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ABSTRACT

The discovery and study of terrestrial impact structures is important not only for the
elucidation of the Earth’s impact history. but also for the economic and environmental aspects of
these structures. Another important aspect is the study of the cratering process. Due 10 the effects
of erosion, tectonism and burial, impact structures are often obscured or destroved. Geophyvsical
methods are increasingly being used in detecting the signatures of impact structures. While gravity
lows associated with impact structures are well understood, associated magnetic anomaly lows are
not. In this study, dnill cores from three Canadian impact structures were analvsed for rock
magnetic properties and mineralogy. in order 10 explain the reduced magnetizations associated with
these structures. Samples from the drill cores were cut and measured for AMS and NRM
parameters. Drill cores from the twin impact craters of the Clearwater structure exhibited different
natural remanent magnetization (NRM) characteristics, and samples from their respective drill
cores were subject to demagnetization by alternating field and thermal techniques. The difference
noted in their NRM characteristics was attributed to the acquisition of 2 viscous remanent
magnetization (VRM) at depth in Clearwater East.

Both magnetic susceptibilities and remanent magnetizations are well below regional values
inimpact generated breccias, melt rocks, shocked crystalline rocks, and in post-impact sedimentary
infill. The processes of brecciation, alteration, shock, and infill by non-magnetic sediments
contribute to the development of the magnetic lows. However, a significant component of the

magnetic anomalies was found by forward modeling to derive from the unshocked basement rocks
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beneath the impact structures. This zone of reduced magnetization may be caused by the partial
demagnetization of magnetite by the impact-induced transient stress wave tray ething away from
the point of impact. and the possible acquisition of a lower intensity shock remanent magnetization

in the target rocks at depth.
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1. INTRODUCTION

The geophysical detection of buried or eroded terrestrial impact structures has become an
impontant method for discovering potential impact structures on the surface of the Earth.
Structures such as Chicxulub, Mexico and Eagle Butte, Canada. are buried impact structures first
detected by their gravity and’or magnetic anomaly signatures. The detection of impact structures
on the surface of the Earth is important for several reasons. Impact structures on the Earth provide
ground truth data for such studies as shock metamorphism, the nature of impact melts, response
of isotopic svstems to shock, estimation of the cratering flux over geologic history, and cratering
mechanics (Grieve and Pesonen, 1992). Impact structures have been studied by use of gravity,
magnetic and seismic methods (Pilkington and Grieve, 1992).

The magnetic anomaly lows associated with impact structures are not well understood. and
consequently this study was undertaken in order to provide data that would enable a better
understanding of the reduced magnetizations associated with terrestrial impact structures. Drill
core from three Canadian impact structures (Figure 1), Deep Bayv, Saskatchewan: West Hawk
Lake, Manitoba; and Clearwater Lakes (East and West), Quebec, was analysed for magnetic
susceptibility and its anisotropy (AMS), and natural remanent magnetization (NRM), to provide
numerical constraints for forward modelling of the magnetic anomalies associated with each
structure, and to identify magnetic carrier mineralogy.

Previous petrophysical studies of rocks from impact structures were limited to surface
sample collection and analysis. Due to the availability of numerous drill cores from Canadian

impact structures. the study of the petrophysical properties of impact rocks could be extended
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below the surface for the first ime. This allowed for the construction of well constrained magnetic
models for the impact structures studied that consequently permitted detailed study of the resuiting
magnetic anomalies associated with each structure.

Results from this umque study indicate that the magnetic anomaly lows associated with
these three structures are only partially due to brecciation, alteration. shock demagnetization, and
infill by non-magnetic sediments. The magnetic lows are also due to demagnenzing effects of the
transient stress wave at the time of impact in the surrounding target rocks of the impact structures.
This stress wave is the attenuated shock wave due to the initial impact, and is charecterized by
pressures low enough to avoid optically visible structural changes in silicate minerals (typical of
shock metamorphism), bu* high enough to affect the magnetocrvstalline structure of magnetite
grains. The principle effect of the transient stress wave appears to be a reduction in magnetic
intensity that extends far bevond the calculated morphological dimensions of the impact structures.
This reduction in magnetization contributes significantly to the magnetic anomaly lows associated

with these structures.



Figure 1. Location map of the three impact structures studied. Deep Bay (DBY), West Hawk Lake (WIL), and

Clearwater Lakes (CLLW).
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1.1 CRUSTAL MAGNETIZATION

Magnetic anomalies on the surface of the Earth are formed by varations in the
magnetization of crustal rocks. those rocks that exist at temperatures below the Curic isotherm for
magnetic carrier minerals, and can be magnetized in two wavs (eg. Blakely, 1995). Rocks can
acquire a natural remanent magnetization (NRM) as their magnetic carrier minerals cool below
their respective Cunie temperatures after formation. For example, magnetite in a cooling lava flow
will acquire a natural remanent magnetization in the direction of the geomagnetic field as it cools
below 580 - 600°C. This magnetization. which can be carried by members of the iron-titanium
oxide group (titanomagnetites. hematites) and some sulphides (pyrrhotite), represent the
permanent magnetization in a rock body. The NRM can be altered or overprinted by subsequent
reheating during metamorphism or tectonism, and by chemical alteration { Butler, 1992).

The second cause of crustal magnetization is the ability of ferromagnetic, paramagnetic
and diamagnetic minerals to acquire a magnetization in the presence of an external magnetic field.
Thus rocks containing iron silicates such as micas, pyroxenes and olivine, will acquire a
magnetization induced by the Earth’s magnetic field (Butler, 1992; Tarling & Hrouda, 1993). This
property is referred to as magnetic susceptibility (x) and is a dimensionless quantity, quoted in SI
units. Ferromagnetic minerals also contribute to magnetic susceptibility, and if present in sufficient
quantities (> 1-2 %), will dominate the magnetic susceptibility of the rock in question. Magnetic
susceptibility is anisotropic in minerals that do not have cubic symmetry, due to crystalline
anisotropy, and is usually anisotropic in cubic magnetite due to shape anisotropy of the magnetite

grain, which is seldom perfectly equidimensional. Consequently, the magnetic susceptibility is not
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the same in all directions. This anisotropy of magnetic susceptibility (AMS) can be represented
as a second-order ensor. and as an ellipsoid. with the three principle susceptibihities (kK >k >k
forming the principle axes of the ellipsoid. The AMS of 2 rock usually does not influence the
magmetic anomaly (eg. Floro er o/, 1993), consequently only bulk magnetic susceptibilities are
used for anomaly modelling. However. the orientation of the AMS ellipsoid, and the degree of
anisotropy (P). may be related to the strain ellipsoid of the rock. and important information
regarding the strain history of the rock can be determined from the AMS ellipsoid ( Tarling &
Hrouda, 1993).

The two components of crustal magnetization. NRM and magnetic susceptibility, are
related through a simple ratio called the Konigsberger Ratio, or Q. This ratio is the NRM intensity
divided by the bulk magnetic susceptibility (converted to induced intensity). A Q value of 5 would
indicate that the NRM is dominating the crustal magnetic field, while Q values approaching 0.1
indicate that induced magnetization (susceptibility) is dominant. Table 1 summarizes the magnetic

parameters. symbols, and units used in this study.



TABLE 1. SYMBOLS AND UNITS FOR MAGNETIC VARIABLES

MAGNETIC SYMBOL DEFINITION UNITS
VARIABLE
Susceptibility K Magnetization acquired in an dimensionless (S1)
applied field.
Principle Ki. Ko Ky | I=maximum, 2=intermediate. defined by
Susceptibilities 3=minimum. Three axes of susceptibility and
susceptibility tensor ellipsoid. direction
Anisotropy of P =k/k, dimensionlass
magnetic
susceptibility Degree of anisotropy.
Remanent J Naturally occurring magnetization A/m
Magnetization from magnetic minerals. Has both {Amperes/meter)
(NRM) intensity and direction.
Magnetic Field H Aeromagnetic data collected at T
300 m flight height. Crustal (Tesla)

magnetic field due to remanence
and susceptibility of rocks.




1.2 IMPACT CRATERING: THE GEOLOGIC RECORD

Currently, there are about 150 terrestrial impact structures known (Grieve of af, 1995).
The distribution of impact structures on the surface of the Earth is highly biased towards well
studied shield areas in the northern hemisphere, particularly Canada, Fennoscandia, and Russia.
In the southern hemisphere. only Australia has a large number of known impact structures. These
biases reflect our relative ignorance of other areas in the world, such as South America and Africa,
rather than a pnimary cratering distnibutton. Few structures are known on the ocean floors, despite
the larger surface area of the Earth that is covered by oceans. Again, this reflects our ignorance
of the structural features on the botiom of the ocean (Grieve er af, 1993), as well as the relative
vouth of oceanic crust (<200 Ma).

Impact structures on the Earth are subject to the effects of wind, water and glacial erosion,
tectonic aiteration and destruction, and burial. Consequently, terrestrial impact structures are
considerably more difficult to find and identify than their counterparts on the other terrestrial
planets and moons. A second bias that arises from the above effects is the erasure of older
structures. Known impact structures are not only biased in terms of geographic location, but are
also biased towards impacts which are voung enough to have avoided significant erosional, burial,
or tectonic processes (Grieve ef al, 1995).

The detection of impact structures is not only of geological or intellectual interest, but is
also an economic one. Approximately 25% of the known terrestrial impact structures are
associated with some kind of economic resource, and about 12% are currently exploited for

mineral or hydrocarbon resources (Grieve & Masaitis, 1994). For example, the Sudbury impact
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structure contains one of the most significant nickel deposits in the world. Vredetort, South Afnca.
hosts unique alluvial gold deposits. while structures formed in sedimentary rocks. such as Ames,
Oklahoma. can provide structural traps for oil and gas (Grieve & Masaitis, 1994).

The detection of impact structures is also important for determining the cratening rate over
geologic history, and for the study of cratering mechanics. Accurate determination of the rate of
impact on the Earth. for large objects producing structures of 20 km or more. is essential in

asser ang the threat to human civilization from an impact event (Grneve & Pesonen, 1992),

13 MORPHOLOGY AND GEOPHYSICS OF IMPACT STRUCTURES
1.3.1 CRATERING MECHANICS AND RESULTING MORPHOLOGIES

Impact structures are found in one of two morphologicat types. simple and complex. The
size of the impact structure is a function of the mass of the impacting object, although target rock
properties and impactor velocity also influence the final type and size of the impact structure
(Grieve and Pesonen, 1992). Based on analysis of terrestrial impact structures, simple craters have
diameters up 10 2 km in sedimentary rocks. and up to 4 km in crystalline rocks (Dence, 1972).
Above these diameters, craters take a complex form.

