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ABSTRACT
The Manicouagan impact structure is one of the best-preserved impact structures
on Earth with a rim-to-rim diameter of approximately 80 km. It was generated at ∼214±1
Ma in Grenvillian (∼1 Ga) metamorphic gneisses. The structure is mostly exposed on a
50 km diameter island covered by impact melt (an average thickness of 200-300 m),
which overlies basement rock, and which abuts an off-centre central peak. This study
has investigated post-impact hydrothermal activity via the analysis of samples collected
at the site and drill core samples from the collection at the Planetary and Space Science
Centre. Interpretation of petrography, mineralogy, and chemistry of impact-generated
lithologies and basement rocks has revealed five main hydrothermal regimes: (1) intramelt sheet, (2) basal-melt sheet, (3) melt-bearing breccia, (4) basement, and (5) central
uplift. The most intense hydrothermal alteration is developed within the melt-bearing
breccia regime. Results indicate that zeolitization and metasomatic processes (e.g., Na,
K, Ca) dominate the hydrothermal activities developed within the structure. Mineral
assemblages and fluid inclusion study suggests that the impact-induced hydrothermal
system were formed at T <400 ˚C, and evolve to ambient temperature. Oxygen isotope
determination performed on hydrothermally formed quartz (and amethyst) indicate
hydrothermal fluids with magmatic, metamorphic, and meteoric origins were involved in
the intra-melt sheet, basal-melt sheet, and melt-bearing breccia hydrothermal regimes,
respectively, with potential mixing of fluids in some areas. The hydrothermal fluids
mainly circulated via fracture systems, and indicate a low permeability of the melt sheet.
This study also indicates low water activity within the melt sheet. The impact-induced
hydrothermal system at Manicouagan is similar to that of other terrestrial impact
ii

structures. However, low water-rock interaction indicate that there was limited surficial
H2O available at the time of impact. This corresponds to an equatorial, semi-arid
(continental) setting for the impact event.
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1. Introduction
1.1 Thesis rationale
The purpose of this thesis is to characterize and understand the hydrothermal
systems generated within the Manicouagan impact structure as a result of hypervelocity
impact. The hypervelocity impact of multi-km diameter projectiles into solid planetary
bodies generates significant energy, a large component of which is liberated as heat. For
the Manicouagan event, an achondritic projectile of 12.5 km diameter impacting at 17
km/s, the energy generated is ~1024 J (which is x104 the global nuclear arsenal at the
height of the cold war). The thermal energy deposited can drive the circulation of water
via two sources: fusion of the target rocks to produce a standing body of superheated
melt (T ~2000 ˚C) and waste shock heat (recovered during rarefaction of the
compression wave). A third, indirect, source of heat is due to the uplift of more deeply
buried rocks, which in the case of Manicouagan were ~8 km below surface at the onset
of impact. There are elevated in minutes to produce, in complex craters, a central uplift
or peak ring. This uplift process juxtaposes basement rocks at several hundred ambient
degrees with surface and near-surface rocks. The three processes drive water circulation
systems. This is important because:
- Defining hydrothermal signatures helps to understand the plumbing systems
of impact structures. Manicouagan affords one of the best examples in the world to
evaluate such systems.
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- Impact-generated hydrothermal systems can mobilize metals and generate
economic deposits. This is well known within the Sudbury impact structure (Ontario,
Canada). Is this viable at Manicouagan?

- Hydrothermal systems may create local environments that are warm, wet and
hospitable to the development and survival of primitive life forms. In otherwise
inhospitable environments prevailing during the early evolution of our solar system (i.e.,
the Hadean period on Earth), impact-generated hydrothermal systems may have been the
first refuge for life, and not only on Earth but on other planetary bodies possessing a
hydrosphere (e.g., Mars)

- The planet Mars is currently the focus of various exploration initiatives
through NASA- and ESA-led missions. The driver for these programs is the search for
evidence of past and/or present life. Manicouagan provides an excellent terrestrial
analogue to explore in detail the characteristics of hydrothermal systems, where the
scientist can directly explore surface rock exposures and access drill core. This can assist
extraterrestrial planetary initiatives more precisely target their exploration protocols.
The significance of impact-induced hydrothermal systems is explained in more
detail in Section 1.3. There are relatively few comprehensive descriptions of impactgenerated hydrothermal systems in the literature. Potentially, Manicouagan affords one
of the best case studies in the world because it is relatively large (~80 km diameter),
intact, well-preserved, undeformed, geologically relatively young, and accessible.
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1.2 Sampling and experimental design
The Manicouagan impact structure has a surface area of at least 5000 km2. This
means that it is not feasible to sample the whole structure (it would require hundreds of
geologists tens of years). Rather, sampling protocols for this thesis focus on:
(1) Availability of exposed rock. Much of the rock is obscured by forest, scrub,
water and glacial deposits. Well-exposed sites were identified for rock sampling.
(2) Access to drill core. The Planetary and Space Science Centre (PASSC) holds
10 km of drill core, but did not select the drilling locations. The third dimension
provided by drill core is limited to where exploration companies decided to drill.
(3) There was a limit to the number of samples that could sensibly by analyzed,
both in terms of time constraints, financial limitations, and the availability of expert
laboratory capabilities (i.e., in Halifax, Nova Scotia, and Madison, Wisconsin). Despite
these limitations, this thesis seeks to present a viable appraisal of the main hydrothermal
systems developed within the Manicouagan impact structure.
1.3 Significance of impact-induced hydrothermal systems
The development of impact-induced hydrothermal systems is important for both
economic and scientific reasons. Early investigations of terrestrial impact craters focused
on potential economic resources preserved or generated within such craters. Recent
studies aim at more scientific objectives, including acquiring a better understanding of
post-impact processes with application to other planetary bodies for the benefit of future
space exploration programs.
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1.3.1

Economic geology
A catastrophic geological process like an impact event can help generate

economic mineral deposits. Grieve and Masaitis (1994) classify mineralization at impact
structures into three deposits based on their existence relative to an impact event: preimpact (progenetic), syn-impact (syngenetic), and post-impact (epigenetic). A review of
these deposits and potential economic interests at many impact structures (e.g.,
Vredefort, Sudbury, Carswell, Ries, Manson, Haughton, etc.) is presented by Reimold et
al. (2005). Ore deposits that already existed prior to impact events, and then have been
remobilized or preserved by the impact event, are pre-impact or progenetic. The best
example is the gold and uranium deposits of the Vredefort-Witwatersrand Basin system,
in which ore has been preserved by the Vredefort impact event (McCarthy et al. 1990,
cited by Reimold et al. 2005). The Cu-Ni-PGE deposit of the Sudbury impact structure
is an example of a syn-impact ore deposit, in which the metals were separated from an
impact melt produced from a Cu-Ni-PGE-bearing target, as described by Innes and
Colvine (1984). The Cu-Ni-PGE deposits are concentrated at the base of the impact melt
sheet, and some were additionally mobilized as a result of late-stage hydrothermal
alteration (Farrow and Watkinson 1992). The post-impact, or epigenetic, mineralization
in impact structures is typically associated with impact-induced hydrothermal alteration.
An example of this is the Zn-Pb-Cu-Ag-Au deposits within the Onwatin Formation at
Sudbury (Rousell 1984). This deposit occurred as a result of short-lived hydrothermal
alteration (a duration estimated to be less than 1 Ma; Ames et al. 1998). Mineralization
and hydrothermal alteration systems at Sudbury are illustrated in Figure 1.19 based on a
schematic model produced by Ames and Farrow (2007).
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Figure 1.1 Schematic model showing hydrothermal alteration systems and
mineralization at Sudbury impact structure. The Zn-Cu-Pb deposits are marked in red
within the Onaping Formation, which is part of the impact-crater filling (in brown). The
Ni-Cu-PGE deposits are located within fractured and shocked basement underlying melt
sheet. Image from Ames and Farrow (2007), Figure 16.

1.3.2

Suitable habitat for life
Impact events on Earth not only affect geological processes but also biological

evolution. Alvarez et al. (1980) discovered unusually high amounts of iridium and other
platinum group elements within the Cretaceous-Tertiary (K-T) boundary layer, which
lead to a hypothesis of a large impact causing the Cretaceous-Tertiary mass extinction.
The Chicxulub impact structure was subsequently discovered to be the cause of this
extinction (Hildebrand et al. 1991; Schultz and D'Hondt 1996; Schultz et al. 2010).
Impact events not only destroy living organisms, but also provide suitable conditions for
the origin of life. The earliest evidence of life on Earth has come from the same period
of the intense bombardment at ~3.8-3.9 Ga (Kring 2000; Mojzsis and Harrison 2000). A
study of ribosomal RNA sequences of the earliest or deepest branch of life suggests that
they are derived from thermophilic (heat-loving) and hyperthermophilic microorganisms

5

(Pace 1997).

These microorganisms metabolize hydrogen for energy at high

temperature conditions (up to 80 ˚C for thermophiles, 80-115 ˚C for hyperthermophiles;
Stetter 1996; Pace 1997). Hyperthermophiles can even survive in extremes of pH, redox
potential, and salinity (Stetter 1996). In addition, electron acceptors, such as sulfur or
oxygen, play an important role in forming these simple microorganisms, which can
slowly evolve to form more complex living organisms (Pace 1991; Pace 1997). Pace
(1991) also suggests that biologically relevant organic chemical reactions, such as the
replication of RNA, can occur at relatively high temperatures: 100-200 ˚C, in a low
water activity environment. Volcanic hydrothermal systems, such as those developed at
Yellowstone, provide optimal conditions for the formation of these microorganisms
(Pace 1991; Pace 1997). In comparison, heat produced by an impact melt pool
interacting with water, in combination with organic sources on Earth, may provide
suitable conditions for the formation of similar microorganisms (Kring 2000). Thus,
impact-induced hydrothermal systems may have been potentially important for the
origin and evolution of life on Earth (and possibly Mars).
1.3.3

Application on extraterrestrial planets
Impact structures are prominent and easily observed on relatively inactive planets

like the Moon or Mars. Investigation of the existence of water on Mars is an ongoing
subject, which has become a topic of interest among planetary scientists for the last
decade. Many studies indicate evidence of flowing and standing water on early Mars.
For example, remote sensing data has revealed surficial features such as channels and
valleys, which formed as a result of possible ancient water flow, and mostly associated
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with old craters (Carr and Clow 1981). In addition, the latest discovery from Mars
Reconnaissance Orbiter (MRO) highlights the presence of hydrated salts, especially
perchlorate, deposited within seasonally changing streaks called Recurring Slope Lineae
(Ojha et al. 2015). The study also suggests the possibility of present-day water, or brine
water activity on Mars, which results in the formation of the recurring slope lineae. Data
from the orbiting satellite mission Observatoire pour la Minéralogie, l’Eau, les Glaces, et
l‘Activité (OMEGA) has revealed the presence of hydrated minerals and phyllosilicates
in ancient Martian craters (Bibring et al. 2005). Alteration minerals such as serpentine,
chlorite, and clay minerals are also predicted to occur within large complex craters in the
Noachian terrain of Mars (Schwenzer and Kring 2009). According to numerical
modeling performed by Abramov and Kring (2005), the duration of impact-induced
hydrothermal systems generated within large impact craters (100 km to 180 km in
diameter) on Mars may provide sufficient time for the formation and colonization of
thermophilic microorganisms during the Noachian. Similar alteration assemblages have
been discovered within terrestrial impact craters, and are formed as a result of impactinduced hydrothermal alteration (Hagerty and Newsom 2003; Naumov 2005; Osinski et
al. 2005). In addition, the Haughton impact structure in Canada, which contains welldeveloped impact-induced hydrothermal systems (Osinski et al. 2005), is considered to
be similar to early Mars when wetter and warmer conditions prevailed (Parnell et al.
2010a). Thus, a better understanding of impact-induced hydrothermal activity on Earth
can be applied to Mars, which may provide valuable knowledge on the origin of life, as
well as assisting in the search for life on other water-bearing planets.
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1.4 Impact cratering process
Impact cratering is one of the most important geological processes in planetary
evolution. Crater topography is commonly seen on solid planetary surfaces and
asteroids. The earliest recognized crater feature was on the Moon when Galileo Galilei
spotted it as a depression feature with his telescope in 1609 (Montanari and Koeberl
2002). Earlier explanations for crater formation favoured a volcanic origin. However,
there were several scientists e.g., Grove Karl Gilbert (1843-1918), and Alfred Wegener
(1880-1930), who concluded that the origin of lunar craters was by meteorite impact.
Currently, ~190 impact structures have been confirmed on Earth, located all around the
world, as shown in Figure 1.1.

Figure 1.2 A world map shows 188 confirmed impact structures reported on Earth,
shown as red dots. Image from Earth Impact Database 2016.
The processes by which large impact craters form, and the sudden release of
huge quantities of energy, cannot be duplicated in the laboratory, and, fortunately, no
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such structure has formed during recorded human history (which is one reason we are all
still here). All our knowledge about impact is therefore indirect, and it has arisen via
post-impact forensics. An understanding of the impact cratering process is the first and
the most important step in order to reveal the history of an impact structure. An impact
structure is created by the collision of an object (a projectile), such as an asteroid or
comet, with a solid planetary surface (a target). The projectile hits the target at
hypervelocity (i.e., at least 5x the speed of sound). Thus, the impact event is called a
hypervelocity impact. The formation process has been divided into three stages; (1)
contact and compression, (2) excavation, and (3) modification (Gault et al. 1968). This
hypothesis has been acknowledged by many scientists, and become a fundamental basis
for those interested in the impact cratering process. The impact cratering process
summarized in this Chapter is based on this established hypothesis, and follows more
detailed explanations provided by Melosh (1989) and French (1998).
1.4.1

Contact and compression stage
The contact and compression stage begins when a projectile contacts the target.

The projectile collides with the target at hypervelocity speed, and penetrates the target.
However, the mass of the target resists the penetration of the projectile, and rapidly
slows it down. A sudden deceleration of the projectile generates shock waves at the
projectile-target contact (Melosh 1989). Shock waves are intense high-pressure stress
waves that can attain up to several hundred GPa, and cannot be generated by normal
geological processes (French 1998). Figure 1.2 illustrates five snapshots from numerical
impact simulations of a 1 km diameter dunite projectile striking a granite target at 18
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km/s, during the contact and compression stage at 0.025 to 1 second after the contact
(Collins et al. 2012).
Shock waves travel away from the contact into both the target and the projectile
(Figure 1.2a). Once the wave hits the rear of the projectile, the shock wave reflects back
as rarefaction or release wave (Figure 1.2b). The rarefaction moves downward faster
than the shock itself within the projectile (see Melosh 1989). This causes sudden
decompression of the projectile from very high pressure to lower pressure (Figure 1.2c).
This pressure unloads the projectile, resulting in upward or downward movement of the
projectile. If the pressure is high enough, the projectile is completely vaporized and
escapes out of the impact site as a plume (French 1998; Collins et al. 2012). The shock
wave propagates through the target rocks at a speed of ~6 to 10 km/s, as an expanding
spherical front (Figure 1.2d), and attenuates as it travels away from the impact site
(Gault and Heitowit 1963; Collins et al. 2012; Melosh 2012; Osinski 2012).
It should be noted that Figure 1.2 represents an ideal impact event, where the
projectile is vertically impacting the target, which is uncommon in nature. The projectile
most likely collides with the target at an oblique angle (Gault and Wedekind 1978).
However, due to extreme expansion of the crater to 10 to 20 times of the projectile
diameter, most of oblique projectile impacts (θ < 30°) produce circular shaped craters
(Gault and Wedekind 1978; Melosh 1989).
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Figure 1.3 Five snapshots from a numerical impact simulation illustrating the contact
and compression stage of the collision of 1 km diameter dunite projectile on a granite
target at 18 km/s. (a) Shock waves generated right at the projectile-target contact. (b)
Shock waves travel into the projectile and compress it. Once shock waves hit the rear of
the projectile, they reflect back as a rarefaction. (c) Rarefactions decompress the
projectile to lower pressure. (d) Shock waves propagate into the target, and attenuate as
they travel away from the contact. (e) Rarefaction reaches the contact, which marks the
end of the contact and compression stage, and beginning of the excavation stage.
Adapted from Collins et al. (2012).
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Computational studies suggest that, in case of vertical impact, the maximum
pressure generated during the contact and compression stage can be expressed as a
spherical region surrounding the impact site, referred to as the isobaric core by Croft
(1982). It is assumed that materials within the isobaric core have experienced the same
pressure, as illustrated in Figure 1.3, where the impact angle is 90 degrees (Gault and
Heitowit 1963; Croft 1982; Pierazzo and Melosh 2000b; Collins 2002). In case of an
oblique impact, an estimation of shock pressure is more complicated than for the vertical
impact. Pierazzo and Melosh (2000b) illustrate shock pressure contours and isobaric
cores from numerical simulations of a 10 km diameter projectile colliding with a target
at various impact angles (Figure 1.3). The degree of collision affects the volume of
materials being vaporized and melted. As the impact angle decreases, the maximum
shock pressure contour covers less volume and affects a shallower depth in the target
materials, and decreases the volume of the isobaric core. Therefore, the concept of an
ideal hemi-spherical isobaric core, which will be explained in more detail in Chapter 6,
is limited to a vertical impact assumption. Numerical simulations of the Chicxulub
impact event studied by Pierazzo and Melosh (1999) also suggest that as the impact
angle decreases, the depth of melting decreases, the amount of vapour from sedimentary
layers increases, and the amount of the projectile incorporated into the impact plume
increases. These studies suggest that impact angle plays an important role in the impact
cratering process.
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Figure 1.4 Numerical simulations of an impact of a 10 km diameter projectile striking a
target at various impact angles (90, 60, 45, 30, and 15 degree). Left image of each panel
represents maximum shock pressure contours, with black arrows indicating direction of
the impacts, and dash-lines represent isobaric cores in the plane of impact. Right image
of each panel illustrates the estimated volume of isobaric cores (red zone) of various
impact angle events. Adapted from Pierazzo and Melosh (2000b).
Collins et al. (2012) state that energy partitioning is the most important process
during the contact and compression stage. The study of Gault and Heitowit (1963)
suggests that energy participating in a hypervelocity impact is mainly from the projectile
kinetic energy, wherein most of the energy is transferred into the kinetic energy of
materials ejected out of the impact site. This first portion of energy accounts for changes
in physical properties and states of the projectile and target. A significant amount of
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energy, but still relatively small, is not recovered and is consumed during shock
decompression. A small fraction of the energy is trapped in the target as residual heat or
waste shock heat.
The numerical modelling of Collins et al. (2012) indicates that the contact and
compression stage ceases when rarefaction reaches the projectile-target contact (Figure
1.2e). Melosh (1989) simply estimated the duration of the compact and compression
stage (τ) to be equal to L/visinθ, where L is the projectile diameter, vi is the impact
velocity, and θ is the impact angle. According to Melosh (1989) and French (1998),
shock waves generated during the contact and compression stage dissipate and account
for all activities occurring during the excavation stage. At the end of the contact and
compression stage, the projectile has penetrated into the target no more than one or two
times the projectile diameter, and the excavation stage begins immediately after the
projectile is completely unloaded.
1.4.2

Excavation stage
During the excavation stage the focus is on the target response and shock

behaviour within the target, as shown by many studies (e.g., Gault and Heitowit 1963;
Melosh 1985; Melosh 1989). These studies also suggest that the attenuation of the shock
wave within the target is an important process during the excavation stage. This will be
discussed in more detail in Chapter 6, in which it is applied to an estimation of shock
wave attenuation in the central uplift of the Manicouagan. Ejection and displacement of
the target materials occurs during this stage resulting in a formation of an initial bowlshape cavity, which is referred to as a transient cavity.
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As mentioned previously, shock waves propagate into the target in the form of an
expanding hemisphere (Figure 1.2d), and the projectile penetrates one or two times the
projectile diameter into the target. Thus, the centre of the hemispherical shock front is
not directly at the surface, as illustrated in Figure 1.4. The centre of the hemisphere is
approximately one projectile radius below the surface (Melosh 1989). As a result, shock
waves in the upper zone hit the free surface of the target, and reflect back as
rarefactions. Rarefactions counter the shock waves, and act in a similar way to the
unloading process of the projectile. The compression-decompression process, as a result
of an interaction of shock and rarefaction, causes downward and upward movement of
the target materials. The area where the compression-decompression process takes place
is referred to as the interference zone by Melosh (1990), as shown in Figure 1.4. Melosh
(1990) also describes the movement pattern of the materials as excavation flow (dashed
arrow line in Figure 1.4), which facilitates the opening of the transient cavity. As shown
in Figure 1.4, excavation flows are described into two patterns: excavation flow paths
and material flow lines. Target materials that are closer to the surface (within excavated
zone in Figure 1.4) are ejected out of the crater beyond the transient cavity rim following
the excavation flow paths shown in Figure 1.4. Materials in the downward and sideward
excavation flows are displaced beneath the crater floor and crater wall along the material
flow lines in Figure 1.4, within a displaced zone. According to Melosh (1990),
excavation and displacement of the target materials plays an important role in crater
growth. The velocity of the excavation flow is in between 1/6 to 1/10 of the impact
velocity; it is mostly less than ~6 km/s. Materials that are excavated out of the crater are
deposited at a great distance from the impact site as impact ejecta.
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Figure 1.5 A simple theoretical cross section illustrating shock pressure contours
generated during the contact and compression stage, and the following excavation stage.
Materials within the excavated zone are ejected out of the crater and deposit as impact
ejecta following the excavation flow paths. Materials within the displaced zone are
pushed downward along material flow lines, and come to rest at the bottom of the crater.
The transient cavity is finally formed at the end of the excavation stage. Modified from
Grieve (1987); Melosh (1989); French (1998).
A study of impact ejecta, including the formation process, deposition,
composition, and physical properties is important for planetary exploration. For
example, the discovery of flow mechanisms for ejecta deposition on Mars provided early
evidence suggesting the presence of ground or subsurface ice on the planet (Carr et al.
1977). Figure 1.5 illustrates examples of impact ejecta deposits. Figure 1.5a shows a
continuous ejecta blanket, which is thickest at the cavity rim and progressively thins
away from the rim. The ejecta deposited furthest from the rim are ejected first with high
velocity and come from the innermost part of the crater. The outermost part of the crater
is ejected last with lower velocity, and deposited thicker and closer to the cavity rim
(Melosh 1989). Gault and Wedekind (1978) performed experimental studies of oblique
impact, and found that ejecta deposited from an oblique impact show a distinct
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deposition pattern. The projectile penetrates through the target, and evacuates target
materials to the side, or perpendicular to the projectile flight path, depending on the
angle of impact. For example, a V-shaped forbidden zone, named by Gault and
Wedekind (1978), in which limited material is thrown out and deposited behind the
projectile, can occur with an impact angle less than 45 degrees (Figure 1.5b). In a case of
an impact angle close to 5 degrees from horizontal, a butterfly-wing like pattern is
formed, as shown in Figure 1.5c (Gault and Wedekind 1978; Herrick and Hessen 2006).

Figure 1.6 Examples of impact ejecta deposits. a) Continuous ejecta blanket of
Timocharis, a 33 km-diameter lunar crater. Apollo Image AS-15-M-0598
[NASA/JSC/Arizona State University]. b) A 15 km diameter un-named crater on Mars
with a V-shaped forbidden zone (arrow) developed on the right of the crater with its
apex pointing toward the crater and direction of a projectile. At 160.84˚ E 18.06˚ N;
Herrick and Hessen (2006). c) A butterfly-wing ejecta deposit (arrow) of a 13 km
diameter un-named crater on Mars, as a result of very low impact angle. At 279.6˚ E
9.19˚ N; Herrick and Hessen (2006).
In large impact events, materials are ejected out and deposited at the distance
greater than five crater radii, or may globally disperse and disturb the environment. For
instance, there have been many worldwide discoveries of distal ejecta deposits from the
Chicxulub impact structure, Yucatan Peninsula, Mexico (Pope et al. 1999; Claeys et al.
2002; Goldin and Melosh 2009; Schultz et al. 2010). Layers of ejecta consisting of
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microkrystites and iridium-rich spherules are observed ∼7000 km from the Chicxulub
site, although the ejecta layer thickness is hard to define (Smit 1999). The furthest distal
ejecta deposits of the Chicxulub event have been discovered in Spain and Italy, which
were >8000 km away from the impact site at the time of the impact (Kamo et al. 2011).
U-Pb dating of individual shocked zircon grains from Caravaca in Spain and Petriccio in
Italy indicate an age of ~66 Ma, which corresponds to the time of Chicxulub crater
formation. Addison et al. (2005) have discovered potential Sudbury ejecta including
shocked quartz and feldspar in accretionary lapilli and spherules near Gunflint
(southwestern Ontario) and Biwabik (northern Minnesota) Iron Formations, which are
∼650-875 km away from the impact site. The ejecta were dated to be close to ∼1850 Ma,
which coincides with the Sudbury impact event. Distal ejecta on Earth comprise glassy
tektite and microtektite strewnfields, and spherule beds of glassy impact spherules and
shocked fragments of target materials (Taylor 1973; Osinski et al. 2012). Normal
geological processes may have subsequently modified these materials; however, they
typically preserve shock features and distinct textures related to their impact origin.
An example of an ejecta deposit observed within a terrestrial impact structure is
at the Ries impact structure in Germany. The ejecta deposits from the Ries structure
have been divided into three groups: (1) a continuous ejecta blanket; so-called Bunte
Breccia (Hörz et al. 1983), (2) suevite deposited on top of the Bunte Breccia (Engelhardt
1997), and (3) distal ejecta deposited as moldavite tektites (Gentner 1971; Engelhardt et
al. 1987). The geology of the Ries impact structure is shown in Figure 1.6. Osinski
(2004) suggests that the overlying of suevite on the Bunte Breccia is a result of multiple
ejecta deposits. Another example of a multiple layer ejecta deposit is from one of the
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young and well-preserved impact craters on Mars, the Tooting crater. Four-discrete
ejecta layers of the Tooting crater are proposed and revealed by Mouginis-Mark and
Boyce (2012), as illustrated in Figure 1.7. This multi-stage ejecta formation model
suggests that the ejecta emplacement is a continuous process that may cover the time of
the excavation and modification stages (Osinski et al. 2011).

Figure 1.7 A digital elevation model with selected overlain geology (top view) of the
Ries crater, Germany, shows suevite (magenta) overlays Bunte Breccia (pink)
suggesting a two-layer ejecta deposit. Image from Earth Impact Database 2016.
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Figure 1.8 An ejecta map of Tooting crater on Mars, at a scale of 1:200,000, illustrating
the four ejecta layers as explained in the inset. Image from Mouginis-Mark and Boyce
(2012).
In addition to ejection and displacement of target materials, an uplift of the
transient cavity rim is also developed during the excavation stage. The best example is
an uplift of the crater rim of a well-preserved simple crater on Earth, Barringer (or
Meteor) crater in Arizona (Poelchau et al. 2009). Poelchau et al. (2009) introduce the
concept of a formation of interthrust wedges (Figure 1.8a), which have been suggested
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as a cause of the rim uplift at Barringer crater (Figure 1.8b). This feature can be seen at
Barringer Point within the crater (Figure 1.8c).

Figure 1.9 (a) A mechanism of interthrust wedge formation starting with a gap opening
between horizontal bedding of original target strata due to the fragmentation of rocks
and upward excavation flow during the opening up of the cavity (top), followed by an
injection of rock wedges into the small gap in the crater wall resulting in unconformity
and uplifting of the crater rim (middle). Finally, excess wedges are ejected out of the
cavity together with rotation of the strata deposited close to the cavity rim (bottom). b)
An aerial photograph of the Barringer crater (diameter of ~1.2 km, ~55,000 Ma yrs),
with uplift shown around the crater rim. Image from Earth Impact Database (2016). (c)
An example of outcrop at Barringer Point, interpreted as interthrust wedges resulting in
deformation of overlying strata. Adapted from Poelchau et al. (2009).
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As stated earlier in this section, a transient cavity is an end product of the
excavation stage. The depth of the transient cavity covers both the excavated and
displaced zones (Figure 1.4), which means that the maximum depth of excavation is
shallower than the actual transient cavity depth. Impact ejecta only consist of the target
materials within the excavated zone, which is approximately one-third to one-half of the
transient cavity depth, or one-tenth of the transient cavity diameter (Melosh 1989).
Target materials within the displaced zone are pushed downward into the underlying
target materials, where strata are preserved beneath the crater floor.
Melosh (1990) summarizes the formation of a transient cavity in Figure 1.9.
First, a hemispherical cavity with a diameter approximately equal to one projectile
diameter is created at the end of the contact and compression stage as a result of the
initial excavation flow (Figure 1.9a). The cavity grows deeper into the target until it
reaches the maximum depth (Figure 1.9b). At this point, the cavity still preserves the
hemispherical shape. Since sideward and upward excavation flows do not endure
significant resistance effects from the target materials, the materials are continually
ejected out of the cavity. This results in expansion of the cavity’s diameter, thus the
cavity becomes paraboloid instead of hemispherical (Figure 1.9c). Finally, the transient
cavity reaches it maximum diameter at the end of the excavation, when impact ejecta is
deposited on the surface, and no more material is ejected out of the cavity (Figure 1.9d).
Investigation of impact crater morphology performed by Dence (1973) reveals
that the size of the transient cavity is ~10-20 times the projectile diameter with a ~1/3
ratio of depth/diameter. The formation time of the transient cavity is typically equal to
(D/g)1/2, where D is a final diameter and g is the surface acceleration of gravity,
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suggested by Melosh (1989). The timescale is very short compare to normal geological
process (i.e., seconds to minutes, versus thousands to millions of years).

Figure 1.10 Transient cavity formation starting from (a) opening up of a cavity at the
end of the contact and compression stage, then (b) the cavity is growing deeper into the
target until it reaches the maximum depth. (c) At this point, sideward and upward
excavation flows are still active, which expand the cavity’s diameter. (d) The transient
cavity finally forms at the end of excavation stage. Subscription at refers to apparent
values measured from the pre-impact surface, while subscription t refers to values
measured from the crater rim. Adapted from Melosh (1989).
1.4.3

Modification stage
The modification stage is a process that transforms the transient cavity and

creates the final crater structure, especially for complex craters. Unlike the excavation
stage, gravity plays an important role in the collapse of a transient cavity. The degree of
modification, as well as the duration of modification, depends on impact energy (e.g.,
size, velocity, and projectile type), target lithology (e.g., strength of the target materials),
and impact angle (Melosh 1990; Kenkmann et al. 2012). Differences in the degree of
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modification lead to differences in crater morphology. On Earth, a transient cavity with a
diameter <2-4 km develops into a small bowl-shape structure, referred to as a simple
crater. A more complicated impact structure, a complex crater, is formed as a result of
collapse of the transient cavity when its diameter is greater than 4 km for Earth (Grieve
and Robertson 1979; French 1998; Collins et al. 2012). Final crater geometry is
described in terms of its rim-to-rim diameter and floor-to-rim depth (if preserved intact).
Pike (1977) refers to the diameter and depth, where there has been erosion, as apparent
diameter and apparent depth, respectively. The modification stage ceases when no
material moves in the crater.
1.4.3.1 Simple craters
Characteristics of a simple crater include a bowl shape with an elevated crater
rim, as explained previously in case of Barringer crater, Arizona. The Barringer crater
(Figure 1.8b) is the best example of a simple crater on Earth, with its well-preserved
structure. The apparent depth/apparent diameter ratio of a simple crater is approximately
1/5 to 1/3 for all planetary bodies (Pike 1977; Melosh 1989). A schematic illustration in
Figure 1.10 summarizes the formation process of a simple crater. Collapses of the
transient cavity rim and crater wall are part of the modification stage process in the
formation of a simple crater. Impact melt, shocked fragments, and breccias (broken
rocks) fall back into the crater bowl. As a result, impact melt pools are formed within a
layer of broken rocks, both unshocked and shocked, and deposited at the crater floor
(Melosh 1989). This layer is called a breccia lens (Figure 1.10f) by Melosh (1989).
Melosh (1989) uses a simple cross-section of the Brent crater in Ontario, Canada from
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Grieve et al. (1977) to describe a simple crater morphology (Figure 1.11). At the base of
the breccias lens, a nearly homogeneous impact melt pool is present, while clast-bearing
impact melt is present near the top of the breccia lens. Variably shocked clasts occur in
the clast-bearing impact melt. Incorporated breccias at the middle of the breccias lens
are unshocked, or comprise slightly shocked and broken rocks.
The impact melt pool and incorporated breccias occur in other terrestrial simple
craters beside the Brent crater, including Barringer, Lonar, and West Hawk craters
(Short 1970; Grieve et al. 1977; Melosh 1989). An absence of the top layer clast-bearing
impact melt of the breccia lens may be a result of subsequent processes following the
impact, which may have erased that feature. The maximum thickness and volume of the
breccias lens is approximately half of the apparent crater depth and the volume of the
crater, as shown in Figure 1.11 (Grieve et al. 1977; Melosh 1989). The clast-bearing
impact melt layers, near the surface, cool relatively fast compared to the melt at the base
of the breccias lens. Melosh (1989) calculates the cooling time of the buried impact melt
pool to be on the order of H2/κ, where H is a crater depth and κ is the thermal
diffusivity, which typically approximates to 1x10-6 m2/s for rock. Impact melt
incorporated within the breccias lens may be a significant source of energy for any postimpact event, especially as a possible heat source for impact-induced hydrothermal
activity, which may last long after the impact.
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Figure 1.11 Schematic diagram showing excavation and modification stages of a crater
formation to form a simple, bowl-like shape crater with fractured floor overlaid with
breccia lens (bottom panel). Illustration credit: Bevan M. French and David A. Kring,
courtesy of the Lunar and Planetary Science Institute (LPI).
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Figure 1.12 Schematic cross section of Brent crater in Ontario, Canada. Breccia lens
consist of different degree of shocked fragments and impact melts, depositing at the
bottom of the crater. Adapted from Melosh (1989) after Grieve et al. (1977).
1.4.3.2 Complex impact structures
Complex impact structures are distinguished from simple craters by diameter and
form, which equate to the gravity field of the host planetary body. The apparent
depth/apparent diameter ratios of complex impact structures are smaller (<1/5) than
those of simple craters, according to impact crater information from the Earth, Moon,
Mars, Mercury, and Venus presented in Pike (1980). A simple-to-complex transition
crater diameter depends on the gravity of the planet. On Earth, the transition diameter is
approximately 2 to 5 km (Pike 1980). Not only does the size of the structure matter, but
also the crater floor morphology distinguishes a complex impact structure from a simple
crater. Uplift of the crater floor and inward collapse of the crater rim toward the cavity
centre result in formation of a central peak with terrace morphology, as illustrated in
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Figure 1.12. In a larger complex impact structure, the central peak may be replaced by
concentric ring forming a peak-ring or multi-ring basin (Pike 1988; Spudis 1993; French
1998; Collins et al. 2012). Tycho crater (Figure 1.13a; ~84 km diameter; Margot et al.
1999), Schrödinger crater (Figure 1.13b; ~320 km diameter; Shoemaker et al. 1994), and
Orientale crater (Figure 1.13c; ~930 km diameter; Head 1974; Pike and Spudis 1987) on
the Moon are excellent examples of central peak, peak-ring, and multi-ring basins,
respectively.

Figure 1.13 An illustration showing a formation of a complex crater during the
excavation and modification stage. The forth panel summarizes complex crater
morphology with development of a central uplift. Further details are presented by French
(1998). Illustration credit: Bevan M. French and David A. Kring, courtesy of the Lunar
and Planetary Science Institute (LPI).
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Figure 1.14 Examples of complex impact structures on the Moon. (a) The 85 km-indiameter Tycho crater with a formation of a 2400 m height central peak in the centre and
terraces at the crater rim (Margot et al. 1999). Image from Lunar Reconnaissance
Orbiter Camera (LROC) Quickmap. (b) Schrödinger basin with ~320 km rim-to-rim
diameter and 150 km peak-ring diameter (Shoemaker et al. 1994). Image from LROC
Quickmap. (c) Orientale multi-ring basin with ~930 km-diameter main ring and ~1900
km-diameter potential outermost ring (Pike and Spudis 1987). LROC image
(NASA/GSFC/Arizona State University).
A transition diameter between central peak and peak-ring, or multi-ring,
structures is hard to determine, especially for terrestrial impact structures where postimpact geological activities generally erase the original morphology. However, a
transition diameter between a central-peak to a peak-ring basin has been estimated as
∼20-25 km on Earth, as mentioned in French (1998), and ∼200 km on the Moon
suggested by Pike (1985) and Baker et al. (2011). These numbers can evolve as more
impact structures are discovered on planetary bodies. The three largest known terrestrial
impact structures: Vredefort (~160 km rim diameter), Sudbury (~130 km rim diameter),
Chicxulub (~150 km rim diameter) have been proposed as potential terrestrial multi-ring
basins (e.g., Spray and Thompson 1995; Morgan and Warner 1997; Therriault et al.
1997). Manicouagan (~80 km rim-to-rim diameter), which is the fifth largest impact
structure known on Earth, is a good example of a probable central peak impact structure
(Spray and Thompson 2008).

29

Central peaks and ring-shaped peaks are observed in large impact structures, with
the peaks generally being surrounded by impact-generated melt. A detailed mechanism
by which central peak and ring structures are formed remains controversial, and is not
well understood. Melosh (1989) introduces a concept of acoustic fluidization, wherein
target rocks undergo fluid-like behaviour as a result of the shock wave passing through
the target. This concept has been studied widely through numerical modelling (e.g.,
Ivanov and Kostuchenko 1997; Wünnemann and Ivanov 2003; Goldin et al. 2006).
Melosh (1989), using the acoustic fluidization concept, predicts that the crater floors of
large craters may overshoot above the pre-impact surface, then fall down and come to
rest during the modification process. However, there is still a general lack of field
observation to support these concepts and predictions.
Kenkmann et al. (2005) suggest a possible central uplift formation process in
siliciclastic and sedimentary target, using the Upheaval Dome (~7-8 km diameter)
impact crater in Utah as a case study. As with simple craters, the transient cavity
collapse is mainly driven by gravity. A convergent (inward) movement of the crater
floor may facilitate the formation of the central uplift as displaced units collide.
In a larger complex crater (e.g., the Manicouagan impact structure) the central
uplift appears as horseshoe-shaped. Fractionation of the impact melt sheet and faults
surrounding the central uplift suggest that the central uplift formed prior to the
solidification of the impact melt sheet (Spray and Thompson 2008; O'Connell-Cooper
and Spray 2011). This tends to rule out a purely hydrodynamic model for the movement
of rocks during the modification stage. Spray and Thompson (2008) provide a few
possible explanations on how the central uplifts at Manicouagan may have formed. The
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first explanation follows the formation of central uplift at the Upheaval Dome, where
inward and upward movement of the crater floor developed, followed by a collapse of
the central part forming the impact-melt pool (Figure 1.14a). Second, an uplift of a
horseshoe horst occurred as a result of an extensional movement, together with normal
faulting at the centre, forming a surrounding graben structure (Figure 1.14b). The last
possible formation process, suggested by Spray and Thompson (2008), is a
compressional movement causing reverse faults, which leads to a formation of a
horseshoe horst (Figure 1.14c).

Figure 1.15 Three plausible formations of the central uplift at the Manicouagan impact
structure in Quebec, Canada: (a) a collapse of the central part after a convergent
movement of crater floor, (b) extensional movement of the central part leading to normal
faulting, and (c) the compression movement of the crater floor pushing the horseshoe
horst through reverse faulting. Adapted from Spray and Thompson (2008).
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1.5 Shock metamorphic effects
Physical conditions, such as pressure and temperature produced by a
hypervelocity impact, are extreme and distinct from those produced by other geological
activities. The pressure and temperature are referred as shock pressure and shock
temperature, which can reach up to 100 GPa and 3000 °C, respectively (see summaries
by Montanari and Koeberl 2002). Target rocks at the impact crater can be
metamorphosed at various degrees of shock pressure and temperature, which generate
distinct shock metamorphic features. The shock metamorphism recognizable at
megascopic and microscopic scales is an important tool for identifying impact
structures. Table 1.1 shows various shock features produced by different degrees of
shock metamorphism, following data summarized by French (1998) and Montanari and
Koeberl (2002).
Table 1.1 Stages of shock metamorphism for nonporous crystalline rocks
Approximate shock
pressure (GPa)
<2
>2 to 10
10 to ≤30
~8 to 25
15 to 50
>25 to 40
>35 to 60
>60 to 100
>100

Features
Fracturing and brecciation
Shatter cones without distinctive microscopic
planar features
Shatter cones with micro-deformation features
Microscopic planar features: planar fractures
and planar deformation features (PDFs)
High-pressure polymorphs
Diaplectic glass
Partial melting of individual minerals
Complete melting
Vaporization

Data from French (1998); Montanari and Koeberl (2002).
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1.5.1

Shatter cones
The only diagnostic shock feature that can be identified by the naked eye are

shatter cones, which are produced at shock pressures of ~2-45 GPa. Shatter cones are
conical, striated fracture surfaces forming partial or complete cones. Striations in shatter
cones are non-parallel and radiate from the cone apex point, which can be distinguished
from other striation patterns such as slickensides and horsetail fractures. Shatter cones
are generally well developed in homogeneous fine-grained rocks (e.g., sedimentary
lithologies). They can be found in various sizes, ranging in length from a centimetre to a
few metres. Figure 1.15a is a well-developed shatter cone formed in limestone at the
Charlevoix impact structure, Quebec. Lineations on the shatter cone typically point
towards the centre of the impact structure. Figure 1.15b is another example of a shatter
cone, which is quite well developed, but harder to recognize in the field, formed in
coarse-grained gneiss at Manicouagan. Gibson and Spray (1998) propose a three-stage
mechanism for shatter cone formation. First, passage of the shock wave through the
target rocks, the latter being varied in density, generates shock-induced faulting in form
of a conical surface. Compression-decompression processes facilitate vaporization and
melting, which open up cracks between the cone and its walls. Finally, the vapour
condenses and forms silicate spherules during the cooling process.
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Figure 1.16 Shatter cones developed (a) in fine-grained limestone at Charlevoix,
Quebec, ~30 cm in length, and (b) in coarse-grained gneiss at Manicouagan, Quebec. 45
cm long GeoTul hammer as a scale.

