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Abstract Pseudotachylytes and their host rocks from
the North Range of the 1.85 Ga Sudbury impact struc-
ture have been investigated using analytical scanning
electron microscopy, electron microprobe analysis and
XRF spectrometry. The results show that the pseudo-
tachylytes were produced in high-speed slip zones by the
frictional comminution and selective melting of wall
rock lithologies. Thepreferential assimilation of hydrous
ferromagnesian phases during frictional melting pro-
duced relatively basic melts, leaving the more mechani-
cally resistant quartz and, to a lesser extent, plagioclase
as included mineral clasts. Three distinct assemblages
are identified within the pseudotachylytes: (a) pre-im-
pact (.1.85 Ga) rock and mineral clasts derived from
host lithologies; (b) a syn- toimmediately post-impact
(1.85 Ga), rapidly cooled, quartz1 sanidine1 labrador-
ite 1 phlogopitic biotite matrix assemblage, formed due
to crystallization from a melt at 800–9008C and (c) a
post-impact (,1.85 Ga) retrograde assemblage which
overprints both clasts and matrices. Field evidence indi-
cates that most pseudotachylyte formed in large-dis-
placement fault systems during gravitational collapse of
the impact-generated transient cavity. The Sudbury
pseudotachylytes, like endogenic pseudotachylytes,
were generated by frictional melting on fault surfaces.
The difference is primarily one of scale. Large (km) dis-
placements occurring on impact-induced ring faults can
generate immense volumes of friction melt resulting in
spectacular pseudotachylyte bodies up to 0.5 km thick
and more than 10 km long.

Introduction

Pseudotachylyte is one of the few magmatic rocks to
originate by purely dynamic means under conditions of

high and ultrahigh rates of strain (Philpotts 1964; Mad-
dock 1983; Spray 1993). Most pseudotachylytes are
found in close association with fracture or slip systems.
They are considered the only rock type diagnostic of
seismogenic activity (Sibson 1975). Accounts of pseu-
dotachylytes from endogenic faults are now common-
place, with much of that work focusing on their struc-
tural setting. In contrast, comparatively few detailed in-
vestigations have been made of the chemistry, mineralo-
gy and petrology ofpseudotachylytes, especially those
associated with the type setting for pseudotachylyte gen-
eration: impact structures.

The term pseudotachylyte was created by Shand
(1916) following his work on the Vredefort Dome of
South Africa; a structure that is now widely held to be
one of Earth’s largest impact basins (Martini 1991;
Therriault et al. 1993). Unlike endogenically generated
examples, which are typically,10 cm thick, pseudo-
tachylyte developed in the larger (.100 km diameter)
impact structures can reach tens and even hundreds of
metres in thickness to form substantial pod- or dyke-like
bodies.

Pseudotachylyte typically possesses a black, glassy
or, more commonly, a fine- to medium-grained ground-
mass (matrix), similar in appearance to tachylytes
(glassy basaltic rocks) after which they were named. The
matrix encloses clasts of mineral and rock fragments,
mainly derived from the immediate wall rocks. Micro-
igneous textures, spherulites, flow-banding and chilled
margins, along with the presence of vesicles, amygdales,
sulphide “droplets” and embayed (partly digested) wall
rock mineral fragments, all indicate pseudotachylyte for-
mation via melting, and not solely by cataclasis (Ma-
gloughlin and Spray 1992). However, cataclastic margins
and clasts of cataclastic material occur within many
pseudotachylytes, indicating that the early stages of their
formation involves comminution. This is supported by
experimental work (Spray 1987, 1988, 1995) and investi-
gations of drill bit-rock interactions (Killick 1990;
Kennedy and Spray 1992), the results of which have re-
vealed the intrinsic spatial and temporal connections be-
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tween comminution and frictional melting at high strain
rates.

This work deals with the petrogenesis of pseudo-
tachylyte in another of Earth’s larger impacts: the Sud-
bury multi-ring structure of Ontario, Canada.

Regional geological setting and origin of the Sudbury
structure

The Sudbury structure was formed at 1.85 Ga (Krogh et
al. 1984) due to hypervelocity meteorite impact into
Archean and Proterozoic lithologies of theCanadian
Shield (Fig. 1). The structure comprises a shocked, frac-
tured and faulted basement underlying a 60330 km,
2.5 km thick, layered impact melt sheet, the Sudbury
igneous complex (SIC), which is overlain by fallback
breccia, the Onaping Formation (Peredery 1972; Stöffler
et al. 1994). This passes up into mudstones and turbiditic
sandstones which, together with the Onaping Formation,
constitute the so-called Whitewater group (Rousell
1984). Hybrid models have also been invoked for the

origin of the Sudbury structure, whereby the magmatic
activity that generated the SIC has been attributed to
lower crust-mantle disturbance and melting in response
to impact (Naldrett 1984). However, Sr and Nd isotopic
data indicate an exclusively crustal origin for the SIC,
requiring no mantle-derived component (Faggart et al.
1985; Deutsch 1994).

It was the discovery of shatter cones, developed in
basement rocks up to¥20 km from the SIC, that led
Dietz (1964) to suggest an origin by meteorite impact.
Support for an impact origin also comes from the pres-
ence of planar deformation features (PDFs), including
Brazil twin lamellae, in minerals from the basement, and
from basement clasts incorporated into the pseudotachy-
lytes and the Onaping Formation (French 1968; Joreau et
al. 1996). In quartz, PDFs occur with up to three sets of
lamellae, considered diagnostic of shock pressures
$10 GPa (Hörz 1968) and of at least Shock Stage 1
(Müller-Mohr 1992; Stöffler and Langenhorst 1994).
PDFs have also been observed in Sudbury plagioclase
(Dressler 1984), and Speers (1957, p 502) described op-
tically isotropic plagioclase in clasts within pseudo-

Fig. 1 a Location of Sudbury
relative to the CanadayU.S.A.
Great Lakes region.b Geolog-
ical setting of the Sudbury
structure showing site loca-
tions 1–3. (SIC Sudbury ig-
neous complex). Pseudotachy-
lyte-rich zones occur around
the SIC (Zone 1) and 25–
35 km beyond the SIC
(Zone 2) on this map. Shatter
cone limit after Dietz (1964)
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tachylytes from north and east of the SIC which is proba-
bly diaplectic glass (formation pressure.26 GPa, Oster-
tag 1983).

The present elliptical shape of the SIC and overlying
rocks (Fig. 1b) is attributed to post-impact tectonic de-
formation due to northwest-directed shortening during
the mid-Proterozoic (¥1.9–1.7 Ga) Penokean orogeny
(Hurst and Farhat 1977; Shanks and Schwerdtner 1991).
The southeastern part of the structure was overprinted by
the late Proterozoic (¥1.0 Ga) Grenvillian orogeny
(Jamieson et al. 1992). The Sudbury region is pervaded
by a number of basic dyke swarms. Those that predate
the impact include the 2.45 Ga Matachewan dykes (Hea-
man 1988) and the 2.2 Ga Nipissing Diabases (Corfu and
Andrews 1986).

