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Abstract–The Offset Dikes of the 1.85 Ga Sudbury Igneous Complex (SIC) constitute a key topic in
understanding the chemical evolution of the impact melt, its mineralization, and the interplay between
melt migration and impact-induced deformation. The origin of the melt rocks in Offset Dikes as well
as mode and timing of their emplacement are still a matter of debate. Like many other offset dikes, the
Worthington is composed of an early emplaced texturally rather homogeneous quartz-diorite (QD)
phase at the dike margin, and an inclusion- and sulfide-rich quartz-diorite (IQD) phase emplaced later
and mostly in the centre of the dike. The chemical heterogeneity within and between QD and IQD is
mainly attributed to variable assimilation of host rocks at the base of the SIC, prior to emplacement
of the melt into the dike. Petrological data suggest that the parental magma of the Worthington Dike
mainly developed during the pre-liquidus temperature interval of the thermal evolution of the impact
melt sheet (>1200 °C). Based on thermal models of the cooling history of the SIC, the two-stage
emplacement of the Worthington Dike occurred likely thousands to about ten thousand years after
impact. Structural analysis indicates that an alignment of minerals and host rock fragments within the
Worthington Dike was caused by ductile deformation under greenschist-facies metamorphic
conditions rather than flow during melt emplacement. It is concluded that the Worthington Offset
Dike resulted from crater floor fracturing, possibly driven by late-stage isostatic readjustment of crust
underlying the impact structure.

INTRODUCTION

The relationship between impact-related rock
deformation and the emplacement of impact melt bodies is
one of the least understood processes associated with large
meteorite impacts. Due to its size and level of erosion, the
Paleoproterozoic Sudbury impact structure in the Canadian
Shield of Ontario is the only large terrestrial impact structure
that allows almost all types of impact-related melt systems to
be studied. Besides voluminous pseudotachylite bodies, the
most prominent melt system is the 1.85 Ga Sudbury Igneous
Complex (SIC) (Krogh et al. 1984) (Fig. 1a). The so-called
Main Mass of the SIC is a layered complex made up from
bottom to top of so-called norite, gabbro and granophyre
lithologies, collectively overlying the Sublayer (Fig. 1b). The
Main Mass is now widely accepted to be what remains of a
large impact melt sheet that was ponded in an impact basin
with a subhorizontal floor (Grieve et al. 1991; Deutsch et al.
1995). Around the Main Mass, there are radially and

concentrically arranged quartz-diorite dikes, which due to
their segmentation are known as Offset Dikes (Fig. 1b), and
are interpreted as part of the impact melt system (Stöffler et al.
1994; Deutsch et al. 1995).

The formation of Offset Dikes constitutes a key topic in
understanding the interplay between deformation associated
with crater formation and the migration of the impact melt of
the Sudbury impact structure. Based on structural and
geochemical evidence, various emplacement modes for the
Offset Dikes have been suggested that are either related to a
particular stage in cratering or to post-cratering deformation.
For example, models include injection of quartz-dioritic melt
into crater floor fractures during transient cavity formation
(Grant and Bite 1984; Lightfoot and Farrow 2002; Murphy
and Spray 2002) and melt injeion into rocks participating in
the formation of a central uplift structure (Wood and Spray
1998; Tuchscherer and Spray 2002). Both processes would
have occurred within minutes after impact (Melosh 1989). By
contrast, magnetic fabric studies of the Worthington and
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Fig. 1. a) Simplified map of the geological environment of the Sudbury impact structure (after Card et al. 1984). SRSZ: South Range Shear
Zone, GFTZ: Grenville Front Tectonic Zone, MF: Murray Fault. b) Simplified geological map of the Sudbury Igneous Complex and Offset
Dikes. Rectangles on the Worthington Dike indicate the localities (Loc. 1 and Loc. 2), where detailed petrological and structural studies were
conducted (see Figs. 2 and 4).
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Copper Cliff Offset Dikes seem to indicate that the respective
melts were emplaced in transfer fault zones separating
gravitationally collapsing wall segments during the
modification of the transient crater (Scott and Spray 1999,
2000: Scott and Benn 2002). Collectively, these modes of
dike formation likely require turbulent flow of quartz diorite
melt.

In contrast to short-term (“catastrophic”) modes of dike
formation, it has been suggested that emplacement of quartz-
dioritic melts on time scales on the order of tens to hundreds
of thousands of years resulted from crater floor fracturing
driven by isostatic readjustment of the crust (Wichmann and
Schultz 1993), post-impact cooling and contraction of host
target rocks below the Main Mass of the SIC (Riller 2005) and
tectonism following crater formation (Therriault et al. 2002).
These modes of dike formation most likely involved laminar
melt flow, during incremental opening of fractures in the
crater floor.

Uncertainty regarding the origin of the radial dike melts
is particularly evident from petrological studies. Although
most authors believe that the dikes represent a melt that was
injected from the Main Mass of the SIC downward into the
target rocks, i.e., the crater floor, it remains unclear at what
evolutionary stage of the SIC the quartz-diorite dikes formed.
Existing rival interpretations are for example: (1) the Offset
Dikes represent a melt that was geochemically equivalent to
the Main Mass of the SIC before it differentiated (Lightfoot
et al. 1997b; Lightfoot and Farrow 2002; Tuchscherer and
Spray 2002). (2) The dike melts derived from intermediate
stages of fractional crystallization (± contamination) of the
Main Mass of the SIC (Wood and Spray 1998; Prevec et al.
2000; Therriault et al. 2002), or (3) radial dikes including the
Sublayer sensu stricto (Fig. 1b) are closely related to an
endogenic intrusion that is younger than the granophyre (Chai
and Eckstrand 1993, 1994) and possibly younger than the
norite (Dressler et al. 1996).

In order to test the hypotheses of dike origin and
emplacement and to discern the effects of post-impact
deformation on primary mineral fabrics, the geometry and
pattern of mineral shape fabrics in several segments of the
Worthington dike and its host rocks were analyzed. Moreover,
new geochemical data from the Worthington dike were
acquired and aimed at identifying plausible mechanisms of its
differentiation and emplacement.

GEOLOGICAL SETTING

The generation of the Main Mass of the SIC and the
Sublayer has been attributed to magmatic differentiation prior
to its solidification (Grieve et al. 1991; Deutsch et al. 1995;
Dickin et al. 1999). The Main Mass is differentiated into a
lower noritic and upper granitic layer (the Granophyre),
separated by a rather heterogeneous gabbroic layer that is
mainly of quartz-gabbro composition (Naldrett and Hewins

1984). The Sublayer below the Norite layer is gabbroic to
noritic in composition, contains various ultramafic inclusions,
and hosts world-class Ni-Cu sulfide deposits. The elliptical
shape in plan view (Fig. 1), the dip of lower contacts at
surface (Rousell 1984) and the asymmetric deep structure
(Milkereit et al. 1992) of the layered SIC is a function of its
post-impact orogenic deformation (Shanks and Schwerdtner
1991; Cowan and Schwerdtner 1994; Riller et al. 1998; Riller
2005). Along with the overlying Onaping Formation, a
heterolithic impact melt breccia (Muir and Peredery 1984;
Stöffler et al. 1994), and post-impact sedimentary rocks, the
synformal Main Mass of the SIC forms the Sudbury Basin
(Brocoum and Dalziel 1974). At surface, the Basin is divided
into the North Range, the South Range and the East Range
(Fig. 1b), whereby the layered SIC varies in thickness from
between about 2 km in the North and East Ranges to about
2.5 km in the South Range. In the southern part of the SIC the
footwall rocks are metasedimentary and metavolcanic rocks
of the Paleoproterozoic Huronian Supergroup (Fig. 1b) which
itself was intruded by 2.3 to 2.4 Ga granitoid plutons and
2.2 Ga gabbroic sills (Nipissing intrusions, or locally called
Sudbury Gabbro; Ligthfoot et al. 1993). By contrast, the
North Range and much of the East Range of the SIC are
underlain by the 2.71 Ga granulite-facies metamorphic rocks
of the Levack Gneiss Complex (Krogh et al. 1984), which is
intruded by NW-trending mafic dikes of the 2.45 Ga
Matachewan dike swarm (Heaman 1997).