1.5.2

Microscopic planar features
Microscopic planar features are highly developed in crystalline rocks and occur

mostly in quartz, feldspar, olivine, and zircon. They are generated at shock pressures of
~8-25 GPa (French 1998). Stöffler and Langenhorst (1994) review two types of
microscopic planar features developed in shocked rocks: planar fractures and planar
deformation features (PDFs), using quartz as a case study. Planar fractures are sets of
parallel planar cracks or cleavages, easily recognized in quartz. Impact-induced planar
fractures can be confused with non-impact planar features, such as cleavage or
deformation lamellae. However, impact-related planar fractures are intensely formed
closely-spaced fractures and are widespread. An example of planar fractures in a
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clinopyroxene grain is illustrated in Figure 1.16a. Stöffler and Langenhorst (1994)
describe PDFs as multiple sets of closed and extremely narrow parallel planar features,
which are developed in specific crystallographic orientations within the host mineral.
PDFs are much narrower than the planar fractures, usually ~2-3 µm wide. Individual
PDFs consists of a deformed or amorphous phase of the host mineral, which makes
PDFs distinguishable from other types of planar features. Figure 1.16b illustrates PDFs
developed in a plagioclase grain within leucocratic gneissic meta-anorthosite from the
central uplift at Manicouagan (Biren and Spray 2011).

Figure 1.17 Impact-induced planar features from shocked minerals at Manicouagan. (a)
Two sets of planar fractures in clinopyroxene. (b) Planar Deformation Features (PDFs)
in plagioclase. Images from Biren and Spray (2011).

1.5.3

Diaplectic glass
At higher shock pressure (~30-40 GPa), shock waves not only create PDFs, but

can also convert minerals such as quartz and feldspar into an amorphous (glass) phase,
so-called diaplectic glass. Montanari and Koeberl (2002) summarize characteristics of
diaplectic glass as optically isotropic with a refractive index lower than that of the
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original mineral but higher than that of a true fusion glass, and with preservation of the
original crystal habit of the mineral in the rocks. Gustov Tschermak first reported the
diaplectic form of feldspar, named as maskelynite, in the Shergotty basaltic achondrite
in 1872. Maskelynite has been found in many impact structures (e.g., Lonar; Nayak
1993, Manicouagan; Biren and Spray 2011) and in meteorites (e.g., various SNC
Martian meteorites; Stöffler 2000). Diaplectic glass is thought to form through solidstate transformation without melting. However, Chen and El Goresy (2000) argue that
maskelynite is not a diaplectic glass. Instead, it may be a dense quench glass from
shock-induced melts generated at high pressure.
1.5.4

High-pressure polymorphs
Shock waves produce high shock pressures that can convert some minerals in the

target rocks to high-pressure polymorphs; e.g., graphite to diamond, quartz to stishovite
and coesite. These high-pressure polymorphs have been discovered in terrestrial impact
craters. For example, diamonds have been documented in impact melts from the Ries
crater, along with a hexagonal form of diamond, lonsdaleite (Hough et al. 1995) and
from the Popigai impact structure (Koeberl et al. 1997). Due to the preservation of
crystallographic habit and twinning of pre-impact graphite in diamond found in Popagai,
Koeberl et al. (1997) argue that the diamonds were formed as a result of shock-induced
graphite-diamond transition. High-pressure polymorphs of silica (SiO2), stishovite, were
first discovered in nature at the Barringer crater in Arizona (Chao et al. 1962). They
have been documented in other terrestrial impact structures since then, for example, at
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Ries in Germany (Stähle et al. 2008), Vredefort Dome in South Africa (Martini 1978),
and Manicouagan in Canada (Biren and Spray 2011; Boonsue et al. 2012).
1.6 Impact rocks
This section briefly introduces two terms: impact melt and impact breccia, which
describe impact-generated rocks that will be referred to throughout this study. The
descriptions present in this section are adapted from many sources and are used in this
study (e.g., Koeberl and Sharpton 2001; Stöffler and Grieve 2007; Osinski and Pierazzo
2012; Ernstson and Claudin 2015). Additional descriptions of the terms, and other
impact terminology, can be found in the references herein.
1.6.1

Impact melt
Shock waves at high pressure (>60 GPa) that pass through the target will

completely melt the target. The melts solidify to produce a variety of crystalline and
glassy igneous rocks, which are impact melts. Impact melts can vary in their content of
clasts. Prefixes such as clast-free, clast-poor, and clast-laden are used to define relative
amounts of incorporated macroscopic clast content, from non-visible, <5%, and >5%
clast content, respectively. Impact melts that form a thick layer (hundreds of metres)
lying on the crater floor are referred to as an impact melt sheet. Injections of impact melt
in the basement rocks are called impact melt dikes regardless of direction (horizontal or
vertical) of the ejection.
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1.6.2

Impact breccias
Impact breccias are composed of angular and broken rock fragments held

together by a fine-grained clastic matrix. They can be sub-divided into monomict and
polymict breccia based on lithology. Monomict breccias are in situ breccias consisting of
clasts with uniform lithology. Polymict breccias consist of discrete rocks fragments in a
clastic matrix of similar and smaller fragments. The polymict breccias may or may not
contain melt particles. Those that contain melt particles are referred to as melt-bearing
breccia. There are also breccias composed of rock fragments in crystalline melt, or
glassy matrix, which is called breccia-bearing impact melt.
Impact, or impact melt, breccias can be found in-place where they came to rest,
or as breccia dikes where injected upwards, sideways (strictly as sills) or downwards.
Breccia dikes tend to crosscut target rocks, and are typically less than a metre to tens of
metres wide and up to a kilometer long. Another interesting feature present in many
impact structures, and similar to impact melt breccia, is pseudotachylite. It was first
described from the Vredefort impact structure in South Africa (Shand 1916).
Pseudotachylite is normally associated with faults, and has the form of a dike, with
numerous target rock fragments set in a crystalline or glassy matrix. Experimental
studies and field observations suggest that pseudotachylite forms as a product of
frictional melting induced by high-speed slip, which takes place during faulting (Spray
1995, 2010). It can also be indicative of impact structures, as has been described at
Vredefort and Sudbury (Spray and Thompson 1995).
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1.7 Impact-induced hydrothermal systems
Impact events on any water-bearing planet, like Earth or early Mars, can generate
hydrothermal circulation systems. Among 188 known impact structures on Earth, there
are over 60 impact structures that contain evidence of post-impact hydrothermal activity,
as illustrated in Figure 1.17 (Naumov 2002, 2005).

Figure 1.18 A world map showing location of impact structures. Black circles represent
impact structures that display evidence of impact-induced hydrothermal systems.
Adapted from Naumov (2005).
Three important factors required to generate any fluid circulation are a source of
heat, a reasonable amount of fluids, and system permeability. Unlike normal terrestrial
hydrothermal processes where fluid circulation is typically driven by magmatic heat,
impact-induced hydrothermal systems generated in a complex impact structure (like
Manicouagan) are governed by three different heat sources. The first source is
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superheated impact-generated melt, with an estimated initial temperature >1700 ˚C
(Carstens 1975; Zieg and Marsh 2005; Boast and Spray 2006). Generation of the
superheated melt creates a thermal anomaly that can last 104-105 years, depending on the
size of the structure (e.g., Zieg and Marsh 2005).
As mentioned in section 1.1, beyond a certain radius, a shock wave passing
through the target compresses rocks to a certain point where it is not strong enough to
cause melting on decompression. However, energy in form of heat is still released as
waste shock heat (e.g., Melosh 1989), which is another potential heat source for postimpact hydrothermal systems. The third potential heat source is an uplift of the crater
floor, which occurs during the modification stage for complex impact structures. Rocks
from greater depths are elevated and carry heat to the surface. Heat produced in complex
impact structures is more intense than that in a simple crater. Thus, impact-induced
hydrothermal systems are more likely to be generated at the complex structure scale
rather than at the simple crater size.
Permeability is another major factor controlling hydrothermal fluid flow. In
general, hydrothermal activity is well developed within active tectonic environments
such as subduction zones, volcanic islands, intracontinental rifts, or continental margins.
These environments not only develop significant heat sources, but they also can consist
of high permeability stratas. Rocks within impact structures are highly fractured, which
facilitates hydrothermal fluids mobilization within the structure. However, a study of 14
different impact breccias performed by Parnell et al. (2010b) indicates low permeability
of these impact breccias. This study suggests that hydrothermal fluids at the impact
structure mainly circulate through fracture systems, and not via bulk permeability.

40

The intensity of impact-induced hydrothermal alteration is also controlled by the
volume of fluids involved and the types of host rocks, which depend on the geology of
the target rocks and their geographical location at the time of impact, as well as paleoenvironment. For example, the 25 km-diameter Ries crater in Germany established a
more intense hydrothermal systems in contrast to the similar-size impact structure
Boltysh, Ukraine (Pohl et al. 1977; Grieve et al. 1987). Target rocks at the Ries crater
mainly consist of layers of sedimentary rocks overlying crystalline basement rocks,
while those at Boltysh are dominated by granite and granite gneisses. Furthermore, the
Ries crater occurred in a water-saturated paleoenvironment (Schmieder and Buchner
2010), while the Boltysh crater occurred in a warm and seasonally humid climate
(Abramovich et al. 2003).
1.7.1

General scheme of impact-induced hydrothermal systems
Hydrothermal alteration can develop in various locations within an impact

structure. The chemical composition of the target rocks and the level of shock
metamorphism are factors that control impact-induced hydrothermal activity. This
section provides examples of impact-induced hydrothermal systems previously
described in impact structures other than Manicouagan, to present overview of
hydrothermal systems, including associated mineralization, chemical composition and
circulation of the fluid.
Sudbury, one of the largest impact structures on Earth (~130 km rim-to-rim
diameter; formed at 1.85 Ga) exhibits extensive hydrothermal modification within ~1
km zone below the melt sheet and ~2 km zone above the melt sheet (Ames et al. 2006).
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Major

hydrothermal

activities

at

Sudbury

include

albitization,

silicification,

chloritization, calcitization, and enormous amounts of ore mineralization (Ames et al.
2006; Ames and Farrow 2007). Puchezh-Katunki (40 km rim-to-rim diameter; ~167
Ma), Kara (65 km rim-to-rim diameter; ~70.3 Ma), and Popigai (100 km rim-to-rim
diameter; ~35.7 Ma) are the three largest impact structures in Russia, in which impactinduced hydrothermal alteration have been studied. Abundant hydrothermal alteration
has been discovered within the central uplift of Puchezh-Katunki from occurrences of
Fe-Mg phyllosilicate, calcareous silicate, and Ca-Na zeolites (Naumov 1992; Masaitis
and Naumov 1993). The bulk of the alteration developed within the impact melt rocks at
Kara and Popigai is hydrothermal in origin (Naumov 2002). At the Kara impact
structure, hydrothermal alteration is concentrated in melt-bearing breccia units, which
Naumov (2002) referred to as suevite. Calcite, pyrite, and analcime are alteration phases
dominating the suevite, associated with minor phases such as saponite, laumontite,
mordenite, and chabazite. Post-impact hydrothermal alteration at Popigai is less
prominent than that at Kara, and highly concentrated in the impact melt rocks. Major
alteration phases include silica phases, phyllosilicates, zeolite, calcite, and pyrite, in
order of abundance (Naumov 2002).
Other examples of hydrothermal alteration developed within impact melt rocks
are at the Ries impact structure, Germany. Osinski (2005) reports that the hydrothermal
alteration at the Ries crater is highly concentrated in suevite. Alteration phases preserved
at the Ries include products of K-metasomatism and albitizaton of basement clasts,
chloritization, argillic alteration, and zeolitization.
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Hydrothermal activity has been noted in small craters, such as the Lonar Lake
impact structure (1.8 km-in-diameter; formed at 50,000 a) with major occurrences of
saponite, celadonite, and carbonate (Hagerty and Newsom 2003). Hagerty and Newsom
(2003) also propose that impact craters with similar sizes to Lonar Lake, ~2 km in
diameter, represent a minimum size limit for an impact structure in which post-impact
hydrothermal systems can be developed on Earth.
Products of impact-induced hydrothermal alteration at many craters suggest that
the alteration is commonly dominated by low pressure and low temperature
assemblages, with temperature ranges from 350 ˚C, or not much greater, down to below
100 ˚C (e.g., Puchezh-Katunki; Naumov 1992, Kara and Popigai; Naumov 2002, Ries;
Osinski 2005, Haughton; Osinski et al. 2001, Chicxulub; Ames et al. 2004; Zürcher and
Kring 2004, Manson; McCarville and Crossey 1996, Sudbury; Ames et al. 2006,
Lockne; Sturkell et al. 1998, Siljan; AlDahan 1990). Hydrothermal solutions are also
typically saturated in silica due to silica dissolution of shocked alumino-silicates and
glasses in the host rocks. However, the origin and chemical properties of hydrothermal
fluids depend on the nature of the target rocks where the impact event occurred.
Naumov (2005) proposes a general scheme of impact-induced hydrothermal
circulation within complex impact structures. The proposed model is described in three
stages: 1) initial, 2) main, and 3) final, in connection with thermal gradients as illustrated
in Figure 1.18. During the initial stage, temperature decreases with approximately the
same thermal gradient throughout the structure. Hydrothermal activity only takes place
at the outer part of central uplift. Based on this study, major hydrothermal activities take
place in the main stage, where the thermal gradient in the central part (30 °C/km-1) is
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lower than the outermost part of the structure (100 °C/km-1). At the final stage,
hydrothermal solutions only circulate within fractures near the surface.

Figure 1.19 A general scheme of impact-induced hydrothermal circulation proposed by
Naumov (2005). Dashed lines represent isotherms. Black arrows represent hydrothermal
circulations during each stage.
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2. Manicouagan Impact Structure
2.1 Introduction
According to Earth Impact Database (2016), the Manicouagan impact structure is
the sixth largest known impact structure on Earth, after Vredefort, Chicxulub, Sudbury,
and its comparable size structures: Popigai and Acraman. Manicouagan is one of the
best-preserved and well-exposed of the relatively larger impact structures, due to lack of
severe erosion and tectonic overprinting (Spray et al. 2010).
The Manicouagan impact structure is visible from space as a 55 km-in-diameter
island, named René-Levasseur island, surrounded by an annular lake (Figure 2.1). The
structure was previously located between Mouchalagan Lake, to the west, and
Manicouagan Lake, to the east (an inset of Figure 2.1b). The two lakes were merged into
one, the so-called Manicouagan reservoir, as a result of a construction of the Daniel
Johnson (Manic 5) Dam, located ~40 km south of the Manicouagan impact structure in
the 1960s, which now constitutes a major hydroelectric generating scheme.
The geology of the area has been described since the late 1800s, with more recent
investigations performed during the 1960s and 1970s prior to flooding and reservoir
creation. Three hypotheses concerning an origin of the Manicouagan structure, including
volcanic, impact, and impact-volcanic hypotheses, have been presented in earlier studies
(e.g., Currie 1972; Murtaugh 1976). The discovery of shock metamorphism within the
structure by Michael R. Dence in 1963 suggested that the Manicouagan structure was
generated as a result of a hypervelocity impact (Bunch et al. 1967).
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Figure 2.1 (a) The Manicouagan impact structure viewed from the International Space
Station with aurora borealis visible from the North Pole in the background. Image
credit: Don Pettit, NASA astronaut aboard ISS Expedition 30/31. (b) A satellite image of
René-Levasseur island. Image from Earth Impact Database (2015). An inset shows the
pre-flooding structure. Adapted from Dence (1964).
Numerous researchers have attempted age determinations for the Manicouagan
event, mostly from the impact-generated melt materials. K-Ar dating of igneous phases
within the structure suggested an age of 210 ± 4 Ma, which was interpreted as the
crystallization age of the melt sheet (Wolfe 1972). Jahn et al. (1978) obtained 214 ± 5
Ma via the Rb-Sr dating of minerals separated from the Manicouagan impact melt sheet.
An age of 214 ± 1 Ma was obtained from U-Pb dating of zircons separated out from the
upper part of the melt sheet (Hodych and Dunning 1992). Most recently, (U-Th)/He
dating of zircons from the impact melt sheet yielded 213.2 ± 5.4 Ma (van Soest et al.
2011), and this was corroborated by using the same method on titanite mineral separates
extracted from the structure’s central uplift, with an age of 207.1 ± 6.4 Ma (Biren et al.
2014). In terms of precision, the most viable and cited age of the Manicouagan impact
event is 214±1 Ma (i.e., the result from Hodych and Dunning 1992).
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The purpose of this Chapter is to provide an overview of the regional geology
and target rocks at Manicouagan, and to introduce the reader to the crater morphology
and geology of the impact structure.
2.2 Regional geology
The Manicouagan impact structure is located in the central Quebec, at 51˚23’N
68˚42’W, within the Grenville Province of the Canadian Shield. The Grenville Orogeny
is the last (youngest), major tectonic event to shape the Canadian Shield. It covers the
eastern part of the Shield, extending from the Atlantic coast of southern Labrador to
Lake Huron (Figure 2.2; Rivers et al. 1989). The Grenville Province is adjacent to the
oldest part of the Canadian Shield, the Superior Province, located to the northwest, and
the younger terranes of Appalachians Province in the southeast. A thrust/fault complex
dipping southeast, called the Grenville Front, is the boundary between the older Archean
units and the Grenville Province proper (Figure 2.2).
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Figure 2.2 Location of Grenville Province (coloured area) in the east of the Canadian
Shield. Tectonic subdivisions based on the interpretation of Rivers et al. (1989). GF,
Grenville Front; ABT, Allochthon boundary thrust; M, Manicouagan Impact Structure;
LH, Lake Huron. Modified from Davidson (1998).
The Grenville Province comprises rocks ranging in age from Archean to Late
Mesoproterozoic, with the youngest located toward the southeast (Rivers 1997;
Davidson 1998; Rivers 2009). The Grenville Orogeny developed during two
metamorphic events between 1090-980 Ma (Rivers 2009). The first is a high grade,
regional scale event occurring during the Ottawan orogenic phase (ca. 1090-1020 Ma)
causing high-pressure metamorphic overprinting within the Parautochthonous Belt (the
pale pink zone in Figure 2.2), which is south of the Grenville Front and north of the
Allochthon Boundary Thrust. This was followed by the shorter-lived Rigolet orogenic
phase (ca. 1000-980 Ma) causing low- to medium-pressure overprinting within the
Allochthonous Belt (south of the ABT; Figure 2.2).
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2.3 Target rocks at Manicouagan
The Manicouagan impact structure was generated within the central part of the
Grenville Province. The tectonic evolution of this region is summarized by Hynes et al.
(2000). The central Grenville Province consists of five geological terranes: (1) Archean
basement, (2) the Gagnon terrane, (3) the Manicouagan Imbricate Zone (MIZ), (4) the
Hart Juane terrane, and (5) the Berthé terrane (Hynes et al. 2000). A geological map of
the central Grenville Province and a cross-section are illustrated in Figure 2.3. The
central island of the Manicouagan impact structure, Île René-Levasseur, lies within the
Manicouagan Imbricate Zone, with a small section to the west comprising Gagnon
terrane rocks.

Figure 2.3 (a) Regional geology of the central Grenville Province associated with the
Manicouagan Impact Structure. Heavy lines represent faults. (b) Cross section along A
to A’. (c) Descriptions and ages of domains, terranes, and rock types shown in (a) and
(b). Adapted from Biren and Spray (2011).

49

2.3.1

Archean rocks
Archean rocks within the Grenville Province extend from the Superior Province

across the Grenville Front, and were reworked during the ~1.0 Ga Grenville Orogeny.
The reworked Archean rocks in this area consist of granoblastic quartzofeldspathic
gneisses with hornblende and pyroxene-rich mafic layers.
2.3.2

Gagnon terrane
The Gagnon terrane extends from eastern Quebec to western Labrador, including

the western shore of the Manicouagan reservoir. The Northern Gagnon terrane
underwent greenschist- to amphibolite-facies metamorphism at 1000-990 Ma, which
coincides with the Rigolet Orogeny. P-T conditions for the Gagnon terrane in western
Labrador and eastern Quebec were approximately 1100 MPa, 200 ˚C and 1600 MPa,
750 ˚C, respectively. In the western shore region of the reservoir, pressure conditions
were 1300 MPa. The Gagnon terrane consists of reworked Archean gneisses overlain by
a Paleoproterozoic sequence of quartzofeldspathic and pelitic metasedimentary rocks,
marble, quartzite, and iron formation (e.g., Indares et al. 1998; Hynes et al. 2000; Rivers
et al. 2002).
2.3.3

Manicouagan Imbricate Zone
The Manicouagan Imbricate Zone (MIZ) is located within the high-pressure

segment of the Parautochthonous Belt (Figure 2.2). The MIZ has been metamorphosed
at amphibolite to granulite and, locally, eclogite facies. It consists of Paleoproterozoic
(Labradorian; ~1.6 Ga) and Mesoproterozoic (Pinwarian; ~1.4 Ga) crustal segments,
which were metamorphosed under P-T conditions of 1800 MPa, 800-900 ˚C, and
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intruded by syn-metamorphic gabbroic stocks and dykes, and post-metamorphic granite
during the Grenville Orogeny at 1000 Ma (Indares et al. 1998). The MIZ can be divided
into two main tectonic units: the Lelukuau terrane (LT) and the Tshenukutish terrane
(TT).
The LT dominates three lower imbricated units of the MIZ and consists
predominantly of a Labradorian anorthosite-mangerite-charnockite-granite (AMCG)
complex that has been recrystallized and overprinted by high-pressure assemblages (i.e.,
granoblastic

garnet,

kyanite,

clinopyroxene,

and

garnet-clinopyroxene-biotite-

amphibole-rutile-Fe-Ti oxide assemblages). The AMCG suite consists of anorthosite,
olivine-gabbro, and granitoid, locally intruded by 1300 Ma leucogranite. The largest
anorthosite exposed forms a 20 km-long tectonic lens (SAn, Seignelay Anorthosite;
Figure 2.3). The LT has metamorphic ages between 1050-1030 Ma, corresponding to the
Ottawan orogen, and P-T condition of 1700-1800 MPa, 850-900 ˚C.
The TT comprises the upper unit of the MIZ and consists of Labradorian AMCG
rocks, Pinwarian diorite with rafts of supracrustal rocks (metapelite, marble, and
quartzite), and granite intruded by 1170 Ma ophitic metagabbro (Fe-Ti gabbro; Rivers et
al. 1993; Indares and Dunning 2001). Anorthosite is present in shear zones. Labradorian
olivine-gabbro, tectonic lenses of Labradorian troctolite and ultramafic rocks enclosed in
an orthogneiss dominate the eastern part of the TT. The boundary between the TT and
Hart Jaune terrane (HJT) is dominated by Hart Jaune granite with rafts of metapelite and
tectonic lenses of 1169 Ma anorthosite (Indares et al. 1998; Hynes et al. 2000). The
maximum P-T conditions in the TT were 1400-1800 MPa, 750-850 ˚C.
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2.3.4

Hart Jaune terrane
The Hart Jaune terrane lies on the northeast shore of the Manicouagan reservoir.

It mostly comprises interbanded two-pyroxene/plagioclase mafic granulite and
quartzofeldspathic gneisses of granulite facies metagabbro, with subordinate calcsilicates and metapelites (St-Jean 1995). Rocks of the Hart Jaune terrane experienced at
least two metamorphic events at ca. 1470 Ma and 990 Ma (Hynes and St-Jean 1997).
2.3.5

Berthé terrane
The Berthé terrane covers the south and southeast shore of the Manicouagan

reservoir; comprising Gabriel domain overlying Canyon domain (Figure 2.3). The
Canyon terrane consists of a granitoid complex that encloses large rafts of metapelite,
which displays evidence of amphibolite-facies metamorphism (at 700-900 MPa, 700 ˚C;
Hynes and St-Jean 1997; Hynes et al. 2000). The Gabriel domain (metamorphic age of
1011-990 Ma) mostly comprises well-layered, migmatitic, quartzofeldspathic gneisses
of metasedimentary origin, with concordant amphibolite sheets, a thick sheet of
orthopyroxene-bearing alkali feldspar granite (enderbite), granitoid rocks, and strongly
deformed and recrystallized anorthosite.
2.3.6

Ordovician sedimentary rocks
A relatively thin layer of the (middle) Ordovician rocks covered the Precambrian

basement at the time of impact, with an average thickness of 25 m. Red siltstone,
approximately 20 cm thick, is rarely exposed in the area. The Ordovician rocks are
mostly fossiliferous grey limestone with grey shaly partings, and locally dolomitic
limestone overlying grey limestone (Murtaugh 1976).
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2.4 Morphology and crater classification
The present topography of the Manicouagan impact structure is primarily the
result of glacial erosion, which does not represent original impact morphology. A
number of studies have been carried out to better assess the pre-erosional morphology of
the Manicouagan impact structure. Floran and Dence (1976) interpret the Manicouagan
impact structure as a double-ringed basin, showing a possible transition form between a
central peak crater and a ringed basin, with a pre-erosional diameter of 75 km and a
transient cavity diameter of 30-45 km. Floran and Dence (1976) divide the structure into
five different regions, as illustrated in Figure 2.4a: 1) central region, 2) inner plateau, 3)
peripheral trough, 4) outer disturbed zone, and 5) outer circumferential depression.
The core region covers an area in the centre of the structure and extends to a
diameter of 25 km, consisting of the highest point of the structure, up to 950 m above
MSL, Mont de Babel (Figure 2.4b). This prominent feature is interpreted as the central
uplift of the Manicouagan impact structure. Shocked and metamorphosed basement
rocks, pseudotachylite veins, and fragments of allochthonous basement rocks were also
observed in the central region.
The inner plateau is marked by a lower elevation terrain at ~10-15 km from the
centre, and encompasses the rest of the René-Levasseur island (between 25 and 55 km
diameters). The plateau is covered by impact melt with an apparent thickness between
100-200 m, manifest as cliffs (~100 m height) above the waterline in some areas.
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Figure 2.4 (a) A simplified sketch of the Manicouagan impact structure outlining
morphological features proposed by Floran and Dence (1976), region A-E. A red dash
line divides region D into 4 and 5 as described by Orphal and Schultz (1978). Modified
from Floran and Dence (1976); Orphal and Schultz (1978). (b) A colour-coded relief
map of the Manicouagan impact structure. Topographic height displays as colour. Red
represents the highest point. Purple represents the lowest point. Scale in metre shown in
the bottom left. Adapted from Spray et al. (2010).
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An iconic feature of the Manicouagan impact structure is the 5-10 km wide
annular lake, which occupies a radius between ~28 and ~33 km. Floran and Dence
(1976) refer to this region as the peripheral trough, while Orphal and Schultz (1978) and
Grieve and Head (1983) refer to it as the annular moat. Steeply dipping normal faults
define the outer margin of this region. Glaciation played an important role in shaping
this U-shaped annulus.
Areas further away from the centre are the outer disturbed zone (65-140 km
diameter) and outer circumferential depression (135-150 km diameter). These two
regions are less apparent than the first three. The outer disturbed zone comprises
fractured basement and lakes forming a concentric pattern surrounding the main part of
the structure. The outer circumferential depression is observed from satellite imagery
and has not been verified in the field.
Orphal and Schultz (1978) further divided the outer disturbed zone of Floran and
Dence (1976) into two regions: the inner and outer fractured zones. The two regions are
distinguished mainly by the direction of drainage, at a diameter of 100 km from the
centre (a red dashed line in Figure 2.4a). The drainage within the inner fractured zone
(65-100 km diameter; marked as A in Figure 2.4a) is inward toward the structure.
Conversely, drainage trends within the outer fractured zone (100-150 km diameter;
marked as B in Figure 2.4a) are away from the structure. Orphal and Schultz (1978)
proposed an endogenic modification model for Manicouagan using floor-fractured lunar
craters as analogues. The model proposed a peak-ring basin with a diameter of 100 km
and an 80 km-in-diameter transient cavity to better describe the features previously
explained by Floran and Dence (1976). The proposed basin diameter corresponds to the
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margin between the inner and outer fractured zones. Uplift of the crater floor during the
modification stage formed a ~15 km diameter central peak-ring. The endogenic
component suggests that an intrusion of magma occurred beneath the crater floor,
sometime after the impact, in response to the collapse of the central region via normal
faulting, with formation of the outer circumferential depression.
Grieve and Head (1983) apply topographical data from previous studies (e.g.,
Floran and Dence 1976; Orphal and Schultz 1978), theoretical data using various
estimation and scaling relationships (e.g., O'Keefe and Ahrens 1977; Pike 1977; Grieve
and Cintala 1981), and geophysical data (e.g., Sweeney 1978) to estimate the preerosional morphology. Grieve and Head (1983) argue that the outer disturbed zone,
including the inner and outer fractured zones of Orphal and Schultz (1978), and the outer
circumferential depression recognized by Floran and Dence (1976), are merely erosional
features rather than ring structures. Furthermore they claim that there is no definite
topographic ring feature present at Manicouagan. Thus, Grieve and Head (1983) favour
an interpretation of the Manicouagan impact structure as a central peak complex crater
with a diameter of 100 km in which Mont de Babel represents an off-centre (~5 km
north of a geometric centre) central peak.
Spray and Thompson (2008) introduce another type of complex crater in which
they describe the Manicouagan impact structure as a central peak basin with rings. The
interpretation is based on the relationship between impact melt sheet and basement
morphology beneath the crater floor within the central region of the structure, which has
been revealed since drilling operations in the 1990s and 2000s, (i.e., after Grieve and
Head 1983). Proposed mechanisms by Spray and Thompson (2008) for the formation of
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the horseshoe-shape central uplift are summarized in Chapter 1 (Section 1.1.3.2
Complex impact structure). Spray and Thompson (2008) suggest that the central uplift
was brought up to the surface without melting, as evidenced from preservation of the
Grenville textures in the anorthosite of the central uplift. A diameter of 90 km is
favoured by Spray and Thompson (2008), which is considered as the collapsed transient
crater diameter (or rim-to-rim diameter) rather than maximum damage diameter.
According to the Earth Impact Database (2016), the most updated rim-to-rim diameter of
the Manicouagan impact structure is ~85 km.
A detailed study of the central uplift at Manicouagan was performed by Biren
(2012). The study estimates that rocks of the central uplift were originally situated at
approximately 9 to 11 km depth at the time of impact, and were brought to the surface
during the modification stage (i.e., in seconds to minutes). This result coincides with an
interpretation of the gravity data of Sweeney (1978) suggesting depths of 9-12 km.
2.5 Geology
The geology of the Manicouagan impact structure has been described by Currie
(1972) and Murtaugh (1976). Currie (1972) interpreted and mapped the structure as a
resurgent caldera, indicating a volcanic origin. Murtaugh (1976), on the other hand,
mapped and interpreted Manicouagan as an impact structure. A geological map of the
innermost portion of the Manicouagan structure is shown in Figure 2.5, based on
information from Currie (1972) and Murtaugh (1975, 1976).
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Figure 2.5 A simplified geological map of the Manicouagan impact structure. Stars
represent the locations of Ordovician limestone outcrops taken from Grieve and Head
(1983) based on a geologic map of Murtaugh (1976). MB, Mont de Babel; MP,
Maskelynite Peak. Modified from Orphal and Schultz (1978); Grieve and Head (1983);
O'Connell-Cooper and Spray (2011).
The area northeast of the main central island is composed of a large gabbro
massif.

The

rock

comprises

a

plagioclase-orthopyroxene-clinopyroxene-garnet

assemblage, which is an indicative of granulite facies. Intercalation of granulite gneiss
within the gabbro also indicates granulite-grade metamorphism. Biotite and hornblende,
as products of retrograde metamorphism, are dominant in the gabbro at the north and
south rims of the massif. The gabbro massif is interpreted to be the oldest rock within
the area (~1470 Ma, Hart Jaune; Hynes and St-Jean 1997).
Mafic gneiss occupies the lowland on René-Levasseur island, and the areas to the
north, northwest, and south of the main island. The gneisses within these areas are
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referred to as transitional (amphibolite-granulite facies) gneiss, in which there is a
mixing between amphibolite-grade and granulite-grade gneisses. Additionally, some
gneiss has intermediate characteristics between the two facies. Mineral assemblages of
the gneisses are hornblende-garnet-clinopyroxene-plagioclase on the central island,
clinopyroxene-orthopyroxene-garnet to the north and northwest, and quartz-plagioglasebiotite-hornblende-hyperstene-garnet to the south. This unit also represents the product
of mixing younger and older rocks.
To the west of the Manicouagan structure, the Precambrian grey gneiss is
dominated and associated with other Gagnon Group rocks such as metaquartzite, marble,
iron formation, and graphitic gneisses. The grey gneisses are the most abundant
Precambrian rocks within the structure, which extend to the northwest, south, and
northeast outside of the island, and along the western shore of the main island. The grey
gneisses are dominated by quartz, plagioclase, biotite, and hornblende, with locally
present garnet, K-feldspar, sillimanite and kyanite. Murtaugh (1976) interpreted this unit
to be younger than the gabbro massif to the northeast, as evidenced by retrograde
metamorphism of the gabbro where in fault contact with the grey gneiss in the east of
the structure.
The granitic gneiss mainly consists of quartz, microcline, and plagioclase, with
biotite, hornblende, and garnet as accessory minerals. It dominates the northeast and
southeast of the structure. Currie (1972) suggests that the granitic gneisses were
metamorphosed

under

granulite

facies

conditions

(hyperstene-diopside-quartz-

plagioclases assemblage), followed by remobilization and recrystallization at lower
grade.
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The central uplift (Mont de Babel and Maskelynite Peak; Figures 2.4 and 2.5)
and the northwest of the main island mainly comprise fine- to medium- grained
anorthosite gneiss and gabbroic gneiss (Biren and Spray 2011). Anorthosite comprises
>90% plagioclase (in this case andesine to labradorite in composition; Biren and Spray
2011), with minor pyroxene, hornblende, garnet, biotite, scapolite, and titanite. The
central uplift anorthosite has the same composition as the Lake Tetepisca anorthosite (in
the southwest, outside of the structure; Figure 2.3), but exhibits distinct textures,
possibly as a consequence of the impact (Murtaugh 1976). The anorthosite of the central
uplift was shock-metamorphosed. Biren and Spray (2011) discovered shock veins within
this anorthosite. Maskelynite is present in all the samples in which shock veins are
developed. Stishovite (high-pressure polymorph of SiO2) was first discovered at
Manicouagan by Biren and Spray (2011) in the samples from Mont de Babel. The study
suggests the bulk shock pressure within the central uplift of ~12-25 GPa, which
indicates that the central uplift was located at the greater distance from the point of
impact at the time of projectile-target contract (i.e., was beneath the surface at depth).
Ordovician limestone lies mostly within the annular moat and exists as inclusions
in impact melt (Murtaugh 1976; Grieve and Head 1983) and within footwall breccias
and melt-bearing breccia. Beyond the impact structure, the pre-impact sedimentary rocks
were eroded by glacial activity. The distribution of Ordovician limestone within the
structure is shown as stars in Figure 2.5. Murtaugh (1976) suggests that the limestone
may have slumped from its original position during the impact event, and so survived
subsequent erosion. The locations of the limestone have been used to estimate the size of
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the transient cavity, and the diameter of the structure (e.g., Floran and Dence 1976;
Grieve and Head 1983; Brown and Spray 2015).
The most abundant rock covering most of René-Levasseur island is impact melt,
which forms a continuous layer, called an impact melt sheet, with texture and
mineralogy similar to normal (endogenic) igneous rocks (Murtaugh 1976). The impact
melts do not exist outside the central island. An impact melt thickness between 100 m to
less than 400 m has been suggested from field observations (e.g., Currie 1972; Floran
and Dence 1976; Murtaugh 1976). Recent studies of drill core obtained from
Manicouagan reveal the maximum thickness of the impact melt sheet to be ~1500 m,
which occurs in the central region of the structure enclosed by the central uplift (Spray
and Thompson 2008). Drilling data also provide insight into the topographic profile of
basement rocks underlying the impact melt sheet. The most recent study of the
Manicouagan melt sheet suggests that the thickness of the melt sheet depends on the
topography of the underlying basement, which was largely established prior to melt
crystallization (O'Connell-Cooper and Spray 2011). The impact melt is dominated by
plagioclase (An29 to An40), orthoclase, albite, quartz, clinopyroxene, orthopyroxene,
magnetite, amphibole, and biotite. Geochemical investigation of the melt sheet reveals
two distinct units: undifferentiated (U-IMS) and differentiated melt sheet (D-IMS;
O'Connell-Cooper and Spray 2011). The U-IMS comprises homogeneous, fine- to
medium-grained rocks with a slight variation in trace element and REE composition,
while the composition of the D-IMS varies with depth. The rocks of D-IMS are quartz
monzonite to quartz monzodiorite in the upper zone, quartz monzodioritic in the middle
zone, and monzodioritic in the lower zone. The D-IMS is defined by plagioclase >
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orthoclase > clinopyroxene > orthopyroxene, with amphibole and biotite, with locally
developed olivine in the lower zone.
2.6 Previous study on impact-induced hydrothermal systems at Manicouagan
A preliminary study of the Manicouagan impact structure has revealed evidence
of hydrothermal activity (Spray et al. 2010). Spray et al. (2010) establish idealized
hydrothermal scenarios that may be developed within a complex impact structure. Four
potential hydrothermal regimes were identified in accordance with the morphology of
the structure (Figure 2.6). Details of each regime, as described in Spray et al. (2010), are
summarized in the following section.

Figure 2.6 Schematic hydrothermal systems at the Manicouagan impact structure
showing four potential hydrothermal regimes. Adapted from Spray et al. (2010).
(1) Intra- and supra-melt sheet cooling cells: the first regime is developed within
the uppermost unit of the melt sheet and overlying fallback breccia, both of which have
been eroded away at Manicouagan. This regime is in contact with the superheated melt
sheet, which is more likely to generate and mobilize high temperature (>350 ˚C) fluids.
The development of columnar joints in this area helps facilitate oxidization of the unit,
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resulting in reddening caused by hematization. Hematite, chlorite, zeolites, clays, and
quartz (limited precipitation) are the predominant hydrothermal phases.
(2) Sub-melt sheet cells: the sub-melt sheet is in a similar context as the first
regime where supercritical H2O fluid (>350 ˚C) may be involved. This regime
experiences contact metamorphism during the early stage of the cooling of the melt
sheet, which facilitates development of hydrothermal systems at the later stage of melt
sheet cooling. Predominant hydrothermal phases are smectites (montmorillonite,
saponite), hematite, chlorite, and scapolite, with limited quartz precipitation.
(3) Intra-central uplift convection systems: hydrothermal systems develop within
the central uplift via faults and fractures. At Manicouagan, the central uplift can be
considered a closed system with an estimated ambient temperature of 270 ˚C (i.e., when
buried and before uplift). Ca- and Na- aluminosilicate formed as an alteration product of
feldspar (labradorite and maskelynite), and is commonly observed. Hematization occurs
locally along grain boundaries of biotite and amphibole. Zeolite (thomsonite, analcime),
hematite, prehnite, pectolite, and anhydrite were observed in the central uplift.
(4) Peripheral hot springs: peripheral hot springs at Manicouagan are indicative
of hydrothermal mineralization, as observed in the drill core. The phases include sulfide,
sulfate, hematite, and chlorite.
Eitel et al. (2016) indicate a lack of significant hydrothermal activity developed
at Manicouagan according to a paleomagnetic and rock magnetic study of impact melt
sheet and basement rocks (i.e., anorthosite and gneissose diorite).The study suggests that
Fe-oxide phases (i.e., titanomagnetite and titanohematite) within the impact melt sheet
were formed at high temperature (>570 ˚C) as part of the crystallization of the melt
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sheet, rather than being hydrothermally formed. The paleomagnetic data also show no
evidence for hydrothermal activity in the basement rocks at the surface.
Spray et al. (2010) suggest that occurrences of phyllosilicates at Manicouagan
may help shed light on the formation of Fe3+ phyllosilicates on Mars, interpreted by
Chevrier et al. (2007). A spectroscopy study of oxidized impact melt sheet indicates that
the Manicouagan impact structure could be an analog for similar phases on Mars (Morris
et al. 1995).
Further investigation, including field observations, petrography, mineralogy, and
chemistry, of impact and basement rocks at Manicouagan will provide more evidence
for post-impact hydrothermal activity, as well as reveal details of the impact-induced
hydrothermal systems developed at Manicouagan. The latter may contribute to
understanding Martian surface mineralogy, as well having implications for other waterbearing planets and planetary bodies.
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3. Field Observation
3.1 Introduction
Field observations were performed during two field seasons (summer 2010 and
2011) on the René Levasseur island, which consists of the central uplift and inner
plateau of the Manicouagan impact structure, surrounding by an annular lake (Floran
and Dence 1976). During field operations, camps were set up in different locations.
Since the field area is non-populated and is an isolated region, a helicopter was used as
the most effective transportation, which allowed us to carry all field gear and supplies
into the camp sites. Field activities covered areas surrounding the campsites via a
combination of hiking and kayaking. The field locations are illustrated in Figure 3.1.
Green and dark areas on the map represent areas covered with vegetation and water,
respectively.
The objectives of the field operations were to observe any evidence of
hydrothermal activity developed within the structure at different locations, and to collect
field samples, which were then studied in the laboratory. Another objective was to
obtain general knowledge of impact structure morphology, the geological setting of the
Manicouagan structure, and shock metamorphic effects, which assisted in an
interpretation of impact-induced hydrothermal systems generated.
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Figure 3.1 (a) A map of the inner plateau of the Manicouagan impact structure showing
field locations during summer 2010 (locations marked by a green square and red circles)
and summer 2011 (area in a blue square). (b) A close-up of field area in the green
square. (c) A close-up of field area in the blue square. Yellow stars represent the
campsites. Dashed yellow lines represent area covered in the field operations.

