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N Atlantic, Grenville correlation

The Grenville orogen of Laurentia is a key component of the supercontinent Rodinia, believed to have been assembled about 1 billion years ago. As part of Rodinia reconstruction, attempts are made to link the Grenville orogen and age-correlative belts elsewhere to form a continuous, world-spanning orogen.  The purpose of this presentation is to examine what is perhaps the largest exposed remnant of Rodinia that relates to the original amalgamation of this supercontinent, namely the Grenville Province of the Canadian Shield.  The various reconstructions of Rodinia that have been put forward in the past will not be discussed; however, some of the most recent reconstructions, stemming from the deliberations of the now-concluding IGCP Project 440, “Assembly and Breakup of Rodinia”, are included at the end of this presentation.

This slide shows the location of the Grenville Province and its present spatial relationship to the coeval Sveconorwegian Province across the Atlantic Ocean in Scandinavia, as well as to inliers in the Paleozoic fold belts of eastern and southern North America and the interpreted exent southwest of the Canadian Shield.  Grenvillian orogeny, which must be related to the assembly of Rodinia, is generally considered to have taken place in mid-Mesoproterozoioc time, namely in the range 1.2 – 1.0 Ga.  In some places, however, plutonism continued into the early Neoproterozoic, and there is growing geochronological evidence to suggest that related precursor events, particularly igneous activity, occurred throughout much of the early Mesoproterozoic, beginning at ca. 1500 Ma 

Slide 3:
Extent of the Grenville orogen in North America, and foreland provinces
Correctly speaking, it is only that part of the Grenville orogen continuously exposed in the southeastern Canadian Shield that is known as the Grenville Structural Province (or simply the Grenville Province); it is the youngest of the several provinces that make up the Shield.  The Grenville Province so defined is approximately 2000 km long and between 400 and 700 km wide, extending from the Atlantic Ocean to the Great Lakes in the interior of the continent.  It belongs to that part of the larger Grenville orogen that remained attached to Laurentia after the break-up of Rodinia.

Slide 4:
Grenville Province as shown the Geological Map of Canada

As can be seen from this slide, which is part of the most recently published geological map of Canada (GSC MAP 1860A), the Grenville Province stands out as a broad strip whose geological units truncate the trends of the older structural Shield province that lie to the northwest.  Note in particular the east-west trends in the Superior Province, and the north-south trend of the New Quebec orogen (Labrador Trough).

Slide 5:
Geophysical maps of the Grenville Province
The Grenville Province stands out even more dramatically on geophysical maps.  The Bouger gravity map at the top shows a broad gravity low along much of the Grenville Front, suggesting a remnant of thickened crust in that region.  The aeromagnetic map at the bottom clearly illustrates truncation of structures of the older provinces; the high relief areas in the interior of the province reflect regions of granujlite-facies metamorphism.
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Simplified geology of the Grenville Province

Details shown by the preceding two slides are too small to be seen clearly on the screen.  This map outlines the main geological features in broader detail.  It shows the main domains in which the geology differs, plus the main plutonic rock map units that are of Mesoproterozoic age (1.6 Ga to 900 Ma), and relate to Grenvillian orogeny.  This simplified map will be shown again later in the presentation, but it should be stressed at this point that we can now confidently dismiss earlier ideas that the Grenville Province (and by inference its NE and SW extensions) drifted toward and collided with pre-Grenvillian Laurentia, mainly because we are now certain that the northwest margin of the Grenville Province, a crustal-scale, reverse-sense shear zone known as the Grenville Front, is not a suture; in several places, rock units in the Grenville foreland can be traced 100 km or more into the interior of the Grenville orogen.  Before elaborating on this tectonic front, however, let’s first examine the main features of the Grenville Province itself.
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Main divisions of the Grenville Province (revised from Rivers et al. 1989)

The Grenville Province is composed of three, roughly orogen-parallel zones: 

[1]  along its northwest margin (the Grenville Front), a zone in which thoroughly reworked equivalents of older shield provinces to the northwest can be recognized,

[2]  a central zone of allochthonous terranes which, despite intense Grenvillian (1.2–1.0 Ga) tectonic overprint in many places, record evidence of earlier orogenic events in rocks that cannot be readily correlated with older orogenic events in the exposed Grenville foreland,

and [3]  a southeastern zone in which are preserved supracrustal and plutonic rocks that have been affected only by the Grenvillian orogeny; plutonic rocks of this category, which includes the well-known 'Grenville anorthosite massifs' (AMCG suite), also intrude the southeastern part of the central zone.

