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ABSTRACT

The Sudbury area straddles the transition from the Archean Superior structural province to the
Paleoproterozoic Southern province. To the south it is flanked by younger Proterozoic belts and finally the
ca. 1 Ga Grenville Front. It is unique in that it also hosts the deformed remnants of one of the largest and
oldest preserved impact structures in the geological record, the ~300 km diameter Sudbury Structure. This
structure is characterized by a differentiated melt sheet, commonly referred to as the Sudbury Igneous
Complex (SIC), which at or near its base hosts one of the largest concentrations of Ni-Cu-PGE sulphides on
the planet. These metal-rich sulphides have formed the basis for an extensive mining industry since nickel
was first discovered during railway construction in 1883. Despite more than a century of research, many
geological questions remain unresolved in this fascinating area.

Here we present new field observations and preliminary U-Pb zircon and baddeleyite ID-TIMS results
on a suite of about 20 critical samples that help resolve some long-standing geological questions. Many rock
units in the Sudbury area have experienced significant shock metamorphism, which has increased the com-
plexity of the Pb-loss patterns of their zircon crystals. Therefore, a key rationale for the present study was
to apply “chemical abrasion” pre-treatment to single best-preserved zircon crystals, or fragments thereof, to
reduce or eliminate young Pb loss and allow us to see through the shock-induced Pb loss.

We show that the Joe Lake Gabbro below the North Range is an Archean metagabbro, consistent with
observed field relationships. Foliated granite on the Southeast Range is also Archean, requiring that
metavolcanic rocks it intruded are Archean as well and not part of the basal Huronian rift succession. We
present the first robust age on the Creighton Granite, showing it to be a folded subvolcanic sill and the
magma chamber to the overlying Copper Cliff Rhyolite. Together, the Creighton Granite and Copper Cliff
Rhyolite represent a single felsic magmatic system 2455-2460 Ma in age, which developed in the immedi-
ate aftermath of the main pulse of Matachewan mafic magmatism at ca. 2460 Ma. Magma mingling struc-
tures near the base of the Creighton Granite sill demonstrate the intimate relationship with Matachewan
mafic magmas.

We have dated a number of mafic dyke swarms in the area, both pre- and post-dating the SIC. Among
these is the first recognition of a ca. 2507 Ma dyke swarm in the Sudbury area. Furthermore, we present sev-
eral ages on the SIC and its offset dykes, including a weighted mean 207Pb/206Pb age of 1849.7 +0.2 Ma for
a high-MgO norite in the South Range, and a precise concordant baddeleyite age of 1848.5 +0.8 Ma for the
radial Pele dyke on the North Range. The latter likely represents the youngest and final dyke injection of
the offset dyke system into the fractured footwall of the SIC.

INTRODUCTION: (e.g. Archean versus an early intrusive pulse of the
NEW GEOCHRONOLOGY OF Matachewan event). Others had poorly resolved ages
THE SUDBURY AREA (e.g. Creighton Granite), or were known to be artificial

About 20 samples from across the wider Sudbury area §roupings bzised on varied field relationships (e.g. the
were selected for U-Pb geochronology (Table 1, Fig. Trap dykes”).

1). These samples address a number of critical rock We also aimed to tackle, at the highest precision, the
units and geological relationships. Some units, such as  time scale of igneous crystallization and cooling of the
the Joe Lake Gabbro, North Range, had not been pre-  Sudbury Igneous Complex (SIC), and to resolve some
viously dated and their origin was subject to debate  of the controversies surrounding which dykes are part

Bleeker, W., Kamo, S.L., Ames, D.E., and Davis, D., 2015. New field observations and U-Pb ages in the Sudbury area: toward a detailed
cross-section through the deformed Sudbury Structure, /n: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-Platinum Group
Elements-Chromium Ore Systems — Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houl¢; Geological
Survey of Canada, Open File 7856, p. 151-166.
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New field observations and U-Pb ages: toward a detailed cross-section through the Sudbury Structure
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Figure 1. Map of the Sudbury area (adapted from Ames and Farrow, 2007), with locations of samples marked. Numbers 1 to
21 correlate with Table 1.
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of the “offset dyke” system of the SIC versus unrelated
older dyke sets.

Collectively, these ages will help to sharpen the geo-
logical framework for this unique area, and they will be
incorporated into an updated and expanded version of
the digital map compilation for the area (Ames et al.,
2006; 2008a,b). Furthermore, they help constrain a
detailed regional geological cross-section that will
accompany an updated version of this map (Bleeker et
al., 2013, 2014a,b).

RATIONALE

With several important geochronological questions
unresolved in this area, a key rationale for the present
study was to apply some critical innovations in high-
precision ID-TIMS U-Pb geochronology. These
include micro-sampling of complex zircon crystals,
made possible by low-Pb blank levels of ~0.2-0.5 pg,
and “chemical abrasion” pre-treatment of the selected
single zircon fragments (Mattinson, 2005, 2011), to
reduce or eliminate young Pb loss and thereby allow-
ing us to see through the shock-induced Pb loss.

Obtaining precise ages on some of the pre-SIC tar-
get rocks has proven difficult due to most zircons hav-
ing experienced substantial Pb loss at multiple times,
notably at 1850 Ma or shortly thereafter, in response to
the impact event (Dietz, 1964; Dietz and Butler, 1964;
Bray et al., 1966; Pye et al., 1984; Faggart et al., 1985;
Grieve et al., 1991; Spray et al., 2004) and the associ-
ated shock metamorphism (e.g. Krogh et al., 1996), but
also at younger times (e.g. multiple Proterozoic
events). Discordance patterns are further complicated
by variable degrees of recent Pb loss, making many
upper intercept age interpretations uncertain and non-
unique. An important example is the age of the
Creighton Granite, a major unit in the footwall of the
South Range of the SIC (Fig. 1) that, despite several
previous U-Pb studies (Frarey et al., 1982; Smith,
2002), has remained controversial due to variably dis-
cordant and scattered data points. Does this granite rep-
resent a relatively unique magmatic event in this part of
the Superior craton at ca. 2330 Ma (Frarey et al., 1982),
or at ca. 2375 Ma (Smith, 2002)? Or are these ages
merely a function of unresolved Pb-loss complexity
from damaged zircons?

