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Abstract 

The Mistastin Lake crater in Labrador, Canada (55°53 'N; 63°18'W) contains a 3 
km wide central uplift within a 19 x 12 km wide lake and has a rim diameter of28 km. 
The projectile impacted Mesoproterozoic crystalline target rocks approximately 36 Ma 
ago. 

This study consists of detailed field observations; geology, geochemistry, and 
geochronology of impact melt and target rocks of the Mistastin impact crater. To 
determine (1) the significance ofthe relationship between preserved melt thickness and 
vesicularity in the melt rocks; 2) the scale and origin of compositional heterogeneities in 
impact melts produced in craters of moderate size and the relationship between entrained 
mineral clasts and impact melt composition; and 3) the origin of zircon clasts in the 
impact melts. 

Melt rocks that are distributed around two thirds of the lake in patchy outcrops 
vary in thickness from < 1m to 80 m. Previous estimates suggested that a coherent melt 
sheet up to 200m thick formed in the crater and that the much smaller preserved unit 
thicknesses are the result of glacial erosion. New field observations and laboratory 
measurements identify a relationship between distribution, thickness and vesicularity of 
melt rock units. The thickest melt-rock occurrence, at Discovery Hill, is massive, 
crystalline, non-vesicular and 80 m thick. In contrast, 1-2 m thick melt-rock occurrences 
elsewhere in the crater are glassy and vesicular. Measured vesicularities vary from 0.1 to 
31 %and follow an empirical relationship ( <p = 30±2 h-O.&±O.I) whereby vesicularity <p 
increases with decreasing melt rock thickness h. Plagioclase microlite crystallization 
temperatures of thin melt rock outcrops are very high(> 1300 °C), indicating rapid 
cooling rates. Lower crystallization temperatures ( - 1245 °C) for the Discovery Hill melt 
are consistent with slower cooling rates. The data suggest that the pre-erosional melt 
sheet at Mistastin was not uniform and, consequently, previous estimates for the level of 
erosion and the volume of the melt produced have been overestimated. 

Target rocks which contributed to the impact melt consist principally of anorthosite, 
mangerite and granodiorite. Chemical compositions of bulk samples ofthirty-three melt 
rocks and fourteen target rocks were measured by XRF and SN-ICPMS. Matrix 
compositions ofnine samples of impact melt rocks were determined by EPMA and LA
ICPMS. Zircon grains from four samples of target rock and zircon clasts from three 
samples of impact melt rock were measured for multi-element composition, U-Pb age and 
Hf-isotopic composition by LA-(MC)-ICPMS. 

The data reveal compositional heterogeneities in the impact melts on the scales of 
both bulk samples and matrices. Bulk samples can be divided into compositions with 
high and low concentrations ofhigh-field strength elements (HFSE; Ti, Zr, Nb) and Fe, 
Ba, Ce and Y. High HFSE-type melt rocks formed when impact melt entrained large 
quantities of clasts from mangerite, which is rich in HFSE. Matrix compositions of bulk 
samples do not show the HFSE distinction but are affected by the introduction of low
temperature melts from the clasts to form dispersed, micron-scale silica-rich 
heterogeneities. Both clast entrainment and melting are more extensive for the thicker 
flow units which had a higher heat capacity for melting and cooled more slowly than 
thinner flows. 
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The best estimate of the sources of the initial impact melt is - 73% anorthosite, - 7% 
mangerite and - 20% granodiorite, based on least-squares modeling of major element 
compositions ofthe matrices ofthinner flows. Zircon derived from anorthosite can be 
distinguished from zircon from mangerite and granodiorite on the basis of higher Nb/Ta 
and Eu/Eu* ratios and more negative initial E Hfvalues. Zircon clasts greater than 40 
microns in size in the impact melt rocks are dominantly or exclusively derived from 
mangerite and granodiorite. Hence zircon may be a poor provenance indicator for target 
rock contributors to impact melts. 
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Chapter 1 

Introduction and Overview 

1.1 INTRODUCTION 

The search for impact craters on Earth has increased exponentially in the last 30 

years as the interest in cratering studies has grown with our understanding of cratering 

processes. One of the most elusive processes is shock induced melt production and 

distribution. The Mistastin Lake crater, Labrador, may provide some important insights 

into this process. The crater was frrst identified as an impact crater by Taylor and Dence 

(1969). The melt rocks at Mistastin have since been studied in some detail by Currie 

(1971), Grieve (1975) and Marchand and Crockett (1977). 

The present study focuses on the geology of impactites, in particular; the 

geochemistry, petrology and distribution of preserved impact melt rocks at Mistastin 

Lake. This study aspires 1) to evaluate the significance of the relationship between 

preserved melt thickness and vesicularity in the melt rocks at Mistastin; 2) to reevaluate 

the scale of heterogeneities in the impact melt rocks and the relationship between 

entrained mineral clasts and impact melt composition; and 3) to determine if the origin of 

zircon clasts in the impact melts can be used to estimate target rock contributions to 

impact melts. 

This chapter is the background and framework for this thesis. First a basic 

description of the importance and formation of impact craters is explained, followed by a 

discussion on shock melting, production and distribution. A brief description of planetary 
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differences in impact melting is presented followed by the role of clasts in impact melts 

and impact melt composition. The regional geology and a brief history of the Mistastin 

area are introduced, followed by the thesis objectives and a brief summary of the main 

chapters. 

1.2 IMP ACT CRATERS 

1.2.1 Importance of impact craters 

With the exception of Earth, Venus and Jupiter's satellite lo, impact craters are the 

most common surface feature observed on all solid planetary bodies in our solar system. 

Unfortunately, Earth's cratering record is incomplete as there are many factors working 

against the preservation of impact craters and related deposits. Earth is subjected to 

continuous erosion by wind, water and ice and a variety of geological processes, most 

important of which is plate tectonics. As Earth' s crust is continuously recycled, so too is 

the cratering record. What's more, the population of craters on Earth is partial to larger 

and younger craters (French, 1998). The Moon' s cratering record, not afflicted by Earth' s 

destructive forces is in much better shape where the sole destructive force are impacts 

themselves .. The Moon, Mars and even Venus have been used to determine impact rates, 

bombardment history and cratering processes where impact structures are well preserved. 

The bombardment history is an important tool for the understanding and prediction of 

future cratering rates. Voyages to the Moon, such as in the Apollo and Luna missions, 

have provided information for over a billion years of planetary evolution. However, no 

matter how much we learn from the Moon and other planets, only Earth is accessible at 

present to groundtruth and compare and confirm computational and experimental results 
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of cratering processes (Grieve, 1987). In addition, meteorite fragments recovered from 

small craters can help identify the origin of the impactor. On Earth, meteorite impacts 

have been identified as the likely cause of mass extinctions (Raup, 1991 ). The dinosaurs 

for example, are thought to have been wiped out by the Chicxulub impact into the Gulf of 

Mexico - 65 Ma ago and the effects it had on the atmosphere. Mistastin Lake may be 

related to a late Eocene extinction accompanied by the Popigai and Chesapeake Bay 

events, but this hypothesis is in need of more precise age constraints. Impacts may also 

facilitate massive tsunami deposits, and incinerating wildfires (Marvin, 1990). 

1.2.2 Crater Formation 

Cratering mechanics (e.g. Holsapple and Schmidt, 1987; Melosh, 1989; O'Keefe and 

Ahrens, 1993) are a series of stages through which an impact crater is created. Firstly, a 

projectile, possibly an asteroid or comet traveling at ~15 km/s impacts a planetary body. 

During the (1) contact and compression stage, the projectile intrudes the target at about 

the same depth as the diameter of the projectile. The kinetic energy transferred to the 

target by the hypervelocity impact compresses and accelerates the target material 

downwards and outwards. The increase in internal energy in the target rocks upon impact 

results in large shock pressures and temperatures that can deform, melt and vaporize the 

projectile and/or target material. These modifications to target materials are regarded as 

shock metamorphic effects; of which shock induced melting and melt products will be 

discussed in detail in this study. A powerful shock wave is created during stage (1) which 

propagates into the target, expands and then weakens to elastic waves during the (2) 

excavation stage. A rarefaction wave excavates the target material (fractured and 
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brecciated target rocks and impact melt) to form an approximately hemispherical transient 

cavity. This is followed by (3) a modification stage where normal geological processes, 

such as gravity, take over to form the final crater. At this point, the outer portions of the 

cavity and surrounding area collapse inward and downward. The size ofthe crater can be 

up to 20-30 times the size of the projectile itself (French, 1998). 

The size and type of crater depend upon the energy released. Impact craters are 

divided into three classes: simple, complex and multi-ring basins. Simple craters are 

formed from small impacts and form a bowl-like hemispherical shape (e.g. Barringer 

crater, Arizona). Complex craters are shallower craters, typically larger than simple 

craters and are identified by a characteristic central structural uplift in the form of a peak 

or peak-ring rim (e.g. Mistastin Lake, NL and West Clearwater, QC, respectively). In 

addition to a central uplift, the final form of a complex crater has faulted rim terraces and 

annular trough. Multi-ring basins are the result of very large impacts and consist of large 

craters with multiple rings. All three types of craters are observed on the Moon but multi

ring basins on Earth are rare and those suspected of being multi-ring basins are still 

debated as they are among the oldest and least preserved craters (Vredefort, Sudbury and 

Chicxulub). Details about the formation of central uplifts can be found in Dence (1968), 

Grieve et al. (1981), Melosh (1989) and Grieve and Cintala (1992; 1994). 

1.2.3 Shock Melting 

The initial post-shock temperatures can reach over 2000°C in the target rocks 

close to the impact point (O'Keefe and Ahrens, 1975; Melosh, 1989; in French, 1998). 

When the immense pressures of the shock waves disperse, the extremely high 
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temperatures incur immediate and complete melting of a large volume of rock. Though 

many minerals and materials have different melting points, these temperatures are 

significantly higher. Complete melting of target rocks occurs at shock pressures of over 

60 GPa and partial melts occur between 40-50 GPa (Steffler and Grieve, 2007). Once 

produced, the impact melt joins the general movement and flow, downward and outward 

while engulfing less strongly shocked and accelerated target materials in the outer parts of 

the growing crater (Melosh, 1989). This process is quite complex and is still not well 

understood. 

1.2.4 Impact melt production and scaling 

Impact melt production and volume in addition to other cratering concepts have 

largely been explored through combined computational and model studies from 

observational data of small craters, e.g. the 3.8 km diameter Brent crater in Ontario 

(Grieve and Cintala, 1981; 1992). Recent numerical modeling (Pierazzo et al. 1997), 

field observation studies (Grieve and Cintala 1992) and experimental studies (Kiel et al. , 

1997) have provided some understanding of melt production in crystalline targets. 

Factors that may control the production of melt include: the kinetic energy released upon 

impact, the target density (lithology), the impactor's mass, density (lithology) and 

velocity, the angle of the impact, gravity, etc. Scaling of crater phenomena consists of 

dimensional analysis of both target and impactor variables to derive numerical 

relationships which can be applied to craters of varying size. Noted studies of impact 

melt production and scaling include O'Keefe and Ahrens (1977), Dence et al. (1977), 

Croft (1982; 1985), Grieve and Cintala (1981 ), Holsapple and Schmidt (1987), Schmidt 
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and Holsapple (1982), Schmidt and Housen ( 1987) and more recently and commonly 

accepted is by Grieve and Cintala (1992). Results of this study are supported by 

numerical modeling by Pierazzo et al. (1997). It is clear that there is a threshold velocity 

under which no melt will be formed such as in very small simple craters. Unfortunately, 

it is as yet impossible to properly address shock melting through experimentation because 

the threshold velocities (~15 kmls) required for significant melting or vaporization cannot 

be attained in a laboratory (Holsapple and Schmidt, 1987; Melosh, 1989). 

Many important relationships however have been identified through observation. 

Simplified they outline a single relationship: "impact melt volume relative to crater size 

increases with increasing size of the event" (Grieve and Cintala, 1992). This indicates 

that as the crater diameter increases, the volume of melt and vaporized material may 

approach the volume ofthe crater itself (Melosh, 1989). Schmidt and Housen (1987) 

derived the following relationship for the transient cavity diameter (Dtc), defined as 

( J

l/2 

D = 1 16 Pp D o.1s Vo.44 -o.22 
tc • p 1 g 

Pt 
(1 ), 

Where PP and Pt are the density of the projectile and target, respectively, Dp is the 

diameter ofthe projectile, Vi is the impact velocity and g is the surface gravity. Therefore 

any transient cavity diameter can be estimated for any given Dp and V i (units in cgs). 

Assuming a parabolic transient cavity in cross-section, Grieve and Cintala (1992) 

consider a spherical projectile impacting onto a planar target and the resulting shock 

stress and impact heating. Using equation (1) to define transient cavity diameters, they 

suggest that for an impact into a crystalline target, the volume of melt, V m (km\ 
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produced increases exponentially with the transient crater diameter, D1c (km), in this 

general form: 

Vm=CDtcd (2), 

where c and dare constants derived from theoretical and experimental cratering studies 

for different impactor lithologies. Approximate values for achondrite (dense basalt) 

impactor at a velocity of 15 km/s are c=0.000621 and d=3.85. Constants are listed in 

Table 3 in Grieve and Cintala (1992) for iron, chondrite and water-ice projectiles at 

varying impact velocities. For complex craters, modification scaling by Croft (1985) is 

considered to determine the transient cavity diameter. 

The method outlined above is not useful for determining the amount of melt 

produced in dominantly sedimentary targets such as for the Ries and Logoisk craters. 

Impact melt volumes in these craters are significantly lower than those of crystalline 

targets, due to the massive expansion of volatiles from the shock-heated sediments 

(Kieffer and Simonds, 1980; Grieve and Cintala, 1992). However some studies disagree, 

Osinski et a!. (2008) and Wtinneman et a!. (2008) explain that the apparent lack of impact 

melt rocks is due to the difficulties in recognizing impact melts from sedimentary rocks. 

Grieve and Cintala (1992) compared the numerical models derived from equations 

(1) and (2) to observed melt volumes, which are calculated assuming vertical cylinder 

volumes, the radial extent and thickness of preserved impact melt rocks. Measured melt 

volumes are different than calculated values by a factor of 2 - 7. These uncertainties 

make this model good enough for rough predictions but more study is needed on the 

constraints of the variables in these equations, on the origin of the uncertainties and better 

field data to improve the precision of impact melt modeling. 
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Melt rock preservation varies from crater to crater, as most craters on Earth are 

eroded or buried. In the case of buried craters, it would be difficult to determine the 

radial extent of the melt even if the thickness is known, as drilling is very costly and 

geophysical data is not as reliable as field observations. In the case of erosion, it is likely 

that both the radial extent and original thickness of the melt rocks have been modified. 

Erosion, particularly by large ice sheets, is unsteady and non-uniform, which makes it 

difficult to estimate how much has been removed and in what proportions. In addition, 

impact melt in ejecta and breccias may not be included in the measurement of the total 

observed melt volume as these are the first deposits subjected to erosion. 

1.2.5 Impact melt products and distribution 

The resulting melt products and distribution of impact melt depend largely on the 

volume of melt produced, the target lithology and the crater type. For example, impacts 

into crystalline targets form more melt than those of sedimentary targets. Small impacts 

tend to produce less melt but eject much more melt than larger craters. Variations in 

crater type, and therefore crater structure result in variations of melt distribution. As a 

result, impact melt rock can occur 1) as isolated glassy bombs; 2) as glassy or 

recrystallized masses in mixed breccias; 3) as thick sheets of igneous rock; and 4) as 

minor dikes and irregular intrusions into the basement of the crater (Dence, 1971 ). Any 

and all of these occurrences may be observed at a single crater. In small craters only the 

first and second type of melt may be found whereas in medium to large craters, some of 

the melt is ejected outside the rim and the remainder coats and intrudes the cavity floor. 
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Glassy melt bombs typically form part of the ejecta found inside and outside the crater 

rim. In larger craters, these bombs may be more than 25 em in diameter, contain clasts of 

target material and are commonly vesicular. The glassy or recrystallized melt particles 

are part of suevite: unconsolidated breccias that can be deposited through ground surge at 

the base of a larger melt body or as fall-in and fall-out breccias. These are observed at the 

Ries crater, the origin of the term suevite, where the melt particles show evidence of 

aerodynamic quenching. In small craters, the majority of melt occurs as glassy bombs or 

particles and the ejection of any melt occurs prior to crater wall slumping and deposition 

of fallback breccias. 

In medium to large craters, impact melt remains within the crater and spreads out 

along the crater floor prior to wall collapse, breccia fallback, and uplift formation. Where 

sufficient amounts of melt are produced, the melt occurs as a subhorizontal melt sheet. In 

small to medium-sized craters, or larger craters with sedimentary targets, melt occurs as 

fragments and as lenses of melt bodies within breccias. Table 1.1 lists examples of the 

extent of preserved melt sheets and the estimated volume of melt rocks within terrestrial 

craters. For the specific conditions and uncertainties of each crater, refer to Grieve and 

Cintala (1992). The thick sheets are commonly distributed in an annulus around one or 

more central uplifts within the crater. The radial extent of the melt increases with 

increasing size of craters with similar target lithologies; thick igneous sheets spread 

increasingly further towards the rim of the crater, and in some cases even overlap the rim. 

The outer limits of the melt sheets may thin and spread out into tongues. 

In many cases, field constraints make it very difficult to outline the dimensions of 

preserved melt sheets. The Vredefort crater, South Africa, is reportedly the largest impact 
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crater recorded on Earth, but only impact melt dikes in basement rocks escaped erosion. 

The Sudbury impact crater has been intensely deformed tectonically and eroded at the 

margins, making it very difficult to define the exact radial extent ofthe melt sheet. In 

addition, the melt sheet has been differentiated and its origin and thickness has long been 

debated. It is also thought that some impact-induced internal magmatism contributed to 

the Sudbury Igneous complex. West Clearwater, Mistastin, Lappajarvi and many other 

craters are presently filled by large lake(s) and lake sediment where the principal 

locations to look for the thickest unit of melt is submerged. At these locations there are a 

very limited number of melt rock exposures. 

Finally, impact melt occurs as dikes in basement rocks and breccias. The dikes 

are commonly fracture-fill deposits from the later stages of crater formation. They have 

been observed in all areas of complex craters, particularly within central uplift regions. 

Note that pseudotachylite veins are not considered a shock-induced melt rock as it is 

formed through the frictional melting of mobilized basement rocks rather than shock 

metamorphism. The primary sources for the discussion in this section are Dence (1971 ), 

Dressler and Reimold (200 1) and Grieve and Cintala (1992). 

1.2.6 Planetary differences in crater scaling and melting 

In the context of impact cratering, the principal characteristics that distinguish 

terrestrial planets are gravity, the velocity of the impacting projectile and atmospheric 

pressure in the case of very small impacts. The Moon has an abundant source of pristine 

craters to which terrestrial structures may be compared but the conditions under which 

craters form on both bodies are different enough that direct comparisons cannot easily be 
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made. Gravity on the Moon is one sixth of that on Earth and Venus. An impactor on the 

Moon would form a larger crater than the same impactor on Earth (Schmidt and Housen, 

1987; Cintala and Grieve, 1994). This also affects the type of impact structure, for 

example, the transition from a simple crater to a complex crater on Earth occurs between 

a crater diameter of2-4 km (sedimentary- crystalline targets), whereas on the Moon it 

occurs at ~20 km diameter (French, 1998). For equally-sized projectiles and velocities, 

crater diameter on the Moon is ~50% larger than the same impact on Earth, and transient 

cavity volumes on the Moon are more than a factor of 3 larger than on Earth (Cintala and 

Grieve, 1994). 

Although crater size is largely dependant on gravity, its effect is insignificant on 

the amount of impact melting when compared to the velocity and mass ofthe impactor. 

Between the Moon and larger terrestrial bodies, a tiny difference in impact velocity (e.g. 

1-5 km/s) is enough to produce a much larger volume of melt and vapour on Earth or 

Venus for a projectile of identical size. In fact, the volume of melt on Earth and Venus 

relative to the transient cavity size can be over a factor of 5 and 6, respectively more than 

for craters on the Moon (Cintala and Grieve, 1994). 

1.2. 7 The role of clasts in melt rocks 

Most melt rocks contain target rock fragments or clasts which were entrained into 

the melt during the excavation stage or deposited thereafter by fallback breccias. For this 

reason, the basal and upper contacts of melt sheets are clast-rich and generally grade to 

clast-poor melt in the centre. Very small (Jlm to mrn-scale) clasts are found in every type 

of melt occurrence whereas larger clasts up to several meters in diameter occur solely in 
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thick melt sheets. Phinney and Simonds (1977) suggest that extensive and extremely 

rapid mixing of target materials results from turbulent flow of the melt sheet. In large 

craters, clasts can be carried over distances of tens of kilometers, which explains why 

clasts within the melt rocks located several kilometers from the impact point may be 

intensely shocked. As the volume of melt increases, so does capacity to incorporate more 

clasts (Onorato et al. , 1978). Some of the clasts, even the most refractory ones may suffer 

complete melting, partial melting and digestion or simply be frozen in the melt. Clasts 

play an important role in the cooling and crystallization of the melt. An increase in clast 

abundance decreases the mean temperature of the melt, and larger volumes of melt are 

capable of resorbing more clasts. Many small clasts are much more effective cooling 

agents than several large clasts, but much smaller clasts melt more quickly than the larger 

ones (Onorato et al. 1978). Once an equilibrium temperature is reached, the clasts are no 

longer an encumbrance on the cooling process. As crystallization is affected by cooling 

rates, textures in the melt matrix become glassy and occasionally show preferred 

orientation in proximity to larger em- to m-scale clasts. Melted and partially melted 

clasts contribute to the overall composition ofthe melt matrix. 

1.2.8 Melt composition 

Impact melt rocks are similar to volcanic igneous rocks in that they may exhibit a 

variety of igneous textures; however there are many features by which they can be 

differentiated. Impact melts are most often formed from a mixture of different target 

lithologies which result in peculiar melt chemistries. In addition, fractionation only 

occurs in the thickest melt sheets due to rapid crystallization. Melting takes place in 
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Earth's near-surface, just below the point of impact which typically produces crustal 

melts with a crustal signature (Dressler and Reimold, 2001). Melts also have a distinctive 

clast distribution and content, shock-metamorphosed inclusions and evidence of 

extremely high temperatures (French, 1998). Also, impact melts can be enriched in 

elements from the projectile as it melted and/or vaporized in conjunction with target 

rocks. Projectile contamination is commonly in the form of siderophile elements (Ni, Co, 

Cr) and platinum group elements (PGEs) such as osmium and iridium. These 

geochemical signatures are often used to identify the origin of individual impactors and 

are more easily identified in impact melts of crustal rocks which are poor in siderophile 

elements. However, this becomes increasingly difficult when there are numerous target 

lithologies or the target is mantle-derived. Comet impacts rarely leave any geochemical 

signatures as more than 50% ofthe projectile consists of volatiles which easily escape 

into the atmosphere (Dressler and Reimold, 2001 ). 

1.3 REGIONAL GEOLOGY 

Labrador has a long and interesting geologic history. In this study, the target area 

of the Mistastin impact is of some importance as these rocks were permanently altered by 

the impact. The projectile impacted the north-east corner of the Mesoproterozoic 

Mistastin batholith (Emslie et al. , 1980) an approximately 5,000 krn2 and 80-krn wide 

magmatic body, which is part of the larger Nain Plutonic Suite (NPS) of Labrador. The 

NPS extends for more than 20,000 krn2 and is composed of a range of lithologies: 

principally anorthosite, leuconorite, quartz monzonite and granite with secondary gabbro, 

troctolite, ferrodiorite and mangerite (e.g. Ryan and James, 2004). Mistastin Lake is 
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located within a large granodiorite body that includes belts of anorthosite and mangerite 

which are elongated from NW to SE across the lake, and minor outcrops of meta-quartz 

gabbro. The granodiorite and mangerite contain xenoliths of gneiss and other granitic 

sources. The rim of the crater extends more than 9 km from the lakeshore. To the north, 

the most prominent target lithology is a series of reworked Archean gneisses and granitic 

intrusions. 

1.4 BRIEF HISTORY OF THE MIST ASTIN AREA 

Mistastin is known to the native peoples of Labrador as Kamestastin. Mistastin 

has long been the home of many native peoples from the Clovis culture over 11 ,000 years 

ago, to the Inuit and Innu. Kamestastin translates to ' the place where the winds never 

stop'. In fact, the Innu claim that if you point at Discovery Hill, it will bring bad weather. 

Mistastin is rich with archeological wonders ranging from chert spearheads and tools to 

teepee rings. Presently, the Innu own the rights to the land around the Mistastin area. 

There are no permanent residents today but many lnnu benefit from the great caribou 

hunting grounds and very large lake trout in the summer and fall. The lowlands are lined 

with black spruce and alders and everywhere else is covered in shrubs, tundra grass, till 

and berries, particularly wild blueberries, partridgeberries and the occasional bakeapple 

plants. There are so many blueberries; it is difficult not to step on them. Apart from the 

winds, Mistastin is a beautiful and thoroughly enjoyable location. 
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1.5 THE MIST ASTIN IMP ACT 

Mistastin was impacted by a projectile approximately 1.4 kilometers in diameter 

(according to the equations suggested by French (1998)). The composition and origin of 

the projectile has not yet been identified as there is very little projectile contamination in 

the Mistastin impactites (Morgan et al. 1975; Palme et al. 1978). 

Assuming a spherical impactor traveling at a velocity of 20 km/s and a vertical 

impact, the impactor hit with an energy of 1.0 x 102 1 J. Note that a vertical impact is 

highly unlikely, and the most probable impact angle of a comet or asteroid is 45° 

(Artemieva and Ivanov, 2001). This was enough energy to form a complex structure with 

a final crater of28 km in diameter Grieve (1975). Using the numerical relationships 

derived by Grieve and Pesonen (1992), Grieve and Pilkington (1996) and Therriault et al. 

(1997) for a complex crater with a crystalline target, the depth of the apparent Mistastin 

crater would be approximately 628 m with a structural uplift 9.3 km wide and rise 2.6 km 

above the crater floor. At present, the erosional remnant of the Mistastin crater has an 

unknown depth; the central uplift rises about 70 m above the lake level ( 400m above SL) 

and has an exposed width of approximately 3.5 x 4 km. 

1.6 THESIS OBJECTIVES 

This thesis presents detailed field observations of impactites, a geochemical and 

textural analysis of impact melt rocks as well as geochemical and geochronological data 

on the target rocks ofthe Mistastin Lake impact crater in Labrador, Canada. The overall 

goals of this study are to describe and characterize the Mistastin impactites, particularly 

the melt rocks in order to 1) explain the significance of the preserved melt thicknesses 

1-15 



-- ------------·----------- ------- -----

and associated textures; 2) to determine the source and scale of heterogeneities in the 

impact melt rocks and their relationship with target inclusions; and 3) to determine the 

origin of zircon inclusions in the melt rocks. 

1.7 STRUCTURE OF THE THESIS 

1.7.1 Introduction 

This thesis is divided into four chapters: Chapter 1 is an introductory chapter 

intended to excite and provide the reader with sufficient background on impact cratering 

and impact melt studies in addition to detailing the scope and goals of the research. 

Chapters 2 and 3 are extended versions of papers submitted to be published that focus on 

specific features of this study. Some foreseeable repetition throughout the thesis was 

inevitable as chapters 2 and 3 were designed to be stand-alone manuscripts. Chapter 4 is 

a summary and conclusion to the study designed to unite all the material presented 

together. The following is a brief summary of the objectives of chapter 2 and 3. 

1.7.2 Chapter Two- "Geology and impact melt thickness ofMistastin Lake crater, 

Labrador." (C.L. Marion, P.J. Sylvester and A.M. Leitch) 

This paper addresses the geology of impactites and the distribution of preserved 

impact melt rock thicknesses at the Mistastin Lake impact crater, Labrador. The paper 

provides a detailed account of the stratigraphic relationships and petrological analysis of 

the impactites, specifically, an analysis of vesicularities and plagioclase crystallization 

temperatures in impact melt rocks. The data are used to present a petrological 

explanation for the variation of impact melt texture and preserved melt thicknesses. 
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1.7.3 Chapter Three- "Composition and heterogeneity of impact melt at Mistastin 

I 

lake crater, Labrador." (C.L. Marion and P.J. Sylvester) 

This paper addresses the geochemistry of impact melt rocks and the complex 

relationships between them and their target rocks at the Mistastin Lake crater, Labrador. 

This is accomplished by characterizing the major and trace element composition of the 

impact melt rocks and target rocks distributed around the lake. In addition, geochemistry, 

Hf isotope chemistry and geochronology of target zircons and zircons present in the 

impact melt rocks are determined to confirm melt rock chemistry. The relationship 

between melt rocks and their target rocks is of importance in understanding the processes 

involved in impact melting and current melt rock distribution. 

1.8 CO-AUTHOR CONTRIBUTIONS 

Chapters 2 and 3 have each been submitted for publication to the international 

journal of Meteoritics and Planetary Science and Planetary and Space Science, 

respectively. These submissions include two co-authors. My supervisor, Dr. Paul 

Sylvester, conceived and managed the project and provided considerable instructional and 

supervisory input toward the thesis. Dr Alison Leitch assisted solely with respect to 

Chapter 2, particularly with the geophysical aspects of the study such as the explanations 

for the formation and preservation of vesicles and the Archimedes' method. I estimate 

the co-author contributions to Chapters 2 and 3 to be no more than 20%. 
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Table 1.1 . Comparison of melt sheet thickness and radial extent in some terrestrial craters. 

Preserved 
Radial Melt volume Estimate of melt 

Crater 
Target Diameter max. melt 

extent post-erosion volume pre- Sources 
lithology* (km) sheet thickness 

(km) (km) erosion (km3
) 

(m) 

Vredefort Mixed 300 0 Gibson and Reimold, 1999; 2000 

Lakomy 1989; Grieve et al, 
Sudbury Crystalline 250 2500? 27 X 60 >8000 5000 - 24000 1991; Grieve and Cintala, 1992; 

Z ieg and Marsh, 2005. 

Floran et al. 1976; Simonds et al. 
Manicouagan Mixed 100 230 (up to 1500) 55-60 600 1200 1978; Grieve and Cintala, 1992; 

Spray and Thompson 2008. 

Masaitis, 1994; Grieve and 
Popigai Mixed 100 >1000 >48** > 1750 Cintala, 1992; Masaitis et al. 

2005. 

Morokweng Crystalline 70 > 170 30 ? ? Dressler and Reimold, 200 I 

West Clearwater Mixed 32 130 13 40 80 Grieve and Cintala, 1992 

Mistastin Crystalline 28 80 6.5 10 20 
Grieve, 1975; Grieve and 
Cintala, 1992 
Gurov et al. 1986; Grieve and 

Boltysh Crystalline 24 220 12 II II Cintala, 1992; Gurov et al. , 
2006. 

Lappajarvi Crystalline 23 144 8? 8 Grieve and Cintala, 1992 

Kaluga Crystalline 15 90 (melt breccia) 13 8 8 Grieve and Cintala, 1992 

Brent Crystalline 3.8 34 0.2 0.021 Grieve and Cintala, 1981 ; 1992 

*Mixed refers to a dominantly crystalline target with sedimentary cover. 
**Estimated from Masaitis et al. 2005, figure I: they describe differential erosion from 50 to 300m of removal. 

..... 
I ..... 
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Chapter 2 

Geology and impact melt thickness of Mistastin Lake crater, Labrador 

2.1 ABSTRACT 

The - 36 Ma Mistastin Lake crater in Labrador, Canada contains melt rocks that 

are distributed around two thirds of the lake in patchy outcrops varying in thickness from 

<1m to 80 m. Previous estimates suggested that a coherent melt sheet up to 200m thick 

formed in the crater and that the much smaller preserved unit thicknesses are the result of 

glacial erosion. Through new field observations and laboratory measurements, this work 

identifies a relationship between distribution, thickness and vesicularity of melt rock 

units. The thickest melt-rock occurrence, at Discovery Hill, is massive, crystalline, non

vesicular and 80 m thick. In contrast, 1-2m thick melt-rock occurrences elsewhere in the 

crater are glassy and vesicular. Measured vesicularities vary from 0.1 to 31 % and follow 

an empirical relationship (q> = 30±2 h-o.s±O.I) whereby vesicularity <p increases with 

decreasing melt rock thickness h. Plagioclase microlite crystallization temperatures of 

thin melt rock outcrops are very high(> 1300 °C), indicating rapid cooling rates. Lower 

crystallization temperatures ( - 1245 °C) for the Discovery Hill melt are consistent with 

slower cooling rates. The data suggest that the pre-erosional melt sheet at Mistastin was 

not uniform and consequently, previous estimates for the level of erosion and the volume 

of the melt produced have been overestimated. 
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2.2 INTRODUCTION 

Meteorite impacts add tremendous amounts of kinetic energy to target rocks, 

sometimes resulting in the formation of significant volumes of impact melts. Impact melt 

production varies in part as a function of crater size. In small structures ( <15 km), impact 

melt rock occurs as melt particles within ejecta deposits and/or crater-fill polymict 

breccias, e.g. at Couture, Quebec, Canada (Grieve, 2006). Not only is there less impact 

melt formed in smaller craters, but a larger proportion is ejected as well, so melt glasses 

are less likely to be preserved (Grieve and Cintala, 1992). Conversely, in very large 

craters ( - 100 to 300 km) in crystalline target rocks, impact melt commonly forms large 

coherent bodies and/or continuous sheets, which can extend over many kilometres along 

the crater floor and be tens to hundreds of metres thick, e.g. up to 6 km at Sudbury 

(Canada) (Deutsch et al. 1995), Manicouagan (Canada) (Floran et al. , 1978), and Popigai 

(Russia)(Masaitis, 1994). How melt forms and is dispersed in intermediate-sized craters 

(-20 to 75 km) is less clear. Melt rocks preserved in intermediate-sized craters range 

from glassy particles in lithic breccias to collections of larger, more coherent melt rock 

bodies. Multiple units of discontinuous crater-fill impact melt rock are commonly 

interpreted to represent erosional remnants of a once coherent melt sheet though it is 

difficult to verify such models. 

Mistastin Lake, Labrador, Canada is an intermediate-size crater (28 km diametre) 

that preserves discontinuous outcrops of impact melt rock ranging in thickness from 80 m 

to less than 1 m (Fig. 2.1 ). Phinney and Simonds (1977) and Grieve and Cintala (1992) 

assumed that these variations were the result of differential glacial erosion of a single 

coherent melt sheet at least 200m thick and, consequently, estimated a 20 km3 pre-
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erosional impact melt volume. In this paper, the significance of preserved thicknesses of 

melt rocks at Mistastin is reevaluated, focusing on their vesicularity and crystallization 

temperature, which suggest that the original thickness of the impact melt was quite 

variable. I also report the discovery and significance of suevite (polymict breccia 

containing impact melt clasts) that was emplaced as a hot lithic flow within the crater 

rather than as an airborne deposit ballistically ejected from the crater as has been reported 

at the Ries impact structure (see Osinski, 2004, for a review). 

One of the reasons that it is important to understand how impact melt is formed and 

dispersed in terrestrial craters is to apply the results to the Moon where geological 

relationships between specific craters and their impact melt rocks are very poorly 

constrained. Radiometric age dates of lunar impact melt glasses provide the most 

complete chronology of the cratering history of the inner solar system but are limited by 

uncertainties about the numbers and sizes of craters that produced glasses of particular 

ages and compositions (e.g., Hartmann et al. , 2007). In this regard, Mistastin is an 

invaluable lunar analogue as its size is comparable to many of the larger impact melt

forming craters on the Moon (150-200 km in diametre, when scaled for gravity 

differences) and its target rocks included anorthosites as the dominant lithology (Grieve 

1975), as is the case for impacts in the lunar highlands. The physical behavior of 

anorthositic impact melt flows at Mistastin may have relevance to understanding the 

distribution of their counterparts on the Moon. 
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2.3 PREVIOUS STUDIES AT MIST ASTIN 

The Mistastin Lake crater (locally known as Kamestastin) was originally identified as 

an impact structure by Taylor and Dence (1969). Grieve (1975), Grieve and Cintala 

(1992), Marchand and Crocket (1977) and Mak et al. (1976) identified a large number of 

shock metamorphic features in the Mistastin impactites. The crater is located in northern 

Labrador, Canada (55°53'N; 63°18 ' W) on stable cratonic rocks ofMesoproterozic age 

(ca. 1.4 Ga). These rocks are components ofthe 5,000 km2
, 80 km wide , 

Mesoproterozoic Mistastin batholith (Emslie et al. , 1980), which is part of the Nain 

Plutonic Suite (NPS) of Labrador. The NPS extends for more than 20,000 km2 and is 

composed of a range of lithologies: Principally leuconorite, anorthosite, quartz monzonite 

and granite with secondary gabbro, troctolite, ferrodiorite and mangerite (e.g., Ryan and 

James, 2004). The target rocks from which the impact melt was produced are thought to 

consist principally of anorthosite (- 62%) and lesser mangerite (- 38%) based on 

geochemical modeling (Grieve, 1975; Marchand and Crocket, 1977). The major rock type 

in the region, the 'augen granodiorite' of Currie (1971), apparently contributed only 

trivial amounts (<1 %) ofrock to the impact melt (Grieve, 1975; Marchand and Crocket, 

1977). This may indicate that the granodiorite was only a minor lithological component 

in the area. 

Mistastin crater is thought to be - 28 km in diametre based on the location of a ring of 

outlying hills that may represent the collapsed crater rim (Grieve, 1975). An oval-shaped 

lake occupies the inner - 16 km diametre portion of the crater. Two islands, - 3-km wide 

Horseshoe Island and tiny Bullseye Island, are located in the centre of the lake. These 

represent a central uplift and thus classify the Mistastin structure as a complex crater. 
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The topography directly surrounding the lake is slightly elevated in plateaus extending up 

to 5 km away from the edge of the water. These plateaus transition into steeply dipping 

ramps elevated up to 350 metres above the lake level. The ramps are interpreted as the 

terraced rim of the crater. Depth measurements taken during this study gave lake depths 

of27 to greater than 47 m, the limit of our apparatus. Otherwise, the present depth and 

topography of the crater floor is unknown. Grieve (1975) estimated a transient cavity 

diametre of 12 km and depth of 4 km for Mistastin based on comparisons with the 22 km 

wide (rim diametre) Gosses Bluff, Australia. The transient cavity is the maximum size 

achieved in the excavation stage of crater formation, before rim collapse begins in the 

modification stage (Grieve at al., 1977; Melosh, 1989). The lake basin itself (at present, 

19 x 12 km in its maximum dimensions) could represent the extent of the collapsed 

transient cavity. Today the basin appears enlarged and elongated by glaciers that moved 

across the area from the southwest to northeast (Klassen and Thompson, 1990). 

The impact age of Mistastin is late Eocene, 36 ± 4 Ma, based on 40 ArP9 Ar stepheating 

dating of six impact melt rocks (Mak et al., 1976). The crater is well preserved because it 

has not been significantly affected by metamorphism and deformation since the impact. 

Impact-induced, low-temperature hydrothermal alteration has been proposed to explain 

the deposition of clay minerals in voids in some impact melt rocks (Newsom and 

Hagerty, 2003) but otherwise, erosion and sediment deposition have produced the only 

significant morphological changes to the crater since the Eocene. Many of the impactites, 

including the impact melt rocks have been exposed and incised by glacial and fluvial 

erosion but, as noted above, the original topography of the crater rim appears to be well-
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preserved so that the crater is not deeply eroded (Fig. 2.2). The degree of erosion will be 

discussed further in the paper. 

The melt rocks at Mistastin are distributed over the western two thirds of the edge of 

the lake and vary in thickness from exposure to exposure (Fig.2.1 ). They are unevenly 

distributed on top of the target rocks and not preferentially associated with any particular 

target lithology. Anorthosite and mangerite are exposed in belts cutting across the lake 

within the more extensive areas of granodiorite. All of the melt rocks are aphanitic to 

glassy and many contain vesicles. Much ofthe melt rock is clast-rich and the clast content 

increases with increasing proximity to the underlying brecciated basement. Grieve (1975) 

gave a detailed description of the petrology of the melt rocks; a shorter summary was 

presented by Grieve (2006). Geochemical studies by Grieve (1975) and Marchand and 

Crocket (1977) indicated that the impact melt rock has a rather homogeneous anorthositic 

composition (e.g., Si02 = 57.8 ± 1.9 wt%). Grieve (1975) concluded that differential 

shock effects and particle velocities in addition to the highly turbulent state of the melt 

resulted in the efficient homogenization, though he also indicated that mixing may not 

have been entirely effective throughout all parts of the melt, resulting in local, small-scale 

heterogeneities. 

2.4 IMPACTITE STRATIGRAPHY AND FIELD RELATIONS 

All the major exposures of impactites are re-examined at Mistastin as part of this 

study (Fig. 2.3). The stratigraphy at Mistastin is best exposed along the banks of creeks. 

Cote Creek has the most complete measurable sequence, but exposures at both Steep 

Creek and ' South Creek' are useful aids to understanding the deposition ofimpactites. In 
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general the impactite units dip inward toward the lake at between 10° and 25°. The 

complete preserved stratigraphy, from bottom to top (A to E), is as follows: A) shocked 

and/or fractured target rocks, B) monomict breccia, C) polymict lithic breccia, D) suevite 

and E) melt rocks. Not all the units are present in each outcrop and there are widespread 

variations in unit thickness. There is no evidence of preserved ejecta deposits overlying 

the melt rocks. 

2.4.1 (A) Shocked and fractured target rocks 

The target rocks are an autochthonous unit that consist of anorthosite, mangerite and 

granodiorite (Fig. 2.4), as mapped by Currie (1971). The mangerite and anorthosite 

exposures occur as curvilinear elongate or irregular strips that extend northwest to south 

east across the lake. In addition, on the central uplift a small outcrop of meta-quartz 

gabbro is identified that was not described previously. 

The shocked target rocks are much more susceptible to chemical and physical 

weathering than their unshocked counterparts. The anorthosite is somewhat variable in 

appearance in different outcrops but is easily identified. Strongly shocked anorthosite is 

white, but otherwise it is a light shade of pink to purple. The characteristically colorful 

lustre of labradorite is absent in many cases or has been modified to a deep turquoise 

green. The anorthosite consists principally of coarse grained labradorite to andesine, - 1% 

Fe-Ti oxides and varying amounts (2 to 10%) ofpyroxene. Pyroxene is identified in most 

anorthosite samples as mm-scale crystals, but one particular outcrop on Horseshoe Island 

displays very large pyroxene crystals up to 12 em long. There are J.lm-scale biotite 

inclusions in the plagioclase feldspar. 
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Mangerite is a pyroxene-rich quartz - bearing monzonite. In fresh unshocked samples 

of mangerite, the quartz is a deep shade of green. In very weathered samples along the 

lakeshore, the mangerite is yellow-brown. It is very difficult to distinguish between the 

granodiorite and mangerite in outcrop or hand sample as they have a similar mineralogy 

and both commonly display striking potassium feldspar (typically microcline) augen 

(ovoids) or rapakivi textures, which crumble when weathered. The mangerite is 

chemically distinguishable from the granodiorite on the basis of higher iron contents (8 -

10 wt.% total Fe20 3 compared to about 2 to 5 wt.% in the granitic rocks). In the 

mangerite, a large amount (50%) of the pyroxene has been altered to hornblende. 

Other rock types include the dominant coarse-grained hornblende-biotite granodiorite 

and small areas of granite, gneiss and granulite material (Currie, 1971 ). The granodiorite 

consists of20-25 vol% potassium feldspar, 30 vol% plagioclase, 20 vol% quartz, 5-15 

vol% hornblende, 5% biotite with abundant accessory minerals apatite and zircon. 

Apatite crystals may reach 0.5 mm long. Hornblende was partly replaced by biotite. 

Some of the original biotite shows ~J.m-scale kink banding which may be due to shock 

metamorphism or an inherited metamorphic imprint. Currie (1971) first described 

gneissic material as south-easterly trending nebulous areas within the granodiorite and 

combined them with the granodiorite unit on his map of the region. The granitic gneiss to 

biotite-gneiss is similar in composition to the granodiorite and is identified in hand 

sample and thin section by its gneissosity. A single outcrop ofthe weathered gneiss is 

located on the eastern bank of Steep Creek. The gneiss is also found as large oval-shaped 

inclusions - 10-60 em wide within the mangerite, most commonly on the western shores 

of Horseshoe Island and the south shore of the lake. A large coarse-grained granite sill uo 
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to 2 m thick, the formation of which was unrelated to the impact event, is located just 

across from the gneiss on the eastern bank of Steep Creek. The sill is exposed for 

approximately 10m and then disappears under the vegetation. 

A single, several metre wide outcrop of (meta-) quartz gabbro surrounded by shocked 

anorthosite is located in the centre of Horseshoe Island. It is medium-grained and 

moderately shocked as indicated by planar deformation features in the plagioclase. These 

textures were recognized in the mangerite by Currie (1971 ). However, the quartz gabbro 

is easily chemically distinguished from all other target rocks by its low Si02 of 44.9 wt% 

and high total Fe20 3 of 19.7 wt% (Marion and Sylvester, submitted). This rock consists 

of40-50% pyroxene (-10% ofwhich was altered to hornblende), 35-40% plagioclase, 

10% Fe-Ti oxides, - 5% quartz, 5% garnet and 1% chlorite. The presence of garnet 

indicates that this may be an amphibolite to granulite grade metamorphic rock, however 

no other metamorphic features are observed. 

Shock metamorphism is an essential part of the cratering process and has aided in 

the discovery of many impact craters. Shock metamorphic effects observed in the target 

rocks at Mistastin include planar deformation features in feldspars, quartz and zircon as 

well as shattercones, toasted brown quartz (Whitehead et al. , 2002) and maskelynite

bearing anorthosite (Lambert and Grieve, 1984) (Fig. 2.5). Shock pressures in the cental 

uplift have been recorded to >35 GPa (Grieve and Cintala, 1992). 

The shocked and fractured target rocks contain intrusions in the form of dikes and 

sills originating from overlying melt and breccia units (Fig. 2.6). They are commonly 

fractured on a microscopic to macroscopic scale (Fig. 2. 7 A). They grade into overlying 

monomict breccia as the fractures become more abundant and concentrated. 
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At Mistastin, reflective intensities of shocked microcline and diaplectic glass of shocked 

quartz indicate pressures of26-35 GPa (Langenhorst and Deutsch, 1994; Lambert, 1981); 

those of shocked labradorite forming maskelynite are consistent with pressures of 33-35 

GPa (Lambert and Grieve, 1984). Wholesale melting of anorthosite is thought to require 

shock pressures in excess of 60 GPa, with post-shock temperatures reaching > 11 00°C 

immediately after pressure release (Steffler and Grieve, 2007b; Lambert and Grieve, 

1994). 

2.4.2 (B) Monomict Breccia 

Monomict breccia is an autochthonous to parautochthonous unit, in this case defined 

as monolithologic sequences of anorthosite, mangerite or granodiorite breccia. 

Anorthosite breccia and mangerite breccia are the most common monomict breccias 

observed at Mistastin. These units have an apparent maximum thickness of I 0 m but 

more commonly are 2-4m thick. It can be a difficult task to distinguish between shocked 

rocks and autochthonous monomict breccia on the macroscopic scale as some breccias are 

partially consolidated. Currie (1971) explained that these units are identifiable by glassy 

mineral grains, distorted grain structures, the presence of red veinlets and intense 

microscopic to macroscopic cleavage and powdering of the rocks. Pseudotachylite veins 

have been observed in this unit, particularly on the south shore of the lake. The mangerite 

is difficult to distinguish as a monomict breccia relative to a shocked mangerite in the 

field because the augen feldspar crystals turn to a yellow-orange and appear to float in the 

weathered black matrix where evidence of shock features or cleavage is lost. It is 

difficult to determine whether the rock is crumbling simply due to weathering or because 
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of brecciation or a combination of the two. Brecciated anorthosite is very easy to 

distinguish from shocked anorthosite as it weathers to material resembling talcum 

powder. The basal contact of the breccia is transitional into the shocked target rocks. 

2.4.3 (C) Polymict lithic breccia 

This is an allochthonous clastic impact breccia. In most cases it is dominated by one 

of the target rock compositions though some parts of the unit consist of significant 

proportions of two or more rock types. Along the north side of the lake, Steep Creek and 

Cote Creek expose much of the impactite stratigraphy. At Cote Creek, every unit of the 

impactite stratigraphy is exposed, including the basal contact of the melt rocks with the 

underlying polymict breccias. The best exposures are located along the creek bed. The 

white powdery banks ofmonomict anorthosite breccia at the mouth ofthe creek stand out 

against the browns and greens of the vegetation. About 0.4 km north ofthe mouth ofthe 

creek, on the west bank, there is an 11 m high ridge of polymict breccia which 

incorporates anorthosite fragments, foreign clasts and locally em-wide sinuous impact 

melt breccia intrusions. This breccia consists of mm-scale fragments to metre-sized 

blocks of target rocks and monomict breccia with a lithic breccia matrix (Figs. 2. 7B and 

2.7C, the latter is a specific type ofpolymict breccia discussed in the following section). 

The dikes and sills intruding this unit are em-wide pale green sinuous veins amongst the 

anorthosite rich breccias at Cote Creek. Several large continuous blocks in the breccia 

are shocked target rocks as they consist primarily of an isotropic feldspar-rich matrix 

interpreted as maskelynite (i.e., shock-induced plagioclase glass; Fig. 2.8A). Maskelynite 

and lechatelierite are diaplectic glasses which are formed in solid state process; they are 
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also observed in the monomict breccias and target rocks. This type of glass may not 

involve melting (French, 1998). Conversely, some studies have shown that this glass can 

be formed by melting and quenching under high pressure (Chen and El Goresy, 2000). 

Many ofthe more high temperature minerals inherited from target rocks (e.g., zircons) are 

preserved intact. The existence of planar deformation features in the clast minerals is 

evidence that they are inherited from the shocked basement rocks. The basal contact of 

this unit is transitional to irregular, and over ~ 1 metre in thickness. 

2.4.4 (D) Suevite 

Suevite is a polymict lithic breccia containing co genetic melt clasts and lithic and 

mineral clasts in all stages of shock metamorphism in a clastic matrix (Fig. 2.7C). The 

melt rock clasts commonly consist of flow-banded glass and are sinuous and elongate. 

The thickness of this unit is difficult to estimate because the basal and upper contacts are 

transitional or not visible but range between 10 em to 2 m. The most common suevite 

consists of a fine-grained light grey matrix with abundant plagioclase clasts and 

inclusions of melt fragments. Several larger feldspar clasts are mantled by melt. The 

melt clasts contain microclasts and are mostly glassy with an elongate and sinuous 

appearance but no particular orientation. The most prominent outcrop of suevite is at 

Steep Creek where it intrudes into monomict breccia. This intrusion is approximately 2 

m thick at its maximum and dips (~30°) in the direction of the centre ofthe impact 

structure. The complete horizontal extent is unknown but is a minimum of 8 m. The 

upper and lower margins of the monomict breccia intrusion are oxidized to a higher 

degree than the interior, which supports emplacement ofthe intrusion at high temperature. 
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This suevite was intruded several metres into the basement rocks as a passive fracture fill 

and is strong evidence that this unit was deposited as the result of a hot lithic flow moving 

laterally (perhaps horizontally) and driven into the breccias during impact. Suevite has 

been observed at several other craters such as Ries, Rochechouart and Bosumtwi, where 

this deposit is generally interpreted to have been ejected and emplaced as an airborne 

deposit during the early excavation phase of the impact event (Osinski, 2004; von 

Engelhardt, 1997; Lambert, 2008; Boamah and Koeberl, 2006). At the Ries crater in 

particular, different modes of transport are suggested for suevite as it occurs both as 

crater-fill (or fallback suevite) and outside the crater rim (or fallout suevite) and these 

show differing volumes of shocked target clasts and melt clasts (Bringemeier, 1994; von 

Engelhardt, 1997). However, the contacts of those suevites are not commonly bound by 

the target rocks or overlain with thick units of impact melt. The suevite at Mistastin 

demonstrates that those sorts of rocks need not be airborne deposits. 

2.4.5 (E) Melt Rocks 

The melt rocks at Mistastin are distributed around the perimetre of the western two 

thirds of the lake extending radially approximately 6.5 km from Horseshoe Island, near 

the centre ofthe lake. The extent of the melt below the lake is unknown though crater 

formation models (e.g. StOffler and Grieve, 2007b) depict the thickest melt as being 

immediately around the central uplift overlying the other crater fill deposits with the 

exception of fallback breccias. This suggests that melt rocks are present beneath water 

level around Horseshoe Island (representing the central uplift of the crater). Several small 

exposures of melt rocks are present on the island. The melt rocks are very similar in 
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texture to volcanic rocks; they have a glassy to fine-grained matrix and in places contain 

clasts and vesicles. The clast content categorization (SWffler and Grieve, 2007a) divides 

all melt rocks into three main types: clast-rich, clast-poor and clast-free, and by this 

classification, all three types are present at Mistastin. Grieve ( 197 5) divided Mistastin 

melt rocks in his Table 3 into three chemical classes based on silica and potassium 

content (low: Si02 of53.4-55.5 wt% and K20 of 1.1-1.5 wt%, intermediate: with an 

average Si02 of58.4 wt% and K20 of2.3 wt% and high: with an average Si02 61.6 wt% 

and K20 of 3.6 wt% as well as into three separate textural subunits (glassy to very fine 

grained melt with numerous inclusions; fme-grained microporphyritic melt with 

numerous inclusions; and fine-medium-grained poikilitic melt with relatively few 

recognizable inclusions). 

Mistastin melt rocks are generally found in a gradational upward sequence with glassy 

clast-rich melt rocks proximal to the basal contact increasing to crystalline melt rocks 

with fewer clasts with increasing distance from the underlying target rocks and breccias. 

Few areas in the melt are completely clast free, even the thickest units contain minor 11m

scale clasts. Matrix grain size varies with thickness of the melt unit and clast content; 

coarser grains are associated with thicker, clast-poor melt units whereas finer grains are 

associated with the thin melt units and clast-rich areas. Matrix micro lites of plagioclase, 

pyroxene and Fe-Ti oxides are best observed in the clast-poor to clast-free melt rocks of 

the thickest parts of melt units where they had time to grow (Fig. 2.8B-C) up to 1 mm in 

length in the case of the dendritic pyroxenes and up to 1 mm in length for plagioclase 

microlites and up to 1 mm for plagioclase phenocrysts. Clast-rich melt rocks (Fig. 2.8D) 

have fewer to no microlites (<50%) depending on the size and abundance of clasts in each 

2-14 



sample. Melt rocks from thinner units have a more glassy matrix with few microlites 

(Fig. 2.8E). Microlites observed in the these melt units are no larger than 150 J.lm. 

2.5 Distribution and description of the melt rocks 

Six principal melt rock locations were examined around Mistastin Lake; in counter

clockwise order beginning in the north east, they are: Steep Creek, the North Shore, Cote 

Creek, Discovery Hill, the South Ridge and the South Shore (Fig. 2.1 ). A seventh 

location, West Point, was visited in the field but unfortunately was not sampled during 

this study. The North Shore, South Shore, West Point and South Ridge locations are field 

terms used in this study. 

A particularly distinctive butte on the west side of the lake, known as Discovery Hill, 

represents the thickest preserved outcrop of the melt unit, roughly 80 metres thick. The 

Hill itself is just over 100m high (Fig.2.9). The basal contact ofthe melt unit is not 

exposed. The eastern side of the butte slopes to the East toward the lake at 30-45°, and 

resembles a steep ramp rising out of the lake when observed from the centre of the lake. 

There are no melt rocks exposed on the lower two-thirds of the ramp. Two tiers of 

columnar joints are exposed on the south side of the butte (Fig. 2.9A-B); the west and 

north side show distinctly smaller jointing and vertical parallel cleavage. Horizontal 

cleavages cut across many of the joints of the lower tier and the vertical cleavage on the 

north side. It is evident that there has been intense erosion of Discovery Hill. 

The Discovery Hill melt unit consists of a dark blue massive rock, with 70-90% 

matrix minerals and glass and 10-30% clasts (Fig. 2.8B). The matrix is dominantly 

crystalline and consists primarily of plagioclase micro lites up to 1 mm in length, lesser 
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dendritic clinopyroxene (augite to pigeonite) up to 2.5 mm long and Fe-Ti-oxides less 

than 1 mm in diametre. Sub-ophitic texture forms where pyroxene crystals are partially 

surrounding plagioclase laths. According to Grieve (1975), the chemical composition of 

the melt matrix at Discovery Hill is relatively homogeneous, with minor variations due to 

local target rock contributions. 

Clasts consist of various assortments of minerals derived from target rocks, most 

commonly plagioclase and quartz. Additional clasts consist ofhypersthene, Fe-Ti oxides, 

apatite, and zircon. There are both unshocked and shocked grains; the majority are 

weakly shocked to unshocked. The few vesicles in Discovery Hill melt rock are at the 

llm- to mm-scale and are spherical. They are easily confused with voids created by 

erosional excavation of llm-mm-size clasts, which are much more abundant ( ~5 times) 

than the vesicles. In places the voids form amygdules filled with clay minerals. The 

amygdules may have been formed by hydrothermal alteration in the late stages of cooling 

or are simply altered clasts. The largest observed void was 1 mm wide. 

Enormous metre-sized ( ~6 x 8 m) mangerite clasts are found protruding from the melt 

on the north side ofthe butte and atop the hill (Fig. 2.9C). Discovery Hill's vertical joints 

curve around these mangerite boulders and plagioclase microlites in the melt matrix 

immediately adjacent to the boulders have a preferred orientation. There is evidence of 

zonation and gradation of fmer grains in the melt matrix over several metres. This 

zonation appears to be affected by the number and size of clasts in each sample, with 

zoning better defmed when there are more clasts. 

The melt rock exposed at Cote Creek blankets the irregular landscape of the 

underlying breccias. The southernmost melt rock outcrop occurs 0.5 km upstream of the 
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outwash into the lake. In the creek beds, the melt rock irregularly intrudes the underlying 

breccias. One large vertical intrusion, a downward injection into the breccias from the 

overlying melt layer is emplaced at the contact between lobes of the anorthosite and 

mangerite target rocks. The downward termination of this intrusion is hidden, however a 

similar intrusion located 0.2 km downstream (toward the lake) is completely exposed 

(Fig. 2.10A) and this exposure clearly shows that the melt from along the base of the melt 

sheet was injected into the breccias below. Melt rock at Cote Creek has a maximum 

thickness of 18 m and all of it contains abundant mm- to em-scale vesicles at this location 

beginning only 1m above the basal contact (Fig. 2.10B). The size and shape ofthe 

vesicles vary depending on the thickness and proximity to the basal contact. The melt is 

not vesicular directly along the contact; it contains a dense clast population (>50%) and is 

glassy (Fig. 2.11A). A metre up stratigraphy, mm-scale, slightly elongate vesicles are 

observed. These become more abundant up section (Fig. 2.1 OB and 2.11 B). At the top of 

this section vesicles are up to centimetre-scale and approximately spherical (Fig. 2.11 C). 

The melt rock outcrop at Steep Creek consists of a hill on the East side of the creek. 

The unit is at least 6 m thick; it may be thicker because the base is not exposed. The melt 

rocks on this hill are relatively massive, non-vesicular, moderately weathered and consist 

of about 10-15 % of jlm-scale clasts. 

The North Shore, located about 4-5 km west of Steep Creek, consists of a cluster of 

outcrops ranging from 2m to 300m wide. The thickness of these units are unknown as 

the outcrops are spread over a kilometre on a vegetated and boulder-rich plateau. Based 

on their textures (matrix crystallinity and grain size, clast abundance etc), each patch may 

vary in thickness relative to neighbouring patches. The samples are generally clast-rich 
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and have a glassy to fine-grained matrix. The clasts are J..tm to em in size and although 

the Cote Creek unit shows larger clasts along the base, the textures of the presumably 

thinner, clast-rich North Shore melt rocks appear somewhat similar (Figs. 2.1 OB and 

2.11A). All ofthe voids in these samples are irregularly shaped. This could be due to a 

forced deformation during escape of gas-filled voids through a clast-rich medium or they 

may have formed from irregularly shaped dislodged clasts. An estimated 30% of voids 

may not be vesicles. 

The South Ridge, a ridge 4 km SSE of Discovery Hill, consists of weakly vesicular, 

massive melt rock with a thickness of at least 25 metres. Since the basal contact is not 

exposed, it is likely the melt rock unit is thicker. A segment of the ridge displays vertical 

cleavage and what may be columnar joints similar to Discovery Hill. 

Along the southern shore of the lake, several dispersed beach outcrops show very 

large vesicles up to 25 em in their largest dimension; some rocks are so rich in vesicles 

that they resemble pumice. These outcrops are 1-2 metres thick, with a glassy matrix 

(- 50% glass) and elongated vesicles demonstrating flow deformation (Fig. 2.12A-B). 

Figure 2.12C displays the contact ofthree units at South shore, (1) a glassy non-vesicular 

clast-rich unit overlain by (2) a glassy weakly vesicular clast-poor unit which grades over 

a short distance into (3) a glassy, more vesicular melt rock. Based on the sharp contact 

between them, it appears as though the clast-poor (2-3) and clast-rich (1) units were two 

different flows. Many scoriaceous rocks with vesicularities ofup to 50% were found in 

the South shore area. 
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2.6 VESICLES IN IMPACT MELT ROCKS 

The majority of the melt rocks at Mistastin Lake show vesicular textures with the 

exception ofthe clast-rich basal melt rocks and the clast-poor massive melt rocks located 

in the thickest units of melt. Most vesicles are on the order of 11m- to mm-scale, although 

they can be up to several centimetres in diametre. Their shape varies from outcrop to 

outcrop; some vesicles are spherical and others are elongate and elliptical demonstrating 

that they were present during flow movement in the melt. 

The vesicles formed from volatiles, such as molecules of water, carbon dioxide, 

sulphur, etc., that existed in a gas state at atmospheric pressures and magmatic 

temperatures. These gases are rapidly dissolved into the high temperature melts formed 

under extreme shock pressures produced at the instant of impact. The volatiles then 

exsolve to form gas bubbles during relaxation of the melt . Several factors control the 

formation and preservation of vesicles, including initial volatile concent, melt 

composition, clast and microlite populations, melt layer thickness and temperature. These 

factors are briefly discussed below. A comprehensive analysis ofvesicularity in impact 

melts has yet to be attempted. Degassing in volcanic systems is studied (e.g. Peck et al. , 

1977), but the conditions in which vesicles form are admittedly different. 

The initial volatile content of the melt is difficult to assess, however in these 

magmatic target rocks the dominant volatile was almost certainly water. There are a 

number of possible sources, one being volatile-rich minerals in the target rocks. Minerals 

such as amphibole and micas have H20 as fundamental constituents in their crystalline 

structures, and this water is released upon melting. Loss on ignition (LOI) values for the 
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three principle target rocks are 2.6% ± 2.0 in the anorthosite, 3.0% ± 1.5 in the 

mangerite and 0.9 % ± 0.4 in the granodiorite (Marion et al. , submitted). However, these 

values may not represent original volatile ratios due to weathering, etc. Additional 

sources may include groundwater, surface water or glacial ice and volatiles from the 

impactor. Groundwater within the crystalline target rocks was probably not significant, 

as the fracture porosity of such rocks is generally low (<0.5%) and restricted to the top 

~1OOm of surface rocks (M. Sukop, pers. comm. ). If the impactor was a comet, or the 

immediate target was covered by a large lake or a glacier and this water was incorporated 

into the melt, then water contents could have more than a few weight percent. 

In equilibrium, volatiles exsolve from a melt when their concentrations are higher 

than their solubility. The solubility of volatiles increases strongly as pressure increases, 

due partly to compression of the gas. At Mistastin, the static pressure in the melt is due to 

the weight of overlying material once the initial shock of the impact is past. Figure 2.13A 

shows how H20 saturation increases with increasing depth in the melt, assuming that the 

melt is at the surface so that the top of the melt layer is at a pressure of 1 bar. To convert 

pressure to depth, Pascal's Principle for fluid pressure is used: 

p = pgh (1) 

where P is pressure, p is the density of the melt, g is the acceleration of gravity and h is 

depth (i.e., the overlying thickness of melt). Pressure increases by about 1 bar for every 4 

m of overlying melt. Figure 2.13A shows that at the melt surface the saturated water 

content is <0.1 wt% and at a depth of 80 m, corresponding to the bottom of the thickest 
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unit observed at Mistastin crater, the saturated water content is only - 0.45 wt%. This 

indicates that unless the initial melt were extremely dry, it would have been 

supersaturated in water at all depths. 

To convert initial water supersaturation to an initial maximum vesicularity, the ideal 

gas law (which works well for water vapour) is used. 

PV = nRT (2) 

where Vis volume (of a vesicle), n is the number of moles, R is the Universal Gas 

constant and Tis absolute temperature (in Kelvin). In Figure 2.138 the initial, 

equilibrium volume vapour fraction is plotted as a function of equivalent depth in the melt 

layer, assuming a uniform temperature of 11 00 °C, for four different, uniform initial water 

contents. Equivalent depth is the depth that would apply if the overlying melt was not 

vesiculated - vesiculation increases the layer thickness without increasing pressure. The 

strong increase in volume vapour fraction as equivalent depth decreases is due partly to 

decrease in water solubility and partly to decrease in pressure. From Figure 2.138, ifthe 

water content was a uniform 0.4 wt%, then a layer with equivalent depth of <70 m would 

be vesiculated from top to bottom and more than half of the melt would be a highly 

vesicular froth. 

Figure 2.13 is useful in illustrating that melt layers several tens of metres thick could 

become highly vesicular, particularly in their upper portions. However, it must be 

stressed that the actual vesicularity of a melt at a given time or location depends on many 
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more variables than are considered in Fig. 2.13, and the figure cannot be used to 

quantitatively predict preserved vesicularity in the melt rocks. 

Like crystal nucleation, bubble nucleation depends on cooling rate and on available 

sites for nucleation. Vesicles in most terrestrial lavas dominantly nucleate 

heterogeneously (Hurwitz and Navon, 1994), and this is thought to be true in impact 

melts as well, where vesicles nucleate on crystals that survive impact melting such as Fe 

and Ti oxides (Cluzel et al. , 2006; Gardner, 2007) and (to a lesser extent) zircons and 

apatites (Hurwitz and Navon, 1994) all ofwhich are present in Mistastin melt rocks. 

Clasts could also serve as nucleation sites. In impact melts, there may also be some 

homogeneous nucleation, given the intense decompression-induced volatile 

oversaturation. 

If cooling is sufficiently rapid, a melt can be quenched to a bubble-free glass. At 

Mistastin, melt inclusions in suevite are bubble free and so are basal units (e.g., the unit in 

the South Shore outcrop shown in Figure 12C). These basal units are rich in clasts, 

incorporated from pulverized bedrock into the melt as it radiated outward from the impact 

site. The incorporation of relatively cool clasts was an important contribution to the rapid 

cooling of the melt (Onorato et al. 1978). Millimetre-scale clasts could thermally 

equilibrate with a surrounding equivalent volume of melt in seconds (Phinney and 

Simonds, 1977). Centimetre-scale clasts, though taking minutes to thermally equilibrate, 

would cool a mm-scale rind of melt in seconds. For comparison, the timescale -r for 

cooling a melt layer of width h by thermal conduction is (Carslaw and Jaeger, 1959) 

(3) 
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where K is the thermal diffusivity (- 10-6 m2/s for most geological materials). For dikes or 

melt sheets ofthicknesses 10 em, 2m and 80 m, the respective timescales are 40 minutes, 

10 days and 50 years. 

Once nucleation has occurred, bubble growth in magmas involves diffusion of water 

into the bubble and expansion of the bubble due to overpressure against viscous forces. 

Complexities arise because the diffusion rate and viscosity both depend on water 

concentration (Blower et al., 2001; Lensky et al., 2004 ). In highly viscous magmas, the 

bubble growth rate can be limited by viscosity (Gardner et al., 1996; 2000). The viscosity 

of magmas is highly temperature dependent, increasing by orders of magnitude every few 

hundred degrees (e.g., Murase and McBirney, 1973; Best and Christiansen, 2001), so 

rapid cooling, leading to rapid increase in viscosity, can inhibit bubble growth. Volcanic 

glasses often contain tiny, trapped bubbles. 

Bubbles rise due to their buoyancy. For an individual bubble of radius r in an 

isoviscous fluid of viscosity J.l and density p the Stokes rise velocity v is: 

v = 2/9 /gp/fl (4) 

where g is the acceleration of gravity. At the liquidus of the Mistastin melt ( - 1140 °C -

calculated with Magma software) the viscosity would be about 1000 Pa-s. Bubbles 1 mm 

in diametre would take about one week to rise 1m. For bubbles 1 em in diametre this time 

is - 2 hours. At 1850 °C, the temperature of total melting of anorthosite (Hiesinger and 

Head, 2006), the viscosity and therefore the rise times would be a thousand times less, 
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whereas at 850 °C, viscosities and rise times would be a thousand times more. If total 

anorthosite melting occurs at 1550 °C, the viscosity would be hundred times less than at 

1180 °C. As bubbles rise through a layer they would expand as pressure decreased 

(Equation (2)). Conversely, they would tend to contract as temperature decreased until 

frozen in as the magma solidified. 

The initial formation of the Mistastin crater and emplacement of the melt was a rapid, 

violent event, involving vaporization and melting of the impactor, and melting and 

brecciation of the impactites, over a timescale of a minute or less (Pierazzo and Melosh, 

2000). Over this timescale the dynamics of the melt is certain to have been of major 

importance in cooling, particularly for thin flows. Phinney and Simonds (1977) argued 

for a very short period of intensely turbulent mixing in impact melts of Manicouagan and 

other large terrestrial impacts, in order to explain why clasts there are so evenly 

distributed, given that the incorporation of the clasts would have cooled the melt rapidly. 

Turbulence itself always leads to heat transfer rates, which are higher than the conductive 

rates given by Equation (3) (e.g., Schlichting, 1968), however, unless there is mass 

transfer across the boundaries - by splashing, escape of superheated gas or incorporation 

of clasts - heat loss from the melt is still limited by the formation of cool, stagnant 

boundaries. Radiation, the highly turbulent flow, the thinning of the melt as it spreads 

out, the incorporation of clasts, and perhaps a burst of nucleation and growth of vapour 

bubbles, would have contributed to a very rapid loss of superheat in those first few 

seconds or minutes. Onorato et al. (1978) determined that thermal equilibration of clasts 

in the Manicouagan melt was reached only after 100 minutes to 3 hours. Vesicularity has 

been identified as a controlling factor of thermal conductivity as well as the effect of 
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jointing (Peck et al. 1977), which are parametres not considered in calculations by 

Onorato et al. (1978) for the cooling history ofthe Manicouagan melt. Cooling of impact 

melt at Mistastin Lake may differ from that at the Manicouagan crater as Mistastin' s melt 

is quite vesicular compared to the Manicouagan melt and jointing is present in all melt 

units over 15 m thick. 

Thin parts of the melt sheet would have frozen before bubbles could escape, as seen in 

the highly vesicular outcrops in the South Shore. Flows that incorporated a lot of clasts 

would have frozen even before the bubbles could nucleate or grow. Thin flows on the 

South Shore and the bottom boundaries of flows elsewhere, such as at Cote Creek show 

this. The central and upper parts of thicker flows would have cooled more slowly, as the 

clast content was lower and they were overlain by superheated air whereas the surface 

may also have suffered some quenching from incorporation of cold clasts from fallback 

breccias. In the first minute or so, as the melt was spreading out over the crater floor, 

bubbles could have nucleated, grown and risen to the top of the flow. Stagnant, gas-rich 

foams have a moderate rigidity and low thermal conductivity (Weaire and Hutzler, 1999) 

and might have formed an insulating cap to the flow; however, in this early dynamic 

environment gas is likely to have escaped easily. If the melt was superheated (heated 

beyond the liquidus) by - 250°C, it would have been as fluid as basalt at its liquidus 

(calculated in Magma with a typical basalt composition). Mangan and Cashman (1996) 

argued that fragmentation of vesiculated lava is due to the hydrodynamics of the two

phase flow. They also argued that supersaturation of a melt (in their case by rapid ascent) 

can lead to an intense burst of bubble nucleation within a timescale of seconds. 
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As above, the qualitative observation that the vesicularity of melt units at Mistastin 

crater increases as the melt unit thickness decreases can be explained. Basically, it is a 

competition between bubble nucleation and growth on the one hand and cooling and 

solidification on the other. This suggests that the variation in preserved melt rock 

thicknesses may largely reflect primary variations. In order to define this relationship 

quantitatively the vesicularity and crystallization temperature of samples of Mistastin 

impact melts rocks were determined, as discussed below. 

2.7 FIELD SAMPLING AND ANALYTICAL METHODS 

Twenty-two melt rock samples were collected from the major outcrops around 

Mistastin Lake, listed in the "Distribution and description of the melt rocks" section 

above, as well as from smaller exposures in between. Where possible, samples were 

collected at different levels within the same outcrop to be able to compare textures. Eight 

samples were collected from Cote Creek, 2 samples from the North Shore, 3 samples 

from the South Ridge, 3 samples from the South Shore and 8 samples from the upper 15 

metres and lower 20 metres of Discovery Hill. No samples could be collected from the 

centre of Discovery Hill as the exposed southern face is very steep. 

Bulk rock chemistry was determined for 19 melt rock samples. Samples were crushed 

by hand and powdered in a Siebtechnik puck mill with a tungsten carbide bowl. Major 

elements were determined using a Fisons/ Applied Research Laboratories XRF (model 

8420+ sequential wavelength-dispersive x-ray spectrometre). Fused glass disks were 

made by combining approximately 1.5 grams of rock powder with 6.0 grams oflithium 
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metaborate, 1.5 grams of lithium tetraborate flux, and heating at - 850°C for 8.5 minutes 

and fusing at - 1 050°C for 11 .5 minutes in a muffle furnace. 

Thin sections of all the melt rocks were made in order to identify melt rock textures 

and to allow analysis of matrix material. Analysis of major element compositions for 2-3 

plagioclase microlites and adjacent glass in the melt matrix were completed for five 

samples (CM044, CM067, CM088, CM039, CM052) by EPMA using a JEOL JXA-733 

Superprobe at the University ofNew Brunswick, NB on 3 Jlm spots, at 15 kV and 20 nA. 

Microprobe spots were placed in the centre of plagioclase grains to avoid zonation or 

incorporation of additional matrix material. 

2.8 VESICULARITY MEASUREMENTS 

2.8.1 Methods 

To quantify the vesicularity ofMistastin impact melt rocks, 23 samples were analysed 

by two methods: Archimedes' method and an Image Scan method. 

Archimedes' method involves fmding the vesicularity <p from the difference between 

the bulk density of the sample Prock and the density of its non-vesicular matrix Pmatrix· 

<p = Pmatrix - Prock x 100% 
Pmatrix 

(5) 

Density is mass divided by volume: Prock= MrockNrock· The sample was weighed to 

determine Mrock· V rock was found by weighing the rock while it was submerged in water. 

The difference between the weights in air and in water gives the volume. 

The major source of error in this method is uncertainty in the density of the matrix, 

Pmatrix· To find Pmatrix, and its associated uncertainty, the density of samples that had very 
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low vesicularities were measured, and compared with the density calculated from major 

element composition using the KWare Magma software (Wohletz, 1999), which uses the 

formulas derived by Bottinga and Weill (1970). Results are shown in Table 1. 

Calculated densities are sensitive to the assumed water content of the rock and to the 

oxidation state of iron, so two end-member situations are considered: a dry rock with the 

oxidation state often assumed for volcanic rocks (Irvine and Baragar, 1971 ); and a rock 

with 0.4% H20 and an oxidation state considered ' reasonable ' for all rock types 

(Wohletz, 1999). It is seen that the density determined by both methods is in broad 

agreement, with the measured densities usually falling between the two calculated values. 

The median value of the measurement is about 2.65 g/cm3
, with a variation of ±1.5%. A 

vesicularity of0.3%, representative ofthese rocks, would indicate a matrix density 0.008 

g/ cm3 higher than the rock density (Equation (5)). The difference between the two 

calculated densities is about ten times as great, with roughly two thirds due to the 

different oxidation states. Differences in calculated density from sample to sample are 

related mainly to the iron, silicon and calcium concentrations. Since there is no obvious 

correlation between measured and calculated densities, the uncertainty in the matrix 

densities calculated by KWare Magma from bulk analysis for more vesicular rocks is 

taken to be about ±2%. This means that vesicularities of <2% are considered, as 

calculated by the Archimedes Method, to be unreliable. 

