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Abstract

It is postulated that the Sudbury circular geological complex was 
the result of the impact of a giant metal-bearing meteorite. This 
penetrated the earth's crust, producing circumferential faulting, slumping 
and subsidence, eruption of glowing avalanches (nuees ardentes) from 
ring fissures, and provided the framework for later ring dikes and 
cauldron subsidence. Volcanism inside and outside of the norite-granophyre 
ring dike is considered to be coeval and to have been responsible for 
sulphide mineralization through volcanic-exhalative processes.

The nickel-copper deposits are thought to have been concentrated 
by remobilization (sweating out) during norite formation and reworking 
during breccia pipe (diatreme) injection. Some sulphide remobilization 
accompanied later granitic intrusion. Grenville orogeny greatly elevated 
the South Range by overthrust faulting and deformed the original structure.

In summary, the Sudbury sulphide deposits are considered to be a 
product of their entire geological environment rather than of a few 
special events.

- iv -



A DISCUSSION OF SUDBURY GEOLOGY 

AND SULPHIDE DEPOSITS

By 

J.E. Thomson1

INTRODUCTION

Sudbury is one of the world's most important mining camps. It has 
produced mineral wealth valued at about 9.3 billion dollars over a 
period of 81 years to the end of 1968. The production in 1968 was 
valued at over $651,000,000 and the output will rise considerably in 
the next few years. Exploration has been carried out in a few places 
to a depth of almost two miles. The latest geological map of Sudbury 
(O.D.M. Map 2170, 1969) shows 62 sulphide occurrences; 16 of these are 
producing nickel-copper mines and 8 more will soon be added to the list.

It, therefore, seems somewhat paradoxical that with such increased 
development and information, opinions on many aspects of Sudbury 
geology and ore genesis have tended to become more divergent in recent 
years. The enormous amount of literature on the subject is being 
increased by numerous publications each year although some vital 
information is still in the classified category. The Geological Branch 
of the Ontario Department of Mines has been engaged in long-range 
studies of the entire Sudbury area for many years. The writer has 
been directly or indirectly involved in this project since 1949. The 
discussion that follows represents his viewpoint on various more-or-less 
controversial issues that have arisen since that date.

The manuscript has not been discussed in detail with anyone although 
the writer's thinking has been greatly influenced by ten seasons of 
field work at Sudbury prior to 1960, several short visits there since 
that date, conversations with many geologists over the past two decades, 
and reading of the literature. It is assumed in this paper that the 
reader is familiar with much of the literature and controversy on 
Sudbury geology. No attempt is made to discuss all the alternative 
theories that have been advanced. Instead it deals with some key issues 
that must be considered in any evaluation of the historical geology of 
the Sudbury complex. In some respects the paper is a partial reaffirmation 
of the writer's concept of Sudbury geology published in earlier papers 
and an attempt to answer some of the criticism of these ideas that has 
appeared in publications since that time.

The presentation adopted is somewhat unusual in that the interpretation 
is given first and the justification for it is explained later. A few 
of the proposed events are based on limited factual evidence but seem

^Director, Geological Branch, Ontario Department of Mines, Toronto.



- 2 -

more reasonable possibilities than alternative events or processes that 
would be required to explain the situation. Also, this article 
deliberately avoids detail to prevent, if possible, "not seeing the forest 
because of the trees or missing the mountain because of the molehill".

The main rock units of the Sudbury complex are indicated on Figure 1. 
These are shown in greater detail on a coloured geological map of the 
Sudbury mining area (O.D.M. Map 2170) which also shows the great 
structural complexity of the area; these structural factors must be 
taken into consideration in any appraisal of the geological history. 
Figure 2 (pages 6 and 7) is a diagrammatic representation of the various 
inferred geological events but, of necessity, more than one event has 
had to be projected on some of the stages. It is hoped that this figure 
will help to clarify the following discussion.
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Rhyolitic intrusions of 
Onaping formation and 
glowing avalanches in 
Stobie formation shown 
only where observed 4 
in 1955. f

Figure l   Geological sketch map of the Sudbury area

(modified after Fig. 5, O.D.M., Vol. 65, 1956, pt.3, p.67).
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Glowing avalanche deposits: coarse tuff-breccia and lapilli 
tuff (located inside of norite-granophyre)
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Lavas, sediments, rhyolitic intrusions, glowing avalanche 
deposits (Glowing avalanche deposits marked x, located 
outside of norite-granophyre)
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SUMMARY OF INFERRED GEOLOGICAL EVENTS IN 

THE FORMATION OF SUDBURY ROCKS AND SULPHIDE DEPOSITS

Time

Prior to 2.35 billion years
by dating Copper Cliff rhyolite
(Fairbairn et al. 1965).

Event

1. A great depression was developed in
the central part of the present Sudbury 
Basin. It was formed by the impact of 
a giant metal-bearing meteorite 
(astrobleme) that broke through the 
crust and greatly enriched the 
underlying magma chamber in metallic 
content.

2. The above event triggered volcanism 
through ring fissures around the edge 
of the depressed block (Stage l of 
diagrammatic interpretation, Fig. 2). 
First came submarine eruptions of 
basic volcanics, minor acid volcanics, 
and shallow water sediments. This was 
followed by sub-aerial eruptions of 
glowing avalanches (nuees ardentes, 
ignimbrites) through rhyolite domes 
(Onaping formation) with accompanying 
central subsidence to form a volcano- 
tectonic depression (large caldera).

