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A B S T R A C T

The large Sept Iles layered mafic intrusion of eastern Canada has been precisely dated by U-Pb zircon methods at 565
6 4 Ma. Consideration of other magmatic events at that time in southeastern Canada reveals three different phases
of magmatism. The first phase was composed of two tholeiitic dike swarms, at 615 Ma and 590 Ma. The second,
including the Sept Iles intrusion, comprised a widespread series of mostly alkaline intrusions, emplaced around 575–
565 Ma, along the rift faults of the St Lawrence graben. The last phase was composed predominantly of alkali and
transitional basalts, now exposed in the Appalachians, erupted during the latest Neoproterozoic and early Cambrian.
The second and third phases are best accounted for by the arrival of a major mantle plume near the town of Sept Iles
565 million years ago. The widespread, but volumetrically minor, alkali magmatism that peaked 10 m.y. earlier is
typical of other plumes elsewhere. The plume model is reinforced by sedimentological evidence for a crustal dome
centered near the town of Sept Iles that persisted for 80 m.y. The positions of the earlier dike swarms are problematical.
They may represent vertical and/or lateral transport of magmas into the crust from earlier independent plumes or
precursors to the Sept Iles plume.

Introduction

The period around the Neoproterozoic-Cambrian a coherent model for the formation of the Iapetan
plate margin using plume models (Campbell andboundary was a time of breakup of a supercontinent

and the formation of the Iapetus Ocean (e.g., Bond Griffiths 1990; White and McKenzie 1989).
et al. 1984; Ilyin 1990; Piper 1976). Just exactly
when the eastern margin of Laurentia began to rift

Sept Iles Intrusionhas been the subject of much speculation: Kamo
et al. (1989) suggested 615 Ma, based on diabase The Sept Iles intrusion, a major feature on gravity
dikes from Labrador and Newfoundland (figure 1), and magnetic maps of eastern North America, is
whereas Kumarapeli (1993) favored 590 Ma, the age relatively unknown as it is mostly concealed be-
of a diabase dike swarm in Ontario and Quebec neath the waters and sediments of the Gulf of St.
(Kamo et al. 1989). Farther south Aleinikoff et al. Lawrence (figure 1). However, the northwestern
(1995) considered that breakup occurred at 560–570 part of the intrusion crops out on six major islands,
Ma. However, as will be shown here the most wide- a peninsula, and the mainland (figure 2, Higgins
spread igneous event, and volumetrically the most and Doig 1981). An age of 540 6 10 Ma for the Sept
important, was around 575–565 Ma. Lavas associ- Iles intrusion was initially determined by Higgins
ated with the rift-drift transition appeared shortly and Doig (1981) using Rb-Sr isochrons from the sy-
afterward (Kumarapeli 1993). The purpose of this enitic and granitic parts of the intrusion and from
article is to integrate these ages with new geo- granophyric segregations in the anorthositic rocks.
chronological data from the Sept Iles intrusion into This age established that the Sept Iles intrusion is

younger than most of the rocks of the Grenville
1 Manuscript received April 24, 1997; accepted January 22, Province and was in fact associated with the forma-1998.

tion of the St. Lawrence Rift system (Kumarapeli2 Geochronology laboratory, Geological Survey of Canada,
601 Booth St., Ottawa, K1A 0E8, Canada. and Saull 1966).
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Figure 2. The Sept Iles layered mafic intrusion, eastern Canada (after Higgins and Doig 1981, Jules Cimon pers.
comm., and other sources). The location of the sample used for geochronology is noted.

Early work on the Sept Iles intrusion suggested dicate that the Sept Iles intrusion has the form of
a funnel about 80 km in diameter and about 5.6 kmthat it was an anorthosite complex (Higgins and