Embayments in the underlying host rocks host basal
Main Mass norite, as well as the Sublayer (e.g., Morrison
1984), which occurs as a discontinuous sheet beneath the
Main Mass norite (Fig. 1b). Offset Dikes emanate from these
embayments, suggesting that these are linear depressions at
the base of the Main Mass. The dikes intrude for up to about
30 km subradially into Proterozoic and Archean host rocks
(Grant and Bite 1984; Tuchscherer and Spray 2002).
Generally, the dikes vary in thickness between tens and
hundreds of meters but taper off away from the Main Mass of
the SIC. Northwest-striking dikes, e.g., the Copper Cliff and
the Foy (Fig. 1b), are curved at surface and are more affected
by apparent offsets than NE-striking dikes, such as the
Worthington, Whistle and Parkin, which are rather straight at
surface. Except for the Worthington Dike, which dips
between 60° and 80° toward the SE, the quartz-diorite dikes
are reported to be sub-vertical (Grant and Bite 1984). The
difference in overall structure of the dikes is attributed to
post-impact orogenic deformation (Riller 2005).

Offset Dikes are also arranged concentrically around the
lower contact of the Main Mass of the SIC (Fig. 1b). They
truncate, and are often found within zones of pseudotachylite,
notably in Paleoproterozoic target rocks, where dike margins
display little or no chilling and the host rocks are devoid of
thermal metamorphic effects (Grant and Bite 1984). The
South Range Breccia Belt (Spray 1997) is a spectacular
example of a several hundred meter wide concentric zone of
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pseudotachylite containing quartz-diorite, as well as having
once hosted the largest Ni-Cu sulfide ore deposits in the
world, the “Frood-Stobie” deposit.

Previous studies of the Worthington Offset Dike were
focussed on a 6 km long dike segment between the SIC, at
Victoria Mine, and the Totten Mine area (Grant and Bite
1984; Lightfoot and Farrow 2002). In this study, we have
investigated two localities that are more distal to the SIC than
the aforementioned dike segment. Locality 1 is located about
9 km and locality 2 about 16 km southwest of Victoria Mine
(Fig. 1b). Resource exploration companies removed the
vegetation at both localities to expose the dike lithologies
(Figs. 2 and 3a). 

Like most other offset dikes, the Worthington Offset
Dike is characterized by at least two distinct quartz-diorite
phases, which can be distinguished macroscopically by their
content of lithic fragments and sulfide inclusions. At the dike
margins, quartz-diorite (QD) is fine- to medium-grained and
generally devoid of any inclusions, although some local host
rock fragments may occur (Lightfoot and Farrow 2002). A
chilled margin between the QD and the host rock is frequently
developed. The QD is intruded by a second phase of
inclusion-rich quartz-diorite (IQD), containing inclusions of
QD, host rock and abundant sulfides (Figs. 3a and 3b).

The host rocks of the Worthington dike are quartz-rich
metasedimentary rocks (both localities) and Sudbury Gabbro
(locality 1, Fig. 2). Structural and petrographic analyses have
been conducted at both localities, whereas samples for
chemical studies were taken from locality 1 only. Most of the
samples were taken from drill hole WWN-003, which dips N
at 48° and intersects the dike at a depth of about 220 m below
surface (Fig. 2). At this depth, the dike is in contact with
metasedimentary rocks on both sides, whereas at surface it is
in contact with Sudbury Gabbro in the NW. One sample
(LH05-14) of the chilled margin was taken from the surface
where the dike is in contact with a pseudotachylite (Fig. 2)
that contains abundant gabbro clasts.

MINERAL FABRICS OF THE WORTHINGTON DIKE

In the south, much of the SIC, its Huronian host rocks,
post-impact sedimentary rocks, pseudotachylite and Offset
Dikes, were affected by orogenic deformation under
greenschist-facies and, locally, lower amphibolite-facies
metamorphic conditions (Card 1978; Thomson et al. 1985;
Fleet et al. 1987; Riller and Schwerdtner 1997; Riller 2005).
This has led to the development of mesoscopic planar and
linear metamorphic mineral fabrics in these rocks, which are
generally attributed to the Paleoproterozoic Penokean
orogeny (e.g., Sims et al. 1989). In the Sudbury area, the
intensity and metamorphic grade of these fabrics decrease
generally towards the north. Planar mineral fabrics strike east
to northeast and are either subvertical or dip moderately to
steeply southward (Riller and Schwerdtner 1997; Cowan
et al. 1999).

Based on the analysis of magnetic fabrics of the Copper
Cliff Dike and the South Range Breccia Belt, Scott and Benn
(2002) and Scott and Spray (1999, 2000) considered Offset
Dikes and concentric dikes (i.e., the Frood Stobie) as impact
melt-filled discontinuities separating crater wall segments, as
they collapsed into the impact melt pool. The direction of
injection of impact melt was inferred from subvertical
magnetic lineations in the quartz-diorite dike rocks. Moreover,
the concordance of planar magnetic fabrics to the generally
ENE-striking, sub-vertical margins of the South Range Breccia
Belt were attributed to melt flow confined by the dike margins.
Thus, magnetic fabrics were interpreted to represent primary
fabrics acquired during emplacement of impact melts.

In order to find out whether magnetic fabrics do indeed
adhere to E-W trending primary petrofabrics in the South
Range SIC, the geometry and type of mineral fabrics was
assessed in sections of the Worthington dike (Figs. 4 and 5).
Due to the rather strong influence of the Earth’s magnetic
field by the high sulfide content, measurement of fabric
orientation using a geological compass in the central portions
of the Worthington Dike turned out to be inaccurate.
Therefore, the orientation of the long axes of elliptical host
rock fragments at surface was used to identify the strike of
prominent fabrics and correlated with fabric measurements at
the dike margins in quartz diorite and in host rocks (Fig. 4).
Petrographic analysis of individual fragments and the quartz-
diorite matrix constrained the type of mineral fabrics
delineated by the alignment of host rock fragments.

Orientation analysis of elliptical host rock fragments was
conducted on a total of five dike segments, each of which
constitutes an array of several 1 m × 1 m digital photos
assembled into a single photo mosaic (Figs. 4 and 5). The
outlines of hundreds of elliptical host rock fragments were
digitized and trajectories of their long axes at surface constructed
manually on the photo mosaics. The strike of the long axis
trajectories corresponds well to the strike of inclined
metamorphic foliation surfaces measured at the dike margins
in quartz diorite and host rocks (Figs. 4 and 5). Moreover, the
metamorphic foliation in the dike strikes generally E-W, i.e.,
at high angles to its margins, suggesting that alignment of
fragments was accomplished by ductile deformation.

This is corroborated by hand samples cut concordant to
the principal planes of ellipsoidal host rock fragments. More
specifically, the maximum elongation of metamorphic
mineral fabrics is co-linear to that of individual host-rock
fragments (Fig. 3c); in places, this is also evident in the
outcrop (Figs. 3b and 5). The mineral fabrics in host rock
fragments and the quartz-diorite matrix are generally
characterized by the shape-preferred orientation of kinked
biotite, often transformed into chlorite, and elongate,
dynamically recrystallized quartz (Fig. 3c). Collectively,
these micro-structural and mineralogical characteristics
indicate that mineral fabrics developed under greenschist-
facies metamorphic conditions. 

At the dike margins, strata of metasedimentary host rocks
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are folded on the meter-scale, whereby the metamorphic
foliation is axial planar to the folds and concordant with the
dike margins (Figs. 3d and 4). By contrast, dike contacts are
straight, i.e., undeformed. This points to a contact strain effect
during solid-state deformation of both lithologies, in which the
dike was mechanically more competent than the hosting
metasedimentary strata. The sum of the structural observations
suggests that pervasive ductile deformation under greenschist-
facies metamorphic conditions affected the studied sections of
the Worthington dike. This corroborates other petrographic and
structural studies documenting evidence for a pervasive
greenschist-metamorphic overprint of post-impact lithologies
in the South Range, notably offset dikes and pseudotachylitic
rocks (summary in Riller 2005). The documented metamorphic
overprint of these lithologies is at variance with the
interpretation of magnetic fabrics as primary fabrics formed by
flow of quartz-diorite melt in Offset Dikes in Huronian rocks
underlying the South Range SIC (Scott and Spray 1999).

GEOCHEMICAL ANALYSES

Analytical Methods

A scanning electron microscope JEOL JSM 6300 was
used for imaging and qualitative analyses of minerals, using a
Röntec energy dispersive analytical system and Quantax
software. Electron microprobe analyses were performed on a

Jeol JXA-8800 at the Humboldt Universität, Berlin, and a
JEOL JXA-8200 at the Freie Universität, Berlin. Both
microprobes operated at 15 kV and 15 nA. Analyses were
calibrated using Smithsonian international mineral standards.
Counting times were 20 s on peak and 10 s on background.
The reproducibility of test measurements on a plagioclase
standard was generally much better than 3% (one sigma),
except for values close to the detection limit, where the
reproducibility may be reduced to about 10%.