3. Hot spring activity and "hydrothermal" 
leaching of the Onaping pyroclastics 
produced thinly-laminated limestone, 
chert, and syngenetic sulphides 
locally around the inside of the closed 
stagnant basin (e.g. Errington and 
Vermilion Mines). The same process 
may conceivably have taken place outside 
the ridge of rhyolite domes in the 
space now occupied by the irruptive. 
These would be volcanic-exhalative type 
deposits but of different metal content. 
The inner sulphide bodies would contain 
greater proportions of zinc and lead, 
the outer richer in nickel, cobalt, etc.

4. Sedimentation (Stage 2 of diagram, Fig. 2) 
continued inside and outside the basin 
but under different environments. 
Inside there was a closed stagnant basin 
containing organisms; outside an 
eugeosynclinal shelf type of sedimentation 
prevailed.
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Time

Prior to 2.14 billion years by 
dating granites (Fairbairn 
et al. 1965).

Prior to 1.72 billion years by 
dating norite, etc. (Fairbairn 
e^ aU 1965) .

or
Prior to 2.0 billion years by 
dating North Range norite 
(Souch et al. 1969).

Prior to 1.02 billion years by 
dating diabase (Fairbairn 
e^ aK 1960, p. 60).

Prior to 0.95 billion years 
by dating Grenville 
metamorphism (Fairbairn 
et al. 1960, p. 60).

Event

5. Main early period of orogenesis (Stage 
3 of diagram). A thrust from the south 
deformed the active area (present South 
Range) to a much greater extent than 
the foreland (present North Range). 
This was accompanied by granitization 
and granitic intrusion.

6. Intrusion of a ring complex along ring 
faults with attendent cauldron 
subsidence (Stage 4 of diagram). These 
include partial ring dikes of (Sudbury 
or Nipissing) gabbro and a complete 
ring dike of norite. These were 
accompanied by large scale gas fluxion 
(wet magma type) producing breccia 
zones (breccia pipes, diatremes, vein 
dike breccias, etc.). However, the 
inner side of the norite was gas-poor 
(dry magma type) and heat transformed 
rhyolitic rocks to granophyre. In 
contrast, on the outer side hot norite 
remobilized the older syngenetic 
sulphides and swept them to the outer 
edge where they were again remobilized 
and concentrated by the large volume 
of gas into sulphide breccia pipes 
(e.g. Creighton Mine), massive breccia 
sulphide vein dikes (e.g. Frood and 
Falconbridge Mines), and sulphide 
disseminations in marginal norite. Much 
of the ore was forcefully injected as 
a late-stage viscous sulphide melt. 
Sulphide material from the neritic 
magma chamber could have been added 
to the remobilized sulphides at this 
stage.

7. Intrusion of later granite (Murray and
part of Creighton) with some remobilization 
of sulphides (e.g. McKim Mine).

8. Introduction of olivine diabase dike 
swarm.

9. Last extensive period of orogenesis and
metamorphism (Stage 5 of diagram). Killarnean- 
Grenville orogeny. Thrusts from the south 
produced a series of overthrust faults, 
largely localized between the Grenville Front 
and the Cameron Creek sole fault. The south 
side of the Sudbury Basin was elevated 
considerably with respect to the North Range, 
perhaps as much as 3 miles.
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Figure 2

DIAGRAMMATIC INTERPRETATION OF THE 
SUDBURY BASIN

LEGEND

Post-norite granite 

Granophyre 

l Norite

Sudbury gabbro 

Pre-norite granite 

Copper Cliff rhyolite

Sedimentary rocks: Onwatin, Chelmsford, 
McKim, Mississagi formations

'fS'f.i'-'s-f- Volcanic rocks: Onaping, Stobie
- * ---

STAGE 1. Meteoric impact, volcanism, 
and cauldron subsidence

1. A great crater (approx. 
boundary at la) is formed 
by meteoric impact (Ib), 
directed southward, 
producing circumferential 
faulting and slumping.

2. Magma formation (2a) beneath 
the depression produced 
volcanism around the margin, 
first as submarine eruptions 
of basalt, minor glowing 
avalanches (nuees ardentes), 
and shallow water sediments 
(2b) - Stobie Formation.

3. Subaerial eruption of
glowing avalanche deposits 
(3a) from Pelean domes of 
rhyolite and andesitic 
feeder fissures (3b), 
introduced along ring 
faults - Onaping Formation.

4. Central subsidence to form 
a volcanic-tectonic 
depression.

5. Hot spring activity in the 
depression at the close of 
volcanism.

Present 
North Range

Present 
South Range

2.

STAGE 2. Sedimentation

Sedimentation in a small, 
closed, stagnant basin. 
This environment would 
support abundant primitive 
organisms and supply carbon 
to the sediments.

Transition from volcanism 
to widespread shelf-type 
sedimentation. Gradual 
subsidence to form a great 
regional geosyncline south 
of the present South Range.
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1. Thrust from south.