The Image Scan method consists of scanning clean melt rock slabs on a flatbed 

scanner and converting the images in Photoshop with a hi-level thresholding tool to 

display a 2-bit black and white image (Fig. 2.14). The vesicles are represented by the 
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black pixels and the groundmass by white pixels. Manual corrections were made to 

eliminate fractures, amygdules and saw marks that were incorrectly recorded as vesicles. 

Voids formed by eroded and dislodged clasts are differentiated from vesicles by the 

presence of glassy mantles around the voids (presumably formed by melt quenching 

against the now-missing clasts) or the presence of remnant crystal structures in the lining 

of the voids. The vesicularity of the slab face is calculated as the fraction of black pixels 

within the area. Simple geometrical reasoning shows that if the vesicularity is uniform 

and isotropic, the area fraction of vesicles on a two-dimensional slice is the same as the 

volume fraction of vesicles in a three dimensional volume, although other properties like 

size distributions are not as simply related (Cheng and Lemlich, 1983). For most samples, 

voids formed from dislodged clasts are minor in abundance ( < 2 % of each sample 

volume) compared to voids representing gas-derived vesicles (typically 1-5% and much 

higher in some samples). To assess the uncertainty in vesicularity, two slabs from each 

rock sample were cut and scanned. Consistency between the two measurements was 

highly variable, depending on the degree of heterogeneity in the vesicle distribution. 

Relative errors are estimated between 5 and 50% of the calculated vesicularity. 

2.8.2 Results 

Table 2 lists the results of the vesicularity measurements. As determined qualitatively 

in the field, the quantitative laboratory measurements indicate that the thickest melt rock 

units at Mistastin, such as Discovery Hill and South Ridge, have the lowest vesicularities 

(0 to ~3 %). Cote Creek, which forms only moderately thick outcrops, has vesicularities 

ranging from 0% at the base of the section to ~II% at the top (Fig 2.13A-C) and a 
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representative vesicularity of 4% in the centre. The thinnest outcrops at the South Shore 

show extreme vesicularities from 20-30%. The results for the North Shore outcrop are 

the most complicated as the thickness of each patch of outcrop is unknown and the 

majority of patches are very clast rich and weathered, making it difficult to distinguish 

clast voids from gas-derived vesicles. 

As preserved vesicularity is typically a function of cooling rate, it increases with 

proximity to the cooling surfaces at the top and bottom of the melt bodies. If one 

considers the thickness of the melt relative to the distance from the top of the exposed 

melt rock, one can better compare the vesicularity of Mistastin melt rocks. In Figure 

2.15, the 22 samples are divided into four categories of depth from the top of the melt 

rock exposures and their vesicularity is plotted as a function of total thickness of each 

particular melt rock outcrop. Vesicularities vary from 0.1 to 30 % and the data can be 

fitted approximately to the empirical relationship 

<p = 30±2 h-0.8±0.1 (6) 

whereby vesicularity rp increases with decreasing melt rock thickness h. Many of the 

measurements for Discovery Hill (at 80 m total thickness) plot on top of one another 

(mean= 0.4% ± 0.2 for 7 samples) as the entire unit is massive, whereas units of 

intermediate thicknesses have intermediate vesicularities, and the very thin melt rock 

units along the South Shore have very high vesicularities. 
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2.9 CRYSTALLIZATION TEMPERATURES 

2.9.1 Methods 

In order to determine whether preserved melt thicknesses reflect primary thicknesses 

of the melt flows, as suggested above by the vesicle abundance data, crystallization 

temperatures were calculated in several widely distributed samples of melt rocks. The 

expectation is that thicker units (except at their quenched basal contacts) cooled more 

slowly than thinner units and thus equilibrated at lower temperatures. Clast populations 

and location of micro lites relative to clasts were considered when comparing sample 

temperatures. Crystallization temperatures were calculated from the compositions of 

plagioclase micro lites determined by stoichiometry of microprobe analysis and adjacent 

glass matrix in several Mistastin impact melt rock samples using the igneous thermometre 

of Putirka (2005): 

~ = 6.12 + 0.257ln( 
1 

[~nP:] 
1 2 

J- 3.166[Ca11q] + 0.2166[H20 1'q] 
T(K) [Ca 'q (Al 'q ) (Si 'll ) ] 

[ /" l (7) 
-3.137 

1
Af'CJ r +1.216[AbP1

]
2 -2.475x10-2 [P(kbar)] 

Al'q + Si 'q 

where T(K) = temperature in Kelvin; P(kbar)= pressure in kbar; AnP1 and AbP1 are the 

cation fractions of anorthite and albite in plagioclase: Ca1iq' Alliq' Si1iq refer to the 

anhydrous cation fractions of Ca, Al, Si in the equilibrium liquid (glass or 

microcrystalline matrix); and H20
1iq is wt% water in the liquid. 

There are three unknown variables in equation (7): temperature, pressure and water 

content. The equation was solved for temperature, with pressure determined on the basis 

ofthe weight ofthe rock overlying each sample, and a constant value of0.2 wt% H20 
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was assumed for all samples. The value and uniformity of the water content is a matter of 

some uncertainty. Measurements of volatile contents in the melt rock samples by loss

on-ignition, 1.4 ± 0.8 wt.% (Marion and Sylvester, submitted) reflect a combination of 

volatiles in secondary phases and clasts, as well as those dissolved in the primary 

magmatic minerals and glass of impact melt rocks. 0.2 wt% was assumed in the 

calculations because the target rocks are relatively dry and, as discussed in the previous 

section, equilibrium-saturated water contents should be between 0.1 and 0.4 wt% in melt 

flows of up to 80 min thickness (Figure 2.13A). To test the sensitivity of the results to 

water content, some of the temperatures were calculated at 0.4 wt%. The result was an 

approximately linear decrease in crystallization temperature of ~8 °C for every 0.2 wt% 

increase in H20. 

In order to compare crystallization temperatures to liquidus temperatures for these 

samples, liquidus temperatures for the glass matrix compositions of the samples were 

calculated using the KW are Magma software. 

2.9.2 Results 

Table 3 presents representative compositions of plagioclase and coexisting glass matrix 

and their calculated crystallization and liquidus temperatures for each of the Discovery 

Hill, Cote Creek, South Shore and North Shore melt rock occurrences. The results are 

summarized in Figure 2.16. 

Calculated crystallization temperatures are measurably distinct at each site and, as 

predicted, decrease systematically as melt thickness increases. The samples from thin 

melt outcrops at the South Shore have the highest crystallization temperatures of 1313 ± 9 
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°C. Intermediate temperatures were calculated for intermediate melt thicknesses, i.e., 

1291 ± 9 °C for Cote Creek, and the lowest calculated temperatures of 1245 ± 6 °C 

applied to Discovery Hill, the thickest impact melt unit. Although the difference between 

the Discovery Hill and Cote Creek outcrops is just outside standard deviations, the 

variation between the two extremes, Discovery Hill and South Shore, is significant. 

2.10 DISCUSSION 

2.10.1 Vesicularity Measurements 

The Archimedes' and the Image Scan methods have particular advantages and 

disadvantages. The Archimedes' method gives vesicularity as a whole rock volumetric 

percent, which, given the heterogeneity of some rocks, is more representative of the bulk 

sample than the two-dimensional, area percent, Image Scan result. On the other hand, the 

Archimedes' method is inaccurate for vesicularities less than 2% because of uncertainties 

in the matrix density. It also counts all voids within the rock as gas-derived vesicles, 

which produces an overestimate in the vesicle abundance, given that fractures and 

dislodged clasts formed some voids. However, it is this author' s belief that the 

Archimedes' method gives superior results for vesicle-rich samples. This is because 

fractures and voids formed by clast erosion represent only a very small proportion of the 

total void space in samples containing abundant gas-derived vesicles. In contrast, the 

Image Scan method is thought to be more accurate for samples with low vesicularity. 

This is because there are proportionally more fractures and clast-derived voids relative to 

gas-derived vesicles in such samples and the ability to distinguish them is the limiting 
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factor on accuracy. For samples with intermediate vesicularities, the two methods give 

comparable values. 

Low vesicularities reflect overall slower cooling rates in the thicker units 

compared to thinner units. Flow units a few metres thick, like that at Cote Creek, 

apparently froze before bubbles could escape. The shape and orientation of the vesicles 

indicates that they were carried in the flow and deformed by flow processes immediately 

prior to the cessation of motion. At Cote Creek, it is expected that entrainment of clasts 

and the proximity to the underlying breccias caused rapid cooling and limited vesicle 

nucleation at the base. Based on grain size variations, the North Shore outcrops most 

likely represent a thin occurrence of melt rock containing a number of thicker sections, 

particularly in the eastern part of the outcrops where there are more dramatic variations in 

clast abundance. This is consistent with the visual estimates from the westernmost North 

Shore patch, which has a much higher vesicularity than the easternmost patches. Thicker 

flow units, like Discovery Hill, could have lost a large amount of their oversaturated 

water content in the dynamic first minute or so. Bubbles remaining in the melt after the 

dust had settled would have had a chance to rise and escape during much longer cooling 

timescales, leaving the bulk of the solidified unit vesicle poor. The top of thick melt 

bodies may have been vesicular if some of the excess water was unable to escape in the 

first few minutes. 

Vesicles in impact melt have been recognized at many other craters of various 

sizes and target lithologies, but the quantity and physical properties of vesicles have 

rarely been described in detail. Many melt glasses, such as those in suevite, have been 

described as vesicular (Dressler and Reimold, 200 1 ), but in this study the focus is on 
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large impact melt bodies. Vesicular texture has been noted at the base of several melt 

sheets in complex craters with dominantly crystalline targets. For example, they were 

observed in the lower 0.3 m of the 23 km wide, 77.3 Ma Lappajarvi impact melt sheet, 

identified in drill cores (Pipping and Lehtinen, 1992) and the impact melt at the 32 km 

wide, ~290 Ma West Clearwater crater, has ~3 vol% of amygdules up to 1 mm in 

diametre within a few em of its base (Phinney et al. 1978). The Manicouagan impact 

melt from the ~100 km diametre crater in Quebec has rare sporadic vesicles (< 2 em) 

confined to the lower 20m and adjacent large clasts (Floran et al., 1978; Simonds et al. 

1978), but overall Manicouagan does not have a vesicular melt sheet (Onorato et al. 

1978). Dence ( 1971) explains that the vesicle-rich top of both the Manicouagan and West 

Clearwater impact melts must have been removed by erosion. Based on statements by 

Phinney and Simonds (1977), Grieve and Cintala (1992) suggest a possible 130 m was 

removed from West Clearwater while directly adjacent and of the same age, melt rocks 

recovered by drilling at the ~20 km East Clearwater crater are fresh and represent the 

original stratigraphy ofthe melt sheet. However, little is known of the lateral extent of 

East Clearwater' s melt. The drill hole penetrated a total of 41 m of melt, but the hole 

became non-vertical with depth, therefore core thicknesses may not be representative. 

The top ~5 m consist of a fine-grained clast-rich melt followed by a 5 m thick vesicular 

zone, which overlies clast-poor melt with increasing grain size with depth until the core 

bottomed out (Palme et al. 1979). The physical properties of the vesicles are not detailed, 

but Palme et al. (1979) suggest that the vesicular zone was formed during a long, late 

stage of cooling where a (possibly sulphur-rich) vapour phase could have risen to the top 

of the melt. As the very top had already crystallized, the vapour phase condensed below 
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the top of the melt to form the vesicular zone. In all cases it is important to note that the 

vesicles observed at the base of impact melts are less than 2 em in diametre and more 

commonly < 2 mm in diametre. Whereas at Mistastin, this study noted vesicles up to 25 

em long on the South Shore. These undoubtedly represent an upper vesicular zone 

similar to that at East Clearwater. Discovery Hill is apparently missing its vesicle-rich 

top and thus was probably thicker than 80 m. 

2.10.2 Crystallization Temperatures 

The trend in crystallization temperatures is consistent with crystals first forming in 

~equilibrium with a high temperature melt and re-equilibrating to differing degrees as the 

melt cooled. At higher cooling rates (thinner flows) there was less time for diffusion so 

the crystals were trapped in higher temperature states. Though the trend is expected, the 

crystallization temperatures obtained are all higher than expected, all at least 100 °C 

higher than the melt liquidus temperatures of 1120-1150°C calculated from the KWare 

Magma software. This can be compared with Putirka' s (2005) reported error of 24°C on 

his thermometre. It must be remembered, however, that unlike normal terrestrial 

magmas, impact melts can form at temperatures well above 2000°C (Pierazzo and 

Melosh, 2000). Thus, the liquidus temperatures are not constrained by experimental data 

for terrestrial magma. 

2.11 SIGNIFICANCE OF MELT THICKNESS VARIATIONS AT MISTASTIN 

Grieve (1975) concluded that variations in the textures ofMistastin impact melt 

rocks were a consequence of differences in cooling rates of a melt sheet deposited on the 
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irregular crater floor, with melt pooled in basement lows and deposited over and around 

topographic highs. This is particularly evident at Cote Creek where the melt is intruded 

into fractures and follows the irregular top of the underlying brecciated basement units. 

The inter-relationships of melt rock vesicularity, crystallization temperature, and outcrop 

thickness documented in this study are evidence that some near-original melt thicknesses 

are preserved at Mistastin. There are three significant implications of this result: 1) 

Mistastin may not have had a single coherent, uniform melt sheet; 2) melt volume at 

Mistastin needs to be reevaluated and 3) glacial erosion may have been overestimated. 

2.11.1 Mistastin melt sheet 

A coherent melt sheet of near-uniform thickness may not have formed during this 

intermediate-sized impact event into crystalline rock. Instead, the melt may have been 

dispersed as channelized flows that followed topographic variations on the crater floor, 

becoming thicker where it was confined by valleys and ridges, and thinner where it was 

able to spread out over flatter plains (Fig. 2.17). Melt sheets, where they exist within 

craters, do not occur as neat, circular discs or annuli of uniform thickness. 

In the 1 00 km diametre Popigai structure, most of the melt occurs as sheets, lenses 

and irregular bodies within suevite in an annular depression, however, some melt bodies 

may represent material originally splashed out during crater excavation (Masaitis, 1994). 

Extensive drilling at the Popigai Structure has revealed an uneven crater floor (Masaitis et 

al., 1999). Spray and Thompson (2008) showed that the melt sheet thickness of ~90 km 

diametre Manicouagan crater, originally thought to be a relatively uniform 400m, is 

highly variable. Modification of the crater in the form of large displacement fault 
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systems of 1 OOs to 1 OOOs of m occurred while the melt was still fluid, leading to rapid 

variations in melt sheet depth ofup to 1500m. Similarly, the crater rim and annular 

trough of the deeply eroded, 40 krn wide Araguainha impact structure are defined by a 

complex pattern of radial and concentric fault zones (Lana et al. , 2006), most of which 

are vertical or steeply dipping. 

Discovery Hill may be a good example of the distribution of melt along the 

uneven crater floor. The very different nature of the columnar joints seen on different 

sides of the butte suggests differing cooling regimes within a small distance. The butte 

may once have been a more structured terrace that was faulted during crater collapse. 

The present morphology of the terrace, now a butte, is the result of erosion. Both the 

North shore and Discovery Hill melt units are located further toward the rim by at least 1 

krn and the melt units are several metres higher in elevation than the South Shore melt 

rocks. Target rocks on the lower East end of Discovery Hill are at a higher elevation than 

the top of the South Shore melt. No structural analysis of the Mistastin crater has been 

carried out to date, to confirm or deny the existence of such a fault though the change in 

rock type from granodiorite to mangerite just to the north east of Discovery Hill may 

provide a suitable location for a fault, since shearing and faulting are favoured at 

lithological boundaries (Lana et al. , 2006; Dressler and Reimold, 2001 ). 

The thin melt units along the South Shore of the lake probably represent sheet flow 

over an open plain. Dence (1971) suggested that the vesicular igneous rocks on the east 

side of the Ries crater were probably outlying tongues of the inferred igneous sheet. The 

Mistastin melt would have had very low viscosities (1000 Pa-s at a liquidus temperature 

of 1140°C and orders of magnitude less when it was significantly superheated, as 
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calculated using KWare Magma) and so it tended to flow freely as a broad thin melt sheet 

unless constrained by topography. The South Shore units are located at a similar distance 

from the central uplift of the crater (now Horseshoe Island) as all of the other thicker units 

cropping out around the lake and thus cannot simply represent the thinner, distal parts of a 

common melt sheet. According to this model, craters of intermediate size into crystalline 

rocks like Mistastin exhibit impact melt flow characteristics that are transitional between 

the thick coherent flow sheets at large crystalline rock craters such as the ~250 km 

diametre Sudbury crater (Deutsch et al. , 1995; Dressler and Reimold, 2001 ) and the melt 

spatter at small craters like the ~ 13 km diametre Couture crater (Grieve, 2006). 

Topographic control of impact melt distribution has previously been suggested for other 

craters: for instance, in the Chesapeake Bay impact structure, magnetic field anomalies 

are interpreted as being due to impact melt pooled in kilometre-sized pockets surrounding 

the base of the central uplift (Shah et al. , 2005), and for the lunar crater Tycho, where the 

melt distribution is thought to be controlled in part by pre-existing topography (Morris et 

al., 2000). 

2.11.2 Melt sheet volume 

There have been several studies directed toward relating the amount of melt 

produced during an impact to the size of the crater (Dressler and Reimold, 2001 ). One of 

the uncertainties is how much of the kinetic energy of the impactor is portioned to 

melting the impactor and target. To assess this, comparisons have been made with field

based estimates from terrestrial craters of various sizes. Combinations of observations 

and numerical and thermodynamic models have resulted in scaling relations between melt 
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production and transient crater size, where melt volumes increase by about 4 orders of 

magnitude as transient crater diametre increases by a factor often (Pierazzo et al. , 1997; 

Cintala and Grieve, 1994 ). According to these relationships, between 10 and 80 krn3 of 

melting is predicted at Mistastin (Figure 2, Dressler and Reimold, 2001 ). 

Given that the scaling relations rely on calibration from field observations, it 

should be stressed that establishing melt volumes from field observations is very difficult; 

uncertainties may be an order of magnitude. One source of uncertainty is the amount of 

melt ejected from the crater as glass and suevite. Kieffer and Simonds (1980) found that 

the amount of melt within craters in crystalline rocks is approximately 2 orders of 

magnitude greater than within craters in sedimentary rocks. Their thermodynamic 

calculations indicated that melt production should not vary significantly with the target, 

and concluded that the melt of rocks rich in volatiles is finely dispersed as glass and 

suevite by the great expansion of shocked volatiles upon release from high pressure. 

Thus, small differences in volatiles within the target may lead to significant differences in 

melt sheet volume. 

The observation of primary melt thickness variations at Mistastin is that the total 

volume of impact melt produced in this crater may be less than the previous estimates of 

~ 20 krn3
, which were based on assumptions of a single coherent melt sheet that was 200 

metres thick prior to erosion (Phinney and Simonds, 1977; Grieve and Cintala, 1992). 

Similar estimates have been made at other complex craters with crystalline targets: the 

volume of impact melt at the eroded Lappajarvi (32 krn) crater in Finland was first 

estimated based on a 20 krn diametre to be a maximum of 10 krn3 (Bischoff, 1981 in 

Reimold, 1982). Grieve and Cintala (1992) estimated a minimum melt volume of 8 krn3
. 
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Grieve and Cintala (1992) also estimated a pre-erosional melt volume of 80 km3 for West 

Clearwater. It is important to note that both the Mistastin and West Clearwater estimates 

are considered uncertain by a minimum factor of two, and that the Lappajarvi estimates 

are even more uncertain as they are based primarily on geophysical data (Grieve and 

Cintala, 1992). It is generally accepted that to improve numerical modeling, better field 

constraints are needed on the volumes of impact melt that may be unrecognized at craters, 

due to erosional losses, ejection of material far beyond the rim, and the difficulty of 

accessing melt rocks in craters covered by sediments and/or water. It should be noted that 

it is not the goal of this paper to discredit the successes of numerical modeling of impact 

melt volumes, but to become an additional tool in support of these models to understand 

the formation of impact melts. At Mistastin, the lake covers most of the crater floor, and 

the thickness and distribution of impact melt rocks below the water level is unknown. 

Only a small fraction of the crater rim has been mapped in any detail and no detailed 

geological mapping has been done outside the rim; thus losses of melt rock by ballistic 

ejection outside the rim are also unknown. The volume of all of the known subaerial 

exposures of melt rock and suevite at Mistastin were calculated by assuming square 

volumes and observed melt rock outcrop dimensions in addition to multiplying the 

proportion of melt particles, ~ 10-30%, by the volume of suevite outcrops resulting in a 

minimum volume of 0.02 km3 of impact melt produced at Mistastin. More realistic 

estimates must await better approximations of the quantities of melt rock that formed 

closer to the central uplift of the crater, and that may have been dispersed outside the 

crater. Our new results do strongly suggest however that model calculations for total melt 
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volume at Mistastin cannot rely on assumptions of a coherent melt sheet of uniform 

thickness. 

Guided by observations at Mistastin crater, the presently exposed melt rock 

occurrences are interpreted as representing the irregular edge of the melt sheet, and 

suggest that the bulk of the melt sheet, rather than being eroded from present exposure 

levels, may be buried beneath water and sediment of the lake. 

2.11.3 Glacial Erosion 

The level of glacial erosion at Mistastin (> 100 m) may have been overestimated in 

some areas and there is clear evidence of differential erosion. Mistastin crater 

experienced several episodes of glaciations in the Pleistocene, when the North American 

ice sheets successively expanded and retreated approximately every 100,000 years 

(Bintanja and van de Wal, 2008). It may also (more controversially) have been glaciated 

in the late Eocene (Eldrett et al. 2004). The extent of resulting glacial erosion ofthe 

crater is unknown. 

The amount of erosion caused by continental ice sheets has been debated for 

decades (White, 1972; Laine, 1980; Andrews, 1982; Sugden, 1976b and references 

therein) and remains a controversial topic (Hallet et al, 1996; Delmas et al., 2009). 

Glacial erosion rates determined by a variety of methods (e.g., basin sediment loads, 

cosmogenic ages) for North America range over five orders of magnitude (1 04 to 10 

mm/yr), permitting Pleistocene erosion of a few metres to a few kilometres. Erosion rates 

are influenced by bedrock topography and geology: topographic highs tend to erode more 
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than depressions and poorly consolidated sediments erode more easily than crystalline 

basement rocks (Sugden, 1976a). 

Discovery Hill melt rock may have been initially surrounded by brittle, shocked 

target rocks and overlain by breccias, which were susceptible to erosion. The melt rocks 

are much more robust in comparison and that therefore differential erosion created the 

melt rock butte. Discovery Hill may have been a target for more intense erosion as it was 

much more exposed as a topographic high, but the underlying target rocks were protected 

by the melt rock cap. Based on the lack of vesicles, clast-rich material and any reduction 

in grain size at the top of Discovery Hill, a minimum estimate of 10-20 metres of melt 

rock was removed. Therefore original estimates ~ 100 m of erosion (Grieve and Cintala, 

1992; Phinney and Simonds, 1977) in some parts of the crater may be reasonable. 

However, it may be that most erosion was of breccias and suevite units as it is unlikely 

that significant consolidated melt would have been removed from the flat-lying, 

extremely vesicular South Shore outcrops. The South Shore outcrops underwent erosion 

of no more than 1 0 metres of solid melt rock. This estimate is conservative and does not 

include any other deposits such as crater-derived sediment (i.e. fallback breccias), fluvial 

or glacial deposits. 

Topography is often a good measure of how much erosion has taken place. At 

Mistastin, important crater morphologies are still preserved. Figure 2.2 shows that the 

rim and central uplift of the crater are still prominent features. It is also still unknown 

whether fallout material has been preserved outside the crater rim. (Sugden, 1976b) 

concluded that ice sheet erosion in continental shield areas has been restricted to the 

modification of pre-existing surface morphologies rather than deep erosion. This 
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implication is not so bold when considering the preservation of Clearwater East's melt 

sheet of similar composition, which may have been subjected to far more glaciation as it 

is much older, - 290 Ma (Reimold et al. , 1981). 

2.11.4 Lunar implications 

Finally, the results ofthis study are of some relevance to the origin of some ofthe 

lunar highland impact melts which, like Mistastin, formed in part by total melting of 

largely anorthositic target rocks. Impact melt rocks constitute some 30-50% of all hand

sized samples from lunar highland sites sampled by Apollo astronauts, and about 50% of 

soils sampled at all lunar sites (Heiken et al., 1991 , p.1 02). Their radiometric ages are 

used to date the cratering history of the Moon and by extension the inner solar system, but 

the genetic relationships of particular melt rock samples to one another and to the specific 

craters from which they formed are poorly known, complicating interpretations (e.g., 

Hartmann et al., 2007). This is due especially to the history of repeated impacting ofthe 

lunar surface over billions of years, which has mixed older and younger melt rocks and 

obscured their original distributions and relationships. 

The Mistastin results suggest that, in attempting to piece the lunar puzzle of impact 

melt formation back together, it should be kept in mind that significant heterogeneities 

would be expected in melt rocks derived from a common lunar crater. The 

heterogeneities would include variable abundances of country rock clasts and vesicles in 

lunar impact melt rocks as a function of stratigraphic position within the flow unit, as well 

as potentially large differences in unit thicknesses produced by topographic controls on 

the melt flow. Lunar regolith and many glasses recovered in the Apollo missions are 
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enriched in volatile elements and the vesicular volcanic rocks from the moon are evidence 

that vesicles can form in the Moon' s high vacuum (Heiken et al. , 1991). There are even 

noteable heterogeneities in the matrix compositions of the melt at Discovery Hill, Cote 

Creek, South Shore and North Shore (table 3). When scaled for gravity differences 

between Earth and the Moon, lunar craters that would have produced equivalent amounts 

of impact melt as at Mistastin would be those of 150-200 km in diametre (French, 1998). 

There are more than 45 craters of this size on the Moon. 

2.12 CONCLUSION 

Mistastin Lake, Labrador, is a well-preserved, intermediate-sized (28 km diametre) 

terrestrial impact crater in crystalline rock, dominantly anorthosites. The relationship of 

preserved melt thicknesses relative to the crystallization temperatures and vesicularities of 

anorthositic impact melt rocks at Mistastin, in addition to variations of groundmass 

textures and clast contents of the melt units are significant. They suggest that it is 

unlikely that subaerial exposures of impact melt rock formed at Mistastin from a uniform 

coherent melt sheet, some 200 m thick. Instead impact melt at Mistastin was probably 

dispersed as both channelized and sheet flows of variable thickness ( ~80 to 1 m) as a 

result of transport across irregular topography of the faulted crater floor and terraced rim. 

Lunar craters that produced comparable volumes of anorthositic impact melt as at 

Mistastin may exhibit similar heterogeneities in their melt rock products, which should be 

considered in attempts to determine genetic relationships between lunar impact melt 

breccias of similar ages. The method of comparing vesicularity and crystallization 

temperature of impact melt rocks with preserved unit thickness could be applied to other 
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terrestrial craters where pre-erosional melt rock volumes are unclear. 
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Figure 2.1. Generalized geology map ofMistastin impact structure, modified from 
Currie (1971) and Grieve (1975) based on new mapping (this study). The location of the 
map area is identified by the black box on the imbedded map Labrador. Dashed line 
indicates the approximate position of the inner face of the crater rim inferred by Grieve 
( 197 5). Sample codes were used to represent multiple sampling locations. Dh 1 
represents Cm042, Cm043, Cm044, Cm036 and W05-63; Dh2 represents Cm035, 
Cm037, Cm039 and W05-61 (from the top centre of Discovery Hill); Ccl represents 
Cm015, Cm020, Cm021, Cm023, Cm024, Cm025, Cm028, Cm084, Cm088 and W05-
60; Srl represents Cm064, Cm065 and Cm066; Ss 1 represents Cm07l and W05-65 and 
Sci represents Cm006, Cm007, CmOIO and Cm008. 
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Figure 2.2. Digital Elevation Model (DEM) of the Mistastin Lake area. Inset of 
topographic profile A-B shows the structure of the rim and central uplift are preserved. 
Tick marks on they axis of the topography profile are every 20m. Note the oddity of 
Discovery Hill on the West side ofthe Lake. DEM was made courtesy ofGeomapapps 
software, accessed August 27, 2008 at 1:OOpm NL time. 
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Figure 2.3. Stratigraphy of the Mistastin Lake Impactites: all contacts are 
transitional; the base of the melt rocks is used as a datum. The large clasts in 
the Discovery Hill melt are mangerite. 
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Figure 2.4. Target Rocks A) anorthosite, B) granodiorite and C) mangerite. 
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Figure 2.5. Shock metamorphic features: A) BSE image of planar deformation features 
(PDFs) in fractured zircon from shocked anorthosite, Horseshoe Island (sample CM032); 
B) PPL photomicrograph of sample CM036 of"toasted" quartz clast with faint PDFs; C) 
PDFs or shock induced twins in plagioclase, anorthosite from the southern part of 
Horseshoe Island; and D) shattercones in shocked anorthosite on the southern end of 
Horseshoe Island, pen for scale. 
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Figure 2.6. Impact melt intrusion in anorthosite, South Shore. 
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Figure 2.7. Stratigraphic units A, C and D described in the text. A) photomicrograph of 
brecciated anorthosite (unit A) from Bull's Eye Island, B) polymict breccia ridge (unit C) 
on the west side of Cote Creek, C) melt-clast rich impact breccia/suevite (unit D). This 
particular unit forms a large intrusion into target rocks at Steep Creek. Note the melt 
mantled plagioclase clast. 
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Figure 2.8. Photomicrographs ofMistastin's impactites: A) intensely shocked granodiorite or mangerite 
from Cote Creek with abundant maskelynite in PPL. This entire section is isotropic under crossed polars; B) 
impact melt rock from Discovery Hill in PPL (sample CM042): dendritic pyroxene (up to I mm) and 
plagioclase microlites (up to 0.5 mm). The clear to white fragments are quartz and plagioclase clasts; C) 
North Shore impact melt rock: plagioclase microlites (phenocrystic laths up to 0.75 mm) in PPL. The fine
grained area centre-right is an extremely corroded clast; D) sample CM088, impact melt breccia at the basal 
contact at Cote Creek in crossed polars; due to rapid cooling clasts are not digested, and the lack of reaction 
rims suggest that there was insufficient time for bubble nucleation and perhaps partial melting. Microlites 
are less that 100~-tm ; E) Glassy vesicular impact melt rock in PPL from the south shore (sample CM067, 
same sample as in figure 1 OB. Plagioclase microlites are less than 75~-tm; F) impact melt rock from Cote 
Creek in PPL (sample CM025) with a mm-size vesicle and mixed glass and crystalline matrix. There is a 
large plagioclase clast adjacent the vesicle with a rim of melt coating plagioclase and sieve-like texture in 
the centre. Many of the micro-clasts are partially digested by the melt. Plagioclase microlites are up to I 00 
~-tm. 
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Figure 2.9. Melt rock exposures at Discovery Hill. A) South side view showing 
maximum height and two-tiered columnar joints; B) columnar joints and transition into 
parallel joints with a magnification of the massive melt rock shown in the inset; C) north 
side view with parallel joints and a large mangerite boulder to the right of the person. 
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Figure 2.10. Melt rock exposures at Cote Creek: A) Basal contact of the impact melt (top 
left) with underlying polymict breccias (bottom right), B) weathered impact melt rock 
located ~ lm from the basal contact with slightly elongate vesicles. 
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Figure 2.11. Cote Creek samples from bottom (A) to top (C) of the section: A) clast-rich, 
glassy basal melt rock within 1 m of the basal contact, B) clast-rich, viscous partially 
glassy, vesicular melt rock (CM021) approximately 4 m from the basal contact; and C) 
clast-poor, vesicular melt rock with beautiful spherical vesicles (CM025) approximately 
12 m from the basal contact. 
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Figure 2.12. Melt rocks from the South shore: A) and B) are samples of very vesicular 
melt rocks where B is sample CM067, with a mean vesicularity of22 vol%; C) the basal 
contact of layered melt rock, 1 is the clast-rich glassy bottom, 2 is an intermediate melt 
rock and 3 is a vesicular melt rock. 
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Figure 2.13. A) Model for water saturation as a function of overlying melt thickness. 
Saturation increases with increasing melt thickness or due to increasing pressure (see text 
for details); B) Equilibrium vapour fraction as a function of equivalent overlying melt 
thickness for various wt.% H20. *Vesicularity is the volume vapour fraction at a 
uniform temperature of 1100 °C calculated by KW are Magma (Wohletz, 1999) for typical 
melt rock sample CM005, assuming thermodynamic equilibrium and no bubble 
movement. This is based on oversaturation of the magma at each depth and pressure and 
the specific volume of the vapour phase from equation (2). Equivalent melt thickness is 
calculated using equation (1). 
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selected area is 24 % whereas the Archimedes vesicularity is 20 vol. %; B) sample 
CM042 from Discovery Hill. Image scan vesicularity is 1%, Archimedes 0 vol.%; and C) 
sample CM025 from Cote Creek where the Image Scan vesicularity is 5% and the 
Archimedes vesicularity is 6 vol. %. 
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Figure 2.16. Schematic comparison of melt rock thickness, vesicularity and 
crystallization temperatures for the Discovery Hill, Cote Creek and South Shore 
locations. This shows that crystallization temperatures at Mistastin increase with a 
decrease in melt outcrop thickness when examining clast-poor melt rocks. Black circles 
and ellipses represent vesicles, and the yellow polygons represent clasts; the green 
polygon represents a mangerite boulder. 
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Figure 2.17. Schematic cross section demonstrating the effect of topography on the 
distribution and thickness of impact melt; the melt may have been distributed just outside 
the floor of the impact crater by channeling of the flows along topographic lows. Note: it 
is also possible that melt flows emanating from the central melt zone thinned out and 
ended up topographically lower than the central melt area. 
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Table 1. Densities oflow vesicularity, clast-poor impact melt rocks from Discovery 
Hill. 

PArch. P eale I Pcalc2 <i>scan 
Sample 

(g/cm3
) Dry, R=O.l5 0.4% H20 , R=0.47 (%) 

CM037 2.642 2.714 2.627 0.24 
CM042 2.656 2.69 2.606 0.62 
CM043 2.611 2.72 2.637 0.26 
CM044 2.625,2.681 2.655 2.581 0.32 

PArch. is the density measured using the Archimedes method; Peale I is density calculated using KWare 
Magma, for different water contents and oxidation states (see text for details). R=Fe20 3/(FeO+Fe20 3). IPscan 

is the vesicularity determined by the image scan method. Densities are calculated at T=20°C. 
Samples CM042-44 were collected at the base on the south side of the Discovery Hill melt outcrop and 
sample CM037 was collected from approximately 10m from the top of the north side of the Discovery Hill 
outcrop. 
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Table 2. Results from vesicularity measurements for both methods. 
Arch. I.S. 

Sample Vesicularity V esicularity I.S. 
Name Outcro Location ( Lat./Lon.) (vol. %) (area%) S.D. Mean 

CM015 Cote Creek N55° 55' 07.711 W63° 23' 37.211 3 3.3 2.3 3.2 

CM021 Cote Creek N55° 55' 09.3 11 W63° 23' 39.5 11 16 6.5 0.9 II 

CM024a Cote Creek N55° 55' 14.411 W63° 23' 51.811 3 3.2 0.3 3.0 

CM024b Cote Creek N55° 55' 14.411 W63° 23' 51 .811 4 3.2 0.3 3.6 

CM025 Cote Creek N55° 55' 07.1 II W63° 23' 29.011 6 4.8 2.7 5.3 

CM028 Cote Creek N55° 55' 08.811 W63° 24' 01.211 2 1.25 0.4 1.5 

CM088 Cote Creek N55° 55' 15.311 W63° 23' 46.611 II 2.4 0.9 7 

W05-60 Cote Creek N55° 55' 15.011 W63° 23' 46.411 2 0.4 0.1 1.3 
CM035 Discovery Hill N55° 51' 34.3 11 W63° 26' 11.911 0.4 0.60 0.4 0.5 

CM036 Discovery Hill N55° 51 I 29.611 W63° 25' 58.011 5.6 0.38 0. 1 3.0 
CM037 Discovery Hill N55° 51' 37.1 11 W63° 26' 06.5 11 0 .6 0.24 0.1 0.4 
CM042 Discovery Hill N55° 51 I 26.5 11 W63° 26' 04.1 II 0 0.62 0.2 0.3 

CM043 Discovery Hill N55° 51' 25.1 11 W63° 26' 07.3 11 2.5 0.26 0.3 1.4 

CM044a Discovery Hill N55° 51' 25.1 11 W63° 26' 07.3 11 0 0.14 0.1 0.1 

CM044B Discovery Hill N55° 51 I 25.1 II W63° 26' 07.3 11 0 0.50 0.1 0.25 

CM051 North Shore N55° 56' 21.611 W63° 20' 36.1 II 21 10.6 3.2 16.1 

CM064 South Ridge N55° 49' 54.011 W63° 22' 49.811 10 3.0 0.0 6.3 

CM065 South Ridge N55° 49' 53.911 W63° 22' 53.411 0 3.3 0.0 1.7 

CM066 South Ridge N55° 49' 49.011 W63° 22' 53.411 2 1.7 0.1 1.8 

CM067 South Shore N55° 49' 55.6.011 W63° 21'48.1 11 20 23 .6 0.0 22 

W05-65s South Shore N55° 49' 55.711 W63° 21' 17.411 30 26.5 12.6 28 

W05-65L South Shore N55° 49' 55.711 W63° 21' 17.411 26 26.5 12.6 26 

Arch. = Archimedes' method; uncertainty of ±2%. 

J.S. = Image Scan Method; relative uncertainty of 5-50% based on analyses of two different slab faces of each sample. 
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Table 3. Example crystallization data for each representative location 
Discovery Hill Cote Creek South Shore North Shore 
n=2 n=2 n=1 n=2 n=1 n=1 n=1 n=1 
Matrix Plag. Matrix Plag. Matrix Plag. Matrix Plag. 

Si02 56.38 53.72 52.57 55.56 53.95 51.43 58.25 52.78 
Ti02 0.66 0.92 0.33 0.173 

Ah03 22.36 28.49 25.59 25.24 26.64 30.42 25.63 29.41 
FeO 4.43 0.61 2.55 1.52 2.80 0.34 0.79 0.49 
MnO 0.05 0.07 0.04 0.02 
MgO 0.84 0.34 0.84 0.14 
CaO 7.06 12.54 9.12 10.48 8.68 14.05 6.69 13.16 

Na20 4.39 4.04 5.11 4.96 4.90 3.47 6.15 4.27 

K20 2.71 0.33 1.03 0.62 1.16 0.24 1.67 0.27 
Total 98.87 99.73 97.30 98.38 99.33 99.95 99.51 100.38 
An 61.95 51.90 68.15 62.04 
Ab 36.11 44.45 30.46 36.43 
Or 1.94 3.65 1.39 1.53 
P (kbar) 0.02 0.0035 0.001 0.0035 

Temp. oc H20=0.2 1230 1291 1313 1259 

Tem_Q.° C H20=0.4 1220 1281 1302 1249 
Plag. = Plagioclase, Temp. = temperature, P = pressure 
Note: Temperature used in Putirka's (2005) equation is in Kelvin. Errors on temperatures are 
discussed in the text. 
Data is from microprobe analysis. Pressure is calculated using equation 
(1). 
n=number of analysis 
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Chapter 3 

Composition and Heterogeneity of Impact Melt at Mistastin Lake 

Crater, Labrador 

3.1 ABSTRACT 

Anorthositic impact melt rocks, their target rocks (principally anorthosite, mangerite, 

granodiorite) and zircon clasts from the -36 Ma-old, 28 km-wide Mistastin Lake crater of 

northern Labrador (55°53'N; 63°18'W) have been examined in order to evaluate the scale 

and origin of compositional heterogeneities in impact melts produced in craters of 

moderate size. In particular we assess whether mineral clasts entrained from the 

underlying rocks into the melt sheet have significantly modified the initial composition of 

the anorthositic melt that had formed upon impact. A secondary goal was to determine if 

zircon clasts in the impact melts are present in the proportions of their target rock sources 

and/or the substrate lithologies over which they flowed. Chemical compositions of bulk 

samples of thirty-three melt rocks and fourteen target rocks were measured by XRF and 

SN-ICPMS. Matrix compositions of nine samples of impact melt rocks were determined 

by EPMA and LA-ICPMS. Zircon grains from four samples of target rock and zircon 

clasts from three samples of impact melt rock were measured for multi-element 

composition, U-Pb age and Hf-isotopic composition by LA-(MC)-ICPMS. 

The data reveal compositional heterogeneities in the impact melts on the scales of 

both bulk samples and matrices. Bulk samples can be divided into compositions with 

3-1 



high and low concentrations of high-field strength elements (HFSE; Ti, Zr, Nb) and Fe, 

Ba, Ce andY. High HFSE-type melt rocks formed when impact melt entrained large 

quantities of clasts from mangerite, which is rich in HFSE. Matrix compositions of bulk 

samples do not show the HFSE distinction but are affected by the introduction of low

temperature melts from the clasts to form dispersed, micron-scale silica-rich 

heterogeneities. Both clast entrainment and melting are more extensive for the thicker 

flow units, which had a higher heat capacity for melting and cooled more slowly than 

thinner flows. 

The best estimate of the sources of the initial impact melt is ~ 73% anorthosite, ~ 7% 

mangerite and ~20% granodiorite, based on least-squares modeling of major element 

compositions of the matrices ofthinner flows. Zircon derived from anorthosite can be 

distinguished from zircon from mangerite and granodiorite on the basis of higher Nb/Ta 

and Eu/Eu* ratios and more negative initial a Hfvalues. Zircon clasts greater than 40 

microns in size in the impact melt rocks are dominantly or exclusively derived from 

mangerite and granodiorite. Hence zircon may be a poor provenance indicator for target 

rock contributors to impact melts. 
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3.2 INTRODUCTION 

In meteorite impacts on the Earth and Moon, and almost certainly Venus and Mars, 

melts are commonly produced by total melting of the target rocks into which the 

projectile collides (Pierazzo et al., 1997). The composition of the melt is thus a function 

of the compositions of the target rocks and their relative abundances in the zone of 

melting. However the composition of the melt may be modified significantly as it flows 

outward radially from the centre of the impact. The melt sheet may pick up clasts from 

the underlying impact-derived breccias and basement rocks over which it flows 

(McCormick et al. , 1989; Ryder et al. , 1997). The clasts may be completely or partially 

digested into the melt, depending on their size and melting temperature, and the thermal 

budget of the melt sheet. Partial melts from the underlying breccias or basement rocks 

may be mixed into the melt, further changing its composition (Grieve, 1975). In very 

thick melt sheets, such as at Sudbury, internal differentiation of the melt into discrete 

layers may occur during slow cooling (Zieg and Marsh, 2005) 

This paper is concerned with distinguishing between the initial and final compositions 

of impact melts that did not undergo significant internal differentiation during slow 

cooling. Target rock constituents that melted to form impact melts are commonly 

reconstructed using mass balance mixing models for the bulk composition of the melt 

rocks and the compositions of possible target rocks (Grieve, 2006). If the final , bulk 

composition of the melt rock does not faithfully reflect the initial melt composition, 

however, the model results will be incorrect. 

The study area is the Mistastin Lake crater of northern Labrador, where the impact 

melt rocks form sheets of variable, but only modest thickness (80 to <1 m) and thus 
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cooled quickly (Marion et al., in revision). The melt rocks are associated with shocked 

anorthosite, mangerite (quartz-bearing pyroxene monzonite) and granodiorite (adamellite) 

basement rocks. Based on major element modelling, Grieve (1975) found that the most 

abundant type of melt rock at Mistastin, which has a very fine grained granular to fine

medium-grained poikilitic texture, had formed from total melting of a target composed of 

~54-71% anorthosite, ~13-14% mangerite and ~14-33% granodiorite. Based on trace 

element modelling, however, Marchand and Crockett (1977) argued that the average melt 

rock composition at Mistastin formed from much less granodiorite, only ~2%, with 60% 

anorthosite and 38% mangerite. 

We also examine the scale of heterogeneity in the impact melts at Mistastin in this 

study. It has long been recognized that the bulk chemical compositions of impact melt 

rocks at Mistastin (Grieve, 1975) and in many other impact structures such as 

Manicouagan (Floran et al., 1978), Clearwater West (Simonds et al., 1978) and Boltysh 

(Grieve et al., 1978), are remarkably homogeneous. This implies that impact melts are 

well-mixed by the energy ofthe impact (Grieve and Floran, 1978). However some 

compositions of impact melt rocks are heterogeneous on the macroscopic scale, as are 

many impact glasses on the microscopic scale (Dressler and Reimold, 2001). Thus, the 

origins of heterogeneities in impact melt rocks remain poorly explained. 

Finally, a third aspect ofthis study relates to the relative abundances of undigested 

clasts in impact melt rocks, and their significance for defining the proportions of target 

rocks that formed impact melts. At Mistastin, McCormick et al. (1989) showed that both 

anorthosite and mangerite/granodiorite contributed feldspar clasts to the impact melt, but 

with a greater proportion of anorthosite-derived feldspar where the impact melt rocks now 

3-4 



overlie anorthosite basement, along the northwest shore of the lake. This suggests that a 

majority of the feldspar clasts were picked up by the melt sheet after it had spread out 

some distance from the melting zone in the centre of the crater. We instead examined 

accessory zircon, found in all target rocks, to determine if anorthosite-derived zircon is 

also preferentially enriched in melt rocks along the northwest shore of the lake. Because 

zircon is able to survive shock deformation and superheated conditions somewhat better 

than feldspar (Wittmann et al., 2006), we wondered ifthe provenance of zircon clasts in 

impact melt might be a better guide than feldspar to the proportions of the target rocks 

that melted during impact. 

The principal goals of this study are thus: (1) to describe and understand the origins of 

compositions and heterogeneities of Mistastin melt rocks on both macroscopic and 

microscopic scales; and (2) to define the genetic relationship between zircon in the melt 

rocks and their source rocks. For (1), the compositions of hand-sized samples of melt 

rocks were determined by bulk analytical methods, x-ray fluorescence (XRF) and solution 

nebulisation-inductively coupled plasma mass spectrometry (SN-ICPMS), and compared 

to the compositions of the glassy to fine-grained matrix in the same samples, determined 

by microbeam methods, electron probe microanalysis (EPMA) and laser ablation (LA)

ICPMS. For (2), the uranium-lead age, trace element composition and hafnium-isotopic 

composition of zircon in target and melt rocks were determined by LA-ICPMS. 

Mistastin is an exceptional study area for analogue cratering studies of impact melt 

genesis because geological relationships between impactite units and basement rocks are 

well-exposed. Also, it is perhaps the only impact structure on Earth in which anorthosite 

was the principal source of impact melt and it therefore may be the best terrestrial 
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analogue for lunar impact melt genesis. Studies of terrestrial impact craters like Mistastin 

can help constrain the genetic relationships between impact melts and target rocks where 

geological relationships are poorly known, as is the case at present for all planetary 

bodies except Earth. 

3.3 GEOLOGICAL SETTING AND PREVIOUS WORK 

Mistastin Lake impact crater (55°53'N; 63°18'W) is 28 km in diametre with an age of 

36 ± 4 Ma, based on Ar-Ar dating of impact melt rocks (Mak et al., 1976; Grieve, 2006). 

A nearly circular lake occupies the inner - 16 km diametre portion of the crater. Two 

islands, Horseshoe Island and Bullseye Island, located in the centre of the lake represent 

the central uplift of the crater. Preserved impactites include a variety of impact melt 

rocks distributed nearly equidistant from the centre of the lake, around the western two 

thirds of the shoreline (Fig. 3.1). The distribution ofthe impactites has been mapped by 

Currie (1971) and Marion et al. (in revision). 

The crater is located in the northeast end of the Mesoproterozoic Mistastin Batholith, 

which consists of a series of intrusive bodies including anorthositic and granitic rocks 

together with lesser gabbroic rocks (Emslie et al., 1980). The batholith is surrounded by a 

variety of Proterozoic amphibolite, granitic and migmatitic gneisses, including reworked 

Archean rocks. Granodiorite crops out all around the lake but is most well exposed on 

the east and northeast shores. It consists of augen potassium feldspar, plagioclase, quartz, 

hornblende and biotite. Notable heterogeneity and gradational contacts including 

inclusions of gneiss and transitions to equigranular granite are not uncommon (Currie, 
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1971; Marion et al., in revision). These inclusions have not been differentiated from the 

granodiorite as possible contributors to the impact melt in previous studies. 

Anorthosite and mangerite occur in bands that extend from southeast of the lake to 

northwest of the lake. The exposed central uplift in particular consists of about 7 5 % 

anorthosite and 25% mangerite, both of which are highly shocked and, in places, 

brecciated. The mangerite is very similar in appearance to the granodiorite; it also 

contains augen feldspars but less quartz, and can be distinguished easily from 

granodiorite by its higher iron and titanium contents (Currie, 1971 ; Marion et al. , in 

revision). Small outcrops of meta-quartz gabbro were also identified recently on 

Horseshoe Island (Marion et al., in revision). 

Studies by Grieve (1975) and Marchand and Crocket (1977) indicated that the impact 

melt rock at Mistastin is remarkably homogeneous with, for example, a mean Si02 

content of 57.8 wt% and a standard deviation of only 1.9 wt%, for 40 whole rock 

samples. Grieve (1975) concluded that differential shock effects and velocities in 

addition to the highly turbulent state of the melt resulted in its homogenization. He 

identified, however, three different types of impact melt rock compositions formed by 

total melting of the target rocks, categorized as low, intermediate and high Si02 and K20, 

a common classification for andesites (Gill, 1981 ). The principal melt rock composition 

of Grieve (1975) ranges from the upper part of the low Si02 - K20 group (~55 wt% Si02 

and ~ 1.5 wt% K20) to the intermediate Si02 - K20 group (~58 wt% Si02 and ~2.3 wt% 

K20) and represents the fairly well mixed impact melt. Melt rock compositions with 

silica-potassium concentrations that are both lower (~53 wt% Si02 and ~ 1.1 wt% K20) 
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and higher (- 62-65 wt% Si02 and - 3.6-4.6 wt% K20) are rarer, isolated pockets and 

veins of more poorly mixed melt (Grieve, 1975). 

Grieve (1975) also identified heterogeneities on the microscopic scale in the matrix of 

some Mistastin impact melt rocks; in particular, irregular and diffused patches of glass 

coronas and more discrete glass globules (up to 1 mm in diametre). Both types of glasses 

are silica and potassium rich (- 67-76 wt% Si02 and - 5.4-7.3 wt% K20). Grieve (1975) 

interpreted the glass globules as mangerite-derived partial melt that became entrained in 

the impact melt during outflow of the melt sheet. They were not able to become 

homogenized into the impact melt before it cooled and crystallized. 

3.4 FIELD SAMPLING 

Fourteen samples of basement rocks were collected from surface outcrops around 

Mistastin Lake, consisting of 4 anorthosites, 4 mangerites, 4 granodiorites, 1 granodiorite 

gneiss, 1 meta-quartz gabbro and 1 granite. Three of the anorthosites, 2 of the mangerites 

and the gabbro were sampled from Horseshoe Island. The anorthosite samples exhibited 

shock metamorphic features, such as planar features, and all of these samples exhibited 

intense fracturing. The granodiorites, gneiss and granite were sampled mainly from Steep 

Creek and the northeast shore. None of these samples display strongly shocked 

metamorphic features. 

Thirty-three melt rock samples were collected from major outcrops around Mistastin 

Lake, in counter-clockwise order, Steep Creek, North Shore, Cote Creek, Discovery Hill, 

South Ridge and South Shore, as well as from smaller exposures in between. Melt unit 

thicknesses exposed at these locations probably reflect original variations in melt sheet 
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thickness, controlled by topographic variations on the floor of the transient crater (Marion 

et al., in revision). Much of the melt rock is clast-rich, and the clast content and size 

generally increases with increasing proximity to the underlying breccias. Melt rock 

texture varies with unit thickness, vertical position within the thicker melt units and clast 

abundance. In thin units and toward the base of the thicker units, the melt rock is more 

glassy and clast-rich, whereas within the thicker units, the melt rock texture is more 

crystalline and clast-poor. In the more crystalline melt rocks, textures typically are fine 

grained poikilitic with dendritic pyroxene (augite or pigeonite) and blocky Fe-Ti oxides 

(titanomagnetite or ilmenite) set in a matrix of plagioclase microlites and interstitial glass 

(Fig. 3.2A). In medium grained crystalline samples, the dendritic pyroxene and Fe-Ti 

oxides appear as microphenocrysts (Fig. 3.2B). 

3.5 ANALYTICAL METHODS 

3.5.1 Rationale 

Bulk analyses of impactites have been used traditionally to determine the composition 

and target rock sources of impact melts. This approach does not factor in the effect of 

large clast populations included in the analysis. Conceivably, centimetre- to metre-scale 

clasts can be separated from the igneous groundmass by hand picking prior to bulk 

analysis, but the majority of clasts in many melt rocks are millimetre- to micrometre in 

size and these are extremely difficult to separate physically from the matrix. Bulk 

analyses of the rocks may therefore not be representative ofthe melt composition formed 

initially upon impact. An alternative method is to avoid clasts during analysis of impact 
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melts by making in situ analyses using microbeam techniques (e.g., Tuchscherer et al., 

2006). The in situ analyses may be used in conjunction with bulk analyses to derive 

estimates of impact melt composition both before and after it picked up clasts during 

outflow. 

3.5.2 Whole rock analyses of target and melt rocks 

Bulk samples of 14 target rocks and 33 melt rocks were hand crushed and powdered 

in a Siebtechnik puck mill with a tungsten carbide bowl. Major and trace elements were 

determined using a Fisons/Applied Research Laboratories XRF (model 8420+ sequential 

wavelength-dispersive x-ray spectrometre). For major elements, fused glass disks were 

made by combining approximately 1.5 grams of rock powder with 6.0 grams of lithium 

metaborate, 1.5 grams of lithium tetraborate flux and heated at ~850°C for 8.5 minutes 

and fused at~ 1 050°C for 11.5 minutes in a muffle furnace. For trace elements, pressed 

powder pellets were made from approximately 5 grams of rock powder and 0.7 grams of 

a phenolic resin binder. After mixing, this powder was placed in a Herzog Pellet Press 

and pressed for 1 0 seconds at 20 ton/in2 pressure. The pellet is then baked at 200°C for 15 

minutes. 

Additional trace elements, including the rare earth elements, were measured by SN

ICPMS using an Agilent (formerly HP) 4500plus quadrupole instrument. Samples were 

dissolved and analyzed in nitric acid following a sodium peroxide sinter decomposition 

procedure using approximately 100 milligrams of rock powder. Both the XRF and SN

ICPMS analyses were done at Memorial University. 
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3.5.3 Matrix analyses of melt rocks 

Polished thin sections were prepared from all of the melt rock samples and inspected 

by optical microscopy to quantify hand sample descriptions of melt rock textures and to 

distinguish the melt matrix from the clasts. To confirm the optical interpretations and 

extend them to the !lm-scale in each section, automated scanning election microscopy 

was also carried out at Memorial using a FEI Quanta 400 Scanning Electron 

Microscope/JKMRC Mineral Liberation Analyzer (SEM/MLA), operated at a working 

distance of 14 mm, 25kV and 2nA. The instrument utilizes both backscattered electron 

(BSE) and x-ray mapping to quantify mineral distributions and abundances. 

Identified clast-free areas of the matrix in nine samples were then analyzed for 

chemical composition by EPMA and LA-ICPMS. Major elements were analyzed by 

EPMA in wavelength-dispersive mode. Large numbers of analyses (approximately 65 

analyses per thin section) were made on four of the nine impact melt samples (CM023, 

CM071 , CM042, CM055) on a 20 x 20 llm area using a Cameca SX-50 microprobe at 

Memorial. The instrument was controlled by SAMx microanalysis software, and was 

operated at 15 kV and 20 nA. The five other samples (CM088, W05-65, CM067, 

CM025, CM035) were analyzed on far fewer spots (approximately 5 each) using a JEOL 

JXA-733 Superprobe at the University of New Brunswick, Canada, with a 11 x 17!-lm 

scanning area and at 15kV and 20nA. 

LA-ICPMS was employed for the analyses of major and trace elements in the matrix 

of all of the nine melt rock samples. A Thermo-Finnigan Element XR magnetic sector 

ICPMS coupled to a Lamda Physik Geolas 193 nm ArF excimer laser ablation system 

was used at Memorial. The laser was set for an energy density of 5 J/cm2 and repetition 
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rate of 10 Hz. Ten to fourteen analyses were made on 40 micron diametre spots in the 

clast-free parts of the matrix in each sample. Raw data were converted to concentrations 

using the LAMTRACE software program ofS. Jackson, with NIST 612 as the calibration 

standard, and by normalizing all major oxides and trace elements to 100% (Guillong et 

al., 2005). Potassium could not be measured accurately because of isobaric interferences 

from argon that could not be resolved in low resolution mode of the ICPMS, so the K20 

value derived from the EPMA was used instead. 

Careful attention was taken when placing the probe or laser beam to avoid clasts. The 

BSE images produced by the SEM/MLA provided the means to select appropriate spot 

locations within the thin sections (Fig. 3.3). Many mineral clasts are obvious as they are 

larger than the matrix grain size and are different in colour, but the most difficult task is 

to differentiate plagioclase microlites from plagioclase clasts in a BSE image. Both are 

abundant, represented by the same colour and can be similar in size. To improve the 

identification and avoidance of these clasts, a series of visual inspections was conducted 

where each suggested beam location was scrutinized for the shape, texture and 

consistency of surrounding grains. Plagioclase micro lites tend to be euhedral, lath or 

rectangular in shape whereas plagioclase clasts are typically subhedral to anhedral, 

rounded due to partial melting and have visible reaction rims (Fig. 3.3). With this in 

mind, we are confident that any clast larger than - 15 microns was avoided. 
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3.5.4 Analysis of microphenocrysts and matrix glass in melt rocks 

As noted above, some of the more coarse-grained crystalline melt rocks at Mistastin 

contain microphenocrysts of dendritic pyroxene and Fe-Ti oxides. Thus, the composition 

of the clast-free melt in these samples is not represented accurately by the fine-grained 

matrix alone, and the compositions ofthe microphenocrysts must be included as well. 

This is the case for two (CM023, CM042) of the nine melt rock samples whose matrix 

compositions were analyzed by EPMA and LA-ICPMS. For these two samples, the 

abundances of dendritic pyroxene and Fe-Ti oxides relative to the fine-grained matrix 

were determined from the SEM/MLA data described above. Compositions of the 

dendritic pyroxene and Fe-Ti oxides were analyzed for major elements by EPMA, and for 

trace elements by LA-ICPMS. The EPMA were carried out using the electron probe at 

Memorial on a 3 !J.m beam, at 15 kV and 20 nA. LA-ICPMS analyses were made at 

Memorial on a 20 !J.m spot, with external calibration against NIST612 and using internal 

standardization for ablation yield corrections. The laser was operated at 5 J/cm2 and 10 

Hz. Si and Ti concentrations from the EPMA data were used as the internal standard 

element for pyroxene and Fe-Ti oxide, respectively. Using the compositions and 

proportions of the fine-grained matrix, pyroxene and Fe-Ti oxides, a reintegrated 

composition for the melt could be calculated by mass balance. 

Like Grieve (1975), we noted discrete accumulations of glass dispersed throughout 

the matrices of some melt rock samples (Fig. 3.3). The major element composition of this 

glass was analyzed in six samples (CM044, CM067, CM088, CM015, CM039 and 

CM052) by EPMA at the University ofNew Brunswick on 3 !J.m spots, at 15 kV and 20 

nA. 
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3.5.5 Zircon analyses 

Zircon was studied in four target rocks and three impact melt rocks. Among the target 

rocks, CM003 is a mildly weathered granodiorite from the northeast shore ofMistastin 

Lake; CM032 is a shocked, light pink anorthosite from the centre of Horseshoe Island; 

W05-45 is a weathered mangerite sample from the western tip of Horseshoe Island; and 

CMOOl is a granodioritic gneiss from the northeast shore of the lake. For impact melt 

rocks, one sample (CM023) is from the anorthosite basement-rich northwest shore of the 

lake and two others (CM005, CM065) from anorthosite basement-poor locations. Sample 

CM023 is from western bank of Cote Creek, approximately 1 0 m from the basal contact 

of the unit with underlying breccias. Sample CM005 is a unit of massive melt rock of 

unknown thickness from Steep Creek. CM065 is from a larger unit of melt (at least 25m 

thick, though the basal contact is not exposed) from the South Ridge on the south western 

bay of Mistastin Lake. 

To recover zircons from each of these samples, heavy minerals were separated by 

crushing, Wilfley table, heavy liquid separation, Frantz magnetic separation and hand 

picking. Picking criteria for the zircons consisted of: (1) a minimum size of 40 ~-tm for 

each zircon crystal or fragment, restricted by the minimum size of the laser spot that can 

comfortably fit inside the grain and still achieve suitable analysis sensitivities; (2) the 

absence of very large (> 15 f.Lm) inclusions or contaminants; and (3) a representative range 

in grain size and shape for each sample. Also, intact crystals were favored over grain 

fragments, where possible. In the case of the anorthosite, zircons proved too difficult to 

find through normal picking procedures so the heavy mineral separate was mounted in 
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epoxy and zircons were identified using BSE imaging on the SEM at Memorial 

University. The anorthosite sample contained very few intact grains, and so most of the 

zircon inventory contained fragments. The mangerite and granodiorite samples, in 

contrast, contained many intact crystals and so very few fragments were picked. There 

were, however, zircon fragments in the impact melt rocks that were picked and analyzed, 

e.g. a dozen from sample CM065. 

Picked zircons were mounted into polished epoxy pucks and imaged by BSE on the 

SEM at Memorial at a working distance of 10 mm, and 25kV and 2nA. The goal of the 

BSE imaging was to characterize the small-scale physical properties of the zircon such as 

zoning, shape, size and texture and to identify potential inclusions. U-Pb dating of the 

zircon grains was done by LA-ICPMS at Memorial using the Element XR and Geolas 193 

nm laser, with a 40x40 ~m raster. The laser was set for an energy density of 3 - 5 J/cm2 

with a repetition rate of 10Hz. The U-Pb dating method broadly follows that presented 

in Kosier and Sylvester (2003). The Plesovice and Harvard 91500 zircons were run as 

secondary standards for quality control purposes. 

Major and trace element concentrations of the zircon were determined with the same 

LA-ICPMS instrumentation using a 40 to 49 ~m spot that was carefully placed atop of the 

U-Pb raster position to correlate age and trace element data for each grain. NIST 612 was 

used for external calibration and USGS BCR2G was run as a quality control reference 

material. The elemental concentration data was processed with LAMTRACE and 

normalized to totals of 100%, as in the elemental analyses of the matrix made by LA

ICPMS. 

3-15 



A dozen zircons from each of the 3 main target rocks (anorthosite, mangerite and 

granodiorite), another 6 grains from the granodioritic gneiss, and 20 zircons from the 

three impact melt rock samples were analysed for 176Hf/ 77Hf isotope ratios by laser 

ablation ICP multicollector mass spectrometry using a Finnigan Neptune at Memorial. 

For these analyses, the Geolas 193 nm laser ablated either a 40 or 49 fJ.m spot, on top of 

the U-Pb raster and trace element laser spot positions, with an energy density of 5 J/cm2 

and a laser frequency of 10 Hz for 600 pulses per analysis. Plesovice zircon was used as 

the quality control standard. Present day Hf ratios were back calculated to obtain the 

initial 176Hf/177Hfusing the measured Lu/Hfratios, the Lu decay constant of 1.865 x 10-11 

(Scherer et al. 2001) and the U-Pb concordia age of each grain of zircon in the impact 

melt rocks, and the U-Pb concordia age of each rock sample for target rock zircons. 

Epsilon Hfvalues are calculated with 176Hf/177Hfand 176Lu/77Hf(CHUR) values of 

0.282772 and 0.0332, respectively (Blichert-Toft and Albarede, 1997). 

3.6 RESULTS 

3.6.1 Compositions of target rocks 

Major and trace element concentrations of the target rocks determined in this study 

are compared to the earlier results of Currie (1971) and Marchand and Crocket (1977) in 

Table 3.1. The new results are similar to the previous data but there are some subtle 

differences. In particular, for anorthosite, the newly determined concentrations for MgO 

and Na20 are somewhat higher and lower respectively than the older ones. For 

mangerite, there is slightly higher CaO and a much lower Na20 concentrations than in the 
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previous results. Granodiorite has slightly lower K20 and distinctly higher FeO contents 

in the new results. Some of the differences between these datasets may be attributed to 

the fact that major elements in this study were analyzed by fused bead XRF whereas 

Marchand and Crocket (1977) used pressed pellet XRF analysis. Fused bead XRF is now 

known to be more accurate for the light major elements because of matrix and 

mineralogical effects resulting from the nature of the x-ray excitation (Potts, 1987). 

The gneiss has a major element composition that is very similar to the granodiorite 

save for higher K20. Compared to all other target rocks, the granite has the highest Si02 

(75.6 wt%) and lowest Ah03 (11.6 wt%) contents, whereas the quartz gabbro has the 

highest FeOT (17.7 wt%) and MgO (4.0 wt%) contents. 

Chondrite normalized trace elements for target rocks are plotted in Fig. 3.4. The trace 

element patterns have very similar shapes but elemental abundance varies from one target 

rock to another. The mangerite and meta-quartz gabbro are the most enriched sources for 

the trace elements; the anorthosite is a very depleted source, and the granodiorite, granite 

and gneiss fall in between. The anorthosite consists almost entirely of plagioclase which 

results in a large positive Eu anomaly, very high Sr contents, and very low Y, Zr, Nb, Ba 

and Ce contents, as a function of these elements in plagioclase .. 

3.6.2 Compositions of impact melt rocks 

3.6.2.1 Bulk analyses 

Table 3.2 presents the results for the average bulk melt rock compositions for each of 

the major outcrop locations at Mistastin analyzed in this study. The bulk analysis of each 
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sample is given in Table D1 (Appendix D). Outcrop locations are divided into melt rocks 

with low and high field strength elements (HFSE). Specifically, the high HFSE type }).as 

higher Ti02 (- 1.1 vs 0.8 wt%), Zr (- 410 vs 240 ppm) and Nb (- 16 vs 9 ppm), as well as 

higher FeOr (- 6.3 vs 4.6 wt%), Ba (- 1190 vs 880 ppm), Ce (- 150 vs 100 ppm) andY 

(- 30 vs 16 ppm) and somewhat lower Ab03 (19.6 vs 22.0 wt%). Cote Creek, Steep 

Creek, North Shore, South Shore and the South Ridge consist of low HFSE melt rocks 

whereas Discovery Hill and individual samples from the North Shore and the far west 

side of Cote Creek are enriched in HFSE. Sample CM008, a suevite from Steep Creek, is 

also enriched in high HFSE. 

Silica and total alkali concentrations of the low and high HFSE melt rocks are similar 

to each other, and both would be classified as having trachy-andesitic compositions in 

terms of endogenous volcanic rock terminology (Fig. 3.5). The average major element 

concentrations for the high HFSE melt rocks are most similar to those for melt rock at 

Mistastin given by Currie (1971) and Marchand and Crocket (1977). In particular the 

earlier averages gave high Ti02 (- 1.0 wt%), FeOr (- 5.9 wt%) and low Al20 3 (- 19.5 

wt%) contents. This may be the result of a large proportion of samples in the earlier 

averages being from Discovery Hill, the thickest unit at Mistastin. 

3.6.2.2 Matrix analyses 

Table 3.3 gives the average matrix composition.: for the six impact melt rocks studied 

from Cote Creek and South Shore, which have low HFSE bulk compositions, and from 

the three from Discovery Hill and North Shore, which have high HFSE bulk 
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compositions. Detailed results can be found in Table D2 and D3 (Appendix D). For most 

samples in the low HFSE bulk melt group, there is little difference between the bulk and 

matrix compositions, but for samples in the high HFSE bulk melt group, the matrix 

compositions are distinctly different than the whole rock compositions. Indeed it is not 

possible to recognize the distinction between low and high HFSE samples on the basis of 

matrix compositions as we could do for bulk rock compositions. For instance, mean 

matrix compositions of samples from both the low and high HFSE bulk rock groups have 

overlapping concentrations ofTi02 (~0.3-0 . 8 wt%), Zr (~1 00-270 ppm) and Nb (~6-10 

ppm), FeOr (~1.6-5.2 wt%), Ba (~610-1100 ppm), Ce (~50-120 ppm), Y (~13-28 ppm) 

and Ah03 (19.6 vs 24.6 wt%). 

The mean major element composition for the matrices of all nine samples in Table 3.3 

is 58.6 ± 2.0 wt% Si02, 21.6 ± 1.6 wt% Ah03, 3.5 ± 1.1 wt% FeOr, 4.5 ± 0.4 wt% Na20, 

and 2.3 ± 1.0 wt% K 20. This compares favorably to the dominant "intermediate Si02 -

K20" matrix melt composition measured by broad beam EPMA by Grieve (1975), which 

contains 58.4 ± 0.9 wt% Si02, 20.6 ± 0.7 wt% Ah03, 4.5 ± 0.6 wt% FeOr, 4.8 ± 0.3 wt% 

Na20, and 2.3 ± 0.4 wt% K 20. The chondrite normalized trace element composition for 

the average matrix of the nine samples is plotted in Fig. 3.4. The pattern for the average 

matrix composition tends to plot in between, and parallel to, those for the anorthosites, 

mangerite and granodiorite target rocks. 

A striking characteristic of matrix data is the spot to spot heterogeneity on the 20 - 40 

micron scale of the EPMA and LA-ICPMS analyses within individual petrographic thin 

sections (27 x 46 mm). The heterogeneities exist for both major and trace elements. 

Representative examples of matrix analyses from thicker (CM023, CM042) and thinner 
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(CM071, CM055) outcrop units of both low and high HFSE bulk melt rocks are plotted in 

Figs. 3.6 - 3.9. (The same scales were used for all plots to facilitate visual comparisons 

between samples.) All samples show significant variations in elemental concentrations 

within the matrix; for instance, at least 10 wt% for Si02 and Alz03. However, chemical 

compositions of matrix from the thicker melt units of both low and high HFSE melt rocks 

(Figs. 3.6-3.7) are much more heterogeneous than those from the thinner melt units (Figs. 

3.8-3.9). In particular the thicker units exhibit a significant number of matrix spots with 

silica-rich(- 65-90 wt%) compositions. 

The fine (3 micron) beam EPMA data for the discrete accumulations of glass 

dispersed in the matrices of the melt rock samples is given in Table D4 (Appendix D). 

The matrix glasses range in composition from - 57 to 98 wt% silica, with most of the 

analyses from the thicker Discovery Hill and Cote Creek units having > 75 wt% silica. 

The glass analyses are similar to those reported by Grieve (1975), but with a significantly 

greater range in composition. 

3.6.4 Zircon characteristics 

3.6.4.1 Physical data 

Zircon crystals and crystal fragments, 15 microns in size or greater, were recovered 

from the three principal target rocks in the relative proportions: 110 grains in 

anorthosite/350 grains in mangerite/500 grains in granodiorite (normalized to the 

abundance of the rock sample processed for each lithology). If grains only 40 microns or 

greater in size are considered, which are those that could be analysed by LA-ICPMS 
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using the 40 micron spot routinely employed at Memorial, the recovered proportions were 

80 grains in anorthosite/200 grains in mangerite/350 grains in granodiorite. The vast 

majority of zircons in the anorthosite are fragmental, most commonly ranging in length 

from 40-250 IJ.m. The grains are poorly zoned in BSE images; some crystals and crystal 

fragments display planar deformation features as evidence of shock metamorphism (Figs. 

3.10A-B). Zircon in the granodiorite and mangerite are similar in appearance. They are 

commonly 80 - 350 IJ.m in size, have prismatic to rounded shapes and exhibit oscillatory 

zoning in BSE images (Figs. 3.1 OC-D). 

Zircon is as plentiful in the granodiorite gneiss as it is in the granodiorite. The grains 

commonly range from 100-300 IJ.m long, and are zoned in BSE images (Fig. 3.10E). 

Distinct cores and overgrowth mantles are evident in the BSE images of five zircon grains 

(Fig. 3.10F). 

Zircon clasts in the three impact melt rocks examined here show a significant range in 

size(< 40 to 350 IJ.m) and shape, and are a combination of intact crystals and crystal 

fragments (Figs. 3.100-1). Some grains are very short and rounded, others are narrow 

and elongate. Many of the crystals and fragments exhibit irregular wavy grain 

boundaries, suggesting dissolution in the impact melt. There is no obvious difference in 

size, shape and zoning in the zircon grains from Cote Creek sample CM023, located 

along the anorthosite-basement-rich northwest shore of the lake, and South Ridge CM065 

sample, situated along the anorthosite-basement-poor southwest shore of the lake. Steep 

Creek CM005 sample, from the anorthosite-basement-poor northeast shore of the lake, 

generally has smaller, stubby and rounded, and more fragmental grains than both CM023 
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and CM065. The most zircon grains were recovered from sample CM065 and the least 

from sample CM005. 

Nearly all of the zircons in the impact melt and target rocks contain a variety of 

mineral inclusions up to 15 J..lm wide, most commonly apatite and potassium feldspar. 

3.6.4.2 U-Pb geochronology 

Figures 3.11 and 3.12 plot the results of the LA-ICPMS zircon geochronology for the 

target and impact melt rocks, respectively, on U-Pb concordia diagrams. Age histograms 

are also plotted for the impact melt rock samples in Fig. 3.12. The detailed data including 

those for the reference zircons Harvard 91500 and Plesovice are given in Tables D5, D6 

and D7 (Appendix D). 

The zircon ages of all four of the target rocks are within 2cr of each other and 

therefore are too close in age to differentiate from one another on the basis of the LA

ICPMS measurements. The concordia age of the mangerite is 1451 ± 12 Ma (2cr); the 

granodiorite gneiss is 1440 ± 13 Ma (2cr); the anorthosite is 1438.7 ± 8.9 Ma (2cr); and the 

granodiorite is 1429 ±10 Ma (2cr). Five grains in the gneiss, with distinct cores in the 

BSE images (Fig. 3.10F) give U-Pb ages between 2100 and 2400 Ma. The data suggest 

that the cores are inherited from an older source. Rb-Sr isochron ages for the target rocks 

have been previously reported by Marchand and Crocket (1977): the anorthosite had too 

small a range of 86Rb/87Sr ratios to calculate an isodnon but the mangerite was 

determined to be 1409 ± 57 Ma and the granodiorite to be 1318 ± 17 Ma, significantly 

younger than the magmatic ages determined here by U-Pb zircon dating. 
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U-Pb ages of the zircon clasts in the three impact melt rocks overlap with those in the 

target rocks, and each other: Peaks in the age histograms are at 1435 ± 13 Ma for 

CM023, 1431 ± 21 Ma for CM005, and 1413 ± 13 Ma for CM065. In CM023, two 

significantly older, but strongly discordant grains, give apparent ages of~ 1730 and 2190 

Ma. 

3.6.4.3 Elemental concentrations 

Multi-elemental analyses of zircons in the target and impact melt rocks by LA-ICP

MS are presented in Table D8 and D9 respectively (Appendix D). Data for the reference 

zircon Harvard 91500 are given in Table D10 (Appendix D). 

There are only subtle elemental differences between zircons from the various target 

rocks (Fig. 3.13). Zircons from the anorthosite tend to have higher Nb/Ta ( - 1.1-3.2) and 

Eu/Eu* (~ 0.13-1.7) ratios than zircons from the mangerite, granodiorite and gneiss 

(Nb/Ta ~1.0-2.2; Eu/Eu*~0.01-0.4). Zircons from anorthosite and granodiorite tend to 

have smaller differences between Zr02 and Si02 (~17-29 wt%) than zircons from 

mangerite and gneiss (~19-36 wt%) Some analyses of zircon grains exhibit anomalous 

enrichments in elements normally incompatible in the mineral such as barium and the 

light rare earth elements. We suspect that these ablations intersected small melt 

inclusions in the zircon. 

Zircon clasts in the impact melt rocks have elemental compositions that overlap with 

one another, suggesting that they were derived from the same sources in all three samples 

(Fig. 3.13). None of the zircon clasts have Nb/Ta ratios greater than 2.5 where the 
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difference between Zr02 and Si02 is less than 27 wt%, and Eu/Eu* greater than 0.3, as is 

the case for many zircons from anorthosite. 