A definitive answer to questions like these will only
come from more concordant data on single zircons,
avoiding mixing of discordant ages and minimizing
projection to the concordia curve. Thus, the ever
increasing ability to analyse smaller and better pre-
served single zircon grains, or only highest quality
fragments thereof, and to improve their concordance
through chemical abrasion, may finally resolve some
of the long-standing age questions. By applying these
techniques we have now resolved the age of the

Creighton Granite to ca. 2460 Ma, consistent with this
intrusion being a high-level subvolcanic sill and
magma chamber of the Copper Cliff Rhyolite
Formation, for which we have obtained a similar age.

On another level, the time scale of igneous crystal-
lization and cooling of the ~3-5 km-thick Sudbury
melt sheet represents another important question. We
are tackling this by selecting first and last crystallizing
phases of the SIC and subjecting their igneous zircons
to an evaporative pre-treatment (similar to Davis,
2008) prior to high-precision ID-TIMS analysis of the
annealed and most robust remnants of the crystals. This
method holds the potential to resolve crystallization
ages of distinct phases of the SIC down to an uncer-
tainty level of ca. 0.1-0.2 Ma (2c). Resolving this
question of the time scale of cooling will inform
advanced modeling studies of the dynamic and igneous
evolution of the melt sheet.

SAMPLES, PRELIMINARY RESULTS,
AND INTERPRETATION

Below we discuss preliminary results obtained on our
U-Pb sample suite. Some samples are still in progress,
whereas the odd sample failed to produce a suitable
mineral separate or was otherwise aborted or temporar-
ily set aside. In general, the samples and resulting ages
will be discussed from oldest to youngest and with ref-
erence to Table 1. Locations of all samples are shown
in Figure 1, with precise GPS coordinates (+4 m) given
in the table.

In terms of interpretation, in some cases fully con-
cordant results were obtained and interpretation of a
final age is straightforward, with the uncertainty
reflecting 95% confidence limits of the data. In other
cases, where discordance was improved upon (relative
to previous studies) but not fully eliminated, the data
can be discussed in terms of a “minimum age” and a
“preferred upper intercept age”. The minimum age is
provided by the 207Pb/206Pb age of the least discordant
zircon analysis (barring inheritance). In some cases, for
instance the new 2437 £2 Ma minimum age for the
Creighton Granite, such ages already provide a strong
guide toward the final answer and eliminate previously
proposed age interpretations.

In a number of samples, multiple discordant data
points require some judgement in the choice of regres-
sion and a corresponding upper intercept calculation.
Such discordant data commonly fit a discordia line
with an 1850 Ma lower intercept (e.g. Krogh, 1984;
Krogh et al., 1996), i.e., the age of impact and shock-
induced Pb loss. Where appropriate, we thus calculate
an upper intercept based on such a model. In some
samples, however, alternative regressions and upper
intercepts are suggested by the data.
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1. Joe Lake Gabbro, Immediate Footwall to
Part of the North Range

Many small rounded and clear zircon crystals were
separated from the Joe Lake Gabbro. Field observa-
tions showed this gabbro to be a variably foliated
metagabbro (Fig. 2a), with a foliation that merged with
that of the surrounding Levack Gneiss Complex (Card,
1994). We thus interpret the Joe Lake Gabbro as an
Archean metagabbro and the zircons most likely repre-
sent metamorphic zircon growth during deformation.
Concordant and near concordant data indicate an age of
high-grade metamorphism and zircon growth at ca.
2660 Ma. Interestingly, the zircons did not show any
obvious shock damage (fracturing, pervasive cloudi-
ness). The Joe Lake Gabbro is an Archean metagabbro
and not part of the Paleoproterozoic East Bull Lake
suite.

2. Crosscutting Pegmatite Dykes,
Joe Lake Area

The Joe Lake metagabbro is crosscut by several paral-
lel, shallow dipping, and essentially undeformed pink
granite pegmatite dykes (Fig. 2b). These dykes post-
date the penetrative fabric of the host metagabbro and
represent a late (latest?) granitic phase intruding the
Levack Gneiss Complex. Data for four zircon grains
are variably discordant but collinear, yielding an upper
intercept age of 2648 +9 Ma, which is interpreted as the
crystallization age of this late granite pegmatite, in
agreement with the slightly older metamorphic age of
the host metagabbro. The data allow some latitude in
the choice of lower intercept, but they do not strongly
project to a lower intercept of 1850 Ma; i.e., there is no
overriding control from shock-induced Pb loss. This
duplicates observations in the previous sample. These
pegmatite dykes, in a broad sense, are probably part of
the ca. 2642 Ma Cartier Granite complex (Card, 1994;
Meldrum et al., 1997) that dominates the area north of
the SIC, and they post-date essentially all of the pene-
trative Archean deformation in the Levack Gneiss
Complex. Wodicka (1997) reported similar age con-
straints on deformation as part of a larger geochrono-
logical data set on the northern footwall of the SIC.