3.2 Field observations: Summer 2010
This field season mainly focused on the western part of the structure, covering an
area ~6 km north and ~6 km south of the base camp, ~600 m to the east, and an area
along the western shore across the reservoir, including a few islands, as shown in Figure
3.1b. Additional to the western field area, brief field stops were made on the central
uplift, both Mont de Babel and Maskelynite Peak.
Gneiss (quartz-feldspar-biotite-amphibole) constitutes most of outcrop on the
western part of the structure. Garnetiferous gneiss is also common in the area. Figure
3.2a illustrates impact-related faults and shears developed within the gneiss. Pegmatites
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are commonly observed in the gneisses, shown as the pink vein in Figure 3.2a.
Ordovician limestone is common in the area. It occurs as blocks of fossiliferous
limestone forming a small island, and an outcrop along the shore of the main island
(Figure 3.2b). The limestone has slumped downward from its original position as a
consequence of crater modification (Murtaugh 1976; Grieve and Head 1983), and
survived glacial erosion following the impact event. Weathered iron-rich zones, marked
by yellow rusty formations, are locally present associated with graphite bands, and as
alternating layers in the gneisses as shown in Figure 3.3a and b, respectively.
In addition to the target rocks, impact rocks (i.e., impact melt and impact
breccias), as well as shatter cones, are commonly found in many locations. The largest
impact breccia zone observed during the fieldwork covers an area of approximately
0.682 km2, as shown in Figure 3.4a, associated with felsic gneiss and dark (glass-like)
veins. Some of the veins possibly represent altered pseudotachylite (Figure 3.4b). Gneiss
incorporated within the breccias is strongly fractured, and more felsic in composition
(contains less amphibole, biotite, and garnet) than gneiss found in other locations
(Figure 3.4c). A green matrix breccia adjacent to the dark veins suggests hydrothermal
alteration developed within this area. Another breccia hosting hydrothermal veins,
shown in Figure 3.4d, is developed on the western shore of the reservoir in which
garnetiferous gneiss is the predominant target rock. Impact melt overlying basement
rocks can be observed approximately 500-600 m inland, from the reservoir toward the
centre of the structure. The impact melt sheet is covered by vegetation, as it appears in
the distance in Figure 3.3b. The contact between impact melt sheet and gneiss was
observed at an elevation of 465 m above mean sea level (MSL).
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Figure 3.2 Field photographs of the most common target rocks present in the west of the
Manicouagan structure. (a) Fractured Grenvillian gneiss with pink veins of pegmatite. 45
cm long GeoTul hammer as a scale. (b) Tilted Ordovician limestone bedding from an
island north of the base camp.

Figure 3.3 Field photographs showing formation of rusty-like rocks. (a) A thick
graphitic layer (∼30 cm) associated with rusty, crumbled rock formation. (b) A domelike structure of rusty iron-rich zone layered with felsic gneiss. Impact melt is in the
background. An inset shows the thickness of rusty layer in gneiss. 45 cm long GeoTul
hammer as a scale.
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Figure 3.4 Field photographs showing various contexts of impact breccias. (a) Impact
breccias constituting a whole island associated with fractured felsic gneiss outcrop. (b) A
dark rusty vein of possibly altered pseudotachylite associated with the breccias. 15 cm
long marker pen as a scale. (c) A close-up picture of felsic gneiss breccia comprises the
island in (a). (d) Impact breccia associated with garnetiferous gneiss, located across the
water reservoir. The inset is a close-up of area in a white square, showing texture of the
breccia with a scale bar of 15 cm.
The central uplift, comprising Mont de Babel and Maskelynite Peak, mainly
consists of pristine crystalline anorthosite rocks. There are abundant red veins in the
anorthosite, as illustrated in Figure 3.5. Variations in colour of the anorthosite from
white to pink, and the presence of zeolites suggest that hydrothermal alteration occurred
within the central uplift.
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Figure 3.5 Field photograph illustrating alteration veins (red colour), developed within
the anorthosite at Mont de Babel. 45 cm long GeoTul hammer as a scale.

3.3 Field observations: Summer 2011
Fieldwork was carried out in the east of the structure in summer of 2011. A base
camp was set up on the western shore of an inlet, known as Memory Bay. The location
of the base camp is labelled as a yellow star in Figure 3.1c. The fieldwork covered ~5
km toward NW, ~6 km to the SE along the southern shore of Memory Bay, ~1.5 km
south of the base camp, and area at the tip of the peninsula along the northern shore of
Memory Bay. The field coverage is shown as dashed yellow lines in Figure 3.1c. Impact
rocks, such as impact melt sheet and impact breccia, as well as basement rocks, are well
exposed in the east of the impact structure.
Unlike the western part of the structure, impact melt is predominant and present
in various textures, colours, and amounts of incorporated clasts. The impact melts occur
as a sheet overlying basement rocks, or as dikes locally intruding the country rocks.
Contacts between impact melt and country rocks can be observed in many areas. A good
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example is shown in Figure 3.6. Cooling joints are commonly developed within the
impact melt, which vary in size (Figure 3.7a-b).

Figure 3.6 Field photograph showing a contact between impact melt sheet and basement
rock. In this photo, felsic gneiss is overlain by impact melt sheet. 45 cm long GeoTul
hammer as a scale.

Figure 3.7 Field photographs illustrating cooling (columnar) joints developed in the
impact melt at Manicouagan. (a) ~30 cm wide columnar joints. 2.7 m long inflatable
kayak as a scale. (b) Finer cooling joints perpendicular to a contact of impact melt and
breccia. 45 cm long GeoTul hammer as a scale.
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Impact melt above the contact at an elevation of ~516 m above MSL tends to be
coarser grained and contains fewer clasts than the melt near the base of the sheet. Basal
impact melt is mostly clast-rich (CRIM) and greenish-brown or grey in colour (Figure
3.8a and 3.8b, respectively). Purplish-red CRIM was locally observed in some areas
(Figure 3.8c). Weathering of CRIM also results in a reddish-brown colour at the surface
of grey CRIM (Figure 3.8d). Though impact melt at the base of the melt sheet tends to
be CRIM, clast-free (CFIM) to clast-poor impact melts (CPIM) are present as dikes
intruding the basement rocks. These impact melt dikes vary in colour (black, grey,
greenish-grey, purple, red), texture (smooth or vesicular), and size (from ~10-20 cm to
50-60 m wide). For example, Figure 3.9a is a field photograph showing a ~50 m wide
gorge possibly formed as a result of stream erosion of impact melt. Both sides of the
gorge consist of dark-grey vesicular CFIM in contact with pre-impact felsic gneiss
(Figure 3.9b). Approximately 50 cm wide CFIM dikes were commonly observed in
gneisses along the southern shore of Memory Bay (Figure 3.9c-d). Clast-free impact
melt dikes are also associated with breccias and cut across anorthosite clasts, as shown
in Figure 3.9e and f, respectively.
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Figure 3.8 Field photographs showing variety of clast-rich impact melt (CRIM) present
near the base of the impact melt sheet: (a) greenish-brown CRIM overlying breccia, (b)
grey CRIM in contact with gneiss, (c) purplish-red CRIM, and (d) brownish-red
weathering surface of clast-rich impact melt. Garmin GPS and 45 cm long GeoTul
hammer as scales.
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Figure 3.9 Field photographs of clast-free (CFIM) to clast-poor impact melts observed
near the base of the impact melt sheet. (a) A ~50 m wide gorge hosts vesicular CFIM.
(b) A close-up of vesicular CFIM on the farside of the gorge shown in (a), associated
with gneiss basement rocks. Inset is a close-up of small CFIM dike incorporated in
gneiss on the nearside of the gorge shown in (a). (c) A ~30 cm wide CFIM dike in
gneiss. (d) Pink CPIM dike in gneiss with red reaction rim at the contact. (e) Grey CFIM
(left) with well-developed cooling joints, in contact with impact breccia (right). (f) Red
CFIM associated with anorthosite clast. A field notebook, 45 cm long GeoTul hammer,
and 15 cm long pencil as scales.
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Breccias are ubiquitous in the east. They occur as impact breccia or melt-bearing
breccia. The latter was formed by the mixing of impact melt and clastic breccia at the
base of the melt sheet. Clasts incorporated in the breccias at Memory Bay vary from
mafic to felsic gneisses, and to anorthositic clasts, some which have been plastically
deformed or partially melted (Figure 3.10a). Mafic clasts are mostly pristine and less
deformed than felsic clasts, as shown in Figure 3.10b. Figure 3.11 illustrates the
presence of melt-bearing breccias with a deformed anorthositic clast (on the left). The
melt-bearing breccias in Figure 3.11 comprise a red matrix (a red zone on the right) and
a green matrix (a green zone in the middle). A mixing of the green- and red- matrix
melt-bearing breccia is shown in the inset as a flow texture. Breccias can be seen
between the impact melt sheet and basement rocks where the two units are exposed
(Figure 3.7b, 3.8a and 3.12). Melt-bearing breccia covers a large area along the southern
shore of Memorial Bay. The clastic matrix of the breccia observed in the field can be
red, as shown in Figure 3.10 and 3.11, or greenish-grey, as shown in Figure 3.13. The
red-matrix melt-bearing breccia is commonly associated with hydrothermal veins.
Shatter cones are developed in gneiss located at ~650 m NW of the gorge, Figure
3.9a, that is hosting the vesicular CFIM. The gneiss contains pegmatites, and preserves
its original foliation. There is no sign of hydrothermal alteration developed at this
location. Figure 3.14a and b are examples of the shatter cones formed in gneiss. Figure
3.14b illustrates shatter cone developed on the surface of gneiss with its associated
pegmatite.
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Figure 3.10 Field photographs showing texture of red-matrix melt-bearing breccia and
its incorporated clasts: (a) deformed anorthosite clast and (b) pristine mafic clasts with
deformed anorthosite clast, left corner. Zeolite veins are also developed within the redmatrix melt-bearing breccia. 45 cm long GeoTul hammer and field notebook as scales.

Figure 3.11 Field photograph showing red and green matrix melt-bearing breccias
adjacent to deformed anorthosite clast. An inset is a close-up of flow texture of the
green-matrix breccia mixing with red-matrix breccia. 15 cm long pen as a scale.
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Figure 3.12 Field photograph showing clast-rich impact melt overlying breccia, which
displays a purple colour at the contact. 45 cm long GeoTul hammer as a scale.

Figure 3.13 Field photograph of greenish-grey melt-bearing breccia. Compass as a
scale.
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Figure 3.14 Field photographs of shatter cones developed in gneisses. (a) Large angular
block of gneiss with numerous shatter cones preserved. (b) Shatter cones formed in
gneiss with its associated pegmatite. 45 cm long GeoTul as a scale.

3.4 Hydrothermal deposits
Hydrothermal alteration observed during field work can be divided into three
types: geodes and amygdales, vein systems, and pervasive alteration. These deposits can
be seen throughout the field areas. However, the majority were observed in the east of
the structure in which impact melt, impact breccias, and melt-bearing breccias are
predominant rock types.
3.4.1

Geode and amygdale formations
According to Bates and Jackson (1987), geode is “a hollow or partly hollow and

globular or sub-spherical body, from 2.5 cm to 30 cm or more in diameter…it is
characterized by…a cavity that is partly filled by an inner drusy lining of inwardprojecting crystals…”, while amygdale is “a gas cavity or vesicle in an igneous rock,
which is filled with such secondary minerals as calcite, quartz, chalcedony, or zeolites”
(Bates and Jackson 1987). In this work, geodes refer to relatively large (range from a
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few centimetres up to 15 cm in diameter), smooth surfaced and rounded shapes, while
amygdales refer to smaller (up to a few cm in diameter) spherical shape. Geodes and
amygdales are developed within impact melt that is in contact with basement rocks.
Geodes are scattered throughout the base of the impact melt sheet (yellow squares
shown in Figure 3.15), within a 1-2 m zone above the contact. The geodes are variable in
size. Figure 3.16a and b are examples of two different size geodes: ~10 cm and ~3 cm in
diameter, respectively. Both of them comprise quartz crystals. Amygdales are commonly
associated with empty vesicles concentrated at the contact between impact melt dikes
and basement rocks. The amygdales consist of creamy white zeolite crystals (Figure
3.17a) or cubic clear crystals (Figure 3.17b).
In addition to geode and amygdale formations, zeolites are also developed within
fractured grey gneiss in the west of the impact structure (Figure 3.18a). The gneiss
consists of a reaction zone defined in red along cracks (Figure 3.18b). These red zones
are adjacent to zeolite formations, suggesting that they may be related to the
hydrothermal alteration developed in the area.
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Figure 3.15 Locations of geodes discovered within the impact melt sheet at
Manicouagan. An inset shows a satellite view of the structure and location of the large
image. Yellow squares represent locations where hydrothermal geodes were observed.

Figure 3.16 Field photographs of hydrothermal geodes deposits in the CRIM at the base
of the melt sheet. (a) ~10 cm, and (b) 3 cm diameter geodes filled with euhedral quartz.
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Figure 3.17 Photographs of hand specimens showing secondary minerals in the forms of
(a) anhedral creamy white crystals and (b) euhedral cubic crystals filling in vesicles
developed within impact melt dikes that are in contact with gneiss. A contact between
the impact melt and gneiss is shown in (a).

Figure 3.18 Field photographs showing (a) massive creamy white zeolite patches
deposited in fractured gneiss. (b) Red alteration zones adjacent to zeolites shown in (a).
Pocket knife as a scale.
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3.4.2

Veins
Hydrothermal veins were observed along the southern shore of Memory Bay.

Hydrothermal phases deposited in the veins are mainly creamy white radiating
aggregates of zeolites, associated with the red-matrix, melt-bearing breccia. The veins
are easily recognized as a series of parallel fractures (Figure 3.19a), approximately 2-5
cm wide and greater than 10 m long that are exposed on the surface. The majority of the
zeolite veins align SW to NE trend, 210º-240º (S 30º-60º W), with a minority
perpendicular to these veins. The zeolite veins are also deposited throughout the meltbearing breccia layer as shown in the oblique view of the vein in Figure 3.19b. The veins
also cut across fine-grained CFIM dikes that are associated with the red-matrix, meltbearing breccia.
Greenish-grey-matrix melt-bearing breccia at Memory Bay that is in contact with
a clast-free impact melt (CFIM) dike also hosts hydrothermal veins. The veins comprise
zeolites, and have 242˚ and 212˚-trends (SW to NE), which are similar to that of the
CFIM dike, which is 240˚. Unlike the veins hosted in the red-matrix, melt-bearing
breccia, the zeolite veins in this unit do not cut across the CFIM dike. Furthermore, the
CFIM dike present in this area is quite pristine, and does not show any sign of alteration.
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Figure 3.19 Field photographs showing hydrothermal veins of zeolite developed in redmatrix suevite. (a) Parallel sets of hydrothermal veins with the minority aligned
perpendicular to the main veins. (b) Oblique view illustrating hydrothermal veins
formed deep into the suevite layer. 45 cm long GeoTul hammer as scales.
In addition to the zeolite veins developed at Memory Bay, hydrothermal veins
are sparsely present in anorthosite at Mont de Babel (central uplift) and within breccia
situated across the reservoir in the west of the impact structure. However, the veins are
rarely present in both areas. White and pinkish-white radiating crystals of zeolites
dominate the veins in the central uplift and the gneiss breccia, as illustrated in Figure
3.20 and Figure 3.4d, respectively. The zeolites veins are approximately 2-3 cm wide.
Trends and length of the veins are difficult to constrain.
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Figure 3.20 Field photograph showing a zeolite vein developed in anorthosite host at the
central uplift, Mont de Babel.

3.4.3

Pervasive alteration
Cataclastic impact lithologies, such as impact breccia and melt-bearing breccia

have experienced higher degrees of alteration than pristine basement rocks and impact
melts. The largest breccia zone observed in the west of the structure, as mentioned in
section 3.2 and Figure 3.4a, displays a strongly altered texture suggested by the rusty
and crumbly appearance of the breccias. At Memory Bay, in which hydrothermal veins
are predominant, the melt-bearing breccias are pervasively altered. The matrix of the
melt-bearing breccia is strongly altered to a red colour, later confirmed to be iron oxide
compounds such as hematite and goethite (Chapter 4). Clasts incorporated within the
melt-bearing breccia have experienced different degrees of alteration due to one type of
clast being more robust than another. Anorthositic clasts within the red-matrix meltbearing breccia are highly altered to creamy pinkish white crystals of zeolites, while
mafic clasts appear to have experienced very low, or almost no, alteration and still
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preserve their original textures. Altered anorthositic clasts are commonly found in
conjunction with zeolite veins, as illustrated in Figure 3.21. Unaltered mafic clasts with
red alteration phases deposited at the surface can be seen as dark grey clasts (Figure
3.21).

Figure 3.21 Altered anorthosite clast with hydrothermal veins connected to the clast
within the red-matrix suevite. 45 cm long GeoTul hammer as a scale.

3.4.4

Discussion
An association of amygdales and vesicles suggests that the amygdales were

formed by crystallization of secondary minerals in gas bubbles released from impact
melt during solidification of the melt. Thus, the amygdales may have been associated
with low-temperature hydrothermal activity during late stage cooling of the impact melt.
The alignment of the veins developed at Memory Bay is coincident with regional
lineaments (pre-impact) faults (e.g., Hart Jaune fault; Eaton et al. 1995), or assimilated
into a flow direction and/or cooling joints within the red-matrix, melt-bearing breccia
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that overlies basement rocks. The presence of hydrothermal veins within clast-free
impact melt dikes in the red-matrix, melt-bearing breccia suggests that this melt-bearing
breccia may have been pervasively altered. Conversely, absence of hydrothermal veins
within the clast-free impact melt dikes in the greenish-grey-matrix melt-bearing breccia
suggests that this unit may have experienced lower alteration intensity, with little
development of pervasive alteration, compared to the red-matrix unit. This also suggests
that the reddening of the melt-bearing breccia is a consequence of hydrothermal activity
developed in this area.
3.5 Sample collecting and sample descriptions
Samples studied in this work were collected from surface outcrops and from drill
cores. Studying surface and core samples provides insight into the lateral and vertical
distribution of impact-induced hydrothermal alteration generated at Manicouagan.
Samples were carefully chosen, based on alteration textures and their contexts, for thin
section preparation. Details of samples, including locations and descriptions, are listed in
Appendix A.
3.5.1

Field samples
Samples that display strong alteration, as well as their host rocks, were targeted

during surface sampling. Alteration phases were collected together with their host rocks.
Different types of clasts incorporated into the breccias were also sampled, as well as preimpact lithologies. All hand specimens were sampled from freshly broken fragments
from outcrop, or (rarely) from boulders. Over 250 hand specimens were collected
during field operations. Hundreds of hand specimens were selected for polished thin
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section preparation (36 samples from west of the structure, 13 samples from the central
uplift, 53 samples from Memory Bay). Information for required thin section preparation,
such as desired plan views, specific clasts or vesicles, were marked on the selected
samples prior to submitting them to the rock preparation laboratory.
3.5.2

Core samples
A total of ~10 km of Manicouagan core was acquired by the Planetary and Space

Science Centre (PASSC), University of New Brunswick in 2006. These cores are part of
~18 km core obtained from 38 locations drilled by the mineral exploration sector in the
past 20 years (Spray and Thompson 2008). Studying the core helped to understand the
vertical distribution of hydrothermal alteration, especially hydrothermal activity
developed within the impact melt sheet. This work examines a total of 54 samples from
four cores: MAN-06-08 (22 samples), MAN-05-11 (13 samples), MAN-05-13 (12
samples), and MAN-06-02 (7 samples). These four cores were selected due to distinct
alteration zones displayed in the cores. Drill site locations are shown in Figure 3.22.
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Figure 3.22 Drill site locations of four studied cores (diamonds), related to geometric
centre (circle) of the impact structure.
MAN-06-08 is a ~1.5 km deep core drilled near the centre of the structure. It
comprises ~1 km of impact melt overlying ~400 m of impact breccia and ~100 m of
basement rocks, respectively. It represents the thickest layer of impact melt among the
drill cores. The impact melt unit of MAN-06-08 is highly altered, distinguished by
patchy green and pink colours, and consists of secondary minerals deposited as vein and
vugs. Sample descriptions are listed in Appendix A.
MAN-05-11 is the deepest core with a depth of ~1.8 km. It was vertically drilled
~1.5 km south of Mont de Babel. There are 3 distinct geological units observed within
this core. Approximately 430 m of impact melt sheet overlies ~1.2 km of basement
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rocks, with ~150 m of impact breccias lying in between the two units. The basement
rock is dominated by anorthositic gneiss, with a few hundred metres of melanocratic and
leucocratic layers underlying the impact melt breccia (Spray et al. 2010). An alteration
zone was observed between impact breccias and basement rocks. This zone is brittle or
soil-like, and in places, exhibits flow and foliated features.
MAN-05-13 was drilled on the west of the René Levasseur island, approximately
2.5 km north of the 2010 field base camp (yellow star in Figure 3.1b). It reaches ~186 m
depth with ~128 m of impact melt overlying basement rocks. The basement rock is
mainly pegmatitic felsic gneiss. Graphite is common in the basement rock of MAN-0513, as well as pyrrhotite and magnetite. There are secondary minerals deposited as vugs
present within the impact melt unit. The basement rocks also exhibit alteration features
in the form of reddish hydrothermal veins, especially near the contact between the
impact melt and basement rocks (at ~163 m depth).
Seven samples were collected from the MAN-06-02 core, which was drilled ~10
km southwest of Mont de Babel. There is ~30 m of impact melt lying at the top of the
core. Alteration features observed in this core include veins, green and white patches,
and crumble textures. These features can be seen within both the impact melt and
basement rocks. Simple vertical sections and samples location of these four cores are
illustrated in Figure 3.23.
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Figure 3.23 Vertical sections showing lithologies of the MAN-05-13, MAN-06-02,
MAN-06-08, and MAN-05-11 cores. See Figure 3.22 for drill core locations. Horizontal
dashed lines in each core represent sample locations. MAN-06-08 and MAN-05-11 are
modified from Spray et al. (2010) and O'Connell-Cooper and Spray (2011).
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4. Mineralogy, petrography and chemistry
4.1 Introduction
In addition to field work, laboratory studies, including petrography and chemical
analysis, were performed to further characterize the hydrothermal systems generated as a
result of the impact. Field observations revealed hydrothermal alteration near the base of
the impact melt sheet (IMS) where melt-bearing breccias are predominant.
Hydrothermal activity within the central uplift can also be observed in the field. Due to
lack of exposed impact melt, hydrothermal activity developed in the melt sheet is
scantily observed in the field. However, having access to over ~10 km of drill core
provides a unique opportunity to investigate hydrothermal alteration that may have
developed within the impact melt, as well as its vertical distribution. Studies were
performed on various rock types present, including the impact melt sheet, melt-bearing
breccia, basement rocks, and central uplift. This Chapter focuses on hydrothermal
activities developed within the impact melt sheet, melt-bearing breccia, and basement
rocks. Alteration in the central uplift is described in Chapter 6, along with a calculation
of shock wave attenuation and waste shock heat. The results discussed in this Chapter
include petrography and chemistry, as well as proposed alteration reactions. Chemical
formulae of minerals discussed in this Chapter can be found in Appendix E-1.
4.2 Analytical techniques
The petrography and mineralogy of thin sections were investigated under an
optical microscope. Mineral phases were further identified by the micro-Raman
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spectrometer, in-house within the Planetary and Space Science Centre (PASSC).
Detailed petrography was investigated via Field Emission Scanning Electron
Microscopy (FESEM) also located within PASSC. Chemical analyses were determined
by Energy Dispersive X-Ray spectrometer (EDS) attached to the FESEM. Trace element
analyses were performed by an electron microprobe at the UNB Microscopy and
Microanalysis Facility (UNB-MMF) and a Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) in the Department of Earth Sciences, UNB.
Cathodoluminescence images were obtained from the scanning electron microscope at
the UNB-MMF. Equipment specifications and operating conditions are described in
Appendix C.
4.3 Hydrothermal activity developed within the impact melt sheet
Preliminary indicators of hydrothermal activity in the impact melt sheet (IMS)
include colour changes from grey (a typical colour of unaltered impact melt at
Manicouagan) to a reddish colour, low hardness of the rocks, and the presence of
secondary phases (e.g., chlorite, quartz, epidote, zeolite). In this study, the secondary
phase refers to a mineral phase that is formed as a result of post-impact hydrothermal
activity. Conversely, the primary phase refers to a pre-impact lithology or impactinduced mineral phase, such as a mineral comprising the impact melt. Hydrothermal
activity developed within the impact melt body is recognized throughout the impact melt
sheet, and can be defined in two regimes based on geological context. The first regime,
referred to as the intra-melt sheet regime, is developed within the melt sheet body but
not in the vicinity of the basement rocks. The second regime is developed near the base
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of the melt sheet, referred to as the basal-melt sheet regime, in which contacts between
basement and the impact melt can be observed.
4.3.1

Composition of the impact melt sheet
The impact melt sheet at Manicouagan has been studied in detail by O'Connell-

Cooper (2015). O'Connell-Cooper and Spray (2011) divided the impact melt sheet into
three main units: undifferentiated impact melt (U-IMS), differentiated impact melt (DIMS), and clast-laden impact melt (CLM). The U-IMS and D-IMS include clast-free to
clast-poor impact melt. Geochemical data and the CIPW proportions of mineral phases
of various impact melt units from O'Connell-Cooper and Spray (2011) and O'ConnellCooper (2015) are summarized in Tables 4.1 and 4.2, respectively. Petrographic
investigation also reveals that the primary mineralogy of the melt sheet includes
plagioclase, K-feldspar, amphibole, pyroxene, and biotite. The mineralogical
compositions of the major phases in the melt sheet are shown in Table 4.3.
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Table 4.1 Geochemical data (in weight percent oxide) of Undifferentiated (U-IMS),
Differentiated (D-IMS), and Clast-Laden (CLM) impact melt sheets. Data from
O'Connell-Cooper (2015).

SiO2
TiO2
Al2O3
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K2 O
P2 O5
L.O.I
Total

U-IMS
57.75
0.77
16.27
3.88
2.56
0.13
3.64
5.87
3.84
3.00
0.22
1.31
99.25

CLM
53.96
0.79
17.45
2.43
4.90
0.15
4.66
7.36
3.95
1.91
0.27
1.09
98.90

D-IMS
59.11
0.73
16.46
1.93
4.00
0.12
3.40
5.40
3.90
3.19
0.21
0.90
99.36

Table 4.2 CIPW proportionsa of main mineral phases of Undifferentiatied (U-IMS),
Differentiatied (D-IMS), and Clast-Laden (CLM) impact melt sheets. Data from
O'Connell-Cooper and Spray (2011).

a

Mineral phases
Ol
An
Ab
Di
Hyp
Or
Qtz
Ap
Chr
Ilm
Mag
Hem
Zrn
Nph

U-IMS
0.00
18.35
35.69
6.93
5.49
21.09
8.10
0.46
0.01
0.88
2.67
0.62
0.02
0.00

D-IMS
0.27
18.24
35.90
5.79
8.58
21.67
7.34
0.43
0.03
0.81
1.29
1.07
0.02
0.00

CLM
6.84
23.09
40.91
7.31
9.32
13.59
1.51
0.74
0.02
1.06
1.97
0.00
0.02
2.95

Values are in volume norm %
Abbreviation: Ol-olivine, An-anorthite, Ab-albite, Di-diopside, Hyp-hypersthene, Ororthoclase, Qtz-quartz, Ap-apatite, Chr-chromite, Ilm-ilmenite, Mag-magnetite, Hemhematite, Zrn-zircon, Nph-nepheline.
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Table 4.3 Composition (in weight percent oxide) of major minerals in the impact melt
sheet. See Appendix D for stoichiometric calculation method and Appendix E for full
data-set.
Mineral
K-feldspar
Plagioclase
Plagioclase Amphibole
Pyroxene
group
Phase
Orthoclase
Oligoclase
Labradorite
Edenitea
Augite
SiO2
64.85
67.62
55.57
46.99
54.43
TiO2
0.00
0.00
0.20
1.48
0.71
Al2O3
17.88
20.64
27.59
9.19
1.54
FeO
0.00
0.00
0.52
6.65
7.26
MnO
0.00
0.00
0.00
0.00
0.36
MgO
0.00
0.00
0.00
17.66
14.62
BaO
0.81
0.00
0.00
0.00
0.00
CaO
0.00
2.10
11.15
12.33
21.38
Na2O
0.29
9.72
4.48
2.52
0.33
K 2O
16.16
0.14
0.52
0.90
0.00
Cl
0.00
0.00
0.00
0.00
0.00
Total
100.00
100.22
100.03
97.72
100.04
Number of ions
Si
3.01
2.95
2.51
6.73
1.99
Al
0.98
1.06
1.47
1.27
0.01
Ti
0.00
0.00
0.01
0.16
0.02
Al
0.00
0.00
0.28
0.05
Fe
0.00
0.00
0.02
0.80
0.22
Mn
0.00
0.00
0.00
0.00
0.01
Mg
0.00
0.00
0.00
3.77
0.80
Ba
0.01
0.00
0.00
0.00
0.00
Ca
0.00
0.10
0.54
1.89
0.84
Na
0.03
0.82
0.39
0.70
0.02
K
0.96
0.01
0.03
0.16
0.00
Cl
0.00
0.00
0.00
0.00
0.00
Ob
8.00
8.00
8.00
23.00
6.00
End-member percentage
An 0.0
An 10.6
An 56.1
En 42.7
Ab 2.7
Ab 88.6
Ab 40.8
Fs 12.5
Or 97.3
Or 0.8
Or 3.1
Wo 44.8
a
Amphibole nomenclature: Leake et al. (1997)
b
Number of cations calculated on the basis of number of oxygens specified in this row.
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Biotite
39.20
5.32
11.96
8.42
0.00
17.71
0.00
0.00
0.35
9.90
0.16
97.02
5.92
2.08
0.60
0.05
1.06
0.00
3.99
0.00
0.00
0.10
1.91
0.04
22.00

4.3.2

Intra-melt sheet regime
The intra-melt sheet regime includes hydrothermal activity developed within

clast-free, clast-poor, and clast-laden impact melts. Data from the clast-free to clast-poor
impact melt has been obtained primarily from MAN-06-08. The MAN-06-08 also
contains a ∼150 m-thick pink and friable section of the impact melt (see Appendix A for
sample descriptions). Data from the clast-laden impact melt was obtained from MAN05-11. Anorthositic and mafic gneisses are the predominant clasts in the clast-laden
impact melt. The impact melt sheet does not exhibit highly pervasive alteration.
However, alteration zones are macroscopically recognized by a colour change of the
matrix, from grey to pink. Common secondary phases distributed throughout the intramelt sheet regime include quartz, chlorite, epidote, zeolite, calcite, Fe-oxide, and Fesulfide. Other alteration phases such as barite, anhydrite, prehnite, and muscovite are
locally

present.

The

secondary

phases

are

identified

petrographically

and

spectroscopically using micro-Raman spectroscopy. Raman spectra of these phases are
shown in Figure.4.1.
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Figure 4.1 Raman spectra of secondary phases (red spectra) compared with the Raman
spectra of standards (blue spectra). The secondary phases are (a) quartz, (b) chlorite, (c)
epidote, (d) chabazite, (e) thomsonite, (f) prehnite.
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Figure 4.1 (cont.) Raman spectra of secondary phases (red spectra) compared with the
Raman spectra of standards (blue spectra). The secondary phases are (g) pyrite, (h)
barite, (i) anhydrite, (j) goethite, (k) muscovite, and (l) albite.
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Quartz
Quartz is one of the most abundant secondary phases in the IMS. It occurs as
vesicle fillings, locally forms veins, and mostly occurs in the matrix of altered IM. The
most common type of quartz present in the intra-melt sheet is colourless quartz.
However, the purple variety of quartz (amethyst) occurs as ~1 cm monomineralic vugs
in the melt sheet, as shown in Figure 4.2a. Quartz-dominated veins (~1-6 mm wide)
occur throughout the melt sheet associated with other secondary phases: Fe-sulfide
minerals (e.g., pyrrhotite and pyrite), and minor amounts of magnetite. Figure 4.2b and
4.2c show examples of quartz veins with associated Fe-phases in a hand specimen, and
thin section images, respectively. Relatively large quartz grains (~4 mm wide) occur
associated with barite, epidote, and albite, as illustrated in Figure 4.3a. Hydrothermally
formed quartz mostly occurs as subhedral to euhedral crystals at the rim of hydrothermal
veins of other phases, e.g., chlorite (Figure 4.3b) and anhydrite (Figure 4.3c). Anhedral
quartz in normally found within highly altered zones, where quartz forms the
groundmass. Figure 4.3d shows quartz associated with epidote and albite as the
groundmass within highly altered impact melt. Hydrothermal quartz is distinguishable
from primary quartz mainly by its paragenesis and occurrence (e.g., as vugs or veins).
Inclusions in quartz crystals are an additional criterion to help distinguish secondary
quartz from primary quartz. Fluid inclusions are preserved in both primary and
secondary quartz (Figure 4.4a). However, only melt inclusions are preserved in the
primary quartz, as shown in Figure 4.4b.
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Figure 4.2 Quartz (Qtz) occurrences in the impact melt sheet. Hand specimen collected
from MAN-06-08 core images showing (a) quartz as a monominerallic vug and (b)
quartz vein associated with magnetite (Mag) and pyrite (Py). (c) Thin section image
illustrating quartz-forming vein associated with Fe-sulfide.
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Figure 4.3 Optical images illustrating quartz (Qtz) formed with various assemblages
associated with: (a) barite (Brt), epidote (Ep), sericite (Ser), albite (Ab), (b) chlorite
(Chl), pyrite (Py) in chlorite vein, (c) anhydrite (Anh), chlorite (Chl) in anhydrite vein,
and (d) epidote (Ep) and albite (Ab).

Figure 4.4 (a) Optical images illustrating fluid inclusions in hydrothermal quartz. (b)
Optical images showing melt inclusions in igneous quartz. Black arrows indicate the
inclusions.
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Chlorite
Chlorite is one of the most abundant secondary phases in the melt sheet. It
typically occurs in fibrous form, which appears as a patchy texture under the
microscope. Chlorite commonly occurs as a replacement of biotite (Figure 4.5a) and
pyroxene (Figure 4.5b). Vermicular (worm-like) crystals of chlorite can occur as veins
associated with Fe-sulfide (e.g., pyrrhotite and pyrite) in the centre of veins, with
euhedral quartz forming the vein rim, as shown in Figure 4.3b. The vermicular chlorites
also form at quartz rim and within the quartz (Figure. 4.5c). Chlorite shows pleochroic
green in thin section with brownish-green to green zoning when replacing other
minerals. Chlorite otherwise mostly exhibits various shades of greenish-blue to blue
interference colours, indicating an Fe-rich variety. Figure 4.5d illustrates blue
interference colour chlorite partially replacing a biotite grain, in association with calcite.
Chlorite forms as fibrous textures in association with prehnite and thomsonite as fracture
fillings in the clast-laden impact melt, as shown in the backscattered electron image in
Figure 4.6a. Chlorite also replaces K-feldspar in association with the previous
assemblage (Figure 4.6b).
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Figure 4.5 Optical images illustrating chlorite (Chl) occurrences as (a) biotite (Bt)
replacement observed under plane polarized light (PPL), (b) as pyroxene replacement
observed under PPL, (c) vermiculite texture within quartz (Qtz) in a quartz-chlorite-Fesulfide vein, and (e) biotite replacement associated with calcite (Cal).

Figure 4.6 Backscattered electron images illustrating occurrences of chlorite (Chl)
associated with (a) thomsonite (Thm) and epidote (Ep), and (b) chlorite replacing Kfeldspar.
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Epidote
Euhedral prisms of epidote, up to 2-3 mm in length, partly fill vugs (Figure 4.7ab), associated with calcite, chlorite and goethite at the rims (Figure 4.5d). Epidote also
occurs as subhedral mineral clusters associated with barite, quartz, and albite (Figure
4.3a). Epidote occurs associated with thomsonite in clast-laden impact melt, as clusters
and fillings in fractures (Figure 4.7c and d, respectively).

Figure 4.7 Photomicrographs illustrating epidote (Ep) occurring as (a) vugs associated
with quartz (Qtz), albite (Ab), and goethite (Gth) under PPL and (b) under XPL. (c)
Euhedral epidote, under XPL, associated with thomsonite (Thm) and chlorite (Chl).
Dissolution texture of augite (Aug) is shown at the base of (c). (d) Ep-Thm-Chl
assemblage in clase-laden impact melt.
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Zeolite
Chabazite locally occurs as creamy white patches (2-3 cm) in clast-free and clastpoor impact melts (Figure 4.8a), associated with hydrothermal veins shown in Figure
4.2c. Figure 4.8b is an optical image illustrating relatively large (3-4 mm) elongate
bladed crystals of chabazite with 1st-order yellow-grey interference colours associated
with anhydrite and quartz. Quartz in this assemblage is coexisting with chabazite (Figure
4.8c), in which chabazite is recognized at the outer rim of euhedral quartz crystals.
Thomsonite appears as radial crystals with 1st-order yellow interference colours in clastladen impact melt associated with plagioclase, epidote, chlorite, and prehnite (Figure
4.7c and 4.8d). Labradorite altered to thomsonite is recognized in the BSE image shown
in Figure 4.9.
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Figure 4.8 Optical images showing zeolites: (a) thin section image showing chabazite
(Cbz) associated with quartz (Qtz) in clast-free impact melt. (b) Area in red box of (a)
view under XPL showing Cbz associated with anhydrite (Anh). (c) Close-up of blue box
in (a) showing quartz coexisting with chabazite. (d) Thomsonite (Thm) associated with
prehnite (Prh), epidote (Ep), and chlorite (Chl) in clast-laden impact melt.

Figure 4.9 Backscattered electron image illustrating occurrence of thomsonite replacing
labradorite, associated with epidote (Ep) and primary K-feldspar (Kfs).
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Calcite
Calcite is not common in the melt sheet. It mostly occurs in the upper zone of the
melt sheet (above ~200 m depth down core). Figure 4.10 shows calcite associated with
albite (at ~91 m depth down core). Calcite also occurs at the rims of vugs in which
chloritized biotite is present (Figure 4.5d).

Figure 4.10 Optical image (cross polarized light) illustrating calcite (Cal) with albite
(Pl) in the upper unit of the melt sheet.
Sericite
Sericite is recognized as micro-fibrous crystals and as brown altered zones on the
surfaces of plagioclase (Figure 4.3a). It also occurs as fibrous aggregates with high-order
interference colours in highly altered plagioclase (Figure 4.11a). A muscovite spectrum
is detected by Raman spectroscopy, as shown in Figure 4.1k, where the rock was highly
sericitized (Figure 4.11b). Muscovite is associated with highly altered felsic clasts in the
melt sheet. Sericite is also associated with chlorite formed within altered plagioclase
(Figure 4.11c).
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Fe-oxide
Iron oxides, including hematite and goethite, are common in the melt sheet. The
formation of hematite and goethite is responsible for the red colour of the impact melts.
Hematite and goethite are brownish red under plane polarized light, and are developed
along grain boundaries and fractures associated with Fe-rich phases (e.g., amphibole,
pyroxene, garnet). Hematite appears as an opaque mineral, while goethite appears as red
patches in Figure 4.12.
Fe-sulfide
Pyrite and pyrrhotite are sparsely distributed in the melt sheet. The most
prominent occurrence is in association with hydrothermal quartz veins (Figure 4.2b-c)
and chlorite (Figure 4.3b). Pyrite occurs as the core of a pyrrhotite grain in the chlorite
vein shown in Figure 4.13.
Other phases
Sulfate minerals, such as barite (BaSO4) and anhydrite (CaSO4), are locally
developed in the IMS. Barite occurs as elongate bladed crystals with unsmooth surface
textures showing 1st-order yellow interference colours, in association with quartz,
epidote and altered plagioclase (Figure 4.3a). Anhydrite appears as light blue euhedral
orthorhombic crystals at the macroscopic scale, associated with quartz in veins (Figure
4.14). Anhydrite, with a maximum interference colour of 3rd-order green, occurs with
chabazite (Figure 4.8b). Prehnite occurs filling in fractures of clast-laden impact melt
associated with chlorite, thomsonite, biotite, and epidote (Figure 4.8d).
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Figure 4.11 (a) Fibrous aggregates of sericite (Ser) in a highly altered zone present with
plagioclase (Pl) residual and quartz (Qtz). (b) Fibrous aggregates of muscovite (Mus)
defined by Raman spectroscopy in highly altered clast incorporated in the melt sheet. (c)
Sericite associated with chlorite (Chl) in plagioclase (Ab).

Figure 4.12 Optical image of Fe-oxides, hematite and goethite, formed at a grain
boundary of amphibole. Hematite appears as the black zone. Goethite appears as a
reddish brown altered zone.
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Figure 4.13 Optical images showing pyrrhotite (Po) enclosing pyrite (Py) formed in
chlorite (Chl) vein with quartz (Qtz) forming at the vein rim. Chlorite is present at the
outer grain boundary of the pyrrhotite. Colourless area between pyrite grain boundary
and pyrrhotite is epoxy.

Figure 4.14 Thin section image showing an anhydrite (Anh)-rich vein associated with
quartz (Qtz). A close-up optical image illustrating anhydrite is shown in Figure 4.3c.

