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Abstract

The uplifted plutons of the eastern Coast Plutonic Complex (CPC) of the northern Canadian Cordillera are in contact
with coeval volcanic suites of the early Tertiary Sloko-Skukum Group, offering a unique opportunity to address the
relationship between subduction-related, continental calc-alkaline volcanic sequences and their coeval granitoid suites.
The Sifton Range volcanic complex (SRVC) of southwestern Yukon is intruded by CPC granites and displays a subduc-
tion-related geochemical signature with depletions in HFSE relative to LILE. The volcanic rocks range between medium-
and high-K orogenic suites, and define a calc-alkaline fractionation trend. The epizonal potassium—feldspar granites are
chemically similar to the SRVC rhyolites, and are characterized by highly fractionated LREE (Lan/Smy=5-11), enrich-
ments in LILE and Th (12-18 ppm). The SRVC exhibits a striking relationship between rock composition and style of
eruption, with a reduction in abundance of lavas with increasing SiO, being correlated with the appearance of felsic
pyroclastic rocks and granitic plutonism.

Thermodynamic crystal fractionation models of the compositional interval between basaltic and dacitic andesite (52—61
wt.% SiO,) are consistent with evolution at moderately hydrous (1.5 wt.% H,0), upper crustal (1.5 kbar) conditions, and
SO, close to the QFM buffer. Neither assimilation-fractional crystallization (AFC), nor binary magma mixing models are
capable of explaining the anomalously elevated Th contents in the SRVC felsic lavas and granites. Furthermore,
unrealistically high contamination factors (#>2.5) are required in AFC models to attain the incompatible-element
concentrations of the SRVC granite and rhyolites, suggesting they represent distinct melts derived by anatexis of enriched
upper crust, rather than the evolved products of the mafic SRVC magma. Changes in crystallinity during evolution of the
SRVC magmas imply an abrupt rise in effective viscosity (from 10° to 10'® Pa s) near the andesite—dacite transition as a
result of the flocculation of plagioclase phenocrysts. The resultant increase in shear strength impeded crystal fractionation
and eruption of lavas, and may account for the decrease in the abundance of flows with more than 62 wt.% SiO,. The
onset of explosive volcanism at c.a. 68 wt.% SiO, approximately coincides with the calculated saturation point of H,O at
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1.5 kbar in the hybridized dacite magmas. Alternating mafic and felsic volcanic stratigraphy along with the presence of
compositionally bimodal pyroclastics and mixed phenocrysts in the SRVC dacites suggest that mantle-derived magmas and
crustal melts coexisted in a zoned magmatic column undergoing episodic injection of juvenile melts. Sudden release of
volatiles from the hybrid dacitic magmas along the interface with the overlying anatectic crystal mush may have triggered
the cycle of explosive eruptions of dominantly rhyolitic ejecta. The consequent loss of volatiles further promoted feldspar
crystallization eventually favouring magma stagnation and plutonism.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Quantifying the different components that contri-
bute to the petrogenesis of orogenic calc-alkaline
magmas remains a difficult task due to their generally
evolved compositions and the complexity of pathways
exploited by the ascending mantle-derived melts
(Green, 1972; Sisson and Grove, 1993; Tatsumi and
Eggins, 1995; Kawamoto, 1996; Grove et al., 2003).
While crustal melting and assimilation have been
shown as effective in producing calc-alkaline differ-
entiation trends in continental arc magmas (Grove et
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al., 1982; Hildreth and Moorbath, 1988; Tatsumi et
al., 2000), debate continues over the relative impor-
tance of open- vs. closed-system evolution (Brophy,
1991; Singer et al.,, 1992). Furthermore, despite
numerous surveys of continental calc-alkaline volca-
nic sequences (Berman, 1981; Druitt and Bacon,
1989; Peccerillo and Wu, 1992; Eichelberger, 1995;
Grove et al.,, 1997) and subduction-related granitoid
plutons (Bateman et al., 1963; Bateman and Eaton,
1967; Tepper et al., 1993; Arakawa and Shinmura,
1995), few studies have addressed the relationships
between the two. This lacuna is partly a problem of
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Fig. 1. Tectonic map of the northern Canadian Cordillera showing the Eocene plutons of the Coast Plutonic Complex (crosses), and coeval
volcanic remnants of the Sloko-Skukum Group (black). Tectonic terranes: NA—North America, CA—Cassiar, PT—pericratonic terranes (all
part of Omineca Belt); CC—Cache Creek, ST—Stikine (Intermontane Belt); AX—Alexander and YA—Yakutat (Insular Belt) (modified after

Wheeler and McFeely, 1991).
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exposure—where intrusive rocks outcrop, the asso-
ciated volcanic suite is commonly lost to erosion,
whereas preserved volcanic remnants tend to conceal
their intrusive counterparts. In the northern Canadian
Cordillera however, uplifted batholiths of the Coast
Plutonic Complex (CPC) are in direct contact with
their contemporaneous volcanic suites and provide an
exceptional natural setting for examining this petro-
genetic link (Fig. 1).

We report the results of detailed geological map-
ping and sampling of the Paleocene Sifton Range
volcanic complex (SRVC) and the corresponding coe-
val granitoids of the Nisling Plutonic Suite in the
southwestern Yukon. The compositional zoning
observed in the SRVC stratigraphy is shown to reflect
the coexistence of mantle-derived and crustal anatec-
tic melts in a shallow crustal reservoir. The anomalous
enrichment of incompatible trace elements in felsic
volcanic rocks and granites of the Sifton Range is
explained as resulting primarily from their origin as
crustal melts, with the explosive volcanism that
accounts for the extensive pyroclastic deposits being
related to the saturation of water as fractionating
mantle-derived magmas reached dacitic compositions.
Finally, we propose a petrogenetic scenario that
relates cycles of explosive activity to recharge by
juvenile magma, with crustal anatexis producing the
felsic lavas and pyroclastics as well as the underlying
granites.

2. Tectonic setting

The northern Canadian Cordillera is composed of
numerous disparate crustal fragments that were
assembled and accreted to the western margin of the
North American plate during the Mesozoic (Hart,
1995). The orogen is divided into five morphogeolo-
gical belts: Foreland, Omineca, Intermontane, Coast
Plutonic, and Insular, each comprising a distinctive
combination of physiography, lithology, structure, and
metamorphic grade (Gabrielse et al., 1991). With an
axial length of 1800 km, the Coast Plutonic Belt
(Complex; CPC) is the largest exposed continental-
margin batholith in the world (Roddick, 1983). It
comprises orthogneisses, migmatites, and I-type plu-
tons that were intruded along the western margin of
the Intermontane Belt during Mesozoic and early

Cenozoic times, and occupies the tectonic suture
between dominantly continental arc terranes to the
east and ocean arc affinities of the Insular Belt volca-
nics to the West (Rusmore and Woodsworth, 1991;
Monger and Price, 2002). The final phase of wide-
spread plutonism within the CPC occurred during the
early Tertiary (62 to 48 Ma), and is linked to a change
in motion of the Kula plate relative to the North
American craton, from dominantly orthogonal to obli-
que subduction (Engebretson et al., 1985; Gabrielse
and Yorath, 1991). Large-scale contemporaneous
uplift of at least 10 km, locally as much as 30 km
(Hollister, 1982; Whitney et al., 1999; Valley et al.,
2003), was accompanied by erosion that exposed the
plutons to increasing depths westward across the
northern CPC, resulting in a tonalite—diorite—granite
(TDG) transition from the circular granite plutons and
alkali—feldspar granitic stocks along the eastern mar-
gin of the batholith, through central granodiorites of
Ruby Range, Summit Lake, and Clifton (Yukon and
British Columbia), to the tonalites of Skagway, Alaska
(Barker et al., 1986).

Volcanic activity was pervasive and simultaneous
with the plutonism, and remnant volcanic sequences
outcrop along the eastern CPC margin and along the
length of the Tintina Trench further inboard (Souther,
1991; Fig. 1). In the southern Yukon, major early
Tertiary volcanic complexes occur at Sekulmun
Lake, Mount Skukum, Bennett Lake, and the Sifton
Ranges, and are all assigned to the Skukum Group
(Gordey and Makepeace, 1999), whereas in northern
British Columbia, equivalent Eocene volcanic rocks
outcrop south of Atlin Lake and are referred to as the
Sloko Group (Aitken, 1959). Regional mapping by
Kindle (1953), Tempelman-Kluit (1974), and Wheeler
and McFeely (1991) had variously assigned the Sifton
volcanic package to the Triassic Mush Lake Group, to
the Middle Cretaceous Mount Nansen Group, and to
the Upper Cretaceous Carmacks Group, respectively.
Following a reconnaissance survey, the calc-alkaline
character of the complex was recognized, and equiva-
lence with the Paleocene Sloko-Skukum Group was
proposed (Francis, 2002). The wide compositional
spectrum of the Sifton volcanic rocks and their inti-
mate relationship with coeval granitoids make the
complex an ideal locality to examine the role of
plutonism in the evolution of a continental calc-alka-
line volcanic suite.
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3. Sifton Range volcanic complex
3.1. Structure and basement

The principal structural feature of the SRVC is a
west-northwest-trending half-graben that results in
the 10 km-long contact of the Sifton volcanic rocks
with the Paleozoic basement southwest of the com-
plex (Fig. 2). Large-scale normal and rotational fault-
ing has locally created offsets in excess of 100 m
between corresponding stratigraphic volcanic units.
The dominantly southwestern attitudes of bedding
planes and the northern orientation of dykes within
the SRVC are consistent with dextral northwest trans-
tension being responsible for formation of the graben.
The bulk of the Sifton Range volcanic complex is
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underlain by a green, biotite—muscovite—quartz—feld-
spar schist, and a more felsic, chlorite—biotite—quartz—
feldspar orthogneiss assigned to the pre-Devonian
Nisling Assemblage of the Yukon-Tanana Terrane
(Tempelman-Kluit, 1974). The early Jurassic Aishi-
hik Suite granodiorites intrude the metamorphic base-
ment, and together with middle Triassic, plagioclase
and augite-phyric basalts of Povoas formation, com-
prise the basement of the SRVC in the western and
easternmost sections, respectively.

3.2. Volcanic rocks
Lavas and pyroclastic rocks comprise 40% of the
SRVC by area (95 km?), and total c.a. 65 km® of

preserved volcanic material. A central granitic stock
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Fig. 2. Simplified geological map of the Sifton Range volcanic complex. Fault contact with the underling metamorphic basement marks the
southern extent of the half-graben that served as a depositional trap for the SRVC volcanics. The Lower Interbedded Unit, primarily located in
the south, is overlain by the central Middle Lavas and finally, the Upper Interbedded Unit outcropping in the central and northeastern sections of
the complex. Monotonous granite intrudes the SRVC from south and southeast, locally tilting the volcanic strata away from the contact.
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separates the volcanic pile into larger, dominantly
rhyolitic and dacitic segments to the east and west,
with relatively primitive basaltic andesites overlying
the intrusive plug in the middle of the complex. The
volcanic strata are gently inclined to the southwest (5—
10°), but the bedding attitudes change locally in the
central and western parts of the complex, where rocks
dip to the northwest and northeast, away from the
intruding granitoids (Fig. 3). Overall, the Sifton vol-
canic rocks have experienced low-grade, post-deposi-
tional alteration characterized by zeolite and sub-
greenschist facies mineralogies. The volcanic rocks
are subdivided into lava flows, block-and-ash flow
tuffs, polymictic breccias (agglomerates), and minor
epiclastic deposits. Overall, poorly sorted pyroclastic
rocks of variable crystallinity comprise 60% of the
eruptive units. Three distinct volcanic sequences are
recognized in the SRVC stratigraphy, from bottom to
top: (1) the Lower Interbedded Unit, (2) the Middle
Lavas, and (3) the Upper Interbedded Unit (Fig. 4).