Doig 1977), similar to the Proterozoic Anorthosite thick in the center, with a total volume of about
20,000 km3 (Loncarevic et al. 1990). The body wasComplexes (PAC) in the Grenville Province and

elsewhere (Ashwal 1993). This idea was based on emplaced into high-grade gneisses of the Grenville
Province and is centered at the intersection of twothe petrology and field relationships of the anor-

thositic parts of the intrusion, which do resemble of the fault zones that define the northern boundary
of the St Lawrence Rift in this area (figure 1, Ku-those of the Grenville PAC. However, recent de-

tailed geophysical and drilling studies have shown marapeli and Saull 1966). The only evidence for a
third rift that would produce a RRR triple junctionthat the overall composition of the Sept Iles intru-

sion is oxide-rich gabbro (Loncarevic et al. 1990; at Sept Iles is an aeromagnetic anomaly that ex-
tends northward for 50 km (Geological Survey ofJules Cimon pers. comm.), not the gabbroic-anor-

thosite of the PAC (Ashwal 1993). Sr isotopes also Canada 1969) and an alignment of deep river val-
leys in the same direction.indicate a fundamental difference: All components

of the Sept Iles intrusion have a mantle source The position of the Sept Iles intrusion could also
be related to another structure, the ,400 km long(Higgins and Doig 1981), whereas most parts of the

PAC have heavily contaminated mantle or crustal transform fault postulated to have offset the rifted
margin of Laurentia (Stockmal et al. 1987). Thissources (Ashwal 1993). All these data indicate that

the Sept Iles intrusion is completely different from structure extends from north of Cape Breton to east
of the Gaspé peninsula. However, the fault maythe PAC of the Grenville Province.

Geology of the Intrusion. Geophysical studies in- continue as far as Sept Iles, which may account for
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the poor expression, or absence, of the northern
branch of the triple junction.

The Sept Iles intrusion is composed of three rock
series, each variable in composition. At the base is
the Layered Series, composed of layered gabbros
some rich in oxides and/or apatite, minor anortho-
site, troctolite, and Fe-Ti oxide rocks. The rocks of
this series typically dip at about 30° toward the cen-
ter of the intrusion, and the whole series has a true
thickness of about 2.5 km (figure 2). These rocks
pass upward into the Transitional Series, composed
of anorthosites (sensu lato, more strictly leuco-
gabbros, leuconorites, leucotroctolites and anor-
thosites), gabbros and monzogabbros (Higgins 1991;
Higgins and Doig 1981; Higgins and Doig 1986).
The Transitional Series is in turn overlain by mon-
zonites, syenites, and granites of the Upper Series.
There are no xenoliths of Grenville age (.1.0 Ga)
rocks in the intrusion, except immediately adja-
cent to the contact, and no isotopic evidence of
crustal contributions to the syenites and granites
of the Upper Series (Higgins and Doig 1981), sug-
gesting that the upper parts of the intrusion did not
interact with Grenville age rocks. One phase of Figure 3. Photomicrograph of separated zircon crystals.
granite in the Upper Series is loaded with fine- Most crystals contain solid and fluid inclusions. Those
grained enclaves considered by Loncarevic et al. selected for analysis were free of inclusions. Field of

view, 3 mm.(1990) to represent fragments of consanguineous
volcanic rocks from the upper parts of the body. It
is therefore possible that the Sept Iles intrusion They have a simple euhedral form and equal devel-

opment of both prismatic and pyramidal faces, withformed at a high level below a series of flood basalts
and more acidic volcanic rocks. Although these aspect ratios of 1:2. This morphology is thought to

be indicative of high temperatures of crystalliza-flood basalts have not been found north of the St
Lawrence River, they could be represented by basal- tion, ,900°C, and an alkaline host magma (Pupin

1980).tic flows and clasts in the Neoproterozoic to Lower
Cambrian Shickshock and Maquereau Groups of Zircons were separated from the rock using con-

ventional methods. Concordance of zircon datathe Gaspé peninsula (Bédard and Wilson 1994;
Camiré et al. 1993). Unfortunately, these units are was enhanced by selection of clear, unaltered, un-

fractured grains lacking cores and prolonged air-poorly dated.
Geochronology. The sample used for geochro- abrasion (Krogh 1982). Analytical techniques are

summarized by Parrish et al. (1987), treatment ofnology was taken from a granophyric segregation
in the upper part of the Layered Series. The host analytical errors follows Roddick (1987), and re-

gression analysis follows York (1969). Mass dis-rock is a medium-grained (2–3 mm) nearly massive
gabbro with black plagioclase crystals. Passage to crimination for Pb is 0.09 6 0.03% per a.m.u. refer-

enced to NBS 981. For U we use a mixed 233U-235Uthe granophyric segregation is abrupt, and there are
none of the marginal plagioclase megacrysts seen spike from which the discrimination is calculated.