Simple craters have bow] shaped forms, with raised and fractured rims. The best known
example of a simple crater is the 1.2 km diameter Meteor or Bamminger crater in Anizona. Drilling
at Meteor Crater (and other simple craters) reveals that the apparent crater floor is underlain by
a breccia lens of autochthonous breccia and varying amounts of melted target rock (Fig. 2). Below

this breccia lens lies the true bottom of the structure, shocked and fractured parautochthonous



target rocks.

The formation of a simple crater requires the imitial creation of a transient caviny in the
target rock. produced by the sudden release of energy by the impacting object. This energy is
released as kinetic energy. and takes both mechanical and thermal forms (eg. Melosh. 1989). The
release of energy creates a shock wave that imparts a high velocity to the target material, as well
as thermal energy. The release of the impactors” kinetic energy thus excavates a parabolic cavity
with a depth of about one-third its diameter. This occurs in a time interval of about 10 seconds
(Melosh. 1989). During the late stages of cavity growth, the walls of the cavity, lined with melted
and shocked target material, collapse inwards due to the force of gravity acting on the
unconsolidated breccia and melt. The collapse enlarges the diameter of the transient cavity, and
fills the final crater with breccia and melt from the transient cavity wall. Below the lens of breccia
and melt lies the true crater floor. and consists of fractured target rocks (Fig. 2). Peak shock
pressures of 25 GPa have been recorded at the center of the true crater floor (Grieve and Pesonen.
1992).

The final morphology of simple craters has been modelled through detailed studies at 7
impact structures. These studies define structural relationships for simple craters as:

d,=0.13D'*

d,=028D'*
where d, and d, are apparent and true crater depth, and D is crater diameter. Depths are defined
as the distance from the original ground surface to the top and bottom of the breccia lens

respectively (Grieve and Pesonen, 1992).
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Complex structures are larger. and although they are broadly bowl shaped. their centres
have undergone a downward displacement of target rocks tollowed by rebound (Fig. 2). These
structures are thus charactenzed by central uplifts of rebounded. shocked target rocks occurring
as a central peak or ring (Grieve and Pesonen. 1992). The surrounding annular depression
produced bv the impact is filled with allochthonous breccia and melt rocks (Melosh, 1989;
Pilkington & Grieve, 1992). Below the crater floor is a zone of fractured. parautochthonous target
rocks. The rim is characterized by faulted blocks which have been strangraphicaliy down-
dropped. The volume of impact melt rocks is significantly greater in the larger complex craters.
For example, the impact melt sheet at Manicouagan has been estimated to have had a volume of
about 1000 km* (Phinney and Simonds, 1977), prior to subsequent erosion,

The mechanics of formation of complex craters are similar to those for simple craters,
however, the collapse of the transient cavity at complex craters is more substantial than at simple
craters. This is due to the strength of the target rocks, and the much larger transient cavity that is
produced by complex crater forming impacts. Studies of complex craters in sedimentary and
crvstalline rocks have produced different morphological relationships. For apparent depth, these
are:

d, = 0.12 D" for sedimentary targets, and
d, = 0.15 D°* for crystalline targets.
The difference in strength becomes important in large impacts due to the much larger transient
cavity formed, and the inability of the surrounding target rocks to retain their tensile strength under

the transient shock impulse of the impact (Grieve and Pesonen, 1992). The uplifted rocks in the
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centre of the complex crater have been subject 1o very high shock levels (30 - 40 GPa). and have
behaved hvdrodynamically with little to no tensile strength (Melosh, 1989. Grieve and Pesonen,
1992). Where the subsurface stratigraphy is known. the amount of structural uplift (SU) in the
centres of complex craters has been determined to be:
SU=0.08 D"

where D is the crater diameter and SU is the amount of uplift undergone by the deepest lithology
exposed at the surface (Pilkington and Grieve, 1992). For structures like Manicouagan, SU equals
9.5 km. a large portion of the upper crust (Grieve and Pesonen, 1992).

For both simple and complex craters, the impactor energy is distributed as both mechanical
and thermal energy (eg. Melosh, 1989). Thermal energy melts and vaporizes both the impacting
object and variable amounts of target material. Mechanical energy produces brecciation,
fracturing, faulting and structural uplift. Mechanical energy also expresses itself in the form of the
impact shock wave. This shock wave produces transient pressures in the gigaPascal range, and is
charactenstically expressed by so-called shock metamorphic effects in silicate minerals. These
features include the formation of planar deformation features (PDFs) in silicates, kink bands in
micaceous minerals, and the formation of maskelynite (isotropic melt glass) in feldspars (eg.
Stdffler. 1972, 1974;. Shock metamorphic effects are due to dislocations in silicate crystal
structures by compression. and by shock heating resulting in partial 10 complete melting of mineral
grains. Shock is defined sensu stricto as the ability of the transient shock wave to produce
optically visible changes in silicate minerals. At pressures 100 low to produce visible changes, the

shock wave is termed a transient stress wave,
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1.3.2. GRAVITY SIGNATURE

Impact structures, both simple and complex. are characterized by circular residual gravity
anomaties. The anomaly is produced by several factors depending on the size of the structure; infill
of the crater by lower density sediments and slightly lower density melt sheets, and particularly by
fracturing and brecciation of the wrget rocks. The gravity low extends 1o or just slightly bevond
the crater nim. Gravity modelling based on density differences between the crater fill and the
surrounding country rocks, and the morphological relationships between diameter and depth
discussed in the last section (Grieve & Pesonen. 1992), produces modelled anomalies that agree
well with the observed gravity anomalies over impact structures (Pilkington & Grieve. 1992). This
suggests that the morphological relationships for impact structure size are reasonably accurate, and

can be used for magnetic modelling as well.

1.3.3. MAGNETIC SIGNATURE

The magnetic signatures of impact structures are considerably more complex than the
gravity signatures. The principal characteristic is a reduced magnetization leading to a magnetic
anomaly low (Dabizha & Fedynsky, 1975: Pilkington & Grieve, 1992). This low can range in
amplitude from subdued (10 - 100 nT) to very high (100 - 1,000 nT). These lows are particularly
evident in crystalline rocks where they can truncate or disrupt regional magnetic lineaments
(Pilkington & Grieve. 1992). Large complex structures, generally with diameters greater than 40
kilometres, also have a localized large amplitude magnetic high near the centre of the central uplift

of up to 1.000 nT (Pilkington & Grieve, 1992).
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The ongins of the localized magnetic anomaly highs in complex craters can be produced
by several mechanisms. These include the acquisition of a thermoremanent magmetzation { TRMD
by impact breccias (Pohl o7 uf. 1977} and melt rocks (Henkeld, 1982), the acquisition of a chemical
remanent magnetization {CRM) formed by alteration (Coles & Clark, 1982), and the acquisition
of both thermal and chemical remagnetizations (TCRM) such as that found at Lappajianvi. Finland.,
by Pesoncen, ¢f af (1992). Magnetic mincrals such as magnetite can also be formed by shock
decomposition of iron silicates (Feldman. 1993).

The causes of the principal anomaly. the magnetic low, are more complex. Experimental
and field studies have shown that shock can reduce the levels of induced (Kumar & Ward, 1963)
and remanent magnetization intensity (Cisowski & Fuller, 1978. Robertson & Roy. 1979; Pohl.
1694) in target materials. High post-shock temperatures (>1000°C), followed by rapid cooling
can result in the formation of paramagnetic impact glasses (Pohl, 1971). while later low
temperature alteration effects due to the movement of fluids through fractures and breccias
produced by the impact event can lead to the destruction of magnetic phases (Henkel & Guzman,
1977) or their replacement with minerals of lower susceptibiiity (eg. magnetite oxidizing 1o
haematite). In uneroded structures, sedimentary infill and/or burial is normally non-magnetic. The
random onentation of magnetization vectors within impact breccia deposits can also contribute to
a reduced magnetic field strength over impact structures (Beals er af, 1963). Finally, highly
oxidizing post-impact conditions noted at structures such as Manicouagan, Canada (Mormis ¢r &/,
1995) and Siljan, Sweden (AlDahan, 1990), lead to the conversion of magnetite to lower

remanent magnetization intensity haematite in impact lithologies, further reducing the natural
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remanent magnetization and susceptibility level of the target rocks.

Previous petrophysical studies have found a svstematic reduction in both magnetic
susceptibility and natural remanent magnetization { NRM) intensity in post-impact lithologies when
compared to their pre-impact equivalents outside of the impact structures. For example, at
Lappajarvi, Finland. both melt rocks and impact breccias show lower susceptibilities and natural
remanent magnetizations than country rocks (Kukkonen er af, 1992). Masaitis, er af (1975)
reported that susceptibilities of gneisses within allochthonous breccia deposits of the Popigai
structure, Russia, were 1.2-2.4 x 107 SI. two orders of magnitude lower than those outside the
structure (2.4-3.4 x 107 SI). No NRM values were reported. These authors noted that such
changes were present even in samples showing no noticeable petrographic transformations of the
magnetic cammer phases. Plado er o (1966) have recorded both reduced susceptibilities and NRM
intensities in granites from inside the Kardla structure, Finland, compared to those outside.

Previous studies have concentrated on the petrophysical properties of exposed surface
rocks, limiting our knowledge of the causes of magnetic anomaly lows to two dimensions. The
availability of drill core from several Canadian impact structures permitted. for the first time. a
detailed petrophysicai study of impact rocks in the third (vertical) dimension, allowing modelling

of the anomalies to be better constrained.
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2.METHODOLOGY
2.1 MEASUREMENT OF MAGNETIC SUSCEPTIBILITY AND AMS

Dnill core from the three impact structures studied was mitially measured for magnetic
susceptibility with a hand-held KT-5 Exploranium instrument with a sensitivity of 107 S|
Measurements were taken every one to two metres along the length of the core. The values were
corrected for the cylindrical shape and 3.6 cm diameter of the core by multiplving them by a factor
of two (M.D. Thomas. pers. com.. 1994),

Lithologically representative samples of 10 t0 20 cm length were selected for more detailed
study. The core samples were cut and re-cored on a drill press 1o 25 mm diameter and 25 mm
length to provide standard size samples (~ 300 in total) for measyrements in susceptibility bridges.
Samples were measured for their anisotropy of magnetic susceptibility (AMS) on a six-position
Sapphire Instruments bridge at the Geological Survey of Canada. Samples with very weak
susceptibilities were measured on a fifteen-position Geophyzika KLY-2 Kappabridge at the
University of Ortawa. Measured values were analvsed and dispiayed through the use of the

AMSDbase program at the GSC.

