- deposns downwmd» -

from vent, with erupuon mtensmes controllmg gradmg
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The eruptions described above vvould likely favor the finer ash flows of unit IV,
which carry few large lithic fragments. In contrast, the coarse agglomeratic flows which
- characterize unit III probably formed under somewhat dif ferent situations exemplified by
the high concentrations of lithic cognate fragments commonly present. The origin
| postulated for these flows is one where fragments from disrupted plugs, domes, lava flows
and possibly coarse, co-ignimbrite or ce-air-f. :ll deposits are remobilized and incorported
.‘ as part of both turbulent and dense pyroclastie flows with juvenile material. In the former
case, turbulence would favor the formation of a coarse, basal lag deposit composed of
larger, founded roclt fragments which dropped from the flow during’ movement. The .
deposxts whrch were emplaced after this "density stratrfrcatton would be finer grained,
and depleted in cparse fragments. The resultant deposits would be coarse - agglomerates
' whtch grade into fine-grained surge deposits (Plates 5.1a, 5.2a,b and 5.3d".). In the latter
case, density stratif ication would be less pronounced. Violent eruptions disrupted the pile
and formed l’lows containing a wide range of component sizes. Similarly a lateral blast
would have the same effect. Such flows are seen to be followed by thick sequences of ash
cloud surge whrch commonly overly such deposits suggestmg gas transpd{rt

Eff usive Eruptions. The prominent presence of cognate clasts i in all but the bentonites of the’

lower member is strong evrdence for effusive eruptrons Many of these lithic f ragments
exhtbrt strongly developed trachytrc flow textures. By the sheer numbers of these clasts, it

is postulatecl that a gas depleted phase may have occurred during wanmg stages of

’ gas-charged eruptions, producing lavas and vent plugs: whrch were subsequently
'disintegrated ‘by “later ges-charged eruptions (Figure 7.1c). Cycles where’ gas-charged

| _ eruptrons evolve mto gas poor effusive phases have been suggested by Shertdan (1979).

The rarrty of pnmary lavas in the exposed sections of the Crowsnest Formatlon

would suggest ‘that they were vrscous toothpaste like" lavas which did not ﬂow l‘ ar rom
the crater. The postulatton of a plug is’ speculattve however the presence of clasts whrch

“ exhibit coarser crystallinity and no flow f. abric is supportrve . } ;"i“‘. , ;o

In all of the»above eruptions primary com’ponents 0ccurred in the.form ofr'grystal_ :

phenocryStS' aphanmc fragments and - probably coatser gramed fragments Cogna‘te” )

components are represented by lithic clasts and probably crystals re- mcorporated from the pxle
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The'eruptions are postulated to have been subaerial by Pearce (1967), based on the
presence of pisoliths which have since been identified as bombs by this study. Further evidence
for subaerial deposition is as follows: '

1.. Abundant air-fall and ignimbrite deposits with features consistent with modern 'analogies.
ie. graded bedding, surge deposits, etc. ”

2. Welded character of many beds with plastically deformed clasts suggesting slower cooling
rates. | | - ‘

3 . Presence of lahar deposits. '

4 DepoSition of the suite on continental sediments carrylng. non-aqueous plant remains.

5. Lack of reworking which may have occurred,in higher energy aqueous environments.

With such a limited exposure of the Crowsnest terrain‘ erosion between ea‘rly ‘eruptive
o events is dtfftcult to assess. Al the type section, there is very little evrdence for erosion. The"
lahars at the base of the section suggests that some erosnon i.e. water saturauon has occurred,
but other than the channel.frlled by deposits of unit 1II (Foldout A) evndence is lacking. The
lack of erosion channels and soil horizons in this section implies a relatxvely short eruptrve
eptsode which produced the deposrt at'the type section. In other areas, the ~presence. of coarse
: volcamc conglomerates (i.e. Ma Butte) suggest erosion of steeper mountain slopes ‘
In the more distal areas, Blairmore sediments may carry abundant mmerals denved
.from the volcamcs suggestmg erosxon and redeposition by Blalrmore rivers and streams
Vent and Deposit Morphology ' S o CoL LT
The mterpretatton of the morphology of early Crowsnest vents is made diff xcult by the
lack of better exposure However, the eruptxons dlscussed above produce deposnts which may
form -vents similar to those observed today (see Williams and McBrrney, 1979). 'I'he f ollowmg. }
K ' drscussron descnbes a type vent f0r the Crowsnest wrth the knowledge that variations are boundb,. ’
| to occur. h ' ' B |
The 1gmmbnte and arr fall producrng erupttons emplaoe deposxts w:th well documented :
’_ -morphologres (Chapter III) Pyroclastm flow deposnts may be emplaced down any ‘side of the
' vent, though chrecuonal blasts favor deposmon in a restncted drrectton (e. g. Mt. St. Helens)
“In cross- secuon a deposit consrsts of many overlappmg and mter tongumg lenses of vanable.

‘thtcknesses Arr fall deposxts form. large swle lobes down' wind from the deposxt In proxrmal
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areas the deposits probably have a similar morphology to flows.

A combination of air-falls, pyroclastic flows and lahars would produce a deposit -of
interfingering lenses. Add to this the deposits of multipie, relatively.closely spaced vents, as

postulated for the Crowsnest, and one is left with a very complex deposit with few correlatable

.horizons.

The deposits ot the lower Crowsnest at the type section and throughout its exposure are .
dominated by pyroclastic debris with very minor lava flows (Foldout A and B). Williams and
Mchmey (1979) suggest that deposrts dominated by pyroclastics, and especially those in
tmental/ regions would favor the development of a symmetrical composite cone or cones.
The geomorphology of such cones are well documented by Green (1971).

Flgure 7.2 gives a schematic representation-of a possible ;lower Crowsnest vent. Three
facies are postulated according to evidence from the type sectior?

ent facies. The vent facies is delineated by the deposits which probably occurred within the

vent of the pro sed lower Crowsnest voicano. The facies is thought to be characterized by’
primary lavas which had formed a plug or small dome in the vent. Williams and McBirney
(1979) have noted the formation of - such plugs in other composite cones. Whether spmes

were f ormed is purely conjectural

Proxrmal Vent Facies. A proxrmal vent facies is postulated {6 be dominated by viscous,
, toothpaste lavas, coarse pyroclastrc lag deposits and subordmate pyroclastrcs (Figure 7.2).

_The rarity of flows in the exposed Crowsnest Formauon combined with. the abundance of

'cognate lithic. clasts showmg @ ‘trachytic. f'lew texturé provides evidence for the presence of =

the proxrmal lava dommated facies. Further the dommant pyroclastrc suites of the

'Crowsnest would favor the ‘formation : of coarse co- rgmmbnte oI co-air- fall deposrts |

. 'sumlar to those descnbed by Wright and Walker (1977) Such deposrts would contam_'

coarse blocks, boulders and bombs; err)ung coarse. deposrts close to the vent. High '
mtensrty eruptrons may, however Temobilize such deposits.

Drstal facres The proposed drstal facies WOuld mclude deposits f ound on the ﬂanks and lower

. slopes of the vent which. are dommated by pyroclastrc rocks of air- -fall,’ pyroclastx: flow

' _and lahar origin. The type section - along hrghway No 3 is thought to represent the drstal .

, facres however it is thought to 11e close to: the source as erosronal features and

: mterfmgermg with * the Blarrmore Group are not well developed lt rs thought that_ )
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pyroclastic deposits lying on the steeper flanks may be more dissected by run off, while
= deposits well removed from the source would be reworked by Blairmore streams. e.g.

Willoughby Ridee.

zThe surface of the cone was likely covered by drainage gullies which dumped

fan-shaped deposits on the lower lying areas (Figure 7.1).

B. Late Eruptions

The distinctive character of the beds which comprise' the upper member strongly
resemble the b:ock and ash 'ﬂows first described by Parret (l937) and suggests the occurrence
of _late stage doie .building eruptions which cqmmonly occur in‘mature volcanoes (Williams

and McBirney, 1979 and Fisher and Schmincke, 1984).