3. Late Archean Granite, Southeast Range,
Falconbridge Township

In Falconbridge Township, near the southeastern apex
of the folded SIC, we dated a foliated biotite granite
(Fig. 2c). This granite intrudes metavolcanic rocks, and
is itself intruded by the crudely layered anorthositic
gabbro body of the “Falconbridge Township Intrusion”
(Thomson, 1957; Dressler, 1984; see also section 6,
Falconbridge Township Intrusion, below). On the pres-
ent compilation map of the Sudbury Structure (Ames et
al., 2006, 2008b), volcanic rocks surrounding the foli-

ated granite body are identified as lower Huronian
mafic volcanic rocks (Stobie Formation). However,
multiple single zircon analyses indicate a late Archean
age for this granite, with a minimum age of ca. 2653
Ma. The near concordant data fit a discordia line to an
1850 Ma lower intercept and, using this model, provide
a 2676 +7 Ma upper intercept age. Clearly this granite
is part of the Archean basement below the Huronian rift
succession and the mafic volcanic rocks it intruded
must also be Archean, rather than early Huronian.
Remapping of this area is required to redefine the
Archean-Huronian unconformity. In contrast to the
North Range samples discussed above (1 and 2), the
zircon data of this late Archean granite indicate strong
shock metamorphism, in agreement with the presence
of major bodies of Sudbury Breccia in the immediate
area. This can be interpreted, qualitatively, in terms of
an order of magnitude stronger shock intensity in this
area compared to that in the northern footwall of the
SIC near Joe Lake. In other words, the Falconbridge
Township area must be significantly closer to the cen-
tre of the impact than the Joe Lake area.

4. “Pyroxenite Dyke”, North Range:
A Sudbury Igneous Complex-Related
Offset Dyke?

This unit is a ~50 m-wide mafic dyke of melanocratic
gabbro to pyroxenite that intrudes the Cartier Granite
complex, ~10 km northwest of the northwestern flank
of the SIC (Fig. 2d; see Fig. 1 for location). There was
some question whether this dyke might represent a
radially oriented “offset dyke” (D. Smith, Wallbridge
Mining, pers. comm., 2013). Field investigation by the
first author uncovered the crosscutting contact of a pla-
gioclase megacrystic Matachewan dyke, with the latter
dyke chilled against the “pyroxenite dyke”. Hence
the “pyroxenite dyke” is older than ca. 2460 Ma.
Baddeleyite crystals separated from this dyke indicate
a minimum age of 2479 £3 Ma. Several of the discor-
dant fractions show a linear array that is consistent with
an 1850 Ma lower intercept. Using this model, the
upper intercept age is 2507 +4 Ma. This allows the pos-
sibility that ca. 2510 Ma dykes (e.g. Mistassini event;
Fahrig and West, 1986; Ernst and Bleeker, 2010) are
present in this part of the Superior craton.
Alternatively, this dyke may represent a primitive early
pulse of the Matachewan event (cf. Heaman, 1997). It
is interesting to note that a detrital zircon of similar age
(2497 £10 Ma) has been reported from basal Huronian
sediments further west (a quartz wacke of the
Livingstone Creek Formation; see Craddock et al.,
2013), providing additional evidence for a zircon
source, and thus magmatic activity, predating the
Matachewan event in the southern Superior craton.
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5. “Tailings Pond Gneiss”

A migmatitic gneiss, intruded by granitic leucosome
veins, occurs in an outcrop in the middle of the large
tailings pond west of the Copper Cliff smelter complex.
The question was whether this gneissic rock represents
an Archean basement inlier on the South Range. On
closer inspection and after slabbing of the samples, it
was revealed that this gneiss represents a high-grade
metasandstone or wacke with relict graded bedding,
and not an Archean orthogneiss. Its overall character
suggests a high-grade metamorphic lower Huronian rift
sandstone that is part of the migmatitic envelope to the
Creighton Granite sill (near the inferred hot base of this
large sill). A heterogeneous detrital zircon population
separated from this sample supports this interpretation.
We have not yet analyzed any of these zircons, which
likely represent a varied Archean provenance. Any
provenance interpretation is likely to be complicated
by “smearing” of 207Pb/206Pb ages due to varied
degrees of 1850 Ma Pb loss, even if chemical abrasion
is successful in eliminating most of the young Pb loss.
Additional data on this “gneiss” can be found in Petrus
(2014).

6. Falconbridge Township Intrusion

This is one of two intrusions (Falconbridge and Drury)
thought to be of early Huronian age. They are domi-
nated by layered anorthositic gabbro. Their ages are
currently not well constrained but Prevec and
Baadsgaard (2005) suggested an age of ca. 2441 Ma for
the Falconbridge intrusion based on complexly discor-
dant zircon data. Unfortunately, our sample of the
Falconbridge intrusion did not yield any datable miner-
als. We may revisit these intrusions in the near future.
However, we are aware of at least one independent
study aiming to date the Drury Township Intrusion.

7. Coarse Gabbro Enclave in Creighton
Granite

The Creighton Granite intruded the lower Huronian
succession. The granite includes rafts of metamor-
phosed siltstone, graded wacke, and arenite, as well as
mafic sills of probable Matachewan age. Near the
Creighton Mine, in what we infer is the base of the

folded Creighton Granite sill (Fig. 1), a large gabbro
inclusion or enclave is surrounded by Creighton
Granite (Fig. 2¢). From the various mafic rocks in this
area, this gabbro was the coarsest grained and thus
most likely to yield datable minerals. Mineral separa-
tion of a ~10 kg sample yielded both skeletal primary
zircon grains and baddeleyite. The latter mineral
showed overgrowths of polycrystalline zircon and pro-
duced complex data. Chemically abraded skeletal zir-
cons are somewhat discordant, defining a linear array
consistent with an 1850 Ma lower intercept. Based on
this model, the data indicate an upper intercept age of
2476 £7 Ma, in agreement with recently published ages
for other early Huronian intrusions, such as the River
Valley intrusion (James et al., 2002 and references
therein).

