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Fig. 2. a) Generalized geology of the central region of the impact structure (see Fig. 1b for context), showing drill hole locations (M1-9) and
cross sections 2b, 2¢, 2d, and 2e. Dashed lines in 2a indicate location of faults. Hole M5 (as shown in plan view in 2a) is immediately WSW
of hole M5A (shown in cross section 2d). Impact melt sheet extent is derived from the work of Currie (1972), Murtaugh (1976), recent field
studies and the new drill hole data. Exact fault dips are not known, but are relatively steep. See text for details.
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Table 1. Major element oxide analyses and normative mineralogy of impact melt samples from drill holes M1-7 and
previous work. UZ, TZ and LZ = Upper Zone, Transition Zone and Lower Zone of drill hole M5, respectively (this work).
A: average from Floran et al. (1978). B: average from Currie (1972), as reported by Floran et al. (1978). Number of
analyses given in brackets. nd: not determined. Analysis by X-ray fluorescence spectrometry.

M5 M5 M5 M5

M2-4 & 6 Uz TZ LZ average A B
wt% [25] [15] [5] [11] [31] [24] [26]
SiO, 57.9 61.4 57.3 554 58.0 57.8 57.7
TiO, 0.8 0.8 0.7 0.7 0.7 0.8 0.7
Al,04 16.3 154 16.8 17.2 16.5 16.5 18.7
Fe,04 6.7 6.0 6.8 7.4 6.8 6.0 5.8
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO 3.7 24 4.1 4.5 3.6 35 35
CaO 5.9 3.7 6.3 7.0 5.6 5.9 5.8
Na,O 3.8 3.6 3.6 3.7 3.6 3.8 4.0
K,0 3.0 4.2 2.7 22 3.0 3.0 3.1
P,05 0.2 0.2 0.2 0.2 0.2 0.2 nd
LOI 1.2 1.1 0.6 0.6 0.8 1.7 1.5
Total 99.6 98.9 99.2 99.0 98.9 99.3 100.9
CIPW norm (vol%)
Quartz 5.8 12.1 5.7 2.8 7.3 6.4 33
Plagioclase 54.8 46.9 56.3 60.1 54.5 55.5 61.0
Orthoclase 20.0 27.6 18.0 14.8 20.0 20.0 20.2
Diopside 6.7 2.5 5.8 6.9 4.6 6.3 33
Hypersthene 10.6 8.9 12.1 133 11.6 9.7 10.7
Ilmenite 0.9 0.9 0.8 0.8 0.8 0.9 0.8
Magnetite 0.8 0.7 0.8 0.9 0.8 0.7 0.7
Apatite 0.4 0.4 0.4 0.4 0.4 0.4 nd

from a slight increase (~1 weight %) in SiO, (and K,O) in the
upper 200 m. The rocks show little or no evidence of
fractionation or compositional layering. All analyses indicate
a quartz monzodiorite composition. The average for these
holes compares well with the results of previous work
(columns A and B, Table 1, Fig. 3), especially that of Floran
et al. (1978). The data of Currie (1972) shows minor
differences in Al,O5 and Fe,O; (total).

In contrast to the thinner IMS sections (<600 m thick),
the most striking results come from drill hole M5, which
comprises ~1100 m of clast-free IMS and another 350 m of
impact-melt breccia (Figs. 2 and 3). Here the chemistry
reveals segregation into two compositionally distinct layers
separated by a transition zone, which together lie above the
~350 m thick impact-melt breccia (yielding a combined clast-
bearing and clast-free IMS thickness of ~1500 m). The Lower
Zone is ~450 m thick and is a monzodiorite (classification
from Le Maitre 2002). The Transition Zone is ~180 m thick
and is a quartz monzodiorite (similar to the average
composition of the IMS intersected in the other holes). The
Upper Zone is ~450 m thick and is a quartz monzonite. These
chemical trends in M5 are reflected in the mineralogy, with
plagioclase and pyroxenes decreasing in volume up-
sequence, while quartz and potassium feldspar increase (see
Table 1 norms). A more detailed appraisal of the chemical
data will be presented elsewhere, but it is clear that, in

contrast to the thinner IMS sections present in other drill
holes, M5 was thick enough to facilitate the fractionation of
the melt into three clast-free layers, presumably due to its
larger volume and protracted cooling. Notably, the average
composition of M5 is essentially the same as the average for
the other drill holes (Table 1), which indicates that all were
derived from a common, relatively well-mixed parent melt.

Critically, the Lower Zone monzodiorite layer of M5 is
not manifest as a lower layer in any of the other drill holes,
nor in any field samples collected. This reveals that the melt
thickness in M5 is a primary feature and that the deep
structure that hosts it was created prior to crystallization of the
IMS. This concurs with the observation that most of the
controlling faults do not propagate through the IMS, yet
displace the underlying basement. This provides evidence for
the basement topography being generated prior to
solidification of the IMS.