2.2 MEASUREMENT OF NATURAL REMANENT MAGNETIZATION

The same ~ 300 samples were also measured for NRM on a four-position Geophyzika JR-
4 spinner magnetometer. Two samples with NRM intensities higher than the JR-4 machine
capability were measured on a six-position Schonstedt digital spinner magnetometer (DSM-1).

Samples subjected 10 alternating field and thermal demagnetization were measured on the JR-4.
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Values measured were analysed and displaved through the use of the RemDbase program at the

GSC.

2.3 DEMAGNETIZATION PROCEDURES

Alternating field demagnetization was done on selected samples from the Clearwater
structures in order to determine why drill core from the two impacts exhibited different NRM
intensity and inclination versus depth profiles. despite the impacts occurring in the same rock tvpes
at the same time. Demagnetization also permitted the determination of the coercivity of the
magnetic carmier minerals, and the isolation of any multiple remanences. AF demagnetization was
done on a Schonstedt AF demagnetizer up to 100 mT. This procedure subjects the sample to an
alternating field, the peak value of which is predetermined. Samples are demagnetized at each
preset step in three orthogonal positions. This field randomizes the magnetic vectors in mineral
grains with coercivities less than the peak AF field (Butler. 1992). Consequently, NRM intensity
decreases with increasing field strength, and multiple remanences, held by grains of different
coercivities, can be resolved.

Thermal demagnetization was done using a large capacity furnace (Roy er of, 1972), built
at the Earth Physics Branch Palacomagnetic Laboratory (now GSC). Samples were heated o pre-
determined temperatures and allowed to cool in the presence of a zero magnetic field environment,
Heating and subsequent cooling in a zero magnetic field aliows grains with blocking temperatures
lower than the maximum temperature to acquire a random magnetization in the zero field.

Consequently, the NRM carried by these grains is erased (Butler, 1992).
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Display of NRM demagnetization data is done with the use of equal-area stereonets. and
plots of NRM intensity versus temperature or AF field. The stereonet projection (where 90°
vertical is at the centre and 0° horizontal is along the circumference). allows the inclination and
declination of the NRM and demagnetization vectors to be displayed in a geographically
meaningful way. The remanence intensity spectra curves allow for the determination of the

coercivity, type of NRM, and Curie (blocking) temperatures of the magnetic cariers.

2.4 MAGNETIC MODELLING
Magnetic data collected from the drill cores was used to constrain magnetic modelling of
the anomalies present over the impact structures, in order to determine whether the measured
magnetic values from the drill cores would account for the observed magnetic lows. Modelling was
done using the GSC program GM-2D. Forward modelling of magnetic anomalies requires the
graphical construction of user-defined bodies of rock with well constrained magnetic parameters
(cf. Blakely, 1995). Manipulation of the size and orientation of these bodies produces in turn a
calculated magnetic anomaly proﬁle- in two dimensions. Two dimensional modetling of three
dimensional bodies introduces an error of 5-10% in the calculated magnetic profiles (M.
Pilkington, pers com, 1996). Ground truth measurements of rocks from the modelled crater
bodies, and constraints on the size and shape of the impact structures (Section 1.3.1), avoid the
uniqueness problems associated with forward modelling (cf. Blakely, 1995).
The bodies in this study are defined by the morphological relationships for simple and

complex craters determined by Grieve and Pesonen (1992), discussed in Section 1.3.1. The
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magnetic parameters assigned to the modelled crater bodies are those determined by measurements
from their respective drill cores. The magnetic parameters assigned 1o the regional rocks outside
of the crater body are determined by modelling regional magnetic anomaly highs in order to
determine the maximum possible pre-impact magnetization in the target rocks. The difference
between the magnetic parameters for the magnetic anomaly highs and the measured magnetic
parameters determined for the impact structures. is used to calculate a contrast parameter between
the modelled crater form and the surrounding rocks. Calculation of the resulting magnetic anomaly
produces a magnetic low which can then be compared with the observed field over the impact
structures. The use of magnetic data from drill holes allows the anomaly modelling to be well
constrained within the impact structures at depth. Deviation between the calculated and observed
anomalies requires additional impact related factors to be considered in the formation of the

magnetic anomaly fows. Magnetic modelling results are presented in Chapter 6.



3. THE DEEP BAY IMPACT STRUCTURE
3.1 LOCATION AND GEOLOGICAL SETTING

The Deep Bay structure in Saskatchewan (56° 24 N, 102° 59° W), corresponds to a large
circular lake at the southern end of Reindeer Lake (Figure 3). Deep Bay has a diameter of 13 km.
and was excavated in several pelitic gneissic units of the Churchill Province. Target lithologies
consist of Proterozoic biotite-gamet-graphite gneissic assemblages, with lesser amounts of granitic
and migmatitic rocks (Innes er o/, 1964: Johnston, 1982). Sedimentary infill consists of well
bedded black shales and unconsolidated glacial sand and boulders. Micropalacontology suggests
that the shales are of Cretaceous age (Johnston, 1982). The age of the Deep Bay impact is
estimated at 100 = 50 Ma (Grieve er al, 1995), based on the degree of erosion and the presence

of Cretaceous sediments in the structure.

3.2 STRUCTURE AND DRILL CORE CHARACTERISTICS

Deep Bay is a small complex crater with a submerged central uplift. Averape depth to the
sediments is 150 m, with a maximum depth of 216 m, contrasting with the average depth of 30
m found in the Reindeer Lake regjon. The central uplift is flanked by altered breccia deposits and
post-impact sediments. The flanks of the structure consist of eroded and fractured country rocks
forming a rim that rises about 81 m from the surface of the lake (Innes er af 1964). Along the
eastemn and southeastern shore the rim rises to 2 height of 120 m. Granitic rocks along the
shoreline show intense fracturing and shattering. The Deep Bay structure also truncates

northeasterly striking structural features such as svnclinal folds (Innes ¢r af, 1964). The structure



Figure 3. Acrial photo mosaic of the Decp Bay Structure. Its near perfect circular form

and greater depth suggested an impact origin. Photo is ~30x30 km. North is to the top.
Image courtesy of GSC.
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was drilled in the early 1960's during the Dominion Obsenvatory’s impact structure research
program, resulting in the collection of 2bout 400 m of core. Hole 66-1 was placed on the flank of

the central uplift, while hole 62-1A was placed near the structure rim.

3.3 MAGNETIC ANOMALY PROFILE

Aeromagnetic data collected over the Deep Bay structure show a subdued. smooth
character, with values of >100 nT below the regional field value (Fi gure 4). Truncation of linear
anomalies, related to northeasterly trending structures in the gneisses, by the impact structure is
particularly evident in the northeast part of the bay (Figure 4: Innes et al, 1964). Gridded profile
data, taken in four transects across the structure (Figure 5) illustrate the magnetic anomaly low,
with some transects exhibiting a magnetic low associated with the structure of < -200 nT. Location

of drili holes 62-1A and 66-1 are marked in Figure 4.

3.4 MAGNETIC SUSCEPTIBILITY AND AMS

Figure 6 shows the magnetic susceptibility values from hole 62-1A. taken at 1-2 m
intervals, within the brecciated and fractured basement rocks of the crater rim. The target lithology
here is medium grained quartz-biotite-plagioclase gneiss, and varies in texture from occasionally
fractured to highly brecciated with variable amounts of fine-grained matrix. Values are uniformly

around 3x10™ Sl, even though there is considerable variation in the degree of fracturing and

brecciation.
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AMS measurements on selected samples agree with the bulk susceptibiliny values noted
above. The degree of anisotropy (P) rarely exceeds 1.1, and principle axes directions and
inclinations are scattered. reflecting the brecciated nature of the drill core lithology.

Hole 66-1 (not shown) consisted of friable, well laminated shales (164436 m) overlving
highly altered breccia (436-507 m). Susceptibility values were consistent throughout the core at
2x107 Sl in the shales and 3-6x107 SI in the breccia. The consistency in the susceptibility values
in the breccia is surprising given the highly variable appearance and wide range of shock levels
found in the breccia layer (Dence et al, 1968). AMS measurements were not performed on this
hole due to the highly friable nature of the core. which made re-coring for instrumental analysis

impossible.

3.5 NATURAL REMANENT MAGNETIZATION

Dnll hole 62-1A shows natural remanent magnetization (NRM) intensities in the 1-10
mA/m range, with peak values up to 100 mA/m (Figure 6} corresponding to narrow zones of
breccia and rock flour. NRM inclinations appear variable down to 250 m depth, where they
stabiliz= at values of 60° or stecper. Since the susceptibilities for hole 62-1A are so unifonn.
vaniations in Q simply reflect fluctuations in NRM intensity (Figure 6). An average value of 0.2
is apparent. despite occasional NRM intensities producing Q values >1. Induced magnetization
therefore is dominating the observed magnetic field,

Hole 66-1 was not measured for NRM due to the difficulties in re-coring noted above.
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4. THE WEST HAWK LAKE IMPACT STRUCTURE
4.1 LOCATION AND GEOLOGIC SETTING

The West Hawk Lake structure in Manitoba (49° 46° N, 95° 11° W), is a small irregularly
shaped lake with a diameter of 2.5 km (Figure 7). West Hawk was excavated in Archean basaltic-
andesitic metavolcanic rocks of the Superior Province in the south. and Archean quartz-mica
schists in the north (Short. 1970). The crater is partially infilled with post-impact sediments and
glacial drift. The estimated age of West Hawk is 100 = 50 Ma. based again on the degree of

eroston of the structure rim, and amount of sedimentary infill,

42 STRUCTURE AND DRILL CORE CHARACTERISTICS

West Hawk is a simple crater, characterized by a bowl shaped depression filled with an
allocthonous breccia lens overlain by post-impact sediments. Drilling by the Dominion
Observatory during the 1960's resuited in the placement of three holes and > 1 km of recovered
core (Hatlliday and Griffin, 1966; 1967). Figure 8 shows the locations of the drill hoies 65-1. 66-1,
and 66-3. Hole 65-1 encountered altered breccia from 202 to 521 m depth, and fractured
basement from 521 to 782 m depth (Figure 10). Only 4 m of sediments were sampled in this hole
(198 10 202 m).

