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Figure 7: Paleomagnetic plots of % intensity of the magnetic remanence direction

versus temperature.



Results

The final orientations that resulted are listed in table 4, and plotted in figure 8.

Table 4 : Mean Remanence Poles for the Pseudotachylite Samples

Table 5: Mean Remanence Directions and Poles for the Sudbury Igneous Complex
(after Morris, 1984, p. 417)

declination,
sample inclination (degrees)

Al 311.0, 64.0
A2 3242, 713
B1 350.7, -69.6
B2 001.1, 32.0
C1 311.7, 55.6
C2 354.6, 55.8
D1 077.5, -61.1
El 309.8, -40.5

type D, I alpha95 event
(degrees) (degrees)

N1, N2 330, 68 6 norite intrusion,
granophyre-1
intrusion

N3 309, 31 7 mineralization/intrus
ion?

N8 250, 70 7 granophyre-2
intrusion and
mineralization

N6 032, 65 4 dike intrusion-
middle zone quartz
diorite

N4 323,31 5 mineralization

N7 111, 38 13 Grenville Front
metamorphism
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Figure 8: Equal angle stereonet plot of the pseudotachylite remanence directions,
indicated by the X's, A1, A2, B1, B2, C1, C2, D1, El, and those obtained by
Morris, 1984, for the Sudbury Igneous Complex, N1, N2, N3, N4, N6, N7,

N8, represented by the dots.
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The paleomagnetic plot shows how the majority of the samples, namely Al,
A2, B2, C1, and C2, cluster around Morris' N1, N2 remanence directions for the
Sudbury Igneous Complex. There is a high degree of human error associated with this
method however, the results show fairly well that the remanence direction of the
pseudotachylite/granitic mobilizaté is approximately the same as the oldest remanence

direction of the Igneous Complex.
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. DISCUSSION

The work performed for this thesis permits the author to determine that the
pseudotachylite is impact and not fault-generated. In fact, that the distinctive
“intrusive" appearance of the pseudotachylite veins in the outcrop, are not associated
with any fault surface or large displacement is one of my strongest arguments.
Typically fault-generated pseudotachylite is characterized, as previously described, by
the presence of displacement and sheared wall rock, whereas impact-generated
pseudotachylite shows no or little evidence of displacement and has a more intrusive
appearance.

Can fault and impact generated pseudotachylite also be distinguished by their
chemistry?

Philpott's (1964) study of the pseudotachylites which he believes are products
of fault movement, show distinct differences in the chemistry of the wall rock and the
vein, namely an increase in silica, alumina and potash and a decrease in magnesium,
total iron and calcium. These trends are almost opposite to those of other studies of
impact-generated pseudotachylites, which are marked by an increase in iron and
magnesium in the pseudotachylite relative to its wall rock. To come to a conclusion
regarding the mafic enrichment requires a great deal more sampling and analysis to
ensure it is not just a local anomaly. The extreme local variability of mafic and felsic
chemistry in the typically gneissic host rocks also makes it difficult to make
generalities between impact sites, i.e., Sudbury and Vredefort. Hyndman .(1985)
compiled average chemical compositions from 257 granitoid rocks worldwide and
plotted the silica values against the major oxides (Figure 9). When the silica values
obtained for Sudbury are indicated on Hyndman's plot, one can see that the

pseudotachylite vein is anomalously high in magnesium and iron, exceeding the
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maximum and minimum values as determined by Hyndman (Table 6, Figure 9). The
Sudbury breccia is also higher in magnesium and iron, but lies, within the maximum-
minimum range, while the wall rock shows typical major oxide values for its
determined silica content.