Isotopic data are presented in table 1.around similar structures in the anorthosite of the
Transitional Series (Higgins and Doig 1981). Sparse Three single zircon crystals were chosen for

analysis. All appeared identical before abrasion, ex-black plagioclase crystals within the granophyric
segregation are rimmed with orthoclase. However, cept that fraction B was smaller than the others.

Uranium concentrations were surprising variable,most of the segregation is composed of separate or-
thoclase crystals, many of which are graphically in- suggesting that there is a strong zonation of U in

these crystals. The ratio of radiogenic to commontergrown with quartz.
Zircon crystals are relatively abundant. They are lead, as expressed by 206Pb/204Pb was also very vari-

able. Points A and D fell on the concordia and hadup to 1 mm long at pale brown in color (figure 3).
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Table 1. U-Pb Geochronological Data

Weight U Pbb 208Pb 207Pb/206Pb
Fraction, sizea (mg) (ppm) (ppm) 206Pb/204Pbc Pbd(pg) (%) 206Pb/238Ue 207Pb/235Ue Rf Model Age (Ma)g

A, 200 ∗ 500, N-1 .024 72 8 799 13 21.9 .09133 6 .15% .7424 6 .29% .55 565.6 6 1.0
B, 80 ∗ 140, N-1 .030 104 11 318 60 22.5 .09101 6 .15% .7337 6 .61% .62 547.2 6 2.3
D, 150 ∗ 250, N-1 .049 631 66 890 203 20.3 .09121 6 .10% .7411 6 .27% .61 564.3 6 1.0

Note. All analyses were performed at the Geological Survey of Canada, Ottawa.
a Sizes in µm before abrasion, N-1 5 non-magnetic cut with Frantz Isodynamic separator at 1° side slope.
b Radiogenic Pb.
c Measured ratio, corrected for spike and fractionation.
d Total common Pb in analysis corrected for fractionation and spike.
e Corrected for blank Pb and U, common Pb; errors quoted are one sigma in percent.
f Correlation coefficient of errors in isotope ratios.
g Errors are two-sigma in million years.

the smallest error ellipses (figure 4). Point B also eastern Canada suggests that three different phases
can be discerned (table 2, figure 5). The first wasintersected the concordia, but had a much larger

error ellipse, probably reflecting its lower ratio of dominated by tholeiitic dikes, the second by alkali
plutons, and the third by tholeiitic lavas. The agesradiogenic Pb to common Pb. For this reason point

B was ignored, and the age was determined from of many of the plutons are poorly known, and this
simple plan may have to be modified by new agethe 207Pb/206Pb model ages of points A and D. The

crystallization age, 565 6 4 Ma, is the weighted data.
The earliest phase of magmatism is composed ofmean of the two Pb model ages.

dike swarms (figure 1; table 2). The Long Range tho-
leiitic dike swarm is exposed in Newfoundland andDiscussion Labrador in a N-S zone over a distance of 400 km
and has been dated at 615 6 2 Ma (Kamo et al.Timing of late Neoproterozoic and Early Cambrian

Magmatism in Eastern Canada. A survey of late 1989). The Grenville dike swarm extends eastward
from Ontario into southern Quebec for about 700Neoproterozoic and early Cambrian magmatism in

Figure 4. Concordia diagram for
three fractions (A, B, and D) of zir-
cons from a granophyric segregation
in gabbro of the Layered Series, Sept
Iles intrusion. The age of crystalliza-
tion of the segregation is inferred to
be 565 6 4 Ma from the weighted
mean of the Pb model ages of frac-
tions A and D.
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Table 2. Dated Late Precambrian and Cambrian Magmatic Rocks in Southeastern Canada

Age (Ma): Dominant rock Geochemical Volume
Name, location method types affinity Form (km3)

Skinner Cove, New- 550 13/22: U-Pba Basalt Alkali Lavas ?
foundland

Tibbit Hill formation, 554 14/22: U-Pbb Basalt, comen- Transitional Lavas, 16,000
Quebec dite to Alkalic tuffs

Rigaud intrusion, 563 6 14: U-Pbc Granite, syenite Alkalic Pluton ?
Quebec

Sept Iles intrusion, 565 6 4: U-Pbd Gabbro, anortho- Alkalic Pluton 20,000
Quebec site, granite