3.6.4.4 Hf-isotopes 

Results for Hf isotope analysis of zircons from the target and impact melt rocks, and 

quality control data for the reference Plesovice zircon are summarized in Tables D11 , 

D12 and D13 respectively (Appendix D). Average initial f: Hfvalues for target rock 

zircons are -12.9±1.1 in the anorthosite, - 10.8±1.3 in the granodiorite, -8.5±2.2 in the 

mangerite, and - 8.7±1.0 in the gneiss for magmatic grains and +6.0 for a single analysis 

of an inherited grain. Initial f: Hf values for zircon clasts range from -16 to -4 and, as for 

elemental concentrations, exhibit substantial overlap in the three melt rock samples. Only 

one of the zircon clasts has the combination of initial f: Hf more negative than -11 and 

Eu/Eu* greater than 0.1 , suggesting that anorthosite-derived zircon is very rare or absent 

in the melt rocks (Fig. 3.13). 

3.7 DISCUSSION 

3. 7.1 Sources of Mistastin impact melts 

It is a non-trivial task to determine the compositions and proportions of target rocks 

that were melted and mixed to form an impact melt sheet. Bulk samples of impact melt 

rocks are the product not only of the rocks that were melted totally upon impact, but also 

exogenous components added to the melt sheet as it subsequently spread away from the 

melting zone - in particular clasts and partial melts derived from the underlying impact 
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breccias and basement rocks. Target rock source models based on bulk compositions of 

impact melt rock samples alone may be incorrect if clasts and partial melts incorporated 

into melt rocks are volumetrically significant and/or differ substantially in composition 

compared to the target rocks. Analyses of just the matrix of melt rocks, avoiding clasts, 

may better reflect the initial, pre-outflow composition of the impact melt. 

At Mistastin, several attempts have been made to determine the sources of the impact 

melts. All attempts recognized anorthosite as the dominant source but the principal 

secondary source- mangerite or granodiorite- has remained unclear. Currie (1971) 

modeled the Si02, Ah03 and CaO contents of an average bulk composition of six melt 

rocks and found that they could have formed from a melt mixture of 51% anorthosite, 

40% mangerite and 9% granodiorite. Marchand and Crockett (1977) also modeled an 

average bulk composition for melt rocks at Mistastin, but based on more melt rock 

samples (40) and ten trace elements (Nb, Zr, Y, Sr, Rb, Th, Pb, Zn, Cu, Ni) rather than 

major elements. The model result however was similar: 60% anorthosite, 38% mangerite 

and 2% granodiorite. Grieve (2006) re-modeled both the major and trace element whole 

rock data of Marchand and Crockett (1977) and found a result of62% anorthosite, 38% 

mangerite and 0.1% granodiorite. 

Grieve (1975) used a different approach from the others, modeling matrix 

compositions (measured by EPMA using a defocused electron beam) rather than bulk 

compositions for the melt rocks, and subdividing the compositions based on the 

petrographic textures of the samples. He reported that the major element composition of 

the matrix that made up the volumetric bulk of the impact melt formed from 54% 

anorthosite, 13% mangerite and 34% granodiorite, with a subordinate composition 
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derived from 71% anorthosite, 14% mangerite and 15% granodiorite. Although Grieve 

(1975) also reported two minor matrix melt compositions that formed solely from 

anorthosite (63-68%) + mangerite (32-37%), one just from mangerite (33%) + 

granodiorite ( 67%) and another solely from a mixture of total and partials melts of 

mangerite, the implication was that the vast majority of melt rocks at Mistastin formed 

from far more granodiorite and less mangerite than was indicated by the bulk (clast

bearing) compositions of the melt rocks. 

Our study directly addresses the discrepancy between models for bulk vs matrix 

compositions ofthe melt rocks at Mistastin by comparing analyses of whole rocks and 

matrices on the same samples. Following on from our recent geological studies that 

recognized that impact melt flows at Mistastin varied in thickness from location to 

location within the crater (Marion et al., in revision), we examine our geochemical results 

in the context of key exposures of units that formed from either thick or thin melt flows. 

To determine the proportions of each target rock contribution to the impact melts, 

measured chemical compositions are calculated using least-squares mixing models after 

Bryan et al. ( 1969) and Wright and Doherty ( 1970). These calculations were assisted by 

MATLAB® (The Math Works, Inc.) software where the common inverse least squares 

function x=inv(A'* A)* A'*b was converted to a MA TLAB function where x ~ 0 as [ x, 

lambda]=lsqnonneg(A,b) to avoid a negative proportion. 

Table 3.4 presents the results of the least-squa:es mixing models for various major 

element compositions of the melt rocks derived from both bulk (Table 3.2) and matrix 

(Table 3.3) analyses, using the target rock compositions determined in this study (Table 
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3.1). For all models based on the three principal basement rocks alone (anorthosite, 

mangerite, granodiorite), the totals of the calculated proportions of the target rocks are 

close to 100% (97 .5 to 104% ). We ascribe the small deviations from 100% to variations 

from the mean oxide concentrations of the target rocks, which have standard deviations of 

up to - 2 wt% for each of Si02, Ah03 and CaO in particular (Table 3.1). The total 

proportions are not improved significantly by including any or all of the target rocks 

(gneiss, gabbro, granite) that are volumetrically minor in the field area. However, we 

cannot rule out the presence of a small ( <5%) proportion of the target containing gneiss, 

gabbro or granite, on the basis of the model calculations. 

Trace element modeling results (Table D14 Appendix D) are broadly comparable 

with the major element results but are considered less reliable because the totals of source 

components for some samples deviate significantly from 100%. We ascribe the poor 

model results to the large variation in trace element concentrations of the target rocks. 

For instance the relative standard deviations on the means of Zr, Nb andY in the 

anorthosite, mangerite and granodiorite are 46, 20 and 23% for Zr; 78, 40 and 21% for 

Nb; and 67, 30 and 29% for Y, respectively (Table 3.1). Also, the model calculations do 

not include the presence of minor amounts of mangerite partial melt that may have 

become entrained in some melt units (Grieve 1975). We did not analyze the compositions 

of the mangerite partial melts but it is likely that they would possess high and variable 

concentrations of incompatible trace elements, depending on the degree of melting, and 

thus much more strongly affect the mixing model results for trace elements than major 

elements. 
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Examples of the systematics of impact melt rock compositions and mixing models are 

shown graphically for pairs of major elements (Si02, Fe01otai) and trace elements (Rb, 

Nb) in Figure 3.14. 

Our modeling results are consistent with anorthosite as the primary source of the 

impact melt rocks, as argued by Grieve (1975) and Marchand and Crockett (1977), but 

suggest that the principal secondary sources are mangerite in the bulk rocks, and 

granodiorite in the matrices of the bulk rocks. Impact melt rocks with bulk compositions 

of the low HFSE type tend to have formed from more anorthosite (relative to mangerite 

and granodiorite) than those of the high HFSE type. The mean low and high HFSE bulk 

rocks are calculated to be derived from ~ 74% and 51% anorthosite respectively (Table 

3.4 ). High HFSE bulk rocks include a substantial component of mangerite compared to 

low HFSE bulk rocks (means of ~42% vs ~8%). 

Our model results for the matrix compositions of the bulk rocks give strikingly 

different results. For bulk rocks with both low and high HFSE compositions, the matrix 

compositions tend to have formed mainly from anorthosite and granodiorite, with 

significant mangerite calculated for the matrix of only one of the nine samples modeled 

(Table 3.4). The calculated sources of the nine matrix compositions have a mean of 

~66% anorthosite, ~3% mangerite and ~31% granodiorite. The results suggest that the 

melt rocks with high HFSE bulk compositions formed on impact with initial, anorthosite

rich compositions similar to those with low HFSR bulk compositions but were 

subsequently enriched in mangerite relative to anorthosite. The mangerite enrichment in 

the high HFSE bulk rocks does not seem to have been incorporated into the matrix of 

most samples. 
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3.7.2 Mangerite enrichment in high HFSE bulk-melt rocks 

Nine of eleven samples of melt rocks with high HFSE bulk compositions identified 

in this study are from Discovery Hill, a prominent butte that is the thickest preserved melt 

unit at Mistastin. The other two samples come from isolated outcrops of probably thinner 

units along the North Shore ofMistastin Lake (CM027) and just west of Cote Creek 

(CM055). Marion et al. (in revision) argued that the Discovery Hill unit represents 

impact melt that became thickened by flow along a topographically controlled channel 

along the transient crater floor, unlike most other preserved melt units at Mistastin, which 

formed thinner, sheet flows over more open plains. Using this model, the anomalous 

enrichment of mangerite in the thicker Discovery Hill flow can be explained as a 

consequence of its ability to incorporate large amounts of mangerite from underlying 

breccia and basement rock relative to the thinner melt units. Thicker, larger volume flows 

would tend to be more turbulent and have a greater heat capacity for thermally eroding 

the underlying substrate compared to thinner, smaller volume, more laminar flows. 

Comparison of ratios of anorthosite/(mangerite + granodiorite) in the bulk melt as a 

function of unit thicknesses indicates that the thin South Shore flows are the most 

anorthosite-rich, whereas the thick Discovery Hill flow is the most anorthosite-poor (Fig. 

3 .15). The bulk composition of the Cote Creek flow of intermediate thickness tends to 

consist of anorthosite in proportions that fall in between those of the South Shore and 

Discovery Hill flows. These relationships appear to be largely independent of 

stratigraphic position within the melt units. 

The melt rocks at Discovery Hill contain 10 to 30% clasts, mostly plagioclase, 

perthite and quartz. Although feldspar in the mangerite and granodiorite has similar 
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compositions (McCormick et al. 1989), the clasts almost certainly are derived largely 

from mangerite. This is because large, metre-scale mangerite boulders that may represent 

the dislodged and disruptured remnants of the valley walls along which the Discovery 

Hill melt flowed are found protruding from the melt rock on the top and north side of the 

butte. Grieve (1975) noted evidence of partial melting ofthe mangerite boulders at 

Discovery Hill and suggested that silica and potash-rich globules (~lmm) preserved in 

some melt rocks represent mangerite partial melts that became entrained in the 

anorthositic magma. These mangerite melt globules would have been included in the 

material analyzed for the bulk compositions of the melt rocks, also increasing the 

calculated proportion of mangerite relative to anorthosite at Discovery Hill. 

3.7.3 Initial composition ofMistastin impact melt 

The composition of the impact melt at Mistastin is not well-represented by the bulk 

compositions of the impact melt rocks because the bulk rocks include clasts. Impact melt 

composition more closely approximates by the composition of the matrices of impact 

melt rocks because they are free of all but the most minute clasts. Even in the matrices, 

however, it is likely that composition of the initial melt, formed immediately after impact, 

has been modified by the addition of melts derived from the partial or complete digestion 

of clasts entrained during outflow. 

As noted above, the compositions ofthe matrices of impact melt rocks can be 

modeled as a mixture of anorthosite with subordinate granodiorite and in some cases, 

minor mangerite (Table 3.4). It is the matrix compositions of melt rocks in the thinner 
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units however that probably best approximate the initial composition of the impact melt at 

Mistastin. 

This is indicated by two lines of evidence. First, as shown in Figs. 3.6 - 3.9, although 

both thick and thin impact melt rock units are heterogeneous on the 20 - 40 micron scale 

of the EPMA and LA-ICPMS analyses of the matrix compositions, the thicker units 

include a significant number of matrix spots with silica-rich(- 65-90 wt%) compositions 

not seen in the thinner units. On an even finer scale (3 micron), silica-rich glasses in the 

matrix of the thick Discovery Hill flow have compositions approaching pure silica (Table 

D4 Appendix D). The simplest interpretation is that the silica-rich matrix areas and their 

constituent silica-rich glasses in the thicker flows represent a low melting point fraction 

of incorporated clasts that had sufficient time to become mingled with the initial 

anorthosite-rich impact melt during cooling. Thinner flows would have less heat capacity 

for partially melting of the clasts and cooled too quickly to allow significant mingling of 

any clast-derived melts that may have formed. 

A second observation supporting this interpretation is that the proportions of 

anorthosite in the matrices, as in the bulk rocks, tend to vary as a function of unit 

thickness: lowest in Discovery Hill, and highest in South Shore (Fig. 3 .15). This is 

consistent with the idea that the matrix compositions of the thicker flows, like the bulk 

compositions, have been affected by incorporation of clasts. Unlike the bulk 

compositions however, which reflect the addition of undigested clasts, the matrix 

compositions reflect mingling of the low temperature melt fraction of the clasts. Thus, 

even in the case of Discovery Hill, where clasts were mainly derived from mangerite, the 
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calculated silica-rich component for the matrix is granodiorite, which has a composition 

similar to that expected for low temperature crustal melts. 

According to this model, the three matrix compositions (W05-65, CM071, CM067) 

determined from the thin South Shore melt units, and a fourth (CM055) from the likely 

thin North Shore units should be the best approximation to the initial melt composition at 

Mistastin. The average composition of these 4 matrix compositions is (wt.%): 57.2 ±1.5 

Si02, 0.65±0.14 Ti02, 22.4±1.9 Ah03, 3.9±1.6 FeOr, 0.98±0.59 MgO, 7.6±0.3 CaO, 

4.5±0.5 Na20, 2.0±0.9 K20 and 0.17±0.04 P205. The average calculated proportion of 

their target rock sources is: 73±13% anorthosite, 7±11% mangerite and 20±7% 

granodiorite. 

3. 7.4 Significance of zircon clasts in melt rocks 

McCormick et al. (1989) examined the clasts of quartz and feldspar in nine samples of 

impact melt rocks from Mistastin. They found that the sources of the clasts were much 

more variable from sample to sample than the bulk compositions of the samples. Melt 

rock samples overlying basement containing significant anorthosite, from the north and 

northwest ofMistastin Lake, contained clasts with sources almost exclusively from 

anorthosite ( ~90-1 00% ). In contrast, all but one of the melt rocks overlying mangerite 

and granodiorite, in the west and south of the lake, had clasts derived from more 

mangerite +granodiorite (~54-65%) than anorthosite (~46-35%). Thus, McCormick et 

al. (1989) concluded that the clast population reflected the nature of the rock in the 
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substrate over which the impact melt flowed, rather than the proportions of target rock 

sources in the impact melting zone. 

Our results for the sources of zircon clasts in the impact melt rocks are dramatically 

different from those of McCormick et al. ( 1989) for the quartz and feldspar clasts, in that 

all or almost all of the zircon clasts are derived from mangerite +granodiorite (including 

granodiorite gneiss) rather than anorthosite, independent of substrate lithology (Fig. 3.13). 

This result was unexpected in that zircon, although less abundant in anorthosite than in 

mangerite and granodiorite, is still present in significant quantities ( ~ 1 grain in 

anorthosite for every 7 grains in mangerite + granodiorite). In addition, if zircon was able 

to survive the high temperatures and pressures of the impact melt zone, we might have 

expected enrichment in zircon clasts from anorthosite relative to mangerite + 

granodiorite, given that anorthosite was the predominant source of impact melt. 

The most likely explanation for the apparent lack of anorthositic zircon in the melt 

rocks is that it was preferentially comminuted to a size smaller than the 40 micron spot 

size of the LA-ICPMS measurements. Zircon in the anorthosite tends to be somewhat 

smaller in size than zircon in the mangerite and granodiorite, but, more importantly it 

tends to be more fragmental and shocked. It is probable that anorthositic zircon simply 

fractured and splintered more easily along planar deformation features (Fig. 3.1 OA, B) 

than zircon in the mangerite and granodiorite. Thus zircon clasts may not be a 

particularly useful indicator of impact melt provenance unless tiny zircon grains 

preserved in the matrix are analyzed along with larger zircon clasts. 
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3. 7.5 Implications for studies of impact melts on the Moon and beyond 

Impact cratering has profoundly affected the Moon and other planets of our solar 

system but understanding their bombardment records is difficult because geological 

relationships are poorly known. On the Moon, in particular, billions of years of 

bombardment have destroyed or obscured the links of impact melt rock samples to their 

parent craters, adding uncertainty to a range of first-order questions such as cratering rates 

in the inner solar system and the structure of the lunar crust (e.g., Neal, in press). The 

Mistastin impact is similar to lunar impacts in that melt produced was anorthositic in both 

cases. But at Mistastin, unlike on the Moon, the field relationships of the impact melts in 

the crater are well-preserved and accessible for detailed examination. 

Impact melt rocks at Mistastin consist of an initial impact melt formed mainly from 

anorthosite with subordinate granodiorite and mangerite; millimetre to micrometre-size 

clasts picked up from the brecciated anorthosite, mangerite and granodiorite substrate 

over which the initial melt spread outward from the impact site; and micrometre-scale 

melts formed from partially and completely digested clasts. The sources of the clasts 

vary in proportion from sample to sample and the extent of clast digestion is related to 

flow unit thickness. Nonetheless, when bulk analyses are made of hand-sized specimens 

of the impact melt rocks, the small-scale heterogeneities tend to become homogenized to 

give the false impression that the impact melt was well-mixed. Zircon clasts derived 

from anorthosite in impact melt rocks seem to have been preferentially comminuted 

compared to zircon from mangerite and granodiorite during impact and entrainment. 

Although the initial impact melt included a granodiorite source, no evidence of it remains 

in the central uplift, the likely region of melt production. Presumably the granodiorite 
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was present as a thin cover overlying anorthosite and mangerite at the time of impact, 

which is plausible given that granodiorite is the predominant lithology surrounding 

Mistastin Lake. 

Similar complexities should be expected for lunar impact melts. For instance lunar 

impact melt breccias related to a single cratering event may have diverse clast inventories. 

The clasts may produce distinctive variations in the bulk chemical compositions of the 

melt rocks. Target rocks that formed lunar impact melt may no longer be present at the 

centre of craters. 

3.8 CONCLUSIONS 

Impact melt at Mistastin formed from ~73% anorthosite, ~7% mangerite and ~20% 

granodiorite. This estimate is based on matrix compositions of thin flow units which 

likely have been the least affected by contamination by clast entrainment and melting due 

to more laminar flow and lower heat capacities. The new result is somewhat richer in 

anorthosite and poorer in mangerite than previous estimates based on bulk analyses of 

impact melt rocks, particularly those from Discovery Hill, a thick unit that incorporated 

numerous mangerite clasts. Caution is thus warranted when using bulk compositions of 

impact melt rocks to model the identity and proportions of target rock sources involved in 

the melting event, either in terrestrial impact craters or those on other solar system bodies. 

Mistastin impact melts were heterogeneous in composition at all scales- from the 

metre-scale outcrops (e.g., Discovery Hill vs South Shore) to micrometre-scale matrices. 

The heterogeneities were largely produced after impact as the melts spread outward and 
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entrained clasts and partial to complete melts of the clasts. The micrometre-scale 

heterogeneities tend to be averaged out in bulk analyses of hand-sized samples of impact 

melt rocks. 

There is no evidence that zircon derived from anorthosite target rocks survived impact 

and is preferentially enriched as clasts in the impact melts relative to zircon sourced from 

mangerite and granodiorite. In fact, if anorthosite-derived zircon is present as clasts in 

the impact melt rocks at all, the grains must have been comminuted to sizes less than 40 

microns by fracturing and splintering. 
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Figure 3.1. Generalized geology map ofMistastin impact structure, modified from Currie 
(1971) and Grieve (1975) based on new mapping (this study). The location of the map area 
is identified by the black box on the imbedded map Labrador. Dashed line indicates the 
approximate position ofthe inner face ofthe crater rim inferred by Grieve (1975). 
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Figure 3.2. Photomicrographs of impact melt matrix for A) sample CM071 from the 
South Shore outcrops and B) sample CM042 from Discovery Hill. Compare the scale of 
the pyroxene crystals and interspersed plagioclase microlites in both samples. 

Figure 3.3. SEM/MLA backscatter electron images of the impact melt rock matrix of 
sample CM042 from Discovery Hill. Note the dendritic pyroxene crystals and 
interspersed plagioclase microlites. A) Micro-meter scale image of the melt matrix where 
the probe beam size (20 x 201-lm) is identified by a red square and the laser spot by a red 
circle (40 x 401-lm); B) is a magnification of the upper right corner of figure (A) where 
single microlites can be identified. This is similar to the image observed when using the 
microprobe. Note the euhedral shape of the plagioclase microlite in (B) and compare to 
the rounded and rimmed K-feldspar clast identified in (A). Please note that this is not the 
probe size used to analyze plagioclase microlites. 
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Figure 3.4. Chondrite normalized trace elements in the 5 possible target rocks and the 
average impact melt matrix of samples listed in Table 3. 
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Figure 3.6. Compositional variation in sample CM023 (Cote Creek); EMP A (n=66) for major elements and LA-ICPMS 
~ analysis (n=14) for trace elements. 
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Figure 3.7. Compositional variation in sample CM042 (Discovery Hill); EMPA (n=71) for major elements and LA-ICPMS 
analysis (n=13) for trace elements. 
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Figure 3.8. Compositional variation in sample CM071 (South Shore); EMPA (n=69) for major elements and LA-ICPMS 
analysis (n=14) for trace elements. 
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Figure 3.9. Compositional variation in sample CM055 (North Shore); EMPA (n=65) for major elements and LA-ICPMS 
~ analysis (n=13) for trace elements. 
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Figure 3.10. Target rock zircons. A) Shocked anorthosite zircon from sample CM032, 
note the planar deformation features and fractures; B) shocked anorthosite zircon 
fragment from sample CM032; C) mildly shocked mangerite zircon from sample W05-
45; D) granodiorite zircon from sample CM003; E) granodiorite gneiss magmatic zircon; 
F) granodiorite gneiss zircon with inherited core; G) melt rock zircon clast from sample 
CM065, grain125; H) melt rock zircon clast from sample CM023, grain 14; and I) melt 
rock zircon clast from sample CM005, grain 1. 

3-45 



data-point error ellipses are 1 a 

0.29 A 0.28 8 

0.27 0.26 
:::> :::> ., ., .. .. 

"!.. N 

.c :c 
Q. 0.25 Q. 0.24 
"' "' 0 0 
N N 

0.23 Concordia Age = 1438.7 ±8.9 Ma 0.22 Concordia Age = 1429 ±1 0 Ma 
(2o, decay-cons!. errs included) (2o, decay-<:onst. errs included) 
MSWD (of concordance)= 0.28, MSWD (of concordance)= 0.072, 

Probability (of concordance)= 0.60 Probability (of concordance) = 0.79 

0.21 0.20 

2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 2.2 2.6 3.0 3.4 3.8 

201Pb/23su 201Pbt23su 

0.29 0.29 
data-point error ellipses are 1a 

c ~~ -) .. ; - .:;;. 
0.27 

0.27 ... 
!1201 , 

:::> :::> ... 
., ., 0.25 .. .. 
:a N 

0.25 -.c 
Q. Q. 

"' "' 0.23 0 0 
N N 

0.23 Concordia Age = 1451 ±12 Ma Concordia Age = 1440 ±13 Ma 
(2o, decay-cons!. errs included) 0.21 (2o, decay-eonst. errs included) 
MSWD (of concordance)= 2.6, MSWD (of concordance)= 11.4, 

Probability (of concordance) = 0.11 Probability (of concordance) = 0.001 

0.21 0.19 

2.2 2.6 3.0 3.4 3.8 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 

201Pbt23su 201Pb/23su 

Figure 3.11. Concordia plots for A) sample CM032, anorthosite from Horseshoe Island; 
B) sample CM003, granodiorite from East shore; C) sample WOS-45, mangerite from 
Horseshoe Island; and D) sample CMOOl , granodiorite gneiss showing magmatic ages. 
The insert plot shows magmatic and older inherited ages. 
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Figure 3.13. Zircon discrimination plots comparing Nb/Ta against Zr02 - Si02 and 
Eu/Eu* against Epsilon Hffor target rock zircons and zircons in the impact melt rocks. 
Note how few zircon compositions plot within the anorthosite fields. The granodiorite, 
mangerite and gneiss fields overlap as they are too close in composition. 
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impact melt rock samples as a function of melt unit thickness and stratigraphic position. 
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Table 3.1 . Average chemical compositions of target rock unijs at Mistastin Lake 

SI02(wt% 
TI02 

Al203 
FeOT 
MnO 
MgO 
CeO 
NolO 
1<20 
P205 
LOI 

Total 

FeOT 
Fe203T 

S(ppm) 
Cl 
Sc 
v 
Cr 
Nl 
Cu 
Zn 
Ga ... 
Rb 
Sr 
y 
Zr 
Nb 
Sa 
Ce 
Pb 
Th 
u 

ICP·MS 

'"""'' y 
Zr 
Nb 
Sa 

La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Oy 
Ho 
Er 
Tm 
Yb 
Lu 
HI 
Ta 
Th 

Anorthosite 
(This study) 

mean n=3 S D 

5336 081 
0.32 0 10 
2460 233 
366 169 
0.06 0 02 
2.73 1 30 
9.28 0 77 
3.64 0 53 
0.63 0 10 
0.12 009 
2 57 1.98 

100.99 

366 
407 

289 
183 
9 
28 
56 
23 
18 
15 
22 

<OL 
31 
736 
32 
25 
1 3 
455 
24 
71 
1 3 

<OL 

n=1 

2.7 
208 
1.6 
483 

566 
10 4 
1.28 
517 
090 
0.88 
075 
008 
053 
0.11 
031 
004 
030 
005 
048 
080 
019 

189 
1.88 

119 
142 
3 
10 
47 
18 
12 

1 9 
16 
21 
12 
1.0 
126 

(Marchand & Crockett 1977) 
mean n-7 S 0 

5662 171 
040 0.14 
2278 048 
275 126 
008 001 
164 1.53 

10.09 0 91 
447 065 
1.02 0 50 
015 007 

100 00 

2 75 
306 

236 
19 3 
24 5 

10 0 
736.1 
43 
21 8 
03 

46 
1 0 

126 
1.40 

18 7 
159 
127 

97 
254 
29 
14 5 
OS 

22 
08 

(Curle 1971) 
mean n=4 S 0 

51.5 05 
034 022 
262 20 
3 4 16 

0.05 0 03 
1.7 09 
8 9 0 5 
50 02 
0.7 01 
016 0 10 
0.9 0 5 
988 

Mangerite 
(This atudy) 

mean n=-- S 0 
61.37 211 
1.25 0.26 
13.74 2 01 
899 087 
0.17 0.05 
1.09 019 
5.36 2 27 
1.93 0 89 
3.50 1 03 
0.41 011 
3.00 1 50 

10082 

809 
899 

211 
152 
20 
41 
13 
7 
13 
48 
18 
6 
70 

314 
49 
726 
25 

2505 
257 
22 
7 

n=2 

.,9 
835.7 
29 4 

28434 

665 
139.2 
17.2 
69 8 
1266 
3.64 
1087 
154 
919 
1.81 
511 
0 73 
<79 
0 73 
1500 
191 
522 

120 
110 
7 
13 
11 
1 
4 
21 
3 
10 
22 
91 
14 
148 
10 

661 
51 
1 

(Marchand & Crockett 1in) 
mean n=19 S D 

6223 292 
1.18 100 

14 36 0.22 
822 223 
0 10 0 06 
0 96 0 37 
453 083 
3 08 0 31 
3 76 0.78 
0 69 0 31 

9911 

6.22 
913 

206 
1 5 

139.0 

883 
315.7 
52 9 

7361 
262 

24 0 
60 

223 
2 46 

74 
49 
37.2 

237 
62.2 
143 
1290 
64 

4 1 
34 

Notes: N = number of samp4es analysed S 0 = standard deviation. • = only one analysis above detecbon limit. <Ol = less than detection Hmlt 

(Curie 1871) 
mean n=2 S 0 

59 8 06 
1 32 0.05 
1412 0.9 
9 5 0 7 
012 0 02 
0.9 00 
4 4 01 
3 9 01 
41 04 

0 33 0.04 
1 3 08 

99 73 

63 

Granodiorite 
(This •tudy) 

mean n=4 S 0 
6598 242 
0 66 0 14 
1449 053 
5 412 1.10 
009 004 
0.54 0.13 
2.15 0.66 
3 97 1 20 
4.25 0.70 
0.20 0.06 
0 88 0.39 
9861 

488 
5 42 

144 
360 
15 
21 
17 

10 
21 
7 

114 
226 
37 

458 
20 

2061 
164 
24 
11 
2 

n=1 

28 5 
580.5 
205 

2311 0 

62 0 
1191 
14 0 
52 5 
850 
3.16 
688 
097 
5.87 

'" 3.24 
0 47 
3 01 
044 
1041 
216 
902 

52 
115 
6 
11 
14 
2 
2 
13 
4 ,. 
20 
61 
11 

106 
4 

573 
40 
5 

(Marchand & Crockett 1977) 
mean n=27 S 0 

6954 4 1 
043 023 
1482 212 
324 1386 
007 002 
0.33 0 19 
1 95 1 06 
324 054 
593 172 
0.13 0.08 

9988 

324 
3.80 

263 
<OL 
644 

161 4 
248.6 
40 4 

47413 
222 

364 
221 

1 39 
1.54 

131 

349 

580 
965 
27 0 

2414 2 
175 

10 8 
41 9 

(Curie U171) 
mean n=4 S D. 

66 3 1 9 
0.44 0 .20 
15 1 1.8 
35 14 
004 002 
06 01 
1 7 0 5 
39 02 
641 16 

0.13 0 .07 
05 01 

9858 

155 20 

Minor Rocks (This Study) 

Oneill Meta.Qtz Gabbro 
n=1 n=l 

67 96 44 86 
0.33 4106 
14119 12 32 
3 65 17 71 
007 029 
0.84 3.98 
152 805 
221 228 
6 86 0 71 
0.06 1.30 
066 0.18 

98 36 95 75 

365 
4.06 

136 
88 
14 
45 
17 
06 

<OL 
16 

<DL 
96 

302 
37 

199 
11 

1759 
148 
25 
11 
02 

n=1 

35 3 
294 
18.8 
1925 

65 3 
114 0 
12 8 
45 4 
664 
2 31 
5 70 
091 
621 
1.39 
4 35 
067 
456 
066 
565 
1 93 

11 31 

17 71 
19.68 

2759 
113 
34 

266 
22 
28 
41 
116 
20 
4 

27 
519 
53 
314 
28 

1135 
162 
87 
<OL 
<OL 

n=1 

491 
464 
454 
1266 

661 
152.5 
204 
880 
1602 
4 27 
1398 
188 
1081 
209 
5.75 
077 
506 
0 76 
662 
210 
0 59 

n=1 
7556 
032 
11 59 
2 15 
0.03 
0.22 
114 
215 
4 95 
0.07 
0.75 
9892 

215 
2 39 

93 
379 
<OL 
<DL 
<OL 

2 
<DL 
<DL 
23 
5 

124 
245 
24 
301 
95 

2550 
87 
25 
93 
40 

n=t 

214 
477 
132 
2630 

503 
93 3 
10 9 
412 
6 79 
2.71 
542 
077 
454 
0 69 
240 
036 
2.31 
0 32 
899 
288 
674 

Analybcal methods. Th1s study- fund bead XRF fOf major elements, pressed powder pellet XRF and smter-501Ub0n ICP-MS for trace elements Marchand & Crockett (1977)- l)(essed powder peflet XRF fOf maJOf and trace elements Cunie (1971 ) - X-ray spectrographic and partial wet-chem1cal analyses 
Anorthosite Is the average of sampfes W05-41, WQ5..49, W05-67, the mangerite of sampfes CM029, CM059, CM036 and WOS-45, the granodiOrite of samples CMOOe, CM007, CM 117, CM003 
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Table 3.2. Bulk (XRF) chemical compositions of melt rock units at Mistastin Lake 

Low HFSE melt rocks 

Sample 

Si02 (wt%) 
Ti02 
Al203 
FeOT 
MnO 
MgO 
cao 
Na20 
K20 
P205 
LOI 

Total 

S(ppm) 
Cl 
Sc 
v 
Cr 
Ni 
Cu 
Zn 
Ga 
As 
Rb 
Sr 
y 

Zr 
Nb 
Ba 
Co 
Pb 
Th 
u 

Ratios 
Mg no. 

Ti02/AI203 
FeOT/AI20 3 

Y/Sr 
Zr/Sr 
Nb/Sr 
Ba/Sr 

Cote Creek 

Mean SO 
n=10 

56.08 
0.79 

21 .86 
4.86 
0.07 
1.12 
7.50 
4.08 
1.55 
0.34 
1.35 

99.40 

147 
54 
14 
46 
23 
13 
12 
16 
21 
10 

24.5 
598 
18.0 
259 
9.8 
926 
119 
8 
6 

1.1 

29 
0.037 
0.21 

0.031 
0.44 

0.017 
1.57 

1.26 
0.12 
1.25 
0.62 
0.01 
0.35 
0.72 
0.27 
0.33 
0.18 
0.98 

98 
35 
7 
7 
14 
3 
2 
7 
2 
8 

7.4 
38 
3.6 
79 
2.3 
223 
31 
2 
2 

1.0 

5 
0.007 
0.04 
0.007 
0.15 

0.005 
0.44 

Steep 
Creek 

""'CMo05 
n=1 

56.47 
0.77 
20.93 
4.78 
0.06 
1.42 
7.36 
3.87 
1.66 
0.22 
1.54 

99.06 

79 
27 
11 
44 
22 
16 
10 
28 
24 
4 

24.3 
601 
18.0 
242 
8.8 

1093 
60 
7 
5 

<LO 

35 
0.037 
0.23 

0.030 
0.40 

0.015 
1.82 

North Shore 

Mean SO 
n=3 

55.70 
0.89 

21.9 1 
5.51 
0.09 
1.63 
7.45 
3.92 
1.49 
0.26 
1.46 

100.31 

113 
50 
14 
53 
23 
20 
12 
17 
23 
9 

20.3 
597 
17.0 
274 
9.5 
968 
107 
8 

2.1 
1.4 

35 
0.041 
0.25 

0.028 
0.46 

0.016 
1.66 

0.19 
0.03 
1.26 
0.23 
0.01 
0.14 
0.17 
0.11 
0.04 
0.00 
0.48 

91 
21 

5 
2 

2.4 
6 

1.3 
40 
0.9 
116 
27 
2 

0.3 

2 
0.003 
0.02 

0.002 
0.07 

0.002 
0.21 

South Ridge 

Mean SO 
n=3 

55.66 
0.69 
22.14 
4.20 
0.05 
1.19 
7.71 
4.18 
1.45 
0.23 
1.97 

99.49 

47 
52 
8 

43 
16 
13 
13 
15 
22 
0.4 
26.8 
636 
14.2 
198 
8 .1 
743 
69 
7 

0.8 

33 
0.031 
0.19 

0.022 
0.31 

0.013 
1.17 

0.46 
0.03 
0.20 
0.19 
0.01 
0.19 
0.16 
0.08 
O.Q7 
0.00 
0.69 

5 
6 

4 
5 
9 

0.2 
1.6 
20 
1.1 
17 
1.3 
29 
16 

0.001 
0.01 

0.002 
0.04 

0.002 
0.08 

South Shore 

Mean SO W05-65 (1) 
n=3 n=1 

55.57 
0.64 
23.12 
4.01 
0.05 
1.13 
8.Q1 
4.30 
1.26 
0.20 
1.62 

99.91 

119 
53 
16 
45 
28 
13 
13 
16 
20 

20.3 
637 
13.0 
170 
7.4 
674 
86 
8 

33 
0.028 
0.17 

0.021 
0.27 

0.012 
1.07 

0.56 
0.05 
1.45 
0.43 
0.02 
0.17 
0.50 
0.06 
0.28 
0.03 
1.20 

120 
26 
3 
7 
12 
2 

4 
7.7 
46 
3.6 
64 
1.6 
159 
26 
2 
2 

0.003 
0.03 

0.007 
0.15 

0.003 
0.32 

57.94 
0.81 

22.97 
4.82 
0.08 
1.36 
7.69 
4.42 
1.71 
0.23 
0.34 

102.37 

226 
107 
10 
46 
22 
14 
13 
10 
21 
<LO 
27.3 
567 
20.8 
276 
12.9 
879 
83 
<LO 
<LO 
<LO 

33 
0.035 
0.21 

0.036 
0.47 

0.022 
1.50 

Mean 

n=20 (2) 

55.91 
0.77 

22.05 
4.63 
0.07 
1.22 
7.59 
4.09 
1.49 
0.29 
1.51 

99.61 

120 
52 
13 
46 
23 
14 
12 
17 
21 

23.5 
609 
16.5 
238 
9.1 
879 
103 
8 

1.1 

32 
0.035 
0.21 

0.028 
0.40 

0.015 
1.46 

so 

0.94 
0.11 
1.18 
0.65 
0.02 
0.32 
0.56 
0.23 
0.27 
0.14 
0.85 

91 
27 
6 
7 
11 

6 
6.2 
36 
3.5 
73 
2.0 
207 
32 
2 
2 

0.6 

0.006 
0.04 

0.007 
0.14 

0.004 
0.41 

High HFSE melt rocks 

Discovery Hill Cote Creek North 

Mean SO 
n=9 

57.62 
1.04 
19.55 
6.23 
0.10 
1.34 
6.60 
3.61 
2.14 
0.33 
1.40 

100.16 

160 
74 
16 
52 
13 
10 
13 
29 
21 

39.7 
519 
30.5 
416 
16.3 
1181 
155 
12 
5 

0.2 

28 
0.053 
0.32 

0.059 
0.80 

0.032 
2.28 

1.63 
0.06 
1.03 
0.35 
0.01 
0.15 
0.63 
0.16 
0.20 
0.03 
0.50 

177 
23 
7 
5 
5 

7.9 
29 
1.9 
30 
1.2 
67 
16 
3 
2 

0.003 
0.03 

0.006 
0.08 

0.003 
0.18 

West (3) Shore 
CM027 '""'CMo55 

n=1 n=1 

57.86 
1.13 

20.45 
6.05 
0.10 
0.89 
6.79 
3.59 
1.93 
0.32 
1.33 

100.45 

211 
80 
18 
63 
19 
9 
16 
24 
20 
<LO 
31 .8 
542 
26.8 
381 
15.7 
1237 
140 
11 
<LO 
<LO 

21 
0.055 
0.30 
0.049 
0.70 

0.029 
2.28 

55.66 
1.08 

19.05 
6.83 
0.11 
1.54 
6.87 
3.51 
1.77 
0.34 
0.42 
97.18 

50 
103 
18 
59 
19 
14 
15 
46 
23 

24.6 
556 
29.7 
425 
15.5 
1249 
114 
11 
2 

0.9 

29 
0.057 
0.36 

0.053 
0.76 

0.028 
2.24 

Steep 
Creek (4) 

CM008 
n=1 

61 .33 
0.97 
15.94 
6.77 
0.11 
0.89 
4.60 
2.90 
2.94 
0.31 
2.63 

99.39 

172 
114 
14 
25 
0.3 
7 
10 
52 
23 
5 

44.5 
452 
33.9 
619 
16.0 
2503 
162 
18 
5 

<LO 

19 
0.061 
0.43 

0.075 
1.37 

O.Q35 
5.53 

Notes: S.D. = standard deviation. <LD =less than detection limit. (1):::melt breccia. (2) mean exdudes melt breccia sample W05-65. (3)=shore 1.25 km west of Cote Creek. (4)=suevite. (5) mean exdudes suevite sample CM008. 

Mean 

n=11 (5) 

57.46 
1.05 

19.59 
6.27 
0.10 
1.32 
6.81 
3.60 
2.09 
0.33 
1.30 

99.92 

154 
77 
16 
53 
15 
10 
13 
30 
21 
8 

37.6 
525 
30.1 
414 
16.2 
1192 
150 
12 
5 

0.6 

27 
0.054 
0.32 

0.058 
0.79 

0.031 
2.28 

so 

1.58 
0.06 
0.98 
0.37 
0.01 
0.20 
0.56 
0.14 
0.22 
0.03 
0.53 

163 
23 
6 
6 
5 
3 
2 
8 
2 
4 

8.6 
29 
2.0 
29 
1.1 
65 
19 
3 
2 

0.5 

0.003 
0.03 

0.006 
0.08 

0.003 
0.16 



Table 3.3. Chemical compositions of matrix of melt rock units at Mistastin Lake 
Low HFSE bulk melt rocks High HFSE bulk melt rocks 

Cote Creek South Shore Discovery Hill North Shore 

Near base of unit Middle of unit Top of unit Thin unit Thin unit Thin unit Near base of unit Top of unit Thin unit 

Sample No. CM088 CM023 CM025 WOS-65 CM071 CM067 CM042 CM035 CM055 

mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD 
LA·ICPMS (n=13) EPMA (n=66) LA-ICPMS (n=14) LA-ICPMS (n=10) EPMA (n=69) LA·ICPMS (n=14) EPMA (n=71) LA·ICPMS (n=12) EPMA (n=65) 

(wt%) 
Si02 57.24 4.54 59.32 5.34 60.29 3.57 57.41 2.27 57.55 2.10 58.54 2.87 60.29 7.02 61 .77 5.02 55.08 2.22 
Ti02 0.75 0.29 0.56 0.88 0.44 0.52 0 .62 0.36 0.48 0.66 0.69 0.56 0.39 0 .50 0.25 0.17 0.81 0.62 

Al203 22.09 6.00 22.06 3.66 20.28 3.28 22.19 1.84 24.56 1.95 20.00 2.19 20.81 4.47 19.59 3.26 22.93 2.18 
FeOT 3.27 1.08 2.81 1.98 4.10 4.86 3.58 2.13 1.65 1.35 5.23 2.52 2.99 3.14 2.92 3.74 4.94 2.54 
MnO 0.04 0,01 0.04 0.05 0.06 0.09 0 .05 0.04 0.03 0.03 0.08 0.04 0.05 0.08 0.03 0.07 0.09 0.05 
MgO 0.80 1.07 0.96 1.32 1.05 1.86 0 .77 0.76 0.25 0.29 1.60 0.84 0.79 1.87 0.50 1.32 1.29 0.87 
CaO 8.46 0.74 6 .80 2.88 7.19 0.87 7.76 0.82 7.55 1.19 7.12 1.49 6.40 3.47 6.12 1.92 7.82 0.86 
Na20 5.24 2.45 4.63 0.88 4.23 0.90 3.87 0.42 5.09 0.33 4.30 0.47 4.35 0.82 4.37 0.67 4.88 0.39 
K20 1.35 2.32 1.63 1.95 3.29 1.80 0.70 2.02 3.19 2.30 4.17 0.98 0.52 

P205 0.55 0.21 0.22 0.13 0.15 0.07 0 .21 0.13 0.14 0.05 0.18 0.11 0.23 0.15 0.06 0.08 
Total 99.80 99.50 99.75 99.75 98.96 99.76 99.27 99.76 98.62 

(ppm) LA-ICPMS (n=13) LA-ICPMS (n=14) LA-ICPMS (n=14) LA-ICPMS (n=10) LA-ICPMS (n=14) LA-ICPMS (n=14) LA-ICPMS (n=13) LA-ICPMS (n=12) LA·ICPMS (n=14) 
Sc 7 3 7 4 11 12 8 4 5 2 11 4 17 18 6 9 15.5 3.8 
v 37 12 34 27 46 107 25 28 35 31 48 47 56 104 4 8 59.5 12.4 
Cr 18 6 60 51 5 8 12 10 22 30 8 8 13 19 2 2 31.4 8.2 
Co 5 2 9 7 10 14 6 5 9 5 12 7 14 15 3 8 15.3 2.7 
Ni 31 40 14 18 10 19 13 18 65 132 15 11 12 21 3 5 24.6 7.5 
Cu 11 3 9 4 13 10 32 24 11 12 14 14 14 8 7 3 4.8 1.5 
Zn 49 15 56 53 55 57 65 45 60 60 73 40 115 115 36 36 105 15 
Rb 26 4 35 11 26 14 30 10 26 13 31 21 48 20 39 25 20 12 
Sr 584 159 542 59 519 91 606 92 606 52 517 115 447 85 503 132 552 54 
y 13 4 15 5 14 10 18 13 13 5 18 11 28 19 13 12 22 5 
Zr 107 12 192 82 203 103 221 141 94 55 190 128 258 352 269 253 157 88 
Nb 6.6 3.1 7.9 4.3 5.8 3.4 9.6 6.4 6.3 3.1 7.9 5.4 8.0 7.3 7.7 8.0 9.07 2.20 
Ba 611 125 1062 188 985 302 967 217 885 198 760 139 985 369 1113 369 1103 105 
La 34 11 29 10 25 14 39 27 33 9 34 22 55 37 28 18 33 4 
Ce 69 21 60 24 49 31 83 59 62 21 73 47 115 82 54 42 72 10 
Pr 8.0 2.5 6.8 2.9 5.5 3.7 9.4 6.9 6.9 2.8 8.2 5.7 13.1 9.3 6.1 5.3 9 1 
Nd 30 10 25 11 22 16 37 27 26 11 32 23 50 35 22 20 36 6 
Sm 4.8 1.5 4.7 2.4 3.8 2.7 6 .0 4.4 4.4 1.9 5.8 3.8 8.6 5.9 3.8 3.6 6.3 1.1 
Eu 1.5 0.4 1.9 0.2 1.9 0.3 2.1 0.3 1.6 0.4 1.6 0.2 2.2 0.4 2 .5 0.3 2.3 0 .2 
Gd 4.1 1.3 3.6 1.4 3.1 2.4 4.7 3.5 3.3 2.0 4.4 3.2 6.8 4.8 2.7 2 .7 5.1 1.2 
Tb 0.50 0.15 0.40 0.20 0.42 0.32 0 .62 0.49 0.41 0.17 0.57 0.39 0.86 0 .58 0.40 0.41 0.71 0.16 
Dy 2.9 1.0 2.9 1.2 2.8 2.0 3.7 2.7 2.6 1.1 3.6 2.4 5.7 4.0 2 .5 2.4 4.5 1.1 
Ho 0.50 0.16 0.56 0.23 0.54 0.40 0.73 0.51 0.49 0.18 0.86 0.41 1.05 0 .88 0.51 0 .50 0.88 0.21 
Er 1.5 0.5 1.5 0.7 1.5 1.1 2 .0 1.4 1.3 0.6 1.8 1.0 3.1 2.1 1.5 1.4 2.3 0.6 
Tm 0.18 0.06 0.23 0.08 0.22 0.13 0.29 0.19 0.19 0.13 0.28 0.18 0.45 0.30 0 .21 0.21 0.34 0.09 
Yb 1.3 0.4 1.4 0.5 1.4 0.9 1.7 1.1 1.3 0.7 1.9 1.1 3.0 2.3 1.5 1.4 2.2 0.6 
Lu 0 .17 0.08 0.23 0.10 0.23 0.13 0.26 0.17 0.18 0.08 0.26 0.14 0.43 0.27 0.22 0.20 0.34 0.11 
Hf 2.4 0.4 4.5 2.3 4.5 2.1 5.2 3.4 2.2 1.4 4.4 3.1 5.9 7.0 5.7 5.4 3.6 1.6 
Ta 0 .28 0.13 0.34 0.16 0.28 0.18 0.41 0.29 0.31 0.16 0.34 0.22 0.36 0.34 0.36 0.36 0.37 0.12 
Pb 7.3 2.6 9.7 1.2 9.8 4.0 8.6 2.3 8.9 2.2 9.4 4.3 12.1 2.8 12.5 4.3 8.8 1.2 
Th 2.6 0.8 2.8 1.2 2.3 1 3 3.5 2.5 3.2 1.4 3.2 2.3 4.0 2.4 3.6 3.7 1.7 0.6 
u 0.25 0.03 0.36 0.16 0.36 0.37 0.39 0.24 0.42 0.21 0.43 0 .30 0.34 0.27 0.49 0.43 0.22 0.11 

EPMA matrix data collected using a broad (20 x 20 micron) beam. LA·ICPMS matrix data collected using a 40 x 40 micron spot and normalized to 100% total major oxides and trace elements, with K20 taken from the average 

w of the EPMA matrix analyses. P20 5 was determined by LA-ICPMS for all samples. Where LA-ICPMS data are shown for major elements, fewer than 7 analyses were made by EPMA using an 11 x 17 micron spot and thus the 
I LA·ICPMS data are thought to be more representative. The matrix is predominantly glass in CM088, CM025, CM067 and CM055; and microcrystalline in the other samples. CM023 and CM042 have porphyritic textures and Vl 

w their EPMA matrix data have been recalculated to include the presence of pyroxene, titanomagnetite and ilmen~e mictophenocrysts (4.2% pigeon~e. 0.9% titanomagnetite and 0.3% ilmen~e in CM023; 5.6% aug~e and 1.2% 
titanomagnetite in CM042), which were analyzed by EPMA separately. CM088, CM023 and CM025 are located - 4, 8 and 16 metres respectively above the basal contact of the Cote Creek me~ rock unit CM042 and CM035 
are located -20 and 80 metres respectively above the basal contact of the Discoveoy Hill me~ rock unrt. 



Table 3.4. Least squares modelling of sources to melt rock compositions at Mistastin Lake 

Low HFSE bulk melt rocks 
All Bulk 
Rocks 

Cot6 Cn>ek 

Mean 
n• 20 

CM088 CM088 CM023 CM023 CM025 CM025 
bulk rock matrix bulk rock matrix bulk rock matrix 

S iC,, wt% 55.91 
TiC, 0.77 
AJ,O, 22.05 
FeOT 4.63 
MnO 0.07 
MgO 1.22 
eao 7.59 
Na,o 4.09 
K,O 1.49 
P,o, o.29 

Proportions, % 
Anorthos~e 73.9 
Mangerite 7.9 
Granodiorite 17.8 
Total 99.6 

54.85 
0.75 

22.62 
3.86 
0.05 
0.88 
8.32 
4.40 
1.30 
0.64 

81 .7 
0.0 
17.2 
98.9 

57.24 
0.75 

22.09 
3.27 
0.04 
0.80 
8.46 
5.24 
1.35 
0.55 

76.5 
0.0 

24.8 
101 .3 

Mixing model melt rock compositions 
SiO, 56.01 54.92 57.21 

0.41 
22.42 
4.01 
0.07 
2.23 
7.64 
3.77 
1.54 

TiO, 0.45 0.37 
AJ, o , 21.84 22.59 
FeOT 4.21 3.83 
MnO 0.07 0.06 
MgO 2.20 2.33 
eao 7.67 7.95 
Na20 
K, O 
P20 t 

Residuals 
SIO, 

Ti0 2 
AJ, O, 
FeOT 
MnO 
MgO 
eao 
Na20 
K,O 
P2o, 

3.55 
1.50 
0.16 

obs.-cal. 
-0.11 
0.31 
0.21 
0.41 
-0.01 
-0.98 
-0.07 
0.54 
-0.01 
0.13 

3.65 
1.25 
0.13 0.14 

obs.-cal. obs.-cal. 
-0.06 0.03 
0.37 0.34 
0.04 -0.33 
0.03 -0.74 
-0.01 -0.03 
-1.44 -1 .42 
0.37 0.83 
0.74 1.47 
0.05 -0.19 
0.51 0.41 

56.84 
0.86 
20.81 
5.18 
0.06 
1.31 
6.93 
3.84 
1.80 
0.26 

62.1 
18.5 
18.8 
99.5 

56.95 
0.56 
20.56 
4.69 
0.08 
200 
7.17 
3.37 
1.84 
0.19 

obs.-cal. 
-0.11 
0.31 
0.25 
0 49 
-0.02 
-0.70 
-0.24 
0.47 
-0.04 
0.07 

59.32 
056 
22.06 
2 81 
004 
0.96 
680 
4 63 
2.32 
0 22 

67.4 
0.0 

35.5 
102 8 

59.35 
045 
21.72 
4 20 
007 
2 03 
7.02 
386 
1 93 
0 15 

obs.-cal. 
-0.03 
0.11 
034 
-1.38 
-0.03 
-1.07 
-022 
077 
039 
0.07 

56.33 
0.86 
20.33 
5.27 
0.08 
1.42 
6.91 
3.94 
1.76 
0.25 

59.9 
21 .6 
17.0 
98.5 

56.43 
0.57 
20.16 
4.77 
0.09 
1.96 
7.08 
3.27 
1.86 
0.19 

obs.-cal. 
-0.10 
0.28 
0.16 
0.50 
0.00 
-0.54 
-0.17 
0.86 
-0.10 
0.06 

80.29 
0.44 
20.28 
4.10 
0.06 
1.05 
7.19 
4.23 
1.95 
0.15 

57.6 
4.4 

40.6 
102 6 

60.21 
0.51 
20.86 
4.44 
0.08 
1.84 
6 .46 
3.79 
2.24 
0.17 

obs.-cal. 
0.09 
-0.07 
-0.38 
-0.34 
-0.01 
-0.79 
0.73 
0.43 
-0.29 
-0.01 

Sou1h Shore 

W05~5 WO~S CM071 CM071 CM067 CM067 
bulk rock matrix bulk rock matrix bulk rock matrix 

57.94 
0.81 
22.97 
4.82 
0.08 
1.36 
7.69 
4.42 
1.71 
0.23 

77.0 
4.8 

21 .3 
103.1 

58.09 
0.45 

22.69 
4.25 
0.07 
2.27 
7.86 
3.74 
1.56 
0.15 

obs.-cal. 
-0.15 
0.36 
0.29 
0.57 
0.01 
-0.91 
-0.17 
088 
0.15 
0.08 

57.41 
0.62 
22.19 
3.58 
0.05 
0.77 
7.76 
3.87 
3.29 
0.21 

71 .8 
0.0 
29.2 
101 .0 

57.56 
0.42 
21.89 
4.05 
0.07 
2.12 
7.29 
3.77 
1.69 

55.39 
0.59 

22.99 
4.24 
0.04 
1.06 
7.89 
4.28 
1.25 
0.19 

81 .8 
0 .0 
18.0 
99.8 

55.50 
0.38 
22.73 
3.87 
0.06 
2.33 
7.98 
3.69 
1.28 

0.14 0.13 

obs.-cal. obs.-cal. 
-0.15 -0.11 
0.20 0.21 
0.30 0.26 
-0.48 0.37 
-0.02 -0.02 
-1.35 -1.28 
0 46 -0.09 
0.10 0.59 
1.80 -0.03 
0.07 0.05 

57.55 
0.48 

24.56 
1.65 
0.03 
0.25 
7.55 
5.09 
1.80 
0.14 

85.7 
0 .0 
18.1 
103.7 

57.63 
0.39 
23.70 
4.02 
0.07 
2.44 
8.34 
3.84 
1.31 
0.14 

obs.-cal. 
-0.08 
0.09 
0.86 
-2.37 
-0.04 
-2.19 
-0.79 
1.25 
0.49 
0.00 

56.19 
0.69 

21.74 
4.29 
O.Q7 
1.33 
7.58 
4.25 
1.54 
0.23 

72.6 
3.2 

23.6 
99.4 

56.24 
0.43 

21 .71 
4.07 
0.07 
2.15 
7.42 
3.64 
1.57 
0.15 

obs.-cal. 
-0.05 
0.26 
0.03 
0.22 
0.01 
-0.82 
0.16 
0.61 
-0.03 
0.08 

58.54 
0.69 
20.00 
5.23 
0.08 
1.80 
7.12 
4.30 
2.02 
0.18 

56.0 
22.3 
22.8 
101.1 

58.58 
0.61 
20.13 
4 .96 
0.09 
1.90 
6.88 
3.37 
2.10 
0.20 

obs.-cal. 
-0.04 
0.08 
-0.13 
0.26 
-0.01 
-0.30 
0.24 
0.93 
-0.08 
-0.02 

High HFSE bulk melt rocks 
All Bulk 
Rocks 

Mean 
ns11 

57.46 
1.05 
19.59 
6.27 
0.10 
1.32 
6.81 
3.80 
2.09 
0.33 

50.8 
42.5 
6.7 

100.0 

57.60 
0.74 
19.31 
5.62 
0.11 
1.89 
7.14 
2.94 
2.10 
0.25 

obs.-cal. 
-0.14 
0.31 
0.28 
0.65 
-0.01 
-0.57 
-0.33 
0.86 
-0.01 
0.08 

Discovery Hill 

CM042 CM042 CM035 CM035 
bulk rock matrix bulk rock matrix 

56.98 
1.03 

18.82 
6.25 
0.08 
1.38 
6.47 
3.48 
2.24 
0 .36 

45.8 
43.8 
8.8 

98.4 

57.11 
0.75 
18.58 
5.65 
0.11 
1.78 
6.79 
2.86 
2.20 
0.25 

obs.-cal. 
-0.14 
0.28 
0.26 
0.80 
-0.02 
-0.39 
-0.32 
0.62 
0.04 
0.11 

80.29 
0.39 
20.81 
2.99 
0.05 
0.79 
6.40 
4.35 
3.19 
0.23 

56.8 
0.0 
45.5 
102.3 

60.33 
0.48 
20.57 
4.30 
0.07 
1.80 
6.25 
3.87 
2.29 
0.16 

obs.-cal. 
-0.03 
-0.09 
0.24 
-1.31 
-0.03 
-1 .01 
014 
0.47 
0.90 
0.08 

57.24 
0.98 
18.32 
6.44 
0.10 
1.33 
6.04 
3.46 
2.38 
0.32 

41 .0 
45.0 
12.0 
98.0 

57.39 
0.77 
18.00 
5.73 
0.11 
167 
6.47 
284 
2.35 
0.26 

obs.-cal. 
-0.15 
0.21 
0.32 
0.71 
-0.01 
-0.35 
-0.43 
0.62 
0.03 
0.06 

61.77 
0.25 
19.59 
2.92 
0.03 
0.50 
6.12 
4.37 
4.17 
0.06 

46.0 
0 .0 
56.5 
102.5 

61 .81 
0.52 
19.51 
4.44 
0.08 
1.56 
5.49 
3.92 

2.69 
0.17 

obs.-cal. 
-0.04 
-0.27 
0.08 
-1.52 
-0.04 
-1 .06 
063 
0.45 
1.48 
-0.11 

North Shore 

CM055 CM055 
bulk rock matrix 

55.86 
1.08 

19.05 
6.83 
0.11 
1.54 
6.87 
3.51 
1.77 
0.34 

49.3 
48.2 
0.0 

97.5 

55.86 
0.76 
18.74 
5.70 
0.11 
1.87 
7.16 
2.72 
2.00 
0.26 

obs.-cal. 
-0.21 
0.32 
0.30 
1.13 
0.01 
-0.33 
-0.29 
0.79 
-0.23 
0.08 

55.08 
0.81 
22.93 
4.94 
0.09 
1.29 
7.82 
4.88 
0.98 
0.13 

81.4 
5.6 
12.7 
99.7 

55.24 
0.41 
22.63 
4.05 
0.07 
2.36 
8.13 
3.57 
1.25 
0.15 

obs.-cal. 
-0.16 
0.40 
0.30 
0.88 
0.02 
-1 .07 
-0 31 
1.10 
-0.27 
-0.02 



------------------------------------

Chapter 4 

Summary and Conclusion 

4.1 INTRODUCTION 

The principle objectives of this thesis, as presented in Chapter One, were to define 

and characterize the impact melt rocks at the Mistastin Lake impact crater in Labrador; by 

(a) an evaluation of the significance of preserved melt rock thicknesses and the 

relationship between preserved melt thickness, vesicularity and crystallization 

temperature; (b) re-evaluation ofthe scale of heterogeneities in the impact melt and the 

relationship between entrained mineral clasts and melt composition; and (c) determination 

ofthe origin and target rock contributions of zircon clasts in the impact melt. To achieve 

these goals, several conditions were met, which included: a stratigraphic analysis ofthe 

impactites, petrology, geochemistry and vesicularity measurements of impact melt rocks, 

geochemistry and U-Pb zircon geochronology of target rocks, in addition to 

geochemistry, Hf-isotope geochemistry and U-Pb geochronology of zircon inclusions in 

the melt rocks. 

4.2SUMMARY 

In order to fulfill the principle objectives of this research project, detailed field 

observations of impactites were completed in conjunction with, (1) major and trace 

element geochemistry of melt rocks and target rocks, (2) vesicularity measurements and 

calculations of plagioclase crystallization temperatures in melts rocks, (3) U-Pb LA-
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ICPMS and isotopic chemistry of target zircon and zircon clasts in melt rocks. This 

section is designed to provide an overview of the principle points and conclusions in the 

two papers presented in chapters 2 and 3. 

4.2.1 Chapter 2 - Geology and impact melt thickness of Mistastin Lake crater, 

Labrador. 

This paper focuses on the significance of preserved impact melt at the Mistastin 

Lake impact crater, Labrador and its relationship with melt matrix textures through the 

application of field observations, petrography, vesicularity measurements and plagioclase 

crystallization temperature calculations. This study is important as it provides an 

additional method, apart from numerical modeling and experiments to estimate and 

understand shock induced melt production in medium-size craters with crystalline targets. 

Impact melt rocks at Mistastin are preserved in discontinuous patchy outcrops 

distributed around the edge of the lake, which fills the inner 12 x 19 km of the 28-km 

wide crater. These outcrops range in thickness from < lm to 80 m. Generally the impact 

melt rocks overlie a series of impactites which consist of: suevite, underlain by a polymict 

lithic breccia, followed by a monornict breccia and, finally, a basement of shocked and 

fractured target rocks. Five principle melt outcrops represent a variety of melt thickness 

and textures. Impact melt in the thick units, such as at the 80 m-thick Discovery Hill 

outcrop, display crystalline, non-vesicular rocks, whereas at thinner units such as the 1-

2m South Shore outcrops, display glassy, very vesicular melt rocks. These field 

observations define a relationship between distribution, thickness and vesicularity of melt 

rock units. 
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Measured vesicularities vary from 0.1 to 31 % and follow an empirical 

relationship (<p = 30±2 h-O.&±O. I) whereby vesicularity <p increases with decreasing melt 

rock thickness h. Plagioclase microlite crystallization temperatures of thin melt rock 

outcrops such as the South Shore are very high(> 1300 °C), indicating rapid cooling rates. 

Lower crystallization temperatures ( ~ 1245 °C) for the Discovery Hill melt are consistent 

with slower cooling rates. Crystallization temperatures from moderately thick melt units 

fall in between the two extremes. 

The main conclusions of this study are summarized below. The inter-relationships 

of melt rock vesicularity, crystallization temperature, and outcrop thickness documented 

in this study are evidence that some near-original melt thicknesses are preserved at 

Mistastin. This implies (1) that a coherent melt sheet of near-uniform thickness may not 

have formed; (2) the total volume of impact melt produced in this crater may be 

significantly less than the previous estimates of~ 20 km3
, which were based on 

assumptions of a single coherent melt sheet that was 200 meters thick prior to erosion; 

and (3) that the level of glacial erosion at Mistastin (>100m) may have been 

overestimated in some areas and that differential erosion did indeed occur. 

4.2.2 Chapter 3 - Composition and heterogeneity of impact melt at Mistastin lake 

crater, Labrador. 

The main focus ofthis paper was to consider the scale of heterogeneities in impact 

melt rocks and their relationship to entrained target rocks clasts at the 28 km-wide 

Mistastin Lake impact crater, Labrador. In addition, to determine if the origin of zircon 
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clasts in the impact melts can be used to estimate target rock contributions to impact 

melts. This study is important because compositional variations in impact melt, as well as 

clast distribution, help describe the intensity and extent of mixing in melt sheets and 

therefore help explain impact melt formation and depositional processes, all of which are 

not well understood. 

Chemical compositions of bulk samples of thirty-three melt rocks and fourteen target 

rocks were measured by XRF and SN-ICPMS. Matrix compositions of nine samples of 

impact melt rocks were determined by EPMA and LA-ICPMS. Zircon grains from four 

samples of target rock and zircon clasts from three samples of impact melt rock were 

measured for multi-element composition, U-Pb age and Hf-isotopic composition by LA-

(MC)-ICPMS. 

Three principle target rocks contributed to the melt: anorthosite, mangerite and 

granodiorite. Impact melt rocks at Mistastin are generally anorthositic in composition. 

The data suggest compositional heterogeneities in the impact melts on the scales of both 

bulk samples and matrices. Bulk samples can be divided into compositions with high and 

low concentrations of high-field strength elements (HFSE; Ti, Zr, Nb) and Fe, Ba, Ce and 

Y. Matrix compositions of bulk samples do not show the HFSE distinction. Zircon 

derived from anorthosite can be distinguished from zircon from mangerite and 

granodiorite on the basis of higher Nb/Ta and Eu/Eu* ratios and more negative initials 

Hfvalues. 

The main conclusions of this study are summarized below. Impact melt at Mistastin 

formed from ~ 73% anorthosite, ~ 7% mangerite and ~20% granodiorite, based on least

squares modeling of major element compositions of the matrices of thinner flows. This 
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estimate is based on matrix compositions of thin flow units that likely have been the least 

affected by contamination by clast entrainment and melting due to more laminar flow and 

lower heat capacities. We discovered that using bulk compositions to model original 

target rock proportions is not an accurate method. Mistastin impact melts were 

heterogeneous in composition at all scales- from the metre-scale outcrops (e.g., 

Discovery Hill vs South Shore) to micrometre-scale matrices. The heterogeneities were 

largely produced after impact as the melts spread outward and entrained clasts and partial 

to complete melts of the clasts. The micrometre-scale heterogeneities tend to be averaged 

out in bulk analyses of hand-sized samples of impact melt rocks. High HFSE-type melt 

rocks formed when impact melt entrained large quantities of clasts from mangerite, which 

is rich in HFSE, whereas the low HFSE melts are only affected by the introduction of 

low-temperature melts from the clasts to form dispersed, micron-scale silica-rich 

heterogeneities. 

Zircon clasts greater than 40 microns in size in the impact melt rocks are dominantly 

or exclusively derived from mangerite and granodiorite. Hence zircon may be a poor 

provenance indicator for target rock contributors to impact melts. 

4.3 DIRECTIONS FOR FURTHER STUDY 

This thesis covers a lot of ground in terms of impact melt studies, but there is 

always room for improvement. To provide a more detailed analysis of melt composition 

and distribution, outcrops not sampled in this study, such as those inward from the 

southeast shore and West Point could be examined to confirm results. An absolute must 

to further understand the extent of the melt and impact processes at Mistastin, is a drilling 
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program in which several strategically placed cores are recovered from the crater floor 

beneath the lake to include lake sediments, breccias and melt rocks. Primarily, the aim 

would be determine if the impact melt is still intact with an upper vesicular zone, which 

would support the conclusions in chapter 2. 

A structural analysis, both of the crater rim and central uplift, where possible, 

would be an asset to the understanding of complex crater collapse and perhaps the 

distribution of impactites at Mistastin. To date, no studies along or outside the crater rim 

have been completed to discover possible ejecta material, including fallout breccias, melt 

or meteorite particles. 

A more precise age for the Mistastin impact event is a fundamental requirement to 

confirm or refute an association to other craters such as Chesapeake Bay and Popigai and 

the possibility at these being responsible for late Eocene extinction. This could be 

accomplished through U-Th/He thermochronology or fossil fission track dating in apatite 

or z1rcons. 

A bathymetric study of the crater floor is essential in understanding the 

topography of the crater in addition to a study of glacial erosion in the area. Both would 

provide key evidence for the preservation of impactites and cratering processes. 
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Appendix A 

Analytical Methods and Additional Geochemical Data 

A.l ARCHIMEDES METHOD 

The following is a detailed description of the Archimedes method applied to 

determine the vesicularity of the bulk melt rock in Chapter 2. 

Step One: Weigh dry rocks 

The dry melt rocks and various 'counterweight' rocks (see below) were weighed on a 

benchtop electrical scale (Denver Instruments TR81 02D) which has an accuracy and 

precision of ±0.01 g. 

Ex: MR = 781.05g 

Mew= 3707.70g 

Counterweights 

Figure A.l. Ohaus triple beam balance 
showing the setting for the Archimedes 
method. 
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Step Two: Find the balance factor F for the manual triple beam balance. 

In simple terms, the balance consists of a bar balanced on a fulcrum. The two arms of the 

bar on either side of the fulcrum are of unequal length. The unknown weight is normally 

placed on the pan, on the short arm of the bar. The weight is then determined by sliding 

calibrated weights along a scale on the long arm until balance is achieved. To extend the 

range of the balance, extra calibrated counterweights can be suspended from the end of 

the long arm. Because the arms are of unequal length, the nominal value of the 

counterweight (e.g., "1 kg", required to balance a 1 kg load on the pan) is less than its 

actual weight. The ratio of the actual to the nominal weight, the "balance factor" F, is 

related to the ratio of the lengths of the long and the short arms. 

For practical reasons, our measurements are made by suspending the unknown weight 

from the long arm ofthe bar instead of placing it on the pan. In a sense we are using the 

balance backwards, and so we need to determine F. 

First, we place one known weight M1 on the balance pan and tie another known weight 

M2 on a string to hang on the end of the long arm. We then level the balance and record 

the measurement Msc on the sliding scales. The difference, M1 ', is the effective weight 

(in grams) on the short arm of the balance. 

Ex: Ml (on balance pan) 3707.70g 
Msc (Scale measurement) - 297.25g 
M1 ' = 2410.45g 

We then take this number and divide it by the balancing known weight M2 to find F. 

Ex: Ml ' (effective pan weight) 2410.45g 
M2 (weight hanging from long arm) + 781.05g 
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F = Ml'/M2 = 4.37 

F can then be used to find M2 when it is unknown (see below). 

Step Three: Measure the weight of the rock in water. 

We hang the rock from the end of the long arm by thin fishing line, add known 

counterweight (Ml) onto the pan, and submerge the rock into water (in a bucket lying 

beneath the scale) making sure that the line and rock do not touch the sides of the bucket. 

We then balance the scale. The weight of the submerged rock plus the string is equal to 

the effective pan weight Ml' (counterweight Ml minus scale measurement Msc) divided 

by the factor F. 

Ex: Ml (counterweight on balance pan) 
Msc (scale measurement) 
Ml ' (effective pan weight) 
Factor F 

= 2082.58g 
- 109g 
1973.58g 

4.37 

Weight of the submerged rock+string = 451.62g 

We then make a correction for the weights of the string and water absorbed by the rock 

(e.g. by lichen). An estimate ofthe water absorbed by the rock is found by weighing the 

wet rock after it has been removed from the bucket, shaken and patted dry to remove 

surface wetness. 

Ex: Weight of the submerged rock+string 
Different between wet and dry rock 
Weight of the string 

= 451.62g 
- 7.42g 
- 0.12g 

Corrected weight of submerged rock, Mw: 444.08g 

Note that the difference between the weights of the rock in air and water is equal to the 

weight of the displaced water (Archimedes Principle). The displaced volume is the 
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volume as the rock. Since the density of water is 1glcm3
, this measurement yields the 

volume of the rock in cm3
. 

Step Four: 

Determine the volume V, density p and vesicularity <p of the rock by using the following 

equations: 

(1) Volume, V = Weight in air, Ma - Weight in water, Mw 

(2) Density, p = MafV 

(3) Vesicularity, <p = the volume of vesicles divided by the total volume V. 

This becomes: 

<p = 1-(Prock I Pmatrix) 

where Pmatrix is ascertained using Magma software and XRF data of each particular rock 

sample. 

Ex: (1) V1= Ma- Mw = 781.05-444.08 = 336.97 

(2) p = Mal Ytotal = 781.05 1336.97 = 2.32 

(3) Vesicularity <p = 1-(Prock I Pmatrix) = 1-(2.3212.5) = 0.073 

To convert to%, <p is multiplied by 100. In this example, the vesicularity is 7.3%. 
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A.2 U-Pb DATING OF ZIRCONS BY THERMAL IONIZATION MASS 

SPECTROMETRY (TIMS) 

Introduction 

Sample W05-57 was collected by Derek Wilton in a field excursion to Mistastin 

in 2005. Large blocks of this rock type are observed in a subvertical sequence on the east 

and west side of Cote Creek in the polymict lithic breccias. The sample is a highly 

shocked fragment of one of the main target rocks. No bulk chemical analysis were 

completed on this sample but microprobe analyses of the irregular matrix reveals 

plagioclase compositions (Appendix C). As mentioned in chapter 2 (Fig. 2.8A), the 

quartz and feldspar have been converted to diaplectic glasses (lechatelierite and 

maskelynite, respectively) which indicates shock pressures of>35 GPa (Steffler and 

Grieve, 2007). Planar deformation features have also been observed in several zircon 

grains (Fig 2.5A). 

Analytical Method 

Isotope Dilution-Thermal Ionization Mass Spectrometre (ID-TIMS) analyses were 

performed at Memorial University ofNewfoundland, Canada. Normal transmitted and 

reflected light microscopy as well as SEM back-scattered imagery were used to determine 

the zircon internal structures prior to analysis. Zircons were separated first by crushing in 

a disc mill, followed by the use of a Wilfley table to discard fine particles and light 

minerals. Further separation was completed with heavy liquids and a Frantz magnetic 

separator. Zircons were handpicked from the heavy mineral separate and were abraded 

(Krogh, 1982) and then washed in dilute nitric acid and ultra-pure acetone. Single grains 
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or small populations of zircons were then placed into 0.35 ml Teflon vials together with 

30 j.!l HF and a mixed 205Pb-235U spike. Eight of these Teflon vials were then placed in a 

Parr Container for 2 days at 21 0°C (Parrish, 1987). 

After two days in the oven, the Teflon vials were cooled down, then their content 

was dried out on a hot plate. Once dried, 10 drops of 3.1 N HCl was added to each vial. 

All the vials were put back inside the Parr Container and left in the oven at 21 0 °C 

overnight. The vials were then cooled down. Separation of Pb and U was performed with 

micro-columns and ion-exchange resin AG1X8 following the technique described in 

Dube et al. (1996). 

The samples were measured on a Finnigan MAT262 mass spectrometre equipped 

with an ion-counting secondary electron multiplier. The calculation of common Pb was 

made by subtracting blanks and then assuming that the remaining common Pb has a 

Proterozoic composition determined from the model of Stacey and Kramers (1975). Data 

were reduced using PbDat (Ludwig, 2003). Analytical uncertainties are listed at 2cr and 

age determinations were processed using Isoplot/Ex (Ludwig, 2000). 