2. Foreland (buttress).

3. Folded and faulted volcanic 
and sedimentary rocks in 
movable blocks (Active area).

4. Granite intrusion and 
granitization.

STAGE 3. First period of orogenesis and acid intrusion

Present 
North Range

Present 
South Range

STAGE 4. Intrusion of ring complex with attendant 
cauldron subsidence

1. Intrusion of Copper Cliff
rhyolite as an early partial 
ring dike.

2. Intrusion of Sudbury gabbro 
as partial ring dikes and 
sills. Accompanying gas 
fluxion produced Sudbury 
breccia.

3. Composite transformation of 
older rocks and intrusion of 
norite and granophyre as a 
ring dike and sill with 
attendant gravity subsidence 
of volcanic and sedimentary 
rocks (4) along ring faults. 
Additional Sudbury breccia 
formed by gas fluxion 
associated with the norite.

1. Thrust from south with
active blocks mainly above 
Cameron Creek sole fault.

2. South Range norite-
granophyre elevated with 
respect to North Range by 
thrust faulting.

3. North Range foreland.

4. Later granite intruded older 
granite.

STAGE 5. Second period of orogenesis
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JUSTIFICATION FOR EVENTS LISTED IN THE SUMMARY

EVENT No. l

This is the most logical way to explain the ultimate source of the 
enormous rock complex and metal concentration in the great circular 
structure at Sudbury rather than at innumerable other possible locations 
on the face of our planet. It assumes that the ultimate cause of the 
localization of metals was accidental and by-passes all the mysterious 
processes that are otherwise required to concentrate them by some sort 
of magmatic differentiation at depth.

According to the interpretation of Sudbury geology by Thomson and 
Williams (1959), the oldest recognizable feature was a large depression 
that already existed approximately in the site of the present Sudbury Basin 
in early Precambrian times. In the 1959 paper, no attempt was made to 
explain how the depression was formed. It is now suggested that the 
impact of a giant meteorite could be the answer.

The question is often asked; how is it known that a great depression 
existed? The answer is simple - because a great volume of glowing avalanche 
deposits (Onaping formation) is located there; Williams (1956, p. 69-70) 
estimated that more than 300 cubic miles of volcanic ejecta must have 
been discharged into this basin. These avalanches are very mobile and 
flow along the surface of the ground and congregate in depressions. Just 
as the location of a lake indicates the position of a depression on the 
land surface so do the presence of these avalanches locate the position 
of a depression at the time of their eruption.

Another intriguing aspect of the astrobleme theory is stated in a 
paper by French (1967). He points out that "inclusions of basement rocks 
in the Onaping formation show microscopic textures typical of rocks subjected 
to shock pressures generated by meteoritic impact or by artificial 
explosions", and also states that "these observations establish a strong 
similarity between Sudbury and other structures for which an impact origin 
is either proven or strongly indicated". It should be noted that only the 
"inclusions of basement rocks" show shock metamorphism. These blocks have 
been brought up from depth in the feeders of the Onaping tuffs. The coarse 
tuff-breccias at the base of the Onaping formation have been referred to in 
French's paper as possible "fallback breccias" following the meteoritic 
impact. This obviously is not the case if only the basement rocks were 
effected. Anyone who tries to prove that the rocks of the Onaping formation 
are "fallback breccias" must first refute the arguments advanced by 
Williams (1956) that these rocks are excellent examples of "glowing 
avalanche" deposits of volcanic origin. Also, a fallback breccia should 
contain abundant blocks of the crater wallrocks, i.e. basalt on the south 
and granitic rocks on the north side. This is not the case.

While discussing the meteoritic impact theory the writer should explain 
that he does not regard the shatter cones (Guy Bray et al. 1966) in rocks 
outside of the norite as products of a great meteorite tKat triggered the 
Sudbury complex. Instead, he regards these as related to innumerable 
underground explosions (abortive diatremes) associated with the formation
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of the Sudbury breccias at a much later time. Shatter cones and "crush 
breccias" of the so-called Sudbury type extend far beyond the Sudbury 
Basin and the impact of a single meteorite could never account for all of 
these.

The writer's concept of an astrobleme at Sudbury is quite different 
from that of Dietz (1964) regarding the time of its arrival and the sequence 
of events that followed. In the writer's concept, the only purpose served 
by an astrobleme would be to accidently pinpoint the concentration of 
metals in the Sudbury area and trigger the events that followed.

A recent paper on the origin of lunar maria (Mackin, 1969) provides 
some interesting concepts that are applicable to the postulated meteoric 
origin of the Sudbury basin. The abstract of Mackin 1 s paper states in 
part: "A satisfactory theory for the origin of maria must provide a 
genetic link between the origin of the depression and the origin of the 
material which floors it. This paper advances the concept that the maria 
are the result of giant meteorite impacts with resultant magma formation, 
circumferential slumping, nuee-ardente eruption, and pooling in topographic 
low areas. .... Craters 100 km. or more in diameter appear to have slumped 
rims of such magnitude that magma formation and flow is indicated. Frothing 
of the magma (formation of nuee ardentes) ... seems likely. .... Mare-scale 
eruptions indicate ignimbrites of thousands of cubic kilometers."

Figure 4 of Mackin's paper is reproduced on page 10, and illustrates 
diagrammatically impact cratering and impact-triggered volcanism. The 
postulated Sudbury crater would have been in the order of magnitude indicated 
by sections B, C and D because the minimum length of the long axis of the 
Sudbury structure is 40 miles (64 kilometres). The reader should keep 
Mackin's Figure 4 in mind when considering Events No. l to No. 6 postulated 
in this paper. A giant meteorite coming towards Sudbury from a northerly 
direction and penetrating the crust at a southerly angle might have 
initiated the initial southerly dip of the entire Sudbury complex that has 
continued to exist through various orogenies. Impact cratering, as described 
by Mackin, could readily explain the localization of the nu&es ardentes of 
the Onaping formation and also the ring faulting, ring dikes, and cauldron 
subsidence described in event No. 6. Future studies of lunar maria may help 
us to better understand the geological history of Sudbury.

