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Abstract

The Kaminak segment of the Central Hearne supracrustal belt (CHSB) Western Churchill Province, Canada, comprises a
diverse sequence of Neoarchaean volcanic and less abundant metasedimentary rocks that were emplaced as two assemblages
between 2695–2711 Ma and 2681–2686 Ma, respectively. These are intruded by uncommon pre-tectonic diorites and tonalites (ca.
2691 Ma), voluminous syn-tectonic tonalites and granodiorites (ca. 2679–2686 Ma) and, rare post–tectonic potassic monzogranite
and syenite (ca. 2659–2666 Ma). Metasedimentary rocks include turbidites, epiclastic tuffs, minor iron formation (oxide) and
rare volcanic conglomerates. Volcanic rocks of assemblage I include abundant pillowed and massive basalts to andesites with
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ess common silicic lavas, tuffs and volcaniclastic debris flow deposits. Assemblage II contains voluminous silicic
olcaniclastic debris flow deposits but fewer basaltic to andesitic flows. The critical diagnostic feature of the CHS
tratigraphic intercalation of compositionally diverse basaltic, andesitic and felsic volcanic rocks throughout both asse
apping, U–Pb geochronology and lithogeochemistry suggest that an initial MORB-like basaltic plain containing wid

ntercalations of dacite to rhyolite was replaced at ca. 2688 Ma by a relatively short-lived, dacite to rhyolite dominated m
nvironment characterized by localized felsic volcanic centres and a bloom of 2686–2679 Ma tonalitic to granodioritic

asaltic to andesitic rocks are dominated by iron-rich tholeiites, although the proportion of calc-alkaline rocks increases with
ilica content. Felsic volcanic rocks all exhibit calc-alkaline affinities. The wide range in chemistry of the basaltic to andesitic
ocks of both volcanic assemblages implies diverse mantle sources capable of generating voluminous MORB-, with less common
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magmas
RC-, NEB(OIB)- and rare BABB-like rocks. Similarly, the variable composition of the felsic volcanic rocks indicate
natexis of eclogitic to garnetiferous mafic crust and also extensive fractionation of mafic precursors in crustal magma
wo geochemically distinct, arc-like mafic suites were generated through contamination of primary mantle-derived
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by juvenile, ca. 2700 Ma silicic crust either in their mantle source or through assimilation upon ascent.εNdt isotopic data are
comparable to contemporaneous depleted mantle with only local evidence for incorporation of older,≫2700 Ma crust.
The CHSB may have formed via tectono-magmatic processes comparable to those of the Eocene, infant-arcs of the SW Pacific,
whereby the formation of a thick sequence of coeval, intercalated, compositionally diverse mantle- and crustal-derived rocks,
are generated in an extensional supra-subduction setting. The cessation of supra-subduction zone extension at ca. 2688 Ma, was
followed by the short-lived development of felsic volcanic edifices (incipient arc), the extrusion of mafic to felsic magmas and the
concomitant intrusion of voluminous syn-kinematic tonalitic plutons. This accompanied a major change in the tectono-magmatic
setting accompanying and presumably following the termination of extensional, supra-subduction zone processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The areally expansive, granite-greenstone terranes
of the Western Churchill Province (wCP), lying west
and northwest of Hudson Bay (Fig. 1) were originally
distinguished from the adjacent Slave and Superior
Provinces on the basis of prolific, regional, Paleopro-
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terozoic K–Ar ages (Stockwell, 1982). On the basis
of regional aeromagnetic data contrasts, and sparse
supporting geological and geochemical data,Hoffman
(1988) subdivided the wCP into Rae and Hearne
Provinces along the Snowbird Tectonic Zone. Using
mapping and lithological reconstructions, but lacking
a substantial geochronological and lithogeochemical
ig. 1. Simplified geological map of north-central Laurentia sho
he NW Canadian Shield. The subdivision of the Hearne doma
s is the location ofFig. 2. Map modified afterStern and Berman
elt; Y, Yathkyed belt; H, Henik belt; K, Kaminak belt; T, Tavan
e location of the study-area relative to the major geological pro
W and central Hearne sub-domains (Hanmer and Relf, 2000) are shown
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database,Aspler and Chiarenzelli (1996)proposed that
the Hearne domain likely formed in an ensimatic set-
ting. Those authors suggested that the Rae represents
the marginal, extended continental hinterland and that
the Hearne represents either a collapsed marginal basin
or a series of laterally accreted volcanic arc–trench
systems. Recent, strategically located, field-based,
multi disciplinary bedrock mapping projects com-
bined with supporting geoscience studies (Western
Churchill NATMAP Project;Hanmer and Relf, 2000)
demonstrate that the Hearne Province may be divided
into northwestern and central sub-domains (Hanmer
and Relf, 2000), distinguished by contrasting Ar-
chaean lithological associations and lithogeochemistry
but mainly by differences in their latest Neoarchaean
and, in particular, Paleoproterozoic tectono-thermal
histories (Hanmer and Relf, 2000; Hanmer et al., in
press).

The Central Hearne sub-domain contains a series of
supracrustal belts, that have been historically referred
to from SW to NE as the Henik, Kaminak and Tavani
segments (Hanmer et al., in press) but are now collec-
tively referred to as the Central Hearne supracrustal belt
(CHSB). This sub-domain covers ca. 30,000 km2 of the
Hearne Province and, as such, represents the second
largest Archean greenstone belt after the Abitibi belt
of the Superior craton. Despite a substantial history
of mineral exploration and a number of proposed, but
poorly constrained geodynamic models, only sparse
lithogeochemical data for the CHSB is available (cf.
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sented herein, comprises complete lithogeochemical
analyses for a wide range of volcanic rocks includ-
ing predominantly basaltic to andesitic pillowed and
massive units, as well as common dacitic to rhyolitic
rocks.

A fundamental characteristic of the CHSB is the
primary (stratigraphic) outcrop to km-scale interlay-
ering, throughout the temporal evolution of the belt,
of basaltic to andesitic volcanic rocks and concomi-
tant dacitic to rhyolitic volcanic units of contrasting
geochemical affinity. Widespread mafic to intermedi-
ate volcanic rocks exhibit five distinct petrochemical
subgroups, including MORB-like, arc-like and Nb-
enriched basalts throughout, with common, crustally
contaminated mafic to intermediate rocks and rare
BAB-like basalts. Felsic rocks also comprise five dis-
tinct geochemical subgroups, exhibit a continuum from
those having characteristics of melts derived from ana-
texis of eclogite to garnet amphibolite as well as mag-
mas derived from fractionation of mafic precursors.
Supporting Nd isotopic data suggest that all the vol-
canic units are derived from variably depleted, pre-
dominantly juvenile Neoarchaean mantle or crust with
rare evidence for interaction with significantly older
crustal material. In conjunction with companion pa-
pers (Cousens et al., in press; Davis et al., 2004;
Hanmer et al., in press), we interpret the overall geo-
dynamic setting for the generation of these rocks, in
particular those of volcanic assemblage I, to reflect
lithospheric processes analogous to those that resulted
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This contribution presents lithogeochemical and
sotopic data for a wide range of volcanic rocks fr
he Kaminak segment that, along with lithologi
nd geochronological information, provide petrol

cal tools for the development and testing of plaus
eodynamic models for the region (seeCousens et al

n press; Davis et al., 2004; Hanmer et al., in pre).
eological field relationships and petrochemical

sotopic data for the Henik segment are addresse
ousens et al. (in press)whereas the stratigraphy a
eochronology of the Tavani segment are discuss
ark and Ralser (1992), Davis and Peterson (199,
avis et al. (2004)andHanmer et al. (in press). All
ges discussed are ID thermal ionization mass s

rometry determinations on zircon. The database
n extensional, supra-subduction “infant arc” envir
ents of the southwest Pacific ocean during the Eo

cf. Stern and Bloomer, 1992; Bloomer et al., 19
errich et al., 1998).

. Geological setting

.1. Regional lithological relationships

The CHSB comprises a Neoarchaean, typic
ell-preserved, greenschist grade mafic metavolc
ominated supracrustal belt including basalt, ande
acite, rhyolite and less common chemical and c

ic sedimentary rocks. The volcanic rocks, empla
etween ca. 2681 and 2711 Ma, are cut by volu
ous, gabbro to monzogranite plutons that are d
ated by tonalite, and collectively range in age fr
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Fig. 2. Simplified geological map of the Kaminak segment of the Central Hearne supracrustal belt from Heninga to Quartzite Lakes. Modified
afterHanmer et al., (in press)andDavis et al. (2004). Note the geographical distribution of the volcanic rocks subdivided into assemblages I
and II and the location of two detailed map localities.

2659 to 2691 Ma (Davidson, 1970; Mortensen and
Thorpe, 1987; Park and Ralser, 1992; Davis et al.,
2004; Hanmer et al., in press). The overall outcrop
pattern, relative volumes of volcanic rock-types and
a discussion of the regional geology and structure of
the CHSB are presented elsewhere (Hanmer et al., in
press; Cousens et al., in press). One of the fundamental
characteristics of the CHSB is the lateral discontinu-
ity of supracrustal map units, a feature that makes it
difficult to correlate lithological packages within the
belt and to devise a systematic and mappable stratigra-
phy. Although complex interfingering and on-lapping
of volcanic rocks is a feature common to many modern
and ancient volcanic terranes (Cas and Wright, 1987;
Mueller et al., 1989; Stern et al., 1995), the excellent
preservation of igneous textures and the absence of
kinematically linked, discrete fault systems suggests
that the discontinuity of volcanic rocks in the CHSB is

a primary feature reflecting laterally restrictive, short-
lived depositional sub-environments (Hanmer et al.,
in press). Thus, on the basis of lithological correla-
tions and U–Pb geochronology (Hanmer et al., in press;
Davis et al., 2004), we subdivide the volcanic rocks
of the Kaminak segment into two distinct tectono-
magmatic assemblages, the geographical distributions
of which are given inFig. 2.