The question that arises from the above comparison is, where does the
enrichment in mafics come from? There are two possibilities: 1) mafic fragments were
preferentially melted during formation of the pseudotachylites, or 2) the mafics were
introduced from an external source. The former is supported by the lack of mafic
fragments (biotite and amphibole) in the pseudotachylite vein and the Sudbury breccia
compared to their respective wall rocks. The latter hypothesis is viable if the impact,
or explosion, occurred, as suggested by, French, 1979 and Guy-Bray, 1979, close to a
preexisting magma source, possibly associated with the Nipissing diabases and
gabbros. The increased mafic content in the pseudotachylites could have resulted from
mafic material from this remobilized magma. However the age of the Nipissing, based
on U-Pb baddeleyite ages, obtained by Noble and Lightfoot, ranges between
2217.2 £ 4 and 2209 £ 3.5 Ma,, thus the explosion or impact would have had to
occurred much earlier than the intrusion of the 1.85 Ma Sudbury Igneous Complex.
An alternative explanation is that mafics originated from mafic rich gases associated
with an impact event. Shand (1916), for example, proposed that the heat source
generating the pseudotachylites at Vredefort maybe the result of hot gases released by

the explosive event which formed the structure.



Diorite md Tonalite Granodiorite and Granite andv
quartz diorite quanz monzodiorite quartz monzonite
Avg. Range Avg. Range Avg. Range Avg. Range

Si0, 54.31 49.75-60.8 64.82 58.70-72.49 66.37 55.81-73.00 71.93 62.0 -77.48
TiO, 0.95 05-13 0.62 0.25- 1.04 0.53 0.12- 0.98 0.26 0.04 - 0.73
AlLO, 17.76 15.68-20.4 16.5 14.44-19.18 15.90 13.63-20.49 14.58 12.44 -17.95
Fe,0, 2.27 0.1 - 4.83 1.30 0.34- 2.54 1.07 0.02- 3.46 0.78 . 0.05 - 4.0
FeO 5.31 33-69 347 1.60- 6.18 2.87 0.76- 4.71 1.42 0.34 - 3.78
MnO 0.13 0.08- 0.21 0.09 0.04- 0.17 0.08 0.02- 0.13 0.05 0.01 - 0.15
MgO 4.62 22-58 2.28 0.59- 4.26 1.66 0.14- 3.97 0.66 0.02 - 2.70
Ca0 7.8 6.0 - 8.79 4.78 2.40- 6.69 3.42 1.37- 7.42 1.86 0.34 - 4.7
Na,0 3.83 2.2 - 4.67 3.50 2.17- 5.12 3.51 2.05- 5.4 3.57 262 - 473
K,0 1.06 0.3 - 2.20 1.74 0.17- 2.84 291 1.14- 5.10 4.02 27 -5.41
PO, 0.25 0.06- 0.39 0.18 0.10- 0.35 0.15 0.04- 0.28 0.08 0.005- 0.4
CO, 0.04 0.0 - 0.2 0.75 0.01- 0.2 0.07 0.03- 0.3 0.05 0.0 -0.2
H,0 1.09 04-19 0.83 0.05- 1.3 0.68 0.2-1.2 0.545 0.12 - 1.47
Rb, ppm 96 10-154 123 40-202 225 71-532
Sr, ppm 283 170-490 282 118-690 109 0-359
No. of
analyses 22 33 105 97

Table 6: Averaged chemical compositions of 257 common granitoid rocks from
worldwide localities, from Hyndman, 1985, p. 307.
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Figure 9: Plot of % silica versus % major oxides of generalized worldwide
granitoid compositions, from Hyndman, 1985, p. 308, with the Sudbury
breccia, SB, pseudotachylite, PS, and wall rock, PS-WR, silica values,
indicated.
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Can fault and impact pseudotachylite be distinguished petrologically?

The petrographic analysis clearly shows the distinctive aphanitic, glassy nature
of the pseudotachylite matrix. By definition, fault-generated pseudotachylites should
have a clastic matrix.  Also of interest are the flowage features (Plates 22 and 23),
wavy undulations of darker bands in the pseudotachylite matrix, perhaps indicating
more than one episode of formation, which is more likely the cause of endogenic
processes, or multiple volcanic explosion events.

Diagnostic, multiple and specifically oriented, shock-induced planar features
are present in quartz grains of the wall rock and in the fragments of pseudotachylite,
and Sudbury breccia. These diagnostic shock features are the best petrographic

indication of impact rather than fault origin.