8. Matachewan Dykes, Main Pulse

As part of a separate study, the timing of the main pulse
of Matachewan dykes north of Sudbury has been
refined. Ages show a tight clustering around 2460 Ma.
(Bleeker et al., 2012; see also Halls et al., 2005; cf.
Heaman, 1997). Dykes of this age typically carry ubig-
uitous calcic plagioclase megacrysts, indicating some
residence time of the magma in a large lower or mid-
crustal magma chamber. They are clearly younger than
the ca. 2480 Ma early pulse of the Matachewan event
(e.g. Krogh et al., 1984; James et al., 2002) that led to
the East Bull Lake Suite of layered intrusions. We
include this age here in Table 1 because it is important
for the age interpretation of other units along the South
Range of the SIC. Main pulse Matachewan dykes are
ubiquitous in basement to the north of the SIC but are
not known to crosscut the Creighton Granite and lower
Huronian formations such as the Copper Cliff Rhyolite.
Crosscutting northerly trending mafic dykes would be
immediately apparent in these felsic units. Their
absence thus constrains Huronian felsic magmatism to
younger than 2460 Ma.

9. Creighton Granite

We sampled the main phase of the Creighton Granite
(Fig. 2g), a coarse-grained, variably K-feldspar por-
phyritic granite to granodiorite (e.g. Dutch, 1979;

Figure 2 (opposite page). Photographs of selected samples. a) Foliated metagabbro of the ca. 2660 Ma Joe Lake Gabbro,
immediate footwall to parts of the North Range of the Sudbury Igneous Complex (SIC) and host to the WD16 deposit. The foli-
ation in the metagabbro is cut by a Sudbury Breccia dykelet. b) Shallow-dipping pink pegmatite that cuts across the foliation of
the Joe Lake metagabbro, dated at ca. 2648 +9 Ma. c) Late Archean foliated biotite granite, Falconbridge Township, dated at
ca. 2676 +7 Ma. d) Close-up of the “pyroxenite dyke” north of the SIC, dated at ca. 2507 Ma. e) Metagabbro enclave in
Creighton Granite, dated at ca. 2476+7 Ma. Gabbro is cut by granitic dykelet. f) Magma mingling and hybridization between ca.
2460 Ma mafic magma and Creighton Granite felsic magma. g) Porphyritic Creighton Granite, main phase, dated at ca. 2460
Ma. h) Examples of zircons from the Creighton Granite, after annealing. Small clear grain fragments that were analyzed are
highlighted (see arrows). i) Bedded crystal tuff of the Copper Cliff Rhyolite Formation, with a minimum age of 2455 +3 Ma. j)
Example of zircons from the Copper Cliff crystal tuff, with clear fragments that were analyzed highlighted. Combined age for
the Creighton Granite and Copper Cliff Rhyolite is 2455-2460 Ma.
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Table 2. U-Pb data for Creighton Granite and Copper Cliff Rhyolite samples.

Sample Weight U  Th/ PbC 2°Pb/ *Pb/ 20 2"Pb/ 20 Error 2'Pb/ 20 2Po/ 20 2Pb/ 20 2 Pb/ 20 Disc
Number (ug) (ppm) U  (pg) 2Pb U 28y Corr  2%Pp/ =8y 25y 206p, (%)
measured Age (Ma) Age (Ma) Age (Ma)

BNB-12-058 Creighton Granite (K-feldspar porphyritic granodiorite; GPS#2093: 46°26'23.04"N, 81°11'15.65"W)

z1 0.2 377 047 0.5 4594 9.904 0.030 0.4540 0.0012 0.897 0.15823 0.00021 2412.8 53 24259 2.8 24369 23 1.2

z2 0.8 100 047 0.5 4811 9.484 0.030 0.4437 0.0013 0.851 0.15501 0.00026 2367.3 5.9 2386.0 29 24019 29 17

z3 0.2 675 0.51 0.4 9284 8.848 0.022 0.4279 0.0009 0.925 0.14998 0.00015 2296.2 4.0 23225 23 23457 1.7 25
BNB-12-060A Creighton Granite (K-feldspar porphyritic granodiorite; GPS#2107: 46°25'45.96"N, 81°10'562.85"W)

z1 na na 058 80 376 9.175 0.108 0.4353 0.0014 0.787 0.15289 0.00144 2329.4 6.2 2355.7 10.8 23785 16.1 25

z2 na na 044 31 1631 9.630 0.036 0.4424 0.0011 0.761 0.15785 0.00038 2361.6 5.1 2400.0 3.4 24328 4.1 35
BNB12-064 Copper Cliff Rhyolite Formation (crystal tuff; GPS#2131: 46°25'32.80"N, 81°09'02.09"W)

z1 0.3 28 068 0.3 727 9.902 0.144 0.4576 0.0060 0.923 0.15694 0.00088 2429 27 2426 13 24229 95 -03

z2 0.8 45 045 0.2 4834 10.008 0.046 0.4569 0.0020 0.956 0.15884 0.00021 2426.1 8.8 24355 4.2 24434 23 0.9

z3 0.3 125 0.63 0.2 6059 10.067 0.049 0.4564 0.0020 0.938 0.15995 0.00027 24239 8.9 24409 45 24552 28 15

z4 1.0 13 0.77 0.5 751 10.148 0.103 0.4617 0.0039 0.896 0.15942 0.00073 2447 17 2448 9 24495 7.7 0.1
BNB12-098 Copper Cliff Rhyolite Formation (flow-banded rhyolite: GPS#2205: 46°25'42.34"N, 81°08'20.83"W)

z1 1.0 14 030 0.8 389 4.589 0.127 0.3161 0.0029 0.603 0.10531 0.00245 1771 14 1747 23 1720.0 43.0 -34

z2 na na 053 34 450 8.296 0.025 0.3828 0.0009 0.841 0.15718 0.00026 2089 4 2264 3 24256 28 16.2

z3 na na 045 10 1369 9.607 0.302 0.4386 0.0027 0.952 0.15886 0.00407 2344 12 2398 29 2443.6 436 438
Notes:

All zircon grains have been thermally annealed and etched in HF (Mattinson, 2005). Pb/U ratio corrected for fractionation, common Pb in the spike, and blank.