The older assemblage (assemblage I) spans ca.
20 m.y. (2691–2711 Ma) and comprises a widespread
package of pillowed and massive basaltic to andesitic
volcanic and volcaniclastic rocks intercalated on the
outcrop-scale with subordinate dacitic to rhyolitic
lavas, tuffs and less abundant, gabbroic to dioritic sub-
volcanic intrusions (Hanmer et al., in press; Sandeman
et al., 2004). Collectively, these rocks are inferred
to represent an extensive, predominantly mafic sub-
aqueous platform. The shorter-lived assemblage II
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(2681–2686 Ma), deposited after localized deforma-
tion (Davis et al., 2004; Hanmer et al., in press), con-
tains a significantly lower proportion of mafic vol-
canic rocks that are closely associated with voluminous
dacitic to rhyolitic volcaniclastic debris flows, tuffs and
lavas and their sub-volcanic and plutonic equivalents.
These felsic volcanic dominated sequences of assem-
blage II are interpreted to represent a series of shallow
submarine volcanic edifices (Hanmer et al., in press;
Sandeman et al., 2004). Rocks of assemblage I domi-
nate the northwestern and southeastern margins of the
map area with rocks of assemblage II occurring as spa-
tially discrete centres constructed on top of the older
assemblage and occurring along the north-central axis
of the map-area. The partially assembled supracrustal
pile was intruded at ca. 2686–2679 Ma by voluminous
gabbro–tonalite–monzogranite plutons that dominate
the overall geological map pattern (Davidson, 1970;
Ridler, 1973; Davis et al., 2004; Hanmer et al., in press).
Although overlapping in age with assemblage II vol-
canic rocks, the majority of these plutons were intruded
syn- to late-kinematically with respect to the major,
regional deformation event recorded in the area (D2;
Hanmer et al., in press). The complete stratigraphy
is intruded by widely spaced, potassic, post-tectonic
monzogranites (ca. 2666 Ma;Davis et al., 2004) that
appear to increase in abundance to the northeast. More-
over, the timing and intensity of the latest Archaean de-
formation in the CHSB appears to be younger towards
the northeast, where it accompanies, or immediately
p
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Fig. 3. Geological map of the area at the eastern margin of Carr Lake.
Geochemical sample locations are keyed toFig. 10A. Geochrono-
logical data are fromDavis et al. (2004).

at the outcrop and km-scale and hence these localities
provided a series of geochemical and geochronological
targets. Below, we briefly describe the detailed litho-
logical relationships from these two areas.

2.2. Eastern margin of Carr Lake

The volcanic rocks exposed along the eastern mar-
gin of Carr Lake (Figs. 2 and 3) comprise a diverse
package of mafic through felsic volcanic and volcani-
clastic units. In the north, adjacent to a dioritic phase
of the ca. 2686 Ma Carr pluton (Davis et al., 2004), a
ostdates, the intrusion of ca. 2666 Ma granitoids (Park
nd Ralser, 1992; Davis and Peterson, 1998; D
t al., 2004).

Although the lithological mapping and geochro
ogical and geochemical database covers a large
e emphasize that it is the outcrop- to km-scale

errelationships of these rocks that help to unde
he belt-wide tectono-magmatic interpretations. In
er to establish the compositional spectrum of the
anic rocks in the belt, and to delimit distinct packa
f supracrustal rocks, geochemical samples were

ected from a wide range of rock-types throughout
aminak segment of the belt. A number of spec

ocalities, two of which are shown inFigs. 3 and 4,
ere selected for detailed sampling where primary

ures were well preserved. At East Carr Lake and C
eninsula (Figs. 3 and 4), basaltic and felsic volcan

ocks with primary features could be widely obser



118 H.A. Sandeman et al. / Precambrian Research 134 (2004) 113–141

Fig. 4. Geological map of the area lying between NE Kaminak and Quartzite Lakes, herein termed the Cache Peninsula. Geochemical sample
locations are keyed toFig. 10B. Geochronological data are fromDavis et al. (2004)andPatterson and Heaman (1990).

series of intermediate to felsic crystal–lapilli tuffs, one
of which is dated at 2708+5

−2 Ma (Davis et al., 2004),
are interlayered with generally massive, lower amphi-
bolite facies, amygdaloidal basaltic andesites and in-
termediate volcaniclastic rocks. To the south, a thick,
poorly exposed package of amphibolite facies, fine-
grained, massive mafic and intermediate volcanic units
pass southward into a thin package of massive, inter-
mediate volcaniclastic rocks and then a thick sequence
of pillowed to massive basaltic volcanic rocks. The first
two composite units are cross-cut by an arcuate body
of hornblende+biotite monzonite dated at 2681± 3 Ma
(Davis et al., 2004) and considered to represent the
youngest intrusive phase of the Carr pluton (Sandeman
et al., 2004). The southern package is characterized by
small (<40 cm), ovoid to amoeboid, amphibolite-facies
grade pillows that yield consistent, southward young-

ing directions and no apparent intraformational uncon-
formities. These are intercalated with thick, massive,
amphibolite grade basaltic flows and rare, massive fel-
sic horizons that may represent hypabyssal intrusions.
This southern sequence is cut by a tonalite correlated
with the ca. 2686 Ma Carr pluton (Davis et al., 2004)
and hence, the entire East Carr Lake package is inter-
preted to be part of volcanic assemblage I.

2.3. Cache Peninsula

Cache Peninsula, lying immediately west of
Quartzite Lake and bounded to the west by Kaminak
Lake, hosts a diverse assemblage of predominantly fel-
sic and intermediate volcanic rocks with abundant, fel-
sic sub-volcanic intrusions (Figs. 2 and 4). Felsic and
intermediate tuffs, in particular those exposed in the
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south, are commonly extensively sericite and carbon-
ate altered but preserve rare primary features such as
angular lithic fragments and lapilli. One such unit, ex-
posed immediately north of the Kaminak pluton (Fig. 4)
yielded a U–Pb zircon age of 2707± 4 Ma (Davis
et al., 2004), indicating that at least some of the
rocks belong to volcanic assemblage I. Coring the
peninsula are two roughly oval, composite, plagio-
clase± quartz± potassium feldspar pophyritic dacite
to rhyolite intrusions. These hypabyssal intrusions
yielded two U–Pb ages of 2681± 3 Ma (Patterson and
Heaman, 1990) and 2687+4

−2 Ma (Davis et al., 2004), in-
dicating that they belong to volcanic assemblage II. The
westernmost porphyry intrusion is flanked to the north
and northwest by flow-banded, and commonly auto-
brecciated quartz-phyric rhyolites and by plagioclase +
quartz–phyric massive rhyolite. Dispersed around both
porphyry intrusions are a number of coarse-grained,
matrix-supported conglomerates containing angular to
sub-rounded clasts of predominantly felsic volcanic
rocks including flow-banded rhyolite. These “debris
flows” probably formed along the flanks of central,
subaqueous to possibly subaerial (flow-banded rhyo-
lite), felsic volcanic centres (cf.Rainbird and Hadlari,
1998).

The pophyritic intrusions intrude a distinct package
of broadly contemporaneous interlayered felsic, inter-
mediate and mafic volcanic rocks. The mafic flows in
this package are locally silicified and sericitised but
commonly comprise well-preserved, amygdaloidal and
v ites.
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rocks into their respective assemblages, and into five
distinct mafic and felsic subgroups on the basis of
their multielement profiles (seeSection 3.3below).

3.1. Sampling and alteration

One hundred and fifty three whole-rock specimens
of mafic to felsic volcanic and hypabyssal intrusive
rocks were collected from throughout the map area,
with subgroups obtained from a number of well ex-
posed volcanic packages (e.g.,Figs. 2–4; Tables 1–3).
Wherever possible, the cores of pillows were sampled
in the mafic rocks, although locally abundant, massive
mafic rocks made this approach difficult. Intermediate
rocks were also problematic for sampling as they typi-
cally occur as coarse lithic tuffs or volcaniclastic debris
flows. Felsic units are also under-represented as they
commonly exhibit extensive sericite-quartz–ankerite
alteration. Hence, the number of analyses of andesitic
to rhyolitic rocks presented herein are not representa-
tive of their actual volume. Analytical methods for the
whole-rock geochemical and Nd isotopic analyses are
presented inAppendix A.

Extensive hydrothermal alteration of subaqueous
volcanic rocks is a common phenomenon, typically
characterized by selective chemical modifications in-
cluding high LOI values, scatter and inconsistency
of major element data, and addition or subtraction
of the large ion lithophile (LILE) elements such as
Li, Rb, Sr, and Ba. High field strength (HFSE) and
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outhwestward younging.

. Geochemistry

Below, we discuss the overall geochemical cha
eristics of the volcanic rocks of the Kaminak segm
f the CHSB including their major and trace elem
ariations and Nd isotopic compositions. We emp
ize that the study is regional and reconnaissan
ature and some volcanic sequences (e.g., Vic
ake; Davis et al., 2004; Hanmer et al., in pres)
re not proportionally represented in our datase
rder to underscore their chemical heterogen

n the following sections we subdivide the volca
are earth (REE) elements in such rocks are, how
ssentially immobile under most fluid–rock inter

ions (e.g.,Pearce and Cann, 1973; Wood et al., 19
iddelburg et al., 1988). Herein, we outline the maj
nd trace element geochemistry of the volcanic r
f the Kaminak segment but emphasize, in partic

heir HFSE and REE variations.

.2. Major and trace element variations

Volcanic rocks of the study-area, incorporat
hose from both assemblages, range from rare pi
asalts through to rhyolites (Fig. 5A; LeBas et al.
986) an observation corroborated by the immo

race element discrimination plot of Winchester
loyd (1977; modified afterPearce, 1996; Fig 5B). A

otal of five specimens are picro-basalts, 70 are ba
1 are basaltic andesites, 17 andesites, 24 dacite
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Fig. 5. (A) Total alkalies vs. SiO2 (LeBas et al., 1986) for volcanic
and volcaniclastic rocks of the Kaminak segment of the CHSB. (B)
Zr/Ti vs. Nb/Y diagram ofWinchester and Floyd (1977)modified
according toPearce (1996). Open symbols are specimens from vol-
canic assemblage I, whereas solid symbols are from assemblage II.
Where ages are unknown, samples are correlated on the basis of tex-
ture and lithostratigraphic association. Rocks have also been further
subdivided into five mafic and felsic subgroups on the basis of their
multielement profiles (see below).

16 rhyolites. Basaltic rocks are significantly more abun-
dant in volcanic assemblage I, whereas dacitic and rhy-
olitic rocks are more prominent in assemblage II. For
simplicity, further discussion of the volcanic rocks is
undertaken with reference to their bulk composition;
hence, we outline separately, the characteristics of the
basaltic to andesitic rocks and the dacitic to rhyolitic
rocks.