4.3.2.1 Discussion
K-feldspar shown in Figure 4.6b (in association with prehnite, labradorite, and
chlorite) is more likely to be a primary phase, rather than secondary phase, due to similar
composition as K-feldspar comprising the rock groundmass, with ~0.59 wt% BaO.
Moreover, the K-feldspar exhibits chloritization in association with Ba-zoning in which
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higher amount of Ba (2.41 wt% BaO) present at the rim. Chlorite forms within the Kfeldspar contain no Ba suggesting a dissolution of Ba by hydrothermal solution, which
may have been transported and deposited as Ba-rich phases (e.g., barite) elsewhere.
Results indicate that the intra-melt sheet exhibits weak alteration in which
primary minerals have been partly replaced by secondary phases. For example, feldspar
is partly replaced by sericite and zeolites. Fe-rich phases, such as chlorite and Fe-oxides,
partially replace Mg- and Fe-rich minerals (i.e., biotite, amphibole, and pyroxene). Infill
textures as vugs, vesicles, and fracture fillings are major hydrothermally formed textures
associated with replacement, dissolution textures, and altered zones (i.e., core, rim,
cleavage, and fracture textures). Most of the secondary minerals are locally distributed,
except chlorite, quartz, and Fe-oxides, which are pervasively formed throughout the melt
sheet. Hydrothermal activity within the intra-melt sheet can be divided into three stages
as follows (Figure 4.15):

Figure 4.15 Paragenetic sequence for hydrothermal alteration developed within the
intra-melt sheet (clast-free, clast-poor, and clast-laden impact melt) at Manicouagan.
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Early stage
The earliest activity developed within the melt sheet is equivalent to a deuteric
alteration of endogenic igneous bodies. It is considered as a magmatic alteration process
in which open spaces (i.e., pores, vugs, voids, fractures, veins) are filled with secondary
minerals. In the case of Manicouagan, the open spaces are filled with quartz, calcite,
epidote, and prehnite. Formation of epidote and prehnite indicate a temperature of 300
˚C, which is within an estimated temperature range for deuteric alteration (Gifkins et al.
2005). The fluid involved in the deposition of the secondary minerals during the early
stage alteration is mainly exsolved from the cooling impact melt. Oxygen isotope and
fluid inclusion compositions of quartz deposited during this early stage are described in
Chapter 5.
Main stage
The main stage of hydrothermal alteration developed within the melt sheet is
dominated by chloritization. Chlorites form at 130 ˚C to 300 ˚C (Cathelineau and Nieva
1985). Chlorite first occurs as fracture-filling veins, at relatively high temperature,
coexisting with quartz forming the vein rim. Partially altered biotite to chlorite indicates
a temperature of <200 ˚C (Parry and Downey 1982). Overprinting of chlorite in
anhydrite-quartz veins indicates a high-T of formation of anhydrite, which is ~200-250
˚C (Cathelineau and Nieva 1985). This suggests the formation of anhydrite during the
main stage. Barite is also deposited during the main stage associated with the
sericitization of feldspar. The occurrence of chlorite within the sericitized zone of
plagioclase suggested that sericitization is more likely to occur at 130-150 ˚C, prior to
late chloritization during main stage alteration.
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Late stage
Zeolitization in the rock groundmass is the last hydrothermal activity developed
within the intra-melt sheet regime, associated with the formation of Fe-oxides.
Zeolitization indicates temperatures of 25-110 ˚C. Thomsonite forms in high pH (∼9)
condition at 70-110 ˚C observed in geothermal area, and up to 250 ˚C determined from
experimental study (Kristmannsdóttir and Tómasson 1978; Barth-Wirsching and Holler
1989). The formation temperature of chabazite ranges from 50-150 ˚C (Kristmannsdóttir
and Tómasson 1978; Barth-Wirsching and Holler 1989), which is in equivalent to the
occurrence of anhydrite in a submarine environment (25-150 ˚C; Gifkins et al. 2005).
There is no modification of zeolite, therefore, zeolitization marks the latest stage
hydrothermal product within the intra-melt sheet.
The occurrence of anhydrite, instead of gypsum, suggests a low water/rock
interaction with intermediate to high salinity fluids involved in the system. Anhydrite in
association with chabazite also indicates that a NaCl-rich fluid (brine) is involved in the
system. The local deposition of secondary assemblages also indicates a low melt sheet
permeability.
In summary, alteration of the intra-melt sheet starts at ~300 ˚C and declined to
ambient temperature. The system is dominated by chloritization. The non-pervasive
alteration suggests that the fluids involved in the system are mainly fluids released from
within the melt sheet. The vertical distribution of the alteration assemblages within clastfree and clast-poor impact melt does not illustrate an obvious relationship between depth
and alteration. The main stage assemblages dominate an alteration zone developed at
depth of 260 m to 405 m down core. The early stage is sparsely distributed throughout
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the melt sheet. Finally, the last stage of hydrothermal activity mainly occurs at depths
below 400 m down core, and in the clast-laden impact melt.
Chemical sources for alteration minerals mainly are Mg-Fe rich phases (i.e.,
biotite, pyroxene, and amphibole) and plagioclase. A potential source for sulfate is the
transformation of pyrite to pyrrhotite, which is observed in a chlorite vein (Figure 4.13).
The transformation can be written in a simple reaction as:
2(1-x)FeS2 à 2Fe1-xS + (1-2x)S2

(4.1)

The stability of the pyrite-pyrrhotite assemblage depends on temperature and
sulfur fugacity. Since pyrite-pyrrhotite occur associated with chlorite, they together
indicate a relatively low-temperature of formation, which suggests that the system, or
fluid, may have had low sulfur fugacity (Toulmin and Barton 1964).
Additional to the intra-melt sheet, an occurrence of secondary phases within a
large (~50 m wide) impact melt dike that intrudes the felsic gneiss, as shown in Figure
3.9a and b, is characterized by vesiculation and secondary mineralization (e.g., calcite,
zeolite), as shown in Figure 4.16. Raman spectroscopy indicates chabazite and
merlinoite (K6Ca2Na[Al11Si21O64]·22H2O) as zeolite phases filling in the vesicles
(Figure 4.15c and d, respectively). The chabazite-merlinoite assemblage suggests a
formation temperature of 110-150 ˚C (Chen et al. 2002). Analcime is also present, filling
in vesicles of the melt sheet. The chabazite-analcime assemblage suggests a temperature
of 100-150 ˚C (Barth-Wirsching and Holler 1989). Further alteration of this vesicular
impact melt is characterized by reddening of the matrix in which hematite and goethite
are the predominant phases. Vermiculite occurs at vesicle rims and replaces vesicle-
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filling phases (calcite; Figure 4.17b, merlinoite; Figure 4.17c). A Raman spectrum of
vermiculite is shown in Figure 4.17d.

Figure 4.16 (a) A hand specimen of vesicular impact melt from the IM dike intruding in
gneiss. (b) An optical image (PPL) showing chabazite (Chz) as a vesicle filling in the
impact melt dike. (c) and (d) are Raman spectra of chabazite and merlinoite,
respectively.
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Figure 4.17 (a) Optical image illustrating secondary phases fill in vesicles in impact
melt. (b) Close-up of the top vesicle in (a) showing vermiculite (Vrm) replacing
merlinoite (Mer). (c) Close-up of the bottom vesicle in (a) showing vermiculite (Vrm)
coexisting with calcite (Cal). (d) A Raman spectrum of vermiculite compared with
reference.

4.3.3

Basal-melt sheet regime
The most significant hydrothermal alteration developed at the base of the impact

melt sheet is the formation of geodes, which are recognized in the field as described in
Chapter 3 (section 3.4.1). Figure 4.18 is an example of a fluidal-shaped geode in impact
melt. Geodes are monomineralic, consisting of only quartz, including colourless and
purple (amethyst) varieties. Colourless quartz is present in every geode, whereas
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amethyst is only present at certain locations. Geodes comprising amethyst are typically
larger than those comprising only colourless quartz.

Figure 4.18 A field photograph of a fluidal-shaped geode in the impact melt with
concentric cooling shells developed around the geode.
Hydrothermal activity within the basal impact melt is mainly determined from
the chemistry of the quartz and amethyst filling the geodes. The study includes
investigation of additional mineral fragments occurring within the geodes, trace element
analyses, catholuminescence imagery, oxygen isotope and fluid inclusion analysis.
Results of trace element analysis and catholuminescence images are described in this
section. Results and interpretation of the oxygen isotope and fluid inclusion data are
discussed in the next chapter (Chapter 5). Sample preparation and descriptions,
including hand specimen and thin section images of quartz are summarized in Appendix
B. Four geode samples were studied in detail. Two regular-size (2.5 cm x 4.5 cm) thin
sections and one large (5.1 cm x 7.6 cm) polished thin section were made from each
geode sample. A large thin section covers a whole geode, while the two small thin
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sections represent two different sections from the geode rims. A sketch of sample
preparation can be found in Appendix B.
4.3.3.1 Quartz precipitation in geodes
An optical image, shown in Figure 4.19, illustrates quartz texture in the geode in
which three different grain sizes are developed. Quartz grain size increases from the wall
toward the centre of the geode, from fine-grained (<2 mm), medium-grained (2-10 mm),
and large-grained (> 1 cm). Fine-grained quartz forms radial aggregates (with a grain
size of less than 500 µm), and elongated crystals (with a grain size of 500 µm to 2 mm
long). Amethyst commonly crystallizes as large grains at the centre of a geode. Quartz
and amethyst occupy most of the geode volume. Raman spectra of fine-grained quartz,
medium grained quartz, and amethyst are shown in Figure 4.20.

Figure 4.19 An optical image of Qtz1A sample showing a monomineralic geode present
at the base of the impact melt sheet. It consists of fined-grained quartz, radial aggregates
(<500 µm) and elongate crystals (<2 mm), at the geode rim and medium-grained (2-10
mm) crystallized toward the centre of the geode.
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Figure 4.20 Raman spectra of amethyst and quartz from sample Qtz2C compared with
reference.

4.3.3.2 Inherited phases in the geode
Various mineral phases are found incorporated at the centre of geodes. The
minerals may have been part of host rock and inherited, or may have formed at the same
time as the amethyst. The latter case would be very useful in order to use mineral pairs
to obtain information on the formation conditions of the geode. Investigation of these
minerals was performed in order to identifiy potential phases in equilibrium with quartz
and amethyst, as well as potential alteration processes. Most of the inherited grains are
45 µm to 150 µm in size, with an average grain size of 85 µm (Figure 4.21). Quartz
fragments and a few feldspar grains are larger, with sizes of 170-500 µm. Raman
analyses of the phases reveal quartz, feldspar, hornblende, pyroxene, Fe-oxide, and
ilmenite fragments. The Raman spectra of amphibole and feldspar indicate

119

ferrohornblende and sanidine. Raman analysis of the Fe-oxide phases indicates a
spectrum of martite (Figure 4.22), which is hematite (Fe2O3) formed after magnetite,
possibly as a pseudomorph. Backscattered electron images (Figure 4.23) and chemical
analysis indicate that quartz and feldspar are major phases, together with minor
amphibole, pyroxene, and Fe-oxide.

Figure 4.21 Optical images showing mineral fragments in the centre of the Qtz4 geode
(a) under plane polarized light (PPL) and (b) under cross polarized light (XPL).

Figure 4.22 Raman spectrum of the Fe-oxide phase incorporated in the geode. The
spectrum indicates the presence of martite, which is hematite that forms after magnetite.
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Figure 4.23 Backscattered electron image illustrating mineral fragments at the centre of
the Qtz4 geode. The field of view is the same as shown in Figure 4.21. Abbreviation:
Qtz-quartz.
Feldspar occurs as individual grains, with and without zoning, and occurs with
other phases. Unzoned feldspar grains consist of plagioclase with An60 (Figure 4.24a)
and K-feldspar (Figure 4.24b). K-feldspar (Or66Ab31An3) occurs in association with
plagioclase (Ab69An22Or9) as a reaction rim (labelled as Kfs and Ab in Figure 4.24c,
respectively). Plagioclase (An60Ab40Or0) with no K2O is present associated with a
brownish altered zone, as shown in Figure 4.25. The brownish altered zone has a
composition similar to the pyroxene fragment (Wo48En43Fs9) in Figure 4.24c, with lower
Al and Ca, and higher Fe.
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Figure 4.24 Images illustrating various occurrences of feldspar associated with quartz
geodes. (a) Secondary electron image of an individual plagioclase grain (An60). (b)
Optical image of an individual K-feldspar grain (sanidine indicated by Raman
spectroscopy). (c) Backscattered electron image showing coexisting albite (Ab) and Kfeldspar (Kfs). Abbreviation: Qtz-quartz, Px-pyroxene.

Figure 4.25 (a) Optical image and (b) backscattered electron image showing brown
amorphous-like phase having a pyroxene composition, associated with An60 plagioclase.
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4.3.3.3 Cathodoluminescence spectroscopy
Cathodoluminescence (CL) spectroscopy (see Appendix C for analytical
technique) was performed on two samples (i.e., Qtz2C and Qtz4C). The distinct purple
colour of amethyst can be seen in both samples. The Qtz2C was cut parallel to the
crystal growth direction (c-axis), while the Qtz4C was cut perpendicular to c-axis. Two
sets of CL images were obtained from each sample. In the Qtz2C, one set of the images
was collected from a clearly visible purple area close to the edge of a ~1.8 cm-length
amethyst grain (outlined in Figure 4.26a). The analyzed area is marked as a red box in
Figure 4.26a. Another set of images obtained from Qtz2C represents fine-grained quartz
close to the geode rim marked as a blue box in Figure 4.26a. In Qtz4C, amethyst shows
purple colour zones clearly noticeable by naked-eye and optical microscope. CL images
were collected from two amethyst grains. The analytical spots are marked by red and
blue boxes shown in Figure 4.26b.

Figure 4.26 Cathodoluminescence analytical spots of (a) Qtz2C and (b) Qtz4C samples.
Areas in red and blue boxes are referred to A and B analytical spots, respectively. Black
dashed line outlines a ~1.8 cm-length grain with a visible purple zone.
The Qtz2C has an unstable blue to blue-green CL, which changes to red-brown
after a few minutes of electron irradiation. Two sets of CL images, A and B, collected
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from Qtz2C are shown in Figure 4.27 and 4.28, respectively. The CL images indicate
changes in crystal growth planes between colourless and purple zones within the large
amethyst grain. However, the growth planes are uniform within each zone. The CL
images of fine-grained quartz of the Qtz2C sample show more complicated CL patterns,
with no relationship between the visible purple colour and the CL intensity.
The CL images obtained from two grains of Qtz4C (red box; A, blue box; B in
Figure 4.26b) also show blue CL emission, and clearly reveal a relationship between CL
intensity and the purple colour of amethyst, as shown in Figure 4.29. The CL zonings
are also related to the purple colour of zoned amethyst. It indicates that the element(s)
that create the purple colour in quartz may also produces high CL intensity.

Figure 4.27 (a) Optical image of the Qtz2C showing locations where two sets of
cathodoluminescence (CL) images were collected. (b) and (c) are CL images that
correspond to the areas in red and blue boxes, respectively, illustrating different growth
zones and a relationship between the purple colour and CL intensity.
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Figure 4.28 Cathodoluminescence images of Qtz2C_B (blue box in Figure 4.26a) show
a more complicated CL pattern with no relationship between purple colour and CL
intensity. The CL intensity zones are related to different fine-grained quartz crystals.

Figure 4.29 CL images showing CL intensity zoning corresponding to the purple zone
in a quartz crystal of (a) Qtz4C_A labelled as a red box in Figure 4.26b, and (b)
Qtz4C_B labelled as a blue box in Figure 4.26b. Left panels illustrate purple zones
observed under the optical microscope. Right panels are CL images superimposed on
secondary electron images.
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4.3.3.4 Trace element composition
Trace element concentrations were obtained from fine-grained crystals at the
geode rim and towards the centre of the Qtz2C sample, which consists of crystals with
the least inclusions or defects observed under the microscope. Trace element analyses
were performed via LA-ICP-MS and electron microprobe. LA-ICP-MS was used for Li,
Na, Mg, Al, P, K, Ca, Ti, Cr, Mn, Fe, Cu, and Ge, and the electron microprobe for Na,
Al, K, Ca, Ti, V, Cr, Mn, and Fe. In addition, trace element mapping was performed by
LA-ICP-MS for Li, Na, Mg, Al, P, K, Ca, Ti, Cr, Mn, Fe, Cu, and Ge on the two
amethyst grains of Qtz4C in which CL images were obtained (Figure 4.26b). These sets
of elements include the most important “impurities” typically found in quartz (e.g.,
Müller et al. 2003; Rusk et al. 2008).
Linescans LA-ICP-MS were obtained from four different quartz grains (shown as
Trace1 to Trace4 in Figure 4.30). The linescans were measured along the grain length of
fine-grained quartz (Trace1; 1.4 mm, Trace2; 890 µm) at the geode rim, mediumgrained (Trace3; 8.7 mm) quartz, and a large grain (Trace4; 1.8 cm) quartz. In the large
grain, analytical linescan is across from colourless zone to intense purple zone of the
grain.
Trace element analyses using the electron microprobe were determined across
the geode from geode rim towards the centre, and between colourless and purple areas
within the same grain, as illustrated in Figure 4.31.
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Figure 4.30 Reflected light image of Qtz2C showing the four linescans (green lines)
performed by LA-ICP-MS, labelled as Trace 1, 2, 3, and 4

Figure 4.31 Reflected light image of Qtz2C showing trace element analytical spots (blue
and red opened circles) performed by electron microprobe. Results obtained from blue
analytical spots are presented in Figure 4.33. Results obtained from red analytical spots
are illustrated in a chart column in Figure 4.34. Dark black straight lines are damage
from LA-ICP-MS linescans analyses.
Trace element compositions obtained from LA-ICP-MS linescans are shown in
Figure 4.32 as a function of distance from geode rim. Electron microprobe analyses are
shown in Figure 4.33 as trace element concentrations versus distance from the geode
rim. Ti concentration is not shown in Figure 4.33 due to its low concentration, which is
below the minimum detection limit (14 ppm) and appears as a zero value. Average trace
element compositions within colourless and purple zones, obtained from the electron
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microprobe, are compared in Figure 4.34. The colourless and purple zones are identified
under the microscope combined with the CL image shown in Figure 4.27.
Trace element maps obtained from quartz-amethyst grains corresponding to CL
images shown in Figure 4.29a and b are illustrated in Figures 4.35a and b, respectively.

Figure 4.32 Trace element concentrations (Li, Na, Mg, Al, K, Ca) in parts per million
(ppm) obtained from LA-ICP-MS using linescans plotted against distance in millimetres
from the geode rim. Shaded area represents data obtained from purple zone of quartz
(amethyst).
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Figure 4.32 (cont.) Trace element concentrations (Ti, Cr, Mn, Fe, Cu, Ge) in parts per
million (ppm) obtained from LA-ICP-MS using linescans plotted against distance in
millimetres from the geode rim. Shaded area represents data obtained from purple zone
of quartz (amethyst).
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Figure 4.33 Trace element concentrations (Na, Al, K, Ca, V, Cr, Mn, and Fe) in parts
per million (ppm) obtained from the electron microprobe (labelled as blue open circles
in Figure 4.31) plotted against distance in millimetres from the geode rim.
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Figure 4.34 Comparison of average trace element concentration results (electron
microprobe) between colourless and purple zones of SiO2. Results are from the red
analytical spots labelled in Figure 4.31. Light purple columns represent values from
colourless zones. Dark purple columns represent values from purple zones.
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Figure 4.35 (a) Trace element maps of Qtz4C_A (red box in Figure 4.26b) for Li, Na,
Mg, Al, P, K, Ca, Ti, Cr, Mn, Fe, Cu, and Ge. An optical image and overlapping CL
images are shown in the right two images of the bottom panel. Colour scale is shown
with concentration in parts per million (ppm) displayed on the right of each elemental
map. Concentrations increase from blue to yellow. White dashed lines represent grain
boundary.
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Figure 4.35 (cont.) (b) Trace element maps of Qtz4C_B (blue box in Figure 4.26b) for
Li, Na, Mg, Al, P, K, Ca, Ti, Cr, Mn, Fe, Cu, and Ge. An optical image and overlapping
CL images are shown in the right two images of the bottom panel. Colour scale is shown
with concentration in parts per million (ppm) displayed on the right of each elemental
map. Concentrations increase from blue to yellow. White dashed lines represent grain
boundary.
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4.3.3.5 Discussion
Angular shape and non-uniform crystal shapes of the mineral phases in the centre
of the geodes suggest that these phases are fragments of minerals from the melt sheet,
which are emplaced during the geode formation. The inherited phases have composition
similar to the main minerals of the impact melt sheet. Plagioclase from the Qtz4A in
comparison with plagioclase from the impact melt sheet is shown in Table 4.4 as an
example. They are indistinguishable. The chemical compositions of pyroxene and
amphibole in the geodes are also the same as those phases in the impact melt.
Furthermore, the mineral assemblage such as pyroxene and amphibole indicates a
formation temperature greater than 500 °C, which is higher than the formation
temperature of quartz in the geode determined by fluid inclusion studies (see next
Chapter). Since the minerals present in the centres of geodes are not in equilibrium with
quartz and amethyst, they cannot be used for oxygen isotope geothermometry (i.e.,
pairing with quartz and amethyst). The occurrence of martite (hematite pseudomorph
after magnetite) suggests alteration occurring during, or soon after, the formation of the
geode.
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Table 4.4 Weight percent oxides of plagioclase in the Qtz4 geode and impact melt.
Quartz 4
Qtz4-Pl1
Qtz4-Pl2
SiO2
54.99
55.17
TiO2
0.00
0.00
Al2O3
28.25
28.20
FeO
0.47
0.57
MgO
0.00
0.00
CaO
11.48
11.33
Na2O
4.38
4.17
K2 O
0.43
0.56
Total
100.00
100.00
Number of ion on the basis of 8 oxygens
Si
2.48
2.49
Ti
Al
1.50
1.50
Fe
0.02
0.02
Mg
Ca
0.56
0.55
Na
0.38
0.36
K
0.02
0.03
End-member percentage
An 58.3
An 57.3
Ab 39.6
Ab 37.5
Or 2.1
Or 3.1

Impact melt
IM-Pl1
55.57
0.20
27.59
0.52
0.00
11.15
4.48
0.52
100.03
2.51
0.01
1.47
0.02

IM-Pla
53.58
0.10
29.63
0.43
0.30
11.14
5.06
0.34
100.57

0.54
0.39
0.03

2.41
0.00
1.57
0.02
0.02
0.54
0.44
0.02

An 56.3
Ab 40.6
Or 3.1

An 53.8
An 44.2
Or 2.0

a

Averaged from unpublished data from Catherine O'Connell-Cooper
Abbreviation: An-anorthite, Ab-albite, Or-orthoclase

Optical microscopy suggests a sequential formation of phases in the geodes
starting with fine-grained quartz, medium-grained quartz, and large-grained quartz and
amethyst, from a given geode rim inward. Amethyst tends to form at the latest stage of
geode formation. Chromophores, which give amethyst its purple colour, most likely
accumulate toward the centre of the geode to become enriched in the larger crystals.
Figure 4.36 illustrates a simple sketch of geode formation.
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Figure 4.36 Schematic illustrating the formation of a quartz-amethyst geode.
Raman spectra indicate a single polymorph of silica in the geode as α-quartz.
The presence of only quartz, with no microcrystalline silica in the geode may indicate
relatively fast crystallization, in which equilibrium between quartz and microcrystalline
silica cannot be achieved. However, this interpretation is based on silica diagenesis at
low-T (Williams and Crerar 1985). The rounded, elongate shaped geode, shown in
Figure 4.18, indicates an igneous origin of the geode rather than diagenesis or alteration
of a clast incorporated into the melt sheet. Quartz crystals in impact melt cavities
(formed as volatiles or gas released from the impact melt as it cools) occur as a result of
interaction between minerals in the impact melt with fluid that flows through cavities via
fractures or cooling joints. An absence of microcrystalline quartz, such as chalcedony or
opal suggests that the hydrothermal fluid was not supersaturated in SiO2 and suggests
limited, or slightly changing, silica concentration in the fluid during geode formation
(Commin-Fischer et al. 2010). However, colour zoning of amethyst suggests that there is
a change in conditions during crystal growth, such as a fluctuation in trace element
concentration, or change in temperature of the solution during crystallization. An
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interruption during the crystal growth is also revealed by CL imagery in which
intensities of CL emission vary with changing crystal growth planes, especially between
purple and colourless zones of the SiO2 grains. The change in the growth plane may be
due to a substitution of chromophores in the quartz structure. The high intensity CL
emission in the purple zone of amethyst grain indicates that the chromophores also
produced the CL signature.
Trace element results using three techniques (i.e., linescan LA-ICP-MS, electron
microprobe, and mapping LA-ICP-MS) reveal well-correlated suites of Na-K, Li-Al, and
Cr-Mn-Fe-Ge. The linescan analyses show that Li, Na, Al, and K are concentrated in
fine-grained quartz formed close to the geode rim, while heavier elements such as Ca,
Cr, Mn, Fe, Cu, and Ge accumulated toward the edge of each grain and toward the
centre of the geode. The large concentration of trace elements, causing a spike in their
concentration, as detected by laser ablation (linescan; results shown in Figure 4.32), may
have been caused by small inclusions or cracks in the grain. Results show that Al is the
most abundant trace element, which is typical for hydrothermal quartz. Al fluctuates
from tens to a few thousands of ppm within the same grain, and between weak and
strong CL-emissions shown in trace element maps (Figure 4.35a and b). The results also
show that quartz in the geodes is depleted in Ti, with values in between 6-16 ppm, and
mostly <10 ppm. Low Ti and fluctuating Al concentrations indicate a low formation
temperature for quartz at T <400 ˚C (Rusk et al. 2011). Quartz at Manicouagan is
depleted in Ti (<20 ppm; LA-ICP-MS) and rich in Al (a few hundreds to thousands
ppm). Cr, Mn, Cu, and Ge are correlated with Fe; however, they are present in very low
amounts (Cr <10 ppm; Mn, Cu, Ge <5 ppm). Electron microprobe results also indicate
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that the purple zone of amethyst consists of higher amounts of Fe, Na, Ca, V, and K than
colourless zone (Figure 4.34). Since the colour of amethyst is strongly related to the high
intensity CL-emission, a correlation between trace elements and CL intensity may reveal
trace elements, or crystal defect processes, that account for the purple colour. Trace
element maps show fluctuations in Li, Na, Al, K, Fe, and Ge concentrations
corresponding to CL intensity fluctuations. Concentrations of Li, Al, Fe, and Ge are
higher where the CL intensity is greater. Conversely, Na and K concentrations are lower
where the CL intensity is greater. Ca, Cr, Mn, and Cu concentrations weakly correlate
negatively with CL intensity. The distribution of Mg, P, and Ti do not correlate with the
CL textures. Additionally, sharp variations in alkali concentration (i.e., Li, Na, K),
which have high diffusion rates in quartz (Cherniak 2010), support the evidence that
quartz formed at temperatures below 400 ˚C (Rusk et al. 2011). The weak distribution of
Li+ may be caused by charge balancing with substitution of abundant Fe3+ and Al3+,
which produces strong CL-emission, and which also respond to purple colour of
amethyst.
Trace element maps indicate that Fe3+, Al3+, Li+, and Ge4+ are the primary trace
elements accounting for the high CL intensity and the colour of amethyst. A
concentration of Li+ is in an order of hundreds ppm where Al3+ concentration is in an
order of thousands ppm. Li+ and Al3+ are commonly present as a coupled substitution for
Si4+ in quartz. Although Ge4+ substitutes for Si4+ in a very low amount (<2 ppm), its high
concentration correlates with high CL intensity. Small substitutions of Ge4+ for Si4+
result in decreases in Na+ and K+, especially K+, from hundreds ppm to tens of ppm.
Figure 4.35 illustrates a negative correlation between Ge4+ and K+. Al3+ and Fe3+ are
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well correlated and are present in high concentrations (Fe ~100-300 ppm, Al ~1000s
ppm) where CL intensity is high and the purple colour is clearly visible. The result
agrees well with previous studies, which suggest that Fe, in a form of Fe4+, is
responsible for colour of amethyst (Holden 1925; Dedushenko et al. 2004). Lehmann
and Moore (1966) proposed that the colour of amethyst is due to a charge-transfer
between oxygen and iron (O2- + Fe4+ ⇔ O1- + Fe3+). Cohen (1985) states that Al3+,
acting as an electron trapped-hole centre, is important in the formation of Fe4+. Rossman
(1994) suggests a cause of colour from an oxidation of Fe3+, in substituted sites, to give
rise to Fe4+, with the free electron being trapped by interstitial Fe3+, to form Fe2+ (Fe3+sub
+ Fe3+int ⇔ Fe4+ + Fe2+). Dedushenko et al. (2004) indicate the presence of tetravalent
(Fe4+) in amethyst via Mössbauer spectroscopic measurement. Furthermore, results in
this study show that Mn concentration is correlated with Fe concentration. The result
relates to a hypothesis stated in Rossman (1994) that Mn also plays a role in the
coloration of amethyst associated with Fe. In summary, Fe is the major trace element
accounting for the purple colour of quartz, with a presence of electron acceptors (e.g.,
Al3+, Fe3+, Mn2+) in quartz structure.
4.4 Alteration of melt-bearing breccias
Melt-bearing breccias are clastic-matrix breccias consisting of melt zones,
formed as a mixture of impact melt, breccia, and basement. The melt-bearing breccia is
strongly and pervasively altered. The alteration is indicated by a red matrix, friable
textures, and the formation of veins, which are easily recognized in the field as described
in Chapter 3. Figure 4.37a and b show examples of melt-bearing breccia in hand
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specimen and in thin section, respectively. Various clasts and mineral fragments are
incorporated into the melt-bearing breccia. Alteration within the melt-bearing breccia is
characterized by the formation of Fe-oxide, zeolites, and vermiculite.

Figure 4.37 (a) Hand specimen sample of melt-bearing breccia. (b) Thin section of meltbearing breccia.

4.4.1

Fe-oxide formation
Pervasive alteration of the melt-bearing breccia is recognized by a pervasive

distribution of reddish brown Fe-oxide. The Fe-oxide phase appears as cloudy patches
and mostly accumulates at grain boundaries. Raman spectroscopy performed on the Feoxide phase indicates goethite. However, the Raman spectrum of goethite is not ideal
and clean. It produces very low intensity peaks and has high noise, as shown in Figure
4.38, which is most likely a result of the cloudy texture as seen under the microscope.
However, characteristic peaks of goethite are clearly observed and are comparable with
the standard Raman spectrum of goethite. An optical image (an inset of Figure 4.38) also
shows a reddening of the matrix caused by the formation of goethite.
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Figure 4.38 A Raman spectrum of goethite sample compare to a standard. The inset is
an optical image showing the analytical spot (green) and reddening of the rock.
A backscattered electron image, Figure 4.39a, reveals a porous and non-smooth
texture of goethite. It supports the cause of the weak Raman spectrum produced by
goethite. Alteration of ilmenite to hematite is observed adjacent to goethite, in which
goethite surrounds the ilmenite grain, as illustrated in Figure 4.39a. A closer view of
hematite is illustrated in Figure 4.39b, where a cross-hatched pattern of hematite appears
as bright zone. Chemical compositions of goethite, ilmenite and exsolved hematite are
shown in Table 4.5. In addition to hematite and goethite, Raman spectra obtained from
an opaque mineral suggest the presence of pyrrhotite as another Fe-rich alteration phase.
The spectrum is equivalent to a Raman spectrum of standard pyrrhotite (Figure 4.40).
However, a single peak (non-split) at ~690 cm-1 and small peak at ~240 cm-1, also
suggest the presence of hematite (e.g., Chernyshova et al. 2007, Faria and Lopes 2007)
in association with the pyrrhotite.
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Figure 4.39 Secondary electron images of (a) porous textured goethite (Gth) formed
next to ilmenite (Ilm), and (b) cross-hatched hematite (brighter zone) in an ilmenite
grain.

Figure 4.40 A Raman spectrum of Fe-compound sample (red spectrum) compared to the
Raman spectrum of the pyrrhotite standard. Differences in spectrum structure at 650 cm-1
and 240 cm-1 suggest a presence of hematite.
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Table 4.5 Weight percent oxides of Fe-oxide phases (i.e., goethite, ilmenite, hematite)
present in altered melt-bearing breccia. See Appendix E for full data-set.

SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Total

4.4.2

Ilmenite
Number of ions
on the basis of
3 oxygens
0.31
Si
0.01
56.73
Ti
1.00
0.19
Al
0.01
33.68
Fe
0.66
0.42
Mn
0.01
8.67
Mg
0.30
0.00
100.00

Goethite

Hematite

0.90
0.78
0.27
87.52
0.00
0.41
0.14
90.00

0.69
0.16
0.18
98.62
0.00
0.21
0.14
100.00

Zeolitization
Zeolites are macroscopically identified as silky white or pinkish-white radial

aggregates forming hydrothermal veins (Figure 4.41). They are optically identified as
amygdaloidal minerals and fine-grained patches replacing clasts or primary minerals,
such as feldspar. The zeolites were optically classified into three phases: natrolite,
thomsonite, and analcime. The three phases are colourless under plane-polarized light.
They can be optically distinguished under cross-polarized light. Natrolite appears as
radiated crystals with 1st-order yellow interference colours, while thomsonite shows 2ndorder blue interference colours with radial and patchy textures (Figure 4.42a). Analcime
appears as almost isometric with 1st-order grey interference colours. Figure 4.42b shows
optical images of natrolite with analcime in association with vermiculite. Chemical
compositions of the three zeolite phases are shown in Table 4.6.
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Figure 4.41 A hand specimen image illustrating acicular crystals of zeolite forming a
vein in the melt-bearing breccia.

Figure 4.42 Photomicrographs showing (a) analcime (Anl)-natrolite (Ntr)-thomsonite
(Thm) assemblage in an altered anorthosite clast, and (b) acicular natrolite formed in
association with analcime and vermiculite at the rim of a zeolite-rich vein.
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Table 4.6 Composition (in weight percent oxide) of zeolite phases in the melt-bearing
breecia. See Appendix E for full data-set.

SiO2
Al2O3
FeO
CaO
Na2O
K2 O
Total
H2 Oa
Number of ions
Si
Al
Fe
Ca
Na
K
Structural chemistryd
∑T
TSi
∑n-f
H2 Oe

Analcimeb
59.59
22.90
0.88
0.67
11.65
0.26
95.95
4.05

Zeolites
Natrolitec
45.90
24.87
0.00
0.00
14.65
0.00
85.42
14.58

Thomsonitec
42.80
29.88
0.00
12.17
3.16
0.00
88.01
11.99

33.15
15.01
0.41
0.40
12.56
0.18

24.49
15.63
0.00
0.00
15.15
0.00

22.16
18.23
0.00
6.75
3.17
0.00

48.57
0.69
13.15
10.47

40.12
0.61
15.15
26.10

40.39
0.55
9.92
21.47

a

H2O calculated amount; wt% equals to 100 - total oxide
Number of ions based on 96O. Analcime: Na16(Al16Si32O96)·16H2O
c
Number of ions based on 80O. Natrolite: Na16(Al16Si24O80)·16H2O
Thomsonite: Ca7Na5(Al19Si21O80)·24H2O
d
∑T is sum of cations in tetrahedral site (Si+Al+Fe). TSi is mole ratio of Si occupied tetrahedral
site (Si/∑T). ∑n-f is a sum of cations in non-framework site (Ca+Na+K).
e
Amount of H2O is estimated from (wt%H2O/18.0148)×(MW per unit cell of zeolite/100).
b

Natrolite is the most abundant zeolite phase pervasively formed throughout the
melt-bearing breccia. It comprises most of the hydrothermal veins, and also developed
as clast replacements. Conversely, thomsonite mostly occurs as a clast or mineral
replacement, and is not observed forming hydrothermal veins. For example, thomsonite
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replaces a felsic clast, which is anorthositic gneiss, in the melt-bearing breccia (Figure
4.43). Analcime is also present both as a vein filling associated with natrolite, and in
altered clasts with natrolite and thomsonite. Analcime is always found in association
with natrolite in the absence or presence of thomsonite. However, analcime is never
found with thomsonite in the absence of natrolite.

Figure 4.43 Anorthosite clast in the melt-bearing breccia has been replaced by zeolite,
which is identified as thomsonite.
Optical images of zeolites replacing an anorthosite clast (Figure 4.42a) reveal
interesting features between natrolite and thomsonite in which natrolite is intergrown
with thomsonite, as observed in the high magnification optical image shown in Figure
4.44. Microscopic structure reveals two forms of this natrolite, identified by Raman
spectroscopy as shown in Figure 4.45. One is a tabular natrolite forming as a nucleus of
thomsonite, and another one is natrolite aggregates formed as the matrix. A Raman
spectrum of tabular natrolite shows a separation of peak at 441.95 cm-1, which is
different from natrolite in the matrix. A separation of the peak is possibly due to a
mixing between thomsonite and natrolite spectra.
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Figure 4.44 An optical image showing tabular natrolite (Tab-Ntr) formed in the centre
of a thomsonite (Thm), associated with analcime (Anl) and the natrolite aggregates
(Ntr).

Figure 4.45 (a) Optical image showing association of tabular natrolite with thomsonite
and natrolite in the matrix. (b) Close-up view of an area shown in a black box in (a). Red
dots indicate Raman analytical spots. (c) Raman spectra of thomsonite (Thm), Tabular
natrolite (Tab-Ntr), and natrolite aggregates (Ntr) compared with Raman spectra of
thomsonite standard (Thm-Ref) and natrolite standard (Ntr-Ref). A separation of peaks
at 441.95 cm-1 in a tabular natrolite spectrum is marked by a red arrow.
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4.4.3

Formation of vermiculite
Vermiculite ([Mg,Ca]0.6-0.9[Mg,Fe3+,Al]6[Si,Al]8O20[OH]4·nH2O) is a Mg-Fe rich

clay mineral typically formed as a hydrothermal alteration product of iron-rich species,
such as biotite, or of volcanic materials (Deer et al. 1992). It also occurs as a product of
hydrothermal alteration of impact melt associated with analcime, which was identified
from an experimental study of alteration of impact melt rock from the Chesapeake Bay
impact structure (Declercq et al. 2009). Vermiculite has been identified in the matrix of
the melt-bearing breccia at Manicouagan by Raman spectroscopy (same spectrum as
shown in Figure 4.17c). It appears as microscopic fibrous crystals under the microscope,
associated with zeolite veins (Figure 4.42b). Vermiculite was identified in an altered
zone associated with diopside (Figure 4.46a), and appears as a microscale fibrous texture
under the FESEM (Figure 4.46b). The composition of vermiculite, along with unaltered
and altered zones within diopside, is shown in Table 4.7.

Figure 4.46 Secondary electron images illustrating (a) a diopside grain containing a
highly altered zone (Alt-Di), and (b) a high magnification image of the altered zone
showing fibrous vermiculite.
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Table 4.7 Weight percent oxide compositions of unaltered and altered diopside and
vermiculite. See Appendix E for full data-set
Unaltered
diopsidea

Altered
diopsidea

Vermiculiteb

SiO2

53.39

55.69

37.18

TiO2

0.50

0.47

0.00

3.58
6.91
0.00
13.55
21.13
0.93
100.00

20.37
3.39
0.00
1.99
3.13
9.03
94.07

11.58
6.47
0.40
22.42
0.99
0.96
80.01

Al2O3
FeO
MnO
MgO
CaO
Na2O
Total

Differences d

Number of ions
Si
Al (IV)
Ti
Al
Fe
Mn
Mg
Mgc
Ca
Na

1.95
0.05
0.01
0.10
0.21
0.00
0.74
0.83
0.07

1.91
0.09
0.01
0.74
0.10
0.00
0.10
0.11
0.60

a

0.04
- 0.04
0.00
- 0.64
0.11
0.00
0.64
0.72
- 0.53

5.97
2.03
0.00
0.17
0.87
0.05
4.91
0.46
0.17
0.30

8.00

6.00

0.93

Number of ions based on 6 oxygens. Diopside: (Mg,Fe,Ca)(Al,Si)2O6
Number of ions based on 22 oxygens:
Vermiculite: (Mg,Ca)0.6-0.9(Mg,Fe,Al)6[(Si,Al)8O20](OH)4·nH2O
c
Interlayer Mg
d
Differences number of ions between unaltered and altered zones of diopside (Difference = no.
of ion in unaltered - no. of ion in altered). Positive values indicate losing of ion from unaltered
zone. Negative values indicate gaining of ion in altered zone.
b
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4.4.4

Discussion
Temperature constraints
This study shows that the melt-bearing breccia has experienced intermediate to

strong pervasive hydrothermal alteration. An experimental study of vermiculite indicates
the upper stability limit is ~350 ˚C (Boettcher 1966), which is the same as the upper
limit of hydrothermal analcime (Karlsson et al. 1985). This implies that vermiculite
forms at the same time as analcime. An experimental study of impact melt alteration
suggests that vermiculite can occur in addition to a presence of analcime at temperature
<265 ˚C (Declercq et al. 2009). Natrolite and thomsonite are stable at lower temperature
than vermiculite and analcime, ~100-200 ˚C for natrolite and a 70-250 ˚C for thomsonite
(Chipera and Apps 2001). Coexisting analcime with natrolite and thomsonite can form at
less than ~250 ˚C in extrusive volcaniclastic rocks (Schiffman and Staudigel 1994). An
upper stability field of goethite, which is the dominant Fe-oxide phase in melt-bearing
breccia, is 80 ˚C at pH = 2.5 up to 120 ˚C at pH = 9.5 (Babcan 1971; Figure 1 in Yazici
et al. 2014). Since natrolite-thomsonite occurs at lower temperature than vermiculiteanalcime and a low-T range of temperature is indicated for Fe-oxide formation, the
temperature of 265 ˚C can be referred to as the maximum major alteration temperature
of the melt-bearing breccia.
Zeolitization
The natrolite-thomsonite-analcime assemblage suggests a Na-rich hydrothermal
system. The system begins with an interaction of hydrothermal fluid, which is possibly
rich in Na+ at a temperature greater than 250 ˚C, along with Na-Ca rich phases such as
labradorite (a major constituent of anorthositic clasts). The interaction results in
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dissolution of Na, Ca, Al, and Si (in order of dissolution rate; e.g., Huang and Kiang
1972; Carroll and Knauss 2001). Within altered clasts, natrolite forms first as tabular
crystals (Figure 4.43 and 4.44) even though the formation temperature of natrolite is low
compared to analcime and thomsonite. It suggests that fluid chemistry plays an
important role at the beginning of the zeolitization. The fluid must be supersaturated in
Na+ at first, thus a Na activity may overcome a temperature effect resulting in the
formation of natrolite. As the system progresses, Ca and Si contents increase with
decreasing of Na-content via natrolite formation. Analcime forms next in sequence, as
the system may still be rich in Na+ but with an increasing amount of Si. Analcime is
slightly richer in Si with Si/(Si+Al) of 0.70, compared to natrolite with Si/(Si+Al) of
0.61. As the Na content decreases, the Na activity becomes less prominent than the
temperature effect, and Ca activity comes into play. This results in the formation of
thomsonite surrounding tabular natrolite. Thomsonite is preferred in the system over
other Ca-rich zeolite phases possibly due to its lower Si content, with Si/(Si+Al) of 0.54,
as it associates with the Si-richer phases (i.e., natrolite and analcime). As the
temperature decreases below 200 ˚C, the second generation of natrolite forms at the end
of the zeolitization. The formation of natrolite-analcime veins also suggests the
importance of Na-rich hydrothermal fluids, which infer the original composition of the
fluid itself, and the mobility of Na+ and Ca2+. Na+ is a high mobility ion, which is more
easily transported than Ca2+, especially at high temperature. Thus, the Na-rich nature of
the fluid, together with the high mobility of Na+ ions, results in the formation of Na-rich
zeolite as veins, in the absence of Ca-rich zeolite.
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Potential chemical sources
The alteration assemblage developed in the melt-bearing breccia mainly involved
transportation of Mg, Fe, Na, and Ca. These elements are the major constituents in the
assemblages beside silicate anions (i.e., Al, Si, O). Potential sources of Mg and Fe
include ilmenite, diopside, and spinel. Alteration textures and contexts of the first two
are described in previous sections (Figure 4.39 and 4.46). Partial alteration of spinel is
observed under the FESEM, as shown in Figure 4.47, together with its composition. The
altered zone has a chemical composition equivalent to analcime with Fe in the structure.
The replacement of plagioclase-rich clasts by zeolite indicates that plagioclase is the
main source for Na and Ca involved in the system. However, a natrolite-analcime
assemblage suggests the Na-rich hydrothermal system developed in the melt-bearing
breccia. Due to high An content of the primary feldspar, it suggests that the
hydrothermal fluid may contain significant amount of Na+ before interacting with the
melt-bearing breccia.