Th/U calculated from radiogenic 208Pb/206Pb ratio and 207Pb/296Pb age
assuming concordance.

PbC is total common Pb assuming the isotopic composition of laboratory blank.
206pp/204ph corrected for fractionation and common Pb in spike.

4.2 in the magma.

Disc is percent discordance for the given 207Pb/296Pb age.

Error Corr is correllation coefficients of X-Y error on the concordia plot.
Correction for 230Th disequilibrium in 206Pb/238U and 207Pb/206Pb assuming Th/U of

Frarey et al., 1982; Smith, 2002), in two places along
Highway 144, west of Lively. Although zircon is rela-
tively abundant, it is poorly preserved, in part due to
fracturing as a result of the shock metamorphism and
subsequent alteration. Previous studies have shown
that it is difficult to obtain concordant data from this
unit (e.g. Smith, 2002). We dated rare, small, unaltered
crystal fragments (Fig. 2h) that were chemically
abraded prior to U-Pb analysis. This strategy indeed
produced more concordant results than previous stud-
ies but none of the data are fully concordant (Table 2,
Fig. 3). However, the data define a linear array consis-
tent with an 1850 Ma lower intercept. The least-discor-
dant grain indicates a minimum age of 2437 +2 Ma,
eliminating the possibility that this granite might be
younger than 2400 Ma (cf. Frarey et al., 1982; Smith,
2002; Raharimahefa et al., 2014). Collectively, the data
suggest an upper intercept age of ca. 2460 Ma, an age
that is similar to that of the nearby Murray Granite (see
below, and Krogh et al., 1996). It allows a simple inter-
pretation of the field relationships in which the
Creighton Granite is a subvolcanic sill and the magma
chamber to the overlying and chemically similar
Copper CIliff Rhyolite Formation. Magma-mingling
structures and hybridization with mafic magmas were
observed near the base of the sill (Fig. 2f) and indicate
a close and essentially contemporaneous relationship
with mafic magmas low in the Huronian rift succes-
sion. South of the Creighton Granite and evidently part
of the felsic magmatic system, intrusive bodies of finer
grained granite porphyry were observed at an interme-
diate stratigraphic level between the top of the
Creighton Granite sill and the overlying Copper CIliff
Rhyolite.

10. Murray Granite

A similar approach as above applied to the Murray
Granite yielded three new analyses that are more con-
cordant than but collinear with previously reported
results (Krogh et al., 1996). One of our analyses over-
laps the concordia curve and indicates a minimum age
of 2448 +3 Ma. An upper intercept age calculated
including these new data is 2460 +6 Ma, consistent
with the field relationships described above (i.e.
absence of Matachewan dykes). The more discordant
data indicate the strong control imparted by 1850 Ma
Pb loss, i.e., further evidence for the intense shock-
induced Pb loss in this part of the South Range, as doc-
umented and described in detail by Krogh et al. (1996).

11. Copper CIliff Rhyolite

We separated zircons from two different samples of the
Copper Cliff Rhyolite Formation, a layered crystal-rich
tuff from near the middle of the formation (Fig. 2i) and
a massive flow-banded rhyolite near the top of the for-
mation, both from the Lively area. Although zircons
were abundant, nearly all are of poor quality (Fig. 2j).
Three small fragments from the crystal tuff neverthe-
less plot toward the upper end of the discordant array
(Fig. 3). The most precise of these is 1.5% discordant
and yields a minimum age of 2455 £3 Ma. A regression
of all the data (Copper Cliff plus Creighton, n=7), from
1850 Ma, yields an upper intercept age of 2464 +12 Ma
with a mean square weighted deviation (MSWD) of
3.1. Eliminating one point from this regression (n=6)
yields a better fit (MSWD<2.0) and more precise upper
intercept age of 2459 £7 Ma. This regression also fits
the least discordant data from earlier studies of the
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Figure 3. U-Pb concordia diagram of Creighton Granite (red ellipses) and Copper Cliff Rhyolite (yellow and other ellipses) zir-
con data. Data from Krogh et al. (1984; open ellipses) and Ketchum et al. (2013; pink ellipses) are also shown. The various
data sample the complex Pb-loss field (shaded grey) bounded by the shock metamorphism-induced discordia line (red dashed
line) to 1850 Ma and various younger episodes of Pb loss, and finally the chord to the origin defined by recent Pb loss. Large
multi-grain zircon fractions of Frarey et al. (1982), from an early pre-air abrasion study on the Creighton Granite (open red
ellipses), sample the middle of this field, averaging various degrees of Pb loss and processes. Due to the severity of the Pb
loss, only the clearest grain fragments pre-treated by chemical abrasion get close to the apex of the Pb-loss field and approach
the primary crystallization age. The 207Pb/206Pb age of our most precise and least discordant datum from the Copper CIiff crys-
tal tuff sample (A in inset) constrains a minimum age of 2455 +3 Ma. The majority of the chemically abraded zircon data plot
on or near the discordia with the 1850 Ma lower intercept, the age of shock-induced Pb loss. The upper intercept of this dis-
cordia is 2464 +12 Ma or 2459 7 Ma if one analysis is eliminated from the regression. Together with field relationships, the
age of the combined Creighton Granite and Copper Cliff Rhyolite magmatic system can be constrained to 2455-2460 Ma,
immediately following the main pulse of Matachewan mafic magma input at ca. 2460 Ma.