Results 

Reversely discordant grains, grains with very large errors and contaminant grains 

from mineral separation were discarded. The remaining three analyses show a discordant 

age of 1382 ± 16 Ma (2cr) (Fig. A.1A). 
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Discussion 

The granodiorite target zircons have an age of 1429 ±10 Ma (2cr) (Chapter 3 by U

Pb LA-ICPMS) so clearly there is a discrepancy. This may be due to whole grain age 

averaging of zircons with the TIMS compared to spot analysis by LA-ICPMS ifthe rims 

of the grains are much younger. Other possibilities include a partial resetting of the U-Pb 

system by the heat of the Mistastin impact or that shock metamorphism causes additional 

lead loss. A second concordia plot (Fig A.1 B below), anchored to the age of the impact, 

however, gives almost exactly the same result as when the discordia is forced through the 

origin. If a simple least squares line is fit to the three data points from the TIMS data 

however, the data show an upper intercept age of 1417 ± 230 Ma and a meaningless 

lower intercept age of955 ± 1800 Ma. Unfortunately this data can't be used given the 

large errors. 
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Figure A.2. Concordia plots for zircons from sample W05-57, a polymict lithic breccia 
at Cote Creek. A) Shows a discordant age with an intercept at the origin where B) shows 
a discordant age with the intercept at 35± 4 Ma, the age of the impact (Mak et al. 1976). 
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A.3 MICROPROBE ANALYSIS OF FELDSPARS 

To help determine the role of clasts in impact melts, feldspar minerals in the target 

rocks and as clasts in melt rocks were analyzed. Analyses were completed on the JEOL 

JXA-733 Superprobe at the University ofNew Brunswick, Canada, with a 3 J.lm beam at 

15kV and 20nA. The resulting data from these analyses were not detailed in this study as 

McCormick et al. (1989) completed a much more comprehensive analysis and 

conclusions. Which are that the clast proportions do not necessarily represent target rock 

contributions in impact melts. This is in agreement with zircon results in chapter 3. 
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Table A.l. Microprobe analysis of target rock feldspar. 
Sample Si02 Al20 3 FeO CaO Na20 K20 
CM004 60.24 24.53 0.03 6.55 7.83 0.23 
CM004 60.62 24.19 0.05 6.18 8.00 0.18 
CM004 64.63 18.40 0.01 0.05 1.17 14.79 
CM004 64.75 18.34 0.05 0 .03 1.54 14.28 
CM004 65.12 18.40 0.05 0.02 1.46 14.48 
CM031 58.28 26.08 0.12 8.40 6.64 0.40 
CM031 58.98 25.44 0.17 7.69 6.97 0.40 
CM031 58.42 26.55 0.1 7 8.82 6.44 0.43 
CM031 58.37 25.98 0.16 8.38 6.53 0.44 
CM010 64.54 18.46 0.00 0.03 0.85 15.25 
CMOIO 62.34 23.94 0.08 5.49 8.58 0.24 
CM010 61.16 24.50 0. 14 6.26 8.07 0.31 
CM010 61.27 24.46 0.09 6.23 8.24 0.35 
CM010 60.61 24.33 0.14 6 .28 8.09 0.27 

W05-45A 60.75 24.60 0. 16 6.65 7.66 0.55 
W05-45A 60.20 24.29 0.10 6.45 7.77 0.53 
W05-45A 60.45 24.29 0.22 6.48 7.70 0.46 
W05-45A 60.10 24.50 0.36 6.62 7.72 0.40 
W05-45A 63.75 18.20 0.94 0. 10 1.84 12.99 
CM007 65.44 18.65 0.06 0.00 1.00 15.36 
CM007 69.45 19.39 0.00 0.04 12.13 0.12 
CM007 69.81 19.48 0.18 0.10 12.01 0.07 
CM007 69.75 19.37 0.00 0.05 12.04 0.04 
CM007 66.62 21.40 0.07 0.32 10.26 1.38 
W05-41 56.95 26.93 0.32 9.57 6.05 0.33 
W05-41 57.09 26.95 0.34 9.53 6.23 0.28 
W05-41 57.69 27.37 0.3 I 9.76 5.90 0.44 
W05-41 57.69 27.48 0.32 9.66 5.62 0.42 
W05-49 56.29 26.99 0.39 10.09 5.47 0.51 
W05-49 56.90 26.88 0.33 9.62 5.29 1.28 
W05-49 56.41 26.85 0.35 9.92 5.81 0.41 
W05-49 57.33 27.26 0.36 10.07 5.69 0.51 
CM058 60.98 24.42 0.23 6.61 7.66 0.57 
CM058 60.50 24.46 0.1 1 6 .74 7.64 0.47 
CM058 60.91 24.73 0.1 4 6 .73 7.65 0.50 
CM058 60.96 24.85 0.06 6.69 7.76 0.46 
CM058 65.28 18.68 0.01 0.06 1.34 14.75 
W05-65 61.01 24.99 0.13 6.68 7.79 0.41 
W05-65 60.97 24.79 0.09 6.66 7.79 0.44 
W05-65 61.05 24.30 0.20 6.37 7.89 0.47 
W05-65 60.59 24.74 0.24 6.69 7.87 0.47 
W05-65 67.1 I 18.69 0.17 0.04 1.72 13.92 
W05-57 58.87 26.81 0.30 5.47 4.25 6.03 
W05-57 68.57 19.28 0. I l 0.75 3.81 8.36 
CM003 61.93 23.98 0.10 5.76 8.55 0.25 
CM003 62.42 24.17 0.00 5.60 8.78 0.16 
CM003 60.82 25.16 0.12 6.86 7.79 0.40 
CM003 62.38 24.29 0.10 5.85 8.52 0.24 
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Table A.2. Microprobe analysis of feldspar clasts in impact melt. 

Sample Si02 Al203 FeO CaO Na20 K20 
CM052 53.72 29.33 0.53 12.76 4.39 0.27 
CM052 53.28 29.17 0.57 12.73 4.38 0.27 
CM052 50.95 30.93 0.42 14.80 3.11 0.16 
CM052 51.74 30.24 0.30 14.1 4 3.68 0.20 
CM085 60.56 25.40 0.1 7 7.52 6.75 0.84 
CM085 61 .27 25.13 0.1 0 7.07 7.17 1.02 
CM085 50.57 30.69 0.42 14.29 3.35 0.19 
CM085 55.81 27.55 0.34 10.40 5.56 0.44 
W05-61 55.00 27.96 0.42 10.95 4.88 0.70 
W05-61 55.33 28.02 0.37 10.90 4.91 0.70 
W05-61 56.25 27.52 0.34 10.33 5.15 0.77 
W05-61 56.30 27.46 0.37 10.29 5.28 0.77 
W05-65 54.43 27.90 0.25 11 .02 4.95 0.41 
W05-65 54.86 27.48 0.56 10.50 5.04 1.05 
W05-65 55.43 27.45 0.78 10.66 4.48 1.57 
W05-65 52.15 29.84 0.60 12.91 4.19 0.28 

CMOS I 57.07 27.12 0.34 9.75 5.39 0.87 
CMOS I 56.57 27.04 0.35 9.71 5.48 0.76 
CMOS I 61 .57 24.77 0.36 6.69 7.01 1.03 
CMOS I 61 .65 24.84 0.1 0 6.91 6.90 1.23 
CM044B 55.32 27.57 0.65 10.56 5.05 0.49 
CM044B 56.24 27.09 0.62 10.13 5.52 0.55 
CM044B 56.02 26.70 0.89 10.27 5.25 0.60 
CM044B 56.29 27.01 0.60 10.20 5.41 0.59 
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Appendix B. Sample Locations 
Rock Type Location Latitude Longitude 

Target rock samples 
CMOOI Gneiss North East shore N55° 55' 43.0" W63° 10' 44.0" 
CM003 Granodiorite North East shore N55° 56' 18.9" W63° 14' 06.7" 
CM004 Gneiss North East shore N55° 56' 16.6" W63° 14' 12.0" 
CM006 Granodiorite Steep Creek N55° 57' 00.5" W63° 17' 08.0" 
CM007 Granodiorite Steep Creek N55° 57' 00.9" W63° 17' 12.7" 
CMOIO Mangerite Steep Creek N55° 57' 00.2" W63° 17' 11.1" 
CM029 Mangerite Steep Creek N55° 53' 23.2" W63° 20' 48.8" 
CM057 Mangerite Steep Creek N55° 57' 04.7" W63° 17' 23.5" 
CM059 Mangerite Steep Creek N55° 57' 04.6" W63° 17' 23.0" 
CMII7 Granodiorite north West shore N55° 53' 08.2" W63° 26' 17.4" 
W05-45 Mangerite Horseshoe Island N55° 52' 51.6" W63o 21' 29. 1" 
W05-49 anorthosite Horseshoe Island N55° 52' 43.3" W63o 18' 19.2" 
W05-4 1 anorthosite Horseshoe Island N55° 53' 08.0" W63° 18' 11 .2" 
W05-67 anorthosite South East (3km from shore) N55° 50' 28.6" W63o 10' 09.0" 
CM031 Meta-Qtz gabbro Horseshoe Island N55° 53' 14.0" W63° 19' 50.7" 
CM038 Mangerite Discovery Hill N55o 51' 37.1" W63o 26' 06.5" 

Melt r ock samples 
CM005 Melt rock Steep Creek N55° 56' 45.2" W63° 17' 04.8" 
CM008 Suevite Steep Creek N55o 57' 00.8" W63o 17' 12.4" 
CM015 Melt rock Cote Creek N55° 55' 07.7" W63o 23' 37.2" 
CM020 Melt rock Cote Creek N55° 55' 09.4" W63° 23' 38.4" 
CM021 Melt rock Cote Creek N55° 55' 09.3" W63o 23' 39.5" 
CM023 Melt rock Cote Creek N55° 55' 14.4" W63o 23' 51 .8" 

CM024B Melt rock Cote Creek N55° 55' 14.4" W63° 23' 51 .8" 
CM025 Melt rock Cote Creek N55° 55' 07.1" W63o 23' 29.0" 
CM027 Melt rock Cote Creek N55° 54' 47.0" W63° 24' 36.3" 
CM028 Melt rock Cote Creek N55° 55' 08.8" W63° 24' 0 1.2" 
CM035 Melt rock Discovery Hill N55° 51' 34.3" W63° 26' 11.9" 
CM036 Melt rock Discovery Hill N55° 51' 29.6" W63° 25' 58.0" 
CM037 Melt rock Discovery Hill N55° 51' 37.1" W63o 26' 06.5" 
CM039 Melt rock Discovery Hill N55° 51' 37. 1" W63° 26' 06.5" 
CM042 Melt rock Discovery Hill N55° 51' 26.5" W63° 26' 04. 1" 
CM043 Melt rock Discovery Hill N55° 51' 25. 1" W63° 26' 07.3" 

CM044C Melt rock Discovery Hill N55° 51' 25.1" W63° 26' 07.3" 
CM051 Melt rock North Shore N55° 56' 21 .6" W63o 20' 36. 1" 
CM052 Melt rock North Shore N55° 56' 44.0" W63° 19' 47.7" 
CM053 Melt rock orth Shore N55° 56' 45.3" W63o 19'47.3" 
CM055 Melt rock orth Shore N55° 56' 50. 1" W63° 19' 40.4" 
CM064 Melt rock South Ridge N55° 49' 54.0" W63° 22' 49.8" 
CM065 Melt rock South Ridge N55° 49' 53.9" W63° 22' 53.4" 
CM066 Melt rock South Ridge N55° 49' 49.0" W63° 22' 53.4" 
CM067 Melt rock South Shore N55° 49' 55.6.0" W63o 21' 48. 1" 
CM07 1 Melt rock South Shore N55° 49' 55.7" W63° 2 1' 16.3" 
CM074 Melt rock South Shore N55° 49' 54.0" W63° 20' 15.1" 
CM084 Melt rock Cote Creek N55° 49' 54.0" W63° 20' 15. 1" 
CM088 Melt rock Cote Creek N55° 55' 15.3" W63° 23' 46.6" 
W05-60 Melt rock Cote Creek N55° 55' 15.0" W63° 23' 46.4" 
W05-6 1 Melt rock Discovery Hill N55° 51' 30.4" W63° 26' 13.1" 
W05-63 Melt rock Discovery Hill N55° 51' 29.8" W63° 25' 58.0" 
W05-65 Melt rock South Shore N55° 49' 55.7" W63° 2l' 17.4" 
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Appendix C 

Additional Photos and Sample Descriptions 

Figure C.l. lmpactite outcrop at Steep Creek. This exposure consists of intrusions of 
suevite (sample CM008) and granite (sample CMOlO) into mildly brecciated mangerite. 
These units are described in chapter 2. Note the angle of intrusion. 
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Figure C.2. Outcrop of monomict anorthosite breccia along the South Creek (a creek on 
the far west side of the southern shore of Mistastin Lake). The breccia is approximately 
2.5 m thick and is overlain by 2-4 m of regolith. This area along the South Creek has a 
variety of anorthosite breccias and exotic deposits. Unfortunately little time was devoted 
to these outcrops but there is a lot of potential for further study here. Note that a pair of 
rubber boots would be helpful. 
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Figure C.3. Pseudotachylite veins in mangerite at the South Shore. Pseudotachylite is 
formed by frictional melting of the target rock. The veins have weathered to a light 
brown and contain a pebbly mangerite breccia. 
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Figure C.4. Vesicular melt rocks at the South Shore. A) South Shore beach with 
Discovery Hill in the background. Note the higher elevation of Discovery Hill relative to 
the beach outcrops. B) A South Shore beach outcrop. Sledgehammer for scale in both 
photos. 
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Figure C.S. Sample CM031 of meta-quartz gabbro from Horseshoe Island. A) Hand 
sample photo; B) photomicrograph in plane polarized light showing micro-fractures, 
planar features, plagioclase and clinopyroxene with hornblende exsolution. PI = 

plagioclase, Cpx = clinopyroxene. 
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Figure C.6. Gneisses from the northeast shore ofMistastin Lake. A) Sample CMOOl is a 
granodioritic gneiss similar in composition to the granodiorite discussed in Chapter 3. B) 
sample CM004, a granite gneiss. The gneisses occur as masses within the granodiorite 
and mangerite. These samples were observed within the granodiorite but many globules 
of gneiss are identified in outcrop on Horseshoe Island and along the South Shore within 
the mangerite. 
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,-------------------------- ----------- ·-

Figure C.7. Photomicrograph of the sample CM004 gneiss (Fig. C.6) in plane polarized 
light. Clinopyroxene is altering to hornblende. 
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r---------------------------~-----------

Figure C.8. Vesicular, glassy melt rocks from Mistastin Lake. A) Sample CM_Scuba_ l , 
a boulder collected at 15ft depth along the northern shallows ofHorseshoe Island. This 
sample may have been airborne. B) Sample CM055 from the North Shore, collected 
insitu. Note the irregular shape of vesicles in each sample. 
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Figure C.9. Melt rock textures in thick melt units. A) Sample CM039, collected approximately 1.5 m from 
a large mangerite boulder at Discovery Hill shows well developed plagioclase microlites with preferred 
orientation. B) Clast-rich sample from the top of the South Ridge outcrop. This sample clearly shows that 
partially digested and melted clasts are found adjacent to nearly unaffected clasts. This outcrop has 
irregular zones of more clast-rich rocks. 
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Appendix D: Additional Data Tables for Chapter 3 

Table 01 . Bulk (XRF) chemical compositions of melt rock units at Mistastin Lake 

Low HFSE melt rocks 

M30618G 
CM084 

53.99 
0.74 

23.05 
3.85 
0.06 
0.69 
8.42 
4.10 
1.04 
U.71 
2.42 

99.05 

224 
124 
<LD 
43 
8 
8 
14 
21 
21 
<LD 
11.9 
645 
16.9 
201 
7.8 
962 
86 
<LD 
<LD 
<LD 

2393 
99.29 

24 
0.032 
0.17 

0.026 
0.31 

0.012 
1.49 

M29567S M29585RE M30606)( 
CM015 CM088 wo~ 

54.71 
0.53 
23.96 
4.05 
0.05 
1.04 
8.76 
4.2fl 
1.00 
0.27 
2.06 

100.72 

131 
47 
25 
39 
26 
20 
14 
12 
21 
1.0 

14.1 
666 
11.8 
147 
6.6 
561 
103 

5 

<LD 

1855 
100.90 

31 
0.022 
0.17 

0.018 
0.22 

0.010 
0.84 

54.85 
0.75 

22.62 
3.86 
0.05 
0.88 
8.32 
4.40 
1.30 
0.64 
1.80 

99.47 

119 
92 
10 
46 
60 
13 
11 
15 
20 
1.3 

20.5 
637 
14.9 
166 
7.9 
642 
135 

<LD 

2023 
99.67 

29 
0.033 
0.17 

0.023 
0.26 

0.012 
1.01 

56.03 
0.83 

20.74 
5.18 
0.07 
1.80 
6.93 
3.76 
1.76 
0.23 
0.88 

98.00 

298 
67 
12 
49 
21 ,, 
12 
16 
19 
<LD 

31.1 
565 
18.3 
312 
10.9 
1115 
111 

8 
<LD 
<LD 

2676 
98.27 

35 
0.040 
0.25 

0.032 
0.55 

0.019 
1.97 

M29569N 
CM025 

56.33 
0.86 

20.33 
5.27 
0.08 
1.42 
6.91 
3.94 
1.76 
0.25 
0.43 

97.58 

45 
15 
21 
37 
16 
14 
10 
6 
22 
15 

26.3 
580 
23.5 
338 
12.0 
1099 
105 
13 
4 

<LD 

2399 
97.82 

32 
0.042 
0.26 

0.040 
0.58 

0.021 
1.89 

Cote Creek 

M29571G 
CM028 

56.47 
0.85 
20.51 
5.24 
0.08 
1.43 
6 .98 
3.78 
1.83 
0.26 
0.38 
97.81 

58 
19 
2 

43 
17 
15 
14 
11 
21 
15 

29.7 
560 
21.3 
322 
10.6 
1057 
153 
8 

<LD 
0.4 

2378 
98.05 

33 
0.042 
0.26 

0.038 
0.57 

0.019 
1.89 

M30612A 
CM024B 

56.56 
0.90 

21 .68 
5.01 
0.07 
1.16 
7.11 
3.98 
1.76 
0.24 
0.98 
99.46 

201 
61 
13 
59 
22 
14 
12 
22 
18 
<LD 
312 
567 
19.8 
308 
11.8 
1052 
98 
9 
5 

<LD 

2526 
99.71 

29 
0.042 
0.23 

0.035 
0.54 

0.021 
1.86 

M29568P 
CM021 

56.69 
0.71 

22.88 
4.04 
0.06 
0.47 
7.46 
4.64 
1.46 
0.34 
3.26 

101.93 

62 
27 
8 
42 
13 
17 
12 
18 
24 
17 

19.9 
604 
14.1 
166 
6.8 
642 
185 
9 

1896 
102.12 

17 
0.031 
0.18 

0.023 
028 
0.011 
1.06 

M28145H 
CM023 

56.84 
0.86 
20.81 
5.18 
0.06 
1.31 
6.93 
3.84 
1.80 
0.26 
0.83 

98.72 

51 
22 
14 
53 
20 
9 
9 

30 
22 
<LO 
32.2 
577 
20.1 
304 
11.1 
984 
128 
8 
6 

<LD 

2297 
98.95 

31 
0.041 
0.25 
0.035 
0 .53 
0.019 
1.71 

M30611E 
CM020 

58.35 
0.91 

22.00 
4.88 
0.07 
1.16 
7.18 
4.14 
1.84 
0.24 
0.50 

101 .26 

285 
65 
18 
52 
23 
11 
12 
13 
22 
<LD 

27.6 
576 
19.9 
328 
12.4 
1147 
88 
9 

<LD 
<LD 

2711 
101.53 

30 
0.041 
0.22 

0.034 
0.57 

0.022 
1.99 

Mean 

56.08 
0.79 

21.86 
4.66 
0.07 
1.12 
7.50 
4.08 
1.55 
0.34 
1.35 

99.40 

147 
54 
14 
46 
23 
13 
12 
16 
21 
10 

24.5 
598 
18.0 
259 
9.8 
926 
119 
8 
6 

1.1 

2325 
99.63 

29 
0.037 
0.21 

0.031 
0.44 

0.017 
1.57 

Notes: S .D. = standard deviation. <LD = less than detection limit. (1)=meH breccia. (2)=shore 1.25 km west of Cote Creek. (3)=suevile meH clasl 

so 
1.26 
0.12 
1.25 
0.62 
0.01 
0.35 
0.72 
0.27 
0.33 
0.18 
0.98 

98 
35 
7 
7 
14 
3 
2 
7 
2 
8 

7.4 
38 
3.6 
79 
2.3 
223 
31 
2 
2 

1.0 

5 
0.007 
0.04 

0.007 
0.15 

0.005 
0.44 

Steep 
Creek 

M281430 
CM005 

56.47 
0.77 

20.93 
4.78 
0.06 
1.42 
7.36 
3.87 
1.66 
0.22 
1.54 

99.08 

79 
27 ,, 
44 
22 
16 
10 
28 
24 
4 

24.3 
801 
18.0 
242 
8.8 

1093 
80 
7 

<LD 

2345 
99.32 

35 
0.037 
0.23 

0.030 
0.40 

0.015 
1.82 

M29578)( 
CM051 

55.58 
0.89 

20.98 
5.72 
0.11 
1.80 
7.29 
3.80 
1.51 
0.26 
1.83 

99.57 

79 
36 
<LD 
47 
22 
17 
17 
17 
21 
7 

22.3 
592 
16.4 
309 
10.5 
1121 
130 
9 
2 

<LD 

2476 
99.82 

33 
0.043 
0.27 

0.028 
0.52 

0.018 
1.89 

M30616N 
CM053 

55.59 
0.86 

23.35 
5.26 
0.09 
1.51 
7.64 
3.93 
1.52 
0.26 
0.92 

100.93 

216 
40 
13 
61 
29 
18 
7 
19 
24 
<LO 
17.6 
803 
16.1 
230 
9.4 
902 
78 
6 

<LD 
<LD 

2290 
101 .16 

34 
0.037 
0.23 

0.027 
0.38 

0.016 
1.50 

North Shore 

M29579 
CM052 

55.92 
0.91 

21 .39 
5.54 
0.08 
1.78 
7.43 
4.03 
1.45 
027 
1.64 

100.44 

45 
74 
15 
50 
19 
26 
12 
15 
24 ,, 

21.0 
595 
18.4 
283 
8.6 
942 
113 
9 
2 

1.4 

2285 
100.67 

36 
0.043 
0.26 

0.031 
0.48 

0.014 
1.58 

Mean 

55.70 
0.89 

21 .91 
5.51 
0.09 
1.63 
7.45 
3.92 
1.49 
0.26 
1.46 

100.31 

113 
50 
14 
53 
23 
20 
12 
17 
23 
9 

20.3 
597 
17.0 
274 
9.5 
988 
107 
8 

2.1 
1.4 

2360 
100.55 

35 
0.041 
0.25 

0.028 
0.46 

0.016 
1.66 



File name 
Sample 

Si02Jwt%) 
Ti02 

Al203 
FeOT 
MnO 
MgO 
cao 
Na20 
K20 
P205 
LOI 

Total 

S(ppm) 
Cl 
Sc 
v 
Cr 
Ni 
Cu 
Zn 
Ga 
As 
Rb 
Sr 
y 
Zr 
Nb 
Ba 
Ce 
Pb 
Th 
u 

Total ppm 
Totalwt% 

Ratios 
Mg no. 

Ti02/AI203 
FeOTJAI203 

YJSr 
ZriSr 
Nb/Sr 
Ba/Sr 

so 
0.19 
0.03 
1.26 
0.23 
0.01 
0.14 
0.17 
0.11 
0.04 
0.00 
0.48 

91 
21 
1 
7 
5 
5 
5 
2 
2 
3 

2.4 
6 

1.3 
40 
0.9 
116 
27 
2 

0.3 

0.003 
0.02 

0.002 
0.07 

0.002 
0.21 

Table 01 continued 

Low HFSE melt rocks 

South Ridge 

M29582M M29583T M281490 
CM064 CM066 CM065 

55.15 
0.68 

22.34 
4.40 
0.07 
1.26 
7.90 
4.21 
1.37 
0.23 
2.26 

99.83 

43 
45 
7 

46 
17 
16 
14 
7 

23 
<LO 
24.9 
657 
13.4 
186 
6 .6 
718 
77 
4 

<LD 
<LD 

1904 
100.02 

34 
0.029 
0.20 

0.020 
0.28 

O.Q10 
1.09 

55.91 
0.69 

21.94 
4.01 
0.04 
0.98 
7.62 
4.24 
1.50 
0.23 
2.47 

99.64 

47 
57 
7 

37 
19 
9 
8 
13 
23 
0.3 
27.7 
617 
13.7 
217 
9.2 
775 
51 
11 
2 

0.8 

1945 
99.84 

30 
0.031 
0.18 
0.022 
0.35 
0.015 
1.26 

55.97 
0.71 

22.14 
4.20 
0.05 
1.34 
7.62 
4.09 
1.46 
0.22 
1.18 

98.99 

53 
55 
9 

45 
13 
15 
18 
25 
20 
0.5 

27.6 
635 
15.5 
191 
8.5 
737 
80 
8 
5 

<LD 

1959 
99.18 

36 
0.032 
0.19 

0.024 
0.30 

0.013 
1.16 

Mean 

55.68 
0.69 

22.14 
4.20 
0.05 
1.19 
7.71 
4.18 
1.45 
0.23 
1.97 

99.49 

47 
52 
8 
43 
16 
13 
13 
15 
22 
0.4 
26.8 
636 
14.2 
198 
8.1 
743 
69 
7 
4 

0.8 

1938 
99.68 

33 
0.031 
0.19 

0.022 
0.31 

0.013 
1.17 

so 
0.46 
0.03 
0.20 
0.19 
0.01 
0.19 
0.16 
0.08 
0.07 
0.00 
0.69 

5 
6 
1 
5 
3 
4 
5 
9 
2 

0.2 
1.6 
20 
1.1 
17 
1.3 
29 
16 

3 
0.001 
0.01 

0.002 
0.04 

0.002 
0.08 

South Shore 

M30617J M28150E M29584B 
CM074 CM071 CM067 

55.11 
0.64 

24.62 
3.51 
0.04 
1.01 
8.55 
4.37 
0.99 
0.18 
1.53 

100.57 

257 
61 
<LO 
50 
16 
10 
12 
10 
20 
<LD 
14.8 
690 
9.2 
103 
5.7 
507 
76 
<LO 
<LD 
<LO 

1842 
100.75 

34 
0.026 
0.14 

0.013 
0.15 

0.008 
0.74 

55.39 
0.59 
22.99 
4.24 
0.04 
1.06 
7.89 
4.28 
1.25 
0.19 
2.86 

100.77 

49 
24 
14 
37 
27 
14 
12 
24 
21 
4 

16.9 
616 
13.5 
143 
7.6 
691 
67 
6 
2 

<LD 

1791 
100.94 

31 
0.026 
0.18 

0.022 
0.23 

0.012 
1.12 

56.19 
0.69 

21.74 
4.29 
0.07 
1.33 
7.58 
4.25 
1.54 
0.23 
0.47 
98.39 

51 
74 
16 
46 
40 
14 
14 
13 
19 
9 

29.1 
606 
16.3 
265 
8.9 
624 
116 
9 
5 

<LO 

2180 
98.61 

36 
0.032 
0.20 

0.027 
0.44 

0.015 
1.36 

Mean 

55.57 
0.64 
23.12 
4.01 
0.05 
1.13 
8.01 
4.30 
1.26 
0.20 
1.62 

99.91 

119 
53 
16 
45 
28 
13 
13 
16 
20 
7 

20.3 
637 
13.0 
170 
7.4 
674 
86 
8 
4 

1949 
100.10 

33 
0.028 
0.17 

0.021 
0.27 
0.012 
1.07 

so 
0.56 
0.05 
1.45 
0.43 
0.02 
0.17 
0.50 
0.06 
0.28 
O.Q3 
1.20 

120 
26 
3 
7 
12 
2 
1 
7 

4 
7.7 
46 
3.6 
84 
1.6 
159 
26 
2 
2 

2 
0 .003 
0.03 

0.007 
0.15 

0.003 
0.32 

M30609R 
W05-65 (1) 

57.94 
0.81 

22.97 
4.82 
0.08 
1.36 
7.69 
4.42 
1.71 
0.23 
0.34 

102.37 

226 
107 
10 
46 
22 
14 
13 
10 
21 
<LD 
27.3 
587 
20.8 
276 
12.9 
879 
83 
<LD 
<LO 
<LO 

2354 
102.61 

33 
0.035 
0.21 

0.036 
0.47 

0.022 
1.50 

Mean 

n=20 

55.91 
0.77 

22.05 
4.63 
0.07 
1.22 
7.59 
4.09 
1.49 
0.29 
1.51 

99.61 

120 
52 
13 
46 
23 
14 
12 
17 
21 
7 

23.5 
609 
16.5 
238 
9.1 
879 
103 
8 
4 

1.1 

2216 
99.83 

32 
0.035 
0.21 

0.026 
0.40 

0.015 
1.48 

so 

0.94 
0.11 
1.18 
0.65 
0.02 
0.32 
0.56 
0.23 
0.27 
0.14 
0.85 

91 
27 
6 
7 
11 
4 
3 
7 
2 
6 

6.2 
36 
3.5 
73 
2.0 
207 
32 
2 
2 

0.6 

4 
0.006 
0.04 

0.007 
0.14 

0.004 
0.41 

High HFSE melt rocks 

Discovery Hill 

M29577U M30608T 
CM043 WOS-83 

55.46 
1.03 

19.70 
6.21 
0.10 
1.47 
8.10 
3.68 
1.93 
0.35 
0.99 
99.00 

36 
73 
13 
61 
24 
9 
12 
17 
23 
<LO 
28.1 
559 
30.9 
399 
14.8 
1127 
151 
8 
2 

0.2 

2589 
99.26 

30 
0.053 
0.32 

0.055 
0.71 

0.026 
2.01 

56.00 
1.13 

20.17 
6 .60 
0.10 
1.29 
6.65 
3.34 
2.10 
0.32 
1.97 

99.69 

536 
59 
19 
58 
11 
10 
12 
36 
20 
<LD 
36.4 
513 
28.5 
446 
17.8 
1247 
155 
11 
6 

<LD 

3222 
100.01 

26 
0.056 
0.33 

0.056 
0.87 

0.035 
2.43 



Table D1 continued 

High HFSE melt rocks 

Cote 
North Steep Discovery Hill Creek Mean so 

West(2) 
Shore Creek (3) 

File name M29574N M28147M M28146W M30607V M29576S M30614U M30615Q M30613X M281488 M28144S 
Sample CM037 CM042 CM035 W05-61 CM039 CM038 CM044C Mean so CM027 CM055 CM008 n=11 

Si02(wt%) 56.59 56.98 57.24 58.00 58.27 59.71 60.33 57.62 1.63 57.88 55.66 61.33 57.46 1.58 
no2 1.13 1.03 0.98 1.07 1.02 0.98 0.97 1.04 0.06 1.13 1.08 0.97 1.05 0.06 

Al203 19.35 18.82 18.32 21.40 18.22 20.43 19.51 19.55 1.03 20.45 19.05 15.94 19.59 0.98 
FeOT 6.59 6.25 6.44 6 .18 6.45 5.88 5.51 6.23 0.35 6.05 6.83 6.77 6.27 0.37 
MnO 0.11 0.08 0.10 0.11 0.11 0.07 0.10 0.10 0.01 0.10 0.11 0.11 0.10 0.01 
MgO 1.59 1.38 1.33 1.14 1.47 1.16 1.27 1.34 0.15 0.89 1.54 0.89 1.32 0.20 
cao 6.93 6.47 6.04 7.41 6.24 6.61 6.77 6.80 0.63 6.79 6.87 4.60 6.81 0.56 
Na20 3.68 3.46 3.46 3.88 3.65 3.66 3.68 3.61 0.16 3.59 3.51 2.90 3.60 0.14 
K20 1.92 2.24 2.38 1.83 2.22 2.34 2.29 2.14 0.20 1.93 1.77 2.94 2.09 0 .22 
P205 0.38 0.38 0.32 0.28 0.34 0.28 0.35 0.33 0.03 0.32 0.34 0.31 0.33 0.03 
LOI 1.82 1.35 1.14 0.79 1.83 1.91 0.76 1.40 0.50 1.33 0.42 2.63 1.30 0.53 

Total 100.09 98.45 97.74 102.09 99.82 103.04 101 .54 100.16 100.45 97.18 99.39 99.92 

S(ppm) 48 32 17 237 29 207 294 160 177 211 50 172 154 163 
Cl 56 69 37 114 69 88 98 74 23 80 103 114 77 23 
Sc 31 17 12 15 5 16 17 16 7 18 18 14 16 6 
v 50 53 52 52 51 42 47 52 5 63 59 25 53 6 
Cr 7 14 13 <LD 13 <LD 12 13 5 19 19 0.3 15 5 
Ni 13 10 8 7 8 6 15 10 3 9 14 7 10 3 
Cu 15 11 10 14 10 12 17 13 16 15 10 13 2 
Zn 29 38 38 19 29 28 29 29 24 46 52 30 8 
Ga 20 19 21 23 19 22 21 21 20 23 23 21 2 
As 9 13 4 <LD 5 <LO <LD 8 4 <LO 7 5 8 4 
Rb 34.6 45.0 51.0 30.4 48.1 39.9 44.1 39.7 7.9 31.8 24.6 44.5 37.6 8.6 
Sr 533 500 486 559 477 517 526 519 29 542 558 452 525 29 
y 27.7 29.8 30.7 31.2 34.4 30.8 30.2 30.5 1.9 26.8 29.7 33.9 30.1 2.0 
Zr 387 396 424 453 444 432 386 416 30 381 425 619 414 29 
Nb 14.7 15.5 16.2 17.1 17.1 17.9 15.7 16.3 1.2 15.7 15.5 16.0 16.2 1.1 
Sa 1061 1172 1194 1256 1144 1261 1168 1181 67 1237 1249 2503 1192 65 
Ce 138 158 176 146 179 163 131 155 16 140 114 162 150 19 
Pb 7 11 17 13 17 14 12 12 3 11 11 18 12 3 
Th <LO 4 <LD 7 <LD 6 5 <LD 2 5 5 2 
u <LD <LD <LD <LD <LD <LD <LD 0.2 <LD 0.9 <LD 0.6 0.5 

Total ppm 2462 2605 2609 2986 2605 2899 2868 2769 2845 2785 4274 2779 
Total wt% 100.34 98.71 98.00 102.39 100.08 103.33 101.83 100.44 100.73 97.46 99.82 100.20 

Ratios 
Mg no. 30 28 27 25 29 26 29 28 21 29 19 27 3 

T!02/AI203 0.058 0.055 0.054 0.050 0.056 0.048 0.050 0.053 0.003 0.055 0.057 0.061 0.054 0.003 
FeOTIAI203 0.34 0.33 0.35 0.29 0.35 0.29 0.28 0.32 0.03 0.30 0.38 0.43 0.32 0.03 

Y/Sr 0.052 0.060 0.063 0.058 0.072 0.060 0.057 0.059 0.006 0.049 0.053 0.075 0.058 0006 
Zr/Sr 0.69 0.79 0.87 0.81 0.93 0.84 0.73 0.80 0.08 0.70 0.76 1.37 0.79 0.08 
Nb/Sr 0.028 0.031 0.033 0.031 0.038 0.035 0.030 0.032 0.003 0.029 0.028 0.035 0.031 0.003 
Ba/Sr 1.99 2.34 2.46 2.24 2.40 2.44 2.22 2.28 0.18 2.28 2.24 5.53 2.28 0.16 

tJ 
I w 



Table 02. Electron Microprobe analyses of matrix and phenocryst minerals of melt rock units at Mistastin Lake 

Cot6 Creek CM088 Discovery Hill CM035 South Shore CM067 
Matrix 
SI02 52.59 52.55 52.16 52.75 52.75 62.27 57.91 52.27 55.62 64.20 55.10 
TI02 0.71 1.13 0.91 0.84 0.97 0.33 0.22 0.47 0.18 0.58 1.09 
Al203 25.79 25.39 25.46 25.78 24.92 20.68 23.23 25.97 27.30 18.48 19.01 
FeOT 2.48 2.62 3.44 2.06 2.79 1.58 1.52 4.71 0.68 2.46 7.92 
MnO 0.04 0.10 0.02 0.01 0.00 0.04 0.01 006 0.03 0.01 0.11 
MgO 0.39 0.28 0.58 0.23 0.24 0.10 0.13 1.63 0.06 0.25 2.61 
CaO 9.05 9.19 8.52 9.84 8.49 4.13 5.54 9.17 8.19 2.54 6.83 
Na20 5.14 5.07 4.68 4.95 5.05 4.01 4.80 4.12 5.68 5.67 4.33 
K20 0.92 1.14 1.50 1.16 2.04 4.64 3.69 0.85 1.48 3.96 1.81 
Total 97.11 97.47 97.45 97.61 97.25 97.78 97.07 99.25 99.42 98.10 98.81 

Cot6 Creek CM023c 
Matrix 
SI02 61 .54 64.70 55.81 62.96 65.04 61 .00 70.60 55.21 59.21 65.40 51 .83 65.01 52.42 58.50 57.10 
Tl02 0.10 0.22 0.11 0.17 0.11 0.21 0.67 0.09 0.14 0.23 2.93 0.14 0.09 0.08 0.11 
Al203 23.12 20.33 26.91 22.01 21 .21 22.34 15.64 27.83 25.26 20.21 27 47 19.35 28.79 26.70 25.83 
FeOT 0.77 1.21 0.87 0.51 0.67 1.46 1.26 0.70 0.79 0.83 3.75 0.79 0.68 0.66 0.73 
MnO 0.00 0.00 0.03 0.03 0.03 0.03 0.00 O.Q1 0.04 0.03 0.00 0.01 0.00 0.01 0.01 
MgO 0.07 0.17 0.18 0.03 0.08 0.29 0.05 0.09 0.09 0.13 0.10 0.09 0.07 0.07 0.06 
CaO 6.00 6.12 9.23 5.98 6.73 6.18 2.07 10.31 8.22 3.08 10.20 3.47 11.45 9.13 9.31 
Na20 4.70 4.27 5.72 5.59 4.50 5.04 3.45 5.04 5.37 4.38 4.94 4.99 4.88 5.66 5.64 
K20 3.77 2.65 0.84 2.11 1.75 2.46 6.14 0.75 1.32 6.22 0.46 4.84 0.38 0.68 0.96 
Total 100.08 99.68 99.71 99.38 100.11 99.01 99.68 100.02 100.42 100.49 101.69 98.70 98.71 99.68 99.55 

South Shore CM071 
Matrix 
SI02 57.46 63.43 55.14 58.99 55.65 58.97 57.54 54.64 58.89 53.30 57.40 58.69 55.55 58.62 57.80 
TI02 0.17 0.13 0.17 0.27 0.12 0.25 0.16 0.17 0.18 0.11 0.14 0.25 0.21 0.19 0.25 
Al203 25.24 22.75 25.82 24.74 26.79 23.99 25.55 25.97 23.42 29.22 25.35 24.57 27.15 24.66 25.37 
FeOT 1.29 0.83 1.55 1.09 1.18 0.94 0.74 2.01 1.11 0.59 0.88 2.32 0.92 0.80 1.08 
MnO 0.02 0.05 0.03 0.02 0.05 0.00 0.00 0.02 0.01 0.00 O.Q1 0.05 0.01 0.04 0.01 
MgO 0.33 0.12 0.69 0.20 0.25 0.18 0.15 0.82 0.18 0.07 0.15 0.82 0.09 0.10 0.17 
CoO 7.70 6.55 9.45 7.33 8.86 6.98 7.74 9.57 8.28 10.95 8.49 8.77 9.48 7.24 7.65 
Na20 4.95 4.85 5.15 5.23 5.29 5.06 5.39 4.85 4.69 4.60 4.83 5.30 4.54 5.40 5.18 
K20 1.49 1.58 0.79 1.79 0.78 2.13 1.47 0.81 2.31 0.68 1.88 1.00 1.09 2.37 1.66 
Total 98.64 100.28 98.79 99.66 98.96 98.50 98.74 98.87 97.07 99.50 99.11 99.77 99.04 99.42 99.14 

Discovery Hill CM042 
Matrix 
SI02 57.14 64.01 89.93 61 .53 58.41 65.92 68.19 68.10 62.10 66.60 59.64 57.50 55.84 78.73 60.59 
Tl02 1.04 0.08 0.10 0.08 0.12 0.13 0.13 0.11 0.85 0.11 0.11 0.09 0.08 0.07 0.10 
Al203 22.83 20.58 . 6.37 20.62 25.68 19.32 18.52 18.65 21 .96 18.85 24.29 25.72 26.61 11.86 23.62 
FeOT 3.10 0.44 0.33 0.65 0.96 0.82 0.36 0.51 1.71 0.53 0.58 0.94 0.73 0.52 0.67 
MnO 0.01 0.00 0.04 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.14 0.02 0.05 0.08 0.15 0.16 0.06 0.05 0.12 0.05 0.11 0.14 0.07 0.13 0.09 
CaO 6.12 2.69 0.25 6.25 8.45 4.91 1.60 2.17 5.42 1.97 6.62 8.08 8.90 0.62 6.80 
Na20 3.86 4.93 1.24 5.15 5.40 3.89 4.77 3.89 4.83 4.04 5.09 5.16 4.96 2.68 4.91 
K20 3.37 6.94 3.51 3.60 1.47 4.12 6.94 7.35 3.46 7.99 3.48 2.24 1.88 5.51 2.81 
Total 97.42 99.69 101.83 97.95 98.64 99.28 100.64 100.83 100.27 100.13 99.93 99.89 98.84 100.12 99.59 

North Shore CM055 
Matrix 
SI02 58.68 57.09 54.02 59.50 53.79 58.48 60.22 54.36 55.30 54.85 52.99 49.91 63.91 58.73 54.51 
TI02 0.18 0.97 1.82 0.29 0.74 0.15 0.61 1.13 0.61 0.23 1.32 4.26 0.24 0.25 0.97 
Al20 3 23.74 21 .44 22.00 23.07 16.87 20.74 18.60 21 .27 23.47 25.19 22.14 18.73 20.63 23.15 22.53 
FeOT 2.41 4.83 8.Q1 1.22 12.02 5.40 5.37 5.44 4.23 2.60 6.40 11.83 0.60 3.25 6.01 
MnO 0.10 0.10 0.12 O.Q1 0.23 0.10 0.15 0.12 0.03 0.07 0.14 0.19 0.03 0.07 0.06 
MgO 0.64 1.05 1.54 0.13 4.34 1.93 1.41 1.22 1.03 0.78 2.26 0.51 0.03 1.01 1.60 
CoO 7.32 7.31 7.50 7.11 6.57 6.44 5.55 7.68 8.10 8.85 8.38 6.46 5.19 7.66 7.62 
Na20 4.53 4.50 4.55 4.80 3.71 4.90 3.51 4.27 4.59 4.94 4.62 4.20 4.10 4.53 4.70 
K20 1.52 1.32 0.84 2.01 0.92 1.34 2.24 1.34 1.05 0.79 0.55 1.63 3.36 1.14 0.90 
Total 99.32 98.61 100.41 98.14 99.19 99.48 97.64 97.02 98.41 98.29 98.81 97.74 98.09 97.78 98.90 

D-4 



Table 02 continued 

South Shore W05-65 Cote Creek CM025 
Matrix 
SI02 54.75 59.66 60.09 59.65 62.09 56.97 57.00 62.74 60.19 51 .28 
Tl02 0.16 0.41 0.32 0.32 0.87 0.17 0.1 6 0.48 0.31 0.08 
Al203 26.34 22.31 22.68 22.67 19.49 26.52 26.71 20.14 23.34 31 .72 
FeOT 1.15 1.81 1.13 1.54 2.00 0.86 0.58 1.82 1.40 0.57 
MnO 0.08 0.00 0.00 0.03 0.00 0.06 0.02 0.06 0.01 0.00 
MgO 0.17 0.15 0.10 0.16 0.17 0.04 0.02 0.12 0.16 0.08 
CaO 8.25 6.08 5.58 4.43 4.66 8.34 8.34 5.20 6.44 12.30 
Na20 4.28 4.06 5.42 5.32 3.87 4.56 5.61 4.11 5.18 4.42 
K20 2.00 3.14 2.62 4.15 4.53 2.46 1.35 3.60 2.04 0.32 
Total 97.17 97.62 97.94 96.28 97.67 99.98 99.79 98.27 99.07 100.76 

Cote Creek CM023c 
Matrix 
SI02 54.51 56.52 56.24 60.50 54.98 59.17 64.90 63.73 62.34 60.44 59.26 53.20 65.77 71 .31 57.05 51 .61 
Tl02 0.10 0.09 0.14 0.14 0.16 0.13 0.13 0.21 0.12 0.10 0.11 0.06 0.22 0.21 0.08 0.10 
A1203 26.56 26.34 27.63 24.09 25.22 23.71 20.97 21 .19 23.34 24.92 24.43 28.76 19.16 15.79 26.35 29.24 
FeOT 0.72 1.50 0.90 0.66 3.45 0.69 0.57 1.16 0.54 0.79 0.55 0.44 0.75 1.13 0.61 0.54 
MnO 0.02 0.02 0.02 0.03 0.08 0.01 0.00 0.02 0.00 0.01 0.00 0.03 0.00 0.02 0.04 0.00 
MgO 0.06 0.39 0.11 0.05 1.10 0.04 0.07 0.19 0.04 0.08 0.08 0.04 0.08 0.23 0.06 0.06 
CaO 10.78 8.99 9.66 6.92 9.83 7.42 5.67 5.16 7.11 9.09 6.28 11.51 4.75 1.90 8.92 10.76 
Na20 5.19 5.49 5.14 5.30 4.79 4.90 5.56 5.02 4.63 4.47 5.50 4.91 4.27 3.86 5.71 4.79 
K20 0.36 0.97 1.31 2.82 0.59 3.64 2.81 3.37 2.72 1.16 3.59 0.46 3.63 5.28 1.09 0.40 
Total 100.29 100.33 101 .16 100.49 100.22 99.71 100.69 100.04 100.85 101.05 99.80 99.42 98.61 99.73 99.89 97.51 

South Shore CM071 
Matrix 
SI02 59.71 58.44 59.68 59.71 57.39 62.80 59.40 60.63 57.70 54.64 59.59 55.49 59.39 57.68 60.26 56.01 
TI02 0.20 0.16 0.18 1.02 1.33 0.33 0.16 0.45 0.11 0.12 0.23 0.22 0.48 0.14 0.22 0.06 
A1203 25.40 25.05 25.06 23.99 23.23 22.57 23.80 22.94 26.73 27.36 23.43 24.62 24.20 25.38 23.74 27.87 
FeOT 0.78 0.91 0.95 1.30 3.79 1.10 0.95 1.60 0.47 0.79 1.05 0.89 1.73 0.61 0.79 0.33 
MnO 0.04 0.05 0.04 0.00 0.05 0.06 0.03 0.00 0.00 0.01 0.08 0.00 0.06 0.01 0.00 0.00 
MgO 0.11 0.15 0.13 0.12 0.18 0.19 0.17 0.18 0.04 0.11 0.19 0.18 0.18 0.08 0.09 0.05 
CoO 7.39 7.66 7.28 6.79 6.56 5.93 6.70 5.80 8.34 9.14 6.68 9.14 7.22 8.30 6.86 9.04 
Na20 5.24 5.53 5.13 5.19 4.68 4.74 5.17 5.54 5.46 5.36 4.71 5.21 4.92 5.26 4.63 5.70 
K20 1.95 1.40 2.06 1.96 2.29 2.60 2.42 2.36 1.33 0.80 2.74 1.31 2.26 1.47 2.31 0.66 
Total 100.83 99.34 100.50 100.08 99.51 100.32 98.81 99.50 100.16 98.53 98.69 97.06 100.44 98.93 98.90 99.72 

Discovery Hill CM042 
Matrix 
SI02 64.59 56.05 55.22 70.87 51.78 64.07 59.62 60.73 64.68 53.37 64.41 62.52 60.81 59.55 64.34 62.19 
TI02 0.10 0.14 0.16 0.12 0.11 0.10 0.97 0.07 0.08 0.30 0.16 0.08 0.08 0.14 0.04 0.07 
Al203 20.07 26.28 26.12 17.32 29.06 20.48 23.72 22.04 19.16 20.87 19.14 21 .68 23.53 22.49 19.03 22.27 
FeDT 0.45 0.80 1.28 0.62 0.91 0.64 1.51 0.60 0.35 7.83 0.69 0.45 0.52 0.64 0.25 0.70 
MnO 0.00 0.00 0.02 O.Q1 0.02 0.00 0.00 0.00 0.01 0.16 0.00 0.04 0.00 O.Q1 0.00 0.01 
MgD 0.05 0.08 0.19 0.17 0.17 0.10 0.20 0.15 0.05 3.27 0.05 0.06 0.04 0.16 0.04 0.09 
CaD 3.80 9.15 9.66 2.59 12.01 4.53 7.61 6.64 1.94 10.40 1.86 4.19 5.27 6.35 0.59 3.96 
Na20 5.20 4.92 4.47 4.77 4.31 5.26 4.86 4.65 4.55 4.06 4.62 4.93 6.24 4.69 4.11 8.31 
K20 5.61 1.66 0.96 4.27 0.35 4.20 1.75 2.82 7.51 0.33 8.67 5.56 3.36 3.28 10.38 4.30 
Total 99.86 99.09 98.11 100.72 98.71 99.40 100.25 97.90 98.54 100.60 99.60 99.71 99.87 97.29 98.77 99.90 

North Shore CM055 
Matrix 
SI02 53.76 52.66 53.39 55.00 55.76 54.74 54.96 54.96 53.51 54.53 53.59 53.96 54.37 54.97 55.69 54.54 
Tl02 1.04 1.73 0.53 0.84 0.18 0.40 0.64 0.40 1.22 0.95 1.32 0.54 0.81 0.73 0.97 0.65 
A1203 23.33 21 .86 20.73 23.95 25.54 23.53 23.28 23.66 22.31 20.67 20.54 24.64 24.22 23.43 22.30 24.61 
FeOT 5.23 7.72 8.92 4.32 1.76 4.77 5.44 4.01 5.99 7.57 8.68 5.34 4.71 4.72 5.26 3.43 
MnO 0.07 0.16 0.20 0.04 0.05 0.10 0.08 0.10 0.09 0.11 0.17 0.07 0.08 0.07 0.06 0.08 
MgO 1.13 1.52 3.50 0.92 0.42 1.79 1.35 1.37 1.36 2.20 2.09 1.65 1.21 1.47 1.29 0.72 
CoO 8.01 7.62 7.86 7.99 8.58 8.09 7.94 8.20 7.81 6.86 6.67 6.74 8.20 7.98 7.13 8.48 
Na20 4.72 4.37 4.07 5.07 5.27 4.82 4.68 4.57 5.03 4.48 4.34 4.52 4.97 4.68 4.81 4.92 
K20 0.96 0.97 0.52 0.83 0.64 0.62 0.64 0.94 0.77 1.05 1.17 0.56 0.69 0.79 1.01 0.83 
Total 98.27 98.61 99.71 98.97 98.40 98.85 99.41 98.21 98.10 98.42 98.53 100.03 99.27 98.85 98.52 98.26 
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Table 02 continued 

Matrix 
5102 
TI02 
Al203 
FeOT 
MnO 
MgO 
CaO 
Na20 
K20 
Total 

Cote Creek CM023c 
Matrix 
5102 58.44 58.85 65.65 57.74 54.80 57.93 55.20 62.38 61 .58 55.28 62.91 74.58 54.34 54.93 57.39 61 .82 
Tl02 0.10 0.55 0.16 0.11 0.11 0.10 0.13 0.06 0.10 0.19 0.17 0.19 0.09 0.11 0.14 0.28 
Al203 26.21 21 .90 19.23 25.87 26.55 24.81 26.97 21 .48 21 .80 27.30 22.87 12.38 28.18 27.21 25.22 21 .10 
FeOT 0.51 1.52 0.55 0.84 0.95 0.70 0.63 0.67 0.51 0.88 0.62 1.58 0.57 0.98 0.90 1.31 
MnO 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0 .02 0.05 0.00 0.00 0.00 0.00 0.01 0.00 0.03 
MgO 0.04 0.11 0.03 0.11 0.16 0.11 0.05 0.15 0.06 0.07 0.07 0.27 0.04 0.11 0.12 0.12 
CaO 9.68 9.61 3.43 7.98 9.79 7.19 9.82 4 .07 4.01 9.33 6.65 1.16 10.82 9.81 8.22 6 .84 
Na20 4.60 4.55 4.38 6.58 4.68 5.63 4.70 5 .82 6.61 4.63 5.20 2.81 5.04 4.85 5.01 4.62 
K20 1.04 1.50 5.51 1.02 1.05 2.38 1.68 4 .35 3.67 1.49 2.32 5.69 0.43 1.31 2.17 2.09 
Total 100.62 98.58 98.96 100.24 98.09 98.86 99.16 99.00 98.38 99.18 100.80 98.84 99.51 99.33 99.18 98.02 

South Shore CM071 
Matrix 
5102 58.04 55.55 57.93 58.38 58.68 57.68 55.89 56.78 58.57 55.85 59.21 55.51 58.28 55.42 58.93 56.33 
Tl02 0.18 1.40 1.22 0.91 0.18 0.20 3.71 2.50 1.34 0.21 0.40 1.22 0.34 1.85 0.17 0.20 
Al203 25.52 19.95 22.66 22.60 25.92 26.23 21 .80 20.42 24.22 24.39 24.35 24.46 24.28 23.26 26.19 26.02 
FoOT 0.74 5.80 1.97 2.00 0.95 1.06 4.90 6 .02 3.81 2.24 1.10 2.99 1.26 4.77 0.66 1.31 
MnO 0.00 0.08 0.02 0.00 0.00 0.02 0.09 0.11 0.03 0.03 0.04 0.02 0.03 0.06 0.02 0.00 
MgO 0.06 0.14 0.25 0.77 0.17 0.19 0.37 0 .65 0.11 0.40 0.14 0.20 0.28 0.32 0.07 0.44 
cao 7.50 6.41 6.60 7.29 7.43 7.84 5.75 6 .41 6.78 7.25 7.65 7.47 7.02 6.40 8.44 8.07 
Na20 5.20 5.07 5.04 5.45 5.84 5.28 4.68 4 .38 4.95 5.17 4.89 5.15 5.17 4.95 5.17 5.26 
K20 2.16 2.89 2.39 2.15 1.33 1.37 2.27 2 .54 2.07 1.51 2.00 1.74 2.13 2.49 1.53 1.20 
Total 99.40 97.30 98.07 97.54 100.30 100.06 99.46 99.81 99.89 97.04 99.78 98.78 98.78 99.51 99.17 98.84 

Discovery Hill CM042 
Matrix 
Si02 55.29 53.61 58.76 55.93 56.63 65.77 66.09 61 .17 5821 66.78 54.83 53.56 83.41 68.43 74.43 54.47 
TI02 0.20 0.07 0.08 0.13 0.09 0.07 0.09 0.09 0.08 0.09 0.08 0.08 0.07 0.07 0.10 0.09 
Al203 24.57 27.70 26.60 25.79 26.95 19.57 19.12 22.02 24.87 19.16 27.16 27.91 21 .65 18.78 13.49 28.59 
FoOT 1.04 0.78 0.78 2.60 0.96 0.19 0.61 0.67 0.57 0.71 0.54 0.75 0.37 0.47 0.61 0.90 
MnO 0.00 0.00 0.01 0.03 0.00 0.02 0.00 0 .00 0.04 0.01 0.04 0.00 0.02 0.01 0.01 0.00 
MgO 0.13 0.12 0.15 0.74 0.13 0.05 0.13 0.06 0.02 0.15 0.07 0.07 0.04 0.10 0.14 0.15 
CaO 7.84 10.39 8.64 9.00 9.27 0.86 4.17 5.55 7.22 5.66 9.61 10.86 3.53 2.06 1.19 11 .03 
Na20 8.57 5.43 5.14 5.32 5.74 4.23 4.38 5.08 5.45 4.05 4.38 5.19 5.38 3.62 2.96 4.67 
K20 2.15 0.48 1.96 0.72 0.50 9.98 4.20 3.96 2.87 3.03 2.41 0.51 6.16 7.27 5.87 0.60 
Total 97.79 98.58 100.12 100.27 100.27 100.73 98.79 98.60 99.31 99.65 99.09 98.93 100.64 98.82 98.80 100.51 

North Shore CM055 
Matrix 
SI02 54.72 55.74 54.47 54.34 54.98 53.54 54.25 54.14 52.93 53.49 55.07 56.30 54.88 54.80 55.32 54.55 
Tl02 0.62 0.77 0.67 1.29 0.42 1.02 0.69 0.11 1.96 2.21 0.61 0.14 0.58 0.45 0.61 0.36 
Al203 26.09 24.20 21 .35 22.28 24.80 21 .78 21 .88 28.03 20.78 21 .92 23.81 25.36 25.57 23.70 22.69 25.31 
FoOT 3.06 3.86 7.25 5.50 3.23 7.28 6.20 0 .68 8.36 6.70 4.79 0.74 2.10 4.16 5.04 3.09 
MnO 0.06 0.06 0.17 0.07 0.06 0.10 0.12 0.00 0.12 0.13 0.08 0.00 0.05 0.06 0.15 0.03 
MgO 0.67 0.84 2.35 1.75 0.79 1.92 1.97 0 .04 2.51 0.70 1.29 0.06 0.26 1.33 1.47 1.15 
c ao 9.10 7.91 7.79 7.73 6.27 7.66 7.72 10.20 7.55 7.00 8.31 8.08 8.58 8.32 7.48 6.96 
Na20 5.08 5.11 4.51 4.49 5.04 4.68 4.65 4 .91 4.52 4.77 4.75 5.39 5.41 4.95 4.93 4.86 
K20 0.60 0.82 0.70 0.72 0.72 0.79 0.74 0 .54 0.61 1.12 0.69 0.97 0.71 0.87 0.76 0.54 
Total 100.00 99.31 99.26 98.18 98.31 98.77 98.20 98.64 99.35 98.03 99.40 97.04 98.14 98.44 98.45 98.85 
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Table 02 continued 

Matrix 
SI02 
TI02 
A1203 
FeOT 
MnO 
MgO 
cao 
Na20 
K20 
Total 

Cote Creek CM023c 
Matrix 
SI02 64.71 52.61 57.36 57.05 65.81 71.45 59.43 53.92 75.49 55.94 64.09 68.08 60.78 58.63 65.37 64.04 
TI02 0.41 0.10 0.11 0.14 0.35 0.36 0.15 0.12 0.77 0.12 0.43 0.51 0.28 008 0.42 0.34 
Al203 19.40 29.31 24.80 24.89 18.97 15.18 24.69 26.28 11.82 25.83 19.90 16.98 23.64 25.69 19.47 21 .05 
FeOT 1.51 0.56 0.87 1.04 1.09 0.68 0.76 2.41 1.70 0.97 1.30 1.24 1.10 0.73 0.84 1.02 
MnO 0.01 0.04 0.00 0.01 0.01 0.00 0.04 0.06 0.00 0.00 0.00 0.00 0.03 0.02 0.03 0.05 
MgO 0.18 0.06 0.15 0.11 0.10 0.08 0.10 0.66 0.14 0.14 0.11 0.19 0.08 0.09 0.08 0.07 
CaO 5.39 12.05 7.67 8.49 4.58 1.51 7.03 9.31 0.94 8.73 5.26 2.19 7.98 8.43 4.52 5.18 
Na20 4.58 4.62 5.73 5.36 4.60 3.39 5.16 4.82 2.34 5.09 4.44 4.76 4.66 5.27 4.64 5.30 
K20 2.69 0.39 1.82 1.46 3.55 7.44 2.58 102 5.85 1.57 3.23 5.00 1.93 1.33 3.30 3.26 
Total 98.88 99.74 96.50 98.55 99.07 100.09 99.92 98.59 99.06 98.39 96.76 98.95 100.67 100.27 98.67 100.32 

South Shore CM071 
Matrix 
SI02 56.58 54.49 57.17 60.78 61 .54 59.81 56.09 56.75 60.23 58.21 58.10 59.26 57.01 53.99 54.58 55.17 
Tl02 0.24 0.98 0.12 0.21 0.82 0.14 0.09 0.09 0.17 0.32 0.20 0.29 0.17 0.14 0.13 0.11 
A1203 26.13 20.88 24.18 22.81 19.14 23.01 27.46 26.44 24.55 23.76 24.35 23.24 24.95 26.85 27.30 26.84 
FoOT 1.02 4.45 1.77 1.23 4.67 0.91 0.56 0.60 0.64 1.80 1.19 1.26 1.00 1.36 0.66 0.67 
MnO 0.00 0.10 0.04 0.01 0.03 0.01 0.04 0.05 0.03 0.01 0.03 0.00 0.03 0.03 0.01 0.02 
MgO 0.18 1.98 0.47 0.21 0.19 0.17 0.10 0.12 0.08 0.27 0.17 0.18 0.15 0.25 0.08 0.04 
cao 7.93 7.76 7.26 6.20 4.29 7.75 8.95 8.29 6.87 6.14 6.93 6.31 7.95 8.96 9.20 8.65 
Na20 5.76 5.03 5.13 4.55 4.10 5.11 5.45 5.44 5.30 4.58 4.81 4.81 5.03 4.71 5.52 5.53 
K20 1.22 1.38 2.19 2.46 3.84 1.82 0.75 1.18 2.20 3.30 2.25 2.61 1.49 1.21 0.60 0.94 
Total 99.07 97.05 98.32 98.46 98.63 98.72 99.51 99.16 100.07 98.19 98.02 97.95 97.76 97.51 98.07 97.78 

Discovery Hill CM042 
Matrix 
5102 69.89 62.37 56.14 70.56 76.75 53.31 59.59 80.83 52.46 57.33 56.15 62.90 58.87 57.78 69.93 54.61 
Tl02 0.10 0.38 0.10 0.10 0.17 0.07 0.12 0.10 0.09 0.08 0.08 0.65 0.12 0.10 1.05 0.10 
Al203 17.82 21 .48 25.83 16.47 12.60 29.18 24.38 9.29 26.81 26.73 26.27 19.36 25.53 25.26 14.91 28.16 
FoOT 0.56 1.31 0.59 0.77 0.75 0.85 0.73 1.01 1.29 0.75 0.69 1.61 0.67 0.80 1.99 0.76 
MnO 0.00 0.03 0.00 0.03 0.03 0.04 0.02 0.04 0.03 0.00 0.02 0.02 0.01 0.02 0.00 0.00 
MgO 0.06 0.09 0.05 0.15 0.16 0.12 0.11 0.22 0.22 0.11 0.06 0.20 0.12 0.11 0.12 0.09 
CaO 2.81 4.63 8.52 4.39 0.60 11.41 7.17 1.22 11.67 8.63 8.58 2.11 7.87 8.12 2.56 10.35 
Na20 4.75 5.40 5.52 3.89 2.75 4.66 5.87 2.49 4.26 5.56 4.98 4.65 5.22 4.81 3.28 4.47 
K20 4.43 4.42 1.86 1.91 6.57 0.31 2.01 2.81 0.38 1.50 2.76 7.32 2.30 2.44 4.96 1.31 
Total 100.42 100.11 98.62 98.28 100.37 99.95 100.00 98.02 99.21 100.70 99.59 98.82 100.69 99.41 98.60 99.86 

North Shore CM055 
Matrix 
SI02 54.57 55.93 53.58 54.06 54.91 53.49 53.97 54.10 54.26 53.24 54.97 55.72 54.69 55.01 53.40 53.67 
TI02 0.98 0.07 1.29 1.11 0.38 1.39 0.93 0.67 0.55 0.88 0.55 0.58 0.93 0.71 0.61 0.79 
Al203 23.85 27.92 17.40 24.60 26.35 25.48 22.44 22.57 24.44 22.59 24.48 25.60 21 .29 23.50 21 .88 21 .38 
FoOT 5.03 0.58 10.15 3.97 1.75 3.42 6.30 5.57 3.83 6.45 4.16 2.27 6.86 3.84 7.15 7.20 
MnO 0.05 0.00 0.18 0.06 0.00 0.04 0.09 0.11 0.10 0.13 0.06 0.07 0.14 0.06 0.14 0.14 
MgO 1.01 0.04 3.63 1.00 0.17 0.44 1.76 1.70 1.04 1.85 1.06 0.21 1.98 0.66 2.14 2.13 
CaO 8.12 9.28 6.67 8.49 8.84 6.81 7.76 7.99 8.28 7.98 6.29 8.63 7.75 8.34 7.89 7.90 
Na20 4.90 5.30 3.79 4.73 5.33 5.23 4.75 4.66 5.11 4.74 4.67 4.82 4.19 4.62 4.37 4.35 
K20 0.72 0.62 0.90 0.68 0.73 0.65 0.71 0.75 0.83 0.54 0.80 1.03 1.01 1.37 0.63 0.86 
Total 99.22 99.74 97.59 98.69 98.46 98.95 98.72 98.11 98.43 98.41 99.07 98.92 98.87 98.10 98.40 98.43 
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Table 02 continued 

Matrix 
SI02 
Tl02 
Al203 
FeOT 
MnO 
MgO 
cao 
Na20 
K20 
Total 

Cote Creek CM023c 
Matrix Plgeonlte Tltanomagnetlte 
SI02 58.28 62.81 62.13 Si02 52.50 51 .84 52.67 49.81 50.06 0.14 0.19 0 .16 0.15 0.13 
Tl02 0.11 0.18 0.37 Tl02 0.47 0.44 0.56 0.51 0.52 14.84 14.80 20 .64 19.99 20.29 
Al203 25.18 22.02 17.76 Al203 0.93 0.93 1.32 1.04 1.21 1.59 1.65 1.68 1.70 1.68 
FeOT 0.92 0.60 4.47 FeOT 23.08 23.45 22.44 26.43 27.01 77.03 76.82 71 .25 72.09 72.81 
MnO 0.01 0.05 0.08 MnO 0.44 0.46 0.46 0.57 0.60 0.26 0.36 0 .42 0.39 0.38 
MgO 0.12 0.04 1.15 MgO 21.24 20.50 21 .69 17.20 17.52 0.31 0.29 0 .30 0.28 0.32 
CaO 6.16 6.98 4.20 cao 1.74 1.74 1.82 1.86 1.76 0.13 0.16 0.08 0.08 0.05 
Na20 5.70 4.63 4.81 Na20 
K20 1.19 2.21 4.69 K20 
Total 99.67 99.51 99.65 Total 100.41 99.36 100.96 97.41 98.68 94.10 94.29 94.53 94.68 95.65 

South Shore CM071 
Matrix 
SI02 55.70 57.76 55.02 60.11 55.65 59.20 
Tl02 0.15 1.22 2.34 0.22 0.41 0.30 
Al203 28.58 22.31 22.45 23.49 23.59 24.40 
FeOT 0.63 4.36 3.09 1.09 2.90 1.05 
MnO 0.00 0.14 0.11 O.Q1 0.07 0.00 
MgO 0.09 0.18 0.23 0.12 0.97 0.15 
CaO 10.02 5.45 7.47 6.05 7.70 6.72 
Na20 5.07 5.01 4.80 5.35 5.38 5.34 
K20 0.51 2.87 1.99 2.44 1.06 2.17 
Total 100.74 99.31 97.49 98.87 97.74 99.34 

Discovery Hill CM042 
Matrix Augite THanomagnetlte 
SI02 57.43 57.18 55.48 54.43 63.87 58.10 62.51 62.64 49.20 48.92 0.21 1.20 0.18 
TI02 0.11 0.10 0.08 0.10 0.12 0.11 0.15 0 .15 0.60 0.81 16.45 15.97 16.54 
Al203 25.79 25.31 27.81 28.04 21 .65 24.38 22.12 21 .50 1.11 1.23 1.12 1.25 1.14 
FeOT 0.81 0.69 0.58 0.84 0.60 0.91 0.67 1.00 23.95 21 .51 71.48 71 .92 73.47 
MnO 0.01 O.Q1 0.01 0.00 0.00 0.02 0.03 0.07 0.56 0.49 0.39 0.45 0.32 
MgO 0.10 0.16 0.04 0.16 0.10 0.15 0.10 0.29 12.22 10.51 0.40 0.49 0.41 
CaO 9.12 9.99 10.15 9.97 5.75 8.90 6.03 6 .36 10.15 14.06 0.10 0.21 0.10 
Na20 4.63 4.52 5.34 4.74 5.09 4.93 4.44 4.52 
K20 1.13 0.49 0.72 1.07 2.72 1.10 3.64 2.71 
Total 99.12 98.46 100.21 99.34 99.91 98.59 99.70 99.23 97.98 97.54 90.16 91.49 92.16 

North Shore CM055 
Matrix 
5102 61 .37 60.93 
TI02 0.29 0.67 
Al203 21 .46 21.44 
FeOT 1.08 1.92 
MnO 0.00 0.00 
MgO 0.13 0.10 
CaO 6.40 8.31 
Na20 4.37 4.13 
K20 2.41 2.52 
Total 97.52 98.02 
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Table 03. Laser Ablation-ICPMS Analyses of the matrix in the melt rock units at Mistastin Lake 

Si02 Ti0 2 Al203 FeOT MnO MgO CaO Na20 P205 Total Sc V Cr 

Cote Creek CM088 
57.83 0.80 23.75 3.61 
56.14 0.77 23.64 4.66 
56.05 0. 79 23.50 4.23 
56.45 0.74 24.42 3.57 
56.87 0.66 24.52 3.18 
56.66 0.74 24.63 2.59 
56.07 0.75 24.67 3.29 
56.29 1.46 24.35 3.52 
57.56 0.79 23.51 4.22 
56.29 0.75 24.06 3.60 
57.09 0.79 24.27 2.63 
57.44 0.96 23.26 3.62 
57.71 0.59 23.42 3.30 
73.87 0.02 1.33 0.01 

Cote Creek CM023c 
56.96 0.21 21 .55 
61.10 0.44 23.24 
62.39 0.27 23.22 
61 .67 0.21 24.22 
64.26 0.17 22.73 
57.86 0.10 25.58 
63.57 0.12 23.17 
59.72 0.13 25.54 
66.24 0.18 21 .30 
62.14 0.21 24.12 
61.10 0.24 22.69 
59.21 1.15 23.16 
62.09 0.40 21 .91 
63.63 0.38 21 .35 

Cote Creek CM025 
54.33 0.36 16.76 
55.96 0.37 19.49 
56.07 2.28 13.06 
56.10 0.30 15.76 
59.95 0.19 24.40 
61 .51 0.24 24.10 
62.65 0.44 22.75 
63.17 0.32 23.22 
63.47 0.26 22.74 
63.73 0.13 20.37 
64.11 0.37 22.26 
64.70 0.26 22.09 
64.96 0.31 22.00 
66.23 0.41 20.56 

2.36 
1.62 
1.00 
0.76 
1.05 
1.93 
1.11 
0.67 
0.99 
0.97 
2.91 
2.76 
4.03 
1.50 

11 .36 
8.13 

12.76 
13.66 

1.16 
1.07 
1.23 
0.91 
0.91 
2.68 
1.15 
0.96 
1.08 
1.27 

0.04 0.63 
0.06 1.23 
0.06 1.17 
0.04 0.85 
0.03 0.36 
0.03 0.16 
0.03 0.19 
0.04 0.17 
0.04 0.72 
0.03 0.24 
0.03 0.32 
0.04 0.43 
0.04 0.52 
0.00 4.36 

0.03 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.05 
0.03 
0.06 
0.01 

0.22 
0.16 
0.19 
0.24 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.01 
0.01 
0.01 
0.01 

3.74 
0.53 
0.09 
0.10 
0.06 
0.19 
0.27 
0.24 
0.08 
0.16 
0.09 
0.74 
0.32 
1.24 

5.00 
3.77 
3.32 
1.64 
0.16 
0.05 
0.06 
0.05 
0.05 
0.56 
0.09 
0.06 
0.11 
0.07 

7.73 5.00 
6.80 4.01 
6.52 4.95 
6.67 4.66 
9.00 4 .53 
9.25 4.62 
9.52 4.30 
6.60 4.49 
6.39 3.96 
9.11 4.63 
6.91 4.90 
8.50 4.76 
8.45 5.27 
6.47 13.86 

7.47 
7.31 
7.26 
7.76 
6.47 
9.13 
7.04 
6.39 
5.60 
7.77 
6.03 
7.66 
7.11 
6.37 

6.35 
7.99 
6.66 
7.16 
9.06 
6.13 
7.72 
7.07 
7.73 
5.65 
6.88 
6.97 
6.74 
6.50 

4.80 
5.33 
5.25 
4.93 
4 .76 
4.61 
4.41 
4.61 
4.90 
4.23 
4 .32 
4 .82 
3.61 
4.62 

3.07 
3.67 
3.05 
2.80 
4.77 
4.53 
4.66 
4.84 
4.45 
6.36 
4.76 
4.51 
4 .46 
4.38 

0.39 99.76 
0.46 99.76 
0.52 99.79 
0.40 99.79 
0.65 99.60 
0.66 99.60 
0.97 99.78 
0.65 99.76 
0.56 99.77 
0.67 99.79 
0.66 99.60 
0.71 99.76 
0.52 99.60 
0.01 99.96 

0.59 99.73 
0.17 99.74 
0.26 99.75 
0.12 99.76 
0.22 99.75 
0.17 99.79 
0.11 99.61 
0.08 99.79 
0.25 99.74 
0.16 99.77 
0.12 99.74 
0.24 99.77 
0.23 99.76 
0.40 99.70 

0.22 99.71 
0.20 99.74 
0.26 99.69 
0.05 99.73 
0.10 99.61 
0.13 99.76 
0.22 99.76 
0.16 99.75 
0.15 99.79 
0.04 99.76 
0.12 99.77 
0.17 99.77 
0.11 99.78 
0.29 99.73 

7.6 46.5 
11 .0 51 .7 
9.7 46.6 
7.1 40.2 
6.6 33.7 
6.4 32.4 
9.2 32.1 
6.0 46.2 
8.9 45.6 
8.4 34.9 
6.9 37.6 
9.3 46.6 
7.1 34.2 
0.0 0.7 

6.5 
4.5 
3.7 
3.0 
3.6 
2.3 
2.6 
3.0 
3.9 
2.6 
9.5 
5.4 

12.1 
5.1 

4.8 
9.7 
2.0 
1.7 
2.0 
3.1 
1.6 
1.0 
1.6 
3.2 
5.2 

12.3 
6.7 
3.1 

33.2 32.6 
20.6 36.9 
31 .6 416.9 
26.2 53.2 

2.3 2.9 
3.6 11 .1 
4 .6 4.1 
3.5 2.5 
3.3 2.0 
3.6 87.6 
3.7 2.3 
3.7 2.3 
3.2 2.2 
5.9 3.2 

19.6 
25.2 
22.0 
16.2 
17.7 
9.2 

15.6 
21 .9 
24.5 
11 .8 
14.6 
20.5 
26.7 

6.0 

0.0 
4.4 
0.0 
0.4 
0.0 
3.7 
5.0 
6.2 
3.3 
9.1 
6.1 
0.5 
5.1 
6.4 

7.6 
6.6 
7.6 

29.6 
3.7 
0.0 
1.6 
1.5 
0.6 
1.2 
1.6 
0.0 
0.0 
2.6 

Co Ni 

6.3 46.2 
9.4 0.0 
6.7 26.3 
5.5 93.1 
4 .6 26.2 
2.9 25.6 
3.7 0.0 
3.7 19.6 
6.6 0.0 
3.6 36.2 
4.1 14.9 
4 .5 142.6 
5.6 0.0 
0.2 0.0 

5.1 
4.1 
2.6 
0.6 
1.4 
1.9 
2.1 
0.2 
1.7 
1.5 
5.1 
5.5 
6.4 
4 .2 

26.2 
22.1 
36.4 
39.0 

1.2 
0.9 
1.1 
0.7 
0.8 
4 .0 
1.3 
0.7 
1.3 
1.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

22.6 
12.7 
30.3 
22.9 
15.5 
0.0 

16.9 

44.1 
17.5 
7.7 

65.6 
0.6 
0.8 
0.0 
0.0 
0.0 
4.1 
8.5 
0.0 
0.0 
0.0 

Cu 

16.2 
12.5 
11 .4 
12.0 
12.6 
8.7 

14.6 
7.1 

12.9 
9.6 
7.1 

15.7 
10.0 
4.2 

Zn 

46.6 
55.5 
51 .9 
48.0 
45.7 
54.2 
51 .8 
72.5 
60.3 
56.1 
47.4 
51 .2 
46.2 

1.6 

6.1 25.2 
13.1 141 .0 
14.8 25.9 
10.7 19.0 
6 .3 14.6 

10.2 24.0 
3.8 15.2 
3.6 17.8 
8.9 14.8 
5.1 20.4 

13.0 36.3 
12.2 59.5 
8.0 46.6 

10.6 27.7 

7.8 
23.9 
15.0 
4.8 
3.6 

12.1 
9.2 

19.6 
5.3 

42.2 
18.0 

7.0 
6.1 

13.9 

142.5 
124.4 
136.1 
172.1 

14.6 
16.1 
23.4 
15.7 
16.9 
36.9 
35.7 
17.8 
15.9 
24.3 

Rb Sr 

32.7 628.2 
23.3 611 .0 
26.2 623.5 
24.7 666.2 
24.5 662.1 
22.3 659.9 
24.8 661.1 
24.2 652.2 
34.9 613.2 
20.5 636.3 
24.5 633.6 
30.7 605.5 
20.5 603.0 
30.0 36.5 

42.8 551.0 
33.9 613.1 
34.0 630.1 
27.8 656.7 
53.7 545.8 
28.0 725.6 
40.1 536.1 
30.1 651 .3 
56.6 507.5 
33.4 601 .3 
29.7 645.6 
30.9 594.3 
33.9 496.4 
63.9 566.3 

9.0 453.9 
11.3 524.5 
47.7 295.6 

2.0 447.9 
11 .9 677.7 
26.5 604.5 
21 .1 596.1 
26.9 586.4 
29.3 596.2 
28.2 469.7 
33.4 536.9 
27.8 552.2 
53.3 554.7 
35.4 51 2.6 

y Zr 

15.0 97.7 
14.1 121 .1 
13.6 113.9 
12.2 106.3 
13.1 97.1 
17.4 99.8 
18.6 116.2 
17.3 109.0 
13.3 109.0 
13.3 94.0 
14.7 109.1 
16.2 141.2 
11 .2 109.9 
1.3 96.2 