IMS Cooling

Previous thermal modelling of the cooling of the IMS
yielded estimates of 1600-5000 years for complete
solidification of units <500 m, and <10,000 years for
units ~1000 m thick (Oronato et al. 1978). Structural
rigidity of the IMS could have been achieved
significantly earlier if continuous three-dimensional
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Fig. 3. SiO, versus elevation relative to mean sea level for IMS
samples. Drill hole M5 is differentiated into three zones: LZ—Lower
Zone, TZ—Transition Zone, UZ—Upper Zone. IMB = impact melt
breccias. See text and Table 1 for details.

feldspar networks formed, as has been proposed for
cooling intermediate and basaltic melt systems (Philpotts
et al. 1998; Zeig and Marsh 2005). If so, the absence of
deformation in the IMS mineral fabrics, as revealed by
drill core and field samples, indicates that faulting
occurred prior to IMS feldspar networking, probably
within 1000 years of impact. This concurs with the
presence of sanidine and uninverted pigeonite as high-
temperature mineral phases in the IMS, both of which
require rapid crystallization from temperatures above 700 °C
(Deer et al. 1992). This is in accord with the fine- to
medium-grained texture of the IMS mineral phases (i.e.,
coarse grain size is rare).

DISCUSSION

This work has presented evidence of variable IMS floor-
basement relief beneath the center part of the Manicouagan
impact structure. The thickest (~1500 m) known IMS section
has fractionated into three distinct compositional layers
(monzodiorite, quartz monzodiorite, quartz monzonite). The
thinner (<600 m) IMS sections are relatively homogenous
quartz monzodiorite. This shows that the basement relief was
created before IMS solidification. This complies with the
time scale of collapse and modification taking a few times

J. G. Spray and L. M. Thompson

(D/g)” (where D = crater diameter, g = surface gravity),
which translates to ~3 minutes for a ~100 km diameter
structure like Manicouagan (Melosh 1989).

Figure 4 illustrates four idealized scenarios for the
formation of the central uplift and associated trough at
Manicouagan. Figure 4a (i) depicts the central region
undergoing inward and upward movement followed by
collapse (Fig. 4a [ii]) facilitated by gross hydrodynamic
behavior as favored by the modeling community using
hydrocode simulations (e.g., Goldin et al. 2006). Figure 4b
illustrates a horst and graben-type model for the formation of
the structure. In this model the forces would be primarily
extensional (centrifugal) leading to normal (extensional)
faulting. Figure 4c describes a compressional (centripetal)
regime whereby there is preferential uplift of the horst ring
along steeply dipping reverse faults with the center remaining
low. Figure 4d illustrates a two stage model for the formation
of the central uplift and graben with initial compressional
forces moving blocks inward and upward (Fig. 4d [i]). This is
followed by collapse and downfaulting of the central area
(Fig. 4d [ii]), whereby normal faulting accompanies down-
dropping of the central core to form the graben, although the
behavior of the underlying (deeper level) material is not
known (i.e., how the uplift and down-drop were
accommodated at depth). In smaller complex craters, there is
good evidence for centripetal tectonics forming a central
convergent zone (Fig. 4d [i]), such as for Upheaval Dome
(Kenkmann et al. 2005) and Haughton (Osinski and Spray
2005). This mode of deformation typically evolves to
divergent (centrifugal) motion for larger impact structures to
eventually form a peak ring. However, Manicouagan does not
appear to be a peak-ring basin in terms of its core structure.

Previous studies indicate that the change from a central
peak to peak-ring basin occurs beyond a certain crater
diameter, depending on the gravity field of the planetary body
(e.g., >40 km for Venus, >25 km for Earth, and >175 km for
the Moon; Wood and Head 1976; Pike 1985; Grieve and
Cintala 1997). Moreover, the transition may occur via an
intermediate multiple-peak stage (Melosh 1982; Alexopolous
and McKinnon 1994). This should place Manicouagan as a
peak-ring basin (Grieve and Head 1983). However, for a
collapsed crater rim to rim diameter of ~90 km for Manicouagan,
the diameter of the horseshoe-shaped uplift (23 km) does
not comply with the generally accepted relationship between
peak-ring diameter and crater rim diameter: D, = 0.5 D (Wood
and Head 1976), but more closely with central peak diameter
to crater rim diameter D, = 0.22 D (Pike 1985).

The presence of a graben within the horseshoe’s core
suggests that Manicouagan could be a central floor pit variant
of a central peak basin (Barlow and Azate 2008). However,
central pit craters are common in ice-rich targets, such as
Mars, Ganymede and Callisto, but are as yet unknown on
volatile-poor bodies like the Moon and Mercury. Given the
low-porosity, hard rock target at Manicouagan, formation of a
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Fig. 4. Simplified cross sections of models for central peak formation at Manicouagan. IMS = impact melt sheet; FW = footwall. a)
Hydrodynamic behavior of target; (i) uplift (rebound) to form central peak (centripetal movement) followed by (ii) collapse to form a central
peak annulus (centrifugal movement). b) Uplift of main blocks (horsts), with associated down-dropping of center (graben) and horst outer
margins (extensional). ¢) Inward migration of convergent fault-bound units (possibly listric at depth). d) (i) initial convergent tectonics with

uplift followed by (ii) central peak core collapse to form a graben.

pit by volatile release is considered unlikely. As yet, we are
unclear as to exactly how the graben (central pit-like)
structure formed at Manicouagan (Fig. 4). We favor formation
by annular horst-graben development (Fig. 4b), convergent
tectonics generating a partial ring (Fig. 4c), or central uplift
core collapse (Fig. 4d).