Hole 66-3 passed through glacial drift, boulders and sediments to a depth of 200 m. Below
this, felsic and mafic breccias were encountered to a depth of 380 m (Figure 11). Hole 66-1 s
located near the crater rim, and intersected glacial till (to 128 m) and fractured andesitic basement

rocks to a depth of 260 m (Figure 11).



Figure 7. Aerial photograph of the West Hawk Lake structure. With a diameter of 2.5 km,

West Hawk is a simple crater. Photo is ~ 18x20 km. North is to the top. Image courtesy of
GSC.



4.3 MAGNETIC ANOMALY PROFILE

Aeromagnetic data collected at a 300 m flight height indicate a2 >100 nT anomaly low
associated with the structure (Figure 8). The magnetic low is more clearly seen in ground magnetic
data. which defines an average magnetic low of about 250 nT (Clark. 1980). Gridded magnetic
data from four traverses across the structure converge at an intense, localized magnetic low of

-200 nT against a background of fluctuating field strengths (Figure 9).

4.4 MAGNETIC SUSCEPTIBILITY AND AMS

The sediments in hole 63-1, the uppermost of which is glacial drift. show the lowest
susceptibility values (< 2x107SI) of the whole core. The felsic breccia sections show susceptibility
values of about 3x10™ SI, and the mafic breccia sections show slightly higher values of about
7x107 SI. A peak value of >107 S corresponds to a haematized layer in the mafic breccia (Figure
10). Fractured basement (below 521 m) consisting of interbedded greenstone and quartz-mica
schists, shows a slight increase in susceptibility from 3 10 6x10~SI with depth. Trends in the core
densities, reflecting felsic versus mafic lithologies, follow the susceptibility levels, with mafic
breccias and basement rocks having the highest values (Halliday and Griffin, 1967).

Hole 66-3 exhibited the highest susceptibilities in association with glacial boulders (Figure
11) of 8x10% 10 8x10™ S1. Below 187 m, sediments (187-200 m) and upper breccia rocks show
susceptibilities of about 3x10~ down to 230 m. An increase to susceptibility values of about 10°
SI coincides with a density increase of 0.3 g/cc (Halliday and Griffin, 1967). The andesitic

breccias of hole 66-3 show higher susceptibilities than do the breccias found in hole 65-1 (Figure
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32
10). Short (1970) has suggested that lithological dit¥erences in the basement are reflected in the
tvpes of breccia in holes 66-3 and 635-1. Alteration in brecciated lithologies is pervasive.

Hole 66-1. near the crater rim, shows susceptibilities in the fractured andesitic basement
rocks of about 10°* SI. and are quite uniform (Figure 11). The values exhibit lintle scatter
compared to other logs. and are higher than the basement values in hole 65-1 Anisotropy of
magnetic susceptibility measurements indicate a tight grouping of the principle axes of
susceptibility at the vertica! (k ). and equally constrained groupings of the intermediate ( k. ) and
- minimum (k; ) axes along the horizontal. suggestive of horizontal compression during the impact
event. Core densities of 3.0 g/cc for hole 66-1 are similar to those for country rocks to the south
of West Hawk Lake (Halliday and Griffin. 1963), suggesting that impact induced fracturing and

subsequent alteration here are minimal.

4.5 NATURAL REMANENT MAGNETIZATION

NRM measurements for holes 65-1 and 66-1 are generally low, within the 1-10 mA/m
range (Figures 10, 11). The largest value in hole 65-1 of > 10° mA/m corresponds to the
haematized, high susceptibility layer noted in the above section. Two samples from hole 66-1
show NRM intensities higher than the average 65-1 values (Figures 10, 11). NRM inclinations
show a large scatter within samples and do not exhibit any correlation with depth (Figures 10, i1).
This can be attributed to a random orientation of magnetized clasts resulting from brecciation, as
well as the high degree of alteration in the brecciated rocks.

Average Kdenigsberger ratios (Q) are < 0.1 indicating that, at least within the crater rim,



1)

3
induced magnetization is the dominant contributor to the observed field. This agrees with the

results from the Deep Bay structure (Figure 6),



bt '(£96)) wnD pue AepijjeH woly AJojoy)
SUOYRUIOUN PILONEIS )M MO A[[es2uaT D18 SINISUARUL YN JUdIU0D DIJB UL UOIELIEA 3L andsap uuojun Ajjeousd
a1e son(ea K11j1qndaosns 0nUBeN "[-69 2|0y |[1IP AYE| AMEH I1SIM 10) siajowwied oydudsw pue Soj 2100 (|uQq ‘0 Mn3)4

F——. —4 —- 008
i i
p 4 * [ ] [ ] L] [ ] L _ . ~ L 3 ) : v""m"”
- st ® L. o & » 4 zow = N m . !v"m"m“l 8&-
B U 3 )
B N s
: - S B N AR - oo
o od oo e _ i ."ou.
e ¢l ee 3 o lue aioe ﬁ 4 m “uuﬂu
7 o » i ] [ IR 1] L] ™ 7 ..”. i l B g_‘ § W
aqs [ p - [ 1] .m M
. swpe | N e o[° N . ._.. B N ™
| | o}
» @ L 1 ' - —
N e ™ y sloe I N e I N ™
i {
T 1 T T _ 1 1 T
01 04 101 z0bgO} 08 Sy O Sb- 06 ¢0} 20} ;04 o0} 4-08 1.0} 20} 0} »Ol 0} 1-G9
0] (Bop) uoieuyou]  {wyyw) Aysuelu) WUN  (1S) Auiqudedsng

sjsjyos eojw-2jb + -

ouojsueaib - juowseq poinorry [kl N
wuow oyew + Bposiq ojsied 77 | ORI AEUINED
siapnoq + i joped (355 B19091Q 45194

pjooeiq oyew Auew [ nEmE%wm.




(£961) uysD pue Lepljjey uuoj saiBojoy)i

"0103 24 Jo doj ay) y8 spsodap je1ae|d toujw 10) 1do0x2 *[-99 2j0Y 10J JUNSISUOD sk SINN|IGNAIISNG $BI0IALq DB
PUE 215]3) JOJ SON|BA ULIOJILN S)O2|JD1 MOJDY BI0IDLG DY) D)IYM ‘S1ap|nog pue i) [BIoB]3 Jo 2ouasaid ay) 10a)§al ¢-99
ajoy jo doj oys 1u sanjea Aypiqudaoasns y3iH ‘€-99 pue |-99 sajoy aNE] YMBH 5o Jog sTo) 2100 [ ‘1§ 4B

_ m L ﬂ Il m “ ” ﬂ 1 1 1 08
| _ _ | R . 00 I
..._ _ T Py : e ]
RN - il ooz B
| =0 w e 0 e . e 0o . “-“-“ =y
{ 17 Ll e b R 2
T ] 1 1 I T ) 1 | i 1 8—.
106 00} (:01z0bcOb 06 S¥ O Sb- 06 Ol 20} 10} oOF 1-01 10020104 4-0bs0F [{-O0
o {Bop) uopeyjou)  {wyyw) Aysueiu) WHN  (iS) Aiandeasng
sisngos eopu-z3b + —1 00¥ *
BUO)SUOD - JUBLISEq PBINIORIY ) qm._w
XUpBU S4B + BO0RIG 0}S16 x.mw 00 vl
- - I_.i....,\h._l
S180IN0q + |11 [B1981D _.&» w
810001 ofjous ALiEp ad 3
Boaiq oyow yeg [T 1 =
Bj228iq 94is18. T L
4L } 101 201 ¢01 401501 [E-09
swewpes [ (1s) Aypaudeasng




1,
>

5. THE CLEARWATER LAKES IMPACT STRUCTURES
5.1 LOCATION AND GEOLOGIC SETTING

The Clearwater Lakes structures in northern Quebec (West: 56° 13° N. 74° 30° W' East
36° 5° N, 74 7" W) are twin impact structures formed by a double impact, dated by Rb Sr
(whole rock) and other methods at 290=20 Ma (Reimold ¢r of. 1981). Clearwater West is a
circular lake of 36 km diameter with an annular ring of islands. Clearwater East is smaller a1 26
km and contains no islands (Figure 12). Target lithologies are Archean granodiorites. quartz-
monzonites, quartz-monzodiorites, granitic gneisses, and mafic granulites of the Superior
Province. There are also diabase dykes present (Bostock. 1966 Phinney et al, 1978: Simonds et

al, 1978).

5.2 STRUCTURE AND DRILL CORE CHARACTERISTICS

Both Clearwater West and East are complex craters. Clearwater West has an exposed
central uplift in the form of an annular ring of islands, as well as a few centrally occurring islands.
Clearwater East has a submerged central uplift. Highly oxidized melt rocks and melt-breccias
outcrop on the annular ring in Clearwater West, and are indicative of the highly oxidizing
conditions present in the post-impact environment (Newsom, 1980).

Drilling during the 1960's penetrzted mostly shocked and fractured basement rocks with
zones of breccia, pseudotachylite and minor melt rock (Figures 16, 17). Hole 1-63 in Clearwater
West penetrated quartz-monzodiorite, granites and granitic gneisses, representative of retrograded

granulite (Hische, 1994), to a depth of 338 m.



Figure 12, Landsat image of the Clearwater Lakes structures. Both are circular lakes
with submerged central uplifts. Clearwater West has an annular ring of islands. Image
dimensions are ~80x80 km. North is to the left. Image courtesy of GSC.

t,)
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Hornblende-biotite-clinopyroxene-orthopyroxene-magnetite is the domtnant matic mineral
assemblage, with minor sulphides also present. Amphibolite sections, thought to be the remains
of diabase dvkes. occur at ~ 120 m depth (Figure 16). Shock metamorphosed minerals. such as
biotite and quartz. indicate peak shock pressures of 20-25 GPa (Hische, 1994,

Hole 1-64 in Clearwater East penetrated suevitic breccia (brecciated rock containing melt).
and sequences of granites and quartz monzonites monzodiorites to 2 depth of 1009 m (Hische,
1994). Sections of amphibolite-facies diabase at 250 m and 950 m. as well as a number of
pseudotachylite veins were also encountered ' Figure 17). Alteration is somewhat more pervasive

than in Clearwater West. with chloritization and hematization dominating.

5.3 MAGNETIC ANOMALY PROFILE

Both structures are charactenized by irregular high-amplitude aeromagnetic lows of 500
nT and reaching extreme lows of -1000 nT (Figure 13). The lows are equally apparent in gnidded
magnetic profiles from four transects across the structures (Figures 14, 15). The central uplifis of
both structures are characterized by the highest amplitude magnetic lows, while the structure nms

are variable in magnetic intensity.