These three zones, separated by major shallowly SE-dipping, thrust-sense shear zones, correspond to the ‘parautochthonous’, ‘allochthonous polycyclic’, and ‘allochthonous monocyclic’ belts of Rivers and co-workers, published in 1989.

Slides 8:
Northwest (parautochthonous) zone

The Canadian Shield northwest of the Grenville Front is a mosaic of Archean cratons separated by mid-Paleoproterozoic (2.1–1.8 Ga) orogenic belts, in part overlain by mid- Paleoproterozoic intracratonic sedimentary basins associated with alkaline igneous activity.  Late Paleoproterozoic (1.8–1.6 Ga) additions of crust along the southeast margin of this amalgamation are represented by the Yavapai–Mazatzal (Central Plains) orogen in the southwest [NOT SHOWN} and the Ketilidian–Labradorian in the northeast.  Archean crust is not recorded within or south of these marginal belts, which are regarded as juvenile additions to 'proto-Laurentia', possibly representing the culmination of supercontinent assembly by ca. 1.6 Ga.  Within the Grenville Province, these late Paleoproterozoic belts are repesented in the southwest and northeast parts of the parautochthonous northwestern zone, and also in the central zone where they may be present along the whole length of the hanging wall of the allochthon boundary.As stated earlier, the Grenville Front, a narrow zone of reverse faults and mylonite, truncates the structures of these older shield provinces, juxtaposing high-grade and strongly ductilely deformed rocks against them.  In many places it is hard to recognize that the rocks on either side of this structure are the same, but modern geochronology confirms that they are.

For those of you who aren’t familiar with the kinds of rock that make up the Grenville Province, I have included several plates of rock photos that are typical of this province, mainly to illustrate that we are dealing mainly with rocks resulting from extreme deformation at high metamorphic grade (upper amphibolite to granulite facies, with some evidence that eclogite facies was reached locally), but also that, in the lowest grade parts of the province, we find rocks that are well enough preserved to enable us to establish their paleo-environmental settings.  First, the Grenville Front; the illustrations come from the southwesternmost part, where early Paleoproterozoic sedimentary rocks of the Huronian Supergroup lie in the footwall of the front, adjacent to high-grade gneisses in the hanging wall.
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Grenville Front features near Sudbury, Ontario
Top left – A thrust fault splay of the Grenville Front boundary fault juxtaposes early Paleoproterozoic sedimentary rocks (sandstones of the Mississagi Formation, Huronian Supergroup, in the foreground) against granodiorite of the 1750 Ma Eden Lake suite. South of Coniston, view to the SW.

Top right – Small duplex structure developed in Mississagi Formation beneath overthrust Nipissing gabbro in the immediate footwall of the Grenville Front where it is crossed by Highway 69.

Bottom left – Intensely mylonitized Mississagi Formation in the immediate footwall of the Grenville Front.  South of Coniston, view to the NE.

Bottom right – Thrust-sense kinematic indicators in deformed granite (ca. 1470 Ma) in the immediate hanging wall of the Grenville Front. Near Killarney, looking northeast.

