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ABSTRACI

The analcime-phyric volcanic rocks of the Crowsnest Volcanic Suite in southwestern Alberta have been affected by

low-grade metamorphism. Metamorphic mineral assemblages are characterized by analcime, which occurs as veins of analcime

alonJ and analcime + quartz, by amygdaloidal prehnite, and by laumontite as pore-fillilg cement. The matrix contains a

mixture of quartz, K-feldspm, albite, and chlorite. Calcite veining and pseudomorphs after igneous minerals alsoane ̂common.
High-silica nonstoichionetric analcime in veins is interpreted as a product of metamorphism, not lqe result of igneous

crystattizafion. Nonstoichiometric analcime may have formed as a metastable phase. The stability of laumontite + quartz

rrtri.ts metamorphic temperatures to 180-280dC, for H2O Inessure equal to lithostatic pressure. The-presence ofprehnite +

laumontite + quartz in one sample constrains the pressure ofmetamorphism between 1.5 and 3 kbar, for H2O pressure equal

to lithostatic pi.r**". These eJtimates are in consistent with maximum depths of burial of 5 to 8 trn, based on structural-

sfatigraphic fuonstruction for sedimentary rocks of the Blairmore Group, which lies stratigraphically benea$ th9 Crowsnest

volcanii suite. The restricted stability of laumontite in the presence of CO2 suggests that fluids that equilibrated with laumontite

were low in CO2. Analcime-bearing assemblages are favored by fluids with lower SiO2 and K+A'Ia+ activities, whereas

K-feldspar - albite assemblages are favored by higher activities of SiO2 and K+A'{a+.

Keyword.s: Crowsnest volcanic suite, zeolites, analcime, laumontite, thermobarometry, fluid composition, low-temperature
metamorphism, Alberta.

Som4erns

les roches volcaniques d ph6nocristaux d'analcime de la Fonnation de Crowsnes! dans le sud-ouest de I'Alberta ont subi

un m6tamorphisme Oi tAUte tsmpdrature. Les assemblages de min6raux m6tamorphiques se distinguent par la pr6sence

d'analcime en veines avec ou sans 
-quartz, 

de laumontite comme ciment dans les pores, ainsi que de pr€hnite amygdulaire. Ia

matrice contient un m6lalge de quarE, feldspath potassique, albite et chlorite. l,a calcite, sous forme de veines et en
pseudomorphose des min6raux ign3s, est repandue. L'anacime siliceuse non stoechiom6tique des veines aurait une origine

.€tu.orphiqo" plut6t qu'igu6e. Utte pounalt bien 6tre mdtastable. Ia stabilit6 de laumontite + quartz limite I'intervalle des

tempfratirreimeiamorpniquls entre 18b et 300'C, pour une pression de vapeur 6gale I la pression tit{og9tique. La pr6sence de
prefi"it" + laumontitel quartz dan. un 6chantillon limite la pression du mdtamorphisme entre I et 3 kbar, pour une pression

de vapeur 6gale i la pression litlostatique. Ces estim6s concordent avec une profondeur maximale dans la cro0te entre 5 et 8 lan,

selon-une reconsfiuction structurale et itratigraphique des roches du Groupe de Blairmore, sous-jacentes I celles de la Formation

de Crowsnest. Le champ tle stabilit6 limitd de ia laumontite en pr6sence de CO, fait penser que laphase fluide coe]iistante avait

une faible teneur en CO2. Les assemblages d analcime seraient favorisds par une phase fluide i faible tenew en SiO2 et faible

rapport K+/I.{a+, tandis {ue les assemblages h feldspat} potassique + albite seraient favoris€s par une activitd en SiO2 et un

rapport K+A.{a+ plus 6lev6s.

Mots-cl6s: roches volcaniques, Formation de Crowsnest, zdolites, a:ralcime, laumontite, thermobarom6fiie, composition de

fluide, mdtamorphisme de faible intensit6, Albeta.