Buckingham lavas, 573 6 32: K-Are Trachyandesite Alkalic Lavas Small
Quebec lavas

St Honoré intrusion, 574: K-Arf,g Nepheline Alkalic Pluton 150
Quebec syenite, car-

bonatite
Lake Nipissing alkalic 575: K-Arg Syenite Alkalic Plutons 60

province, Ontario 577 6 1: U-Pbh

Mutton Bay intrusion, 578: K-Arg Syenite Alkalic Pluton 900
Quebec

Grenville dikes, Ontario 590 12/21: U-Pbh Diabase Tholeiitic Dikes ?
Long Rand dikes, 615 6 2: U-Pbi Diabase Tholeiitic Dikes ?

Newfoundland

a McCausland et al. 1997. f Doig and Barton 1968.
b Kumarapeli et al. 1989. g Doig 1970.
c Malka et al. 1996. h Kamo et al. 1995.
d This paper. i Kamo et al. 1989.
e Lafleur 1981.

km (figure 1). Most dikes are tholeiitic with some which are undated. A compilation of data by Ku-
marapeli (1993) suggested an age of 575 Ma, whichminor transitional compositions. Kamo et al.

(1995) dated three dikes and concluded that the age is confirmed by a U/Pb zircon age of 577 6 1 Ma
(mentioned in Kamo et al. 1995). Trachyandesiteof the swarm was 590 12/21 Ma. Unmetamor-

phosed diabase dikes in the Grenville Province be- lavas near Buckingham, Quebec have a K-Ar age of
573 6 32 Ma (Lafleur and Hogarth 1981). The gran-tween the Long Range and Grenville swarms are

much rarer (e.g., LaFlèche et al. 1993) and have not ite-syenite intrusion at Rigaud, Quebec has been
dated by U-Pb methods at 563 6 14 Ma (Malka etbeen studied in detail. Kumarapeli (1993) consid-

ered that the Ottawa graben system was formed al. 1996). We have shown above that the age of the
Sept Iles intrusion, 565 6 4 Ma, makes it a late, butsynchronously with the Grenville dike swarm.

However, the orientation of these two structures volumetrically important, component of this wide-
spread event.differs by up to 30°; hence there must be some dif-

ference in age, although it might be quite small. The volumetrically most important component
of the last phase is the Tibbit Hill formation in theThe second magmatic phase is composed of

dominantly alkaline plutons emplaced over a large Appalachian region of Quebec (figure 1; table 2).
This unit is dominated by mafic lavas and is consid-region during a relatively short period of time (fig-

ures 1, 5; table 2). Doig (1970) first noted that the ered to mark the rift-drift transition in this region
(Kumarapeli 1993; Kumarapeli et al. 1989). The up-K-Ar age of many carbonatites and alkali intrusions

in eastern North America, Greenland, and Scan- per part of this unit contains comendites dated by
U/Pb zircon methods at 554 14/22 Ma, but thedinavia fell within analytical error of 575 Ma (all

K-Ar ages have been corrected using the isotopic lower parts could be as much as 5 m.y. older (Ku-
marapeli et al. 1989).parameters of Steiger and Jager 1977). In eastern

Canada the St-Honoré carbonatite/syenite com- Elsewhere in the northern Appalachians there
are other volcanic rocks considered to be late Neo-plex gave a K-Ar age of 574 Ma (Doig and Barton

1968), and the Mutton Bay syenite intrusion gave proterozoic to Early Cambrian age, on the basis of
isotope geochronology or stratigraphic correla-a K-Ar age of 578 Ma (Doig and Barton 1968). The

Lake Nipissing alkaline province (Lumbers 1971) tions. These include diabase dikes on the Appala-
chian foreland, northeast of Quebec City, andcomprises seven different alkali intrusions, most of
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Figure 5. Ages of Neoproterozoic
and Cambrian magmatic rocks, and
platform sediments in southeastern
Canada. For the U-Pb mineral ages
the horizontal line is the SW-NE ex-
tent, and the vertical line is the un-
certainty in the age (Kamo et al.
1989, 1995; Kumarapeli et al. 1989;
this paper). The diamonds are K-Ar
ages (Doig 1970; Doig and Barton
1968). No errors were indicated for
most of these dates. References for
the ages of the sediments are indi-
cated in the text. The vertical lines
represent the uncertainty in the age
of the units, as well as their dura-
tion. The upper and lower bound-
aries of the Early Cambrian period
are from Grotzinger et al. (1995).
Other boundaries are from Harland
(1990).