The Lower Interbedded unit constitutes the bottom
300 m of the exposed volcanic stratigraphy on the
southern and easternmost flanks of the complex, in
fault contact with the basement. The absolute base of
the unit is not exposed. It comprises thick (5-10 m),
almost aphyric to feldspar-phyric rhyolitic flows inter-
stratified with dacitic and rhyolitic lapilli tuffs and
breccias. Occasional block-and-ash flow deposits
form cooling units that are characterized by bimodal

Upper: Interbedded
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Fig. 3. Westerly view of two cirques carved in gently dipping,
interstratified rhyolites and dacitic lapilli tuffs of the SRVC Upper
Interbedded. Buff-weathering rocks outcropping in the foreground
represent an epizonal granitic intrusion of the Nisling Plutonic Suite.
The cirque floors mark the extent of glacial erosion and expose the
sharp, intrusive contact (dashed line) between the recessive volca-
nics and the more competent granitoid basement.
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Fig. 4. Composite stratigraphic section for the SRVC. Cyclic pattern
of volcanism is recorded in the transition from explosively erupted
rhyolitic block-and-ash flows of the Lower Interbedded Unit to
effusive outpourings of andesites forming the Middle Lavas and
the subsequent reversal to the second episode of pyroclastic-domi-
nated eruption rented by ignimbrites, lapilli and ash tuffs of the
Upper Interbedded Unit.

clast-size distributions, with andesitic lapilli (2 to 5
cm) and blocks (10 to 30 cm) supported in a mono-
mictic ash and fine lapilli rhyolitic matrix (Fig. 5A).
Coarser-grained volcaniclastic rocks near the base of
the unit contain abundant fragments of Nisling schist
and Aishihik granodioritic basement.

The Middle Lavas comprise a 200 m thick strati-
graphic sequence, discontinuously exposed in the
central and lowermost stratigraphy of the western
part of the complex. This stratigraphic unit is com-
posed of a succession of 5- to 10-m-thick, blue-weath-
ering, sparsely plagioclase-phyric andesite flows
overlain by dark grey porphyritic basaltic andesites,
where phenocrysts of plagioclase and clinopyroxene
occur together with interstitial plagioclase, minor
orthopyroxene as well as Fe-Ti oxides.

The Upper Interbedded Unit consists of a sequence
of interbedded felsic lavas and pyroclastic cooling
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Fig. 5. Representative SRVC rock types: (A) matrix-supported,
block-and-ash flow deposits containing abundant plagioclase-phyric
andesitic lapilli and blocks set in a rhyolitic ash matrix; (B) finely
laminated volcaniclastic siltstone; (C) potassium feldspar mega-
crysts up to 5 cm long in the biotite, hornblende, two-feldspar
granite of the central SRVC.

units, comprising over 550 m of the volcanic succes-
sion in the western part of the complex. This segment of
stratigraphy is characterized by terraced outcrops
formed by the alternation of resistant lapilli tuffs and
recessive weathering rhyolite and dacite flows. The
bottom 40 m of the unit consists of matrix-supported
andesitic lapilli tuffs that are succeeded by a 150-m
sequence dominated by 3 to 5-m-thick rhyolite flows,
with thin interbeds of green-weathering, epiclastic
sandstone and finely laminated ash tuffs. The overlying
150 m consists of a sequence of occasionally welded
rhyolitic block-and-ash flows and tephra deposits (Fig.
5B). In general, the pyroclastic rocks of the Upper
Interbedded Unit are rhyodacitic in composition, and
grade laterally from relatively heterolithic volcanic
agglomerates along the eastern and western margins
of the complex to thicker lapilli tuffs, and variably
crystalline ignimbrite sheets in the centre. In contrast
to the compositional homogeneity of the fragmental
units of the Lower Interbedded Unit, the pyroclastic
rocks of the Upper Interbedded Unit exhibit zoning on

a scale of individual cooling units, with coarse-grained,
dominantly rhyolitic bottoms, matrix-dominated, rhyo-
dacitic tops, and occasionally densely welded interiors.
Within an individual unit, volcanic fragments may
change from dominantly andesitic and lesser rhyolitic
volcanic blocks up to 50 cm in diameter near the
margins to 10-cm-long chloritized, eutaxitic flammes,
and angular lapilli fragments in the center.

3.3. Intrusive rocks

The Sifton Range intrusive rocks define the north-
ernmost extent of the early Tertiary Nisling Range Plu-
tonic Suite, a northwest-trending array of CPC plutons
that extends for 230 km from Whitehorse to the northern
limit of Kluane Lake. In the SRVC, the plutonic rocks
outcrop as a medium-grained, two-feldspar granite that
intrudes all three major stratigraphic subdivisions. The
SRVC granite is massive, lacking the structural fabric
observed in the Mesozoic CPC intrusives (Rusmore and
Woodsworth, 1991). It is characterized by distinct pla-
gioclase and potassium feldspars, with the latter form-
ing rare, 4-5 cm long megacrysts exhibiting minor
perthitic exsolution textures (Fig. 5C). Mafic phases
constitute between 5 and 10 vol.% of the mode, and are
dominated by biotite and hornblende, with minor mag-
netite and clinopyroxene. The SRVC granite does not
contain miarolitic cavities observed in other shallow
rhyolitic stocks and ring dykes associated with the
Sloko-Skukum volcanism in the Bennett Lake and
Mt. Skukum complexes (Lambert, 1974; Pride,
1985). Locally, homogeneous volcanic felsites grade
into the medium and finally coarse grained granite, but
elsewhere in the complex, the contact between the
granite and SRVC volcanics is either sharp and irregu-
lar, or concealed by volcanic talus.

Dykes and sills are widespread throughout the
SRVC, and exhibit a bimodal population. Clinopyr-
oxene and plagioclase-bearing mafic dykes (1-3 m in
thickness) indiscriminately cut all the volcanic units,
but are noticeably absent within the underlying gran-
ite. In contrast, a dense swarm of quartz and feldspar-
porphyritic rhyolite dykes radiates from the shallow
granite intrusion, particularly in the western part of the
complex. In addition, two isolated, sub-angular mafic
rafts, 3- to 8-m in diameter were found incorporated
deep within the granitic stock. These mafic enclaves
do not appear to be roof pendants, and are composed
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almost entirely of coarse-grained hornblende with
traces of interstitial magnetite and pyrrhotite. A sam-
ple of granite collected from the centre of the com-
plex, 300 m below the contact with the SRVC
volcanic strata, yielded a concordant U/Pb age on a
zircon of 57.5+£0.2 Ma (Mortensen, J.K., unpub.).
This age is similar to other dates for the Annie Ned
pluton to the south and the Nisling Plutonic Suite in
general (Hart, 1995), and places a minimum age on
the Sifton volcanic package.

Additional plutonic samples were collected across
the Annie Ned pluton along the Alaska Highway, 20
km to the south of the Sifton Range. This part of the
Nisling Plutonic Suite exhibits a multiphase emplace-
ment history (Hart, 1995), and is more complex in
nature than the SRVC granite. Here, early biotite
quartz monzogranites and monzodiorites are cut by
late leucocratic biotite granites and granodiorites.
Both of the intrusive phases are cut by north-trending
basaltic dykes (0.5-5 m in thickness), as well as
numerous late aplite veins. Locally, the younger gran-
itoids enclose clusters of coarsely crystalline dioritic
enclaves that are angular in shape and likely represent
remobilized globules of late-stage mafic magma
otherwise not observed along the traverse.

4. Geochemistry
4.1. Analytical methods

One hundred and five samples were analyzed for
major and selected trace elements (Ba, Co, Cr, Cu, Ni,
Sc, V and Zn) by X-ray fluorescence spectrometry at
the McGill University Geochemical Laboratories. The
samples were jaw crushed, hand picked, ground in an
alumina shatter box, and fused into 32 mm-diameter
beads prepared from a 1:5 mixture of a sample and
lithium tetraborate (B4Li,O-). Analyses were con-
ducted by a PHILIPS PW2440, 4kW automated
XRF spectrometer using a-coefficient technique. Cali-
bration lines are prepared according to 40 interna-
tional standard reference materials (Govindaraju,
1994). Major-element instrumental precision is within
0.23% relative to stated values, and the overall analy-
tical precision is within 0.5%. The accuracy for SiO,
is within 0.5%, for other major elements within 1%,
and for the selected trace elements within 5% of stated

values. Concentrations of Nb, Rb, Sr, Y, and Zr were
determined by a combination of a-coefficients and/or
Rh-Kp Compton scatter matrix correction using 40
mm-diameter pressed pellets prepared from a mixture
of 10 g of sample powder and 2 g of Hoechst Wax C
Micro powder. Further standard REE, Ta and Th
analyses were performed by a Perkin Elmer ELAN
5000 solution—nebulization inductively coupled
plasma mass spectrometer at the University of Sas-
katchewan. Samples were dissolved in a HF/HNO;
mixture and spiked with a number of elements accord-
ing to the analytical protocol of Jenner et al. (1990).
Calculated relative analytical error of 3.9% is based
on two runs of the QC-standard (BCR-2) and multi-
element standards STDA and STDB. Internal moni-
toring was provided by comparison of Ba, Sr, Rb, Th,
Zr, Nb and Y analyses from the two methods.

4.2. Petrography and mineral compositions

Most of the SRVC lavas and pyroclastic rocks are
fresh and lack evidence of penetrative deformation.
The SRVC lavas display low-pressure, low-tempera-
ture mineralogies characteristic of sub-greenschist
(zeolite) facies metamorphism, except for the 50- to
100-m-wide contact aureole produced in volcanic
rocks along the margins of the pluton, where the
phenocrysts and matrix mineralogies tend to be
entirely obliterated and the rocks are hornfelsed. In
general, alteration is minor and locally evident as
plagioclase being partially replaced by secondary epi-
dote, quartz and calcite, as well as augite and rare
hornblende phenocrysts being replaced by chlorite.
The majority of the SRVC rhyolites, and to a lesser
extent dacites, are characterized by hyalocrystalline to
cryptocrystalline matrices, while those of the mafic
lavas are subtrachytic.

Plagioclase feldspar is the dominant phenocryst in
the SRVC lavas, and displays a progressive increase
in abundance from 5 vol.% in the basaltic andesites to
more than 30 vol.% in evolved andesites near 60 wt.%
Si0,, followed by sharp decline throughout the dacite
compositional range (3—10 vol.%) and are absent in
the aphyric high-SiO, rhyolites. The basaltic andesites
and andesites of the SRVC Middle Lavas are char-
acterized by variable plagioclase phenocrysts however,
the majority is andesine to labradorite in composition
(Angs_s7) and frequently occur together in the same
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lava flow with homogeneous phenocrysts of bytownite
(Any6_go), as well as reversely zoned labradorites with
rims locally reaching Ang, (Fig. 6; Table 1). The
andesine phenocrysts of the SRVC basaltic andesites
are often armored by highly calcic overgrowths
(Anys), and display corrosion surfaces and skeletal
textures indicative of resorption. The dacites of the
Interbedded Units also contain a highly heterogeneous
population of feldspar phenocrysts. Subhedral, homo-
geneous, as well as normal and cyclically zoned lab-
radorite and andesine, with An contents oscillating
between 50 and 60 mol%, are compositionally similar
to those found in the andesites of the Middle Lavas.
The SRVC dacites mark the first appearance of
anorthoclase feldspar as euhedral, cyclically zoned
crystals of restricted compositional range (Orsy_g).
The feldspars of the SRVC granite are distinctly bimo-
dal. Compositions of subhedral plagioclase crystals
range from labradorite cores (Ansg) to andesine rims
(An;;) with discordant calcic excursions reaching
Anyg. Potassium feldspars of the SRVC granite are
megacrystic, also exhibit oscillatory zoning (Orgs—
Orgg), and are locally microperthitic with albitic lamel-
lae containing below 10 mol% An (Table 1). Discor-
dant zones in the orthoclase overprint the general trend
of decreasing Or content towards the rim.