The basaltic to andesitic rocks of both assemblages
are divided into tholeiites characterized by an iron
enrichment trend and increasing TiO2 with fraction-
ation, and transitional calc-alkaline to calc-alkaline
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Table 2
Whole-rock geochemical data for 20 representative basaltic to andesitic volcanic rocks of the Kaminak segment

Sample HS420 HS426 HS423 HS540 HS424 HS451 HS421 HS541 HS431A HS517
Groupa 1 1 1 1 1 1 2 4 1 1
Rock-Typeb P (I) P (I) P (I) M (I) P (I) M (I) P (II) P (I) P (I) P (I)
Eastingc 420354 426288 420053 422350 420005 405628 420382 422601 440097 381047
Northingc 6920430 6921856 6919739 6933300 6919678 6909244 6919897 6933237 6889487 6862084
Zonec 15 15 15 15 15 15 15 15 15 15

SiO2 42.12 42.63 45.04 46.07 46.13 47.33 47.64 49.30 49.60 50.05
TiO2 1.17 1.06 1.26 1.25 1.23 1.10 0.90 0.56 1.11 1.34
Al2O3 14.05 12.52 9.89 12.12 14.06 12.10 14.62 14.90 15.80 12.51
Fe2O3

T 17.45 15.75 18.99 15.95 14.53 18.72 13.49 10.40 14.10 15.99
MnO 0.28 0.24 0.25 0.20 0.22 0.23 0.18 0.14 0.22 0.36
MgO 9.70 11.85 9.28 11.50 8.14 6.97 7.05 9.02 5.17 4.18
CaO 8.36 10.19 9.15 7.57 6.75 7.14 8.23 10.76 10.72 12.91
Na2O 1.90 1.39 1.34 2.26 3.59 2.33 2.68 1.00 1.90 2.21
K2O 0.34 0.15 0.11 0.05 0.18 0.18 1.07 0.04 0.18 0.28
P2O5 0.07 0.08 0.16 0.10 0.08 0.09 0.13 0.04 0.08 0.08
LOI 2.85 2.75 3.74 3.00 2.90 2.41 1.99 3.00 0.90 1.59

Total 98.29 98.61 99.21 100.07 97.81 98.60 97.98 99.16 99.78 101.50

Mg# 52 60 49 59 53 43 51 63 42 34

Cr 398 390 223 278 417 19 115 430 330 35
Ni 146 131 78 86 139 18 114 140 130 32
Co na na na na na na na 49 65 na
Sc 41 47 48 49 47 50 30 40 49 61
V 343 342 357 382 350 418 200 220 340 393
Cu 14 36 61 89 135 95 85 90 92 101
Pb 1.4 0.8 1.2 1.1 0.6 0.6 7.5 1.5 2.0 4.0
Zn 79 63 98 73 71 80 67 63 87 83
Rb 4.3 1.3 1.6 0.3 1.7 3.0 17.0 0.2 1.8 4.6
Cs 0.20 0.04 0.24 0.03 0.04 0.16 0.51 0.03 0.18 0.07
Bad 129 32 30 12∗ 82 22 857 16 37∗ 178
Sr 122 124 100 103 94 128 242 130 140 99
Ga 20 18 15 17 18 19 18 14 18 20
Ta 0.20 0.21 0.46 0.27 0.21 0.41 0.42 0.08 0.19 0.26
Nb 3.3 3.0 6.3 3.8 3.1 6.1 5.8 1.3 2.9 3.9
Hf 1.1 1.6 1.7 1.7 1.3 2.2 3.2 0.6 1.4 1.1
Zr 74 71 115 79 74 110 104 30 66 83
Y 21 20 27 27 23 32 18 13 26 26
Th 0.22 0.28 0.69 0.38 0.27 0.68 3.70 0.17 0.30 0.38
U 0.06 0.06 0.16 0.08 0.08 0.16 0.86 0.09 0.10 0.06
La 3.17 3.13 7.15 4.33 3.35 6.97 15.62 1.60 3.50 4.36
Ce 8.92 8.64 18.60 11.34 9.41 17.61 32.13 4.60 9.50 11.74
Pr 1.44 1.42 2.75 1.78 1.54 2.65 4.01 0.68 1.50 1.88
Nd 7.32 7.22 13.68 9.20 7.95 12.72 16.38 3.80 7.80 9.44
Sm 2.54 2.47 4.01 2.86 2.72 3.89 3.64 1.30 2.60 3.07
Eu 1.03 0.89 1.30 1.02 0.99 1.20 1.21 0.52 0.90 1.05
Gd 3.46 3.68 5.09 4.08 3.72 5.18 3.63 1.90 3.70 4.17
Tb 0.58 0.59 0.86 0.69 0.65 0.88 0.59 0.35 0.69 0.70
Dy 4.07 4.08 5.61 4.64 4.40 5.83 3.73 2.20 4.30 4.93
Ho 0.88 0.87 1.17 1.02 0.93 1.23 0.72 0.49 0.93 1.06
Er 2.54 2.53 3.46 3.14 2.72 3.70 2.15 1.50 2.70 3.04
Tm 0.37 0.37 0.46 0.45 0.42 0.54 0.32 0.22 0.40 0.45
Yb 2.30 2.34 3.04 2.99 2.51 3.37 2.00 1.50 2.90 3.07
Lu 0.30 0.34 0.41 0.43 0.35 0.48 0.31 0.22 0.41 0.47
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Table 2 (Continued)
Sample HS530 HS432 HS444A RR174B HS58C HS445 HS58B HS433 HS435 HS125A
Groupa 1 1 5 3 3 5 3 5 2 2
Rock-typeb P (II) P (I) P (I) P (II) M (I) P (I) M (I) P (I) P (I) M (II)
Eastingc 654858 440358 365059 418253 363690 365215 363670 439537 439017 345742
Northingc 6870928 6889404 6882865 6916353 6888930 6882465 6888954 6880819 6880391 6870761
Zonec 14 15 15 15 15 15 15 15 15 15
SiO2 50.06 51.40 53.90 54.02 54.90 55.50 57.20 58.40 59.60 60.40
TiO2 1.04 1.12 1.41 1.42 0.78 1.44 0.78 1.08 0.88 0.67
Al2O3 12.57 15.80 17.50 13.35 15.60 16.20 14.70 14.60 15.60 16.80
Fe2O3

T 13.59 12.20 8.10 9.68 9.10 9.70 8.60 9.00 7.40 7.10
MnO 0.30 0.20 0.12 0.15 0.18 0.19 0.14 0.14 0.11 0.11
MgO 5.83 5.18 4.92 5.19 7.37 3.94 6.10 4.54 3.47 3.86
CaO 9.27 11.15 9.12 6.48 6.71 9.37 10.36 7.37 9.81 4.63
Na2O 2.55 2.00 3.40 3.76 3.70 3.10 1.50 3.80 2.50 3.80
K2O 0.33 0.20 0.48 0.09 0.41 0.32 0.44 0.28 0.18 1.58
P2O5 0.05 0.09 0.25 0.24 0.29 0.29 0.29 0.30 0.20 0.14
LOI 3.10 0.70 0.60 3.92 1.30 0.30 0.40 0.30 0.50 1.80

Total 98.69 100.04 99.80 98.30 100.34 100.35 100.51 99.81 100.25 100.89

Mg# 46 46 55 52 62 45 58 50 48 52

Cr 181 310 170 16 202 460 197 270 130 66
Ni 72 130 99 25 107 260 118 140 78 57
Co na 56 44 na 30 55 32 48 35 23
Sc 44 46 25 30 25 25 25 24 18 16.0
V 319 320 190 187 150 170 171 160 130 106
Cu 106 110 29 33 18 15 88 36 23 18
Pb 0.4 2.0 2.0 2.3 2.0 2.0 3.0 2.0 2.0 2.0
Zn 61 73 35 87 89 71 82 84 84 68
Rb 5.1 2.7 15.0 1.7 17.0 4.4 6.5 6.2 5.8 30.0
Cs 0.03 0.28 0.60 0.13 1.20 0.11 0.28 0.22 0.07 0.38
Bad 142 65∗ 130∗ 56 67 130∗ 180 140∗ na na
Sr 104 85 240 186 130 300 94 160 320 197
Gae 16 18 18 21 14 16 17 17 20 18
Ta 0.17 0.19 0.60 0.79 0.36 0.46 0.38 0.53 0.45 0.40
Nb 2.9 3.3 11.0 12.9 5.5 11.0 5.9 9.9 8.9 5.7
Hf 1.1 1.7 3.3 4.7 2.7 2.8 2.7 3.0 3.4 4.6
Zr 58 66 145 222 120 157 120 130 181 141
Y 20 28 26 33 18 25 18 23 20 12
Th 0.25 0.36 1.10 2.15 1.60 1.10 1.50 1.30 2.10 1.80
U 0.05 0.13 0.31 0.48 0.37 0.29 0.34 0.35 0.54 0.45
La 2.72 3.60 13.00 22.01 25.02 16.00 21.00 17.00 18.00 13.00
Ce 7.81 10.00 33.00 48.93 61.00 39.00 51.02 43.00 40.00 26.00
Pr 1.27 1.60 4.50 6.58 7.91 5.40 6.60 5.50 4.80 3.10
Nd 6.69 8.30 21.00 26.20 30.02 24.00 26.00 24.00 19.00 12.00
Sm 2.22 2.90 4.60 5.97 5.01 5.20 4.60 5.10 4.20 2.40
Eu 0.75 0.97 1.40 1.79 1.41 1.60 1.20 1.50 1.30 0.76
Gd 3.12 3.90 4.60 6.46 4.01 5.10 3.60 4.80 4.10 2.30
Tb 0.54 0.70 0.72 1.02 0.54 0.78 0.52 0.77 0.66 0.35
Dy 3.68 4.70 4.40 6.23 3.11 4.40 3.00 4.20 3.40 2.00
Ho 0.81 1.00 0.87 1.22 0.58 0.86 0.61 0.83 0.68 0.40
Er 2.35 2.80 2.40 3.47 1.60 2.50 1.70 2.40 2.00 1.00
Tm 0.34 0.46 0.36 0.50 0.25 0.34 0.25 0.33 0.29 0.16
Yb 2.08 3.00 2.30 2.97 1.61 2.40 1.71 2.30 2.00 1.10
Lu 0.29 0.46 0.38 0.49 0.27 0.34 0.28 0.33 0.28 0.17