Copper CIliff Rhyolite (Krogh et al., 1984; Ketchum et
al., 2013) and is the most precise age estimate that can
be interpreted from our data. Together with the con-
straint from the Matachewan dykes, and also consider-
ing the new age of the nearby Murray Granite, 2460 +6
Ma, we suggest that the age of the Copper CIliff
Rhyolite and Creighton Granite magmatic system is
2455-2460 Ma. This is slightly older and more precise
than previous estimates for the age of the Copper Cliff
Rhyolite (Krogh et al., 1984; see also Ketchum et al.,
2013). All our results are consistent with a sharply
timed peak of felsic magmatism at ca. 2455-2460 Ma,
immediately following the main pulse of Matachewan
mafic magma input at ca. 2460 Ma. One zircon from
the flow-banded rhyolite gave a younger age near the
time of impact. This analysis is reversely discordant

and plots at the young end of the mixing line from 2464
to 1850 Ma. This small equant grain (~50 um) appears
to have recrystallized as a consequence of the impact
event, which would have reset its U-Pb systems at 1850
Ma.

12. Nipissing Diabase Sill, South of the
Sudbury Igneous Complex, Conformable in
Mississagi Formation Quartzite

We sampled one of the main Nipissing Diabase sills
south of the SIC (Fig. 1). The sill is conformable with
layering (i.e. bedding) in the surrounding Mississagi
Formation quartzite, and both are folded into a tight
east-plunging syncline. These observations are incon-
sistent with suggestions of a pre-Nipissing folding
event in the area, the so-called “Blezardian orogeny”

161



162

W. Bleeker, S.L. Kamo, D.E. Ames, and D. Davis

(Frarey et al., 1982; Stockwell, 1982). The diabase sill
hosts several late-stage pegmatoidal pods from which
baddeleyite and skeletal zircon were extracted. U-Pb
data for both minerals define a 2215 +1 Ma upper inter-
cept age with a lower intercept anchored at 0 Ma,
which we interpret as a minimum age for the time of
intrusion. If the grains were affected by some earlier Pb
loss, a slightly older upper intercept in the 2215-2220
Ma range is possible. This new result is in agreement
with previous age estimates on Nipissing Diabase
(Corfu and Andrews, 1986; Noble and Lightfoot, 1992;
see also Buchan et al., 1993).

13. Pre-Sudbury Igneous Complex Mafic
Dykes, 1

Rocks along the South Range are intruded by a variety
of mafic dykes that post-date the Creighton Granite.
Apart from the much younger and unmetamorphosed
“Sudbury” olivine diabase dykes (e.g. Krogh et al.,
1987), all of these are metamorphosed, in broad terms
allowing an age range from ca. 2450 Ma to ca. 1600
Ma. On closer inspection, some of these metadiabase
dykes are affected by Sudbury Breccia formation,
whereas others post-date Sudbury Breccia and crosscut
all SIC units. Trends of the metadiabase dykes vary
from 040 to 100°, also suggesting more than one event.
Many of these dykes have been referred to as “Trap
dykes”. The older of these dykes are difficult to date
because they are typically less than 15 m wide and
fully recrystallized. In a separate study, we have dated
approximately east-west-trending diabase dykes well
to the west of the SIC, and these were shown to be ca.
2105-2116 Ma (Bleeker and Chamberlain, in prep.),
i.e., they belong to the Marathon large igneous
province (Fahrig and West, 1986; Halls et al., 2008).
We therefore suggest that dykes of this age likely
extend into the Sudbury area and represent some of the
pre-SIC dykes.

14. Pre-Sudbury Igneous Complex Mafic
Dykes, 11

Similar to the mafic dykes described above, and again
well west of the SIC, a more northwesterly trending set
of mafic dykes was also dated, yielding a preliminary
baddeleyite age of ca. 1900-1950 Ma (Bleeker and
Chamberlain, in prep.). Again, we suspect this event to
be represented in the Sudbury area.

15. Mafic High-MgO Norite, Sudbury Igneous
Complex

This unit consists of a dark, MgO-rich norite high in
the norite “stratigraphy” of the South Range (Lightfoot
and Zotov, 2005). It contains both baddeleyite and
newly formed skeletal zircons. Zircon grains were pre-
treated by evaporating off labile Pb at high temperature,

in vacuum within a mass spectrometer. The remainder
of the grains were then dissolved and subjected to stan-
dard ID-TIMS analysis. Geological discordance cannot
be determined by this method because of the Pb evap-
oration step but this does not disturb 207Pb/206Pb ages,
which may represent the magmatic age if disturbed Pb
was completely eliminated. Four analyses, each involv-
ing multiple zircons pretreated by evaporation, fully
overlap and yield a precise weighted mean of 1849.7
+0.2 Ma, with an MSWD of 1.16, representing the zir-
con crystallization age in this part of the norite stratig-
raphy. This age is comparable to ages obtained by
Davis (2008).

16. Last Crystallizing Granophyre Phase, the
“Crowfoot” Granophyre, Sudbury Igneous
Complex

We consider the very coarse “Crowfoot” granophyre as
a likely candidate for the last water- and incompatible
element-enriched residual melt phase of the SIC. Using
a similar strategy as described above for the norite, we
hope to obtain a highly precise age for this stage of the
crystallization history, thus constraining the overall
time span of igneous crystallization and cooling of the
SIC. Only crosscutting granitic dykes represent poten-
tially younger melt phases (derived from melting of the
footwall?), and could potentially add further insights.
Work on these units is in progress.