Slide 10:
Central zone (allochthonous terranes)
A prominent zone of steady-state mylonitic rocks and ductilely deformed gneisses, generally inclined shallowly to the south or southeast, marks the boundary between the parautochthon and a number of terranes of granulite-facies gneisses, thrust north- to northwestward, whose precursors are hard to equate with those in the footwall. Neither is there any record of events in the interval 1.63–1.53 Ga in either the northwestern parautochthonous or the central allochthonous zones, leaving open the possibility that this was a time of breakup of a proto-Laurentia continent.  
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NE terranes (Labrador and NE Quebec)
In the northeastern part of the province, allochthonous terranes are composed of granulite-facies metasedimentary diatexites intruded by plutonic rocks, also metamorphosed, of Labradorian age (ca. 1.64 Ga).  Unlike the coeval calc-alkaline plutonic rocks in the neighbouring parautochthon, however, many of these, notably in Mealy Mountains terrane, are of anorthosite and related rocks.  In regions south of leading allochthonous terranes, dominantly felsic plutonic rocks were emplaced extensively within Labradorian crust (Pinware terrane). Plutonic rocks of this age are absent from the Labradorian allochthons and northwestern zone to the north, but are present in the southern part of the adjacent foreland where, however, they are typical AMCG-suite rocks and clearly anorogenic in character.
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SW terranes (mainly Central Gneiss Belt)
In the southwestern part of the province, plutonic rocks of similar age, again mainly granitoid, occur within the central zone and in the foreland of the Grenville Province (mid-continental granite-rhyolite terranes, predominantly farther west than this diagram shows), but in addition are also present in the northwestern zone where they are associated with coeval high-grade metamorphism and deformation that extend northwest as far as the present position of the Grenville Front.  These early Mesoproterozoic igneous rocks appear to represent separate continental plutonic arcs.  Also present in the central zone in this region are somewhat younger granitoid plutonic rocks (ca. 1.35 Ga), spatially associated with layered felsic gneisses interpreted as a volcano-sedimentary rift-to-drift association; these rocks are age-correlative with the younger midcontinental granite-rhyolite assemblage, but are apparently not present in the intervening northwestern zone. 

In the same time interval, rocks indicative of two very different geologic environments are present farther northeast in the Central zone: (1) the volcanic Montauban Group and calc​alkaline plutonic rocks (ca 1.45–1.37 Ma) forming a deformed arc terrane in central Quebec, and (2) scattered occurrences of slightly younger gabbro-anorthosite and associated charnockite intrusions (ca. 1.35 Ga) in terranes on both sides of, though spatially distant from, the Montauban arc.  The presence in what is now the central Grenville Province of a possible oceanic basin that had closed by ca. 1.4 Ga implies not only that processes leading to the assembly of Rodinia had begun by this time, but also that, if Labradorian crust had been contiguous along the proto-Laurentian margin, as it seems now to be, then it may have split at the end of Paleoproterozoic time, before reassembly toward the end of the early Mesoproterozoic.
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Central Gneiss Belt geology (Parry Sound Domain etc.)
What is the actual appearance of the rocks that make up the Central zone?  All of the rocks are gneissic, and most are migmatitic to varying degree.  Preserved metamorphic grade ranges from upper amphibolite to granulite facies, with some evidence that eclogite facies had been reached at least locally, if not pervasively.  It is often difficult to be sure of metamorphic rock precursors, mainly because of the high degree of stretching and flattening that accompanied the ubiquitous ductile deformation:
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Gneiss photos plate
Top left – Intensely flattened and isoclinally folded gneiss immediately below the Parry Sound shear zone, Ontario.

Top right – Despite the effects of the Grenvillian orogeny, pre-Grenvillian history is locally preserved; here a metadiabase dyke (either ca. 1470 Ma or ca. 1240 Ma) cuts across leucosomes in migmatitic gneiss.  Britt domain, Ontario

Bottom left – Unusually well-preserved igneous texture and xenoliths in 1470 Ma granitoid rock (Britt pluton).

Bottom right – Migmatitic orthogneiss of the same pluton, with folded leucosomes – a more common situation!
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Anorthosite photos plate)
Anorthosite and related rocks are found everywhere in the Central zone, and being rather more resistant to ductile deformation that silicic rocks, are well preserved in many places.  However, they too have succumbed to extreme deformation, as these slides, going from least to most deformed, illiustrate.

Top left – Well-preserved xenolith of recrystallized anorthosite in coarse, undeformed anorthosite; ca 1350 Ma Pentecôte intrusion, central Quebec.

Top right – Stretched orthopyroxene megacrysts (now largely amphibole) in recrystallized anorthosite, near La Tuque, central Quebec.

Bottom left – Ductiley folded anorthosite gneiss; dark lenses may represent deformed megacrysts or dykes; near Parry Sound, Ontario.

Bottom right –Tectonic inclusion of anorthosite gneiss in ‘straight gneiss’, lower part of Parry Sound shear zone, Ontario; inclusions such as this, ranging from a few centimetres to many tens of metres in length, can be traced for 27 km at this level of the shear zone.