CaALSi,0,

An%0
O SRVC Interbedded lavas
® SRVC Middle lavas

A\ SRVC Intrusives

80 4

Bytownite
4 /& phenocrysts

(Bas. Andesites
Middle lavas)

HOL5wt% Perthite lamellae

FC trend (SRVC rhyolite)
_Rims - - -
= TSRVC granite)

Anl0 /X oy O R

Anorthoclase / Sanidine

KAISi,0,

NaAlSi,0,

Fig. 6. Feldspar ternary diagram showing the range of compositions
from the SRVC. The position of the 1.5 kbar, 900 °C solvus was
computed by Solvcale (Wen and Nekvasil, 1994), according to
scheme of Fuhrman and Lindsley (1988). Dark arrowed stippled
line indicates compositional trend of fractionating plagioclase as
calculated from thermodynamic modeling of whole-rock lava com-
positions using MELTS (Ghiorso and Sack, 1995).

Pyroxenes are the second most abundant pheno-
crysts in the SRVC lavas, and occur throughout the
compositional range of the volcanic and plutonic rocks.
In the andesites of the Middle Lavas, they occur as
relatively homogeneous augites (WogoEng;Fs;y),
whereas in the Upper Interbedded dacites (63 wt.%
Si0,), they are reversely zoned, with hedenbergite
cores (WosgEnyoFss,) evolving to augite rims
(Wo49EnsgFs,,), and hosting abundant ilmenite inclu-
sions. Several of the lowermost andesitic dacite flows
in the Upper Interbedded Unit contain both reversely
zoned clinopyroxenes and subordinate oikocrystic
orthopyroxene enclosing plagioclase laths, thus further
contributing to the compositional heterogeneity of the
phenocryst phases present in the intermediate lavas.
Clinopyroxene in the SRVC granites is modally sub-
ordinate to hornblende, biotite and opaques whereas,
orthopyroxene is absent. Clinopyroxene in the intru-
sive rocks is euhedral and locally exhibits minor exso-
lution lamellae of low-Ca pyroxene.

The accessory phenocryst phases in the SRVC
lavas include amphibole, quartz, Fe-Ti oxides, and
traces of zircon and apatite. Hornblende is conspicu-
ously absent from the SRVC lavas, and appears only
in trace amounts as pargasitic relicts in the more
evolved dacites of the Upper Interbedded Unit. In
contrast to the volcanic rocks, however, hornblende
constitutes the most abundant mafic phase of the
SRVC granites, and occurs as both euhedral magne-
sio-hornblende and modally subordinate ferro-horn-
blende. Ilmenite and Ti-magnetite are primary Fe—Ti
oxides in the SRVC volcanic and plutonic rocks,
respectively. Magnetite exhibits exsolution lamellae
of ilmenite in the basaltic andesites of the SRVC
Middle Lavas. The modal proportion of oxides
remains constant throughout the compositional range
(1-5 vol.%), except for the high-SiO, rhyolites which
display a sharp increase in abundance of ilmenite
relative to the other phenocrysts (up to 15 vol.%;
Table 2).

The pyroclastic rocks of the SRVC are predomi-
nantly bimodal in composition. The coarser-grained
block-and-ash flow deposits are characterized by ande-
sitic to basaltic lapilli fragments and volcanic blocks,
up to 25 cm in diameter, incorporated in rhyodacitic
matrices (Fig. 5A). Moderately to strongly welded
ignimbrites and lapilli tuffs from the central Sifton
Range are monomictic, but polycrystalline. Chlori-



Table 1
Mineral chemistry of the SRVC lavas and granites
SRVC SF-148 SF-148 SF-106 SF-106 SF-106 SF-106 SF-106 SF-135 SF-135 SF-135 SF-135 SF-193 SF-193 SF-193 SF-98 SF-98 SF-98 SF-98 SF-98 SF-98 SF-98
SAMPLE
Mineral Albite Perthite Plagioclase Plagioclase Plagioclase Alk.  Alk. Plagioclase Plagioclase Reversely Reversely Resorbed Resorbed Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase K- K- Albitic

(host)  (rim) (inter.) (core) feldspar feldspar 1 2 zoned zoned plagioclase plagioclase 2 (rim) (inter.) (inter.) (core) feldspar feldspar lamella

(rim)  (core) plagioclase plagioclase (rim) (core) (rim)  (inter.)
(rim) (core)
Rock High High Dacite Dacite Dacite Dacite Dacite Andesite Andesite Andesite Andesite Andesite Andesite Andesite  Granite Granite Granite Granite Granite Granite Granite
type Si0,  SiO,
rhyolite rhyolite

Major element chemistry (wt.%)
SiO, 69.02 6937 56.50 53.84 5491 6529 56.64 5552 57.12 55.78 56.38 56.25 55.75 63.02 62.04 63.17 62.44 62.15 63.56 6234 68.35
Al,O4 19.58 19.62 27.27 28.66 28.27 21.80 26.64 27.99 26.86 27.10 27.41 27.52 27.65 20.89 20.60 20.46 20.71 20.86 19.38 2027 21.79
FeO 0.02 002 042 0.60 0.56 0.03 0.42 0.36 0.38 0.39 0.46 0.35 0.49 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.13
MgO 0.00 0.00 0.06 0.03 0.04 0.00 0.03 0.05 0.05 0.05 0.02 0.04 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
CaO 020 0.19 10.09 11.67 11.12 292 9.44 10.83 9.75 10.13 10.05 10.35 10.55 0.69 0.51 0.43 0.61 0.59 0.02 0.20 1.13
Na,O 11.66 11.57 533 4.57 4.93 10.00 559  5.07 5.62 5.42 5.41 535 5.28 4.15 3.83 4.21 4.05 4.37 152 326 10.14
K,O0 0.14  0.15 0.51 0.38 0.42 0.08 0.62 032 0.43 0.37 0.58 0.34 0.38 9.04 9.84 9.48 9.07 8.75 1455 10.90 0.79
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.16 3.56 3.20 3.57 4.04 0.99 3.49 0.22
Total 100.61 100.93 100.19 99.78 100.26 100.14 99.38  100.15 100.21 99.24 100.31 100.20 100.15 101.30 100.53 101.14 100.60 100.88 100.13 100.59 102.57
Chemistry normalized to 5 cations
Si 2.998 3.007 2.548 2.446 2.479 2.880 2864 227 2.56 222 2.453 2.598 2.548 2.455 2.708 2.542 2.735 2.517 2933 2.884 2943
Al 1.002 1.002 1.449 1.535 1.504 1.125 1121 1.71 1.43 1.76 1.526 1.388 1.455 1.524 1.281 1.459 1.258 1.479 1.054 1.105 1.106
Fe?" 0.001 0.001 0.016 0.023 0.021 0.006 0.000 0.03 0.02 0.02 0.017 0.016 0.013 0.021 0.008 0.006 0.008 0.006 0.000 0.000 0.005
Mg 0.000 0.000 0.004 0.002 0.002 0.000 0.000 0.00 0.00 0.00 0.002 0.003 0.002 0.004 0.001 0.000 0.001 0.000 0.000 0.000 0.000
Ca 0.009 0.009 0.487 0.568 0.538 0.034  0.025 0.75 0.47 0.80 0.565 0.424 0.475 0.564 0.310 0.481 0.292 0.498 0.001  0.010 0.052
Na 0.982 0972 0.466 0.403 0.431 0.368 0343 0.22 0.49 0.19 0.411 0.538 0.485 0.416 0.672 0.502 0.681 0.492 0.136  0.292 0.847
K 0.008 0.008 0.030 0.022 0.024 0.527 0.579 0.02 0.03 0.01 0.024 0.033 0.022 0.016 0.020 0.011 0.025 0.008 0.857 0.643 0.043
Ba 0.000 0.000 0.000 0.000 0.000 0.057 0.064 0.00 0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.063 0.004
Tot. oxygen 8.005 8.018 8.025 8.002 8.003 7.996 7.964 8.01 8.01 8.00 7.998 8.006 8.022 8.001 8.003 8.015 8.011 8.006 7964 7969 8.051
End-member content (mol%)
Anorthite 1 1 50 57 54 4 3 76 47 80 57 43 48 57 31 48 29 50 0 1 6
Albite 98 98 47 41 43 40 36 22 49 19 41 54 49 42 67 50 68 49 14 31 90
Orthoclase 1 1 3 2 2 57 61 2 3 1 2 3 2 2 2 1 2 1 86 68 5
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Major element chemistry (wt.%)

SiO,

TiO,
ALO;
Cr,03

FeO

MgO

MnO

CaO

Na,O

K,0

F

Cl

Total

H,0 (calculated)
IMA name

41.42
429
11.68
0.02
11.70
13.96
0.16
11.14
2.464
0.98
0.40
0.01
98.04
1.96

Pargasite

41.47
4.19
11.48
0.03
12.17
13.81
0.18
11.37
2.46
1.03
0.51
0.03
98.51
1.49
Pargasite

Chemistry normalized to 15 cations (all Na and K confined to A site)

Si

Al (iv)
T site
Al (vi)
Ti

Fet
FeZ+

Mn

Mg

Ca

C+B sites
Na

K

A site

6.121
1.879
8.000
0.155
0.477
0.002
0.000
1.446
0.020
3.075
1.763
6.939
0.706
0.185
0.891

6.125
1.875
8.000
0.123
0.465
0.004
0.000
1.503
0.023
3.041
1.798
6.959
0.705
0.193
0.899

45.41
1.63
7.12
0.00
17.98
11.16
0.97
10.95
1.75
0.83
0.77
0.06
98.30
1.71
Mg-hornblende

6.857
1.143
8.000
0.125
0.185
0.000
0.000
2270
0.124
2.512
1.772
6.988
0.511
0.160
0.672

45.24
1.71
7.58
0.00
18.14
10.92
0.88
10.95
1.81
0.89
0.69
0.10
98.60
1.40
Mg-hornblende

6.814
1.186
8.000
0.160
0.193
0.000
0.000
2.284
0.113
2.452
1.766
6.970
0.529
0.171
0.700

44.81
1.72
7.57
0.01
18.39
10.53
1.08
10.85
1.81
0.87
0.43
0.10
97.96
2.04
Mg-hornblende

6.802
1.198
8.000
0.157
0.196
0.001
0.000
2333
0.139
2.383
1.765
6.974
0.531
0.169
0.700

44.73
1.63
7.55
0.01
18.84
10.09
1.19
10.70
1.82
0.88
0.58
0.10
97.87
2.13
Fe-hornblende

6.819
1.181
8.000
0.176
0.187
0.001
0.000
2.402
0.154
2.293
1.748
6.960
0.539
0.172
0.710

46.29
1.34
6.50
0.00
18.07
11.12
1.03
10.64
1.81
0.68
0.75
0.08
97.99
2.01
Mg-hornblende

6.993
1.007
8.000
0.151
0.152
0.000
0.000
2283
0.132
2.504
1.722
6.945
0.530
0.131
0.661

(continued on next page)
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Table 1 (continued)

SRVC sample SF-106 SF-106 SF-106 SF-106 SF-139 SF-139 SF-139
Mineral Clinopyroxene (rim) Clinopyroxene (inter.) Clinopyroxene (inter.) Clinopyroxene (core) Clinopyroxene 1 Clinopyroxene 2 Clinopyroxene 3
Rock type Dacite Dacite Dacite Dacite Dacite Dacite Dacite
Major element chemistry (wt.%)