A distinctive feature of the Sudbury structure and the
focus of this work is the pseudotachylyte that pervades
the area. It has been previously referred to as Levack
Breccia in the North Range (north of the SIC) and Frood
Breccia in the South Range (south of the SIC) and, re-
gionally, as Sudbury Breccia (Yates 1938; Fairbairn and
Robson 1942; Speers 1957; Zurbrigg 1957; Müller-
Mohr 1992). Based on the distribution of pseudotachy-
lyte and on other constraints, it is likely that the original
diameter of the Sudbury structure was at least 200 km
and probably as much as 250 km (Lakomy 1990; Grieve
et al. 1991; Thompson and Spray 1994; Spray and
Thompson 1995; Deutsch et al. 1995).

The Sudbury pseudotachylytes

The pseudotachylytes range in size from,1 mm thick
veinlets to large dyke-like bodies several hundred metres
in thickness. Pseudotachylyte abundance decreases radi-
ally away from the SIC. At least four discontinuous, sub-
concentric zones of more intense pseudotachylyte devel-
opment occur at 0–13 km, 25–35 km, 42–48 km and
78–80 km north of the SIC within the North Range
(Thompson and Spray 1994; Spray and Thompson 1995).
Comparable distributions have also been documented by
Dressler (1984), Peredery and Morrison (1984) and
Müller-Mohr (1992).

The innermost zone forms a halo to the SIC in which
pseudotachylyte is pervasive on all scales (Fig. 1b,
Zone 1). Here, thin veinlets are ubiquitous and the spec-
tacular larger dyke-like bodies are common (e.g.
Fig. 2a). The largest known single occurrence at Sud-
bury, and in the world, is the Frood-Stobie pseudotachy-
lyte of the South Range which is up to 0.5 km wide and
.11 km in length. This is host to the largest Ni-Cu de-
posit in the Sudbury mining camp. The maximum size
and frequency of occurrence of pseudotachylyte de-
creases in each successive concentric zone northwards
from the SIC. Relatively minor volumes are developed in
the intervening areas, some of which equate with the
“quiet zones” of Dressler (1984, p 124). Any concentric
structure developed south of the SIC within the South
Range, with the exception of the innermost zone (Zone 1,

Fig. 1b), has been largely obscured by post-impact tec-
tonometamorphism.

The majority of the Sudbury pseudotachylytes pos-
sess dark matrices enclosing subangular to rounded
clasts of the immediate wall rock (Fig. 2b). Matrices
tend to weather greenish grey, with fresh surfaces reveal-
ing a hard, flinty rock exhibiting sub-conchoidal frac-
ture. The clasts range from millimetre-size fragments
through to blocks hundreds of metres across. Clasts
make up¥40–60% of the pseudotachylytes, but less
than this where injected into fractures. The pseudotachy-
lyte is commonly associated with lithological contacts
(e.g. between basic dykes and gneisses; Fig. 2c). Pseudo-
tachylyte injections have sharp contacts with their wall
rocks (Fig. 2d). Pseudotachylytes remaining on their
generating surfaces have sharp to diffuse contacts. Dif-
fuse contacts appear mesoscopically ductile, but are cat-
aclastic at the microscopic scale (Thompson and Spray
1994). Less commonly, red, light grey and flow-foliated
matrices occur. Within the flow-foliated pseudotachy-
lytes, the clasts are typically elongate and streaked out
parallel to the flow layers of the matrix. The more pe-
ripheral pseudotachylytes of the Sudbury structure
(.50 km beyond the SIC) grade into cataclastic rocks
and true breccias.

Certain thin (,1 mm thick) pseudotachylytes occur
as arcuate, overlapping veins which appear to define
shatter cone surfaces, as have been observed at Vredefort
(Martini 1991). Many of these pseudotachylytes form
anastomosing networks similar to Lambert’s (1981) so-
calledType Aveins. They are prevalent in the innermost
zone (Zone 1, Fig. 1b) and may directly be shock generat-
ed. In contrast, the larger pseudotachylyte bodies tend to
be associated with distinct planar surfaces, suggestive of
generation planes similar to endogenic pseudotachy-
lytes. These equate with Lambert’s (1981)Type Bvari-
ant. The thinner veins generally predate the larger dyke-
like bodies, indicating that the former may have been
generated during the passage and relaxation of the shock
wave, and the latter during subsequent gravitational
modification of the Sudbury structure. This work focus-
es on theType Bvariety.

Sample locations and descriptions

Three main sites were chosen for detailed study, located 2.5, 5.5
and 18 km north of the outer rim of the SIC (Fig. 1b). Samples
were obtained primarily by coring using a rock drill. The cores are
2.5 cm in diameter and up to 15 cm long. Several pairs of cores
were taken from host rocks and adjacent pseudotachylytes at each
site. Where possible, these were sampled within 10 cm of each
other.

Site 1

Site 1 is a 40 m wide pseudotachylyte-rich zone within the Levack
gneiss complex (Figs. 1b, 3a). It is located 2.5 km from the SIC,
probably within its thermal aureole (Card 1994). The pseu-
dotachylyte occurs as 0.1 to 2 m wide, matrix-rich zones enclos-
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Fig. 2 a Large pseudotachylyte body at McCreedy West (0.5 km
north of SIC). Note large, angular to subangular Levack felsic
gneiss blocks set within darker matrix.b 2 m wide pseudotachy-
lyte body with Levack gneiss inclusions (2.5 km north of SIC at
Site 1).c 2 cm wide pseudotachylyte occurring between felsic and
basic gneiss (immediately left of pen). Note the limited number of
clasts and the sharp contacts with the host rocks (4 km north of the
SIC). d Pseudotachylyte injection vein within felsic gneiss. Note
sharp contacts and scarcity of clasts (2 km north of the SIC)

A subsidiary outcrop (Site 2S; Fig. 1b) was investigated 7.5 km
from the SIC. Here the host rocks are migmatites of the Levack
gneiss complex forming an inlier within Cartier granitoids. The
pseudotachylyte occurs as an 11 m wide zone along a contact
between migmatitic gneisses and a gabbroic dyke. The main body
of pseudotachylyte occurs within the migmatite adjacent to the
dyke.

Site 3

Site 3 is located 18 km from the SIC within the Cartier granitoids
(Figs. 1b, 3c). It is situated at the southern edge of a shear zone that
defines the southern boundary of the Archean Benny Belt (Card
and Innes 1981). The sampled pseudotachylytes occur in a 30 m
wide less-deformed zone. They exhibit dark, fine-grained ma-
trices enclosing subrounded to rounded blocks of Cartier grani-
toid. At the northern end of the outcrop a megablock of Nipissing
Diabase occurs within pseudotachylyte (Fig. 3c).