Key: Major elements in wt.% oxide, trace elements in ppm. All iron is given as total Fe2O3 (Fe2O3
T). LOI, loss on ignition; na, not analysed;

bd, below detection.
a Geochemical group according to their extended incompatible element profile (see text).
b P, pillowed flow; M, massive flow; D, synvolcanic dyke; (I) assemblage I; (II) assemblage II.
c UTM coordinates in NAD 27 projection.
d All analyses by XRF except marked by∗ are by ICPOES.
e All analyses by XRF except marked by∗ are by ICPMS.
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Table 3
Whole-rock geochemical data for nine representative felsic volcanic rocks of the Kaminak segment

Sample SH375 HS151 JR062a HS496A TP10A HS92 HS057 HS416A HS527A
Groupa 2 3 3 1 1 4 4 4 5
Rock-typeb DAC (II) DAC (I) ASHTUFF (I) QFP (II) RHY (II) RHY (I) RHYtuff (I) RHY (I) RHYbrecc (II)
Eastingc 409003 413288 425371 412895 410086 349520 363447 392602 411355
Northingc 6913940 6910029 6909506 6913840 6912818 6884758 6889448 6908789 6914893

SiO2 66.30 67.60 68.00 68.80 70.80 74.90 76.00 77.60 77.90
TiO2 0.59 0.36 0.62 0.31 0.26 0.21 0.32 0.07 0.06
Al2O3 17.70 11.74 15.10 14.50 14.80 11.60 10.80 12.10 12.50
Fe2O3

T 4.10 6.41 4.80 2.70 2.20 2.50 2.10 1.10 0.60
MnO 0.02 0.10 0.09 0.02 0.04 0.04 0.04 0.02 0.00
MgO 0.92 3.65 1.36 0.72 0.73 2.13 0.48 0.20 0.32
CaO 1.41 2.96 3.23 3.08 2.53 1.09 4.80 0.61 0.27
Na2O 5.40 3.50 3.30 2.40 4.50 0.80 0.70 4.20 2.10
K2O 1.71 0.38 1.80 3.29 1.88 4.17 2.82 2.56 5.28
P2O5 0.23 0.08 0.13 0.10 0.08 0.03 0.06 0.02 0.00
LOI 1.70 2.82 1.70 4.00 4.00 2.00 1.00 1.00 0.90

Total 100.08 99.60 100.13 99.92 101.82 99.47 99.12 99.48 99.93

Cr 26 40 34 15 bd 13 bd 16 bd
Ni bd 20 15 bd bd bd bd bd bd
Co 15 na 8 12 5 bd bd bd 31
Sc 5.0 9.0 9.5 4.3 2.5 5.9 7.4 2.9 2.3
V 31 48 58 23 12 10 9 bd bd
Cu 16 26 23 bd bd 17 17 bd bd
Pbd 2.0 1.5 4 bd 3.0 5.0 4.0 2.0 2.0
Zn 78 36 76 26 46 41 26 10 29
Rb 40 13 65 63 51 78 67 78 96
Cs 1.60 0.50 1.10 2.10 4.20 1.60 0.42 1.10 2.00
Ba 350 150 260 580 310 3400 420 520 510
Sr 240 122 230 95 220 42 120 43 23
Gad 23 14 19∗ 19∗ 19∗ 12 12 14 18
Ta 0.60 1.01 0.74 0.40 0.40 1.30 0.89 0.80 1.70
Nb 12.0 7.6 11.00 6.7 5.3 12.0 12.0 12.0 19.0
Hf 4.7 4.5 5.80 na 3.1 6.6 7.2 3.3 5.1
Zr 205 183 230 154 130 234 282 102 126
Y 9 14 22.00 6.9 4 32 33 27 53
Th 2.20 2.85 3.70 2.20 1.90 6.60 4.50 10.00 5.10
U 0.73 0.73 0.85 0.69 0.58 1.50 1.00 2.20 0.90
La 24.00 17.23 24.0 19.0 18.00 33.00 26.00 21.00 9.90
Ce 52.00 34.99 51.0 38.0 35.00 69.00 57.00 42.00 25.00
Pr 6.20 3.94 5.90 4.0 3.90 7.60 6.90 4.60 3.70
Nd 24.00 15.04 22.0 15.0 14.00 29.00 26.00 17.00 18.00
Sm 4.00 3.02 4.30 2.6 1.90 6.20 5.40 3.30 6.00
Eu 1.10 0.84 1.20 0.65 0.46 0.46 1.10 0.34 1.10
Gd 3.10 2.98 4.00 2.00 1.30 6.10 5.10 3.30 7.70
Tb 0.40 0.45 0.62 0.26 0.14 0.98 0.84 0.62 1.40
Dy 1.80 2.70 3.50 1.30 0.71 5.30 4.80 3.60 8.70
Ho 0.31 0.57 0.71 0.22 0.13 1.10 1.10 0.85 1.80
Er 0.67 1.72 1.90 0.54 0.29 2.90 3.00 2.60 5.00
Tm 0.09 0.26 0.29 0.08 0.04 0.48 0.51 0.41 0.76
Yb 0.67 1.66 2.00 0.52 0.26 3.30 3.50 3.10 5.40
Lu 0.09 0.25 0.31 0.08 0.04 0.56 0.57 0.47 0.74

Note:Major elements in wt.% oxide, trace elements in ppm. All iron is given as total Fe2O3 (Fe2O3
T). LOI, loss on ignition; na, not analysed;

bd, below detection.
a Geochemical group according to their extended incompatible element profile (see text).
b DAC, dacite; ASHTUFF, ashflow tuff; QFP, quartz-feldspar porphyry; RHY, rhyolite flow; RHYtuff, rhyolite tuff; RHYbrecc, rhyolite

breccia; (I), assemblage I; (II), assemblage II.
c UTM coordinates in zone 15, NAD 27 projection.
d All analyses by ICPMS, except those marked by∗ are by XRF.
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Fig. 6. AFM diagram (Irvine and Barager, 1971) volcanic and vol-
caniclastic rocks of the Kaminak segment. Symbols as inFig. 5.

rocks having no iron enrichment trend and essentially
constant TiO2 (Irvine and Barager, 1971; Miyashiro,
1974) with fractionation (Fig. 6). Tholeiitic rocks pre-
dominate, particularly in assemblage I, and typically
have lower silica contents than the calc-alkaline rocks.
Within each volcanic assemblage, samples do not ex-
hibit systematic inter-element relationships, suggesting
the presence of multiple mafic magma suites.

Magnesium numbers (Mg#’s: molecular (MgO/
FeOT + MgO) × 100) and Cr and Ni contents of
most of the tholeiitic rocks are generally too low for
these to represent magmas that could have equilibrated
with peridotitic mantle (Roeder and Emslie, 1970)
(Tables 1 and 2). A few tholeiitic specimens from both
assemblages, however, have elevated Mg#’s (#67), Cr
(#1059 ppm) and Ni (#396 ppm), indicating that some
rocks have been directly derived from peridotitic man-
tle. Overall, the majority of the tholeiitic rocks appear,
however, to have undergone subsequent fractionation
in crustal magma chambers. The Mg#’s (50–66), Cr
(16–325 ppm) and Ni (25–155 ppm) contents of the
calc-alkaline rocks fall within the range for those of
the tholeiitic rocks, however, the former commonly ex-
hibit higher Mg#’s at comparable SiO2 contents, pre-
sumably reflecting their lack of iron enrichment with
fractionation.

With the exception of Cr and Ni, major and trace el-
ements for tholeiitic basaltic to andesitic rocks of both

assemblages exhibit negative, roughly linear or scat-
tered relationships to Mg# (e.g.,Fig. 7A–D). Basaltic
to andesitic calc-alkaline rocks of both assemblages,
however, exhibit generally scattered covariation for
most elements versus Mg#. In particular, the HFSE and
immobile trace elements exhibit either weak negative
or scattered covariation with Mg#. P2O5, TiO2, Nb,
Y, Zr, Hf and Ta concentrations for the calc-alkaline
rocks are highly variable (e.g.,± 0.2 wt.% P2O5 at
equivalent Mg#’s). Tholeiitic samples exhibit positive
linear trends on log Nb, Y and TiO2 versus log Zr plots
(cf. Pearce and Norry, 1979), whereas the calc-alkaline
rocks exhibit more scattered trends with apparent
decreases in Y and TiO2. Although all of the tholeiites
are clearly not cogenetic, these empirical observations
suggest that they were generated by the removal of
olivine + clinopyroxene± plagioclase from more
primitive melts. Variations of these elements for the
calc-alkaline rocks, however, indicate that other min-
eral phases, possibly hornblende, magnetite or biotite
were fractionated from their primitive melts. More-
over, a pronounced variability in the abundances of the
HFSE suggests that the calc-alkaline rocks of either
assemblage are not petrogenetically linked through
simple processes and hence the variability is probably
also a function of mantle source heterogeneity and/or
varying amounts of crustal contamination during
ascent.

Intermediate and felsic volcanic rocks from both
assemblages range from dacites through rhyolites
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Fig. 5A and B) although a number of these
rachy-andesites and exhibit higher than average N
Pearce, 1996). Dacitic and rhyolitic rocks all exhib
alc-alkaline characteristics (Fig. 6). These felsic rock
ppear to form two distinct clusters, irrespective of t
tratigraphic setting, on most bivariate plots that
iO2 as a fractionation index. The first is characteri
y SiO2 ranging from 63.5 to 71.1 wt.% and the sec
y SiO2 varying from 74.0 to 78.6 wt.% (Fig. 7E and F)
he former are characterized by highly variable ab
ances of most elements whereas the latter are typ
y a tight coherence for most of the major elements
ignificant variation in the trace and, in particular
trongly incompatible elements. These features im
hat no simple petrogenetic processes can easil
lain the elemental variations exhibited by the da

o rhyolitic rocks of both volcanic assemblages of
aminak segment.
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Fig. 7. A through D are plots of selected major and trace element data t. Tholeiitic
samples are outlined by the dashed fields. Figures E and F are plots c
rocks. Symbols as inFig. 5.

