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ABSTRACT

The region between the | skut and Unuk rivers and immediately south of Hoodoo Mountain in northwestern British Columbia
ishost to eight distinct occurrences of Quaternary volcanic rocks comprising alkali olivine basalt and minor hawaiite. The centers
range in age from 70, 000 to ~150 years B.P. This volcanic field, called herein the Iskut volcanic field, lies along the southern
boundary of the Northern Cordilleran volcanic province (NCVP) and includes sites identified as: Iskut River, Tom MacKay
Creek, Snippaker Creek, Cone Glacier, Cinder Mountain, King Creek, Second Canyon and LavaFork. Thelavasare olivine- and
plagioclase-phyric, contain rare corroded grains of augite, and commonly entrain crustal xenoliths and xenocrysts. Many crustally
derived xenoliths are partially fused. Petrological modeling shows that the major-element compositional variations of lavas
within theindividual centers cannot be accounted for by simple sorting of the olivine and plagioclase phenocrysts or even cryptic
fractionation of higher-pressure pyroxene. Textural and mineral ogical features combined with whole-rock chemical data suggest
that assimilation of the underlying Cordilleran crust has affected the evolution of the relevant magmas. Mass-balance models are
used to test the extent to which the within-center chemical variations are consistent with coupled crystallization and assimilation.
On the basis of our analysis of four centers, the average ratio of assimilation to crystallization for the Iskut volcanic field is 1:2,
suggesting that assimilation has played a greater role in the origins of NCV P lavas than recognized previously.
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SOMMAIRE

Larégion entre les rivieres Iskut et Unuk et immédiatement au sud du mont Hoodoo, dans le nord-ouest de la Colombie-
Britannique, contient huit sites distincts d’ effusion de lave quaternaire allant de basalte alcalin aolivine jusqu’ ahawaiite (propor-
tion mineure). Ces pointsd’ effusion vont de 70, 000 aenviron 150 ans avant aujoud’ hui. Ce champ vol canique, que nous appelons
Iskut, est situé le long de la bordure sud de la province volcanique de la Cordillére Nord, et inclut les sites de prélévement déja
identifiés: Iskut River, Tom MacKay Creek, Snippaker Creek, Cone Glacier, Cinder Mountain, King Creek, Second Canyon et
Lava Fork. Les laves ont cristallisé de I’ olivine et du plagioclase comme phénocristauix, contiennent de rares grains corrodés
d'augite, et entrainent assez couramment des xénolithes de crodte et des xénocristaux détachés. En plusieurs cas, ces xénolithes
ont partiellement fondu. D’ aprés nos modé! es pétrologiques, les variations en composition global e des laves (éléments majeurs)
aux différents sites ne pourraient étre dues au simple triage des phénocristaux d’olivine et de plagioclase ou méme au
fractionnement cryptique d'un pyroxéne de haute pression. Les aspects texturaux et minéral ogiques des roches, considérés ala
lumiére des données chimiques sur roches globales, font penser que I’ assimilation de la crolte sous-jacente de la Cordillére a
affecté I évolution du magma dans cette suite. Les modeles fondés sur le bilan des masses servent a tester |la portée du couplage
delacristallisation et d’ une assimilation pour expliquer |es variations en compositions a quatre centres. D’ aprés notre analyse, le
rapport moyen de|’ assimilation alacristallisation serait 1:2, ce qui attribue un réle plusimportant al’ assimilation que cequel’on
préconisait pour le cas des laves de la province volcanique de la Cordillére Nord.

(Traduit par la Rédaction)

Mots-clés: magma, différenciation, assimilation de la crolte, géochimie, modéle, laves quaternaires, Colombie-Britannique.
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INTRODUCTION

The Northern Cordilleran vol canic province (NCVP)
comprises dominantly mafic, Neogene, alkaline volca-
nic rocks distributed across the northern Canadian Cor-
dillera(Fig. 1). Thismagmatic provinceis situated west
of the Tintina fault and east of the Denali—Coast fault
system, and crosses four major tectonostratigraphic ter-
ranes: Stikinia, Cache Creek, Yukon-Tanana, and
Cassiar (cf. Edwards & Russell 1999, 2000). NCVP
magmatism is considered to be aproduct of extensional
forces acting on the Northern Cordillera lithosphere.

Recent work by Edwards & Russell (1999), for example,
showed the timing and volumetric rates of NCVP
magmatism to correlate with changes in the relative
motions between the Pacific and North American plates,
namely, atransition from dominantly compressional to
dominantly transtensional.

NCV P magmas derive from asthenospheric mantle
sources situated beneath the Canadian Cordillera
(Francis & Ludden 1990, Carignan et al. 1994, Cousens
& Bevier 1995, Moore et al. 1995, Edwards & Russell
2000). The mineralogy and chemical compositions of
these lavas, therefore, have the capacity to serve asim-
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Fic. 1. Map showing the distribution of Quaternary volcanic rocks in the region of the
Iskut and Unuk rivers, including the Hoodoo M ountain vol canic complex, northwestern
British Columbia Coordinates are for UTM Zone 9. Lower inset shows distribution of
Neogene to Quaternary volcanic rocks within the Northern Cordilleran volcanic prov-
ince (NCVP; Edwards & Russell 1999, 2000, Souther 1990a) including Level Moun-
tain (L), Edziza (E) and Hoodoo Mountain (H). Upper inset shows the distribution of
other major volcanic provinces along the western margin of North America: Aleutian
arc (AVA), Wrangell volcanic belt (WVB), Anaheim volcanic belt (AVB), Chilcotin
plateau (CP), Cascade arc (CVA) and Columbia River plateau (CRP).
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portant indicators of variationsin the underlying mantle.
However, it is equally clear that the primary asthenos-
phere-derived magmas must traverse a complicated,
diverse and poorly known column of lithosphere. Litho-
sphere to the Northern Cordillera potentially comprises
both autochthonous and allochthonous blocks of crust
and mantle. Consequently, if the NCV P volcanic rocks
areto be used as probesto the underlying asthenosphere,
it isessential that we recognize and quantify the effects
of crustal assimilation.

In this paper, we explore this problem through study
of Quaternary lavas from volcanic centers situated be-
tween the Iskut and Unuk rivers (Fig. 1) near the south-
ern margin of the NCVP. The lavas include alkali
olivine basalt and minor hawaiite, and they commonly
contain xenoliths and xenocrysts of crustal derivation.
The chemical diversity within and between individual
centers is shown to be inconsistent with closed-system
processes aone (e.g., fractionation) and requires assimi-
lation of crustal material. Our analysis places confidence
limits on the amounts of crystallization and assimila-
tion represented by the compositional range of lavas at
individual centers. We suggest that the mass ratios of
material fractionated (e.g., phenocrysts) to that assimi-
lated for this part of the NCVP is constant. This rela-
tionship between the extents of crystallization and
assimilation may reflect the crustal architecture of this
region of the Cordillera

BACKGROUND INFORMATION

The Iskut volcanic field comprises eight individual
Quaternary volcanic centers situated between the Iskut
and Unuk rivers of northwestern British Columbia
(Table 1, Fig. 1). It is located within the Boundary
Ranges of the Coast Mountains, near the boundary be-
tween the Coast and Intermontane physiographic belts.
The field is situated in the southern part of the NCVP
(Fig. 1) and isimmediately southeast and southwest of
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two large composite volcanoes: Hoodoo Mountain
(Edwards & Russell 1994, Edwards 1997) and Edziza
(Souther 1992), respectively. The centers comprising the
Iskut volcanic field (Fig. 1) include (from north to
south): Iskut River (IR), Tom MacKay Creek (TMC),
Snippaker Creek (SNC), Cone Glacier (CG), Cinder
Mountain (CM), King Creek (KC), Second Canyon
(SC) and Lava Fork (LF). Volcanism across the Iskut
volcanic field spans (at aminimum) 70,000 to 150 years
B.P., making these lavas some of the youngest in
Canada (Table 1).

The region is underlain, in part, by the Stikinia ter-
rane, an allochthonous suite of |ate Paleozoic and Me-
sozoic volcanic, plutonic and sedimentary rocks
considered to have formed in anisland-arc setting (Mon-
ger 1984, Gabrielse & Yorath 1991). Specificaly, the
Quaternary volcanic rocks overlie basement compris-
ing the Paleozoic Stikine assemblage, Upper Triassic
Stuhini Group, Lower to Middle Jurassic volcanic and
sedimentary rocks of the Hazelton Group, and Middle
to Upper Jurassic sedimentary rocks of the Bowser Lake
Group, al of which are intruded by Devonian, Triassic,
Jurassic and Tertiary plutons (Britton et al. 1989,
Wheeler et al. 1988, Wheeler 1991, Anderson 1993).