Analytical procedures

Twelve host rocks and three pseudotachylytes, including clasts,
were analysed by X-ray fluorescence (XRF) spectrometry using a
Philips PW 1410 spectrometer at UNB. Major element analysis
was performed on glass disks prepared according to the method of
Norrish and Hutton (1969). Disks were analysed at 40 mA and
40 kV. Raw data were reduced using linear regression calibration
curves prepared using twenty international standards (Abbey
1983).

The pseudotachylytes and their host rocks were investigated
using a JEOL 6400 digital scanning electron microscope equipped

ing blocks of felsic and intermediate gneisses. The blocks
are rounded, but the orientation of their foliations is coherent
across the outcrop, demonstrating that block displacement
and rotation were negligible. Two basic dykes are present, both
of which show evidence of brecciation, indicating that they pre-
date the Sudbury event (i.e. they are Matachewan or Nipissing
bodies).

Site 2

Site 2 is located 5.5 km from the SIC, between the northern edge
of the main Levack gneiss occurrence and a Levack inlier (Figs. 1b,
3b). This location is outside the thermal aureole of the SIC. The
host rocks comprise Cartier granitoids with subordinate gneisses.
Pseudotachylyte penetrates the granitoids and gneisses for up to
10 m north of the road where it connects to a 0.5 m thick body
formed along a curviplanar face exposed in a road cutting. The
granitoids are also cut by a small basic dyke which, on the south
side of the road, exhibits a well-defined 5 cm thick pseudotachy-
lyte vein along one contact. On the north side of the road, pseudo-
tachylyte occurs along both contacts and within the dyke, carrying
with it inclusions of both dyke and granitic material (Fig. 3b).
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working distance of 39 mm. Analyses were calibrated using a
multi-element standards block (type 202–52) produced by the
C.M. Taylor Corporation of Sunnyvale, California. The SEM
backscattered electron (BSE) imagery was used to investigate
the microtextures and mineralogy of the pseudotachylytes, ac-
companied by single spot analysis of individual minerals. Mineral
analyses were also obtained from selected host rocks. Photomicro-
graphs were obtained from BSE images using the same operat-
ing conditions as above, but at a reduced working distance
(,19 mm).

Pseudotachylyte matrices were each rastered in 40 separate
areas of¥2000mm2. Rastered areas were selected using the lowest
viable magnification to avoid rock and mineral clasts. Raster
analyses were also obtained for 30 matrix-plus-clast areas of
¥100,000mm2 for each sample (i.e. bulk pseudotachylyte analy-
ses). Energy dispersive was used instead of wavelength dispersive
spectrometry (WDS) because not only does it enable rapid, simul-
taneous major element analysis, it can also operate at lower beam
currents than WDS. This minimizes thermal excitation effects and,
hence, alkali metal migration (e.g. Spray and Rae 1995).

Where alkali mobility was not deemed problematic, certain
host rock minerals were analysed using a JEOL 733 electron mi-
croprobe equipped with four wavelength dispersive spectrometers
(operating conditions: 15 kV and 10 nA at a working distance of
12 mm).

Chemistry

Limited data exist on the chemistry of pseudotachylytes.
This is due primarily to the rock’s composite nature. In
order to understand how pseudotachylytes form, matrix
compositions must be determined independently of in-
cluded mineral and rock clasts. Analyses have been ob-
tained following attempted physical separation of clasts
from matrices (e.g. Sibson 1975; Dressler 1984). How-
ever, it is difficult to achieve complete separation be-
cause matrix phases and clasts can be of similar miner-
alogies and grain sizes. Hence, they may be indistin-
guishable. The microcrystalline nature typical of pseu-
dotachylyte matrices and the microscopic size of some
mineral clasts also make hand-picking untenable. Analy-
ses of pseudotachylyte matrices have previously been
obtainedin situ using the electron microprobe in WDS
mode with a defocused beam (e.g. Schwarzman et al.
1983; Reimold 1991; Killick 1994). Analytical scanning
electron microscopy (ASEM) has also been used suc-
cessfully on pseudotachylytes using rastered or defo-
cused beams in EDS mode (Spray 1993) and this tech-
nique, along with XRF analysis, is the procedure used
here.

Results from XRF bulk rock analysis and ASEM
raster analysis of the Sudbury pseudotachylytes and their
respective host rocks are given in Table 1. Both the bulk
(P-b samples) and matrix-only (P-m samples) pseudo-
tachylyte compositions span the intermediate field (52–
66 wt% SiO2), in contrast to the gneisses and granitoids
(IG and F samples:.60 wt% SiO2) and basic host rocks
(B samples:#52 wt% SiO2). These three main groups
are shaded separately in Figs. 4 and 5.

The pseudotachylytes are more FeO-rich than the fel-
sic gneisses and granitoids, but their FeO contents over-
lap with those of the intermediate gneisses and basic host

Fig. 3a–c Simplified geology of Sites 1, 2 and 3 showing pseudo-
tachylyte-host rock relations and sampling (coring) points

with a Link Analytical eXL energy dispersive spectrometer (EDS)
fitted with a Si(Li) LZ-4 Pentafet detector. All pseudotachylyte
matrix analyses were determined in EDS mode at count times of
100 s, beam operating conditions of 15 kV and 2.5 nA and a
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Table 1 Major element analyses of pseudotachylytes and host
rocks. Site numbers correspond to those shown in Figure 3. Con-
centrations are in weight%. [F felsic gneissygranitoid host rock,P
pseudotachylyte,IG intermediate gneiss host rock,B basic intru-

sive host rock,NAnot analysed, * total iron as FeO,i pseudotachy-
lyte injection,x analysed by XRF,r analysed by raster scanning
using ASEM,b bulk (matrix-plus-clasts) analysis,m matrix-only
analysis,LOI loss on ignition]

Site 1

d g b a
F-1Ayx P-1Aybx P-1Aybr P-1Aymr F-1Byx P-1Bybr P-1Bymr P-1Byibr P-1Byimr IG-1Byx B-1Cyx