Eruption Model for the upper Crowsnest
Two eruptive phases are po?tulated 10 have occurrcd du?tng the deposition of the upper
member. ' ! - |

Moderately Gas-Charged Eruptions The base of the upper member\\markgd/by{hal is here

termed a transition zone (Foldout B). The deposrts in this zone mark a change between the -

'dOminarltly ajr-fall and ash flow tuff deposits of the lower member, and the massive
agglomerates and pyroclastic breccias of the upper membei. The deposits ‘are similar to
" those of ‘unit IT from the lower member and consist of coarse 10 very coarse agglomerates

and breccxas accompamed by abundant surge deposns and subordmate air- falls (Plates

5.1a, 5.2a) The whole deposit is composed of ‘apparently cyclrc sequences of a basal

. agglomerate whlch grade vemcally and laterally into surges see Chapter V and VI.

Accordmg to modern observanons, t_he_‘ deposits represem moderate to ‘poorly -

gas-charged eruptions favoring pyroclastic flows over a_ir-falle In the_ transitiorj zone at

-~ the base of the up'per member, the Jdep.o'.sits suggest that the eru‘ptions_'were of this nature. |

'-Ari“idealized: eruption‘m‘odel for the basal transition zone' of rhe upper member is k

given .in Figure- 7.3a. The model 1mphes moderate to poorly gas -charged, explosxve
erupuons which produwd ash flows and:&ck and ash flows i in’pulse-like. erupuons Wthh

: ‘e
resr_rlted in ‘the deposm_on of the observed CYC]IC. squences. The eruptlons mixed juvenile
crystals, lithic fragments (blairmorite) and magmg (bommatqmatcrial from
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B) Gas-poor dome-building,

v

Ry

~33¥_« Dome disintegration and block flow

Figufe‘7.3»h4§del$ for the late (uppe§) Crowwgst e_rupti;:ins. o °
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\J :
domes, plugs, flows and pyroclastic debris from proximal areas about the vent. Air-fall
components were minimal (Figure 7.3a). |

Dome Erupuons The major portion of the upper member is composed of deposits which show

a marked comrasl from those whrch they overlie and suggest a magor change in the type .
eruption. As described in Chapters V & VI, the deposits of the upper member consist of

. thickly-bedded,. massive pyroclastic breccias. Deposits similar to those of the lower
member and the transition zone are not presem The beds of Lhis upper member are chiefly
composed of cognate clasts (flows, early pyroclasucs blarrmome) and juvenile clasLs-
(blarrmome and both hypabyssal and extrusive rocks). The matrit, although strongly
altered and recrystallrzed, is finely crystalline and strongly resembles that of a dyke whrch '
is seen to intrude the sequence at the type section. This suggests the "/'presence of a
magmatic liquid as a supporting phase. ‘

. The deposits may be categorized as block flows which are characteristic of dofne

burldmg erupuons (Chapter HI). _

' Frgure 7.3b gives an idgalized model for the eriptions which produczﬂ%?e thick
flows of the upper member By such a scenario, a dome building period would evolve from
the early gas- charged eruptions. Eruptions would occur when magma; moving up the
conduit, pushed through the dome fragmentmg it and subsequemly incorporating large
blocks of the dome material (Figure 7.3b). The presence of fra’gmeuts from -earliet 3

- pyroclastic deposus (ash’ flows, surges, agglomerate and pyroclaerc breécias)  shows that
) ATS élat the l'lurd.
' component was farrly high, and produced thrck l‘lows which were apparently mobile as

parts of the earlxer deposnted cones were also incorporated. It ay

evidenced by their exposure over great distances. The occurrence of muWems log:cally
had substanual influence on the distances travelled. The resulung deposrts represem a

: com‘bmanon & truly magmauc lava flow and a pyroclastw rock. " ‘
The presence of eruptions whrch may have occurred other than those descnbed
above is drfl'rcult to assess. It appears that some explosrve acuvrty .may have been '
.‘ ,comcrdent as a densely welded tul’f has been xdenufred at the top ol' the secuon
sandwrched between: two massrve pyroclasuc breccras The deposrt is Lhought 10 oe air-fall,
although evndence f or this interpretation is. mconcluswe Further bombs up to 20cm lonél '

were f ound at the Oldman River section approxrmately 37 km north of thc type secuon It

o
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is likely that the bombs originated by explosive eruptions, landed close to the vent and were

" later carried by the flow into which it dropped.

The time span over which these eruptions took place is difficult to determine on the
basis of petrologic and geomorphologic evidence. With such thick, densely welded flows, the
effects of surface erosion would be less dramatic than for the softer deposits of the lower
member At the type section, the contacts between flows are ambiguous and are only defined by -

~ faint color changes and abrupt changes in the size of the clasts. The presence of abundant
charred plant remains in the upper member throughout the Crowsnest Formation suggests some
time between eruptions. The upper member, at least at the type sectron. -appears to have been

 fairly quickly déposited.

Vent and Deposit Morphology , ' ,

The morphologr’es of vents dominated by domes have been well documented by Green
(1971) and Williams and McBirney (1979). Based upon their observations an ideal” vent for the
upper Crowsnest is presented in Figure 7.4. The model depicts the vent morphology after
substantral dome building eruptrons Once agam vanauons are likely to occur.

The model depicts a vént domxnated by a large dome which formed over the mam
conduit. By shear volume of the ﬂows it is probable that such domes achieved large sizes. It is -
not known xl' earlier domes were removed completely durmg subsequent eruptions. - .

Local debris prle are postulated to mmedrately flank the dome as a result of spallmg
dunng coolmg As shown; Iarge scale fan -shaped t‘lows representmg those of the upper member -

. runout f; rom all sides of the summtt ' B ' a
| In cross secuon the dome and 1ts deposxts are seen 1o truncate the earher strata near
- the summlt "This truncatmn is postulated due to the occurrence of early pyroclastrc debris as
clasts in the thlck upper flows; Further the upper flows are agam seen to interfi mger w:th each '

L
A /other and those from other vents. In areas femoved from the 1mmed1ate vrcrmty of ‘the vent

7 ,ﬂth'e upper beds are found 30) conformably overly those of lower member ‘The type sectnon ls . A
postulated to occur in these areas (thure 7 4) ' ‘
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Discussion
Logically, the eruptions of the Crowsnest Formation foligwed an ewfolulionary path

common to many modern volcanoes. Based upon evidence provided by the deposits of the

+ - Crowsnest, the above :'merprelations of the eruptives have been made.

| Williams and McBirncy (1979) describe the formallon and evolution of a composite
volcano. Classxcally the early stages are charactemed by gas- charged eruptions whxch become
1ncreasrr$gly less gas-charged until dome building stage is reached. . .
*y The deposns of the Crowsnest seem to represent just ‘such an evolution (Figure 7. 5}
The early or youthful eruptions, proposed to be hrghly gas oharged produced aburﬁﬁm

air-falls and 1gmmbrnes Further, such eruptions show a cychc.evohmon where smgle eru&)}lons
AXY
are mnally gas-charged and nge way to effussive late phases producmg plugs and flows. These ™

types of eruptions ‘rave been desmbed by Sheridan (1979)
‘ | Wuh mcreasmg age the darly gas- charged eruptions eventually gave way 1o moderately
gas- charged eruptlons*and fmally to-relative)f gas poor dome- buﬂdmg eruptions characteristic
of mature v01canocs (W!lhams and McBrmey 1979).- : - _ . Yo o
If the thickness of the deposits formed by such erupuons arg mdrcauve of the length of -
lime the pchess has occurred, then matu;e dome burldmg phases have clearly dominated the .
eruptive hxstory of the Crowsnest (Fxgure 76) Ce;;tamly the. hrgher volumes- of erupted

s N v

material in the upper member may bxas thls approxrmatxon
lﬁr.rl~.’:. !3 " o

. 3 . -
h
B .9

JU

- C. Geologlcal History of the Cromnest Forﬂiz:‘tlon o Lo o .

| The evndence presemed in the prevrous secnons and chapters provrdes‘ insight 1nto the g
hxstor‘y af the eruguons which produced the~deposrts of the Crowsnest f orr‘r'rauon now VlSlb]C at ‘

¢ ns type secuon 'I‘hey are theref ore drscussed m relanon to their geologrcal settmg

. . . ’ 'l .