3.3. Multielement plots

Primitive mantle (PM) normalized (Sun and
McDonough, 1989), multielement plots for all vol-
canic rocks of the Kaminak segment are shown in
Figs. 8 and 9and salient petrochemical features are pre-
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vs. Mg# for basaltic to andesitic rocks of the Kaminak segmen
of high field strength elements (HFSE) vs. SiO2 for intermediate to felsi

ented inTables 1–3. Negative P anomalies of variab
agnitude are typical of the mafic-intermediate ro
f the region, a feature that we interpret here as a r
f an overestimation of the primitive mantle normali

ion value bySun and McDonough (1989). Tholeiitic,
asaltic to andesitic rocks are generally characte
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Fig. 8. (A–E) Primitive mantle normalized (Sun and McDonough, 1989) m ups
of basaltic to andesitic rocks. (F) Shown for comparison are represen ,
1989), a Nb-enriched basalt (NEB) from the Pickle Lake greenstone b of
the Andes (CVZ;Sandeman, 1995), a bacK–Arc basin basalt (BABB) fr
basalts from the Mariana arc (shaded field;Elliott et al., 1997). See text fo

by lower abundances of the incompatible elements, rel-
ative to the calc-alkaline rocks, although some tholei-
itic samples exhibit elevated large ion lithophile (LIL)
and light rare earth (LREE) elements. We further sub-
divide the basaltic to andesitic rocks into five distinct
subgroups on the basis of their multielement patterns
(Tables 1 and 2; Fig. 8A–E).
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elt (PL95-27;Hollings, 2002), a basalt from the central volcanic zone
om the Scotia Sea (wx-47;Fretzdorff et al., 2002) and a field for 25
r further details.

MAF-1 rocks predominate (occurring in bo
ssemblage I and II), have relatively flat PM norm

zed profiles with slight depletions in Th, Nb and
elative to Ce and minor, variably developed nega
i anomalies. Next in volumetric importance are
AF-2 rocks (Tables 1 and 2), which exhibit variably

ractionated multielement patterns having promin
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Fig. 9. (A–E) Primitive mantle normalized (Sun and McDonough, 1989) multielement plots showing the profiles for the five distinct subgroups
of dacitic to rhyolitic rocks. (F) Shown for comparison are representative multielement profiles (fromDrummond et al., 1996) for a high alumina
tonalite–trondhjemite–dacite, a low alumina tonalite–trondhjemite–dacite, a calc-alkaline andesite–dacite–rhyolite and an FIIIa rhyolite from
the Abitibi belt (Lesher et al., 1986). See text for details.

negative Nb and Ti anomalies relative to the REE
and Th. Negative Eu anomalies are generally minor
and variable. MAF-3 mafic units are less abundant
(Tables 1 and 2), have fractionated multielement
patterns and exhibit negative anomalies in Nb, Eu and
Ti and, although similar to rocks of MAF-2, are char-
acterized by chondrite-normalized Th/La (ThN/LaN)
< 1. MAF-4 mafic rocks are rare (Tables 1 and 2),
have relatively flat PM normalized profiles with slight

negative Nb and variable negative Ti anomalies and
overall, low abundances of the incompatible elements.
These are similarly characterized by ThN/LaN <
1. MAF-5 rocks (Tables 1 and 2), have moderately
fractionated multielement patterns that exhibit variable
negative anomalies in Nb, Eu and Ti, and are also char-
acterized by ThN/LaN � 1. All of these groups occur
in assemblage I whereas assemblage II lacks rocks of
MAF-4.
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Dacitic to rhyolitic rocks are also divided into five
distinct subgroups by their multielement profiles, all of
which are characterized by prominent negative HFSE
anomalies (Fig. 9A–E; Tables 1 and 3). Assemblage
II contains all of the felsic petrochemical subgroups
outlined below, whereas assemblage I contains only
petrochemical types FEL-1, -3 and -4. FEL-1 rocks
(Tables 1 and 3) exhibit fractionated patterns and have
slightly positive Y anomalies. FEL-2 felsic rocks are
characterized by fractionated heavy rare earth element
(HREE) depleted, multielement patterns and, distinc-
tively, by ThN/LaN < 1 (Tables 1 and 3). FEL-3 felsic
rocks exhibit fractionated multielement patterns sim-
ilar to those of FEL-1, but exhibit significantly less
depletion in the HREE. FEL-4 rocks exhibit high abun-
dances of the REE and LILE and negative Eu anoma-
lies. These have less fractionated multielement patterns
and, in particular, have elevated HREE abundances.
FEL-5 felsic rocks are very rare and are confined to
the volcanic apron of the arcuate, porphyritic domes
exposed on the Cache Peninsula (Fig. 4). These exhibit
unfractionated multielement profiles high Th and Nb
relative to the LREE but have negligible negative Nb
troughs. These rocks do, however, exhibit prominent
negative P, Ti and Eu anomalies.

3.4. Nd isotopic data

For simplicity and ease of comparison, and be-
cause the total age span of the rocks erupted within
t (ca.
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Fig. 10. (A) Primitive mantle normalized (Sun and McDonough,
1989) multielement plots showing the profiles for representative
specimens from the Carr Lake locality. Note that the samples are
coded to the locations onFig. 3. (B) Primitive mantle normalized
(Sun and McDonough, 1989) multielement plots showing the pro-
files for representative specimens collected from the Cache Peninsula
locality. Note that the specimens are coded to the locations onFig. 4.
U–Pb ages (Patterson and Heaman, 1990; Davis et al., 2004) are
given where known. Assemblage I are open symbols, assemblage II
are filled symbols.

3.5. Geochemical variations in detailed localities

Multielement plots (Fig. 10A and B) are presented
for selected specimens collected in the detailed locali-
ties outlined inFigs. 2–4in order to underscore the areal
and temporal distribution of the distinct geochemical
subgroups at two sites for which we have age control.

The earliest recorded volcanism in the Kaminak seg-
ment for which sufficient petrochemical data is avail-
able is exposed along the eastern shore of Carr Lake
he two volcanic assemblages is relatively small
5 Ma), all εNd values are recalculated to 2690
DePaolo, 1981; Table 4). Herein, we also incorpo
ate the only previously published Nd data for ro
f the CHSB (Thériault and Tella, 1997). All speci-
ens, including basaltic through rhyolitic rocks yi
resent day144Nd/143Nd ratios ranging from 0.51099

o 0.513079, corresponding toεNdt=2690 Ma values o
0.3 to +3.5 (mean = +2.3; std. = 0.8;n = 23,Table 4).
hese data generally overlap, within error, the value
ontemporaneous depleted mantle (DM), their m
alue being identical to that for DM (DMt=2690 Ma =
2.24;DePaolo, 1981) and the standard deviation co
arable to the calculated analytical, 2σ standard devia

ion of 0.5. Four rocks, however, one each from MAF
and 5 and FEL-4, haveεNdt=2690 Ma between +1.

nd +0.3, generally lower than the remainder of
amples.
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Table 4
Nd isotopic data for 23 volcanic rocks of the Kaminak segment including 17 for basaltic to andesitic units and 6 for felsic rocks

Sample Volcanic
group/type

Rock-type Easting Northing Zone Sm
(ppm)

Nd
(ppm)

147Sm/144Nd
measured

143Nd/144Nd
measured

2σ error εNdP εNdT

Mafic-intermediate
HS420 1 PB 420354 6920430 15 2.59 7.69 0.2034 0.512906 1 5.2 2.9
HS426 1 PB 426288 6921856 15 2.51 7.48 0.2030 0.512926 6 5.6 3.4
HS423 1 PB 420053 6919739 15 22.07 74.06 0.1801 0.512455 4 −3.6 2.2
HS540 1 MB 422350 6933300 15 2.87 8.94 0.1944 0.512738 4 2.0 2.8
HS424 1 PB 420005 6919678 15 2.53 7.57 0.2018 0.512893 11 5.0 3.2
HS451 1 MB 405628 6909244 15 3.82 12.66 0.1827 0.512562 9 −1.5 3.4
HS421 2 PB 420382 6919897 15 18.34 82.65 0.1341 0.511633 13 −20.0 1.6
HS541 4 PB 422601 6933237 15 1.23 3.60 0.2064 0.512959 12 6.3 2.9
HS431A 1 PB 440097 6889487 15 2.49 7.47 0.2020 0.512890 10 4.9 3.1
HS517 1 PB 381047 6862084 15 2.92 9.10 0.1941 0.512694 9 1.1 2.0
HS530 1 PB 654858 6870928 14 2.16 6.36 0.2045 0.512884 11 4.8 2.1
HS432 1 PB 440358 6889404 15 2.51 7.46 0.2034 0.512904 9 5.2 2.9
HS444A 5 PBA 365059 6882865 15 4.42 18.93 0.1410 0.511758 9 −17.2 2.1
RR174B 3 PBA 418253 6916353 15 32.17 134.92 0.1441 0.511739 7 −17.5 0.7
HS445 5 PBA 365215 6882465 15 4.81 21.78 0.1334 0.511619 4 −19.9 2.1
HS433 5 PBA 439537 6880819 15 4.63 22.46 0.1246 0.511418 5 −23.8 1.2
HS435 2 PBA 439017 6880391 15 3.84 18.55 0.1251 0.511489 11 −22.4 2.4

Intermediate-felsic
HS151 3 DAC 413288 6910029 15 15.16 74.77 0.1225 0.511474 5 −22.7 3.0
TP10A 1 RHY 410086 6912818 15 1.88 11.46 0.0989 0.510990 12 −32.1 1.7
HS92 4 RHY 349520 6884758 15 5.92 28.77 0.1243 0.511456 10 −23.1 2.0
HS057 4 RHYtuff 363447 6889448 15 5.33 26.22 0.1229 0.511465 6 −22.9 2.7
HS416A 4 RHY 392602 6908789 15 2.89 13.70 0.1277 0.511429 10 −23.6 0.3
HS527A 6 RHYbrecc 411355 6914893 15 5.87 16.58 0.2140 0.513079 10 8.6 2.6

Key:εNdP, present day value;εNdt , calculated tot = 2690 Ma; PB, pillowed basalt; MB, massive basalt; PBA, pillowed basaltic andesite; DAC,
dacite; RHY, rhyolite; RHYtuff, rhyolite tuff; RHYbrecc, rhyolite breccia; utm coordinates in NAD 27 projection.