SiO2 61.67 59.40 62.99 56.80 69.28 63.77 53.75 52.98 50.52 60.84 52.29
TiO2 0.93 0.69 0.76 0.96 0.35 0.72 1.22 0.40 0.26 0.93 1.57
Al2O3 16.02 14.90 14.97 16.47 14.51 17.01 17.78 13.62 11.06 16.10 12.54
FeO* 4.34 5.79 6.20 7.96 1.67 5.71 9.53 12.66 14.13 6.52 14.79
MnO 0.08 0.08 0.02 0.05 0.04 0.02 0.04 0.22 0.26 0.10 0.24
MgO 3.06 4.49 3.70 5.23 1.74 3.03 5.20 8.59 11.18 4.18 4.63
CaO 3.30 3.93 3.68 3.88 3.02 2.88 2.37 5.76 7.41 2.85 7.73
Na2O 4.40 3.34 2.61 4.14 4.65 4.96 4.37 2.54 1.64 3.60 2.00
K2O 2.01 2.47 4.21 3.27 1.19 3.32 4.91 1.71 1.86 3.18 0.95
P2O5 0.05 0.20 NA NA 0.02 NA NA NA NA 0.05 0.24
LOI 1.49 1.19 NA NA 1.28 NA NA NA NA 1.47 0.90
Total 97.35 96.48 99.14 98.76 97.75 101.42 99.17 98.48 98.32 100.56 100.01

Site 2y2S

F-2Ayx P-2Aybx P-2Aybr P-2Aymr B-2Ayx F-2Syx P-2Sybx P-2Symr IG-2Syx B-2Syx

SiO2 67.55 60.56 62.00 60.00 49.51 66.50 57.73 57.43 61.55 48.45
TiO2 0.42 0.50 0.54 0.56 1.78 0.21 0.65 0.89 0.66 0.62
Al2O3 15.28 13.99 14.09 15.42 12.53 17.68 16.08 16.62 14.91 16.42
FeO* 2.38 6.09 6.70 7.19 16.79 1.63 6.48 7.18 5.44 7.76
MnO 0.05 0.11 0.06 0.06 0.30 0.03 0.08 0.05 0.05 0.13
MgO 1.84 4.71 4.37 4.81 4.63 1.31 4.94 5.89 3.55 9.99
CaO 3.62 5.40 5.88 6.14 8.50 2.45 4.69 3.57 3.44 11.34
Na2O 4.61 2.25 2.51 2.56 1.31 4.73 3.22 2.76 3.34 1.86
K2O 1.27 3.56 3.16 3.58 1.04 5.10 2.88 5.49 2.54 0.43
P2O5 0.12 0.10 NA NA 0.20 0.24 NA NA 0.16 0.05
LOI 0.79 1.36 NA NA 0.79 NA NA NA 1.49 1.98
Total 97.93 98.63 99.31 100.32 99.26 99.88 96.75 99.88 97.75 99.90

Site 3

F-3Ayx P-3Aybr P-3Aymr F-3Byx P-3Bybr P-3Bymr B-3Cyx

SiO2 71.91 66.81 66.30 64.00 64.62 64.58 50.16
TiO2 0.16 0.83 0.86 0.64 0.86 0.95 0.81
Al2O3 12.97 12.70 13.93 16.39 13.07 13.49 13.54
FeO* 1.19 6.42 6.25 1.79 7.68 7.14 10.42
MnO 0.02 0.03 0.06 0.05 0.05 0.05 0.20
MgO 0.49 2.74 2.76 0.75 3.22 2.91 8.37
CaO 2.09 1.50 1.49 2.91 1.34 1.50 11.01
Na2O 3.28 4.84 5.74 5.97 4.55 5.04 0.30
K2O 5.09 2.75 2.74 4.78 3.35 3.11 1.23
P2O5 0.04 NA NA 0.19 NA NA 0.07
LOI 0.60 NA NA 0.84 NA NA 2.74

Total 97.84 98.62 100.13 98.31 98.74 98.77 100.01

rocks (Fig. 4a). MgO shows a similar relationship,
though there is some overlap with the felsic gneisses and
granitoids at lower MgO values (Fig. 4b). Overall, there
is an inverse relationship between SiO2 and the ferro-
magnesian oxides (Fig. 4c), with SiO2 1 FeO* (total iron
as FeO)1 MgO 1 TiO2 1 MnO totalling 75 wt% oxides
for all pseudotachylytes and host rocks. With the excep-
tion of the basic host rocks, there is a positive correlation
between MgO and FeO*, with the mean MgO:FeO ap-
proximating 0.66 (Fig. 4d).

The most basic pseudotachylyte analyses were ob-
tained from an injection vein (sample P-1Byi, Table 1;
labelledafor matrix-only andb for bulk pseudotachy-
lyte in Fig. 4a–d). This is an offshoot from a source hori-
zon now occupied by pseudotachylyte P-1B (Table 1;
labelledg for matrix-only andd for bulk in Fig. 4a–d).
The pseudotachylyte occupying the source horizon
clearly truncates the injection vein and so must post-date
it. These four samples show a progressive increase in
SiO2 and a decrease in ferromagnesian oxides froma
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Fig. 4 Comparisons between:
a FeO*; b MgO andc FeO* 1
MgO 1 TiO2 1 MnO and
SiO2; d MgO and FeO* and
e alkalis - FeO* - MgO for
host rock and bulk pseudo-
tachylyte and pseudotachylyte
matrix analyses in weight per-
cent. Data from Table 1.aand
b are the matrix-only and bulk
compositions, respectively, of
an injection pseudotachylyte.
g andd are the matrix-only
and bulk compositions, re-
spectively, of a more evolved
cross-cutting pseudotachylyte.
FeO* is total iron in ferrous
state

through tod. For each pair, the matrix is more basic than
its bulk composition – a feature common to most of the
analysed pairs in this study (Table 1) and for pseudo-
tachylytes in general (Reimold 1991; Spray 1993). Fur-
thermore, the injection vein is more basic than the later
pseudotachylyte. Significantly, this indicates that pseu-
dotachylyte formation does not involve the bulk melting
of host rocks, but rather selective melting with the initial
product being more basic, as exemplified by the early
injection vein, and subsequent melts being more silicic
as they evolve towards a bulk composition. However,
bulk melting appears to be rarely, if ever, achieved be-
cause the more felsic components, especially quartz, re-
main in the solid state as clasts.

Except for the injection vein (samplesa and b,
Table 1), the pseudotachylytes possess higher total alkali
contents than the basic host rocks and plot in the calc-al-
kaline field (Fig. 4e). They also define an array that tends
towards an andesitic composition. Along with the basic
host rocks, the injection vein pair lie in the tholeiitic field.

There is an inverse relationship between the alkalis
and CaO as indicated by Fig. 5a,b. This is illustrated by
the behaviour of the injection vein and source horizon
pseudotachylyte (Fig. 5). Unlike the alkalis, CaO be-
haves like the ferromagnesian oxides, showing an inverse
relationship with SiO2.

Overall, the compositions of the Sudbury pseudo-
tachylytes lie between those of the acidic and basic host
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gneisses plus granitoids) and basic host rocks in the pro-
portions 60: 40 respectively. Although the intermediate
gneisses possess similar compositions to the pseudo-
tachylytes, the relative scarcity of these gneisses at the
studied sites suggests that their contribution to pseudo-
tachylyte production was negligible.