Pre-Crowsnest Early Upper Albran . _ o

S Durmg pre- Crowsnest txme erocron of the upltfted Cordilleran rocks to the west
o produced the thrck sequences of commf-ntal secggems which make up the upper Blau‘more

" Group (Glanster 195§ 1959 Norns 1964 and lehams and’ Stelck 1975). To the east the Joli -

Fou sea had begun its transgressnoxé@o the mtenor\\of the continent, deposrting the matine

. shales of Lhe Joh Fou and equivalent formanons (Fxgure 7 6a) (Williams and Stelck 1975)

€ v‘\ A
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Figure 7.6;ﬁ;aleog;>gfa h ':during Upper Albian«-'Cvcnomanian umc A.C after Williams _
. "and Stelck (175), B.D phier Stott (1984). - R
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The lack 'of -bentonites in the Joli Fou Formation (Stelck pers. comm.) suggests local volcanism
had not yet begun. ‘ '

The- sedxments of the pre- CrowsnggLBlanrmore Group represent flood plam lowland
and littoral marine environments (Nom 1964) which flanked the east side of the rising
Cordxllera. The surface of the flood plan{ was dominated by angiosperms, and conifers from
fossil evidence provided by Bell (1956);,_and Norris (1964). Towards the beginning of Crowsnest
time, minor shallowiﬁgs of the inland sea initiated the deposition of the Viking Formation

&
(Hein et al., in press).

Crowsnest time: Middle Upper Albian P
Crowsnest eruptions began around the time of the deposition of the Viking Formation
(Figure 7.6a,b). The initial gas-charged, youthful eruptions for_med composite cones on the
flood plain east of ‘the rising . Cordillera (Figufe 7.7). It is probable that different vents
developed independently of each other (i.e. earlier or later) although iheir deposits almost
certainly interfingered. Evidence indicates that fine ashes were probably ejected well up into the
atmosphere and subsequently formed bentonites in areas far femoved_ from the Crowsnest vents .
(s Amajor, 1985). ‘ |
The erupt}bns eventually evolved into a mature, dome forming stage which prodﬁced
_ the thick, massive deposits of the upper member. In local areas at least, \these deposits capped ‘
those of the lower member, causing alteration while it cooled (Figure 7.8). This cap essenually
shielded the softer rocks of the lower member from erosion. " .
| ”Over the active phase of the Crowsnest, air-fall deposits were produced and probably
resulted in the eventual depositiorn of ash well out into the Alberta basin" i)eposils’ to the west
are not. expected to have survived due to erosnon as the highlands continued. to rise: Tpe
air-falls were hkely_mqst numerqus during the early erupuve phaees,.however, the presence of _a\
| probable welded air-fall deposit at the top of the upper member sUggests‘ the'y" may ba‘}e‘béen
| '; formed ‘during miture eruptxons The followmg deposits may be a reflecuon of this anrborne'
debns out in theé Alberta basin:
1. kamg Bentomtes (AmaJor 1978, 1985 shows three prmcxple bemomtes)
2 "Reds specks m the Vaughn member of the Bow Island Formanon (Axford 1953 and

Glaister, 1959)
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* 3. Bentonite beds and tuffaceous horizons in the top of the upper Blairmore Group (Carr,
1946). '

f
i
v

The close of volcanic acuwty is dnf ficult to dctermme It'is likely to havc occurred
before the transgression: of lhe Cenomanian - Turonian sea in the area, (Figure 7.6¢). It must
have been pre-latcst Cenomanian as the index fossil Dunveganoceras is found abové the

Crowsnest Formation on Mill Creek.

,
N

Post Crowsnest: Cenomanian-Turonian Time -

Following the cessation ﬂof _volcanism. the inland seaway transgressed du;ing
Chomanian - ‘Turonian time (Figure 7.6c). In all areas of its occurrence, the Crpwsnest is
overlain by marine shales suggesting a depositional hiatus between tho end of volcanic activity

. and the transgression of the inland sea. Small sporadic eruptions may have produced some of

E “‘the bemomtes and tuffaceous horizons within the base of the Blackstone Formauon however,
ewdencefor a direct .association is lacking. ' ey t

\ _ " The transgression did not completely submerge the Crowsnest vem‘s. until at least

Tufonian time as the oécurrence‘ of Inoceramus labiatus directly above the Crowsnest

Fo}matxon at its type secuon suggests. As the vems probably represcmmg maximum build- -up

of tl‘ﬁz volcamc pile, are not exposed this submergence occurred aftegf the minimum age

, provxded by L labzatus Throughout the early transgressxon of this sea, therefore, the vents of

the Crowsnest probably formed small, extinct volcamc islands 1mmedlately easi of the

Casdillera (Figure 7.9). . R -
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Exposures at the proposed type secuon exhxbn the f ollowmg features which are =
common throughout the sequence:
1. Al de;posrts are parallel-bedded except. where noted otherwise. Some may show pinch and-
_ swell features.
2." The strike is between 0 and 15 north and the dip is bctween 45 and 55° west. :
3 .Wnehd some exceptions, all beds contam matnx phenocryst and rock fragment phases unless
not

Stratigraphic Descriptions (see Foldout A)
'L_. t1
O "O" - marker at most eastern exposure of Crowsnest volcanics.

0-12. 75 m. Recessrve outcrop. The zone consxsﬁad of a very poorly sorted deposrts comarmng ‘
coarse cognale (rounded) fragments and occasional purple shale lénses or clasts. The-
matrix is clay-rich and contains abundant garnet, sanidine and other crystal
components. Minor malachite (Cu) stain Beddmg is very poorly defined. (WCH -1 .
(matrix), WCH-2 (matrix)). =

2.75 - 4.99 m. Continuation of the deposit from below, with increasing abundance of arnets in
the clay-rich matrix. Again, bedding contacts, if any, are poorly defined. %WCH 3
(matrix), WCH-4 (matnx) “WCH- 5 (cognale-clast))

Il - s
r .

4.99 - 9.36 m. Contmuauon of the lower deposn Matrix is becommg lrghl green and may
contain garnet and/or sanidine-rich horizons. The deposn remains very poorly sorted
(WCH - (cognate clast), WCH-7 (matrix)). ‘

9.36- 10.36 m. As below, red shale lenses and clasts becommg shghtly more abundanl and ‘may -
define a faint beddmg plane (WCH-8, mamx) )

t -

10.36 .- 10.43 m. Pur&i crystal tuff comammg fxne crystals ~<2mm, and small lnhrc
f ragmems (W , ,

10:43 - 12.43 m. Poorly sorted bed ‘similar to those below the % rple tuff Contams cognate '
fragments, accidental shale lenses/fragments (red & ‘brown) supported by a dark
green clay-rich matrix comamms abundant crystals (garnets and sanidines). The

r bedding plane is vague and is defined by an apparent broken shale horizon
( CH- 10 mamx) " o . '

12 43 - 14 93 m. As below poorly sorted bed with shghtly increased abundances of shale fenses.

. Occasional gamet/samdme -rich horizons in the matrix, Upper contact is defined by a
discontinuous red shale harizon. A white clay rim is noted on many cognate fragments
(WCH -11, shale clast; WCH 12, mamx) o ,

-

l--'

U_

>

«

- 14.93 - 19.93 m. This mférval consists of tvo ‘deposit types: The lower is dormnated by-
| _ thinly-bedded, pirple, crystal tuffs; pink, crystal tuffs and lapilli tuffs and light
green crystal ashes/tuffs many of which are calcareous (wch- 14? The prnk beds are
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enerally moré resistant and contain sanidine and garmet as major constituents.
; n‘tcmal{y. some beds show revérse and/or normal grading, however, it is generally
I~ . poorly defined. Bedding generally does not exceed 20 cm. Contacts may be sharp or
' . gradational. The upper contact of these deposits is abrupt and unconformable,
showing 1.5-2 meters of relief, marked by a thin (.5cm) green clay horizon. The thin
beds are deformed at the contact and dip slightly into the channel. .
~Infilling the channel is a massive, coarse, pink/brown agglomerate consisting
of large, round to subrounded cognate clasts which exhibit trachytic textures, baked.
rims, and slight plastic deformation. The matrix consists of euhedral, broken sanidines
and garnet crystals averaging around 2 mm and less. Occasionally, ‘a faint trachytic -
texture is observed in matrix. The bed is clast supported and Tanges from 2 meters to 5
. meters (channel) in thickness. The clasts fine slightly towaids the u ‘Ber contact which
~is -sharply gradational into cross-bedded surge deposits. 8) ~13, coarse
gg ll)orgu:;'calxge) WCH-14, (Plate 2.7a) calcarepus, lower pink crystal tuff), (see Plates.