5.4 MAGNETIC SUSCEPTIBILITY
In Clearwater West, lithologies frem hole 1-63 exhibited bulk magnetic susceptibilities on
the order of 3x107 S 10 2 depth of ~250 m (Fig. 16). Below this the susceptibility drops slightly

to just under 107 SI (Fig. 16). Fluctuations in susceptibility values about these averages appear to
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be due to vanations in mafic mineral and magnenic content. although no direct correlation with
lithology 1s apparent (Figure 16).

In Clearwater East, the magnetic susceptibility fluctuates again with mafic mineral and
magnetite content, but remains fairly constant throughout hole 1-64. Values are in the 1-3x10°
SI range, rising slightly to ~5x107 S1 in the bottom 300 m (Figure 17). A second, shaliower drill
holc was measured for magnetic suscepuibility in Clearwater East. Hole 2-63 1s 4.5 km from the
centre of Clearwater East (Figure 13), and contains sediments with susceptibilities of -3x10 7S],
and breccias with values of up to 107 Sl (not shown). The breccia values are similar 1o those

values found for the cryvstalline rocks in hole 1-63 (Figure 16).

5.4.1 AMS - CLEARWATER WEST

Anisotropy of magnetic susceptibility (AMS) measurements revealed anisotropy degrees
(P) of 1.1 on average. with peak values of 1.3 to 1.4. P was found to be highly variable in the top
~ 150 m of the core, with individual samples from within 5 to 10 cm of each other exhibiting
ranges of P on the order of 0.3. The top ~ 150 m of core also exhibits variable low to intermediate
inclinations for the maximum axis of susceptibility (k,). Betow this, the maximum axis is
predominantly vertical for the remainder of the core (Figure 18). The reason for the shallow
inclination of k;, and the highly variable degree of anisotropy (P) noted in the top third of the
core, is unknown. The high inchination of k, below this may indicate the effect of honizontal

compression of the central uplift immediately afier rebound while the rocks were still undergoing
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plastic deformation (Scott ¢7 wf, 1995). Compressive stress can ortent the 'ang axis of the shape
anisotropy of magnetite perpendicular 10 the direction of compressive stress. In the central uplift.
during the last phases of plastic deformation, the stress regime is horizontal. Consequently. anv
reorientation or new growth of magnetite will tend to occur in the vertical direction. a process
similar to the formation of a mineral foliation by tectonic stresses. The long axis of the magnetite
grains will thus tend to be vertical. and consequently the maximum axis of the susceptibility
anisotropy will aiso tend to the vertical. This interpretation is conjectural, and represents an avenue
for further study in conjunction with AMS measurements from other complex impact structures

(ew. Scott «r «f, 1996).

§5.4.2 AMS - CLEARWATER EAST

In contrast to the high inclinations for the maximum axis of susceptibility (k,) found in
Clearwater West, Clearwater East displays a dominance of k, at low angles (< 50°) throughout
the core (Figure 19). Given that both structures are complex craters, the effects of horizontal
compression during the final stages of uplift should be similar, The results from Clearwater East
may be due to the presence of pyrrhotite, which was detected in samples from petrography and
from thermal demagnetization (see below). Pyrrhotite exhibits a k, axis perpendicular to the
crystallographic c-axis, giving rise 10 an inverse magnetic fabric (Uyr :a et al, 1963). An inverse
magnetic fabric arises when a mineral such as pyrrhotite has its c-axis in the plane of maximum
flattening. but its maximum susceptibility axis is perpcndicu[ar to that plane. Thus k , would be

perpendicular to the mineral foliation, giving rise to the so-called inverse magnetic fabric.
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Consequently_ if'the k, poles are inverted 907 in order to compensate for ths ettect. the maximum
axes plot at > 60°, agreeing with the inclinations found at Clearwater East (Scott 1 ul. 1995)

The degree of anisotropy (P) was found to be shightly higher than for Cleanvater West. P
nises from ~1.1 to ~ 1.3 with depth. and isolated peak values reach 1.6. Due to the unoriented
nature of the vertically drilled core. the strikes of the magnetic foliations and lineations were not
determinable. The magnetic anisotropies of the samples from both structures are insufficient 1o
influence the magnetic anomaly low (eg. Florio ¢r uf. 1993). due to their low P values and their
scattered orientations. The bulk susceptibilities. however, provide - 50° of the magnetization in

the rocks, since Q-1 (Figures 16, 17). and thus make a significant contribution 10 the magnetic

anomaly .
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Figure 18. Histogram compilation of AMS data for Clearwater West. High angle
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inclinations below 30°.
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5.5 NATURAL REMANENT MAGNETIZATION
The natural remanent magnetization intensity in Clearwater West decreases with depth
from - 10" mA/m to just above 10° mA/m at the bottom of the hole (Figure 16). Inclinations are
very shallow and point up (reversed). with the exception of a few samples whose inclinations point
down (Figure 16). Q values are very close to unity throughout the hole, and show Jittle variation
between samples (Figure 16). This indicates that the NRM adds a significant ~omponent to the
resulting magnetic field anomaly. The reversed, shallow inclinations for the NRM are typical of
the palacomagnetic signature for this part of North America acquired during the Permo-
Carboniferous Reversed Polarity Superchron. This observation agrees with previous radiometric
dating, that determined a Permian age for the Clearwater impact (Reimold et al. 1981). and
indicates the resetting of the NRM by shock heating.
Clearwater East, in contrast, exhibits more variable NRM intensity and inclinations (Figure
17). NRM intensity ranges from 10' - 10° mA/m at the top of the hole to ~10 mA/m at the
bottom. Inclinations of the NRM vector aiso increase with depth, rising from ~30° at the top of
the hole to almost vertical at the bottom (Figure 17). Q values show greater variation than in
Clearwater West, with an increase from top to bottom of 0.1 1o 5 (Figure 17). As with magnetic
susceptibility, there is no direct correlation between NRM parameters and lithological changes in
the core.
In order to determine the nature of the NRM present in both cores (1-63 West, 1-64 East),
demagnetization was performed on selected samples to isolate any multiple remanences, and to

determine the magnetic carriers.



5.5.1 AF AND THERMAL DEMAGNETIZATION, CLEARWATER WEST
Demagnetization of selected. representative samples from the entire core was done by
alternating field (AF) and thermal methods. Both methods revealed that an extremely stable single
component remanence is present in Clearwater West. The direction of the demagnetized
remanence does not deviate from that of the NRM (Figure 20). The unblocking temperature
spectra indicate that the remanence is carried by magnetite (T, = 380°C), with little to no
contribution from pyrrhotite, present in trace amounts among the observed sulphide phases
(Figure 20). This is confirmed by optical petrography. which indicated 3-5% titanomagnetite in

the rocks, with some grains exhibiting magnetite-ilmenite exsolution textures.

5.5.2 AF AND THERMAL DEMAGNETIZATION, CLEARWATER EAST

Both AF and thermal demagnetization resolved two components of remanence in
Cleanwater East (Figure 21). A high angle component. typically removed by temperatures of
~350°C and alternating fields of 15 mT, is consideréd to be a viscous remagnetisation (VRM)
acquired at depth by the influence of the present Earth’s field. Continued treatment isolated a
second remanence that is stable in ranges of 350 to 550°C and 15 to 60 mT. The inclination of
this stable remanence is horizontal to shatlow upward (Figure 21), which is similar to the stable
remanence found in Clearwater West (Figure 20) and compatible with a Permian age. Beyond
550°C and 60 mT, remanence vectors become random and no older remanent components could

be identified in the Archean target rock.

Thermal demagnetization indicates the presence of both titanomagnetite and pyrrhotite
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(Figure 21). with the pvrrhotite unblocking by -330°C. Optical petrography confirms this
interpretation. with large grains of pyrrhotite easily discernable, as well as pitted titanomagnetite

grains,

5.53 SUMMARY OF DEMAGNETIZATION RESULTS

Both Clearwater East and West record a thermochemical remanent magnetization
(TCRM}, carried principally by magnetite. and characteristic of the magnetostratigraphy for the
late Permian. The TCRM was acquired at the time of impact by resetting of the NRM by shock
(SRM). heat (TRM) and chemical alteration (CRM). The discrepancy between the NRM profiles
for Clearwater West and East is accounted for by the post-impact acquisition of a viscous

remanent magnetization (VRM) held by pyrrhotite.
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6. MAGNETIC MODELING

The previous chapters presented measured magnetic susceptibility and natural remanent
magnetization data from within the imipact structures. These data are used 10 constrain magnetic
modeling parameters for the individual structures. The modeling process compares the measured
magnetic values from inside the impact structures 10 estimated values for regional magnetic highs
in order to set contrast parameters between regional and impact magnetic values. For example, if
the magnetic susceptibility within a structure was measured to be ~ 10~ SI. and estimated values
for regional magnetic highs were on the order of 10 SI. then the susceptibility contrast is =16
S1. This value is assigned to the modelled crater body. resulting in a magnetic anomaly low
associated with the impact structure. In all structures studied. the regional magnetic highs weie
used toestimate the maximum background, or regional. magnetization present in the target rocks.
These modeled regional values are considered to be upper limits on pre-impact crustal
magnetization. Lower modeled regional values will result in lower contrast values. and
consequently reduced modeled magnetic anomaly lows over the impact structures.

Determination of the modeled body shape for West Hawk is based on the crater
morphology relationship for simple craters presented by Grieve and Pesonen (1992), and
discussed in Section 1.3.1. Modeling was simplified by using simple 2-D bowl shaped geometries
to represent not only the visible surface structure, but also the depth to the true crater floor. In the
case of complex structures with central uplifts, the depth of the zone of shocked rocks (sensu
stricto) is determined by using the amount of structural uplift (SU) to represent the zone of

affected rocks at depth, and using the morphological relationship for structural uplifi (SU)
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presented by Pilkington and Grieve (1992). Since these rocks have undergone hvdrodvnamic
uplift, they have been affected duning the impact event. and can be considered to represent the
maxtmum depth of impact induced structural effects (uplift. fracturing. shock). Using the
structural uphift as the maximum depth of affected rocks. a generous estimate of both the
horizontal and vertical dimensions of the structure can be modeled using a simple bowi-shaped
geometry. This represents an approximation of the true geometry of a complex structure. however.,
for magnetic modeling purposes this is adequate in representing the dimensions of the zone of
reduced magnetization directly attributable to the crater morphology.