Slide 16:
Tectonites photos plate
The Central zone is composed of an imbrication of allochthonous terranes that are commonly separated by ductile shear zones in which the degree of deformation is even more extreme than shown by the rocks within the domains bounded by the shear zones.  The examples given here are all from the southwest part of the Central zone, but the same features are evident everywhere throughout the Province.

Top left – Classic ‘straight gneiss’: thinly and continuously layered gneiss derived from granitoid rocks; this sort of layered rock was commonly misidentified as relict bedding by earlier mappers.

Top right – Rotated block of granulite-facies layered gneiss in ductile tectonite, lower boundary of Moon River domain overlying Parry Sound domain, Ontario.

Bottom left – Very fine grained granular gneiss derived from coarse-grained gabbroic anorthosite; a complete gradient between the two is clearly evident at detailed map scale. Round light porphyroclasts are K-feldspar, derived from pegmatite. Upper part of Parry Sound shear zone.

Bottom right – Rotated and pulled apart pegmatite in straight gneiss, middle part of Parry Sound shear zone. Sense of rotation, anticlockwise in this view, indicates thrust sense to the left (northwest).

Slide 17:
Ketchum and Davidson (Can. J. Earth Sci., 2000) map diagrams; Sudbury diabase, coronites, and eclogite distribution)
The following is an example from the southwestern part of the Grenville Province of the kind of geologic relationships, which we have been able to use throughout the parautochthonous and allochthonous parts of the Province, that help towards unravelling the complicated history of Grenvillian events, as well as confirming the reality of the boundary between the parautochthonous and allochthonous terranes — something that is not everywhere easy to recognize in the field, even though it may be indicated by geophysical parameters.  The gneissic rocks of the southwestern part of the Grenville Province, which is rather better exposed than much of the rest of the Province, contain small masses of metamorphosed diabase or gabbro, either remnants of dykes or tectonic boudins and blocks of once larger intrusions.  Some of the metagabbroic rocks are associated with ultramafic and anorthositic rocks, and between them, they exhibit a wide range in state of preservation and apparent metamorphism.


In brief, the map on the left shows the distribution of the precisely dated (1235 Ma) diabase dykes of the SE-trending Sudbury swarm (in red) in the Southern Province NW of thye Grenville Front, and remnants of the same swarm within the Grenville Province, based largely on their distinctive geochemistry, except near the Grenville Front where they have also been dated. Such rocks are absent SW of the Allochthon Boundary Thrust (ABT) (SSZ – Shawanaga shear zone; LWSZ – Lac Watson shear zone in this figure); there a suite of coronitic metagabbro remnants have a different geochemical signature and have a primary igneous age (U-Pb baddeleyite) of ca. 1160 Ma.  Of special interest also is the occurrence of relict eclogite metamorphism, preserved in mafic rocks in the immediate hanging wall of the ABT and within the overthrust rocks, in particular associated with internal shear zones.  Since the remnants of mafic rocks preserving evidence of former eclogite facies metamorphism are an integral part of rocks that contain them, which now typically contain upper amphibolite- to granulite-facies assemblages, it may be assumed that much of the allochthonous crust in the Central zone experienced early eclogite-facies conditions, at higher pressure (and likely lower temperature) that the 8 – 11 kbar normally indicated by geobarometric studies, perhaps indicating a doubly thickened crust.  The implication is that the overriding Central zone was formerly farther southeast and at much deeper level than the parautochthonous Northwest zone.
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Eclogite etc photos plate

Top left – Broken surface of relict eclogite, Juddhaven, Ontario.  This rocks does not now contain omphacite, which has been replaced by a fine feathery intergrowth of augite and sodic plagioclase; white patches are intergrowths of corundum, hercynite, and sapphirine in secondary calcic plagioclase, pseudomorphous after kyanite, which is preserved only as unreacted inclusions in garnet.

Top right – Strain gradient in gneissic anorthosite, Juddhaven. Plagioclase in the darker, more highly strained part on the right has been replaced in part by corundum, sapphirine and sparse clinozoisite.

Bottom left – Boudin on relict eclogite-facies metagabbro in granodioritic orthogneiss, near Huntsville, Ontario.