Figure 4.47 A backscattered electron image illustrating partial alteration of spinel
associated with Fe-containing analcime (Fe-Anl). The chemical composition of spinel is
displayed in the right panel.
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Overall alteration reactions
Hydrothermal alteration within the melt-bearing breccia is dominated by the
oxidation of Fe-rich phases and matrix to form Fe-oxides (hematite and goethite),
vermiculite, and zeolites. The formation of vermiculite is typically associated with
diopside alteration, as shown in Figure 4.46. However, not only vermiculite occurs in the
altered zone of diopside. The chemistry of the altered zone indicates a loss of Ca, Mg,
Fe, and Si, and a gain of Al and Na during hydrothermal alteration (Table 4.7).
Stoichiometric appraisal of the altered zone indicates the presence of analcime (with Ca,
Mg, and Fe), as illustrated in Table 4.8. Ca substitutes Na in the analcime structure while
Mg and Fe are associated with vermiculite.
Table 4.8 Chemistry of altered diopside (as shown in Figure 4.46b). Calculation based
on stoichiometric ratio of analcimea.
SiO2
Al2O3
FeO
MgO
CaO
Na2O
Total
H2 Ob

Weight % oxides
55.69
20.37
3.39
1.99
3.13
9.03
93.60
6.40

Number of ions based on 96 oxygens
Si
32.34
Al
13.94
Fe
1.65
Mg
1.72
Ca
1.95
Na
10.17
Structural chemistryc
∑T
TSi
∑n-f
H2 Od

a

49.65
0.65
12.12
16.55

Analcime: Na16(Al16Si32O96)·16H2O
H2O calculated amount; wt% equals to 100 - total oxide
c
∑T is sum of cations in tetrahedral site (Si+Al+Fe). Tsi is mole ratio of Si occupied tetrahedral
site (Si/∑T). ∑n-f is a sum of cations in non-framework site (Ca+Na+K).
d
Amount of H2O is estimated from (wt%H2O/18.0148)×(MW per unit cell of zeolite/100).
b
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An overall alteration reaction can be expressed in the following equation:
4CaMgSi2O6 + 4NaCaAl3Si5O16 + 2Mg0.5Fe0.5Al2O4 + 2Na+ + 4Fe2+ + O2 + 21H2O
Diopside

Plagioclase

Spinel

ê
Mg5FeAl3Si5O20·2H2O + 2NaAlSi2O6·H2O + Na2Al2Si3O10·2H2O + 2NaCa2Al5Si5O20·6H2O
Vermiculite

Analcime

Natrolite

Thomsonite

+ Fe2O3 + 2FeO(OH) + 6SiO2 + 4Ca2+
Hematite

Goethite

The reaction suggests that the alteration involved a Na-rich fluid with a high
water/rock ratio in an oxidizing environment. The Fe2+ in the equation represents Fe in
reduced form that may be associated with other minerals, such as Fe-sulfides and Fe in
diopside. The Ca2+ in the alteration may represent Ca2+ that substitutes the Na+ in
natrolite and analcime.
4.5 Hydrothermal activity developed within the basement rocks
Basement rocks at Manicouagan consist of various lithologies, mostly gneisses
with different compositions. Alteration within the basement rocks was evaluated on two
types of gneiss: transitional gneiss and grey gneiss. The transitional gneiss dominates the
central part of the structure, where it is not well exposed and difficult to access in the
field. However, it can be sampled via drill core samples housed at PASSC. Conversely,
the grey gneiss is well-exposed in the west of the structure. Thus, alteration of the
transitional and grey gneisses have been investigated from MAN-06-02 drill core and
field samples, respectively.
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4.5.1

Transitional gneiss basement
The MAN-06-02 core is located close to the centre of the structure, within the

transitional gneiss (see Chapter 2 for more detail). Location of the MAN-06-02 can be
found in Figure 3.22. Basement samples are located just below the contact between
impact melt sheet and the basement. There is also evidence of a brecciated zone within
intact gneiss (Figure 4.48).

Figure 4.48 Thin section images of basement rock showing a development of a
brecciated zone (red dashed outline). Major primary minerals of the transitional gneiss
include garnet (Grt), amphibole (Amp), plagioclase (Pl), and clinopyroxene (Cpx).
The non-brecciated zone of the transitional gneiss is intact and consists of
plagioclase, K-feldspar, garnet, amphibole, pyroxene, and biotite. The compositions of
the primary minerals are summarized in Table 4.9. Garnet and amphibole are highly
fractured (Figure 4.49a and 4.49b, respectively). Pyroxene and biotite are relatively
pristine with no signs of alteration. Primary feldspars appear as subhedral and anhedral
crystals with clear and smooth surfaces associated with alteration minerals (e.g.,
plagioclase; Figure 4.49c).
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The brecciated zone occurs as a dark brown patch in optical images. The
brecciated zone mainly consists of small (1-2 µm-in-diameter) fragments of amphibole,
pyroxene, and garnet revealed under FESEM (Figure 4.49d). Amphibole fragments with
round edges dominate the matrix of the breccia and are associated with relatively larger
(∼10 µm-in-diameter) fragments of garnet. Amphibole fragments with a diameter greater
than 1 µm tend to contain chemical zones developed as a reaction rim, while smaller
amphibole fragments exhibit a uniform composition. The reaction rim exhibits the same
backscattered electron intensity as the unzoned amphibole fragments, suggesting a
compositional similarity. The unzoned amphibole (Amp2; Table 4.9) has similar
composition to the amphibole within the non-brecciated area of gneiss (Amp1; Table
4.9), with lower K2O. Garnet fragments in the brecciated zone also have the same
composition as garnet in the non-brecciated gneiss, with the development of reaction
rims similar to the amphibole fragments.
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Figure 4.49 Backscattered electron images of the primary minerals in the transitional
gneiss: (a) garnet (Grt), (b) amphibole (Amp), (c) garnet and amphibole fragments in the
brecciated zone, and (d) plagioclase (Pl) with oligoclase composition next to analcime
(Anl).
Alteration phases observed in the rock are calcite, analcime, K-feldspar, and
albite. The compositions of the alteration phases are shown in Table 4.10. Calcite is
formed in association with analcime (Figure 4.50a). Analcime occurs throughout the
samples as fracture and cavity fillings, and exhibits porous (Figure 4.50b) and nonporous textures. Analcime filling in the spaces associated with calcite, as shown in
Figure 4.50a, exhibits a non-porous texture. Albite, with porous texture, forms a reaction
rim around primary K-feldspar (Figure 4.50c). Secondary K-feldspar is deposits in
cracks and fractures, as shown in Figure 4.50d, in which it forms at oligoclase grain
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boundaries adjacent to garnet. In addition, K-feldspar exsolution in the oligoclase
exhibits a fibrous texture, while no alteration was detected within the oligoclase (Figure
4.50d).
Table 4.9 Compositions of primary minerals in the transitional gneiss of MAN-06-02.
See Appendix E for full-data set.
Mineral
Amp1 Amp2
group
phase
Eda
Ed
SiO2
44.84
46.38
TiO2
2.29
0.93
Al2O3
11.73
18.59
FeO
12.37
11.02
MnO
0.00
0.00
MgO
11.89
9.20
CaO
11.31
10.50
Na2O
1.55
1.38
K 2O
1.64
0.00
Total
97.62
98.00
Number of ions
Si
6.59
6.56
Al (IV)
1.41
1.44
Ti
0.25
0.10
Al
0.62
1.66
Fe
1.52
1.30
Mn
0.00
0.00
Mg
2.60
1.94
Ca
1.78
1.59
Na
0.44
0.38
K
0.31
0.00
OHb
2.00
2.00
Oc
23.00
23.00
End-member percentage
Mg/(Mg+Fe) 0.63
0.60

Px

Garnet

Biotite

Kfs

Pl

Di
53.06
0.48
4.35
8.21
0.00
11.85
20.85
1.20
0.00
100.00

Alm
40.67
0.00
21.28
23.30
0.75
7.25
6.15
0.00
0.00
99.40

37.05
6.58
13.58
14.02
0.00
12.26
0.00
0.00
9.40
96.82

Or
66.04
0.00
17.74
0.00
0.00
0.00
0.00
0.10
16.12
100.00

Oligoclase
66.51
0.00
22.06
0.00
0.00
0.00
1.95
9.36
0.11
100.00

1.94
0.06
0.01
0.13
0.25
0.00
0.65
0.82
0.09
0.00
6.00

3.13
0.87
0.00
1.06
1.50
0.05
0.83
0.51
0.00
0.00
12.00

5.59
2.41
0.75
0.01
1.77
0.00
2.76
0.00
0.00
1.81
4.00
22.00

3.04
0.96
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.95
8.00

2.89
1.13
0.00
0.00
0.00
0.00
0.00
0.09
0.79
0.01
8.00

En 37.7
Fs 14.7
Wo 47.7

Prp 28.8
Alm 51.9
Grs 17.6
Sps 1.7

An 0.0
Ab 0.9
Or 99.1

An 10.5
Ab 88.8
Or 0.7

a

amphibole nomenclature: Leake et al. (1997)
Ideal number of OH in the structure
c
Number of cations calculated on the basis of number of oxygen specify in this row
Abbreviation: Ab-albite, Alm-almandine, Amp-amphibole, An-anorthite, Di-diopside, Ededenite, En-enstatite, Fs-ferrosilite, Grs-grossular, Kfs-K-feldspar, Or-orthoclase, Plplagioclase, Prp-pyrope, Px-pyroxene, Sps-spessartine, Wo-wollastonite
b
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Figure 4.50 Backscattered electron (BSE) images of secondary minerals in the
transitional gneiss: (a) calcite (Cal) associated with analcime (Anl), (b) an oval shaped
analcime, (c) albite (Ab) reaction rim of primary K-feldspar (Kfs-1), and (c) secondary
K-feldspar (Kfs-2) filling in space between oligoclase (Pl) and garnet (Grt). Fibrous
textured K-feldspar exsolution in oligoclase, labelled as Kfs-ex. Abbreviation: Btbiotite.
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Table 4.10 Compositions in weight percent oxide of secondary phases in the transitional
gneiss basement rocks. See Appendix E for full data-set.
Albite
SiO2
70.04
TiO2
0.00
Al2O3
19.09
FeO
0.00
MnO
0.00
MgO
0.00
CaO
0.12
Na2O
10.56
K 2O
0.19
Cl
0.00
CO2
0.00
Total
100.00
b
H 2O
Number of ions
Si
3.04
Al
0.98
Ti
0.00
Al
0.00
Fe
0.00
Mn
0.00
Mg
0.00
Ca
0.01
Na
0.89
K
0.01
Cl
0.00
C
0.00
End-member percentage
An 0.6
Ab 98.2
Or 1.2

Secondary
K-feldspar
65.92
0.00
17.82
0.00
0.00
0.00
0.00
0.21
16.05
0.00
0.00
100.00
-

Analcimea

Calcite

59.78
0.00
19.44
0.00
0.00
0.00
1.57
9.17
0.25
0.16
0.00
88.79
11.21

0.00
0.00
0.00
0.00
0.00
0.00
55.41
0.00
0.00
0.00
44.59
100.00
-

3.03
0.97
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.94
0.00
0.00

35.17
13.47
0.00
0.00
0.00
0.00
0.00
0.20
10.46
0.04
0.03
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.98
0.00
0.00
0.00
1.01

Structural chemistryc
An
Ab
Or

0.0
1.9
98.1

a

∑T
TSi
∑n-f
H 2O d

48.64
0.72
10.70
21.93

Number of ions based on 96O
H2O calculated amount; equals to 100 - total oxide
c
∑T is sum of cations in tetrahedral site (Si+Al+Fe). Tsi is mole ratio of Si occupied
tetrahedral site (Si/∑T). ∑n-f is a sum of cations in non-framework site (Ca+Na+K).
Abbreviation: Ab-albite, An-anorthite, Or-orthoclase
d
Amount of H2O is estimated from (wt%H2O/18.0148)×(MW per unit cell of zeolite/100).
b
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Further away from the contact between the impact melt sheet and the basement
(greater than 3 m below the contact), the basement rock is less altered. The basement
contains the same mineral assemblage (shown in Table 4.9) with accessory ilmenite,
rutile, and epidote. Primary minerals have similar compositions as shown in Table 4.9,
except for feldspar. Primary K-rich feldspar occurs as pristine tabular crystals with welldeveloped exsolution lamellae, as shown in Figure 4.51a, with a composition of
hyalophane (Ba-feldspar). Primary K-feldspar also occurs as elongate parallel patches
within plagioclase (Figure 4.51b), which is attributed to exsolution. Hyalophane and Kfeldspar do not show significant signs of alteration. Conversely, primary plagioclase,
with andesine composition (An34), is altered mostly along cleavages (Figure 4.51c).
Backscattered electron images and chemical analyses indicate analcime forms along
cleavages and extends away from the cleavage as an alteration product of plagioclase.
Compositions of Na-Ca-K-(Ba) aluminosilicates are presented in Table 4.11.
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Figure 4.51 Electron images illustrating formation of Na-Ca-K aluminosilicates: (a)
secondary electron image of hyalophane (Ba-feldspar) with K-feldspar (Kfs) exsolution,
(b) K-feldspar exsolution in plagioclase (Pl), (c) analcime (Anl) formed along the
cleavage planes of plagioclase (Pl).
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Table 4.11 Compositions in weight percent oxide of Na-Ca-K aluminosilicates in
altered transitional gneiss basement. See Appendix E for full data-set.
K-feldspar
Hyalophane
61.37
19.46
7.18
0.40
1.50
10.09
100.00
-

K-feldspar
Kfs-ex.
66.31
17.80
0.00
0.00
0.43
15.46
100.00
-

Plagioclase

analcimeb

SiO2
63.10
58.50
Al2O3
24.18
21.91
BaO
0.00
0.00
CaO
6.01
3.25
Na2O
6.30
5.31
K 2O
0.40
0.00
Total
99.99
88.97
H 2O a
11.03
Number of ions
Si
2.92
3.04
2.78
34.17
Al
1.09
0.96
1.25
15.08
Ba
0.13
0.00
0.00
0.00
Ca
0.02
0.00
0.28
2.03
Na
0.14
0.04
0.54
6.01
K
0.61
0.90
0.02
0.00
End-member percentage
Structural chemistryc
An
2.3
An
0.0
An 33.6
∑T
49.25
Ab 15.3
Ab 4.10
Ab 63.7
TSi
0.69
Or 67.6
Or 95.90
Or 2.7
∑n-f
8.05
d
Cn 14.8
H 2O
21.57
a
H2O calculated amount; equals to 100 - total oxide
b
Number of ions based on 96O
c
∑T is sum of cations in tetrahedral site (Si+Al+Fe). Tsi is mole ratio of Si occupied
tetrahedral site (Si/∑T). ∑n-f is a sum of cations in non-framework site (Ca+Na+K).
Abbreviation: Ab-albite, An-anorthite, Cn-celsian, Kfs-ex-exsolution K-feldspar, Ororthoclase
d
Amount of H2O is estimated from (wt%H2O/18.0148)×(MW per unit cell of zeolite/100).
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4.5.2

Grey gneiss basement
Hydrothermal activity in the grey gneiss basement provides information on post-

impact alteration activities, as well as possible pre-impact alteration due to surface
exposure. Studies were performed on field samples showing various degrees of
alteration, as indicated by colour changes, low hardness, and vein development. The
grey gneiss consists of garnet, amphibole, pyroxene, feldspar, and accessory rutile,
titanite, and apatite. Garnet is highly fractured, but with preservation of grain outlines.
Chlorite occurs associated with K-feldspar, present in cracks and grain boundaries of
garnet (Figure 4.52a). In areas where veins are developed, garnet is crushed into small
(~20 µm) fragments and incorporated into the vein associated with other fracture-filling
minerals (e.g., epidote, prehnite). Cracks and fractures are mainly filled with prehnite,
together with euhedral elongate epidote forming the rim (Figure 4.52b). Epidote is also
present as minute fragments incorporated in vein matrices together with garnet and
prehnite (Figure 4.52c and d). Plagioclase (andesine composition; An33) is present
surrounding garnet in the less altered grey gneiss (Figure 4.53a). Albite is present in
altered grey gneiss, surrounding garnet, like andesine does in less altered rock (Figure
4.53a). Actinolite is associated with augite, and forms a reaction rim, as revealed by
Raman spectroscopy (Figure 4.53b). Mg-Fe-rich phases, such as amphibole and
pyroxene, at the rim of prehnite veins show alteration textures (Figure 4.53c and d).
Analyses of the altered amphibole and pyroxene indicate magnesiohornblende and
augite, respectively. Compositions of phases in the grey gneiss are listed in Table 4.12.

164

Figure 4.52 (a) Backscattered electron (BSE) image illustrating chloritization of garnet
(Grt) in association with K-feldspar (Kfs) in cracks. (b) Optical image showing euhedral
prisms of epidote (Ep) associated with prehnite (Prh) formed at the rim of a prehniteepidote vein. (c) BSE image showing garnet and epidote fragments associated with
prehnite formed as a crack-filling. (d) BSE image of epidote form within garnet.
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Figure 4.53 Optical images showing (a) plagioclase (Pl) with andesine composition
surrounding garnet (Grt), associated with amphibole (Amp) and pyroxene (Px); (b)
alteration of augite (Aug) to actinolite (Act). (c) and (d) are secondary electron images
illustrating alteration of amphibole and pyroxene to prehnite, respectively, present at the
rim of the vein.
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Table 4.12 Composition of primary minerals and secondary phases in grey gneiss
basement. See Appendix E for full data-set.
Primary phases

Secondary phases

Pl

Amp

Px

Grt

Ep

1stTtnc

SiO2

61.16

44.59

51.21

40.37

40.88

32.15

32.87

28.95

43.33

69.63

TiO2

0.00

1.70

0.40

0.00

0.00

38.34

30.38

0.00

0.00

0.00

Al2O3

24.22

11.56

4.65

21.06

26.03

1.49

6.26

18.50

23.83

19.03

FeO

0.00

10.30

6.28

20.63

9.20

0.00

1.58

22.70

0.74

0.00

MnO

0.00

0.00

0.00

0.46

0.00

0.00

0.00

0.47

0.00

0.00

MgO

0.00

13.79

14.01

6.37

0.00

0.00

1.76

17.69

0.00

0.00

CaO

6.71

11.69

22.82

11.11

23.91

28.03

25.80

0.00

27.20

0.42

Na2O

7.55

1.65

0.64

0.00

0.00

0.00

0.00

0.00

0.00

10.91

K2O

0.19

0.67

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

a

0.00

0.00

0.00

0.00

0.00

0.00

1.37

0.00

0.00

0.00

99.83

95.95

100.01

100.00

100.00

100.00

100.00

88.31

95.10

99.99

F

Total

2ndTtnc

Chl

Prh

Ab

Number of ions
Si

2.72

6.58

1.88

3.09

3.17

1.00

1.00

5.94

6.01

3.03

Al

1.27

1.42

0.12

1.90

2.38

0.05

0.22

2.06

1.99

0.98

Ti

0.00

0.19

0.01

0.00

0.00

0.90

0.70

0.00

0.00

0.00

Al

0.00

0.59

0.09

0.00

0.00

0.00

0.00

2.42

1.91

0.00

Fe

0.00

1.27

0.19

1.32

0.60

0.00

0.04

3.90

0.09

0.00

Mn

0.00

0.00

0.00

0.03

0.00

0.00

0.00

0.08

0.00

0.00

Mg

0.00

3.03

0.77

0.73

0.00

0.00

0.08

5.42

0.00

0.00

Ca

0.32

1.85

0.90

0.91

1.99

0.93

0.84

0.00

4.04

0.02

Na

0.65

0.47

0.05

0.00

0.02

0.00

0.00

0.00

0.00

0.92

K

0.01

0.13

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.14

0.00

0.00

0.00

8.00

23.00

6.00

12.00

12.50

4.81

4.76

28.00

22.00

8.00

An 32.7

En 41.3

Alm 44.2

An 2.1

Ab 66.3

Fs 10.4

Sps 1.0

Ab 97.8

Or 1.1

Wo 48.3

Prp 24.3

Or 0.1

F
O

b

End-member percentage

Grs 30.5
a

weight % element
Number of cations calculated on the basis of number of oxygen specify in this row.
c
Number of cations calculated on the basis of 1 silicon
Abbreviations: Ab-albite, Alm-almandine, Amp-amphibole, An-anorthite, Chl-chlorite, En-enstatite, Ep-epidote, Fsferrosilite, Grs-grossular, Grt-garnet, Or-orthoclase, Pl-plagioclase, Prh-prehnite, Prp-pyrope, Px-pyroxene, Spsspessartine, Ttn-titanite, Wo-wollastonite, 1st-primary, 2nd-secondary
b
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SEM images suggest two generations of titanite in the grey gneiss, based on their
different textures. The first group of titanites appears as anhedral crystals with smooth
surfaces. It occurs as individual grains and also surrounding rutile (Figure 4.54a and b,
respectively). The first group is referred to as primary titanite based on potentially
having a metamorphic (Grenvillian) origin. The second formation comprises titanite
replacing rutile as shown in Figure 4.54c and d. It appears as brown altered zones under
the optical microscope, and has a porous texture at the SEM scale. Based on its texture
and association, the second group of titanites is more likely to form as alteration
products of rutile. The composition of primary and secondary titanite, shown in Table
4.12, indicate higher Mg and Fe contents and the presence of F- in the secondary titanite.

Figure 4.54 FESEM images illustrating various titanite textures. (a) and (b) show
primary titanite as individual grains and enclosing rutile, respectively. (c) and (d)
represent titanite replacing rutile formed close to a prehnite vein.
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Additional hydrothermal activity developed within the grey gneiss basement is
characterized by occurrences of stilbite-chabazite assemblages. Stilbite and chabazite are
Ca-Na rich zeolite phases forming the matrix of the groundmass and as cavity infills
(Figure 4.55a and b, respectively). Chabazite forms as creamy white cubic crystals,
while stilbite occurs as white massive aggregates. Both chabazite and stilbite fill open
spaces, including vugs and vesicles, of the gneiss breccia. Stilbite and chabazite were
confirmed by Raman spectroscopy (spectra shown in Figure 4.55c and d, respectively).
Chemical analyses, as shown in Table 4.13, indicate that chabazite and stilbite are both
Ca-rich varieties. Albite is also present in the assemblage with chabazite, as revealed via
FESEM (Figure 4.56).
Table 4.13 Compositions of stilbite and chabazite formed in grey gneiss breccia. See
Appendix E for full data-set.
SiO2
Al2O3
CaO
Na2O
K 2O
Total
Number of ions
Si
Al
Ca
Na
K
Structural chemistryc

Stilbitea
54.63
15.82
7.65
0.37
0.00
78.47

Stilbite
56.35
15.40
7.72
0.20
0.00
79.67

Chabaziteb
53.07
18.46
8.22
0.00
2.77
82.52

Chabazite
54.66
18.57
8.34
0.00
3.01
84.58

26.98
9.21
4.05
0.36
0.00

27.34
8.81
4.01
0.19
0.00

8.53
3.50
1.42
0.00
0.57

8.57
3.43
1.40
0.00
0.60

∑T
36.19
36.15
12.03
12.01
TSi
0.75
0.76
0.71
0.71
∑n-f
4.41
4.20
1.98
2.00
a
Number of ions based on 96O. Stilbite: NaCa4(Al9Si27O72).30H2O
b
Number of ions based on 24O. Chabazite: (Ca,Na2,K2)2(Al4Si8O24).12H2O
c
∑T is sum of cations in tetrahedral site (Si+Al+Fe). Tsi is mole ratio of Si occupied tetrahedral site
(Si/∑T). ∑n-f is a sum of cations in non-framework site (Ca+Na+K).
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Figure 4.55 Field photographs illustrating occurrences of (a) stilbite as aggregates, and
(b) chabazite formed as cubic crystals. Raman spectra of (c) stilbite and (d) chabazite, in
red, compared with the spectra of standards, in blue.

Figure 4.56 (a) Secondary electron image showing albite (Ab; An6Ab92Or1) associated
with chabazite (Cbz). The pink box denotes a FESEM EDS analysis area. (b)
Composition of chabazite and albite.

170

4.5.3

Titanite age determinations
In addition to petrographic and chemical studies of titanite, U-Pb dating was

performed on the primary and secondary titanites to determine ages related to their
formations. Due to its ability to accommodate U in titanite crystal lattice, titanite is a
feasible mineral for U-Pb dating (Frost et al. 2001). A closure temperature of Pb
diffusion in titanite is approximately 660-700 ˚C (Scott and St-Onge 1995). The
measurement was obtained from the primary and secondary titanites from two field
samples: 7-8-10-2 (total of 17 grains with 10 grains contains secondary titanite) and 207-10-4A (a total of 16 primary titanite grains). The result obtains from 7-8-10-2
indicates a single concordia age of 982.9±7.7 Ma (2σ, MSWD = 0.076). Two concordia
intercept ages of 978±14 Ma (2σ; MSWD = 0.0056) and 1018.6 ± 9.1 Ma (2σ; MSWD
= 0.023), with

204

Pb corrected age of 1019.2±9.9 Ma (2σ; MSWD = 0.031), were

obtained from the primary titanite in 20-7-10-4A. Results are shown in Figure 4.57.
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Figure 4.57 U-Pb dating of titanite by LA-ICP-MS using single spot analysis. (a) A
concordia age of primary and secondary titanite of sample 7-8-10-2. (b) A young
concordia age of primary titanite from 20-7-10-4A. (c) An older concordia age of
primary titanite from 20-7-10-4A. (d) 204Pb-corrected older concordia age of primary
titanite of 20-7-10-4A.

4.5.4

Discussion
Pre-impact alteration
Due to complexity of the basement rock at Manicouagan, pre-impact and post-

impact alteration can be difficult to distinguish. However, the post-impact alteration is
mostly associated with basement fracturing and vein formation. Alteration assemblages
are also recognized in pristine basement rocks. The alteration in the pristine rocks is
more probably due to pre-impact processes. Since the basement at Manicouagan is
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mostly metamorphic, which was affected during the Grenville Orogeny, pre-impact
alteration is more likely a result of retrograde metamorphism. Retrograde metamorphism
is characterized by titanite overgrowth on rutile, which indicate regression from
granulite to amphibolite facies (e.g., Stearns et al. 2015). Additional retrograde
characteristics include formation of oligoclase around garnet, and formation of actinolite
after augite. The latter is identified as retrograde metamorphism rather than post-impact
hydrothermal alteration due to overprinting by later hydrothermal assemblages. In
addition, epidote within garnet grains (Figure 4.52d) is more likely to be associated with
pre-impact alteration since there is no sign of alteration in garnet related to the formation
of prehnite. However, the presence of epidote in the centre of the prehnite-epidote veins
suggests that the epidote is associated with vein formation.
Titanite dating
The results indicate no difference in age of formation between the primary and
secondary titanite, and suggest that they are pre-impact lithology and formed during the
Grenvillian metamorphism (∼1 Ga). Petrography shows that prehnite in cracks may
associate with the secondary titanite. However, prehnite only develops in cracks and
fracture fillings, as well as in amphibolite-facies basement rocks with no retrograde
metamorphic features (e.g., titanite enclosing rutile). Thus, the cracks are more likely to
form as a result of impact, as well as the formation of prehnite. The Grenvillian ages
obtained from this study indicate that the grey gneiss basement has not experienced
temperatures in excess of 660-700 ˚C, which is a closure temperature of Pb diffusion in
titanite, since ∼1 Ga (Scott and St-Onge 1995).
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Hydrothermal activity within the basement
1. High temperature hydrothermal system
High temperature hydrothermal activity developed within the basement is
characterized by a prehnite-epidote-chlorite-albite assemblage, and the formation of
secondary phases in fractures. The first assemblage forms as alteration products of
amphibole, pyroxene, and plagioclase. The reaction can be expressed as follows:
Ca2Mg3FeAl2Si7O22(OH)2 + CaMgSi2O6 + 10Na0.7Ca0.3Al3SiO8 + 5H2O + 2Fe2+ + 14Si4+ + H+
Amphibole

Pyroxene

Plagioclase
ê

2Ca2Al2Si3O10(OH)2 + Ca2FeAl2Si3O12(OH) + 7NaAlSi3O8 + Mg3Fe2Al2Si3O10(OH)8
Prehnite

Epidote

Albite

Chlorite

The prehnite-epidote-chlorite-albite assemblage is considered an impact-related
hydrothermal alteration because of its association with highly fractured rocks, and an
absence of the assemblage in less altered rocks. Experimental studies of prehnite-epidote
equilibria suggest that prehnite grows with epidote at temperatures less than 350 ˚C
(Liou et al. 1983). The paragenesis prehnite-epidote-albite suggests fluctuations in fluid
composition, temperature or pressure during alteration. Formation of the assemblage is
similar to the prehnite-epidote-albite assemblage described at Nordre Aputitêq and
Kruuse Fjord intrusion, Greenland, in which prehnite and epidote are developed in
cracks and cavities, with albitization developed in the wall rock (Rose and Bird 1987).
An equilibrium of prehnite and epidote with albite suggests a change in total Ca
concentrations in the fluid with Na fixation, and minor changes in pH and the
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concentration of Al and Fe. Ca released via the albitization of oligoclase in the wall rock
is transported to cracks and fractures. The Ca-rich hydrothermal fluid interacts with
amphibole and pyroxene at cracks and rims to form prehnite and epidote. Epidote tends
to form at the crack rims due to high Fe concentration released from the Mg-Fe rich
phases (i.e., amphibole and pyroxene). A preference of Al-rich prehnite over Fe-rich
indicates that the total Ca concentration of the fluid was high. An absence of
compositional variation, between Al-rich and Fe-rich species, of prehnite and epidote
suggests that the fluid composition, temperature, and pressure did not significantly
fluctuate during the alteration process. Excess Mg and Fe are deposited as chlorite in
cracks and fractures at lower temperatures (130-300 ˚C; Cathelineau and Nieva 1985).
The formation of secondary phases is recognized in basement rocks that are in
direct contact with impact melt sheet. Calcite and analcime that occupy fractures within
the basement, identified in the 0602 drill core, potentially formed at the same time as
calcite-analcime assemblages in the melt sheet. Calcite and analcime, together with
quartz, fill vesicles developed in the impact melt sheet directly overlying the basement
rocks (Figure 4.58). This formation is similar to normal igneous process in which calcite
and analcime form as secondary phases at the end of melt cooling. The formation
temperature of the calcite-analcime assemblage in an igneous system is suggested to be
<200 ˚C (e.g., Bazargani-Guilani and Rabbani 2004). In addition, secondary albite,
associated with K-feldspar, occurs surrounding calcite and locally modified calcite grain
boundaries (Figure 4.59), which suggests that calcite forms prior to secondary albite.
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Figure 4.58 Optical image showing calcite and analcime filling vesicles of the melt
sheet above the transitional gneiss basement.

Figure 4.59 Backscattered electron image showing K-feldspar (Kfs) and albite (Ab)
associated with calcite (Cal).
2. Na-K-metasomatism
An exchange reaction of Na+ (with a low amount of Ca2+) and K+ appears to have
occurred at the rim of K-feldspar in which secondary albite is formed. This indicates an
Na-K metasomatic process. The formation of secondary albite suggests that the
hydrothermal fluids that react with K-feldspar contain significant amount of Na+ and
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minor Ca2+. It raises a question as to a potential source for Na+ in the fluid. Dissolution
textures in analcime were observed in BSE imagery (Figure 4.50b). It is possible that the
dissolution of analcime, which formed during an earlier stage of hydrothermal activity,
occurred prior to Na-K metasomatism, which provides a significant source of Na+ and
Ca2+, as well as Al3+ and Si4+. The Na-(Ca-) rich hydrothermal solution then reacts with
K-feldspar causing exchange between Na+ and K+. The hydrothermal solutions carry K+
along with Al3+ and Si4+, which deposit later as K-feldspar in the sequence. Alteration
textures (i.e., dissolution) of K-feldspar exsolution in the primary albite grain supports
the notion that K-feldspar has been affected by hydrothermal conditions.
As a result of the Na-K metasomatism, hydrothermal solutions are rich in K+.
The solution migrates through cracks, fractures, and along grain boundaries, causing the
formation of K-feldspar in these locations. The formation of K-feldspar via
metasomatism is suggested to occur in a metamorphic environment in which the
temperature of formation is relatively high (up to 700 ˚C; Harlov et al. 1998). Thus, one
may argue that the K-metasomatism described in the basement at Manicouagan is part of
the Grenville metamorphic event. However, the distribution of K-feldspar in cracks and
fractures of amphibole and garnet, associated with brecciated gneiss, indicate that the Kfeldspar formed after the impact as a result of impact-induced hydrothermal alteration
(Figure 4.52a). Similar assemblages has been reported at the Ries crater, at suggested
temperatures of 200-300 ˚C (Osinski 2005).
3. Zeolitization
Zeolites occur in both the transitional gneiss and grey gneiss as alteration
products of plagioclase. In the transitional gneiss, plagioclase is partially altered to
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analcime. This may have been caused by low-H2O activity in the area. Alteration of
plagioclase associated with non-altered K-feldspar indicates that this assemblage formed
at a lower temperature than the metasomatism described above. The analcimeplagioclase assemblage indicates a late stage alteration within the basement.
The stilbite-chabazite assemblage in the grey gneiss breccia occurs at a potential
collapsed rim of the structure. Stilbite and chabazite are Si-rich zeolites with high
Si/(Si+Al) ratios (0.71; chabazite, 0.76; stilbite) and high H2O content (up to 30H2O in
the stilbite structure). Thus, the presence of stilbite and chabazite suggests high H2O
activity and Si-rich fluids during the alteration. The assemblage indicates a relatively
low temperature formation at <100 ˚C (Gianelli et al. 1998). The formation temperature
of 75-100 ˚C is suggested by the thermal stability fields of stilbite (75-140 ˚C) and
chabazite (50-100 ˚C; Chipera and Apps 2001). The alteration reaction in which stilbite
and chabazite form as alteration product of feldspar can be expressed as follows:
10Na0.7Ca0.3AlSi3O8 + KAlSi3O8 + 42H2O + 22SiO2 + 2Ca2+ + 8Al3+ + 2Si4+
Plagioclase

K-feldspar
ê

Ca4Al9Si27O72·30H2O + CaKAl3Si9O24·12H2O + 7NaAlSi3O8
Stilbite-Ca

Chabazite-Ca

Albite

The formation of stilbite and chabazite involve the dissolution of SiO2. The
assemblage at the collapsed rim suggests possible alteration conditions of hot springs in
which low-T of formation (<100 ˚C), high H2O activity, and high Si concentration of the
fluids were preferred (e.g., Fouke 2011).
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4.6 Summary
(1) Petrography, mineralogy, and chemistry reveal hydrothermal systems developed
within the Manicouagan impact structure. They can be divided into four systems:
I.

Impact melt sheet regime
-

Intra-melt sheet
Impact-induced hydrothermal alteration within the melt sheet body are

described into three stages:
Early stage is characterized by cavity and vesicle filling of the melt sheet
as a result of deuteric alteration equivalent to late stage alteration of the normal
igneous process, which occurs at the temperature >300 ˚C.
Main stage dominated by chloritization occurred during a temperature
decreasing from 300 ˚C to 150 ˚C, associated with sericitization of feldspar and
the formation of sulfate minerals.
Late stage involves mainly zeolitization in which the dominant phases are
stable at temperature <150 ˚C, and the types of locally formed zeolite are
controlled by the chemistry of the host rocks. The formation of Fe-oxides
throughout the melt sheet developed during the late stage alteration.
-

Basal-melt sheet
Hydrothermal activitites developed at the base of the melt sheet is

characterized by the formation of monomineralic geodes filled with quartz and
locally formed amethyst, in which fluid circulated through fractures (i.e.,
cooling joints) and reacted with impact melt during later stages of impact melt
cooling. Trace element concentrations suggest temperatures of formation at
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<400 ˚C, and no, or slight, change in fluid composition during the alteration.
Iron ion (Fe3+) substitutes in quartz structure, together with Al3+, Li+ and Ge4+,
are responsible for the high CL intensity and purple colour of amethyst (in form
of Fe4+)
II.

Melt-bearing breccia regime
Oxidation and zeolitization dominate in the melt-bearing breccia, as
alteration products of Fe-phases and plagioclase. Mineral assemblages suggest
a maximum alteration temperature of 265 ˚C. Na-rich hydrothermal fluids are
suggested to be involved in the system.

III.

Basement rock regime
Hydrothermal alteration within basement rocks are dominated by fracture
filling with high-temperature assemblage (T <350 ˚C), Na-K metasomatism (T
~ 200-300 ˚C), and zeolitization (T <200 ˚C).

IV.

Central uplift regime
Details of hydrothermal systems developed within the central uplift are
given in Chapter 6.

(2) Results suggest that hydrothermal alteration is locally developed within the impact
melt sheet, with no correlation between depth down core and the degree of
alteration. The results also indicate low-permeability of the melt sheet, and low H2O
activity involved due to a development of weak pervasive alteration in the impact
melt sheet.
(3) Results

indicate

that

impact-induced

hydrothermal

activities

within

Manicouagan impact structure developed at <400 ˚C to ambient temperature.
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the

(4) Pre-impact alteration within the basement is characterized by retrograde
metamorphism from granulite to amphibolite facies, which can be distinguished
from post-impact hydrothermal alteration by the former’s high-T assemblages.
(5) Potential hot spring alteration may have developed at the collapsed rim of the
structure suggested by low-T (<100 ˚C) and high H2O-content alteration
assemblages.
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5. Oxygen isotope and fluid inclusion studies
5.1 Introduction
Stable isotope analysis can shed light on the origin or derivation of a mineral. In
cases involving fluids, such as hydrothermal alteration, the origin of the fluid and the
temperature of formation can be determined from the oxygen isotope ratio of the
hydrothermal phases. Chemical composition, crystal structure, temperature, oxidation
state, and pressure generally affect the isotopic properties of minerals (O'Neil 1977).
These factors can be narrowed down to three important controls in case of oxygen
isotopes: mineral chemistry, isotopic composition of the fluid, and temperature
(Karlsson and Clayton 1990a). For example, Taylor and Epstein (1962) reveal that highsilica minerals are more enriched in

18

O than low-silica minerals. However, this is not

true in all cases, especially with the zeolite group, in which oxygen isotope values do not
indicate any correlation with Si/Al ratios (Karlsson and Clayton 1990a). Fluid
composition and temperature are the major factors controlling the oxygen isotope ratios
of a mineral. Determination of oxygen isotope values of hydrothermally formed quartz
(and amethyst) and zeolite at Manicouagan will therefore potentially provide
information on the source of the fluids, which may provide insight into understanding
the impact-induced hydrothermal system.
As described in previous Chapters, quartz and amethyst geodes present at
Manicouagan are similar to those of the Southern Paraná volcanic province of Brazil and
Uruguay (Hartmann et al. 2012). Duarte et al. (2011) describe the source of fluid
involved in amethyst formation in the Los Catalanes gemological district, Uruguay,
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southernmost Paraná volcanic province using oxygen isotope data. Fluid temperature
and isotopic composition have an influence on variation of the oxygen isotope ratio
among silica minerals (chalcedony, fine-grained quartz, quartz, and amethyst) in the
geodes. However, Duarte et al. (2011) propose that the variation of δ18O values at
Paraná is related to an introduction of meteoric water, resulting in a change in the
isotopic composition during the formation of amethyst, rather than an increase of fluid
temperature. Therefore, the source of fluids involving in the hydrothermal system near
the base of the impact melt sheet can be determined from oxygen isotope values of
quartz and amethyst in geodes at Manicouagan.
Besides silica phases, zeolites are commonly present in veins and vugs at
Manicouagan. The oxygen isotope values of zeolite may also provide information on the
source of the fluid and zeolite formation processes. For example, Abdioglu (2012) used
oxygen isotopes (together with hydrogen isotopes) to determine the sequential formation
of zeolites (e.g., natrolite, analcime, laumonite) present in vesicles and fractures in
Tertiary alkaline volcanics from the Eastern Pontides, NE Turkey. The oxygen isotope
ratios of natrolite are in a range of +13.5 to 17.5‰, while the δ18O value of analcime is
+13.9‰. The result indicates that there is a mixing between seawater, meteoric water,
and small amounts of magmatic water during the formation of these zeolites.
5.2 Background
The fundamentals of stable isotope systematics, with respect to oxygen isotopes,
are summarized in this section. Oxygen isotope data for a mineral is reported as a ratio
(R) of heavy (18O)/light (16O) isotopes due to very small mass differences between the
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two isotopes (e.g., O'Neil 1977; Valley and Cole 2001; Allègre 2008; Hoefs 2009). The
oxygen isotope values of a mineral are measured as a ratio of the isotope versus a
standard material, expressed as follows:

δ18O =

(!!"#$%& ! !!"#$%#&% )
!!"#$%#&%

x 1000

(5.1)

The δ18O value of a mineral is reported relative to the Vienna Standard Mean
Ocean Water (VSMOW) as per mil (‰). An isotope exchange reaction between two
substances (A and B) is the most important process regarding the stable isotope study.
An equilibrium constant of the reaction is equivalent to a fractionation factor (α) at
equilibrium, which is a ratio between oxygen isotope ratios of substance A and B. The
fractionation factor equation of an isotope exchange reaction between A and B can be
expressed as:

!