EVENT No. 2

This has been described in detail by Williams (1956), Thomson (1956) 
and Thomson and Williams (1959). Since the publication of these reports, 
the rocks around the outer rim of the Onaping formation have been interpreted 
as quartzite breccia (Stevenson 1961). Although there are occasional blocks 
of quartzite in the breccias, the greater part are believed by the writer 
to be igneous because they contain spherulites, concentric flow banding, 
and exhibit intrusive relationships in places. Also their intimate association 
with unquestionable tuffaceous material, containing shards, is further proof 
of igneous origin. Much of Stevenson's argument is based on partial chemical
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analyses showing a high silica content of the rock. Of course, any analysis 
is dependent upon where the sample is taken. There are other analyses, 
including some unpublished complete analyses of samples taken by the writer, 
that are within the compositional range of rhyolite. Rhyolites may be very 
siliceous; for example, rhyolites from the Noranda district show up to 85 
percent silica (M.E. Wilson 1941, p. 14). Also rhyolites of the Onaping 
formation adjacent to the micropegmatite may be greatly silicified.

Age of the Onaping formation. Although Williams (1956, p. 58), Thomson 
(1956, p. 25-29) and Phemister (1956, p. 116) concluded that the Onaping 
volcanics were coeval with the volcanics outside the norite (Stobie formation) 
and with so-called Keewatin-type volcanism, many writers on Sudbury geology 
disagree and classify them as Late Precambrian in age. Their reasoning is 
based mainly on isotopic age determinations, and the absence of granitic 
intrusives and high-grade metamorphism inside the irruptive. Some (Speers 
1957, p. 509; Zurbrigg 1957, p. 343) regard the so-called Sudbury breccias 
outside the irruptive as the feeders of the Onaping tuffs.

In the writer's opinion, all these arguments against Early Precambrian 
(Keewatin) age of the Onaping volcanics may be answered satisfactorily. 
Age determinations of the Onaping formation will give the time of its 
metamorphism by the granophyre rather than the true age of its eruption 
and are therefore of little significance in this discussion. The writer 
(1956, p. 26-27) has previously offered some possible explanations for the 
absence of granitization and high-grade metamorphism in the Onaping rocks 
compared with the extra-norite rocks. One solution would be ring faulting 
in the present location of the norite-granophyre complex producing a situation 
similar to that at the Grenville Front near Wanapitei village. It should 
also be pointed out that the Onaping rocks are greatly deformed locally and 
even overturned,e.g. at Errington and Vermilion Mines. Garnets have been 
found in the so-called Onwatin slate (Sadler 1958). Small intrusions of 
gabbro, granite, aplite, and rhyolite occur in the Onaping rocks (Thomson 
1956, p. 26). So any differences between intra and extra-norite metamorphism 
are only relative.

Any proponent of Late Precambrian age for the Onaping volcanics must 
explain their complete absence outside the norite. It is known (Williams 
1956, p. 58) that the feeders were concentrated around the outer rim of the 
Onaping formation and probably many were in the area now occupied by the 
granophyre. These poured a thickness of more than 5,000 feet of glowing 
avalanches into the Sudbury Basin, and must have poured an enormous amount 
outside of it. Small avalanches, about 100 feet thick, at the Valley of 
Ten Thousand Smokes, Alaska, in 1912 travelled along the land surface for 
20 miles (Griggs 1921) and individual Tertiary avalanches are believed to 
have covered thousands of square miles in the Great Basin of western United 
States (Williams 1960). So the country around the outside of the Sudbury 
norite-granophyre complex should have been covered by a great thickness of 
glowing avalanches for at least 50 miles in all directions. If erupted in 
Late Precambrian time, how did they completely disappear? On the south 
side of the Sudbury Basin, they could conceivably have been removed by 
thrust faulting and erosion but this could not have happened northeast of 
the Basin. North of Lake Wanapitei, the Huronian rocks are entirely of 
sedimentary origin and locally folded to a vertical position. If any 
tuffaceous rocks overlay the Huronian strata they, too, would be infolded 
and their complete erosion would be virtually impossible. So any advocate
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of Late Precambrian age for the Onaping formation must explain how this 
type of volcanism could have been contained within the norite-granophyre 
complex or completely eroded outside of it. Such an explanation has never 
been attempted.

A second feature is even more difficult to explain if the Onaping 
formation resulted from a meteoritic impact at a much later time than the 
eruption of the more basic volcanics that lie outside the norite (see 
O.D.M. map 2170). It would indeed be a "super-miracle" that, out of all 
places on the surface of this planet a meteorite could land, it fortuitously 
hit a target inside the circular area of older volcanics so that they 
formed two exactly-fitted concentric rings. On the other hand, if the 
volcanics outside and inside the irruptive are considered as a once 
conformable stratigraphic sequence of "Keewatin-type" volcanism this unit 
would be similar to the usual sequence in almost all Precambrian "greenstone" 
belts. The reader can, therefore, decide which interpretation seems to 
be the most reasonable.