For whole rock analyses, between about 0.5 and 1 kg of
each sample was passed through a jaw crusher. An aliquot of
about 60 g sample material was pulverized with an agate
mill. Major and some trace element analyses were carried out
by X-ray fluorescence spectroscopy (XRF) with a Siemens
SRS 3000 on glass disks. For the disks, 0.6 g of pulverized
sample material, which was dried for four hours at 105 °C,
3.6 g of Di-lithiumtetraborate (BRA A10 Specflux) and,
depending on the oxidation grade of the sample,
approximately 0.5–2.0 g NH4NO3 for the oxidation of the
sample material were used. Glass disks were produced using
Pt/Au-crucibles (950/50) on an Oxiflux burner chain. For
measurement and data analysis, a modified Geoquant
program (Siemens) based on international rock standards and
internal standards was used. For details, see Schmitt et al.
(2004). The detection limits for major elements are listed in
Table 2. For trace elements they are 30 ppm for Ba and Cu,
and 15 ppm for Ce, Co, Cr, Ni, Pb, Rb, Sr, V, Zn, and Zr, and

Fig. 2. Simplified geological map of the Worthington Dike at locality 1 (for location see Fig. 1b). The trace of the sampled drill core WWN-
003 is projected onto the surface. Location of sample LH-14a from the dike margin is indicated. Geographic coordinates are given in UTM
(WGS 84).
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10 ppm for Y, Nb, Mo, Th, and U. The standard errors are
0.5 wt% for SiO2, 0.1 wt% for Al2O3 and SO3, 0.05 wt% for
Fe2O3, MgO, CaO, Na2O and K2O, 0.01 wt% for TiO2,
MnO and P2O5, 30 ppm for Ba and 5 ppm for the other trace
elements. For loss on ignition (LOI) about 1 g of pulverized
sample material, dried for four hours at 105 °C, was heated
in porcelain crucibles for four hours at 1000 °C. LOI was
calculated using the weight difference, before and after
heating.

Most samples were additionally analyzed for rare earth
and other trace element contents by ICP-MS (see table Table
2), at Analytical Chemistry and Testing Services (ALS
Chemex, Vancouver, Canada). For ICP-MS analysis about
200 mg sample powder is fused with 900 mg lithium
metaborate at 1000 °C in an automated fashion using a
Claisse-type fluxer. The glass disks are subsequently
dissolved in 100 ml of 4% nitric acid. Calibration is
performed by using international standards. The precision of
trace element measurements is better than ±10% of the mean
value at a concentration 200 times the detection limit. The
detection limits are given in Table 2.

Petrography and Mineral Chemistry

The quartz dioritic rocks are mainly composed of
plagioclase, quartz, amphibole and biotite. Minor minerals
are K-feldspar and epidote-group minerals. K-feldspar is
found mainly in granophyric intergrowth with quartz. Apart
from an average smaller matrix grain size (Figs. 6b and 6c),
the IQD differs from the QD by the content in mafic host rock
fragments (Fig. 3b), which can be observed in thin sections
down to the millimeter scale (Fig. 6c). In places, aggregates
or clusters of amphibole and biotite can hardly be
distinguished from small disrupted mafic xenoliths, generally
made up of amphibolite or metagabbro.

Amphibole occurs in two variants; (1) subhedral to euhedral
hornblende, which may display an actinolitic core and (2)
hornblende that is locally replaced or overgrown by columnar
actinolite or actinolitic hornblende. Biotite is often intergrown
with amphibole (Fig. 6e). At the chilled margin of the QD, biotite
is the dominant mafic mineral. At the contact with the host rock,
amphibole may be absent (sample W3-2d, Figs. 6a and 6d).
Biotite is mostly fresh but may locally be altered to chlorite. 

Fig. 3. Structural characteristics of the Worthington Dike (locality 2). a) Photo showing the zonation of the Worthington Dike. Note the rusty,
highly mineralized central portion of the dike, which represents the inclusion-rich quartz-diorite (IQD). b) Photo showing mingled quartz-
diorite phases in the central portion of the dike. Note the co-linearity of maximum diameters of sub-rounded host rock fragments and preferred
mineral orientation delineated best by mafic minerals. c) Thin section displaying the co-linearity of metamorphic minerals and the long axis
of a stretched host rock fragment. d) Photo showing folded metasedimentary strata (MS) at the straight contact (stippled line) to the quartz-
diorite dike (QD) interpreted as a contact-strain effect.
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Plagioclase is present also in two variants (Fig. 6f ).
Plagioclase 1 is subhedral to euhedral and generally displays
continuous zonation from labradorite, in the core, to andesine,
at the rim (Fig. 7). Plagioclase 1 is either overgrown or
partially replaced by plagioclase 2, i.e., oligoclase.
Replacement of plagioclase 1 by plagioclase 2 is particularly
evident at margins, along fractures, or in cleavage planes
(Fig. 6f). Representative microprobe analyses of plagioclase 1
and 2 (Table 1) demonstrate that there is no significant

difference in plagioclase composition between IQD in the
dike center, QD at the dike margin, and chilled dike margins.
Plagioclase 1 is locally altered to sericite and epidote-group
minerals, preferentially in anorthite-rich cores.

Minerals of the epidote group are ubiquitous in quartz
diorite. They encompass zoned allanite, epidote with variable
Fe-contents and clinzoisite/zoisite. Subhedral to euhedral
epidote, with decreasing Fe-content from core to rim, is
common. Titanite, apatite and zircon are common
accessories. Apatite is columnar to acicular (Fig. 6e). Titanite
forms either individual grains or grain aggregates. Zircon is
often strongly fractured, pulled apart and displays marginal
embayments that point to dissolution or resorption (Fig. 6g).
The resorbed portions are overgrown by non-fractured major
mineral phases such as quartz, feldspar or amphibole. Relics
of zircon showing primary growth zonation seem to have
formed prior to fracturing and alteration (Fig. 6g). Qualitative
EDX analyses by SEM indicate a Ca-enrichment in most
altered zones in zircon. Pyrrhotite, pentlandite, and
chalcopyrite are the most abundant sulfide minerals.

Whole Rock Chemistry

A total of 17 samples for whole rock chemical analysis
that include 11 quartz diorite (7 QD and 4 IQD samples) and
6 host rock samples were taken mostly from drill core
WWN003 at locality 1 to avoid effects of surface weathering
(Table 2). The chemical compositions of QD and IQD
samples vary in the drill core profile (Fig. 8), whereby the
variation of most element concentrations (Table 3) overlap
with the compositional ranges of the respective Worthington
quartz diorite phases (Lightfoot et al. 1997a,b; Lightfoot and
Farrow 2002). On average, the QD and IQD samples are
slightly more siliceous and less mafic (i.e., lower Mg and Fe
contents). QD samples are lower in Zr and HREE than
previously published data (Table 3). 

There are also some more pronounced compositional
differences between our QD and IQD samples. Contents in
MgO and Cr are lower and SiO2 is slightly higher in IQD than
in QD (Figs. 8, 9 and Table 3). Moreover, the IQD samples
have higher average concentrations of the lithophile high field
strength elements (HFSE) including the rare earth elements
(REE), Zr, Hf, Th, U, Y, Nb, and Ta (Fig. 10, Table 3). This
indicates that the QD is either less fractionated or relatively
enriched in a more mafic component (e.g., high in Mg, Cr, Fe,
and low in Si, HFSE), compared to the IQD. This general
compositional difference between QD and IQD is also
indicated by averages of published data for Si, Fe, Mg, Cr, Zr,
and Th although the general compositional overlap between
QD and IQD is much higher (Table 3).