INTRoDUcTIoN

The Crowsnest Volcanic Suite (CNV) of south-
western Alberta of Lower Cretaceous age (Norris
1964), is best known as the type occunence of

blairmorite (analcime-phyric phonolite: Peterson &
Currie L993, in prep.). The analcime-bearing
volcanic rocks from the Crowsnest Pass region of
Alberta were first described by Dawson (1885), Knight
(1904) and MacKenzie (1914). No further work was
published on the CNV until the 1960s (Norris 1964'
Pearce L967, 1970). Pearce's study emphasized the
igneous petrogenesis and the volcanological and
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sedimentological aspects. A long-standing debate
conceming the primary or secondary origin of the
analcime in the CNV has emerged over the years
(MacKenzie 1914, Pirsson 1915, Ferguson & Edgar
1978, Karlsson & Clayton 1'99I, 1993, Pearce 1993).
Goble e/ aL (1993) and Peterson & Currie (1993, in
prep.) suggested that analcime phenocrysts crystallized
from a melt, and are not the result of a replacement of
prinary leucite phenocrysts, as proposed by Karlsson
& Clayton (1991) and others. Peterson & Currie
(manuscript in prep.) have recently reviewed the
mineralogical, petological and geochemical data and
have concluded that the analcime studied by Karlsson
& Clayton (1991) was of primary igneous origin, but
had been modified by subsolidus reactions. Important
aspects of this problem are the character and extent of
the low-temperature metamorphism of the CNV
(recognized by several investigators). No one has
documented the nature and ext€nt of the metamorphic
mineral assemblages and tle physical conditions
[P, T, activify of H2O a(HzO)] attending the low-
temperature metamorphism. In this paper, we present
relevant new data and interpretations of the low-
temperature metamolphism.

Grolocrcat Sr"rnNc AND
PsrR.ocENEsIs oF rIIE CNIV

The CNV occurs as a series of westward-dipping,
north-striking, en €chebn thrust sheets Gig. l). The
unit ranges up to more than 400 m in thickness (Norris
L964, Pearce 1970). The CNV consists of volcanic
breccia, agglomerate, volcanogenic conglomerate,
crystal tuff and tuffaceous sandstone (Nonis 1964), and
shows at least incipient metamorphism tlroughout the
map unit (Fig. 1). The unit is lithologically hetero-
geneous over short vertical and lateral distances. On
the basis of fossil flora, Norris (1964) assigned the
CNV to the Albian stage of the Lower Cretaceous.
Isotopic ages from extrusive fragments in the CNV are
consistent with this assignment (Norris 1964). The
base of the CNV is in gradational contact with
volcanogenic nonmarine sandstones of the Blairmore
Group (Lower Cretaceous). The top of the CNV is
marked by a disconformity, above which lie marine
shale and siltstone of the Blackstone Formation (Upper
Cretaceous). Only the easternmost part of the CNV is
exposedo as the region to the west of the study area
is covered by Paleozoic and older rocks of the Lewis
thrust sheet @ig. 1). The CNV igneous lithologies have
been divided into three types according to the pheno-
cryst assemblages recognizable in the field (Peterson &
Cunie 1993): 1) trachyte with sanidine + melanite
garnet; 2) analcime phonolite with sanidine +
analcime, and 3) blairmorite with analcime cumulates
only. Based on the assumption that the analcime in the
CNV crystallized from a rnagma, several investigators
@earce 1967,Lg7\,Ferguson & Edgar 1978, Peterson

& Currie 1993) have concluded that the CNV origi-
nated by fractionation of a parental alkali basalt magma
at depths gteater than 20 km. The analcime-bearing
rocks would have formed as differentiates from the
fractionation of a trachytic melt @erguson & Edgar
1978).