In terms of morphological comparisons with other
craters, Manicouagan shows similarities with the lunar far
side crater King (75 km diameter), which exhibits a
distinctive claw-shaped central peak complex (e.g., Heather
and Dunkin 2003). Comparisons can also be made with the
lunar craters Tycho (85 km diameter), Copernicus (93 km
diameter), Arzachel (96 km) and Gassendi (110 km). These
are all central peak basins and are also comparable in
diameter, which is problematic given the different gravity
fields of the Moon and Earth (i.e., comparable morphologies
should be reached at somewhat larger diameters on the Moon
given 1/g scaling laws).

Fault offsets within the central basement region at
Manicouagan range from 250 m to over 1000 m (Fig. 2). Field
and geophysical evidence reveals that the central uplift has
been elevated at least 10 km from the floor of the transient
cavity (Grieve and Pilkington 1996). For this to take place
when the overlying IMS was still liquid, these movements
must have occurred in single or multiple mega-slip events.
The coherent nature of the basement lithologies, as revealed
in drill core and in the field, combined with high-angle
basement relief, renders a purely hydrodynamic model

implausible. Faulting has previously been proposed for
sidewall slumping (Spray 1997) and ring formation in impact
basins beyond the transient cavity (Spray and Thompson
1995; Melosh 2005). Here we have extended the role of large-
displacement faults and heterogeneous (brittle) strain
conditions to central peak—trough formation during the
modification stage of the cratering process in a relatively
large terrestrial complex impact structure.

SUMMARY

1. Recent drilling operations in the central region of the
214 Ma Manicouagan impact structure have revealed
highly variable morphology between the impact melt
sheet (IMS) and underlying basement rocks of the
Grenville Province.

2. The thickest melt sheet unit intersected (via drill hole
MS) reveals a fractionated three-layer IMS, with the
lowermost layer being a monzodiorite. This lower layer
is not present in the lower levels of any of the thinner
IMS units, which instead possess a more homogeneous
(unfractionated) quartz monzodiorite composition. This
places important constraints on the timing of
deformation associated with the formation of the central
peak-trough system. Faulting in the basement must have
been active during the modification stage, prior to
solidification of the IMS, such that the present thickness
variation in the IMS is a primary feature (i.e., although
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minor fault adjustments may have occurred well after
impact, most displacement took place during the
modification stage prior to IMS solidification). This
complies with the known collapse times for the
modification stage of the impact process (i.e., within
minutes of impact for a crater of Manicouagan’s
diameter).

. The variable IMS-basement morphology, with some

basement slopes being 45° or steeper, favors the
presence of high-angle fault systems. Many of the faults,
as inferred from drill core data, link to lineament trends
in the central region of the impact crater that define the
margins of the horseshoe-shaped annulus (central uplift)
and related discontinuities. Total displacement on these
faults is 100s to 1000s of meters.

The continuity of Grenvillian regional metamorphic
fabrics within the central uplift lithologies, as observed
both in the field and in drill core, shows that the rocks
behaved in a coherent manner and were never fluid-like
during the impact event.

The nature of the central uplift at Manicouagan is
puzzling. Based on the development of an outermost ring
at ~150 km diameter and a collapsed transient cavity ring
at ~90 km, previous studies have suggested that
Manicouagan is a peak-ring basin (Grieve and Head
1983), or is transitional to a multi-ring basin (Floran and
Dence 1976). This work indicates that Manicouagan is a
central peak basin with rings, which does not appear to
fit with current complex crater scaling models. The
classification of impact craters is based primarily on
morphological surface observations from the Moon and,
to a lesser extent, other planets. For example, a complex
central peak or peak-ring crater is defined as having the
central peak or peak-ring rising through and breaching
the IMS. This classification does not take into
consideration what has occurred beneath the melt sheet.
Drilling at Manicouagan facilitates observation of the
third dimension and reveals a highly variable basement
structure concealed beneath the IMS. In addition to the
uplifted anorthositic massifs Mont de Babel and
Maskelynite Peak, which rose through the IMS,
significant uplift (100s of m) of basement occurred
without ever having breached the melt sheet.

Along with Sudbury, Manicouagan is only the second
impact crater so far known to unequivocally exhibit
impact melt sheet fractionation. Morokweng in South
Africa may constitute a third example, where granophyre
and norite have been identified in 870 m of impact melt
in drill hole M3 (Hart et al. 2002). At Manicouagan, the
fractionated unit occurs in a graben or trough-like
structure. This work shows that the contact between an
impact melt sheet and its footwall may possess a highly
variable morphology, which needs to be accommodated
in our models of impact crater formation.
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