αA-B = !! ≈ 1 +

! !"!! !! !"!!

!

!"""

(5.2)

The difference between oxygen isotope values between A and B (δ18OA - δ18OB)
is derived from Equation (5.2), and can be written as:
δ18OA - δ18OB = 1000ln αA-B

(5.3)

where αA-B is a fractionation factor of isotope exchange between mineral A and B. The
oxygen isotope exchange is a chemical reaction in which the activation energy is
included in the process. The fractionation factor is affected by temperature. The isotope
exchange between two minerals is a function of 1/T2, where T is the temperature in
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Kelvin. The empirical equation of the isotope reaction is shown in Equation (5.4), where
a and b are specific constants for each reaction, which can be determined
experimentally.
!

1000ln αA-B = ! ! + b

(5.4)

In this study, the oxygen isotope exchange between minerals (i.e., quartz,
analcime, thomsonite, natrolite, chabazite, amphibole) and water has been studied. The
fractionation equation for quartz-water systems of Clayton et al. (1972) is used in
calculations. The equation is expressed as:
1000ln αq-w = 3.38 x 106(T)-2 – 3.40

(5.5)

where 1000ln αq-w represents the difference between the oxygen isotope ratios of quartz
and water (δ18OQtz - δ18Owater). Temperature is in Kelvin. Equation (5.5) is valid for
temperatures of 200-500 ˚C.
The oxygen isotope of zeolites are poorly understood, and present technical
difficulties (Karlsson 2001). As a result, there is lack of experimental data on the
fractionation factor of the oxygen isotope exchange between the framework oxygens of
zeolite and water. However, alternative fractionation equations were carefully chosen for
oxygen isotope ratios of zeolites in this study, based on previous work.
O'Neil and Taylor (1967) suggest that the oxygen isotope exchange between
aluminosilicate and water is correlated with the amount of Si and Al, with a minor effect
from other cations (e.g., Na, K, Ca) in the structure. Their study was based on
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experimental data from both alkali and plagioclase feldspars. Zeolite is a family of
aluminosilicate minerals that exhibits a wide range of Si/Al ratios between phases, and
their structures are similar to feldspar. Thus, the general equation for the oxygen isotope
fractionation of the aluminosilicate-water system developed by O'Neil and Taylor (1967)
can be applied to zeolite (e.g., Stallard and Boles 1989). This is expressed in Equation
(5.6), which was derived from experimental data for feldspar (350 ˚C and 800 ˚C) and
quartz (200-750 ˚C).
1000ln αzeo-w = (2.64γ + 0.93)(106T-2) + 2.80γ -5.51

(5.6)

where γ = Si/(Si+Al) and 1000ln αzeo-w represents the difference between oxygen isotope
ratios of framework oxygen of zeolite versus water (δ18Ozeo - δ18Owater). Temperature is
in Kelvin. Karlsson and Clayton (1990a) also report the δ18O values of chabazite and
natrolite (Table 5.1), and attribute high δ18O values to low-temperature formation.
Experimental studies of oxygen isotope fractionation between analcime and
water performed by Karlsson and Clayton (1990b) suggest that the fractionation of
analcime and water at temperatures below 400 ˚C is similar to the fractionation of calcite
and water. Thus, the fractionation equation of calcite-water determined by O'Neil et al.
(1969), as written in Equation (5.7), will be used for the oxygen fractionation of
analcime-water systems.
1000ln αcal-w = 2.78 x 106(T)-2 – 3.39
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(5.7)

The 1000ln αcal-w in Equation (5.7) represents the difference between the oxygen
isotope ratios of analcime and water (δ18Oanl - δ18Owater). The temperature in Equation
(5.7) is also in Kelvin. Determination of the oxygen isotope values of analcime from
various geological environments establishes a range of δ18O values for analcime (e.g.,
Karlsson et al. 1985; Luhr and Kyser 1989; Karlsson and Clayton 1990b). The values
are shown in Table 5.1. The results can be used to distinguish different types of
analcime. Luhr and Kyser (1989) suggests that the oxygen isotope values of analcime
can be used to distinguish primary igneous analcime (P-type) from analcime occurring
in other environments, such as from a leucite precursor in igneous rocks (L-type), saline
or alkali lakes (S-type), low-grade metamorphism (M-type), and hydrothermal (H-type).
Karlsson et al. (1985) suggest a negative correlation between the δ18Oframework of
analcime and its temperature of formation; therefore, analcime formed at higher
temperature tends to have lower δ18O values, indicating depletion in 18O. Karlsson et al.
(1985) also recommend that temperature has more influence on variation in the
δ18Oframework of analcime than fluid composition, which can be applied to other zeolite
phases.
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Table 5.1 Oxygen isotope ratios (δ18O) of framework oxygen of zeolites from different
geological environments.
δ18Oa

δ18Ob

δ18Oc

per mil (‰)

per mil (‰)

per mil (‰)

Analcime Primary analcime
(P-type) forming as phenocrysts
in igneous rock
Analcime From precursors of
(L-type) primary leucite

+8.8 to +14.3

+9.2

+8.7 to +14.3

N/A

+11.1

N/A

Analcime Sedimentary deposit
(S-type) (saline or alkali lake)

+22.5 to +24.1

+17.7 to +21.0

+16.6 to +24.5

Analcime Hydrothermal
(H-type)

+8.9 to +12.3

+13.9 to +20.4

+4.3 to +26.6

Chabazite Hydrothermal
(H-type)

N/A

N/A

+21.6 to +24.7

Chabazite Sedimentary
(S-type)

N/A

N/A

+20.6

Natrolite
(H-type)

N/A

N/A

+18.2

Zeolites

a

Geological
environments

Hydrothermal

Karlsson et al. (1985)

b

Luhr and Kyser (1989)

c

Karlsson and Clayton (1990b)

The fractionation expressions in Equations (5.5) to (5.7) involve three common
variables: δ18Omineral, δ18Owater, temperature. Our goal is to determine the oxygen isotope
value of water (δ18Owater) involved in each formation, which will provide insight into the
origin of the fluids. Thus, two other variables need to be determined. The oxygen isotope
values of minerals (δ18Omineral) are measured directly from the samples. Temperatures
can be determined from fluid inclusion studies, in the case of quartz, and from
associated minerals in case of zeolite, due to an absence of fluid inclusions in the zeolite
phases.
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The origin of water, as a potential source of hydrothermal fluid, can be derived
from two geological environments (Criss 1999). The first source is the hydrosphere,
which refers to water found on, under, and over the surface of the Earth. The second
group is water from deep geological environments, including formation water,
hydrothermal fluids, magmatic water, metamorphic water, and juvenile water. The δ18O
values of different geological reservoirs are summarized in Table 5.2. The values of
formation water (trapped or pore water in rocks of sedimentary basins containing Cl-,
Ca2+, and Na+ with its ratio similar to seawater), and juvenile water (water originated
from the deep interior of the Earth) are not included in the table.
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Table 5.2 Summary of δ18O values of different geological reservoirs from Criss (1999).
Geological reservoirs
Hydrosphere
Ocean water
Meteoric waters
- Meteoric
precipitation
-

-

-

Glaciers and Ice Cap
Groundwater
a. Vadose water
b. Dilute
groundwater
c. Brines
Surface waters
a. Freshwater lakes
b. Saline lakes and
inland seas
c. River and stream
channels
Atmospheric water

Deep geological reservoirs
Hydrothermal fluid

Magmatic water

Metamorphic water

δ18Ow (‰)

0±1
+4 to -62
0.695Tavg – 13.6

Note

Uniform isotopic concentration
Correlate with air temperature, can
be estimated from the equation
where T is in ˚C.

-30 ± 15
-5 ± 15
-8 ± 7
0±4

Value decreases with depth
Water in the zone above water table

-8 ± 7
-2 ± 5
-8 ± 7
-20 ± 10
δ18O is similar to Fluid in geothermal area, as example
local meteoric a. Chloride-type water: pH ≅ 7, high
water with
salinities (Na+,K+,Ca2+,Cl-),
higher value
derived from local meteoric
water, higher δ18O values than
origin meteoric water
b. Acid-sulfate water: low pH,
contains H+, high SO42-, low Cl-,
associated with steaming ground,
mud pots, and fumaroles, derived
from local meteoric precipitation.
+5.5 to +9.5
Water in equilibrium with magma.
Magmatic water also refers to fluids
that extensively interact with
crystalline rocks at high temperature.
+3 to +20
Water in equilibrium with
metamorphic rocks at high
temperature, or extreme type of
formation water.
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5.3 Sample preparation
Quartz and amethyst samples from six different locations, shown as red stars in
Figure 5.1a, were chosen for oxygen isotope and fluid inclusion determinations. Twenty
samples were chosen for oxygen isotope analysis. Eleven samples were chosen for the
fluid inclusion study. Quartz samples collected from geodes at five locations, labelled as
Loc.1 to 5 in Figure 5.1a, are classified as BasalQtz, while the samples collected from
drill core (MAN-06-08) at location Loc.6 are referred to as IMQtz. The IMQtz formed
as void fillings and as veins within clast-free to clast-poor impact melt, as defined by
O'Connell-Cooper and Spray (2011). Three samples: 0608-131.6, 0608-405, and 0608639, were sampled at depth of 131.6 m, 405 m, and 639 m down core, which are
equivalent to 1368.4 m, 1095 m, and 861 m above basement, respectively. The first two
samples formed in association with clast-free impact melt, while the 0608-639 is
incorporated in clast-poor impact melt (Figure 5.1b). Geological settings in which the
BasalQtz occurs are illustrated in Figure 5.2. Contacts between clast-laden impact melt
and basement, or impact breccia, are visible at each location.
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Figure 5.1 (a) Sampling locations for quartz (red stars), amphibole (green diamonds),
and zeolites (yellow diamonds). Three adjacent locations are grouped together within the
white box. (b) A vertical schematic of drill core, MAN-06-08, drilled at Loc.6 in (a),
showing location of samples at various depths down the core. Modified from O'ConnellCooper and Spray (2011).

192

Figure 5.2 Field photographs illustrating geological contexts at four locations shown in
Figure 5.1a: (a) Loc.1; 19U 543788 5682984, (b) Loc.2; 19U 543499 5683784, (c)
Loc.3; 19U 543520 5683739, and (d) Loc.4; 19U 543411 5688552.
Quartz samples for oxygen isotope analysis were first separated out directly from
vesicles, veins, and slabs of the geodes. A few samples were collected from the same
geode at various distances from the geode rim in order to investigate oxygen isotope
range within the geode. Hand specimen images, shown in Figure 5.3, illustrate where the
quartz samples were examined. The extracted samples were carefully handpicked and
weighed to 2-3 mg after being cleaned and investigated under the microscope in order to
avoid any impurities. Quartz samples for fluid inclusion determination were prepared as
double polished ~120 µm thick sections mounted with CrystalbondTM by the UNB in-
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house rock preparation laboratory. The list of quartz and amethyst samples is
summarized in Table 5.3.

Figure 5.3 Hand specimen images illustrating quartz and amethyst samples chosen for
oxygen isotope determination: (a) Qtz2C, (b) 19-07-11-6, (c) 27-07-11-4.1, (d) QtzCBC.
Green stars indicate selected grains. Locations and sample details are described in Table
5.3
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Loc.

Table 5.3 List of quartz and amethyst samples for oxygen isotope and fluid inclusion
determinations.
Sample

O-isotope samples (sample ID)

Fluid inclusion samples

1

Qtz2C

Samples from the same geode at various
distance from geode rim:
- Colourless Qtz at 0.3 cm from rim
(Qtz2C-0.3)
- Colourless Qtz at 1.2 cm from rim
(Qtz2C-1.2)
- Amethyst at 2.0 cm from rim
(Qtz2C-2.0)
N/A
Sample from large amethyst graina
(QtzLoc.1-2)
Amethyst sample (QtzLoc.1-3)

Four inclusions were analyzed

Qtz2B
Loc.1-2
Loc.1-3
2

19-07-11-6

19-07-11-8
3

21-07-11-1

4

Qtz4
27-07-11-Q1
27-07-11-4.1

5

QtzCBC

6

0608-131.6
0608-405
0608-639

Samples from the same geode:
- Colourless quartz (19-07-11-6A)
- Amethyst (19-07-11-6B)
Sample from small grain colourless quartz
(19-07-11-8)
Samples from the same geode:
- Colourless quartz (21-07-11-1C-A)
- Amethyst (21-07-11-1C-B)
Sample of colourless quartz (Qtz4)
Sample of amethyst (27-07-11-Q1)
Two samples from the same geode:
- Colourless quartz at geode rim
(27-07-11-4.1-A)
- Amethyst at the centre of the geode
(27-07-11-4.1-B)
Samples from the same geode:
- Colourless quartz at geode rim
(QtzCBC-A)
- Amethyst grain (QtzCBC-B)
- Colourless Qtz adjacent to the amethyst
grain (QtzCBC-C)
Amethyst sample from vug (0608-131.6)
Colourless quartz sample from Qtz-Mag vein
(0608-405)
One colourless quartz sample from
Anh-Qtz vein (0608-639)

Six inclusions were analyzed
Unable to recognize any
inclusions
One inclusion was recognized
and analyzed
Unable to recognize any
inclusions
Unable to recognize any
inclusions
Unable to recognize any
inclusions
N/A
N/A
Unable to recognize any
inclusions

Seven inclusions were
measured
Tm and Th could not be
determined from two
inclusions.
N/A
Five inclusions were analyzed

Twenty inclusions were
analyzed
Tm and Th for one inclusion
could not be determined
a
Large grain: >5 mm. Medium grain: <5mm, Small grain: difficult to define grain boundary with
naked-eye. Abbreviation: Qtz-quartz, Mag-magnetite, Anh-anhydrite, Tm-melting temperature, Thhomogenization temperature
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Nine zeolite samples collected from nine different localities, shown as yellow
diamonds in Figure 5.1a, were chosen for oxygen isotope studies. The samples are
divided into three groups based on their geological settings. The first group was
collected from zeolite veins, which are dominated by natrolite and analcime, with a total
of six samples. One of these is from the anorthositic central uplift, while the others are
from melt-bearing breccia in Memory Bay. The second group comprises two zeolites
from an altered clast incorporated in the melt-bearing breccia, and within a grey gneiss
breccia from the west of the structure. These two samples are thomsonite and chabazite,
respectively. The last group is a vesicle-filling phase, analcime, formed within an impact
melt dike that is in contact with gneiss basement in Memory Bay (see field observations
in Section 3.4.1). The zeolite samples were prepared in a similar manner as the quartz
samples, and weighed to 2-3 mg. Details of the zeolite samples are summarized in Table
5.4.
Oxygen isotope ratios of nine amphibole samples of basement rocks collected
from various locations throughout the structure were determined. Locations of each
sample are illustrated in Figure 5.1a as green diamonds. Because of the amphibole grain
size and impurity, host rocks were crushed and cleaned in water to remove small dust
particles and mineral grains. Amphibole grains were handpicked from crushed samples
under the microscope to ~1 mm in size, which were then confirmed and identified using
micro-Raman spectroscopy. The identified grains were crushed to a smaller size,
carefully handpicked under the microscope with an average size of ~0.5 mm (avoiding
any impurities/inclusions), and weighed to 2-3 mg. Details of the amphibole samples are
summarized in Table 5.4.
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Table 5.4 List of zeolite and amphibole samples selected for oxygen isotope
determinations.
Sample

Weight (mg)

Phasea

ZeoM1
ZeoM2
ZeoM3
ZeoM4

2.25
2.83
2.58
3.08

Ntr
Ntr
Ntr
Ntr

Altered melt-bearing breccia
Altered melt-bearing breccia
Altered melt-bearing breccia
Altered melt-bearing breccia

ZeoM5

2.62

Ntr

Altered melt-bearing breccia

2.61
3.09
2.56
1.84

Thm
Ntr
Anl
Cbz

Altered anorthosite
Pristine anorthosite
Vesicular IM dike intruded in gneiss
Grey gneiss breccia

2.85
2.68
3.40
2.26
2.41
2.82
3.25
2.47
2.73

Fe2-Hbl
Hbl
Hbl
Hbl
Fe2-Hbl
Fe2-Hbl
Hbl
Fe2-Hbl
Hbl

Host rock

Zeolite

ZeoC1_P
ZeoC2_V
ZeoIM_An
ZeoW1_Ch
Amphibole
AmpW1_G
AmpW2_G
AmpW3_G
AmpW4_G
AmpW5_O
AmpE1_P
AmpE2_G
AmpC1_P
AmpC2_P

Gneiss
Gneiss
Altered gneiss
Gneiss
Gneiss
Pegmatite
Gneiss
Pegmatite
Pegmatite

a

Abbreviation from Kretz (1983); Siivola and Schmid (2007); Whitney and Evans (2010): Thmthomsonite, Ntr-natrolite, Anl-analcime, Cbz-chabazite, Hbl-hornblende, Fe2-Hbl-ferrohornblende

5.4 Analytical Method
Fluid inclusion determinations were performed on quartz samples at Saint
Mary’s University, using an Olympus BX51 visible (brightfield/darkfield)-DIC
Nomarski-UV microscope with MDS600 motorized X-Y Linkam fluid inclusion
microthermometry stage and TS1500 Linkam high temperature melt inclusion stage for
observations in visible and ultraviolet light from -190 ˚C to 1500 ˚C. Prior to the
microthermometric measurements, an optical microscope was used to investigate the
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fluid inclusions. The analytical process requires a freezing-heating technique, where the
inclusions are cooled until all liquids are frozen (approx. -100 ˚C), followed by heating
of the inclusions. As the inclusion is being heated, the frozen liquid starts to melt. The
first temperature recorded during the process is a melting temperature, Tm, where the
frozen liquid is completely melted. The second temperature is a homogenization
temperature, Th, which is a temperature where vapour disappears and the inclusion
becomes homogeneous. Isochores (P-T relations) and salinity in weight % NaCl
equivalent of the fluid were constructed from Tm and Th using the SoWat program
(Driesner 2007; Driesner and Heinrich 2007).
Oxygen isotope measurements were performed on quartz, amphibole, and zeolite
at the Stable Isotope Laboratory, University of Wisconsin-Madison using the laser
fluorination analysis method described in Valley et al. (1995) and Spicuzza et al. (1998).
UWG-2 was used as a standard for every analysis. The isotopic ratios were measured on
a Finnigan/MAT 251 mass-spectrometer integrated with the laser fluorination line. The
average δ18O values of UWG-2 garnet standard for quartz, amphibole, and zeolite
measurements are 5.78 ± 0.08‰ (n = 4), 5.73 ± 0.06‰ (n = 7), and 5.76 ± 0.06‰ (n =
5), respectively. These values are consistent with the accepted value of 5.80‰ (Valley et
al. 1995). Oxygen isotope analysis of zeolite, which is a hydrous phase, was performed
via an airlock system to prevent pre-fluorination of samples.
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5.5 Results
5.5.1

Fluid inclusions
BasalQtz samples are virtually bereft of feasible fluid inclusions, both in quartz

and amethyst (average of only 1-3 inclusions per sample). Cathodoluminescence (CL)
images were collected from a quartz grain in one of the BasalQtz samples (Qtz2B),
along with high magnification optical images of fluid inclusions. Three inclusion groups
are present here.

The images are illustrated in Figure 5.4. The two sets of these

inclusions are potentially trapped as primary inclusions, followed by later modification
causing fluids to escape and leaving most of the cavities empty, with only a few
surviving primary inclusions, as seen in Figure 5.4c and 5.4e. The last group of
inclusions shown in Figure 5.4g comprises secondary inclusions as they cross-cut the
growth zones illustrated in Figure 5.4h. Measurements were performed on both the
surviving primary and secondary inclusions. Secondary fluid inclusions in BasalQtz are
illustrated in Figure 5.5a.

Figure 5.4 (next page) Optical images (left panels) compared with
cathodoluminescense (CL) images (right panels) within the same field of view collected
from the quartz grain in Qtz2B. (a) Optical image under reflective light of the quartz
grain. (b) Stitched CL images of the quartz grain. A grain boundary is outlined in red. A
top left white box outlines area shown in (c) and (d). A top right white box outlines area
shown in (e) and (f). A bottom white box outlines area shown in (g) and (h). (c) Potential
primary inclusions group. (d) CL image showing two sets of growth planes (yellow
lines). (e) Potential primary inclusions group forming along two sets of growth plans
(yellow lines) show in CL image (f). (g) Secondary inclusions crosscut growth planes
(yellow line) shown in CL image in (h). Insets of (c), (e), and (g) are close-up images of
inclusions indicated by red arrows.
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Fluid inclusions are easier to recognize in IMQtz compared to BasalQtz, and are
present in greater numbers. The fluid inclusions in IMQtz were trapped along the growth
zones of quartz grains (Figure 5.5b) and along quartz grain boundaries (Figure 5.5c and
d). The former indicates typical primary fluid inclusion development. Fluid inclusions
occurring at intergrain boundaries between adjacent crystals also suggests a primary
origin (e.g., Van den Kerkhof and Hein 2001). Although the IMQtz inclusions are not
present along the growth planes, like primary inclusions, the IMQtz inclusions were
conceivably trapped against the last crystal faces of adjacent crystals during the latest
stages of crystal growth.

Figure 5.5 Photomicrographs of fluid inclusions. (a) Secondary fluid inclusions in
amethyst of the BasalQtz. (b) Primary fluid inclusion along growth zone in IMQtz. (c)
and (d) Primary fluid inclusions occurring along grain boundaries in IMQtz samples.
Images obtained by Dr.Jacob Hanley, Saint Mary’s University.
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As illustrated in Figure 5.5, the inclusion phases in both BasalQtz and IMQtz are
liquid (L) and vapour (V) at room temperature, which become a homogeneous liquid as
they are heated to Th. The homogenization temperatures of fluid inclusions in BasalQtz
are in the range of 243.4 ˚C to 433.7 ˚C, with an average of 333 ˚C, and from 189.2 ˚C to
422.4 ˚C for IMQtz with an average of 310 ˚C. Since the homogenization temperature is
a minimum temperature of entrapment, the best entrapment temperatures, Tt, are
estimated from the P-T relations, or isochore. Possible pressure conditions in which fluid
inclusions were trapped in the crystal are illustrated in Figure 1 by Roedder and Bodnar
(1980). The optimum pressure condition for fluid inclusions trapped in quartz at
Manicouagan is best described as lithostatic pressure in which the crystal grows beneath
the impact melt body that was still plastic during crystallization. The lithostatic pressure
is equivalent to an overburden pressure, which is the pressure imposed on rock by the
amount, or weight, of overlying material. An estimated thickness of ~300 m of the melt
sheet at Manicouagan (Floran and Dence 1976; Floran et al. 1976; Murtaugh 1976) was
used to calculate the overburden pressure. The BasalQtz, formed at the base of the melt
sheet, was overlain by ~300 m thick melt sheet while the IMQtz 0608-405 and 0608-639
crystallized at depths of ~569 m and ~803 m beneath the melt sheet, respectively. The
overburden pressure is estimated as a product of density (ρ) multiplied by gravitational
constant (g = 9.8 m/s2) and depth in metres. A density for the impact melts at
Manicouagan 2.72 g/cm3, which is averaged from densities of five impact melt units
reported by O'Connell-Cooper and Spray (2011). The result indicates a pressure of ~80
bars for the BasalQtz, which is relatively low and does not have a large effect on
temperature of formation, as seen from the isochores (see Appendix F). Thus, the
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homogenization temperature can be considered as the entrapment temperature of the
inclusions in the BasalQtz. The pressures at which the IMQtz: 0608-405 and 0608-639
samples were formed are estimated to be equal to ~152 bars and ~214 bars, respectively.
These pressures may have affected the temperature; therefore, they are applied to the
isochores to correct the entrapment temperatures of fluid inclusions in IMQtz. The
entrapment temperature data are reported in Table 5.5.
The salinity of the fluids in both BasalQtz and IMQtz are consistent, 16-24 wt%
NaCl equivalent for BasalQtz and 11-26 wt% NaCl equivalent for IMQtz, with an
average of 20 wt% NaCl equivalent for all samples. There is no salt (NaCl) crystals
present in the inclusions. The microthermometric data are displayed in Table 5.5. It
should be noted that there is limited data for BasalQtz due to lack of inclusions in these
samples.
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Table 5.5 Microthermometric data for fluid inclusions, which homogenize on vapour
bubble disappearance.
Sample
group

Sample no.
Qtz2B

BasalQtz

Loc.1-3
Qtz2C

QtzCBC

0608-405

0608-639

IMQtz

Inclusion
I.D.
2-1
2-2
2-3
2-4
2-5
2-6
4-1
7-1
7-2
7-3
7-4
8-3
8-4
8-5
8-6
8-7
C-1
C-2
C-3
C-4
C-5
3-1
3-2
3-3
3-4
3-5
3-7
3-8
3-9
3-10
3-11
3-12
3-13
3-14
3-15
3-16
3-17
3-18
3-19
3-20

Tm (˚C)

Th (˚C)

Tt (˚C)

-14.5
-18.9
-19.2
-23.5
-13.2
-16.6
-21.5
-12.1
-23.3
-17.1
-15.2
-16
-20.5
-20.6
-22
-16
-21.8
-26.4
-21.6
-22.4
-22.5
-15.7
-16.4
-9.1
-15.8
-25.5
-15.5
-24.4
-18
-11.9
-7.8
-13.3
-17.7
-10.4
-11.9
-16
-15.7
-17.2
-17.9
-15.9

295.6
314.2
370.1
421.6
255.4
325.1
433.7
252.9
328.8
316
312.3
309.4
243.4
404.6
421.9
329.5
233.7
228.8
330.4
277.8
403.9
317.8
331.4
189.2
260.8
340.1
331.4
422.4
349.7
357.8
191
303.1
383.9
296.8
321.6
308.5
317.3
332.3
321.6
311.8

295.6
314.2
370.1
421.6
255.4
325.1
433.7
252.9
328.8
316.0
312.3
309.4
243.4
404.6
421.9
329.5
240.8
235.3
334.8
284.6
395.4
332.7
345.8
201.8
272.7
353.2
345.6
415.8
358.0
364.9
203.7
318.0
386.8
308.7
335.4
323.7
332.2
342.0
331.9
322.7

Salinity
(wt% NaCl eq.)
18.2
21.6
21.8
24.6
17.1
19.9
23.4
16.1
24.5
20.3
18.8
19.4
22.7
22.8
23.7
19.4
23.6
26.4
23.4
24.0
24.1
19.2
19.8
13.0
19.3
25.9
19.0
25.2
21.0
15.9
11.5
17.2
20.7
14.4
15.9
19.4
19.2
20.4
20.9
19.4

Tm = melting temperature, Th = homogenization temperature, Tt = entrapment temperature
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5.5.2

Oxygen isotope ratio
Oxygen isotope data for all samples (quartz, zeolites, and amphiboles) are listed

in Table 5.6. The δ18O values of BasalQtz range from +23.7 to +27.4‰, while the δ18O
values of IMQtz are +10.7 to +11.3‰. The results show no relationship between the
oxygen isotope composition and the distance from the geode rim; for example, three
values from Qtz2C samples show only very slight fluctuation in the δ18O values. In
addition, there is no significant difference in the oxygen isotope composition within a
given geode, and between colourless quartz and amethyst. The δ18O values of zeolite are
between +8.1 to 13.1‰. The vein zeolites have slightly higher δ18O values (+11.3 to
13.1‰) compared to pervasively formed zeolite (+8.9‰ and +9.9‰). Analcime has the
lowest δ18O value of +8.1‰. The host rock amphiboles have the lowest δ18O values
among the three sets of samples, ranging from +3.9 to +7.0‰.
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Table 5.6 Oxygen isotope (δ18O) values of quartz, zeolites, and amphibole relative to
VSMOW.
Sample Group

Sample name

Weight (mg)

Phase

Qtz2C-0.3
2.68
Colourless Qtz
Qtz2C-1.2
2.42
Colourless Qtz
Qtz2C-2.0
2.95
Amethyst
QtzLoc.1-2
3.30
Amethyst
QtzLoc.1-3
2.92
Amethyst
19-07-11-6A
2.99
Colourless Qtz
19-07-11-6B
2.64
Amethyst
19-07-11-8
3.10
Colourless Qtz
BasalQtz
21-07-11-1C-A
2.51
Colourless Qtz
21-07-11-1C-B
2.80
Colourless Qtz
Qtz4
3.21
Amethyst
27-07-11-Q1
2.25
Amethyst
27-07-11-4.1-A
2.49
Colourless Qtz
27-07-11-4.1-B
2.47
Amethyst
QtzCBC-A
2.52
Colourless Qtz
QtzCBC-B
2.89
Amethyst
QtzCBC-C
2.74
Colourless Qtz
0608-131.6
2.91
Amethyst
IMQtz
0608-405
2.66
Colourless Qtz
0608-639
3.55
Colourless Qtz
ZeoM1
2.25
Ntr
ZeoM2
2.83
Ntr
ZeoM3
2.58
Ntr
Vein zeolites
ZeoM4
3.08
Ntr
ZeoM5
2.62
Ntr
ZeoC2_V
3.09
Ntr
ZeoC1_P
2.61
Thm
Pervasive zeolite
ZeoWI_Ch
1.84
Cbz
Void in IM
ZeoIM_An
2.56
Anl
AmpW1_G
2.85
Fe2-Hbl
AmpW2_G
2.68
Hbl
AmpW3_G
3.40
Hbl
AmpW4_G
2.26
Hbl
Amphiboles
AmpW5_O
2.41
Fe2-Hbl
AmpE1_P
2.82
Fe2-Hbl
AmpE2_G
3.25
Hbl
AmpC1_P
2.47
Fe2-Hbl
AmpC2_P
2.73
Hbl
Abbreviations: Qtz-quartz, Ntr-natrolite, Thm-thomsonite, Cbz-chabazite,
Hbl-ferrohornblende, Hbl-hornblende, IM-impact melt
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δ18O (‰)
VSMOW
23.71
26.12
27.61
23.72
25.45
26.11
25.46
26.27
25.11
24.11
24.75
25.63
26.08
26.50
27.40
26.13
26.79
10.75
10.83
11.26
11.32
12.01
13.06
11.44
12.95
11.65
8.94
9.92
8.11
5.35
3.90
5.17
6.09
7.07
5.26
5.82
6.07
4.84
Anl-analcime, Fe2-

5.5.3

Formation temperatures and δ 18O values of hydrothermal fluids
As previously discussed, the oxygen isotope values of fluids involved in mineral

formation can be determined from the fractionation equation, which requires two known
variables: the formation temperature and the oxygen isotope ratio of the mineral. The
formation temperature of quartz is equivalent to the temperature of entrapment of the
fluid inclusions. Average entrapment temperatures of fluid inclusions from each quartz
sample are applied to Equation (5.5) in order to determine the δ18O value of the fluids.
Average temperatures of 333.4 ˚C obtained from fluid inclusions in the BasalQtz, and
320.3 ˚C from the IMQtz are applied to the BasalQtz (collected from location 1 shown
in Figure 5.1) and IMQtz samples for which fluid inclusion data could not be obtained,
respectively. The results are shown in Table 5.7.

207

Table 5.7 Oxygen isotope (δ18O) values of hydrothermal fluids involved in quartz
formation calculated using the quartz-water oxygen isotope fractionation equation from
Clayton et al. (1972): 1000lnαQW = 3.38(106T-2)-3.40
Sample
Group

BasalQtz

IMQtz

Sample name
Qtz2C-0.3
Qtz2C-1.2
Qtz2C-2.0
QtzLoc.1-2
QtzLoc.1-3
19-07-11-6A
19-07-11-6B
19-07-11-8
21-07-11-1C-A
21-07-11-1C-B
Qtz4
27-07-11-Q1
27-07-11-4.1-A
27-07-11-4.1-B
QtzCBC-A
QtzCBC-B
QtzCBC-C
0608-131.6
0608-405
0608-639

δ18Omin (‰)
VSMOW
23.71
26.12
27.61
23.72
25.45
26.11
25.46
26.27
25.11
24.11
24.75
25.63
26.08
26.50
27.40
26.13
26.79
10.75
10.83
11.26

δ18Ofluid (‰)
VSMOW
16.9
19.3
20.8
17.9
22.1
20.3
19.7
20.5
19.3
18.3
19.0
19.8
20.3
20.7
21.9
20.6
21.3
4.55
3.88
5.25

Tt (˚C)
302.5
302.5
302.5
333.4
433.7
333.4
333.4
333.4
333.4
333.4
333.4
333.4
333.4
333.4
341.8
341.8
341.8
320.3
298.2
326.1

The δ18O values of the zeolites present at Manicouagan are in the low value
range compared to zeolites observed in other geological environments, which suggests
that the zeolites are formed at relatively high temperature (Karlsson and Clayton 1990a).
Because of no fluid inclusions trapped in the zeolite phases, the formation temperatures
are estimated from their assemblages and the thermal stability field of associated phases.
Temperature conditions at which chabazite, thomsonite, natrolite, and analcime are
formed are estimated from the thermal stability fields of coexisting phases (i.e.,
chabazite-stilbite,

thomsonite-natrolite,

chabazite-analcime),

and

the

formation

temperatures of these phases at geothermal areas in Iceland reported by Kristmannsdóttir
and Tómasson (1978). The formation temperature of chabazite and analcime is 75-100
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˚C and 100-150 ˚C, respectively. In the case of natrolite and thomsonite, an experimental
study of natrolite formation performed by Burley (1956) suggests that natrolite occupies
a similar stable P-T space as thomsonite. Chipera and Apps (2001) suggest that the
thermal stability field of natrolite is similar to thomsonite, with a slight extension
towards the low temperature field and narrower range of temperature (thomsonite; 70250 ˚C, natrolite; 100-200 ˚C; Senderov 1988). Chipera and Apps (2001) also suggest
that, at a given temperature where both natrolite and thomsonite are stable, aqueous
silica activity has a major influence rather than temperature in controlling the presence
of thomsonite with natrolite. Thus, the same formation temperature range of 100-200 ˚C
is applied to thomsonite and natrolite formation. The δ18O values of fluid involved in the
formation of zeolites can be estimated from Equations (5.6) and (5.7). The Si/Si+Al
ratios (TSi) of zeolites, determined by Energy Dispersive X-ray Spectroscopy (EDS)
attached to the FESEM, are required to calculate the δ18Ofluid values of thomsonite,
natrolite, and chabazite in Equation (5.7). Due to a range of formation temperature of
zeolites, the δ18Ofluid values were estimated as an interval of potential oxygen isotope
ratios of fluids. The results are shown in Table 5.8.
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Table 5.8 Oxygen isotope (δ18O) values of hydrothermal fluids involved in zeolite
formations.
Sample
Group

Vein zeolites

Sample
name

Phase

TSia

ZeoM1
ZeoM2
ZeoM3
ZeoM4
ZeoM5
ZeoC2_V
ZeoC1_P
ZeoWI_Ch
ZeoIM_An

Ntr
Ntr
Ntr
Ntr
Ntr
Ntr
Thm
Cbz
Anl

0.610
0.610
0.610
0.610
0.610
0.607
0.543
0.712

δ18Omin (‰)
VSMOW

T (˚C)

δ18Ofluidb (‰)
VSMOW

11.32
12.01
13.06
11.44
12.95
11.65
8.94
9.92
8.11

100-200
100-200
100-200
100-200
100-200
100-200
100-200
75-100
100-150

-3.14 to 3.77
-2.45 to 4.46
-1.40 to 5.51
-3.02 to 3.89
-1.51 to 5.40
-2.74 to 4.14
-4.06 to 2.37
-9.76 to -6.76
-8.48 to -4.04

Pervasive
zeolite
Void in IM
a
TSi = Si/(Si+Al)
b
Oxygen fractionation equation from O'Neil and Taylor (1967) is used for thomsonite (Thm),
natrolite (Ntr), and chabazite (Cbz) fractionation. The equation from O'Neil et al. (1969) is used for
analcime (Anl).

5.6 Discussion
As mentioned earlier, some of the fluid inclusion assemblages in the BasalQtz
are secondary (Figure 5.4g-h and 5.5a). These inclusions were trapped after initial
crystal growth. However, flow textures in amethyst geodes (Figure 5.6) suggest that the
impact melt hosting the geode was still deformable at the time of geode formation.

Figure 5.6 Flow texture preserved in amethyst geode near the base of the melt sheet.
This geode corresponds with Qtz2C samples belonging to the BasalQtz group.
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If quartz precipitated while the impact melt was still plastic, it is more likely that
modification of the crystal, especially at the micro-scale, could take place not too long
after the first initial growth. Thus, entrapment temperatures of the secondary fluid
inclusions may represent the temperature just below the initial formation temperature of
the BasalQtz. Moreover, there is no significant difference in the temperature measured
among the BasalQtz samples. Nevertheless, it should be noted that the true entrapment
temperature of the BasalQtz could be somewhat higher than the temperature obtained
from the secondary fluid inclusions.
The quartz fluid inclusions are considered low-to-moderate salinity (16-24 wt%
NaCl eq.) in which they are unsaturated at room temperature; hence, there are no salt
crystals present (Roedder and Bodnar 1980). Melting temperatures, upon heating of the
frozen inclusions, are below the eutectic points of H2O-NaCl and H2O-KCl systems
(-21.2 ˚C and -22.9 ˚C, respectively), which suggests that the liquid phase of the
inclusion is a salty aqueous liquid containing NaCl and CaCl2 as the dominant salt
phases (Bodnar 2003). The vapour phase of the inclusions is mainly water vapour,
potentially containing small amounts of CO2. Because there is no visible CO2 phase at
room temperature; the fluid must contain less than 4 mol% of the total fluid composition
as CO2. The entrapment temperatures (Tt) are plotted against the salinity of the fluids in
Figure 5.7. This shows that the properties of the hydrothermal fluids involved in both the
BasalQtz and IMQtz formation have similar compositions, which suggests comparable
conditions of formation. The impact melt sheet, which is derived from the country rocks,
and the underlying basement rocks most likely have similar compositions, which could
explain the similarity of chemical composition (resulting in salinity) in both formations
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regardless of the origin of the fluid.

Figure 5.7 A diagram showing the relationship between entrapment temperature, Tt
(vertical axis) and salinity of fluid in weight% NaCl equivalent (horizontal axis). Circles
represent data obtained from the BasalQtz. Triangles represent data from the IMQtz.
Despite an inability to distinguish the fluid source of the BasalQtz and IMQtz
formations using fluid inclusion data, the origin of the fluids can be identified by
combining the δ18O values with the fluid inclusion data. Diagrams illustrate that two
groups of fluids can be generated by applying the δ18O values to the inclusions data, and
then calculating the δ18Ofluid values for each inclusion. Plots of the δ18O values of fluids
against entrapment temperatures and salinity of the fluids are shown in Figure 5.8a and
b, respectively. According to the diagrams, there are two groups of data. One of which
has high δ18Ofluid values, representing the fluid involved in the BasalQtz formation
(circular data points in Figure 5.8); the other group has low δ18Ofluid values, which
represents the fluid involved in the formation of IMQtz (triangular data points in Figure
5.8).
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Figure 5.8 Diagrams showing the δ18Ofluid values (horizontal axis) plotted against (a)
entrapment temperatures, Tt, and (b) salinity of the fluid. The plots show two groups of
data having different oxygen isotope ratios. Triangles (red outlines) represent data
obtained from the IMQtz. Circles (yellow outlines) represent data from the BasalQtz.
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The δ18Ofluid of quartz suggests that the fluids involved in the formation of the
BasalQtz and IMQtz samples had different origins. The fluids of the BasalQtz samples
have relatively high δ18O values (+16.9‰ to +22.1‰), while the δ18Ofluid values
obtained from the IMQtz are low (+3.9‰ to +5.2‰). By comparison with oxygen
isotope values of natural reservoirs (Taylor 1968; Rollinson 1993; Hoefs 2009), the high
δ18Ofluid values suggest that the fluid involved in the BasalQtz was derived from
metamorphic sources, as illustrated in Figure 5.9. The δ18Ofluid values of IMQtz suggest
that the IMQtz samples are associated with an igneous system (Figure 5.9), which
equates with their field relations (i.e., the melt sheet).
The IMQtz, which developed some distance from the basement rocks, more
likely developed during impact melt solidification, similar to granitic melts (King and
White 2004). Dissolved water in the impact melt exsolved as fluid H2O while
crystallization was taking place, as expressed in King and White (2004) as:
Magma with dissolved H2O à Crystals + H2O (fluid phase)
The fluid phase may have been trapped in gas bubbles, and dissolved silica from
the host rock, followed by crystallization of quartz in vugs and vesicles as the impact
melt cooled.
Conversely, the BasalQtz formation process may begin with cavities formed as
the liquid impact melt sheet flowed over basement rocks. Water released from baked
basement rocks, flowed upward, and then circulated through the cavities via cooling
joints. Once temperature decreased and the silica content reached the appropriate
conditions for quartz formation, quartz started to crystallize and form in geodes during
the end of impact melt solidification. The quartz crystals in the geode may have been
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disturbed and modified during the very last stage of solidification of the impact melt,
which resulted in the formation of secondary fluid inclusions in the BasalQtz grains.
Both formations, BasalQtz and IMQtz, appear to be closed systems, and are not
connected; although the formation conditions were similar. Separation of the two
formations also suggests low permeability of the impact melt sheet. The oxygen isotope
values also indicate no, or very slight, association of meteoric water in the formations,
especially in the BasalQtz formation. The source of the metamorphic water was
probably water released from hydrous phases within the basement rock as a result of
being baked by the overlying superheated melt sheet. Biotite and amphibole are the two
most abundant hydrous phases in the basement rocks at Manicouagan. However, the
δ18O values of amphibole as shown in Table 5.5 are relatively low compare to the
δ18Ofluid values obtained from the BasalQtz. This suggests that amphibole may not be the
major source of the fluid, which places biotite as the critical source of the metamorphic
fluid. Unfortunately, the oxygen isotope determination of biotite could not be done in
this study due to limitation in access to the analytical instrument. However, the
metamorphic origin of the fluid involved in BasalQtz formation is still preferred due to
the high δ18Ofluid value obtained.
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Figure 5.9 Oxygen isotope values of fluids (δ18Ofluid) involved in zeolite (green) and
quartz (blue) formations in comparison with oxygen isotope values of natural reservoirs
(yellow) including metamorphic, magmatic, meteoric, and sea water. The δ18O values of
Triassic meteoric water is shown in brown. Zeo_IMVoid, Zeo_GreyGneissBreccia,
Zeo_CentralUplift, and Zeo_MeltBearingBreccia indicate the δ18Ofluid values of zeolite
formation in impact melt dike, grey gneiss breccia, anorthositic rocks of central uplift,
and in altered melt-bearing breccia, respectively. BasalQtz and IMQtz indicate the
δ18Ofluid values of quartz and amethyst formation within the basal- and intra- melt sheet,
respectively. Modified from Rollinson (1993) and Hoefs (2009).
The δ18O values of fluids involved in the formation of zeolites have a positive
correlation with temperature in which lower values are derived from the lower thermal
stability limit and vice versa. Relationships between the δ18O values of fluids and
formation temperatures of zeolites are illustrated in Figure 5.10. The δ18O values range
from a maximum of +5.5‰ and a minimum of -9.8‰. These low δ18Ofluid values,
especially negative values, indicate that the fluids were derived from meteoric water as
illustrated in Figure 5.9. Moreover, the δ18Ofluid values are comparable to the δ18O values
of meteoric water during the Manicouagan impact event (Triassic), which is estimated
from the equation: δ18O ≅ 0.695Tavg - 13.6; where Tavg is an average global temperature
during the Triassic (~12-22 ˚C; Criss 1999; Scotese et al. 1999; Royer et al. 2004). The
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calculation suggest δ18O values of -5.26‰ to 1.69‰ for meteoric water at the time of
the impact event. However, the actual δ18O values would be 1-4‰ lower than the
calculated values (Criss 1999). Therefore, the meteoric precipitation during Triassic
would have approximated δ18O values in a range of -9.26‰ to -2.31‰ as illustrated in
Figure 5.9.