Smmr,tr.tc Srnangcv, Satwr PREPARAToN AND
ANALYTICAL PRocmuREs

The goal of field sampling of the CNV was to obtain
representative samples over the entire area of outcrop.
Each thrust slice was sampled at several localities
along strike. A larger number of samples was obtained
from the Coleman thrust slice (Fig. 1). One hundred
and five hand samples were collected from 30 different
localities (Fig. 1). During thin-section preparation, the
epoxy was cured slowly (one week) at low temperature
(<506C) to avoid any alteration ofthe zeolites. Selected
minerals in fifteen samples were analyzed using an
ARI-SEMQ electron-probe microanalyzer, equipped
with nine wavelength-dispersion specfrometers at the
University of Calgary. Analytical conditions were:
accelerating potential 15 kV and beam current 0.15 nA.
Spot size was I pm for all minerals except analcime
(7 p.m). Counting time per analysis was 20 seconds.
Silicates were used as standards, and the data were
reduced using the methods of Bence & Albee (1968)
and the prograrns outlined in Nicholls & Stout (1988).
Nineteen samples were chosen for X-ray diffraction
studies (XRD). The crushed sample was sieved, and a
<2 pm fraction was separated by centrifuge methods.
Samples were glycol-solvated at 60oC for at least
12 hours and heat-treated at 550'C for 30 minutes.
A light mineral-fraction (specific gravity 4.45) was
separated from the 10G-200 mesh sieved portion using
heavy liquids. A Philips-Norelco X-ray diffractomeler
with FeKcr radiation was operated at 40 kV accele-
rating potential and 20 mA current.

PE'TRoGRAPHY or tlrs CI'[V AND
Cffi\fisrRY or MrreuonPmc MDIERAI.s

Mineral assemblages encountered at each locality
are listed in Table 1 (available from the Deparment of
Unpublished Data, Document Delivery' CISTI,
National Research Council of Canada Ottawa Ontario
KIA 0S2). Igneous minerals are represented by
euhedral crystals of sanidine, melanite, aegirine-augite
and analcime. Titanite also is common in most samples
examined. Oriented laths of sanidine define a trachytic
texture in the mafrix. Heterolithic fragments containing
some of the minerals listed above were observed in a
few samples. Xenocrystic garnet and pyroxene are
present in several samples. Opaque minerals are rare
and consist of pyrite with some ilnenite. For more
detailed descriptions of the igneous peftography, see
Pence (1967,1970) and Ferguson & Edgar (1978).
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In most localities, the rocks of the CNV exhibit
incipient to weak metamorphism. Igneous phenocrysts
appear relatively unaltered. The most advanced degree
of alteration occurs in finer-grained epiclastic rocks,
where much of the matrix consists of calcite. chlorite
and albite. Other metamorphic minerals described
below, e.9., laumontite, have been idenffied in onlv
one or two samples.

Quartz

Quartz occurs as radiating aggregates of bladed
or columnar hypidioblastic crystals in the matrix
(Frg. 2A), in veins of pure quartz, and in the center of
a vein that is lined with analcime (see Fig. 2D). Quaftz
is also an abundant clastic mineral in some of the
epiclastic rocks.

Ftc. 2. Photomicrographs of CNV rocks. Scale bars are in Llm.
A) Radiating crystals of quartz (Qtz) in the natrix (sample
18.2). Igneous phenocrysts are K-feldspar (Kf$ and
garnet (Grt). B) Secondary cloudy K-feldspar (Adl)
and calcite (Cal) between K-feldspar (Kls) and gamet
(Grt) phenocrysts. Sample 26.5. C) Calcite veins cutting
matrix and K-feldspar phenocrysts. Sample 2.1.
D) Analcime (Anl) and quartz (Qtz) in vein (Sample 3.2).
E) Prehnite (hh) in amygdule (Sam.Fle 22.1).
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TABLE 2" EI.ECTROII.MI(ROPROEB DATA ON ANALOIiiB ALBIT4
AND K-FBLDSPAR FROM TIIB SOWSNBST VOI,CANIC SUITE