19.93 - 26.53 m. Cyclic, sequences: fine pink agglomerate - lapitli tuff:-surge. (Plate 5.3d)
Agglomerates (coarse-medium lithic lapilli tuffs) are finesgrained (ave. 3cm)
containing cognate clasts. Basal contacts are generally well defaned. Basal agglomerates
fine into massive, pink crystal lapilli tuff which may grade vertically and laterally into
cross-bedded/laminated deposits. Occasionally large round cognate clasts may occur in
the finer deposits. Some are, draped by surges (defined by density stratified
horizons)(WCH-15, WCH-16). ‘ :

The upper bed is marked by a 1 m agglomerate. The top of which shows an abrupt
conitact with more recessive overlying beds. .

Kl

26.53 - 26.88 m. Co o

+ 15 cm: Thin, well bedded green crystal ash (4 cm) + crystal lithic tuff (purple).

+10 cm: Reverse graded, lithic tuff with increasing size of lithic fragments to the top.

+ .7 cm: pink crystal lapilli tuff. S

+12 ¢m: 3-4 green crystal ash . of approx. 4 cm each. Some may normally grade into thin
"brown clay horizons (bentonite). . =

26.88 - 27.48 m. Purple, coarse tuff - lapilli tuff, lithic and crystal-rich, rly consolidated
- and poorly sorted, clasts up to 2 cm. Base of the first tglogy (WEH-18). :

) . 27;28 . 27.53 m. Green crystal‘ (garpet and sanidine) coarse ash, very poorly consolidated with
' a .green clai' matrix. Contains abundant Fe-calcite (replacement) in the matrix. No
depositional features were observed (WCH-19). - ' .

27.5%- 27.60 m. Purple, coarse-medium’ crystal/lithic tuff similar to WCH-18 poorly
~ consolidated with moderate sorting. Larger sanidines may occur (WCH-20). = - -

27.60 - 271.84 m. Massive, purple, coarse tuff with small garpet, sanidine and analcime crystals
: (euhedral) supported in a fine, well consolidaf 2} le tuff matrix. Becomes poorly
consolidated towards the top where pea-sized -lithic fragments ﬁtéi;r") (Reverse
grading?). WCH-21 and 22. | , . : FRRLl

27.84 - 28.2'm. Bri v(n-gree‘nétgoorl% lithified, coarse; crystal tuff/asfi with. green crystal tuff
- lenses mz?ung ‘euhedral, broken sanidines. Gradational upper and lower bedding
contacts. Moderately recessive. - o -

3
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28.2 - 28.48 m. Purple-brown, coarse crystal tuff wth large euhedral sanidine crystals up to 1.5
cm and slightly smaller euhedral garnets supported by a fine tuff matrix. Slight reverse
v grading is noted with respect to sanidine crystals. Slightly gradational bedding .
contacts, recessive. o

28.48 - 28.52 m;,Green, coarse, crystal ash (sanidine + garnets) Wflh green clay matrix, very
) rly consolidated. Bed seems to pinch and swell slightly possibly representing mantle
ding. Recessive . ’ ) ¢

. ,

28.52 - 28.64 m. Pink, fine-grained, well lithified, lapilli tuff showing fine bedding and or
laminations up to 5 cm. Distinct density-stratification )F garnets with ‘small
sanidine-rich lenses. Normal size grading of sanidines through the bed. Sharp bedding
contacts, moderately resistant.« . : ‘

L]

28.64 - 28,79 m. Light pink -brown, fine, crystal-lapilli tuffs, three beds. Slight normal grading -
with large euhedral sanidine assemblage, recessive (WCH-24). . ‘

28.79 - 28.85 m. Massive, pink; cbérse crystal (sanidine) tuff, moderately sorted wjth minor
garnets. The bed grades into a 2 cm green crystal ash bed at its top. Slightly resistant.

28.85 - 29.41 m. Purple, pink, fine to coarse, cr(stal wff carrying 1 cm euhedral sanidine
crystals (many broken) some show excellent twinning. Larger crystals are slightly
concentrated at the top of the bed, reverse grading (WCH-25). Gradational bedding
contacts, moderately recessive. . : S -

29.41 - 30.1 m. Agglomerate with overlying cross-bedded surged deposit. Variable thickness
with rounded cognate-clasts (3-7 cm) supported by a matrix-rich in sanidine and
garnet phenocrysts.. The unit normally grades into a thin-10-20 cm surge deposit
showing parallel and cross lamination and pronounced density-stratification; The base

of the unit is marked by a thin green-grey clay zone. Resistant. )
30.1 - 30.4 m. Purple-brown, fairly massive, coarse, crystal tuff; garnet-rich with subordinate
sanidine and cognate rock fragments. Moderately resistant (WCH-26). ’

30.4 - 30.67 m. Pink, fine-medium crystal lapilli tuff, Abundant sanidine crystals ('5-1 cm).
: Marked normal grading, moderately resistant (WCH-27)_. L o

30.67- 30.7m. Coarse, green, crystal ash with.green clay matrix. Abundant garnet and sanidine
-phenocrysts, -Tecessive: , ‘ ' ‘ S

30.7 - 30.8 m. Purple',’ coarse, crystal tuff; small garnet, sanidine and analcime phenocrysts. (.75
cm) in fine purple tuff matrix, moderate sorting (WCH-28). ' ‘ :

’ ’ o i ) we o - : ¢ o .,
 30.8-30.85 m. Green, crystal ash, recessive. T ’ %v.
\\ 30.8 - 30.85 m. Purple, coarse, cfystal tuff, garnet-rich, with multiple reverse size and density
‘ ‘\\ - grading. Moderately resistant (WCH-29). : ‘ S

.39 m. Purple, fine, crystal (sanidine and garnet) lapilli tuff. Sanidine phenoctysts up
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to 2 cm in fine purple tuff matrix (normal crystal size grading), slight normal density
grading (garnets). .

31.39 - 31.46 m. Fine, well sorted, light, purple/pink, crystal tuff (sam'dine and gamnets up to
-3 cm). Moderately resistant with gradational upper and lower centacts (WCH-30).

31.46 - 31.86 m. Fine, purple, crystal'(sanidine and gamnet), lapili tuff/coarse tuff. Garnets
and sanidine, upto 4 mm and 1 cm respectively, in a fine tuff matrix. Moderately
resistant (WCH-31). - . . "

31.56 - 31.77 m. Green, coarse, crystal ash. Garnets, sanidine and rock f ragments ur to 4 mm,’
: 1 cm and .5 cm respectively in an abundant green clay matrix. Parallel bedded,
recessive. Faint normal density and size grading. Slightly gradational upper and lower
contacts (WCH-32), (Plate 6.1a). - .

31.77 - 31.98 m. Purple-pink, crystal, lgﬁ)illi tuff showing marked norrﬁal‘ size and density
grading (sanidine and garnets). Slightly gradational lower contact, gradational upper -

contact. Welded, resistant (WCH-33b, m, t), (Piates 2.7d, 5.6a). -

31.98 - 32.28 m. Broken, poorly consolidated, crystal tuff with coarse, well cohsolidafed, pihk'u
crystal tuff ‘lenses. Contacts are slightly gradational. The bed pinches and swells over
its length. Slightly resistant. : .

- 32.28 - 32.78 m. Well lithified, crystal, lapilli tuff. Feldspar crystals up to 1 cm. Occasional thin
green ash horizons/lenses. The (s) show occasional symmetrical reverse to normal
grading. e ‘

s |

R
‘The exposure is moderately resistant and is slightly faulted (WCH-34). .