Bottom right – Garnet-rich relict eclogite in ductile metagabbro, Georgian Bay, Ontario.
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Southeastern (allochthonous monocyclic) zone

The Southeastern zone of the Grenville Province comprises two parts:

1) two regions of relatively well preserved supracrustal rocks, and 

2) more widely distributed suites of plutonic rocks that invade both the supracrustal rocks and the enclosing gneissic rocks of the Central zone.

All of these rocks are Mesoproterozoic in age, the plutonic rocks ranging as young as 960 Ma.

In the northeast part of the province, a tract of low-grade metasedimentary rocks comprising mainly arkose and quartzite, associated with some mafic flows and felsic tuffs and ignimbrites, is known as the Wakeham Supergroup. It is composed of two groups that are separated by a profound unconformity; volcanic rocks an hypabyssal intrusion in the earlier group are now known to be early Mesoproterozoic (equivalent in age to Pinwarian plutonism), but the age of the younger group is constrained only by intrusive sills dated at around 1160 Ma.  In the southwest part of the province, several terranes in which calcareous rocks (now mainly marble) are a predominant component comprise the Central Metasedimentary Belt, and have been collectively referred to as the Grenville Supergroup.  Ages obtained from interbedded volcanic rocks and related intrusions lie between 1300 and 1240 Ma.  Limited remnants of younger sedimentary rocks contain detrital zircon derived from plutonic rocks as young as 1150 Ma, but are restricted in age by their metamorphism at ca. 1030 Ma.  In neither of these regions has an unconformable relationship with gneissic basement been demonstrated, the respective contacts, where exposed, being tectonic.
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Preserved sedimentary features in low-grade parts, photos plate

Top left and right – Cross-bedded arkosic sandstone, and conglomerate, Wakeham Group, eastern Quebec.
Bottom left – Transposed bedding in low-grade marble, Ontario Central Meta-sedimentary Belt near Arnprior, Ontario.

Bottom right – Stromatolitic dolomite marble, near Madoc, Ontario.

Slide 21:
Primary volcanic features in low-grade parts, photos plate

Well-preserved pillow basalts and pyroclastic rocks, Central Metasedimentary Belt
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Central Metasedimentary Belt terranes
The SW part of the Central Metasedimentary Belt (in Ontario) has long been recognized to contain diverse assemblages of supracrustal rocks, and was initially divided into domain or ‘terranes’ more than two decades ago.  The principal differences between the three main terranes in Ontario are as follows:

1) Bancroft terrane (much of which is within the Central Metasedimentary Belt boundary thrust zone that structurally overlies the Central allochthonous zone) contain pelitic gneiss near its structural base, overlain mainly by marble and intruded by various types of plutonic rock, including anorthosite, mostly dated between 1300 and 1250 Ma.  Structural windows of older (ca. 1350 Ma) metaplutonic rocks are present in the lower part.  A peculiar suite of undersaturated alkaline gneissic rocks occurs associated with marble close to the structural top of this terrane has controversial igneous affiliation and may have been ultimately derived through metasomatism and local melting of evaporitic rocks.  Volcanic rocks have not been documented in this terrane. 
2)
Elzevir terrane (divided into a number of domains) is characterized by the presence of tholeiitic to calc-alkaline volcanic suites, interlayered with carbonate metasedimentary rocks showing shallow to slope features, and intruded by calc-alkaline plutonic rocks (TTG type, referred to as the Elzevir suite). Ages range from 1290 to 1235 Ma. A suite of gabbro-anorthosite intrusions, dated at the young end of this range, lies along the structural base of Elzevir terrane. Part of Elzevir terrane (Mazinaw) contains infolds of a younger sedimentary succession, the Flinton Group, which contains detrital zircon as young as 1150 Ma. The main metamorphism postdates the Flinton Group, and is as low as middle greenschist facies locally. 

3)
The supracrustal rocks of Frontenac terrane are a quartzite-pelite-carbonate assemblage, seemingly devoid of volcanic rocks.  Metamorphic grade is granulite facies throughout. Plutonic rocks are alkali-calcic, A-type, dated between 1180 and 1150 Ma, and are referred to as the Frontenac suite (Chevreuil suite in adjacent parts of Quebec). Plutonic rocks of Elzevir suite age are absent.  Elzevir (Sharbot Lake domain) and Frontenac terranes are separated by the Maberly shear zone, an oblique, west-verging thrust.