17. Hess Offset Dyke, Outer Inclusion-Free
Quartz Diorite (“QD”)

As part of on-going efforts to date some of the recently
uncovered offset dykes, we dated a homogeneous outer
quartz diorite phase of the concentric Hess Offset dyke
(Wood and Spray, 1998), in a new exploration trench
northwest of the SIC. This particular sample was partly
meant as a benchmark for other offset dyke data sets.
The sample contained fresh unaltered baddeleyite.
Four nearly concordant fractions define an age of
1849.1 £0.9 Ma (regression through 0 Ma). This age is
in agreement with the high-precision age on the norite
(see section 15, Mafic High-MgO Norite, Sudbury
Igneous Complex, above), and with previous U-Pb zir-
con and baddeleyite ages on offset dykes (Corfu and
Lightfoot, 1996; Osterman et al., 1996).

18. Cascaden Offset Dyke, Northwest of the
Sudbury Igneous Complex

The Cascaden dyke, which is also located to the north-
west of the SIC, is a suspected radial offset dyke. It was
discovered by Wallbridge Mining geologists. It is
~10-12 m wide and trends ~330°, with a subvertical
attitude. It consists of fine-grained, somewhat more
evolved, quartz diorite with a field appearance similar
to that of other offset dykes. We have identified badde-
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leyite in thin section and U-Pb dating of this dyke is in
progress.

19. Pele Offset Dyke, North of the Sudbury
Igneous Complex

This interesting ~28 m-wide dyke is more evolved than
typical South Range quartz diorite dykes. It is radial,
essentially vertical, and clearly chilled against granitic
country rocks. It contains small platy plagioclase phe-
nocrysts, which near the margin are aligned in the mag-
matic flow. Evidently this dyke, if part of the SIC off-
set dyke system, was injected late and no longer was
superheated, with plagioclase on the liquidus during
emplacement and phenocrysts having grown to ~5 mm.
A sample from the medium-grained centre of this dyke
yielded baddeleyite, one fraction of which is fully con-
cordant with a precise age of 1848.5 £0.8 Ma. From
this we conclude that this dyke is indeed part of the off-
set dyke system and one of the last dykes to be injected
into the footwall. The precise age of this more evolved
dyke provides a hint of the young end of the SIC crys-
tallization time scale, with an overall duration on the
order of ~0.5 to 1.0 Myr, from 1849.7 £0.2 Ma to
1848.8 £0.8 Ma. This estimate of the overall time scale
of the high-temperature part of the thermal evolution is
consistent with, but more precise than, that provided by
hydrothermal titanite from overlying Onaping
Formation breccia (1848.4 +3.80/-1.8 Ma, see Ames et
al., 1998).

20. Post-Sudbury Igneous Complex “Trap
Dykes”, III, South Range of the Sudbury
Igneous Complex

Metadiabase dykes, with sheared margins but other-
wise essentially undeformed, form a distinct swarm of
approximately east-west-trending diabase dykes across
the South Range (Fig. 1). They cut across the SIC, the
offset dykes, and some of the Ni-sulphide orebodies (P.
Lightfoot, pers. comm.), and they also post-date most
if not all of the folding in the SIC and Huronian
Supergroup. Yet they are fully metamorphic in charac-
ter, i.e., characterized by fully recrystallized metamor-
phic mineral assemblages. They must be significantly
younger than 1850 Ma, yet old enough to see the
regional metamorphism across the South Range. We
have identified both micro-baddeleyite and late-stage
zircon in these typically 5-15 m-wide dykes and dating
is in progress. Our preliminary age, based on chemi-
cally abraded zircons, is 1748 +5 Ma. We suggest that
the name “Trap dykes” or “Trap dyke swarm” be
reserved for these post-SIC dykes. They most likely
relate to a post-Penokean rifting event in the evolving
margin of southeastern Laurentia.

21. Northeast-trending Felsite Dykes

A distinct suite of very fine-grained, weakly por-
phyritic felsic dykes intrudes across the South Range.
(Fig. 1). They are granitic in composition, with small
phenocrysts of quartz, feldspar, and black biotite in a
very fine-grained quartzofeldspathic matrix. They are
near vertical, with a northeasterly trend, and are essen-
tially undeformed, showing only minor faulting with
quartz vein development. They post-date the Trap dyke
swarm. Dating of these dykes is complicated by inher-
itance, as demonstrated by one of our samples, but a
single concordant zircon analysis indicates a maximum
age of intrusion at 1766 £9 Ma. If confirmed, this
would represent the onset of the post-Penokean grani-
toid events documented further south (e.g. Davidson et
al., 1992; Sullivan and Davidson, 1993; Davidson and
van Breemen, 1994; see also Corfu and Easton, 2001).
The relatively undeformed character of these dykes
near the SIC indicates that essentially all deformation
of the South Range was in place by ca. 1766 Ma.

CONCLUSIONS

New U-Pb ages are presented on a suite of ~20 samples
from the Sudbury area, together with new field observa-
tions. Some of the age data are preliminary or still in
progress.

On the North Range of the SIC, our field observa-
tions and age data show that the Joe Lake Gabbro is a
metagabbro unit within the Levack Gneiss Complex. It
is not part of the East Bull Lake suite of early Huronian
layered intrusions. As the latter intrusions were
emplaced along the Archean-Paleoproterozoic uncon-
formity, an early Huronian age for the Joe Lake Gabbro
would severely limit the possible amount of impact
excavation along the North Range. Now that the Joe
Lake Gabbro is shown to be an Archean metagabbro,
this constraint is removed, allowing significant differ-
ential uplift of the high-grade Levack Gneiss Complex
to be part of the impact process.