Input of magnetic declination and magnetic inclination data for the current Earth’s field
to the modeling program was done from published magnetic maps of Canada (Newitt & Haines.

1990 a.b).

6.1 DEEP BAY

Figures 22 and 25 show the results of magnetic modelling for the Deep Bay impact
structure. The observed anomalies used are an across-strike (NW-SE) aeromagnetic transect, and
a W-E transect (Figure 4). This NW-SE transect includes NE trending magnetic lineaments, and
is thus useful for delineating the amplitude of the magnetic low associated with the Deep Bay
structure.

The shape of the modeled crater is derived from the measured sug'face diameter (D) of 13
km. and the degree of structurai uplift (SU) given by Pilkington and Grieve (1992), where

SU=0.086D'"" = 1 km. A bowl shaped geometry is modelled with a maximum depth extent of
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1 km. Due 1o the coliection of the acromagmetic data at a 300 m tlight height. the modelied body
must be “buried” by the same amount in order to compensate for the non-surtace nature of the
measured magnetic field.

Magnetic susceptibility and NRM intensity values measured from Deep Bay (3x10 7Sl and
<10 mA m respectively) are low for high grade gneissic terrains. Modeled regional anomaly highs
of >100 nT require susceptibility values of - 107 SI or NRM intensities of ~ 3500 mA/m in the
country rocks. Using these values to provide magnetic contrasts between the regional rocks and
the modelied crater body. a magnetic anomaly low associated with the Deep Bay structure of =20
nT is obtained along the NW-SE transect (Figure 22). However, the observed magnetic low along
this transect has a maximum low of <100 nT {Figure 22). Along the W-E transect (Figure 23), the
modelied low has a value of ~0-10 nT, while the observed anomaly low again reaches -100 nT.
Clearly. the modelled anomaly, using maximum depth and diameter extents for the crater body.
and maximum regional magnetic parameters for comparison. does not provide a modelled
magnetic low sufficient to account for the observed iow of -100 nT. If average regional magnetic
values of - +100 nT are used for comparison, the modelled anomaly accounts for only 40-50%
of the observed anomaly.

Consequently, the cffects of brecciation, alteration and infill by non-magnetic sediments
contribute to the formation of the magnetic low over the Deep Bay structure, but do not appear
to account for the full amplitude of the low. An affected zone of reduced magnetization may

extent beyond the borders of the impact structure.
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6.2 WEST HAWK LAKE

Figures 24 and 25 show the results from modeling of the West Hawk Lake structure. The
observed anomalies are: a S-N across-strike ransect (Figure 25), and a NW-SE oblique to strike
transect (Figure 26). The modeled body 1s also “buried™ in the model for the reasons noted above.

West Hawk Lake is a simple crater with no central uplift. Structural relationships for simple
craters give a depth to the bottom of the breccia lens (d) equal 10 0.28D ' where D is the crater
diameter of 2.5 km (Grieve & Pesonen, 1992). This relationship gives a depth of 0.695 km 1o the
crater floor.

Measured susceptibilities of 3x107 SI and NRM intensities of <10 mA/m in the West
Hawk Lake core are below the values expected in Precambrian metavolcanics (e.g.. Clark &
Emerson, 1991). As with Deep Bay. regional magnetic anomaly highs require magnetizations in
the 10~ Sl or 500 mA/m range. Consequently. magnetic parameter contrasts for West Hawk are
strmilar to those for Deep Bay. In the observed S-N magnetic profile, the low associated with the
impact structure is -180 t0-200 nT (Figure 24). The modeled anomaly low, using the maximum
regional magnetization parameters and the measured magnetic parameters for the modeled crater
body. produces a low of ~ -100 nT (Figure 24), or ~50% of the observed field over the crater.

Using the NW-SE transect (Figure 25), the observed magnetic low is again ~ -200 nT.
while the modeled anomaly low reaches ~ -140 nT, or about 70% of the observed anomaly
(Figure 25).

Consequently, the effects of brecciation, alteration, and weakly to non-magnetic

sedimentary infill do not account for the full extent of the observed magnetic anomaly fow
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associated with West Hawk. A conmibution of between 3090 (minimum) and 50° ¢ (maximum) 1s

required from the surrounding rock at depth in order to fully account for the anomaly low,
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6.3 CLEARWATER WEST

Figure 26 shows the results of modeling of the Cleanvater West structure. The obsenved
anomaly 1s a NW-SE transect, selected from the four transects shown in Figure 14. and is
representative of the anomaly low assoctated with the impact structure.

The shape of the crater is derived from the relationship of Grizve & Pesonen {1992) for
compiex craters. where the depth of the affected rocks is given by the structural uplift (SU). For
Clearwater West with a diameter of 36 km, this depth is 3.5 km. Again. the modeled structure is
buried 300 m in order to compensate for the 300 m flight height of the acromagnetic survey,

Drill cor: measurements show values of ~0.01 SI for magnetic susceptibility, and ~1 A'm
for NRM intensity. Modeled values for the regional highs in the Clearwater area, where anomaly
highs reach 1000 nT. require values of -0.1 Sl or equivalent NRM intensities of ~5 A/m. These
values are significantly higher than those measured in the drill core from Clearwater West.
Consequently, susceptibility contrasts of 0.09 SI and NRM intensity contrasts of 4 A‘m were used
to model the crater anomaly. It must be noted that these contrasts are again extreme values based
on regional magnetic highs. and lower contrast values would result in a lower amplitude modeled
anomaly low,

The shallow reversed NRM inclination will tend to deflect the total magnetization vector
in the direction of the NRM declination. Although the declination was not recoverable from the
drill core, its position can be estimated from the paleopole position for this part of North America
at the time of impact, which gives a value ~17°W. However, from the mapped anomalies (Figure

13) this effect is not apparent. possibly due to randomization of the NRM vector in the brecciated
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rocks on the flanks of the central uplift. An additional reason for the lack of the deflection eflect
could be the presence of a chemical remanent magnetization (CRM3 1n the breceia, or a viscous
remagnetisation (VRM) at depth. Both effects could reasonably dilute the effect of the shallow.
reversed NRM vector.

The observed magnetic anomaly low over Clearwater West reaches amplitudes of - 1000
nT. Regional highs on the sides of the structure range from ~ =300 nT 10 ~ 1000 nT. Using the
crater morphology derived above, and the magnetic parameter contrasts based on the regional
magnetic highs. the modelled anomaly has a maximum magnetic low of -600 nT (Figure 26).
Although the observed anomaly reaches -1000 nT. the average observed anomaly over the crater
floor is ~-800 nT. Consequently. the modelled anomaly low accounts for ~ 75% of the average
observed anomaly over Clearwater West, using an anomaly of 0.00 nT as a bascline.

Unlike Deep Bay and West Hawk, where sedimentary infill and brecciation were obvious
contributors to the reduced magnetizations mcasured in the drill cores, Clearwater West core is
charactenized primarily by shocked crystalline rocks uplifted from 3.5 km depth. Consequently,
shock effects in the crystalline rocks of the central uplift are responsible for 75% of the observed
magnetic anomaly low, although the thin sedimentary cover and slight brecciation probably
contribute a small amount as well. However, there still remains an average discrepancy of ~ -200
nT between the observed an modeled magnetic field profiles. It would appear that additional

factors beyond those considered in modeling the anomaly, must contribute to the magnetic

anomaly low.
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6.4 CLEARWATER FEAST

Figure 27 shows the results of magnetic modelling for Clearwater East. The obsened
anomaly is 2 W-E transect across the structure. selected from the four transects (Figure 13), and
1s a2 good representation of the magnetic anomaly low over the structure.

As with Clearwater West, the factor SU was determined to be 2,13 km. based on a
diameter of 26 km. Again. the modelled structure is buried at 300 m to compensate for the height
of acromagnetic data collection used in the observed anomaly.

Magnetic susceptibility and NRM intensities for Clearwater East are the same as for
Clearwater West. The VRM in the lower part of hole 1-64 will tend 10 reinforce the induced
magnetization vector, due to their similarity in inclination and polarity. Since Q values are -1, the
susceptibility can be modelled at a value of 0.02 SI (adding equivalent NRM intensity), and the
susceptibility contrast can be set at 0.08 SI. Magnetic high values are the same as those for
Clearwater West, where regional magnetic highs reach +1000 nT.

The modelled anomaly exhibits a maximum low of -400 nT, while the obscrved magnetic
low reaches values of -800 to -1000 nT. Despite the presence of the VRM, which would serve
to increase the magnetization present in the structure, the modelled values produce an anomaly
that is only 50% that of the highest amplitude observed magnetic lows. Clearly, a significant
reduction in magnetization has occurred beneath the structure floor. As in Clearwaier West.
brecciation and the thin wedge of sedimentary infill are not significant contributors to the reduced
magnetization measured in the central uplift. Shock appears to be the only major contributor to

the reduction in magnetic intensity in the measured drill core rocks.
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Figure 27. Magnetic anomaly modei of Clearwater East. Observed field is 2 W-E transect
across the structure. The modeled anomaly produces a low of -400 nT, 50% less than the
average observed anomaly of ~ -800 nT.



6.5 DISCUSSION OF FORWARD MODELLING RESULTS

All four impact structures studied exhibit reduced magnetizations that extend bevond therr
morphologically defined limnits ( Table 2). Both Deep Bay and West Hawk contain extensive non-
magnetic sedimentany infill and altered breccia layers. However, when the magnetic susceptibifities
and natural remanent intensities within the structures are compared with the maximum possible
magnetizations present in the surrounding rocks. the modelied anomalies are insufficient to
account for the observed magnetic field low.

Several factors influence the observed magnetic lows over the impact structures ( Table 2).
All have been subject to infill by non-magmetic sediments, particularly Deep Bav and West Hawk.
They also contain breccias, which, for the most part, have weak magnetic susceptibilities and
natural remanent intensities. Brecciation randomizes NRM vectors, however the dominance of
magnetic susceptibility (Q<1) in Deep Bay and West Hawk makes the randomization effect
negligible in the formation of the observed magnetic field (Beals ¢r o/, 1963). Similarly, the
basement rocks sampled in these structures exhibit reduced magnetic properties compared to the
pre-impact regional levels. Drill hole data indicate that no simple relation between shock level
and/or lithology and magnetization is apparent at any of the three structures.

