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Komatiite Flooding of a Rifted Archean Rhyolitic Arc Complex:
Geochemical Signature and Tectonic Significance of the Stoughton-

Roquemaure Group, Abitibi Greenstone Belt, Canada1

J. Dostal and W. U. Mueller2

Department of Geology, Saint Mary’s University, Halifax, Nova Scotia, Canada B3H 3C3

A B S T R A C T

The 0.2–2 km thick, Archean Stoughton-Roquemaure Group (SRG) in the Northern Volcanic Zone of the Abitibi
greenstone belt (Quebec, Canada) is composed of tholeiitic basalt, komatiitic basalt and komatiite. The mafic and
ultramafic rocks are pillowed, brecciated, and massive columnar-jointed flows. The SRG conformably overlies the
2730 Ma Hunter Mine Group, a volcanic complex dominated by calc-alkaline felsic rocks. The tholeiitic basalts of
the SRG resemble MORB. The komatiitic basalts and komatiites have positive eNd values, overlapping those of the
tholeiitic basalts. Komatiitic basalts, with low Al2O3/TiO2 ratios (,10) and fractionated heavy REE patterns, are simi-
lar to Al-depleted komatiites. In contrast, the komatiites have high Al2O3/TiO2 (,20), unfractionated heavy REE
patterns and resemble Al-undepleted Munro-type komatiites. The Al-depleted komatiitic basalts occur at the base of
the SRG, whereas the Al-undepleted komatiites are prevalent higher up in the stratigraphy. The association of calc-
alkaline rhyolites with rifted arc-related basalts passing upward into MORB-like basalts, which in turn are capped by
komatiitic rocks, reflects an evolution in magma genesis from crustal melting (rhyolites) and arc rifting to melting
of a mantle plume. The preferred petrogenetic model for the SRG involves a rising mantle plume below an arc. The
Al-depleted komatiitic basalts were generated by mantle melting with garnet in the residue at the periphery of the
plume whereas the Al-undepleted komatiites were formed by a higher degree of melting in the plume axis. The MORB-
like basalts were produced from the cooler plume head at a shallower depth.

Introduction

Komatiites and komatiitic basalts have attracted babwe Craton) were inferred to have formed in a
shallow water, continental, rift-type setting. Stablemuch attention, largely because they indicate the

composition, structure, and physical conditions of platformal conditions were suggested for komati-
ites associated with quartz arenites in .2.8 Gathe Archean mantle (e.g., Arndt 1994). Numerous

studies of komatiites dealing with their strati- greenstone belts of the Superior Province of the Ca-
nadian Shield (Thurston and Chivers 1990).graphic position (Anhaeusser 1971), geochemistry

(Arndt and Nisbet 1982), and inferred genesis Alternatively, komatiites are an integral compo-
nent of the Archean ocean floor, as suggested for(Campbell et al. 1989; Arndt 1994) have been pub-

lished, but the geodynamic environment of ko- the Barberton (de Wit et al. 1987) and Abitibi green-
stone belts (Dupre et al. 1984). Recently, Storey etmatiites remains enigmatic. Two distinct tectonic

settings have been recognized: (1) rifting of a stable al. (1991) proposed that komatiites could be parts
of oceanic plateaus, whereas Takahashi (1990) sug-continental landmass, and (2) rifting of oceanic

lithosphere. gested that komatiites formed at mid-ocean ridges.
In contrast, komatiitic basalts and komatiites ofThe komatiites of the Bend (Bickle and Nisbet

1993) and Reliance (Bickle et al. 1994) Formations the Stoughton-Roquemaure Group (SRG) in the Ar-
chean Abitibi greenstone belt (Quebec, Canada) areof the 2.9 Ga Mtshingwe and 2.7 Ga Ngezi Groups,

respectively, of the Belingwe greenstone belt (Zim- interpreted in this study to represent a third tec-
tonic setting: komatiite flooding of a rifted sub-
aqueous volcanic arc complex.1 Manuscript received July 11, 1996; accepted April 1, 1997.

The purpose of this paper is (1) to characterize2 Sciences de la Terre, Université du Québec à Chicoutimi,
Quebec, Canada G7H 2B1. geochemically the komatiitic basalts and komati-

[The Journal of Geology, 1997, volume 105, p. 545–563]  1997 by The University of Chicago. All rights reserved. 0022-1376/97/10504-0003$01.00
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ites of the SRG, (2) to describe the physical volca- the HMG, directly above the dike system (figure 2),
is a highly variable association of pyroclastic andnology of the komatiitic basalts and komatiites,

(3) to discuss the evolution of these rocks, and volcaniclastic sedimentary rocks, iron-formation,
mafic to intermediate dikes, and sills (table 1, sam-(4) to propose an appropriate geodynamic model

for this part of the Abitibi greenstone belt. Special ples J-26 and J-28) and mafic (table 1, samples WP-
94-05, WP-94-27) and felsic lava flows (table 1,emphasis is placed on establishing the geochemi-

cal signature and the geodynamic setting of basal- sample WP-94-10). The mafic flow component in-
creases toward the SRG. Complex on-lapping (e.g.,tic and komatiitic rocks from a rhyolite/basalt/

komatiite succession in this greenstone belt. Eakins 1972) and interstratification between
groups is common to volcanic terranes (Mueller et
al. 1989).Regional Geology The mafic-ultramafic SRG (table 1, series Roq-
95) is only 200 m thick directly above the 4–5 kmThe Abitibi greenstone belt, the largest coherent

Archean supracrustal sequence in the world, has thick central part of the HMG, whereas immedi-
ately to the west, its thickness increases to 2 km.been divided into Northern Volcanic (NVZ) and