SiO, 51.49 50.86 50.58 50.07 51.99 51.91 51.89
TiO, 0.41 0.30 0.17 0.19 0.38 0.43 0.37
ALO; 1.28 0.61 0.67 0.75 1.32 1.45 1.47
FeO 10.18 15.26 17.74 18.96 6.96 6.75 6.93
Fe,05 2.15 2.18 2.18 1.76 2.18 1.99 2.05
Cr,0; 0.01 0.00 0.01 0.00 0.02 0.01 0.02
MnO 0.53 0.80 0.96 1.06 0.34 0.32 0.39
MgO 14.41 10.23 8.50 7.95 15.19 15.34 15.28
CaO 19.17 19.95 19.77 19.19 20.98 21.03 20.84
Na,O 0.28 0.32 0.36 0.40 0.38 0.32 0.34
Total 99.93 100.49 100.94 100.23 99.74 99.56 99.58
Mg # 70 53 45 42 77 78 78
Ca/Na 68 62 55 48 55 66 61
Chemistry normalized to 4 cations

Si 1.949 1.970 1.974 1.973 1.950 1.947 1.948
Ti 0.012 0.009 0.005 0.006 0.011 0.012 0.010
Al 0.057 0.028 0.031 0.035 0.058 0.064 0.065
Fe?* 0.322 0.494 0.579 0.625 0.218 0.212 0.217
Fe** 0.031 0.032 0.032 0.026 0.031 0.028 0.029
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.017 0.026 0.032 0.035 0.011 0.010 0.012
Mg 0.813 0.591 0.494 0.467 0.849 0.858 0.855
Ca 0.778 0.827 0.826 0.810 0.843 0.845 0.838
Na 0.021 0.024 0.027 0.022 0.027 0.024 0.024
Total oxygen 5979 5.980 5.980 5.985 5.976 5.979 5.978
End-member content (mol%)

Wo 40 41 41 39 42 42 42
En 40 29 24 23 42 43 43

Fs 20 29 33 35 14 14 14
Ac 1 1 1 1 1 1 1

Selected microprobe analyses of feldspar and clinopyroxenes in SRVC lavas and granites. Mineral analyses were conducted on a JEOL 8900 Super probe at the McGill University Microprobe Laboratory using ZAF correction method, 15 kV

accelerating voltage, and 20 nA beam current. Beam size was adjusted depending on grain sizes and varied between 2 and 5 ¢m. The counting time for most elements was 20 s on the peak emission and 20 s on the background (for Cl, counting
time was 30 s on peak intensities and 30 s on background). Standardized natural and synthetic minerals are used for calibration. Ferric iron was recalculated after procedure of Droop (1987), assuming full site occupancy.
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tized mafic fiamme occur together with volumetrically differentiated from primary ones based on their enrich-

minor anhedral quartz, plagioclase, and potassium ment in lithic fragments derived from diverse sources,

feldspar and are surrounded by glassy to devitrified including pieces of the basement Aishihik granodiorite

rthyolitic matrix. Reworked pyroclastic deposits are (up to 25 vol.%).

Table 2

Measured SRVC lava crystallinities and modeled fractionated solid assemblage (MELTS)

SRVC sample Si0, Cpx  Opx  Feld Hbd. Opaques Qtz. £ Acces.  Total crystallinity
wt%) (o) () (%) (%) (%) (%) (vol.%)

SF-136 532 85 10 5 6.0

SF-135 56.3 25 10 60 5 8.5

SF-139 59.5 35 10 45 5 5 12.1

SF-156 59.8 5 5 80 10 15.6

SF-161 60.0 15 75 5 5 20.7

SF-167 60.1 10 80 10 18.8

SF-109 60.5 5 80 10 5 30.6

SF-152 61.0 5 15 75 5 18.1

SF-193 61.3 30 5 60 5 7.5

SF-219b 62.0 5 10 80 5 7.0

SF-80 62.1 10 5 80 5 32

SF-191 62.8 5 95 22

SF-106 63.4 35 60 5 3.2

SF-153 63.7 5 5 80 5 5 13.9

SF-185 66.0 90 5 5 6.2

SF-119 66.1 5 80 10 5 15.1

SF-195 66.4 80 15 5 5.8

SF-189 68.2 75 5 20 5.0

SF-142 68.7 65 10 25 7.5

SF-128 69.9 60 10 30 8.0

SF-81 70.5 60 40 10.0

SF-77 72.1 5 5 60 10 20 7.7

SF-148 74.0 65 5 30 34

SF-82 75.0 55 5 40 1.8

MELTS phases crystallized Si0, OL Cpx Opx Feld.  Fe-Ti Apatite Total crystallized

(1.5 kbar, 1.5 wt.% H,O initial) wt%) (%) (%) (%) (%) oxide + spinel (vol.%)

Ol 53.68 100 1.0

Ol 53.91 100 3.0

Cpx, spin. 54.13 95 5 4.0

Opx, spin, cpx 54.25 30 65 5 5.0

Spin, cpx 54.57 90 10 9.5

Spin., cpx, plag. 54.76 25 70 5 12.0

High-Ca cpx, low —Ca cpx, plag. 55.28 30 70 19.0

High-Ca cpx, low —Ca cpx, plag. 56.39 30 70 32.0

Opx, high-Ca cpx, low-Ca cpx, plag. 57.25 10 15 75 37.5

Opx, plag. 58.80 15 85 40.5

Cpx, plag. 61.36 20 80 53.0

Cpx, plag. 62.50 15 85 57.0

Cpx, plag., opx 64.07 15 5 80 61.4

Cpx, plag., K-spar.+H,0 65.39 10 90 64.0

Cpx, plag., K-spar., Fe-Ti ox.+H,0  66.60 5 80 15 69.7

Plag., K-spar., Fe-Ti ox., apat.+H,0 67.34 75 20 5 73.0

Modal abundances of plagioclase phenocrysts observed in 23 SRVC lavas ranging from andesite to high-silica rhyolite. Crystallinity was
determined by threshold-sensitive morphometry in Northern Eclipse 4.0 program. Also shown are phases and volumetric proportions of
fractionated mineral assemblage in MELTS program (Ghiorso and Sack, 1995) at 1.5 kbar and initial magma H,O content of 1.5 wt.%.
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Table 3
SRVC whole-rock major and trace element chemistry including CIPW normative mineralogy
Sample SF-148 SF-77 SF-81 SF-195 SF-106 SF-72 SF-123 SF-135 SF-138 SF-261
Unit/location Upper Lower Upper Upper Upper Middle Middle Middle Middle Middle
Interbedded ~ Interbedded  Interbedded  Interbedded  Interbedded  lavas lavas lavas lavas lavas
unit unit lavas unit unit
Rock type High SiO, Rhyolite Rhyolite Dacite Dacite Andesite  Andesite ~ Andesite  Bas. Bas.
rhyolite Andesite  Andesite
Normalized 1630 1220 1960 1800 1590 1368 1430 1490 1510 1540
elevation (m)
Major element chemistry (wt.%) Fe'=Fe tot.
Si0, 74.0 72.9 70.5 66.4 63.4 55.8 56.3 56.3 53.5 53.9
TiO, 0.23 0.19 0.31 0.54 0.86 1.30 1.30 1.17 1.41 1.36
ALO; 14.1 14.0 13.9 16.6 16.2 15.5 16.5 18.4 17.0 16.4
Fe,05 1.46 1.63 3.56 3.73 5.99 8.39 8.90 8.03 9.74 9.22
MnO 0.01 0.05 0.10 0.10 0.13 0.14 0.10 0.16 0.18 0.15
MgO 0.34 0.05 0.35 0.68 0.76 5.50 3.90 2.79 431 4.32
CaO 0.23 1.30 1.38 1.98 3.75 7.78 6.31 6.76 8.06 8.22
Na,O 6.56 3.47 3.35 4.68 4.60 2.82 4.05 3.92 3.38 3.84
K,O0 2.10 4.84 4.40 429 3.11 1.32 1.20 2.20 1.53 1.47
P,05 0.05 0.05 0.08 0.12 0.30 0.36 0.34 0.37 0.56 0.53
LOI 0.54 1.58 1.83 0.53 0.68 1.46 1.63 0.38 0.69 0.79
Total 99.70 100.00 99.68 99.65 99.71 100.37 100.53 100.52 100.38 100.18
Mg # 19 3 9 15 11 40 30 26 31 32
Trace elements (ppm)
Cu 6 9 7 39 0 153 13 17 52 0
Zn 0 2 14 108 0 23 64 72 92 0
Cr 22 8 23 9 0 291 200 0 194 205
Ni 3 4 0 2 0 66 13 0 35 36
\Y% 14 13 19 11 0 136 162 154 165 151
Co 7 2 6 3 0 30 4 15 30 28
Y 14 16 39 35 34 31 27 35 28 26
Nb 22 9 11 16 15 6 7 <0.3 4 4
Zr 164 183 281 258 281 148 177 173 208 197
Sr 74 254 158 358 458 406 494 557 736 729
Rb 57 159 122 111 92 61 34 63 48 42
Ba 471 1802 1870 2304 0 551 1179 1379 1236 1692
Ga 16 15 16 15 18 19 20 23 22 20
Ta <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Th 14 19 11 12 8 9 5 3 3 3
6] 5 5 5 4 <1 4 4 4 3 3
Pb 4 22 16 11 17 7 8 6 8 12
CIPW normative mineralogy (wt.%) Fe'? /Fe = 0.2
Quartz 26.6 31.0 29.7 16.1 14.4 9.4 7.3 5.0 3.6 2.4
Orthoclase 12.5 29.1 26.6 25.6 18.6 7.9 7.2 13.1 9.1 8.8
Plagioclase (total) 56.9 36.5 35.9 49.7 54.0 50.3 58.5 59.6 56.0 56.2
Albite 56.0 29.8 29.0 40.0 39.5 243 349 333 28.9 329
Anorthite 0.9 6.7 6.9 9.7 14.5 26.1 23.6 26.3 27.1 233
Clinopyroxene 0.0 0.0 0.0 0.0 22 9.0 53 4.5 8.3 12.4
Diopside 0.0 0.0 0.0 0.0 0.6 6.0 3.0 2.3 4.8 7.3
Hedenbergite 0.0 0.0 0.0 0.0 1.6 3.0 22 22 3.6 5.1
Orthopyroxene 2.2 1.8 4.8 5.4 6.7 17.5 15.7 124 16.1 13.6
Enstatite 0.9 0.1 0.9 1.7 1.6 11.1 8.5 59 8.6 7.5
Ferrosilite 1.3 1.7 3.9 3.7 5.0 6.4 7.3 6.5 7.5 6.1
Olivine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chromite 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Magnetite 0.4 0.5 1.1 1.1 1.8 2.5 2.6 2.3 2.9 2.7
Tlmenite 0.5 0.4 0.6 1.0 1.7 2.5 2.5 22 2.7 2.6
Apatite 0.1 0.1 0.2 0.3 0.7 0.8 0.8 0.8 1.2 1.2
Zircon 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0
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Table 3 (continued)

Sample SF-60 SF-61 SF-63 SF-64 SF-98
Unit/location Sifton Range plutonic Sifton Range plutonic Sifton Range plutonic Sifton Range plutonic Sifton Range plutonic
Rock type (IUGS) Granite Granite Alk. feld. granite Alk. feld. granite Granite
Elevation (m) 1776 1738 1655 1594 1470
Major element chemistry (wt.%) Fe"=Fe tot.