The Clearwater structures are characterized by shocked uplifted basement rocks with
relatively minor amounts of breccia, melt rock, and non-magnetic sedimentary infill. The
Clearwater structures have much less sedimentary infill. brecciation, and alteration than do Deep
Bay and West Hawk. Here the peak magnetic lows are associated with dominantly crystalline

matenal in the central uplifts. This matenial has been shocked (cf. Hische, 1994), and has acquired
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a reversed polanny. honzontal NRM at the ume of impact This NRM onentation should deflect
the anomaly horizontally. however this is not obsenved in the acromagnetic data. possibiy due to
the overprinuing of a strong VRM at depth. The effects of shock on the target rocks are clearly
seen as the dominant factor in reducing the magnetization within the structures. Significant
magnetic Jows remain after maximumn magnetic parameter contrasts are used for modetling. and
again we require an extended zone of reduced magnetization extending bevond the calculated
morphological limits of the impact structures to account for the observed field.

Since modelling produces anomalies that are less than the observed anomalies. it can be
suggested that the estimates for the pre-impact regional magnetizations are too low. and using
higher regional magmetizations would account for the observed anomalies. This is unlikely. since
the estimates for pre-impact magaetizations are based on regional magnetic highs, and thus
Tepresent an extreme upper bound for regional magnetic parameters. Assigning higher magnetic
levels to the target rocks makes no sense geologically. as the modelled bodies representing
lithologic units would have 1o shrink to geologically meaningless dimensions.

Alternatively, the morphological relationships for the depth to the bottom of the true crater
(simple craters) and the amount of structural uplift (complex craters) are wrong. and the actual
depths of rocks affected by shock (sensu stricto) is much deeper. This again is unlikely, since
these relationships are constrained by studies of terrestrial impact structures where drill core is
available (Grieve and Pesonen, 1992). and have been used for modelling the gravity anomalies
assocated with impact structures with great success (Pilkington and Grieve, 1992). Consequently,

the most likely explanation for the discrepancy between modelled and observed anomalies is the



presence of an extended zone of reduced magnetization due 1o the impact event.

TABLE 2. SUMMARY OF MODELLING PARAMETERS AND RESULTS

STRUCTURE LITHOLOGIC MAGNETIC™ PERCENT'
FACTORS CONTRASTS ANOMALY
DEEP BAY BRECCIATION, 107 Sl or 490 mA'm | 30 - 30°%
ALTERATION.
SEDIMENTARY
INFILL
WEST HAWK BRECCIATION, 107 S or 490 mA/m | 50 - 70%
ALTERATION,
SEDIMENTARY
INFILL
CLEARWATER SHOCKED 0.09 Sl or 4 A/m - 75%
WEST CRYSTALLINE
CLEARWATER SHOCKED 0.09Slord4 A/m ~ 50%
EAST CRYSTALLINE

a. Contrast parameters used for modeliing are extreme values for gither magnetic susceptibility or
NRM intensity.

b. Percent anomaly is the amount of the observed anomaly accounted for by forward modelling
using the morphological relationships of Grieve & Pesonen (1992), Pilkington and Grieve (1992),
and the contrast parameters.



Modelled geometries of simple bowl-shaped structures based on depth extents for simple
craters (West Hawk ) and structural uplift for complex structures (Deep Bav, Clearwater). account
for ~40°6 of the observed anomaly at West Hawk, ~350% at Deep Bav. and ~50 to 75% at the
Clearwater structures (Table 2).

Consequently. the target rocks beneath the crater floors must reflect an impact-induced
reduction in NRM intensity and susceptibility. At Clearwater. based on the analvsis of
crystallographic shock effects. Hische (1994 estimated recorded shock levels of 5-10 GPa at
~400 m depth in hole 163 and - 15 GPa at ~ 1000 m in hole 1-64, well above that required to
cause decreased magnetization levels (Pohl. 1994). However, modelling indicates that reduced
magnetizations exist at depths well below the zone marked by diagnostic shock effects in silicate
minerals, such as planar deformation features (PDFs) in quartz and pyroxenes, and kink bands in
biotite (eg. Stoffler, 1972, 1974). This reduction appears to be due to the passage of the atienuated

shock wave. now downgraded in energy 1o a transient stress wave, through these rocks.

6.5.1 SOURCES OF ERROR

Any quantitative geophysical study must include some attempt at estimation of error in
order to constrain the final interpretation. In this study, instrumental measurement errors are
several orders of magnitude below the values measured. For example, instrument error in
aeromagnetic magnetometers is ~ 1 nT (M. Pilkington, pers com, 1996). Measurement error in

NRM values is <I mA/m in intensity, and <1° in inclination and declination. Error in magnetic



susceptibilitn measuremenis 1s = IN107 Si for the Explorantum instrument. - 19 8] for the
Sapphire Instruments SI bridge. and <10” SI for the KLY-2 Kappabridge All of the measured
magnetic values are at least one. and usualiv several orders of magnitude farger than the instrument
errors, which can therefore be regarded as insignificant.

Of greater significance is the error associated with Grieve and Pesonen’s (1992)
morphological dimensions for simple and complex craters. Grieve has estimated the possible error
associated with the dimenstons of simple craters as <5%, and that associated with complex craters
as 10-20% (R.AF. Grieve, pers. com. 1996). These uncertainties retlect the small sample dotaset
used to construct the morphological relationships, as well as the lack of detailed dimensional data
from dnlling. An additional problem in determining the dimensions of impact structures s the
degree of erosion. Older structures in glaciated terrains have been subject to considerable erosion,
and consequently the original dimensions must be esimated. The morphological relationships,
nevertheless, are currently the best available estimates of crater dimensions, and have worked well
for gravity anomaly studies (Pilkington and Grieve, 1992).

The modeling process introduces further sources of error. Modeling 3-D structures in 2-D
can introduce an error of 5-10% in the modeled anomaly (M. Pilkinton, pers. com. 1996). Lack
of available regional magnetic data from the undeformed country rocks outside of the impact
structure requires the estimation of pre-impact target rock magnetic parameters based on the
observed regional magnetic field. In order to favour a conservative interpretation of the modeled
anomalies, the maximum pre-impact magnetizations were estimated from regional magnetic highs.

The error in this procedure would thus contribute to higher amplitude modeled anomalies.
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Whie instrumental measurement errors can be considered insignificant. the modeling of
crater dimensions in 2-D, the uncenainty in the morphological relationships. and the estimation
of regional magnetic values, introduce the significant sources of error in this study. Consequentiy.
the interpretation of the modeled anomalies must be regarded as first-order approximations.
However, it can be noted that all three impact structures studied exhibit magnetic anomaly lows
that are not fully accounted for by the models. The degree to which some additional and unknown

factor contributes 10 the magnetic lows is currently difficult 10 constrain accurately.

6.5.2 THE TRANSIENT STRESS WAVE

As the impact shock wave spreads out from the point of impact. its energy attenuates until
it can no longer produce brecciation, melting. and shock features in silicate minerals. At this point,
the shock wave can better be described as a transient stress wave (or acoustic, seismic wave). This
wave will continue 1o diminish in energy as it travels away from the point of impact until it
dissipates completely (eg. Melosh, 1989). The question of the effect of the transient stress wave
on the magnetization of rocks outside of the impact structure (senswu stricto) remains. Experimental
studies by Nagata (1971) of the effect on the magnetization of basalts under mechanical shock
regimes, indicated that even at low transient mechanical shock pressures, the natural remanent
magnetization can be partially demagnetized. Nagata referred to this phenomenon as dynamical
remanence. Nagata's study was undertaken in order to determine whether repeated blows with a
geological hammer on basalts during sample acquisition might affect the NRM in the rocks

sampled (insignificantly). Nagata's study determined that mechanical shock. of sufficient



74
magnitude. will cause ireversible dislocations in the domain walls in magnetite. leading to a
diminished NRM intensity.

Similar work done by Pohl. Bleil and Hornemann (1973), also on basalis and using an
automated hammer. determined that ransient stress waves of up to 8 kbar will demagnetize both
single and multi-domain magnezite. Their study agreed with the conclusions of Nagata (1971), and
also suggested that an additional effect was the irreversible rotation of spontancous magnetizations
in magnetite in the 2.5 10 10 kbar transient stress pressure range.

The above studies concentrated on the effect of transient stresses on the NRM. Diminished
remanent intensity or the acquisition of a new remanence by transient stresses has been termed
shock remanent magnetization (SRM). The effect of transient stress on the magnetic susceptibility
of magnetite was investigated by Kumar and Ward (1963). Their study was undertaken in order
to determine the effect of stress waves from nuclear explosions on the magnetic susceptibility of
surrounding materials, in this case a magnetite grout mixture. Their research found a 4% increase
in the amount of haematite in the grout mixture after shock loading, indicating a shock induced
chemical transformation of magnetite to haematite. The dominant effect, however, was a drop in
magnetic susceptibility after shock loading, suggesting that the stress wave produces destructive
changes in the magneto-crystalline structure of magnetite.

The above effects of the transient shock or stress wave have been documented in various
rock types and experimental conditions by Hargraves and Perkins (1969), Wasilewski and Doan
(1973), and by Cisowski and Fuller (1978). It is clear from these studies that transient stress

waves produced by impacts (and man-made explosions) can reduce both NRM intensity and
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magnetic susceptibility, primanly by introducing changes in the magneto-crvstalline structure of
magmnetite.

Detailed crystallographic studies on shock loaded magnetite grains have vet to be done (D.
Stoffler, pers com, 1995). A study of the effects of shock on ilmenite was attempted by Blvth
Robertson (GSC) on rocks from the Charlevoix impact structure in Quebec. This study was
abandoned due 1o the difficulty in discriminating between shock effects and natural variations in
the ilmenite grains (R A F. Grieve, pers com, 1996).

In the context of this study. it appears that the amplitudes of the magnetic anomaly lows
are derived not only from within the impact structure dimensions. but also from surrounding rocks

that have been subject 1o demagnetization by the transient stress wave.
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7.0 CONCLUSIONS AND FUTURE RESEARCH

This study was undertaken in order to determine the origin of the reduced magnetic field
intensities associated with the three impact structures. Natural remanent magnetization (NRM) and
magnetic susceptibility (and its anisotropy) data from drill cores within the structures provided
ground truth constraints for magnetic modelling. Modelling the anomalies indicated that the
reduced magnetizations associated with impact generated breccias, shocked cryvstalline rocks. and
post-impact alteration and sedimentary infill. is insufficient to account for the amplitude of the
anomalies. A zone of reduced magnetization extending vertically bevond the calculated structure
dimensions is required to fully account for the magnetic anomaly lows.