Plate 22 : Flowage structures in pseudotachylite, plane polars.

Plate 23 : Flowage structures in pseudotachylite, crossed polars.
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Can the genesis of pseudotachylites be determined by establishing their age
relative to large scale regional structures?

Reimold e? al. (1990), published results of a 40Ar - 39Ar dating which
revealed a series of ages for the Vredefort pseudotachylite between 2.2 and 1.1 Ma,
and concluded that they indicate either a series of pseudotachylite forming events, or
thermal overprinting. These authors based their dating study exclusively on the
Vredefort pseudotachylites and on the premise that their formation age would be close
or simultaneous, to a Vredefort impact event.

The paleomagnetic analysis reported here provides only a relative age for the
Sudbury pseudotachylite which coincides with the event forming the Sudbury Igneous
Complex. There is a problem with viewing these results as conclusive arguments for
impact-produced pseudotachylites, as the origin of the Sudbury Igneous Complex is,
itself, questionable. The Sudbury Igneous Complex is believed to be either the result
of 1) impact/explosion-triggered igneous intrusion (French, 1979), 2) impact melt
sheet, (Grieve ef al., 1991), or 3) an igneous intrusion occurring much later than the
event creating the structure. If one assumes that the event which initiated the intrusion
of the Igneous Complex occurred relatively soon after the event which created the
Sudbury Structure, than the age of the pseudotachylite is close to that of the intrusion.
With the time span resolution of the paleomagnetic method, this would be
characterised by the two lithologies having the same primary magnetization. = Which
is exactly what we see in this limited collection. This is a preliminary report. For a
more definitive assessment between the pseudotachylites and the Sudbury Igneous
Complex it will be necessary to examine many more samples and use a number of

other age-dating methods.
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Origin of the Sudbury Structure
The enigmatic nature of the Sudbury Structure persists. As of present, there

are two main theories: endogenic cryptoexplosion and meteorite impact.

Endogenic Hypothesis

Endogenic origin advocates use paleocurrent data of theWhitewater Group as
proof that the Sudbury Structure was not originally circular. Muir (1984) notes the
similarities of some of the features of diatremes, kimberlites, tuff rings, resurgent
calderas and ring-like complexes to features of Sudbury. However, Muir (1984) also
indicates that all of these processes are on a much smaller scale than Sudbury, and that
no single process can account for the origin of the Sudbury Structure. Although the
exact non-impact mechanism, which must be capable of generating the great shock
pressures, temperatures, and strain rates, remains a puzzle. Muir (1984) proposes
two possible mechanisms for the origin of the Sudbury Structure: (1), a confinement

and strain, and (2) fluid (liquid or gas) pressure creating an explosion.

Impact Origin

Grieve (1987) describes the basic characteristics of terrestrial impact
structures: circular form; evidence for intense, localized, near-surface structural
disturbance and brecciation, leading to associated low seismic velocities and residual
negative gravity anomalies (Pohl ef al., 1977, cited in Grieve, 1987); no deep-seated
roots; a low magnetic signature (Dabizha and Ivanox, 1978, cited in Grieve, 1987);
and most importantly shock-metamorphic effects (French and Short, 1968, cited in
Grieve, 1987). Grieve (1987) goes on to divide impact structures into two basic
types: simple and complex. Simple structures like the Meteor Crater, Arizona, have
an uplifted rim area, "...in the freshest examples ... overlain by an overturned flap of

near-surface target rocks with inverted stratigraphy which is in turn overlain by fallout



ejecta..." (p. 246), a crater floor, "...underlain by a lens of allochthonous unshocked
and shocked target-rock breccia. Bounding the breccia lens are autochthonous
brecciated and fractured target rocks..." (p. 246). Complex structures have diameters
between 2 and 4 km, " The freshest examples are characterized by a structurally
uplifted central area, exposed as a central peak and/or rings, surrounded by a
peripheral depression and a faulted rim area. The peripheral depression is partly filled
by allochthonous breccia and/or an annular sheet of so-called impact melt rocks."
(Grieve, p. 248).