SiO, 69.7 69.9 70.5 69.7 69.8
TiO, 0.36 0.36 0.30 0.36 0.39
ALO; 14.6 14.6 14.6 14.5 15.0
Fe,05 2.6 2.64 2.30 2.53 2.66
MnO 0.12 0.08 0.11 0.07 0.11
MgO 0.71 0.71 0.50 0.64 0.66
CaO 1.74 1.68 1.00 1.57 1.96
Na,O 4.03 3.93 4.42 3.63 4.13
K,0 4.63 4.62 4.96 4.86 4.40
P,0s 0.1 0.1 0.08 0.10 0.13
LOI 1.38 1.13 1.19 1.57 0.6
Total 99.97 99.70 99.96 99.59 99.84
Molar A/CNK 0.86 0.88 0.84 0.88 0.89
Trace elements (ppm)

Cu 44 5 9 10 7
Zn 37 27 29 10 17
Cr 15 21 9 21 11

Ni 13 3 2 3 1

v 27 35 22 32 29
Co 4 8 2 10 3

Y 28 25 31 25 23
Nb 11 9 10 7 9
Zr 223 225 244 239 206

Sr 213 230 175 271 299
Rb 129 149 139 168 154
Ba 2299 2370 2722 2737 2183
Ga 17 17 16 16 16
Ta <2 <2 <2 <2 <2
Th 15 17 13 23 12

U 5 5 5 5 5
Pb 16 16 10 16 16
CIPW normative mineralogy (wt.%) Fe'?/Fem=0.2

Quartz 23.1 23.9 22.8 25.1 229
Orthoclase 27.8 27.7 29.8 29.3 26.2
Plagioclase (total) 42.7 42.1 432 39.3 44.7
Albite 34.6 338 38.0 314 352
Anorthite 8.1 8.4 5.1 7.9 9.5
Clinopyroxene 0.5 0.0 0.0 0.0 0.0
Diopside 0.2 0.0 0.0 0.0 0.0
Hedenbergite 0.3 0.0 0.0 0.0 0.0
Orthopyroxene 42 44 2.6 4.1 43
Enstatite 1.7 1.8 0.2 1.6 1.7
Ferrosilite 2.6 2.7 24 2.5 2.7
Olivine 0.0 0.0 0.0 0.0 0.0
Chromite 0.0 0.0 0.0 0.0 0.0
Magnetite 0.8 0.8 0.7 0.8 0.8
IImenite 0.7 0.7 0.6 0.7 0.8
Apatite 0.2 0.2 0.2 0.2 0.3
Zircon 0.1 0.1 0.1 0.1 0.0

Selected major and trace element chemistry of the SRVC rocks with the CIPW normative mineralogy.
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4.3. Whole-rock chemistry

All the SRVC lavas are silica oversaturated (Table
3). The volcanics span a compositional continuum
from basaltic andesite (52 wt.% SiO;) to high-SiO,
rhyolites (72 wt.% Si0O,), with a prominent population
mode near the andesite—dacite transition (Fig. 7).
Analyses of homogeneous matrices from the SRVC
lapilli tuffs and moderately welded ignimbrites indi-
cate rhyolitic compositions similar to the SRVC rhyo-
lites (68-70 wt.% SiO,), but display elevated Ba
(2000-2200 ppm) and Th contents (10-12 ppm Th).
The SRVC lavas cross the traditional boundary
between medium- and high-K orogenic suites in the
K>O vs. SiO, classification scheme of Gill (1981),
with the bulk of the felsic lavas and intrusive rocks
falling in the high-K field (Fig. 8A). This transition is
associated with a population minimum in the range
between 56 and 59 wt.% SiO,. A decrease in abun-
dance of more felsic lavas with increasing SiO, is
associated with the increase in volume of pyroclastic
rocks, as well as the emplacement of granite.
Together, the SRVC volcanic and intrusive rocks
define a calc-alkaline differentiation trend in terms
of continuously decreasing TiO, with increasing
FeO*/MgO (Miyashiro, 1974), and lack the Fe-
enrichment that is characteristic of tholeiitic suites
(Fig. 8B). The whole-rock Fe/Mg ratios indicate
that the most primitive SRVC members could not

Dacite/ Rhyolite/

Basaltic Andesite Andesite Granodiorite Granite

15

.:] SRVC lavas

12 <[] SRVC intrusives

SRVC pyraclastics

Frequency

72 76

SiO, wt.%

Fig. 7. Sample frequency (volumetric proportion) vs. SiO, histo-
gram showing the relationship between the composition of the
SRVC volcanic and plutonic rocks. Sampling was conducted on a
sample per flow/cooling unit basis along six vertical traverses
through the volcano-stratigraphic column.
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Fig. 8. (A) SRVC lavas and intrusive rocks in a K,O vs. SiO,
diagram with Gill’s (1981) classification scheme for orogenic mag-
mas. (B) The SRVC lavas, dykes, and plutons on an Mg vs. Fe plot
in cation units (Fe™ /Fey, =0.2 assuming QFM conditions). Dashed
lines indicate the compositions of coexisting olivine assuming an
Fe—Mg partition coefficient between olivine and a silicate liquid of
0.33. Also shown is the diopside—hedenbergite compositional line
with clinopyroxene phenocrysts from the SRVC lavas. Iceland and
Kilauea tholeiitic trends derived from Sigmarsson et al. (1992), and
Clague and Dalrymple (1987), respectively.

have coexisted with mantle olivines (i.e. Fogg 9-) and
therefore must represent moderately modified liquids.

The SRVC plutonic samples straddle the border
between the granite and alkali-feldspar granite in the
standard IUGS classification of Le Maitre (1989). The
samples of the Annie Ned pluton, on the other hand,
exhibit a much wider compositional range with the
older quartz monzodiorites and alkali-feldspar sye-
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nites being intruded by younger granitic pulses. The
SRVC metaluminous granites (A/CNK 0.86—0.89)
and the felsic lavas define linear arrays that are offset
from the H,O-saturated cotectics toward the primary
phase field of orthoclase in the Ab-Or-Qtz—H,O
pseudoternary system of Tuttle and Bowen (1958;
Fig. 9). Granitoid rocks of the Annie Ned pluton
have lower normative quartz and fall closer to the 5
kbar water-saturated ternary eutectic in the haplogra-
nite system.

The progression from the SRVC basaltic andesite
to rhyolite is accompanied by a continuous increase
in LILE, LREE, and most HFSE, except for P and Sr
which systematically decrease through the composi-
tional range. A decrease in Ba, Y and Zr beyond 70
wt.% SiO, can be attributed to appearance of phases
with high partition coefficients for these elements;
potassium feldspar, hornblende, and zircon (apatite),
respectively. The trace element content of the SRVC

Si0,

O SRVC rhyolites
A SRVC granites
% Annic Ned granitoids

Basal Sloko
rhyolites

NaAlSi,0, KAISi,0,
Fig. 9. Normative mineralogy of the SRVC rhyolites and intrusives,
Annie Ned granitoids and rhyolite lavas from the Sloko Lake
volcanic complex of northern British Columbia (Resnick, 2003)
projected in the experimentally determined (Ca-free) Quartz—
Albite—Orthoclase-H,O pseudoternary diagram of Tuttle and
Bowen (1958). Black squares and circles indicate positions of
water-saturated ternary eutectics and minima, respectively, at
given H,O pressures. Temperature contours from 1 kbar H,O-
saturated experiments of Carmichael and MacKenzie (1963).
Arrows show the effects of increasing An content, lowering of
pressure and decreasing water activities due to elevated F~ and
Cl" in the residual melt.
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Fig. 10. Primitive mantle (PM) normalized trace element diagram
for SRVC rocks (PM values from McDonough and Sun, 1995). The
SRVC rocks display unfractionated HREE, elevated LILE, and
prominent Ti, P and Ta—Nb anomalies.

granite is identical to slightly elevated with respect to
the felsic lavas of the equivalent SiO, content. In
particular, the granite is characterized by enrichments
in LILE content (Ba, Rb and K), as well as the
highly incompatible elements Th (12—-18 ppm) and
Pb (1520 ppm). Compatible trace element abun-
dances are low throughout the SRVC suite (<10
ppm Ni; <50 ppm Cr), with only three basaltic
andesites of the Middle Lavas having values higher
than 35 ppm Ni and 180 ppm Cr. Primitive mantle
normalized trace element patterns for the SRVC
volcanic and plutonic rocks are characteristics of
subduction-related magmas, with relative depletions
in high field strength elements (Ti, P, Ta and Nb) and
prominent enrichments in thorium, uranium and
LILE (K, Rb and Ba; Fig. 10). Both the plutonic
and volcanic rocks display sub-parallel REE patterns
characterized by relatively flat HREE, but fractio-
nated LREE (La/Sm)y=5-11, particularly in the
felsic lavas and granites, and show mild negative
Eu anomalies (Eu/Eu*=0.4-1.0).

5. Discussion

The SRVC volcanic stratigraphy displays two con-
trasting magma types. The volumetrically minor and
relatively primitive basaltic andesites of the Middle
Lavas are bracketed in time by the trace element
enriched dacites, rhyolites and the compositionally
equivalent pyroclastic of the Interbedded Units. This
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package was then intruded by granites that are chemi-
cally indistinguishable from the SRVC felsic volca-
nics. These intimate field relationships, combined with
the correlation between composition and style of erup-
tion or emplacement appear to reflect the interaction
between mantle-derived melts and the crust of the
northern Coast Plutonic Complex of the Canadian
Cordillera.

Table 4

5.1. Source of parental magmas

Although the least fractionated basaltic andesite
flows of the Middle Lavas contain only up to 5.5
wt.% MgO (Table 3 and 4), higher-MgO compositions
MgO>8.0 wt.%) have been documented in other
early Tertiary volcanic suites of the northern Cordil-
lera, including Sloko Lake, and the Hoole and White

AFC and EC-RAFC parameters used for modeling upper crustal assimilation

Material

Parental dyke (magma)

Upper crust assimilant

Unit/location

SF-136 SRVC

SF-77 SRVC

Rock type (IUGS)

Basaltic andesite

High-SiO, rhyolite

Major element chemistry (wt.%) Fe™>=Fe tot.

SiO, 52.6
TiO, 1.30
ALO; 15.4
Fe, 03 8.85
MnO 0.18
MgO 6.61
CaO 8.02
Na,O 2.66
K,0 1.98
P,0s 0.35
LOI 2.39
Total 100.34
Th (ppm) 1.7
Bulk Dy, 0.1728

Assimilation parameters

EC-AFC step 2 MgO<1.79
wt.% (preheated upper crust)

72.9
0.19
14.0
1.63
0.05
0.05
1.30
3.47
4.84
0.05
1.88
100.30
18.6
0.2157

Xstaln step 2 MgO<1.79
wt.% (preheated upper crust)

Xstaln step 3 MgO0<0.82
wt.% (preheated upper crust)

Magma liquidus temperature (°C) 1219
Initial magma temperature (°C) 1060
Assimilant liquidus temperature (°C) 900
Initial assimilant temperature (°C) 300
Solidus temperature (°C) 810
Equilibration temperature (°C) 885
Specific heat capacity of magma (kJ/kg K) 1.484
Specific heat capacity of assimilant 1.200
(kl/kg K)
Latent heat of crystallization of magma 350
(kl/kg)
Latent heat of fusion of assimilant (kJ/kg) 200
Total mass of assimilated rock (% relative 26
to initial magma mass)
Total mass of cumulates formed 46
(% relative to initial magma mass)
Ratio of assimilated wallrock to cumulates 0.57

formed (DePaolo’s assimilation
coefficient )

1219 1219
1219 1219
900 900
900 900
810 810
32.6 161
342 56.9
0.95 2.83

Assimilation fractional crystallization (AFC) and Energy-Constrained Assimilation Fractional Crystallization (Bohrson and Spera, 2001)
parameters used in modeling upper crustal (1.52 kbar) assimilation by magma recharge during the SRVC petrogenesis.
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River localities (Resnick, 2003; Pride, 1988; Hasik,
1994). The concentrations of HFSE are commonly
used to characterize the mantle source region of sub-
duction-related basalts because of their low mobility
during hydrous fluxing of the mantle wedge and their
overall chemical inertness (Bailey and Ragnasdottir,
1994). The abundance of these elements in arc mag-
mas is thought to be primarily a reflection of the
degree of partial melting, and the overall composition
of the source. The SRVC basaltic andesites are char-
acterized by HFSE ratios that are enriched relative to
the N-MORB mantle source (Fig. 11A), and their
unfractionated HREE patterns are consistent with gen-
esis, or last equilibration with the mantle in the spinel
lherzolite facies at pressures below 20 kbar. Although
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Fig. 11. (A) Th/Yb vs. Nb/Yb source plot for the SRVC (basaltic)
andesites compared to primitive lavas of the early Tertiary volcanic
centres in the northern Canadian Cordillera (modified after Pearce
and Peate, 1995). (B) Primitive mantle normalized trace element
diagram for the SRVC (basaltic) andesites compared to those found
in the other early Tertiary volcanic centres (normalizing values from
McDonough and Sun, 1995).

the relatively primitive SRVC lavas exhibit similar
mantle-normalized HFSE ratios relative to basalts of
the other early Tertiary suites, they have relatively
high contents of Th (up to 9 ppm), and display larger
negative Ta—Nb anomalies (Fig. 11B). This distinctive
signature of the SRVC magmas does not appear to be
a function of their lower MgO content (i.e. degree of
fractionation), because it also holds when compared to
Mt. Skukum and Bennett Lake lavas with equivalent
or even lower MgO contents (3.2-4.0 wt.%; Morris
and Creaser, 2003).