22.6 135.9 
19.2 265.5 
17.6 262.4 
7.9 186.9 

22.1 169.5 
15.1 62.4 
9.6 135.4 
7.6 129.7 

20.1 295.6 
11.5 136.0 
8.1 236.7 

12.0 143.6 
17.0 311 .9 
22.2 349.7 

34.6 72.4 
26.6 87.7 
29.7 159.4 
11.4 33.0 
5.9 176.4 

11 .1 259.7 
14.6 304.6 
12.0 231.3 
6.0 219.6 
4.4 100.9 
7.3 334.6 

11.6 236.9 
6.3 308.4 

20.2 367.2 

Nb 

7.2 
5.6 
6.5 
6.6 
5.9 
6 .5 
6 .1 

15.8 
6 .8 
5.4 
7.2 
8.6 
4 .7 
0.5 

4 .0 
7.6 

11.2 
6 .8 
4 .0 
1.2 
2.6 
3.5 
7.6 
4 .2 
7.7 

13.2 
8.7 

12.3 

2.15 
2.40 

10.59 
0.65 
3.26 
5.36 
9.56 
7.32 
6 .96 
1.46 
8.48 
7.07 
7.19 
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Table 03 continued 

Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th u 
Cote Creek CM088 

684 40.8 82.6 9.3 33.6 4.18 1.46 4.77 0.55 3.37 0.59 1.52 0.23 1.02 0.14 2.80 0.18 8.1 3.47 0.25 
644 33.3 67.4 7.8 32.1 5.14 1.46 3.92 0.43 3.64 0.49 1.86 0.23 1.34 0.23 2.40 0.24 6.6 2.80 0.24 
605 33.8 67.7 7.8 26.6 5.32 1.71 4.83 0.50 3.12 0.60 1.60 0.21 1.49 0.26 2.37 0.27 5.3 2.36 0.24 
575 33.0 66.6 7.2 29.0 4.48 1.43 3.95 0.49 2.54 0.43 1.09 0.14 1.13 O.Q7 2.33 0.28 5.7 2.51 0.23 
616 33.7 68.2 7.7 29.8 4.28 1.52 3.74 0.53 2.43 0.42 1.50 0.12 1.02 0.17 2.31 0.26 6.6 2.67 0.19 
657 40.8 81 .2 9.3 34.5 6.36 1.76 4.74 0.60 3.43 0.60 1.65 0.24 1.53 0.20 2.69 0.27 6.7 2.98 0.30 
679 44.1 84.7 10.1 36.9 5.57 1.69 3.59 0.61 3.75 0.74 2.29 0.30 1.58 0.21 2.24 0.31 14.9 2.48 0.28 
633 42.7 85.1 10.0 38.8 6.34 1.48 4.90 0.66 3.39 0.68 1.90 0.26 1.66 0.28 2.27 0.66 6.3 2.69 0.29 
747 36.0 73.0 8.7 33.2 5.24 1.79 3.92 0.44 3.05 0.61 1.28 0.20 1.45 0.12 2.21 0.26 11 .4 2.87 0.32 
636 32.5 61 .9 7.2 29.2 4.43 1.73 4.74 0.54 2.59 0.37 1.60 0.12 1.22 0.22 1.82 0.23 4.8 2.12 0.22 
616 39.9 80.8 9.5 38.2 6.00 1.75 4.90 0.55 3.10 0.55 1.32 0.15 1.47 0.26 2.85 0.30 7.4 2.99 0.25 
713 45.6 93.2 10.9 41 .2 5.70 1.87 5.66 0.67 4 .26 0.54 1.82 0.17 1.53 0.17 3.25 0.43 7.2 3.79 0.25 
655 30.8 58.7 7.1 26.1 4.53 1.59 4.17 0.44 2.48 0.48 1.36 0.17 1.76 0.08 2.14 0.19 7.6 2.31 0.25 
207 1.9 3.1 0.3 1.2 0.17 0.13 0.01 0.04 0.15 0.05 0.13 0.06 0.16 0.03 2.47 0.06 5.6 0.35 0.29 

Cote Creek CM023c 
1346 55.3 130.9 15.3 58.1 11 .48 2.63 6.91 0.93 5.83 0.94 2.14 0.29 1.80 0.31 3.66 0.16 11 .6 2.97 0.28 
1133 37.7 78.0 9.0 33.3 6.43 2.12 4.22 0.41 3.85 0.72 2.02 0.25 1.93 0.19 6.20 0.26 11.1 3.58 0.33 
1227 33.3 65.1 7.3 28.5 4.74 2.21 4.21 0.47 3.14 0.79 2.09 0.24 1.97 0.29 6.75 0.45 9.5 4.99 0.43 
1067 19.0 37.3 4.1 14.0 1.81 1.88 1.87 0.19 1.71 0.27 0.91 0.13 1.13 0.16 4.52 0.30 9.7 2.62 0.45 
1402 42.7 89.1 11 .2 38.5 7.69 1.95 5.21 0.50 4.07 0.92 2.11 0.31 1.33 0.28 3.34 0.29 11.4 2.64 0.29 

918 30.8 59.5 6.9 27.3 5.11 2.49 3.84 0.53 2.65 0.71 1.83 0.20 1.25 0.20 0.92 0.09 8.9 1.47 0.12 
976 21 .6 42.1 4.5 16.6 2.57 1.78 2.29 0.22 2.14 0.30 0.87 0.17 1.04 0.21 2.98 0.16 10.8 2.26 0.21 

1023 20.6 39.9 4.5 15.9 2.02 2.30 1.95 0.24 1.38 0.28 0.72 0.08 0.76 0.19 2.57 0.29 12.0 2.34 0.30 
1329 34.3 71 .3 8.3 32.3 6.20 2.06 5.22 0.55 4.15 0.92 2.57 0.34 2.05 0.37 7.62 0.42 12.3 4.50 0.68 
1190 27.5 56.4 6.7 24.6 4.10 2.09 3.42 0.31 2.40 0.47 1.06 0.20 1.09 0.12 2.18 0.21 10.8 1.98 0.27 
1186 17.2 35.2 3.9 13.3 3.38 2.13 2.60 0.18 1.29 0.41 0.73 0.16 0.85 0.15 4.42 0.25 10.3 2.1 1 0.39 
991 24.8 47.7 5.1 18.0 3.19 1.96 2.48 0.32 2.41 0.51 1.04 0.28 0.93 0.24 3.53 0.50 10.6 2.78 0.38 
893 36.4 80.2 9.3 32.9 5.99 2.24 5.42 0.32 3.17 0.56 1.55 0.26 1.39 0.15 8.61 0.59 7.4 2.06 0.45 

1614 35.4 75.5 8.2 32.2 6.19 1.84 4.12 0.70 4.16 0.68 2.68 0.38 1.88 0.47 7.85 0.49 11 .6 5.92 0.76 

Cote Creek CM0:.!5 
653 56.78 119.80 13.95 59.89 10.20 2.26 8.79 1.12 7.32 1.46 3.82 0.46 3.23 0.51 1.99 0.11 5.91 2.16 0.16 
670 51 .93 112.28 13.55 55.03 9.18 2.36 7.40 0.98 5.92 1.11 3.31 0.39 2.55 0.39 1.96 0.13 7.12 1.86 0.14 
597 22.30 48.22 5.81 25.03 5.60 1.67 5.70 0.85 5.76 1.15 3.00 0.46 2 .97 0.46 4.43 0.69 10.20 5.26 1.57 
463 9.77 16.80 1.95 8.17 1.43 1.47 1.80 0.23 1.94 0.42 1.23 0.22 1.60 0.25 1.24 0.01 2.89 0.23 0.04 
825 16.62 31 .42 3.36 12.45 2.22 2.16 1.37 0.16 1.14 0.21 0.57 0.09 0.51 0.09 3.89 0.10 7.57 1.08 0.17 

1056 24.07 45.13 5.06 17.73 3.01 2.13 2.56 0.33 1.82 0.36 1.07 0.18 1.00 0.17 5.83 0.34 9.87 2.77 0.37 
1152 26.37 48.78 5.31 19.97 3.57 2.05 2.97 0.38 2.50 0.47 1.40 0.25 1.51 0.24 6.58 0.37 11 .14 3.13 0.44 
1429 24.00 46.40 5.07 19.76 2.99 2.00 2.45 0.34 2.22 0.45 1.25 0.19 1.10 0.19 4.98 0.32 10.04 2.61 0.36 
1069 18.56 35.90 3.94 14.40 2.31 2.20 1.84 0.23 1.59 0.27 0.74 0.12 0.81 0.14 4.80 0.33 9.45 2.15 0.34 
1307 11 .97 17.28 1.76 7.35 0.97 1.62 0.78 0.09 0.55 0.15 0.33 0.05 0.22 0.06 2.38 0.11 21 .02 0.44 0.13 

d 1160 15.05 28.39 3.09 10.53 1.94 1.88 1.41 0.22 1.38 0.29 0.90 0.13 0.99 0.13 7.87 0.43 11.13 2.80 0.53 
I 1231 22.91 44.12 4.84 18.58 3.21 1.84 2.44 0.32 2.11 0.39 1.17 0.17 1.21 0.19 4.84 0.31 10.67 2.36 0.35 ....... 1086 15.84 31 .52 3.14 12.18 2.01 2.01 1.13 0.23 1.16 0.26 0.71 0.12 0.70 0.14 6.17 0.31 10.79 1.84 0.30 0 

1360 35.81 71 .80 7.94 30.36 4.97 1.96 4.09 0.56 3.89 0.71 2.12 0.31 2.04 0.30 7.87 0.46 12.72 4.12 0.55 



Table 03 continued 
Si02 Ti02 Al203 
60.95 0.39 24.00 
59.15 0.35 23.63 
59.81 0.70 23.94 
61 .58 0.43 23.61 
61 .01 1.14 22.28 
57.98 0.50 19.07 
57.29 0.21 26.25 
62.98 0.86 21.45 
55.23 1.35 23.14 
57.65 0.50 22.06 

South Shore CM071 
60.15 0.64 23.22 
60.06 0.38 25.06 
61.10 0.64 22.61 
56.59 1.48 23.71 
61 .63 0.85 23.09 
58.08 0.13 26.03 
64. ~ 8 0.15 21 .90 
63.71 0.48 23.06 
58.38 0.87 23.66 
60.45 0.25 24.45 
58.72 0.06 25.79 
59.39 0.73 23.76 
63.59 0.40 23.12 
58.15 0.67 24.70 

South Shore CM067 
62.29 0.84 17.70 
65.32 0.73 19.66 
57.32 0.72 21 .90 
60.53 0.50 19.83 
58.66 0.68 20.97 
59.16 0.90 19.56 
58.60 0.19 22.98 
56.40 1.35 19.10 
57.02 0.23 24.61 
59.90 2.33 15.61 
61 .40 0.27 22.36 
56.06 0.23 20.41 
65.12 0.47 21.16 
58.75 0.36 19.96 

FeOT 
2.16 
2.97 
3.13 
1.76 
2.73 
8.18 
1.55 
2.67 
5.73 
6.09 

2.58 
1.21 
3.22 
3.81 
2.13 
0.99 
1.78 
1.48 
3.06 
1.42 
0.56 
3.06 
1.69 
2.46 

6.41 
2.86 
5.34 
5.34 
5.59 
6.73 
3.31 
8.89 
2.93 

10.59 
2.13 
6.81 
1.69 
6.08 

MnO 
0.01 
0.03 
0.02 
0.02 
0.04 
0.13 
0.02 
0.03 
0.09 
0.09 

0.04 
0.01 
0.03 
0.04 
0.03 
0.01 
0.02 
0.02 
0.04 
0.02 
0.01 
0.04 
0.02 
0.03 

0.09 
0.04 
0.08 
0.08 
0.09 
0.11 
0.05 
0.14 
0.05 
0.17 
0.03 
0.12 
0.02 
0.10 

MgO 
0.34 
0.55 
0.51 
0.21 
0.31 
2.61 
0.27 
0.39 
1.11 
1.69 

0.28 
0.19 
0.45 
0.54 
0.28 
0.09 
0.42 
0.19 
0.37 
0.35 
0.10 
0.57 
0.19 
0.23 

1.72 
0.42 
1.76 
1.94 
1.85 
1.93 
1.15 
2.39 
0.99 
2.53 
0.63 
3.10 
0.14 
2.28 

CaO Na20 P205 Toal 
7.38 4.21 0.27 99.73 
8.34 4 .54 0.19 99.75 
7.78 3.62 0.23 99.74 
7.83 4 .08 
7.69 4.13 
7.50 3.52 
9.71 4 .46 
6.68 4 .17 
8.87 4 .14 
8.43 3.15 

7.77 
8.28 
6.90 
8.38 
7.00 
9.21 
6.73 
6.38 
7.97 
8.30 
8.06 
7.66 
6.05 
8.06 

5.76 
5.75 
8.33 
7.27 
7.38 
6.76 
8.92 
7.50 
9.87 
4.10 
7.06 
9.06 
6.21 
7.77 

4.92 
4 .47 
4 .73 
5.07 
4 .58 
5.16 
4.52 
4.29 
5.25 
4 .38 
6 .53 
4 .38 
4 .61 
5.34 

4 .40 
4.64 
4.18 
3.97 
4 .41 
4 .39 
4.51 
3.81 
4.02 
4.22 
5.76 
3.92 
4.78 
4.40 

0.24 99.75 
0.36 99.68 
0.24 99.73 
0.04 99.78 
0.47 99.68 
0.09 99.75 
0.10 99.76 

0.18 99.78 
0.17 99.83 
0.13 99.80 
0.17 99.79 
0.18 99.79 
0.09 99.81 
0.07 99.76 
0.16 99.78 
0.16 99.77 
0.20 99.82 
0.06 99.89 
0.18 99.77 
0.11 99.77 
0.18 99.82 

0.48 99.69 
0.33 99.74 
0.14 99.79 
0.29 99.76 
0.13 99.75 
0.20 99.75 
0.09 99.81 
0.15 99.74 
0.08 99.81 
0.22 99.66 
0.14 99.77 
0.06 99.77 
0.20 99.79 
0.08 99.78 

Sc 
7.2 
7.2 
8.0 
5.0 
9.6 

18.2 
2.1 
8.2 
8.1 

11 .1 

5.9 
1.7 
5.8 
6.4 
4.2 
1.3 
3.5 
6.7 
7.8 
4.6 
0.6 
7.8 
5.7 
3.7 

14.4 
9.5 

10.1 
13.4 
10.4 
12.2 
7.7 

15.1 
6.0 

18.3 
6.4 

18.6 
3.9 

15.1 

v 
5.7 

10.6 
17.7 
6.1 

14.0 
40.8 

7.2 
13.3 
98.1 
45.6 

56.1 
16.9 
57.7 

101 .0 
49.2 
6.4 
4.8 

15.8 
86.2 

9.2 
2.1 

19.9 
15.1 
54.0 

28.8 
7.6 

51.7 
26.8 
73.7 
69.9 
18.8 

109.6 
16.9 

178.7 
9.7 

43.6 
7.3 

37.7 

Cr 
10.2 
11.6 
9.3 
6.2 
4.2 

22.8 
5.3 
0.9 

24.3 
30.5 

52.4 
9.1 

33.2 
49.3 
37.3 

3.5 
1.4 
0.0 

104.9 
3.8 
0.1 
2.2 
0.0 

22.7 

3.5 
0.0 

14.7 
9.0 
8.5 

20.4 
2.6 

16.6 
0.2 

20.2 
0.8 
3.2 
1.8 

17.9 

Co 
2.4 
5.4 
5.0 
1.7 
2.2 

16.9 
3.0 
2.2 

11.2 
13.2 

Ni 
0.0 
0.0 

26.1 
0.0 
2.1 

35.3 
49.6 

0.0 
0.0 

16.8 

16.0 0.0 
4.0 101.2 
9.5 0.0 
9.7 35.3 
9.5 0.0 
4.5 40.0 
4.2 514.1 

13.8 97.9 
17.9 0.0 

7.0 83.2 
3.0 0.0 

17.8 0.0 
8.9 52.8 
6.0 0.0 

14.3 0.0 
3.7 5.7 

12.8 22.1 
13.2 14.3 
14.0 20.3 
15.1 16.7 

8.4 11 .2 
20.4 19.8 

7.8 0.0 
26.7 36.1 

3.8 21.6 
20.4 28.3 

1.8 0.0 
14.9 17.9 

Cu 
46.3 
32.0 
97.1 
19.0 
34.2 
21 .9 
17.8 
33.1 
16.5 
8.4 

14.2 
3.5 
5.4 

13.3 
6.1 
4.6 
1.2 

12.0 
20.2 

5.4 
3.8 

49.6 
10.3 
4.9 

58.7 
22.1 

5.8 
13.0 

8.2 
10.2 

5.4 
11.1 

8.0 
20.1 
11 .1 
6.5 

12.2 
5.4 

Zn 
53.0 
72.3 
75.8 
22.6 
31 .2 

118.2 
14.4 
25.5 

154.0 
100.8 

197.5 
20.8 
52.4 
81 .6 
25.1 
14.1 
23.8 
21 .1 
92.1 
33.0 
35.3 

192.7 
34.3 
34.0 

89.2 
46.1 
68.1 
69.1 
80.7 
92.5 
32.8 

140.6 
39.7 

165.8 
33.2 
85.3 
24.2 
71 .4 

Rb 
42.7 
32.5 
36.3 
37.1 
27.3 
32.5 
10.2 
37.5 
13.4 
38.5 

Sr 
609.7 
656.1 
600.5 
622.1 
594.8 
490.8 
817.4 
507.6 
716.6 
651.6 

24.2 634.3 
17.7 648.0 
21 .6 586.2 
18.4 702.1 
33.9 597.1 

8.3 720.0 
42.7 540.7 
49.4 541 .4 
32.4 623.8 
27.6 620.9 

9.7 633.4 
23.2 589.2 
48.9 566.9 
17.2 630.5 

47.7 362.5 
78.9 410.7 
14.9 605.6 
42.0 529.5 
30.2 537.6 
33.1 474.5 
10.7 639.1 
32.1 498.4 
17.3 737.2 
68.0 297.3 
20.4 600.3 

5.0 634.7 
33.7 499.5 
13.6 564.2 

y 

18.3 
16.1 
20.9 
16.6 
41 .8 
19.4 

1.7 
39.8 
6.1 
6.7 

Zr 
324.8 
250.6 
178.2 
308.0 
483.2 
181 .6 
15.8 

368.7 
68.0 

109.6 

12.8 54.5 
10.2 72.8 
10.8 81 .0 

9.8 73.3 
12.9 169.1 
10.5 24.0 
6.7 178.4 

20.4 195.2 
19.4 81 .0 
15.0 129.4 

3.6 17.9 
23.0 64.8 
17.1 133.9 
12.4 65.5 

43.0 319.4 
37.4 491.4 
10.6 134.5 
26.2 240.4 
13.9 165.4 
16.8 187.4 

7.4 58.5 
15.6 157.0 

7.6 90.0 
25.7 377.5 
12.3 169.3 

9.2 27.1 
17.5 232.2 
10.4 67.5 

Nb 
11.03 
6.65 
9.71 
9.96 

21 .47 
6.27 
1.35 

21 .09 
7.34 
4 .38 

6.5 
6.1 
5.3 

10.2 
10.0 

2.2 
2.3 
9.5 
8.5 
4.2 
1.2 
9.2 
9.1 
5.0 

13.8 
18.6 
6.1 
8.4 
5.3 
8 .6 
2.3 
8.5 
3.1 

18.2 
5.8 
1.3 
9.6 
2.5 
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Table 03 continued 
Ba La Ce 

1173 37.01 76.58 
963 32.73 68. 15 
960 48.61 102.87 

1055 
1203 
738 

1050 
1397 
711 
746 

33.81 
91.46 
33.75 

9.84 
84.75 
19.08 
16.34 

68.99 
196.44 
74.28 
16.98 

185.59 
38.58 
32.75 

South Shore CM071 
797 23.7 44.1 
517 32.4 60.6 
641 33.7 64.6 
510 29.0 54.0 
841 29.6 57.3 
827 35.4 63.0 
837 18.4 31 .1 
905 42.1 82.3 
691 37.8 81 .7 
528 32.6 64.9 
293 23.5 33.8 
739 55.9 114.6 

1069 34.5 69.5 
567 36.0 68.3 

South S ho re CM067 
1041 84.1 182.0 
803 74.3 161 .5 
599 17.5 34.1 
703 44.1 94.2 
816 29.7 65.0 
801 31 .0 63.4 
694 15.3 30.3 
615 27.7 57.4 
642 17.9 36.9 
868 48.6 101 .4 

1026 27.1 68.1 
675 14.5 30.3 
886 40.6 87.8 
686 13.3 28.5 

Pr Nd 
8.95 32.21 
7.40 32.26 

11 .37 43.80 
7.76 29.65 

23.34 89.58 
8.60 35.86 
1.67 6.90 

20.78 86.36 
4.09 16.08 
3.48 14.33 

5.04 
7.03 
6.75 
5.58 
6.34 
6.94 
2.99 
9.53 
8.86 
7.14 
2.92 

14.36 
7.43 
8.00 

21 .7 
11\.5 
3.9 

10.3 
7.4 
7.3 
3.6 
6.3 
4.1 

12.5 
5.7 
3.2 
9.9 
3.2 

20.1 
26.1 
25.9 
21 .0 
22.8 
24.8 
10.8 
36.8 
35.4 
28.4 
10.3 
53.0 
27.1 
28.8 

92.0 
71 .7 
14.5 
42.1 
28.3 
26.5 
12.6 
26.3 
15.4 
44.9 
21 .9 
13.4 
37.3 
12.9 

Sm 
5.95 
4.78 
6.90 
4.48 

14.88 
6.09 
0.81 

13.01 
2.76 
2.10 

3.86 
3.90 
3.82 
3.50 
4.90 
3.71 
2.14 
6.08 
6.97 
4.58 
0.73 
8.78 
5.63 
4.27 

15.70 
11 .60 

2.97 
7.56 
4.22 
4.55 
2.16 
4.99 
3.18 
9.07 
4.95 
2.42 
6.23 
2.71 

Eu 
2.57 
2.26 
2.19 
2.07 
2.78 
2.24 
2.22 
1.96 
2.13 
1.60 

Gd 
4.65 
4.33 
4.36 
3.63 

10.16 
5.88 
0.72 

11.66 
1.64 
1.68 

2.10 3.37 
1.27 1.75 
1.15 3.89 
1.29 2.04 
1.57 2.50 
2.42 2.30 
1.47 1.03 
1.90 4.28 
1.74 4.96 
1.36 4.07 
2.64 1.15 
1.53 8.93 
1.61 3.98 
1.47 3.19 

1.55 13.34 
1.75 9.28 
1.68 2.02 
1.56 4.79 
1.71 3.75 
1.38 3.88 
1.51 1.85 
1.39 3.36 
1.69 1.66 
1.80 5.93 
2.28 3.37 
1.49 2.05 
1.71 4.82 
1.38 2.06 

Tb 
0.58 
0.48 
0.79 
0.51 
1.70 
0.71 
0.08 
1.23 
0.16 
0.21 

0.52 
0.41 
0.38 
0.35 
0.31 
0.33 
0.19 
0.66 
0.52 
0.45 
0.09 
0.78 
0.36 
0.51 

1.62 
1.16 
0.26 
0.79 
0.47 
0.62 
0.20 
0.55 
0.30 
0.84 
0.31 
0.30 
0.51 
0.27 

Dy 
3.40 
2.71 
5.48 
3.34 
8.94 
3.39 
0.44 
7.68 
1.57 
1.44 

2.45 
2.18 
1.81 
1.53 
2.50 
1.74 
1.26 
4.04 
4.31 
2.93 
1.01 
4.47 
3.62 
2.78 

9.76 
7.83 
1.92 
4.58 
3.37 
3.08 
1.62 
3.19 
1.40 
5.11 
2.34 
2.18 
3.50 
1.88 

Ho 
0.74 
0.63 
0.92 
0.63 
1.54 
0.82 
0.07 
1.69 
0.25 
0.28 

0.50 
0.42 
0.55 
0.22 
0.53 
0.39 
0.32 
0.93 
0.66 
0.45 
0.23 
0.64 
0.62 
0.48 

1.60 
1.37 
0.33 
0.96 
0.48 
0.64 
0.26 
0.67 
0.28 
0.96 
0.56 
0.29 
0.65 
0.41 

Er 
2.12 
1.69 
1.92 
1.83 
4.60 
2.53 
0.12 
4.07 
0.72 
0.79 

1.37 
1.05 
1.17 
1.20 
0.94 
0.84 
1.01 
2.22 
1.63 
1.46 
0.21 
2.37 
2.16 
1.61 

4.07 
3.82 
1.39 
2.70 
1.83 
1.59 
0.70 
1.60 
0.83 
2.54 
1.31 
1.21 
1.76 
1.07 

Tm 
0.28 
0.25 
0.32 
0.30 
0.60 
0.29 
0.01 
0.65 
0.1 1 
0.16 

0.19 
0.23 
0.12 
0.07 
0.10 
0.10 
0.15 
0.40 
0.23 
0.20 
0.00 
0.37 
0.43 
0.16 

0.72 
0.55 
0.13 
0.51 
0.22 
0.21 
0.09 
0.27 
0.15 
0.32 
0.23 
0.18 
0.25 
0.14 

Yb 
2.18 
1.55 
2.01 
1.75 
3.86 
1.71 
0.23 
3.26 
0.70 
0.84 

1.25 
0.89 
0.82 
1.05 
0.87 
1.00 
1.30 
2.74 
1.73 
1.20 
0.19 
2.52 
1.74 
1.57 

4 .39 
3.46 
1.49 
2.36 
1.67 
1.78 
0.55 
1.89 
1.10 
3.28 
0.99 
1.07 
1.78 
1.15 

Lu 
0.30 
0.22 
0.28 
0.27 
0.51 
0.27 
0.04 
0.60 
0.12 
0.08 

0.23 
0.23 
0.13 
0.13 
0.14 
0.09 
0.13 
0.21 
0.15 
0.20 
0.10 
0.22 
0.41 
0.16 

0.57 
0.51 
0.14 
0.37 
0.20 
0.27 
0.12 
0.26 
0.08 
0.39 
0.20 
0.19 
0.24 
0.21 

Hf 
7.87 
7.33 
3.84 
7.17 

11.71 
3.94 
0.43 
7.09 
1.73 
2.20 

1.60 
1.75 
1.67 
2.02 
4.16 
0.58 
4.83 
4.63 
1.85 
2.90 
0.25 
1.62 
2.24 
1.41 

7.23 
11 .27 
3.18 
5.75 
3.65 
4.05 
1.11 
3.73 
2.07 
9.52 
4 .03 
0.50 
5.16 
1.52 

Ta 
0.52 
0.31 
0.39 
0.40 
1.09 
0.33 
0.02 
0.74 
0.26 
0.20 

Pb 
10.80 
8 .77 

11 .00 
9.18 

10.15 
9.05 
4.65 

12.38 
6.39 
6.88 

0.40 9.09 
0.20 6.94 
0.28 8 .23 
0.63 5.95 
0.48 8 .23 
0.17 9.44 
0.23 10.34 
0.49 12.33 
0.32 8 .17 
0.18 6.95 
0.00 13.97 
0.35 8.96 
0.43 10.70 
0.21 7.28 

0.60 17.87 
0.86 17.74 
0.17 5.77 
0.37 10.33 
0.30 7.98 
0.34 9.62 
0.08 5.89 
0.35 8 .50 
0.22 6.53 
0.64 13.31 
0.34 8.79 
0.06 3.82 
0.45 12.30 
0.13 5.65 

Th 
4.37 
3.06 
3.50 
3.95 
7.22 
2.89 
0.26 
8.48 
1.38 
1.47 

1.93 
2.82 
2.89 
2.16 
5.24 
1.80 
4.23 
6.17 
3.62 
3.32 
0.90 
2.79 
4.72 
3.16 

6.52 
8 .81 
1.22 
3.70 
2.39 
3.48 
1.16 
2.36 
1.58 
5.86 
2.60 
0.49 
3.79 
1.08 

u 
0.51 
0.40 
0.44 
0.39 
0.72 
0.31 
0.03 
0.82 
0.15 
0.19 

0.34 
0.27 
0.30 
0.30 
0.54 
0.29 
0.63 
0.93 
0.62 
0.36 
0.17 
0.40 
0.69 
0.22 

0.94 
1.03 
0.18 
0.45 
0.80 
0.33 
0.14 
0.26 
0.26 
0.65 
0.39 
0.08 
0.51 
0.15 



Table D3 continued 
Si02 Ti02 Al203 FeOT MnO MgO CaO Na20 P205 Total 

Discovery Hill CM042 
53.08 1.81 16.95 
66.43 0.23 21 .82 
61.40 1.09 21 .11 
61.71 0.56 18.92 
59.24 0.30 23.41 
63.75 0.25 22.96 
66.41 0.09 20.29 
63.16 0.09 22.96 
52.98 0.55 12.84 
60.88 0.07 24.91 
56.66 0.68 17.12 
64.99 0.09 22.6J 
64.19 1.83 16.70 

Discovery Hill CM035 
72.55 0.35 17.35 
67.12 0.24 20.05 
62.17 0.15 23.03 
54.68 0.24 14.55 
57.83 0.07 25.82 
67.40 0.19 20.17 
63.11 0.19 22.57 
60.37 0.31 23.96 
66.81 0.25 20.61 
65.28 0.26 20.41 
64.54 0.08 21 .65 
71 .59 0.77 15.09 

North Shore CM055 
57.09 0.80 21 .33 
56.36 0.92 20.22 
57.43 0.89 21 .49 
56.69 1.03 20.66 
58.03 1.09 20.40 
58.93 1.14 17.60 
60.94 0.74 17.27 
64.24 0.81 17.60 
57.87 1.07 20.42 
60.08 0.80 20.46 
58.63 0.86 19.96 
57.81 0.90 19.54 
59.66 0.89 20.09 
61.15 0.81 19.47 

14.69 
0.89 
4 .65 
6.10 
3.54 
1.46 
1.37 
1.37 

17.62 
1.09 

10.33 
0.86 
8.50 

1.90 
1.78 
1.72 

15.20 
0.97 
2.05 
1.47 
1.74 
1.56 
2.61 
1.51 
4 .02 

6 .09 
7.65 
5 .77 
7.35 
7.03 
9.10 
8 .14 
6 .07 
6 .81 
5 .58 
6.95 
7.60 
5 .87 
5.72 

0.19 
0.01 
0.04 
0.10 
0.03 
0.01 
0.01 
0.01 
0.31 
0.01 
0.17 
0.00 
0.12 

0.01 
0.01 
0.01 
0.26 
0.00 
0.01 
0.01 
0.01 
0.01 
0.02 
0.01 
0.04 

0.11 
0.13 
0.10 
0.13 
0.12 
0.16 
0.15 
0.11 
0.11 
0.10 
0.12 
0.14 
0.10 
0.10 

2.08 
0.10 
0.55 
1.80 
0.87 
0.32 
0.36 
0.36 
5.73 
0.27 
3.31 
0.21 
1.03 

0.08 
0.08 
0.07 
4 .90 
0.05 
0.12 
0.07 
0.10 
0.11 
0.23 
0.21 
0.20 

1.87 
2.20 
1.59 
2.01 
1.55 
2.38 
2.58 
1.59 
1.55 
1.41 
1.78 
2.09 
1.35 
1.40 

6.81 
5.81 
6.13 
6.65 
8.28 
5.80 
6.70 
6.75 
7.42 
7.83 
7.33 
5.75 
3.86 

3.18 
5.10 
7.61 
6.92 

10.34 
4.84 
7.28 
8.52 
5.49 
6.83 
6.56 
3.95 

3.57 
4.28 
4.59 
3.61 
3.64 
5.18 
4.01 
4.83 
1.95 
4.72 
3.77 
4.81 
3.43 

4.26 
5.29 
4.96 
2.95 
4.71 
4.92 
5.06 
4.76 
4 .86 
4 .07 
5.16 
3.67 

8.35 3.97 
7.90 4.18 
8 .12 4 .21 
7.89 3.81 
7.66 3.69 
6.78 3.40 
6.48 3.25 
5.85 3.33 
7.90 3.82 
7.43 3.75 
7.72 3.57 
7.90 3.61 
7.68 3.96 
7.30 3.66 

0.43 99.61 
0.15 99.72 
0.14 99.69 
0.20 99.63 
0.38 99.67 
0.06 99.78 
0.52 99.76 
0.26 99.78 
0.27 99.67 
0.03 99.81 
0.32 99.70 
0.37 99.69 
0.02 99.69 

0.04 
0.02 
0.07 
0.02 
0.05 
0.02 
0.02 
0.03 
0.02 
0.08 
0.01 
0.33 

99.72 
99.69 
99.78 
99.72 
99.84 
99.72 
99.79 
99.80 
99.73 
99.79 
99.74 
99.66 

0.12 99.73 
0.14 99.72 
0.13 99.73 
0.14 99.72 
0.14 99.71 
0.19 99.68 
0.13 99.68 
0.10 99.68 
0.15 99.70 
0.11 99.72 
0.10 99.69 
0.12 99.70 
0.12 99.72 
0.11 99.72 

Sc 

30.2 
3.5 
7.4 

19.8 
12.1 
0.9 
2.3 
0.7 

46.2 
1.0 

23.0 
1.3 

19.7 

5 .2 
3.5 
1.3 

34.9 
0.5 
2.1 
1.2 
1.4 
2.1 
4.0 
2 .5 

13.1 

12.8 
15.6 
11.4 
14.8 
16.1 
23.4 
23.1 
15.8 
13.9 
11 .5 
16.4 
17.0 
11 .8 
13.2 

v 

196.9 
1.3 

16.6 
24.6 

3 .8 
3.4 
2.1 
3.1 

64.8 
1.5 

31 .2 
1.0 

23.6 

1.0 
1.1 
1.5 

29.9 
2.1 
1.1 
1.0 
2.1 
0.9 
1.8 
1.3 
2.3 

51 .8 
69.4 
60.7 
77.5 
73.3 
81 .1 
44.5 
41 .8 
63.6 
51 .7 
54.6 
62.0 
54.2 
46.4 

Cr 

27.6 
0.0 
0.0 
4.5 
0.0 
3.7 
2.1 
2.0 

15.1 
0.6 
6 .7 
0.0 

12.3 

1.6 
1.6 
1.2 
2.2 
0.0 
0.0 
0.0 
6 .6 
0.3 
5.3 
0.0 
1.3 

43.6 
29.3 
31 .4 
38.2 
42.2 
44.1 
19.6 
20.9 
34.1 
25.3 
28.7 
30.5 
30.8 
21 .4 

Co 

23.6 
0.7 
7.4 

10.0 
4.8 
2.8 
2.0 
2.7 

34.3 
1.9 

22.2 
1.0 

12.9 

0.7 
0.8 
0.4 

29.8 
0.2 
0.9 
0.6 
1.0 
0.7 
2.0 
1.6 
3.1 

14.1 
19.1 
13.3 
17.8 
15.1 
19.9 
18.8 
12.7 
15.2 
12.5 
15.1 
17.0 
12.4 
11.9 

Ni 

0.0 
0.0 
0.0 

49.6 
0.0 
0.0 
0.0 
0.0 

22.2 
1.7 

24.6 
0.0 
9.1 

0.0 
0.0 
0.4 

13.2 
14.7 

7.8 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 

15.7 
24.8 
24.5 
26.2 
16.0 
24.4 
44.0 
28.4 
20.6 
19.4 
29.5 
32.2 
19.4 
19.2 

Cu 

15.8 
9.0 

19.7 
17.2 
35.3 
12.0 
9.1 

10.6 
15.1 
10.3 
11 .2 

9.3 
7.0 

8.3 
6.0 
4.6 
3.7 
3.3 
6.5 
4.2 
6.0 
6.1 
9.2 

13.8 
10.0 

Zn 

261 .2 
16.6 
93.4 
69.2 
50.2 
20.2 
16.7 
24.0 

221 .1 
20.1 

143.4 
11 .4 

154.5 

16.8 
21 .8 
18.9 

157.0 
18.0 
16.9 
22.3 
29.0 
20.4 
32.8 
28.8 
66.5 

8.6 89.5 
4.1 123.8 
3.3 85.7 
1.8 107.9 
4.4 98.3 
6.0 129.5 
5.6 123.9 
4.8 93.4 
5.3 105.6 
4.5 90.9 
5.6 115.1 
5.3 122.6 
3.9 98.4 
4.7 91 .5 

Rb Sr 

19.2 402.8 
66.6 533.5 
51 .0 496.7 
64.2 461 .8 
41 .1 614.0 
67.9 522.3 
50.1 491 .5 
54.8 543.8 
13.3 285.2 
58.6 579.2 
36.8 457.3 
99.2 620.0 
66.0 397.6 

54.7 
40.6 
43.8 

5.6 
3.2 

75.4 
22.7 

8.7 
76.4 
53.3 
39.7 
68.8 

342.3 
520.4 
576.9 
458.3 
810.0 
488.0 
576.5 
708.7 
498.4 
481 .3 
519.3 
312.4 

5.6 614.0 
10.0 575.1 
9.0 612.1 

11 .1 571 .7 
18.8 547.1 
26.8 474.9 
31 .6 463.6 
51.4 447.5 
13.4 594.2 
20.6 567.7 
16.1 586.9 
12.9 575.5 
20.5 570.5 
26.7 533.3 

y Zr 

59.0 52.6 
20.2 408.3 
23.8 366.0 
30.7 1358.5 
59.7 646.7 

3.8 16.9 
34.1 53.8 
18.9 8 .5 
54.0 252.8 

2.3 15.6 
28.4 229.6 
26.2 17.3 
12.3 181 .5 

21 .2 470.6 
14.2 342.8 

7.3 168.2 
18.6 12.8 

1.1 5.7 
7.7 216 .3 
7.3 159.8 
4.0 61 .7 

10.8 305.7 
15.6 300.9 

2.6 332.7 
47.1 986.2 

14.9 56.2 
20.7 100.6 
16.8 119.0 
21 .1 126.3 
24.6 157.5 
31 .7 170.5 
29.3 295.4 
29.7 293.3 
21.4 128.3 
15.6 139.8 
21 .9 134.9 
20.2 109.6 
18.8 166.6 
20.6 202.1 

Nb 

7.3 
10.8 
13.8 
15.1 
18 .7 
3.4 
1.0 
0.3 
5 .0 
0.3 
6 .3 
0.3 

20.5 

12.4 
8.4 
4.5 
0.2 
0.1 
5.8 
5 .6 
5.8 
9 .7 
9 .7 
2.9 

31 .6 

7.2 
6.1 
7.6 
6 .9 

11 .1 
11 .5 
10.9 
13.9 

9 .2 
7.1 
8.6 
7 .7 
9 .2 

10.0 



Table D3 continued 
Ba La Ce 

Discovery Hill CM042 
750 129.6 287.6 

1479 34.0 72.2 
1248 61 .0 113.6 

785 40.1 91 .7 
827 143.1 298.1 

1279 20.4 36.3 
1212 84.2 181.4 
1155 53.4 107.7 

307 56.3 129.3 
1031 17.5 25.3 

783 48.9 105.5 
1930 70.5 147.3 
1342 13.8 21 .7 

Discovery Hill CM035 
1497 42.5 86.1 
1806 28.4 53.6 
1065 23.3 46.3 

591 9.5 17.8 
621 10.7 19.1 

1682 24.2 40.8 
1085 24.4 44.0 
944 15.5 28.7 

1458 39.4 68.1 
736 33.6 64.1 

1389 20.2 27.7 
1065 77.5 178.7 

North Shore CM055 
1050 26.6 54.6 

965 30.1 64.0 
1057 29.6 61 .3 

916 31 .0 67.6 
1038 35.6 76.2 
1088 38.5 85.6 
1178 34.0 74.8 
1341 41 .6 91 .2 
1153 34.8 76.5 
1169 30.6 62.9 
1197 33.6 69.1 
1083 31 .6 69.2 
1096 35.5 77.3 
1107 35.4 77.3 

Pr Nd Sm 

33.2 124.1 19.78 
8.7 34.2 5.82 

12.3 47.4 8.06 
11 .6 42.8 7.84 
32.4 115.2 20.26 

3.6 10.6 1.29 
21 .3 80.0 12.67 
12.0 44.6 7.04 
15.2 68.6 12.99 
2.4 8.4 0.98 

12.0 49.8 8.66 
15.6 62.9 10.14 
2.2 8.2 2.30 

9.3 32.2 5.56 
5.9 20.5 3.65 
4.7 17.5 2.54 
2.1 9.1 2.33 
1.9 6.7 0.84 
4.0 13.8 2.19 
4.7 16.3 2.90 
3.1 11.4 1.55 
8.0 27.0 4.31 
8.0 28.7 5.49 
3.0 9.7 1.14 

22.1 84.6 14.89 

6.4 27.0 4.33 
7.7 32.4 5.85 
7.0 29.7 5.41 
8.2 34.7 6.32 
9.2 39.1 6.91 

10.8 47.5 8.47 
9.1 38.6 6. 76 

10.9 42.6 8.15 
9.1 39.9 6.65 
7.2 29.0 5.15 
8.2 34.4 6.28 
8.1 33.2 5.70 
8.7 36.3 6.08 
9.0 36.4 5.66 

Eu Gd 

2.53 15.67 
2.64 3.90 
2.31 6 .51 
2.37 5.83 
2.45 14.63 
2.13 1.36 
2.62 9.91 
2.54 4.18 
1.76 13.11 
2.46 0.81 
2.16 6.76 
3.43 7.91 
1.70 1.83 

2.29 4.45 
3.00 2.74 
2.92 1.62 
1.96 2.66 
2.81 0.48 
2.68 1.34 
2.94 1.57 
2.74 1.11 
2.54 2.63 
2.53 3.31 
2.55 0.64 
2.01 10.82 

2.14 3.66 
2.23 4 .53 
2 .34 4.05 
1.87 5.23 
2.24 5.87 
2.24 8.19 
2.05 5.98 
2.05 5.88 
2.54 5.22 
2.40 4.00 
2.66 4.90 
2.44 4.71 
2.45 4 .50 
2.29 4.38 

Tb Dy 

2.10 12.67 
0.68 4.19 
0.76 5.40 
0.91 6.45 
1.55 13.15 
0.08 0.64 
1.10 6.68 
0.62 3.82 
1.46 10.94 
0.09 0.54 
0.81 5.67 
1.02 4.71 
0.37 1.84 

0.58 4.02 
0.41 2.58 
0.27 1.31 
0.46 3.31 
0.06 0.30 
0.21 1.58 
0.23 1.54 
0.15 0.90 
0.36 2.31 
0.50 3.25 
0.08 0.57 
1.66 9.71 

Ho 

2.19 
0.78 
0.99 
1.07 
1.72 
0.11 
1.56 
0.61 
2.22 
0.05 
1.08 
0.99 
0.50 

0.91 
0.53 
0.25 
0.76 
0.07 
0.29 
0.31 
0.14 
0.45 
0.63 
0.12 
1.97 

0.45 
0.66 
0.51 
0.74 
0.81 
1.07 
0.90 
0.89 
0.69 
0.54 
0.69 
0.67 
0.65 
0.69 

3.06 0.60 
4.40 0.74 
3.43 0.70 
4.22 0.88 
5.03 0.98 
6.95 1.34 
5.77 1.16 
6.13 1.19 
4.52 0.75 
2.95 0.65 
4.23 0.86 
4.28 0.79 
4.13 0.85 
4.53 . 0.82 

Er 

5.50 
2.00 
3.41 
3.24 
6.28 
0.32 
3.39 
1.81 
7.12 
0.31 
2.69 
2.96 
1.65 

2.53 
1.48 
0.89 
2.23 
0.09 
1.06 
0 .77 
0.41 
1.29 
1.62 
0.50 
5.52 

1.66 
2.09 
1.68 
2.20 
2.49 
3.40 
3.14 
3.23 
2.25 
1.53 
2.46 
2.33 
1.89 
2.43 

Tm 

0.93 
0.30 
0.35 
0.53 
1.05 
0.02 
0.42 
0.27 
0.80 
0.07 
0.47 
0.29 
0.45 

0.38 
0.23 
0.11 
0.37 
0.02 
0.14 
0.11 
0.05 
0.19 
0.25 
0.03 
0.79 

0.23 
0.30 
0.24 
0.31 
0.37 
0.47 
0.47 
0.51 
0.32 
0.20 
0.35 
0.33 
0.31 
0.34 

Yb 

6.49 
2.24 
2.08 
3.56 
5.99 
0.28 
2.29 
0.97 
7.67 
0.38 
2.85 
2.05 
2.02 

2.42 
1.74 
0.83 
3.03 
0.16 
0.90 
0.84 
0.54 
1.12 
2 .04 
0.34 
5.31 

1.58 
2.01 
1.67 
1.79 
2.68 
3.07 
3.25 
3.12 
1.93 
1.29 
2.48 
2.18 
2.02 
2.07 

Lu Hf 

0.64 1.05 
0.38 9.48 
0.49 9.07 
0.56 26.99 
0.90 11 .18 
0.09 0.39 
0.27 1.66 
0.20 0.55 
0.83 7.51 
0.06 0.81 
0.56 6.09 
0.20 0.71 
0.39 5.01 

0.28 10.08 
0.28 7.83 
0.10 3.81 
0.47 0.41 
0.03 0.08 
0.15 4.19 
0.11 3.38 
0.06 1.25 
0.18 6.49 
0.25 6.10 
0.05 6 .21 
0.76 21.13 

0.23 
0.27 
0.24 
0.27 
0.34 
0.54 
0.52 
0.49 
0.33 
0.26 
0.39 
0.27 
0.25 
0.34 

1.28 
2.15 
2.60 
2.69 
3.57 
3.78 
7.14 
6.51 
2.99 
3.40 
3.33 
2.49 
3.73 
4.59 

Ta Pb Th 

0.22 9.38 4 .34 
0.88 14.17 7.75 
0.58 13.97 5.30 
1.07 11 .84 7.09 
0.61 10.03 7.76 
0.13 14.97 0.50 
0.15 13.38 4.40 
0.00 15.10 3.67 
0.30 6.79 7.08 
0.05 15.47 0.57 
0.39 10.89 2.00 
0.01 17.60 4.13 
0.59 13.79 2.21 

0.54 18.71 5.99 
0.50 13.81 5.12 
0.25 12.63 2.47 
0.00 5.42 0.11 
0.00 5.41 0.13 
0.28 17.25 2.31 
0.24 13.11 2.34 
0.24 8.62 1.00 
0.55 17.70 4.74 
0.43 13.39 4.26 
0.22 16.56 1.87 
1.51 14 .16 14.37 

0.26 7.22 
0.23 7.14 
0.27 7.57 
0.30 7.29 
0.47 9.23 
0.43 9.09 
0.49 8.77 
0.66 11.47 
0.32 8.87 
0.30 9.09 
0.28 9.66 
0.31 8.85 
0.40 9.00 
0.44 9.77 

0.61 
1.27 
1.09 
1.57 
1.50 
1.53 
2.46 
3.16 
1.37 
2.29 
1.59 
1.73 
1.96 
2.20 

u 

0.25 
0.87 
0.45 
0.83 
0.76 
0.03 
0.36 
0.18 
0.49 
0.05 
0.16 
0.20 
0.21 

0.94 
0.62 
0.34 
0.02 
0.03 
0.64 
0.31 
0.15 
0.59 
0.72 
0.22 
1.61 

0.08 
0.12 
0.14 
0.13 
0.20 
0.21 
0.34 
0.41 
0.47 
0.18 
0.19 
0.19 
0.23 
0.24 
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Table D4. Glass compositions (wt%) in the impact melt matrix measured by EPMA (3 micron beam) 

Sample Name Unit Si02 Al203 FeO CaO Na20 K20 Total 
CM044 Discovery Hill 98.44 1.26 0.94 0.18 0.18 0.27 101.27 
CM044 Discovery Hill 96.80 1.42 2.18 0.27 0.24 0.23 101.15 
CM044 Discovery Hill 97.47 2.36 0.48 0.37 0.49 0.11 101.28 
CM039 Discovery Hill 76.55 13.39 0.72 3.54 3.60 1.69 99.49 
CM039 Discovery Hill 83.38 8.29 1.04 1.98 2.23 2.37 99.30 
CM039 Discovery Hill 62.50 22.83 0.64 5.45 5.43 4.23 101.08 
CM088 Cote Creek 57.26 23.02 3.20 8.63 3.94 1.05 97.10 
CM088 Cote Creek 58.23 23.81 0.98 9.17 5.07 1.17 98.43 
CM015 Cote Creek 76.90 13.01 1.93 2.89 2.72 1.96 99.41 
CM015 Cote Creek 75.59 15.81 0.34 0.60 3.01 8.54 103.90 
CM052 North Shore 81.40 11.28 1.17 0.63 3.17 4.34 101.99 
CM052 North Shore 81.51 10.76 1.58 0.50 2.78 4.58 101.72 
CM052 North Shore 82.09 10.38 1.05 0.44 2.08 5.78 101.83 
CM052 North Shore 68.16 16.82 0.33 1.41 8.05 1.75 96.52 
CM067 South Shore 57.13 26.95 0.56 10.08 5.36 0.79 100.87 
CM067 South Shore 61.95 23.51 0.47 6.08 7.49 1.24 100.75 
CM067 South Shore 64.54 20.83 0.60 2.80 7.54 3.68 100.00 
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Table 05. LA~CP-MS U.f'b isotopic analyses of zircons from target rocks at Mistastin Lal<e Crater 

Concentrations Measured tsotopic Ratios 
TMJ """"""" 

,_ ,_,., 1•- .... ,.,,.,.,_.. ........ 
Granodio<b, """"Eost ...... (CMOII3) 
ou22A12 2 80 81 1.02 3.0776 02403 02- 0.0109 028 0.0901 
OU22A13 5 76 86 1.13 3.1694 0.1027 02..0 0.0074 0 .... 7 0.0895 
ou22A16 8 • 9 .. 1.11 3.0716 0.1606 0.2519 0.0065 025 0.0907 
ou22A19 " 36 ,. o .... 3.Dim 0.1681 0.2A89 0.0083 0.31 0.0895 
ou22A20 12 .. 31 066 31l970 0.0744 0.2517 Olll>41 0.3< 0.0893 
ou22A29 17 63 ., 067 3.1356 0.1323 025&4 0.0067 0.31 0.0905 
ou22A33 ,. .. ., 078 30000 0.1648 02531 01lll90 029 00983 
~ 37 83 67 0.80 2.9637 0.1325 02ol52 0.0073 0.33 00895 
ou22A36 39 152 115 0.76 31150 0.1699 02 ... 0.0108 0.<00 0 .0889 
ou23AS8 ., 59 60 103 31239 0.1269 0.2410 0.0065 0.33 00912 
..a:ws ., ., 32 078 3.Q420 0.1019 02508 0.0056 033 0.0877 
..a3A70 .5 " 35 0.74 3.1579 0.1314 0.2513 0.0069 0.33 0.0891 
..a3A73 .. .. .., Q.93 3.1D.39 0.1261 0.2512 00057 028 0.0907 
..a3A7< • 9 .. .. 127 3.1554 0.0920 02'85 0.00.. 0.31 0.0892 
..a3A75 52 35 35 0.98 3.00.. 0.0721 0.2.475 0.11>41 0.35 00679 
..u:JA76 53 S7 .. 0.76 3053< 01>933 0.2.419 oooc 0.32 0.0882 
OUZ!A78 55 111 103 0.93 3.1236 0.1076 02<063 0.0066 0.39 0.0897 
..a3A79 56 55 50 090 3.0263 0.1208 02<30 0.0065 03< 0.0889 
..a3A80 59 .. 70 1.09 """"" 01206 02EO O.ll061 0.31 0.0890 
..a3A81 60 61 75 12• 30010 0.1232 02398 0.0076 0.39 0.0890 
..a3A83 62 61 50 0.82 31565 0.1953 02536 0009< D.30 0.0603 __.. .. 71 65 0.92 3.1 ... 0.1047 0~ 01>069 O.Cl 0.0908 
ou22A18 10 67 62 o ... 3.2612 0.21&1 02522 0.0123 0.38 0.0919 
..a3A82 62 ., 32 0.76 3.1314 0.1012 0..2511 0.0058 0.36 00882 
ou22A26 19 75 50 0.67 3 .1241 0.1838 0.2.c71 O.D110 038 0.091.4 
ou22A11 2 .. .. 0.93 31l395 0.1888 0.2412 0.0101 0"' O.C813 

Mor1hoslte. HotMshoe Island ICMOl21 
ou01a21 10 ...... 3.0515 0.1964 02598 01lll98 029 0.0901 
ou01a23 10 75-12 3.0737 0.1527 0259C 0.0070 027 0.0920 
ou01a25 1056-6 3 .0751 0.1952 02'82 0.0119 0.38 0.0894 

"""""' 10 J6..9 3.0873 0.1S40 02506 00086 0.35 0.0891 
ou01o30 10 JS-13 3.0791 0.1081 0.2490 01Xl62 0.35 0.0897 
ou01 ... 10 33-2 31092 0.1813 02500 O.ot13 0.39 0.0890 
ou01a35 10 31·1 32130 O.ll9S7 0.2511 0Jl061 o .. o ..... 
ou01&36 10 31-11 3.1 ... o21n 02503 00113 0.33 0.0919 
...01a37 10 JG.12 3.0603 0.1102 02507 oms. 0.30 00898 
...01o38 10""' 3.1921 0.1620 02530 0.0107 0.42 0.0892 
...01a39 10 29-14 3t3n 02635 02557 0.0091 021 0.0908 
...01&43 10 2~26 3.0942 0.0595 02<32 0.00.. 0 ... 0.0898 
..01M4 10 2~25 3.0377 0.0983 02.SO 0.00.. 0.31 O.CII15 
ou01 ... 10 2D<i 3.0419 0.1212 02474 01>067 .... 01>899 
ou01a50 tO 1~16 3.183< 0.1274 0.2481 0.0077 0.39 0.091. 
ou01o51 10 14-15 3.2819 0.0756 02506 0.0066 o ... 0.0916 ...,.., 10 11-21 3 .1942 0.1052 0.2529 01>056 .... 0.0902 
a.Oia53 10 11-11 3 .1834 0.1048 02 ... 01>060 037 00912 
ou01 ... 10 10-25 3.18S7 0.1226 025Cl 0.0079 o .. 00892 
ou01.SS 10 a-24 31316 o.oon 02 ... 0.00.. 0.3< 0.0908 
ou01a67 10 S<1 3.14Cl5 0.067.4 02<92 Olll>42 0.40 00893 
ou01.SO 10 S-7 3.0873 0.1554 02<152 01)081 0.33 O.C914 
a.Oia67 1 62.0 2.9131 0.1<419 0.2300 0.00£11 0.39 O.DIIO< 
ou01o68 154-1 3.0631 O.OS.S 02- 0.0037 0.36 0.0912 
ou01o69 13>3 3.0752 0.0871 0252. 01lD.39 028 0 ..... 
ou01a70 1 7-8 3.1806 O.D786 02567 Olll>41 0.32 0.0901 
...01•71 11-9 3.Q409 0.1196 O.><Q 0.0075 0.39 0.0897 

0.0009 
01l006 
OJXHO 
01>008 
0.0008 
01>007 
0.0007 
00005 
0.0005 
01l009 
01l009 
01l009 
0 .0010 
0.0008 
0.0009 
0.0009 
0.0005 
0.0008 
0.0007 
0.0007 
0.0009 
01>007 
0.0007 
01>010 
0.0007 
0.0008 

01>010 
00010 
Ollllll9 
0 .0009 
0.0005 
0.0008 
0.0007 
01>011 
0.0007 
0.0009 
0.0008 
0.0003 
0.0008 
01>007 
0.0008 
0.0008 
01l009 
D.0007 
01>007 
D.0007 
01>005 
0.0008 
0.0008 
01l006 
0.0007 
01>008 
01>007 

C.lculated Ages ,.,_,.,. 1•- ,_,., 1•- ,.,.,..,_.. 1,.,.01' ............ .................. ,_ IOSWO -... ... ... ... fof~l 

1427.1 59.8 1422.5 .... 1427.7 18.2 ""' ,.25 93 0.00 0.95 
1449.7 25.0 1412.7 38.5 1415.9 13,3 100 1 ... .. 1,. 029 
1425.6 .01 1448.1 33.3 1439.8 20 .• 101 1<439 S7 025 0.62 
1<27.8 41.8 1'326 <3.0 1415.8 17.8 101 1<lll 69 0 .01 0.92 
1431.9 18.4 14472 210 1 ..... 17.0 103 1..0 32 o .. 0.50 
1441.5 325 14712 3<.3 1<362 15.8 103 ,.55 .. 0.57 o .. 
1407.6 .... 1 ... 2 "" 1388.0 16.2 105 1<31 66 089 0.35 

"""" 3<.0 1413.8 37.7 1393.9 13.8 101 1<005 58 0 .14 0.71 
1436.4 .... 1<36.3 55.6 1<01.5 11.1 102 1<36 78 000 1.00 
1438.6 31.3 1392.1 33.5 1450.7 19 ... 98 1417 53 1.52 022 
1418.2 25.6 1442.6 28.9 1376.3 20.7 105 ,.28 .. 0.60 0 ... 
1 ...... 32.1 1445.0 35.7 1 ...... 19.0 103 1 .... 55 000 0.96 
1<433.7 312 1444.6 29.3 1441..4 21 .0 100 1..0 .. 009 0 .76 
1 ... 3 22.5 1.430.7 22.9 1408.6 17.5 102 1<39 37 0"' 0.56 
10.8 18.3 1425.8 21.3 1380.8 18.8 103 1415 32 0.56 0 ... 
1421.1 23 .• 1396.4 2.4 . .4 1386.6 19.4 101 1 ... 39 078 0.38 
1..0.5 26.5 1419.<4 3<1 1.418.6 122 100 1<33 .. 0 .31 0.58 
1.4143 30.5 1<002.2 33.8 140'1 .7 175 100 1 ... 52 011 0 .74 
14015.6 30.6 1.421.1 31 . .4 1400.7 15.5 101 1.415 50 012 0.73 
1<007.9 31.3 13795 39.8 1404.9 15.6 98 1399 58 0.51 0 ... 
1 .... .8 47.7 1'567 .... 1"2• 18.!il 102 1'52 n 0.03 0.86 
1444.6 25.6 1410.8 35.9 1441.6 15.1 98 1<37 .9 099 0.32 
1471.8 .... 1-.8 63.5 1 .... .9 14.4 99 1- 92 0 .12 073 
1-· ,. .. 1444.4 29.9 1387.8 21. 1 .. 1 .. 2 .. 0.02 0.00 
1..0.6 .. .3 1423.3 56.8 1'562 14.5 98 1.,. 83 007 0.79 
1417.6 <7.5 1392.7 52_7 1<452.7 16.9 98 1.07 82 0 .18 0.67 

1.420.6 .. 2 1 ... .9 .9.9 1.427.1 21 .1 1 .. 1.sl 79 1.0 o.2• 
14162 38.1 1481.7 36.1 H68.1 212 101 1455 58 160 021 
1ai.5 .... 1..,.2 61.3 14128 19.4 101 1<27 89 0.00 0.97 
1..,..5 31<3 1441.6 .... 1405.6 19.5 103 1.,. 67 0.05 0 . .., 
1427.5 26.9 1<332 no 1.4182 12.7 101 10l .. 003 0 .87 
1<435.0 ... 8 1438.4 58.3 1"<M1 17.8 102 1<36 83 000 0.95 
1...,.3 23.1 1-0 316 1433.3 .... 101 1- .. 029 0.59 
1 ..... 53.3 1440.0 582 1464.6 22.0 98 1"2 91 0.00 095 
1<l0.3 27 .• 1.4<421 27.0 1416.9 14.5 102 1<36 .. 0 .13 o.n 
1455.3 39.2 16C.O 552 1<08.2 18.8 103 ,.55 75 0.00 0.98 
1441.9 .. 7 1467.6 .0.9 14421 17.0 102 1<60 83 0 .13 o.n 
1431.3 ,. .. 1403.3 23.5 1417.1 7.5 99 ,.28 29 1.80 0 .18 
1.417.1 2V 1417.1 251 1.s7.8 16.5 97 1417 .. 0.00 1.00 
1.4182 30 .• 14252 .... 1422.4 14.8 100 ,.21 53 0.03 o.es 
1453.1 30.9 142.8.4 31>.7 1455.7 16.8 98 1 ... S7 0.39 0.53 
1476.8 17.9 1441.3 28 .• 1 ... .0 16.5 99 1<72 35 2.00 0 .16 
1455.8 255 1453.4 29.0 1429.3 187 102 1455 .. 0.01 o .... 
1'53.1 a• 1<35.9 31.0 1..0.1 ,.6 99 1W .. 029 0.59 
1 ... 7 29.7 1460.7 <00.8 1407.6 152 1 .. 1 .... 56 0.02 0.88 
1..05 21 A 1'321 2.4.6 1441.4 13.8 .. 1<37 37 0 .10 0.75 
1..,7 16.5 1434.6 21.9 14116 10• 102 1..0 31 0,. 0.71 
1424.6 38.8 1413.7 .... 1<454.7 16.9 97 ,.20 66 0.05 0.82 
13115.3 36.8 1-., 47 .1 1.,. 5 171 97 13115 .. 000 0.99 
1423.5 16.1 14123 19.0 1451.1 12.1 97 1419 29 0.31 0.58 
1•26.5 217 1..0.7 20.3 1.,. 7 154 101 1..0 33 0.92 0.3< 
1<452.5 19.1 1.r2.9 21.0 1427.6 16.5 103 1.01 32 on 0.38 
1418.0 30.1 1-G5.7 38.7 1419.0 15.6 99 1415 56 o.os 0.81 
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Manaerte. HorMshoe tsl.and M'05...UI 
ou24AII5 1 ~30114 !l1000 0.2500 !loon o ... 0.0910 0.0001 ,..,_, 25.5 1438.4 cn.o , ... , 13.9 99 1474 .. 1.70 0.20 
aQ:4A10 7 3.1:!91 01422 02 .. 1 0.0060 o:zr 0.0013 OJXXJ!I 1'42.3 34.9 1428.7 30.8 14519 18.4 98 ,..,. 52 0.12 073 
ai24A11 8 31007 0.2721 02474 0.0120 0.28 0 . ..., 0.00\6 1432.9 67.4 1425.1 62.0 148211 32.0 96 1429 100 0.01 0.92 
aQ-4A13 10 3.1651 0.2281 0.2515 0.0110 0.30 0.0920 0.0013 1448.7 55.6 1446.1 55.8 14677 26.5 99 ,.., 91 0.00 097 
au24A14 12 3.2868 0.1200 0.2549 0.0063 0.34 0.0912 !l0009 1ffi.9 28.4 U63.9 32.2 1450.0 182 101 1472 .. 0.16 0.69 
au24A16 17 32492 0.1194 0.2SB8 0.0060 0.31 0.0916 O.DOIO 1-469.0 29.5 1489.0 30.5 1458.9 20.9 102 1478 .. 0.33 0.56 
.0:4A18 ,. 3.0761 0.1081 0.2411 O.OD67 0.34 0.0904 O.D007 1426.8 26.9 1392.7 29.8 ,..,., 15.5 97 1<412 47 1.08 0.30 
au24A19 20 3.1094 0.0725 024410 O.OD42 0.:9 0.0912 0.(0)7 14-49.7 17.7 14n1 21 .6 1-451.8 14.3 98 1..0 32 1 40 023 
ou24A23 30 3.1990 0.1613 0.2518 0.01158 023 0.0929 !l0011 1456.9 39.0 1447.8 29.9 1-484.8 21.7 98 1451 53 0.04 0 .83 
ou24A24 34 3.3373 0.1171 02520 0.0054 0.31 0.0017 O.DOIO 1489.8 274 1448.7 29.0 1460.3 20.8 99 ,..., 45 1.60 0.21 
aJ24A26 33 3.1397 01094 0.2<477 0.0060 0.35 o.am O.IXXJ8 1442.5 26.8 1426.5 312 1445.5 16.1 99 1436 47 023 0.63 
aQ4A27 39 3I704 0.0839 02561 0.0048 0.37 0.0910 0.0009 1<47<4.0 19.9 1464.9 24.6 1445.8 162 101 1<471 36 013 0.72 
ou24A28 .. 3.1606 0.1007 0..2518 0.0052 0.33 0.0909 0.0000 1447.6 2<4.6 1447.9 27.0 1"'3.5 18.2 100 , ... 42 0.00 0.91 
ou24A30 .. 3.0059 0.1004 02529 O.D046 0.28 0.0918 0.0009 1<01.7 24.9 1452.7 23.9 1463.5 18.0 99 ,.., 39 !l52 0.47 

Granodk:lriteonebs. Horttl Ent shore tct.'001) 
Maamalk aralns - 1 3I740 0.1<465 02427 0.0111 0.51 0.0883 0.0005 1<47<4.9 34.8 1<400.7 57.7 14106 11.<4 99 ,..., 70 2.20 013 
i1211A17 8 3.1871 02118 0.2456 0.01:15 0.38 0.01!117 0.0008 14492 51.6 U15.7 64.6 U196 16.<4 100 ,.,. 95 026 0.61 
~18 9 3.1649 0.1754 0.2530 0.0103 = o . .- 0.0008 1448.6 42.8 1456.3 52.9 1400.1 181 104 1451 n 0.02 0.89 
02SA21 12 3.23"' 0.1191 02503 00089 0.09 O.D909 0.0008 14<6.5 28.6 1..00 35.4 1443.5 11<6 100 1457 52 0.49 048 
02SA23 14 3I702 0.1280 02547 00078 0.39 O.D899 0.0001 1o47<4.0 30.4 1462.7 39.9 1422.8 15.6 103 1471 57 0.08 (l78 

lo2IIA29 18 3.3650 0.1158 02570 00083 0.<47 0.0913 0.0001 1496.<4 26.9 147<4.<4 42.7 1453.9 15.1 101 , ... 53 0.33 0.57 
o28A30 19 32676 0.1271 0.2513 0.0095 0.49 0.0883 0.0001 1C3.<4 302 1445.0 49.5 1-409.6 15.7 103 1<471 60 0.43 0.51 
io28A32 21 32090 0.1130 02432 0.0073 0.42 0.0909 0.0000 1459.3 • 27.3 14032 :97 144-4.5 16.9 97 , ... 52 2.40 012 

"""""'" 24 3.0832 !l1290 02353 0.0086 0.44 0.0896 0.0005 1428.5 32.1 1382.< 45.0 1<4171 10.3 96 1<413 62 2.40 012 
;.28M2 27 2.9821 0.1457 02385 0.0089 0.38 O.D894 O.OD06 1<403.1 :92 1379.1 46.3 U13.7 132 98 1395 .. 026 0.61 
;.28M3 29 3.0916 01459 02413 0,0095 0.42 0.0895 O.OD06 1430.6 362 1393.7 .... 1<415.0 12.3 98 1421 .. 060 0.4< ,.,..... 29 32622 0.1315 0.2467 0.0088 0.44 0.0901 O.<XXl6 t<4n.t 31.3 1-421.4 45.7 1429.0 12.8 100 1462 62 1.40 023 ........ 31 3.0827 o.oon 02456 0.0047 0.34 0.0895 0.0001 1428.<4 21 .8 1415.7 24.<4 1<417.4 14_0 100 1423 38 022 0.64 .,..., J5 3.1110 0.1232 02457 0.0064 0.33 0.0013 0.0008 1-435.<4 30.4 1<416.2 33.0 1452.6 16.7 97 1427 52 o:zr 0.60 - 43 3.1287 0.1283 0.2415 0.0088 0.44 0.0883 0.0005 1439.8 31.6 13942 456 1<410.7 10.6 99 1430 61 1.16 0.28 ,.,..., .. 32064 0.0858 02540 00053 0.39 0.0885 0.0005 1456.5 20.7 14580 27.1 1392.7 118 106 1459 38 0.00 0.99 
..-70 .. 2.9722 0.1445 02291 0.0095 0.43 0.0886 0.0000 140!l.5 35.9 1329.9 50.0 1395.7 1<4.0 95 1382 71 2.20 014 ,.,...., 50 3.0832 0.1344 02421 00088 0.<41 0.0891 0.0005 1<01.0 33.3 1397.5 .... 1405.8 11.<4 99 1422 63 0.59 044 
.:2BA72 51 3.<XXl6 02029 02369 0.011<4 0.36 0.0894 O.<XXl6 1407.8 51 .5 1370.6 59.6 1<413.0 12.6 97 1393 91 0.34 0.56 
,.,....74 53 3.0892 O.U13 02451 O.O!l77 0.34 0.0907 0.0001 1<430.0 35.1 U16.0 39.8 1..0.9 1<4.3 .. 1424 61 0.11 075 
Ww,.edQrains ........ 16 ...... 02951 0.4626 0.0155 0.5502 !l1429 0.0010 2~72 28.1 2~11 .... 22612 12.4 '"' 2400 56 0.66 042 
oo2BA31 20 ..... 01967 0.3943 0.0120 0.6548 0.1425 0.0000 2281 .1<4 21 .1 2142.9 555 2258.4 9.6 95 2303 .. 9.60 0.00 
jo28A33 22 77574 0.32<42 0.3822 0.0129 0.4049 0.1<01 D.0009 2203.I7 09.6 20867 60.3 22652 11.0 92 2183 74 4.30 0.04 
e2IIA34 23 9.1265 0.2772 0.4139 0.0138 0.5502 0.1<479 0.0001 2350.n 27.8 2232.9 63.1 2321.5 7.7 .. 2358 55 5.00 003 

en 8.2734 0.3325 0.<4110 0.0126 0.3902 0.1378 0.0009 2261.<41 36.4 2219.6 57.4 21991 11.1 101 2254 71 0.58 0.45 
Note&: ~eel -*lpc ,.._daermned Uling h l..AMOATEdltll .-.cLcion pi"C9aa'' b LMCP-MS (Koillw .. 8l 2008). ~ ialhe ~CIOIIflicienl ~htwo I.Wbik*lpe rllba&c:alcdlled •lhe ramdlhe c:owrilnceto lheproduc::tdlhe .-.rddiMIItlor-. beech r-.o ~c:oncardancyrJ.r • a 



Table 0 .6. LA-ICP-MS U-Pb isotopic analyses of zircon dasts from impact melt rocks at Mistastin L.al<e Crater 

Measu...tlso4op;e~ Cak:uloled Ages ,.,., 201 ......... -- .... ............. ,.,........, ....... """""*' ....... ,.,......., ....... """""""' ....,.,.,._. ....... IISWO 
.. _ ... _ ... ... ... ... ... """"''"-.I 

Cote Cnft: (CMO'Zl) 
iii13A08 I S27 81 015 6.11B3 0.2)13 0.3274 0.0117 0.47 0.1365 0.0004 2IXI2.SI 33.5 1825~ 51.0 21nl 5.7 .. 1003 "' 12.30 0.00 
ie13M9 I 313 53 0.14 • . 1302 0.2105 0.2173 0.0115 0 ... 0.1265 0.0006 1773.7 38.7 1552.5 58.0 ,.. .. IO.S 16 1127 ,. 17.63 0.00 
ill1lA10 3 19 13 O.ll3 3 ..... 0.0437 02415 0.0027 0.30 00000 00005 1428.8 10~ 1<25.5 13.0 1425.4 11.0 100 ,..,. 20 0.06 0.80 
le13A11 .. <I 0.00 3.1665 0 ..... 02530 0.0030 o ... 0.0020 0.0007 14411,0 118 1458.7 18.3 , ..... 14.5 .. , ... 23 0.3< 0-"" 
iii13A12 ,. 23 0.00 3.D20< 0.0753 02<20 0.0047 0.30 0.0!1211 0.001» 1414.3 100 13012 2<2 , ... 2 102 .. '""' 35 o .... 0 ... 
it13A13 61 .. 0.75 3.0305 0.0<03 02<78 o.cm1 0.311 0.0005 0.0000 , .. ,5.3 12.< 1<121.3 16.0 141<4.7 12.1 101 14 19 23 0.50 0<5 
le13A14 ... .. 0.02 2.018!> 0.080< 02 ... 0.00<3 0.31 00802 0.0007 ,,.. 21.0 14171 22.< 1307.5 15.3 1112 ,,.. 35 2-"" 0.11 
11113'115 35 25 0.13 2.9400 0.0651 0.2412 0.00«1 0.38 O.D097 0.0007 1»4.8 115.7 1302.0 20.8 1420.1 14.7 .. ·- 30 0.01 O.ll3 
leilA IIS .. .. Ofn 3.1531 0.086< 0.2468 0.00<0 0.31 00005 0.0006 1445.8 21 .1 1421.7 25.8 14!¥1.7 15.4 .. '"" 38 0.82 0.37 
.. 13A19 11 21 1.27 3.0723 0.0880 02 ... 0.00« 0 .31 0.0!1211 0.0010 1C25.8 22.0 1430.7 22.6 ·-· 21.1 .. I.,., 30 0.03 0.05 
~13A20 II 101 .. 0 ... 3.1077 O.D802 02 .... O.OOC3 o .. O.DIIOS 0.0000 1434.11 14jJ 1<37.3 22.1 , .. 15.3 11.8 1112 ,.., 20 0.02 0.89 
~13A21 12 "' .. 0.00 3..1751 O.lafiO 0250< 0.0018 0.25 0.01132 0.0009 1451.1 .. _, , ..... 30.8 1<02.0 17.7 100 1472 "' 0.47 o ... 
~,,., 13 30 .. 1.15 2.0820 0.0955 0.2-418 0.0055 0.35 o ..... 0.0006 tm ... 25.0 1398.0 21>.7 1414.8 112 .. 1385 ., 0.36 0.55 
iel~ ,. 81 50 o.eo 3.0416 0 ..... 02418 0.0053 0.38 0.0884 0.0005 1414.1 21 .3 1<27.0 212 1300.9 u .s 103 1<21 30 0.11 0.75 
Je1~4 15 .. 47 079 3.0312 O.D618 0.2510 0.0030 0.32 0.0891 0.0007 1<41 7.0 17.1 ,..,. 18.7 , ... 3 I·U 103 ,.,. 20 1.63 0.20 .,,.,. 18 .. 37 0.80 3.oan 00710 0..2512 0.0035 0.31 O.D010 0.0006 1<32.0 17.8 1444.7 18.3 1447.1 13.0 100 1<38 20 0.30 0.55 
ii13A31 10 35 38 102 3.1128 o.osoo 0.2<& 0.0033 0.35 O.Dii05 0,0001 ,.,. .. • ... 8 1438.0 16.0 ,..,.. 15.7 100 1<137 2!1 0.01 0.91 

~'"""' 10 .. .. 0.81 3.0706 0.1080 02 ... 0.0062 0.35 0.0000 0.0001 ,.,._. Tl.O 1CtU 31.0 1<25.0 15.1 100 1<27 .. 002 0.811 

~·-
20 50 31 0.13 32321 00509 0.25<5 0.00o10 0.<2 0.0001 0.0006 ...... 14.4 1461.11 20.5 1<27.3 12.8 102 I- 28 0.03 O.ffl 

jetJAlS 22 .. 32 010 3.0600 0.1307 0.2<01 O.D067 o.33 0.0038 0.0006 ,..,. .. 32.5 1367.3 35.1 1503< 1U 02 1410 55 \.18 028 
~13.'.36 23 39 211 0.71 3.2819 0.0797 0.2520 0.0030 o.30 0.0046 0.0000 1-4711.8 18.0 1448.7 18.7 1520.6 11.8 .. 1<62 30 1.58 021 
iei3A37 2< 20 52 1.81 3.156& 0.1602 0.2C2 0.0051 0.21 0.1001 0 .0013 ,_. 30.1 1«132 20.5 11120.5 2<.8 .. 141-4 .. I.D2 0.31 

~~- 25 .. .. 0.00 3.1SJ71S o.- 0.2551 0.00«1 0.31 o . .- 0.0006 18.0 16.7 , ..... 20.7 1423.1!1 13.2 103 1 ... .. 0.14 011 
.1,.,. 25 47 .. 1.18 3.0610 o.crnso 0.2522 0.00<2 0.33 0.0005 0,0001 1423.0 102 1448.8 21 .8 1414..3 15.1 103 1<3< 33 120 026 
iiiJA«< 211 .. .. 0.71 3.0851 0 .0702 0.2<61 0.0041 0.31 0.0096 0,0001 14211.0 17,4 1431 .7 21.3 1417.0 15.0 101 1<30 31 002 0.90 
jiiJMI 21 28 21 013 2.9883 0.0052 0.2 ... o.cxz;o 0.38 0.0802 0.0006 ,..,..8 21.7 141Si1.8 25.8 1381.5 18.7 102 , .. ,o 38 o.31 0.50 
lo13M2 211 16 .. 0.13 10758 0052< 02<10 0.0033 0.311 0.0007 0.0005 14215.7 13.1 1423.1 11S.8 1439.5 11.1 .. ,.,. 2< 00< 0.03 
ii13A43 211 12 50 0 .10 3.1081 00650 0.2o467 ...... 0.38 0.- 0.0005 1434.7 182 1<21.5 20.7 1<22.0 11.5 100 1<31 30 0.<0 0.53 
~13M< 20 11 16 O.ll3 3.2109 0.0841 02<63 0.0050 o ... 0.0038 0.0011 1<82.0 202 14Ut4 201 150<.5 21 .5 .. 1<53 311 2.<5 0.12 
~13AS> 32 ., .. 1.20 3.05113 0.018< 0.2517 0.00« 0.3< 0.0007 0.0001 1<22.3 19.8 1<472 22.< 1418.7 15.8 1112 1<32 ,. I.D5 0.30 
iiiJASJ 33 47 38 0.83 3.D192 0.0613 0.2532 0.0038 0.35 0.0683 0.0001 1421.5 18.8 I<SU 1D.8 1380.2 152 105 ,.,. 20 1.70 010 
~,,... ,. ... ., 0.90 3.0620 0.0580 02<61 0.003< 0.31 0.0921 0.0000 1<282 uu 1421.8 11.5 1<468.7 15.8 01 1425 211 0.11 0.74 
~, .... 35 ., 35 0.83 3.1122 0.0580 0.2474 0.00« 0.<0 O.OIB3 00007 1435.7 16.8 1<25.2 22.0 1410.7 158 101 1<33 32 023 0.03 

~·-
37 55 .. 0.88 3178< o .... 0.25<0 0.0051 0.38 0.0805 0.0007 145UI 22.0 1463.7 20< 1414.3 

··~ 
103 , ... ., 0.16 om 

.. 1..., 30 31 39 1.07 3.W:46 O.D843 0.2412 0.00<0 0.3< 0.0907 0.0007 1413.8 21.3 1302.8 23.0 1440.4 151 01 1 ... 31 0.85 0.<2 
~,,... 30 31 31 1.00 3.0371 0.0831 02518 ocxz;o 0.38 0.0682 0.0001 1417.0 ,., .. 1<477 25.8 1381.3 15.3 , .. 1<21 37 1.33 0.25 
~~-

.., 31 25 0 .68 3.0541 001149 0.2<0< 0.005< 0.<0 O.lmi 00001 1<21.3 21.3 13811.8 2111 14115.7 15.8 .. 1412 .. 130 02< 
~~-

., 20 2< 0.82 3.0803 0.0800 02<58 0.0031 020 0.01121 0001» 1<121.8 20.1 1415.5 19.0 t-eu 18.4 .. 1<21 31 028 0.60 
iii1JA61 .. 28 10 0.1< 3.1819 0.1012 0.2458 000<0 0.31 0.0043 OJDIO ,..,. 24JS 14115.9 25.5 1513.7 20.0 .. 1<35 <I .. .. 0.22 
ill 13M2 .. .. .. 0 .10 3.0636 0.0613 02- 0.0037 0.3< 0.0005 0.0006 1423.15 18.8 1<22.1 19.1 1415.3 13.0 100 1<23 20 0.01 o ... 
~13A03 .. 2< 21 0.88 3.1581 0.0130 0.2437 0.00<0 0.<0 0.0005 0.0009 1<472 18.0 1431.8 23.8 1437.1 18.3 100 ,.., ,. 0 .. 0.51 
~13A8< <7 81 01 Ull 3.1866 00530 02 ... 0.0033 0.<0 O.D004 0.0006 1<5U 13.1 1<330 112 1434.15 11~ 100 , ... 2< 1.51 0.22 
~13AII5 47 n .. 120 3.18U7 00122 0.2517 0,00<5 0.«> 0.0805 0.0000 14154.7 11.5 1447.4 23.3 1415.3 12.7 102 ,.., 33 010 0.75 

~'"""' .. 15 13 0.85 2.00<1 0.0875 02471 0.00<0 0.3< O.D819 OJX)tO 1<08.3 22.2 1423.3 25.2 1379.4 212 103 1413 38 0.30 0.53 

~'"""' 50 110 81 013 3.0318 0.0650 02«0 0.00<2 0.«> o ...... 0.0004 1417.1 15.5 1410.7 21.9 1412_g 0.5 100 1415 31 0.00 016 ....... 51 .. 35 01< 3 ..... 0.0710 02<02 0.00«1 0.35 OJJU01 0.0006 1431.4 17.15 1418.15 20.7 1<121.3 13.5 .. ,., 31 0.3< 0-"" 
it13Mi 52 32 ,. 1.07 3.0<23 0 ...... 02461 0.0051 0.35 0.0884 0.001» 1418.3 22.< 14182 211.3 13Q1.3 19.4 1112 1418 .. 0.00 1.00 
•t3A70 53 ... 50 0.12 11353 0. ... 1 0.25<2 0.0030 o.3< O.ll003 0.0006 1+41 4 13..3 1-.3 152 1431.5 12.3 1112 ·- 23 1.31 0.25 

Sl~ Cnek fCMOOII 
.. 13A75 I ., 36 0.81 2.0182 01205 02441 0.00711 0.31 0.0805 0.0000 1401.15 33.1 1.., .. -41 .1 1-41-4.5 17.t 100 ,..,.. II) Q.02 0.88 
•t3A18 2 5• ., 0 .83 3.1552 0.058< 0.2523 0.003< 0.38 0.01121 0.0006 ·-.3 1<.3 1<002 17.3 1468.5 13.0 .. , ... ,. O.D5 0.83 
lit JAn 3 ., .. O.ll3 3JBZ7 0.0630 02<55 0.0031 0.31 O.D02ll 0.0001 1<30~ 15.8 1415.4 tSI.O 14702 15.1 .. 1425 28 08:2 0.<3 
II13A78 ,. 20 0.8< 32058 0.1368 02200 0.0080 0.32 0.1080 O.D013 1472.0 32.8 128t.SI 31.6 1748.4 218 13 ......._ 
.. ,~78 .. 30 0.85 3.0811 OOO<M 02<61 0.00<5 0.35 O.D010 0.0001 1<23.D "'' 1<21.3 23 .• 1&.7 1U 01 1<22 35 000 0.05 
fi:13ABO 8 35 Z1 0.78 3.0006 O.D102 0.2525 0.0041 o.36 11.0802 0.0006 1<22.0 17.15 1451.8 20.0 1«J7.6 18.8 103 1<33 31 , ... 0.10 
jt1JM1 0 122 151 123 10130 0.0700 0.2513 0.00<0 0.30 O.D802 o.ooos 14111 17.7 1445.0 237 1407.SI 10.0 103 1<20 33 2.11 015 
ie13M2 10 13 13 009 31606 0.11541 0.2522 0.0050 023 oms O.D013 1447.15 <0.0 1449.15 30 .• ...... 2<.0 03 ·- 53 0.00 Ofn 
~13A83 11 31 2< 0.66 2.9109 0.1026 o.2<20 O.D062 0.31 0.18>4 0.0000 1«12.5 28.2 1395.SI 21.2 1434.8 10< 01 '""" 

., 0.03 o ... 
~~-

,. 31 33 080 3.0502 om .. 0.2 ... O.D031 o.31 O.D012 0.0000 1<22.5 18.15 1<37.8 10.3 , ..... 18.4 .. 1<30 31 047 0 .. 
.. 1 .... 20 .. 31 0.81 3.011:12 O.D7<2 02- O.ll051 0.<2 0 ...... 0.0007 1428.0 16.5 1C35.5 ,., 1412.5 1<.3 1112 1<30 35 0.00 078 ··- 22 55 31 0 .68 3.25« 02025 0.251lil O.CXJ11 023 0.0058 O.DOIO 14102 41.3 ..... 36.7 154).3 311 .. . ... 115 0.16 OEB 

~·"""' 28 28 22 o.n 321103 0.11 .. 0.2500 o.ooo:z 023 O.ll080 0.0014 1473.8 <2.1 1«32 32.1 151118.4 26.8 .. 1<53 51 0.<2 0.52 

~·-
Zl 33 ,. 0 .18 3.2500 0.1353 O.l>m 0 ...... 0.21 0.0075 0.0018 , ..... 32..3 1437.8 22.0 1510 < .... .. 1<47 ., 070 0.38 

~,,... 12 .. 53 1.12 3.0082 0.0002 02<08 0.0051 0.33 O.DOO< 0.0010 1<1322 24J5 1»1.1 28.7 1555.3 tlii.O .. 1414 ., 1.02 011 
~13AOO 13 52 .. 103 3.0100 0.1083 02410 O.D053 Q.30 0.087-4 0.0011 1411.8 21.< 1Cl2.8 21.8 15151 21.8 .. 1417 .. 0.11 0.1< 

t1 
t ...... 