Southern Volcanic zones (SVZ; Chown et al. 1992); The HMG thins accordingly. The Lyndhurst fault
truncates both the HMG and SRG along strikethe study area is located at the southernmost part

of the NVZ (figure 1). The 2730–2705 Ma NVZ is (figure 2), which explains the limited thickness of
the SRG above the central part of the HMG. Gou-considered to be an intact arc-backarc segment sep-

arated from the volcanic terranes of the 2705–2695 tier (1993) identified two lithological units. The al-
ternating 50–400 m thick komatiitic and 100–1000Ma SVZ by the crustal-scale Destor-Porcupine-

Manneville fault (figures 1 and 2; Mueller et al. m thick basaltic units can be traced for several kilo-
meters (figure 2). The ultramafic flows are possi-1996). The NVZ consists of two 1–5 km thick

mafic-felsic volcanic cycles (Chown et al. 1992). bly the lateral on-strike equivalents of the well-
documented komatiite flows in Munro TownshipVolcanic cycle 1 represents an extensive subaque-

ous basalt plain with local mafic-felsic or felsic edi- to the west (figure 1; Pyke et al. 1973; Arndt et al.
1977). U-Pb zircon age determinations of 2713 Mafices interstratified with or overlain by intra-arc,

volcaniclastic turbidites (Mueller et al. 1996). and 2714 Ma from felsic volcanic rocks inferred to
be associated with the Munro Township ultramaficThese volcanic edifices are inferred to be ancient

submarine composite volcanoes. The felsic-domi- assemblage (Corfu et al. 1989) constrain the mini-
mum age of the SRG.nated volcanic centers yield U-Pb zircon ages rang-

ing from 2730 to 2720 Ma (Mortensen 1993a, The SRG and transition zone rocks of the HMG
in the study area were affected mainly by sub-1993b). Volcanic cycle 2 (2720–2705 Ma; Mor-

tensen 1993a, 1993b), preserved in the northern greenschist facies metamorphism, as characterized
by the assemblage of prehnite-chlorite-epidote. Theand southern extremities of the NVZ (figure 1), dis-

plays the evolved stages of arc development with volcano-sedimentary rocks of the HMG and SRG
are steeply dipping sequences (70–90°) with locallythe emergence and unroofing of the arc (Mueller et

al. 1989), as indicated by coarse clastic deposits overturned strata that young to the south in the
study area. Both formations trace a large anticline(Mueller and Donaldson 1992a). The 4–5 km thick

Hunter Mine Group (HMG), a 2730 Ma volcanic that closes to the west (Eakins 1972; figure 2). The
steeply dipping strata expose a cross-section of thecomplex which can be traced along a strike for 50

km, is part of volcanic cycle 1. The SRG volcanic felsic-dominated submarine volcanic complex
showing a N-trending central dike swarm repre-rocks may represent the beginning of volcanic cycle

2 or may be still part of volcanic cycle 1. The basal sented by the HMG and a subaqueous, mafic-
ultramafic, oceanic plain represented by the SRG.to medial parts of the HMG are composed of 5–50

m thick massive to brecciated rhyolitic lava flows
and lobes (Dostal and Mueller 1996) and an exten-
sive, 1.5 km wide, felsic-dominated, dike swarm Physical Volcanology of Mafic-Ultramafic Flowsthat can be traced for 2.5 km up-section (Mueller
and Donaldson 1992b). Mafic dikes of SRG- affinity The flow morphology of mafic-ultramafic lava

flows depends on composition, temperature, vis-are part of this swarm (e.g., sample S-32, table 2 in
Dostal and Mueller 1996), suggesting a prolonged cosity, and extrusion rate (e.g., Donaldson 1982;

Arndt 1994). The lava flow description helps to ex-dike emplacement history that includes feeding of
the SRG volcanic flows. plain geochemical variations in different flow

forms, facilitate interpretation of the volcanic flowThe upper 500–1000 m thick transition zone of
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processes, and constrain the depositional environ- low tube budding (figure 5B) that results from pul-
sating flow in the tubes. Symmetric and asymmet-ment.

Transition Zone of the Hunter Mine Group. The ric transverse spreading cracks in the terminal
pancake-shaped pillow are formed by deceleratingaphanitic, microporphyritic, and locally porphy-

ritic mafic lava flows, dikes, and sills have basaltic flow velocity (figure 4D). Irregular to polygonal sur-
face cracks (figure 5C,D) with local in situ hya-compositions (table 1; series WP). The mafic flows

exhibit characteristic vertical and lateral volcanic loclastite represent thermal contraction features
that, in three dimensional exposures, locally tran-facies variations (figure 3) that are common to mod-

ern arc-backarcs or mid-ocean ridges and are well- sect the interior of the pillow. As flow decelerates
and viscosity starts to affect flow morphology,documented in Archean supracrustal sequences

(Dimroth et al. 1978; Hargreaves and Ayres 1979; tube-like pillowed flows start to show significant
surface features. The typically smooth and flat-ly-Wells et al. 1979). Very few flows, dikes, or sills are

amygdaloidal. Flows are 3–20 m thick and have a ing flow forms are a function of the high tempera-
ture and low viscosity of komatiitic magma. In themassive columnar-jointed section grading verti-

cally and laterally into pillowed flows or pillow lower komatiite unit (figure 2), massive flows are
generally higher in MgO (table 1; Roq-95-12) thanbreccia (figure 3). Pillows ranging from 20 to 150

cm in diameter display 0.5–2 cm thick chilled mar- the downslope pillowed flows (table 1; Roq-95-7).
Lateral flow fractionation is inferred. Similarly,gins and internal polygonal jointing. In situ breccia-

tion around pillows is common, but extensive pil- Barnes (1985) argued that fractionation in komati-
ite flows occurred because of olivine removal bylow breccia units were not observed. Columnar

joints within flows, ranging from 10 to 30 cm in spinifex growth and crystal settling. The morpho-
logical volcanic facies, dense character of komatiitediameter, are perpendicular to the cooling front.