Slide 23:
Central Metasedimentary Belt  volcanic and plutonic rocks

Despite the lack of demonstrated basement in the Central Metasedimentary Belt, paired associations of tholeiitic to calcalkaline volcanism and slightly younger tonalite-granite plutonism appear to have formed, in late geon 13 and in geon 12, on and within continental crust, and probably represent the formations and closures of marginal basins, successive in time but not necessarily in space.  The oldest tonalitic rocks (ca. 1.35–1.30 Ga) lie in the southeastern Adirondack region and in Appalachian inliers, and may be an extension of the magmatic arc plutonism that followed closure of the earlier Montauban arc, mentioned previously.

The remaining associations of marine volcanic and sedimentary rocks, and spatially associated calcalkaline intrusions, are within what is now referred to as the Composite Arc Belt; all lie southwest (present coordinates) of the earlier-closed Montauban arc, and none has a known counterpart in proto-Laurentia.  The sedimentary components are derived in large part from marine carbonate and mud, lacking a coarse, continent-derived clastic component; where preserved well enough to permit interpretation of depositional environment (which unfortunately is very rarely the case), stromatolitic carbonates and rhythmic carbonate turbidites suggest both shallow and deeper water conditions.  It is possible that oceanic crust may have developed ephemerally in some basins.

Slide 24:
Elzevir-Frontenac map, distribution of younger plutons

Continent-continent collision in the Central Metasedimentary Belt is now recognized to have occurred in late geon 12, at which time, arc-type magmatism shut down.  High-grade metamorphism in the overriding plate peaked shortly thereafter (ca. 1200–1190 Ma), and was itself followed by A-type plutonism, interpreted as post-collisional, between 1180 and 1155 Ma.  These plutons stitch the boundary between Elzevir and Frontenac terranes, which, as I’ve already stated, are composed of different types of supracrustal assemblage.  Lets see what these rocks look like:

Slide 25:
Frontenac plutonic rocks photos plate

Top left – Undeformed monzonite, South Lake pluton, near Kingston, Ontario.

Top right – Undeformed commingled gabbro and syenite, Oso pluton, Ontario.

Bottom left and right – Syn-emplacement deformation in plutonic rocks in the Maberly shear zone that bounds Frontenac and Elzevir terranes.
An important aspect of the geology of this region is the fact the younger metamorphic assemblages close to the plutonic rocks are of lower-pressure though higher-temperature type, and that their Ar-Ar hornblende cooling ages are in the range 1150–1120 Ma.  What is more, the younger plutons of the Skootamatta suite, at ca. 1080–1060 Ma, also A-type, were emplaced close to the present-day surface, judging by the fact that they contain such features as myarolitic cavities.  This implies that this part of the Grenville Province at least was in the uppermost part of the crust from around 1100 Ma on, and was never subsequently buried.  This despite the fact that high-grade metamorphism and ductile deformation in other parts of the province, including along the whole Grenville Front, continued at least sporadically until ca. 985 Ma, according to various geochronological studies.

Slide 26:
Simplified Grenville geology

What do we know of the third dimension of the Grenville Province?  Several attempts have been made to portray the deep structure in cross-sections across the province, two of which are illustrated here:

Slide 27:
Cross-sections

Common to all cross-sections, these illustrate an overwhelming low-dipping structure, in which it is assumed ductile thrusting toward the Grebnville Front played a large role.  The upper parts of sections are based primarily on field observations, but are corroborated and convincingly extended to depth by seismic reflections surveys, —

Slide 28:
GLIMPCE line J, Georgian Bay
— mainly carried out by the Canada’s Lithoprobe programme in the last 15 years.  This line across the northwestern part of the province, and including the Grenville Front, is typical, and illustrates structures penetrating the whole depth of the crust., here to a depth of some 40 km.  One section across western Quebec shows that the crust is still nearly 50 km thick, a billion years after the end of Grenvillian orogeny…

It is universally recognized (1) that the Grenville Province evolved through a process of crustal convergence during the Mesoproterozoic, and (2) that the supracrustal rocks in the Southeastern zone, and Grenville-aged plutonic rocks within them and the adjacent gneissic terranes of the Central zone, hold the key to understanding at least something of this evolution.  It is widely conceded that subduction processes were active in this evolution, culminating in continent-continent collision.  At present there is no consensus on the polarity of subduction related to the Mesoproterozoic rocks interpreted to have developed in a continent margin setting.  The following six slides illustrate the progression of models put forward within the last 20 years.  (In what follows, reference to direction is with respect to present-day coordinates.)