by Goble et al. (1993) in an analcime phonolite siil
from the Proterozoic Purcell Supergroup of south-
westem Alberta. The analcime in veins (Table 2) has
slightly higher SilAl and Na/(Na+K) values than in the
phenocrysts. It is diffrcult to analyze analcime because
there is likely to be appreciable loss of Na due to
heating by the electron beam. Consequently, when one
compares compositions documented by different
investigators, it is likely that the Si/Al atomic ratio will
be the least affected by the electron-microprobe
analytical technique. Peterson & Currie (in prep)
reported an average ratio of Si/Al for analcime
phenocrysts of 2.1, which is near the stoichiomefric
value. In contrast, Wilkinson & Hensel (1994) reported
an SilAl ratio of 2.9 for low-temperature analcime from
a vug in a tinguaite. According to Coombs & Whetten
(1967), nonstoichiometric Si-rich analcime typically
occurs in sedimentary and burial metamorphic rocks,
but it must be noted they considered only chemically
analy zed mineral separates.

Peterson & Curie (in prep) indicated that unaltered
analcime phenocrysts contain up to 1.9 vtt.Vo FqO3,
but that recrystallized analcime has a low Fe content
(about 0.2 wt.VoFe2O). We also recorded very low Fe
contents in vein analcime Clable 2).

Phyllosilicates

Chlorite occurs as cryptocrystalline aggregates
throughout the matrix of clastic rocks and as a
replacement of relict phases in fhe groundmass of some
samples. Average compositions of chlorite from four
samples are listed in Table 3. Chlorite formulae were

TABLE 3. ELFfiRON-MIAOPROBB DATA ON PRWNITB CELADONITB
AND CUI'RITE FROM fi]E GO*$NBST VOI'AMC SUrIE

3.2 19.1 3.2 10.1 18.2 18.2 26.5
adp adp anlv abv Kfs Kfsm Kfsm

m
57.35 58.45 58.55 56.27 58.64 68.95 65.03 63.78 65.98
2r.65 22.56 20.09 2t.75 20.76 19.65 18.2r r9.M t8.62

o.r2 0.08 0.00 1.57 0.01
0.01 0.05 0.00 0.m 0.00 0.o7 0.14 0.17 0.20

12.3t tO.42 tr.66 12.46 10.65 11.52 1.95 1.09 3.75
o.vz 0.05 0.35 0.13 0.65 0.08 13.95 14.41 11.43
8.U 8.34 7.89 8.06 8.19

99.70 99.95 98.22 tOO.3 98.92 100.3 99.28 98.55 99.98

Nuober of atos €lalaed m the bnis of 8 oxygen atom (O + OI0 fot malcire
ed 8 oxygeD atom forfeldspm

si 2.085 2.\OO 2.141 2.053 2.t36 2.999 3.W4 2.972 2.999
Ar 0.928 0.955 0.866 0.935 0.891 1.007 0.991 1.046 0.997
Fe 0.003 0.002 0.000 0.043 0.000
ca 0.000 0.002 0.0@ 0.003 0.000 0.003 0.007 0.008 0.010
Na 0.868 0.726 0.827 0,882 0.752 0.W2 0.175 0.098 0.331
K 0.001 0.002 0.016 0.006 0.030 0,N4 0.822 0.860 0.663
si/Al 2.247 2.t99 2.472 2,t96 2.391

All oxides expmsd m weigbt peneol a - total Fe explss€d 6 Fe2o3.
b - calculatEd from stoichimetry. anl p - malcime phq@Tysl

@l v - @alcire iD vein, avmge of tb@ @alys. ab v - albite i! vein.
Kfr m - K-foldsp[ in anygdule. Kfs m - K-feldsptr in matrix.

K-feMspar

K-feldspar occur as colorless clusters of radiating
aggregates filling amygdules (Fig. 2B). Mcroprobe
analyses of amygdaloidal K-feldspar (Iable 2) indicate
that the composition is closer to end-member
K-feldspar, in contrast to igneous sanidine, which
shows more extensive solid-solution with albite
(e.9., Pearce 197 0, Table 2).

Albite

Albite occurs as microlaths in the matrix and in
amygdules. It is also found as veins in two samples
(4.2 alLd 10.1). Electron-microprobe analyses Clable 2)
indicate relatively pure albite, containing only trace
amounts of K (0.05 wt.Vo K2O) and Ca (0.09 vt.Vo
CaO). Albite also occurs as patches within sanidine
phenocrysts, probably the result of exsolution @earce
r970).