Some flows pinch out laterally with a 30° angle of lava, and absence of brecciation and amygdules pos-
sibly suggests extrusion under considerable waterrepose (figure 3). Massive and columnar-jointed,

mafic dikes represent the youngest phase in the fel- pressure, consistent with a deep-water setting. Sed-
imentary indicators, such as turbidite deposits andsic dike swarm (Dostal and Mueller 1996). Quench

textures (e.g., ‘‘swallow-tail’’ plagioclase micro- the absence of wave-induced structures, are consis-
tent with this interpretation.lites) and spherulites characterize the border zones

of pillows and massive flows.
Komatiite Units of the Stoughton-Roquemaure Petrography and Mineral Chemistry

Group. Massive columnar-jointed and pillowed
flow facies (figure 4A) constitute the komatiitic ba- Owing to the low degree of strain, the sub-

greenschist metamorphic grade has had little effectsalts and komatiites of the SRG. Flow breccias were
rarely observed. Columnar-jointed units are 2–10 on primary volcanic textures. Relics of primary

minerals, particularly clinopyroxene, are locallym thick and have sharp lower and upper contacts
indicating a single flow unit. Joint columns are 10– preserved. Calcic plagioclase is largely transformed

to albite (An4–8), and pyroxenes are generally altered40 cm in diameter, and column width is uniform
throughout the flow. Millimeter to centimeter- to chlorite. Olivine is replaced entirely by serpen-

tine and magnetite or by chlorite. The vitricscale pyroxene spinifex textures and non-oriented
plumose pyroxene and plagioclase blades were groundmass is mostly altered to chlorite, albite, ep-

idote, and Fe-Ti oxides, but quench textures aretransected by columnar joint growth. Ultramafic
pillows and pillow tubes are 10-50 m thick (figure readily observed. Well-preserved chilled margins

are composed of coalescing spherulites (figure 5E)4A) and up to several meters wide in transverse sec-
tion (figure 4B). Individual pillow tubes are trace- representing an orb texture (Lofgren 1971) which

grades, albeit abruptly, into quench microlites ofable for up to 10 m. The ends of pillow tubes flatten
into a broad pancake shape up to 3 m wide and only hopper olivine and pyroxene (figure 5F). These

quench textures are similar to those described by10–30 cm thick (figure 4C,D). Some tubes display
longitudinal corrugations at the margins (figure 4B) Dimroth et al. (1978) from the Archean mafic pil-

lowed flows and by Lofgren (1980) from experimen-and may possibly be a low viscosity counterpart to
corrugation-B as described by Yamagishi (1985). tal studies. The komatiites and komatiitic basalts

have classical spinifex textures of tabular, skeletalFlow surface features such as smooth half-moon
ridges on branching (figure 5A) or individual pillow crystals of clinopyroxene (figure 5G). The massive

parts of flows are characterized by open-fan spheru-tubes indicate flow direction on the convex side
for the most part. Central, longitudinal spreading litic textures (figure 5H).

Clinopyroxenes in the tholeiitic basalts are au-cracks (figure 4C and 5B) facilitate subsequent pil-
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Figure 3. Transition zone of the HMG showing facies organization of tholeiitic basalts directly overlying the central
part of the edifice. Note vertical and lateral facies changes in the studied section. The location is indicated in figure
2 (WP-94-2-30).

gites (Wo30–40En50–54Fs10–16) according to the classi- the composition of clinopyroxene ranges from pre-
dominantly diopside to augite (Wo39–48En38–49fication of Morimoto (1988). Phenocryst rims are

slightly enriched in Fe (Wo33En48Fs19). The komati- Fs13–16), whereas the komatiitic basalts contain
mainly augite (Wo31–44En39–54Fs10–16) with a compo-ites and komatiitic basalts contain pyroxenes simi-

lar to those in other Archean sequences (Arndt et sition similar to those of the tholeiitic basalts. In
general, the clinopyroxene of komatiites has loweral. 1977; Fleet and MacRae 1975). In the komatiites,
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Si but higher Al and Ti than that of the tholeiific sis. Low-temperature hydrothermal alteration of
mafic-ultramafic rocks affected elements prone tobasalts. The high Al content in komatiite pyrox-

enes is due to either rapid growth of pyroxene and/ movement such as Rb, K, and Na (e.g., Barnes 1985;
Arndt and Jenner 1986); thus consideration of pet-or suppression of plagioclase crystallization (Don-

aldson 1982). According to the discrimination rogenesis is based mainly on trace elements
thought to be relatively ‘‘immobile.’’ These includescheme of Leterrier et al. (1982), clinopyroxenes in

the SRG have compositions characteristic of non- high field strength elements (HFSE), REE and tran-
sition elements (Winchester and Floyd 1977). Com-orogenic volcanic rocks.
positional similarities between the studied rocks
and recent volcanic suites and comparisons with

Geochemistry rather pristine komatiitic rocks from the Belingwe
greenstone belt (Nisbet et al. 1993) suggest that inAnalytical Techniques. Representative samples
most samples these trace elements and most majorof lava flows from the transition zone (figure 3), the
elements retained their original abundances.SRG, and the HMG were collected during mapping.