32.78 - 33.78 m. Thin (10 cm), green, crystal ash and “purple tuff beds. Parallel-bedded. . “
1. Tuff: purple, grainsize < 2 mm (coarse tuff), no apparent grading, well consolidated,

modexiately recessive. , , -
2. Ash: Poorly consolidated, recessive small garnet and sanidine crystals (WCH-35).

33.78 -'34.18 m. Massive, welded pink crystal lapilli tuff showin{marked reverse grading and
thin laminations at the base. Relatively sharp contact. For the most part, resistant,
. however, becomes less consolidated towards the top (WCH-36).

_ , crystal, lapilli tuff/coarse tu;ff vwi»th gréen crystal ash partings up -
/moderately recessive. 4 ‘ ‘ : .

- 34.48 - 3523 m. Massive, pink, crystalllithic; lapilli tuff, well c‘;onsolivdéte'd'. moderately welded.
o G;ades slightly towards the top where it becomes a finer, purple tuff, moderately

SN \2 | . !
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sorted, resistant (WCH-37). -

35.23 - 35.67 m. Pink/green, crystal/lithic, lapull tuf l' graded as shown with green, crystal ash
lenses-(1.5 cm sanidinés). Relanvely sharp comacts resistant. (WCH -37).

—/_/__(..‘.'_\
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35.67 - 35.92 m. Purple, fine, crystal/lithic, lapilli tuff, poorly consolldated at base and top,
’ more competent towards the middle.

35.92- 36. 22 m. Masswe pink, coarse, crystal/llthnc tuff to fine, lapllh tuff well consolidated
n (welded) showmg marked cross-stratification up to 40", normal gradmg and sharp
uneven lower contact.

36.22 - 36.78 m. Massive, fine, pink, crystal/iithic tuff showmg laminations and
cross-stratification (densxty -stratification )(<30"), lenses of fine-medium, crystal tuff
zhogH be3s§)cross -stratification (25) The bed shows normal grading and is resistant
w

36.78 - 37.5 m. Green and purple sanidine, ¢ lystal tuffs and lapllll tuﬂ"s poorly consol:datcd
purple tuff lenses, in green, lapilli wf

) ‘ '_eP\.pp\L Tu b E
green oo
37.5 - 38.0 ni\ Mussive, pink, ungraded, coarse crystal/lithic, lapilli tuff, resmam (welded)
faint ¢goss-lamination (5-10") (marked by density - straufxcatlgn) (WCH 39).

38.0-38.65m iLPml{ massive, crglstal/hthnc ungraded fine-medium, lapilli tuff (calcareous),

showing a large, meter erosional dune form and pootly developed

cross-stratification (WCH - SIS -

- - .

. - o
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38 65'- 38.95 m. Purple ri{edl—um ’crysml tuff wnth green, .coarse, sanidine, crystal tuff lenses L 3
and partings. The upper contact 1s uneven, apparently due to scour. Moderately
resnstant( CH- 41)

\

38 95.39.35 m (Vanable) 'Basal zone of overlymg. crystal/lxthlc tuff. Normal gradm and
: cross- stratification (<30% The bed pinches and swells, especially on the lower
o ~comact Resistant (WCH 4 and 43(calcaJeous)) -/ B
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39.35 - 46.85 mv Massive, resistant, pink, crystal/lithic, lapilli tuff, no apparent gradm
poor -moderately sorted, the base is marked by a fine, reversely graded basal zone
cm). Green, crystal ash lenses develop towards top where the fines slightly. ( base
= WCH-44, WCH- 45 WCH-46, WC%-I 47, WCH-48 = top), (Plate 6.1a). ,

46.85 - 47.60 m. Fine- -coarse, crystal, tuff /lapnlh tuf f Symmemcal Teverse to normal gradmg
Moderately resistant-( WCH-49) .

N :.",;-.- T . - i
Rt ‘ ' ‘ - DY
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47.60 - 49.00 m. Mas&ve resistant, pink, medium-fine, crystal/mhnc lapilli tuff, non graded,
rubbly base, apparent bombs or clasts at the top are draped by subsequenl bed
(WCH-50 - 51 top) .

. .' . . . N
B - )

49.00 - 49.85 m (Variable). Green; (dark) coarse, crystal tuff with 5 cm light green crystal
{(sanidine) ash/tuff lerrses/horizons. Interbedded O(freen -black purple crystal twffs.
Basal beds drape the bombs/clasts of lower bed, moderately recessive (WCH-52, 53).

-49.85 - 53.30 m. Massive, mk medium (ave. Clast size 1-3 cm), crystal/hthrc lapilli tuff
(hngh calcareous), with' faint normal gradmg crystal mainly resistant, weided.
WCH-54 base, 55 top)

1 ’

§3.30 --54.0m. Moderately recessive beds: - .
+15 cm (WCH-56 lgrecn coarse, crystal (samdme) ash. T
+20 cm (WCH-57 1ple, medium, crystal/ln.hxc tuff, showing normal grading.

-58) Green, Ilthnc/crystal ash:

59) Purple, crystal tuff.

+20 cm
+15cm

w

54.0 - 54 91 m. Massive, purple/pink, coarse, crystal/hthlc laprlh tuff with thin trains/lenses
of fme pin crystal tuf 5. Resrstant (WCH 60). ,

'54.91-55.35 m, Mode ately recessive beds:
. +5 c(:r}r,xl (w5CH6b 61)- nk/brown; coarse crystal ash showing strongly defined nomﬂl gradmg
ate :
+15¢m - Pur ?e coarde crystal tuff showing normal grading of samdme crystals.
+3cm éW 62; fing; brown clay horizon (bentonite),
+6 cm (WCH-63)- grebn, fysta ash
+10 cm - Purple, crystal tuf showmg faint normal grding of sanidine crystals
_ +5 cm (WC 64) green crystal ash and fine brown c]ay (bentonite) bed, symrnemcal normal
¢ to reverse gradmg. uneven upper contact.

B D

. o
LR e Y

; v L
_ 5535 56. 05 m. Purple fine, c(%stal laprllr tuff (calcareous) with slrght normal gradmg.
moderatcly resistant (W }

- -

-
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56.05 - 56.65 m. Massive, purple, fine-coarse, crystal tuff with abundant gamcts 6 cm clay
(bemomte)/grcen ash at top, moderalely resistant (WCH-66).

* : .- v

56 65 - 59.08 m. Recesswe beds green, crystal ashes 1o a maximum of 15 cm interbedded with
fine-coarse, purple wffs up to 20 cm. Some aSh beds show symmetrical normal to
g%veggc; gradmg and both normal and reverse“grading (WCH-6 (hlghly calcareous)

\

59.08 - 62.83 m. Massive, pink, crystal/lithic, lapilli tuff beds rangin up to fine agglomerales

) (round clasts). Lithic clasts up to 10 cm. Normal grading of clasts and slight reverse -
grading of crystals. Some beds show a faint, fine-grained, reversely graded basal zone.’
4 and 5 cm green crystal ash beds. occur towards the 1op The sequence is resistant
- (WCH-T70 base, 71, 72 top).

K

Unit V -

62.83 - 62.98 m. Green/purple, crystal ash/wuff with abundanl rnets and brown clay
(bemomte) lenses possibly symmetrlcally graded Recesswe WCH- 73) .

62.98 - 63.05 m. Massive, purple, mediu.m crystal tuff, u‘ioderately sorted, modcratcly resistant.

63.05 - 63.45 m. Five beds, two green, crystal (gamets) ashes and three purple crystal tuffs .
(garnets), recesswg

-

4

63.45 - 64.15 m. Massive, purple, medium, crystal tuffs with abyndant garnets and sanidines in
a finer matrix,/ Moderately resistant. A

64.15 - 64.52 m. Purple/green mcdlum crystal (sanidine/garnet) wff with moderate sorling
Recessxve/ S

d

64.52 - 64.59.m: Green crystal ash and clay (bentonite) showing normal to reverse symmetncal
gradmg recessive. A _

L

64. 59/ 64 99.m. Purple, coarse, garnet, crystal tuff garnets up 10 3 mm in fme purple tuff
~/ matrix, moderately resistant (WCH-74 ) ] 7 (

I

64'399 . 65.04 m. Yelldw/green,‘ garhet-rich. crystal aSh (WCH;-.75). .