Volcanic centers belonging to the Iskut field were
first described by regional mapping programs (e.g.,
Wright 1906, Kerr 1948). Grove (1974, 1986) provided
the first comprehensive study of these Quaternary vol-
canic rocks, including petrographic descriptions and
chemical analyses. At present, the most detailed map-
ping of these vol canic centers derives from unpublished
BC Hydro reports compiled between 1982 and 1984, as
part of the Iskut Canyon and More Creek hydroelectric
projects. That work addressed the Recent geological
history of the area and provided 1:50,000 and 1:10,000
scale geological mapping supported by 4C and K-Ar
dating and diamond drilling of lavaflowsfrom the I skut
River center. Regional geological mapping programs
(Britton et al. 1988, 1989, Read et al. 1989) further re-

TABLE 1. GENLRAL ¥OLCANOGLOGICAL INFORMATION OM CENTERS FROM THE ISKUT VOLCANIC FIKLD

Centre Label  Age (vears) Method Rock Type  Vents  Surlace area Volunie Estimates
(km?) (km®)

Tskut River R F0000£30000 K-Ar & “C Basalt 3 375 0.75-438

10255560

Tom MawKay Creck TMC Recent - Basall 1 0.4 < 0.2

Snippaker Creck SNC Recent - Basalt ] 6.2 006-012

Cone Glacier [ Recent - Basall 2 43 002 - D.063

Cinder Mouwntan CM 33000 + 2 400! B Bayalt 1 24 0.03 -0.05

Hawaiite

King Creek KC Recent - Basall 1 1.3 < 0.07

Second Canyon S Recent - Basalt 2 8.6 003-0.13

Fava Fork LF 366 + 60 “C. iree rings Basalt 2 219 002-0322

to ~150

Mate from Copper King Creek fava ow.
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fined the distributions of Recent volcanic rocks in the
Snippaker Creek and Unuk River aress. Elliott et al.
(1981) described lava flows and stratigraphic relation-
ships at the Lava Fork center (e.g., Souther 1990b).
Stasiuk & Russell (1990) and Hauksddttir et al. (1994)
revised field relationships and geological maps and
identified two additional volcanic centers. Bevier (1992)
and Cousens & Bevier (1995) presented trace-element
dataand Sr, Nd and Pb isotopic datafor four of the vol-
canic centers. On the basis of these data, they suggested
an origin involving contamination of primary magmas
by lithospheric mantle or by arc-related crustal rocks of
Stikinia.

The challenge of distinguishing chemical traits due
to asthenospheric source-regions from those traits in-
curred by interaction with lithosphere is a real one
(Carter et al. 1978, DePaolo 1981, Brandon et al. 1993).
However, in the Northern Cordillera, the task is further
complicated because the underlying crust, and perhaps
parts of the lithospheric mantle, comprise Late Paleo-
zoicto Mesozoic, arc-derived material that featuresrela-
tively juvenile trace element and isotopic compositions
(e.g., Eichéet al. 1987, Bevier 1992, Glazner & Farmer
1992, Carignan et al. 1994, Cousens & Bevier 1995,
Edwards & Russell 2000). Many of the volcanic rocks
that make up Stikinia, for example, have 87Sr/8Sr less
than 0.707 and are isotopically indistinguishable from
NCV P volcanic rocks and some modern-day ocean-is-
land basalt (e.g., Samson et al. 1989, Cousens & Bevier
1995, Carignan et al. 1994, Edwards & Russell 2000).

VoLcaNIc CENTERS

The Iskut River center comprises plagioclase + oliv-
ine porphyritic basalt lava flows and minor cinder
(Fig. 1). Recent flows have filled an ancient canyon
formed by the paleo-1skut River. The present-day Iskut
River is recovering the original drainage by cutting
down through the thick (>100 m) sequence of flowsand
creating the Iskut Canyon. Flows at the base of the I skut
River volcanic center are approximately 70,000 years
old, on the basis of K-Ar dating; the overlying basalt
flows are dated at 8730 years (**C) (Table 1; Read et al.
1989). Relatively younger ash deposits are dated at 2555
+ 60 years (**C); the stratigraphically youngest units
have not been dated, however.

A single flow unit composed of highly jointed and
fragmented pillow basalt occursin Tom MacK ay Creek,
east of the Iskut River lavas (Fig. 1). Thelavas are pla-
gioclase- and olivine-phyric and contain phenocrysts up
to 3-6 mm in size. Individual pillows are 2040 cmin
diameter, highly vesicular, radially jointed and com-
monly have aglassy rind. Locally, these accumulations
of pillow basalt form cliffs 20-30 m high; these are in-
terpreted as products of subagueous eruption against or
closetoice.

Recent flows of basalt lava outcrop within the
Snippaker Creek drainage (Fig. 1, Table 1). Lavaflows
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were sampled in narrow, steep-sided canyons at the
southern terminus, the mid-point along Memoria Creek
closeto the probable vent, and at the northern terminus.
The sections comprise up to six flows, each at least
3-5 m thick. The flow units are indistinguishable; they
have grey, vesicular, fresh surfaces and are porphyritic,
with 0.1to 1 cm phenocrysts of plagioclase and olivine.

The Cone Glacier volcanic center (CG; Fig. 1,
Table 1) comprisesinterbedded basaltic lavaflows, pil-
low lava and scoriaceous cinder breccias centered
around two prominent cinder cones. Cone Glacier lavas
cover a portion of Snippaker Creek (to the west) and
underlie the King Creek — Julian Lake drainage (to the
south). The Cone Glacier lavas are characterized by
abundant megacrysts (1-3 cm) of euhedral, vitreous-
looking plagioclase, but they also contain smaller phe-
nocrysts of olivine and plagioclase. The plagioclase
megacrysts serve to distinguish volcanic rocks of Cone
Glacier from Cinder Mountain lavas.

Cinder Mountain is located immediately east and
northeast of Cone Glacier (Fig. 1) and comprises
hyaloclastite breccia, pillowed lava and dykes. The
massive rocks are light grey in color, intermediate in
composition, and aphanitic except for rare feldspar
microphenocrysts. The eastern edge of the Cinder
Mountain field is marked by an isolated remnant of a
basdltic lava flow 15-20 m thick, outcropping close to
Copper King Glacier near the head of Harrymel Creek.
This lava contains olivine and plagioclase phenocrysts
but lacks the megacrysts of plagioclase that character-
ize the Cone Glacier lavas.

The King Creek center is dominated by olivine- and
plagioclase-phyric basaltic pillow lavas and associated
breccias (Fig. 1, Table 1). The lavas are exposed in a
steep narrow creek bed, where they form a cliff 40-50
m high. A 1-2-m-wide vertical dyke cross-cuts the pil-
low lavas. The restricted extent of this relatively thick
package of pillow lava and the associated breccia sug-
gests a subagqueous environment related to eruption be-
neath or against ice (cf. Tom MacKay Creek).

The Second Canyon occurrence comprises ablocky-
surfaced, columnar-jointed basalt lava flow and a cone
located on Canyon Creek (Fig. 1; Stasiuk & Russell
1990). Thelavaisalivine-phyric and contains <5% pla-
gioclase microphenocrysts.

The Lava Fork volcanic field is situated at the
confluence of Blue and Unuk rivers (Fig. 1, Table 1)
and comprises a series of basalt lava flows and associ-
ated tephra. The lavas are olivine- and plagioclase-
phyric and are probably the youngest volcanic rocksin
the Canadian Cordillera. The youngest flows erupted
from avent located on aridge on the northeastern side
of LavaFork valley. The older flows derive from avent
marked by a cone located 4 km downstream of Blue
Lake. A minimum age of 360 + 60 years B.P. is attrib-
uted to one of the flows on the basis of “C dating of a
conifer log on the surface of one of the flows (Elliott et
al. 1981). Tree-ring counts on living trees yield mini-
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mum ages of 150 years for the youngest flow and 350
years for the older flows.

PETROGRAPHY
Alkali olivine basalts

The Iskut lavas consist of basalt, except for the Cin-
der Mountain lavas, which are hawaiite. The basaltic
rocks are petrographically similar; they are 10-35%
vesicular and contain 5-30% phenocrysts of plagioclase
and olivine. All basdlts have a groundmass of plagio-
clase, olivine, augite (usually titanaugite), Fe-Ti oxides
and apatite. Both magnetite and ilmenite occur in the
groundmass of all volcanic rocks.

Olivine phenocrysts and microphenocrysts are gen-
erally euhedral to subhedral, up to 3 mm in size and
comprise 3-15% of the rock. Olivine contains spinel
inclusions. Partially resorbed grains of olivine (pheno-
crysts or xenocrysts) are rare but occur in samplesfrom
IR, SNC, CG, and CM centers. The corroded olivineis
probably cognate on the basis that it does not have a
composition typical of mantle-derived olivine.

Plagioclaseisthe most voluminous phase and invari-
ably occurs as a phenocryst and as a groundmass phase.
Many basalts carry 0.5 to 2 cm vitreous-looking plagio-
clasecrystalsthat show prominent twinning. Infact, one
of the more distinctive features of the Iskut lavasisthe
diversity of habitsand textures of plagioclase commonly
found within asingle flow. Megacrysts exceed 1 cmin
size, areeuhedral, and commonly show prominent twin-
ning and multiple internal-dissolution surfaces. They
generaly have a homogeneous core enveloped by nar-
row, strongly zoned rims. Phenocrysts and microphe-
nocrysts are texturally diverse, and most contain
complex internal-dissolution surfaces and are strongly
zoned. A separate group of strongly zoned phenocrysts
is distinguished by the presence of sieved interiors.
Groundmass plagioclaseistwinned, normally zoned and
lacks internal-dissolution surfaces. Megacrysts and
sieved phenocrysts are found in most centers, but both
are absent in lavas from CM, SC, LF centers.

Clinopyroxene occursin the groundmass of all lavas
as small tabular, colorless to brown—purple pleochroic
laths and as subophitic masses. Rare grains of partly
resorbed clinopyroxene, up to 0.3 mm in size, occur in
basalt from at least four volcanic centers (IR, TMC, CG,
KC). Rare clinopyroxeneis also found asinclusionsin
plagioclase megacrysts. The last occurrence suggests a
cognate rather than a xenocrystic origin.