Stoughton-Roquemaure and Hunter Mine (Transi-Underlying felsic dikes and associated mafic and
tion Zone) Groups. Volcanic rocks of the SRG andintermediate dikes and flows of the HMG were
the transition zone of the HMG can be chemicallystudied by Dostal and Mueller (1996) and are used
divided into two groups. The first group includesfor comparative purposes. Seventy-one samples of
tholeiitic basalts, which occur in the transitionlava flows and related dikes have been analyzed for
zone and the SRG, while the second group is char-major and some trace (Rb, Sr, Ba, Zr, Nb, Y, Cr, Ni)
acterized by komatiitic rocks, which are only pres-elements using X-ray fluorescence at Saint Mary’s
ent in the SRG (figure 6). The basalts have SiO2 andUniversity, Halifax. Twenty-seven samples were
MgO (LOI-free) ranging from 48.5% to 53.5% andchosen for determination of a wider range of trace
from 6.5% to 13%, respectively (figure 7), and theelements, including rare earth elements (REE), Th,
Mg# [ 5 100 3 Mg/(Mg 1 Fetot)] ranging from 67 toNb, and Hf using inductively coupled plasma mass
49. The basalts have tholeiitic variation trends.spectrometry at Memorial University of New-
Both Ti and V show positive correlations with in-foundland. Results are given in table 1 (the com-
compatible trace elements, including Zr and P.plete data set is available upon request from The
These variations preclude extensive fractionationJournal of Geology). Precision and accuracy are dis-
of Fe-Ti oxides. On classification diagrams involv-cussed in Dostal et al. (1986, 1994). In general, the
ing Al, Fe, Ti, and Mg, the basalts generally plot inprecision is better than 62% for major elements
the field of Mg-rich tholeiitic basalts (figure 6). Theand 2–10% for trace elements. Nine of the 27 sam-
basalts have relatively high contents of TiO2 andples were selected for Nd isotope analyses. Sm and
Ni (figure 7) compared to recent island arc tholei-Nd abundances and isotope ratios (table 2) were an-
ites (IAT), and resemble MORB. Their chondrite-alyzed by isotope dilution mass spectrometry at
normalized REE patterns are slightly light REEMemorial University. A description of the analyti-
(LREE)-depleted to flat, with (La/Yb)n ratios (n-cal technique was given in Kerr et al. (1995). Min-
chondrite normalized) from 0.65 to 1 and abun-eral compositions were determined using a JEOL
dances of about 5 to 10 times chondrites (figure 8C).Superprobe 733 at Dalhousie University, Halifax,
The basalts are slightly less depleted in LREE thanNova Scotia.
average N-MORB (figure 8D).Alteration. Sea-floor alteration and low-grade

The tholeiitic basalts can be subdivided intometamorphism was accompanied by selective
high-Mg basalts and MORB-like basalts accordingchemical modifications as reflected by high LOI
to their Mg# and MgO contents. High-Mg basaltscontents of the analyzed samples (table 1). On
have higher Mg# (67–58) and MgO (9–13%) con-figures 7 to 9, whole rock analyses have been re-
tents but lower abundances of incompatible tracecalculated to 100% totals on an anhydrous ba-

Figure 4. Characteristics of komatiites in the SRG. (A) Columnar-jointed komatiite flow (CJ: sample Roq-95-12) in
sharp contact with pillowed flows (P). Top indicated by arrows. Scale: field notebook 20 cm long. (B) Close-up of a
pillow tube showing a smooth flow surface with polygonal thermal contraction features (Tc) and longitudinal corruga-
tions at the tube margin (Lc). Large arrow shows flow direction. Scale: large arrow 8 cm in size. (C) Pancake-shaped
komatiite pillow with longitudinal (LSR) and transverse spreading ridge (TSR). Flow direction shown by two arrows.
Scale: field notebook 20 cm long. (D) Flat, pancake-shaped, terminal end of pillow tube with a well-defined transverse
spreading crack (TSR). Flow direction shown by two arrows. Sample location of Roq-95-9 indicated (S). Scale: field
notebook 20 cm long.
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Table 2. Nd Isotopic Compositions of the SRG and HMG Rocks

Sm Nd
Sample Rocka (ppm) (ppm) 147Sm/144Nd 143Nd/144Ndb eNd

c

HMG
J-26 RAB 12.95 12.61 .1398 .511681 (9) 11.3
Transition Zone
WP-94-12 B 1.69 5.36 .1944 .512839 (8) 14.7
WP-94-26 B 1.42 4.79 .1834 .512608 (11) 14.1
J-22 B 1.40 4.17 .2002 .512831 (9) 12.5
WP-94-27 HMB 1.17 3.85 .1872 .512888 (11) 18.2
SRG
Roq-95-7 KB 2.08 7.22 .1777 .51532 (11) 14.6
Roq-95-12 KB 1.57 5.17 .1875 .512643 (9) 13.3
Roq-95-15 K 1.13 3.83 .1817 .512658 (13) 15.6
Roq-95-20 K 1.03 2.89 .2205 .513245 (17) 13.5

a RAB 5 rifted arc basalt (dike); B 5 MORB-like tholeiitic basalt; HMB 5 high-Mg basalt; KB 5 komatiitic basalt; K 5 komatiite.
b Measured 143Nd/144Nd ratios are normalized to a 146Nd/144Nd of 0.7219. Errors for 143Nd/144Nd ratios are 2-sigma, given in parentheses.
The La Jolla Standard, analyzed as part of every run, yielded average 143Nd/144Nd of 0.511856 6 4 (2-sigma).
c eNd were calculated at 2730 Ma (U-Pb zircon age of Mortensen, 1987) using present-day values for CHUR (chondritic uniform
reservoir): 143Nd/144NdCHUR 5 0.512638 and 147Sm/144SmCHUR 5 0.1967.