Host rock mineralogy

Rocks of the Archean Levack gneiss complex are the
main host to pseudotachylytes at Sites 1 and 2S and are a
subordinate host at Site 2. These rocks are composed of
coarse-grained quartz - plagioclase - potassium feldspar
- biotite - calcic amphibole assemblages, retrogressed
from the granulite facies (James et al. 1991). Plagioclase
ranges from albite to andesine (An2–28) (Table 2) and
exhibits saussuritization and rare PDFs. Quartz is typi-
cally partly recrystallized, but otherwise shows undulose
extinction, fracturing and decorated PDFs. Potassium
feldspar occurs as microcline (Or98) and as untwinned
orthoclase with a cloudy, altered appearance (Table 3).
Antiperthites are also observed with host plagioclase
compositions of An25 and K-feldspar blebs of Or96.
Pleochroic deep brown biotite is the dominant mafic
phase, showing kinking and inclusion trails of opaque
oxides (Table 4, Fig. 8). Actinolitic hornblende is a minor
constituent of the felsic gneisses at Site 1. Intermediate
gneisses are more biotite rich.

The main hosts to the pseudotachylyte at Sites 2 and 3
are the Archean Cartier granitoids. These consist of
quartz, potassium feldspar, plagioclase, biotite, chlorite
and epidote. At Site 3 this assemblage is largely sec-
ondary, due to retrograde effects associated with the
Benny deformation zone (Card 1994). Plagioclase is
saussuritized (Table 2) and quartz is recrystallized, but
locally exhibits decorated PDFs, undulose extinction and
fracturing. Potassium feldspar occurs as orthoclase
(Or100) (Table 3) and within perthite. Unlike the Levack
biotites, those from the Cartier granitoids are pleochroic
green–brown and do not exhibit kinking (Table 4). Chlo-
rite is observed intergrown with and replacing biotite.

Basic igneous intrusions occur at all three sites as part
of regional dyke swarms. The gabbroic intrusion from
Site 2S has a primary mineralogy of augite, orthopyrox-
ene, olivine and plagioclase (An45). The augite is partly
replaced by hornblende and the plagioclase is saussuri-
tized. All other basic intrusive rocks are more severely
retrogressed. They contain magnesio- or pargasitic horn-
blende partly replaced by actinolite. In places, biotite
replaces amphibole, titanite occurs after ilmenite and
plagioclase (An44) is saussuritized. Chlorite, epidote,
clinozoisite, quartz and opaques are present in minor
amounts.

Fig. 5 aSum of alkalis versus SiO2 andb CaO versus SiO2. Sym-
bols as for Fig. 4

Fig. 6 Average compositions for all analysed pseudotachylytes
and host rocks plotted as ferromagnesian oxides versus SiO2 in
weight percent. [B basic host rocks (n 5 4), IG intermediate
gneisses (n 5 2), F: felsic gneisses and granitoids (n 5 6), Pm
pseudotachylyte matrices (n 5 7), Pb bulk pseudotachylytes
(n 5 9)]

rocks, indicating that the pseudotachylytes are a blend of
these end-members (Fig. 6). The bulk pseudotachylyte
(matrix-plus-clast) compositions (denoted Pb), whether
determined by XRF or by ASEM, lie between their re-
spective acidic host rock and matrix-only compositions
(denoted Pm), yet closer to the matrix-only values than
the acidic hosts. Figure 6 suggests that theaveragebulk
pseudotachylyte composition can be derived by thein
situ comminution and partial melting of acidic (felsic
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Table 2 ASEM analyses of
plagioclase from host rocks
and pseudotachylytes. Formu-
lae calculated on the basis of
8 oxygens. (Wt% weight per-
cent,Form formula,c clast,o
overgrowth,y crystal,An anor-
thite content of the plagioclase
in%, 0.00not detected)

Host rocks

F-1B An11 F-2A An24 F-2A An6 F-3 An1
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 64.92 2.89 62.65 2.77 67.16 2.96 69.73 3.00
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 21.07 1.11 23.43 1.22 20.17 1.05 19.78 1.00
FeO 0.00 0.00 0.00 0.00 0.19 0.01 0.00 0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.36 0.11 5.15 0.24 1.26 0.06 0.20 0.01
Na2O 9.22 0.80 8.75 0.75 10.26 0.88 10.44 0.88
K2O 1.42 0.08 0.10 0.01 0.05 0.00 0.05 0.00

Total 98.99 100.08 99.09 100.20

Pseudotachylytes

Clasts Metamorphic

P-1Ayc An31 P-2Byc1 An28 P-2Byc2 An32 P-3 An5
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 61.10 2.72 61.25 2.73 60.56 2.67 67.01 2.93
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 24.35 1.28 24.09 1.26 25.30 1.31 20.81 1.07
FeO 0.39 0.01 0.21 0.01 0.26 0.01 0.13 0.00
MgO 0.00 0.00 0.00 0.00 0.34 0.02 0.19 0.01
CaO 6.06 0.29 5.86 0.28 6.71 0.32 1.24 0.05
Na2O 7.57 0.65 8.18 0.71 7.76 0.66 11.00 0.93
K2O 0.14 0.01 0.12 0.01 0.12 0.01 0.07 0.00

Total 99.61 99.71 101.05 100.45

Neo-igneous

P-1Ayo An52 P-2Byo1 An56 P-2Byo2 An49 P-2Byy An63
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 55.07 2.50 54.27 2.45 56.64 2.52 52.75 2.39
TiO2 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00
Al2O3 27.23 1.46 28.19 1.50 27.42 1.44 29.78 1.59
FeO 0.93 0.04 0.81 0.03 0.93 0.04 0.39 0.01
MgO 0.24 0.02 0.00 0.00 0.46 0.03 0.00 0.00
CaO 10.68 0.52 11.73 0.57 10.23 0.49 12.93 0.63
Na2O 5.29 0.47 5.00 0.44 5.91 0.51 4.20 0.37
K2O 0.21 0.01 0.11 0.01 0.00 0.00 0.06 0.00

Total 99.65 100.22 101.59 100.11

Pseudotachylyte mineralogy

Three distinct assemblages are identified within the
pseudotachylytes: (1) an inherited mineralogy, derived
from the host rocks, as preserved in rock and mineral
clasts; (2) a neo-igneous mineralogy, formed due to crys-
tallization from a melt, as locally preserved in the ma-
trices; (3) a post-impact retrograde mineralogy over-
printing both clasts and matrices.

Inherited mineralogy

Lithic clasts, as well as monomineralic clasts derived
from the Levack gneiss complex, Cartier granitoids and
basic host rocks have been incorporated into the pseudo-
tachylytes.

Quartz is the most abundant mineral clast, exhibiting
features common to the host lithologies (e.g. remnant
PDFs) as well as corroded and embayed contacts with the
matrices. Quartz clasts in the pseudotachylytes from
Site 3 are, however, recrystallized to a polygonized tex-
ture of unstrained subgrains.