The most pronounced compositional difference among
Offset Dikes occurs between those of the North Range and
those of the South Range. Offset Dikes of the South Range
have higher TiO2 and lower Sr and Ce/Yb ratios (Lightfoot

Fig. 4. Simplified structural maps of (a) location 1 and (b) location 2
of the Worthington Offset Dike showing locations of dike sections
and respective photo mosaics with trajectories delineating the
preferred orientation of host rock fragments. Note the co-linearity in
the strike of the trajectories and measured metamorphic foliation
surfaces at the dike margin. The NE corner of section A has the UTM
(WGS 84) coordinates: N17 5133909, E 459891; the SE corner of
section D has the UTM (WGS 84) coordinates: N17 5133474, E
457564.
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et al. 1997a, 1997b). The compositional differences are most
apparent from the ratio of light to heavy REE (LREE/HREE)
with Ce/Yb at 43 ±14 and 25 ± 5, respectively (Fig. 11, for
source of data see numbers 10 and 11 at Fig. 9). The chemical
distinction between Offset Dikes is similar to those of the
North and South Range Sublayer, although in general the Offset
Dikes are much more homogeneous compared to the Sublayer
(Lightfoot et al. 1997b). This chemical distinction between
North and South Range Offset Dikes and Sublayer has been
attributed to assimilation of host rocks, which differ between

the North and South Ranges (Lightfoot et al. 1997b; Prevec
et al. 2000). In the South Range, host rocks are composed of
Paleoproterozoic rocks of the Huronian Supergroup, whereas
in the North Range they are made up mostly of Archean
metagranitoid rocks. This may well explain the difference in
Ce/Yb ratios as Archean metagranitoid rocks have much
higher LREE/HREE ratios than those of the Huronian rocks
(Fig. 11) and agrees with the general compositional difference
between Archean and post-Archean crust (Martin 1993). Apart
from some values, QD and IQD samples display Ce/Yb ratios

Fig. 5. Photo mosaic close-up of (a) section C at locality 1 and (b) section D at locality 2 showing the preferred orientation of host rock
fragments and respective trajectories of their long axes at surface.
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typical for South Range Offset Dikes (Fig. 11, Tables 2 and 3).
The QD sample at the drill core depth of 278.22 m

(sample W3-2d) is located at the contact with
metasedimentary host rocks. This sample differs from other
QD samples and is relatively enriched in K2O, Rb, and Cs, but
depleted in CaO and Sr (Fig. 8, Table 2). This is likely due to
the mobilization of these elements at the contact, which lead
to transformation of amphibole into biotite. Similarly,
samples from metasedimentary host rocks are also enriched in
K2O, Rb, and Cs (Fig. 8) and are characterized by biotite
growth.

DISCUSSION

Mechanisms of Dike Differentiation

Our study shows that the Worthington Offset Dike is
characterized by compositional differences between QD and
IQD, apparent as chemical zoning of the dike. Chemical
zoning has also been recognized for other Offset Dikes and
attributed to (1) flow differentiation (Grant and Bite 1984;
Prevec et al. 2000), (2) multiple injection of melt either during
the differentiation of the Main Mass of the SIC and Sublayer

Fig. 6. Thin section and scanning electron microscope (SEM) images of the Worthington quartz-diorite dike. Thin section scans are shown for
a) QD sample W3-2d, b) QD sample W3-3c, and c) IQD sample W3-6b. d) Thin section image of sample W3-2d showing abundant biotite.
e) Thin section image of QD sample W3-4b showing zoned amphibole (green) inter-grown with biotite (brown). Acicular apatite (ap) is shown
in the lower left corner of the image. f) SEM back scattered electron (BSE) image of IQD sample W3-5b displaying primary plagioclase (plg 1)
overgrown and partly replaced by sub-solidus plagioclase (plg 2). g) BSE image of a zircon (QD sample W3-7d) displaying zonation,
fracturing, and resorption textures. Figures (a) to (e) are in plane-polarized light.
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(Golightly 1994) or prior to magmatic differentiation of the
Main Mass (e.g., Lightfoot and Farrow 2002; Tuchscherer
and Spray 2002), (3) local contamination of quartz-diorite
melt with host rocks (Grant and Bite 1984; Ostermann et al.
1995) or (4) late magmatic (deuteric) alteration (Grant and
Bite 1984; Deutsch 1994; Corfu and Lightfoot 1996;
Therriault et al. 2002). In order to assess these mechanisms,
we discuss individual processes of differentiation for the
Worthington Dike.

Fractionation by Crystal-Melt Separation 
Chemical fractionation of magmatic dikes from the margin

towards the centre may occur as a combined process of flow
differentiation and side-wall crystallization (Sawka et al. 1990;
Caroff and Cotton 2004). Textures of the Worthington Dike
indicate that plagioclase was among the first major mineral
phases to crystallize. If crystal-melt fractionation was an
important process during emplacement of quartz-diorite melt,
plagioclase crystallizing from more evolved melts in the dike
centre should be characterized by lower An-contents. However,
there is little chemical difference between QD and IQD
plagioclase. In fact, both display similar zonation patterns
(Table 1).

Similarly, the concentration of Zr and Hf cannot be
attributed to the fractionation of major minerals, as zircon is

present in all dike samples. Strong fracturing and corrosion of
zircons suggest that zircon constitutes mineral fragments from
shocked host rock that were partially resorbed by the superheated
impact melt. During crystallization of the dike, fractionation of
inherited or newly formed zircon should have reduced Zr and Hf
concentrations in the more evolved melts, i.e., in the dike centre.
However, the opposite is observed (Figs. 8 and 10).

Fractionation by melt flow should lead to an increase in
dike differentiation with distance from the source. Such along-
strike chemical zoning is not observed from the Worthington
or other offset dikes. Chemical zoning transverse to dike
margins, although subtle, seems to be more pronounced than
along strike of dikes (Lightfoot et al. 1997b). Thus, crystal-
melt fractionation is not regarded as an important agent for
chemical fractionation in the Worthington Dike.

In Situ Assimilation of Host Rock
The presence of chilled margins at the Worthington Dike

indicates a large temperature difference between host rocks
affected by low-grade regional metamorphism and the dike
melt. Immediate cooling and crystallization of the dike
margin inevitably hampered, if not prevented, significant
in situ assimilation of host rock (Lightfoot and Farrow 2002).
This is corroborated by Lightfoot et al. (1997a) who in
contrast to Grant and Bite (1984), did not observe a chemical
variation in Offset Dikes, including the Worthington
(Lightfoot and Farrow 2002), with host rocks. 

If compositional zoning of the Worthington Dike was due
to assimilation of host rock, dike margins should be more
enriched in host rock material than the dike centre. Host rock
fragments, although observed (Lightfoot and Farrow 2002),
are rare in QD. This holds also for quartz-feldspar veins in
quartz-rich metasedimentary rocks at the dike margin in drill
core WWN03, which may well have formed from partial
melting, and for schlieren of metasedimentary rocks in the QD.
Furthermore, MgO and SiO2 contents in QD should be
intermediate between those of IQD and metasedimentary host
rocks, the most common ones at this locality, rather than
respectively higher and lower (Fig. 8), if assimilation of host
rocks or their leucocratic partial melts was important. Finally,
chemical shifts pointing to diffusion processes between dike
and host rock are spatially restricted to the interface of the dike
with the host rock and occurred likely under sub-solidus
conditions (see below). The sum of these observations
indicates that assimilation of local host rock material is unlikely
to have caused major chemical differentiation of the dike.

Assimilation of Host Rock Prior to Dike Emplacement
Petrographical, chemical and isotopic heterogeneity of

Offset Dikes and Sublayer is often attributed to assimilation
of variable host rock types by the superheated melt sheet
(Pattison 1979; Deutsch et al. 1995; Lightfoot et al. 1997b;
Prevec 2000; Prevec et al. 2000; Prevec and Cawthorn 2002).
In particular, Offset Dikes and Sublayer show the same
chemical differences between the South Range and North

Fig. 7. a) SEM back scattered electron image of a primary plagioclase
(plg 1) overgrown by sub-solidus plagioclase (plg 2). b) Microprobe
analysis of CaO, FeO, and K2O (in wt.%) of plagioclase 1 and
plagioclase 2 along the profile indicated in (a). Representative
analyses of this profile are given in Table 1.
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Range SIC (Lightfoot et al. 1997b; Prevec et al. 2000).
Compositional heterogeneity, however, is more pronounced
in the Sublayer than in Offset Dikes. This led Lightfoot et al.
(1997b) to conclude that the Sublayer and Offset Dikes are
not derived from the same parental magma, unless their
evolution was different with respect to differentiation and/or
assimilation. 

If compositional heterogeneity between individual Offset
Dikes is due to assimilation of host rocks at the base of the
superheated impact melt sheet, it will depend on composition
and volume of assimilated host rock types as well as on
convection in the melt sheet. The composition of assimilated
host rock may also change as a function of temperature and
may thus range from complete host rock assimilation to
assimilation of partial melts. Consequently, melts in Offset
Dikes removed intermittently from the base of the impact
melt sheet may record stages of impact melt evolution.