elements (table 1) than the MORB-like basalts. The 74–69) from the lower komatiitic unit, and (2) ko-
matiites (SiO2 44–47%; Mg# 77–78) that occurlatter have Mg# ranging from 58 to 49 and MgO

contents from 6.5% to 9% (table 1). Although both mainly in the upper komatiite unit (figure 2). Com-
pared to tholeiitic basalts, both types of komatiiticbasalt groups have similar La/Yb and Th/Yb, they

have different Cr/Ni and Ti/V, with high-Mg ba- flows usually have lower abundances of Fe, V, and
incompatible trace elements, but higher MgO andsalts having higher Cr/Ni (2.1–2.6 and 1.4–1.7, re-

spectively) but lower Ti/V (15–18 and 19–23, re- transition elements. Komatiitic basalts have 14 to
20% MgO, Al2O3 , 10%, Al2O3/TiO2 ,10, CaO/spectively). The contrast between these two

subgroups is in part due to fractional crystallization Al2 O3 5 1–1.3 and (Gd/Yb)n 5 1.4–1.8 (figure 10).
Their REE have 5–10 times chondritic abundancesbut also to a different source composition. The

mantle-normalized trace element plots of the tho- and (La/Yb)n 5 0.9–1.8 (figure 8). HFSE concentra-
tions are unfractionated relative to REE on primi-leiitic basalts (figure 9C) are not depleted in Nb, as

would be expected from arc-related rocks; they are tive mantle concentration plots (figure 9). Like the
komatiites, the patterns for komatiitic basalts docompositionally similar to T-MORB and oceanic

plateau tholeiites (Storey et al. 1991). The initial not exhibit a Nb depletion. The rocks resemble alu-
mina-depleted komatiites that occur in 3.5 GaeNd values for the basalts (table 2) vary from 12.5 to

1 8.2, suggesting derivation from a depleted mantle suites but are rare in greenstone belts of 2.7 Ga age
(Herzberg 1995).source and an absence of contamination by older

continental crust during their evolution (DePaolo The komatiites have MgO contents around 23%
with Al2O3/TiO2 5 20, CaO/Al2O3 5 0.8 and (Gd/1988).

The komatiites of the SRG include two distinct Yb)n ,1–1.2 (figure 10). In addition, they have
slightly LREE depleted [(La/Yb)n ,0.5] REE pat-types: (1) komatiitic basalts (SiO2 47–54%; Mg#

Figure 5. Surface features of komatiite pillow tubes and microscopic characteristics of komatiites in the SRG. (A)
Branching of Archean komatiitic pillow tube with polygonal jointing (PJ) and half-moon flow ridges (FR). Flow direc-
tion shown by two arrows. Scale: pen 15 cm long (arrow). (B) Budding of a komatiitic pillow tube (P) from a central
longitudinal spreading ridge (LSR). Sample location of Roq-95-10. Flow direction shown by two arrows. Scale: pen 15
cm long (arrow). (C) Summital part of pillow tube characterized by quenching causing fracturing of the surface and
ingestion of water into the heart of the pillow tube (arrows). Scale: knife 9 cm long. (D) Close-up of thermal contraction
features. Note polygonal jointing (arrows). Scale: coin 3 cm in diameter. (E) Microphotograph showing coalescing
spherulites (CS) at a chilled pillow margin indicating an orb texture. (F) Microphotograph of quench textures with
hopper olivine (HO), skeletal pyroxene (Px), and a spherulitic matrix (SM) between quench crystals. (G) Microphoto-
graph of micro-pyroxene spinifex texture. (H) Microphotograph of open fan-spherulitic texture composed of skeletal
pyroxene.
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terns and 3–6 3 chondritic abundances. Composi-
tionally, komatiites have (Gd/Yb)n and Al2O3/TiO2

close to those of chondrites (figure 10) and are simi-
lar to Munro-type, alumina-undepleted komatiites
of the Abitibi belt that are the predominant type in
2.7 Ga greenstone belts (Herzberg 1995).

The initial eNd values of the komatiites and ko-
matiitic basalts are overlapping, ranging from 13
to 16 (table 2). These values also overlap the eNd

values of the associated MORB-like tholeiitic ba-
salts. Some of these values are, however, slightly
higher than those obtained on primary pyroxenes
from komatiites of the Abitibi belt (Lahaye et al.
1995).

Hunter Mine Group. The rocks of the dike
swarm and associated lava flows are mainly felsic
(.65% SiO2). Basaltic and andesitic rocks are pres-
ent in only minor amounts (Dostal and Mueller
1996; table 1) and differ compositionally from the
SRG and the HMG transition zone basalts. TheFigure 6. Classification of the rocks from HMG and
HMG basaltic and andesitic dikes (e.g., sample J-SRG using a Jensen (1976) plot. Symbols: open triangles
26; table 1) and subordinate flows have chondrite-5 komatiites; open diamonds 5 komatiitic basalts; open

circles 5 high-Mg basalts; solid circles 5 MORB-like ba- normalized REE profiles moderately enriched in
salts. Several analyses not plotted because of overlap. LREE and (La/Yb)n ratios around 4 (figure 8). Their

mantle-normalized incompatible trace element
patterns (figure 9) have depleted Nb and enriched