The possibility of Sudbury being an impact site was first proposed by Dietz
(1964) based on the presence of shatter cones, and the Sudbury breccia, oc;:upying
tension cracks and fissures and showing no displacement, thus not fault generated.

Foremost for impact evidence is the presence of shock features, such as
macroscopic shatter cones and microscopic planar lamellae in quartz and feldspar, kink
bands in biotite and glass formation. Endogenic advocates have yet to devise a natural
process which can produce the conditions required to create such features. The
main features against an impact origin are the elliptical shape of the Sudbury Structure,
the zonal nature of the Onaping Tuff, and the vast amounts of igneous rocks
associated with it (Naldrett, 1984), the apparent lack of a central uplift (McCall,
1979), and the variable orientation of shatter cones (Muir, 1984). The elliptical shape
is cited most often against impact. However, recent seismic and structural evidence
for intensive deformation of the South Range indicates this is no longer a serious
criticism (Milkereit and Green, 1992, Sharks and Schwerdtner, 1991). The proposal
of Sudbury's impact origin is due mainly to comparisons to the features found at
established impact sites. Most impact sites being roughly circular. Lowman (1992)
claims that the elliptical shape of the Sudbury structure is not a problem, as elliptical
impact craters are possible and can be seen on the moon, therefore, "... the elliptical

shape of the present structure may be understandable if an obliquely impacting body
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hit an active orogenic belt." (Lowman, 1992, p. 238). The long axis of the Sudbury
Structure is parallel to the Penokean fold trends, and paleomagnetic evidence does
indicate the basin was being deformed at the time of the intrusion of the Sudbury
Igneous Complex. The ambiguous abundance of igneous rocks associated with the
Sudbury structure is another factor against impact. French (1979) and Guy-Bray
(1979) both propose that the age of the Sudbury event is older than the présently
accepted age of 1.85 billion, and in fact, closer to the age of the Nipissing diabases,
gabbros and their Fe-Ni-Cu sulfides. Thus the impact either hit this preexisting
Nipissing-related magma pool, and remobilized it, or it struck an area of anomalously

high thermal gradient, offloading and fracturing, ultimately producing magma.



CONCLUSIONS

Petrographic analysis of the pseudotachylite veins, Sudbury Breccia and
associated wall rocks has revealed the aphanitic, glassy nature of the pseudotachylite
vein and the Sudbury Breccia matrix, and confirmed the presence of diagnostic shock
metamorphic planar features in the quartz grains of the fragments within the
pseudotachylite and wall rock.

Chemically the pseudotachylite has an anomalously high mafic content
compared to the composition of the immediate wall rock and to Hyndman's (1985)
chemically averaged granitoid rocks with the same silica content. This is contrary to
Philpott's (1964) analysis of fault-generated pseudotachylite showing an increase in
silica and potash. The pseudotachylite is, thus, not fault-generated nor is it the
product of 100 % assimilation of its host or wall rock.

The paleomagnetic data supports a syngenetic relationship between the
pseudotachylite and the intrusion of the Sudbury Igneous Complex. The
paleomagnetic orientation of the pseudotachylites is the same as that of the least
deformed component of the Sudbury Structure, as determined by Morris (1984),
which is the orientation corresponding closest to that formed by the event.

Proponents for an endogenic origin of the Sudbury Structure most often cite its
elliptical shape as a factor against the impact theory. This is explained usually by
deformation of the original crater by subsequent tectonism, Morris (1984) does not
invoke a meteorite impact for Sudbury, but states that, " If such a meteorite event
occurred in the Sudbury region, it probably formed only a small part of along and
complex geological history." (p. 412). However an endogenic origin cannot account

for the presence of the diagnostic shock metamorphic features. As of yet meteorite
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impacts are the only known means by which shock metamorphism can be produced
(French, 1979).

Unless a comparable endogenic process can be discovered to produce shock,
the fact that Sudbury pseudotachylites are concluded to be impact-produced and the
same age as the Sudbury Igneous Complex, supports the theory of an impact origin for

the Sudbury Structure.
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