Levels of shock metamorphism in zircons from the
North Range footwall are much lower than on the
South Range, suggesting that “ground zero” of the
impact was well to the south, most likely in the Frood-
Stobie to Copper Cliff area, just south of the (pre-
served) SIC proper. A preliminary analysis of all shat-
ter cone data (e.g. Bray et al., 1996) also points to this
area as the centre of the impact (W. Bleeker, unpubl.
data). This suggests that all of the preserved SIC melt
sheet merely represents an erosional remnant of one
flank of a much larger melt sheet (Bleeker et al.,
2014a). This has important implications for how to best
interpret the overall “stratigraphy” of the SIC, for inter-
pretation of the seismic section (Milkereit and Green,
1992; Wu et al., 1995), and for the final size of the
impact structure (e.g. Spray et al., 2004). Nearly all
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previous studies have implicitly assumed that the cen-
tre of the impact is within in the preserved extent of the
SIC.

On the southeastern limb of the SIC, we have dated
a foliated granite as late Archean. The mafic volcanic
rocks it intruded must therefore also be Archean, rather
than basal Huronian (cf. compilation maps of the area:
Dressler, 1984; Ames et al., 2006). A similar conclusion
probably also applies to the Skead pluton somewhat
further north. These findings require remapping of the
area to better define the Archean—Paleoproterozoic
unconformity. The layered anorthositic gabbro of the
Falconbridge Township intrusion did not yield datable
minerals and remains relatively poorly dated (Prevec
and Baadsgaard, 2005).

Using chemical abrasion, the age of the Murray
Granite has been refined to 2460 +6 Ma, slightly
younger and more precise than the previous estimate of
2477 £9 Ma (Krogh et al., 1996), and in better agree-
ment with field relationships.We also present the first
robust and relatively precise age on the Creighton
Granite, at 2455-2460 Ma, based on combined U-Pb
data and field relationships. Analysis of six chemically
abraded zircon crystal fragments from both the
Creighton Granite and the Copper Cliff Rhyolite yield
a combined upper intercept age of 2459 £7 Ma. Our
observations show that the Creighton Granite is a
folded sill-like body that likely acted as the high-level
magma chamber to the Copper CIliff Rhyolite
Formation. Tight folding and tilting of this sill and the
surrounding Huronian rift succession predated the
impact and subsequent emplacement of the SIC.
Magma-mingling structures show that the Creighton
Granite interacted with mafic magmas, low in the
Huronian rift structure, during and following the main
pulse of Matachewan magmatism at 2460 Ma.

A tightly folded Nipissing Diabase sill has been
dated at 2215 +1 Ma. It is fully conformable with sur-
rounding Huronian strata on the South Range, incon-
sistent with the concept of a pre-Nipissing ‘“Blezardian
orogeny”. The main rationale for the Blezardian
orogeny was the idea that deformation and intrusion of
granite plutons, such as the Creighton Granite, thought
to be ca. 2.3 Ga in age, terminated the depositional his-
tory of the Huronian succession (Frarey et al., 1982;
Stockwell, 1982). None of these ideas are supported by
present evidence. The Creighton Granite is an early
Huronian 2455-2460 Ma rift-related granite, not an
orogenic granite pluton; folding of the Huronian suc-
cession did not commence until well after emplace-
ment of Nipissing Diabase sills and sheets with the
onset of Penokean accretion and collision events at ca.
1860 Ma. Other observations that have contributed to
the concept of a Blezardian orogeny can all be
explained without a significant pre-Nipissing deforma-

tion event. For instance, saucer-shaped Nipissing sills
locally may appear to crosscut Huronian strata and,
after superimposed Penokean deformation, could eas-
ily lead to confusing field relationships.

Several new ages on “offset dykes” have been
obtained (Hess, Pele), resolving that the radial Pele
dyke is indeed part of the offset dyke system. The Pele
dyke likely represents the youngest and last phase of
SIC offset dyke injection. It carries phenocrysts, hence
it was no longer superheated, and it was injected as a
regular magmatic dyke, with chilled and relatively
straight contacts. Its age of 1848.5 +0.8 Ma provides a
hint of the overall time scale of melt-sheet evolution
and crystallization on the order of 0.5-1.0 Myr. A new
highly precise 207Pb/206Pb age, obtained by a hybrid
technique (see also Davis, 2008), dates zircon crystal-
lization in South Range high-MgO norite at 1849.7
+0.2 Ma.

Other dykes have been shown to be part of unrelated
older dyke sets. We present the first evidence of a ca.
2507 Ma swarm in this part of the Superior craton, an
age similar to that of the Mistassini swarm farther to
the northeast. Other dykes west of Sudbury have been
dated at ca. 2105-2116 Ma and ca. 1900-1950 Ma
(Bleeker and Chamberlain, in prep.). The former, which
we call the Blind River dykes, are part of the Marathon
large igneous province. The latter define a new event in
the southern Superior craton. Continental breakup
along the southern margin of the Superior craton only
occurred after most of these dyke swarms were
emplaced, making the entire Huronian Supergroup an
intra-continental rift and sag succession (Bleeker and
Ernst, 2006; Ernst and Bleeker, 2010) and not a long-
lived passive margin succession as commonly por-
trayed (e.g. Bennett et al., 1991; Young et al., 2001).

Trap dykes, a name we restrict to ~east-west-trend-
ing post-SIC dykes across the South Range, have a pre-
liminary zircon age of 1750 Ma. Having identified both
baddeleyite and zircon in these dykes, their U-Pb dat-
ing is in progress. They post-date most if not all of the
folding of Huronian strata (and SIC) across the South
Range and must be related to a post-Penokean rifting
event in the evolving margin of southeastern Laurentia.
Nevertheless, they are fully metamorphic and (stati-
cally) recrystallized. They are cut by a younger suite of
essentially undeformed felsite dykes that have a pre-
liminary age of 1766 £9 Ma.
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