(Fig. 3) and comprises a sequence of intercalated rhy-
olitic tuffs and massive to amygdaloidal, calc-alkaline
basaltic andesite flows or fine-grained tuffs. The rhy-
olitic tuff (FEL-4) is LREE enriched (Fig. 10A), with
classic, arc-like negative Nb, P, Ti anomalies but a rel-
atively flat HREE profile. The mafic rocks exposed ad-
jacent to the felsic tuff belong to MAF-2 and 3, have
calc-alkaline arc-like characteristics including LIL and
LREE-enrichment (Fig. 10), and negative Nb, P and Ti
anomalies. MAF-2 rocks, however, exhibit ThN/LaN
>1 and positive Zr and Hf anomalies in contradis-
tinction to rocks of MAF-3. Basalts and basaltic an-
desites exposed ca. 4 km farther south (Fig. 3) appear
to represent an interlayered series of two geochemi-
cally distinct groups. The northern and southern parts
of the pillowed sequence are dominated by tholeiitic
pillow basalts with flat to slightly LREE depleted mul-
tielement profiles (MAF-1).The central portion of the
southern section is underlain by pillowed and mas-

sive transitional calc-alkaline basalts having convex-
upwards multielement profiles typical of MAF-5 mafic
units.

On the Cache peninsula, the oldest felsic volcanic
unit (2707± 4 Ma;Davis et al., 2004) is a FEL-3 rock
exhibiting arc-like geochemical characteristics but hav-
ing only a moderately fractionated multielement profile
(O; Figs. 4 and 10B). The relative ages of the major-
ity of the mafic volcanic rocks is poorly constrained
but on the basis of field relationships they are inter-
preted to be younger than this felsic unit. Thus, with
the exception of some MAF-1 rocks, most mafic vol-
canic rocks belong to assemblage II. Assemblage II
mafic rocks exposed on the peninsula comprise tholei-
itic pillow basalts with essentially flat to slightly LREE
depleted multielement profiles (MAF-1); rare basaltic
andesites with moderately fractionated multielement
patterns that exhibit variable negative anomalies in Nb,
Eu and Ti, and are also characterized by ThN/LaN �1
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(MAF-5) and basaltic to andesitic lavas having frac-
tionated multielement patterns with negative anomalies
in Nb, Eu, Ti and having ThN/LaN < 1 (MAF-3). The
younger felsic rocks exposed on the peninsula comprise
examples of FEL-1, 2, 4 and 5 (Figs. 4 and 10B).

4. Discussion

A number of features of the volcanic rocks of the
Kaminak segment and the CHSB as a whole (see
Cousens et al., in press) are incompatible with standard
models for Archaean greenstone belts (seeTomlinson
and Condie, 2001). The presence of extensive juvenile
tholeiitic basalts implies that the CHSB most closely
resembles Tomlinson and Condie’s “Platform model”.
However, the following observations indicate that such
a model does not adequately explain the features of the
CHSB: (1) widespread, felsic lavas and tuffs are com-
mon throughout the entire temporal evolution of the
supracrustal belt but increase in volume in assemblage
II; (2) ultramafic and high-MgO volcanic units are
very rare, confined to one known locality (S. Barham,
Comaplex Minerals Corp., personal communication
2001); (3) chemical and clastic metasedimentary rocks
appear to occur throughout the stratigraphic sequence;
(4) four of the five geochemical groups of basaltic to
andesitic volcanic rocks, including MAF-1, 2, 3 and 5,
occur interlayered throughout the stratigraphy of both
assemblages (MAF-4 is absent in assemblage II).
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limited by extensional faults and; (9) broken forma-
tions, typical of accretionary wedges, are lacking.

In view of these observations, none of the current
models for Archean greenstone belt development ap-
pear to adequately explain the geological development
of the CHSB. A suitable model must offer an expla-
nation for the simultaneous emplacement of basaltic
to andesitic magmas, characterized by diverse geotec-
tonic affinities, and intercalation of similarly, composi-
tionally diverse felsic volcanic rocks. In light of these
observations, we discuss the lithogeochemical and Nd
isotopic characteristics of the volcanic rocks in order
to evaluate their petrogenesis and formulate a plausible
geodynamic model for the region.

4.1. Petrogenesis of basalts to andesites

Basaltic to andesitic volcanic rocks of the Kami-
nak segment consist of abundant tholeiitic and less
common calc-alkaline rocks. These were erupted in
two volcanic assemblages, each of which contains a
number of contemporaneous geochemical subgroups
(Figs. 8 and 9; Table 1). The tholeiitic basalts exhibit
FeOT and TiO2 enrichment trends with increasing
fractionation, but have compatible element abundances
inconsistent with them being derived from peridotitic
mantle. Irrespective of their stratigraphic assemblage,
lithogeochemical variations of the tholeiitic rocks
imply fractionation of an assemblage including olivine
+ clinopyroxene, whereas depletion of the elements
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eature incompatible with them being related thro
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Hf and Zr anomalies. These rocks are the dominant
mafic geochemical rock-type throughout the belt and,
although they exhibit less depletion of the LREE, Th
and Nb, these may represent the Archaean analogue
of modern MORB (Archaean mid ocean ridge basalts;
Fig. 8F) (cf. Ohta et al., 1996). MAF-1 rocks form
a large proportion of assemblage I and a lesser com-
ponent of assemblage II. MAF-2 rocks comprise rare
basalts and predominant basaltic andesites to andesites
that are calc-alkaline, have elevated Th and LREE,
show variable HFSE troughs, and closely resemble
volcanic arc mafic rocks of modern oceanic and con-
tinental margins (Fig. 8F; Pearce, 1982; Elliott et al.,
1997). These occur throughout the stratigraphy but are
more abundant in assemblage II. MAF-4 rocks com-
prise rare tholeiitic basalts that are restricted to volcanic
assemblage I. They have low abundances of the in-
compatible elements, exhibit minor LREE enrichment
or depletion, have small negative Nb anomalies and
most closely resemble modern back–Arc basin basalts
(BABB; Fig. 8F). These are considered to be generated
through melting of strongly depleted asthenosphere but
with a minor crustal input, typically by contamination
of their mantle source via subduction (Saunders and
Tarney, 1991; Hawkins, 1995). MAF-5 rocks comprise
transitional calc-alkaline basalts through andesites with
elevated LREE, NbN/LaN = 0.6–0.8, Zr/Y = 3.3–8.3,
and low ThN/LaN but high LaN/NbN. These features,
particularly their convex-upwards multielement pat-
terns, demonstrate that these are most similar (Fig. 8F)
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The latter feature is common in continental- or arc-rift
basalts (Barrie et al., 1993; Dostal and Mueller,
1997; Gribble et al., 1998) and is inferred to arise
through crustal contamination of primary mantle melts
(Fig. 8F). The multielement patterns for the MAF-3
rocks may be reproduced through two plausible pro-
cesses. Hypothetical mixing of ca. 75–90% OIB-like
(MAF-5) and ca. 10–25% of arc-like (MAF-2) melts
yields multielement profiles comparable to those for
the MAF-3 rocks. Alternatively, assimilation and
fractional crystallization (AFC) by MAF-5 magmas
of LILE- and LREE-enriched crust with HFSE
anomalies, and similar overall to the majority of the
Neoarchaean granitoids of the region, can also repro-
duce the multielement profiles of the MAF-3 rocks.
Discriminating between these two processes, however,
is difficult. This type of Th–Nb–La inter-element
behavior appears to be a common, but rarely addressed
phenomenon in basaltic rocks of Archaean greenstone
belts (Dostal and Mueller, 1997; Polat et al., 1998;
Tomlinson et al., 1998, 1999; Wyman et al., 1999) and
has been attributed to reflect crustal contamination
during the incipient rifting of pre-existing mafic
(oceanic?) crust.

A common feature of many of the basaltic rocks of
the region, in particular the transitional to calc alkaline
rocks of MAF-2, 3 and 4, are variable negative and pos-
itive Zr (Hf) anomalies in their multielement patterns.
Minor negative anomalies in basaltic rocks are readily
attributed to fractionation of a Zr-bearing phase such
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Fig. 11. Incompatible element ratio plots for volcanic rocks of the
CHSB. (A) A plot of Th/Yb vs. Ta/Yb (afterPearce, 1982) for basaltic
to andesitic rocks demonstrating their variability in Th/Yb relative
to the mantle array. Note that the MAF-2 rocks are characterized
by high Th/Yb, some being comparable to volcanic rocks of mod-
ern continental arcs. Symbols as inFig. 5. Key: shaded pentagon is
primordial mantle; circle with number 1, the mean composition of
34 Group 1 granitoids from the Kaminak segment (Sandeman et al.,
2004); circle with number 2, the mean composition of 63 Group
2 granitoids from the Kaminak segment (Sandeman et al., 2004);
diagonally ruled field, Mariana Arc data (Elliott et al., 1997); hor-
izontally ruled field, Lau Basin data (Pearce et al., 1995); stippled
field, data for 21 calc-alkaline to shoshonitic basalts from the central
volcanic zone of the Andes (Sandeman, 1995). Labeled trajectories
represent: s, subduction; c, crustal contamination; m, mantle source
variation; f, ca. 50% fractional crystallization of olivine + clinopy-
roxene + plagioclase. (B) A plot of LaN/SmN vs. Th/Nb (afterElliott
et al., 1997) for mafic to intermediate volcanic rocks of the Kami-
nak segment demonstrating their variability in Th/Nb relative to the
mantle array (vertically ruled field). Symbols as inFigs. 5 and 11A.

the amount of crustal input into the magmas. These
diagrams demonstrate that MAF-1 rocks, although
mildly enriched in Th and Ta, are closely analogous to
modern MORB-like basalts. All of the MAF-2 rocks

plot above the mantle array inFig. 11A the majority
having incompatible element ratios similar to volcanic
rocks of continental arcs (cf.Pearce, 1982). These have
variable, but high values for all four element ratios,
overlapping with or greater than those characterizing
the intra-oceanic Mariana Arc (Elliott et al., 1997).
Rocks of MAF-3 have variable, but generally higher
Ta, Th and La, and thus represent LREE-enriched
melts that exhibit evidence of crustal contamination. It
is unclear at this time if the contamination occurred in
the mantle source (i.e., subduction-related) or during
ascent through the crust. MAF-4 rocks are mildly
enriched in Th and Ta relative to MAF-1 rocks, plotting
close to the field for the Lau Basin (Pearce et al.,
1995), suggesting that they are likely BAB-like basalts.
MAF-5 rocks exhibit Ta/Yb, Th/Yb and LaN/SmN
values most compatible with OIB-like basalts as they
fall in the Ta/Yb-enriched part of the mantle array on
Fig. 11A and exhibit high LaN/SmN approaching those
for OIB (Fig. 11B). We note that although these can be
described as Nb-enriched basalts (see above), their dis-
tinct incompatible element abundances and variations
may reflect their derivation from an OIB-like mantle
component rather than from partial melting of sub-arc
mantle that has been modified by infiltration of adakitic
melts. These data suggest therefore, that two distinct
mantle sources were probably involved in the petrogen-
esis of the volcanic rocks, and that the rocks of MAF-2,
3 and to a lesser extent MAF-4, may have been con-
taminated with Th- and Ta-enriched crustal material.
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.2. Petrogenesis of dacites and rhyolites

Dacitic to rhyolitic volcanic rocks from both asse
lages of the Kaminak segment exhibit calc-alka
ffinities. The felsic units, irrespective of their stra
raphic setting, are characterized by non-system
ariation of most elements with increasing SiO2 sug-
esting that they are not linked through simple pe
enetic processes.