Plagioclase clasts are also ubiquitous in the pseudo-
tachylytes, with matrix contact relations similar to those
of quartz (Fig. 7a). However, the clasts are typically



368

Table 3 ASEM analyses of K-
feldspar from host rocks and
pseudotachylytes. Formulae
calculated on the basis of 8
oxygens. (Or orthoclase con-
tent of potassium feldspar in
%, 0.00not detected).i pseu-
dotachylyte injection

Host rocks

F-1B Or98 F-2A Or98 F-2B Or98 F-3 Or100
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 68.91 3.13 64.75 3.00 68.91 2.96 64.01 3.00
TiO2 0.11 0.00 0.00 0.00 0.11 0.00 0.19 0.01
Al2O3 15.75 0.84 18.03 0.98 15.75 0.84 18.14 1.00
FeO 0.15 0.01 0.00 0.00 0.15 0.01 0.00 0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.21 0.02 0.23 0.02 0.21 0.02 0.00 0.00
K2O 15.02 0.87 17.15 1.01 15.02 0.87 16.39 1.00

Total 100.15 100.16 100.15 98.73

Pseudotachylytes

Neo-igneous

P-1A Or100 P-1Byi Or86 P-1Byi Or95 P-1B Or75
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 64.18 2.97 63.41 2.93 64.52 3.00 63.97 2.93
TiO2 0.25 0.01 0.24 0.01 0.26 0.01 0.26 0.01
Al2O3 18.80 1.03 18.69 1.02 17.63 0.96 19.48 1.05
FeO 0.34 0.01 0.78 0.03 0.59 0.02 0.71 0.03
MgO 0.00 0.00 0.47 0.04 0.44 0.03 0.27 0.02
CaO 0.00 0.00 0.86 0.04 0.33 0.02 1.32 0.06
Na2O 0.00 0.00 1.08 0.10 0.29 0.03 1.99 0.18
K2O 16.47 0.97 14.67 0.87 16.02 0.95 12.09 0.71

Total 100.04 100.20 100.08 100.09

P-2A Or96 P-2A Or76 P-2B Or94 P-2B Or60
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 65.82 3.03 65.89 3.00 63.98 2.96 65.43 2.96
TiO2 0.46 0.02 0.33 0.01 0.45 0.02 0.68 0.02
Al2O3 17.54 0.95 17.75 0.95 18.48 1.01 19.02 1.01
FeO 0.33 0.01 0.56 0.02 0.38 0.01 0.24 0.01
MgO 0.00 0.00 0.45 0.03 0.00 0.00 0.00 0.00
CaO 0.16 0.01 1.96 0.10 0.29 0.01 0.83 0.04
Na2O 0.30 0.03 1.23 0.11 0.56 0.05 3.84 0.34
K2O 15.60 0.92 11.59 0.67 16.06 0.95 10.05 0.58

Total 100.21 99.76 100.20 100.09

streaked out and contorted. Alkali feldspar clasts are less
common in the pseudotachylytes, but they too exhibit
ductile textures. Both the plagioclase and alkali feldspar
clast compositions are identical to those of their host
rock minerals.

Neither monomineralic biotite nor amphibole clasts
were observed within the pseudotachylytes, though both
may occur preserved within the larger composite (lithic)
clasts.

Laser-probe Ar-Ar dating (unpublished data), using a
50–100mm diameter focused infrared laser beam, of se-
lected pseudotachylyte clast components from Site 3 and
sites further north, yielded late Archean to early Protero-
zoic ages of 2.7–2.2 Ga, compatible with previously pub-
lished ages obtained from the basement rocks of the
North Range (Krogh et al. 1984).

Neo-igneous mineralogy

This is typified by the cryptocrystalline and micro-ig-
neous-textured matrix of pseudotachylyte P-2B, as well
as by samples P-1A and P-2A. Sample P-2B consists of
¥10 mm crystallites of biotite (phlogopitic)1 plagio-
clase (An45–64) 1 orthoclase+ sanidine (Fig. 7b). Mi-
nor interstitial (neo-crystalline) quartz is present, but is
sparse compared to its abundance as a clast phase. Neo-
crystals of alkali feldspar have two distinct composi-
tions: orthoclaseymicrocline (e.g. Or94) and a Na-K
mixed phase (Or60–76) showing no evidence of exsolution
at the SEM scale. It is therefore not perthite (100–
1000mm), microperthite (5–100mm) or cryptoperthite
(1–5mm), but probably sanidine (Table 3). X-ray diffrac-
tion analysis of sample P-2B confirms the presence of
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Table 4 ASEM and electron
microprobe analyses of bi-
otites from host rocks and
pseudotachylytes. Formulae
calculated on the basis of 22
oxygens.

Host rocks

F-1A F-1B F-2 F-3
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 35.79 6.01 35.17 5.49 36.52 5.57 35.93 5.56
TiO2 1.85 0.23 1.77 0.21 1.33 0.15 1.47 0.17
Al2O3 16.47 3.26 16.03 2.95 16.72 3.01 15.81 2.88
FeO 19.84 2.78 21.66 2.83 19.22 2.45 21.63 2.80
MnO 0.23 0.03 0.25 0.03 0.19 0.02 0.26 0.03
MgO 10.98 2.75 10.27 2.39 11.09 2.52 10.55 2.43
CaO 0.00 0.00 0.00 0.00 0.29 0.05 0.00 0.00
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K2O 9.82 2.10 9.26 1.84 10.12 1.97 9.53 1.88

Total 94.98 94.41 95.48 95.18

Pseudotachylytes

P-1A P-1B P-2B P-3
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 40.53 6.00 37.02 5.63 39.66 5.83 36.07 5.61
TiO2 1.23 0.10 1.08 0.12 1.77 0.20 1.59 0.18
Al2O3 14.80 2.60 16.78 3.01 15.66 2.72 15.51 2.84
FeO 17.82 2.20 20.43 2.60 16.62 2.04 21.08 2.74
MnO 0.22 0.00 0.21 0.03 0.22 0.03 0.31 0.04
MgO 11.50 2.54 11.12 2.52 12.88 2.83 10.08 2.34
CaO 1.83 0.30 0.09 0.01 0.53 0.08 0.00 0.00
Na2O 0.00 0.00 0.69 0.20 0.00 0.00 0.00 0.00
K2O 8.09 1.50 7.23 1.40 9.30 1.74 10.01 1.99

Total 96.02 94.65 96.64 94.65

sanidine. Significantly, alkali feldspar of this composi-
tion was not found in any of the analysed host rocks or
clasts.

Biotite is abundant in the matrices. It occurs as
needles and as irregular-shaped crystals intergrown with
the feldspars (Fig. 7b). The biotites have an average com-
position distinct from that of their host rocks, tending to
be more phlogopitic (Table 4, Fig. 8).