Figure 7. Al2O3 (%), TiO2 (%), Y (ppm) and Ni (ppm) versus MgO (%) for the rocks of the transition zone and SRG
group. Symbols: open triangles 5 komatiites; open diamonds 5 komatiitic basalts; open circles 5 high-Mg basalts;
solid circles 5 MORB-like basalts.
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Figure 8. Rare-earth element abundances normalized to chondrites (after Sun 1982) for the rocks of HMG and SRG.
(A) Al-undepleted komatiites of SRG. (B) Al-depleted komatiitic basalts of SRG. (C) high-Mg basalts (WP-94-27) and
MORB-like basalts (WP-94-12, WP-94-13) of the transition zone of HMG. (D) N-MORB and E-MORB (after Sun and
McDonough 1989) and average compositions of komatiites (K) and komatiitic basalts (KB) from Belleterre-Angliers
belt (Barnes et al. 1993) shown for comparison. (E) rifted arc tholeiites of HMG. (F) HMG rhyolites (shaded field-range
of the HMG felsic dikes; Dostal and Mueller 1996).

large-ion-lithophile elements (LILE) and REE. Com- assumed to underlie the Abitibi belt at 2.7 Ga (12.6
6 0.8; Machado et al. 1986).pared to typical IAT, the basaltic rocks are enriched

in Ti, Ni, and Cr (table 1; sample J-26) and resemble
rocks formed in both modern and ancient island arc Petrogenesisrift zones (e.g., Stern et al. 1990; Gamble et al.
1995). Stoughton-Roquemaure Group. The association

of alumina-depleted and alumina-undepleted typesOverall, the trace element compositions of the
felsic dikes and lava flows are similar to calc- is rare in greenstone belts. A similar joint occur-

rence in space and time has been documented inalkaline dacites and rhyolites elsewhere in the
Abitibi belt (Ujike and Goodwin 1987; Dostal and Newton Township west of Munro Township (Cat-

tell and Arndt 1987) and could be of comparable ori-Mueller 1992; Barrie et al. 1993). REE patterns are
moderately enriched in LREE and have a small gin. Because Al, Ti, and HREE are relatively immo-

bile during alteration, differences between the twonegative Eu anomaly (figure 8). Their (La/Yb)n ra-
tios range from 5 to 8. Mantle-normalized in- komatiite types in Al2O3/TiO2 and Gd/Yb are in-

ferred to be of magmatic origin.compatible element patterns have a moderate en-
richment of Th and LREE relative to heavy REE Several processes that could account for the as-

sociation of Al-depleted and Al-undepleted komati-(HREE) with a progressive increase toward Th (fig-
ure 9). The patterns are characterized by negative itic rocks and the differences between them include

(a) crustal contamination, (b) fractional crystalliza-Nb and Ti anomalies and are comparable to modern
subduction-related felsic rocks. The HMG mafic tion, and (c) partial melting/source composition.

a) Crustal Contamination. Komatiitic magmasrocks range in eNd from 11.0 to 12.5, and the felsic
rocks range from 11.9 to 13.4 (Dostal and Mueller are thought to be prone to crustal contamination,

in part, because of their high temperature and in-1996). These values, particularly those of the felsic
rocks, are close to the eNd values of depleted mantle ferred turbulent flow (Huppert and Sparks 1985). El-
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Figure 9. Mantle-normalized incompatible trace element patterns for the rocks of HMG and SRG. (A) Al-undepleted
komatiites of SRG. (B) Al-depleted komatiitic basalts of the SRG. (C) high-Mg basalts (WP-94-5) and MORB-like basalts
(WP-94-6, WP-94-13) of the transition zone of HMG. (D) N-MORB and E-MORB (after Sun and McDonough 1989)
shown for comparison. (E) rifted arc tholeiites of HMG. (F) HMG rhyolites (shaded field 5 range of the HMG felsic
dikes; Dostal and Mueller 1996). Normalizing values after Sun and McDonough (1989).

ement ratios diagnostic of crustal contamination tamination being the cause of the differences be-
tween the two komatiite types.show the largest difference between crust and a

primitive mantle or komatiitic composition. Jo- b) Low-Pressure Fractional Crystallization.
Crystallization of komatiitic magma at low pres-chum et al. (1990) showed that element ratios such

as Th/Nb, La/Nb, and Th/La are very sensitive sure involves olivine, chromite, and pigeonite or
augitic clinopyroxene (Kinzler and Grove 1985).measures of contamination. The values of these ra-

tios in the SRG komatiites and komatiitic basalts Clinopyroxene crystallization is unlikely to have
contributed to differences between the two komati-are very low (,0.1; 1.0 and 0.10, respectively), un-

like those affected significantly by crustal contami- ite types, because both types have comparable
abundances of Ca. The separation of olivine andnation (bulk continental crust 0.32, 1.45, and 0.22,

respectively; Hofmann 1988). In addition, the eNd chromite, minerals with very low contents of in-
compatible trace elements, cannot significantlyvalues imply that the komatiitic rocks and tholei-

itic basalts were not modified by interaction with modify (Gd/Yb)n ratios, suggesting that the ob-
served differences between the two types are notolder continental crust. Thus, the extent of con-

tamination in SRG komatiites appears, at most, to due to fractional crystallization.
c) Different Degrees of Partial Melting/Differ-be very small although they overlie the rhyolitic

rocks of the HMG. The large contrast in Al2O3/ ences in Source Compositions. There is a growing
consensus that differences between Al-depletedTiO2, CaO/Al2O3, and (Gd/Yb)n ratios (figure 10)

between the two komatiitic types in conjunction and Al-undepleted komatiites are related to the role
of garnet in their source (e.g., Herzberg 1995). Aswith overlapping Th/Nb, La/Nb, and Th/La ratios

and eNd values is also inconsistent with crustal con- discussed below, the available data for the SRG ko-
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Komatiites are inferred to be derived from the hot-
ter axial parts of the plume, whereas tholeiitic ba-
salts are derived from the cooler plume head or ma-
terial entrained by the upwelling plume. The
composition of the SRG komatiites and associated
komatiitic and tholeiitic basalts, including their
mantle-normalized patterns and Nd isotopes, is
consistent with such a model.