Slide 29:
L = Windley model (1986)

R = Corrigan model (1995; Hanmer et al. 2000)

Following Dewey and Burke’s invocation in 1973 of Himalayan-style tectonics to explain the Grenville, Brian Windley in 1986 proposed SE-dipping subduction, with arc and basin attached to a continental block advancing from the SE.

Working farther northeast in Quebec, David Corrigan documented volcanic and plutonic arc rocks, and in 1995 invoked consistent NW subduction polarity to explain the latter, built on the Laurentian margin. And according to a recent synthesis by Toby Rivers (not illustrated here), "… subduction was consistently towards the northwest … underneath Laurentia" during the whole Grenvillian orogenic cycle.

Slide 30:
L = McLelland et al. model (1996


R = with Wasteneys and Lumbers (1999)
At the same time, however, Jim McLelland and others published a model showing consistent SE-dipping polarity, but things get more complicated in subsequent model which he subsequently co-authored.

Slide 31:
Carr et al. model (2000)

In 2000, a new model by Sharon Carr and co-workers proposed that NW-dipping subduction is required to explain:

[1] early Mesoproterozoic plutonic rocks interpreted as a continental arc built on the Laurentian margin;

[2]  step-back of subduction, allowing formation of outboard arcs and marginal basins.  This was followed by:

[3]  polarity reversal beneath the Composite Arc Belt.

Slide 32:
Simplified geological map of the Grenville Province

East of the Montauban arc, on the other hand, early to mid-Mesoproterozoic continental-type sedimentary rocks in Wakeham terrane were deposited on Labradorian crust and are associated with volcanism and high-level plutonism that is peralkaline in nature. This assemblage is very similar in age and environmental characteristics to the Letitia and younger Seal Lake groups, which lie in the immediate footwall of the Grenville Front to the north.  This would imply that the Grenville Province east of the Montauban arc was contiguous with proto-Laurentia before closure of the back-arc basin(s) in the southwest part of the province.  If so, this makes it difficult to accept models that require open ocean to the east of the Montauban and subsequent arcs and basins just discussed.  It is clear from all this that many more constraints are needed before we can begin to deconstruct the different parts of the Grenville Province that now make up this part of Rodinia.  Unfortunately, paleomag-netic studies have not been much help to date; metamorphic grade is too high in most rocks, and attempts made so far on seemingly suitable rocks have been invalidated in part by incorrect assignments of the age of magnetization.

Nevertheless, it is probably fair to say that final closure of the Composite Arc Belt, referred to as the Elzevirian orogeny, was accomplished by ca. 1.2 Ga, as manifested by early ductile deformation with thrust sense or oblique transpressional displacement along its northwest margin, and perhaps by ex​traction of slices of Composite Arc crust and their subsequent emplacement over the Laurentian margin.  Sedimentary rocks of shelf-type affinity (marble-quartzite-pelite) were tectonically em​placed against the east side of the Composite Arc Belt, over​riding it.  This boundary is stitched by, and is the approx​imate western limit of a suite of post-collisional, A-type and AMCG plutonic rocks emplaced in mid-geon 11.  As already mentioned, ages of detrital zircon as young as 1150 Ma in sedimentary rocks deposited on the Composite Arc Belt imply unroofing of the leading edge of the overriding deck (Frontenac terrane), which itself preserves isotopic evidence of cooling within geon 11.

This early post-collisional plutonism represents the first of several pulses of similar magmatism within the southeastern and central zones, although such plutonic rocks are absent in the Laurentian margin northwest of the Composite Arc Belt.  There is some evidence that plutonism continued longer in the eastern Grenville than in the southwest.  Once considered to be 'anorogenic' in nature, Grenvillian post-collisional plutonism, ranging through more than 200 m.y., occurred during a period when the orogen as a whole was still in compression; this is shown not only by syn-emplacement deformation of the plutonic rocks, but also by the record of continuing deformation and high-grade metamorphism in many parts of the province, and by coeval, cratonward ductile thrusting along both major internal boundaries within the province, and between domains within the three zones. Ductile extension occurred in parts of the central and southeastern zones after ca. 1.05 Ga but, as a whole, the Grenville orogen remained in compression and continued to propagate northwestward, cannibalizing its footwall until ca. 985 Ma.