! f65 04.- 65. 34 m. Purp]e coarse garnet crystal tuff

. 65.34- 65 41 m. Green, crystal ash, garnet-rich, with norma] to reverse symmetrical gradmg A
. fine, brown bentonite represents the finest fraction. The top surfacc 1s u%evcn and
mantled by a brown clay (bentonite ecessive.,

-
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© 65.68 - 65.~88 m. Purple, fine, crystal tuff, recessive (“@H-??).

" ‘ , | | 187

"65.41 - 65.61 m.. Purple, fine to medium, non-calcareous, crystal tuff supporting 3-25 cm

calcareous (Fe-calcite) bulbous, spheroidal and almond-shaped bombs. Moderately
, recessive (WCH-76). . .

65.61 - 65.68 m. Green, coarss:, crystal (garnets and sanidine) ash, recessive.

~
4 )

65.1}8 -65.91 m. "Green, coarse, crystal ash,"with fine brown clay (bemoni;e) lenses.

65.91 - 66.01 . Purple, fine, crystal tuff supporting 1-15 cm bulbous,' spindle and
:  almond-shaped bombs, moderately resistant. ‘ o

)

'66.01 - 66.11 m.Fine, green crystal ash, recessive.

66.11 - 66.91 m. Purple fine-grained, non- calcareous | crystal tuff supporting S. to 25 cm
calcareous, almond, bulbous and spherofdal bombs, moderately recessiv® (WCH-78,

- Cb, B, and 101), (Plates 2.6d,e,f, 5.6c) Occasional green crystal ash lenses.

o)" -
66.91 - 66.98 m. Green/purple, fine grained, crystal tuff, recessive.

’ . . i i
66.91 - 67.03 m. Green, coarse, crystal/lithic ash, recessive. ‘ ’ }

67.03 - 67.05 -m. Green, .fine, crystal ash with fine, light brown clay (Dbentonite)
lcnses/panings,v_;;c_essive. ' ~ ) ) :
o : .

67.05 - 67.85 I'n'. Purple, fine, non-calcareous, crystal tuff suopg)orting- large, calcareous, ° .
e .

bulbous, spheroidal, aimond and spindie-shaped bomb. Moderately recessive.

67.85 - 67.88 m. Green, fine, crystal ash, recessive .

67.88 - 68.68 m. Purple, fine, non- calcareous, crystal tuff suppbrting large' 10-25Acmv,
calc(:iaerdeous bulbous, almond, .spheroidal and spindle bombs. Bombs are normally
- graded. . ‘ S 0 -

68.68 - 68.75 m. Normal to teverse graded, greefi, crystal ash and pu'rple. crystal tuff, recessive. .
' ’ e / runple -+ ) o

’ \ ;.‘l,.",l sheen ash

"_,',/',,‘"1‘/ : ' .
C B L o . '
68.75 - 68.80 m. Purple, fine-grained, crystal wff, recéssi_ve_, B

" . .partings, recessive. °.

68.80 - 68.85. m. Green, crystal ash bed with pinch and swelt bedding, abundant clay lenses or

68.85 - 68.95 m. Purple, fine, crystal tuf £ , rqceé’éive: "Exf)ésure' becom'es' poor.

.

Lo

-
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68.95 - 69.68 m. Purple, fine, crystal tuff with coarse; green crystal (sanidine) ash lenses. --
: hgodcratcly resistant. v ) ‘

»
%

69.68 - 69.78 m. Green, coarse, crystal ash, recessive. N

69.78 - 70.45 m. Purple, fine-grained, garnet, crystal tuff, recessive.

/70.45 - 70.52 m. Green/brown, coarse crystal ash, recéssive.
70.52 - 70.72 m. Coarse, green, garnet-rich; crystal ash, recessive.

70.72 - 71.12 m. Green-brown, garnet-rich, crysia} tuff, garnets show inarked normal ’densily T
grading, recessive, ) ’ ,

" 71.12-72.05 m. Covered, purple, crystal tuff in float.
72.13 - 72.80 m. Green-grey, coarse, litﬁic, lapilli tuff/fine agglomerate (rounded f ragmems?, .

revers¢ grading of lithiowfragments with garnets and sanidines in matrix. “Poorly
consolidated, moderately recessive. ‘

o
Y

72.80 - 74.30 xh. Purple, fine-grained, non- calcareous tuff, few visable','cry.stals. supporting
6-20 cm bulbous, spindle and almond-shaped, calcareous bombs, recessive.

74.30 - 7450 m>. Purple/green, medium.‘cryostalv tuff, recessive.

74.50 - 74.61 m. Green, crystal ('game@ and sanidine) tuff, rec‘:es.sive.‘ _ , N
Unit XI_ ) : ‘ ‘ \

' 74.61 - 76.17 m. Massive, modetately’resistant, crystal/lithic, lapiliituff beds up to 15 cm.
They show marked .density, cross and planar stratification and a- marked fining
* upwards (normal grading) within single beds. Moderately resistant (Plates 5.22,b,c).

@

L

76.17-77.20 'm. Coarse, lithic, lapigli tuff/fine ggiomerate (round cognate clasts), welded;
- clasts show baked margidfy, Matrix  consists of. sanidine and gamets, Kshght fining

- upwards: Moderately resistant.

77.20 - 77.3m. Fine, crystal, lapilli tuff showing marked density, cross and parallel =
stradfiqagon.‘Mwerately resistant. I ; SN
77.36 - 77.40 m>Red, fineigrained tuff, recessive. - :

. 77.40-78.10 m. Covered, purple, crystal tuff in float.
78.10 - 78.21 m. Purple, fine, crystal tuff in float. -
. . . . . " . . ) : . + . N ‘ S

I3 L
. s
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78.21 - 79.16 m. Covered.

L3

“79.10 - 79.41 m. Massive, welded, lithic/crystal, lapilli tuff, average clast size: 5-1 cm
N Moderately resistant. ) . :

[ 2N S

. 79.41 - 82.01 m. Coarse, crystal tuff, shdwing density, cross and parallel stratification,
. recessive, rubbly.
& . 82.301 - 85.5 m. Covered, massive, pink, lithic/crystal, lapilli tuff and fine, purple, crystal tuff
' in float. . :

R 85.5-86.03 m. Subcrop, (3-6 in cover) massive, lithic/crystal, lapilli tuff, apparently welded
* (baked rims), sanidine and garfiets in matrix (WCH-110).

A\ ]

86.03 - 88.81 m, Covered. )
et " ) ',‘ < .

88.81 - 89.09 m.,Broken_ex‘pd%L'x"re. Massive, fine, pink, coatse, lithic lapilli“yff with cognate
clasts showing baked ‘margins. Matrix is composed of famels, sanidines_and smaller
rock‘fragmengs in Fe-_calci;e matrix. Recessive (WCH-111).

.89.09 - 89.60 m. Covefed. r,\‘ e C | \ :

89.60 - 89.80 m. Subcrop (3.in of cover). Purple, fine-grainéd crystal tuff. \
4 . ' S .

89.80 - 90.31 m. Covered. )

o , L ' .
-90.31 - 90.66 m. SubCrop‘(4:in ‘cox'ler). Massivé, ink, coarse, lithic lapilli tuff with cognate -
« clasts up to 7 cm Clast show §lightly bake margins-(“{CH-I{IZ). : ,
I . I . . ‘ o

90.31 - 97.1 m. Covered, coarse, pénk lithic, lapilli tuff and fine, purple tuff if float and
subcrop. - . T e

97.1 - 97.5 m. Subcrop (3-5 il cover).-Dense, purple, lithic, ldpilli tuff with cognate clasts.

. (WCH-F2). - ! - - ‘ 5 S .