Figure 5.10 The potential oxygen isotope values of fluids (δ18Ofluid; horizontal axis)
involved in the formation of zeolites versus formation temperature (vertical axis). The
blue dashed-line outlines data obtained from zeolites within the melt-bearing breccia
(natrolite; ZeoM1, ZeoM2, ZeoM3, ZeoM4, ZeoM5) and central uplift (natrolite;
ZeoC2_V, thomsonite; ZeoC1_P). The green dashed-line outlines data obtained from
analcime within an impact melt dike (ZeoIM_An) and chabazite from the grey gneiss
breccia (ZeoWI_Ch). Temperatures labelled on the diagram represent formation
temperature for each phases.
The fluids involved in the formation of zeolites within the melt-bearing breccia
and central uplift (blue dashed outline in Figure 5.10) have higher oxygen isotope ratios
than the zeolites from the impact melt dike and grey gneiss breccia (green dashed outline
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in Figure 5.10). The relatively high values may indicate a mixing of meteoric water with
metamorphic water, which was released from hydrous phases within heated basement in
contact with the melt-bearing breccia and anorthositic host rock of the central uplift. The
fluid involved in the formation of chabazite in the grey gneiss breccia has the lowest
δ18O among the studied zeolites, and does not show potential mixing of different sources
of water. Due to its geological context and formation conditions, hydrothermal alteration
within the grey gneiss breccia, located at the collapsed rim of the structure, potentially
developed as a hot spring. The δ18Ofluid value also suggests that meteoric water may have
been introduced into the area after the impact, and that the low-temperature zeolite
phases (i.e., chabazite and stilbite) formed as products of heated meteoric water reacting
with the grey gneiss breccia. In the case of analcime formation in the impact melt dike,
vesicles were formed as gas bubbles released from the impact melt as it cooled.
However, the δ18Ofluid value does not indicate magmatic water as the fluid involved in
the crystallization of minerals in the vesicles. The δ18O values indicate the possibility of
meteoric water being introduced into the system during late stage impact melt cooling.
In addition, the δ18O value of +8.11‰ obtained from analcime is in agreement
with oxygen isotope values of H-type analcime (Figure 5.11), which is precipitated from
hydrothermal fluid at formation temperatures between 50 to 350 ˚C (Karlsson et al.
1985). However, the relatively low δ18O value of the analcime, compared to other Htype analcimes, suggests that analcime was more likely to be formed in a moderate
temperature H-type regime.
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Figure 5.11 The δ18O values of P-type, H-type, and S-type analcime showing
temperature conditions. The δ18O value of 8.11‰ is from analcime formed in vesicular
impact melt at Manicouagan, suggesting an H-type origin for analcime, with formation
temperatures of 50-350 ˚C. Data from Karlsson and Clayton (1990b).

5.7 Summary
(1) Fluid inclusion studies performed on hydrothermal quartz provide information on
the temperatures of formation and chemistry of the fluids. The results indicate
similar temperatures of formation of quartz in geodes within the basal melt sheet (an
average of 333 ˚C) and in the intra-melt sheet (an average of 320 ˚C). The results
also indicate an average salinity of 20 wt% NaCl equivalent for hydrothermal fluids
involved in both generations of quartz.
(2) Hydrothermal fluids involved in the formation of quartz, and amethyst, in the
geodes within the basal-melt sheet have δ18O values of +16.9‰ to +22.1‰. The
oxygen isotope ratios suggest a metamorphic origin of the hydrothermal fluids,
which potentially were released from biotite and other hydrous phases, but probably
not amphibole, from the basement rocks.
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(3) The oxygen isotope (δ18O) values of the hydrothermal fluid obtained from quartz of
the intra-melt sheet are in the range of +3.9‰ to +5.2‰, suggesting a magmatic
origin, with the potential of mixing with meteoric water.
(4) The δ18O values of the fluids obtained from zeolites suggest that meteoric water was
involved in the formation of zeolites in the melt-bearing breccia, central uplift,
impact melt dike, and grey gneiss breccia with values of -3.14‰ to 5.5‰, -4.06‰
to 4.14‰, -8.48‰ to -4.04‰, and -9.76‰ to -6.76‰, respectively. The values are
equivalent to the estimated δ18O values of meteoric water (-9.26‰ to -2.31‰) at the
time of the impact (Triassic; ~214 Ma).
(5) The relatively high δ18O values of hydrothermal fluids involved in zeolite formation
within the melt-bearing breccia and central uplift suggest that metamorphic water
may have been involved in their formation.
(6) Due to absence of meteoric water involved in the formation of quartz geodes within
the basal-melt sheet as indicated by the oxygen isotope ratios, it is suggested that
significant amounts of meteoric water pervaded the base of the melt sheet at the end
of the hydrothermal process resulting in an alteration of the melt-bearing breccia. As
a consequence, abundant amounts of zeolites were deposited within the meltbearing breccia.
(7) Further investigation of the oxygen isotope ratio of basement biotite may shed light
on the source of the metamorphic fluid involved in geode formation at the base of
the impact melt sheet.
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6. The hydrothermal system developed within the central uplift
6.1 Introduction
As described in Chapter 1, a central uplift is developed in complex impact
structures during the modification stage. The inward and upward movement of the crater
floor and underlying materials creates a stratigraphic uplift structure within the crater
(e.g., central peak, ring basin; Collins et al. 2012). The stratigraphic uplift is
approximately equal to one-tenth of a final crater diameter (Ivanov et al. 1986).
Within the central uplift, there are three possible heat sources involved in the
development of hydrothermal systems. The main heat source is the impact-generated
melt sheet, which has a maximum resting temperature of 1700 ˚C to 2000 ˚C (Zieg and
Marsh 2005; Spray et al. 2010). The second heat source is residual heat from
exhumation of the rock, which was elevated from depth due to the impact event.
According to the dimensions of the Manicouagan impact structure, the anorthosite was
assumed to be buried at a maximum of 10 km depth under a geothermal gradient of 25
˚C/km (Grieve et al. 1981; Grieve and Pilkington 1996). Biren et al. (2014) suggest
another assumption based on (U-Th)/He dating of titanite from the central uplift at the
Manicouagan: that the anorthosite may have been buried at a shallower depth,
approximately 7 km, with a steeper geothermal gradient of 35 ˚C/km. The third heat
source is waste shock heat, which is deposited when the shock wave passes through the
target. Pressure decreases further away from the contact between the target and the
projectile.
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This Chapter focuses on calculations of the shock pressure and relative waste
shock heat using the physical properties of rocks and the Hugoniot equations, as well as
investigation of hydrothermal activity developed within the central uplift.
6.2 Shock wave and waste shock heat calculation
6.2.1

Background
Shock waves are generated right at the projectile-target interface, and then travel

into both directions: into the target and into the projectile. Materials are compressed as
the shock waves propagate through them. Compressed materials are left behind the
shock front while uncompressed materials are in front, as illustrated in Figure 6.1.
Thermodynamic properties, including particle velocity (u), density (ρ), pressure (P), and
internal energy (E) of the compressed and uncompressed material are distinct (Melosh
1989; Collins 2002). The shock front moves with velocity U. The subscription o
indicates properties within the uncompressed material, which are considered as initial
properties of the material.

Figure 6.1 A simple sketch illustrates physical properties, including particle velocity
(u), density (ρ), pressure (P), and internal energy (E) per unit mass of compressed and
uncompressed material (subscript o) as the shock wave passes through with shock front
velocity of U. Modified from Melosh (1989).
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Relationships between these thermodynamic properties can be described using
the Hugoniot equations derived from the conservation of mass, momentum, and energy,
as written as the following equations:
Conservation of mass

ρ(U - u) = ρoU

Conservation of momentum
Conservation of energy

(6.1)

P-Po = ρouU
E – Eo =

!
!

(6.2)
!

!

(P+Po)(Vo-V) ; 𝑉 = ! , 𝑉! = ! (6.3)
!

In addition to the Hugoniot equations, an equation of state of rock is used to
describe the thermodynamic properties of the material. The equation of state can be
expressed as P-V, P-U, P-u, or U-u relations (Sharp and DeCarli 2006). Ahrens and
Johnson (1995) report shock wave equations of state data for rocks in a form of the U-u
relationship as shown in the following equation:
U = Co + Su

(6.4)

Co and S are constants derived from initial density and mass fraction of
component oxide in each rock (Ahrens and Johnson 1995). These four equations are
useful in terms of solving for any properties stated in these equations.
The shock waves travel away from a projectile-target contact into the projectile,
hit the rear (free-surface) of the projectile and then reflect back into the compressed
projectile. The reflected wave is called rarefaction, which is a pressure release wave.
The rarefaction decompresses the material causing expansion of the material, which
results in a decrease of the shock pressure (Gault and Heitowit 1963). The shock
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compression-decompression process causes a change in energy related to different shock
process paths. The energy change can be shown in a Hugoniot P-V plane, as illustrated
in Figure 6.2 (Gault and Heitowit 1963; Melosh 1989). The rarefaction decompresses
material from pressure P to zero along the release adiabatic path. By assuming that there
is no phase transition during the process, the release adiabatic path falls on the right of
the Hugoniot curve (Figure 6.2) due to thermal expansion. However, the thermal
expansion coefficients of rocks and minerals are generally low, so that the release
adiabatic curve can be estimated as the Hugoniot curve in order to simplify further
calculation. Moreover, the Hugoniot curve and the release adiabatic path represent
different thermodynamic meanings. The former represents a discontinuous process while
the latter represents a continuous thermodynamic process. The total internal energy (EEo) generated as the shock waves compress the material, from initial specific volume (V0)

and zero pressure to specific volume V and pressure P, is equal to an area of a triangle

within a dashed-line along the Rayleigh line and P-V axes as shown in Figure 6.2. A
portion of the total internal energy is converted and used to expand the materials during
the decompression. This convertible, or reversible, energy is equal to an area under the
Hugoniot curve and P-V axes (Figure 6.2). The reversible energy will be referred to as
the Hugoniot Energy (Eh). The rest of the total internal energy, shaded area in Figure
6.2, is irreversible energy, which is deposited in the shocked material, and so is called
waste shock heat (Ew). The waste shock heat is added to the rock, which results in an
increase in temperature of the rocks after being shocked. Waste shock heat is a possible
heat source that drives hydrothermal alteration within the central uplift. The amount of
waste shock heat deposited in the material depends on the strength of the shock wave.
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Figure 6.2 A P-V diagram showing the shock compression-decompression process and
its related energy. Shock waves compress material from specific volume Vo to V along
the Rayleigh line to generate a total internal energy equal to an area under the dashed
line. Rarefaction decompresses the material from pressure P to 0 approximately along
the Hugoniot curve with a release of reversible energy represented as an area under the
Hugoniot curve and the dashed line parallel to the P and V axes. The difference between
the total internal energy and the reversible energy is waste shock heat indicated by the
shaded area. Modified from Melosh (1989) and Gault and Heitowit (1963).

6.2.2

Calculations method
Shock waves attenuate as they propagate through the target with two different

attenuation rates, demonstrated in Figure 6.3 (Ahrens and O’Keefe 1977; Croft 1982;
Melosh 1989; Collins 2002). Shock pressure slowly decays over an area from the point
of impact to approximately one projectile radius (ro). This regime is referred as the
isobaric core where materials experience approximately the same pressure. Shock
pressure attenuates faster at the distance greater than one projectile radius from the
impact point (r > ro), labelled as the shock attenuation zone in Figure 6.3.
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Figure 6.3 A simple sketch illustrating two shock pressure regimes. The isobaric core, a
yellow hemisphere, is assumed to have constant pressure. Further away from the
isobaric core, the shock waves attenuate as they travel away from the projectile-target
contact.
The maximum shock pressure, Pmax, generated from the impact can be estimated
using the planar impact approximation (Gault and Heitowit 1963; Melosh 1989; Collins
2002). A key of the planar impact approximation is that the projectile and the target
behind the shock (compressed materials) experience the same pressure and particle
velocity. A collision of a projectile on the target is simplified as a one-dimensional
event, illustrated in Figure 6.4, where the material properties of the projectile and the
target are labelled. An infinite sheet with thickness of one projectile radius (ro) and an
infinite half-space represent the projectile and the target, respectively. The projectile
vertically slaps on the target with impact velocity vi. Shock waves generated at the
contact surface propagate into the projectile and the target with shock velocity Up and
Ut, respectively. The planar impact approximation does not account for an effect of the
rarefaction; therefore, the calculation is only valid within one projectile radius (the
volume of the isobaric core).
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Figure 6.4 The planar impact approximation diagram illustrates the material properties
of the projectile and the target during the contact and compression stage. (a) The
projectile, an infinite sheet of thickness ro, density ρo,p, internal energy Eo,p, pressure Po,p
vertically slaps on the target, an infinite half-space with density ρo,t, internal energy Eo,t,
pressure Po,t, with velocity vi. (b) Shock waves propagate into the projectile and the
target and compress the materials. Compressed projectile and target experience the same
pressure P, but different particle velocities up,c and ut,c in the projectile and target,
respectively. (c) Toward the end of compression stage, particle velocities of the
compressed projectile (up) and target (ut) are identical (avoiding interpenetration), and
equal to vi-up,c.The planar impact approximation is valid within one-projectile radius of
shock wave propagation. Adapted from Collins (2002) and Melosh (1989).
The shock wave calculations can be explained in three steps. First, the maximum
shock pressure developed in the isobaric core is estimated using the planar impact
approximation. Additionally, an average pressure, Pa, within the isobaric core is
approximately equal to 67 percent of the maximum shock pressure (Croft 1982).
Second, shock attenuation is calculated after the method of Sharp and DeCarli
(2006). The final step is to calculate the waste shock heat deposited in the central uplift
and the total post-shock temperature (Gault and Heitowit 1963).
In this study, the host rock at the central uplift was assumed to be located at
depth of 9 km prior to the time of the impact under a geothermal gradient of 30 ˚C/km,
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giving a pre-impact temperature of the host rock of ~270 ˚C before it was brought up to
the surface. Even though the host rock at the central uplift is mostly anorthosite, gneiss
is also a major component. To yield a better-estimated shock pressure and post-shock
temperature of the central uplift, the shock wave calculation is performed under two
circumstances. One assumes that the target is gneiss; the other has anorthosite as the
target. The projectile is assumed to be an achondrite with a 5 km diameter, hitting the
target with impact velocity of 12 km/sec. The high density basalt present in Ahrens and
Johnson (1995) is assumed to be representative of the projectile due to the similar
densities of achondrite and basalt.
6.2.3

Shock pressure at the isobaric core
The Hugoniot equations (Equation 6.1, 6.2, and 6.3) and equations of state

(Equation 6.4) are tools to solve for the maximum shock pressure developed in the
isobaric core. The planar impact approximation is used to mathematically solve for the
solution. The equations of state data for all rocks participating in the impact event are
from Ahrens and Johnson (1995) shown in Table 6.1.
Table 6.1 Equations of State of Rocks from Ahrens and Johnson (1995)
Rock name
Projectile Basalt
Target
Gneiss
Anorthosite

Sample density
(Mg/m3)
3.2
2.79
2.774

Co
(km/sec)
4.96
5.3
2.68
5.73
3.2
4.45

S
0.88
0.2
1.54
0.07
1.46
1.23

lower u
(km/sec)

upper u
(km/sec)

0.704
1.788
0
1.99
4.99

1.788
6.047
1.99
4.99
28.65

Equation of State : U = Co + Su ; Abbreviation: U - shock velocity, u – particle velocity
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6.2.3.1 The particle velocity of compressed target at the compression stage (ut)
The first step is to establish the equations of state for the target and the projectile:
Equation of state for the target

Ut = Co,t + Stut

(6.5)

Equation of state for the projectile

Up = Co,p + Spup

(6.6)

To simplify the calculation, an initial pressure Po can be neglected due to P >> Po
during the hypervelocity impact (Gault and Heitowit 1963), thus Equations (6.2) and
(6.3) can be rewritten as:
Conservation of momentum
Conservation of energy

P = ρouU
E – Eo=

!
!

(6.7)
!

!

P(Vo-V) ; 𝑉 = ! , 𝑉! = !

!

(6.8)

During shock wave propagation (Figure 6.4b), the shock pressure (P) and the
particle velocity of the compressed projectile and target (up,c and ut,c , respectively) are
identical, but the internal energy (E) and density (ρ) depend on the initial properties of
the materials. Combining Equations (6.5) and (6.6) with Equation (6.7) gives pressure
equations for the target and the projectile during shock wave propagation:
For the target

Pt = ρo,tut,c(Co,t + Stut,c)

For the projectile

Pp = ρo,pup,c(Co,p + Spup,c)

(6.9)
(6.10)

The projectile and the target experience the same high pressure so that Pt = Pp
gives:
ρo,tut,c(Co,t + Stut,c)

=
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ρo,pup,c(Co,p + Spup,c)

(6.11)

During compression (Figure 6.4c), the shock waves hit the back of the target and
travels back toward the contact as a rarefaction with velocity vi-Up. The particle
velocities of both compressed projectile and target (up and ut, respectively) remain
identical following the planar impact approximation, which prevents an interpenetration
of the target and projectile particle velocities. Within the reference frame of the target,
the particle velocity of the compressed target (ut) is equal to the particle velocity during
the propagation stage (ut,c). The particle velocity of the compressed projectile (up) is
equal to a difference between the impact velocity (vi) and the particle velocity during the
propagation (up,c), since they are travelling in different directions. The relationship can
be expressed as Equation 6.12:
ut = ut,c = up = vi - up,c

(6.12)

Equation (6.12) can be rearranged to up,c = vi - ut, and then substitutes ut,c (with
ut) and up,c in Equation (6.11) to solve for ut which gives:
ρo,tut(Co,t + Stut)

=

ρo,p(vi - ut)[Co,p + Sp(vi - ut)]

(6.13)

The ut can be treated as a quadratic equation:

ut =

!!± ! ! !!!"
!!

(6.14)

where the A, B, and C constants are defined as:
A = ρo,tSt - ρo,pSp

(6.15)

B = ρo,tCo,t + ρo,pCo,p + 2ρo,pSpvi

(6.16)

C = -ρo,pvi(Co,p + Spvi)

(6.17)
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6.2.3.2 Maximum shock pressure (Pmax) and average shock pressure (Pa) calculation
The maximum shock pressure, Pmax, produced at the projectile-target contact is
estimated using Equation (6.7), where U is calculated from the linear relationship
between U and up of the target (Equation 6.5):
Pmax = ρo,tut (Co,t + Stut)

(6.18)

An average shock pressure developed within the isobaric core is estimated
through equation:
Pa ≅ 0.67Pmax

(6.19)

The average pressure is treated as an initial shock pressure, which attenuates
beyond the isobaric core (shock attenuation zone in Figure 6.3).
6.2.4

Shock attenuation at r > ro and waste shock heat
As noted earlier, the shock pressures decay faster at the distance greater than one

projectile radius. The rate of the attenuation can be expressed as (Ahrens et al. 2002;
Collins 2002):

P(r) = Pa

! !
!!

(6.20)

where Pa is an average shock pressure, P(r) is a pressure at the given radius r from the
impact point, and ro is a radius of the projectile. In case of the Manicouagan impact
event, the radius of the projectile is 2.5 km. The exponent of the pressure decay, or the
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attenuation index n, is given as a function of impact velocity vi (Ahrens and O'Keefe
1987) written as:
n = -0.625 log(vi) – 1.25

(6.21)

First, pressures at distance r, P(r), are calculated using Equation (6.20). Next, the
particle velocities ut at the distance r are determined by combining Equation (6.5) and
(6.7) and treated as a quadratic equation to give:

ut =

!(!!,! !!,! )± (!!,! !!,! )! !!(!!,! !! )(!!)
!(!!,! !! )

(6.22)

Replacing the constants (ρo,t , Co,t , and St) in Equation (6.22), for example,
substitution the values for the gneiss target gives:

ut(gneiss) =

!!.!""#± !!.!"#$!!".!"#$!
!.!"#$

(6.23)

Once the particle velocity is defined for every pressure, Ut can be calculated
from Equation (6.5). The specific volume (V), total energy (E-Eo), Hugoniot Energy
(Eh), and waste shock energy (Ew) are determined following the method explained in
Appendix A of Sharp and DeCarli (2006).
6.2.4.1 Waste heat temperature estimation
An increase in temperature as a result of the waste shock heat is referred as a
waste heat temperature, ΔTwaste. The temperature depends on amount of deposited waste
shock energy and the specific heat capacity (Cp) of rock, which is a function of

232

temperature. Thus, the pre-shock temperature of gneiss and anorthosite needs to be
considered. To identify the specific heat capacity of rock at given temperature T, Waples
and Waples (2004) developed the normalized heat capacity (Cpn) equation for rock:
Cpn,T = (8.95x10-10)T3 - (2.13x10-6)T2 + 0.00172T + 0.716

(6.24)

Equation (6.24) is used to solve for the specific heat capacity at temperature T2,
where the specific heat capacity, with the same unit, at temperature T1 is known:

𝐶!,!! = 𝐶!,!!

!!",!!
!!",!!

(6.25)

For instance, determination of the specific heat capacity of gneiss at 270 ˚C,
where T1 = 20 ˚C, Cp,T1 = 979 J/kg/K (Waples and Waples 2004), T2 = 270 ˚C, and Cp,T2
is an unknown, is performed in two steps. First, the normalized heat capacities at both
temperatures are determined using Equation (6.24). Next, Equation (6.25) is applied to
obtain the specific heat capacity of the gneiss at 270 ˚C. The same method is applied to
the anorthosite, except its specific heat capacity at 20 ˚C (Cpn,T1) is estimated using
Kopp’s law. The equation is shown as Equation (6.26), where ni and Cp,i are the volume
fraction and the specific heat capacity of the individual phase N, respectively (Clauser
2011):
𝐶! =

!
!!! 𝑛! 𝐶!,!
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(6.26)

The volume fractions of each phase are from Biren and Spray (2011). The
specific heat capacity of gneiss and anorthosite and related values are shown in Table
6.2.
The waste shock temperature is obtained by dividing the waste shock energy by
the specific heat capacity.
Table 6.2 The normalized heat capacity (Cpn) and specific heat capacity (Cp) of rock
Rock type
Gneiss
Anorthosite

T1
(˚C)
20
20

Cpn,T1
0.7496
0.7496

Cp,T1
(J/kg/K)
979a

T2
(˚C)
270

1.0427

Cp,T2
(J/kg/K)
1361.93

b

270

1.0427

1046.76

752.45

Cpn,T2

a

Waples and Waples (2004)
Calculated using Kopp's Law, Equation (6.26). Volume fractions of minerals: labradorite0.8495, orthoclase-0.0322, nepheline-0.0682, diopside-0.0380, olivine-0.0094, ilmenite0.0018, magnetite-0.0006, apatite-0.0004. Data from Biren and Spray (2011).
b

6.2.5

Results
Table 6.3 summarizes the calculated results of both cases: gneiss and anorthosite

targets. The results indicate Pmax of ∼197 GPa for both calculations. The average shock
pressure (Pa) within the isobaric core is approximately equal to 67% of Pmax which is
~133 GPa. This shock pressure attenuates when it propagates through the target. The
result suggests that the host rock, which was buried at 9 km depth, may have
experienced shock pressure of ∼10 GPa. The waste shock energy deposited to the host
rock as a result of 10 GPa shock compression is 107 J/g and 28 J/g in case of gneiss and
anorthosite, respectively. The corresponding waste heat temperatures are 78 ˚C and 27
˚C, respectively. Possible post-shock temperatures of the central uplift host rock are 348
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˚C for the gneiss target and 297 ˚C for the anorthosite target. The waste heat
temperatures and shock pressures predicted at distance away from the contact are
demonstrated in Figure 6.5.
Table 6.3 Results of shock wave and waste shock heat calculation for gneiss and
anorthosite target rocks.
Target rock

Isobaric Core
Pmax (GPa) Pa (GPa)

At 9 km depth below the surface
P (GPa)

Ew (J/g) ΔTwaste (˚C)

Tpostshock (˚C)

Gneiss

198

133

10.4

107

78

348

Anorthosite

197

132

10.4

28

27

297

Figure 6.5 A schematic diagram illustrates the shock pressures (labelled in black on the
right) and the waste heat temperature (labelled in blue on the left) contours of
anorthosite target. Shock pressure of ~133 GPa indicates the isobaric core, which is a
hemispherical volume under an impact point out to approximately a distance of oneprojectile radius (dashed line).
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6.3 Hydrothermal activity within the central uplift
The central uplift at Manicouagan comprises anorthositic to gabbroic gneiss
(Biren and Spray 2011). The average plagioclase (An56) volume within the anorthositic
rocks is ~84.95%. In addition to plagioclase, the host rocks consist of numerous other
Ca-rich phases. The predominant mafic minerals are almandine, diopside, and edenite.
Titanite, scapolite, epidote, and apatite are present as common accessory minerals (Table
6.4). Anorthosite will be used to refer to the representative host rock at the central uplift.
In addition to crystalline phases, amorphous phases are present associated with altered
anorthosite as shown in thin section images (Figure 6.6). The amorphous phase has a
labradorite composition with Fe-content (Table 6.5) and does not exhibit a Raman
spectrum.
Table 6.4 The central uplift host rock mineralogy. See Appendix D for mineral formulae
calculation and Appendix E for full data-set.
Mineral
group

Mineral
name

Plagioclase

Labradorite

Composition

(Ca0.54Na0.40K0.02)Al1.53Si2.48O8
An56Ab42Or2
Garnet
Almandine
(Fe1.26Ca0.97Mg0.67Mn0.03)Al1.90Si3.12O12
Alm43Gro33Py23Sps1
Pyroxene
Diopside
(Ca0.87Na0.06)(Mg0.59Fe0.28Al0.15Ti0.02)Al0.11Si1.89O6
Wo50En34Fs16
Amphibole
Edenite
(K0.32Na0.25)Ca1.86(Mg2.51Fe1.58Al0.81Ti0.12)(Al1.40Si6.60)O22(OH)2
Titanite
(Ca0.93Fe0.04)(Ti0.89Al0.08P0.02)(Si1.00O4.89)
Epidote
Ca1.98(Fe0.33Al0.29Ti0.01)Al2OSi3.21O11(OH)
Scapolite
Meionite
(Ca2.66Na0.86)Al4.81Si7.19O24.30[Cl0.06(CO3)0.65(SO4)0.16]
Me76
Apatite
Fluor-apatite Ca4.69W0.04(PO4)3(F0.88Cl0.03OH0.09)
Abbreviation: An-anorthite, Ab-albite, Or-orthoclase, Alm-almandine, Gro-grossular, Pypyrope, Sps-spessartine, Wo-wollastonite, En-enstatite, Fs-ferrosilite, Me-meionite
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Table 6.5 Composition as weigh percent oxide of amorphous phase and labradorite
Mineral group
phase

Plagioclase
Labradorite

Amorphous

55.15
28.78
0.00
11.16
4.64
0.27
100.00

53.94
27.59
0.83
10.57
4.72
0.43
98.07

SiO2
Al2O3
FeO
CaO
Na2O
K 2O
Total

Plagioclase
Labradorite
Amorphous
Number of ions on the basis of 8 oxygens
Si
2.48
2.48
Al
1.53
1.50
Fe
0.00
0.03
Ca
0.54
0.52
Na
0.40
0.42
K
0.02
0.03

Figure 6.6 Thin section image showing amorphous phase (dark brown zone) within the
anorthosite.
Hydrothermal alteration within the central uplift is macroscopically indicated by
a colour change from white to pink. Hydrothermal activities including zeolitization, NaCa metasomatism, K-feldspar and calcite formation are described in the following
sections.
6.3.1

Zeolitization
The most predominant hydrothermal phases developed within anorthosite of the

central uplift are zeolite minerals. The zeolites occur as fracture-fillings forming veins
and massive aggregates. The zeolite dominating the veins appears as creamy white radial
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crystals creating approximately 2-3 cm wide veins (see Figure 3.20 for a field
photograph). Zeolite aggregates occur as reddish-pink radial crystal associated with
cataclastic anorthosite. Micro-Raman spectroscopy indicates natrolite as predominant
phase comprising the veins while thomsonite dominates groundmass of anorthosite. The
spectra of thomsonite and natrolite are illustrated in Figure 6.7a and b, respectively. The
spectrum obtained from thomsonite in the groundmass (Figure 6.7a) shows a
combination of thomsonite and labradorite characteristics. Backscattered electron
images (Figure 6.8) illustrate various formation of both zeolite phases. Natrolite occurs
in association with thomsonite as revealed by electron images. Thomsonite also forms
reaction rim at cracks in the amorphous phase in association with natrolite (Figure 6.8d).
Chemical composition of thomsonite and natrolite, together with feldspar composition
are shown in Table 6.6.

Figure 6.7 Raman spectrum of thomsonite and natrolite representing: (a) a mixed
spectrum of thomsonite and labradorite, showing partially altered labradorite, and (b)
natrolite with an excess amount of water in the structure.
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Figure 6.8 Backscattered electron images show the occurrence of (a) thomsonite (Thm)
within a labradorite (Lab) grain; (b) thomsonite vein, which is partly natrolite (Ntr), (c)
thomsonite and natrolite matrix associated with a partially altered labradorite grain, (d)
thomsonite formed in crack of amorphous phase.
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Table 6.6 Compositions (in weight percent oxides) of thomsonite, and natrolite. Note
high amount of H2O present in the zeolite structures (in bold). See Appendix E for full
data-set.

SiO2
Al2O3
CaO
Na2O
Total
H2 Oa

Thomsonite

Natrolite

41.91
28.29
11.67
4.13
86.00
14.00

47.65
26.65
2.05
12.57
88.92
11.08

a

Thomsonite
Natrolite
Number of ions on the basis of 80 oxygens
Si
22.3
24.31
Al
17.74
16.03
Ca
6.66
1.12
Na
4.26
12.43
Structural chemistryb
∑T
40
40.34
TSi
0.557
0.603
∑n-f
10.91
13.56
H2Oc
25.07
19.84

H2O calculated amount; wt% equals to 100 - total oxide
∑T is sum of cations in tetrahedral site (Si+Al+Fe). TSi is mole ratio of Si occupied tetrahedral site
(Si/∑T). ∑n-f is a sum of cations in non-framework site (Ca+Na+K).
c
Amount of H2O is estimated from (wt%H2O/18.0148)×(MW per unit cell of zeolite/100).
Natrolite: Na16(Al16Si24O80)·16H2O
Thomsonite: Ca7Na5(Al19Si21O80)·24H2O
b

According to contexts of thomsonite and natrolite formation as well as chemical
compositions, it suggests that thomsonite and natrolite formed as alteration products of
labradorite, which is a major constituent of anorthosite of the central uplift, per the
following reaction:
20(Ca0.5Na0.4K0.02)(Al1.5Si2.5)O8 + 8Na+ + 4Al3+ + 46H2O
Labradorite
ê
Ca7Na4(Al18Si22O80)⋅25H2O + Na12Ca(Al16Si24O80)⋅21H2O + 4Si4+ + 0.4K+ + 2Ca2+
Thomsonite

Natrolite
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Interestingly, water contents in the zeolite structures are higher than expected
(16H2O; natrolite, 24H2O; thomsonite; Table 6.6). The amount of H2O was estimated by
assuming that a loss of total in the chemical analysis of zeolite was accounted for a
presence of water in the structure. The calculations indicate high amounts of water
present, especially in the natrolite structure, where twenty molecules of water are present
instead of sixteen (Passaglia and Sheppard 2001).
The stoichiometric appraisal suggests that the Na-rich zeolite phase associated
with thomsonite (Figure 6.8b and c) could indicate a presence of gonnardite
(Na12Ca2.5[Al17Si23O80]·20H2O) and mesolite (Na4Ca4[Al12Si18O60]·16H2O), which are
Na-rich zeolite phases belonging to Natrolite (NAT) structure type (Passaglia and
Sheppard 2001). Although the Raman spectrum indicate a presence of natrolite,
characteristic peaks of natrolite (163 cm-1, 443 cm-1, 534 cm-1; Knight et al. 1989) and
gonnardite (159-164 cm-1, 441-447 cm-1, 530-533 cm-1; Graham et al. 2003) are very
similar. It is possible that gonnardite and mesolite may intergrowth with natrolite in
association with thomsonite (e.g., Graham et al. 2003).
6.3.2

Na-Ca metasomatism
Electron images and chemical analyses indicate Na-Ca metasomatism, as shown

in Figure 6.9 and 6.10. Figure 6.9 illustrates chemical changes present at a grain
boundary of epidote associated with thomsonite in the groundmass. Chemical
compositions are shown in Figure 6.9b as Ep and AltEp (corresponding to backscattered
electron images in Figure 6.9a), respectively. Ca and Al decrease while Na and Si
increase at the reaction rim.
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Figure 6.9 (a) Backscattered electron image illustrating epidote experiencing Na-Ca
metasomatism marked by zoning developed at a grain boundary. (b) Compositions in
weight percent oxide of non-altered zone (Ep) and chemically altered zone (AltEp) of
epidote.
A chemically altered zone is also present in a partially altered labradorite grain as
shown in Figure 6.10a, together with corresponding compositions (Figure 6.10b).
According to textural variation, a smooth chemically uniform surface (Pl-1) represents
the least metasomatized zone whereas a dissolution surface (Pl-4) represents the most
metasomatized zone of the labradorite. The compositional analyses indicate that Ca- and
Al- contents in the labradorite decrease as the degree of metasomatism increases.
Conversely, Na- and Si- contents increase with increasing metasomatism, as shown in
Figure 6.10.
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Figure 6.10 (a) A backscattered electron image showing chemically altered zone
occurred as a result of Na-Ca metasomatism with increasing degree of alteration from
Pl-1 to Pl-4. (b) Chemical composition in weight percent oxide of Pl-1, Pl-2, Pl-3, and
Pl-4.
A simple chemical exchange reaction occurs within the epidote and labradorite,
and can be written as:
Ca2+ + Al3+

⇔

Mineral → fluid
6.3.3

Na+ + Si4+
fluid → mineral

Secondary plagioclase and K-feldspar
Plagioclase is present as a primary components in the host rock of the central

uplift, which constitutes ~85% of the host rock composition (Biren and Spray 2011).
However, electron microscope images and chemical compositions indicate the formation
of plagioclase as a secondary mineral associated with K-feldspar (Figure 6.11).
Secondary plagioclase and K-feldspar occur adjacent to amphibole and pyroxene (Figure
6.11a) and titanite and garnet (Figure 6.11b). The K-feldspar also occur in association
with natrolite and thomsonite (Figure 6.11c). Chemical analysis reveals a composition
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difference between primary and secondary plagioclase (Table 6.7). Primary plagioclase
is labradorite with An56, and occur as euhedral crystals with well-developed cleavages.
Secondary plagioclase forms as anhedral crystals distributed in the groundmass
associated with zeolites, and is oligoclase with An20, and contains no K. K-feldspar
observed in this study is subhedral to anhedral crystal, and always associated with
secondary minerals (i.e., oligoclase, zeolites). The chemical composition of K-feldspar is
summarized in Table 6.7. The K-feldspar contains significant amount of Ba, which
results in approximately 7% celsian (BaAl2Si2O8) end-member of K-feldspar-celsian
solid solution. The Ba-content indicates that the K-feldspar is a hyalophane (Deer et al.
1992; Deer et al. 2001).
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Figure 6.11 Backscattered electron (BSE) images indicate occurrences of secondary Kfeldspar with plagioclase associated with (a) amphibole and diopside, (b) titanite and
garnet, and (c) thomsonite, natrolite, and garnet.
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Table 6.7 Compositions in weight percent oxides of secondary plagioclase and Kfeldspar.
Plagioclase

a

K-feldspar

Plagioclase

K-feldspar

Number of ions based on 8 oxygens

65.17
22.52
0.00
3.44
9.13
0.00
100.26

SiO2
Al2O3
BaO
CaO
Na2O
K2 O
Total

62.89
18.59
3.71
0.00
0.65
14.15
100.00

Si
Al
Ba
Ca
Na
K

2.85
1.16
0.00
0.16
0.78
0.000

2.96
1.03
0.07
0.00
0.06
0.85

End-member percentageb

An (Ca)
Ab (Na)
Or (K)
Cn (Ba)

17.2
82.8
0.0
-

6.2
86.8
7.0

a

Normalized value
End-member percentage calculated on the basis of a quaternary system NaAlSi3O8 (Abalbite)-KAlSi3O8 (Or-orthoclase)-CaAl2Si2O8 (An-anorthite)-BaAl2Si2O8 (Cn-celsian).
b

6.3.4

Calcite
Calcite is present as small (≤100 µm) crystals locally occurring associated with

zeolite, formed in fractures within the amorphous zone (Figure 6.12). Altered meionite
grains are likely to be found close to the fractures where calcite is present. This suggests
that the carbonate-endmember of scapolite (meionite) is a possible carbonate source for
calcite formation.
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Figure 6.12 A backscattered electron image of calcite (Cal) forming in thomsonite
(Thm) vein associated with labradorite (Lab) formed in crack of the amorphous phase
(Amor).
Other possible alteration products of scapolite are prehnite and analcime (Deer et
al. 1992), which are reported as hydrothermal alteration products of the host rock within
the central uplift by Biren and Spray (2011). A following reaction illustrates alteration
reaction generating calcite as a result of meionite alteration:
Ca3Na(Al5Si7O24)CO3 + 4H2O à Ca2Al2Si3O10 (OH)2 + Na(AlSi2O6)⋅H2O + CaCO3
Meionite
6.3.5

Prehnite

Analcime

Calcite

Oxidation
Goethite is mostly formed adjacent to garnet, appeared as brownish-red patch in

cracks and fractures. Optical images illustrate goethite forming along fractures
surrounding a garnet grain (Figure 6.13a), and forming on the garnets grains adjacent to
feldspar (Figure 6.13b).
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Figure 6.13 Reflected light optical images illustrate formation of goethite (Gth). (a)
Goethite along grain boundary and in fractures of garnet (Grt), and (b) goethite form
within garnet adjacent to labradorite (Lab).