Analcime

In addition to its occurrence as phenocrysts, anal-
cime was observed in veins in two samples (3.2 and
26.5). In one sample (3.2), analcime occurs as
idioblastic equant isohopic crystals lining a vein with
quartz in the center (Ftg. 2D).The other sample (26.5)
contains veins composed solely of colorless inter-
locking xenoblastic analcime that exhibits faint
birefringence. The occurrence of analcime in veins is
interpreted as a product of metamorphism, not a
product ef igneous crystallization. Similar distinct
generations of analcime have recently been described

2'1,64 30.69
18.66 17.83
34,17 31.50

1.@ 1.38
7,40 7.90
o.17 0.2s
0.@ 0.@
0.08 1.15

10.87 11.21
100-17 101.81

Nuber of mm based upon I 2 oxygec (O + OtI) for prehtriE, I I orygeN (O + OH)
for @ladmiG, md l4 oxyges (O + OII) forcbldib.

Smple 22. I prh 27-l @l 22.1 chl

SiO, 44.56 54.16 28,28 26.05
Abdr 20.30 18.53 19.21 16.30
F.iI- 4.13 9.60 35.01 39.'11
lvlqO 0.09 0.ll 0.60 1.16
MpO 0.02 2J2 6.21 6.47
c;o 26.t9 o.l4 o.lo 0.07
NaO 0.10 0.67 0.@ 0.@
KrO 0.@ 9.97 0.56 0.O2
slou 4,28 4,36 10.89 10.70
sdn 9.67 9.92 100.86 100.46

si 3.t05 1.743 3.055
N r.661 r.493 2.447
Fe 0.217 0.550 3.16
vfi 0.005 0.006 0.055
ME 0.002 0.278 1.000
ctr 1.956 o.oro o.ot 1
Nl 0.013 0.088 0.m
K 0.000 0.791 0.07E

7.92n 2.994 3.225
2.156 2.408 2.210
3.7n 3.096 2;1'74
0.110 0.@2 0.123
1.082 1.195 1.241
0.008 0.019 0.m8
0.000 0.000 0.000
0.003 0.010 0.152

Atl oxids in weisttr Fr mL a - btal Fe expBsed s FeO. b - H2O Gdmared ftom
sichio@ry. pin - irelnie. et - ehamiG. ctrl - cblorie.
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2 2 , 5 3 3 , 5 4
Si otoms bosed on 14 oxygen otoms

Ftc. 3. Plot of Si atoms per L4 atoms of oxygen versas
Mg(Mg + Fe) for chlorite of the CNV. See text for
discussion of calculation. Syrnbols: O samFle 3.2,
A sample 5.1, o sample 18.2, tr sample 19.1, V sample
22.1, and, X sample 27.1.

recalculated 4ssuming 14 atoms of oxygen per formula
unit, with all iron treated as Fe2+. The chlorite contains
no detectable Na, but has variable Ca and K: the
calculated proportions of Si, in cations per 14 oxygen
atoms, are equal to or greater than 3.0 atoms per
formula unit, indicating the presence of smectite inter-
layers in the cblorite (Bettison & Schiffrnan 1988). The
proportion of chlori0e (r) in a mixed-layer smectite-
chlorite can be calculated, assuming that base phases
are trioctahedral. The mineral formula used bv Bettison
& Schiffman is: (K,Na,Cao.s!_7,t(MS,Fe,Mn)o_flyl
lSi8-4lzlO20(OII)a*[(Mg,Fe)o(O[Drz]. The noninter-
layer cations are (Si + Al + Fe + Mn + Mg). An end-
member chlorite (-r = 1) would have l0 noninterlayer
cations per 14 atoms of oxygen, whereas a smectite
with r = 0 would have 8.91 noninterlayer cations. The
average proportion of chlorite in the CNV chlorite has
been interpolated between tlese two extremes. Values
ofr for chlorite compositions listed in Table 3 range
from 0.61 to 0.91, indicating the presence of significant
proportions of smectite interlayers. Chlorite composi-
tions plotted in terms of Si cations per 14 atoms of
oxygen versus Mglgllg+Fe) @g. 3) exhibit relatively
low Mg/(Mg+Fe) values, ranging from 0.23 to 0.31.