! 5 ' - . . » a . -
_95.5 -105.5m, Mgsgg covered, pu;’ple.‘f;ine to medium, crystal tuff e‘xposed,b‘?' Ddigg'ing (6-8in
.~ cover) at 100-103 m. Fine gurple wffs in float. Beds indestipguishable in excavations'
. (WCH-113). - : . L ’ ' _
° b4 _. ' ‘; . w r‘v .“.& 12 ‘
4 A N . . =
105.5 - 106.11 m, Subcrop (3§ in cover). Pﬁrch fine, erystal tuff showing densify cross
\  spratificauon. ./, ot L R - :
’ . . [ .' - g f . . 6 - Aﬂ ‘A»
. k + A ) TR "y a
. 106.11- 108.41 m. Covexed.” - - " - R LIS TRRTEE -
B N Pt R SR -
. % A :

108;41."- 110.4.m. Subcrop. (1-3 in, caver). Maséive", 'greén.a gamet-rich‘,"med'n\xm‘, crystal/lithic, .
lapilli‘tuff. Average grain size = .5-3 cm ‘Matrix is especially garnet-rich, massive.
. : ' ' a7 - ‘ ' T

L P L - . o, e
, - L
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/110 4 - 112.03 m. Outcrop, massive, dark purple, feldspar porphyry (crystal rich matrix),
clasts showing baked margins up to l cm (WCH-114).

190

[

112.03 - 119.0 m. Small outcrop, dark grec’n. coarse, lithic, lapilli quf.

119.0 - 123.5 m. CoVered, purple, pink, fine agg]or‘ﬁerate in float. Cognate clasts supported by
o crystal-rich matrix.

TOP LOW ER MEMBER

BASE UPPER MEMBER

L]
Unit V11

123.5 - 124.8 m. Ist continuous oulcrop of the upper member. Massive, yu le. welded, -
agglomerate/pyroclastic breccia with subrounded cognate clasts ( cm). Red:
hematite staining zones occur throughout, fine matrix with f ew large crystals.

124 8 - 130.4 m. Massive, purple agglomerate with cognate and possibly ‘Juvemle clasts-up to 10
cm Baked rims are very common. Matrix is composed of finer fragments and crystals,
some sanidines show flow imbrication. Very poorly sorted. Moderately resistant.

H

130.4 - 143.0 m. Masswe % t green 1o pink, welded agilomera;e/pyroclastlc breccia
(subroufded clasts) .5-25 cm, cognate and juvenile, marked baked margins and plastic
deformation. Matrix consists of crystals, crystal fragments and small rock fragments,
. faint imbrication of sanidine phenocrysts. Resxstam (WCH 115). (Plate 2.7().

1430 - 153.7 m. Massive, dark green to pink,, welded agglomerate/pyroclasuc breccia
(subrounded cognate clasts), Foorly sorted, clast range in size from 4-15 cm Matrix is
eomposed of crystals arfid small rock fragments. Moderately resnstam

i A

153 7 -°161.8 m. Mednum dark green coarse, lithic, lapilli tuff, welded, clasts (cognate and
juvenile) 5-7cth, normal size grading over the whole bed. Matrix is garnet and

* « sanidine-rich showmg slight imbrication,. 65% clasts, resistant. (Paleomaghetic drill
" hole 160 m) (WCH- 87) .

%

161.8 - 165.4 m. Very light grcen coarse, welded, lithic/crystal tuff. 'Cogn/ate clasts, .5-3 cm,
baked rims and plastic deformauoﬁ supported by a fine crystal/lxthxc matnx
moderately resxstam .

165 4-166.8 m. Lnﬁht grecn poorly consolidated, crystal/hthlc tuff, rock fragmems up to 1
cm, reversely graded moderately recessive.

166.8 - 167.1 m. Green, lithic,,, lapilli tuff, cognate clasts up to 6 cm, moderately resistant.

167.1 - 170.9 in. Medium, green, fine, szelded agglomerate (rodnded clasts), cognate ‘clasts,
' plastic deformation and baked. ma fms matrix supported, ‘sanidine, garnet and

’ mdme phenocrysts. Sanidines show faint imbrication. Moderately resistant.
\ .

?
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170.9 - 171.9 m. Garmnet-rich, crystal, laﬁiﬂn"tuff, marked density and cross-sua,@'i_fj‘ ajion

(5-25"). Moderately resistant (WCH-116).

~

171.9 - 175.8 m. Purple, massive welded, coarse_ lapilli tuff/fine agglomerate (round clasts).

Cognate clasts, .5-7-cm, poorly sorted, faint crystal, trains in matrix, imbricated
sanidines. Resistant. »

175.8 - 176.1 m. Black, crystal ash/lapilli tuff showing density and éross-stratification,

moderately resistant (WCH-80).

Unit YI1I

176.1 - 250.9 m.

Massive, green/grey, coarse, pyroclastic breccia, 60% (1-30 cm) clasts at base

70% at top. Clast are angular to sub rounded showing baked/resorbed margins and

gastic deformation. The clasts are supported by a fine, very dense, dark green matrix

not resembling that of the lower member. Some clasts resemble cored bombs with
strongly resorbed margins. .

Net increase in apparently juvenile clasts (dark green, very fine-grained and
intensely deformed blairmorite). Very faint flow imbrication (trachytic texture?) of
sanidine crystals in matrix and some clasts.

Marked decrease in the number of free crystal phenocrysts. Continuous bed,
no marked color changes or abrupt changes in grain or clast size. The bed is however
marked by a net fining (normal frading) of rock fragments over its whole thickness.
Very resistant (Paleomagnetic drill hole 189.82 m, 223 m). (WCH-88). '

250.9 - 272.8 m. Dark green coarse pyroclastic breccia. Lower bedding contact marked by

s

2

294.78 - 338.1 m. Dark green, massive, pyroclastic Qreccia, 20-40% cognate, juvenile clasts,

abrupt change in clast size (ave. 6 cm below contact to ave. 15 cm above contact) and
color change from green grey to dark grey (Plate 6.1a). Cognate juvenile and
accidental clasts from 0.01-3.5 m in size. Strong'ljv] baked/resorbed margins and plastic
deformation. Normal grading of clasts towards the top. 50-70% clasts supported by a
dense, massive fine crystalline matrix. Upper contact is intruded by a melanocratic
finely-crystalline dyke/sill carrying small 1-3 cm clasts (up to 20%) showing strong
resorbed/baked margins and few phenocrysts. The intrusive shows a 1-3 cm chilled
margin and brecciates some rock into which it intrudes (WCH-83, 85, 94). The breccia
contains abundant calcite. The dyke strongly resembles the matrix of the massive beds
of the upper member at this section.

72.8 - 294.78 m. Contact marked by-abrupt clast size change and color change from green to

tan (see Plate 6.1). Yellow/green, oclastic breccia; cognate, juvenile and occasional
accidental clasts, 0.5-10 cm, 20-50% {ragments supported in a dense, massive, finely
crystalline matrix (WCH-95) (Paleomagnetic drill hole 273.4 m). . .

supported by massive, finely crystalline matrix, as above, slight normal grading of
clasts, upper contact is not well defined (WCH-96). . .

" .

338.1 - 392.1 m. Dark green, pyroclastic hreccia, 20-35% clasts (cognatgjuvenile and accessory)

up to 9 cm, no distinguishable grading. Clasts are support ‘
finely crystalline matrix as below (slightly calcareous). Charred wood occurs towards

top). ,

by a dense, massive,"

X

the top of this bed at the "roadside turnabout ". Resistant (WCH-97 bottom, WCH-98

i
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392.1 - 393.2 m. Dark green, angular breccia. Clasts are dark green, very finely crystalline, in a
t(natri}); of) calcite and similar green material (chlorite). Bed is discontinuous
WCH-99). ' ‘

393.2 - 396.1 (approx.)m. Dar be(freen pyroclastic breccia, containing cognate and juvenile clasts
showing baked/resor margins, 20 to 50% clasts supported by a dcnse mafic matrix.
Charred wood again occurs.

396.1 - 397:1 m. Liﬁhl tan very fine crystalline welded tuff. Very dense, conchoidal fracture.
The bed is 1 m thick and is visable on the "roadside turnabout .