In the writer's opinion, the Sudbury breccias outside the norite could 
not have been the feeders of the Onaping formation for reasons as follows:

1. The Sudbury breccias are lithologically different than the Onaping 
rocks. The matrix of the breccia is a non-igneous rock "flour" whereas the 
Onaping rhyolites contain spherulites, concentric banding, and the tuffs 
contain shards. Blocks of the feeders should be found in the avalanches 
but blocks of Sudbury breccia have not been found in the Onaping tuffs. 
On the other hand, blocks of rhyolite breccia, similar to the rhyolite 
feeder dikes that occur around the outer margin of the Onaping formation 
are commonly found in the Onaping tuffs.

2. Sudbury breccias are widely distributed over great areas outside 
the norite. If they are the feeders of the Onaping pyroclastics enormous 
quantities of these rocks should have been accumulated for many miles in 
every direction from the Sudbury Basin. Obviously, this is not the case.

3. On theoretical grounds, if the Sudbury breccias are diatremes, 
they could only erupt small mounds (maars) and not enormous quantities of 
glowing avalanches. Diatreme deposits and glowing avalanches are at the 
opposite ends of the volcanic cycle. There is good evidence that the 
Sudbury breccias have the characteristics of diatremes and some are 
definitely pipe-like in shape. It does not make sense to a volcanologist 
that diatremes should be considered the source of over 300 cubic miles of 
Onaping pyroclastics.

EVENT No. 3

The similarity of the host rocks of the sulphides at Errington and 
Vermilion Mines to hot spring deposits of travertine and chert now being 
formed at Yellowstone Park, Wyoming, and elsewhere in Montana has been 
described by Thomson (1960, p. 69-70). These zinc-copper-lead occurrences 
have the field relationships and characteristics of partially remobilized 
conformable sulphide deposits of volcanic-exhalative origin. Such deposits 
are widely distributed and have been described in a symposium on Strata-Bound 
Sulphides (Pekar et al. 1965).
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Let us next consider the Early Precambrian environment in the vicinity 
of the nearby nickel-copper deposits. If the norite-granophyre complex, 
Sudbury breccia, granitic and basic intrusives are removed it will be seen 
that the nickel deposits occur in a transition zone from rhyolitic volcanism 
to basic volcanic or sedimentary rocks. In other words, this is the same 
environment as that which produced the sulphides of the interior of the Basin 
but evidence of it is now largely obliterated by intrusives. It is 
conceivable that here also the original materials of the sulphide deposits 
could have been "sweated out" of the hot volcanics as a syngenetic deposit. 
These volcanics with their contained metals could have come from a different, 
possibly deeper, part of the magma chamber than the volcanics of the inner 
side of the caldera. Coming from a different source, they could conceivably 
have been much richer in nickel, cobalt, and platinum metals, thus accounting 
for the different metallic end-products on the inside and outside of the 
basin. Although speculative at present, this concept of a syngenetic process 
in the early stages of formation of the nickel deposits finds some support 
when mobilization and concentration of sulphides is considered under Event 
No. 6. The great Frood-Stobie orebody, which is located at some distance 
from the masking influence of the norite has an early geological environment 
that could fit reasonably well into the volcanic-exhalative pattern. It 
is now known that large quentities of metals, including nickel, copper and 
cobalt, are deposited on modern sea floors (Ball 1968) and it is quite 
probable that this could also happen in early geological time. So the long- 
accredited theory that nickel deposits are always genetically related to 
basic intrusives is not necessarily true. As suggested later in Event 
No. 6, the main function of the norite at Sudbury could have been that of 
a concentrating agency rather than the direct source of the bulk of the 
nickel-copper sulphides.

EVENT No. 4

These types of sedimentation are evident regardless of the various 
concepts of correlation. It has long been recognized that the carbonaceous 
sedimentary rocks of the basin must have been formed in a different environment 
than those outside of it.

EVENT No. 5

This involves the long-debated question as to whether the norite-granophyre 
complex was intruded in a flattish position along an unconformity and later 
folded, or was injected into a pre-existing folded structure. A flat sill 
or saucer-shaped lopolith is required to satisfy the requirements of magmatic 
segregation in situ for the origin of the granophyre, norite and ore; so 
geologists who support this concept must envisage these conditions. On the 
other hand, one of the main reasons that some geologists are opposed to the 
segregation theory is that the evidence points to the introduction of the 
norite-granophyre body as a steeply dipping structure, especially on the 
south and east sides of the basin. The arguments against the folded sill 
or lopolith concept have been discussed in previous papers (Thomson 1956, 
p. 89; 1957a, p. 109-112; Thomson and Williams 1959, p. 61), and are summarized 
as follows:
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1. There is no field evidence of a great unconformity between the 
intra- and extra-norite volcanic rocks. This unconformity was first 
advocated by Coleman (1905, p. 93-94) to explain the localization of the 
sill. The discordance between intra- and extra-irruptive volcanic rocks 
is best explained by ring faulting.

2. Folding of a flat-lying sill would require that the regionally 
south-facing volcanic and sedimentary strata located south of the norite 
must have been lying flat with face downward before folding of the norite- 
granophyre complex into its present vertical position at the southwest and 
southeast corners of the Basin. In other words, a regional recumbent fold 
in the volcanic and sedimentary rocks was later refolded to an overturned 
position when the norite-granophyre complex was upturned at such places 
as the Falconbridge Mine where it is known to dip southward at depth 
(Thomson 1957b, Fig. 6, p. 30). There is no evidence to support such 
fantastic structural events.