Celadonite was identified by electron-microprobe
analysis in one sample (27.|;Table 3), where it occurs
as an olive-green to brown fine-grained aggregate
replacing groundmass analcime. Fine-grained white
mica with a -10 A diffraction peak is common
(Table 1), but we have not chemically analyzed the
phase.

Calcite

Calcite is commonly observed in the CNV, as veins
(Fig. 2C), in the groundmass, as replacement of
igneous phenocrysts and as poikiloblastic cement.

Prehnite

hehnite was observed in only two samples (18.2
and22.l). It occurs as colorless, radiating aggregates of
bladed or columnar hypidioblastic crystals, filling
amygdules (Frg. 2E). Microprobe analyses of prehnite
(Table 3) indicate an average Xu" of 0.12, which is
comparable to the X"" reported for other very-low-
temperature metamorphic (e.g., zeohte facies) ten'anes
(e.9., Cho et al. l986,Beins et al. 1991).

Laumontite and heulandite

Laumontite was not recognized in thin section, but
was identified by X-ray diffraction in the low-specific-
gravity fraction (<2.45) separated from sample 22.1,
one of the two prehnite-bearing samFles. Laumontite of
near end-member composition was described by Miller
& Ghent (1973) and Ghent & Miller (1974) as a
pore-fiIling cement in the nonmarine sandstones of tle
Blairmore Group, stratigraphically underlying
the CNV. Nonis (1964) reported heulandite from the
CNV, but we were unable to confirm this occurrence.
Mller & Ghent (1973) and Ghent & Miller (1974)
reported the presence of Ba-Sr-rich heulandite as a
pore-filling cement in the Blairmore sandstones.

PprRocuverc CoNsrnenrrs oN TIIE
Ipw-GRADE MrrauonprusM oF rr{E CNIV

Although diagnostic low-variance assemblages
have not been observed in the CNV, the pressure and
temperature of metamorphism for the prehnite-
laumontite-bearing samples can be estimated from the
petrogenetic grid of Frey et al. (199L) and from
the recent review of experimental studies for some
Ca-zeolites by de Capitani & Liou (1995). The P-T
stability field of laumontite is limited by the following
equilibria:

Lmt=Wa +2H2O (1)

Lmt=Lws +zQtz+2HzO Q)

S tb= [ ,m t+3Qtz+3H2o  (3 )

Hul = Lmt + 3 Qtz +2H2O (4)

(Abbreviations are: Lmt laumontite, Wa wairakite,
Lws lawsonite, Stb stilbite, Hul heulandite, and Qtz
qvafiz).

Laumontite-bearing equilibria have been examined
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by de Capitani & Liou (1995). Because of the absence
of stilbite and wairakite in the CNV, the stability field
of laumontite and quartz is restricted to 180-300"C at
1.5-3 kbar (150-300 MPa) for P(H2O) = Ps, where
P(HrO) is H2O pressure, and Ps is lithostatic pressure
(Fig. 4). Temperatures based on chlorite thermometry
(Cathelineau & Nieva 1985) from matix chlorite give
scattered results in the range of 15G-300"C Gig. 5).
Geothermometry using chlorite compositions has been
critically reviewed by de Caritat et al. (1993), who
questioned the reliability of some of the calibrations. In
addition, the presence of interlayers of a smectite-
group mineral would cast doubt upon the reliability of
the estimales. The presence of prehnite and laumontite
in sample 22.1 constrains the pressure for the meta-
morphism between 0.9 atd 2.9 kbar, for a temperature
range of200 to 250'C @rey et a\.1991). This range of
pressure est'mates for these samples is consistent with
that of maximum depths of burial, between 4.7 arrd
7.8 km, based upon structural-statigraphic reconstruc-
tion (Ghent & Miller 1974) for rocks of the Blairmore

Group, which stratigraphically underlie the CNV
rocks. Ghent & Miller (1974) documented the occur-
rence of laumontite + albite + qtrartz assemblages in
the sandstones of the underlying Blairmore Group.
They detected no analcime in these rocks. Vitrinite
reflectance and coal-rank in the Mesozoic sedimentary
rocks under$ing the CNV are consistent with laumon-
tite + albite + quartz stabi[ty (see summary in
Greenwood et aL L992,p.542-543).