metabasaltic flows and clasts in sedimentary rocks the mantle, but the details of the processes are still
unclear (Hill et al. 1992). Two main camps haveof the Montagne de St-Anselme formation

(LaFlèche et al. 1993), the Chaudière River nappe evolved: White and McKenzie (1989) proposed that
relatively narrow mantle plumes rise up from theand Drummondville Olistostrome (Vermette et al.

1993), the Maquereau group (Bédard and Wilson base of the upper mantle at 670 km and pond hot
material below the lithosphere over a period of per-1994), and the Shickshock group (Camiré et al.

1993) and other minor tectonic slices. The position haps 50 m.y. to generate thermal anomalies 1000
to 2000 km in diameter. Where these thermalof these rocks within the scheme proposed here

must await precise determinations of their ages. anomalies are intersected by continental rifts, mas-
sive igneous activity occurs, generally in the formMinor alkali volcanic rocks at Skinners Cove,

Newfoundland, have been dated at 550 13/22 Ma of flood basalts. In some cases rifting soon leads to
drifting and the creation of new plate margins.by U-Pb methods (McCausland et al. 1997), placing

them firmly in the third phase of magmatism. Campbell and Griffiths (1990) proposed a different
model. The plume starts at the core-mantle bound-Plume Tectonics. It is now widely accepted that

much voluminous, short-lived, continental mag- ary and entrains adjacent mantle material as it
rises, yielding a bulbous head dominated by en-matism is related to plumes that rise from deep in
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trained material and a narrow tail of lower mantle stones preserved within the Manicouagan crater
are slightly younger, lower Upper Ordovician (Des-material. In this model the plume heads can pro-

duce magmatism in a short period over regions biens and Lespérance 1989). The Sept Iles intrusion
itself is covered with Middle Ordovician lime-1000–2000 km in diameter. If the lithosphere con-

taining continental crust moves with respect to the stones (Loncarevic et al. 1990). The lowest unit of
the sediments that crop out on the Mingan Islands,plume then the magmatism produced by the plume

tails will be confined to linear tracks 100–300 km the Romaine formation, was deposited in Early Or-
dovician time (Globensky 1993). Farther east, nearwide, provided the magmas can break through the

crust. In this case continental break-up does not the Strait of Belle Isle, the platform cover is a little
more complex, but the Forteau formation appearsnecessarily follow magmatism. In both models the

crust above the plume is uplifted due to thermal to record a transgression in late Early Cambrian
time (Williams and Hiscott 1987). Such a patternexpansion of the lithosphere to form a broad dome.

The uplift can persist for a long period of time, un- of transgression is consistent with crustal doming
centered near Sept Iles that started before the earlyless there is crustal thinning by extension.

There are several options for the age and location Cambrian (figure 5). This dome had subsided by
Middle Ordovician time, when the eroded top ofof the plume or plumes that may have produced the

magmatism summarized in this paper. The large the Sept Iles intrusion was submerged. If the dome
was initiated synchronously with the emplace-volume of the Tibbit Hill lavas (table 2), their spa-

tial relationship to the Ottawa graben and Gren- ment of the Sept Iles intrusion then subsidence
must have taken about 80 m.y., a period consistentville dikes, the chemistry of the different rocks, and

the approximate concordance of their ages sug- with the plume model of Campbell and Griffiths
(1990).gested to Kumarapeli (1993) that a simple plume

model could be applied. He proposed that a mantle If a plume was centered near Sept Iles and arrived
in the lithosphere toward the end of the Neopro-plume was located beneath the pre-transport posi-

tion of the Tibbit Hill region from 590 to 554 Ma. terozoic, how much of the earlier magmatism
could have been associated with it? Many authorsOver the center a RRR triple junction was estab-

lished, two branches of which subsequently devel- have suggested that a main plume magmatism is
preceded by minor volatile-rich magmatism (e.g.,oped into a margin of the Iapetus Ocean. However,