Hawaiite

The majority of Cinder Mountain lavas are hawaiite
in composition. They contain anhedral (1-4 mm) phe-
nocrysts of andesine and minor olivinein asubtrachytic
groundmass of plagioclase, magnetite and some apatite.
Olivine microphenocrysts (<1 mm) are euhedral to
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subhedral and commonly contain melt and oxide inclu-
sions. One sample of hawaliite contains 1-2 mm grains
of olivinethat are strongly embayed and corroded. Apa-
tite also occurs as 0.2 mm microphenocrysts and is usu-
ally associated with magnetite.

Plagioclase phenocrysts commonly show resorption
textures. Twinned plagioclase phenocrysts show mul-
tiple, distorted, narrow and discontinuous twin-planes.
The complex twinning and anhedral form of the plagio-
clase phenocrysts are distinctive relative to plagioclase
from other centers. At least some of the larger plagio-
clase crystals seem to be corroded xenocrysts from
crustal rocks and exhibit an inherited twinning that is
partially annealed.

Xenoliths

Xenoliths and xenocrysts derived from felsic plu-
tonic rocks and schists are common in lavas from the
Iskut volcanic field. Granitic xenoliths and xenocrysts
of quartz and feldspar are common in lavas from Iskut
River, Snippaker Creek, Cone Glacier, King Creek, and
in the basalt flow near Coppermine Glacier (e.g., Cin-
der Mountain). Lava Fork basalts contain abundant plu-
tonic (granite) and metamorphic (e.g., mafic schist,
felsic gneiss) xenoliths ranging in size from 5 to 30 cm.
In someinstances, the xenoliths correspond to basement
rock-types found within the region. For example, biotite
granite and schist underlie much of the area immedi-
ately around the Lava Fork center, and these rock types
are found as xenoliths in the lavas (see below).

In general, xenoliths are angular to rounded, and
many are partly fused, or have reacted with the host
magma, or have been invaded by magma (e.g., Al-Rawi
& Carmichael 1967, Sigurdsson 1968). Fused xenoliths
are glassy, variably vesiculated and may even show ra-
dialy oriented jointing (e.g., perpendicular to the edges
of the xenalith). Granitic xenolithsin Lava Fork basalts
(e.g., SH—-41) commonly occur aswhite blocks of highly
vesicular to frothy glass. In thin section, the glass is
nearly colorless and can constitute 60-90% by volume
of the sample. Relict primary minerals are represented
by rounded grains of quartz and microcline. In other less
thoroughly melted samples, glassis commonly concen-
trated at grain boundaries. The boundary between gra-
nitic and basaltic material isgenerally sharp, but locally,
basaltic melt has mixed with the felsic melt to produce
a streaky, colored glass (cf. Maury & Bizouard 1974).

Xenoliths of mafic schist from LavaFork show pref-
erential melting along relict foliation planes (e.g., SH—
42). In these xenoliths, glassis vesicular and occursin
thin (<3 mm) layers separated by more strongly quartzo-
feldspathic layers. The glass is brown and heteroge-
neous in color, and seems to be produced mainly by
melting of a biotite-rich assemblage found along folia-
tion planes. Analysis by scanning electron microscope
shows some relict pseudomorphs of biotite to be com-
posed of iron oxides (i.e., Kaczor et al. 1988, Le Maitre
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1974). Within the quartzofeldspathic layers, feldspar
commonly shows partial melting along the cleavages.

MINERAL AND GLASS CHEMISTRY
Analytical methods

Mineral and glass compositions were measured on
polished thin sections using a Cameca SX-50 electron
microprobe at the University of British Columbia. All
compositions were determined under operating condi-
tions of 15 kV and 20 nA, with peak counting times of
20 seconds. Off-peak background counts were collected
for 10 seconds. A standard beam 2-5 pm in diameter
was used for the analysis of olivine, pyroxene and pla-
gioclase. Standards included: albite (Na,Al), orthoclase
(K), forsterite (Mg), fayalite (Fe), diopside (Ca,Si),
chromite (Cr), rutile (Ti), Ni>SiO4 (Ni) and rhodonite
(Mn). Glass compositions were measured using a re-
duced current (5 nA) and a defocussed beam (15 pm).

Olivine

Basalt lavas contain olivine phenocrysts ranging in
composition from Fogs to Fog;. Groundmass olivine
shows a similar range in composition (Fog;-s5). The
most magnesian olivine (Fogy) is found in lavas from
Second Canyon, Tom MacKay Creek, and King Creek.
Olivinewithinthelskut lavasinvariably contains greater
than 0.1 wt% CaO.

Olivine from Cinder Mountain hawaiite is substan-
tially more Fe-rich. Olivine phenocrysts vary from Fos,
to Fozz. One sample of hawaiite (CM—21) containsrare
sieve-textured olivine that shows reverse core-to-rim
compositional zoning (Foss to Fos, rim). The core com-
position of this olivine isthe most iron-rich observed in
the entire suite of samples.

Plagioclase

Compositions of plagioclase megacrysts and phe-
nocrystsin the basalt lavas span the limits of labradorite
and andesine (Any4 to Angs). Samples from the Iskut
River center contain rare xenocrysts of anorthite (Angy).
Sieve-textured plagioclase phenocrysts commonly show
reverse zoning, having core compositions of Ang, 43 and
rim compositions of Ansg_70. The groundmass plagio-
clase (Angg to Angg) overlaps the compositional range
found in plagioclase (micro-)phenocrysts. Hawaiite
samples from Cinder Mountain contain microphe-
nocrysts that range from Angzg to Ansp; the groundmass
plagioclase has higher average An-content (Angs_4s)-

Clinopyroxene
Pyroxene is mainly a groundmass constituent in

lavas from the Iskut volcanic field, except for the rare
occurrences as partly corroded, brown-colored grains
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(e.g., xenocrysts) or asinclusionswithin phenocrysts of
plagioclase. All pyroxene lies within the augite—
titanaugite composition field. Groundmass clino-
pyroxene from King Creek lavas contains as much as
6 wt.% TiO,. The Mg number (Mg#) for groundmass
augite is between 75 and 46, whereas xenocrystic aug-
itehasamorerestricted Mg#, 76—75. Augite xenocrysts
also have higher VAl and substantially lower Ti** con-
tents relative to groundmass augite. The higher 'VAI
contents are consistent with crystallization at higher
pressures (e.g., Kushiro 1960, Le Bas 1962).

WhHoLE-Rock GEOCHEMISTRY

All samples were analyzed for mgjor, minor, trace,
and rare-earth elements (Tables 2, 3, 4). Preparation of
sample powders followed procedures described by Cui
& Russell (1995). Major-element and trace-element
abundances (Table 2) were determined at the Geochemi-
cal Laboratories of McGill University by X-ray fluo-
rescence (XRF) spectrometry using a Philips PW2400
spectrometer. M gjor-element concentrations were estab-
lished with fused sample powders fluxed with lithium
metaborate; concentrations of trace elementswere mea-
sured on pressed powder pellets. Ferrous iron and
H>O(T) contents were measured in the Igneous Petrol-
ogy Lab at The University of British Columbiaby volu-
metric analysis and by the Penfield method,
respectively. The analytical uncertainty on major-ele-
ment concentrations was established by replicate (N =
5) analysis of the powder for sample CG-9 (Table 2).
All measurements of CO, and a subset of FeO and
H,O(T) determinations were made at the Geological
Survey of Canada (Ottawa); CO, and H,O(T) were
measured by combustion followed by infrared spec-
trometry. Rare-earth element (REE) concentrations for
asubset of samples (Table 4) were measured on an Elan-
5000 inductively coupled plasma — mass spectrometer
(ICP-MYS) at the Department of Geological Sciences at
the University of Saskatchewan (Jenner et al. 1990).
Sample SH—39 was analyzed in duplicate to provide a
measure of analytical variance on REE abundances
(Table 4). Rare-earth-element contents for the entire
suite were also measured by |CP-MS at the Geological
Survey of Canadain Ottawa.

Major-element composition

Lavas from the Iskut volcanic field have alkaline
compositions (Fig. 2) and are slightly nepheline- or
hypersthene-normative. The suite contains 46 to 50
wt.% SiO,, between 9.6 and 2.9 wt.% MgO, 12.5t0 14.7
wt.% Fe,O3(T), and 2 to 3.2 wt.% TiO, (Fig. 3). The
calculated solidification index (S.I., Table 3) ranges
from 35 for the most primitive sample (Second Canyon)
to 11 for hawaiite from Cinder Mountain (Fig. 3). The
uncorrected Mg# (Table 2) for basalt samples ranges
from 67.4to 53.5, except for asingle sample that shows
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TABLE 2. MAJOR AND TRACE ELEMENT CONTENTS OF LAVAS FROM THE ISKU'T VOLL.CANIC FIELD