As pointed out previously, there is a distinct
compositional difference between the QD and IQD of the
Worthington Dike that cannot be attributed to in situ
assimilation. Therefore, this difference resulted likely from
the evolution of the superheated basal melt sheet, controlled
by variable degrees of host-rock assimilation. The
compositional variation is most evident from the contents of
incompatible HFSE (e.g., REE, Zr, Th, Ta), MgO and Cr, and

is largest between the Archean gneisses and granitoid rocks of
the North Range and Huronian mafic metavolcanic rocks
underlying the South Range SIC (Figs. 9 to 11). Thus, the
compositional shift from QD towards IQD may well reflect
variable degrees of assimilation of different host rock types
and may be accounted for by the following three scenarios:

In the first scenario, an initial melt composition is
assumed that is close to that of IQD, and QD was
contaminated with a mafic host rock, i.e., enriched in MgO
and Cr, but depleted in incompatible HFSE such as REE, Zr
and Th. Convection may have caused the more mafic lower
portion of the impact melt sheet that fed the QD to mix locally
with the overlying and less mafic portion of the melt pool.
Such mixing shifted locally the composition of the mafic
lower portion of the melt sheet towards the initial melt
composition. Thus, IQD would have been less mafic than QD,
although QD was emplaced first. 

In the second scenario, the initial melt composition is
assumed to be similar to the average QD, whereby IQD was
contaminated with a less mafic and HFSE-rich host rock
compared to the average QD. In fact, there is evidence for
contamination of the IQD with leucocratic rock material in
sample W3-6a (Table 2), which displays the highest contents in
HFSE and SiO2 and lowest MgO and Cr concentrations. This
sample contains a narrow zone of feldspar and quartz-rich

Table 1. Representative microprobe analysis of plagioclase from Worthington quartz diorite dike.
Sample 
Rock
Analysis no. 
Mineral

W3-2d
QD(ch) 
18 
Plg1 
core

W3-2d 
QD(ch) 
23 
Plg1 
rim

W3-2d 
QD(ch) 
25 
Plg2

W3-3c 
QD 
62 
Plg1 
core

W3-3c 
QD 
51 
Plg1 
rim

W3-3c 
QD 
48 
Plg2

W3-5b 
IQD 
145 
Plg1 
core

W3-5b 
IQD 
144 
Plg1 
rim

W3-5b 
IQD 
194 
Plg2

SiO2 (wt%) 54.44 56.52 63.01 53.53 56.68 62.99 52.98 56.06 62.09
TiO2 <0.01 0.06 <0.01 0.06 0.04 0.03 0.04 0.03 <0.01
Al2 O3 29.32 27.85 23.72 29.59 27.91 23.71 29.47 27.47 23.64
FeOtot 0.40 0.25 0.04 0.72 0.15 0.12 0.68 0.14 0.14
MnO <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.02
MgO 0.05 0.04 <0.01 0.07 <0.01 <0.01 0.03 0.01 <0.01
CaO 11.29 9.50 4.67 11.57 9.02 4.20 11.49 9.55 4.95
Na2O 5.10 5.75 8.87 4.43 5.77 8.13 4.20 5.83 8.27
K2O 0.15 0.13 0.08 0.17 0.07 0.08 0.22 0.07 0.08
Total 100.75 100.10 100.40 100.14 99.64 99.26 99.11 99.17 99.19

Si 9.772 10.134 11.099 9.679 10.178 11.168 9.673 10.146 11.070
Al 6.198 5.880 4.921 6.301 5.902 4.951 6.337 5.855 4.963
Ti 0.000 0.008 0.000 0.008 0.005 0.004 0.005 0.004 0.000
Fe 0.060 0.037 0.006 0.109 0.023 0.018 0.104 0.021 0.021
Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.003
Mg 0.013 0.011 0.000 0.019 0.000 0.000 0.008 0.003 0.000
Ca 2.171 1.825 0.881 2.241 1.735 0.798 2.248 1.852 0.946
Na 1.775 1.999 3.030 1.553 2.009 2.795 1.487 2.046 2.859
K 0.034 0.030 0.018 0.039 0.016 0.018 0.051 0.016 0.018
Cations 20.023 19.924 19.956 19.949 19.868 19.752 19.913 19.945 19.880

Ab 44.6 51.9 77.1 40.5 53.4 77.4 39.3 52.3 74.8
An 54.5 47.4 22.4 58.5 46.1 22.1 59.4 47.3 24.7
Or 0.9 0.8 0.5 1.0 0.4 0.5 1.3 0.4 0.5
QD = quartz-diorite, IQD = inclusion-rich quartz-diorite, (ch) = chilled margin, Plg1 = primary plagioclase, Plg2 = subsolidus plagioclase.
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aggregates that is transitional to the IQD matrix and may
represent a remnant of an assimilated leucocratic host rock
fragment.

Finally, a two-stage scenario that can be regarded as a
combination of the first and the second one is also
conceivable. During the first stage, the initial melt, that was to

become QD, was contaminated with variable host rock
lithologies, including mafic ones, causing the melt to become
more mafic as a consequence. At some point during cooling,
however, the capacity of the impact melt sheet to assimilate
mafic rock ceased, thus initiating the second stage that
produced IQD. During this stage, mafic host rock fragments

Table 2. Whole rock analysis from drill hole WWN-003.
Sample 
Rock type 
Depth (m) D.L.

W3-2d QD 
278.22

W3-3c 
QD 
282.83

W3-4b 
QD 
284.59

W3-7c 
QD 
303.30

W3-7d-2 
QD 
303.51

W3-8b 
QD 
306.06

SiO2 (wt%) 1 58.6 57.4 58.1 56.9 60.8 57.5
Al2O3 0.5 15.1 15.8 15.0 15.0 13.6 14.5
Fe2O3tot 0.05 8.97 8.72 9.09 8.99 9.22 8.90
MgO 0.01 4.28 4.36 4.04 4.66 4.15 4.36
MnO 0.01 0.10 0.12 0.12 0.12 0.11 0.13
CaO 0.01 3.84 5.87 5.49 5.52 4.61 7.29
Na2O 0.01 2.20 2.71 2.76 2.71 2.88 2.88
K2O 0.01 3.88 2.56 2.52 3.00 1.87 1.84
TiO2 0.01 0.80 0.81 0.85 0.81 0.49 0.92
P2O5 0.01 0.15 0.13 0.14 0.15 0.07 0.16
LOI 0.1 1.3 0.9 1.5 1.8 1.9 0.9
Total 99.32 99.38 99.71 99.66 99.90 99.38

V (ppm) 5 161 172 166 150 117 172
Cr 10 150 180 160 200 150 160
Co 0.5 30.1 29.0 35.2 30.4 79.6 28.9
Ni 5 71 59 197 90 344 63
Cu 5 57 44 201 58 811 41
Zn 5 106 97 96 95 110 94
Ga 0.1 20.0 19.4 18.9 18.3 15.2 18.0
Rb 0.2 163 101 100 96 65 65
Sr 0.1 266 313 291 273 258 291
Y 0.5 21.4 25.8 24.6 21.8 13.9 25.8
Zr 0.5 181 175 128 148 189 99
Nb 0.2 10.5 12.1 11.6 10.5 5.4 11.6
Mo 2 <2 <2 2 2 2 <2
Cs 0.01 7.67 5.04 4.31 0.76 2.34 1.88
Ba 0.5 602 493 521 525 384 389
La 0.5 34.3 35.5 31.8 28.0 30.7 31.3
Ce 0.5 67.7 0.8 66.7 58.6 58.3 66.7
Pr 0.03 7.73 8.09 7.68 6.78 6.08 7.81
Nd 0.1 28.3 30.0 29.2 25.4 20.7 29.6
Sm 0.03 5.23 5.56 5.76 4.80 3.64 5.73
Eu 0.03 1.43 1.46 1.33 1.17 1.11 1.58
Gd 0.05 0.73 0.82 0.78 0.70 0.49 0.85
Tb 0.01 5.16 5.72 5.45 4.89 3.69 5.82
Dy 0.05 4.04 4.88 4.72 4.02 2.70 4.75
Ho 0.01 0.86 1.03 0.96 0.87 0.55 1.04
Er 0.03 2.38 2.98 2.74 2.44 1.54 2.93
Tm 0.01 0.36 0.43 0.41 0.37 0.24 0.44
Yb 0.03 2.18 2.63 2.50 2.34 1.43 2.64
Lu 0.01 0.33 0.43 0.38 0.37 0.24 0.42
Hf 0.2 4.2 4.5 3.6 3.8 4.5 4.3
Ta 0.1 0.6 0.7 0.7 0.6 0.4 0.6
Pb 5 99 92 95 40 45 42
Th 0.05 8.8 8.5 8.7 7.1 11.9 8.4
U 0.05 2.2 2.2 2.3 1.8 2.9 2.0

Ce/Yb 31.1 26.9 26.7 25.0 40.8 25.3
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may have been entrained in the melt without being
assimilated to a large degree. Elliptical shapes of mafic
fragments in IQD may be evidence for incomplete
assimilation, i.e., thermal corrosion that affected only
fragment margins. Felsic host rocks with their lower liquidus

temperature may, at this stage, still have been assimilated,
thus generating even less mafic IQD compared to QD. We
regard this scenario, in which QD and IQD compositions
depend largely on the cooling rate of, and rock types in
contact with, the melt sheet, as the most plausible one.