The spatial and temporal association of Al-
depleted and Al-undepleted komatiitic lavas with
distinct chemical compositions puts additional
constraints on komatiite petrogenesis. Low Al2O3/
TiO2 and fractionated HREE that characterize Al-
depleted komatiitic rocks are usually attributed
to the presence of garnet in the residue after man-
tle melting (Ohtani et al. 1989; Gruau et al. 1990;
Herzberg 1992, 1995). On the other hand, the Al-
undepleted Munro-type komatiites, which have

Figure 10. Variations of Al2O3/TiO2 versus (Gd/Yb)n (n chondritic Al2O3/TiO2 and flat HREE patterns,
5 chondrite-normalized) in SRG komatiitic rocks com- were probably formed by high degrees of melting,
pared to the fields for Al-depleted and Al-undepleted ko- leaving only olivine 6 orthopyroxene in the resi-
matiites of Lahaye et al. (1995) and a trend showing the due (Lahaye et al. 1995). Alternatively, the Al-effect of fractionation of garnet (after Lahaye et al. 1995).

undepleted komatiites could have been generatedThe arrow on the curve represents increasing garnet in
by melting of a garnet-free source, possibly at shal-the melting residue. Symbols: open circles 5 Al-depleted
lower depth. Figure 10 compares variations of criti-komatiitic basalts; solid circles 5 Al-undepleted komati-
cal major and trace element ratios in the SRG ko-ites. The lines correspond to chondritic values of the cor-
matiitic rocks with other komatiites and gives aresponding ratios.
curve showing the effects of increasing garnet in
the melting residue (after Lahaye et al. 1995). Thematiitic lavas are compatible with this model. The

low concentrations of incompatible trace elements plot shows that the composition of Al-depleted ko-
matiitic basalts is consistent with garnet fraction-and their ratios in both komatiite types are, in gen-

eral, consistent with their derivation from a source ation, whereas the Al-undepleted komatiites can be
produced by melting leaving a garnet-free residue.slightly depleted in incompatible elements relative

to a primitive mantle composition. It suggests that both types were derived from a
common source by variable degrees of melting.Origin of the Komatiites. Two models have fre-

quently been advocated to explain the origin of ko- Lower MgO contents of the Al-depleted komatiitic
basalts suggest that these rocks were generated bymatiites: (1) Allegre (1982) suggested a subduction-

related genesis. Subduction of an oceanic plate a lower degree of melting than Al-undepleted ko-
matiites, leaving garnet in the melting residue. Acould lead to hydration of the overlying mantle

wedge, which in turn would lower the mantle sol- higher degree of melting required for Al-undepleted
komatiites consumed all garnet, and the meltingidus temperature (e.g., Gallagher and Hawkesworth

1992); thus komatiites could be generated by a large residue is garnet-free. Thus, it is possible that both
komatiitic types were derived at approximately thedegree of melting at relatively shallow depths. This

mechanism can account for the widespread associ- same depth by different degrees of partial melting.
On the basis of experimental data, Herzbergation of komatiites with subduction-related rocks

frequently observed in Archean greenstone belts. (1995) concluded that two associated komatiitic
types from Newton Township were derived from aHowever, the lack of Nb depletion as well as the

non-orogenic composition of clinopyroxenes in the common source. The Al-depleted types were in-
ferred to be solidus melts formed at 5–7 GPa (depthkomatiitic rocks is not consistent with this hy-

pothesis. The model does not readily explain the of about 150–200 km) at the periphery of a plume,
whereas the Al-undepleted komatiites were formedassociation of komatiites with MORB-like basalts

as well as the association of the two komatiite by a higher degree of melting in the plume axis.
Such a plume is probably about 200°C hotter thantypes.

2) Campbell et al. (1989) argued that komatiites ambient 2.7 Ga mantle (Herzberg 1995). This pres-
sure estimate is consistent with the presence of py-were formed by melting induced by mantle plumes.
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rope garnet rather than majorite in the source. Gar- stone belt as a complex island arc system (Mueller
et al. 1989, 1996). Extension must have continuednet changes from pyrope to majorite at pressures in

excess of 14 GPa (,400 km) (Herzberg et al. 1990; over a prolonged period of time because mafic
dikes, which used the same conduits as the felsicHerzberg 1995).

Hunter Mine Group. The differences between dikes, were intruded after the main felsic construc-
tional phase terminated. In contrast to central vol-the incompatible trace element signatures of the

HMG and SRG basalts (figures 8 and 9) suggest dif- canic construction, the mafic-ultramafic units of
the SRG reflect extensive effusive ocean floorferent sources. The HMG basaltic and andesitic

rocks (table 1; figure 9; samples J-26 and J-28) have volcanism. Volcanism of this nature is generally
fissure-fed.subduction-related characteristics with a negative

Nb anomaly and enrichments in the LILE and The rise of a mantle plume beneath and through
the arc best explains mafic-ultramafic flooding ofLREE, similar to backarc basin basalts or rift-

related arc basalts (e.g., Stern et al. 1990; Gamble the volcanic arc complex. Basaltic magmas with
geochemical characteristics of a rifted arc wereet al. 1995). They are interpreted to be formed by

melting of a mantle source previously modified by probably generated by shallow melting of a mantle
wedge above a subduction zone. The physical vol-subduction processes. In contrast, the overlying