Clentre [skut River TMC Snippaker Creek

Sample [R-2 1E.-3 IR-4 IR-5 IR-i TR-7 IR-%  §H.37 | 8H-39 | 5H-01 SH-02 SH-31 §H-33 &H-34
S0, 4595 4384 4799 4R0Z 4909 48R0 4795 4890| 4801 4863 4848 4837 4850 4767
Ti(), 2.33 2.24 232 225 235 236 2240 238 250 2.33 230 238 4 227
Alyh 1632 678 1687 (693 1629 1635 1704 1635 1553 1674 1684 16.8] 1678 1406
Fieq(y 367 393 236 239 .66 a0 2.th 347 326 268 2.31 253 294 5.09
FeO .11 7.74 247 9.3 501 Rl 9.37 2.40 8.50 5.00 LX) 870 3.0 a7
Mo FR ] 018 AR 0,19 a0y 1% o7 N8 .18 018 1R LIS 014 1y
Mg 614 634 6.74 6.9 B4 6.36 7.01 6,15 782 a3 6.26 &40 0.2G 7.2
Cay 8.93% 879 9.1y 9,49 B85 .05 932 8971 10.01 9.27 8.33 9.45 ER L 9.5%
My} 345 342 gz 370 3.89 264 AR3 ERex] 240 3.5] 3340 355 35 23
K0 L.la .08 .91 n.&7 119 1.10 .46 1.i5 0,94 L.IHy (.95 A 0.98 .54
2.0 .45 .49 0.4 .38 .46 0.45 th56 047 0,38 A1 0.40 (.38 .41 0.37
Total 9971 ODE9 10027 10036 10022 MOOIR 0D 99U7) GURST O9HE DO9B] 9996 9957 10012
HOy .26 €31 (.3% .33 (.34 .25 .25 0.3 0.7 030 G.20 10 0.0 0.2
Coe (L30 .20 .10 0.20 0,20 0.20 (120 0.20 .20 .2 2,10 .20 .20 0.1
MGH 5743 8052 5592 S5TMM 5485 5655 V14 56670 6212] 5484 5428 5673 56.03 6607
s1t 2724 2827 2892 2801 283 2776 3043 2707y 3338 2747 2809 2845 2783 A7
Ba (ppm} 301 474 3 298 435 434 241 435 253 47 372 T 378 285
Ce 92 Ak 4% 34 73 05 74 41 47 62 T g 57 £
Co 42 a0 53 52 42 41 42 45 E B 42 45 45 48 5%
Cr 26 14 17 Ia 26 27 [ 2 6 21 21 30 24 3
Cu 8 33 o8 44 7 31 87 43 49 3133 A6 Ta 51 17
NB' 24 24 23 |5 24 21 ] 23 23 22 13 21 Zl 25
] 57 Sd 54 i 47 A0 48 46 M 3 42 31 42 4
Ry [ 22 2i} 20 ia 17 Th 17 14 13 b2 It i L)
S 2 3 17 3 34 a7 2% 33 ig 24 7 37 24 34
st Glo el 630 A30 file 620 430 (18 380 30 630 G G20 a0
v 234 A1 7 ey 220 239 213 230 253 228 227 217 225 244
Zn 113 110 106 102 11 L8 10¥5 109 9t 108 103 106 107 104
z! 210 200 180 170 210 AL 1740 220 L7 200 200 18} 1401 330
Or 6.86 6,38 5.3% 5.14 7403 6450 50 6.80 5.56 391 5.6l 338 179 4.96
Ab 2919 2894 2753 277 G030 300 TAE 3004|4200 2843 2974 29wy 2902
An 2562 2725 2620 200 248 2511 2707 2520 26464 2697 ZR07 0 2725 2TML 2595
MNe - - 2.59 224 1.7% - 1.91 - - - - Glg - -
Di 1278 1064 1368 13906 1466 1389 1326 LA13| 16620 1337 0 1280 1388 1297 1516
Iy 652 8.31 - - - .15 - EX 5.06 152 .77 - 1.4 32
o] 7.80 7260 1601 1624 1385 13.68 1686 L048] t1.48] 1306 1550 13493 1248 773
it 5.3z 573 343 344 kR3] 4,40 34 502 473 R4 335 A58 487 0353
Hm - - - - - - - - - " - - - -
I 442 4.23 441 427 446 448 4.18 4.52 4.37 4.42 4.37 4.33 4,39 4,31
Ap .07 116 0.97 0.4 1.04 1.7 Q.83 1.1 .90 0.97 0.95 G40 097 .58

! Analyzed by Geological Survey of Canada {G5C), Otlewa,

“Fuerreus iron g witer deleninined by GSC dur all 5H-xx sumples; Fe(y for nthar samples analyzed ar URC.
M = 100#MaO/ MeO+Fe0 in moles.

8.1, = 100 MOAM g0+ FeO+Fe O NagOl+ K, 08
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Cone Glacier
OC-9 CG-10 CG-1Y 06412 CG-13 COG-14 CG-15 0 CG-180 BH-130 $H-14 0 SH-15 SH-22 5H-26 | OM-19 M-
4855 4336 4000 4005 4TRSS 4854 4834 4764 4935 4709%F ATRZ O 4706 4726] 4944 A8E0
2.23 225 2.26 237 239 233 2.33 243 2,37 2.16 225 93 272 228 253
1706 1688 1693 1656 1382 1adm 1672 1583 1638 16.21 1612 16.21 16.33] lafs 1592
3.62 216 388 4.34 246 4,321 4.3 2.40) 4.25 .20 0.02 5.34 6495 3.85 495
787 943 770 758 .26 747 7.57 9.49 770 4.110) G300 5.320 6,70 534 8,135
18 O.tR L8 o1g n.1% 0.19 0.8 0l9 019 L1% 15 0.20 0.20 .25 n.z3
0.34 6.53 .87 362 733 396 508 739 577 7.61 7.3 6.30 6,32 a7 305
948 .41 214 504 5.32 6.27 9.23 435 H.40 9.61 9.63 878 8,84 6,46 6,27
am 347 367 375 3,28 3,30 361 327 373 128 427 3:5 3.54 456 446
492 0.52 105 114 [RGE a7 097 1.18 1.24 (RO (hy3 053 0.44 258 2.59
0.38 0.39 041 0.46 (L6 41 0.4 047 047 .34 36 0.42 0.43 1.53 l.49
L0034 10000 10008 9975 9951 99488 9965 99.63 10005 10041 10GL1Z2 0 9968 FOO.23] 9901 9867
025 0.24 017 0,22 (34 (hat (125 56 10y (20 fLA0 [ERH 0.20 0.45 2.0l
(R 1Y) 0140 010 0.0 a0 0,30 (20 0.(0 0.20 0L (10 (I L] 0.20 10 0.60
5RO4 5532 5TA2 5604 SEek 58T SE4E 0 3813 571Y 0 Tev ovd4l FRED 6271 Jos2 403
2822 2907 2049 2500 3143 2681 2665 3145 2343 317a 3R 2585 2584 1302 1315
Trace elements
281 302 338 454 339 376 355 341} 449 238 248 270 347 05 B
90 al 53 78 78 ] 42 6l 38 68 6l 43 fle 145 143
44 40 35 39 42 37 39 28 32 46 46 50 55 25 26
25 31 20 18 36 27 26 L] 1% 1% 29 10 13 0 0
30 62 47 7 45 37 29 46 4] 67 39 70 42 59 42
20 il 22 23 2 22 19 25 25 iy 19 23 22 54 335
44 6% 33 23 65 403 4] 03 4] s 54 4 38 20 18
1% 17 L& b 17 It 20 17 23 17 13 I 12 36 41
31 27 3G 36 44 34 30 32 28 3 35 22 i3 kY| 27
G40 630 630 630 5490 630 630 GO0 GO GO0 SO 620 630 G350 620
226 221 214 221 235 227 238 228 226 222 229 247 15% 2 al
105 106 107 115 104 11 110 108 115 131 105 123 118 164 164
180 L8O 2 230 210 200 200 21y 230 150 150 200 2(H) 420) 424
Merenative idneralogy

544 544 6.2] T.03 6.44 373 373 097 7.3 473 4.9 3.50 5.56 15.25 15.31
3030 2871 3L05 0 31730 27250 29.6] 3034 23M5 0 31An 0 27500 27T 2970 ZUUF| 3HSs 374
709 2TFT 0 26630 2484 2523 2757 26500 2504 24329 272 2686 2573 25904 1571 15.78

.59 .35 - - 27 - - [ERL] - - - : -
1407 1341 13,00 12,1% 14.67 1271 13.37 4.1 12.38 1415 14.70 [2.15 1198 5.26 4.63
- - ERL) 490 - 5.41 281 - 560 RR2 aas 3.23 5.89 .00 3.04
1240 1602 0.2 721 1648 7.21 9.01 16.72 7.14 2.50 576 U4k A73 .83 7.27
323 313 .62 6,20 357 6.7 f.2% 347 a8 7.5% RI2 70 108 TR T

- - - - - - - - - 297 - - - -

4,23 427 4.29 4.50 4.34 4.42 442 461 .50 1.8 q4.32 518 5.17 1.33 427
.50 (1492 0.97 1.09 1.049 047 007 1.11 1.11 1.81 (LES 0.99 1.2 1.62 353

an anomaloudly high degree of oxidation. Hawaiite from
Cinder Mountain has an Mg# between 48 and 34.