Table 2. Continued. Whole rock analysis from drill hole WWN-003.
Sample
Rock type 
Depth (m)

LH-14a*
QD
–

W3-4c 
IQD 
284.80

W3-5b 
IQD 
289.94

W3-6a 
IQD 
296.14

W3-6b 
IQD 
296.36

W3-1a-1 
MS 
277.39

W3-1a-2# 
MS 
277.45

SiO2 (wt%) 56.4 58.1 58.8 63.7 61.2 85.0 78.9
Al2O3 15.4 14.9 14.6 13.8 14.4 8.4 10.2
Fe2O3tot 9.02 9.28 9.46 7.91 8.64 0.82 2.49
MgO 4.42 3.88 3.87 2.67 3.33 0.52 1.46
MnO 0.13 0.12 0.12 0.09 0.11 0.01 0.03
CaO 6.47 5.66 5.77 4.35 5.22 0.79 1.52
Na2O 2.80 2.71 2.64 2.88 2.74 3.03 2.97
K2O 1.62 2.36 2.28 2.13 2.23 0.77 1.29
TiO2 0.85 0.90 0.91 0.70 0.84 0.14 0.21
P2O5 0.16 0.14 0.16 0.11 0.14 0.00 0.02
LOI 2.4 1.7 1.1 0.7 0.9 0.1 0.5
Total 99.67 99.85 99.81 99.24 99.85 99.58 99.59

V (ppm) 152 173 160 115 129 20 49
Cr 180 130 130 80 100 40 66
Co 32.0 35.4 33.7 38.6 27.5 4 <15
Ni 79 204 202 440 180 13 17
Cu 54 160 241 305 195 28 <30
Zn 102 94 100 81 81 61 36
Ga 20.0 19.4 19 19 16.5 7.4 –
Rb 53 95 98 92 82 19 61
Sr 301 283 262 275 242 118 231
Y 23.3 26.4 26.4 28.6 24.5 9.3 <10
Zr 115 170 185 227 203 47 60
Nb 12.5 11.9 11.8 12.8 11.1 2.5 <10
Mo <2 <2 <2 2 2 <2 <10
Cs 1.58 3.92 4.28 4.13 3.62 0.28 –
Ba 443 487 449 462 420 209 167
La 22.2 34.2 36.0 41.6 34.5 16.0 –
Ce 50.0 70.1 73.9 87.0 71.4 31.3 36
Pr 6.11 8.04 8.47 9.76 8.23 3.59 –
Nd 24.3 30.0 31.4 35.3 30.0 13.4 –
Sm 5.22 5.67 5.93 6.57 5.79 2.41 –
Eu 1.56 1.44 1.44 1.35 1.28 0.46 –
Gd 0.75 0.83 0.85 0.91 0.79 0.33 –
Tb 5.21 5.89 6.08 6.52 5.56 2.38 –
Dy 4.39 4.94 5.02 5.42 4.72 1.71 –
Ho 0.92 1.04 1.06 1.08 0.99 0.34 –
Er 2.54 2.99 3.09 3.13 2.75 0.91 –
Tm 0.37 0.46 0.44 0.47 0.41 0.12 –
Yb 2.31 2.79 2.85 2.88 2.53 0.7 –
Lu 0.34 0.43 0.44 0.44 0.4 0.11
Hf 3.0 4.4 4.8 5.8 4.9 1.2 –
Ta 0.7 0.8 0.7 0.9 0.7 0.2 –
Pb 13 10 15 28 26 74 <15
Th 5.4 9.6 9.5 13.8 10.4 2.0 <10
U 1.6 2.5 2.6 3.7 2.8 0.9 <10

Ce/Yb 21.6 25.1 25.9 30.2 28.2 44.7 –
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Subsolidus Alteration and Metamorphism 
QD and IQD were affected by subsolidus alteration and/

or prograde metamorphism to upper greenschist and lower
amphibolite facies (Thomson et al. 1985; Fleet et al. 1987).
This is well demonstrated by the presence of epidote-group
minerals and plagioclase 2 overgrowing or replacing
plagioclase 1 (Figs. 6f and 7). Amphibole and biotite have
likely replaced pyroxene. Fleet et al. (1987) noted that,
although pyroxene in the dikes can be completely replaced
by amphibole, plagioclase may not deviate from its primary
magmatic composition. Chlorite replacing biotite, and
sericite and/or epidote locally replacing plagioclase 1, are
products of alteration at lower greenschist-facies
metamorphic conditions. The pervasive presence of biotite at
dike margins (e.g., sample W3-2d) is likely due to subsolidus
alteration of amphibole during post-magmatic
metamorphism enhanced by fluid flow and mass transfer of
mobile elements such as K, Rb and Cs. Formation of
actinolite and epidote, as well as alteration of biotite to
chlorite, is also more evident in zones of strong post-
magmatic deformation of the dike (Fig. 3c). Although
subsolidus mineral transformation may not have significantly
contributed to chemical zoning of the Worthington Dike, the
more mobile elements should not be considered for
interpretations of its origin and melt evolution. 

Emplacement of the Worthington Dike

The foregoing discussion on the differentiation of the
Worthington dike points to a two-stage emplacement of melts,
QD and IQD, that sample the impact melt sheet (Main Mass of
the SIC) during somewhat different times in its compositional
evolution. This evolution is strongly controlled by the overall
composition of target rocks and rock types locally in contact
with the melt sheet, which in the South Range, is dominated by
mafic metavolcanic rocks (Figs. 1a and 12a). Assimilation of
host rocks is most effective immediately after emplacement of
the superheated melt sheet, when its temperature is about
1800 °C (Ivanov and Deutsch 1999) or at least well above the
liquidus temperatures of the host rocks. Modeling of fractional
crystallization of the melt sheet indicates that the volumes of
its different lithologies cannot be explained by starting with a
compositionally homogeneous melt sheet of average SIC
composition (Ariskin et al. 1999). Therefore, the development
of a mafic basal melt layer (Fig. 12b) is required, which can be
explained by the melting and assimilation of mafic host rock
(Prevec 2000; Prevec and Cawthorn 2002), such as Huronian
metavolcanic rocks in the South Range. Here, partially melted
host rocks provide evidence for assimilation (Riller et al.
1996; Rosenberg and Riller 2000), which proceeded possibly
to a depth of about 500 m below the initial crater floor (Prevec
and Cawthorn 2002). The origin of the Offset Dikes from a
mafic basal melt layer is consistent with the observation that
the average composition of dikes, in particular QD of the
Worthington, is more akin to that of the SIC norite, in fact to
the mafic norite of the South Range, than to the average SIC
(Figs. 9–11). 

Table 2. Continued. Whole rock analysis from drill hole 
WWN-003.