397.1 - 404.4 m-. Dark green, pyroclastic breccia, 20-40% clasts, as below. Charred wood
404 .4 meters = Total Crowsnest Section,
(13%.4 ft) :

404.4 - 411.1 (approx.)m. Grey/brown shales of the Blacksione Formation. Watinoceras found
at 200 ft above Crowsnest contact by Dr. C.R. Stelck.
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A. Analytical Methods

4

~ Outctop and Hand Specimen Descriptions - '
" The newly exposed section through the Crowsnest Formation along Highway No. 3
-west of Coleman, Alberta was logged on a detailed scale of 1 cm = 1 m (Appendix A). All beds
greater than 1 cm are represented. 125 samples were taken, eighty-five from the lower member
~ " and forty-five from the upper member. All types deposits are represented in the samples taken.
Of these samples, one-hundred and twenty were cut for thin section work, thirty-five were
crushed foy geochemical analysis and some thirty were cut and polished for detailed

descriptions.

Support sections were mapped at the Pipeline section (1.2 km south) and the
Willoughby Ridge section (NE 10 km south). Both of these sections exposed part of -the lower
member and most of the upper member. The Willoughby Ridge section exposes the critical
contact between. the Blairmore Formation and the Crowsnest Formation. Fifteen samples were
collected from this section, while ten were collected from the Pipeline section.

At all three sections, critical structures were sketched and ph%lographed.

"Thin Section Descriptions R .

All one-hundred and twenty thin sectioned samples from the -proposed type section
were described in detail to determine the mineralogy and textural features, Sections were stained
with alizarin red for carbonate identification and with sodium cobaltinitrite for potassium
feldspar identification. The percentage of primary components (phenocrysts, rock fragments
and aphanitic material), and diagenetic components (alteration assemblages) were determined
by point counting. ‘ - '

Polished sections (probe mounts) were used to identify the opaque minerals.

|

Scanning Electron Microscopy .

ip samples approximately 0.5-0.75 cm in width were taken ffom various samples
from both the lower and upper member. The chips were mounied on SEM stubs with a
conductive silver paint. Proper conduction was ensured by coating. the samples. with
approximately 20 nm of gold/silver. A Cambridge Stereoscan S250 was{used for all samples
with a fixed accelerating voltage of 25 K.V. A Kevex 7000 was coupled with the SEM and
provided qualitative chemical analysis. Y . -

X-Ray Diffraction

Bulk Sample

Twenty four samples were crushed to an average size of less than 0.1 mm and mounted in a
"Back pack" to determine whole rock mineralogy - ’

S(;l_gx Fraction o

ize Fraction Separation: * _

o Sample preparation and analytical procedures are described in detail by Ighasiak et al.
(1983) and Foscolos er al. (1982). , ’

Using the settling velocity, the <2um, 2 - 5 L
separated. Alter being shaken, the sample is allowed tO~settle a given time according to the
temperature. The <2um is separated first followed by th¢ latter two size fractions. For each
fraction, 900 ml of the 1000 ml in the cylinder is removed by syphoning after the given time for
that size range. This procedure is repeated three times for/each size fraction. After the three

sizes are separated they are placed in a hot water bath for pne day. Bleach is added before the
bath to floculate the clays. The water bath destroys any organics present in the sample.

and the 5 - 2um size fractions were

Washing: . : :

After the water bath, each of the three size f: ractions fre cleaned to rgn;o&c bleach. This
-is done by centrifuging the sample, pouring off the excess water and-remixing. with distilled
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water. This procedure is repeated until all the bleach is removed from the three sizes. AgNO,
can be used to test the excess water for bleach. = N

The <2um was divided into three lats, while the other size fractions were left alone.
KCi was added to one (K- saturation), CaCl, was added 1o the second (Ca’* saturation) and
the third was left "as is". After being left for three hours, the washing procedure above is
repeated. The samples were then freeze dried’in preparation for the next step. ’

Calcium and Potassium Saturation:

Discs ‘Preparation:

, After freeze drying, about 40 milligrams of a given sample are mixed with 10 ml of
distilled water and poured onto a ceramic disc which is mounted in suction equipment. The
procedure is repeated. for each sample. The discs are removed from the suction equipment after
45 minutes and are left to dry. When finished this step, a <2um, K~ saturated disc, a <2um
Ca’ saturated disc, a 2-5um "as is” disc, and a 5 - 20um "as is” disc were produced. All discs
were oriented as a result of the suction process. R :

X -Ray Diff raction Procedures:

- X-ray diffraction analysis was carried out on all '/discs using CoKa radiation. In brief,
the discs were prepared as follows: '

_ Less than 2um K- saturated at zero humidity. The disc was kept in an oven at 100°C for 24
hours before being run with nitrogen in the XRD chamber. .
Less than 2um K- saturated at 54% humidity. The disc in "a" was placed in a 54% humidity
chamber for 24 hours before being run in a humidity contro! chamber of the XRD. '
Less than 2um K- saturated at 300°C. The K* saturated disc was heated to 300°C for 3
hours before being Tur in the presence of nitrogen. 5 ‘ ‘
Less than 2um K- saturated at 550°C. The sample was heated to 550°C for 2 hours before
being run in the presence of nitrogen,
Less than 2um Ca saturated at 54% humidity. The disc was placed at 54% humidity
‘chamber for 24 hours before being run under humidity controlled conditions.
Less than 2um Ca 2glycolau:d. Tie calcium sample was placed in a glycol chamber and
heated to 100°C for 24 hours. ‘ ‘
2 - Sum "as is" at 54% humidity. - . \
'S - 20um "as is" at 54% humidity. Nitrogen was used to simulate anhydrous conditions in
the XRD chamber. ‘ \
he following X -ray diffractograms were obtained for the <2um size ‘(raction: :
K-disc at 0% relative humidity;. : o
K -disc at 54% relative humidity; . \
K «disc at'300°C; . ‘ ‘ \

Ca-disc/at 54% relative humidity;
Ca-glycolated disc. '

: e relative percentage of clay ;minerals in_each size-fraction was determi
-measuring/ peak heights on specific diffractograms. For the <0.2um and <2umsizes, the
001) X-ray diffraction s were measured for illite and kaolinite group minerals using the
-ray diffraction at about
Q017) X-ray diffraction

. K-disc af 500C: =~ | N

PLBWNH 0N v s W oy e

-saturated, ethylene-glycol diffracl%grams. The (001),,/(001),,
13A was used for mixed-layer clays. For chlorite, the eight of the
from the K -saturated, heat-treated (550°C) sample was used. THe following fo
used to account for the variation in crystallinity between clay mineral ies:

J e (101) clay (3A) = height of 13A peak/2 x height of 10Apeak: o
-2, ixed-layer clay = height o /2 x height o peak; - . , -

3. Chlorite (14 g = height of 14% peak/3 x height of 1055 ' ' | :
4. Kaolinite (7A) = height of 7A peak/2.5 X height of 10A T
Relative percentages of each species was calculated from the’sum of the above factors. As the
diffractions for kaolinite (007) and chlorite (002) overla[fpf, the relative percentage of chlorite
is subtracted from kaolinite. - - » ‘ Lo

factors were
\.
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. /
TABLE B-1 MAJOR DIFFRACTIONS FOR CROWSNEST ILLITE/SMECTITES (Ca -
GLYCOLATED) I |

WCH  (001)0/(001)ss (001)0/(002)1s  (002)0/(003)ss (003 )/ (005);
WCH-1 124 95 5.1 33
WCH-9 12.8 91 5.2 33 .
WCH-14 12.6- 9.3 52 33
13.2
wcH-17 4/ 128 l9.3' | 5.2 33
WCH-18 | 12.8 {94 : 53 3.3
C WCH9 29 9.3 5.3 3
WCH-31 132 95 5.2 | 33
WCH-32 132 94 5.3 33
WCH-33 131 9.5 5.3 34
WCH40 . 128 9.5 5.2 Y
WCH-52 137 . 9.6 | 53 . 3.3
WCH-59 12.8 9.7 5.2 3.3
WCH-62 129 93 52 . 33
"WCH-15 132 9.4 5.3 33
. o
. g
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