Plagioclase within the matrices occurs in BSE im-
agery as light grey laths (Fig. 7b) and overgrowths
mantling a darker grey plagioclase (Fig. 7c). The darker
grey centres have an average oligoclase composition
(An23), identical to that of host rock plagioclase
(Table 2), and these are interpreted as clasts. The
mantling plagioclase typically forms a uniform halo with
sharp contacts around the oligoclase (Fig. 7c). Over-
growth compositions range from An45 to An56 with an
average of An51 (labradorite) (Table 2). Certain plagio-
clase overgrowths are themselves zoned, with a slightly
lighter grey (more An-rich) area closer to the centre and
a darker grey (less An-rich) rim. Less commonly, the
plagioclase overgrowths occur as radiating crystallites
¥5 mm long. Plagioclase neo-crystals in the matrices
range from An52 to An64, with an average of An57 (labra-
dorite) (Table 2). Figure 9 shows the distinction between
the compositions of the host rock clasts and those of the
mantling labradorite and labradorite neo-crystals. The
single clast with the anomalously high An content is from
a rare gabbro inclusion. Occasional bytownite clasts,

presumably also derived from basic host rocks, are also
found with labradorite overgrowths.

Quartz1 phlogopitic biotite1 sanidine1 labrador-
ite is considered a high temperature assemblage that
crystallized from a melt. The original existence of melt is
supported by the embayed and corroded nature of the
quartz and feldspar mineral clasts, as well as the pres-
ence of vesicles in sample P-1A. Müller-Mohr (1992,
p. 222) describes rosette-like growths of pyroxene in his
type 3C pseudotachylytes from the North Range, which
also suggest a melt origin. Relatively rapid cooling of the
melt is indicated by the presence of sanidine and by the
microcrystalline grain sizes.

Laser-probe Ar-Ar dating of certain pseudotachylyte
matrix phases sampled 65 km north of the SIC yielded
ages of¥1.85 Ga (Thompson et al. 1994), compatible
with the timing of the impact event (Krogh et al. 1984).
We attribute this result to the dating of neo-igneous K-
bearing phases (i.e. biotite and K feldspar) within the
pseudotachylyte matrix.

Post-impact retrograde mineralogy

Both host rocks and pseudotachylytes have undergone a
number of tectonothermal events following impact (e.g.
Penokean and, on a local scale in the North Range, even
Grenvillian). These events have obscured, but not com-
pletely supplanted, pre-existing mineral assemblages.
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Fig. 7 SEM backscattered electron photomicrographs of:a pla-
gioclase clast (black) from sample P-2B showing partial injectiony
assimilation by pseudotachylyte matrix.b Typical pseudotachy-
lyte matrix (sample P-2B). Micro-igneous-textured phlogopitic
biotite (off white), labradorite (grey) occurring as needle-like crys-
tals and as overgrowths surrounding oligoclaseyandesine clasts
(dark grey), as in bottom right hand corner, and quartz (black).
c Close-up of labradorite overgrowth (light grey) mantling an
oligoclase clast (dark grey). Phlogopitic biotite (lightest grey) in
matrix, is intergrown with the labradorite overgrowth. Note pres-
ence of labradorite crystals (light grey) and interstitial quartz
(black) in the matrix.d Cryptocrystalline-textured matrix of pseu-
dotachylyte P-2A, showing post-impact retrograde effects. Large
epidote porphyroblasts (lightest greyrhombic crystals) overgrow
both matrix components and clasts

The pseudotachylytes have been especially susceptible
to alteration, probably because of their microcrystalline
texture and due to fluid flow through host fault zones.
Retrogression to greenschist and lower grade facies is
common and, at least at Site 3, metamorphism was ac-
companied by metasomatism resulting in extensive epi-
dote veining. Retrogression led to the development of
secondary biotite, actinolite, albite, titanite, epidote,
clinozoisite, chlorite and prehnite. The late biotites con-
trast with the biotite neo-crystals in having Fe.Mg, no
interlayer Na or Ca and lower Si (Fig. 8; Table 4: F-3,
P-3). Actinolite to actinolitic hornblende occurs in the

Fig. 8 Comparison of host rock and pseudotachylyte matrix bi-
otite compositions. Primary biotites from pseudotachylyte ma-
trices have higher Si and slightly lower M2 (M21 cation) contents
than host rock biotites. Pseudotachylyte matrix biotites with simi-
lar compositions to host rock biotites are considered to result from
post-impact retrograde effects
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Fig. 9 Histogram of % total
analyses for each range in
composition (e.g. An20–25)
versus An content for sample
P-2B plagioclases. This shows
the distinction between plagio-
clase clasts whose composi-
tions peak at An25–30(oligo-
clase), and plagioclase neo-
crystals and overgrowths
whose compositions peak at
An55–60(labradorite). The in-
set of %Ab versus %An con-
tents shows the compositional
relationships between clast-
overgrowth pairs

Table 5. ASEM analyses of
retrograde minerals in pseudo-
tachylytes. Formulae calculat-
ed on the basis of 23 oxygens
for amphibole, 12.5 for epi-
dote, 28 for chlorite and 1 sili-
ca for titanite. (0.00not de-
tected)

Amphibole Epidote Chlorite Titanite

P-1A P-2A P-3 P-2B
Wt% Form Wt% Form Wt% Form Wt% Form

SiO2 53.06 7.69 37.90 2.97 25.76 5.64 31.01 1.00
TiO2 0.22 0.02 0.00 0.00 0.00 0.00 34.81 0.86
Al2O3 2.57 0.44 24.46 2.26 19.05 4.92 2.57 0.09
FeO 13.19 1.60 9.84 0.64 25.67 4.70 2.10 0.04
MnO 0.48 0.06 0.18 0.01 0.49 0.09 0.00 0.00
MgO 14.89 3.22 0.00 0.00 13.91 4.54 1.22 0.06
CaO 12.42 1.93 23.79 2.00 0.00 0.00 24.99 0.86
Na2O 0.48 0.14 0.00 0.00 0.00 0.00 0.00 0.00
K2O 0.17 0.03 0.00 0.00 0.00 0.00 1.29 0.05

Total 97.48 96.17 84.88 97.99

matrices of P-1A (Table 5), P-1Byi, P-2A and P-2B. Al-
bite (An5) is present in the pseudotachylyte matrices
from Site 3 (Table 2). Epidote porphyroblasts, up to
100mm across, overgrow both neo-crystals and clasts in
sample P-2A (Table 5; Fig. 7d).

A laser-probe Ar-Ar age of¥1.57 Ga (unpublished
data), indicative of the timing of a later, post-impact
thermal event andyor movement on the Benny deforma-
tion zone, was obtained from an altered pseudotachylyte
sample at Site 3.