Sample 
Rock type 
Depth (m)

W3-1c 
MS 
277.56

W3-1e# 
MS 
277.75

W3-2b 
MS 
278.00

W3-9c 
MS 
307.29

SiO2 (wt%) 58.2 65.2 60.3 59.0
Al2O3 18.0 15.7 15.8 16.3
Fe2O3tot 6.97 5.41 7.77 8.29
MgO 3.96 2.97 3.92 3.79
MnO 0.07 0.06 0.08 0.08
CaO 2.66 2.48 2.56 3.68
Na2O 4.52 3.83 3.13 3.16
K2O 3.52 2.73 3.72 3.10
TiO2 0.78 0.56 0.73 0.77
P2O5 0.05 0.04 0.12 0.16
LOI 0.9 0.9 1.7 1.4
Total 99.63 9.88 99.93 99.73

V (ppm) 147 104 143 152
Cr 250 112 160 180
Co 22.9 <15 28.2 25.0
Ni 86 58 60 61
Cu 10 34 88 25
Zn 101 61 112 98
Ga 25.7 – 18.9 25.1
Rb 156 125 149 128
Sr 346 321 338 329
Y 15.2 19 17.1 30.6
Zr 194 115 166 174
Nb 11.2 <10 9.6 9.9
Mo 19 <10 <2 <2
Cs 5.62 – 5.59 5.46
Ba 531 412 551 580
La 56.8 – 31.5 85.8
Ce 58.0 36 67.5 166
Pr 6.80 – 7.75 19.25
Nd 25.7 – 27.8 70.8
Sm 4.75 – 5.2 13
Eu 1.00 – 1.22 3.45
Gd 0.57 – 0.61 1.38
Tb 4.28 – 4.61 11.5
Dy 3.05 – 3.37 6.71
Ho 0.61 – 0.68 1.18
Er 1.80 – 1.95 2.97
Tm 0.27 – 0.28 0.38
Yb 1.67 – 1.84 2.37
Lu 0.27 0.31 0.38
Hf 4.5 – 4.2 4.5
Ta 0.8 – 0.6 0.6
Pb 91 <15 113 11
Th 7.2 <10 8.8 10.3
U 2.4 <10 3.7 10.9

Ce/Yb 34.7 – 36.7 70.0
*Surface sample (see Fig. 2), QD = quartz-diorite, IQD = inclusion-rich

quartz-diorite, MS = metasediment, D.L. = detection limits, # = trace
elements are analyzed by XRF only (see text for detection limits).
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In the following discussion it is emphasized that the two
stages of dike emplacement occurred within certain pre-
liquidus temperature intervals of the continuously evolving
melt sheet (Fig. 12). The first temperature interval is
bracketed between the theoretical maximum melt temperature
of about 1800 °C and the zircon decomposition temperature
of 1690 °C, above which zircon decomposes to the
constituent oxides at ambient pressures (Finch and Hanchar
2003). The lower temperature end of the second temperature
interval is defined by the onset of sulfide segregation from the
silicate melt sheet before silicate minerals started to

crystallize. This occurred when the melt sheet reached sulfur
saturation for the first time, which was most likely at a
temperature of about 1450 °C (Keays and Lightfoot 2004).
Consequently, the third pre-liquidus interval can be defined as
between about 1450 and 1200 °C.

It is suggested that initial emplacement of the QD
occurred within the second temperature interval, i.e., between
1690 to 1450 °C. The presence and partial resorption of
inherited zircon entrained during host rock assimilation
suggests that the temperature of the QD parental melt had
already dropped below the zircon decomposition temperature

Fig. 8. Whole rock composition of some major and trace elements of the quartz diorite (QD) and inclusion-rich quartz-diorite (IQD) phases
of the Worthington Offset Dike and adjacent host rock (HR) samples from drill core WWN003 and one sample from surface.
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of 1690 °C before dike emplacement began. Partial resorption
of these zircons took place because the superheated melt sheet
was undersaturated with respect to zirconium. Zirconium
saturation of average QD and IQD parental melts would be
reached only well above 1000 ppm Zr at temperature above
1000 °C according to the zirconium saturation calculations
performed after Watson and Harrison (1983) or Miller et al.

(2003). It follows that the average parental QD (149 ppm Zr)
and IQD melts (165 ppm Zr) were zirconium undersaturated
during both the second (1690−1450 °C) and third (1450−
1200 °C) temperature intervals (see also discussion below).
Partial dissolution of host rock zircon xenocrysts also
occurred within the marginal section of the Foy Offset Dike,
although most zircons found in this dike were interpreted as

Table 3. Average whole rock analysis of Worthington quartz-diorite dike in comparison with previously published data.
This study Previous studies*

Rock type
QD 
n = 7 S.D.

IQD 
n = 4 S.D.

QD 
n = 62 S.D.

IQD 
n = 24 S.D.

SiO2 (wt%) 57.96 1.34 60.45 2.20 55.04 3.60 57.43 1.56
Al2O3 14.91 0.65 14.43 0.40 14.40 1.00 14.51 0.58
Fe2O3tot 8.99 0.14 8.82 0.61 11.00 3.08 9.71 1.13
MgO 4.32 0.18 3.44 0.50 4.47 0.78 4.04 0.52
MnO 0.12 0.01 0.11 0.01 0.13 0.02 0.12 0.02
CaO 5.58 1.05 5.25 0.56 6.02 1.10 5.60 0.91
Na2O 2.71 0.22 2.74 0.09 2.62 0.43 2.75 0.21
K2O 2.47 0.73 2.25 0.08 1.77 0.55 1.84 0.60
TiO2 0.79 0.13 0.84 0.08 0.92 0.23 0.92 0.12
P2O5 0.14 0.03 0.14 0.02 0.14 0.05 0.12 0.02
LOI 1.53 0.51 1.10 0.37 1.43 0.50 1.11 0.63
Total 99.57 0.20 99.69 0.26 97.96 1.39 98.15 0.75
V (ppm) 156 18 144 23 170 33 173 41
Cr 169 17 110 21 192 68 166 38
Co 38 17 34 4 61 55 49 30
Ni 129 98 257 106 1331 2443 778 1183
Cu 181 262 225 54 1430 2642 902 1445
Zn 100 6 89 8 97 28 92 25
Rb 92 34 92 6 72 24 65 27
Sr 285 18 266 16 312 47 320 66
Y 22 4 26 1 28 4 30 2
Zr 148 32 196 21 165 27 176 19
Nb 10.6 2.2 11.9 0.6 10.4 1.7 11.1 1.6
Cs 3.4 2.3 4.0 0.2 5.2 3.1 5.8 3.5
Ba 480 73 455 24 521 98 471 88
La 30.5 4.1 36.6 3.0 32.4 6.1 33.8 6.0
Ce 62.7 6.8 75.6 6.7 66.3 11.6 69.4 11.6
Pr 7.18 0.78 8.63 0.67 8.05 1.37 8.39 1.33
Nd 26.8 3.2 31.7 2.2 30.5 4.9 31.7 4.7
Sm 5.13 0.69 5.99 0.35 5.89 0.90 6.11 0.75
Eu 1.38 0.17 1.38 0.07 1.46 0.26 1.46 0.13
Tb 0.73 0.11 0.85 0.04 0.85 0.14 0.88 0.10
Gd 5.13 0.66 6.01 0.35 5.58 0.89 5.78 0.67
Dy 4.21 0.69 5.03 0.25 4.88 0.85 5.08 0.61
Ho 0.89 0.15 1.04 0.03 0.99 0.18 1.02 0.13
Er 2.51 0.45 2.99 0.15 2.83 0.49 2.93 0.39
Tm 0.37 0.06 0.45 0.02 0.41 0.08 0.43 0.06
Yb 2.29 0.38 2.76 0.14 2.70 0.48 2.81 0.39
Lu 0.36 0.06 0.43 0.02 0.41 0.07 0.41 0.06
Hf 4.0 0.5 5.0 0.5 4.2 0.7 4.4 0.6
Ta 0.6 0.1 0.8 0.1 0.7 0.1 0.8 0.1
Th 8.4 1.8 10.8 1.7 8.4 2.1 9.5 2.0
U 2.1 0.4 2.9 0.5 2.0 0.5 2.3 0.6
Ce/Yb 28.2 5.8 27.4 2.0 24.9 4.0 24.7 3.2
QD = quartz-diorite, IQD = inclusion-rich quartz-diorite, S.D. = standard deviation (1σ).
*Data from Lightfoot et al. (1997a) and Lightfoot and Farrow (2002).
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newly crystallized from the dioritic melt itself (Ostermann
et al. 1996). The QD is generally devoid of the typical sulfide
inclusions that characterize the IQD, indicating emplacement
of the QD prior to sulfide segregation (see also Lightfoot and
Farrow 2002, Keays and Lightfoot 2004), e.g., before the end
of the second temperature interval (>1450 °C). Thus, we
crudely estimate the temperature at which QD melt were
emplaced to have been between 1650 °C and 1450 °C
(Fig. 12b). Assimilation of mafic host rock may well have
started at higher temperatures, thereby generating QD melts

largely devoid of any host rock fragments during the first and
second pre-liquidus temperature intervals. Above 1450 °C it
is likely that all host rocks in contact with the melt sheet were
completely molten and assimilated without leaving
significant quantities of rock fragments, which is consistent
with the QD petrography.