The felsic rocks comprise five distinct subgroups
he basis of their primitive mantle-normalized, mu
lement patterns (Fig. 9A–E; Table 1). FEL-1 and 2
re characterized by strongly fractionated profiles
REE depletion, variably developed negative Nb
nd Ti anomalies and, an absence of Eu troughs
f these points indicate that FEL-1 and 2 felsic ro
re most similar to high-alumina TTG rocks (Fig. 9F)
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and were probably generated through partial melting
of a garnet-bearing, basaltic source, either an eclogitic,
down going slab (cf.Drummond and Defant, 1990;
Martin, 1999) or possibly garnetiferous, mafic lower
crust (Smithies, 2000; Kamber et al., 2002). FEL-3
rocks exhibit similar multielement profiles to those
of FEL-1 and 2, however, HREE are more abundant
and they have modest negative Eu anomalies indi-
cating a minor amount of plagioclase fractionation.
Overall these FEL-3 rocks have compositions com-
parable to low-alumina TTG or possibly calc-alkaline
andesite–dacite rhyolite (CADR) suites of magmatic
arcs (Fig. 9F). Their multielement patterns suggest an
absence of, or a lower proportion of garnet in their
source and hence, a shallower depth of generation.
These rocks exhibit in the crust. FEL-4 rocks are more
strongly enriched in all of the incompatible elements,
have pronounced negative Nb, P and Ti anomalies, flat
HREE profiles, but well-developed negative Eu anoma-
lies. These are similar to CADR and exhibit (Fig. 9F)
features that imply they formed through partial melting
of intermediate (?) crust in the absence of garnet, and
that the magmas underwent significant fractionation of
plagioclase in upper crustal magma chambers. FEL-5
rocks are comparable in most aspects, with the excep-
tion of higher Th, to the classic FIIIa rhyolites of the
Abitibi Belt of the Superior Province (Fig. 9F; Lesher
et al., 1986). These exhibit flat multielement profiles
with enrichments in Th and Nb, but prominent nega-
tive P, Eu and Ti troughs. These are interpreted to have
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Fig. 12. (A) Primitive mantle normalized REE patterns for repre-
sentative samples from each of the five felsic subgroups. These are
compared to fields defined by 10 and 25% batch melting of aver-
age Kaminak segment, MAF-1 mafic volcanic rock. The calculated
patterns for the batch melting are for potential protoliths compris-
ing amphibolite, 10% garnet amphibolite, 25% garnet amphibolite
and eclogite residues (seeTable 5; modelled afterMartin, 1987;
Drummond and Defant, 1990). (B) LaN/YbN vs. YbN plot for the
felsic volcanic rocks. Diagonally ruled field is for classical island arc
magmas that evolve via fractional crystallization (fromDrummond
and Defant, 1990). Equilibrium melting curves for an average MAF-1
composition (Table 5) are shown with amphibolitic, garnet amphi-
bolitic and eclogitic mineral residues. Labeled white dots indicate
10% increments of melting. Note that all FEL-4 and -5 samples fall
to the right of the melting curves and appear to have evolved via
fractional crystallization.

patterns for FEL-4 and -5 rocks do not match those for
partial melts of mafic crustal sources.Fig. 12B outlines
the distinctive REE compositions of the felsic volcanic
rocks of the region in terms of their chondrite normal-
ized LaN/YbN and YbN values. Here, we show melting
curves for an average composition for the most abun-
dant mafic rocks (MAF-1) of the Kaminak segment
(Table 5) with amphibolite, garnet (10%) amphibolite,
ormed through plagioclase dominated, extensive
ional crystallization of mafic precursors in high-le
rustal magma chambers.

In Fig. 12A and B, we attempt to elaborate on
rocesses and sources involved in the genesis of th
ic volcanic rocks of the Kaminak segment.Fig. 12A
isplays the primitive mantle normalized REE patte

or representative specimens of the five felsic volc
ubgroups and compares them to fields defined b
nd 25% model melts from a number of mafic cru
ources (Table 5). Assuming batch melting and app
riate partition coefficients (Table 5; Martin, 1987) the
EE patterns of the FEL-1 and -2 rocks closely ma

he slopes of melts derived from eclogite and gar
earing (25%) amphibolite, respectively. Similarly,
EE pattern for the FEL-3 rock closely matches
lopes of melts generated from batch melting of
hibolite and amphibolite with 10% garnet. The R
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Table 5
Starting compositions and partition coefficients used in batch melting calculations

Sample Average MAF-1 mafic rock (ppm) Clinopyroxene (cpx) Hornblende (hbl) Plagioclase (plag) Garnet (gar)

La 4.41 0.1 0.2 0.13 0.04
Ce 11.87 0.2 0.3 0.11 0.08
Nd 9.27 0.4 0.8 0.07 0.20
Sm 2.95 0.6 1.1 0.05 1.00
Eu 1.03 0.6 1.3 1.30 0.98
Gd 4.00 0.7 1.8 0.04 3.8
Tb 0.70 0.7 2.0 0.037 7.5
Dy 4.54 0.7 2.0 0.031 11.0
Er 2.83 0.6 1.9 0.026 16.0
Yb 2.82 0.6 1.7 0.024 21.0
Lu 0.42 0.6 1.5 0.023 21.0

Note:Melting model residues: eclogite = 50% cpx + 50% gar; 25% garnet amphibolite = 10% cpx + 25% gar + 50% hbl + 15% plag; 10%
garnet amphibolite = 15% cpx + 10% gar + 50% hbl + 25% plag; amphibolite = 5% cpx + 30% plag + 65% hbl. Partition coefficients are from
Martin (1987).

garnet (25%) amphibolite and eclogite residual min-
eral assemblages. Partial melting of eclogite or garnet-
bearing residual amphibolite assemblages can readily
produce the spectrum of compositions exhibited by the
FEL-1 and -2 rocks, and melt compositions compa-
rable to the FEL-3 rocks can be generated through
higher degrees of partial melting of weakly garnetif-
erous sources. Rocks of FEL-4 and -5, however, are
not melts of mafic crust and likely represent fraction-
ates of mafic progenitors.

4.3. Implications of Nd isotopic data

Nd isotopic determinations indicate that the tholei-
itic samples exhibit on average slightly higherεNd
values and corresponding lower SiO2 contents relative
to the calc-alkaline rocks. InFig. 13, we have plotted
εNdt versus chondrite normalized ThN/NbN, a value
that acts as a proxy for the extent of crustal contami-
nation in mantle-derived rocks. Therein, theεNdt and
ThN/NbN values for three of the five distinct subgroups
of basaltic to andesitic rocks (12 MAF-1, 4 MAF-5
and 1 MAF-4 basalts;Tables 1 and 3; Fig. 12) form
a tight cluster and overlap, within error. One sample
each of a MAF-2 and MAF-3 basalts have ThN/NbN
comparable to the main cluster, but exhibit lowerεNdt

values. Two other mafic samples, one of MAF-2 and
one of MAF-3, overlap within error theεNdt values of
the main cluster, but exhibit higher ThN/NbN. All six
of the dacitic to rhyolitic samples along with two spec-
i able

εNdt but elevated ThN/NbN relative to the main cluster.
These data indicate that although the spread of data
to the right of the mantle array may be a result of con-
tamination by Th-enriched crustal material (Kaminak
segment granitoids?), at least four specimens exhibit
εNdt and ThN/NbN variations that cannot be easily
produced via this model. Instead, it appears that these
variations must have arisen through differences in
their mantle source (i.e. melting of MORB-like versus
OIB-like sources) and/or through contamination via
introduction of143Nd/144Nd depleted and LREE- and
LIL-enriched, significantly older crustal material.

In discussing the U–Pb geochronology of the
CHSB, Davis et al. (2004)demonstrate that of 26
U–Pb ages obtained in the region, inheritance of
zircon from crust older than ca. 2710 Ma is lacking.
Moreover,εNdt=2690 Ma values for 15 plutonic rocks
from the CHSB range from +1.1 to +3.2 (mean =
+2.2), overlapping, within error, with the value for
depleted mantle of the time (seeSandeman et al.,
2004). Because theεNd values for all of the volcanic
rocks range from +0.7 to +3.5 (mean = +2.4), we
suggest that extensive contamination via assimilation
of significantly older continental crust is unlikely. We
suggest that because the crust of the Kaminak segment
appears to have formed rapidly (ca. 2666–2711 Ma),
and comprises juvenile material with Nd isotopic char-
acteristics identical, within error, to contemporaneous
depleted mantle, the most viable means of generating
these features is through the introduction of detritus
i sting
mens of MAF-2 basalts are characterized by vari
 nto an active subduction zone. Hence, the contra
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Fig. 13. �Ndt=2690 Ma vs. primitive mantle normalized ThN/NbN

(Sun and McDonough, 1989) for 29 specimens from the Kaminak
and Tavani segments of the CHSB (this study; Thériault and Tella,
1997), including those from volcanic assemblage I (open symbols)
and assemblage II (filled symbols). Depleted mantle or MORB melts
are represented by the circle with the DM. Mantle source variations
are represented by the labeled vertical arrows. An envelope and tra-
jectory arrow are shown to demonstrate the effects of contamination
of mafic rocks with juvenile, ca. 2700 Ma felsic crust. Also shown
is a trajectory arrow showing the effect contamination of the man-
tle sources with older, more evolved continental crust.εNd results
are calculated at 2690 Ma and the parameters for the calculation of
εNd include:143Nd/144Nd0(CHUR)= 0.512638;147Sm/144Nd(CHUR) =
0.1967 (Jacobsen and Wasserburg, 1980). The depleted mantle curve
was calculated according to the parameters ofDePaolo (1981).

trace element signatures of the five geochemically
defined basaltic to andesitic subgroups are more likely
derived from geochemically distinct, but isotopically
similar (Nd) mantle sources. If crustal contamination
has played a role in the genesis of these rocks,
then it must have been minor, and/or predominantly
involved isotopically young, juvenile Neoarchaean
crust isotopically similar to the volcanic units.