3. The ratio of granophyre to norite is far greater than the 
theoretical maximum that could be produced by differentiation. There is 
no evidence that a much greater volume of the basic component exists at 
depth or elsewhere to bring the ratio within reasonable limits. There is 
also field evidence that the granophyre is the later phase of a multiple 
intrusion (e.g. North Range) or the product of transformation of older 
acid volcanics (e.g. South Range).

4. A gravity survey (Miller and Innes 1955, p. 26), negates the 
concept of a funnel-shaped lopolith (Wilson 1956, p. 29) or sill with a 
feeder channel near the centre of the basin (Coleman 1905, pi. 12). The 
gravity high is south of the norite rather than in the central part of 
the Basin as would be the case if the heaviest materials in it were concentrated 
by gravity settling.

5. If the norite-granophyre complex was not extensively folded after 
emplacement, it follows that magmatic segregation in situ was physically 
impossible at those mines on the South Range where the outer contact of 
the norite dips vertically or outward (e.g. Falconbridge, Garson, and 
Crean Hill Mines).

EVENT No. 6

The Sudbury Basin area exhibits many similarities to the general 
pattern of ring complexes throughout the world (Billings 1943, Reynolds 
1956, Jacobson et al. 1958). Of course, later thrust faulting has destroyed 
some of its origTnaT symmetry and due consideration must be given to this 
deformation whenx appraising the original ring pattern.

In plan, the ring-like form of the granophyre and norite is apparent; 
partial dike-like rings of Onaping rhyolite breccia, Copper Cliff rhyolite, 
and gabbro are also evident. Older metamorphic rock units between them 
would take the place of the "screens" found in typical ring complexes such 
as those of the Northwest Highlands of Scotland (Rickey 1935). Some of the 
sulphide bodies have dike-like form and, collectively, they assume a 
discontinuous ring-dike pattern. The dip of ring-dikes is not now considered
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to be as important a factor in evaluating ring-complexes as it was a few 
decades ago (Reynolds 1956) and inward dipping ring-dikes are known to occur. 
Ring-faulting and central subsidence (caldera formation) are generally 
regarded as an essential part of a ring complex. Diatremes (breccia pipes) 
are also commonly associated with these structures. The Sudbury breccias 
located within the influence of the Sudbury ring complex could be regarded 
as an integral part of it. Ring-dikes of gabbro and granophyre (or other 
composite rings of associated acid and basic components) are commonly found 
in ring complexes. The cycle of igneous activity often commences with the 
extrusion of large volumes of volcanic rocks such as rhyolite and tuff, as 
for example, in the Ring Complexes of Northern Nigeria (Jacobson et^ aK 1958).

Is there any field evidence of ring-faulting and central subsidence 
associated with the emplacement of the norite-granophyre complex? Of course, 
most of the direct physical evidence would be destroyed by the granophyre- 
norite body. However, the preservation and configuration of the rocks 
inside the ring dikes should provide some clues. The writer (1956, p. 38-42) 
has discussed the "pros and cons" of central subsidence and little information 
can be added at this time. It should be pointed out that the only concept 
of Sudbury that would allow pronounced central subsidence is that of a 
ring-dike complex which is open at depth (Stage 4 and Fig. 2). A lopolith 
or sill, closed at its base, and forcefully injected, could only raise the 
overlying rocks. A later gentle sagging as the magma spread laterally might 
be possible, but as the writer has pointed out (1956, p. 40-42) the structure 
of the Chelmsford formation would reflect any simple down warping beneath 
it. Instead, the Chelmsford formation exhibits an unusual and complex 
pattern of domes and basins in fault blocks more suggestive of pronounced 
uneven subsidence than gentle sagging.

Field evidence of the transformation of rhyolite breccia to 
granophyre can be seen in places on the South Range where phantom relicts 
of rhyolite fragments may be seen in the granophyre. The South Range 
represents a much deeper level of "granitization" or transformation than 
the North Range. The total upthrust of the South Range may be in the order 
of 3 miles (Souch et al. in press). The North Range granophyre is much 
more magmatic in character and may represent a much higher level phase 
than its South Range counterpart. So the North Range granophyre may have 
been regenerated at depth and forcefully injected in a molten state.

In a recent paper on the Sudbury irruptive Stevenson and Colgrove 
(1968, p. 29) state: " A feature of the micropegmetite and to some degree 
of the norite is the amount and extent of included material in them, 
representing rocks mainly from the hangingwall and footwall of the intrusive. 
These are in varying stages of assimilation and have had considerable 
effect in modifying the original magmatically-derived rocks". At another 
place in their paper (page 34) they also state "A very striking feature of 
the South Range irruptive is a significant content of non-irruptive rocks. 
These may be considered in two groups, inclusions and intrusions. The 
inclusions are fine-grained hornfels and range in size from skailiths an 
inch or so across to some inclusions measurable in tens of feet. These 
inclusions occur in greatest abundance in a zone 1000 to 2000 feet wide that 
include the uppermost norite and the lowermost micropegmatite, being perhaps 
more abundant in the norite. Like the inclusions in the uppermost part of
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the micropegmatite they are in various stages of replacement and assimilation 
by the irruptive and appear to have been mainly fine-grained old volcanics. 
We feel they comprise a central screen of intruded rocks separated from the 
actual footwall and hangingwall rocks of the irruptive".