The IQD contains abundant sulfide droplets (Fig. 3b)
indicating that the dike emplacement occurred during or after
sulfide segregation (<1450 °C) within the third temperature
interval (1450 to 1200 °C). Further cooling of the basal melt
sheet led to the loss of its capacity to melt and assimilate
mafic rocks. As mentioned previously, this would result in a
melt replete with marginally corroded mafic xenoliths.
Moreover, the decrease in temperature of the impact melt
likely caused, at least locally, a relative increase in the volume
of assimilated leucocratic rocks or felsic partial melts and

Fig. 9. MgO versus SiO2 content of the QD (dark grey field) and IQD
(light grey field) in comparison with averages of the continental
crust, host rocks of Offset Dikes and rocks from the Sudbury Igneous
Complex including Offset Dikes. Sources of data are 1a: Meldrum et
al. (1997), 1b: Ostermann (1996) and Prevec (1993), 2a: Cartier
Granite after Meldrum et al. (1997), 2b: Ramsey Algoman Complex
after Prevec (1993), 3a: Lightfoot and Naldrett (1996), 3b: Ames et
al. (2002), 3c: this study (see Table 2), 3d: Mourre (2000), 4: Jolly et
al. (1992), 5a: Jolly et al. (1992), 5b: Prevec (1993), 6a: Lightfoot and
Naldrett (1996), 6b: Ostermann (1996), 6c: Prevec (1993), 6d:
Sudbury Gabbro by Lightfoot and Farrow (2002), 6e: Sudbury
Gabbro as amphibolite inclusion in Worthington Offset Dike
(Lightfoot and Farrow 2002), 7: Ostermann (1996), 8a and 9a: Taylor
and McLennan (1985, 1995) and McLennan (2001), 8b and 9b:
Rudnick and Gao (2003), 10: Lightfoot et al. (1997a), Wood and
Spray (1998), Murphy and Spray (2002), Tuchscherer and Spray
(2002), 11: Lightfoot et al. (1997a), Lightfoot and Farrow (2002),
Mourre (2000), 12a, 13a and 14a: Therriault et al. (2002), 12b and
13b: Lightfoot et al. (1997b), 14b: Felsic Norite by Lightfoot et al.
(1997b), 15a: Least altered vitric composition of Onaping Formation
after Ames et al. (2002), 15b: Ostermann (1996).

Fig. 10. Ce versus Zr content of the QD (dark grey field) and IQD
(light grey field) in comparison with averages of the continental
crust, host rocks of Offset Dikes and rocks from the SIC including
Offset Dikes. For legend and source of data see Fig. 9.

Fig. 11. Ce/Yb versus MgO content of the QD (dark grey field) and
IQD (light grey field) in comparison with averages of the continental
crust, host rocks of Offset Dikes and rocks from the SIC including
Offset Dikes. For legend and source of data see Fig. 9.



1676 L. Hecht et al.

thus, to a shift towards less mafic compositions of the basal
melt layer. Sulfide precipitation may have also been triggered
by increased assimilation of leucocratic and siliceous partial
melts causing an additional reduction of the sulfur solubility
in the lower impact melt layer. 

Collectively, the petrographic and chemical
characteristics of the IQD and QD phases are consistent with
the field relationships indicating that IQD was emplaced after
the QD (Lightfoot and Farrow 2002). Mingling of both phases
(Fig. 3b) suggests, however, that QD was still viscous in
many places when IQD was emplaced. This points to similar
viscosities and thus temperatures of both phases during IQD
emplacement. If emplacement of IQD occurred at sub-
liquidus temperatures of the Main Mass, ultramafic cumulates
would be expected to be present in IQD (Prevec 2000). Such

ultramafic cumulates were not observed in IQD. Given the
fact that the temperature difference between the QD and IQD
melt was not very large and that emplacement of both
occurred close to the temperature at which sulfides segregate
(1450 °C in the case of the SIC), we can crudely estimate that
the two emplacement stages of the Worthington Offset Dike
occurred within the temperature interval of 1550 to 1350 °C.

The estimated temperature range for QD and IQD
emplacement can be used to assess time intervals elapsed
between the impact and the two stages of dike formation,
when combined with cooling models of the SIC. Thermal
models by Ivanov and Deutsch (1999) and Prevec and
Cawthorn (2002) suggest that the liquidus temperature of a
2.5 km thick SIC undergoing strictly conductive cooling is
reached after about 200,000 to 45,000 yr. However, for a thick

Fig. 12. Model showing the two-stage emplacement of the Worthington Offset Dike below the impact melt sheet of the Sudbury impact
structure. The continuously evolving impact melt sheet is divided into three pre-liquidus temperature intervals (T1 to T3). a) Initial stage at
the beginning of first temperature interval. b) The emplacement of the inclusion-free quartz-diorite likely occurred towards the end of the
second temperature interval after some host rock assimilation but before the onset of sulfide segregation (>1450 °C). c) The emplacement of
the inclusion-rich quartz-diorite occurred within the third temperature interval after the onset of sulfide segregation and after some selective
host rock assimilation. The elapsed time after impact (t) estimated from geophysical modeling is given for each stage or interval (see text for
further explanation).
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melt sheet such as the Main Mass SIC convective cooling of
the melt sheet is more realistic (Prevec and Cawthorn 2002).
Convective cooling models suggest that the liquidus
temperature of the SIC is reached after about 10,000 to
11,000 yr (Prevec and Cawthorn 2002; Zieg and Marsh 2005).
This constrains the time of final melt emplacement of the
Worthington Offset Dike after the impact event (Fig. 12). If we
assume that cooling of the impact melt sheet was dominated
by convection, whereby conductive cooling may have become
increasingly important towards its solidification, the pre-
liquidus interval lasted likely some 10,000 yr. Although there
is still uncertainty regarding this time constraint the two-stage
emplacement of the Worthington Offset Dike phases (QD and
IQD) probably occurred several thousand to about ten
thousand of years after impact.

Cause for Offset Dike Formation

The foregoing considerations suggest that Offset Dikes
formed within several thousand to about ten thousand years
after impact. This time frame is in conflict with models of
short-term (“catastrophic”) and long-term, notably orogenic,
modes of dike formation. Structural considerations suggest
that Offset Dikes were emplaced in a strain field characterized
by radial and tangential dilation (Riller 2005). This strain
field and the time frame for Offset Dike emplacement is
consistent with isostatically driven crater floor fracturing as
suggested by Wichmann and Schultz (1993). Isostatically
driven processes, such as removal of ice sheets over
continents, operate on time scales of about ten thousand years
(e.g., Davis et al. 1999). We, therefore, propose that Offset
Dikes formed as radial and concentric fractures as a
consequence of late-stage, isostatic readjustment of crust
below the crater. The fractures exploited mechanically weak
target rock lithologies, notably fragment-rich pseudotachylite
zones, and were filled from above with melt from the basal
Main Mass of the SIC. 

CONCLUSIONS

Our combined petrological and structural study leads us
to the following conclusions regarding the origin of melts and
emplacement mechanism of the Worthington Offset Dike:
Emplacement of a quartz-diorite (QD) melt phase was
followed by an inclusion-rich quartz-diorite (IQD) phase,
containing chiefly mafic host rock fragments and sulfide
inclusions, in the central portion of the dike. The
compositional heterogeneity between the two dike phases can
be explained by variable assimilation of Huronian rocks,
mostly mafic metavolcanic, at the base of the impact melt
sheet prior to emplacement of QD and IQD melts. Between
the two emplacement stages, the composition of the parental
melt sheet changed from more mafic with low HFSE contents
towards more leucocratic with higher HFSE contents. 

Constraints on sulfide segregation and petrological data

suggest that the parental magma of the Worthington Dike
formed at temperatures above the liquidus of the SIC (>1200 °C)
but well below the temperature of zircon decomposition
(1690 °C), and most likely close to the temperature of
sulfide segregation (about 1450 °C). Emplacement of the
Worthington Dike occurred in two stages, whereby mafic
host rocks were effectively assimilated before emplacement
of the QD (first stage) but remained as marginally resorbed
inclusions before or during the emplacement of the IQD
(second stage). Correlation of temperatures of melt with
cooling rates of the SIC inferred from numerical modeling
indicates that the Worthington Dike formed some thousands
to approximately ten thousand years after impact. This is
consistent with structural considerations pointing to dike
formation by crater floor fracturing, possibly driven by late-
stage isostatic readjustment of crust underlying the impact
structure. Thereby, the fractures were filled by impact melt
from above. 

Minor chemical modification at the dike margins is likely
due to assimilation of partial melts and/or subsolidus
alteration and mass transfer of mobile elements under
greenschist to lower amphibolite-facies metamorphic
conditions during post-impact orogenic deformation. This
deformation caused the preferred alignment of fragments
within IQD and minerals in both dike phases and casts doubt
on the interpretation of magnetic fabrics as primary fabrics
formed by flow of quartz-diorite melt in Offset Dikes.
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