SRG basalts were derived from a MORB-type or canology and geochemical signature of the HMG
and SRG, and tectonic constraints suggest that rift-plume type source and are not related to the rhyo-

lites or the HMG basalts. Assuming that the HMG ing was initiated and enhanced by the plume. The
plume may have also induced melting of a crustalsource was altered by subduction, this modifica-

tion did not affect the isotope systematics, sug- source during the genesis of the rhyolitic rocks of
the HMG. The komatiites are interpreted to repre-gesting that no long-lived subduction component

was added to the HMG source. Depleted mantle- sent the center of a mantle-derived plume with the
maximum temperature and maximum degree oflike eNd values for the felsic rocks imply that the

rocks were either formed by fractionation of mafic melting. The Al-depleted komatiitic basalts were
probably formed at the same depth as the Al-melts or from melting of mantle-derived material

with a short crustal residence time (Dostal and undepleted komatiites but at the periphery of a
plume. In this scenario, the tholeiitic basalts wereMueller 1996). Dostal and Mueller (1996) proposed

that rhyolitic rocks of the HMG were formed by generated in the cooler plume head. The flat HREE
patterns of all tholeiitic basalts suggest melting atpartial melting of underplated basalts or gabbros at

a middle or lower crustal depth with subsequent a shallow depth relative to the komatiites.
The stratigraphic succession in the SRG sup-differentiation.

ports this interpretation. The tholeiitic basalts,
both MORB-like and high Mg basalts, located at theGeodynamic Setting base of the lower komatiite unit compare favoura-
bly to the initial cool part of the plume. As theThe large (600 3 200 km) NVZ of the Abitibi green-

stone belt is considered to be a coherent tectono- plume evolves, deeper parts of the mantle are
tapped as indicated by the komatiitic basalts andstratigraphic succession (figure 1) representing an

ancient diffuse oceanic island arc (Chown et al. komatiites.
The stratigraphy reveals cyclicity between ko-1992; Mueller et al. 1996) that developed over a

north-dipping Archean subduction zone (e.g., Cal- matiite and basalt units possibly suggesting a pul-
sating plume that can be best explained by extru-vert et al. 1995). The HMG, an integral part of the

Abitibi arc (Mueller et al. 1996), represents a large sion of magma from the cool part of the plume with
subsequent replenishment from deeper levels. Be-subaqueous volcanic complex of volcanic cycle 1

that did not breach the ocean surface. The central cause plumes are considered extensive features
(hundreds of kilometers in diameter), the associa-dike complex is composed of rhyolitic-rhyodacitic

dikes and minor rifted arc-related basaltic and an- tion of MORB-like basalts, high Mg basalts, Al-
depleted komatiitic basalts, and Al-undepleted ko-desitic dikes (Dostal and Mueller 1996). Formation

of such an extensive rhyolitic dike system necessi- matiites of the SRG is best explained as a lateral
extremity of a plume that had periodic accesstates extension (Dostal and Mueller 1996). Arc

splitting is characterized by abundant dike em- (cause of cyclicity) to the deeper mantle. Komati-
ites associated with a subaqueous rifted arc setting,placement (Carey and Sigurdsson 1984). The geo-

chemical signature of the HMG rhyolites and re- as suggested from this study, may be quite com-
mon. The Munro Township komatiites (Pyke et al.lated mafic rocks, highlighted by Nb and Ti

anomalies, supports a rifted arc setting and is con- 1973), which are of comparable age and occur along
strike, may be part of the same large-scale event.sistent with the interpretation of the Abitibi green-
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Barrie et al. (1993) noted that komatiites may be leiitic basalts, is inferred to be the result of melting
of an Archean mantle plume. An unusual associa-intercalated with abundant felsic material. The de-

positional model of Barnes et al. (1993) for the tion of Al-depleted and Al-undepleted komatiites
reflects the different role of garnet in their genesis.Belleterre-Angliers belt, in which the plume-

related magma traverses pre-existing arc crust, co- Garnet was probably a residual phase during the
partial melting of the Al-depleted komatiitic ba-incides with the interpretation proposed in this

study. The association of rhyolites interstratified salts. In contrast, the Al-undepleted komatiites
were generated either at a shallower depth by melt-upward with MORB-like basalts and ultramafic

rocks may thus be more widespread in Archean ing of a garnet-free mantle source, or alternatively,
were higher-degree melts, leaving only a harzbur-greenstone belts than hitherto observed.
gitic residue. The latter model is favored. The Al-
undepleted komatiites represent the central hotConclusions part of the plume, whereas the Al-depleted basaltic
komatiites were formed closer to the periphery ofThe volcanic rocks of the HMG and SRG of the Ar-

chean Abitibi greenstone belt show the effects of a the plume. The tholeiitic basalts (MORB-like and
high Mg basalts) were generated from the coolermantle plume rising below and through an arc. The

HMG rocks, representing a submergent arc com- head of the rising plume at a significantly shallower
depth. The occurrence of the komatiites in an arcplex, feature an extensive felsic-dominated dike

swarm (Dostal and Mueller 1996) that exhibits the setting may be more common in Archean supra-
crustal successions than previously recognized.geochemical signature of a rifted arc. The rising

plume facilitated melting of the mafic oceanic
crust to form the HMG felsic rocks. Contempora-

A C K N O W L E D G M E N T Sneous melting of the mantle wedge can account for
the generation of the rifted arc-related basalts in the This research was supported by NSERC operating

grants to both authors and Lithoprobe funding toHMG. The rise of the basaltic and komatiitic melts
followed pre-existing zones of weakness, as exem- WUM (Lithoprobe contribution 862). The manu-

script benefitted from the reviews of J. V. Owen asplified by the extensive HMG-feeder dike complex.
The SRG, characterized by the association of ko- well as the incisive comments of editor A. T. An-

derson, and Journal reviewers L. Ayres and R. Stern.matiites, komatiitic basalts, and MORB-like tho-
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