Geochemistry of fused xenoliths

The chemical compositions for representative xeno-
liths from Lava Fork, the compositions of glass derived
from the partial fusion of the same xenoliths, and the
composition of alocally outcropping quartz monzonite
(LF-28) arereported in Table 3. The xenolith of granite

(SH-41) and xenolith LF-28 have similar compositions,
but the metamorphic xenolith (SH—42) is substantially
poorer inakalis(Table3). Inthemajority of cases, glass
within the fused granitic xenolith is colorless, and its
composition plots within the field of end-member feld-
spar compositions (An—Ab-Or), near the Ab-Or join
(Fig. 4). This trend results from melts being produced
mainly by fusion of alkali feldspar and minor amounts
of Fe-Mg hydrous phases. A subset of the glassislight
brown and plots toward the field of basalts (Fig. 4).
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Cinder Mountain K( sC Lava Fork 1o
CM-21  SH-1% SH-21  SH-35 | KC-22 | 5C-23 | LF-24 LF-30 Lr-31 LKE-32 SH-44 SH-54 SH-60' {N=5)
S07 4970 5018 4737 4933  4dooe] 4644 4641 4648 4677 4646 4044 4647 193
2.21 2.26 216 324 224 2.57 2.84 283 2.81 297 21,84 2.83 284 00H3
1600 1604 1604  1604] 1633 1489 1694 1686 1692 1680 1oyl 1697 1694 0114
385 ERES 3.25 346 277 4.3 4,92 362 2.72 2.67 .59 4.90 328 0uMs
412 9.80 9,80 1ThAH} 8.50 8.28 7.1 .16 391 9,86 LM 7.90 9.4} (3.020
025 0.23 0.26 0.21 (.14 218 0.18 018 318 0.18 018 18 018 0.005
2494 2.99 281 5.21 6.00 9.25 0,50 0.52 6.62 6,71 .52 6.50 6.55 0040
6.29 f.32 617 8.31 836 1024 gus 8.89 8.87 %31 8.87 391 HEE 0023
4.54 488 481 393 375 2.85 3.539 3.56 364 1.86 371 4.00 368 00160
271 263 270 1.21 .34 0yl 1.09 1.09 108 1.5 1.09 L.08 110 Q007
47 1.52 1.48 082 0.54 .39 0435 0,435 0.43 (144 0645 0.45 .45 0005
9954 04,57 99,72 99,80 90 82 94,92 99,80 99,57 GOAY 10005 9973 0022 977
0.9§ 0.40 1150 0.30 .53 0.62 .20 0.23 0.25 018 .10 0.2 0.10
010 2.10 0.10 0.20 10 £.30 0.20 0.20 0.20 010 0.10 0.4 0.20
6,50 3523 3382 48.15] 5571 6GSR] 3944 3592 5435 5483 5350 3968 5339
1270 12,73 11,99 2188 26.78 3613 2T.08 27.22 27.61 2735 2716 26.84 27.27
86 438 332 346 & 156 191 220 213 217 188 188 203
144 158 Lekeh 37 92 &0 71 92 78 103 47 98 52
17 23 23 41 46 46 45 49 52 52 B0 35 32
0 7 4] 10 28 131 21 18 19 17 14 15 17
44 49 34 48 43 33 5i 4] 42 by} 43 33 58
39 a8 4] 35 27 24 26 24 28 24 25 27 26
10 11 10 36 44 154 56 54 76 04 56 kll a7
40 43 42 1t a1 12 18 14 20 22 13 la 20
23 24 13 35 30 43 42 29 37 35 26 24 33
640 REL) aad) 60 G5 550 690 680 G900 GH0 67} 690 690
64 T4 32 239 B E) 250 22z 244 230 233 225 222 227
£ 167 170 134 11z 105 10 106 107 109 105 110 H
430 420 45} 2600 230 180 20 200 210 2H) 210 220 220
1602 1554 1631 715 216 538 6,44 0,44 .38 644 6.44 6.38 6.50
a241 3649 3733 3223 3073 2180 27780 2635 25020 234M 2474 2657 2564
15.53 1400 1403 22356]  24.26] 2513 2689 26K1 2665 2537 2630 2317 2648
- 2.60 1.82 .35 - 1.20 .41 204 3.07 4.14 3.60 394 295
5.09 [RI 583 1094 11.99p [832] 1171 1168 1180 124% 1200 12404 1191
0.23 - - - 1.02 - - - - - - - -
1108 226 1216 1331 1316 1577 1202 14060 1635 1627 1637 1172 1509
5.58 4.6l 471 31 4.02 6.24 7.12 524 3095 3.87 375 7.1 477
4.20 4,29 4,10 615 3.3 488 5.39 337 534 5.26 339 3287 5.30
345 360 35 1.94 1.2% .92 1.07 1.07 L.07 1.04 §.07 1.07 .07

These compositions areinterpreted to represent mixtures
of host basalt and melts produced by partial fusion of
the granite. The metamorphic xenolith contains small
lenses of glass aong foliation planes (Table 3). These
domains of melt are high in SiO, and Al,O3, but are
clearly different in composition from the granitic glasses
and are controlled more by thefusion of phyllosilicates.

Rare-earth-element content

Lavas from the Iskut volcanic field show consistent
mantle-normalized REE abundance patterns (Fig. 5,
Table 4). Relative to primitive mantle, the basalts show
15-30 times enrichment in the light REE (LREE) and
3—7 times enrichment in the heavy REE (HREE). The
REE patterns within and between volcanic centers are



Trachyandesite .

- Phonotephrite

Na,O + K,0 [Wt. %]

Fic. 2. The compositions of Iskut lavas are plotted as total
alkalisversus SO, (Le Bas et al. 1986). Heavy line repre-
sents division between alkaline and subalkaline composi-
tions (Irvine & Baragar 1971). Iskut lavas mainly consist
of alkali olivine basalt, except for samples of hawaiitefrom
Cinder Mountain.

virtually parallel (Fig. 5); values of [La/Sm], and [L&/
Th],, for the basalts (Fig. 6) rangefrom 2 to 2.3 and from
6.210 7.8, respectively. Hawaiite lavas are two to three
times more enriched in REE (Fig. 5E) and are dlightly
more fractionated (Fig. 6). They show similar overall
patterns to the basalts (cf. Cousens & Bevier 1995),
however. The Second Canyon basalt is distinguished
from other centers by a slight positive europium

g /" ) Ab
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o + Jr/-l,'b"  snar
' - 1r2e>
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o] e *
ggv X SH-42
e
40 50 60 70 80
SiO, [Wt. %]

Fic.4. Thecompositionsof Iskut lavas(circles) are compared
to the bulk compositions of partly fused xenoliths (SH—41:
granite; SH-42: schist) and agranite (LF-28) that outcrops
near Lava Fork. Also plotted are the compositions of
glassesfrom the same partly fused xenoliths (Table 3). The
triangular field labeled Or-An-Ab shows the limit of feld-
spar solid-solutions.
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Fic. 3. Thechemica compositions of Iskut lavas are shown
as (A) FeO4(T), (B) SIO,, (C) TiO,, and Solidification
Index (S.I.) plotted against MgO content.

anomaly, despite its apparent primitive mineralogical
and chemical character (Fig. 5F). This feature is also
described in “primitive” Kilauealavas (Hofmann et al.
1984).

We have aso plotted the mantle-normalized REE
abundance patterns of the partly melted crustal xeno-
lithsrecovered from basalts at LavaFork (Table4). Both
the granitic (SH—41) and metamorphic (SH-42) xeno-
liths were split and analyzed in duplicate; the duplicate
sampl es show good agreement except in the HREE con-
centrations (Figs. 5G, H). Sample LF-28, from the out-
crop of quartz monzonite near the LavaFork vent, hasa
substantially different composition than the partly fused
granitic xenoliths (Fig. 5G). The xenoliths and monzo-
nite sample show less REE-enrichment than do the host
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TABLE 3. COMPOSETIONS OF GLASSES ({7} AKL BULK SAMFLES OF BARTT.Y- EUSETN CRUSTAF XENOLITHS
(X7, AND A SAMPLE OF LOCAL OUTCROEPING OF PLUTONIC ROCK (P%)

Labhel SH-41 SH-42 SH-41 SH-42|LF-28
Sample 6 ] G G G G [N ¢ ¢ G X x! 1
i, 5736 6603 6464 6700 6700 6057 63IHD SLBS TEIZ 7421 FET0 Tel Y604
Tidh, - - - - - - 030 063 017 03 - 0 12

Al 2700 1E23 20,19 1843 19001 1953 1784 26074 1R36 11485 1300 1260 1356

el 033 015 07 D47 040 3Aae 336 202 100 027 2350 038
MnQ - - - - - - - - - - -

Mgid (.34 - - - - - 115y 080 079 - 08 01
Cal 430 007 42 043 080 038 229 1235 17F 137 06 192 ON0

N, 510 350 40 631 002 650 442 406 322 393 350 3T0 378
K. 435 T48 643 400 406 676 507 059 191 147 308 039 455
0, 010 027 017 0235 03 023 014 026 - - 042 Go0c 003

Tutal UK 0838 9043 9942 10021 10056 Y978 100310 9855 SE B0 G983 9R.17 9837

- Indicates clements are at or helow detection levels.

“Glass compositions determined by electren microprabe ut URC.

? Sumples analysed by XRF at the G8C |, Ottawa (X and at MeGill University {PJ.