It is assumed, because the Grenville Province records compression and crustal thicken-ing, that ocean closure is a necessary precursor, and models have been built on this reasonable assumption. However, there is a great deal of speculation concerning the former extent and disposition of a Grenvillian ocean within the present parameters of the province. There has also been a tendency to base models on tectonic classifications of depositional basins and plutonic suites that may not, or cannot, be rigorously constrained; this has led to a considerable diversity of interpretation. Judging by the complexities encountered in more modern orogens, piece-by-piece reconstruction of Mesoproterozoic terrane amalgamation and addition of new crust for the whole Grenville Province requires much speculation.

Slide 33:
Post-Grenvillian features

There is essentially no record of events within the Grenville Province for the 400 m.y. following the terminal thrust-uplift along the Grenville Front at ca. 1.0 Ga. Neoprotero-zoic sediments preserved in graben in Labrador and locally in the southwest, and small, rift-associated alkaline intrusions and diabase dykes dated at ca. 600 Ma, are the earliest recorded evidence of the break-up of Rodinia.

Slide 34:
Rodinia map extract
In the way of a summary, the following slide illustrates the most up-to-date classification of the various terranes and domains of the Grenville Province, using the revised legend agreed to by the IGCP Project 440 Map Steering Committee.  Terranes and domains are classified according to their most likely paleoenvironmental setting during the Mesoproterozoic.  The colours indicate both a paleoenvironment and an age range within the Mesoproterozoic, as shown by the legend —

Slide 35:
Legend
(— which would be too small to read if I had put it on the face of the preceding map!)

Slide 36:
Rodinia map extract again
There are some difficulties in assigning paleoenvironments in terranes of high-grade rocks, and the large purple area in the central part of the Grenville Province represents one such problem.  The legend calls for a dot pattern overprint, missing on this map, to show areas of high-grade metamorphism.  Most of the Grenville Province falls into this category, the exceptions being parts of Elzevir terrane in the Central Metasedimentary belt, and an even smaller part of the Wakeham Supergroup.

Slide 37:
Sunset, Georgian Bay!

In summary, then: 

(1)
the Grenville orogen as exposed in the Grenville Province is the result of long-lived, though perhaps sporadic, compressional orogeny against the Laurentian margin during the Mesoproterozoic;

(2)
it seems likely that the break-up of a precursor supercontinent preceded the amalgamation of Rodinia;

(3)
the earliest collision occurred at ca. 1.4 Ga, and was followed by final closure of subsequent arcs and marginal basins at ca. 1.2 Ga;

(4)
compression continued for another 200 m.y., accompanied by voluminous AMCG- and A-type plutonism in the orogen's core.

(5) There is no clear evidence for break-up until ca. 600 Ma.

As mentioned at the beginning of this presentation, examples of the latest attempts to reconstruct the supercontinent Rodinia are included here, and place the Grenville Province/orogen of Laurentia in a world context at ca. 1000 Ma.

Slide 38:
Rodinia reconstruction; IGCP Project 440, Map Steering Committee, May 2004.

This is the result of a three day working meeting at which maps of all the continental components of Rodinia, compiled using the same legend as presented above, and plotted at the same scale, were assembled.  It is essentially the same version that was presented at the 32nd International Geological Congress in August 2004.  This version is not meant to be final, nor the only one possible.  The aim of IGCP Project 440 is to present the raw data, to allow others to make their own interpretations, but with constraints, such as firm piercing points, in place. Note that this map is “Laurentia-centric”, with Laurentia keyed to resent day longitude and latitude coordinates

Slide 39:
Rodinia reconstruction; version preferred by Sergei Pisarevsky (Tectonics Special Research Institute, University of Western Australia).
Another version, this one with Rodinia coordinates.

Slide 40:
Rodinia reconstruction; version preferred by Zheng-Xiang Li (also Tectonics Special Research Institute).
Yet another version – just to show how two persons working with the same data at the same establishment can vary!
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