00 



tJ 
I -\0 

Table D~l continued 

- u .;., - ,.,.,.., 1a1n01 - ,_ - ,.,...,..... ,_ - ,_ - ··- """""""' 
,_ - """""""""" 

,_ ......., 
.. _ 

F"lle name IP9fiiJ ... ... ... ... ... ... --.. ... 1 _, ... ... lotc:.otiCIOtiMnotl 

South ...!.tcM065l - I 3.12&4 0.11022 0.241SI 0.0073 0.51 0.0912 0.0000 1431i1.7 22.7 """~ 30.1 1450.1 IIU .. ,..,., .. •.n 019 
iaZIAIOJ 100 3.0661 0.1000 Q.2 ..... O.OIYS7 0.35 0.01121 0.0010 1C24.3 252 1<414.9 20.5 1«;8.5 213 .. 1<21 .. 0.00 0.77 
~104 102 l .2.c74 0.15ll5 0.2lllll O.l>l70 0.211 0.0030 O.<Xll3 

~-· 
30.7 1414.0 30.7 1500.7 ,... lOll 1..., 58 030 0.50 

ii25M.108 lOS 3.01531 D. teal 02422 O.llll05 030 O.llOIM O.<XliO 1<23.5 77.1 1""3 , .. ,.,2 20.1 .. 1415 50 .... .... 
~toe 100 3.0070 0.1151 02416 O.ID50 0.30 0.01100 O.OQ2.1 14CitJ5 202 1:!115.0 ,.. 1443.6 502 rn l .m .. 0.18 0.67 
112iA.tOiil Ill 2.7101 02307 02«l3 0.0105 Q.25 o.oon OJXH2 1331.2 .... 1300.1 .... 1305.2 :1fl.7 102 ,,. 02 O.IU 0.44 
Ja2QA11 ' "''"" 0.1350 02.C. 0.0077 0.35 O.cll18 0JXH2 1414.2 ... I 1 ... 2 31l.8 1464.1 24.1 .. 1410 "' 0.08 0 .81 
a2SA110 115 3.0193 0.157! 02- 0.0051 031 O.Oi12 0 .0011 1412.5 31l.8 I C02 41.7 1451.5 23.8 .. 1<21 .. 0.1 .. 0.71 
ia29A111 "' 3.0201 0119'2 02442 0.000. .... 0.0002 O.<XliO 1412.7 30.1 103 .... 1429.0 21.1 .. ,,.,, $2 0.01 0.00 
ii29A113 119 3.1l01M 0.- 02.SO 0.00011 o.30 o.ooos 0.0000 IC03 ... I 1412.6 30.1 1<353 20.0 .. IC!. .. .... 0.50 
~115 121 31003 o.ttn ·=· 0.0081 o.c O.C»10 0.0011 ,.,.. 20.1 1450.6 .... 14456 22.8 lOll I..,. .. IUO 0.89 
~116 124 3.~ 0.1225 0.2360 0.0079 0.41 ll.0005 O.<Xll l 1415.1 ,. .. 1379.5 40.0 1415.51 23.0 97 l«lS 58 070 D.37 .,.., • 11750 0.1284 02s.O 0.0081 0.32 0.0030 D.OOI2 145U 312 1061• ... 3 1W.8 2~0 .. 1 ... 53 0.10 0.75 
.,..,21 125 3.0216 0.0072 02<1311 0.0080 O.C! ....... 0.0008 1414..15 2•.5 1405.. .... 1412.0 18.1 lOll 1412 ~ 0.08 0.711 
ii29A12J 120 3.0246 ....... 02442 0.00<7 .... 0.0808 0.0008 1<413.8 115.4 10.5 24-3 1300 .. 10.5 101 1413 32 0.00 0.81 
ii29A124 129 2.8802 01020 02351 ...... 0.30 ...... 0.0010 1378.7 .... 1381.0 333 1400.7 22.0 gr 1371 .. 0.21 .... 
ia2!iiA125 131 3.0243 0.1354 0.2520 0.0081 0.30 0.0897 0.00011 1413.8 ,.2 1453.5 .... 1420.0 20.0 102 1., 55 0.90 0.33 
~IV 135 2.1l70S 0.121!1iB 0.2417 O.oo81 0.311 0.0004 0.0012 I<KH.IS 32.11 131il!5.6 42.3 IC3~ 2U 07 1400 61 0.02 0.89 
ja29At2$1 139 2.87116 0.11152 ·~ 0.0083 0.30 0.1»11 0.0013 1375~ C3 1403.6 432 1448.7 77.0 07 131111 .. 0.30 0.50 
~130 142 2.0712 01208 02- 0.0074 0.37 O.ll020 0.0013 1400.3 ,. .. 141SI.9 30.0 1067.0 :1fl2 07 1407 56 02> 0.62 
i11251A131 IC 3.~ 0.104 0.2500 ...... 037 0.0020 0.0012 IC!B.O 35.< 1443.1 442 1 ... 6 252 .. I C. .. 010 0.75 
ii2M132 144 31617 0.1114 0.21518 0.0000 ·~ 

..,_ OJJ012 ~~ .. 31l.4 1-.0 ... I 1422.8 25.1 IllS 1«57 .. 107 0.30 
Jo2MIS 7 2.9753 0.1546 02440 ·=· 029 .. ..,. OJD115 14013 ,. .. 1411..8 >8.4 1...,3 l2.S .. 1407 82 O.IJS 0.82 
,.,..I. 8 3.07«J O.tllil2 02475 0.0070 031 OJ»tS 0Jill2 102 ~7 ~~ 35 .. 1458 .. 253 .. 1<120 "' 000 0.99 
~17 • 3.0110< 00880 02306 0.0058 o.c 0 .... O.mo7 IC!7.8 21 .. 1358.<4 303 I <OS. I 1<4.0 .. 1411 "" .... 0.02 .,.., II ...... o.oen 02389 0.0081 .... 0.0896 0.0008 14002 22.2 1370.8 32.0 1416..9 18.5 rn 1399 .., I.C! 023 
"""'4 " 2.9685 0.11578 0.2378 0.0008 030 0.0000 0.0010 1390.8 C!.8 1375..<4 50.0 1425~ 213 .. 131l0 77 0.21 0.65 .,..,. 16 2.11203 0.1800 02301 0.0000 0~ 0.01105 o.moo 13S3.3 C .7 13352 51 .7 1415.1 10.5 .. 1301 ., 0.24 0.62 .....,. 18 ~ 0.1241 02 ... ...... 0.32 o.oaeo O.<XliO ,,.., 31 .. 1C31.3 o.2 1394.0 20.8 103 1411 53 0.112 ·~ i&29AZ7 10 3.00<3 01~ ·~ O.llll05 0.33 0.01103 0.0010 1«15.7 30.5 14:1fl2 33.5 1411.3 22.3 101 1<4115 52 0.22 .... .,..,. 20 3.01157 O.OQ71 0.24U ...... 0.41 0.08112 0.0000 ICJU .... ~~ .. 328 131102 HUI 103 1.,. ... . ... 0.03 
;.20A32 ,. 2.1Qir1 020"' 02366 0.00115 02> 0.01132 0.001<4 1362.7 53.8 13611~ 443 1-7 211.8 112 13110 76 0.01 0.92 ,.,.., 77 ...... o.tm D.2389 0.0087 0.36 0.0801 0.0007 1-3 37.8 131!112 .... I 1-407.1 IV .. 1391 .. 0.10 075 ,.,..,. 20 3.1381 0.1<190 02 ... 0.0003 0.30 0.0008 0.0007 1442.1 36.8 141SI.S C . I 1438.0 15.0 .. IC3 .. 02 < 0.62 .,..., 

"' 2.0303 0.11N 02430 0.0051 029 ...... o .. ocno 131!19 .. 8 :lOS 1402.5 20.7 1-42<4.2 20.3 .. 131l6 .. 013 on 
;.2SIA<41 32 3.0414 O.ll002 0.2397 o.oon 0.50 00801 o.moo 1418..1 22.7 1~4 37.2 l«l6~ 203 .. 1415 ... 102 D.31 .,..., 33 2.81'7e 02308 ·~ 00118 0.30 0.0882 o.moo 131102 613 1358 .. 6 .... 1387.0 11~ .. 6 .. 1360 .. 0.(1) 0.99 .,..., ,. 3.10815 0.1515 02C!1 0.00711 030 O.Oiil31 0 .. 0018 I C. .. .. .. 1«10.7 30.3 1_, 33.8 .. 1<21 .. 0115 0<42 ........ 36 2.8205 0 .. 1313 02425 O.OOI,!it 027 ...... 0.0010 1361.0 3U 1300 .. JU 1402.1 21.0 '"' 13112 52 0.94 033 ......... 37 UC!9 0.17M 02C1 00077 02> O.Oilllll O.<Xll2 13110 .. ~2 1405.9 ,. .. 1444,3 252 07 131l0 07 .... o ... ....... 38 3.0174 0 .. 1&44 0 .. 2381 00079 0.30 0.1»15 0.0018 1412.0 .... 1ln.t 40.0 1 ... 3 36.7 .. 1,.. 67 0 .. 51 0.~ .,.... 42 3 .. 0470 0 .. 1325 02400 0.0083 029 O.CU22 O.<Xll. 14UtS 33.3 IC3.5 328 1m2 211.8 07 IC!7 53 0.13 o.n ..,..,. .. 2.9780 01048 0.2341 0.00115 0.40 O.llOIO 0.0010 l.m2 :1fl7 13156.0 .. o ~~ 20• .. 1387 50 1.85 017 ...... 50 31000 0 .. 1244 0 .. 2437 0 .. 0074 0.311 O .. Oiit12 O.<Xll2 1432.8 30.8 1406.1 ,... 1450 .. 8 2o4.4 rn 1424 56 0.~ .... ...... 51 2.112015 0.1090 o23n O.l>lOI 0.33 0.01178 0.0000 131!3 .. 4 20.1 t3n.<4 31 .. 13782 1SI.4 I (I) 1367 so 0.08 080 - 53 ,..,., 0.1218 0.2417 0.000. D.32 0.0007 0.00011 1»1.1 31 4 1,..3 ,.. 1440.0 10.9 97 131l3 53 0 .. 01 .... 
.,...I .. 3.2800 O.IUM 0.2538 O.IXml 0.41 0.0812 0.0010 1U7.7 203 1«;7.9 31l2 14502 20.8 101 ·~ .. 0.211 0.60 ,.,..., .. 3.1781 01:1fl2 02W 0.0082 0.30 0.0023 o.a:nz 1«51.4 312 1...,.. 31.8 1474 .. 4 2•.5 .. l..s7 51 0.00 0.77 ..,..., 58 3.mo3 O.DIS14 0.2350 0.005< D.C! ...... 0.0008 I«JJiJ.O 208 131103 v .. 1417.3 173 .. 131l7 "' .... 0.10 
.,..70 .. 2.9467 0.1&40 02445 o.oorn 0.30 0.0877 OJXH1 1»4 .. 0 C!2 1o410 .. 0 SO. I 1375 .. 8 2H 102 1400 75 0.00 076 
Jo29',71 81 3.0835 0.1278 0.2481 0.0000 0.30 0.0884 0.0010 1423.8 31 .. 1428.8 .. 1.3 1390.7 210 103 1425 "' 0.01 0.00 
.,..n 02 ...... 0141t 

·~ 0.0087 037 0.08112 0JJ()12 1371.4 37.1 135112 ...., 13116.1 25.4 .. 1307 07 0 .. 07 079 
Jo29',73 ., 3.5020 0.1921 Q.2775 0.01!6 0.52 0.0073 OJD18 1541.1 42.8 1578.8 711.1 1$73 .. 7 35.3 lOll 1542 115 0.31 0.58 
ia2QII.74 .. 3.2108 0.1852 0.21144 ..... 029 0.00.. O.<XliS 14SU 44.8 1512.5 ~8 1-.Jl 30.0 101 I- 71 .... D.o. 
.,..75 .. ,...,. D. 1m ·~ 00100 .... O.DOII D.OOI4 lllii!U 45.1 1414.2 51 .. 1 ... 2 :1fl4 .. l«lS 79 OJJ7 0 .79 .,..78 07 3.0502 0.1148 020 00083 o. .. O.ll003 D.OOI2 1422.3 28.7 1401.5 C3 1431.0 = .. 1418 .. 0.20 o.eo .,..,. 73 3.Clll32 0.0825 02501 0.0082 0.48 0.0889 ll.0009 1<123.5 20.0 1431l.O 321 ~~ IU 103 1<120 .., 0.20 0.59 - 75 2..8023 0.1D 0.2318 0.0000 o.c 0.08112 o.moo 1302.5 ,.I 1343.7 ~2 1387.8 2D.I rn 1373 115 0.75 039 - 75 .._, 0.~ 0.2350 0.00811 0.51 ....... o.moo 1308.7 21 .7 13633 .... 1381 .5 19.4 .. 131l0 .., 131 0 .25 - 70 ...... 0.1057 02351 0.0080 0.39 0.0896 0.0010 131l3.9 712 13110.5 ,.2 1417.8 22.2 .. 1385 50 0.83 043 ...... 79 2.8776 0.1370 ·~ 0.0000 ·~ o.oan O.<Xlll 1376.1 35 .. 1<1202 41.1 1363 .. 23• IllS ,,.. 82 127 0.26 .,.... 83 3.01100 O.HlliM 0.2514 0.0080 0.37 0.0008 O.<Xll2 1CZ7.7 712 1445.7 ,.I 14423 252 lOll ,..,. .. 027 0.61 - .. 3.oa51 ....... ...... O.CI051 030 O.ll004 0.0010 1-0 22.3 1.,.9 ,._.. IC43 22.1 lOll IG 40 0.12 o.n = .. 3 ..... 0.1310 ~12 O.m71 .... 0.0013 0.0010 1419.5 32.11 131i13.1 37.0 1452.5 20.7 .. I .OS "' 043 0.51 .. 3.03Sl 0.1522 O:z.t17 00083 ... 0011117 O.<XliO 14157 30.3 1JIIJ5.15 Cl 1418.51 21.9 .. 10 67 020 0.65 

Hole&. ~lilc*:lp:rllllo&~Uiinglhei..AMl4TEdlm~~IDri.A-ICP~{KI::Miriiiii.21X18).. "RhD"'ilhcorr....aor.COII'Ik:ilnl:t.tw.~nttwtwolWb~r.x:.~-hrltioollhii~-.:JhprodUcl:clhtandlrdde'Mtlorwba:::tlrD. ~corcordlncy 
C"'T••~oiU-PbdiM::otdlncr~•I{206Pb'2311Uava)I(21J1'Pbr20ePb9)1•too. U-Pb"cartcon::a~c:aulltladuWIQ~EJIIJ.OOP'OIJ"Ifi'I{LidMgax:J3)wlh~~ghoenlll2s.Wiidlcaoyc:onlbnllf'rlni"'c:t..ddd. MSWO(Mewt.scp...olw~o-.a.)olconc:ordilnc::e 
isther11&iodhi~-.:Jexpea.dde\<lllil:r'llromheoncorditt.sedonhasaigned....-cna-d.rarc:omilllior-.. lflhe...,.,«nn.-elha«tfca..ol.._, hi MSWOwil-.c!klbe..-lftty, Pn::trlbltJol~olhoanoarcla 911 gMnasa rr.:tlonof 1 (10011o);l-.....-.0.001 (0.1,.,). • 
CCII'"ICCII'dllage could nat be Cllillcul*:lltld tt. ~ 11 ~ • -ocscoR~. --.a !'In w...ct ..._ Conman llllad ~ ... nat,.... 2D4Pb- biW.J!WdeiKtian ..._ n .. ....,..._ eonc:.tnDant au.,., n. br' lldln'llllltlnWcl:zJition..,... HaMrd i1500u.i'13 thacaltntion -..a~ 
IJ-80ppnMdTh•JOpptt. 
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Table 0 .7. LA-ICP-MS U-Pb isotopic analyses of reference zircons Harvard 91500 and Plerovice 
Cancentriltions Measured Isotopic Ratios 

Th ThiU 2071'1>1235U bwrcw """"""" 1aetror Rho ,.,_,., 1swror 
FU.n.r. 

Harvard 91500 zircon 
au22A08 19383 0.0410 0.1848 O.IJ031 0.39 0.0738 0.0005 
auZ2A38 1.9048 0.0700 0.1818 0.0048 0.35 0.0754 0.0006 
au22A24 1.8828 0.0638 0.1805 0.0034 0.28 0.0754 0.0006 
aiZ2AD1 t.em 0.0551 0.1781 0.0033 0.32 0.0757 0.0006 
au22A24 1.8&43 00920 01809 0.0052 0.29 0.0751 0.0006 
au22A23 1.8<163 0.0561 0.1805 0.0031 0.28 0.0753 0.0006 
auZ2A23 1.8396 00601 0.1789 0.0033 0.28 0.0754 0.0006 
aJ12Nf2 17887 00489 0.1769 0.0020 0.30 0.07<46 00006 
auZ2AD6 1.8193 0.0661 o.tn" 0.0048 0.37 O.Dn1 0.0005 
ou22A01 1.8734 0.0454 0.1811 0.0032 0.36 0.0127 0.0006 

al24A01 1.8467 0.0651 01751 0.0039 032 0.0744 00007 
ou24AD2 18691 0.0796 0.1769 0.0042 0.28 0.075-4 00007 
...:24A21 1.8637 0.0507 0.1783 0.0033 0.34 0.0746 0.0006 
aJ24Al3 1.8435 00646 0.1795 00031 0.25 0.0n2 0.0007 
au24A34 1.8565 00620 0.1822 0.0028 0.23 0.0755 0.0009 

...01•59 1.7430 00846 0.1811 0.()042 0.24 0.0731 00007 

...01a16 17833 01479 o1n5 0.0085 0.29 0.0751 00007 

...01a31 1.8117 0.0560 0.1803 00033 0.30 0.0740 0.0006 
d1a46 1 8164 00805 0.1796 0.0063 0.40 0.0723 0.0006 
..01115 18183 00556 0.1811 00035 0.31 0.0757 00006 
d1o63 1 ..... 0.0464 0.1832 00034 0~37 0.0741 0.0006 
d1o62 1.8910 00671 01786 Oll045 0.36 0.0770 0.0007 
MJ01875 1.9003 0.0700 0.1785 0.0057 0.43 0.0755 0.0007 

Ja28A50 17689 0.1198 0.1764 0.0066 0.28 00764 0.0009 
1028A50 17808 0.0841 0.1799 0.0049 0.29 0.0765 0.0009 
j828A14 1.7949 01158 01816 0.0056 0.24 0.0745 0.0007 
ia28A76 1.8129 00765 o.tn8 0.0050 0.33 00783 00007 
~8A.15 1.8148 00889 0.1806 0.0049 0.28 0.0738 0.0007 
Ja28A01 1.8436 00851 0.1896 00066 o ... 0.0749 0.0000 
Ja28A83 18697 01469 0. 189'2 0.0079 0.21 0.0748 0.0008 
Ja28M9 1.9059 00685 0.1768 0.0043 033 00756 0.0007 
j828A75 1.9231 0.0120 0.1776 00048 0.36 0.0782 0.0006 
~8M9 1.9303 0.0694 0.1791 0.0043 0.33 0.0759 0.0007 
ia28AS2 1.9371 0.1481 0.1887 o.oo77 0.27 0.0757 00009 
ia28A02 2.0173 0.14].4 0.1938 0.00114 0.23 o.om 0.0014 

•e13A17 83 29 035 1.7952 0.0316 0 1771 0.0024 0.38 00733 0.0005 
je13A04 82 28 034 1.7966 0.05« 0.1620 0.0025 0.23 0.0757 0.0006 
1e1JAS1 83 29 036 1.8190 0.0368 0.1813 00024 0.32 0.0750 0.0005 
je1JA01 n 29 0.38 1.8256 0.0692 0.1782 0.0047 0.35 00739 0.0006 
le1lA29 81 29 0.36 18391 0.0432 0.1798 00029 0.34 0.0748 0.0005 
i<13A02 80 31 038 Ut501 0.0516 01817 0.0020 0.29 0.0754 0.0006 
lo13A50 81 29 036 1.8588 0.0418 01792 00032 040 0.0732 00005 
le1JA74 86 31 036 18660 0.0512 0.1808 0.0037 0.37 0.0744 00005 
i013A30 81 29 0.35 1.8663 00347 0.1795 0.0025 0.37 0.0740 0.0005 
1813A03 85 30 0.35 1.8879 00«1 0.1811 0.0020 0.33 0.0750 0.0005 
.. 13A73 &3 30 0.36 1.9606 0.0380 0.1792 0.0028 041 0.0765 0.0005 

je13A73 82 29 0.36 1.9213 0.0531 0.1799 0.0042 0.42 0.0765 0.0006 
ie13A74 86 31 0.36 1.8660 0.0512 0.1808 0.0037 0.37 0_0744 0.0005 
,.13A93 80 28 0.35 1.8631 00358 0.1787 00020 042 0.0745 O.OOCM 

-... 
10944 
1062.8 
1075.0 
1073.1 
1068.5 
1062.1 
10597 
1041.4 
1052.4 
111718 

1062.3 
1070.2 
1068.3 
1061 .1 
1065.7 

1014.6 
1039.4 
1049.7 
1051.4 
1052.1 
10651 
1077.9 
10812 

10J.4.1 
1038.5 
UM3.6 
10501 
1050.7 
10612 
1070.4 
1083.2 
10891 
1091.6 
1094.0 
1121.4 

1043.7 
1044.2 
1052.3 
1054 7 
1059.6 
10635 
1066.6 
1069.1 
1080.2 
1076.8 
1102.1 

1088.5 
1069.1 
1068.1 

C.lcutated Ages 
1•~ - "~ """""""' 1"'""' ............... """"""""""" ......... MSWD Prot*lility ... ... ... ... ... ... .._...... 

142 1093.2 16.7 1036.3 14.4 105 1094 25 0.01 0.94 
24.5 1075.6 25.1 ton.s 15.5 100 1079 41 0.06 0.80 
Z2.5 1069.5 188 1078.3 15.3 99 1on 33 005 0.82 
19.5 1056.4 18.0 1067.9 148 97 1064 30 0.57 0.45 
32.8 1071.8 28.2 1071.1 181 100 1070 48 0.01 0.93 
20.0 1069.7 16.9 1076.8 14.8 99 1067 29 0.12 0.73 
21.5 10610 17.8 1078.2 14.9 98 1060 31 0.00 0.96 
17.8 1050.0 15.9 1058.5 183 99 ,, .. 27 019 066 
23.8 1052JI 20.1 1005.3 14,8 105 1053 41 0.00 0.99 
16.1 1073.0 17.2 1005.1 18.0 107 1on 27 0.00 0.95 

n2 10400 21.4 1052.4 177 99 1050 36 on 0.40 
28.2 1049.9 23.1 1060.3 18.8 97 1057 40 0.42 0.51 
180 1057.7 17.9 1057.2 164 100 1063 29 026 0.61 
23.1 1064.1 17.1 1125.5 184 95 1063 30 001 091 
Z2.1 1079.0 15.5 10831 24.8 100 1075 28 0.31 0.58 

31.3 1072.8 Z2.8 1017.7 19.8 105 1058 40 2.05 015 
.. 0 10531 48.3 1071.4 180 98 1048 79 005 0.82 
20.2 1068.5 18.0 1042.2 170 103 1061 30 069 0.41 
290 1064.7 34.7 993.5 188 107 1056 52 014 070 
20.0 1on.a 19.0 1087.1 159 99 1063 31 0.83 0.36 
16.5 1084.6 18.6 1045.4 17.5 104 1073 29 098 0.32 
238 1059.4 24.8 1122.1 18.0 .. 1069 40 045 0.50 
24.5 1058.9 31.2 1083.1 17.8 98 1074 .. 0 55 0.46 

43.8 10ot7.4 36.3 1105.6 23.4 95 1042 63 0.08 0.78 
30.7 1066.6 20.8 1108.3 22.3 96 1055 45 0.68 041 
42.1 1075.5 303 1056.1 200 102 1066 .. 0.49 0.48 
278 1054.8 27.5 1102.3 18 7 96 1052 45 0.02 0 ... 
32.1 1070.0 26.9 1034.9 193 103 1063 .. 030 0.59 
30.4 1009.9 376 1066.6 22.2 95 "'" 57 1.96 0.16 
52.0 1117.2 43.0 1058.6 220 106 1099 " 0.66 0.42 
23.0 1049.7 23.3 1083.8 18.2 97 1065 39 150 0.22 
25.0 10537 26.0 1101 1 210 96 10?2 42 149 0.22 
24.0 1062.1 235 1092.6 182 97 1076 39 1.15 0.28 
51.2 1114.2 41.6 10869 238 103 1107 n 013 on 
48.2 1141.7 34.8 1126.9 37.1 101 1135 62 015 0.70 

115 1051.2 13 1 1022.8 13.4 103 1047 20 0.30 0.6 
19.8 1077.8 13.8 1087.3 17.0 99 1066 25 2.52 01 
13.2 1074.1 12.9 1068.9 14.2 100 1064 21 2.07 0.2 
24.9 10571 257 1038.1 157 102 1056 " 001 0.9 
15.5 1065.8 159 1058.4 13.1 101 1083 26 012 0.7 
18.4 10765 15.9 1077.9 152 100 1071 27 041 0.5 
u .8 1062.4 17 7 1020.5 147 104 1065 27 006 0.8 
18.1 1071.6 20.0 1051.7 14.7 102 1070 31 0.0 1 0.9 
12.3 1084.3 136 1041.6 131 102 1067 2 1 012 07 
15.7 1073.1 157 1068.1 135 100 1075 20 0.04 0.8 
13.0 106Z6 15.4 1109.4 13.6 96 1087 24 637 0.0 

18.5 1066.3 Z2.9 1107.7 15.2 96 1081 34 0.97 0.3 
18.1 1071.8 200 10517 147 102 1070 31 001 0.9 
12.7 1080.0 15.9 1054.8 12.0 101 1<al 24 0.21 06 



Table 0 .7. continued ,., ,,, ..,.,.., 1 • ..,.,. """"""" .... ,.,..,...., 
""'"" """"""" "'""' """"""" 151RfTOf ,.,..,...., 1senw .............. ..... """""'"" 21«rof MSWD ~hty 

Fl .. ,.... ... ... ... ... ... ... ... .. _ 
Harvard 91500 zi~on 
~19 1746' 01129 0.1851 0.0060 025 0.0729 ooooe 1025.8 417 1094.9 32.4 1010.1 23.4 108 1070 56 2.31 0.1 
oa29AD3 1.8093 0.0668 0.1797 0.0041 0.31 0.074! 0.0009 1048.8 242 1065.6 22.4 1082.0 24.7 100 1058 37 0.37 05 
ia29A82 111288 0.1078 0.1769 0.0070 0.34 0.0751 00009 1055.8 38.7 1049.8 38.8 1071.7 24.8 .. 1053 63 0 .02 0.9 - 1.8301 0.0523 0.1808 0.0037 0.36 0.0727 0.0007 1056.3 18.8 1071.8 20.1 1006.4 20.5 108 1083 32 o•8 0.5 
jo29A04 18342 0.0886 0.1754 0.0050 0.38 0.0748 0.0007 1057.8 24.6 1042.0 21.5 1056.7 19.8 99 1051 ., 0.30 0.6 
oa2SJN57 1.8370 0.0950 0.1867 0.0051 0.21 00744 00009 1058.8 34.0 1103.6 21.8 1052..0 255 105 1086 .. 1.43 0.2 
oa29AIIZ 1.8436 0.1087 0.1768 0.0070 0.34 0.0753 00009 1061.2 38.8 1049.4 38.6 10n.s 24.6 97 1055 63 0.07 0.8 
ia29A134 1.8510 01039 0.1811 0 .0067 033 0.0758 0.0009 1063.8 37.0 1072.8 38.6 10907 24.7 98 1068 60 0.05 0.8 
ia29A117 18832 oon .. 0.1903 0.0045 0.30 00737 o.oooe 1068.1 25.7 1122.8 24.2 1032.1 22.7 109 1097 •o 3.49 0.1 
la29A05 , .... 0.0738 0.1835 0.1)043 0.29 0.0755 0.0007 J()6g.2 26.1 1088.3 23.2 1080.7 18.5 101 1079 30 0.34 0.6 
ia29A100 ...... 0.1078 0.1780 OJXJ74 0.36 o.ono 0.0010 1076.1 379 1058.2 40.8 1121.7 25.3 .. 1087 65 0.20 0.7 
ja29A38 1.9042 0.0828 0.1788 0.0060 0.39 0.0753 00009 1082.8 26.0 1060.6 33.0 10TI.4 24.1 98 1074 51 0.41 0.5 
la29A50 1.0098 0.1300 0.1878 0.0062 0.24 0,0748 0.0010 1084. 45.4 11064 33.7 1084 3 25.8 104 1101 60 o.z• 0.6 
ia29A83 1.9170 01267 0.1807 0.0099 0.42 0.0740 0.0009 1087.0 .. , 10707 54.2 1041.9 zs.• 103 1082 81 0.09 08 
ja29A35 1.9179 0.0862 0.1763 0.0064 0.40 00761 o.oooe 1087.4 30.0 1047.0 34.8 1097.0 22.1 95 1072 .. 1.27 0.3 
ia29A51 1.9180 01409 0.1842 OJX174 0.21 00762 0.0009 1087.4 <19.0 10901 40.3 1100.6 22.7 99 1089 70 000 1.0 
ja29A83 19311 O.OS71il 0 .1801 0.0070 0.43 0.0750 00009 1091.9 30.5 1067.7 38 .• 1087.2 238 100 1084 57 0.42 0.5 
ja29A99 19403 0.1264 0.1852 0.0065 0.21 00761 00010 1095.1 43.7 1095.4 35 •• 1097.8 25.9 100 1095 62 0.00 10 
la29A118 1.11656 0. 1180 0.1842 0.0062 0.37 a one 00010 11038 40. 1059.7 ... 11-42.2 2U 95 1098 70 009 0.8 
la29A18 19705 00032 0.1879 O.OCM7 0.26 0.0808 0.0()10 1105.5 31.9 1109.8 25 .• 1218.2 25 .• 91 1108 .. 0.01 0.9 

PleloVJce zjrcon 
..rz2XJ7 0.3974 0.0103 00537 0.0011 0.35 0.0530 00003 339.8 13.3 3374 10.5 329.9 13.3 102 338 10 0.03 09 
IUZZAIO 0.3973 00181 0.0534 0.0016 0.32 00538 O.OOOA 330.7 13.2 335.1 9.5 354.5 16.2 95 338 18 012 0 7 
au22A09 0.3912 00121 0.0532 0.0012 0.35 00521 0.0003 335.2 8.8 33 ... 7.1 318.0 14.2 105 335 13 0.01 0.9 
..a:JA25 0.3897 0.0133 0.0540 0.0010 0.28 0.0537 O.OOOA 334.1 9.7 338.8 8.2 358.9 17.3 95 338 12 0.22 06 
..a:JA25 03888 0.0155 0.0544 00011 o.z• 0.0544 0.0005 333.5 11.3 341.4 •• 388.0 20.1 .. 340 12 0.47 0.5 

au2u.D3 o•OBO 00147 0.0537 0.0014 0.38 0.0533 00003 347.4 10.6 337. 1 85 3409 14.3 .. 340 15 088 0.3 ........,. 0.40'21 0.0196 00525 OJ;J021 042 0.0521 0.0003 343.2 14 2 329.8 13.1 317.7 1-4.3 104 335 23 o .. o• 
.UZAAZO 03962 0.0113 0.0527 OJXJ12 040 0.052-4 00003 3389 8.2 331.0 7 .• 302.5 15.0 109 334 13 0 ... o.• 
aQ4A31 04050 0.0111 0.0533 0.0010 0.35 0.0532 0.0003 345.3 9.0 334.8 6.2 339.0 14.6 .. 338 11 1.87 0.2 
..a•AJZ o•ozo 0.0118 0.0527 0.0012 0.40 0.0523 0.0003 343.1 8.6 331 .2 7.6 300.1 13.2 110 336 13 1.78 0.2 

....,, ... 03174 0.0143 0.0449 0.0013 0.33 0.0517 00005 210.9 11.0 263.1 8.2 Z70.9 23 .• 105 2112 15 0.08 08 
ouOI.ZO 0.3274 0.0091 0.0474 0.0007 025 00518 00005 2876 7.0 298 .• • . 1 276.-4 19.9 108 296 8 2.30 0.1 
..01a19 03316 0.0002 0.0471 o.oooe 030 0.0525 00005 2908 70 297.0 4.8 300.0 22.6 96 295 9 0.74 o.• 
ou01a66 0 3321 00106 0.0468 0.0011 0.39 00525 00005 291.1 8.1 293.8 71 307.3 20.3 96 293 12 0.08 0.8 
...01861 03402 0.0183 0.0460 0.0014 0.32 0.0528 00005 297.3 12.3 2119.8 8.8 321.1 19.9 90 292 16 0.35 0.6 
aJOtan 03534 00099 0.0463 0.0011 0 ... 0.0530 00005 307.3 7 .• 2015 70 330.0 20.4 88 298 12 A.25 0.0 ....,, ... 0.37<15 00143 0.0521 0.0013 0.33 00525 00003 3229 10.8 331.2 8.2 307.8 12.5 1011 329 15 0.56 05 ...,, ... 0.3866 0.0098 0.0518 0.0012 0.45 0.0530 0.0002 331.9 7.2 325.3 7.2 328.9 9.0 .. 329 12 0.75 o.• 
ou01a32 0.3904 0.0103 0.0523 0.0()12 0.43 0.0533 00003 334.7 7.5 328.8 7.3 342.2 12.0 96 332 12 0.55 0.5 
au01a74 0.3937 00134 0.0522 0.0015 0.41 0.0538 0.0003 3371 0.7 328.1 90 361.2 13.6 91 332 16 0.79 0.4 
au01847 0.3940 ooon 0.0535 o.oooe 040 00530 0.0003 337.3 5.8 3357 5.1 321.0 11.3 103 336 9 0 .07 08 
..01a17 0.3948 0.0062 0.0531 00009 0.41 00533 00003 3379 60 333 .• 5.5 342.1 111 97 335 10 051 0.5 
eu01a18 03956 00154 00556 0.0014 031 00528 0.0003 338 .• 11.2 3488 8.3 318.6 13.0 109 346 15 0.79 o• 
ou01o60 0.40311 0.0099 0.0521 o.oooe 0.32 0.0548 O.OOOA 344.3 7.2 330.9 5.1 402.3 16.8 82 334 9 3.31 0.1 
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Table OJ continued 
u Th 

F1le n.rM faoml 

Ple~oviee zircon 
1028A52 
102BA16 
102BAn ,., .... 
ia28A64 
ia2BA78 
Ja2BA27 
ia28A52 
oa2BAOO 
Ja28A36 
ia28A27 -ta28A51 
Ja28A51 
Ja28A37 
la28A05 

je1JA27 ... 103 
te13A18 949 119 
oe13A28 911 120 
ie13An 961 135 
je13M9 892 103 
oe13AD5 841 82 
te13A71 962 138 
fe13AD7 965 126 
te13M9 739 .. 
je13A71 962 136 
oe13A72 961 135 
te13A91 ... 85 
oe13A92 868 119 

ia29A68 
ia29A135 
ia29A08 ,.,...,. 
ia20A31 
)a29A52 
ia29A85 
ja2QA102 
)a29A136 
ja29A20 
ja29ADB 
ia29A119 
ia29ABi 
j;a29A120 
oa20A53 

=1 

TMJ 20l'Pbi235U 1aarror 

03821 0.0241 
03881 0.01&.4 
0.3906 0.0212 
0.3934 o.otn 
0.3949 00178 
0.3950 0.0287 
0.3955 0.0174 
0.3957 0.0153 
0.3980 0.0203 
0.3985 0.0096 
03997 0.0146 
04020 0.0192 
0.4040 0.0173 
0.4074 0.0104 
0.40&4 0.0115 
0.4326 0.0194 

012 0.3654 0.0087 
012 03663 ooon 
013 0.3903 0.00711 
014 0.3911 0.0065 
012 0.3937 0.0081 
0.10 03937 0.0084 
014 03936 00067 
0.13 0.3964 00054 
0.11 0.3997 0.00112 

014 0.3936 0.0067 
014 0.3911 0.0065 
011 03969 00059 
013 03960 00084 

0.3710 0.0134 
O.lnl 00159 
0.3821 00114 
0.3657 0.0271 
0.3860 00207 
0.3870 0.0331 

i 
03695 0.0155 
0.32')[) 00174 
03912 00129 
0.3976 0.0105 
0.4005 0.0284 
0.4010 00178 
0.4025 0.0185 
04047 0.0121 
04060 00183 
0'109 0.0155 
04118 0.0108 

206f'bi23IU 1Se«OI' - '"""""""" 1oomw ,.,.,...,.., ... 
0.0522 0.0020 0.31 00532 00004 32B.6 
0.0518 0.0015 0.31 0.0545 0.0004 333.0 
0.0540 0.0019 0.32 0.0527 0.0005 334.8 
0.0522 0.0018 0.39 0.0526 0.0004 336.6 
0.0533 0.0014 0.30 0.0532 00004 337.9 
0.0559 QJ)Q21 0.26 0.0533 0.0005 338.0 
0.0523 0.0015 0.33 0.0531 0.0005 338.3 
0.0533 0.0013 0.32 0.0537 0.0004 338.5 
0.0524 0.0021 0.40 0.0531 0.0005 340.2 
0.0528 0.0010 0.36 0.0532 0.0004 340.5 
0.0526 0.0014 0.36 0.0532 0,0005 341.4 
0.0527 0.0017 0.34 0.0540 0.0005 3437 
0.0530 0.0019 0.41 0.0527 0.0004 344.8 
0.0546 0.0011 0.39 0.0528 0.0004 347.0 
0.0540 0.0013 0.42 0.0539 0.0004 347.7 
0.0533 0.0016 036 0.0550 0.0005 3652 

0.0531 0.0006 0.34 0.0536 0.0003 331.0 
00537 0.0006 0.37 0.0527 OJJ003 331.7 
0.0531 0.0008 0.37 00533 0.0003 334.8 
0.0528 0.0007 0.39 0.0533 0.0003 3352 
0.0533 0.0008 0.36 00531 0.0002 337.0 
00551 0.0006 0.36 00529 0.0002 337.1 
0.0526 0.0007 0.30 0.0533 00003 3312 
0.0536 0.0006 0.36 0.0537 0.0002 339.0 
0.0526 0.0007 0.35 0.0540 0.0003 341.5 

00526 0.1)007 0.39 0.0533 0.0003 337.2 
0.0528 0.0007 0.39 00533 00003 3352 
0.0547 0.0007 0.45 00530 0.0002 339.4 
0.0536 0.0007 0.40 0.0528 0.0002 338.8 

0.0536 0.0012 030 00524 0.0006 3204 
0.0508 0.0017 0.40 00531 00004 325.4 
00527 0J)010 033 00535 0.0004 3211.6 
0.0540 0.0022 029 0.0535 00005 331.3 
0.0534 0.0018 034 0.0525 0.0005 3315 
00530 0.0027 0.30 0.0536 00006 332.2 
0.0533 0.0014 0.33 0.0532 0.0004 334.0 
0.0542 0.0018 0.33 00527 0.0004 334.3 
0.0533 0.0012 035 0.0540 00005 3352 
0.0533 0.0011 0.36 00535 0.0004 339.0 
0.0514 0.0030 0.41 0.0549 00005 342.0 
0.0544 0.0018 0.34 00542 0,0005 342.4 
0.0548 0.1)014 0.31 0.0531 0.0005 343.4 
0.0553 0.0013 0.40 0.0527 0.0004 345.0 
0.0533 0.0020 0.42 0.0529 0.0004 346.4 
0.0536 0.0014 0.35 00550 00005 3495 
o.os:w 0.0013 0.48 00541 0.0004 3501 

1oomw ,..,...,.,.., 
1"'"" 2111Pb1206Pb b..-rOf .............. """""""'""" hM"" MSWD Probability ... ... ... ... ... """"'""'"'"" ... , ... ... lolconeotdanc:e) 

17.7 327,8 12.3 339.0 17.9 97 3211 23 0.00 1.0 
13.5 326.3 93 392.8 17.4 63 3211 17 023 0.6 
15.5 338.8 11.4 315.7 19.5 107 338 21 0.06 0.6 
12.0 3211.0 11.1 313.0 18.1 105 331 20 0.44 0.5 
12.6 334.5 8.8 336.8 191 .. 335 18 0.07 0.6 
20.0 350.7 12.7 3<10.1 18.6 103 348 24 0.35 0.6 
12.8 32B.8 9.4 334.2 22.3 .. 332 17 0.54 0.5 
112 335.0 80 356.7 17.0 .. 336 15 010 0.6 
1<7 3293 131 333.9 20.7 .. 334 23 0.50 0.5 
8.9 331.i 5.0 338.8 17.6 .. 335 11 1.45 0.2 
10.6 330.7 8.4 338.9 22.0 .. 334 15 0.97 0.3 
13.9 331.1 10.3 370.0 194 .. 335 19 0.78 0.4 
12.5 3332 115 315.6 16.5 106 336 20 0.76 0.4 
75 3430 6.7 321 .5 15.8 107 345 12 0.25 0.6 
8.3 339.2 7.7 3652 15.6 93 343 13 0.96 0.3 
13.8 3346 11.1 413.3 20.4 81 344 20 4.66 0.0 

6.4 333JI 5.0 364.4 12.5 92 333 9 017 07 
56 337.3 4.8 314.5 10.9 107 335 9 0.91 03 
58 333.4 4.8 339.6 13.3 .. 334 9 003 0.9 
4.7 331.5 42 340.0 10.8 .. 333 7 0.56 05 
5.9 3347 48 333.1 10.1 100 336 9 0.14 0.7 
4.6 345.5 3.9 323.9 10.6 107 342 7 296 01 
40 330.5 4.3 342.9 10.8 96 333 8 1 72 02 
4.0 336.7 3.4 357.3 9.6 .. 338 6 0.32 0.6 
5.9 3306 4.6 370.7 12.4 .. 334 • 316 0.1 

49 330.5 4.3 342.9 10.8 96 333 8 1.72 0.2 
4.7 3315 42 340.0 10.8 .. 333 7 0.56 0.5 
43 343 1 45 326.9 10.6 104 341 7 0.65 04 
4.7 336.8 4.3 322.1 9.4 104 336 7 020 0.7 

9.9 336.5 7.1 304.7 25.1 110 332 13 2.48 0.1 
117 3195 10.8 333.5 18.0 96 322 10 02 3 06 
84 331.0 6.3 349.5 16.1 95 330 11 0.06 0.8 
198 338.0 13.2 350.0 21.4 97 337 25 0.14 0.7 
152 3355 11.8 306.8 19.7 109 334 21 0.06 0.8 
242 332.9 16.7 355.4 26.5 .. 333 31 0.00 1.0 
11.4 334.8 87 335.6 19.0 100 334 16 0.00 1.0 
12.7 3404 9.8 317.3 18.9 107 338 18 0 21 0.6 
04 334 5 7.6 371.6 192 90 335 14 001 0.9 
7.6 334.8 6.8 350.0 16.0 96 337 12 0.46 0.5 
20.6 323.3 18.4 409.8 18.5 79 331 33 o.n 0.4 
12.9 341 .4 10.1 3796 212 90 342 18 0.01 09 
119 343 7 8.5 334.4 23.1 103 344 16 0.00 10 
8.8 3470 6.1 314.1 19.3 110 346 14 0.05 0.8 
13.2 334.7 12.3 323,5 192 103 340 22 072 0 4 
11.1 337.11 •• 4142 210 82 341 18 102 0.3 
78 3384 7.8 375 .. 18.2 90 344 13 2.16 0.1 



u 
I 

N 
w 

10 
11 
12 
16 

17.1 
112 
19 
20 
22 
23 
25 
26 
34 
37 

39.1 
392 
41 .1 
412 
45 
46 
47 
48 
49 
52 
53 
54 
55 
56 
60 

62.1 
622 
65 

Table 0.8. LA-ICP-MS multH!Iement analysis of zircons from tai'!IE!t rocks at Mistastin Lake Crater 
Si02 To02 Sr y Zr02 Nb Ba La Ce Pr Nd Sm 

29 or 30 49 88 89 91 93 137 139 140 141 146 147 
wt% wt% wt% 

0.76 362 59.69 1.04 0.15 0.08 8.50 0.07 1.06 1.80 
au27a05 36.14 1.32 513 60.66 121 4.01 0.53 10.85 0.18 1.90 2.97 
au27a06 36.36 0.97 735 60.40 129 025 0.08 13.07 0.18 2.53 4.15 
au27a07 36.14 1.11 1006 60.68 6 .96 0.31 0.46 10.48 0.48 6.80 8.72 
au27a08 3623 1.14 703 62.43 1.85 0.02 0.07 17.37 0.10 1.69 3.04 
au27a09 36.15 1.04 568 60.76 1.11 0.34 0.44 10.55 025 2.74 3.42 
au27a10 36.15 1.83 430 62.69 1.02 5.13 11 .94 36.44 3.62 16.67 4.60 
au27at 1 37.85 1.04 445 61.01 1.38 1.35 2.32 14.15 0.76 4.53 3.17 
au27a12 37.17 0.72 416 61 .79 0.94 021 0.02 7.34 0.07 1.17 2.11 
au27at3 36.70 0.75 292 60.19 1.33 0.63 0.44 8.37 0.16 1.34 1.56 
au27a14 36.51 0.87 60S 62.37 1.56 0.13 0.03 1120 0.09 1.58 2.73 
au27a15 36.72 0.87 535 62.19 1.37 0.10 0.09 10.17 0.12 1.84 2.92 
au27a16 41 .01 3 .45 50S 57.99 1.36 24.76 1.96 11.70 028 2.07 2.63 
au27a17 36.04 0.88 489 62.84 1.54 0.06 0.22 11 .40 020 1.69 2.47 
au27b(W 37.68 0."4 363 6129 126 0.44 3.01 18.77 1.56 11.52 520 
au27b05 36.67 0.69 361 62.32 1.04 0.01 0.10 7.48 0.07 0.99 1.60 
au27b06 35.10 0.88 518 63.89 0.92 0.07 0.07 8 .92 0.12 1.54 3.13 
au27b07 35.93 0.87 604 62.99 1.07 0.14 0.05 8.50 0.10 1.50 320 
au27b08 36.84 1.09 832 61 .98 1.60 0.18 0.08 12.68 0.10 1.59 3.09 
au27b09 37.11 0.78 528 61 .84 1.45 0.31 0.03 10.54 0.08 1.36 2.49 
au27b10 35.80 0.81 590 63.12 1.42 0.22 0.03 12.01 0.10 1.80 3.13 
au27b11 36.82 0.96 659 61.97 225 0.13 0.09 18.44 0.09 1.54 2.89 
au27b12 36.50 0.80 572 82.46 1.34 0.13 0.22 9.61 0.10 1.47 2.78 
au27bt3 37.00 0.88 604 62.00 0.93 0.63 0.14 8.83 0.19 2.58 3.95 
au27b14 36.16 0.77 404 62.85 1.13 0.22 0.01 720 0.06 1.15 2.05 
au27b15 36.31 0.89 722 62.56 1.30 0.02 0.02 9.94 0.09 1.52 3.13 
au27b16 36.63 0.87 549 62.32 1.05 1.70 0.58 9.94 0.16 2.00 3.10 
au27b17 35.97 0.82 592 63.08 0.81 0.19 0.18 8.09 025 3.34 4.54 
au27c04 36.15 0.78 514 62.88 0.93 0.31 0.13 8.59 0.12 1.55 2.63 
au27c05 35.61 1.09 1000 63.31 0.91 0.19 0.44 12.49 0.50 625 825 
au27c06 35.86 0.83 688 63.10 0.86 021 0.03 7.97 0.14 2.40 4.44 
au27c07 3620 0.66 350 62.79 120 <0.02 0.05 723 0.07 0.91 1.66 
au27c08 36.44 0.76 452 62.49 1.05 0.06 0.08 9.44 0.13 1.52 228 
au27c09 36.43 0.89 616 62.47 129 0.73 0.07 1020 0.09 1.39 2.78 
au27c10 36.35 0.72 530 62.60 0.90 0.17 0.01 7.85 0.07 129 2.60 
au27c11 36.46 0.88 698 62.48 0.94 021 0.02 8.34 0.14 2.44 429 
au27c12 36.09 1.06 915 62.80 1.00 0.47 026 11.46 0.40 4.89 7.00 
au27c13 37.55 0.71 363 61.43 1.05 025 0.01 6 .79 0.06 0.99 1.79 
au27c14 35.80 0.87 502 63.11 121 0.05 0.15 12.22 0.14 1.62 2.71 

Eu Gd Tb Dy Ho Er Tm Yb Lu Hf To Th u 
153 157 159 163 165 166 169 172 175 178 181 232 231 

0.19 8.92 2.84 36.07 12.95 59.16 13.66 131.5 21.07 9341 0.62 39.4 46.0 
026 13.56 U3 52.84 18.90 82.46 19.15 181.3 27.19 9372 0.92 72.3 71 .0 
028 19.93 6.22 76.03 2629 115.53 26.09 240.0 36.45 9257 0.84 99.4 78.9 
1.12 35.55 9.83 113.00 36.84 152.42 32.47 295.4 44.59 8326 1.16 73.1 47.6 
0.14 16.83 5.63 72.47 25.61 11821 26.02 271 .0 39.05 10190 1.71 136.1 159.8 
0.46 16.15 5.01 6129 20.79 90.07 20.33 1962 28.83 8250 0.61 512 43.8 
0.34 11.59 3.45 42.00 15.14 68.16 15.65 153.3 23.97 9085 0.67 38.7 43.0 
0.53 11.78 3.60 45.08 15.73 72.38 16.84 1622 24.35 8920 0.90 642 71 .8 
026 10.03 328 41 .45 14.75 66.03 15.37 148.4 22.99 8130 0.47 31.9 32.7 
0.17 6.15 2.12 28.61 10.36 48.14 11.83 115.4 1821 9067 1.05 44.0 66.6 
0.18 14.50 4.68 60.80 21.42 96.38 22.39 2152 31.97 8526 1.11 54.0 58.0 
0.16 13.91 4.36 55.32 19.14 84.61 19.51 182.7 27.94 8375 0.98 64.9 632 
0.19 12.09 3.95 5027 17.63 78.91 1821 177.6 26.66 7558 0.99 62.0 71 .1 
0.22 11.89 3.77 48.85 17.76 80.14 19.18 186.7 26.46 8777 1.31 46.8 65.6 
121 11.88 321 39.10 12.87 58.95 13.70 131 .9 19.69 8054 0.82 36.6 65.0 
0.15 8 .59 2.66 35.05 12.82 57.64 13.44 131 .1 19.48 7916 0.75 42.7 45.5 
028 14.48 4.39 55.79 18.88 81.82 19.18 182.9 24.35 7692 0.52 41 .4 42.1 
028 15.97 4.93 6128 21.41 93.71 21 .30 199.3 29.48 8199 0.70 44.9 50.5 
0.17 1821 6.08 78.82 26.39 129.80 29.80 283.5 40.78 8752 126 95.1 117.7 
0.13 12.36 4.01 5221 18.70 8429 19.31 185.5 27.95 8063 1.13 462 55.3 
0.17 14.83 4.86 60.48 21 .02 93.61 21.57 203.3 29.36 8189 1.01 74.4 772 
0.13 15.36 4.97 65.85 23.43 106.43 24.59 233.8 34.52 9206 1.98 126.9 155.1 
0.17 13.62 4.43 5625 19.90 89.48 20.50 194.7 2920 7865 0.91 48.8 53.5 
0.38 16.80 5.18 63.36 21.43 93.44 21.15 198.0 28.52 7392 0.59 54.7 47.4 
0.15 9.73 3.16 40.56 1423 64.62 1528 150.9 21.76 7636 0.83 302 35.6 
0.17 16.47 5.60 70.76 25.31 113.54 26.13 2462 36.11 8460 0.97 60.9 75.7 
029 14.45 4.47 55.49 19.52 85.53 18.62 172.6 27.80 8022 0.71 62.0 652 
0.55 18.06 5.43 64.94 21.00 89.99 19.79 184.5 26.67 7051 0.47 36.1 30.4 
029 13.65 4.16 5121 18.04 79.42 18.01 169.4 25.10 7326 0.59 44.1 45.6 
0.90 33.73 9.75 114.50 37.07 150.68 3324 3002 41 .47 7452 0.56 81.1 65.5 
0.54 20.15 5.99 72.38 24.41 105.84 23.36 215.6 31 .96 7664 0.54 512 49.0 
0.11 7.72 2.65 34.49 1223 55.96 12.95 1252 19.62 7971 0.87 31 .1 43.7 
023 10.59 3.51 4529 15.90 71.82 16.72 158.5 24.33 8262 0.75 55.4 64.7 
0.18 15.42 4.70 60.70 21 .68 95.65 21 .72 202.7 31.60 8424 0.89 62.3 70.9 
027 13.35 4.19 52.90 18.63 81.93 18.82 176.6 26.62 7997 0.58 43.1 48.8 
0.42 1920 5.78 72.37 24.80 107.06 23.85 217.7 33.08 8049 0.52 51.5 50.9 
0.62 29.22 8.56 10021 33.09 136.40 29.98 280.4 39.68 7892 0.88 84.3 76.9 
0.16 8.18 2.74 35.53 12.77 57.62 13.58 132.6 20.30 8062 0.70 31.0 44.0 
0.19 12.33 3.94 51.99 17.88 77.91 18.58 183.3 25.36 8322 0.88 62.0 76.5 



Table 0 .8. Table 0 .8. continued 
Chondrite Norm~~lized Ratios 

La c. Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Z102 - S i02 ThiU Lu/Hf [l.aiSm]r[Gd/Yb]n Nb/To Eul£u• CeJCe• 

0.32 13.9 0.80 2.31 122 3.32 45 79 147 237 370 553 817 856 20.54 0.855 0.0023 0.021l 0.055 1.67 0.116 24.7 
2.22 17.7 1.96 4.15 20.1 4.59 68 117 215 346 515 776 1121l 1105 22.52 1.019 0.0029 0.110 0.061 1.31 0.104 8.5 
0.36 21 .3 1.70 5.54 28.0 4.99 100 172 309 481 722 1056 1491 1482 22.02 1.260 0.0039 0.013 0.067 1.53 0.078 20.8 
1.93 17.1 521 14.68 58.9 19.94 179 272 459 675 953 1314 1835 1813 22.54 1.536 0.0054 0.033 0.097 6.02 0.168 4.8 

7 ou27a06 028 26.3 1.08 3.71 20.5 2.47 85 156 295 469 739 1135 1683 1587 2620 0.852 0.0038 0.013 0.050 1.08 0.047 41.8 
8 au27a09 1.87 172 2.74 5.99 23.1 8.13 81 139 249 381 563 823 1218 1172 22.61 1.168 0.0035 0.081 0.067 1.81 0.156 7.5 
9 au27a10 50.40 62.7 38.97 36.47 31.1 6.09 58 95 171 277 426 834 952 974 26.54 0.900 0.0026 1.621 0.061 1.53 0.136 1.4 
10 au27a11 9.78 23.1 8.16 9.91 21.4 9.36 59 100 183 268 452 662 1007 990 23.16 0.895 0.0027 0.457 0.059 1.53 0232 2.6 
11 au27a12 0.08 12.0 0.79 2.55 142 4.54 so 91 168 270 413 622 910 935 24.62 0.976 0.0028 0.006 0.055 2.00 0.140 27.4 
12 au27a13 1.86 13.7 1.70 2.92 10.5 3.07 31 59 116 190 301 479 717 740 21 .49 0.661 0.0020 0.178 0.043 126 0.148 7.7 
16 au27a14 0.14 18.3 0.99 3.45 18.5 3.16 73 130 247 392 602 907 1336 1300 25.85 0.930 0.0037 0.007 0.055 1.40 0.069 32.5 

17.1 au27a15 0.40 16.6 127 4.03 19.7 2.87 70 121 225 350 529 790 1135 1136 25.47 1.027 0.0033 0.020 0.062 1.40 0.064 19.9 
112 au27a18 629 19.1 3.05 4.52 17.8 329 61 110 204 323 493 737 1103 1084 16.98 0.871 0.0035 0.466 0.055 1.37 0.084 3.4 
19 au27a17 0.92 18.6 2.12 3.70 16.7 3.83 60 105 199 325 501 m 1159 1078 21!.80 0.713 0.0030 0.055 0.052 1.17 0.100 12.3 
20 au27b04 12.70 30.6 16.62 2521 35.1 21 .52 60 89 159 236 368 555 819 800 23.61 0.563 0.0024 0.362 0.073 1.54 0.454 2.1 
22 au27b05 0.43 122 0.70 2.17 10.8 2.62 43 74 142 235 360 544 814 792 25.66 0.938 0.0025 0.040 0.053 1.39 0.097 21 .5 
23 au27b06 028 14.6 127 3.38 212 4.99 73 122 227 346 511 776 1136 990 28.79 0.983 0.0032 0.013 0.064 1.78 0.106 18.8 
25 au27b07 0.19 13.9 1.04 328 21 .6 4.91 80 137 249 392 586 862 1238 1198 27.06 0.868 0.0036 0.009 0.065 1.52 0.096 22.5 
26 au27b08 0.35 20.7 1.03 3.48 20.9 3.00 92 168 320 520 811 1206 1761 1658 25.15 0.807 0.0047 0.017 0.052 127 0.053 30.0 
34 au27b09 0.12 112 0.91 2.98 16.8 226 82 111 212 342 527 762 1152 1136 24.73 . 0.835 0.0035 0.007 0.054 128 0.057 33.5 
37 au27b10 0.11 19.6 1.06 3.93 212 2.99 75 135 246 385 585 873 1263 1194 27.32 0.963 0.0038 0.005 0.059 1.41 0.062 33.6 

39.1 au27b11 0.39 30.1 1.01 3.37 19.5 227 77 138 268 429 665 995 1451 1403 25.14 0.818 0.0038 0.020 0.053 1.14 0.047 43.0 
392 au27b12 0.94 15.7 1.06 322 18.8 3.01 68 123 229 365 559 830 1209 1187 25.96 o_g12 0.0037 0.050 0.057 1.48 0.069 15.7 
41.1 au27b13 0.59 14.4 2.07 5.65 26.7 6.80 84 143 258 392 584 856 1230 1159 25.00 1.155 0.0039 0.022 0.069 1.59 0.122 10.8 
412 au27b14 0.06 11.8 0.68 2.52 13.8 2.84 49 68 165 21l1 404 619 938 865 26.69 0.647 0.0028 0.004 0.052 1.35 0.084 31.7 
45 au27b15 0.10 162 0.93 3.33 212 3.09 83 155 268 464 710 1058 1529 1488 21!25 0.605 0.0043 0.005 0.054 1.33 0.059 31 .3 
48 au27b16 2.45 182 1.76 4.37 20.9 5.18 73 124 22ll 357 535 754 1072 1130 25.69 1258 0.0035 0.117 0.068 1.48 0.111 7.7 
47 au27b17 0.75 132 2.68 7.31 30.6 9.62 91 150 264 385 562 801 1146 1084 27.11 1252 0.0038 0.025 0.079 1.73 0.162 7.7 
46 au27c04 0.56 14.0 1.29 3.40 17.8 5.16 69 115 208 330 496 729 1052 1020 26.73 0.969 0.0034 0.032 0.065 1.57 0.119 152 
49 au27c05 1.85 20.4 5.34 13.67 55.8 15.90 169 270 465 679 942 1348 1865 1686 27.69 1238 0.0056 0.033 0.091 1.64 0.141 5.7 
52 au27c:06 0.11 13.0 1.53 525 30.0 9.56 101 166 294 447 662 948 1339 1299 2725 1.046 0.0042 0.004 0.076 1.57 0.146 15.8 
53 ou27r:IJ7 023 11.8 0.72 1.99 112 1.96 39 73 140 224 350 524 778 798 21!.59 0.712 0.0025 0.020 0.050 1.38 0.079 25.0 
54 au27r:IJ8 0.34 15.4 1.42 3.32 15.4 4.05 53 97 184 291 449 677 985 989 26.05 0.856 0.0029 0.022 0.054 1.41 0.118 17.4 
55 au27c09 0.31 16.6 0.97 3.04 18.8 3.16 77 130 247 397 598 879 1259 1285 26.04 0.878 0.0038 0.017 0.062 1.46 0.066 26.0 
56 au27c10 0.06 12.8 0.78 2.83 17.6 4.86 67 118 215 341 512 762 1097 1082 2625 0.683 0.0033 0.003 0.061 1.55 0.115 30.7 
60 au27c11 0.10 13.6 1.48 5.34 29.0 7.39 96 160 294 454 669 966 1352 1345 25.99 1.012 0.0041 0.003 0.071 1.82 0.118 17.3 

62.1 au27c12 1.17 18.7 428 10.71 47.3 10.92 147 237 407 606 852 1214 1742 1621 26.71 1.096 0.0051 0.025 0.084 1.47 0.113 6.9 
622 au27c13 0.06 11 .1 r.c ~ 2.17 12.1 2.83 41 76 144 234 360 550 623 825 23.86 0.703 0.0025 0.005 0.050 1.50 0.106 332 
65 au27c14 0.63 19.9 1.56 3.:>4 18.3 3.41 62 109 21 1 328 467 752 1138 1031 27.31 0.81 1 0.0030 0.034 0.054 1.38 0.085 18.3 



Table 0.8. Continued 
Si02 Ti02 Sr y Zr02 Nb Ba La c. Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf To Th u 

Grain/s Isotope 29 or30 49 88 19 93 137 139 140 141 146 147 153 157 159 163 165 166 169 172 175 171 111 232 238 
Number Fitename wt% wt% 

Mangerite, Horseshoe Island (WOS-45) 
1 au28a04 37.61 0.98 446 61.18 1.12 0.56 0.10 8.32 0.11 1.04 1.89 0.14 9.52 3.17 39.52 14.52 69.03 14.55 1372 28.61 9920 0.71 46.7 63.3 

2.1 au28a05 38.46 0.87 504 60.35 1.62 0.07 0.04 11 .90 0.07 0.99 1.98 0.13 10.05 3.38 45.07 16.75 79.91 16.72 154.5 30.10 9626 0.99 65.3 84.3 
22 au26a06 39.64 0.99 394 5926 1.18 1.98 0.72 922 0.45 3.05 2.02 0.40 928 2.81 36.83 13.34 6 1.41 12.95 1202 23.98 8980 0.67 35.5 42.5 

au28a07 39.03 0.69 536 59.88 1.38 <020 0.09 9.30 0.11 1.44 227 025 11.83 3.83 47.59 17.92 83.38 17.4 1 154.3 30.89 8667 0.84 55.1 65.6 
4 au28a08 38.81 0.11 457 60.09 1.38 0.34 0.02 9.38 0.06 1.03 1.91 0.12 9.66 326 40.87 1523 70.44 14.34 1362 28.71 8824 0.81 51.4 62.4 
5 au28a09 39.11 0.80 472 59.83 1.37 0.72 0.16 8.43 0.11 123 2.10 021 10.31 3.31 42.43 15.69 73.63 1529 142.6 28.03 8449 0.74 43.6 55.6 
7 au28a10 38.78 0.71 396 60.14 126 0.14 0.04 7.74 0.06 0.82 1.68 0.11 8 .14 2.79 35.07 13.04 62.77 13.39 123.7 2425 8840 0.71 402 54.7 

8 .1 au28a11 36.60 0.79 602 62.28 1.62 0.01 0.11 10.69 0.17 1.81 2.58 024 14.61 4.69 55.92 20.09 91.52 1923 173.0 33.11 8863 0.93 58.8 70.1 
62 au28a12 36.15 1.12 638 62.77 1.00 3.95 0.85 9.42 0.83 5.94 5.82 0.91 19.88 5.69 6423 21.89 93.95 18.66 167.3 31 .87 8301 0.48 25.3 23.0 
10 au28a13 35.68 0.91 644 6320 1.06 0.36 0.17 8 .01 024 2.73 3.56 026 16.04 5.13 6125 21.61 96.42 19.30 170.7 32.56 8712 0.63 46.5 44.7 
12 au28a14 35.70 c 79 422 63.19 125 026 0.35 8 .62 021 1.46 1.56 021 8.87 3.06 37.15 1426 66.39 14.16 132.5 25.70 9078 0.68 40.4 51.6 
16 au28a15 38.46 o.a9 ~18 60.50 1.09 0.48 027 7.91 021 2.28 2.90 0.18 13.07 4.07 4827 17.52 78.63 16.14 145.5 27.98 8236 0.59 42.7 44.8 
17 au28a16 3727 0.80 568 61.63 1.53 0.07 0.53 13.97 0.41 3.19 2.75 029 13.46 ._,, 50.74 18.88 89.75 18.79 172.8 32.28 8593 0.99 842 96.3 
18 au28a17 37.87 0.93 912 60.95 1.44 021 0.61 15.08 0.51 423 527 0.36 22.31 7.02 85.31 30.96 14121 29.17 2642 49.15 8861 1.02 1122 124.8 
20 au28b04 33.86 0.92 374 65.17 1.16 3.80 0.12 7.62 0.09 0.98 1.55 0.10 7.90 2.61 3322 12.43 57.83 12.39 113.5 22.09 7827 0.67 40.0 48.9 
27 au28b05 33.57 0.85 630 6529 1.99 0.72 1.17 19.19 0.96 5 .64 3.58 0.47 1427 4.48 57.31 21 .30 101.01 22.02 202.3 3822 8888 1.48 105.8 154.3 
30 au28b06 3228 0.88 606 66.69 1.09 0.14 0.09 8.05 0.16 1.91 326 020 14.80 4.75 57.37 2026 9223 1922 1702 31 .43 8008 0.64 50.0 55.8 
33 au28b07 34.43 0.66 441 64.56 1.08 0.14 0.03 7.65 0.06 0.94 1.75 0.14 8 .81 3.16 38.67 14.75 69.75 14.87 136.4 25.98 8125 0.64 372 49.5 
34 au28b08 34.43 4.15 1100 64.46 1.30 1.05 4624 117.60 13.68 61.55 16.56 0.90 38.56 10.15 108.98 36.77 158.15 31.05 266.5 49.15 7486 0.85 113.4 95.6 
36 au28b09 31 .33 0.72 - 67.54 1.42 0.32 0.79 10.44 0.35 2.35 322 0.11 11.04 4.18 48.77 17.93 84.35 17.81 158.0 30.49 9063 0.74 50.1 66.4 
39 au28b10 34.45 0.64 299 64.43 1.06 <0.01 0.07 7.17 0.10 0.94 1.31 0.11 5.80 2.03 28.39 9.91 47.58 10.35 95.4 18.88 9319 0.65 42.8 75.9 
44 au2Bb11 33.37 0.93 523 65.54 1.19 0.84 023 9.30 023 226 3.03 0.08 12.50 3.79 46.76 17.46 80.64 17.34 154.6 29.34 8668 0.75 49.8 68.0 

46.1 au28b12 3528 0.63 345 63.69 120 0.01 0.05 7.66 0.07 0.88 1.45 0.13 7.60 2.43 30.54 11.94 55.33 11.67 107.6 21 .33 8417 0.72 342 47.4 
462 au28b13 34.19 0.75 628 64.74 1.19 0.14 0.31 9 .41 0.30 2.73 2.87 027 14.91 4.69 58.34 21.08 96.50 19.72 1772 33.93 8271 0.61 48.9 56.5 