5.2. Major and trace element modeling

The compositional trends of the SRVC lavas can be
modeled in terms of the effects of variable water con-
tent on the saturation of plagioclase and ilmenite during
crystal fractionation. Elevated water concentration
(>2-3 wt.%) tends to suppress the appearance of pla-
gioclase on the liquidus (Spulber and Rutherford, 1983;
Baker and Eggler, 1987), and if hydrogen can effec-
tively diffuse away from reaction sites, also promotes
the early precipitation of Fe-Ti oxide phases due to
increased oxygen fugacity and the associated oxidiza-
tion of ferrous to ferric iron (Frost and Lindsley, 1992;
Brandon and Draper, 1998). In order to account for the
major and trace element variability of the SRVC lavas
and intrusive rocks, we investigated the effects of
pressure, temperature, fO,, and H,O content during
crystal fractionation of the SRVC magmas. Three pet-
rogenetic scenarios were considered: (1) closed-system
fractional crystallization, (2) assimilation-fractional
crystallization (AFC), and (3) magma mixing.

Models of the major-element chemistry of the Sifton
volcanics were performed using the thermodynamic
algorithm MELTS of Ghiorso and Sack (1995), and
were after verified by XSTALN, a computer program in
which the fractionation of specific minerals is simu-
lated using the solid solution expressions of Grove et al.
(1982) for plagioclase, Beattie et al. (1991) for olivine
and pyroxenes, and Nielsen and Dungan (1983) for
spinels and ilmenite along with trace element K4 values
from various sources (http://earthref.org/GERM/index.
html?main.htm). The closed-system fractional crystal-
lization models begin at the thermodynamically esti-
mated liquidus temperature calculated by MELTS, and
proceed until the residual melt reaches the high-SiO,
rhyolitic composition. Due to the absence of true


http://earthref.org/GERM/index.html?main.htm

122 A. Miskovi¢, D. Francis / Lithos 87 (2006) 104—134

basalts within the SRVC lavas, the most primitive and
least altered basaltic andesite dyke (SF-136; 52.6 wt.%
Si0,; Mg # 79) was used as a model parental magma
(Table 4). Clinopyroxene phenocrysts and subordinate
plagioclase microlites constitute only 6 vol.% of this
dyke, indicating that its composition approaches that
of a liquid.

The SRVC major-element variations are best repro-
duced by MELTS models with relatively low water
contents for a subduction-related magmatic suite (1.5—
2.0 wt.% H,0), pressures equivalent to upper crustal
conditions (1.5 kbar), and fO, close to the QFM buffer
(Fig. 12). Intensive and extensive parameters obtained
from the MELTS program were subsequently used in
a crystal fractionation model performed by the
XSTALN algorithm, and the results were compared.
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Three fractionating intervals in the XSTALN model
consist of crystalline assemblages identical to pheno-
cryst phases observed in the SRVC lavas, with pro-
portions optimized in order to reproduce the major-
element chemistry. The limits of the fractionation
steps were determined from inflections in major-ele-
ment trends plotted on Harker-type diagrams against
MgO content as a proxy for temperature.

1) Modeling the compositional range from basaltic
andesite to dacite (52.0 to 61.0 wt.% SiO,; 6.6 to
1.8 wt.% MgO) involved the extraction of plagio-
clase (20.0 wt.%), olivine (20.0 wt.%), clinopyrox-
ene (40.0 wt.%), orthopyroxene (12.0 wt.%),
ilmenite (6.0 wt.%), spinel (2.0 wt.%) and apatite
(0.1 wt.%) over a temperature interval of 200 °C.
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Fig. 12. Results of modeling the liquid line of descent for SRVC magmas with selected major elements. Runs were conducted at temperature
intervals of 10 °C, and at oxygen fugacity conditions close to the QFM buffer. Pressure and water concentrations vary from anhydrous to 4 wt.%
H,O-saturated conditions and between 1 atm and 4 kbar, respectively. Arrows indicate compositional trends of residual liquids with progressive
fractional crystallization plotted vs. MgO concentration as a proxy for temperature. Solid lines correspond to fractionation trends based on the
MELTS thermodynamic algorithm of Ghiorso and Sack (1995); dashed lines are trends calculated by XSTALN. The modeled conditions
correspond to 1.5 kbar pressure except for the 4 wt.% H,O MELTS trend that was performed at 2.5 kbar. The compositional trend of residual
glasses from 1.5 kbar, 1.5 wt.% H,O melting experiments on a Kilauea tholeiitic basalt (Spulber and Rutherford, 1983) is shown for

comparison.
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Olivine remained in the fractionated assemblage

until 5.0 wt.% MgO, at which point it disappears

in the MELTS models, and is included only in a

trace amount in XSTALN as a monitor for decreas-

ing temperature.

2) The second step starts at 61 wt.% SiO,, near the
andesite—dacite transition, with a decrease in the
abundance of clinopyroxene and a large increase in
the proportion of plagioclase. Over the dacite com-
positional field (61.0 to 67.0 wt.% SiO;; 1.8 to 0.9
wt.% MgO), the fractionation proportions are: pla-
gioclase (37.0 wt.%), clinopyroxene (20.0 wt.%),
orthopyroxene (25.0 wt.%), ilmenite (15.0 wt.%)
and apatite (3.0 wt.%).

3) The final fractionation step begins at 67 wt.% SiO,
and consists of orthoclase (40.0 wt.%), quartz (25.0
wt.%), albite (20.0 wt.%), magnetite (9.0 wt.%),
and ilmenite (5.0 wt.%), as well as a trace of
zircon. The sharp decrease in FeO observed in
the SRVC rhyolites requires the fractionation of
magnetite under redox values slightly above
QFM buffer (Alog fO, +0.5 to +1.0); conditions
similar to those reported for the compositionally
similar Bishop Tuff (Hildreth, 1977) and the Crater
Lake rhyodacites (Druitt and Bacon, 1989).

The model proportions of fractionated crystals
from XSTALN are generally in agreement with the
fractionated assemblage from MELTS, as well as the
modal proportions and abundances of phenocryst
phases from the SRVC lavas (Table 2), with the
exception of olivine which was not observed even in
the most primitive SRVC basaltic andesites. The
apparent population minimum within the Middle
Lavas between 56 and 59 wt.% SiO, (Fig. 8A) is
also evident in plots of Al,03;, FeO and CaO vs.
MgO, and coincides with the modeled change in the
relative proportions of minerals in the fractionating
assemblage between the first and second fractionating
steps.

The thermodynamic fractionation models predict
the first plagioclase to be An;s in composition,
which is comparable to the maximum anorthite con-
tent (An;) observed in the basaltic andesite lavas, but
is not as calcic as the rare bytownite crystals, and the
rims (Angg) observed on some reversely zoned plagi-
oclase phenocrysts in the evolved andesites (62 wt.%
Si0,) of the Middle Lavas (Fig. 6; Table 1). These
higher anorthite contents probably reflect the presence

of higher temperature magmas than the chosen parent.
The variable An contents, presence of dissolution
surfaces, reverse zoning, and sieve-like textures of
plagioclase crystals within the lower Middle Lava
flows also point to recharge of higher temperature
magmas into a system undergoing differentiation.
Reversely zoned clinopyroxenes in the two-pyroxene
dacites of the lower Interbedded Unit, characterized
by progressively increasing Mg # (42-70), and a
decrease in the Ca/Na ratios (66—48), provide further
evidence for mixing with relatively more primitive
melts. Based on the calculation from the MELTS
model at 1.5 kbar, and 1.5 wt.% H,O, the observed
range of the Mg # in the reversely zoned clinopyrox-
enes of the SRVC dacites would correspond to a
decrease in the SiO, content of the host magma
from 72 wt.% for the core to 56 wt.% for the rim,
equivalent to an input of between 20 and 30 wt.% of a
basaltic andesite melt into a rhyolitic magma chamber.

The SRVC rhyolites and granites cluster between
the polybaric, H,O-saturated cotectic in the Petro-
geny’s Residua system of Bowen (1935), and the 1.0
kbar, low-temperature valley of Carmichael and
MacKenzie (1963). The systematic offset of the
granite trend from the H,O-saturated minimum
melt compositions towards the KAISi;Og apex in
the Qtz—Ab—Or system is consistent with a signifi-
cant presence of Ca in the SRVC haplogranitic melt
thus inducing a shift in the position of the Ab—Or
cotectic (Ehlers, 1972; Fig. 9). Elevated Ca levels
also account for the presence of two feldspars in the
epizonal SRVC intrusives with rather high An con-
tents of the granitic plagioclase (Ansg). Furthermore,
both the SRVC rhyolites and granites lie within the
1.0 kbar low-temperature trough, consistent with a
shallow emplacement within the volcanic package,
and suggest a temperature controlled evolution (i.e.
feldspar fractionation) of the granitic melt where the
intrusives and the rhyolitic lavas represent the higher
and lower temperature melts, respectively. High
anorthite contents found in the cyclically zoned pla-
gioclase crystals of the SRVC granites (Table 1) are
interpreted as reflecting inputs of higher temperature
magmas into the fractionating, plagioclase-rich mush
column. The fact that the SRCV felsic melts do not
coincide with the minimum melt composition could
imply a number of things; they could be in part
cumulate, or simply liquids fractionating towards
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the minimum melt composition. The position of the
low temperature trough and minimum melt composi-
tion in the haplogranite system is further complicated
by the presence volatiles other than water, primarily
F and C (Johnson et al., 2003). The compositions of
amphiboles from the Sifton Range granite indicate
that the mole fraction of H,O in the volatiles dis-
solved in the magma may have been as low as 0.43
(Table 1), thus further contributing to the offset of
the plagioclase cotectic (Fig. 9). Collectively, these
features are diagnostic of a more complex evolution
for the SRVC granites relative to the SRVC rhyo-
lites, and the possible role of crustal recycling in the
granite petrogenesis involving open-system exchange
between the residual haplogranitic liquid and partial
(anatectic) melts occupying the upper part of the
magma system. Although the Annie Ned granitoids
lie closer to the H,O-saturated ternary eutectic at 5
kbar, they point towards the 2 kbar minimum melt
composition and are collinear with the 2 kbar cotec-
tic, suggesting greater depths of crystallization rela-
tive to the SRVC intrusives. Translated into the
height of the upper crustal rock column, the differ-
ence of 0.5-1 kbar is consistent with the structural
(and topographic) offset between the Sifton granites
and the Annie Ned pluton (i.e. 1.5-3 km).