the new geochronologic evidence presented here Hill 1991). Certainly the Nipissing, St-Honoré, and
Mutton Bay intrusions, the Buckingham volcanics,indicates that the Sept Iles intrusion was emplaced

after the Grenville dike swarm and before the Tib- and the widespread lamprophyre dikes (Doig 1970)
could be accommodated in this type of model (fig-bit Hill volcanism. The role of this intrusion can-

not be neglected, as its volume is similar to that of ure 5). The Grenville and Long Range dikes swarms
were emplaced 26 and 51 m.y. before the main Septthe Tibbit Hill lavas (Kumarapeli et al. 1981), and

it is only 500 km away (table 2; figure 1). It is there- Iles event, approximately within the 50 m.y. accu-
mulation period of White and McKenzie (1989)fore proposed that a major mantle plume arrived at

the base of the lithosphere at about 565 Ma beneath type plumes. However, these dikes are dominantly
tholeiitic or transitional, which does not fit wellSept Iles, or to the SE. The Tibbit Hill and other

lavas exposed in the Appalachians were then with such a model.
Another possibility is that the dike swarms wereformed during the later stages of this plume.

A mantle plume this large and long-lived should produced by separate plumes of the type envisaged
by Campbell and Griffiths (1990). The Long Rangehave a significant effect on the height of the land

surface (Campbell and Griffiths 1990). We are fortu- plume would have arrived at the base of the litho-
sphere at 615 Ma; the limited extent of the swarmnate that most of this region was exposed during

the late Neoproterozoic. The transgression of the implies that it was small or perhaps only the tail
of a plume. Dike swarms can be emplaced laterallysea onto the craton is recorded by sediments mostly

deposited directly on the Neoproterozoic basement over large distances (e.g., Mackenzie dike swarm;
LeCheminant and Heaman 1989); hence the plume(Grenville age rocks), and largely preserved along

the edge of the St Lawrence valley (figures 1, 5). did not have to be located beneath the present
swarm (White and McKenzie 1995) and could haveNear Montreal the lowest parts of the Potsdam

group are thought to be Early Cambrian, although even risen up the path later used by the Sept Iles
plume. Following the same model, the Grenvillethey are unfossiliferous, because they are overlain

by Late Cambrian sediments (Globensky 1987). dike swarm could have been formed by a larger
plume some 25 m.y. later. Again, the dikes couldFarther east the earliest sediments near Chicoutimi

are mid-Middle Ordovician, as are those at Malbaie have propagated laterally from a plume thousands
of kilometers away, perhaps again close to Sept Iles.(Desbiens and Lespérance 1989). The oldest lime-
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Bercovici and Mahoney (1994) observed that two tholeiitic dike swarms of uncertain origin.
They may have been produced by one or two man-many flood basalt provinces are bimodal in time

with 20–90 m.y. separating the phases, rather like tle plumes between 615 and 590 Ma. These plume
or plumes could have been located anywhere in thisthe region studied here. They proposed that a

plume originating at the base of the lower mantle region, perhaps even coincident with the proposed
later Sept Iles plume.could become separated from its tail when it passed

from the higher viscosity of the lower mantle to The next magmatic phase was dominated by al-
kalic plutons emplaced along rift faults that devel-the lower viscosity of the upper mantle. The main

plume would continue toward the surface, whilst oped after the diking events. This phase of mag-
matism was probably produced by a major plumethe tail would form a secondary plume, rising to

the base of the lithosphere sometime later. Applica- located near Sept Iles or to the southeast. The ar-
rival of the plume in the lithosphere was indicatedtion of such a model would suggest that the dike

swarms at 615 and 590 Ma represent the plume by minor but widespread alkali plutonism. The
most important magmatism was the large Sept Ileshead, and the 565 Ma ‘‘event’’ was produced by the

secondary plume. layered mafic intrusion. A crustal dome centered
on Sept Iles developed then and persisted for 80Another possibility is suggested by recent re-

search on the structure of the subcontinental litho- m.y. The final phase of magmatism was dominated
by lavas and probably accompanied the earliestsphere. Seismic velocity anomalies beneath extinct

volcanic fields suggest that anomalously hot cylin- stages of formation of the Iapetus Ocean.
ders, produced initially by the transport of magma,
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