6.4 Discussion
The shock pressure estimated in this study is in agreement with a shock wave
calculation result of Biren et al. (2014) who suggested a bulk pressure of 12 GPa.
Additionally, shock excursions, resulting in the development of stishovite and
maskelynite, establish a range of 12 to 30 GPa (Biren and Spray 2011), or 9.5 to 12 GPa
in case of a stishovite formation (Boonsue et al. 2012). A study of the cooling of
exhumed uplift rocks at the Manicouagan suggests a maximum post-shock temperature
of the central uplift to be 350 ˚C (Biren et al. 2014), which is congruent with this study.
The observed hydrothermal assemblages also indicate that the highest hydrothermal
temperature at the central uplift was not much greater than 300 ˚C (e.g.,
Kristmannsdóttir and Tómasson 1978; Chipera and Apps 2001). Isothermal calculation
of the cooling of the uplift suggests that the central uplift was rapidly cooled from 250
˚C (estimated pre-impact temperature) to a temperature below 100 ˚C within 0.1-0.2 Ma,
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and achieved steady state by 1-2 Ma at the maximum (Biren et al. 2014). This suggests a
maximum duration of hydrothermal activity within the central uplift of 1-2 Ma.
The Raman spectrum of thomsonite indicates a partially altered labradorite state.
Alternatively, the spectrum may represent two distinct grains of labradorite and
thomsonite, which are adjacent to each other. High amounts of water present in the
zeolite structure suggests that an excess amount of water may have entered the system
during the hydrothermal process. It is in agreement with a study of highly altered basalt
performed by Shau and Peacor (1992), which suggests that zeolitization indicates high
fluid/rock ratios. Oxygen isotope ratios determined in this study (see detail in Chapter 5)
indicate that the hydrothermal fluid involved in zeolite formation within the central
uplift is a meteoric water. A possible presence of gonnardite (Na12Ca2.5[Al17Si23O80]
·20H2O) associated with thomsonite and natrolite suggests that zeolitization may have
occurred at relatively high temperature (>250 ˚C) and H2O pressure (Passaglia and
Sheppard 2001).
The Ba content of (K-) feldspar suggests that it may have formed from a Kmetasomatic origin in which fluid reacted with plagioclase (Harlov et al. 1998), or as an
alteration product of a breakdown of K-containing minerals reacted with Ba-bearing
fluids. The presence of barite associated with quartz as vugs in a core sample (Manic0608) suggests the possibility of barium being mobilized in hydrothermal fluids within
the crater. The formation of hyalophane adjacent to amphibole, pyroxene and garnet in
an absence of biotite or chlorite suggests low H2O activity during K-metasomatism (e.g.,
Harlov et al. 1998). The 7% celsian endmember in feldspar and chemically
homogeneous hyalophane suggest a formation temperature of ~400 ˚C (McSwiggen et
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al. 1994; Fig.11, Lagat 2009). The occurrence of hyalophane also indicates that the
system contained very low sulfur, as any sulfur would preferentially react with Ba to
form barite (McSwiggen et al. 1994).
An occurrence of prehnite and analcime within scapolite (marialite; Naendmember of scapolite) was suggested to be formed at temperatures below 350 ˚C
(Vanko and Bishop 1982). Due to a similar temperature stability field of meinoite with
marialite, the meionite-prehnite-analcime-calcite assemblage may form at <350 ˚C. In
addition, upper stability fields of prehnite (<380 ˚C; Strens 1968) and analcime (≤350
˚C; Karlsson et al. 1985) suggest a formation temperature of ∼350 ˚C.
Fe-ions, which may have leached into solution as a result of the reaction of
garnet with hydrothermal fluids, were oxidized to Fe3+. Oxidation of iron can occur
under atmospheric conditions due to the readily oxidized environment at surface.
Goethite has been reported as a weathering product of almandine (Fe-endmember)
garnet (e.g., Velbel 1984; Price et al. 2013). Thus, the formation of goethite associated
with garnet may indicate a chemical weathering process, rather than hydrothermal
activity.
6.5 Summary
(1) The shock wave and waste shock heat calculations suggest that a maximum shock
pressure of ~197 GPa was generated at the contact of the projectile and target,
which resulted in a shock pressure of ~133 GPa within the isobaric core. The results
indicate shock pressures of approximately 10 GPa in the central uplift, which
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deposited ~107 J/g (gneiss) and ~28 J/g (anorthosite) of waste heat into the host
rock. This introduces a post-shock temperature of 297-348 ˚C.
(2) The hydrothermal activity developed within the central uplift can be summarized as
follows:
Potassic alteration
The system began with potassic alteration, where Ba-feldspar (hyalophane)
crystallized at relatively high temperature, ~400 ˚C. The potassic alteration did not
last long due to the relatively low post-shock temperature of the host rock (<350
˚C), which correlates with amount of hyalophane observed. The formation of Kfeldspar is associated with a formation of secondary plagioclase (An20).
Scapolite alteration
The alteration of scapolite (meionite) to prehnite, analcime, and calcite
occurred at ≤350 ˚C. Calcite deposited in association with thomsonite and natrolite
formed in cracks and fractures of an amorphous phase (labradorite in composition).
Zeolitization
Zeolite occurs as an alteration product of labradorite reacting with Na-rich
hydrothermal fluids.

Thomsonite is the predominant zeolite phase, which is

correlated with the host plagioclase (An56). Natrolite occurs as Na-rich zones in the
thomsonite, with a potential occurrence of gonnardite. The thomsonite-natrolite
assemblage suggests a formation temperature of 100-200 ˚C, up to 250 ˚C
(Kristmannsdóttir and Tómasson 1978; Barth-Wirsching and Holler 1989; Chipera
and Apps 2001; Lagat 2009), or slightly higher due to the presence of gonnardite.
During the zeolitization, water may have entered the system resulting in relative

251

large water volumes, compared to an ideal number of H2O, stored in the natrolite
structures.
Na-Ca metasomatism
Coexisting of Ca-Na zoning minerals with zeolites and expected Na-rich
hydrothermal fluids involved in zeolitization suggest that Na-Ca metasomatism
developed under a similar conditions (T <250 ˚C) as zeolitization.
Oxidation
Although goethite is more likely to be associated with weathering processes, it
should not be neglected as a potential hydrothermal phase. Oxidation can also occur
as a result of having low to moderate fluid temperature (<100 ˚C) solutions,
potentially occurring at the end of the hydrothermal process (Lagat 2010).
(3) The hydrothermal activities investigated in this study indicate the maximum
hydrothermal temperature of ~400 ˚C, which equates with the estimated post-shock
temperature. It suggests that the waste shock heat deposited in the host rock has
significantly affected the post-impact hydrothermal system generated within the
central uplift, and acted as the main heat source that drove the system.
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7. Discussion
7.1 Pressure and temperature constraints
Temperature constraints for hydrothermal activity developed (1) within the
impact melt sheet, (2) near the base of the impact melt sheet, (3) within melt-bearing
breccia, (4) basement, and (5) central uplift have been previously discussed in Chapter 4.
However, to explore in more detail pressure and temperature constraints, pressuretemperature (P-T) mineral stability diagrams of impact melt, anorthosite, gneiss
basement, and melt-bearing breccia were created using the Theriak-Domino program (de
Capitani and Petrakakis 2010). This program calculates stable phase assemblages and
phase compositions based on the bulk rock composition, and assuming an excess amount
of H2O (hydrogen and oxygen). The Theriak-Domino software includes two
thermodynamic databases: JUN92 (Berman 1988) and tcdb55c2p (linked to
THERMOCALC v 3.25; tcds55.txt). Limitations of the program include the assumption
of a closed system, and calculations based on a PH2O = 1. Bulk compositions of the
rocks are averaged from previous studies (impact melt sheet: O'Connell-Cooper and
Spray 2011; anorthosite and gneiss: Biren and Spray 2011; melt-bearing breccia: L. M.
Thompson, unpublished Manicouagan database). The selected representative bulk
compositions are shown in Table 7.1. The temperatures shown in the diagrams are
within the range of temperature conditions determined for the observed hydrothermal
assemblages (<450 ˚C). Pressure is within estimated overburden pressure for the impact
melt (i.e., a maximum of ~215 bar), and typical pressure involved in hydrothermal
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alteration (<200 bar; Lagat 2010). Thus, the P-T diagrams cover a temperature range of
25-500 ˚C and a pressure range of 0-500 bar (Figure 7.1-7.4).
Table 7.1 Simplified bulk compositions (note: in mole percent elements) of impact melt,
melt-bearing breccia, gneiss basement, and anorthosite used in the Theriak-Domino
assemblage calculations.
Rock type
Si
Al
Fe
Mg
Ca
Na
K
Hd
Od

Impact
melta
54.0
18.0
5.0
5.0
6.0
7.0
4.0
600
600

Melt-bearing
brecciab
53.1
18.8
5.4
4.1
4.0
7.2
6.2
600
600

a

Gneiss basementc

Anorthositec

47.2
24.0
3.8
5.3
11.4
6.8
1.2
600
600

50.2
30.3
0.0
0.0
10.9
7.8
0.7
600
600

Data from O'Connell-Cooper and Spray (2011)
Data from L.M. Thomson, unpublished Manicougan database
c
Data from Biren and Spray (2011)
d
Excess amount
b
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Figure 7.1 Pressure temperature (P-T) diagram showing equilibrium assemblages
computed using the Theriak-Domino program for the impact melt sheet. Bulk
composition of rock and database used in the calculation are displayed above the
diagram. Shaded areas indicate the stability field of chlorite (blue), prehnite (red), and
epidote (green). Abbreviation: a-Qtz – α-quartz, Chl – chlorite, Di – diopside, Ep –
epidote, Hm – hematite, Kfs – K-feldspar, Lmt – laumontite, Pl – plagioclase, Pmp –
pumpellyite, Prg – pargasite, Prh – prehnite, Stb – stilbite, Tr – tremolite, Wrk –
wairakite.
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Figure 7.2 Pressure temperature (P-T) diagram showing equilibrium assemblages
computed using the Theriak-Domino program for the melt-bearing breccia. Bulk
composition of rock and database used in the calculation are displayed above the
diagram. Purple shaded area indicates stability field of analcime overlapping with
stability field of goethite (light brown). Abbreviation: Acm – acmite, Adr – andradite,
Anl – analcime, Bt – biotite, Chl – chlorite, Ep – epidote, Gth – goethite, Hm – hematite,
Kfs – K-feldspar, Lmt – laumontite, Lws – lawsonite, Mc – microcline, Ms – muscovite,
Pl – plagioclase, Qtz – quartz, Stb – stilbite, Tr – tremolite, Wrk – wairakite.

256

Figure 7.3 Pressure temperature (P-T) diagram showing equilibrium assemblages
computed using the Theriak-Domino program for the gneiss basement. Bulk
composition of rock and database used in the calculation are displayed above the
diagram. Blue shaded area indicates the stability field of chlorite overlapping with the
stability field of stilbite (orange) and prehnite (red). Green shaded area indicates the
stability field of epidote. Abbreviation: a-Qtz – α-quartz, Chl – chlorite, Di – diopside,
Ep – epidote, Hm – hematite, Kfs – K-feldspar, Lmt – laumontite, Lws – lawsonite, Ms
– muscovite, Pl – plagioclase, Pmp – pumpellyite, Prg – pargasite, Prh – prehnite, Stb –
stilbite, Tr – tremolite, Tsc – tschermakite, Wrk – wairakite.
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Figure 7.4 Pressure temperature (P-T) diagram showing equilibrium assemblages
computed using the Theriak-Domino program for anorthosite. Bulk composition of rock
and database used in the calculation are displayed above the diagram. Shaded areas
indicate the stability fields of K-feldspar (yellow) and prehnite (red). Abbreviation: aQtz – α-quartz, Czo – clinozoisite, Kfs – K-feldspar, Lmt – laumontite, Lws – lawsonite,
Ms – muscovite, Pg – paragonite, Pl – plagioclase, Prh – prehnite, Stb – stilbite, Wrk –
wairakite.
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Results suggest that, within the P-T range considered, temperature is the major
factor controlling mineral assemblage stability, with pressure having a minimal effect.
This is not suprising given that the impact effects are primarily generated close to
surface and, in the case of Manicouagan, typically within a few kilometers of ground
level. The calculated assemblages are not all equivalent to the observed assemblages due
to limitations of the calculation. The calculated model is a CNKFMASH-system in
which there is no C, S, Ti, Fe3+, and Mn, which is distinct from the real system. This
results in the calculated products being bereft of calcite and sulfur-containing minerals,
such as Fe-sulfides, barite, and anhydrite within the impact melt sheet. Due to lack of
thermodynamic data for zeolite phases in the two databases, zeolite assemblages, such as
a thomsonite-natrolite-mesolite observed within the central uplift, are not manifest in the
calculated result, as well as a thomsonite-natrolite-analcime assemblages observed in the
melt-bearing breccia. However, the major mineral phases do coincide, and these can be
used to confirm P-T conditions for hydrothermal activity within each regime.
Chlorite and quartz are predominant hydrothermal phases in the impact melt
sheet. The P-T diagram for the impact melt sheet (Figure 7.1) suggests the presence of
chlorite in association with plagioclase and prehnite, indicating a temperature <225 ˚C.
The diagram also suggests a temperature range of 225-425 ˚C, with a pressure as low as
50 bar, for the quartz-epidote assemblage. Mineral assemblages calculated for the meltbearing breccia (Figure 7.2) indicate stability fields for analcime at <175 ˚C and for
goethite at <75 ˚C, down to ambient conditions. Moreover, the temperature interpreted
from the P-T diagram is in agreement with the temperature obtained from the thermal
stability field of the thomsonite-natrolite-analcime assemblage based on experimental
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studies (e.g., Barth-Wirsching and Holler 1989; Chipera and Apps 2001), and the
occurrence of goethite. Observed hydrothermal phases within the gneiss basement,
which are the same as in the computed P-T diagram (Figure 7.3), include epidote,
prehnite, and stilbite. The P-T diagram indicates that epidote and prehnite develop at
temperatures below 425 ˚C. Epidote forms within a higher temperature field (T ~ 225425 ˚C), while prehnite forms within a narrower thermal stability field of 175-200 ˚C.
The diagram also indicates a stilbite thermal stability field at T = 25-125 ˚C.
According to the P-T diagram for anorthosite (Figure 7.4), the occurrence of Kfeldspar in anorthosite could indicate high temperature hydrothermal condition (T >375
˚C), or a temperature condition at T <175 ˚C. However, an absence of quartz in
association with K-feldspar suggests that the K-feldspar formed within the lower
temperature field (T <175 ˚C). In addition, the P-T diagram indicates that hydrous
phases are stable at temperatures lower than 375 ˚C within a given anorthosite
composition.
Limitations of the calculated P-T conditions (i.e., assumption of a closed-system,
calculating on a basis of the CNKFMASH-system, limited thermodynamic data) result
in differences between the computed and observed assemblages. However, the computed
equilibrium assemblage diagrams indicate that hydrothermal activity within the five
proposed hydrothermal regimes developed at temperatures below 425 ˚C, which is in
agreement with temperature constraints from the observed mineral assemblages. The
results also suggest that pressure does not have a great effect on hydrothermal alteration
assemblages, which is entirely compatible with the shallow conditions of burial (<2 km).
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7.2 Fluid availability
The study indicates low water-rock hydrothermal alteration developed at
Manicouagan. One of the factors that may cause this is availability of the fluid at the
time of the impact. The Manicouagan impact structure was generated during the Late
Triassic, in which most of the continents were concentrated as a giant C-shaped
supercontinent (Pangaea), which was first described by Alfred Wegener in 1912. The
paleolatitude of Manicougan at the time of its formation has been estimated by Spray et
al. (1998) to be 22.1 ˚N (Figure 7.5).
The paleolatitude of Manicouagan suggests that the impact event occurred
equatorially, and in a continental interior at ~214 Ma ago. This could have resulted in
low fluid availability during the time of impact, as well as during subsequent generation
of the hydrothermal systems. The low fluid availability could be a potential cause for the
low water-rock systems at Manicouagan. However, other factors, such as the
permeability of rocks and the duration of heating could play an important role in
controlling the degree of hydrothermal alteration. Future studies on the system’s
permeability and duration of melt sheet cooling could help elaborate on the effect of
these factors toward the low water-rock interaction generated at Manicouagan.
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Figure 7.5 (a) Paleolatitude of the Manicouagan impact structure (M), along with other
four craters: Rochechouart (R), Saint Martin (SM), Obolon’ (O), and Red Wing (RW),
in a reconstruction of North American and Eurasian plates at 214 Ma ago, created by
Spray et al. (1998). (b) Paleogeographical map illustrates location of five craters (yellow
dots), as shown in (a), with diameters and ages, and two ejecta deposits (red dots).
Adapted from Onoue et al. (2012). Recent data on the diameter and age of Manicouagan
is shown in a red box.

7.3 Proposed impact-induced hydrothermal systems at Manicouagan
This study has identified five main hydrothermal regimes within the structure, as
illustrated in a schematic model (Figure 7.6).
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Figure 7.6 Schematic model illustrating the five main impact-induced hydrothermal
regimes developed at Manicouagan. Green star indicates potential hydrothermal systems
developed as hot springs at the collapsed rim.
(1) Intra-melt sheet regime
This study has revealed low H2O activity within the impact melt sheet. Impact
melt, which originated as a superheated liquid silicate system, typically contains
dissolved volatile species (e.g., H2O and CO2). These volatiles are exsolved as vapour
(degassing) at some point during crystallization, when late melt becomes water-saturated
as a consequence of anhydrous phase crystallization. Vapours are trapped in the impact
melt, which form vesicles and vugs. Hydrothermal fluids released from the melt sheet
denote a magmatic origin, with H2O transport within the melt sheet causing
crystallization of secondary phases in the vesicles and vugs. This is considered an early
stage deuteric alteration developing at T = 300-400 ˚C, as indicated by mineral
assemblages and fluid inclusion studies. As the cooling of the melt sheet progresses, the
magmatic fluids interact with solidified impact melt resulting in alteration. This is
characterized by a pervasive chloritization associated with sericitization, and the
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formation of sulfate-sulfide minerals (e.g., barite, pyrite, pyrrhotite), which indicate
temperatures of approximately 150-300 ˚C. The final hydrothermal activity (T <150 ˚C
to ambient temperatures) within the impact melt sheet is manifest as locally developed
zeolitization, in association with Fe-oxide formation.
(2) Basal-melt sheet regime
Near the base of the melt sheet (~1-2 metres above the contact between the melt
sheet and basement), hydrothermal activity has occurred within the clast-rich impact
melt, as indicated by the development of monomineralic geodes consisting of quartz.
Cavities were developed as a result of volatiles released from the cooling melt sheet at
temperatures greater than 434 ˚C (the maximum entrapment temperature of fluid
inclusions), combined with waters driven off from the contact metamorphosed
basement. Cavities were sheared and preserved within the semi-solid, still moving melt
sheet having a viscosity greater than 147 Pa·s (estimated from an average impact melt
composition at liquidus temperature of 1119 ˚C, using the model for the viscosity of
volatile-bearing melts of Giordano et al. 2008). As the melt sheet solidified and ceased
movement, cooling joints were developed, which facilitated fluid access to the cavities.
Fluids released from heating of the basement had a metamorphic origin, and flowed
upward supplying SiO2 in solution to the cavities, forming quartz and amethyst (Febearing quartz) at ~300 ˚C to 340 ˚C.
(3) Melt-bearing breccia
Hydrothermal alteration within melt-bearing breccia underlying the melt sheet
was dominated by pervasive zeolitization (developed at 100-200 ˚C) and the occurrence
of vermiculite, which indicates a maximum temperature of ~265 ˚C. The oxygen
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isotopic composition of the hydrothermal fluids is similar to the estimated oxygen
isotopic composition of meteoric water at the time of the impact. This suggests that the
zeolitization was generated by the interaction of meteoric water, which permeated down
from the surface into the system at the latest stage of hydrothermal activity. However, an
origin via a combination of meteoric (surface) water with groundwater cannot be
excluded.
A summary of the hydrothermal systems developed within the impact melt sheet
and melt-bearing breccia is illustrating in Figure 7.7, in which three sources of water are
indicated.

Figure 7.7 A simplified model summarizing the sources of fluids involved in the intramelt sheet, basal melt sheet, and melt-bearing breccia hydrothermal regimes, as
described as Regime 1, 2, and 3, respectively.
(4) Sub-melt sheet regime
Hydrothermal activity within the basement rocks underlying the melt sheet
occurred at temperatures below 350 ˚C, as indicated by prehnite-epidote developed in
fractures. Na-K metasomatism is predominant, and occurs at ~200-300 ˚C, which is
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characterized by the appearance of K-feldspar and albite. The latest hydrothermal
alteration within the basement was the partial alteration of plagioclase to analcime,
suggesting a low-H2O activity due to an absence of H2O-rich phases (e.g., natrolite).
(5) Central uplift regime
Hydrothermal activity within the central uplift was driven by residual heat from
exhumation of the buried rocks (~9 km), and from waste shock heat. Calculations, as
explained in Chapter 6, suggest that energies of ~28 J/g (calculated value for
anorthosite) and ~107 J/g (calculated value for gneiss) were deposited in the central
uplift as a result of shock pressures of ~10 GPa. The waste energy raised the temperature
of central uplift host rocks to ~300-350 ˚C. This is in agreement with potassic alteration,
which indicates a maximum hydrothermal temperature of ~400 ˚C. Potassic alteration is
followed by scapolite formation at T ≤350 ˚C. Zeolitization occurs at T ~100-250 ˚C in
association with Na-Ca metasomatism. Fe-oxide is precipitated as a late phase, however,
it can also be formed via (post-impact) weathering processes.
In addition to the five main hydrothermal regimes, hydrothermal activity within
the collapsed rim may form via hot springs, characterized by an occurrence of lowtemperature (50-140 ˚C) and H2O-rich zeolite phases (e.g., stilbite, chabazite).
However, hot spring activity was only observed in one area at the collapsed rim of the
structure (see Section 3.4.1).
7.4 Applications
Manicouagan is the best example of a well-preserved central peak impact
structure, which is uncommon on Earth. However, central peak, or even larger, impact
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structures are very common on other planetary bodies (e.g., Moon, Mars). The proposed
impact-induced hydrothermal systems at Manicouagan provide a good analogue for
similar systems developed on other planetary bodies that possess, or possessed,
hydrospheres. For example, a zeolite vein system developed within the melt-bearing
breccia at Manicouagan could be an analogue for various vein networks discovered on
Mars by the Mars Science Laboratory mission within the Gale impact structure, as
shown in Figure 7.8 (e.g., Kronyak et al. 2015).

Figure 7.8 View from the Mast Camera on NASA’s Curiosity Mars rover shows a
mineral vein network on lower Mount Sharp at a location called Garden City. Image
credit: NASA/JPL-Caltech/MSSS.

Evidence of low water activity involved in the overall hydrothermal system at
Manicouagan could help future investigations of impact-induced hydrothermal systems
in low water environments, both terrestrial and extraterrestrial. This study also indicates
that hydrothermal activity is intensely developed near the base of the melt sheet.
Although no economic mineralization has been discovered at Manicouagan, basal melt
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sheet and sub-melt sheet hydrothermal activity could provide useful information for the
mission planning of future space exploration, in relation to both scientific aspects (e.g.,
search for life on Mars) and economic benefits (e.g., in situ resource exploration and
mining on the Moon).
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8. Conclusions
(1) Impact-generated hydrothermal systems at Manicouagan are classified into five
regimes, with a maximum formation temperature of 400 ˚C (Figure 8.1). Due to
near-surface (uppermost crust) fluid flow, pressure effects were negligible.

Figure 8.1 A summary of temperature conditions for hydrothermal mineralization
within the intra-melt sheet, basal-melt sheet, melt-bearing breccia, basement, and central
uplift regimes.
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(2) The hydrothermal activity at Manicouagan is dominated by zeolitization, which is
present in all hydrothermal regimes. Ca-Na rich zeolite minerals are predominant,
including natrolite, thomsonite, analcime, stilbite, chabazite, gonnardite, and
mesolite.
(3) The hydrothermal fluids involved in every regime are Na-rich. This is indicated by
the high salinity of the fluids and the proposed alteration reactions, which require
additional Na+ from solution. However, the oxygen isotope ratios and the geological
contexts do not support Manicouagan having been submerged in a marine
environment at the time of impact. Therefore, the Na-rich nature of the
hydrothermal fluids is related to dissolved Na+ derived from the host rock by the
flushing of hydrothermal fluids within the structure (probably via plagioclase
breakdown and glass alteration).
(4) This study indicates that hydrothermal activity was strongly developed within the
melt-bearing breccias developed below the melt sheet proper.
(5) The occurrence of titanite within the basement rocks (as an alteration and
replacement of rutile), which occurs in association with prehnite and epidote, is not
related to the impact. It is pre-impact, as confirmed by a titanite U-Pb age of
approximately 1 Ga (Chapter 4). The two U-Pb ages of ∼980 Ma and ∼1018 Ma
obtained from the titanites may provide evidence for hydrothermal activity relating
to Grenvillian tectonic processes, which may have continued ∼20 Ma after the peak
of the Grenville Orogeny.
(6) This study indicates low water-rock interaction developed at Manicouagan, which
suggests that there was limited surficial water available at the time of impact. This
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corresponds to an equatorial, semi-arid (continental) setting for the impact event at
214 Ma.
(7) No economic mineralization associated with impact-induced hydrothermal systems
has been discovered at Manicouagan.
(8) Heat sources from the impact melt sheet, exhumation of the central uplift, and waste
shock heat have together played important roles in driving the impact-related
hydrothermal systems at Manicouagan.
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B. Appendix B Quartz sample preparations
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B-1 Quartz 1

Figure B.1 (Top) Sketches illustrating three sections (shaded areas) that are made into a
5.1cm x 7.6cm (left; a), labelled as Qtz1A, and two 2.5cm x 4.5cm thin sections (right; b
and c), shown in the bottom panel as Qtz1B and Qtz1C, respectively.
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B-2 Quartz 2

Figure B.2 (Top) Sketches illustrating three sections (shaded areas) that are made into a
5.1cm x 7.6cm (left; a), labelled as Qtz2A, and two 2.5cm x 4.5cm thin sections (right; b
and c), shown in the bottom panel as Qtz2B and Qtz2C, respectively.
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B-3 Quartz 3

Figure B.3 (Top) Sketches illustrating three sections (shaded areas) that are made into a
5.1cm x 7.6cm (left; a), labelled as Qtz3A, and two 2.5cm x 4.5cm thin sections (right; b
and c), shown in the bottom panel as Qtz3B and Qtz3C, respectively.
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B-4 Quartz 4

Figure B.4 (Top) Sketches illustrating three sections (shaded areas) that are made into a
5.1cm x 7.6cm (left; a), labelled as Qtz4A, and two 2.5cm x 4.5cm thin sections (right; b
and c), shown in the bottom panel as Qtz4B and Qtz4C, respectively.
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C-1 Raman spectroscopy
Raman spectroscopy provides information about molecular vibration that can be
used for mineral identifications. It involves vibrational excitement of molecules by
incident photons. The molecule absorbs photons and reemitted as scattered light, which
will be detected. The detected scattered light consists of light with three different
frequencies: the same as (Rayleigh scattering), lower than (Stokes frequency), and
higher than (Anti-Stokes frequency) the frequency of incident photons. This technique
focuses on scattered light with energy shifted from energy of the incident photons. The
shifted light is produced by interactions between incident photons and vibrational energy
level of molecules in the sample. The Raman spectrum is a plot of energy, reported as
wavenumber (cm-1) of the shifted light versus the intensity. The Raman spectra is
generally plotted with respect to the energy of the incident photons so that the band
positions are correspond to the energy of the vibrational level of different functional
groups.
The Raman spectroscopy was performed using a Renishaw inVia Reflex microRaman spectrometer at the Planetary and Space Science Centre (PASSC), UNB as point
measurements. It is equipped with two excitation lasers (514.5 nm and 785 nm
wavelength), Spectral physics 100 mW (adjustable) air cooled Ar-ion and Renishaw
high power (300 mW) NIR (785 nm) lasers, and Peltier-cooled charge-coupled device
(CCD) detector. The system is equipped with a high powered petrographic microscope
with an optically encoded high spatial resolution (±1 µm lateral) motorized stage. The
Ar-ion laser beam is directed and focused on the sample via objective lens of the
microscope. Calibration of the spectrometer uses the emission lines from neon, assuring
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a wavenumber accuracy of 0.3 cm-1 and spectral resolution of about 1-2 cm-1. The
system is equipped with 100 cm-1 cut-off notch/edge filter for Rayleigh light rejection,
and a diffraction grating density of 2400 grooves/millimetre. The measurements were
performed using a 50x objective lens, numerical aperture (NA) = 0.75. The laser spot
size is ~1-2 µm in diameter. The results were processed using WiRE 2.0 software and
the Renishaw Minerals and Inorganic Materials Database package. The Raman spectra
of unknown samples were compared with the known spectrum from the database for
identification.
C-2 Field Emission Scanning electron microscopy
Scanning electron microscopy (SEM) is an analytical technique that scans a
sample with a focused electron beam. The electron beam interacts with atoms in the
sample producing various signals, including secondary electron (SE), backscattered
electron (BSC), cathodoluminescence (CL), and characteristic X-rays. Secondary
electrons are produced by interactions of primary electrons with valence electrons of
atom in the sample causing an escape of the electron from the atom. The SE provides
information about surface topography by scanning and collecting the SE ejected from
the sample. The SE is distinguished from other electrons by its low energy (< 50 eV).
Backscattered electrons are electrons that are reflected from the sample as it collides
with a nucleus of an atom. The BE intensity is strongly related to an atomic number of
the atom, which can provides information about the distribution of different elements in
the sample. The higher the atomic number is the higher amount of backscattered
electrons produced, causing a brighter area than nearby atom in an electron image.
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Characteristic x-rays is an emission spectrum of X-rays at a few discrete frequencies. Xrays are emitted when electrons in a higher-energy electron shell fill up vacancy in a
lower-energy electron shell, which is caused by electron being knocked out of the inner
shell by an incident electron beam. The emitted X-rays correspond to an atomic structure
so that it produced characteristic X-rays, which provides information about elemental
composition of the mineral. Common X-rays detectors are Energy Dispersive X-rays
(EDS) and Wavelength Dispersive X-rays (WDS). The EDS is equipped with the Field
Emission Scanning Electron Microscope (FESEM) while WDS is equipped with the
electron microprobe. The EDS detects X-rays by converting X-rays energy into voltage.
The downpoint of EDS is that many elements have overlapping peaks (e.g., Ti K and V
β

K ).
α

Scanning electron images were obtained from an Hitachi SU-70 Scanning
Electron Microscopy equipped with Schottky type Field Emission Gun (FESEM) housed
at the PASSC, UNB. The SU-70 is equipped with an Oxford high-performance INCA Xact X-ray detector system and Electron Backscattered Diffraction Spectrometer (EBSD).
The acceleration voltage range is 100V to 30 kV with a beam current of a few nanoamperes. The resolution of the FESEM is 1.0 nm at 15 kV and 1.4 nm at landing voltage
of 1 kV. Two signals: Secondary Electron (SE) and Backscattered Electron (BSE) were
collected for the SEM images (SE and BSE images) using upper and lower secondary
electron and back-scattered electron detectors. The chemical compositions of minerals
were determined by Energy Dispersive X-ray Spectroscopy (EDS) using INCAx-act
LN2-free Analytical Silicon Drift Detector at 18 kV accelerating voltage, ~3 nA beam
current, 15 mm working distance, and with acquisition times of 100s for all elements.
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C-3 Cathadoluminescence spectroscopy
Cathodoluminescence (CL) is an emission of photons from a material under a
high-energy electron bombardment. Electrons within valence band of a molecule are
excited by electron beams, and are promoted to a higher-energy conduction band. As the
excited electron returns to ground state, it can fall into a trapped band created by crystal
defect or impurities. The density of traps is correspond to the CL intensity. The CL
image provides information about internal structure, growth zone, dissolution,
deformation, impurities of mineral.
Cathodoluminescence spectroscopy was carried at the UNB-MMF with a JEOL
JSM-6400 Scanning Electron Microscope equipped with an EDAX Genesis 4000
Energy Dispersive X-ray (EDS) analyser. Samples were carbon coated using an
Edwards 306A carbon coater before observation under the microscope. EDS analysis
was performed at an accelerating voltage of 15 kV and a beam current of 1.5 nA, with a
working distance of 14 mm. Collection time was 50 seconds per analysis point. Images
were collected using Gatan Digital Micrograph.
C-4 Laser Ablation Inductively Coupled Plasma Mass Spectrometry
In Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS), the sample is directly analyzed by ablating with a laser beam. The aerosol are
transported into the inductively coupled argon plasma (ICP). The ions generated from
ICP-MS are introduced to a mass spectrometer. The ions are separated and collected
according to their mass to charge ratios. The Laser Ablation Inductively Coupled Plasma
Mass Spectrometry system at UNB is equipped with a Resonatics S-155-LR 193nm
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Excimer laser coupled to an Agilent 7700x quadrupole ICP-MS. Trace elements were
measured as linescan and mapping modes. Linescan analyses were performed at a scan
rate of 23 µm/sec and a crater size of 47 µm in diameter and a few microns depth using
NIST 610, NIST 612, NIST 616, SJ-HS-680-6, T1-G, and ATHO-G as standard
references. Trace element mapping was performed using the raster scan mode with a 5
µm-diameter crater size and a few micron crater depth, 64 µm path separation, 32µm/s
scan speed, and using NIST-612 as a standard. U-Pb dating of titanite was performed by
the LA-ICP-MS at UNB using 44 µm craters, 4 Hz pulse rate, and the Khan Mine
standards.
C-5 Electron microprobe
Electron microprobe is an analytical tool used to determine composition of
minerals. Low-energy electron interacts with sample producing X-rays in the same
manner as SEM. X-rays are detected by the WDS in which x-rays with wavelength of
interest is selected and directed to the detector. Due to specific wavelength analysis on
WDS, results obtained from WDS are more precise and have a lower detection limit than
EDS.
Trace element analyses were performed by a JEOL JXA-733 Microprobe at the
UNB Microscopy and Microanalysis Facility (UNB-MMF). It is equipped with four 2crystal wavelength dispersive spectrometers (LDE1, TAP, PET, LIF crystals), Geller
Microanalytical automation control (dSspec, dQant32, dPict32), PGT Prism 2000 energy
dispersive spectrometer, and PGT Spirit X-ray analysis system. The measurements were
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performed as spot analyses with a dwell time of 20 minutes per spot (10 min on peak
and 5 min on low- and high- background) using the wavelength dispersive spectrometer.
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D. Appendix D Mineral formula calculations
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Stoichiometric calculations
Using titanite analysis as an example:

SiO2
TiO2
Al2O3
FeO
MgO
CaO
FTotal
- O ≡ F,Cl

Column (1)
Weight%
33.03
27.81
8.54
1.37
0.98
26.00
0.26
97.99
0.11
97.99

Column (2)
Mole of element
0.550
0.348
0.168
0.019
0.024
0.464
0.014

Column (3)
Mole of oxygen
1.099
0.696
0.251
0.019
0.024
0.464
0.014
2.568
-0.007
2.561

Column (4)
Based on 5O
Si
1.073
Ti
0.680
Al
0.327
Fe
0.037
Mg
0.047
Ca
0.905
F
0.027

Column (5)
Based on 1Si
Si
1.000
Ti
0.633
Al
0.305
Fe
0.035
Mg
0.044
Ca
0.843
F
0.025
O
4.671

Step 1 Calculate mole of elements forming oxides
Divides each wt% oxide, column(1), by its formula weight and times by
stoichiometry of the element within the oxide. The result is shown in Column(2).
Example Al2O3
Mole of element (Al) =

!"%
!"

×𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑦 =

!.!"
!"!.!"

×2 = 0.168

Step 2 Calculate mole of oxygen forming oxides
Divides each wt% oxide, column(1), by its formula weight and times by
stoichiometry of oxygen within the oxide. The result is shown in Column(3).
Example Al2O3
Mole of oxygen in oxide =

!"%
!"

×𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑦 𝑜𝑓 𝑂 =

Adds up a total number of oxygen in the sample.
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!.!"
!"!.!"

×3 = 0.251

Step 3 Molar proportion of element in the mineral formula
Molar proportion of element is typically calculated on the basis of number of
oxygen in the formula. However, there is an exception for sulfide minerals, titanite, and
scapolite, which the calculation is based on a number of S, Si, and Si+Al, respectively.
For example, calculation on the basis of number of oxygen.
Divides number of mole of element, column(2), by the total number of oxygen and times
by number of oxygen in the formula.
Example Al2O3
Molar proportion of element =

!"#$!"!#!$%
!!"#$%

×𝑂!"#$%&' =

!.!"#
!.!"#

×5 = 0.327

For hydrous mineral, number of oxygen equivalent to number of OH in the
formula is added to a number of oxygen in the formula in which 2OH is equivalent to O.
For example, a number of oxygen used in Step 3 of amphibole calculation is equal to 23,
which is equivalent to 22O and 2OH in the amphibole structure.
In case of a presence of F- or ClA total weight percent of analysis is recalculated based on number of O2- equivalent
to weight percent of F- and Cl- present in the analysis, which one O2- is equivalent to two For Cl-. The equivalent number is subtracted from the total to get a corrected total number.
Example
Wt% of O2- equivalent to F- =

!"!
!×!"!

×𝑊𝑡% 𝐹 !

F- or Cl- can also interfere the total number of O2- thus in order to get more accurate
number of total oxygen, the amount of F- or Cl- that equivalent to O2- need to be excluded,
shown in Column(3).
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Example

Excess number of oxygen =

!"% !" ! !
!"!

!

×!

=

!.!"
!".!!"

!

× ! = 0.007

The amount of excess oxygen is subtracted from the total number of oxygen
calculated from weight percent oxide.
In case of zeolite composition
The zeolites may be defined as hydrated aluminosilicates of alkali and alkaline
earths, having an indefinitely extended tridimensional anion, in consequence of which
the atomic ratio O/Al+Si = 2 Passaglia and Sheppard 2001. Zeolite-forming in
hydrologically closed systems, along lake and basins, zeolite-forming reactions appear
to involve alkali-rich waters, high pH, and an alumina and silica source.
Zeolite formula is calculated based on number of oxygen present as a framework
silicate, for example, natrolite and thomsonite formulas are based on 80 oxygen. Most
natural zeolites have aluminosilicate frameworks in which many of the tetrahedral
coordinated positions are occupied by Si and the remainder by Al. TSi is the composition
of the framework, reported as a ratio of Si to total number of cations in tetrahedral sites,
TSi = Si/ΣT, where ΣT = sum of cations in tetrahedral sites, usually Si, Al, and Fe3+.
Sum of cations in non-framework sites (e.g., Na, Ca, K) is reported as Σn-f.
Amount of H2O in zeolite structure is calculated from weight percent of H2O,
which is assumed to be equal to 100 – total wt% oxide (analysis). A number of H2O is
estimated using a Rule of three, in which zeolite
mole produces a

!"%!! !
!".!"!"

!""
!"#$%&#'( !"#$!! !"# !"#$ !"## !" !"#$%&"

mole of H2O, as the following equation:

H2 O =

!"%!! !
!".!"#$

×

!"#$%&#'( !"#$!! !"# !"#$ !"## !" !"#$%&"
!""
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In case of hydrous phases
Hydrous phases contain amount of OH- and/or F- and/or Cl- in the same sites within
its structure. Due to a limitation of analytical technique to a measurement of OH-, amount
of OH- in the formula is estimated based on number of F- or Cl-. Number of OH- is assumed
to be equal to number of sites left from Cl- or F-, which can be measured. The equation can
be expressed as:
OH- in structure = an ideal no. of OH- in the structure – (no. of Cl- + no. of F-)
In addition, weight percent of H2O in hydrous mineral can be estimated from the
number of OH-, in which 2 mole of OH is equivalent to one mole of H2O. The equation
can be expresses as:
!".!" !" !

wt% H2O = !(!".!" ! !" !"#$%"$#&) ×𝑇𝑜𝑡𝑎𝑙 𝑂𝑥𝑦𝑔𝑒𝑛 𝑓𝑟𝑜𝑚 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 ×18.0148
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E. Appendix E Compositional analyses of impact melt, melt-bearing
breccia, and host rocks obtained by FESEM using EDS
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F. Appendix F Fluid inclusion isochores and pressure determination
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BasalQtz:
Qtz2B from location Loc.1

Inclusion I.D
2_1
2_2
2_3
2_4
2_5
2_6

Isochore equations
y = 13.803x - 4075.6
y = 13.407x - 4205.7
y = 10.678x - 3861.9
y = 8.8742x - 3533.2
y = 15.596x - 4006.2
y = 12.586x - 4062.4

Overburden pressure at 300 m depth (average thickness of the melt sheet):
P (Pa) = ρgz
= (2.72 x 103 kg/m3)(9.8 m/S2)(300 m)
= 7.997 x 106
= 80 bar
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Pa

Loc.1-3 from location Loc.1

Inclusion I.D

Isochore equations

4_1

y = 7.7956x - 3072.3

Overburden pressure at 300 m depth (average thickness of the melt sheet):
P (Pa) = ρgz
= (2.72 x 103 kg/m3)(9.8 m/S2)(300 m)
= 7.997 x 106
= 80 bar
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Pa

Qtz2C from location Loc.1

Inclusion I.D
7_1
7_2
7_3
7_4

Isochore equations
y = 14.895x - 3737.5
y = 12.332x - 3969.4
y = 12.316x - 3808.9
y = 12.432x - 3807.8

Overburden pressure at 300 m depth (average thickness of the melt sheet):
P (Pa) = ρgz
= (2.72 x 103 kg/m3)(9.8 m/S2)(300 m)
= 7.997 x 106
= 80 bar
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Pa

QtzCBC from location Loc.5

Inclusion I.D
8_3
8_4
8_5
8_6
8_7

Isochore equations
y = 12.536x - 3802.1
y = 15.829x - 3816.7
y = 8.7103x - 3292
y = 8.1997x - 3186.1
y = 11.592x - 3719.8

Overburden pressure at 300 m depth (average thickness of the melt sheet):
P (Pa) = ρgz
= (2.72 x 103 kg/m3)(9.8 m/S2)(300 m)
= 7.997 x 106
= 80 bar
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Pa

IMQtz:
0608-405 from location Loc.6

Inclusion I.D
C-1
C-2
C-3
C-4
C-5

Isochore equations
y = 16.327x-3780.3
y = 16.898x - 3823.8
y = 11.952x - 3850
y = 14.442x - 3958.9
y = 8.8737x - 3356.6

Depth is a sum of an average thickness of the impact melt sheet (300 m) and depth
down the core (at 87 m elevation) equate to elevation of the BasalQtz (at 360 m
elevation): z = 300 + (360-87) = 573 m
Overburden pressure at 573 m depth:
P (Pa) = ρgz
= (2.72 x 103 kg/m3)(9.8 m/S2)(573 m)
= 1.527 x 107
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Pa

= 152 bar

0608-639 from location Loc.6

Inclusion I.D
3_1
3_2
3_3
3_4
3_5
3_7
3_8
3_9
3_10

Isochore equations
y=12.841x-4057
y=12.246x-4019.8
y=16.99x-3214.6
y=14.743x-3805.3
y=12.512x-4204.2
y=12.132x-3977.9
y=8.3485x-3256.2
y=10.841x-3665.8
y=9.9x-3397.6

Inclusion I.D
3_11
3_12
3_13
3_14
3_15
3_16
3_17
3_18
3_19
3_20

Isochore equations
y=16.883x-3224.4
y=13.264x-4002.4
y=9.2862x-3377.2
y=12.679x-3698.4
y=12.121x-3850.4
y=13.345x-4105.7
y=12.867x-4059.8
y=11.554x-3736.2
y=12.105x-3803.2
y=12.415x-3791.8

Depth is a sum of an average thickness of the impact melt sheet (300 m) and depth
down the core (at 148 m below MSL) equate to elevation of the BasalQtz (at 360 m
elevation): z = 300 + (360+148) = 808 m
Overburden pressure at 808 m depth:
P (Pa) = ρgz
= (2.72 x 103 kg/m3)(9.8 m/S2)(808 m)
= 2.154 x 107
= 215 bar
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