Stevenson and Colgrove suggest that assimilation of these inclusions 
is so extensive throughout the irruptive that only a relatively small 
proportion of the micropegmatite (named granophyre in this paper) is of 
magmatic derivation but, in contrast, the norite is almost wholly 
magmatic. However, an alternative interpretation would be that both 
granophyre and norite are in varying degrees the result of transformation 
by palingenetic processes of older acidic volcanics (rhyolite, etc.) on 
the inner side and basic volcanics (basalt, etc.) on the outer side. This 
is an important background consideration in the discussion of the possibility 
of "sweating out" of sulphides from older rocks under Event No. 6. A 
forceful injection of the norite that wedged the adjacent rocks aside would 
not satisfy the requirement of the writers' "sweating out" concept.

The breccias lying outside the norite (so-called Sudbury breccia) have 
all the characteristics of diatremes or breccia pipes. Some have pipe-like 
form, some are greatly elongated and follow pre-existing structures, others 
are irregular in outline. Most of the breccia' bodies in the Sudbury 
district are devoid of sulphides. However, much of the Sudbury ore is in 
a breccia located near the outer edge of the norite but quite distinct from 
it. Souch et^ a.U (in press*) have recently elaborated on this point and 
stated that the Sudbury ores are related to a discontinuous, distinctive 
inclusion-bearing sub-layer at the base of the irruptive. The authors 
state that "typically the sub-layer and norite are in abrupt contact". 
The sub-layer contains rounded exotic inclusions of peridotite, pyroxenite, 
and gabbro as well as angular fragments of footwall rocks. These breccias 
are undoubtedly the result of large-scale gas fluxion from a wet-type 
gas-rich magmatic source. The barren breccias are pre-norite in age. Some 
of the mineralized breccias are definitely post-norite because they contain 
norite inclusions and all the nickel-bearing breccias are probably in 
this time category.

Much of the Sudbury ore occurs as massive breccia sulphide bodies, 
often in dike-like form with sharply-defined boundaries. How could such 
enormous amounts of sulphides be emplaced by so-called "dilute hydrothermal 
solutions", especially without accompanying large-scale alteration of the 
wall rocks? Yet, at mines such as the Frood-Stobie, it is possible to 
crosscut within one round of the orebody without encountering any alteration 
associated with the mineralization (Zurbrigg 1957, p. 350). The lack of 
large-scale wall rock alteration associated with Sudbury orebodies is generally 
recognized. Lack of vertical ore zoning is also recognized. Souch et al. 
state: "In the several miles of vertical range explored no mineral zoning 
related to depth alone has been recognized".

Then, clearly, there must have been some special process of sulphide

l The writer wishes to acknowledge and thank Souch and associates, and The 
International Nickel Company for permission to obtain a copy of this paper 
in advance of publication.
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concentration and injection. Some geologists may speculate that the 
concentration took place in a distant, deep magma chamber. Another 
possibility is that nearby pre-existing syngenetic sulphides may have 
been remobilized, swept ahead of the advancing hot norite to lodge at 
or near the outer contact, and then reconcentrated in the slightly later, 
but closely associated, gas-rich diatremes.

Occasional blocks of sulphides occur in the Sudbury breccia-sulphide 
orebodies. It seems just as logical to believe that these were carried 
in physically as sulphide inclusions as to believe that foreign rock 
inclusions of the breccia were carried into the diatremes. If this is 
so, older sulphide bodies must have existed.

Of course, both of these processes, i.e. magmatic or remobilization 
of volcanic exhalative, are speculative and both could have operated in 
varying degree. However, so many of the world's important sulphide deposits 
are of the volcanic exhalative type (Miller 1960) or the breccia-pipe 
type (Perry 1961) that these volcanic processes must be given serious 
consideration at Sudbury. For example, it is a well-known fact that the 
Onaping tuffs contain small disseminations of sulphides with a very low 
metal content. Some of these have been investigated by mining companies. 
If the area now occupied by the norite-granophyre complex had originally 
been of a similar nature, but with a higher nickel-copper content, it is 
possible that repeated remobilization of these sulphides during norite 
formation and breccia-pipe activity could have produced the typical ores 
of the Sudbury mining camp. Recurring movements in the breccia-pipes, 
associated with the gas explosions that milled and rounded the inclusions, 
could have also concentrated sulphides in much the same way, as, for example, 
the churning action on cream produces butter. The breccia pipes would be 
injected along places of weakness such as faults, embayments, or zones 
of dilatency. The adjacent disseminated sulphides in marginal norite could 
represent material retained in the rapidly cooled and crystallized border 
facies, or else it could have been partially re-introduced into the norite 
during breccia-pipe formation. The tendency for richer orebodies to be at 
the footwall would be a function of the "remobilizing power" on sulphide 
materials during norite formation. It was apparently sufficient to drive 
the bulk of the nickel-copper protore to the outer extremity of the irruptive 
and often into the footwall rocks.

EVENT No. 7

At the McKim Mine the Murray granite intrudes the norite and has 
remobilized small amounts of sulphides (Clarke and Potapoff 1959). Ten 
times as much pyrrhotite occurs in the remobilized sulphides, contained within 
the granite, as in the adjacent main ore zone near the norite contact. 
As described in Event No. 6, this process of concentration by remobilization 
could also have operated at an earlier time during the intrusion of the 
norite on older sulphide bodies located within the space it emplaced. It 
is quite evident that the granite remobilized the sulphides, and there 
is no good reason why the norite could not have done the same.
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EVENT No. 8

No comments are necessary here except to point out that the diabase 
dikes are post-ore.