The occurrence of albite or analcime and quartz in
veins (e.g., sample 3.2, Fig. 2D) can also be used to
set limits on the P-T conditions of metamorphism.
Experimental data of Liou (1971) and others indicate
that the equilibrium:

analcime + quartz = albite + HzO (5)

lies near 200'C and I kbar. We used the heat capacity
and enfropy of analcime calculated by Berm-an &
Srown (19bt and adjusted the enthalpy (AI{.2es =
-3307050 Joules) of stoichiometic analcime in equi-
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Because of the very small AJ and AV of equilibrium
(5), this should not be surprising. According to the
ideal-solution calculations of Helgeson et aL (1978), a
small amount of solid solution with Xuol = 0.99 would
displace equilibrium (5) by tens of degrees. This is a
very small difference in free energy, about 40 J at
200'C (from RTlnXad), and suggests that the reaction
was not far from equilibrium.

The presence of nonstoichiometric metastable
analcime + quaxtz in some veins and albite in other
veins suggest that the P-T conditions ofvein forrnation
will be difficult to constrah. Variable composition of
the fluid phase is another possible control (see section
below).

The minimum temperature of this episode of meta-
morphism is difficult to constrain, particularly without
independent estimate$ of. a(tI"O). In addition, many
mineral reactions at low temperatures are not
reversible, that is, the reactant solid phases are
typically far outside of their pressure - temperature -
fluid composition stability fields. Consequently, these
reactants cannot be produced from the product phases
by small changes in the pressure, temperature, or fluid
composition. For example, the production of laumon-
tite + albite from oligoclase (detrital) + quartz + H2O
would clearly not be a reversible reaction, because one
could not produce oligoclase + quartz from laumontite
+ albite at these low temperatures. The documented
production of laumontite at temperatures of 100'C or
less (Liou et al. 1987) is an example of this problem.

FLUD CovrposmoN ATTENDNG Mgrauonpmsu
er,n OxycnN Isoropr EXCHANGE
BerwEa\ Arqarcnln AND WAIER

The presence of laumontite suggests that the fluid
phase attending metamorphism of the underlying
Blairmore Group locally was low in CO2 (e.g., Ghent
& Miller 1974). T\e occrrrence of extensive veining
and amygdules in the CNV indicates the presence of an
active fluid phase during metamorphism. Calculations
of log (aKlaNa+)-log aSiO, diagrams using the
program TWEEQU suggest that analcime-bearing
assemblages would be favored by lower values oflog
(as*/apu*). K-feldspar - albite assemblages would be
favored by higher log (as1l and higher values of log
(axJaNu) Gig. 6). Variable SiO, and K+/l.{a+ activities
for the fluids must have occurred throughout the
metamorphic process, since both K-feldspar - albite
and analcime-bearing assemblages are observed in the
CNV on a regional scale. One sample (3.2, Table 1)
contains the assemblage Ab + Kfs + Qtz + Anl,
which plots on an isobaric-isothermal invariant point
(Frg. 6).

Stable isotopic data have been collected on analcime
and sanidine from the CNV (Karlsson & Clayton 1991,
Peterson & Currie, in prep.) and these data can also be
used to constrain the metamorphic fluid composition

r50

100
123456

Somp le
Flc. 5. Estimate of temperatures based on chlorite thermo-

metry for matrix chlorite from the CNV. Calibration of
Cathelineau & Nieva (1985). In parentheses, range oftrAl
atoms per 14 atoms of oxygen. Symbols: O(1) samFle
L2, A@ sample 5.1, o(3) sample 19.1, tr(4) sample22.l,
V(5) sample n.l, x(6) sample 29.68.

librium (5) until it passes through 200.C at I kbar,
using the multiequilibrium program TWEEeIJ of
Berman (1991).