The minor isotopic variability and high ThN/NbN
observed in a proportion of the mafic and felsic vol-
canic rocks of the CHSB can be in part attributed to
the assimilation of juvenile ca. 2700 Ma crust during

ascent or alternatively, particularly for the mafic rocks,
contamination of their mantle sources via subduction-
modification (Fig. 13). This process does not, however,
account for the lowεNd values and elevated ThN/NbN
values displayed by three mafic rocks belonging to
MAF-2, -3 and -5 (and one specimen of FEL-4). In-
stead, it appears that these rocks derived their LIL
and LREE enrichment along with their less radiogenic
Nd isotopic compositions through addition of small
amounts of older crustal material to their mantle source
via subduction.

4.4. Conclusions

Volcanic rocks of the Kaminak segment of the
CHSB range in age from 2681 to 2711 Ma (Davis
et al., 2004), and comprise two volcanic assemblages
designated on the basis of their lithological associa-
tions, U–Pb (TIMS; zircon) ages, spatial distribution
and petrological characteristics. Nd isotopic data in-
dicates that, although minor contamination by older,
more evolved crustal sources may be required, the vast
majority of the volcanic rocks of the region are juve-
nile and were recently removed from depleted mantle
at their time of crystallization. InFig. 14, we present
lithogeochemical data for rocks from a number of
localities within both assemblages, and place these
within their respective stratigraphic setting. Assem-
blage I comprises a sequence of pillowed and massive
basalts intercalated on the outcrop-scale with sparsely
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istributed dacitic to rhyolitic flows and rare chem
al and clastic metasedimentary rocks, collectively
erred to represent an extensive, predominantly m
ubaqueous platform. These rocks comprise three
inct subgroups of felsic rocks and all five subgro
f mafic rocks. Broadly contemporaneous gabb

hrough granodioritic plutonic rocks (Central Kamin
ntrusive Suite;Fig. 14) intrude this sequence. Asse
lage I was deformed at ca. 2686–2690 Ma, gener
pright foliations and steeply dipping bedding.

Concomitant and subsequent to this deforma
vent (Hanmer et al., in press; Davis et al., 2004) as-
emblage II volcanic rocks were emplaced on to
he assemblage I. Assemblage II comprises pred
ant andesitic to dacitic volcaniclastic rocks with l
bundant basaltic and rhyolitic end members tha
onsidered to have formed a series of spaced, ce
olcanic edifices. These rocks comprise five dist
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Fig. 14. Schematic stratigraphic section for rocks of the Kaminak and Tavani segments with the locations of critical localities for which we have
obtained field, U–Pb geochronological and lithogeochemical data. Note that assemblage I is characterized by rocks belonging to all five mafic,
and three of five felsic subgroups. Similarly, assemblage II contains four of five mafic and all five felsic subgroups.

subgroups of felsic rocks and four of five subgroups
of mafic rocks. Accompanying and postdating vol-
canic assemblage II, a voluminous series of gabbroic
through granitic plutons (Group 2 plutons;Sandeman
et al., 2004) were intruded, disrupting and exerting
significant influence on the distribution of the pre-
existing, discontinuous volcanic stratigraphy and hence
heralding a major change in the tectono-magmatic

setting. The complete stratigraphy was then cut by
late, post-tectonic monzogranite and rare alkaline
intrusions.

The near absence of plume-related komatiites
throughout, and the presence of arc-like MAF-2 rocks
in both assemblages, supports a subduction-related ori-
gin for all of the volcanic rocks of the CHSB. Moreover,
the abundance of mafic rocks, particularly of MAF-1,
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but also those of all other subgroups, collectively
implies that the mantle yielding the mafic-intermediate
volcanic rocks of both assemblages was heterogeneous
on a reasonably small-scale. Rocks of the MAF-5 sub-
group, described as consisting of OIB-like or NEB-like
rocks do not require the presence of a mantle plume.
These rocks indicate instead that either pockets of an
OIB-like mantle source were dispersed throughout the
asthenospheric mantle of the CHSB, or alternatively,
the sub-CHSB asthenosphere may have experienced
metasomatic modification by adakitic, slab-derived
melts, thereby yielding NEB-like rocks during partial
melting (Hollings and Kerrich, 2000; Wyman et
al., 2000; Hollings, 2002). Unlike those authors,
however, on the basis of our field, geochronological
and petrochemical observations we do not appeal to a
back–Arc tectonomagmatic setting for formation of the
CHSB.

In contrast, the lithospheric-scale processes in-
volved in the extensional “infant arc” scenario appear
to be more compatible with the geology of the CHSB,
and in particular the petrologically diverse, contempo-
raneous, juvenile volcanic rocks of assemblage I. The
extensional “infant arc” scenario was originally for-
mulated to account for the development of broad (100s
km) swaths of oceanic crust adjacent to subsiding slabs
in the Eocene proto-arcs of the SW Pacific Ocean,
prior to the localization of classical volcanic arcs
above subduction zones (Stern and Bloomer, 1992;
Bloomer et al., 1995; Wyman et al., 1999). According
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An absence of low-Ti rocks in the CHSB may be
taken as problematic for application of this model. We
propose, however, that their absence in the Kaminak
segment of the CHSB may reflect our poor understand-
ing of the geochemical mass balance of Neoarchaean
asthenospheric mantle (seeFrancis, 2003). If one as-
sumes that substantial amounts of continental crust may
not have been extracted from the Neoarchaean mantle
by ca. 2700 Ma, then it is likely the asthenosphere at
that time was less depleted than the present. Thus, mafic
rocks similar to the voluminous MAF-1 subgroup in the
Kaminak segment and also prominent in many green-
stone belts of similar age worldwide (cf.Tomlinson et
al., 1998, 1999, 2002; Polat et al., 1998; Hollings et al.,
1999; Cousens, 2000; Hollings, 2002), may repre-
sent the dominant partial melt product of Neoarchaean
asthenosphere. If this is the case, then the Neoar-
chaean asthenosphere was not as refractory as the
present-day and would therefore be a less suitable
source for the generation of low-Ti rocks such as
boninite.

In concluding the present contribution, we propose
that the geochemical and Nd isotopic data presented
here, in conjunction with the corresponding geochrono-
logical data (Davis et al., 2004) constitute the primary
evidence that lithospheric processes similar to those
responsible for the Eocene infant arc stages of the SW
Pacific Ocean may have operated during the early
stages of development of the CHSB.
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f a lower plate is accompanied by rapid hinge ret

hat induces extension of the upper plate and conve
ow in the underlying lithospheric and asthenosph
antle. Adiabatic decompression in the upwel
antle, together with transfer of LILE-charged wa

and silicate melts?), and from the subsiding crust to
verlying mantle wedge, lead to melting and erup
ates four to five times greater than those of mod
rcs, but comparable with slow spreading rid
“pre-arc spreading” of Pearce et al., 1984). In only
0 m.y., this magmatism can generate an exten
200–400 km wide) swath of juvenile crust that is m
roader than localised, active arc systems ( 35–50
r less). In our companion paper (Hanmer et al., in
ress), we have suggested that the geological c
cteristics of the CHSB, briefly listed above,
ompatible with this model.
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Appendix A. Analytical methods

Approximately 1 kg of each rock sample was
crushed to chips in a Braun jaw crusher, and a 50 g split
of each mafic rock was pulverized to a fine powder in an
agate ring mill. Felsic rocks were pulverized in a tung-
sten carbide mill. Most analyses were obtained at the
Geochemical Laboratories of the Geological Survey of
Canada (Ottawa). Major elements and Ba were ana-
lyzed by X-Ray fluorescence analysis (XRF) of fused
discs. Volatile contents, expressed as loss on ignition
(LOI) were determined gravimetrically. The trace ele-
ments Ba, Co, Cr, Cu, Ni, Sc, V and Zn were analyzed
by ICP-ES, whereas all other trace elements includ-
ing Cs, Ga, Pb, Rb, Hf, Th, U, Ta, Nb, Y and the rare
earth elements (REE) were determined through ICP-
MS analysis. Analytical errors for the data, as based
on the analysis of duplicates and of reference materi-
als are calculated at <5% relative percent for the major
elements, <10% for those trace elements determined
by XRF, <10% for ICP-ES analyses<5% for ICP-MS
analyses. These were supplemented by pressed powder
disc, XRF analysis for the trace elements Zr, Nb and Ga
(Department of Earth and Planetary Sciences, McGill
University).

Analysis of selected rock samples were undertaken
at the Department of Earth Sciences, Memorial Univer-
sity of Newfoundland. Major elements and the trace
elements Cr, Ni, Sc, V, Cu, Zn and Zr were deter-
mined through XRF analysis of glass discs. LOI was
o ob-
t od
o

ono-
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I 261
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of an AMES standard Nd metal solution yielded
143Nd/144Nd = 0.512165± 0.20 (2σ). εNd values
(DePaolo, 1981) were calculated using a present-day
CHUR (chondritic uniform reservoir) composition of
143Nd/144Nd = 0.512638 and147Sm/144Nd = 0.1967
(Jacobsen and Wasserburg, 1980). The reproducibility
of the asεNd values are calculated to be ca.±0.5ε
units, whereas the reproducibility of the147Sm/144Nd
ratios is approximated at ca. 0.3%. Nd isotopic data
for 23 samples are presented inTable 4.
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