Anorthosite, Horseshoe Island (CM032) 
10-84_8 oc16a04 38.30 0.0014 0.14 230 60.85 0.91 0.11 0.02 6.84 0.11 2.13 4.18 0.52 14.94 3.61 32.65 8.82 35.73 7.85 74.1 16.87 6938 0.80 7.1 33.1 
HH5_15 oc16a05 39.62 0.0028 0.79 298 59.39 0.61 0.78 0.84 7.62 0.69 3.60 1.71 1.95 5.89 1.92 2522 9.63 47.74 10.88 109.3 22.64 8174 020 64.1 53.4 
1(}.75 12 oc16a06 37.74 0.0070 020 694 6127 0.97 0.06 0.13 8.96 0.79 10.34 11.41 121 39.62 1022 109.92 34.59 144.70 28.17 244.0 45.94 7348 0.44 1022 42.5 
1().se=.6 oc16a07 42.41 0.0084 025 850 56.63 0.92 0.08 0.09 8.90 0.67 9.02 10.44 1.01 35.55 9.40 105.15 32.94 13928 27.11 228.6 41 .13 6824 0.39 125.3 502 
1(}.55 6 oc16a08 36.06 0.0070 1.30 536 62.69 0.81 8 .69 1.56 14.09 1.17 728 3.95 2.14 12.91 3.31 40.44 16.34 76.57 17.73 175.9 37.52 9956 0.37 171 .8 162.4 
1().47=9 oc16a09 37.61 0.0084 1.02 894 61 .40 0.82 1.56 028 727 029 3.07 5.77 0.60 25.77 7.32 84.18 28.67 119.41 23.16 202.7 39.10 7055 028 103.9 462 
1().47_7 oc16a10 38.85 0.0014 0.15 418 60.06 0.88 0.15 0.01 8 .69 0.04 0.62 1.12 020 621 2.07 30.10 11.94 63.69 1528 160.9 36.86 8742 0.48 77.4 208.7 
1().36_9 oc16a11 36.17 0.0014 0.43 273 62.62 0.74 2.73 0.12 525 0.10 0.62 0.96 020 5.44 1.89 25.07 924 44.62 10.06 93.3 17.48 10587 0.36 58.0 42.0 
1().3$.13 oc16a12 3925 0.0000 1.00 216 59.34 0.67 0.52 0.12 4.57 0.09 0.63 0.81 021 3.37 128 17.55 6.72 33.51 7.57 72.8 14.45 12559 0.33 77.6 50.1 
1(}.33-2 oc16a13 39.34 0.0014 026 236 59.64 0.61 125 0.05 3.99 0.06 0.58 0.85 026 4.33 1.46 2028 7.89 39.50 922 93.7 19.36 8564 022 65.5 59.1 
1(}.31-1 oc16a14 37.68 0.0014 0.16 654 61.37 0.90 025 0.02 7.35 0.10 1.88 3.87 0.48 18.87 5.83 70.63 24.34 110.07 23.58 223.5 42.84 7166 0.46 56.0 58.4 

1(}.31-11 oc16a1S 39.72 0.0128 0.18 490 59.35 0.69 0.76 0.12 623 0.08 1.31 2.77 0.37 1326 4.07 4826 16.93 7529 16.42 158.5 29.68 7268 026 37.7 43.0 
1(}.30-12 oc16a16 39.89 0.0014 0.15 889 59.08 0.69 0.33 0.04 7.87 0.13 2.51 5 .54 0.11 28.73 8.48 98.60 31.45 131.50 26.53 236.3 45.02 7530 0.36 77.8 59.9 
1(}.3(}.6 oc16a17 38.86 0.0070 7.01 465 6021 1.01 4.72 0.18 5.78 0.18 2.89 3 .99 0.50 15.67 426 48.72 16.38 71.50 14.73 138.1 28.65 7370 0.55 57.9 31.5 

1().29-14 oc16b04 38.12 0.0014 024 522 60.98 0.69 0.85 0.05 6.31 0.07 1.41 2.86 0.39 14.15 4.30 52.06 17.75 80.06 17.77 177.9 35.18 6938 0.31 402 58.0 
1().29-12 oc16b05 37.93 0.0014 0.09 256 6121 0.66 0.07 0.04 7.58 0.31 520 820 1.07 23.78 5.42 44.34 10.81 39.14 7.58 67.7 12.89 7033 0.51 92 20.3 
1().29-06 oc16b06 37.69 0.0151 121 242 61 .47 0.71 6.45 1.15 6.48 0.49 2.17 1.92 0.35 4.85 1.61 21 .03 722 33.47 6.90 69.7 14.06 6666 0.30 24.1 18.8 
1(}.28-19 oc16b07 37.61 0.0014 0.18 564 61 .52 0.79 0.10 0.07 6.70 0.09 1.53 2.73 0.40 14.13 4.57 56.00 19.51 87.93 19.59 195.0 38.59 6587 0.41 40.0 61 .6 
1(}.24-26 oc16b08 38.34 0.0014 0.40 80 60.59 2.16 0.12 0.08 22.48 0.63 11.10 24.18 3.03 110.72 31.30 345.99 108.77 45121 91.76 830.0 150.09 6717 0.95 372.3 3142 
1(}.24-25 oc16b09 38.66 0.0014 0.18 17 60.56 72.46 1.71 3.58 82.12 8.55 28.63 2.74 16.05 1.60 026 2.30 0.65 3.04 0.66 6.9 1.43 6502 23.63 1.6 40.8 
1(}.22-4 oc16b10 38.89 0.0014 0.12 206 60.12 0.73 0.07 0.01 4.45 0.02 0.33 0.74 0.09 4.10 1.42 18.60 6.76 31.78 6.68 622 11 .93 6437 0.39 33.8 342 
1(}.2(}.6 oc16b11 37.73 0.0014 0.15 509 61 .41 0.80 0.04 0.02 6.03 0.06 1.08 2.32 0.30 12.01 3.85 47.15 16.57 75.73 16.53 180.9 31.90 6644 0.42 36.7 49.6 

1().14-16 oc16b12 37.81 0.0014 0.19 413 61 .12 0.81 020 0.04 5.33 0.04 0.58 1.48 024 8.37 2.76 35.68 13.10 61.00 12.87 120.7 22.28 8918 0.46 61 .1 43.4 
1().14-15 oc16b13 39.60 0.1583 2.38 1014 59.32 2.98 1.52 1.42 19.05 1.11 7.90 7.31 222 27.84 8.42 105.37 38.69 189.91 44.31 456.6 93.43 5956 0.94 128.0 370.4 
1().11_21 oc16b14 38.06 0.0014 0.48 522 61.12 0.82 0.09 0.14 6.71 0.12 123 2.15 0.35 11 .76 3.82 4828 17.01 78.48 17.07 1672 33.08 6183 0.47 43.1 55.9 
1D-11_11 oc16b15 36.31 0.0069 0.15 418 62.74 0.92 0.12 0.06 8.34 0.63 9.34 11 .18 1.08 38.43 9.86 10325 3321 13925 27.03 233.8 42.98 7132 0.42 1342 52.1 
1(}.10_25 oc16b16 36.46 0.0069 0.12 310 62.67 0.95 020 0.04 2.91 0.04 0.53 1.19 0.17 6.51 2.34 29.07 10.53 50.51 10.72 95.4 20.38 6924 0.57 118.3 70.0 
1().8 24 oc:16b17 37.63 0.0069 1.35 778 61.43 0.80 2.69 0.42 7.06 0.38 5.31 7.55 0.88 29.76 7.83 85.18 27.82 118.34 23.12 203.1 38.54 6735 0.36 223.5 66.4 
1().8=22 oc16c04 37.90 0.0055 125 651 6121 1.61 0.46 0.10 8.69 0.17 2.16 3.88 0.52 17.69 5.63 69.98 2826 12725 28.58 276.5 57.75 6389 0.95 81.0 130.5 
1().5_8 oc16c05 37.55 0.0014 024 278 61.61 0.76 0.95 0.04 14.60 021 3.61 8 .18 1.10 42.43 12.94 148.44 45.71 171 .82 29.54 228.7 34.53 6067 0.47 77.3 146.1 
1().5_7 oc16<:06 37.91 0.0014 024 220 61 .12 0.69 020 0.03 4.74 0.03 0.35 0.74 0.14 4.40 1.47 18.84 6.90 32.27 6 .94 66.0 12.02 8363 0.37 34.9 36.4 
1-e2_5 oc16c07 37.02 0.0014 024 568 62.11 o.n 0.06 0.01 6.44 0.06 1.37 328 0.41 14.75 4.52 55.50 18.61 84.39 18.13 169.7 32.65 6612 0.31 40.1 46.1 
1-54 1 oc16GC8 39.03 0.0014 0.07 188 60.06 0.63 0.03 0.02 4.07 0.03 0.42 0.67 0.17 3.62 1.30 16.97 6.48 30.93 728 75.9 14.06 7665 023 55.6 54.7 

d 1-33=3 oc16c09 37.87 0.0014 0.11 221 61.17 0.82 0.14 0.01 4.15 0.02 027 0.58 0.10 3.54 128 17.96 7.17 36.66 8.61 88.3 17.73 8003 024 762 70.9 
I 1·1_9 oc16c11 39.02 0.0014 021 256 60.04 0.67 0.09 0.17 5.70 0.16 1.01 0.87 0.49 4.66 1.52 21 .37 8 .44 41.77 9.82 97.6 19.65 7692 026 96.6 822 

N 
Vo 



Table 0.8. continued 
Chondrite Normalized Ratios 

Grain/spot Isotope La Ce Pr Nd Sm Eu Gd Tb Dy Ho Et Tm Yb Lu Zr02 -Si02 ThiU Lu/Hf ~]r[Gd/Yb]o NbfTa Euteu• Ce/Ce. 
Number FUe n,ame 

·- ·- -· .. -
Milngerite, Horseshoe Is 

1 au28a04 0.40 13.6 1.17 2.27 12.7 2.54 48 88 161 266 431 569 852 1082 23.57 0.739 0.0027 0.032 0.056 1.57 0.084 172 
2.1 au28a05 0.17 19.4 0.79 2.17 13.4 2.32 51 94 183 307 499 677 959 1224 21.89 0.774 0.0031 0.012 0.053 1.64 0.073 40.7 
22 au26a06 3.05 15.0 4.90 6.66 13.6 7.05 47 78 150 244 384 524 747 975 19.62 0.835 0.0027 0.224 0.062 1.75 0234 3.8 

au28a07 0.37 152 123 3.14 15.4 4.38 58 106 193 328 521 705 958 1256 20.85 0.839 0.0036 0.024 0.061 1.65 0.119 19.0 
4 au28a08 0.10 15.3 0.64 2.26 12.9 2.21 49 90 166 279 440 581 846 1086 21.28 0.824 0.0030 0.008 0.057 1.71 0.072 41.3 
5 au28a09 0.69 13.8 1.23 2.69 142 3.64 52 92 172 287 460 619 886 1139 20.72 0.784 0.0033 0.049 0.059 1.85 0.110 14.3 
7 ali28a10 0.17 12.6 0.63 1.79 11 .3 1.94 41 77 143 239 392 542 769 986 21 .36 0.736 0.0027 0.015 0.053 1.77 0.074 31.8 

8.1 au28a11 0.48 17.4 1.88 3.97 17.5 4.30 73 130 227 368 572 778 1074 1346 25.66 0.839 0.0037 0.027 0.068 1.73 0.095 14.8 
82 au28a12 3.59 15.4 8.96 13.00 39.3 16.08 100 158 261 401 587 756 1039 1296 26.62 1.102 0.0038 0.091 0.096 2.08 0231 2.4 
10 au28a13 0.73 13.1 2.55 5.97 24.0 4.60 81 142 249 396 603 781 1060 1324 27.52 1.040 0.0037 0.031 0.076 1.67 0.088 8.0 
12 au28a14 1.47 14.1 2.31 320 10.6 3.78 45 85 151 261 415 573 823 1045 27.49 0.783 0.0028 0.139 0.054 1.84 0.137 7.4 
16 au28a15 1.15 12.9 226 4.99 19.6 3.16 66 113 196 321 491 653 904 1137 22.03 0.954 0.0034 0.059 0.073 1.84 0.074 7.5 
17 au28a16 223 22.8 4.41 6.99 18.6 5.07 66 114 206 346 561 761 1073 1312 24.36 0.874 0.0038 0.120 0.063 1.55 0.118 6.9 
16 au28a17 2.59 24.6 5.45 9.26 35.6 6.45 112 195 347 567 883 1161 1641 1998 23.08 0.899 0.0055 0.073 0.068 1.40 0.087 6.1 
20 au28b04 0.53 12.4 0.96 2.15 10.5 1.84 40 72 135 228 361 502 705 898 31.31 0.817 0.0028 0.050 0.056 1.74 0.073 16.7 
27 au28b05 4.92 31.3 10.38 12.33 242 827 72 124 233 390 631 891 1257 1554 31.72 0.665 0.0043 0204 0.057 1.34 0.173 4.1 
30 au28b06 0.37 13.1 1.77 4.17 22.0 3.63 74 131 233 371 576 778 1057 1278 34.41 0.896 0.0039 0.017 0.070 1.69 0.075 12.3 
33 au28b07 0.13 12.5 0.60 2.06 11.8 2.50 44 87 157 270 438 602 847 1055 30.13 0.752 0.0032 0.011 0.052 1.69 0.089 34.0 
34 au28b08 203.54 191.8 147.41 134.66 111.9 16.05 194 281 443 673 988 1257 1655 1998 30.05 1.187 0.0066 1.819 0.117 1.54 0.105 1.1 
36 au28b09 3.34 17.0 3.74 5.15 21.7 1.98 55 116 198 328 527 721 981 1239 3621 0.754 0.0034 0.154 0.057 1.92 0.051 4.8 
39 au28b10 028 11 .7 1.08 2.07 8.8 1.96 29 56 107 181 297 419 592 759 29.98 0.563 0.0020 0.031 0.049 1.64 0.103 172 
44 au28b11 0.96 152 2.53 4.93 20.5 1.46 63 105 190 320 504 702 960 1193 32.17 0.732 0.0034 0.047 0.065 1.59 0.035 8.7 

46.1 au28b12 0.19 12.5 0.80 1.89 9.8 225 38 67 124 219 346 413 669 867 28.41 0.722 0.0025 0.019 0.057 1.67 0.094 25.3 
462 au28b13 1.31 15.4 328 5.98 19.4 4.83 75 130 237 386 603 798 1101 1379 30.55 0.866 0.0041 0.068 0.068 1.94 0.102 6.7 

Anorthosite, Horseshoe 
1().84_8 oc16a04 0.07 112 123 4.67 282 9.30 75 100 133 182 223 318 461 686 22.54 0213 0.0024 0.002 0.163 1.14 0.180 17.3 

11).75 15 oc16a05 3.52 12.4 7.45 7.87 11.6 34.62 30 53 103 176 298 440 679 920 19.77 1200 0.0028 0.305 0.044 3.05 1.683 2.3 
1G-75=12 oc16a06 0.56 14.6 8.46 22.62 77.1 21 .46 199 283 447 634 904 1141 1516 1867 23.53 2.406 0.0063 0.007 0.131 2.20 0.155 32 
1G-56_6 oc16a07 0.38 14.5 7.18 19.73 70.5 17.95 179 260 427 603 871 1098 1420 1672 14.22 2.494 0.0060 0.005 0.126 2.37 0.144 3.8 
1(}.55_6 oc16a08 6.59 23.0 12.57 15.93 26.7 38.09 65 92 164 299 479 718 1093 1525 26.63 1.058 0.0038 0241 0.059 221 0.832 2.4 
1G-47_9 oc16a09 1.19 11.9 3.11 6.71 39.0 10.68 130 203 342 489 746 938 1259 1589 23.78 2.247 0.0055 0.031 0.103 2.89 0.127 5.5 
1G-47 7 oc16a10 0.04 142 0.39 1.35 7.5 3.51 31 57 122 219 398 619 999 1498 2121 0.371 0.0042 0.005 0.031 1.85 0.181 662 
1G-36=9 oc16a11 0.51 8.6 1.09 1.36 6.5 3.51 27 52 102 169 279 407 580 111 26.45 1.383 0.0017 0.078 0.047 2.05 0207 10.7 
1G-3S-13 oc16a12 0.49 7.5 0.97 1.38 4.1 3.80 17 35 71 123 209 307 452 586 20.09 1.549 0.0012 0.118 0.037 2.06 0.361 10.3 
1(}.33-2 oc16a13 020 6.5 ~-1'2 126 5.7 5.04 22 41 82 145 247 373 582 787 20.30 1.107 0.0023 0.034 0.037 2.83 0.366 16.0 
1(}.31-1 oc16a14 0.10 12.0 1.oa '12 26.1 8.45 95 162 287 446 686 955 1388 1741 23.69 0.959 0.0060 0.004 0.068 1.95 0.140 202 

10-31-11 oc16a15 0.52 102 0.87 2.d7 18.7 6.52 67 113 196 310 471 665 985 1207 19.63 0.878 0.0041 0.028 0.068 2.50 0.153 14.7 
1G-3G-12 oc16a16 0.19 '2.8 1.36 5.50 37.4 13.73 144 234 401 576 822 1074 1466 1830 19.19 1298 0.0060 0.005 0.098 1.92 0.151 16.6 
1(}.3(}.6 oc16a17 0.77 9.4 1.94 5.88 26.9 8.91 79 118 198 300 447 596 858 1083 21.35 1.835 0.0036 0.028 0.092 1.84 0.169 7.0 

1(}.29-14 oc16b04 020 10.3 0.78 3.10 19.3 6.86 71 119 212 325 500 719 1105 1430 22.86 0.694 0.0051 0.010 0.064 2.25 0.152 21 .0 
1(}.29-12 oc16b05 0.17 12.4 3.39 11 .37 55.4 19.02 119 150 180 198 245 307 421 524 2329 0.455 0.0018 0.003 0284 1.30 0217 6.9 
1(}.29-06 oc16b06 4.86 10.6 5.33 4.76 13.0 626 24 45 86 132 209 279 433 571 23.78 1278 0.0021 0.375 0.056 2.34 0.336 2.1 
1G-28-19 oc16b07 029 10.9 1.00 3.34 18.4 7.12 71 126 228 357 550 793 1211 1569 23.90 0.648 0.0059 0.016 0.059 1.95 0.159 11.0 
1(}.24-26 oc16b08 0.32 36.7 6.77 2429 163.4 53.75 556 867 1406 1992 2820 3715 5155 6101 2225 1.185 0.0223 0.002 0.108 229 0.149 10.3 
10-24-25 oc16b09 15.09 134.0 92.14 62.65 18.5 285.07 8 1 9 12 19 27 43 58 21.90 0.039 0.0002 0.816 0.187 3.07 21.487 2.5 
10-22-4 oc16b10 0.03 7.3 0.17 0.72 5.0 1.66 21 39 76 124 199 271 386 485 2123 0.986 0.0014 0.007 0.053 1.88 0.131 71.5 
10-2(}.6 oc16b11 0.08 9.8 0.66 2.36 15.7 5.36 80 107 192 303 473 669 999 1297 23.68 0.739 0.0048 0.005 0.060 1.88 0.141 26.3 

10-14-16 oc16b12 0.15 8.7 0.40 1.26 10.0 4.33 42 76 145 240 381 521 750 906 23.32 1.410 0.0025 0.015 0.056 1.75 0.166 31.7 
1(}.14-15 oc16b13 6.00 31.1 11.94 1729 49.4 39.51 140 233 428 709 1187 1194 2836 3798 19.72 0.345 0.0157 0.121 0.049 3.11 0.417 3.5 
1(}.11_21 oc16b14 0.60 11.0 129 2.70 14.5 624 59 106 196 312 491 691 1038 1345 23.06 0.772 0.0054 0.041 0.057 1.75 0.110 11.6 
10-11_11 oc16b15 025 13.6 6.84 20.44 75.6 1923 193 273 420 608 870 1094 1452 1747 26.43 2.577 0.0060 0.003 0.133 221 0.143 3.8 
1G-10 25 oc16b16 0.15 4.7 0.46 1.16 8.0 3.06 33 65 118 193 316 434 593 628 2621 1.669 0.0029 0.018 0.055 1.66 0.150 15.5 
1G-8.}4 oc16b17 1.77 11 .5 4.10 11.61 51.0 15.n 150 217 346 509 740 936 1262 1567 23.81 3.366 0.0057 0.035 0.119 221 0.157 3.9 
10-8_22 oc16c04 0.44 142 1.82 4.72 26.1 923 89 156 284 481 795 1157 1117 23-46 23.31 0,620 0.1]090 0.011 0.052 1.69 0.161 12.6 
10-5 8 oc16c05 0.16 23.8 2.30 7.89 552 19.48 213 358 603 837 1074 1196 1420 1403 24.06 0.529 0.0057 0.003 0.150 1.60 0.145 19.3 
1G-5=7 oc16c06 0.11 1.1 0.34 0.76 5.0 2.40 22 41 77 126 202 281 410 489 2321 0.958 0.0014 0.023 0.054 1.87 0.177 33.8 
1-62_5 oc16c07 0.03 10.5 0.64 2.99 22.1 124 14 125 226 341 527 734 1054 1327 25.09 0.870 0.0049 OJXU 0.070 228 0.150 31 .3 
1-54 1 oc16c08 0.10 6.6 0.37 0.91 4.5 3.04 18 36 69 119 193 295 471 572 21 .03 1.017 0.0018 0.023 0.039 2.70 0268 28.4 

tJ 1-33=3 oc16c09 0.05 6.8 0.19 0.59 3.9 1.72 18 36 73 131 229 349 549 721 23.30 1.076 0.0022 0.013 0.032 2.65 0.158 56.5 
I 1-1_9 oc16c11 0.73 9.3 1.69 2.20 5.9 8.66 23 42 87 155 261 397 606 799 21.02 1.175 0.0026 0.124 0.039 2.55 0.593 7.1 

N 
0\ 



tJ 
I 

N 
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Table 0 .8 . Continued 
Si02 r.o2 Sr 

Gn~inlspot tsotope 29 or 30 49 88 
Number Filename wt% wt% 

Gr11nodiorite gneiss, North East shore (CM001) 
1 la31a05 37.66 0.0041 U1 
2 ia31a06 36.13 0.0014 1.50 
3 ~31a07 37.06 0.0027 0.89 
4 ia31a08 37.35 0.0027 1.33 
5 . ia31a09 37.63 0.0027 120 
6 ia31a10 37.51 0.0027 1.08 
7 ia31a11 38.09 0.0027 0.96 
8 ia31a12 38.08 0.0027 1.38 
9 ia31a13 37.G1 0.0027 1.13 
10 ia31a14 39.11 0.0027 n.78 
11 ia31a15 36.58 0.0027 1.'31 
12 ia31a16 39.33 0.0027 1.07 
13 ia31a17 37.69 0.0027 1.40 
14 ia31b05 33.30 0.0028 1.01 
15 ia31b06 35.17 0.0028 0.83 
16 ia31b07 35.15 0.0014 0.93 

18.1 ia31b08 35.55 0.0028 1.00 
19 ia31b09 35.67 0.0028 0.99 

182 ia31b10 35.76 0.0041 0.88 
20 ia31b11 35.42 0.0028 uo 
21 ia31b12 37.36 0.0026 0.94 
22 ja31b13 35.90 0.0014 123 
23 la31b14 3728 0.0028 1.05 
24 ia31b15 36.31 0.0014 1.11 
25 ia31b18 35.50 0.0028 1.09 
26 ia31b17 36.57 0.0028 0.94 
27 ia31c05 3323 0.0027 1.02 
28 ia31c06 33.75 0.0027 124 
29 ia31c07 34.38 0.0027 0.99 
30 ia31c08 3423 0.0027 0.66 
31 ia31c09 34.50 0.0027 0.84 
32 ia31c10 33.n 0.0027 1.18 
33 ia31c11 34.89 0.0027 1.45 
34 ia31c12 34.69 0.0027 1.10 
35 ia31c13 34.95 0.0027 1.03 
37 ia31c14 35.52 0.0014 1.05 
39 ia31c15 35.38 0.0027 1.05 
40 IB31c16 35.07 0.0014 0.75 
41 ia31c17 35.33 0.0027 1.37 
42 ia31d06 37.09 0.0028 0.94 
43 ia31d07 35.38 0.0028 125 
« ja31d08 34.92 0.0028 1.70 
45 ia31d09 35.51 0.0042 1.09 
46 ia31d10 35.67 0.0028 125 
47 ia31d11 35.48 0.0028 0.86 
48 ia31d12 36.40 0.0026 0.95 
49 ia31d13 36.70 0.0026 0.93 
50 ia31d14 35.69 0.0028 1.11 
51 ia31d15 35.90 0.0028 1.02 
52 ia31d16 36.78 0.0026 0.93 
53 1d17 37.06 0.0014 1.18 

y 
89 

1816 61.08 
2485 62.21 
966 61.74 
2099 61.23 
1993 60.99 
1089 61 .17 
1088 60.60 
2437 60.39 
959 61.75 
373 59.83 
1652 82.07 
1313 59.37 
2298 60.58 
1095 65.« 
701 63.79 
737 63.69 
1203 6327 
1167 63.10 
1154 63.05 
1847 63.37 
963 61 .50 
1160 62.91 
1409 61.63 
1149 6227 
967 8325 
976 62.19 
1153 65.57 
2136 64.78 
1174 64.42 
478 64.82 
1019 64.35 
1886 64.92 
2568 63.51 
1108 64.04 
1341 63.70 
922 6323 
1057 63.31 
371 63.81 

2558 63.18 
1260 61 .51 
2340 63.11 
1053 63.75 
897 63.32 
2337 62.90 
1078 63.33 
1144 62.34 - 62.10 
1630 62.88 
1099 62.85 
1451 61 .95 
2074 61.61 

Nb Ba Lo Ce Pr Nd Sm 
93 137 139 140 141 146 147 

1.72 0.26 0.58 23.04 0.72 7.87 11.« 
220 0.01 0.34 22.87 0.39 5.08 9.61 
1.42 0.05 0.03 24.69 0.12 2.11 4.60 
1.86 0.32 1.71 25.53 1.10 12.99 16.84 
1.40 0.03 0.06 18.23 0.69 10.89 15.18 
2.51 0.05 0.01 20.15 0.14 2.42 4.n 
2.40 0.04 0.02 19.76 0.14 2.49 4.63 
1.89 0.11 0.03 24.29 0.48 8.80 15.68 
2.22 0.35 0.01 16.80 0.11 2.09 3.95 
1.17 <0.11 0.16 7.02 0.10 1.11 1.94 
2.04 0.09 0.09 22.30 0.68 8.33 12.34 
2.13 0.06 0.05 18.80 027 4 .51 7.45 
1.85 0.13 0.55 2421 0.80 927 15.41 
2.87 <0,04 0.02 19.85 0.10 1.n 3.86 
1.06 0.00 0.01 8.17 0.09 1.57 3.60 
1.04 022 0.34 10.99 0.34 2.51 2.91 
2.05 0.13 0.02 19.31 022 4.05 720 
2.00 <0.04 0.02 19.15 022 4.04 6.60 
2.07 0.29 0.07 18.60 0.23 3.50 721 
5.74 0.48 3.52 70.01 1.35 8.14 11.19 
2.12 <0.05 0.01 18.69 0.16 2.65 4.96 
1.72 0.17 7.52 67.73 4.98 24.13 15.15 
4.13 0.34 0.40 34.18 0.57 621 9.« 
3.49 0.00 0.12 2125 0.12 1.94 3.16 
1.18 0.16 124 14.01 0.70 5.23 6.01 
2.52 0.13 0.01 18.74 0.11 2.19 423 
227 0.07 0.01 18.82 0.17 3.08 6.15 
2.15 0.03 0.01 19.34 022 3.53 7.61 
2.06 0.03 0.01 18.87 020 3.43 6.60 
123 024 0.07 7.97 0.07 0.97 2.19 
2.15 <0.03 0.03 17.54 0.17 2.78 5.56 
1.37 0 .01 0.45 1620 0.66 6.43 8.12 
2.31 <0.07 0.02 22.90 0.38 6.75 12.64 
2.13 0.43 0.05 18.48 022 3.09 5.52 
2.79 <0.03 0.01 22.14 0.17 3.02 5.31 
1.08 0.91 0.87 14.31 0.64 4.53 5.89 
222 0.03 0.01 19.53 0.14 223 4.72 
1.29 0.04 0.01 7.71 0.04 0.71 1.« 
1.74 0.01 0.17 24.00 122 1127 20.60 
3.61 0.03 0.04 20.60 0.10 1.68 327 
1.67 0.07 0.61 25.61 0.92 12.52 17.83 
1.78 2.16 0.75 « .41 0.54 3.87 us 
1.87 1.94 0.61 15.54 0.17 1.63 325 
1.75 0.12 0.06 23.14 0.87 13.52 17.68 
2.30 <0.04 0.01 18.n 0.14 2.47 4.98 
2.22 <0.10 0.01 1827 0.16 2.84 5.62 
2.49 0.06 0.00 18.89 0.10 2.04 3.82 
2.82 <0.03 0.01 21.17 023 3.84 7.71 
226 0.05 0.01 20.18 0.15 2.54 4.94 
2.03 <0.03 0.03 19.16 0.32 5.68 9.07 
1.n 0.12 0.12 21.92 0.82 12.10 16.« 

Eu Gd Tb Dy Ho Et Tm Yb Lu HI To Th u 
153 157 159 163 165 166 169 172 175 178 181 232 238 

1.71 49.72 14.80 169.97 59.84 275.02 58.92 555.4 105.55 7681 0.87 176.0 312.0 
0.18 50.31 16.85 223.83 81.95 363.85 74.84 629.0 101.42 10468 1.94 383.9 322.7 
0.56 24.33 7.35 91 .90 32.54 149.97 32.02 289.1 52.52 8326 1.13 202.0 361 .5 
0.23 63.41 18.96 218.96 71 .16 293.69 56.74 474.1 75.50 8987 1.58 2642 201.5 
0.29 62.64 18.58 212.06 69.38 278.41 53.78 4372 69.40 8741 1.00 241.0 180.9 
0.09 2422 8.13 104.56 37.85 166.65 34.51 300.3 50.23 9672 1.85 138.0 141.9 
0.08 22.73 7.69 101 .33 35.70 160.69 33.33 291 .5 47.40 9640 1.78 154.5 163.6 
023 69.05 20.95 253.63 65.11 360.74 71.13 595.0 93.34 9453 us 290.1 1982 
0.09 21.35 6.96 91.05 32.94 146.18 31.12 261.4 47.04 9115 1.51 100.5 112.1 
0.15 7.82 2.69 35.04 12.24 58.83 12.97 121.4 22.19 6638 0.71 28.1 38.5 
022 49.13 14.n 174.53 57.« 242.69 51 .40 432.4 64.17 6645 1.86 238.5 223.7 
0.11 35.« 10.88 130.86 45.57 197.89 4122 3642 60.53 9038 1.44 141.8 132.3 
0.29 64.76 19.97 240.37 81.07 337.90 67.90 574.3 90.50 9594 1.35 244.8 179.8 
0.08 19.29 7.17 99.33 36.39 168.74 35.92 314.8 50.07 9138 225 1612 1n2 
022 16.65 5.52 69.46 24.68 109.87 23.59 213.8 36.68 7n8 0.59 58.1 69.5 
024 15.15 5.08 66.85 25.05 117.00 25.38 233.0 40.75 8694 0.84 94.7 223.5 
0.11 3320 10.23 125.33 42.38 179.83 36.31 318.1 50.42 8224 1.55 174.6 172.2 
0.11 30.73 9.85 12021 40.62 174.85 35.50 3082 49.51 8626 1.66 1n2 174.4 
0.07 31.03 9.82 118.69 39.89 170.90 34.97 301.8 49.15 8304 1.81 164.4 167.7 
1.12 49.83 16.00 196.96 68.87 296.53 60.55 539.8 82.n 6887 2.80 2402 337.5 
0.07 23.14 7.47 95.06 33.31 14922 30.82 270.5 45.80 8261 1.49 110.4 118.4 
222 37.« 10.06 118.08 39.94 182.53 41.18 417.3 7928 8016 0.97 139.5 227.4 
0.87 46.08 13.05 152.91 5025 210.03 41.37 364.3 63.19 6515 1.98 266.9 382.9 
0.04 1823 6.86 99.03 38.29 181.32 40.60 356.8 58.36 10392 2.91 234.4 3002 
1.00 24.15 7.53 92.83 32.07 149.36 34.41 348.7 6321 8729 0.93 149.3 460.4 
0.07 19.76 7.06 9124 33.31 151.47 32.00 2782 45.69 9144 1.79 1332 142.8 
0.13 28.33 9.01 110.79 39.87 172.79 34.74 3002 54.63 8501 1.57 146.6 136.9 
0.10 41 .64 14.12 188.47 69.39 315.86 63.48 536.3 94.83 9350 1.74 295.8 250.0 
0.09 28.70 9.29 117.66 41 .01 176.81 36.60 312.4 51.82 8422 1.50 164.0 147.0 
0.17 11.83 3.70 46.66 16.33 74.86 15.88 143.0 25.63 7391 0.69 39.3 43.0 
0.06 25.18 8.07 99.98 35.39 153.67 31.80 2602 4728 8283 1.53 122.6 126.0 
025 36.40 12.97 169.07 80.95 262.99 502 5 412.7 71.92 8536 0.88 182.2 148.5 
0.17 57.33 18.87 237.91 84.79 367.94 71.34 583.6 102.15 9943 1.87 385.0 320.4 
0.07 25.49 8.58 104.29 3727 163.61 32.37 2n.1 51.37 9230 1.59 143.7 140.8 
0.08 26.96 9.67 123.02 « .68 197.99 39.91 338.1 61.79 9611 2.01 192.4 173.7 
1.08 24.33 721 84.29 29.84 137.86 30.50 289.7 61.80 9069 0.90 105.1 439.6 
0.08 23.19 7.59 95.94 35.11 155.60 30.83 265.6 4627 9761 1.77 152.8 154.8 
0.08 8.13 2.54 32.33 12.34 5720 12.54 116.4 22.92 9180 0.76 33.6 46.3 
0.31 79.16 22.89 258.62 88.04 361.97 68.38 568.0 101 .« 8873 1.59 2772 208.3 
0.05 19.40 7.39 106.17 41 .32 197.92 42.32 363.4 64.42 10053 2.78 248.9 289.4 
0.33 70.82 21 .10 246.65 79.43 324.17 62.80 506.1 79.58 9430 1.45 340.7 249.1 
1.31 19.94 8.52 83.94 32.63 164.67 40.93 419.6 83.88 8837 1.41 462.7 784.0 
0.06 17.53 6.62 84.29 30.36 136.14 27.93 2402 38.46 8650 127 124.4 117.7 
025 72.39 21 .55 249.03 82.18 338.39 6723 553.1 90.11 8692 1.34 253.6 181.6 
0.09 25.60 8.45 105.64 3720 162.14 34.46 299.6 50.86 85n 1.52 128.1 1292 
0.10 26.51 8.90 115.32 39.60 173.68 35.64 3052 5125 9073 1.67 140.3 142.4 
0.05 20.09 6.80 91.29 33.58 153.64 32.75 287.1 48.68 8853 1.67 118.0 123.8 
0.15 35.81 11.94 153.29 55.08 245.35 50.n 429.5 70.91 9704 2.13 274.6 274.8 
0.07 25.98 8.36 1os.n 37.61 162.72 33.71 2932 47.83 9070 1.71 1512 151 .5 
0.18 39.94 12.12 149.88 51.00 21429 43.80 3n.4 61.95 8690 1.46 1n.9 156.3 
028 6725 18.88 223.98 74.39 310.54 61.10 517.1 85.26 8097 1.41 241.4 187.6 
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Grain/spo Isotope 
Number Filename .. .. .. .. -

Granodiorite gneiss, N01 
1 ja31a05 
2 ia31a06 
3 ia31a07 
4 ia31a08 
5 ia31aD9 
6 ia31a10 
7 ia31a1 1 
8 ia31a12 
9 ia31a13 
10 ia31a14 
11 ia31a15 
12 ia31a16 
13 ja31a17 
14 ia31b05 
15 ia31b06 
16 ja31b07 

18.1 ia31b08 
19 ja31b09 

18.2 ia31b10 
20 ja31b11 
21 ia31b12 
22 la31b13 
23 ia31b14 
24 ia31b15 
25 ia31b16 
26 ia31b17 
27 ja31c05 
28 la31c06 
29 ia31c07 
30 ia31c08 
31 ia31c09 
32 ia31c10 
33 ia31c11 
34 ia31c12 
35 ia31c13 
37 ia31c14 
39 ia31c15 
40 ia31c16 
41 ia31c17 
42 ia31-
43 ia31d07 
44 ia31d08 
45 la31d09 
46 la31d10 
47 ia31d11 
48 ia31d12 
49 ja31d13 
50 ia31d14 
51 ia31d15 
52 ta31d16 
53 . 31d17 

Table 0 .8. continued 
Chondrite Normalized 

La Ce Pr 

2.45 37.6 7.77 
1.44 37.3 4.16 
0.12 40.3 124 
723 41.6 11.88 
026 29.7 7.44 
0.06 32.9 1.48 
0.08 322 1.50 
0.11 39.6 5.17 
0.04 27.4 121 
0.68 11.5 1.06 
0.38 36.4 7.12 
022 30.7 2.88 
2.33 39.5 8.58 
0.06 32.4 1.09 
O.DJ 13.3 0.96 
1.43 17.9 3.65 
0.07 31 .5 2.42 
0.10 312 2.38 
0.31 30.7 2.43 
14.84 1142 14.50 
0.05 272 1.75 
31.72 110.5 53.69 
1.70 55.8 6.11 
0.52 34.7 1.32 
523 22.9 7.50 
0.06 30.6 120 
0.05 30.4 1.85 
0.04 31 .6 2.34 
0.06 30.8 2.12 
0.30 13.0 0.72 
0.12 28.6 1.79 
1.88 26.4 7.11 
0.09 37.4 4.13 
023 30.1 2.38 
0.05 36.1 1.80 
3.67 23.3 6.90 
0.03 31 .9 , ,50 
0.03 12.6 O.t-.6 
0.71 392 13.18 
0.17 33.6 1.08 
2.58 41.8 9.95 
3.16 72.4 5.85 
2.57 25.4 1.82 
024 37.8 9.40 
0.03 30.6 1.51 
0.04 29.8 1.70 
0.00 30.8 1.11 
0.06 34.5 2.47 
0.04 32.9 1.65 
0.11 31.3 3.45 
0.51 35.8 8.82 

Nd Sm Eu Gd Tb 

17.22 77.3 30.38 250 410 
11 .12 65.0 327 253 467 
4.61 31 .1 9.97 122 204 
28.43 113.8 4.15 319 525 
23.83 102.5 5.09 315 515 
529 32.3 1.64 122 225 
5.46 31 .3 1.48 114 213 
1925 106.0 4.09 347 580 
4.56 26.7 1.55 107 193 
2.43 13.1 2.67 39 75 
18.22 83.3 3.85 247 409 
9.87 50.3 2.01 178 301 
2028 104.1 520 325 553 
3.88 24.7 1.37 97 199 
3.44 24.3 3.83 84 153 
5.48 19.6 428 76 141 
8.87 48.7 1.94 167 283 
8.63 44.6 1.69 154 273 
7.66 48.7 1.30 156 272 
17.80 75.6 19.91 250 443 
5.80 33.5 124 118 207 
52.80 102.4 39.36 188 279 
13.59 63.8 15.39 232 361 
424 21.3 0.79 92 190 
11.45 40.6 17.77 121 209 
4.79 28.6 1.19 99 196 
6.73 41.6 223 142 250 
7.72 51 .4 1.74 209 391 
7.51 44.6 1.60 144 257 
2.13 14.6 3.07 58 102 
6.09 37.6 1.10 127 224 
14.08 54.9 4.51 183 359 
14.77 85.4 3.01 288 523 
6.76 37.3 129 128 238 
8.60 35.9 1.37 146 268 
9.91 39.8 1925 122 200 
4.88 31.9 1.40 117 210 
1 55 9.7 1.47 41 70 

37.79 1392 5.52 398 834 
3.69 22.1 0.90 97 205 

27.41 120.5 5.90 356 584 
8.46 30.0 23.31 100 181 
3.57 22.0 1.09 88 183 

29.58 119.4 4.45 364 597 
5.41 33.7 1.54 129 234 
6.22 38.0 1.69 133 247 
4.45 25.8 0.94 101 188 
8.41 52.1 2.61 180 331 
5.56 33.4 124 131 232 
12.43 61.3 327 201 336 
26.47 111.1 5.01 336 523 

Ratios 
Dy Ho Er Tm Yb Lu Zr02 • SI02 ThiU l.uiHf (l..oiSmJr(Gd/YbJ• Nb/Ta Eu/Eu"' Ce/Ce' 

691 1096 1719 2386 3449 4291 23.42 0.564 0.0137 0.032 0.072 1.98 0.186 7.4 
910 1501 2274 3030 3907 4123 26.08 1.190 0.0097 0.022 0.065 1.13 0.021 13.3 
374 596 937 1296 1795 2135 24.68 0.559 0.0063 0.004 0.068 126 0.130 592 
890 1303 1836 2297 2945 3()69 23.88 1.311 0.0084 0.064 0.108 1.18 0.019 4.4 
862 1271 1740 2177 2716 2821 23.35 1.332 0.0079 0.003 0.116 1.41 0.024 7.7 
425 693 1042 1397 1865 2042 23.65 0.972 0.0052 0.002 0.065 1.36 0.021 42.6 
412 654 1004 1349 1811 1927 22.51 0.944 0.0049 0.003 0.063 1.35 0.020 40.8 
1031 1559 2255 2880 3695 3794 22.31 1.464 0.0099 0.001 0.094 1.31 0.018 15.0 
370 603 914 1260 1748 1912 24.75 0.896 0.0052 0.002 0.061 1.47 0.023 43.6 
142 224 368 525 754 902 20.72 0.731 0.0026 0.052 0.052 1.63 0.102 132 
709 1052 1517 2081 2686 2608 25.49 1.066 0.0073 0.005 0.092 1.10 0.023 9.7 
532 835 1237 1669 2262 2461 20.04 1.071 0.0067 0.004 0.079 1.48 0.018 19.8 
977 1485 2112 2749 3567 3679 22.69 1.361 0.0094 0.022 0.091 1.37 0.024 72 
404 666 1055 1454 1955 2036 32.14 0.910 0.0055 0.003 0.050 127 0.022 562 
282 452 687 955 1328 1491 28.63 0.836 0.0047 0.001 0.063 1.79 0.071 27.0 
272 459 731 1027 1447 1657 28.54 0.424 0.0047 0.073 0.053 125 0.089 7.1 
509 776 1124 1470 1976 2050 27.72 1.014 0.0061 0.001 0.084 1.32 O.D18 25.3 
489 744 1093 1437 1915 2013 27.43 1.016 0.0057 0.002 0.081 120 0.019 252 
482 731 1068 1416 1874 1998 2729 0.960 0.0059 0.006 0.083 128 0.013 22.4 
801 1261 1853 2451 3353 3365 27.95 0.712 0.0120 0.196 0.075 2.21 0.122 7.8 
388 810 933 1248 1680 1862 24.15 0.932 0.0055 0.001 0.069 1.42 0.017 302 
480 732 1141 1667 2592 3223 27.01 0.613 0.0099 0.310 0.073 1.78 0271 2.6 
622 920 1313 1875 2263 2569 24.35 0.697 0.0097 0.027 0.102 2.09 0.104 14.3 
403 701 1133 1844 2216 2372 25.96 0.781 0.0056 0.024 0.041 120 0.014 37.7 
377 587 934 1393 2166 2570 27.75 0.324 0.0072 0.129 0.056 127 0219 3.6 
371 610 947 1295 1n8 1857 25.82 0.933 0.0050 0.002 0.057 1.41 0.019 48.6 
450 730 1080 1406 1865 2221 32.34 1.070 0.0064 0.001 0.076 1.45 0.024 32.0 
766 1271 1974 2570 3331 3855 31 .03 1.183 0.0101 0.001 0.063 123 0.013 26.6 
478 751 1105 1482 1940 2106 30.04 1.116 0.0062 0.001 0.074 1.37 0.017 282 
190 299 468 643 688 1042 30.59 0.915 0.0035 0.021 0.066 1.77 0.084 25.5 
406 648 960 1287 1740 1922 29.85 0.958 0.0057 0.003 0.073 1.41 0.013 29,9 
687 1116 1844 2035 2563 2924 31.15 1.227 0.0084 0.034 0.071 1.56 0.038 5.9 
967 1553 2300 2688 3625 4152 28.62 1202 0.0103 0.001 0.079 124 0.016 17.7 
424 683 1023 1311 1725 2088 29.35 1.020 0.0056 0.006 0.074 1.34 0.016 23.1 
500 818 1237 1616 2100 2512 28.74 1.108 0.0064 0.001 0.069 1.38 0.015 39.1 
343 547 862 1235 1799 2512 27.71 0239 0.0068 0.092 0.068 121 0237 4.4 
390 643 973 1248 1650 1962 27.93 0.987 0.0049 0.001 0.071 125 0.019 41 .7 
131 226 358 508 723 932 28.75 0.725 0.0025 0.003 0.057 1.69 0.058 51 .1 

1051 1613 2262 2768 3528 4124 27.85 1.331 0.0114 0.005 0.113 1.10 0.021 5.6 
432 757 1237 1713 2257 2619 24.41 0.860 0.0064 0.008 0.043 1.30 0.015 54.1 
1003 1455 2026 2542 3143 3235 27.74 1.368 0.0084 0.021 0.113 1.15 0.025 6.7 
341 598 1029 1657 2606 3410 28.64 0.590 0.0095 0.105 0.038 126 0.358 16.1 
343 556 851 1131 1492 1564 27.81 1.058 0.0044 0.117 0.059 1.47 0.020 11 .6 
1012 1505 2115 2722 3435 3663 2723 1.397 0.0104 0.002 0.106 1.31 0.018 7.8 
429 681 1013 1395 1861 2068 27.85 0.991 0.0059 0.001 0.069 1.51 0.019 39.8 
469 725 1086 1443 1895 2083 25.94 0.985 0.0056 0.001 0.070 1.33 0.020 34.1 
371 615 960 1326 1783 1979 25.40 0.953 0.0055 0.000 0.057 1.49 0.015 55.6 
623 1009 1533 2056 2668 2883 27.19 0.999 0.0073 0.001 0.067 123 0.023 27.3 
434 689 1017 1365 1821 1gJ6 26.94 0.997 0.0053 0.001 0.072 1.32 0.015 39.1 
609 934 1339 1773 2344 2518 25.17 1.138 0.0071 0.002 0.086 1.39 0.025 17.5 
g1o 1363 1941 2474 3212 3466 24.55 1287 0.0105 0.005 0.105 125 0.022 1.7 



Table 0 .9. LA-ICP-MS multi-element analysis of zircon clasts from impact melt rocl<s at Mistaslin Lake Crater 
Si02 rm .. """ Hb .. ... c. ... Nd Sm ... Gd 1b Oy ... "' Tm Yb Lu .. To Th u 

Gnlnl- - ,. .. a .. " " 137 Ill 140 141 ,.. 147 IU 117 "' 1n "' 1 .. ,., 1n 175 171 111 232 m .......... Fienowne .... .... .... 
Sou1h- (CM065) 

1 ""'""" 
,._ .. 0.0014 ~~· 1240 5ii.UI 1.74 0111 0.05 20.611 0.20 3.56 7.12 0.18 20.52 10.27 130.D3 <6.35 206.58 ""'"' 419..91 6U4 9576 1.85 181.4 233.5 

2 jo3Qo09 39.03 0.0028 118 811 58.90 1.151 2.15 0.30 12.62 0.211 3.47 5.18 0.211 22.20 7.D1 85.211 20.35 127.25 28.15 252.64 38.88 8803 0.87 .... 962 
io30ol0 30.21 0.0028 01f7 338 50.73 1.18 <0.02 0.12 &13 0.13 1.611 1.87 0.15 7 ... 2.1!2 32.52 11-"" 56.211 12.44 tta_og 19.32 8471 0 .63 318 <2.2 
io30o11 37.94 0.0020 "'" 7211 80.112 1.04 <0.05 0.02 9.3< 0.16 2.54 4.30 0.35 ».70 6.12 75.35 25.90 11371 ,. ... 227:30 35.94 8415 o.n 6<.0 05.5 

io30o12 1 38.09 0.00211 1.04 8211 50.94 129 0.12 0.13 11.42 0.19 2.53 4.88 0.20 22.83 .... 84.00 28.18 121il.a7 27.64 2«1.17 40.44 .... 0.88 79.6 84.3 

~13 38.211 0 ...... 7.f<J 552 80.1!2 1.08 2024 0.71 8.211 022 .... 2.83 0.34 12.40 4.42 57.00 uu;s 0030 151.<41 175.1!115 34.17 8302 0 .... 35.4 432 
io3Qo14 37.01 0.0041 0.00 403 61 .~ 0.90 <O.aT 0.01 0.45 om 1.08 1.95 029 9.51 3.11 40.53 1420 04.35 , .... 73 137.20 22.96 11395 0 .58 20.4 24.7 
io30o15 1 37.25 0.0041 0.00 m 61.67 0.94 <0.03 0.01 9.91 023 3.45 5.93 0.50 27.04 7.18 ..... 28.53 120.52 24~ 211U19 35.21 7913 0.59 43.9 36.8 
iaJ(la16 ' 3836 0.0056 '" 1153 6042 3.10 1 ... 0.64 21.01 0.42 518 757 022 32.54 9.88 117.13 40.45 180.49 37.211 332.09 58.98 8324 2.36 222.8 175.7 

" .....,.17 3620 0.00211 0-"3 601 02.73 1.40 0,10 0.01 11.53 0.11 1.82 3.00 0.20 15.38 4.n 150.11 20.ll6 ..... 20.1!2 191 .41 32.25 811Ji 1.02 72.4 81.<4 
12 030b05 ( 32.71 0.0027 1.52 412 ..... 1.38 1.02 013 7.80 o.u 1.02 1.73 0.01 7-"2 2.92 35.75 14.04 85.42 14.17 132.35 ,. ... """' 0.57 32.2 JS.7 
14 ....... 33.40 0.0014 o ... 535 05.37 0.85 <0.00 0.03 14.37 o.as <l84 1.75 0.15 to.eo 3.73 ..... 

··~ 
..... 1UIO 188.85 31.37 """' 126 103.4 139.7 

10 lo00b07 34.44 OJX1Z1 0.71 421 84.54 1.00 <0.02 0.01 0.44 0.05 0.85 1.68 0.12 St\4 3.13 5 .81 14.53 09.01 14.90 140.18 23.70 - 0.85 40.4 50.6 

•• ....... 3414 0.0014 084 512 6470 1.44 013 0.02 11.52 om 1.00 1.05 0.1' 1120 3.84 48.04 17.67 ..... 18.09 10873 20.42 8327 0.94 76.8 812 

•• """""" 34.27 0.0027 0 ... 1051 84.83 1.00 <004 0.02 1023 0.32 4.67 7.63 "'" 32.37 8.51 109.58 36.81 150.90 32.18 2!1123 47.71 nso 063 83.6 65.4 
20 lo30b10 33.35 0.0052 2.52 378 6!5.51 1.03 3.ll7 0~ 10.35 020 1.42 ! .eo 0.13 8.14 2.87 34.47 12.76 ...... 13.93 1JO.tMJ 22.88 0144 0.90 63.6 88.5 

22 ia30b11 32.46 0.0056 0 ... 537 611.46 1.14 124 0.09 10.157 022 2.18 2.46 0 .18 12.211 4.08 50.58 151.04 88.43 18.37 t7e.13 31.70 0244 0.76 61.<4 67.1 
23 10301>12 33.63 0.0041 1.43 80S 84.95 1.13 1.33 0~ ·~ 024 1.74 .... 0.15 10.-48 4.33 84n 215.13 139.15 32.74 317.155 56.87 10802 4.01 242.0 554.1 
25 ,..,13 32.54 0.00112 1:30 1044 68.35 0~ 170 0.70 12.78 0~ .... .... 0.32 20.3< 0.70 103.50 35.54 tSQJ!IO 33.08 ,.. ... 48.31 7880 0.!11 1430 119.9 
211 ia30b14 32.52 0.0027 "n 2114 68.40 0.88 ""' 0.04 540 0.04 0.80 1.211 0.11 15.18 2.03 25.85 9.58 45.08 1022 87.18 ..... 81111 0.54 25.3 53.3 
27 iiJQbtS ,. ... 0.0014 1.13 '""' 68.70 0.87 0 .45 o ... 17.37 020 2.57 4.13 0.011 20.73 7 .44 100.02 Jfi.ll7 tea.eo 40.46 382.55 80.35 0758 , .. 185.0 198.3 

"" ii3Qb16 30.90 0.0014 1.08 383 118.04 2.05 020 0.01 7.eo 0.03 0.85 I~ 0.11 8.211 z.n 35.52 13.01 83.05 13.17 123.ll8 2217 8473 0.!11 371 52.7 
20 ja30b17 32.57 0.0014 1.08 ... 8823 1.33 0011 0.02 40.57 <l18 2.70 522 0.211 20.72. 6 .70 87.84 32.72. 158.20 .... 308.40 58.33 8661 1.44 teo.7 1194 
30 jo3()c05 3057 0.0027 O.iB .... SQ. \9 1.45 <0.02 0.31 10.85 "'" 1.83 2.47 0.20 12.78 4.02 SOJIO 18.52 85.78 18.13 167.72 30.51 0881 0.84 54.8 500 
32 jo3()c05 38.58 0.0014 1.02 4n 8018 1.58 0.11 0.00 10 .. (7 0.00 114 ~.~ .. 0.11 0.50 3.211 41.74 15.65 7523 18 . .(7 153611 2B.18 10112 1.12 54.8 817 
33 ;.JOo07 38.94 0.0014 0.00 372 50.87 1.18 <0.01 0.01 7.48 0.04 0 .81 1.87 0.00 7.44 '-"' 33.45 12.67 50.3< 12.97 1HUI!5 22.27 11637 0.73 31!.0 .... 6 
34 - 3704 0.0041 1.15 478 81.75 1.04 .... CliO 8 .73 0.18 2.10 I.IJ7 = to.ee 3.08 41~ ...... 7381 15.95 155.09 30.211 9130 0.04 784 44.0 
31! - 31!.30 0.0041 0.84 370 02.52 t.12 0.01 0.02 7.14 0.00 0.82 1.78 <l11 .... 2.68 35.73 12.74 5057 13.42 125.11 21.50 .... 0.62 291 37.5 
37 ia30c10 31!.94 0.0027 078 ... ..... 1.10 <0.06 0.01 7.01 0.08 1.10 2.22 0.21 10.&4 3.42 42.45 15.44 81UJ1 14.65 1llil.81 25.16 8631 0.57 20.ll 34.8 
38 ia30c11 31!20 0.0027 0.82 376 1!2.72. 1.10 0.20 0.01 5~ 0.05 0.94 1.82 0.19 7.09 2.72. 3473 , .... eo.91 13.21 12723 22.53 8830 0 .45 112 22.6 
J9 io30o12 1 37.01 0.0014 O.lll S27 61 .03 122 <0.01 0.03 9.05 O.!l! 1.00 .... 0.00 11.20 3 .09 40.35 18.211 85.08 18.32 171»2 30.40 0071 0.82 52.6 .... 
40 io3()o13 3820 OJJ041 0.88 3J9 60.71 1.12 0.20 008 0.50 0.08 0.93 1.51 0.12 7.50 2.47 31n 11 .49 53.15 11.85 IOO.liS 19.N 8751 0.61 28.8 32.2 

" io30o .. 35.04 OJJ041 0.98 674 83.84 1.02 O.llil 002 .... 0.11 1.97 J.IJ7 0.32 17.30 529 oo.n 22.93 .. .liT 2123 1i4.10 34.57 - 0.48 31.ll 32.7 
42 """'15 ' 37.06 OJXM1 0.86 432 61.a3 OJlll <0.02 <0.01 0 .30 0.08 120 2.20 0.21 10.17 324 4124 14.81 6757 14.31 132.8) 23.69 7878 0.53 25.4 268 
44 io3()o16 I 31!18 0.0014 0.07 ... 02.80 113 0.15 0.03 0.78 0.10 1.n 3.74 0.211 21 16 8.88 85.01 30.83 137.57 28.13 252.41 4429 0125 o.n 07.7 1022 .. il30c17 31!.1111 0.0027 0.88 300 02.15 094 cQ.10 0.01 522 o.as 0.88 , .. , 022 7~1 2.30 251.74 10~ 47.38 10.31 05.46 16.80 7884 045 13.9 171 
47 """"" 35n 0.0027 078 373 6323 1.02 0.46 0.00 0.90 o.as <l84 170 0.11 804 2.71 34.08 12.57 57.80 12.87 120.20 20.70 7034 0.61 33.1 40.7 
50 - 32.91 0.0041 121 733 ..... 0.98 088 0.00 7~ 013 1.74 .... 0.38 18.33 5.88 68.54 24.211 108.80 21.93 202.82 37.32 "'"' 0.46 40.0 38~ 
51 .,oo.m 33.70 0.0027 078 372 05.211 1.14 0.12 0.02 824 0.01 0.86 1.94 0.15 8.02 2.08 35.78 13.HI 80.55 13.05 131.21 21.46 8050 0.70 42.3 55.6 
53 - 33.50 0.0041 1.07 1082 65.34 O.ll7 0.06 0.13 10-"2 0.05 .... 10.00 0.81 37.20 10.60 119.04 38.48 16164 33.91 208.38 45~ 7341 0.61 612 54.0 
54 lo30dO!> ( 32.90 0.0014 0.91 587 ..... 1.03 0.28 0.00 8 .75 0.12 1.80 2.94 0.16 14.06 4.34 ..... 19.75 lill .83 20.38 18i.18 32.53 8787 0.74 86.0 133.9 
55 ~10 33.45 0.0027 0.83 366 ..... 1.18 <0.08 0.04 8.11 0.05 O.lil7 1.58 0.11 8.05 '-"' 34.13 13.00 58.12 13.17 123.75 20.74 7910 0.68 40.3 49.0 
58 i1Xld11 33.10 o.am 1.18 530 05.78 1.83 I~ 0.211 13.70 0.11 1.31 1.87 0.12 10.42 3.08 ...... 18.75 111.53 20.74 194:30 33.31 """ 1.32 85.2 126.8 
57 il30d12 33.211 OJX1Z1 0.70 788 85.72. I.D1 <0.04 0.02 8 .44 0.13 2.42 4.ll5 <l40 22.81 on eo~ 27.88 120.27 25.08 223.45 38..94 neo 0.58 53.8 53.4 
58 jo30d13 33.10 OJX1Z1 0.71 .... ..... 1.48 0.47 <l01 10.87 0.05 1.03 1.73 0.11 9.88 3.36 4444 18.35 75.85 17.D3 157.32 26.81 7810 0.94 118.2 81.9 .. io30d14 32.00 0.0027 0.70 373 IJ7.00 1.15 0.04 <0.01 .... 0.04 O!TI 1.81 0.13 8.53 2.76 36.311 12.78 58.45 13.20 122.53 20.n 7182 070 28.0 35.3 
61 030d15 33.22 0.0027 0.73 ... 8504 1.00 <0.03 007 7.48 0.08 1.12 2.40 0.15 11.18 3.30 47.211 18.78 70.25 16.87 160.SI9 211.07 7102 0.70 45.7 .... 
82 030d16 JUD 0.0041 1.02 ""' 87~ 0.85 3.42 0.42 0.52 018 1.41 ·~ 0.18 8.82 2.21 77.27 0.85 ...... 10.15 03.31 15.83 11111 0.42 21!.0 21!.3 
83 030d17 27.00 0.18318 ""' 792 70.03 1.05 0.62 2.80 15.81 0.63 5.1!2 4.80 0.08 22.00 5.40 84.08 25.50 114JM 23.52 20425 4422 7031 024 .... 37.0 
84 ii30o05 31.97 0.0041 0.85 ... 8718 0.112 0 .70 O.tlil 6.211 0.12 I~ 2.11 0.1lil 0.80 3.08 40.112 14.54 84.05 14.60 138.13 22.47 ...., 0~ 305 360 
65 ii30o05 30.00 0.0027 0.53 340 68.1lil 0.93 0.30 O.!l! 0.87 0.00 1.14 2.19 0.12 .... 2.71 34.50 12.10 54.85 12.12 115.08 18.75 7184 066 31 .4 30.5 
87 lo30o01 32.82 0.0027 073 318 ...... 0.88 <0.02 0.01 5 .82 0.05 0.81 1.73 0.17 7.40 2.58 3U515 11.U7 50.84 11.81 1U7.81 17.87 ..,. 0.44 21.0 27.5 
70 io30o08 30.80 0.0027 <l75 481 8840 1.115 = ""' 7.50 0.01 0.90 1.05 0.17 10.48 357 ..... 18.83 74.ll7 17.i7 187.33 20.011 n01 0 .74 41.0 53.8 
71 jo3Qo09 32.00 0.0014 0>1 - 80.01 1.33 0 .15 0.00 10.53 0.08 1.10 .... 0.08 1om 3.85 48.45 17.27 78.58 17.81 1&4.~ 27.18 ms 1.D1 84.0 83.3 
73 lo30o10 1 32.78 O.ll041 1.38 ... 111.14 1.43 2.10 0.83 13.90 0.30 3.08 478 024 22.12 7.05 87.46 30.47 1315.71 2071 ,.. .. 42.67 78llO Ul9 1140 123.0 
75 lo30o11 I 34.33 0.0014 o.n 430 64.61 1.3< <0.01 0,01 10.1i13 o.as 0.90 170 <l11 Sl.12 3.20 41.32 15.03 7<l01 115.03 151.58 25.14 0434 0.110 68.0 871 
78 io30o12 34.63 0.0027 on 334 04.40 us 0.01 <0.01 1-"' 0.04 0.80 l.n 0.12 7~ 2.45 31.78 11.52 52.20 11.74 112.57 18.87 n .. 0.71 2!1.7 36.7 
n ja30e13 34~ 0.0014 0.01 .., 84.44 1.42 0.18 0.01 II~ 0.08 1.03 2.24 0.13 10.52 3.61 4623 H5.76 N .ISt 17.91 18529 2129 6022 0.00 88.4 04.6 
78 io3Qol4 32.53 0.0014 1.25 353 611.211 1.08 0.49 0.55 1023 010 1.18 1.31 0.09 15.151 2..50 32.51 11.82 57.20 13.20 128.00 22.30 11711 0.84 52.7 70.6 
70 lo30o15 3420 0.0027 070 335 &4.81 1.12 0.17 0.02 5.ll7 0.05 <l74 .... 0.13 7.00 2.51 32.73 11.58 52.04 12.07 115.12 1St36 7852 0.61 237 33.7 
eo lo30ol6 1 35.1l9 00027 0.111 3110 83.11 !.OS <O.D1 <O.D1 .... 0.05 ., .. \.74 0.12 8.83 2.74 35.82 12.7<C 58.41 13.06 120.77 .,_.. 7950 0.60 20.0 35.0 
83 io30o17 35.83 0.0027 078 437 tB.12 121 0.14 ClOt 7.84 0.08 0.113 .... 013 9.83 3.17 41.85 15.12 11138 15.30 1415.02 2<.87 """' o.n 40.8 532 
84 ....,.,. 37.53 0.0027 0.87 ... 81.34 1.00 <0.04 0.01 .... 0.14 2.31 424 0.30 22.13 .... 83.85 211.90 1211~ 211.90 244.15 41.09 5288 0.55 502 60.9 
85 - 0 31!.00 0.0014 0.80 4Z3 ..... 1.31 <O.D1 <0.01 11.18 0.00 0.70 1.41 011 7.70 2.85 37.1SI 14.211 70.00 18.20 15457 27.37 10088 0.87 .. ~ ,,. .. 

ti 
I 

N 
\0 



Table 0 .9. Table 0 .9 continued 
Chondrite Normalized Ratios -- ... .. "' Nd Sm Eu Gd Tb "' ... "' Tm Yb .... Zr02 -Si02 TMJ ....... .__ l<ldiYbln ...,., EUIEU" ...,.. 

.-. ....... 
· (CM065) South- (CM065) - 0.20 33.7 2.10 7.70 40.1 3.22 1<6 2115 ""' ... 12115 11142 2ll1Jil ,... 19.75 o.m 0.006< 0.004 0.057 o ... O.lm 2S.5 

"""""' 1.52 208 3.02 7.SI> 35.0 501 112 1 .. w 538 .... 11<00 1 .... 1500 1 .... 1 0.1145 0.0045 0.044 O.D71 1.30 0.068 0.1 
)130110 0<0 13~ 1~ 303 11~ 2.03 "' n 133 210 346 504 733 785 20.52 Q_7•U O.oll23 O.O<l 0.1150 1.05 0.114 142 
~11 0.00 152 1.73 .... 2!1.1 024 104 170 ""' 470 711 1012 1412 1461 22JII o.m 0.00<! 0.003 O.D74 1.44 o .... us.e 
)130112 0.56 18.6 2.09 5.54 31.6 4.SO 114 193 3<2 ""' WJ1 1119 1520 1644 21.00 o .... O.GCM7 0.018 O.D74 1.47 0.003 14.1 
o3Qo13 301 13.5 2.<00 418 10.1 0.00 &3 122 232 300 ... - 1091 1380 22.38 0.820 0.0041 0.157 oooa 2.21 0.1 .. so 

"""" 0.04 10.5 0.70 2.32 132 5.14 .. .. 1 .. 2WJ "" Sl>7 1152 ... 24.112 0.&2S 0.0027 0.003 0006 1.50 0.169 25.7 
~Hi 0.05 16.2 2.49 7.5& 40.1 8.02 138 100 353 522 753 - 1380 1<31 24.42 1.191 0.0044 0.001 0.100 11i) 0101 12.7 
lo30o10 2.27 34.3 4.55 1U3 512 3.112 184 274 m 741 112S 1505 2006 2318 22.00 1>07 0.0068 0.044 0.079 U2 0036 10.0 
i130117 0.04 18.8 123 3.W 20~ 3.5& n 132 244 384 ""' S3S 11111 1311 211.53 01!80 00040 0.002 ..... U8 0.073 ,. .. 
""""" o.se 12.5 1.19 2.23 11.7 127 40 81 145 257 ... 574 1122 101tl 33 .. 0.812 0.0020 ..... 0048 2.40 0.049 14.3 
;o30b06 0.11 23.4 0.50 1.83 11.8 >.n 53 103 202 "" sss 704 11151 1275 31.>1 0.7«) 0.0034 0.009 0.040 0.07 0.084 674 
lo30b07 0.03 15.4 0.58 1.85 11.4 221 ... 07 1112 268 C31 WJ3 071 007 30.11 o.ne 0.0030 0.002 0.053 123 o.on 50.8 
;o30b06 0.07 19.0 0.74 2.18 12.5 199 57 105 108 324 510 732 1048 1108 30.05 0.881 0.0036 0.005 0054 1.53 0.008 47.1 - 0.10 107 3.41 1023 51.6 1049 1&3 284 ... 074 1000 1302 1747 11130 30.36 1277 0.0002 0.002 0.093 1.73 0.098 0.5 
iiJQb10 2.44 115.9 2.20 3.11 10.8 2.34 ., 74 140 234 302 ... 813 ... 32.18 0.711 0.0025 0.2211 0.000 1.14 0.091 7.3 
lo30b11 2.93 17.4 2.36 470 16.6 2.112 112 113 ""' 

,... 553 7a4 1094 1:2110 3400 0.915 0.0036 o.m 0.006 151 0 .072 8.8 
o30b12 2.23 23.8 2.55 381 12.7 2.04 53 120 ,., 470 070 13211 1o.73 2271 31.31 0.-437 0.00&3 0175 0.027 0.20 O.OIU 0.0 
axlt13 2.04 200 .. .., 12.<3 43.5 5.07 147 244 421 051 ... 1330 1WJO 1084 33.82 1193 0.0003 0.058 0.002 0.50 0.050 4~ 

o30b14 019 8.8 0 .45 1.45 8.5 1.88 31 58 100 175 207 414 WJ4 7511 33~ 0.474 D.0023 0.022 0,051 1.56 0.095 27.8 
i130b15 2.86 ,.~ 3.11 5.03 27.9 .... 104 200 407 732 1185 1836 2252 2453 38.70 o= 000112 0.102 0.046 0.53 0.024 0.5 
i130b1G 0.03 12.4 D.36 1.85 10.5 1 ... 42 75 144 230 31M 533 - "" 37.14 0.704 0.0020 O.D03 0.054 3.00 0.075 83.1 
o30b17 0.07 .. 2 1.09 8.10 35~ 4.90 104 188 357 ""' 978 1364 1010 22110 33.88 1514 0.0005 0.002 0.054 0.02 0.070 87.7 
;.30<)5 1.32 177 1.97 3.57 18.7 3.54 .. 111 207 330 536 734 1042 1240 1i.l52 O.i12 D.OIX32 0.079 0002 1.74 0.058 10.8 - 023 171 1.00 2.41 12.8 1.90 .. .. 170 207 470 087 ... 1140 21.112 0.!111 0.0020 0.010 0.000 140 O.OSS 27.7 
lo30<07 0.03 12.2 0 .43 170 11.3 1.80 37 n 136 232 371 525 745 ... 20~ 0.741 0.0023 0.003 0000 1.50 0.058 53.3 - O.C3 142 175 470 12.0 U1 55 85 1111 305 .... ... .., 1231 24.71 1.781 0.0033 0.034 O.a57 101 0.140 13,1 - 0.07 11.7 0.58 170 11~ 1m C3 74 145 233 372 5C3 m 070 2622 o.m 0.0023 0.000 0008 1.70 0.072 36.0 
iiJ(Ic10 008 114 0.84 2.41 15.0 170 53 .. 173 203 438 5113 .... 1023 25.02 0.058 0.0020 0.004 0 .052 1.03 0.111 25.5 
oo>Oc11 0.03 01 0.57 2.08 10~ 3.44 40 75 141 230 381 535 .,.. 010 20.52 o .na 0.0020 0.002 0 .000 2.47 0.136 302 
id)c12 0.12 14.8 0.70 2.20 13.4 1.03 55 108 201 335 532 742 1068 1236 2323 0.784 0.0034 O.D09 0 .003 140 0 .00 361 
i;JJ(lc13 0.27 107 0.81 2.03 10.2 2.21 38 .. 129 210 332 ... .., 805 22.50 0.831 0.0023 OW!! 0.006 1.04 0.092 19.9 
lo30e14 0.09 107 1.19 4.31 24.8 5.07 87 147 271 420 825 - 1>J8 1405 ,._ .. 0.978 0.0041 ..... 0.073 2.12 0.101 16.7 
oo>Oc1S 10.3 o.05 2.83 15.5 474 51 .. 168 271 422 .,. 1124 "" 24.87 o .... 0.0030 0 .000 0.052 105 0.142 15.8 
iiJOcHii 014 1U 110 3.00 25.3 405 105 100 346 sas ... 1130 15&8 1WJO 28.<3 0- 0.00<0 0.005 0.068 157 0.075 25.0 
il30c17 0.04 8.5 0.49 1.80 10.9 3 ... 36 .. 121 193 208 418 583 .., 25~ 0.818 0.0021 0 .003 0.084 2.08 01&3 32.1 - 0.19 112 0.50 104 11.5 105 40 75 139 230 382 521 747 ... 2740 0.1111 0.0020 0017 0.(154 168 0.075 200 

""""" 0.20 12.3 1.42 3.81 32.7 0.70 92 183 270 ... 681 1110 12WJ 1517 33.07 1.()40 O.D040 0008 0.073 2.18 0.10i 152 
io30d07 0.08 134 )71' 1.00 13.1 2.88 .. 74 145 241 m sas 015 072 31.58 0.7151 0.0027 0 .008 o.oss 1.84 0.093 312 - 053 17.8 •.rt 1825 07.5 14.36 107 ,.. ... 70S 1010 1373 1053 1851 3175 1244 0.0002 0.005 0.101 1.5& 0.113 4.8 .,.... 024 14.3 1.28 413 19.9 2.02 71 120 22S 362 574 1124 1175 1322 32.00 0.040 00037 0.012 0 .050 1.30 0.055 19.1 
lo>Od10 0.18 132 0 .57 2.12 10.5 1.80 .. 74 130 236 363 533 700 8C3 32.11 01123 0.0020 0.017 0.053 1.70 0.074 353 
iiJOd11 1.20 22.3 1.19 2.08 12.0 2.10 52 102 201 343 sao ... 1207 1384 32.87 o.an 0.0037 0.095 O.ll43 124 O.OSS 18.8 
lo>Od12 om 13_8 1.45 520 33.5 710 115 107 320 511 752 1015 1308 1502 32.44 1-"" 00051 0.002 0003 1.74 0.096 18.1 
iiJC):I13 0.05 17.4 0.58 2.25 11.7 2.00 so ., 181 300 473 ... on 1090 32.70 ..... 0 .0034 0.005 0.051 1.56 o.oss 53~ 

o30>14 11~ 0 .40 2.12 12.2 2.27 43 n 144 234 365 ""' 751 ... ,... 0.793 0 .0020 0.000 0008 1.83 D.002 23.5 
iiJC):I15 0~ 12.2 0.84 2.44 16.9 2.03 sa .. 102 307 .... "" 1000 1141 32.112 0.820 0.0030 0.018 ..... 1.44 0.072 21.4 
il30d16 1.n 10.8 Ln 110 10.3 2.85 33 61 111 m ,.. 411 sao 843 38.02 0.1120 0.0023 o.rn O.a57 2.03 0.131 01 
lo>Od17 11.36 25.8 8.05 12.30 331 140 111 150 342 ... 718 1152 1200 1708 <3.03 1258 0.0003 0.344 O.OS7 4.34 0.020 2.5 - 0.70 10.2 1.25 3.34 14~ 3.30 .. 85 106 ,.. ... 501 .... 013 35.19 0.851 0.0034 0008 0 .00& 1.n 0.108 10.0 - 0.20 10~ 0.04 2.<0 14.8 2.13 45 75 141 222 343 <01 715 702 37.2S 0.708 0.0020 0.017 0002 1.41 0 .072 18.2 
lo30o07 0.03 02 0.50 1.78 11.7 2.07 37 71 12!1 203 310 470 .... nts 3307 0 ..... 0.0020 0.002 0.068 2.02 0 .122 2!1.0 - 0.09 12.4 0.75 1.90 132 us 53 .. 100 305 ... nts "'"' 1050 37.80 0.774 0.0034 0.005 O.OS1 1.57 0090 2!1.8 

""""" 0.21 17~ 0.81 2.<00 12.8 140 53 101 ""' 310 ... 721 1024 1105 33.03 o.m 0.0036 0.018 O.DS2 1.33 0.045 341 
"""10 2.85 22.7 420 8 .00 32.2 4.31 111 105 358 558 ... 1203 11174 1735 33.30 0.1127 0.0054 D.OS2 0.058 132 0.050 8.8 

"""" 0.03 17.8 0.85 2.17 12.1 .... ... .. 188 275 436 ... .. 1 1022 30.31 0701 0.0030 0.002 0.0<0 ..... 0.068 ~ 
ia30e12 1Uii 0.47 174 1UJ 2.05 36 .. 129 213 3211 475 - 750 2!1.n 0.781 0.0024 0 .000 0.004 1.112 0.084 24.4 

"""13 0.03 18.9 0 .80 2.25 15.1 2.24 53 100 188 307 - ns 1027 1110 ,.~ 0.800 0.0034 0.002 0.002 1.50 O.OSS 804 
;.JI)e14 2.34 107 2.08 2.58 ... 1.52 33 .. 132 210 357 ""' 801 010 33.70 0.883 0.0023 0205 0.041 1.28 0.072 7.8 
il30e15 0.00 0.7 0.50 1.112 111 2.36 36 70 133 212 320 ... 715 7a7 30.1U 0.704 0.0025 0.007 0.1350 1.85 0.102 2!12 
;.:m.HI 11~ 0.58 1.00 11.8 2.17 43 70 140 233 365 520 750 041 2722 0.1125 0.00211 0.000 0.008 174 omo 10.8 
i&l0e17 0.03 12.5 087 2.03 12.2 2.32 .. ,., 160 277 C34 823 oar 1011 V20 0.707 0.0030 O.D03 0 .054 1 ... 0 .075 35.5 - 0.05 14.0 146 5.08 2&7 0.80 111 100 341 520 ... 1000 1520 1071 23.81 o= 0.0050 0.002 0.073 1.11> 0 .098 187 
o30il5 112 0.51 1.73 0.5 1.111 30 70 151 "" C37 ... ... 1113 >IJ.57 o .... 00027 0.000 0.000 1.51 O.D70 35.8 

tJ 
I 
w 
0 



Table 0 .9 continued 
Gd lb Dy Ho .. Tm Yl> Lu Hf To Th ........ 157 151 ,., ... 111 1Q tn 170 171 111 %l2 m ........ .. ........ 