EVENT No. 9

This overthrusting is well illustrated in the underground workings 
of the Errington and Vermilion Mines (Thomson 1956, Figures 3 and 4). In 
all probability there are a large number of overthrust fault blocks and 
fault slices between the Grenville Front and the Cameron Creek sole fault. 
The relative elevation of each fault block, and associated local folding, 
could have a very pronounced bearing on the local attitude of rock units, 
including the base of the norite. This point is often overlooked in 
interpretations of the Sudbury norite-granophyre complex that only consider 
folding. For example, paleomagnetic studies are said to indicate that the 
norite-granophyre of the North and South Ranges have undergone a relative 
folding of 30 to 40 degrees after emplacement (Sopher 1963). But could 
not upthrusting of a norite sheet that originally steepened with depth 
have the same effect? (See stages 4 and 5 of Figure 1). Or could the 
North Range, which acted as the foreland, have been flattened under the 
Cameron Creek sole fault of a great overthrust fault system? At some localities 
it is known that the dip of the norite outer contact varies considerably 
with depth. Local rolls and bulges down the dip are being found as 
exploration continues so that interpretations of the shape of the 
irruptive based on generalizations about its dip may be of little 
significance.

GENERAL COMMENTS

Future study of criteria for the recognition of remobilized sulphide 
bodies may go a long way towards proving or disproving some of the events 
proposed in this paper. In general, it would appear that remobilized 
sulphide and iron ore deposits are coarser grained (textured) than their 
unmetamorphosed equivalents; this is a factor of considerable importance 
in ore treatment and recovery. In this respect, the Sudbury nickel ores 
more closely resemble the remobilized group than the finer grained 
sulphides of the interior of the Basin. The latter are similar in this 
respect to New Brunswick, Timmins, and other finer-grained ores. Also the 
pyrite-rich sulphides of the interior of the Basin are more representative 
of the unmetamorphosed, or less metamorphosed, ores and the pyrrhotite-rich 
nickel sulphides are characteristic of the higher temperature remobilized 
deposits.

Whether or not the few reported cases of anomalous leads in isotopic 
age determinations of Sudbury ores have any particular significance may be 
questionable at present. Ages of lead mineralization at 3250, 2250, 1650 
and 950 m.y. at Sudbury have been reported (Slawson and Russell 1965). 
The 2250 m.y. corresponds rather well with that of 2350 m.y. for the Copper 
Cliff rhyolite (Fairbairn et al. 1965) and might suggest metal deposition 
at about the same time as the rhyolitic rocks of the area. The age of 
1650 m.y. would correspond with the 1720 m.y. for the norite and indicate
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remobilization at that time. Similarly, 950 m.y. would correspond with 
Fairbairn's 950 m.y. for Grenville orogeny and remobilization. The 3250 
m.y. would indicate that there were rocks at Sudbury much older than the 
oldest known rhyolites (2350 m.y.). This would account for blocks of 
older granite, gneiss, quartzite, etc., that occur in the Onaping tuff- 
breccias and have been brought up from the basement by the dike feeders.

SUMMARY

This interpretation stresses the importance of volcanism at Sudbury 
in the formation of the early volcanic-exhalative sulphides of the Basin 
interior, and possible later remobilization of the nickel sulphides by 
gas fission in breccia bodies that have characteristics of diatremes. 
The latter would represent a late stage in the volcanic cycle. In a 
general way this concept of genesis supports Yates' (1948, p. 6) conclusion, 
which was as follows:

"From the known sequence of events and the broader considerations 
it becomes apparent that the logical hypothesis is that a long and complex 
period of deep-seated igneous activity occurred, ending in the appearance 
of the ore".

The key words in Yates'summary are "igneous activity" rather than 
intrusion which is the all-important factor in the segregation theory. 
Igneous activity allows for the influence of extrusion as well as intrusion 
and greatly broadens the concept of ore formation.

It is unfortunate that the term "nickel irruptive" has been commonly 
used throughout the geological literature to describe the combined norite- 
granophyre body at Sudbury. It is the modern version of the original term 
"nickel-bearing irruptive" and implies that the norite-granophyre body is 
the ultimate source of the nickel-copper mineralization. Its use gives an a^ 
priori answer to the question of the genesis of the Sudbury ores because 
the matter is settled by definition. Possibly this may be a psychological 
reason why some geologists have adhered so strongly to the direct magmatic 
concept of ore genesis at Sudbury. If so, it is obvious that this pre-judgment 
is an illogical and unscientific argument. A partial solution would be to 
use the term "irruptive" instead of "nickel irruptive", although this 
again implies a molten magma and may not be true for part of the norite- 
granophyre body. A general term "norite-granophyre complex" has been used 
throughout this paper and has no genetic connotation.

In the final analysis, this paper postulates that the Sudbury ores are 
the product of their total geological environment rather than of a few 
special events. It infers that sulphide emplacement commenced with the 
earliest volcanism and was effected by most of the events that followed 
until the introduction of the last dike or orogenic disturbance. Each had 
a greater or lesser part to play in the formation and localization of the 
orebodies that are being mined today.
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