* Coloured glasses resulting [rom mixing uf busall and milled acnolith,

T Protoliths o partly fused senoliths are granitoid (SH-4 1 and metamorphic schist (STE427.
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Sample  SH-21_ S0-33 SH-39a SH-39b  IR-8  CG-12 SC-23 KC-22 LF-31  S1-41 SH-42  LI-28 A'

Rock Hawalite Basalt  Basalt  Basalt  Buxall  Basalt  Basall  Bawall  Busull Xenohth Xeoolith QM SH-39
La 639 03 18.0 17.49 18.4 24.0 14.1 28.0 229 2.9 3z t0.0 0.07
Ce 1408 A1 41.0 407 40.2 539 43.8 G1.0 318 213 5383 0.0 0.70
Pr 17.5 .0 53 54 53 7.0 58 7.9 6.8 2.6 6.3 22 .03
Nd 29 158 232 23.3 231 30d 256 322 N 10.4 21.9 7.8 D14
Sm 150 6.2 5.5 5.6 34 71 5.4 7.1 6.6 28 38 L6 O.11

Eu 4.7 2.1 152 1.54 £.90 2.30 2.80 2,27 238 0.27 (194 0.24 0.02
Gd 14775 621 574 5.63 578 702 613 6,89 (.57 289 341 30 .08
b 1.90 080 081 079 0.76 0.93 0.79 0.96 0.89 .46 044 0.18 0.02
Iy 11.03 3.15 4.88 482 4.73 574 5.89 5.66 5.11 2.69 2.51 0.89 0.06
o 2.01 0.96 087 0492 {1L.87 1.09 {185 1.08 0.98 0.30 0.47 0.16 .05
Er 333 2.39 235 239 235 292 2.26 2.85 2.49 1.41 1.31 043 0.04
Tm .73 0.37 033 032 (32 1141 .33 142 0.33 0.22 020 .08 0.01

Yb 4.49 2.32 2.10 2.07 1.90 161 1.4 2.67 211 1.42 1.22 0.49 0.03
Lu 63 (1.30) 028 0.28 0.29 (.39 0.27 (.40 .29 0.20 019 0.07 0.00
(Law/Smy 276 212 211 206 2.18 220 2.10 2.56 225 2.20 4.99 4.04 0.05
{la/¥hy _ 1032 628 6.5 6.21 6.73 f.hl 716 4.53 737 5,14 1837 1465 006

" Sample of outcropping guarle monzonite (analysed by Geological Swrvey of Canada, Otlawa).
- Primilive mantle normalized values (after Sun & MceDonough, 19891,
* Dilference herween duplicate analyses of SH-39,
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Fic.5. Rare-earth-element contents of lavas from the I skut volcanic field are normalized to primitive mantle (REE,) using data
of Sun & McDonough (1989), including samples from: (A) Iskut River, (B) Tom MacKay Creek, (C) Snippaker Creek, (D)
Cone Glecier, (E) Cinder Mountain, (F) Second Canyon and King Creek, and (G) Lava Fork. LavaFork datainclude compo-
sitions of lavas, partly fused crustal xenoliths, and a plutonic bedrock sample (see text). Panel (H) shows all REE, patterns.

lavas, suggesting that the effects of crustal assimilation
may be difficult to discernin termsof REE patterns(e.g.,
Cousens & Bevier 1995, Carignan et al. 1994). The

monzonite (LF-28) has the

lowest REE content,

whereas the schist (SH—42) has the highest. The fused
granite (SH—41) and monzonite show strong negative
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Fic. 6. Light [La/Sm] and total [La/Yb] REE fractionation
indices for datafrom Figure 5 and Table 4. The Iskut vol-
canic rocks show little REE fractionation relative to inter-
mediate volcanic rocks from Cinder Mountain. Xenoliths
and bedrock samples of granitic rocks show greater REE
fractionation than do xenoliths of metamorphic rocks.

Eu anomalies, afeaturethat isnot seenin any lavasfrom
the Iskut volcanic field.

MAGMATIC DIFFERENTIATION

The chemical and mineralogical diversity found in
these eight volcanic centersis ultimately attributable to
differences attending the melting of mantle sources, the
transport of the primary magmas through the lithos-
phere, and the storage and differentiation of the paren-
tal magmas. Our strategy to understand their originsis
to quantify the possible effects of magmatic differentia-
tion and of assimilation by crustal rocks. The observed
assemblages of phenocrysts provide hard evidence for
the effects of magmatic differentiation and constrain its
character. Assimilation of crustal materia is strongly
indicated by the abundance of highly fused crustal xe-
noliths and xenocrysts within many lavas.

Closed versus open systems

We begin with an evaluation of the extent to which
the within-center variations in mineralogy and chemi-
cal composition can be explained by closed-system pro-
cesses. Our analysis is restricted to five centers (IR,
SNC, CG, CM, LF) for which many flows have been
analyzed. We have used element-ratio diagrams (Pearce
1968) to test the phenocryst-sorting hypothesis against
the chemical data (e.g., Russell & Nicholls 1988,
Nicholls & Russell 1991, Russell & Snyder 1997). The
diagram shown in Figure 7 was designed by choosing
an appropriate conserved element as the denominator
of the ratio, and choosing a set of numerator elements
for the x and y axes that accounts for the target mineral
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assemblage (Stanley & Russell 1989, Nicholls & Gor-
don 1994). The target assemblage is defined by the phe-
nocryst assemblage; thus the axes are designed to
accommodate olivine + plagioclase + augite, although
augite is rare. Titanium is used in the denominator be-
cause it has low analytical variance (Table 2) and be-
causeit isincompatible in these basaltic rocks (Fig. 3).
For example, it is geochemically excluded from olivine
and plagioclase and occurs only in small amounts (<0.03
atoms per formula unit ) in the rare augite megacrysts.

One other consideration affected our design of Fig-
ure 7. The numerator coefficients were computed such
that the model process (e.g., phenocryst-sorting) will
generate a trend with a slope of 1.0. However, we aso
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Fic. 7. Element-ratio diagrams designed to test for sorting of
olivine £ plagioclase + augite against the effects of assimi-
lation of crust (e.g., Stanley & Russell 1989). (A) Compo-
sitions of basalts from the 1959 eruption of Kilauea ki are
used to calibrate the effects of phenocryst sorting in the
absence of assimilation. Model line (m = 1) is drawn
through the most magnesian glass composition (SG-05).
(B) Lavasfrom each Iskut volcanic center are plotted in the
same compositional space. The data are scattered and, asa
group, they fail to define a coherent trend (error bars de-
note 20 analytical uncertainties). Inset shows vector repre-
sentation of effects of crystal sorting versus the range of
effects due to assimilation of xenoliths and glasses (Table
3, Fig. 4; see Appendix 1).
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required that the diagram be sensitive to the addition or
loss of granitic components (details arein Appendix 1).
In summary, the coefficients used in our axes ensure
that lava compositions will plot on atrend with a slope
of oneif: &) they derive from a single system, b) they
have been affected only by fractionation of olivine £
plagioclase + clinopyroxene, and c) if the system has
not gained or lost Ti (Fig. 3). If another mineral isfrac-
tionated, or the system is contaminated by crustal mate-
rial, or thelavas derive from different batches of magma,
then the data will depart from the model line.

Compositions of alivinetholeiitelavasfrom the 1959
eruption of Kilauealki (Murata& Richter 1966, Russell
& Stanley 1990) are plotted in Figure 7A to demonstrate
the effects of phenocryst-sorting in the absence of as-
similation. Theselavas contain abundant phenocrysts of
olivineand small amounts of clinopyroxene and plagio-
clase. Themodel hypothesisisrepresented by alinewith
aslope of 1.0 drawn through the most magnesian glass
composition reported (SG-05; cf. Russell & Stanley
1990). All compositions lie directly on, or within ana-
Iytical error of, the model line.

The compositions of lavas from the Iskut volcanic
field contrast greatly with the compositional data from
Kilauea (Fig. 7B), as they show scatter that clearly ex-
ceeds analytical uncertainties. Two model lines(m = 1)
are drawn through a Lava Fork sample and an Iskut
River sample, but the datafail to define a parallel com-
positional trend. Even by excluding the CM hawaiites,
these volcanic rocks record chemical variations that
cannot be attributed to simple sorting of the observed
assemblage of phenocrysts.

The above result is to be expected because the data
shown on Figure 7B derive from eight separate volca-
nic centers. Data for five of the volcanic centers are
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plotted individually in Figure 8, and model lines repre-
senting closed-system processes are drawn through the
least-fractionated sample for each suite. This sample
was identified on the basis of MgO content, composi-
tion of olivine phenocrysts, and solidification index.
None of theindividual suitesof lavas (IR, Fig. 8A; SNC,
Fig. 8B; CG, Fig. 8C; CM, Fig. 8D) can berelated to a
single magma by sorting of olivine = plagioclase
augite. Lavasfrom Lava Fork have arange of composi-
tionsthat is only dightly greater than the limits of ana-
Iytical uncertainty (Fig. 8E). In most centers, the trend
generated by the lavas is nearly perpendicular to the
model trend for crystal sorting. This is a clear indica-
tion of the involvement of an open-system process.

MAass-BALANCE MODELS
Hypothesis

Crustal xenoliths are common in at least five of the
eight Iskut volcanic centers. Complexly zoned, sieved-
textured plagioclase phenocrysts, which may represent
surviving and cannibalized xenocrysts of plagioclase
from crustal sources (e.g., Tsuchiyama 1985), are also
pervasive and abundant within the basalt lavas. Such
textures in phenocrysts are particularly common in
basalts that have been influenced by assimilation pro-
cesses (e.g., Harris& Bell 1982) or magmamixing (e.g.,
Wilcox 1954, Kuo & Kirkpatrick 1982).