Sou .. - (CM065) .. - 3632 0.0027 0.90 474 152.58 1 ... «>.01 0.07 tO.!iU 0.07 0.08 1.74 0.11 .... 3-37 ... _, 18.05 75.00 16.90 159.38 21.66 8660 0.05 62.7 81.0 
90 lo:>J11)7 36.12 0.0027 0 .75 .., 02.n 1.27 0.06 «>.01 0.66 0.07 0.90 1.70 0.14 10.07 3.43 42.n 15.~ n.15 16.22 1511!0 211.85 atil11 0.04 57.8 ., .. .. ,.,..,. 34.75 0.0027 o.es 533 64.1!il o .. 0.00 0.04 0.75 0.00 1.45 2.50 0.18 1~03 4.17 51.80 18.00 02.00 18.18 165.83 79.07 8221 0.54 34.0 43.5 
95 io30109 34.50 00027 0.113 7f1T 64.38 1.07 0.01 0.03 7.66 0.10 1.74 3.2> 024 1115.70 520 .. .., 73 ... 108.&4 73.27 707.00 36.00 8500 0.50 51.5 54.6 

"' ~10 35.50 0.0027 O.M 736 n43 OS 0.11 0.25 62 4 0.17 2.311 3.00 0,47 17.81 5.87 73.03 24.57 11».4t0 23.13 ...... 38.10 7801 0.45 42.7 .. ,_ .. .. -11 34.27 00027 0.00 350 ... 70 0.04 ... 01 .. 01 5 ... 0.06 0.87 1.78 0.14 6.27 2.71 34.00 12.17 56.65 12.10 113.&4 21l.70 6210 0.51 734 707 
100 ia301'12 34.48 00021 067 7f1T ...... 1.07 0.34 0.15 6.n 0.21 3.06 420 020 1V.81 5.o2 71.«1 24.41 1015.11 72.29 197.07 3523 0256 0 .58 56.5 50.6 
107 ~13 31.55 0.0014 0.73 ..., 6120 1.57 0.04 007 11.55 0.08 0.00 1.n 0.12 0.42 3.38 ...... 18.54 78.04 17.68 167.22 251.74 0713 1.06 ..... 964 
103 il30f14 3326 0.0014 078 415 ..... 1.00 O.o5 0.03 7.06 0.07 1.22 2.12 0.15 9 ... 3.18 36 .. ..... 03.05 13.50 124.87 22.01 0305 064 36.5 .... 6 
105 jalOftS 33.73 OJJG41 0.05 ... 6523 1.21 0.00 0.27 .... 020 2.33 ~ .. 02 4 15.48 4.74 58.04 "'·'"' 01.78 15UiU 175.48 3252 7030 0.75 56.4 59.7 
106 -10 33 ... OIX1Z1 071 m 65.54 1.07 ... 01 0.01 6.03 0.05 0.05 1.51 0.12 6.20 2.00 35"' 12.82 58.113 12.70 117.81 22.25 nos 0.03 340 "11.8 
1"' -17 3t.n 0.0027 o.n 344 5724 1.14 0.01 0.01 7.42 0.05 0.71 1.53 0.00 730 2.45 30.01 11.45 53 ... 11.93 112.31 2Jl.04 7012 0.71 37.0 .. 2 
111 - 3282 0.00<1 0.00 758 6&.12 0.00 0.13 0.02 1= 0.10 1.91 3.00 0.41 UU19 5.02 n.2ll 25.<41 112.45 22.02 2015.51 30.22 ,., 0.42 44.3 26.9 
115 - 3201 O.D041 0.64 407 ..... 0.00 0.05 0.01 045 0 .... 1.00 1.80 0.17 8.63 2.03 3620 13n 6473 1<4.12 130.86 73.80 - 0.50 21.3 33.9 
116 - 34.40 0.0027 0.00 .., ..... 1.27 0.11 0.04 0 .115 0.06 0.05 2.00 0.13 10.02 3.10 ... 58 1525 71.17 15.31 1JU.57 25.70 8230 0.05 46.5 602 
116 a30oOfl 34.60 0.0027 0.7<4 424 64.40 0.93 ... 07 0.01 0.34 0.07 1.11 1.80 0.14 0.78 3.15 39.67 14.36 00.211 14.05 128.&3 73.50 7890 0.57 21l.3 33.4 
119 ia30a10 34.32 0.0027 0.01 4n ..... 126 0.56 0.07 0.30 0.07 O.o2 1 ... 0.11 0.46 3.30 43.67 115.33 n.41 17.19 158.75 20.63 0535 .... 53.4 76.0 
121l la30a11 34.30 0.0081 0.78 471 64.78 0.80 0.17 0.04 ~78 0.12 2.01 2.67 0.45 13..41 3.00 ..... 115.15 71J57 1<4.65 13270 24.10 7056 0.43 17.7 17.9 
121 ia301112 35.58 0.0014 on 453 63.38 1.34 ..... 0.03 1015 0.05 0.85 1.86 0.13 920 3.11 41.62 15.36 n ."' 16.12 14420 211.00 0337 0.93 ~ 74.3 
124 la30a13 35.34 00014 078 333 0350 1.14 ... 03 0.07 0.42 0.04 0.50 120 o ... . .., 2.15 26.43 11.12 .... 12.56 17342 22.07 ..,. 003 73.3 130.5 
125 ia3CIA14 3017 0.0027 0.113 m 02.78 1.41 1.50 0.86 11.07 0.18 U4 1n 011 10.32 3.35 43-37 18 . .S n.JO 17.10 158.03 21.00 .... 1.05 010 112.4 
126 o30o15 38.13 0.0041 0.110 304 62.01 0.03 ..... 0.01 4.78 0.06 1.07 1.05 020 10.07 3.07 37.82 13.03 02.10 1~42 1n03 22.10 7'57 .... 1~4 18.0 
120 ill30o16 3526 0.0027 o.es 002 63.02 1.51 ... 07 0.07 IO . .oll!l 0.00 1.51 ~02 0.12 ..... 4.01 62.01 73.57 112.00 ..... 225.50 .... 0200 0.08 02.0 92.3 
129 lo30o17 37.83 0.0054 130 1037 61.08 1.04 0.82 0.30 11.18 0.54 0.31 7.110 0.56 33.46 o ... 108.51 3820 151U!IS 31.71 272.115 ..... 7518 0.67 74.1 62.0 
131 - ( 33.18 0.00211 0.87 ... &5.73 124 "'·"" 2.42 15.02 0.80 5.1<4 ~10 D.2ll 14.015 4.55 .,..., 21.411 a43 21.43 21l4117 n15 0334 0.117 600 74.0 
134 _,., 3231 0.0005 120 t151 ..... 0.86 0.12 0.13 7.53 0.68 11.82 12.74 2.21 41ii1.51 12.15 12778 40.03 100.90 31.54 211.56 4771 n04 026 14.7 8.6 
135 - 35.11 0.0138 320 no eo.51 1.80 2625 2.08 18.10 0.56 4.30 .... D.73 "'·"' ..,. 70.70 27.51 122.33 25.81 231.51 40.70 nos 0.00 03.0 100.5 
137 _.... 34.07 0.0005 067 274 &5.01 0.75 0.00 0.02 3.64 0.07 0.80 1.56 020 7.00 2.22 27.41 .... 44.31 9.15 88.01 15.~ n25 0.27 6.0 ... 
139 lo30h10 34.80 0.0026 0 .76 ..,. ... 03 1.07 0.07 «>.01 12.78 0.03 0.73 1.52 0.12 8.58 ..... 3820 14.58 111.48 15.915 154.~ 2700 0501 0.70 329 29.4 
142 ia3()111 3620 0.00211 002 614 02.n 1.00 0.05 0 .... 6.21l 0.07 1.50 .... 0.14 14.82 4.03 5120 21 .41 "'·"' 21l.03 166..30 34«) 1705 0.58 50.0 56.8 
143 il30h12 34.21l 000211 0.70 324 64.81 1.02 0.14 0.13 0.00 0.12 1.21 1.75 0.17 0.76 2.58 3205 11.42 50.75 1123 109.03 15.13 7906 0.64 33.3 40.8 
144 oo»>13 33.85 0.0026 078 ... 0521 121 «l13 0.01 6.03 0.05 0.07 2.01 0.14 10.73 3.46 "'-10 15.70 70.03 15.59 148.21 2<4.08 n54 o.n 440 58.0 

Cote Creek (CM023) 
11 le20o05 37.tD 2.37 ... 6113 143 5.113 2.07 21.112 0.64 5.15 2.05 0.51 0.70 3 10 40.85 1024 00.83 21l.07 21l3.86 37.43 9450 1.37 135.51 4012 
12 le20o05 37.84 1-"2 450 "'.113 1.33 4.01 1.57 2J)J17 0.56 ~ 2.31 0.32 0.40 3.07 40.72 15.30 73.39 17.70 17320 30.43 0709 1.30 02.0 2452 
3 """"' 37.!l3 U8 101 60.91 1.21l 0.61 0.15 9.15 015 2.21 3.97 0.15 17.90 5.80 fl9.74 24.67 107.45 n" 211 .5 35.08 6703 on 54.1 59.5 
4 '""""' 38.46 10.48 420 80.42 124 57.113 1.42 12.07 0.39 2.38 2.58 020 10.18 323 30.03 13.97 03.48 13.99 134.80 73.83 6702 0.61 40.6 '5.1 
5 ...... 37.43 0.03 375 01.50 0.86 0.1<4 O.UI 123 0.10 1.05 1.52 0.15 0.111 2.115 34.112 12.78 57.83 12.n 1151.87 2125 .... M7 34.3 33.1 

6.1 jo2J)o10 I 36.03 1.04 ... ..... 127 010 0.03 9.UI 0.11 2.38 3.51 026 115.<48 5.13 66.12 73.37 103 . ..0 22.65 2015.71 33.81 0543 0.87 51.7 52.4 
62 lo20o11 1 37.26 0.113 517 et.SQ 1.00 .. 03 0.02 11 .47 0.06 123 2.27 0.13 11.75 3.00 50 .... 18.01 0176 1826 170.54 211.84 9005 1.00 62.5 76.1 
7 lo20o12 1 36.54 1.08 396 02.38 110 0.94 0.151 7 ... 0.00 1.22 1.80 020 .... 2.03 30.54 13.86 64.33 ..... 136.90 22.22 .... 0.61 26 1 35.9 

lo20o13 3 .... 1 120 051 62.73 130 0.48 0.50 13.44 0.31 3.00 .. ,. 021 10.87 15.81 03.54 29.06 13025 27.03 2<41.02 ..... 9607 .... 71.5 n.o 
i120114 37.35 1.33 13113 &1 .47 O.o2 D.22 0.11 0.30 0.56 8.1111 13.44 1.05 51 .42 1U2 147 .. 40.53 183.18 36.51 3HJ47 54.31 7504 0.39 .... 18.5 

11 lo20o15 35.66 1.58 743 62.00 2.33 0.47 .... 1023 0-37 2.83 3.66 0.06 21l.05 5.81 7-4.80 21'-<41 111it23 26.27 245.00 30.05 103n 178 108.1 1222 
12 lo20o10 ' 30.811 120 .... 61.04 124 141 0.16 1D.56 0.31 .. _ .. , 7.00 0.56 3025 0.64 107.o5 34.1SI 1..a.n 31.56 2112.35 .ol8.18 8316 0.70 78.3 n.o 
13 ja201;17 37.27 1.22 1000 01.58 1.15 0 .32 0.13 10.08 0.37 ..... 0.33 0.58 33.02 o ... I DIUIB 36.50 1:5301 31.7'9 70010 44.32 022ll 0.00 00.4 51.9 
14 """"" 37.13 0.00 "" 61.80 1.38 006 0.15 11.49 0.11 1.31 2.07 0.10 10.-41!1 3.30 44.01 16.57 n.so 17.50 183.80 27.03 9652 0.90 n.o 99.3 
15 o2!lb05 3616 0.113 516 ..... 1.58 D.2ll 0.112 10.tl8 0.07 1.18 2.05 0.12 12.31 us ..... 17.00 0048 16.50 171.215 27.81 6743 0.00 57.7 71~ 
16 - 3629 .... 3110 1!2.1111 1.04 0.01 D.07 0.00 0.07 120 2.04 0.17 8.00 ..... 37.35 13.7<4 0125 13.43 130.08 21.52 8039 0 ... 10.9 20.1 
10 02llb07 3726 0.02 375 &UW 125 0.112 0.07 0.31 0.07 120 1-"2 0.15 0.7!1 2.00 36:z7 12.00 "'40 1320 126.42 2100 _, 0.81 30.0 .... 

19.1 - 37.07 1.00 737 ... .., 1.o5 0.15 0.01 .. ,. 0.11 2.07 .... 0.32 151.SI5 0.07 n.42 25.48 111.80 73.34 210.31!1 3612 8397 0.03 57.8 54.9 
102 ~2Jlb0(1 ( 31.00 0.1111 .. 1 111.7V 1.30 0.07 0.11 024 0.00 1.00 2.17 .... 10.32 3 ... 42.73 15.31 ..... 15.51 144.01 73.86 ..... 0.05 42.7 53.0 
2ll Oo2llb10 30.60 0.00 580 02.30 1.21 0.04 0.57 10.53 0.44 ~ ~ 0.70 1425 .... 56.06 10.27 05.27 18.85 176.43 2023 ..... 0.70 ... 8 64.0 
21 Oo2llb11 30.00 1.15 020 02.86 o.w 1.35 0.47 7.1I7 0.311 4.86 7.18 0.52 27.41 7.58 05.58 211.70 122.40 25.50 225.74 3513 7<76 0.46 15.9 14.2 
22 jal)12 30.30 2.35 524 00.07 1.32 5.86 1.18 10.57 047 3.11 2.n D.35 12.00 3.87 ...... 17.70 02.01 15.13 1n.21l 20.00 7764 0.60 67.8 61 1 
73 ie:lml13 3713 0.07 "" 01.83 1.10 110 .... 0.05 0.00 o.eo 151 0.12 0.37 2.05 27.17 0.02 .. .30 10.35 100.1I7 18.53 11344 0.66 21.8 41.0 

251 jal)1<4 36.03 007 384 62.73 1.00 0.03 0.01 0.45 0.05 0.08 157 0.15 0.03 2.n 3460 12.00 61 71 14.40 135.<45 22.40 0245 0.66 42.2 03.9 
252 ,.,..15 36.1111 0.113 ... 62.211 1.04 0.30 0.06 0 ... 0.12 1.n 3.07 020 15.41!1 475 57.01 21l.40 00.01 10.53 tn.J8 70.81 7947 0.03 47 1 452 
211 iea16 3627 0.84 410 .... 1.21 0.05 0.03 o ... o.os 0.!11 1.54 0.12 0.73 2.01 30.89 13.01 ... 78 14.68 141.30 22.00 8171 0.80 40.9 58.4 
21 ie20b17 3120 0.78 382 tl1.73 1.04 ... 05 0.01 5.115 o.05 UD 1.01 0.13 7.00 .... 3410 12.38 ..... 13.09 173.52 21l.49 ,.... 0.58 2ll.6 30.7 

26.1 jo2lk04 35.05 1.34 474 82.90 1.53 D.51 7.03 26.75 2.37 10.44 3 .• 1 014 11.38 3!i0 4524 16.14 73.02 16.36 158.83 24.70 6146 0.90 50.0 78.0 
211.2 ie2llc05 35.<7 o.es 417 03.50 140 O.o5 0.18 o.n 0.10 120 1.00 0.12 0.83 311 3600 14.36 00.02 15.13 1C3.85 22.75 8115 0.00 482 n.5 
29.1 """"" ( 35.02 0.00 313 03.42 ..... 0.27 0.21 5.50 0.11 1.1<4 1.n 020 0.01 2.55 30.00 11.30 .. ,. 11..31 10971 17.41 - 0.42 13.9 18.5 
202 """"" 3578 t.15 ""' 63.13 1.34 0.21 010 11.50 030 530 7.110 0.33 20.00 0.111 104.40 35.57 153 .. 3210 703.00 .. .33 '""' 0.90 100~ 05.5 
54 ~"""" 35.90 070 3115 63.115 0.94 0.50 0.17 525 0.11 1.51 2.51 0.19 10.48 323 3923 13.110 61 .75 13.15 173.04 21l.B7 7393 0.43 0.7 10.0 
30 """"" ( 3120 3.05 000 o1n 123 35.52 3.16 1<4.71 0.60 4.13 3,7<4 0.27 10.32 4.113 58.50 2Jl.50 90.04 19.54 174.<43 28.71 mo 0.70 .... 0 40.3 

t:l 
32 oo20o10 I 35.44 0.67 013 03.52 1. 11 0.17 D.05 824 0.16 2.211 ~75 0.30 17.17 4.04 02.07 21.01 03.73 21l.27 180.13 20.87 n7B 0.57 .... 1 39.9 
33 ie2Ck11 1 30.48 0.00 373 62.54 1.00 0.12 0.03 7.80 0.00 1.15 1.00 .... 041 2.n 35.43 12.80 58.151 12.70 131.86 21l.56 ..... 0.58 30.6 43.3 

I 34 ia2Dc12 ' 3570 0.00 307 03.31 0.00 .... 0.53 7.34 023 1.02 w 1.01 0.18 7 41 2.51 30.27 10.73 ..... 10.71 101.00 10.30 7024 0.58 2117 33.0 

....... 



Table 0 .9 continued 
Chondrite Normalized Ratios ....... ... Ce py Nd Sm .. Od Tb Dv ... & Tm Yb ... Zr0l -Si02 TMJ ....... .._ [Gdl'tb)o _,., . ..... Ce/Ce' 

·-~ (CI.IMS} Sout0Ridge(CM065) - 0.10 17.!i o.n 1.80 11.8 2.112 so Ill 1!10 204 473 ... 990 112.4 26.20 om 0.0032 0.000 O.DSD 1.54 OOE6 43.6 
lo3007 15.8 0.78 ~17 

·~· 
~ ... 51 .. 174 :1113 ... f1SI .., 10112 ,._ .. O.o53 0.0030 0 .000 0.054 1.51 o.m 202 

lo30I08 0.17 11.0 O.lll 3.17 17.4 3.23 .. 115 211 "" 517 735 '""' '"" 2ll.44 0.782 0.0036 0.010 O.D6< 1.75 0.078 201 
io30I09 0.13 

·~· 
1.03 3.81 21.0 421 04 146 Z79 """ ""' 5M2 ,,.. 1502 ,. ... 0.930 0.0043 0.000 o.oeo 1.03 0 .000 22.1 

lo30f10 1.05 13.4 1.83 5.22 20~ 8.31 .. 103 'NT ... ... 1137 1:>112 . .... 77.113 1.030 0.0040 0.030 O.D70 .... 0142 • . 3 

-11 • . 6 0.00 ·~ no 252 42 7'5 '"' 223 346 ... 707 041 30.43 0.814 0.0025 0.000 0.059 1.112 O.DO< 16.1 
lo30f12 0.03 142 ~30 8.110 20.8 5.00 100 104 ,.. 447 878 9Q2 1224 1432 ,. ... 1.000 0.0043 0.022 0.081 1.70 0.078 9.7 
lo30f13 0.07 18.8 0.04 ~ .. 11.0 ~11 47 "' 182 3015 ... 718 1030 1200 35.74 0725 OJJO:J2 0.008 O.D48 .... oan 41 .4 
lo30f14 011 11.5 0.17 ~OT 14.3 uo "' .. 150 2S7 400 547 no "'' 32.43 0.000 D.0028 0.008 0 .064 1.00 0.091 26.1 
iiJ(II5 1.13 14.6 ~ .. .... Z3.3 .... 78 "' 238 37'5 574 m 1000 1322 31.51 o.= """'' 0.0<0 0.071 1.00 0Jl83 ... 
ial0t'16 0.02 11.1 0.40 1.8S 102 ~18 42 17 ,., Z3S ,.. S14 730 ... 32.00 0.813 O.D11211 0.002 OJl57 1.151 O.D6< 43.5 
lo30f17 0.04 

·~· 
0.53 1.56 10.3 1.81 37 .. 126 210 ... 403 .... .., 3S.47 0.752 D.0028 0.004 0.053 1.60 0-""' ~ 

io30o06 0.08 21.6 1.011 4.17 24.7 728 .. 101 ,.. ... 703 11211 1283 , ... 33.30 1.04S O.D040 0.003 0.074 ~IS 0.122 372 ,_, 004 10.5 0 .67 ~"' IU ~ 43 81 147 251 ""' sn 813 ... 33.13 0.1115 0.002ll 0.003 0.053 , ... 0.107 2ll.6 
jo30o08 010 14,1 OJ51 ~ .. 13.5 = "' .. , .. m ... 1120 ... 1048 30.15 0.1104 0.0031 0.013 0.058 1.40 0.071 3S7 - 0.04 103 0.78 ~ .. 1~2 = .. 87 182 263 414 ... 001 ... 2ll.70 0.040 0.0030 0 .003 0.0151 1.03 0.082 25.3 
lo30o10 0.29 1S2 0 .75 ~00 114 ·~ 40 91 178 ""' ... ... - lin 3027 0.703 0 .0033 0.025 0.040 124 o.oes 29.3 
o30a11 0.18 94 120 4.40 18.0 8.00 OT 110 106 ,.. ... ... 824 """ 30.40 0- 0 .0034 0.000 0.082 2.00 0.187 13.1 
o30a12 0.13 16.6 0.54 us IH us .. .. "" 282 451 6S3 ... 1007 77.70 0.812 0.0032 0.010 0.052 1.44 0076 ..... 
o30a13 0.117 137 0 .46 1.30 0.7 1.54 30 80 116 204 340 soo 707 ... ,._,. 0.582 0.0024 0 .009 0.030 1.37 0.080 51 .7 
iiJOQ14 Hg 19.5 17'5 ~40 11.0 ~01 52 "' 170 302 403 1102 ... 1134 20.50 0.740 0.0033 0.234 0.064 1.34 0083 8.6 
;.JOA15 0.02 7.0 085 = 13.2 3.52 Sl .. 154 250 31111 543 764 901 26.n O.BS6 0.0D30 0.002 O.OE6 , ... 0110 17.0 
io30o16 0.10 171 0.07 3.30 204 ~10 7'5 ,,. 252 432 700 1010 1401 .... 20.34 0- 0.0041i 0.005 0.054 1.71 0044 319 
jo30Q17 1.25 102 5.78 13.82 53.3 ·~ 

, .. 201 441 883 902 1284 , ... 1910 2324 1.177 O.D062 0.024 O.DIIO 1.50 0000 52 - 1022 24.S • .30 1124 21.3 3.00 71 120 250 3113 015 ... 1773 13<0 32.56 0.810 D.0040 om 0 .050 1.<3 0.078 ~s 

io30I'D7 0.54 1~3 7.34 25.43 00.1 311.28 240 :m ••• 733 1082 •m lOOT '""' 34.28 1.700 0.0006 0.000 0.148 3.37 0.236 3.1 .,..... 11.21 26.4 6.05 • . 40 33.4 4 .... 101 173 312 S04 70S 1045 1440 , ... 22.70 0- 0.0052 0.330 0 ,070 1.84 0.0151 3.1 
io3IHI9 0.10 S.9 0.71 1.75 10.6 4m 40 61 111 182 m 371 552 1120 30~ 0.028 O.D021 0.010 o.an ~70 0.196 14.S 
iiJ(J'ItO 20.0 0.38 1.110 10.3 ~"' 43 03 1S5 7ff7 428 ... ... 1000 29.15 1.118 0.0031 0000 0.045 1.53 0.078 57.1 
iiJOh11 0.38 13.4 0.70 3.49 182 ~ ... 74 128 Z33 J92 ••• 011 1170 13011 20.57 0.080 0.0045 0 .023 0.084 1.74 0.054 22.6 
...... 2 057 11.4 1.20 ~04 11.8 3.05 .. 71 130 ""' 317 ... OT7 n1 30.80 0.616 O.ODZ3 0.048 0.065 , ... 0.109 IH 
...... 3 0.05 13.1 0.54 ~13 13.8 HI 54 .. 175 200 441 031 1121 .78 31.36 0700 0.0033 0004 0.059 1.67 0.071 442 

:MOD) Cote Creek {CMOZJ) 
jo20o05 .... 34.3 9.05 11.34 1U 9.01 ... .. , .. "" ... 010 120S 1521 Z3.50 0.341 0.0040 0420 0.0311 1.05 0.202 3 .• 

""""" 8.83 32.7 6.00 740 15.0 5.81 .. .. ... :>112 ... 717 1078 1231 Z3.00 D..3N 0.0031 0.425 0.044 1.02 om S2 

""""' 0.07 150 1.60 4.8S 26.8 ~ .. .. 1S5 2&4 462 OT2 ... 1315 1450 ~ 0,..,. 0.01')41 0.025 0.0110 150 0 .045 13.2 

""""" .... .... 424 5.17 17.3 3.82 51 .. 150 250 ,., ... 037 ... 21 ... 0.11!10 0.0077 0.3<0 0.0151 ~03 0.100 3.0 

""""" 0.011 11.8 1.04 = 10.3 3.11 .. 70 141 Z34 301 SIS 745 ... 24.08 1.038 00025 0.054 O.D60 1.88 0113 13~ 
t.2DI10 0.12 14.0 1.19 5.22 244 4.54 03 142 269 420 ... 917 ,,.. 1374 26.81 0 .... 0.0040 0.005 0.064 ·~ O.OOS ~9 
JI2Q.11 0.07 107 0.88 ~ .. 15.3 = .. 110 204 "" 511 ,. .... 11n 24..32 01122 0 .0032 0.005 0.056 1.S5 0.082 402 
ie20112 0.70 ILl 0.96 ~ .. ILl 3.57 "' 01 157 254 402 ""' 051 903 25.84 0.720 0.0020 0006 o.oso 1.80 0.115 13.8 
lo2Do13 ~47 21 .• 3.38 .... 32.2 3.80 100 ... 340 533 014 1094 ,..., 1701 25.7'5 0- OJJ044 0.077 O.Oil7 .... 0.058 7.5 
lo2Do14 045 15.3 S.88 ,.03 .... 18.82 250 3S6 ... 1152 1207 1478 .... 2208 "'"' 1.317 o.oan 0.005 0.131 2.34 0.107 4.8 
lo2Do1S 1.06 314 3.W ••• 24~ 1.41 101 181 303 ... 745 1083 1S22 1547 27.31 o.oos Q.OD37 0.075 o.oes 1.31 0.022 10.0 
lo2Do16 078 172 3.34 • . 04 47.7 • .83 152 23ll 415 820 ""' 1770 17'54 1870 25.05 1.074 o.ooso 0.018 0Jl07 1.83 0.000 0.4 
lo2Do17 0.50 104 4.03 1~01 50.3 102S , .. 202 443 - ... 17ff7 1740 1002 2~31 1.318 0.0054 0010 0.097 ,.., 0.091 72 

""""" 0.03 187 Ui ~OT 13.0 1.70 S3 .. 1112 303 - 700 1017 1131 24.52 0.731 0.002ll ..... 0.052 1.45 0.054 20.7 
io2Db05 000 174 0.17 2.57 IU 

~·· 02 107 199 320 SD3 740 1084 1130 20.51 0.810 OJJO:J2 O.D04 0.050 , .. 0J)S5 40.0 
io2Db05 0.11 u 0 .73 ~7'5 13.0 2117 ... 112 152 252 383 ... ... .,. 20.40 0786 0.0077 0.000 o.oso uo 0.101 no 

""""' 007 13.5 0.80 ~ 13.0 ~ 44 78 147 231 371 S37 78S ... 24..30 om 0.0024 0 .005 0.050 1.54 O.D03 31.0 

"""""' 0.04 14.3 1.19 4.43 77.3 ""' 100 lOT ,.. .., ... ... 1307 1420 22.04 1.11411 0.0042 O.OD2 0.077 1.07 0 .008 Z3.3 

"""""' 047 lSI 0~ 2.37 14.8 ~44 52 .. m 280 ., 820 ... 071 24.110 O.BOS O.OD27 0032 0.058 1.S3 0.074 21.1 
io201>10 ~40 17.2 4.76 7.'$2 22.2 IUO n 1Z3 224 3S3 S33 T03 , ... 1140 25.71 0782 0.0033 0.108 o.oes 1.08 0283 4.8 
jo20b11 1.99 

·~· 
4.Z3 10.04 ..... 0.31 130 ""' 340 520 70S 1033 1402 1420 20.80 1.126 0.0047 0.041 ..... 2.12 OJOO 4.1 

io201>12 502 17.4 5.10 8.81 18.7 0.41 01 107 203 324 SIO 734 1070 1178 22.37 0.834 O.OD37 0.200 0 .067 ·~ 0161 3.4 
io201>13 0.50 11.3 0~ 1.00 102 ~12 32 57 110 1110 ,.. 420 827 OT2 "'"' o.m 0.11020 0.050 0051 U1 0.100 15.0 
io201>14 0.03 13.0 0.40 ·~ 10.8 = 40 7'5 141 238 300 503 ... 014 25.80 O.e51 O.D024 0.003 0048 1.57 O.IOS S2.0 
;.21:1115 O.l5 14.1 1.31 3.0T 20.0 5.114 78 132 23S 374 ... "" 1102 1171 25.50 1.1141 0.0030 0.017 0.071 .... 0.102 17.0 
ie20b16 0.14 t3.8 0.66 ·~ 10.4 ~ .. 01 ISO 25S 417 .... OTO .,. 26.41 0.700 0 .0020 0.013 O.DSD 1.51 0.070 344 
o20b17 005 02 0.57 uo ·~· 2.24 40 74 130 220 3S5 S30 707 033 24.4J o.m O.OD27 O.DO< ODS2 1.00 o.oos 29.0 

""""" 32.21 ... ~ 25.51 22.00 Z3.0 ~C2 57 .. 104 296 ... 663 .. 7 1004 27.04 0.713 0.0D30 1.400 0.058 1.57 0.060 16 

""""" 078 15.i 1.04 = 1~0 2.18 44 .. 158 203 410 613 ... IllS 20.03 0.885 0.0020 0.050 O.DSD 1.43 0.070 17.6 

""""" 0.00 •. o 120 ~40 11.0 3.53 40 71 125 207 311 ... .. , 700 27.70 0740 O.OOZ3 0.1170 0.060 ~ .. 0130 ... - 041 18.8 423 1170 .... 5.78 140 2<0 424 OSI .. , 1300 1783 1002 77.36 1.174 0,0050 0.000 o.oos 1.37 0.050 8.1 

""""" 070 0.8 122 3.31 17.0 3.40 S3 "' 150 254 300 532 704 ... 2720 0.871 0.0028 0 .041 O.all ~20 0.096 ... 
""""" 13.32 24.0 7.40 .... 25.3 478 112 137 238 37S ... ,., 1083 1167 24.57 1.011 0.0037 O.S77 0.076 1.50 00119 2.3 

t:l lo20c10 0.23 13.4 1.75 us 25.4 844 .. 137 252 3015 ... 821) 11 11il 117• 20.00 1.108 O.OD37 0.000 0.077 ·~ 0.115 13.0 
1021k11 0.13 12.8 0.86 U3 IU ~40 43 17 144 Z31 304 S14 751 036 20.00 ...... 0.0077 0.010 0.067 1.00 0Jl07 26.0 

I lo20c12 = 1~0 ~ .. 3.50 IU 3.1S 37 .. 1Z3 ... 300 ... 032 803 71.80 0.705 O.D021 om o.oso 170 0.126 S.l 
w 
N 
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--File,_.. 

1 
1 

30 
42 
43 .. .. .. 

47. 1 
472 .. 
50 
51 
53 

Sleep Creek (CMOOS) 
~20104 --Jo20I)7 

""""" """""' _,0 
10 _,, 
17 .,.., ,. _,3 
20 io20114 
23 io20115 
12 18 

Table 0 .9 continued 
SI02 roen .. y ""' ,. .. a .. 
""' -,..., 1.01 2!15 63.30 
3U8 1.08 1113 115.04 
38.52 1.1l6 429 02.50 
3808 0 .80 ... 02.00 
35.00 0.81 310 63.11 
38.12 0.00 317 ...... 
3588 0.74 323 83.34 
35.11 0~ 471 63.75 
37.Dll 0 .75 381 6UI2 
37~ 127 1312 60.83 
37.48 121 1181 61.32 
37.81 0.73 331 81.20 
31UJ1 .... on 0020 
30.30 on 413 50.68 
38.35 1.12 420 00.54 

34.45 4.78 491 64.51 
3545 0 .79 423 153.52 
3870 1.17 .... 82.24 
3371 3.45 305 66.211 
33.18 1.12 043 ..... 
3308 081 531 65.71 
3820 1.22 ... 1 82.52 
34.00 0.71 343 85.04 
34.53 0.76 350 84.47 
33.76 0 ... ... 8522 
33.17 0.73 430 115.02 
34.08 122 447 .. ~ 
33.81 2.34 5111 6624 

... .. ... c. .. ... Sm 
13 "' "' ... 141 ... 147 

1.117 1.48 024 8.22 0.11 0.113 1.22 
1.43 0.19 0.08 1025 0.09 1.112 2.40 
I.D2 1.03 0.88 7.56 0.31 2.05 2.45 
1.12 0.00 0.02 1.n 0.13 2.03 3.85 
\.aT 0.28 021 .... 0.10 0.17 1.51 
1.14 1.04 0.30 7.86 0.13 1.34 , ... 
1.05 4J.C3 0.02 5.82 0.05 1.00 \.SO 
1.15 023 0.03 9.39 0.08 0.84 1.71 
0.05 0.09 0.08 5.88 0.10 ,., 2.22 ..... 0.03 0.02 13.33 0.15 3.19 6.58 
1.39 0.15 0.02 , ... 0.14 2.80 621 
0~ 013 0.01 5.55 008 0.87 .... 
1.50 I .SO 0.32 11.1B 0.16 1.44 1.86 
1.35 008 0.07 8.98 0.08 1.00 1.54 ..... 1.38 0.11 10.34 0.09 t . lt 1.82 

127 017 0.71 8.57 023 1.98 2.54 
1.38 0:2fJ o.oe 0.47 0.08 1.00 1.00 
1.17 0.14 7.84 2U3 .... \\.SO U7 , ... U3 2.07 10.46 0.73 ~18 2.86 
1.34 0.83 0.13 10.87 0.35 4.04 ... , 
1.22 0.08 0.02 8.18 0.07 121 2.46 
1.11 024 0.30 13m 0.20 ,.., ..... 
0~ .... 0.01 526 om 1.15 1.88 
1.15 0.32 0.00 6.73 0 .08 1.00 1.16 
127 0 .74 0.00 7.80 0.10 1.44 2.42 
1.38 0.17 0.00 5.30 0.00 121 , ... 
1.36 0.85 0.00 0.54 0.11 I.C3 2.11 
3.19 5.14 2.20 14.211 0.08 ~30 3.38 

.. Gd Tb Dy Ho "' Tm Yb Lu Hf To Th 
153 157 "' 113 "' 1 .. ,., 172 175 171 111 m ,. 

0.13 0.13 2.12 v.oe .... 4743 10.&4 101U53 17.82 11672 0.711 38.4 63.0 
0.13 13.49 427 !6.12 2043 513.12 21 .30 1SI5.53 33.19 6343 1.03 562 63.5 
0.33 .... 3.53 -43.11 1524 57.74 14.39 135.50 21.70 7 ... 0.51 26.8 28.7 
D.33 10.28 "'' 50.111 20.31 00.70 19.14 173.48 20.07 n26 0.00 308 30.6 
0.11 7.18 2.26 , ... , 10.57 ..... 10.811 10<11.:2115 t7.eo 71173 0.50 25~ 37.4 
015 8.711 .... 311.78 13.18 &1.15 1320 ~~-00 20~ 7848 0 .81 30.0 35.4 
0 .15 7 ... 2.42 31.83 11.00 50.82 11.70 110.53 18.34 ,.., OJ51 IU 29.8 
010 0.98 2.00 39.03 15.05 ...... 15.57 145.1!10 23.711 0063 0.88 48.7 74.1 
023 ... 3.06 38.82 13.18 59.33 13.02 118.88 20. 11 roo 048 24.0 25.3 
0.31 35.18 10.70 126.89 44.50 103 ... 30.56 344.32 5&.51 8517 0 .87 103.8 90.5 
0.33 32.38 0.73 1UI.16 40.50 1rsn 3827 317.63 ..... 8525 o.n 87.1 n .1 
0.18 8.01 2.05 31.32 \\.SO 

··~ 
1127 10820 17.86 71180 0.40 140 176 

0.13 10.01 3.43 44.10 10.28 n .t• 17.03 , ... ., V:21J - o.os 02.7 82.0 
0.11 51.10 3.00 38.20 13~ .. ~ 1•'-64 137..01 23.44 ,... o.n 40.5 55.1 
0.011 0.00 3.01 38.56 14.40 67.55 15.12 14027 24.111 .... I 03 514 n.3 

0.22 11.80 3.67 ..... 8 •o.n 71122 17.211 157.02 7113 8117 0.56 331 390 
0.11 027 3.14 Jlli.41 1-4151 66.55 14.Ci 13U8 24.30 8138 0.65 30.5 50.6 
0.33 1871 5.38 ··~ 

2313 104.39 22.40 •os.n 30.34 8003 0.55 44~ 412 
D.32 0.84 3.04 35.70 12.98 61.52 13.UI 120.111 22.08 8113 0.47 23.8 24.6 
0.38 27.14 8.12 04.79 32.01 140.46 20.67 263 .... 44.00 11355 o.n 79.0 74.3 
0.\0 12.00 3.82 ..... , ... 83.31 18.66 ma> 31.00 .... 0.08 531 904 
0.10 13.70 4.87 58.12 20~ !17.58 21.68 205.80 30.75 8038 0.59 1833 147.1 
0.28 0.04 2.74 nm ~~~ 63.50 1122 10357 18.87 7576 0.37 138 13.5 
0.11 78; 2.43 31.50 11711 53.30 12.22 111!.10 20.00 0022 0.67 25.3 360 
021 10J!I8 3.48 41.43 15.11 68.35 14.71 133.33 24.ll5 ..., 000 32.8 30.5 
0.11 0 ... 3.30 5 .71 14.40 ..... 15.02 135.88 24.5 1 "'" 0~82 30.0 ., .. 
0.15 1024 3.47 4303 15.83 n.83 14.30 13003 25.57 71\SQ 0.56 36.7 41.5 
0 .41 14.81 .... 56.29 18.82 .. ~ 18.16 185.31 31.43 6830 000 38.0 42.1 



Table 0 .9 continued 
Chondrite Normalized !QUos ·- .. Co "' ... Sm Eu Gd Tb "" Ho & Tm Yb l.u b()Z .SIQ2 ThiU ...... ILMSm .. IG4'Yb .. -· ..... .. c.ICe" 

Filename 

!MU23) Cote Creek (CM023) 
Jt20c13 1.01 13.4 115 ~"' 8~ ~JI! 31 .. 110 1&3 ""' ... ""' 125 27.70 0.000 0.0018 OIZ3 0.0<7 1.38 0.121 12.4 

"""'" 024 187 0.99 3.54 182 = .. 118 224 374 582 .... 1214 1340 31.10 o_gta 0.0040 O.ot4 0.058 I.JO 0.055 27.4 
ie20c15 2.08 12.3 331 4.40 18.6 5.95 50 ... 175 m C23 5&3 8<2 """ 25 .... 1.005 0.00211 0.174 0.050 2.00 0.180 4.0 
iQJe16 0.09 12.7 1.45 4.44 20.0 5.92 ., ,,. 244 372 507 775 1077 11"' 20.113 1.004 0.0030 0.003 0 .076 1.07 0.110 18.5 
ia20c17 0.09 II~ 110 Ul1 102 ,_., 311 113 116 , .. 301! ... ... ,. 2720 0.803 0.0022 0.007 0.1100 ,_., 0002 11.4 

""""" 1.25 13.0 136 2.04 13.4 ~62 .. ., 150 241 382 5311 no 850 20n 0.040 0.0027 0.003 0.057 1.05 0.001 ... 
;o2Dd05 0 10 9.5 0.51 2.18 10,6 2.5il .., ., 129 201 318 .,. 087 745 27.60 0 .... O.OOZ3 0.010 0058 1.71 0.102 30.0 ,.,..,. 0.14 15.3 0.91 .... 11.5 1.73 50 03 102 270 .,. 630 904 907 20.64 0.057 0.00211 0.012 0 .055 1.31 0.058 292 
io2<l<ll7 0.24 ... 1.07 J.t3 1sn 4.0\ ... .. 150 241 371 527 730 817 24.53 O.Z1 0.0020 0.016 On07 , ... 0.124 14.7 
020dOI! o ... 217 1.60 8 .. 7 .... .... 102 296 524 018 1212 ltm 21311 2291 22. .. ue 0.0060 0002 0 ..... 1.68 0040 25.0 .,.... 0.10 19.3 1.55 026 42.0 5.111 103 200 472 7<2 .... , ... 1073 2112 Z3.85 1.120 on...t Q.002 0 .002 1.80 0.058 23.4 
io20d10 0.03 01 0.68 1.91 12.8 3.16 .., 73 127 211 325 ... ... 725 Z3~ 0.704 O.OOZ3 0.002 0.062 2.01 O.lli 25.5 
ie20c'11 ·~ 10.2 1.71 3.15 13.2 2.27 50 .. 180 ""' 402 ""' ... 1100 21 .80 0.750 0.0031 0.101 0.051 1.58 0.071 12.0 
lo2Ddl2 0.29 ... 0.53 ~10 10.4 1.80 .. 03 155 ,.. 412 5il3 .. , 053 20.38 0.734 Om29 O.Q21! 0.054 1.74 0.067 28.1 
ie20d14 0.71 16.SI 0.96 2.42 10 .. 1.80 .. 113 157 204 422 012 811 .., 22.10 0.0110 0.0027 onss 0.062 .... 0.057 20.1 

:cMOOSI Steep Creek (CMOOS) 
to2DI04 2.00 1<0 2.47 4~ 17.2 3.02 .. 1112 101 307 ... 700 "" 1127 30.07 0.532 0.0034 0.173 On&1 2.27 01112 5.1 
lo20I05 0~ 13.5 o .... 2.10 10.0 . ... 47 ., 

'"' 200 410 ... 038 - 28.08 0780 OmJO 0 .030 0.058 2.14 0086 27.3 
jo20I1)6 33.00 40.2 28.ao 25,17 33.8 .... .. ... 252 ..,. 1152 007 1218 1437 25.54 o.oso 0.0044 0 ..... 0.077 2.12 Onol 1.5 

""""' 8.71 17.1 7.02 8.15 1SI.3 .... .. .. 145 2311 385 534 7411 ... 31.56 O.o70 0.0027 0.451 0.085 <4.1SI 0167 2.1 
jo20I1)6 0.56 17.7 3 .... 10.80 46.0 8.78 "" 225 305 803 878 1201 1038 1792 32.50 1.083 0.0053 O.ot2 0.083 1.74 0 .07 .. 8.1 
lo20ilO 0.10 133 o.ao 2.115 1~8 I.B3 81 108 202 329 521 755 1100 1200 32.83 0.588 0.0032 0.008 0055 1.70 0.0<7 29.7 
-·o 126 213 2.12 .... 2Bn ,.., "' '"' 240 3114 010 877 liD 1518 28.23 1.110 0.0044 ..... 0.054 .... 0.035 12.8 
-11 0.0< 8.8 0.70 2.52 12..5 4.11) ... "' 137 218 335 .... 843 750 31.04 1.1124 On024 0.003 0.071 2.40 0150 21.4 
o20112 0.38 11.0 0.115 2.31 , .. 1.91 30 ., 128 215 333 - 721 ... 29.94 0.7112 0.0020 O.IB2 onos 1.71 O.G74 18.0 
ie2Qf13 0.311 12.4 1.10 3.1< 104 3.71 55 .. . .. 277 427 ... .,. .,. 31 .40 0.(1151 0.0030 0.1123 onoo 2.13 0.104 16.7 
_,. 

0.20 13.5 0.00 2.04 13.2 1.03 50 .. 181 284 415 808 ... .., 31 .05 0 .813 On1Il1 0.015 0.050 2.10 0.0151 Z3.5 -·· 0.38 15.8 1.18 2.25 14.3 2.70 51 .. 175 292 ... 570 ... IOJO 30.88 o.nt 0.0033 0.1127 0.080 2.41 0.002 10.9 
16 0.27 Z33 1053 1170 228 7.34 74 120 225 340 543 735 1033 1278 31.C2 o.om 0.0046 0400 0.072 4.84 0.151 2.4 
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Table 0 .10. LA-ICP-MS multi-element analysis of reference zircon Harvard 91500 

9151.));hip5 
91500ctip5 

915CIClc:hC5 

"'""""""' "'"""""' "'"""""' 91-
91500ctip5 
91500:::tliD5 
91500ctip6 
91500chillei 
.. _ 
"'""'"'"" 91500d>c6 
.. _ 
91-
915CO::foCIS 

91500c::hipl5 
91-

"'"""'*"' .. _ 
"'""""*"' """"'""' MUN91500 
MUN91500 
MUN91500 

MUN91500 
MUH91500 
MUN~SOO 

MUN01500 
91-
91-

"'""""*"' "'""""*"' 
MUNe1500 
MUN915CO 
91-.. _ 
"'"""""' 01500ohlo3 
9151Xk1lc>J 
91500ohlo3 
01500ohlo3 
91500ohlo3 

"'""""*"' .. _ 
91"""'*"' 
91500d>c6 
91500d>c6 

"'""""""' -so 

"""'' """' 

""""' lo20o18 
io211>18 
"""18 
ie2(klt5 -io20b03 
io20b03 --Ja)l'17 

.a7a18 

.a7a18 

..a7c18 

.a7c18 ....,.., 

..a71>18 

..a1b18 

..u/<SB 

"""""' ...,.., .. 
'"""18 
ou20o18 

~18003 

oc1~HI 

oc16b03 
oc16b18 
oc16<03 
oc16c12 

lo31o04 
il31c18 
il31b0< 
il31a18 
1131<0< 
il31b18 

.... 
3517 
31n 
3514 
34.57 
33.68 
34.20 
32.08 
20.08 
J0.75 
35.14 
«t31 
34.<0 
20.70 
3713 
33 ... ,... 
30 ... 
3725 
35.54 
34.110 
38.70 
30.1Kl 
38.02 
34.07 
34.22 

35.30 
32.70 

35.00 
33 .. 
34.73 
35.31 
37.30 
JJ.5J 
32.88 
33.05 

38.50 
352 4 
30.00 
32.11 

3820 
3724 
31.n 
3720 
38 .... 
38.>7 

38.38 
31.13 
34<3 
37.35 
32.49 
38.00 

0.0014 
0.0014 
0 .0014 
0.()01-4 
0.0014 
O.:l014 
O.OCU4 
00014 
0.0014 
0.0014 
0.0014 
0.0014 
0.0014 
00014 
0.0041 
0.001 .. 
0.0014 

0.0014 
0.0014 
0.0014 
0 .0014 
0.0014 
0 .0014 

0 .0014 
0.0014 

0.0014 
0.11014 
0.11014 
0.0014 

074 
065 
0.53 
0.51 
0.59 
0.58 
0 ... 
0.51 
0.41 
0.73 
0.151 
OlD 
0.55 
0.46 
0.50 
0.50 
0.54 

o.50 
0.55 
051 
0.51 
0.55 
0.02 
o.so 
0.80 
0.58 

0.44 
044 

0.52 
053 
OS< 
0.58 
0.57 
0.49 
0.48 
040 

058 
0.50 
0.52 
0.<18 

012 
0,10 
0.11 
010 
0111 
0.08 

1.02 
0.58 
O.Ci 
0.57 
0.47 
0.52 

315..... 0.0015 0.51 
z..n o.co:::JS 0..22 

7 J4 .., 

52 "' 52 

Lib WOf1dnq reJBtnce vMun (11 
refWWcelii1500Ctic& 32.85 0.05 
r•ter.noe91500ctc5 0.13 
referenoi91500Chf3 010 

135.4 
120.0 
1062 
118.8 
121.3 
11-4.0 
111.0 
1121 
101.4 
150.0 
128» 
1S<2 
141.8 
112.7 
137.1 
128.6 
137.5 

1~.7 

1305 
120.ll 
125.0 
127.3 
130.3 
146.4 
1<05 
141.8 

122.< 
118.7 

138.5 
141.7 
147.9 
1502 
146.8 
1312 
12U 
131.15 

13US 
127.7 
12U 
1125 

132.9 
140.0 
145.8 
114.15 
135.8 
128.4 
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Table 0.11. LA-MC-ICP-MS Hf isotope data for zircons from target rocks of the Mistastin Lake Crater 

File Name Grain Number Age (Ma) ' t2s 176L1J/177Hf :tZSE 176Yb/177Hf :tZSE 171HfM 176Hf/177Hf :tZSE 176Hf/177Hf (I)' eHf' ±.ZSE 
Anorthosite, Horseshoe Island (CM032) 
oc16a5 zll4_4 1439 OJXl0354 OJXl0017 0.009050 0.000348 2.26 0.281554 o.oooon 0.281545 ·11.5 0 .7 
oe16a6 z75 12 1439 OJXXI843 0.000001 0.026698 0 000159 2.08 0.281549 0.000036 0281526 ·12.2 0.4 
oc16a9 z35-13 1439 0.000195 0.000006 0.005830 0.000190 3.25 0.281492 0.000038 0.281487 -13.5 0.4 
oc16a10 z33~2 1439 0.000341 0.000009 0.009688 0.000176 2.04 0.281483 0.000039 0.281473 -14.0 0.4 
oc16a11 z32 1 1439 0000911 0.000016 0.026437 0.000228 170 0.281549 0.000067 0.281524 ·12.2 0.7 
oc16a12 z31-=-11 1439 0.000706 0.000022 0.020069 0 .000710 1.79 0 .281537 0.000086 0.281518 -12.5 09 
oct6a13 z.JG-12 1<439 0 000701 0.000015 0.021311 0.000503 2.03 0_281515 0.000083 0.281496 -13.2 0.6 
oc16a14 z30_6 1439 0.~1 0.0001:)18 0.013247 0 .000680 1.93 0.281522 0.000051 0.281510 -12.7 0.5 
oc16a17 z29 12 1439 0.000331 0.000016 0.009701 0.000480 1.41 0.281517 0.000083 0.281508 -12.8 0.6 
oc16a18 z28=19 1439 0 000757 0.000079 0.020940 0.002192 1.48 0.281451 0.000086 0.281430 -15.6 0.7 
oct6a19 z24 26 1439 0.002297 0.000082 0 .074522 OJXl2528 1.65 0.281554 0 000054 0.281492 -13.4 0.5 
oc16a20 z14=15 1439 0.001675 0.000067 0.051647 0.002343 1.51 0.281586 0.000051 0.281$41 -11.6 0.5 
Mean and SO -12.9±1.1 

Granoc:Uorite, North Eut shore fCM003) 
oe16b4 z65 1429 10 0.000643 0,000027 0.018221 0.000686 1.49 0.281610 0.000096 0 .281592 -10.0 1.0 
oc16b5 z62 1429 10 0 000560 0.000037 0.017520 0001181 2.78 0.281597 0.000026 0.281581 -10.4 0.3 
oe16b6 z60 1429 10 0.000757 0.000032 0.021502 0.000625 2.35 0.281622 0.000058 0 .281602 -9.7 0.6 
oe16b7 z56 1429 10 0.000562 0.000026 0.017456 0.000821 2.55 0.281522 0 .000029 0.281506 -13.1 0.3 
oe16b8 z54 1429 10 0 000478 0.000009 o.ot42n 0 000274 2.95 0.281573 0.000031 0281560 -11.2 0.3 
oe16b9 z48 1429 10 0.000608 0.000025 0.018453 0.000801 2.47 0.281589 0.000027 0281573 ·10.7 0.3 
oc16b10 z46 1429 10 0.000782 0.000054 0.022712 0.001531 184 0.281551 0.000036 0.281530 -123 0.4 
oc16b11 z2 1429 10 0.000600 0.000014 0.013956 0000531 1.81 0.281625 0.000051 0.281611 -9.4 0.5 
oc16b14 z11 1429 10 0.1)()1)445 0.000009 0.014485 0.000425 2.23 0.281535 0.QOIX)o41 0 281523 -125 0.4 
oc16b1S Z12 1429 10 0 000329 0.000011 0.010711 0 000293 2.49 0.281625 0.000039 0.281616 -9.2 0.4 
oc16b16 z41 1429 10 0.000411 0.000004 o.ot34n 0.000219 2.34 0.281604 0.000().45 0.281593 -10.0 0.4 
oc16b17 z22 1429 10 0.000458 0.000015 0.014403 0 000418 2.18 0.281589 0.000054 0.281576 -106 0.5 
Mean and SO -10.8±1.3 

Mangerite, Horseshoe Island {WOS...S) 
oe16c4 z33 1451 12 0 .000530 0000020 0 015796 0.000693 1.11 0.281515 0.000135 0.281500 -12.8 1.3 
oe16c5 z36 1451 12 0 .000725 0 000006 0 021730 0 000401 1.12 0 .281699 0 000117 0.281679 -<15 1.2 
oe16c6 z17 1"51 12 0.000504 0.000005 0.014888 0.000186 1.37 0.281580 0.000082 0.281567 -10 5 0.8 
oc16c7 l18 1451 12 0.000924 O.IXXXJ37 0.029553 0.001012 1.38 0.281630 0.000069 0.281604 -9.1 0.7 
oe16c8 •• o 1451 12 0000563 0.000016 0.016915 0 .000420 0.99 0.281657 0.000093 0.281841 -7.8 0.9 
oe16c9 z2 1451 12 0.000613 0.000007 0.018124 0.000255 1.19 0.281613 0.000191 0.281596 -9.4 1.9 
oc16c11 z5 1451 12 0.000632 0.000006 0.018859 0.000468 1.08 0 .281674 0.000132 0.281657 -7.2 1.3 
oc16c12 zB 1451 12 0 000618 o.ocx:m1 0.018964 oooom 107 0.281671 0.000125 0.281654 -7.3 1.2 
oc16c13 z39 1451 12 0.000551 0.000023 0.016950 0.001000 1.02 0.281683 OJXXl113 0.281668 -<19 1.1 
oc16c14 z46 1451 12 0 000825 0.000020 0.019012 0 000503 100 0 .281600 0.000109 0.281583 -9.9 1.1 
oc16c15 z12 1451 12 0 000664 0.000026 0.019733 0.001033 0.98 0.281589 0.000123 0 281571 -10.3 1.2 
oc16c16 z27 1451 12 0.000682 0.000039 0.020548 0 .001122 084 0.281755 0.000127 0.281736 ... 5 1.3 
Mean and SO -3.5<2.2 

Granodtorite gneiss, North East shore (CM001) 
Magmabc nrcon 
oc17d3 z27 1440 13 0.000632 0.000007 0.036211 0.000429 310 0.281612 0.000035 0.281590 -9.9 0.4 
oc1764 z26 1440 13 0.()01566 0 000079 0.061035 0.001458 3.29 0.281679 0 .000052 0.281637 -<1.2 0.5 
oc17d5 z33 1440 13 0.001406 0.000004 0.063933 0 000338 335 0.281653 0.000030 0 281614 -9.0 0.3 
oc17d6 z32 1440 13 0.001586 0 000084 0.059657 0003551 2.50 0.281704 0 .000070 0.281661 -7.3 0.1 
oc17d7 z29 1440 13 0.001058 o.ooor:na 0.045183 0.000367 3.26 0..281635 0.000037 0 281808 -9.3 0.4 
Mean and SO ~1.!:1.0 

lnhented ZlfCOf'l
4 

oc17d8 z25 2300 65 0.000426 0.000076 0.014193 0 002522 1.66 0.281504 0.000058 0 281485 6.0 0.6 

1 U/Pb concordia age in miltions of years (this study). 
2 The 176Hf/1nHI(t) values are calculated us1ng a Lu decay constant of 1 865x 10'11 (Scher« etat. 2001). 
3 Epsilon Hr vahJes are calculated with 176Hfl1nHf and 176Luf1nHf (CHUR) values oro.282m and 0.0332. respect:ryety (Bfichert-Toft and Albarlide 1997). 

t:) 4. Average COilCOI'dia age of dated tnhenl:ed grains used to caiC:uiate initial Hr ilotopic ratio 

I 
w 
0\ 



Table 0.12. LA-MC-ICP-MS Hf isotope data for xenocrystic zircons from impact melt rocks of the Mistastin Lake Crater 

File Name Sample/Spot Age (Ma) ' t2s 176Lu/177Hf :1:2SE 176Yb/177Hf :1:2SE 178HfM 176Hf/177Hf :1:2SE 176Hf/177Hf {I) 2 e Hf' :1:2S E 

Steep Creek (CMOOS) 
oc17b11 z3 1425 28 0.000801 0.000014 0.026559 0.000583 1.46 0.281615 0.000086 0.281593 -10.1 0.9 
oc17b12 z1 1404 60 0.000720 0.000057 0.022598 0.002199 1.01 0.281597 0.000192 0.281578 -11 .1 1.9 
oc17b13 z20 1430 35 0.000559 0.000010 0.017242 0.000490 0.77 0.281791 0.000099 0281776 -3.5 1.0 
oc17b4 z7 1422 35 0.001155 0.000113 0.037403 0.003216 1.11 0.281712 0.000109 0281681 -7.0 1.1 
oc17b5 z8 1433 31 0.000615 0.000014 0.018933 0.000679 1.55 0.281626 0.000065 0.281609 -9.4 0.6 
oc17b6 z9 1420 33 0.000759 0.000021 0.022758 0.001272 1.61 0.281701 0.000111 0 .281680 -7.1 1.1 
oc17b7 z10 1449 53 0.000510 0.000012 O.Q16046 0.000172 1.26 0.281707 0.000120 0.281693 -6.0 1.2 
oc17b8 z17 1400 43 0.000573 0.000011 O.Q16980 0.000336 0.91 0.281749 0.000101 0.281734 -5.7 1.0 
oc17b9 z2 1430 26 0.000624 0.000022 0.020491 0.000966 0.71 0.281628 0.000132 0.281611 -9.3 1.3 

Cote Creek (CM023) 
oc17a10 z12 1427 67 0.001092 0.000011 0.037741 0.000582 1.67 0.281626 0.000080 0.281597 -9.9 0.8 
oc17a11 z13 1385 43 0.000643 0.000042 0.021909 0.001514 1.40 0.281666 0.000062 0.281649 -9.0 0.6 
oc17a12 z14 1421 39 0.000461 0.000010 0.015057 0.000277 2.63 0.281621 0.000058 0.281608 -9.7 0.6 
oc17a14 z16 1412 38 0.000596 0.000038 0.018680 0.001259 1.33 0.281545 0.000107 0.281529 -12.7 1.1 
oc17a17 z18 1438 29 0.000604 0.000026 0.019073 0.000740 1.97 0.281582 0.000077 0 .281566 -10.8 0.8 
oc17a18 z19 1437 26 0.000649 0.000021 0.024763 0.000861 2.54 0.281589 0.000043 0.281551 -11 .3 0.4 
oc17a19 z20 1464 28 0.000584 0.000035 0.019709 0.001397 1.39 0.281623 0.000113 0.281607 -6.7 1.1 
oc17a20 z21 1558 60 0.000918 0.000042 0.028885 0.001079 1.29 0.281651 0.000102 0.281624 -6.0 1.0 
oc17a21 z25 1459 30 0.000813 0.000073 0.026847 0.002527 1.51 0.281599 0.000109 0.281577 -9.9 1.1 
oc17a22 z26 1430 31 0.000599 0.000009 0.018894 0.000230 1.55 0.281656 0.000089 0.281640 -6.3 0.9 
oc17a23 z28 1426 24 0.000654 0.000019 0.021028 0.000652 1.37 0.281708 0.000088 0.281690 -6.6 0.9 
oc17a24 z27 1410 38 0.000573 0.000004 0.018518 0.000185 1.38 0.281464 0.000064 0.281449 -15.6 0.6 
oc17a25 z53 1449 23 0.000607 0.000008 0.019738 0.000272 2.00 0.281659 0.000080 0.281642 -7.8 0.8 
oc17a26 z48 1413 38 0.000745 0.000038 0.023915 0.000863 2.85 0.281648 0.000043 0281628 -9.1 0.4 
oc17a5 z3 1428 20 0.000942 0.000029 0.032030 0.000974 2.38 0.281593 0.000044 0.281567 -10.9 0.4 
oc17a6 z5 1409 35 0.000571 0.000018 0.018519 0.000431 1.50 0281600 0.000080 0.281585 -10.8 0.8 
oc17a7 z6 1419 23 0.000727 0.000024 0.024555 0.000579 1.96 0.281598 0.000064 0.281578 -10.8 0.6 
oc17a8 z7 1394 30 0.000453 0.000023 0.014702 0.000472 2.90 0281707 0.000048 0.281695 -72 0.5 
oc17a9 z8 1437 38 0.001133 0.000031 0.036647 0.001085 2.03 0281659 0.000055 0281628 -6.6 0.6 

South Ridge (CM065) 
oc17c10 z86 1465 70 0.000629 0.000018 0.021360 0.000472 2.17 0.281677 0.000081 0.281659 -6.9 0.8 
oc17c11 z46 1423 69 0.000324 0.000002 . 0.012891 0.000054 2.91 0.281549 0.000037 0.281540 -12.0 0.4 
oc17c12 z42 1427 53 0.000490 0.000006 0.019628 0.000365 2.89 0.281571 0.000028 0.281558 -11.3 0.3 
oc17c13 z40 1380 59 0.000382 0.000024 0.013746 0.000491 2.72 0.281638 0.000043 0.281628 -9.9 0.4 
oc17c16 z37 1390 67 0.000614 0.000006 0.020467 0.000318 1.37 0.281666 0.000066 0.281650 -6.9 0.7 
oc17c18 z30 1396 48 0.000531 0.000022 0.018048 0.000475 2.78 0.281702 0.000063 0.281688 -7.4 0.6 
oc17c19 z19 1416 52 0.001187 0.000043 0.040114 0.001135 1.82 0.281683 0.000099 0.281652 -62 1.0 
oc17c20 z20 1430 45 0.000576 0.000008 0.018339 0.000398 2.73 0.281611 0.000089 0.281596 -9.9 0.9 
oc17c21 z11 1398 43 0.000566 0.000014 0.021799 0.000695 2.82 0.281574 0.000037 0281559 -11 .9 0.4 
oc17c23 z9 1411 42 0.000551 0.000040 0.022080 0.001853 2.94 0.281562 0.000028 0.281547 -12.1 0.3 
oc17c24 z8 1426 57 0.001033 0.000056 0.036021 0.001784 1.38 0.281529 0.000088 0.281501 -13.3 0.9 
oc17c25 z55 1457 51 0.000549 0.000013 0.018201 0.000573 1.72 0.281626 0.000049 0281611 -6.8 0.5 
oc17c26 z54 1473 54 0.000797 0.000090 0.026116 0.003340 1.77 0.281650 0.000085 0.281628 -7.8 0.8 
oc17c27 z53 1393 53 0.000984 0.000077 0.034293 0.002931 1.36 0.281612 0.000092 0.281586 -11 .1 0.9 
oc17c4 z75 1396 43 0.000486 0.000022 0.018754 0.000314 2.86 0.281537 0.000037 0.281524 -13.2 0.4 
oc17c5 z73 1426 40 0.000872 0.000032 . 0.034224 0.000654 2.79 0.281649 0.000038 0.281625 -6.9 0.4 
oc17c6 z76 1360 56 0.000388 0.000010 0.015871 0.000380 2.62 0.281589 0.000042 0.281579 -12.1 0.4 
oc17c7 z77 1331 69 0.000668 0.000005 0.022746 0.000287 1.59 0.281570 0.000099 0.281554 -13.6 1.0 

tJ oc17c9 z84 1460 61 0.000955 0.000040 0.032712 0.001132 2.24 0.281680 0.000064 0.281654 -7.2 0.6 

' w 
-....) 1. U/Pb concordia age in millions of years (this study). 

2. The 176HU177Hf(t) values are calcUlated using a Lu decay constant of 1.865 x 10·" (Scherer et al. 2001). 
3. Epsilon HI values are calaJiated with 176Hf/177Hf and 176Lu/177Hf (CHUR) values of0.282772 and 0.0332. respectively (Biichert-Toft and Albar9de 1997). 
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Table 0.13. LA-MC-ICP-MS Hf isotope data for reference zircon Plesovice 

File Name Age (Ma) 1 
±2s 176Lu/1nHf ±2SE 176Yb/177Hf ±2SE 178Hf(V) 176Hf/177Hf 

oc16a1 336.9 0.2 0.000086 0.000001 0.004003 0.000053 3.01 0.282486 
oc16a2 336.9 0.2 0.000092 0.000001 0.004260 0.000066 2.91 0.282477 
oc16a3 336.9 0.2 0.000065 0.000001 0 .002990 0.000036 4.39 0.282491 
oc16a4 336.9 0.2 0.000073 0.000002 0.003334 0.000069 4.07 0.282481 
oc16a15 336.9 0 .2 0.000084 0.000000 0.003814 0.000029 3.44 0.282454 
oc16a16 336.9 0.2 0.000076 0.000001 0.003506 0.000058 3.53 0 .282489 
oc16a21 336.9 0.2 0.000096 0.000001 0.004361 0.000075 3.24 0.282438 
oc16b1 336.9 0.2 0.000087 0.000002 0.003684 0.000118 5.21 0.282460 
oc16b2 336.9 0.2 0.000100 0.000001 0.004204 0.000082 5.00 0.282492 
oc16b3 336.9 0.2 0.000070 0.000001 0.002954 0.000021 5.00 0.282483 
oc16b12 336.9 0.2 0.000075 0.000001 0.003111 0.000055 4.30 0.282487 
oc16b13 336.9 0.2 0.000086 0.000001 0.004005 0.000059 3.71 0.282486 
oc16c1 336.9 0.2 0.000086 0.000000 0.003994 0.000043 3.46 0.282495 
oc16c2 336.9 0.2 0.000059 0.000000 0.002759 0 .000049 3.56 0.282440 
oc16c3 336.9 0.2 0.000064 0.000001 0.002971 0 .000041 3.59 0.282495 
oc16c17 336.9 0.2 0.000083 0.000001 0.003846 0 .000072 3.31 0.282492 
oc16c18 336.9 0.2 0.000060 0.000001 0.002790 0 .000088 3.63 0.282448 
oc16c19 336.9 0.2 0.000059 0.000000 0.002677 0.000043 3.24 0.282509 
oc17b1 336.9 0.2 0.000065 0.000001 0.003438 0.000087 3.69 0.282498 
oc17b2 336.9 0.2 0.000063 0.000001 0.003367 0.000081 3.53 0.282478 
oc17b3 336.9 0.2 0.000067 0.000000 0.003471 0.000042 3.46 0 .282501 
oc17b14 336.9 0.2 0.000068 0.000002 0.003680 0.000137 3.50 0282494 
oc17b15 336.9 0.2 0.000064 0.000001 0.003480 0.000072 3.15 0.282465 
oc17c1 336.9 0 .2 0.000066 0.000001 0.003932 0.000081 4.49 0282476 
oc17c2 336.9 0.2 0.000068 0.000000 0.003980 0.000051 4.26 0.282508 
oc17c3 336.9 0.2 0.000065 0.000001 0.003845 0.000028 4.29 0.282451 
oc17c14 33€.3 0.2 0.000104 0.000002 0.005868 0 .000056 4.29 0.282464 
oc17c15 336.9 0.2 0.000090 0.000001 0.005118 0.000030 4.15 0.282453 
oc17d1 336.3 0.2 0.000064 0.000000 0 .003717 0.000051 3.77 0.282463 
oc17d2 336.9 0.2 0.000067 0.000000 0.003839 0.000031 4 .01 0.282476 
oc17d9 336.9 0.2 0.000072 0.000002 0 .004047 0.000132 3.88 0.282497 
oc17d10 336.9 0.2 0.000073 0.000002 0.004113 0.000105 3.91 0 .282486 
Mean 0.282478 
so 0.000019 
Accepteci Mean• 0.282481 
so 0.000013 

1. U/Pb age from Slama et al. (2008) in millions of years. 
2. The 176Hf/177Hf(t) values are calculated using a Lu decay constant of 1.865 x 10-11 (Scherer et al. 2001). 
3 . Epsilon Hf values are calculated with 176Hf/177Hf and 176Lu/177Hf (CHUR) values of 0.282772 and 0.0332, respectively (Biichert-Toft and Albarede 1997). 
4 . from Slama et al. (2008). 

±2SE 176Hf/1nHf (t) 2 e Hf 3 
±2SE 

0.000040 0282485 -2.8 0.4 
0.000032 0.282476 -3.1 0.3 
0.000031 0.282491 -2.5 0.3 
0.000022 0.282480 -2.9 0.2 
0.000022 0.282453 -3.9 0.2 
0.000030 0.282486 -2.6 0.3 
0.000025 0.282437 -4.4 0.2 
0.000019 0.282459 -3.7 "0.2 
0.000018 0.282491 -2.5 0.2 
0.000023 0.282482 -2.8 0.2 
0.000022 0.282486 -2.7 0.2 
0.000042 0.282486 -2.7 0.4 
0.000037 0.282495 -2.4 0.4 
0.000038 0.282440 -4.3 0.4 
0.000034 0.282494 -2.4 0.3 
0.000041 0.282492 -2.5 0.4 
0.000039 0.282448 -4.1 0.4 
0.000041 0.282509 -1.9 0.4 
0.000040 0.282497 -2.3 0.4 
0.000036 0.282478 -3.0 0.4 
0.000029 0.282501 -2.2 0.3 
0.000042 0.282493 -2.5 0.4 
0.000036 0.282465 -3.5 0.4 
0.000026 0.282476 -3.1 0.3 
0.000031 0.282508 -2.0 0.3 
0.000028 0.282451 -4.0 0.3 
0.000025 0.282464 -3.5 0.2 
0.000030 0.282452 -3.9 0.3 
0.000028 0.282463 -3.5 0.3 
0.000033 0.282476 -3.1 0.3 
0.000032 0.282497 -2.3 0.3 
0.000031 0.282486 -3.4 0.3 

-3.0 
0.7 



Table 0 .14. Least-squares modelling of trace elements in Mistastin impact melt rocks 

Low HFSE bulk melt rocks 

Rb 
Sr 
Pb 
Ba 
y 
Nb 
Ce 

Proportions, % 

All Bulk 
Rocks 

Mean 
n=20 

24 
609 

8 
879 
17 
9 

103 

Anorthosite 73.2 
Mangerite 21 .9 
Granodiorite 0.0 
Total 95.2 

Modeled composition 
Rb 18 
Sr 608 
Pb 10 
Ba 882 
y 

Nb 
Ce 

Residuals 
Rb 
Sr 
Pb 
Ba 
y 
Nb 
Ce 

13 
7 

74 

obs.-cal. 
5.81 
1.12 
-1 .96 
-3.85 
3.49 
2.57 

28.77 

CM088 
bulk 
rock 

21 
637 

7 
642 
15 
8 

135 

81 .3 
11 .3 
0.0 
92.6 

10 
634 
8 

652 

4 
49 

CM088 
matrix 

26 
584 

7 
611 
13 
7 

69 

74.8 
6.4 
5.5 
86.7 

13 
583 
8 

614 
8 
4 
45 

Cote Creek 

CM023 
bulk 
rock 

32 
577 
8 

964 
20 
11 

126 

66.5 
27.4 
0.0 

93.9 

21 
576 
11 

989 
16 
8 

86 

CM023 
matrb 

35 
542 
10 

1062 
15 
8 

60 

622 
0.0 
37.7 
99.8 

48 
582 
14 

1134 
17 
9 
90 

CM025 
bulk 
rock 

26 
580 
13 

1099 
23 
12 
105 

65.1 
32.1 
0.0 
97.2 

25 
580 
12 

1100 
18 
9 

98 

CM025 
matrill 

26 
519 
10 

985 
14 
6 

49 

60.0 
0.8 
33.4 
942 

41 
521 
12 

982 
15 
8 

78 

obs.-cal. obs.-cal. obs.-cal. obs.-cal. obs.-cal. obs.-cal. 
10.02 12.51 10.82 -10.36 1.63 -14.81 
2.62 1.11 0.91 -1 .70 ~.23 -1.42 
-1 .55 -0.70 -3.05 -4.08 0.86 -2.62 
-9.87 -3.64 -5.12 2.98 -1.35 2.80 
6.79 5.95 4.62 ·2.01 5.67 -0.08 
3.95 2.88 3.32 -2.47 3.05 -1.96 

86.13 23.86 39.37 -27.11 6.68 -29.34 

W:~s wo~s 
matrix 

rock 

27 
587 

30 
606 

<LD 9 
879 967 
21 18 
13 10 
83 83 

70.3 
18.4 
4.8 

93.6 

21 
587 
10 

881 
13 
7 
73 

72.0 
14,7 
13.2 
99.9 

28 
606 
12 

968 
14 
7 

80 

South Shore 

CM071 
bulk 
rock 

17 
616 

6 
691 
13 
8 

67 

77.9 
13.5 
0.0 
91.4 

12 
616 

8 
693 

9 
4 
54 

CM071 
matrix 

26 
606 

9 
685 
13 
6 
62 

77.1 
2.5 
13.2 
92.8 

19 
606 

9 
687 

9 
4 
50 

CM067 
bulk 
rock 

29 
606 

9 
824 
16 
9 

116 

73.7 
19.7 
0.0 
93.4 

16 
605 
10 

830 
12 
6 

69 

CM067 
matrix 

31 
517 
9 

760 
18 
8 
73 

62.7 
6.7 
15.1 
64.4 

24 
517 
10 

762 
11 
6 
60 

obs.-cal. obs.-cal. obs.-cal. obs.-cal. obs.-cal. obs.-cal. 
6.60 2.08 4.96 7.03 12.89 7.51 
~.23 

-10.19 
· 1.52 
7.64 
6 .35 
9.40 

~.09 

-2.87 
-0.96 
3.83 
2.24 
3.76 

0.52 
-2.53 
-2.03 
4.38 
3.19 

13.15 

-0.13 
-0.33 
·1.87 
4.43 
1.90 

12.82 

0.94 
-0.18 
-5.58 
4.29 
2.91 
4720 

0.52 
~.14 

-2.31 
7.00 
2.27 
12.80 

High HFSE bulk melt rocks 

All Bulk 
Rocks 

Mean 
n=11 

38 
525 
12 

1192 
30 
16 
150 

55.0 
37.8 
0.0 
92.8 

28 
524 
12 

1197 
20 
10 
110 

obs.-cal. 
9.30 
0.78 
-0.34 
-4.81 
9.80 
5.90 

39.76 

CM042 
bulk 
rock 

45 
500 
11 

1172 
30 
16 

158 

51 .6 
37.7 
0.0 

89.3 

28 
498 
12 

1178 
20 
10 

109 

Discovery Hill 

CM042 
matrill 

48 
447 
12 

985 
28 
8 

115 

48.1 
17.1 
16.5 
81 .8 

36 
476 
12 

1056 
17 
9 

91 

CM035 
bulk 
rock 

51 
486 
17 

1194 
31 
16 
176 

49.0 
39.1 
0.0 

86.1 

29 
464 
12 

1202 
21 
11 

112 

CM035 
matrix 

39 
503 
13 

1113 
13 
8 

54 

55.6 
0.0 

41 .5 
97.2 

49 
505 
14 

1109 
17 
9 

90 

obs.-cal. obs.-cal. obs.-cal. obs.-cal. 
16.88 15.51 21 .94 -9.78 
1.68 0.92 1.83 -2.01 
-1.31 0.44 4.75 -1 .41 
-6.40 -3.76 -13.17 3.95 
9.76 10.64 9.98 -4.36 
5.32 -124 5.66 -1 .48 

49.08 29.07 64.22 -36.15 

North Shore 

CM055 
bulk 
rock 

25 
558 
11 

1249 
30 
16 

114 

59.1 
39.1 
0.0 

98.2 

29 
558 
13 

1249 
21 
11 

115 

CM055 
matrix 

20 
552 

9 
1103 

22 
9 
72 

61 .6 
23.1 
11 .7 
96.4 

32 
553 
12 

1100 
18 
9 
96 

obs.-cal. obs.-cal. 
-4.76 -11.95 
~.02 ~.86 

-1.91 -3.46 
-0.52 2.18 
8.68 4.40 
4.85 0.02 
-0.65 -23.90 