Despite being able to reproduce the major element
variation over the compositional range of the SRVC
rocks, closed-system crystal fractionation models
invariably fail to reproduce contents of the highly
incompatible elements observed in the SRVC felsic
lavas and the granites. This is particularly true for
large ratios of LILE (Ba, Rb), Th and U relative to
HFSE in the SRVC rhyolites and granites, but also for
the degree of LREE fractionation (La/Sm), as well as
HFSE ratios (Nb/Zr). Furthermore, the behavior of
Pb, Th, and K appears to be a decoupled from Ce, La
and Nb (Fig. 13), all of which are highly incompatible
elements with similar partition coefficients during
low-pressure crystallization (Pearce and Parkinson,
1993). This trace element behavior clearly indicates
an open-system petrogenesis for the SRVC dacites,
rhyolites and the granites requiring high degrees of
crustal contamination.

Two methods were used in an attempt to reproduce
the observed trends: (1) a simple binary mixing model
between the parental basaltic andesite (SF-136) and a
LILE and Th-enriched SRVC rhyolite (SF-77) from

the Upper Interbedded Unit, and (2) an assimilation-
fractional crystallization (AFC) process (DePaolo,
1981), in which the enriched rhyolitic melt is incre-
mentally added to a fractionating basaltic andesite
magma. Although the AFC model better predicts the
variations in Th, Pb and REE relative to the binary
mixing, which seems better correlated with the beha-
vior of LILE and Nb, neither model fully accounts for
the complete range of trace element concentrations in
the SRVC. The discrepancy between the two models
might reflect the higher diffusivity of LILE relative to
HFSE during the mixing and contamination of silicate
melts along steep chemical gradients (Pearce and
Peate, 1995). This would eventually result in a selec-
tive contamination of primitive magmas by the wall-
rocks as observed between picritic magmas and upper
crust along margins of the Muskox layered intrusion
in Nunavut Canada (Francis, 1994).

The energy-constrained assimilation-fractional
crystallization (EC-AFC) scheme of Bohrson and
Spera (2001) was used to quantify the extent and
thermodynamic plausibility of upper crustal contam-
ination, and the extent of assimilation was monitored
through the increase in Th concentrations. Although
typically grouped with the LIL elements (Pearce and
Parkinson, 1993), the ionic potential of Th is inter-
mediate between most LILE and HFSE, and it is less
mobile than LILE during alteration (Pearce, 1983).
Furthermore, the upper continental crust is particularly
enriched in thorium relative to mantle-derived basaltic
melts (Taylor and McLennan, 1995), thus making it an
ideal index for quantifying the extent of upper crustal
contamination (Th(SRVC rhyolite)/Th(parental magma) 11)
The EC-AFC parameters (Table 4) were adjusted to
replicate a scenario in which an initially aphyric
mafic melt releases thermal energy during cooling
until c.a. 6 vol.% crystallinity is attained, similar to
the phenocryst content of the SRVC parental dyke,
and is subsequently intruded into a hydrous (c.a. 2
wt.% H,0) upper crust at a temperature equivalent to
the measured geotherm at 5 km depth in the northern
Canadian Cordillera (Lewis et al., 2003). The
method assumes that the present, steady-state thermal
regime places minimum-temperature constraints on
the early Tertiary crustal conditions. The magmatic
system is then allowed to thermally equilibrate and
the extent of assimilation is monitored via the
increase in Th. Because closed-system fractional
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Fig. 13. SRVC trace element chemistry and the results of AFC and binary mixing models, respectively. All models involve the SRVC parental
basaltic dyke (SF-136) and the high-silica SRVC rhyolite (SF-77) as either the assimilate or end-member composition during magma mixing.
Fractional crystallization model at 1.5 kbar, and initial H,O content of 1.5 wt.%; AFC—assimilation fractional crystallization (2nd step »=0.95;
3rd step »>2.5). Average upper crustal values after Taylor and McLennan (1995).

crystallization reproduces the Th contents observed
in the andesites of the SRVC Middle Lavas, assim-
ilation of enriched crust was restricted to the 2nd and
3rd fractionation steps (Fig. 14). Our AFC models
require r factors, representing the ratio of assimilated
to crystallized masses (DePaolo, 1981), of 0.57-0.95
during the 2nd fractionation step, and »>2.5 ratios
during the 3rd stage of fractionation. The mass of
assimilant required to replicate Th content of the
rthyolites and granites in the last fractionating step
thus exceeds the original magma mass by more than
150 wt.%.

The effectiveness of any assimilation process is
essentially constrained by the thermal budget of the
assimilating magma and the fertility of the wall rock
contaminant (Marsh, 1989). For example, pelitic
lithologies with relatively low solidus temperatures
are more readily assimilated by mafic magmas than
tonalites (Thompson et al., 2002). Likewise, the

higher liquidus temperatures of picritic basalts (1350
°C) make them more capable of assimilating crust
than basaltic andesites at approximately 1050 °C.
The long-held view that the assimilated mass cannot
surpass the amount of crystallized cumulate because
of thermal constraints has been challenged by thermo-
dynamic studies of Reiners et al. (1995), which sug-
gest the possibility of r factors substantially greater
than one (2.0-3.0). However, such large factors are
restricted to basaltic magmas during a narrow
isenthalpic AFC interval, and only when intruded
into preheated upper crustal lithologies. Following
the appearance of plagioclase and clinopyroxene on
liquidus, the assimilation factors tend to decrease to
less than one.

The very large r factors required in the 3rd fractio-
nating stage of our AFC models, and the increase in
the assimilated mass with progressive crystallization
contradict the behavior expected for a cooling mag-
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Fig. 14. Th vs. MgO plot summarizing AFC (XSTALN) and
energy-constrained AFC models of crustal assimilation during pet-
rogenesis of the Sifton Range magmas. FC-fractional crystallization
(1.5 kbar, 1.5 wt.% H,0); AFC—assimilation fractional crystal-
lization (2nd step »=0.95; 3rd step r>2.5); EC-AFC—energy-con-
strained assimilation-fractional crystallization of Bohrson and
Spera, 2001 (2nd step »=0.57; 3rd step »>6). Magma temperature
estimates from the MELTS and XSTALN models; details of the
AFC and EC-AFC modeling are outlined in Table 4.

matic system. This suggests that the incompatible
element enriched SRVC rhyolites and granites may
have been produced by crustal anatexis, rather than by
small-scale contamination of mantle-derived magmas.
Comparison of the SRVC magma composition with
experimentally derived melts of Gerdes et al. (2000)
provides some support for this proposal. In a diagram
of Al,O3/(MgO+FeO*) vs. CaO/(MgO+FeO%*), the
majority of the SRVC rhyolites, dacites and granites
fall within the field defined by partial melting of
metasedimentary sources (greywackes and pelites)
and are clearly distinct from the (basaltic) andesites
that occupy metabasalt and metatonalite protoliths
(Fig. 15). These observations are indicative of the
coexistence of two different magma types in the
SRVC system, one mantle-derived that evolved to
the basaltic andesites of the Middle Lavas, and
another crust-derived which gave rise to the rhyolites
and corresponding intrusives. Moderate to high assim-
ilation factors (0.57-0.95) required in the AFC models
between 61 and 67 wt.% SiO, are equivalent to up to
33 wt.% of rhyolite contamination and suggest that
the SRVC dacitic magmas may in fact be hybrids
between mantle and crustal melts.

The northern Canadian Cordillera in the Sifton
area is characterized by high heat flow (4.8 uW/
m?), relatively low crustal thicknesses (30-32 km;
Flick et al., 2003), and is underlain by a zone of
anomalously hot mantle (Shi et al., 1998). Lewis et al.
(2003) have estimated relatively high temperatures of
800-900 °C at the Moho throughout the Canadian
Cordillera, with a slight increase in heat flux north of
the 59° N latitude. They suggest that the present
thermal regime across the Cordillera reflects the
past several 100 Ma, possibly extending to the initia-
tion of east-dipping subduction below the western
margin of North American craton in the Middle
Devonian. Despite a diversity of opinions on the
composition of crust below the northern Canadian
Cordillera (Hammer et al., 2000), geological mapping
and geochemical characterization has revealed rela-
tively fertile lithologies below the northernmost CPC
extending to mid-crustal levels (Hart, 1995, 1997).
The ascent of mantle-derived melts into such fertile
middle to upper crustal regions could result in large-
scale crustal anatexis, and in some cases, associated
felsic magmatism. Based on the work in the Sloko
Lake volcanic complex which represents the largest
Paleocene volcanic suite of the northern Canadian
Cordillera, Resnick (2003) recognized two major
rhyolitic units, one of which straddles the 0.5 kbar
eutectic minimum on the Qtz—Ab—Or-H,O pseudo-
ternary diagram and was interpreted as the product of

O SRVC Interbedded lavas
@ SRVC Middle lavas
A\ SRVC intrusives

¥ Annic Ned intrusives

Pelitic

Graywacke

ALO,/(MgO+Fe0*)

Tonalitic source

Basaltic source

0 0.5 1.0 1.5
Ca0/(MgO+Fe0*)

Fig. 15. ALO;3/(FeO*+MgO) vs. CaO/(FeO*+MgO) for the Sif-
ton Range volcanic complex. Outlined fields indicate compositions
of experimentally determined partial melts from a variety of proto-
liths under H,O-saturated conditions (Gerdes et al., 2000).
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crustal anatexis (Fig 9). If crustal melting is indeed
responsible for the genesis of some of the early
Tertiary felsic lavas and granites in the northern
Canadian Cordillera, however, the near chondritic
isotopic signatures of the Eocene Nisling Plutonic
Suite (0.7045<%7Sr/%Sr;<0.705; Hart, 1995), as
well as the SRVC-coeval Bennett Lake and Mt.
Skukum volcanics (0.70495<®7Sr/*°Sr;<0.70530 and
eng=10.8 to —0.5; Morris and Creaser, 2003), sug-
gests that the crustal components involved were both
young and isotopically juvenile at the time of partial
melting. In case of the SRVC, this excludes any possi-
bility of large-scale anatexis of the local Precambrian
Nisling Schist basement, which by late Mesozoic time
would have exceeded ®’Sr/**Sr; of 0.710 (Morrison et
al., 1979). The decoupling of LILE and HFSE observed
in the early Tertiary magmas further points to the likely
subduction-related signature of the felsic source. One
of the ways to satisfy these geochemical criteria (i.e.
felsic compositions, primitive isotopic ratios and high
LILE/HFSE) is to contribute significant quantities of
rapidly buried, young, island arc material. The suitable
candidates within the upper crust of the southwestern
Yukon include dacitic to trachytic volcanics and hypa-
byssal intrusives of the early Jurassic Hazelton volca-
nics (Wheeler and McFeely, 1991), as well as
granodiorites of the early Jurassic Aishihik Lake suite
and other late Mesozoic CPC intrusive suites (Tempel-
man-Kluit and Currie, 1978).