Styles of assimilation can vary from bulk assimila-
tion to selective assimilation (assimilation of partial
melts) and depend on the length and time scales of
magma-host interaction (e.g., Watson 1982, Huppert &
Sparks 1985, Grove et al. 1982, Russell et al. 1995,
Edwards & Russell 1998). Many xenolithsin the Iskut

TABLE 5. RISLLTS FROM MASS BALANCE MODELLING OF FRACTIONATION AND ASSIMILA TION PROCLSSES

Input Parameters

Model Results

Center Parent Daughter Ol Fo%) PliAn®) | Ol (g PL (2 Assimilant (g)'  55Q° o’
IR IR-8 IR-6 734 it 300 %) -4.14 050 <0001
ENC SH-34 SH-01 749 a5 2.70 1.84 -1.50 Gal = (]
[ SH-14 SH-13 30.3 508 2,10 971 -7.08 070 0002
CGwCM  SH-14 OM-20 30.3 A5 13,59 300 -18.10 7.9 .64
CM CWI-20 CM-21 326 42.3 112 0s -1.94 002 <0000
SC -G S0-23 SH-14 3310 693 .30 -0.0% - 4.3 0.17
8C- G SC-23 S5H-14 520 a99.3 104 =324} =106 3.0 011

' Modal composition of glass from SH-41: SiQ, (66.9), ALO, {18.8), Fe(y (1.3}, Cal} (0.5}, Na.0 (6.4), K,Q (7.1},
? Solutions obtained by ¥ minimization methods (see X0}, sums of residuals squared (885Q}) are reported for

comiparisons with literature.

* Tolerance [o) denotes probability of zetting observed value of $$0) by chunce even when model is cotrect.
* Selution lor model that considers only sorting of olivine and plagicclase (see LexLy.
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lavasare partly fused, digested or reacted, and their pres-
ence lends strong support for aselective style of assimi-
lation whereby elements residing in the earlier melting
phases are preferentially incorporated into the host
magma by melt diffusion or blending of melts (e.g.,
Patchett 1980, Watson 1982, Watson & Jurewicz 1984,
Beard et al. 1993). Consequently, we suggest that the
effective contaminant, produced by assimilation of
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crustal rocks, must lie within the compositional field of
glass compositions found in the partly fused xenoliths
described above (Table 3, Fig. 4).

Table 5 contains expressions of the crystal fraction-
ation — assimilation hypotheses proposed for the four
centerswithin the Iskut volcanic field that show signifi-
cant chemical variation. Below, we devel op amass-bal -
ance strategy to test whether the compositions of lavas
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Fic. 8. Chemica compositions of lavas from individua volcanic centers plotted in (olivine + plagioclase + augite)-sorting
diagrams used in Figure 7. Ellipses denote 1o errors due to analytical uncertainties. Datasets include: (A) Iskut River, (B)
Snippaker Creek, (C) Cone Glacier, (D) Cinder Mountain, (E) Lava Fork, and (F) al data together.
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from a single center record the effects of both crystal
sorting and crustal assimilation. Our solutions to these
models provide bounds on the relative importance of
these two processes. In each case, the compositions of
olivine and plagioclase used in the modeling are mea-
sured compositions of cores to phenocrysts from the
actual samples. We have used an average glass compo-
sition asaproxy for the assimilant; specifically, we used
the modal composition of the colorless glass composi-
tions from sample SH—41.

Model

For each oxide (nin total), thereisalinear equation
ensuring mass balance between theinitial and final sys-
tem:

wd; O
_—D:

[Wpi - Wdi] @
100 O

m
Z Xj%nj

=1

where wp; and wd; are the wt.% concentrations of the
it oxide in the parent and derivative rock, respectively.
Theform of Eq. 1istaken from Stout & Nicholls(1977)
and has the attribute that the mass-balance solutions are
less sensitive to the absolute abundances of each oxide
and more sensitive to the differences between parent and
derivative samples. The variable s is the weight frac-
tion of oxidei inthe phase . The mvariables X; are the
unknown masses of phases added or subtracted to the
parent magma. Solving this overdetermined (n > m)
system of linear equations returns estimates of X;.

Armed with reliable estimates of measurement errors
(o ; see Table 2), we can move from a*“best- fit” least-
squares analysis approach, to amapping of “confidence
limits” on the optimal solution using conventional meth-
odsreviewed by Presset al. (1986). This requires mini-
mization of the x2 function:

— A(Xy, X, xm)ﬁ

I
X Za . .

where y; are the measured values, A(X) are the values
predicted by the model, and the summation isover then
oxide-equations. Minimization of this function nomi-
nally returns the “weighted least-squares’ solution.
There are two differences in our approach to mass-
balance modeling relative to others. First, we compare
the value of the minimized function (x2 mode) directly
against the x2 distribution for n-m degrees of freedom
(Presset al. 1986) as ameans of assessing the goodness
of fit («; Table5). Specificaly, the values of « recorded
in Table 5 represent the probabilities of obtaining the
observed x2 moge Vaue by chance, or of rejecting the
fractionation—assimilation hypothesiswhereit s, in fact,
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true. Where the x2 model Values are small relative to the
analytical errors, we can expect asmall value of o and
be confident (1 — «) that the model is consistent with, or
permitted by, the data. Of course, this does not preclude
the existence of an equally valid aternative explanation.
In situations where the x? noda Values are large relative
to the analytical uncertainties, values of a will increase
substantially. This case indicates that there is a high
probability of obtaining the observed x2 moga Value sim-
ply by chance, that we cannot assign a high degree of
confidence (1 — o) to the hypothesis, and that we may
reject it. This strategy of comparing values x? moga t0
the x2 distribution circumvents the use of arbitrary val-
ues of sumsof squares (e.g., SSQ = 1) to decide whether
to accept or reject a particular mass-balance model.

A second difference is that, rather than consider a
single solution that happens to coincide with the mini-
mum SSQ, we have elected to use the x? distribution to
create confidence limits (e.g., 95%) on the solution. This
approach has several merits. Firstly, weareableto set a
priori the confidence limitsthat wewish to use, and then
map the range of all possible solutions that are permit-
ted under these limits. Given that we accept the model
(low values of a), this map shows the range of all solu-
tionsthat must be considered as being equally valid. For
example, the solution space may enclose zero amounts
of aphase, which would indicate that the phase may not
beinvolved. Secondly, the two-dimensional (2-D) pro-
jections of the solution space show correlations among
model parameters that are critical in terms of interpret-
ing the ranges of acceptable values.

ResuLTs

Figure 9 shows the solutions to the mass-balance
problems posed in Table 5 for the IR, SNC, CG and
CM volcanic centers. The solutions are expressed as 68,
95 and 99% confidence ellipses and are shown as 2-D
projections containing the point associated with the
minimum %2 value (the center). The projections show
the compl ete range of masses of dlivine, plagioclaseand
assimilant (per 100 g of magma) consistent with the
compositional difference between parent and daughter
compaosition.

In the case of lavas from Iskut River, Snippaker
Creek, and Cone Glacier, the solutions require the frac-
tionation of positive amounts of both olivine and pla-
gioclase and the assimilation (negative) of crustal
material (Table 5). All three phases are required to ex-
plain the observed compositional differences because
the confidence limits fail to include the zero axis for
any phase. The hawaiite lavas from Cinder Mountain
record a slightly different process (Fig. 9, Table 5). At
the 95% confidence limit, the optimal solution for Cin-
der Mountain hawaliite requires assimilation of 1.9 +
0.6 g of granitic melt (Table 5). However, the solution
permits gains or losses of small amounts of olivine and
plagioclase (Fig. 9). Moreimportantly, the mass-balance
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model suggests that chemical variations within the
hawaiites can be explained by assimilation alone; the
95% confidence limit solution-space includes the zero
axis for fractionation of both olivine and plagioclase.

We also tested whether the CM hawaiite could be
derived from the Cone Glacier basalt by fractionation
and assimilation (Table 5). The mass-balance modeling
showed this process to be unreasonable because it re-
quires an extraordinary amount of crystallization (55%),
the sums of squares of residuals are exceedingly high,
and the corresponding confidence level (1 —«) islow
(Table 5). Thus although we have an adequate explana-
tion for chemical diversity within the hawaiite suite,
their ultimate origins remain enigmatic. Past explana-
tions for hawaiite in the Canadian Cordillera include
fractional crystallization (Souther & Hickson 1984,
Cousens & Bevier 1995), and assimilation or assimila-
tion and crystallization (e.g., Stout & Nicholls 1983,
Charland et al. 1993).

Discussion

Figure 10 provides a direct comparison between the
mass of assimilant versusthetotal mass of crystalsfrac-
tionated. In each case, the calculations require that the
masses of crystals fractionated exceed the masses as-
similated. For the Iskut volcanic field, the ratio of as-
similation to fractionation is approximately 1:2 (Fig.
10). This finding compares well to the results of Stout
& Nichalls (1983), who modeled the origin of hawaiite
from the ltchaMountain Rangein terms of coupled crys-
tallization and assimilation. On the basis of thermody-
namic and mass-balance calculations they showed that,
for assimilation-to-crystallization ratios up to 1:2, the
sensible and latent heats suffice to support the process.
Conversely, at higher ratios of assimilation to crystalli-
zation (e.g., 1:1), an external source of heat is required.
Furthermore, Edwards & Russell (1998) showed that
mode! paths of isenthal pic assimilation—fractional crys-
tallization processes converge to ratios of 1:2 (eg., r
values of 0.5; DePaolo 1981). Thus our mass-balance
solutions for lavas within the Iskut volcanic field (e.g.,
1:2 ratio of assimilation to crystallization) also appear
to be energetically feasible (Stout & Nicholls 1983,
Edwards & Russell 1998).