Helgeson et al. (1978) argued that on the basis of
the available experimental data, stoichiometric
analcime could not be in equilibrium with albite at any
temperature. They argued that the experimental data of
Liou (1971) could be interpreted to ind:icate a solid
solution between NaAlSi2O6.H2O and SiOr.0.5 H2O.
The stability field of nonstoichiometric higher-silica
analcime (+ quartz) relative to albite + H,O is
displaced toward higher tremperatures. Their treiment
implies that higher temperature favon nonstoichio-
metric analcime, yet metamorphic and sedimentary
analcime is typically nonstoichiometric high-Si
analcime, and higher-temperature analcime is fypically
closer to being stoichiometric. We suggest the pos-
siblity that the low-temperature, nonstoichiometric
analcime grows and persists as a metastable phase,
relative to stoichiometric analcime (+ SiO, + H2O).

+" i.:: .,,( . l ,00- t .05)

f
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Log a(SiO 2) : 1000 ban
Flc. 6. Activity-activity diagram plotting log (aK+/aNa+) against log aSiO2, calculated using the program TWEEQIJ. _of Berman

(lggl) ati11"C, 1 kbarand the tlermodynamic properties of stoichiometric analcime discussed in the text. SiO2 aqueous
refers to SiO2 in an aqueous solution. The quartz saturation line is indicated.
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(or temperature). Oxygen isotope analyses of loosely
bonded H2O molecules in analcime suggest that the
analcime has exchanged with local groundwater.
Isotopic analyses of framework oxygen, howevero
indicate that some analcime phenocrysts have retained
a higher-temperature oxygen isotope signature, e.9.,
618o_ = 9.4Voo, whereas others have exchanged oxygen
at a lower temperature (range of 5180 = 12.2 to 14.2%o:.
Karlsson & Clayton 1991, Petenon & Cunie, in prep.).
Karlsson & Clayton (1990a) have suggested that
analcime fractionates framework oxygen isotopes with
respect to wat€r in a similar way to calcite-water. If we
assume a Lower Cretaceous 6180 of groundwater of
-IMoo@.Longstaffe, pers. comm., 1995), the fraction-
ation will yeld a minimum temperature of oxygen
isotope exchange. This is because fractionation of
oxygen isotopes between a solid and water should
make the water heavier. For a 6180 of analcime of I2.2
to L4.2Voo, this yields a minirnum temperature of about
75'C (Karlsson & Clayton 1990b).

CoNctusroNs

We have documented low-temperature assemblages
of metarnorphic minerals in the volcanic rocks of the
CNV of southwestern Alberta. Analcime occurring in
veins, with or without quartz, is evidence for a
secondary origin. Other low-grade metamorphic
minerals are laumontite in amygdules, prehnite and
albite in veins and chlorite in the matrix. Given the
ecclurence oflaumontite - prehnite - quartz, pressures
of metamorphism are constrained to have been
between 1.5 to 3 kbar. This is consistent with evi-
dence from stratigraphic-structural reconstructions,
suggesting an upper limit of about2 kbar. Minimm
temperatures are difficult to constrain, but maximum
temperatures probably did not exceed 250-300oC.
Although there is abundant calcite veining and
alteration in the CNV, low contents of CO2 for the
metarnorphic fluids are indicated by the presence of
laumontite. The metamorphic fluids must have had

r,.r,-

' tla')

(K*/ Na+) + Ab
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variable activities of SiO, and K+/l.{a+, given the DE CARrrAr, P., HurcHEoN, I. & War*rm, I.L. (1993):
presence of analcime-bearing and K-feldspar - albite ltlorile gPthermometry in low-temperature (diagenetic)
secondary assemblages. til;;58:r"*' a review. Clays Clay Minerals 41,
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