5.3. SRVC magma rheology and eruptibility

The Sifton Range volcanic stratigraphy records an
intimate relationship between eruption style and che-
mical composition. The explosive volcanic activity
responsible for the felsic agglomerates and lapilli
tuffs of the Lower Interbedded Unit changed to the
effusive outpourings of the more mafic basaltic ande-
sites of the Middle Lavas, and then, once again, shifted
to the explosive activity of the felsic Upper Interbedded
Unit. There is a gradual decrease in the abundance of
dacite and rhyolite lavas above 62 wt.% SiO, which are
gradually replaced by the explosive eruption of mag-
mas with more than 68 wt.% SiO,, the latter corre-
sponding to the compositional range of the coeval
granitoid pluton (Fig. 7). Quantitative rheological mod-
eling of an evolving silicate melt was undertaken to
investigate these correlations. Bottinga and Weill

(1972), Kushiro (1980) and Pinkerton and Norton
(1995) have shown that the viscosity of crystal-free
silicate melts will increase with increasing polymeriza-
tion (i.e. SiO, wt.%), lowered volatile content and a
reduction in total pressure. Water content is particularly
important because H,O molecule dissociates in silicate
melts to H" and OH™ ions which disrupt Si-O-Si
bonds and depolymerize the melt (Burnham, 1979).
Recent studies (Lejeune and Richet, 1995) have
shown that the influence of the suspended phenocrysts
on the viscosity of magmas becomes critically impor-
tant above 40 vol.%, at which point a distinct non-
Newtonian behavior is observed (Marsh, 1981).

The viscosities of fractionating SRVC magmas
were calculated for modeled rock compositions at
different pressures and H,O concentrations, following
the procedure of Shaw (1972). These calculations take
into account the competing effects of temperature,
pressure, SiO, and H,O content on the viscosity of
melts (McBirney and Murase, 1984). The commonly
used Einstein—Roscoe equation (Roscoe, 1953):

1= o1 — &/ B,) 23

in which u is the effective viscosity of a liquid
containing a volume @ of suspended solids, and
where maximum packing efficiency (@) is 0.6 (Pin-
kerton and Stevenson, 1992)? was subsequently
incorporated to account for the effects of crystallinity,
which exceeds 30 vol.% in the evolved SRVC ande-
sites. The solid assemblages predicted at each incre-
ment of fractional crystallization were added back
into the melt and cumulative viscosities were calcu-
lated for the crystalline suspensions. The results of
rheological modeling illustrate the profound depen-
dence of viscosity on crystal content (Fig. 16). Cal-
culations of the effective magma viscosity carried out
with XSTALN and MELTS on compositions at con-
ditions that best fit the SRVC major-element chem-
istry (1.5 kbar, 1.5 wt.% H,0), indicate a rapid
increase in viscosity from 10° to 10'® Pa s near the
beginning of 2nd fractionation step (62 wt.% SiO,),
following a 17 wt.% increase in the proportion of
crystallizing feldspar. The calculated crystal contents
in our models generally agree with the observed
SRVC phenocryst proportions, especially during the
early stages of magma differentiation (Table 2). Pla-
gioclase is the dominant phenocryst in the SRVC,
and as shown by Philpotts et al. (1998) and Saar et al.
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(2001), the large aspect ratios of plagioclase crystals
(up to 1:4:16) enable them to form continuous 3D
frameworks capable of providing yield strength in
basaltic magmas at crystallinities as low as 8-21
vol.%. It is therefore expected that the plagioclase
contents in excess of 30 vol.% found in the evolved
SRVC andesites might generate shear strengths that
would significantly impede magma flow, causing a
progressive reduction in the likelihood of the effusive
eruption of more felsic lavas. We interpret an appar-
ent paradox whereby the most frequently erupted
rock type is also the one characterized by the highest
crystallinity as an artifact of the overall low abun-
dances of the SRVC (basaltic) andesite lavas. The
importance of magma crystallinity during the erup-
tion of the SRVC lavas herein lies in a coincidence
between the achievement of maximum values and a
sudden reversal in the trend of continuously increas-
ing volumes of erupted magma with increasing SiO,
contents.

The differences between viscosity trends are pri-
marily due to the effects of water concentration on the
point of appearance of plagioclase on the liquidus, and
its relative proportions in the crystallizing assemblage,
which in turn seems to be the dominant control on the
effective magma viscosities. Higher water concentra-
tions tend to reduce the stability field of plagioclase
relative to those of olivine and clinopyroxene, thus

delaying appearance of plagioclase on the liquidus
(Baker and Eggler, 1987). Consequently, hydrous
magmas will not achieve critical viscosities until
higher SiO, contents due to both the depolymerizing
effect of water on the melt and the delay of the
appearance of plagioclase as a crystallizing phase.
Once plagioclase appears at elevated water pressures,
however, its proportion relative to clinopyroxene and
olivine in the crystallizing assemblage is much higher
(Gaetani et al., 1993). This can lead to a scenario in
which magma becomes supersaturated in plagioclase
upon water loss, and resultant crystallization in turn
quickly overwhelms the system causing a rapid
increase in viscosity as shown by the 4.5 wt.% H,O
viscosity trend (Fig. 16).

5.4. Petrogenesis by interaction of two magmas

The juxtaposition of the closed-system fractio-
nated andesites of the SRVC Middle Lavas with
the dominantly anatectic rhyolites of the Interbedded
Units, the presence of andesitic blocks in rhyolitic
matrices of the SRVC fragmental volcanics, as well
as the reversely zoned clinopyroxenes of the hybrid
SRVC dacites all suggest the coexistence and inter-
action between two magmas of different origin. The
sieved—textured bytownite crystals in disequilibrium
with their andesitic matrix also indicate that the
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SRVC magmatic system was subject to rejuvenation
by mantle-derived magmas during the course of its
evolution. Sparks et al. (1977) and Bachmann et al.
(2002) have proposed that both felsic pyroclastic
volcanism and granite plutonism can be generated
during ascent and replenishment of a shallow felsic
crustal chamber by hotter, mafic magmas. The com-
monly held view is that the thermally-induced con-
vection and rapid magma overturn lead to water
saturation and eventual degassing that ultimately
results in both explosive eruptions and the rapid
crystallization of the remaining magma to form shal-
low granite plutons (Eichelberger and Westrich,
1981).

The point of water saturation along the liquid line
of decent is closely related to the onset of the explo-
sive volcanism in the SRVC, and may have been a
critical factor in the eruption of the pyroclastic rocks.
Volatile exsolution and over-pressurization of shallow
magma chambers is currently the preferred mechan-
ism for the genesis of silicic pyroclastics (Gerlach et
al., 1994; Sparks, 1997; Bower and Woods, 1998).
Once the solubility limit of volatiles is reached in the
shallow reservoirs, magma is quickly converted to a
highly vesicular (bubbly) liquid, which ascends and
ponds beneath the chamber roof (Sparks, 1978). Our
1.5 kbar fractionation models with initial H,O con-
centrations of 1.5 wt.% reach saturation within the
dacite field at c.a. 65 wt.% SiO,, and agree with the
experimentally determined solubility of water in
dacite and rhyolite glasses (Pineau et al., 1998;
Holtz et al., 2000; Moore et al., 1998). Numerous
recent studies (Stein and Spera, 1992; Dingwell,
1996, Manga et al., 1998; Massol and Jaupart,
1999) have also shown that under low shear stresses,
the viscosity of a magma containing vapour bubbles
increases with the bubble volume fraction, which in
turn facilitates fragmentation and eruption of pyro-
clastics. Both lines of evidence are consistent with a
model in which the exsolution and ascent of water
from the evolved SRVC dacites undergoing AFC
crystallization in a compositionally stratified magma
chamber was responsible for explosive eruptions of
the overlying rhyolitic melt when the hydrostatic
pressure exceeded the lithostatic pressure. Sudden
loss of volatiles from the upper rhyolite layer upon
eruption would induce late-stage plagioclase crystal-
lization in the remaining part of the chamber by

elevating the temperature of the An—Ab solidus—liqui-
dus loop (Wyllie, 1963). The associated further
increase in viscosity could be the crucial factor in
the final solidification of rhyolitic crystal mush to
form the SRVC plutonic rocks.

We propose that the episodic injection of a higher
temperature, mafic melt into the shallow SRVC
magma system was the reason for initiating the vol-
canic activity, and in turn promoted SRVC plutonism.
The intrusion of mantle-derived basaltic melts into the
upper granodioritic crust of the Coast Plutonic Com-
plex (CPC) induced localized anatexis, and the for-
mation of a stratified magma reservoir in which an
upper layer of crustally-derived rhyolite was separated
from underlying andesite magma by a hybrid dacite.
In this model, the relatively high viscosity of the
evolved andesites impeded mixing with the anatectic
rhyolite and precluded the wholesale chamber homo-
genization. Interaction between the two magmas
within the contact zone of such a compositionally
stratified magmatic system would produce the inter-
vening layer of hybrid dacites. The evidence support-
ing magma mixing is widespread in the pyroclastic
breccias and lapilli tuffs of the Lower Interbedded
Unit, where compositionally contrasting basaltic
andesite blocks and lapilli fragments tend to be incor-
porated in rhyolitic matrices. Subsequent episodes of
mafic replenishment and magma mixing were asso-
ciated with release of volatiles from the hybrid
dacites, as well as the fractionating mafic magmas.
Exsolved water bubbles permeated the overlying ana-
tectic magma, and the resultant overpressure lead to
the explosive eruption of the rhyolitic pyroclastic
rocks. Episodes of explosivity were terminated by
the eruption of degassed rhyolite flows, followed by
hybrid dacitic flows from the deeper parts of the
SRVC magma chamber. Repetition of this process
would account for the alternating beds of pyroclastic
ejecta with rhyolite and dacite flows within the SRVC
Interbedded Units. The presence of andesites in the
Middle Lavas suggests that the felsic anatectic and
hybrid magmas were eventually completely flushed
from the reservoir, consistent with models of Marti et
al. (2000) and Bower and Woods (1998), which sug-
gest that once initiated, caldera-forming eruptions
associated with siliceous pyroclastic ejecta tend to
empty most of the magma from the shallow, vola-
tile-rich chamber. Following the loss of volatiles asso-
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ciated with extensive explosive eruptions of the upper
pyroclastics, any interstitial rhyolitic liquid left in the
crystalline mush would rapidly crystallized feldspar
that accumulated and facilitated the formation of the
SRVC granite.

6. Conclusions

The petrogenesis of the Sifton Range volcanic com-
plex in the southern Yukon was dominated by the
interaction between basaltic andesite magmas originat-
ing from a mantle source at less than 65 km depth, and
highly enriched rhyolitic magmas derived by melting
of the upper crust of the northern Coast Plutonic
Complex. The SRVC andesites evolved via low-pres-
sure, closed-system crystal fractionation from mantle-
derived parents under damp conditions, whereas the
dacites represent hybridized magmas produced by
interaction with the crustally-derived rhyolite
magma. The enrichment in highly incompatible trace
elements displayed by the SRVC granites and rhyolites
suggests that they were derived by anatexis of an upper
crustal meta-greywacke to meta-pelitic protolith. The
relatively low initial Sr and Nd isotope ratios of the
coeval volcanic and plutonic rocks in the northern
Canadian Cordillera, however, require anatexis of iso-
topically juvenile crust. The mafic lavas are stratigra-
phically bracketed by rhyolite flows and pyroclastics
containing andesitic fragments and suggest the coex-
istence of these two magmas in a zoned magma cham-
ber with crustally-derived rhyolite separated from
underlying mantle-derived andesite by a zone of
hybrid dacites. The prominent population mode of
the SRVC lavas near the andesite—dacite transition,
and the transition from effusive mafic to explosive
rhyolitic volcanism are probably related to the effect
of water on the rheological behavior of the magmatic
system. Critical plagioclase crystallinities did not
occur until the mantle-derived magma reached dacitic
compositions via crystal fractionation, at which point it
became too viscous to erupt effusively. The explosive
volcanism in the SRVC may have resulted from water
exsolution in the hybrid dacitic magma induced by the
recharge of juvenile mafic melt. Finally, the granitic
intrusives may reflect the rapid increase in plagioclase
content in the degassed crustal melt leading to magma
stagnation and plutonism.
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