Discussion

The Sudbury pseudotachylytes occur as thin veins and
larger dyke-like bodies in the target rocks beneath the
impact melt sheet (SIC) of the Sudbury structure. Their
compositions, as determined by XRF and ASEM, indi-
cate derivation from their hostywall rocks. Based on this
study, the average pseudotachylyte can be produced by
blending 60% felsic gneissygranitoids with 40% basic
host rocks. These melting proportions do not reflect the
relative distribution of acidic versus basic rocks at the
studied sites. This indicates that the basic host rocks
were preferential sites for pseudotachylyte formation.
Although the intermediate gneisses have similar compo-
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sitions to some of the pseudotachylytes, they occur only
in minor volumes, so their contribution to pseudotachy-
lyte production is considered negligible. The preferential
frictional melting of the more basic host rocks is in keep-
ing with pseudotachylyte commonly being found devel-
oped along lithological contacts of marked ductility con-
trast (i.e. between felsic gneissesygranitoids and mafic
dyke swarm material).

As with other documented pseudotachylyte occur-
rences (e.g. Maddock 1992; O’Hara 1992), the evidence
presented here supports pseudotachylyte formation by
the in situ comminution and frictional melting of fault
walls during high-speed slip. A fault origin for the pseu-
dotachylytes is supported by the association of the pseu-
dotachylytes with discrete planar surfaces and, on the
larger scale, with subconcentric zones developed about
the SIC. The latter have been interpreted as the ring
faults of a multi-ring impact basin (Spray and Thompson
1995). The formation of fault scarps as high as 6 km in
lunar multi-ring impact basins indicates that such ring
faults are capable of undergoing displacements of several
kilometres in secondsyminutes during gravity-driven
basin collapse (Melosh 1989). These displacements are
substantially greater than the centimetre- to metre-scale
offsets typical of endogenic faults. This explains how
impact-generated pseudotachylytes can be several or-
ders of magnitude larger than most of their endogenic
counterparts. The amount of energy released during slip
is the product of shear stress and displacement, so large-
displacement faults are capable of releasing significantly
more energy than are regular faults at a given shear
stress. Energy is dissipated in the mechanical work ex-
erted on the slip plane via comminution and heat produc-
tion which leads to melting.

Establishing the degree of comminuted versus fric-
tionally melted material present in a given pseudotachy-
lyte is a difficult task, if not an intractable one when
working in the field. Comminuted materialymelt propor-
tions depend on the prevailing strain rate and are best
considered a continuum (Spray 1995). As such, the cre-
ation of an elaborate classification scheme for a continu-
um is unwarranted, except for distinguishing purely cata-
clastic rocks from those bearing some friction melt.

This work shows that the frictional melting process is
unlike normal partial melting typical of adiabatic de-
compression. ASEM reveals that the pseudotachylytes
comprise two distinct components: (1) inherited rock
and mineral clasts, which are quartz- and plagioclase-
rich, (2) matrices derived by comminution and melting
of the host rocks. A given pseudotachylyte matrix is
more basic than its bulk (matrix-plus-clast) composi-
tion. This shows that melting is selective such that host
rock ferromagnesian phases are preferentially assimilat-
ed. The order of melting was hydrous ferromagnesian
phases first (e.g. amphibole, biotite) followed by alkali
feldspar, plagioclase and finally quartz. This is in accord
with the sequence proposed by Spray (1992), where the
frictional melting tendency of phyllosilicates. inosili-
cates (double chain. single chain). tectosilicates (al-

kali feldspar. plagioclase. quartz). orthosilicates.
This sequence reflects the mechanical susceptibility of a
mineral to comminution and eventual dissolution based
on fracture toughness rather than indicating any form of
equilibrium minimum melting process as would be ex-
pected for a normal melting scenario.

The proposed order of mineral melting is substantiat-
ed by the chemical evidence. The more basic composi-
tion of the injection vein P-1Byi, relative to the later
truncating pseudotachylyte P-1B (Figs. 4a–e, 5a,b,
Table 1) favours initial melting of an Fe, Mg and Ca-rich
phase in the Levack gneiss host rocks (e.g. calcic amphi-
bole) followed by a more alkali-rich phase (e.g. alkali
feldspar) as comminution and melting proceed.

The development of labradorite overgrowths on oligo-
clase clasts, labradorite crystallites, sanidine crystallites
and more phlogopitic biotite in the matrices indicate
crystallization from a melt. According to the cotectic
albite-anorthite-quartz-H2O system at 200 MPa, An55

labradorite would crystallize from a melt at 7808C, and at
9008C at aPH2O of 500 MPa (Deer et al. 1963). A temper-
ature of 7908C was obtained from the isobaric equilibri-
um diagram for alkali feldspars at aPH2O of 200 MPa,
and 8508C at 500 MPa, for an Or70 (sanidine) composi-
tion (Johannes 1978, 1989). The crystallization tempera-
ture of the friction melt is therefore placed at 800–9008C.
This must have been followed by relatively rapid cooling
to prevent any observable exsolution of the Na-K feldspar
at the SEM scale. Subsequent retrograde metamorphism
has obliterated much of the neo-igneous mineralogy,
such that preservation of high temperature assemblages
is now sporadic.

Model for pseudotachylyte formation

The generation of pseudotachylyte within the Sudbury
structure can be summarized as occurring in a number of
stages as illustrated in Fig. 10.

1. Initial failure, fracturing and slip in discrete zones
within the basement surrounding the transient cavity fol-
lowing meteorite impact at 1.85 Ga (Fig. 10a).
2. Comminution of material along slip surfaces resulting
in a matrix of fine-grained, pulverized material with in-
cluded angular fragments of the more resistant phases,
i.e. quartz and feldspar (Fig. 10b).
3. The kinetic energy released during comminution re-
sults in heat generation which leads to fusion of the me-
chanically weakest (and, hence, finest) material first (i.e.
hydrous ferromagnesian phases). This gives rise to a
more mafic initial friction melt enclosing tougher clasts.
Some of the smaller injection veins may become isolated
from the main melt to preserve the initial more basic
friction melt component (Fig. 10c).
4. As melt is continually generated along the slip plane,
expansion due to melting leads to localized high pres-
sure, explosive injection of melt into the wall rocks
(Fig. 10d). This can lead to the formation of large vol-
umes of brecciated wall rock embedded in pseudotachy-



373

formation (cf. Reimold 1995). With the possible excep-
tion of Type Apseudotachylytes, which may directly be
shock generated, pseudotachylyte is formed by the fric-
tionally induced comminution and partial melting of
wall rocks during high-speed (seismogenic) slip. For the
larger impact structures, this occurs during gravitational
collapse of the transient cavity and, at least for theType
B pseudotachylytes, this post-dates the passage of the
main shock front.
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