Our last calculationisaimed at el ucidating the petro-
genetic relationship between these lavas and potential
primary magmas. The Second Canyon basalt isthe most

Fic. 9. Graphica representation of results of mass-balance
modeling from Table 5. Optimal solutionsare shown as68,
95 and 99% confidence limits on masses (g) of olivine and
plagioclase fractionated (positive) and assimilant added
(negative) per 100 g of original magma. Solutionsfor Iskut
River, Snippaker Creek, Cone Glacier, and Cinder Moun-
tain centers are considered acceptable (Table 5), and all
require assimilation of crustal rocks.
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Fic. 10. Results of mass-balance modeling summarized as
total mass of fractionated material versus mass of assimi-
lated material. Error bars represent the 2o uncertainties on
the model solutions. Reference lines show fixed ratios of
fractionated to assimilated masses. Centers from the Iskut
volcanicfield describe a1:2 rel ationship between assimila-
tion and crystallization (see text).

primitive lava in the region (MgO: 9.25 wt.%, S.I. 36,
normative ne). Mineralogically, the lava contains phe-
nocrysts of olivine (Fogs g2) and plagioclase (Aneg);
obvious xenocrystic or megacrystic plagioclase is ab-
sent. Using the olivine-iquid thermodynamic model of
Roeder & Emslie (1970), the predicted olivine-satura-
tion conditions for amelt of this chemical composition
are Fog7_gz and 1244-1252°C, depending on the as-
sumed ratio of Fe?* to Fe™.

We have used the composition of the Second Can-
yon basalt (SC-23) as a proxy for the composition of a
likely primary magma to the Iskut volcanic field.
Clearly, thisisan approximation. We have then investi-
gated the potential mass-balance relationships between
this magma and the least-evolved lava from Cone Gla-
cier (SH-14). We tested two separate hypotheses con-
cerning these two magma compositions: i) sorting of
olivine and plagioclase, and ii) sorting of olivine and
plagioclase coupled to assimilation of crustal material
(Table 5, Fig. 11). The closed system process requires
fractionation of small amounts of olivine (1.3 g) and
substantial accumulation of plagioclase (6 g) (Fig. 11A).
The solution hasresidual sums of squares (Table 5) that
are larger than associated with other models (4.3) and
large enough to reject the hypothesis (e.g., Stout &
Nicholls 1983).

The solution for the crystal-sorting-and-assimilation
hypothesis (Figs. 11A, B, C) requires fractionation of
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small amounts of olivine (1 g) and accumulation of sub-
stantial amounts of plagioclase (-5 g), but also involves
assimilation of 2 g of crustal material. The sums of
sguares of residuals are reduced to 3 because of the ex-
trafit parameter (Table 5). However, the value of « (in
which the additional fit parameter is already accounted
for) is also substantially reduced (0.17 to 0.11) and,
therefore, the model must be considered as close to ac-
ceptable (e.g., Stout & Nicholls 1983) on the basis of
the corresponding confidence level (0.89). Lastly, the
95% confidence limits on the solution (Fig. 11) do not
enclose the zero axis for any of the phases, indicating
that all three phases are required. The projected confi-
dence dllipses (Fig. 11) aso provide insights into the
nature of correlations between the model parameters.
Notethat the mass of assimilant isvirtually independent
of the masses of olivine and plagioclase. Therole of as-
similation cannot be subsumed simply by changing the
amounts or proportions of the fractionated solids.

This last computation suggests that, relative to Sec-
ond Canyon basalt, the Cone Glacier lavas have accu-
mulated substantial plagioclase and assimilated granitic
crust, whilst crystallizing only a minor proportion of
olivine. Oneimplication of thisinferenceisthat thelarge
vitreous-looking plagioclase crystals in the Cone Gla-
cier lavasare cognate; their abundanceisaresult of crys-
tal accumulation. Indeed, the abundant and pervasive
large plagioclase phenocrysts that characterize lavas
within the Iskut volcanic field may be adirect result of
crustal assimilation. Assimilation of feldspar can greatly
increase the stability field of plagioclasein basaltic lig-
uids, with the consequence that plagioclase crystallizes
earlier and in greater quantities (e.g., Bowen 1928,
Edwards & Russell 1998).

CoNCLUSIONS

The effects and importance of crustal assimilation
on Quaternary magmatism in the Canadian Cordillera
have been alluded to by many past investigators (e.g.,
Stout & Nicholls 1983, Souther & Hickson 1984, Eiché
et al. 1987, Carignan et al. 1994, Cousens & Bevier
1995, Edwards & Russell 1999), but have not been ex-
amined quantitatively except in a few cases (e.g.,
Souther & Hickson 1984, Stout & Nicholls 1983). In
our experience, the traditional reliance on isotopes and
trace elementsto recognize and quantify crustal assimi-
lation (e.g., Carter et al. 1978, DePaolo 1981, Samson
et al. 1989, Brandon et al. 1993, Carignan et al. 1994)
may be somewhat misplaced in the northern Canadian
Cordillera. These tools tend to be blunted by the nature
of the underlying lithosphere (e.g., Samson et al. 1989,
Cousens & Bevier 1995, Carignan et al. 1994, Edwards
& Russell 2000). For example, many of the arc-derived
rocks that dominate Stikinia and serve as basement to
the NCVP are, in terms of isotopic and trace-element
compositions, indistinguishable from the NCVP volca-
nic rocks and some modern-day OIB (e.g., Carignan et
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al. 1994, Cousens & Bevier 1995, Edwards & Russell
2000). Detecting the effects of crustal contamination
using these data alone is problematic at best.

Quaternary lavas from the Iskut volcanic field have
within-center compositional variations that cannot be
accounted for by simple sorting of the phenocryst as-
semblage (olivine and plagioclase) or even cryptic frac-
tionation of higher-pressure pyroxene (found as rare
partly resorbed megacrysts). The textural, mineral ogi-
cal and whole-rock chemical data suggest that assimila-
tion of crustal material has played a significant role in
the petrogenesis of the lavasin the Iskut volcanic field.
Mass-balance modeling of the major-element data pro-
vides a quantitative estimate (1:2) of the proportions of
material assimilated versus fractionated. We suggest
that assimilation of crustal material may be more wide-
spread in the NCVP than is currently recognized. One
of the ultimate goals of petrologists is to map physical
and chemical variations in the mantle underlying the
Canadian Cordillera. In order to achieve thisend, it is
critical that we continue to recognize and quantify the
effects of assimilation, so that source-region variations
can be more clearly revealed.
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Fic.11. Themass-balancerelationshipsbetween a“ close-to-
primitive” basalt composition from the Iskut volcanic field
(Second Canyon) and a “parental” lava composition from
the Cone Glacier volcanicfield (seetext and Table5). Panel
(A) shows solutions for both: i) sorting of olivine and
plagioclase, and ii) sorting of olivine and plagioclase and
assimilation of crustal material.
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APPENDIX 1. TESTING FOR ASSIMILATION IN ELEMENT-RATIO DIAGRAMS

Previoudly, we used element-ratio diagrams (Pearce
1968) to directly test petrological hypotheses against
chemical data(e.g., Russell & Nicholls 1988, Russdll et
al. 1990). In most instances, the hypothesis representsa
closed-system process, such asfractionation or accumu-
lation of olivine phenocrysts (e.g., Russell & Snyder
1997). In this paper, we begin with the expectation that
if these basalts have behaved as closed systems, then
their chemical compositions will be strictly controlled
by sorting of the observed phenocryst assemblages (Ol
+ Pl £ Cpx). However, we also wish to recognize the
effects of assimilation of crust. The chemical signature
of this process could be subtle, given the composition
of rocks comprising Stikinia. Therefore, we have en-
deavored to make a more stringent test of the closed-
system hypothesis by designing the diagram to be
sensitive to specific compositions. Specifically, the nu-
merator coefficients have been calculated using the
matrix methods described by Stanley & Russell (1989)
and Nicholls & Gordon (1994) so that inputs of granitic
material will cause pronounced deviations from the
model trend. We used the measured compositions of
bulk xenoliths and associated glasses as proxies for the
range of compositions of the crustal assimilant.

On the element-ratio diagram shown in Figure 7,
rocks compositions that are strictly related by our
closed-system processwill generate aunique trend with
a slope of one. The consequences of adding one of our

o] . o
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idealized crustal contaminants to the magma composi-
tion are summarized in Figure A1. The compositions of
bulk xenoliths, glasses within the xenoliths and the
guartz monzonite bedrock (L F-28) have been converted
to atomic proportions and normalized to eight atoms of
oxygen. Figure A1 shows the X- and Y-axis displace-
ments (A) and the slopes and norms (B) of the vectors
that result from projecting these compositions into the
element-ratio diagram (Fig. 7).

The norms of these projections provide a relative
measure of the effect of each composition on chemical
trends plotted on the element-ratio diagram. The fact
that the norms are non-zero and similar in valueimplies
that assimilation of any of these compositionswill cause
substantial displacementsin the element-ratio diagram.
The dlope is the critical parameter governing whether
or not the displacement will be visible. If the dope is
parallel to the“ closed-system” trend (e.g., slope = 1.0),
then the assimilation process would be virtually invis-
ible in this diagram. As shown in Figure A1(B), most
compositionswill generatetrends at high angles (slopes
of 0 — 0.5) to the model trend. The implication is that
even small amounts of assimilation will disrupt the
magma chemistry in a highly visible manner. As the
assimilant is being added to the system, the composi-
tional shift will betoward higher valuesalong the X axis
(Fig. 8; seeinset).
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Fic. A1l. Thevector properties of the compositions of possible assimilants (e.g., Table 3, Fig. 4) after being normalized to eight
atoms of oxygen and projected onto element-ratio diagrams (Figs. 7, 8). (A) Displacement onto X and Y axes caused by
assimilation of one eight-oxygen unit of each composition. The dashed line indicates equal displacements on both axes. (B)
Computed slope and norm of the displacement vector caused by assimilation of one eight-oxygen unit of each composition.
Most compositions generate slopes that are significantly different from 1 (e.g., phenocryst-sorting process).