Although no drill core that sampled below the true crater bottom (West Hawk) or below
the central uplift (Deep Bay. Clearwater) was available, it can nevertheless be inferred from the
previous studies cited that the diminished shock wave, in the form of a transient stress wave, has
affected the magnetization of magnetic carrier minerals well below the modelled depths. For
example, the zone of reduced magnetization at Clearwater East must extend several kilometres
beneath the centrally uplifted rocks in order to account for the observed anomaly.

Unfortunately, drill core that extends to these depths is not presently available. From a
petrographic point of view, neither the shock wave nor the transient stress wave produce optically
visible changes in oxide magnetic carriers. The transition from shock to stress is marked by the
termination of shock induced metamorphism in silicate minerals. Consequently, confirmation of

the effects of the transient stress wave by direct petrographic methods on deep rocks from the -
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Impact structures are not currently possible.

Further research on the crystallographic effects of transient shock and stress waves on the
magneto-crystalline structure of magnette is needed. While previous studies have demonstrated
that both NRM 1ntensity and magnetic susceptibility can be reduced in magnetite grains by
mechanical shock pressures. detailed studies on the dislocations induced by shock along domain
walls, and other magneto-crystalline efiects have vet to be done. Further studv of the effects of
shock on magnetite would hopzfully delineate the range of stress pressures over which the
magnetic characteristics of magnetite are affected. Combined with theoretical calculations of the
attenuation of the shock wave from impact events, this data would be useful in constraining the

zone of aftected rocks at depth associated with impact structures.
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APPENDINX B: NRM DATA



APPENDIX B1: DEEP BAY - HOLE 62-1A - NRM DATA

SAMPLE | DEPTH | DECL. | INCL. | INTENSITY
(m) ) ) (mA/m)
010A 1089 | 569 0.183
010B 3575 | -144 0.587
010C 93.9 3111 17.2 1.740
010D 2763 | 233 1.724
010E 206.1 313 0.423
020A 2504 | -529 301.4
020B 120.6 2384 | -56.8 159.7
020C 2401 | -57.3 125.7
020D 2538 | -76.6 78.15
030A 3513 | 829 8.837
030B 226 85.1 14.03
030C 141.5 46.5 83.7 235.43
030D 14.0 783 19.72
030E 3446 | 758 15.62
040A 2596 | 455 1.396
040B 1731 290.9 13.7 6.021
040C 100.3 14.1 8.234
040D 1350 | -244 1.344
050A 2523 | 6838 4.170
050B 184.5 94.8 71.9 1.766
050C 11.6 45.0 1.009
050D 2742 | 6738 1.005
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0S0E 184.5 27 | -69 0.3866
060A 204.9 605 | 695 3.558
060B 1827 | 136 2484
060C 571 | 619 3.079
060D 3489 | 596 1669
060E 1514 | 643 1.313
070A 2265 | 1143 | 499 4859
070B 1550 | 768 3.686
070C 915 | 699 2019
080A 2337 | 2974 | 775 1.906
030B 889 | 624 2.690
080C 3143 | 220 2.239
090A 2260 | 1183 | 766 2,613
100A 2760 | 1061 | 743 2,157
1008 937 | 674 1.667
100C 100.1 | 749 8.203
100D 168 | 825 2.692
110A 2880 | 1548 | 875 19.65
110B 2833 | 819 25.60
110C 2137 | 87 97.35
110D am2 | 727 1110
110E 2322 | 769 136.9
120A 2040 | 1662 | 634 25.27
1208 2114 | 770 7.304
120C 158 | 837 2,650
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130A 315.0 205.1 66.0 7.936
1508 2222 846 6.548
140A 3216 319 835 46.95
140B 17.4 842 30.83
i40C 352.1 850 3497
140D 331.2 81.8 26.40
140E 3213 848 2594
150A 3513 276.0 315 3.354
150B 253.3 0.6 0.545
150C 191.6 -11.3 1.287
150D 145.8 -59 3.904
150E 320.6 -16.6 2.008
160A 3846 285 78.8 1.449
160B 117.8 61.8 1.176
160C 124.0 80.3 1.428
170A 3945 1253 62.0 15351
170B 255.1 70.6 15.57
170C 150.1 8.6 15.84
170D 322.7 68.2 15.21
180A 426.6 2269 593 0.999

122



APPENDIX B2: WEST HAWK - HOLE 1-65- NRM DATA

SAMPLE | DEPTH | DECL. | INCL. | INTENSITY
(m) ©) ©) (mA/m)
010A | 2655 | 2024 | 558 0.69771
020A 1105 | -380 [ 058986
2673
0208 1733 | 583 0.43809
020C 1459 | -70.6 0.64795
030A 171.8 | 885 125.97
290.1
030B 2573 | 812 96.041
030C 2616 | 782 139.07
040A | 2028 | 2698 | -753 475.00
050A 560 | -31.1 2.0293
357.9
050B 886 | -294 1.7656
050C 85.7 | -145 5.2560
060A | 3582 | 1657 | -76.0 1.7796
060B 1237 | -224 | 078235
070A 787 | -013 1.3932
070B | 3915 | 665 | -167 43418
070C 2527 | 203 4.1836
070D 3070 | -154 27777
080A 2568 | 072 0.66755
080B | 4440 | 606 | -198 1.9145
080C 3447 | 645 1.6743
080D 3564 | -119 | 075370
090A | 5058 | 3333 | -128 21.953




090B 3176 | -514 49516
505.3
090C 99.0 | 402 2.3515
090D 495 | 619 0.87599
100A 407 | 167 5.5594
100B | 39 | 223 | 464 12380
100C 468 | 579 20.106
100D 754 | 225 12.530
10A | 5235 | 305 | 061 3689.6
110B 187.1 | -09.2 2155.3
120A 384 | 020 2.1400
1208 | o450 | 803 | 026 3.6199
120C 889 | -06.5 2.4282
120D 33.1 0.8 5.3334
130A 3559 | 19 10264
- 645.3
1308 3507 | -06 5.9248
130C 144 | 62 2.1496
140A 769 | -243 0.35610
692.7
140B 1451 | 196 3.3570
140C 3024 | 607 159.21

124



APPENDINX B3: WEST HAWK - HOLE 1-66 - NRM DATA

SAMPLE | DEPTH | DECL. | INCL. | INTENSITY
(m) (*) ) (mA/m)
150A 170.4 83.1 23.084
150B 81.5 373 1.7302
150C 150 69.1 67.6 4.1568
150D 2257 | 468 25.799
150E 1220 | 76.6 13.161
160A 15.3 722 52.815
160B 349.1 53.6 39.068
160C 210 7.7 485 28.835
160D 1381 | -70.0 28028
160E 1348 | -62.0 19.055




APPENDIX B4: CLEARWATER WEST - HOLE 1-63 - NRM DATA

SAMPLE | DEPTH | DECL. | INCL. INTENSITY
(m) ) (°) (mA/m)
200A 3220 14.4 550.88
2008 | P*° [ 3316 10.0 85291
200C 3334 152 1137.2
210A 77.7 2.7 664.55
2108 72.6 1.9 555.27
210 |, | 634 123 1145.2
210D 60.8 7.8 997.69
210E 65.2 3.7 696.19
210F 58.5 6.4 777.93
220A 3294 19.3 1059.4
220B 3274 19.3 974.97
20C | 0870 | 3342 15.4 830.75
220D 3337 17.9 1329.0
220E 331.8 149 1114.7
220F 3324 12.8 1027.6
230A 453 0.4 570.95
2B0B | 190 | 403 2.7 438.02
230C 343 -1.0 619.16
230D 435 -13.3 327.13
240A 2237 6.2 1022.4
2408 | 0 | 26 4.5 999.73
240C 216.6 3.3

1293.7
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240D | 1146 | 2202 9.0 1116.0
250A 56.8 -3.0 511.76
250B | 359 55.3 14 972.96
250C 51.6 3.2 1254.2
250D 53.5 2.3 772.12
260A 31.7 3.9 1244.0
260B 26.6 -8.5 1905.0
260C | 31.7 5.3 1064.1
260D 35.8 2.6 967.51
260E 165.1 10.1 796.26
260F 165.3 58 945.32
260G 163.2 6.7 894.25
270A 1379 7.5 782.60
270B 138.1 -7.8 691.65
270C | L6 L1307 73 436.56
270D 403 6.7 473.94
270E 36.5 3.9 369.93
270F 382 84 41822
280A 87.9 -18.7 300.85
280B 87.4 275 248.80
280C | 2283 | 1007 6.1 381.90
280D 99.2 1.5 515.14
280E 91.1 -0.4 320.43
290A | 174.7 -1.7 299.09
2008 | 2 | 1303 -1.9 31870
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290C 181.0 -0.1 275.97
2900 | 2% | 1785 -5.6 35227
300A 3386 4.5 752.21
300B 339.6 4.0 1361.4
300 | 2955 | 3436 29 511.78
300D 347.0 2.9 367.21
300E 3473 5.9 324.92
310A 86.6 4.4 153.03
3108 922 7.0 156.83
310c | 3180 95.2 1.4 185.43
310D 93.8 13.2 159.18
310E 96.4 9.9 161.29
320A 3356 0.2 185.01
320B | 3504 | 3278 26 151.74
320C 3332 2.2 155.26
320D 333.8 4.6 141.84
330A 1485 36.2 966.99
3308 170.7 0.7 21297
330C | 3750 | 1730 | -166 182.00
330D 175.1 -143 222,47
330E 1710 | -17.7 284.93
340A 1.8 376 164.79
340B | 3919 24 20.3 206.53
340C 64 . 8.8 117.85
340D 3.1 3.6 190.00




APPENDIX BS: CLEARWATER EAST - HOLE 1-64- NRM DATA

SAMPLE | DEPTH | DECL. | INCL. INTENSITY
(m) (*) (°) (mA/m)
010A 130.5 97.2 -32.4 3.9570
011A 220.8 26.4 6.4294
011B 130.8 173.6 13.6 10.306
011C 162.6 2.3 8.0159
011D 199.9 59.4 6.6649
020A 137.4 228.8 21.2 7.6334
020B 2299 14.6 7.7684
030A 155.0 259.0 3.4 487.99
030B 265.0 20.5 814.58
040A 111.2 15.8 29.707
040B 182.4 95.5 36.7 15.556
030C 1154 -10.3 38.194
040D 30%.1 40.8 103.54
050A 3229 243 90.021
202.8
050B 169.0 63.1 33.189
050C 182.7 41.0 41.064
055A .1 -6.0 1361.8
2280
055B 84.8 0.6 1353.0
055C 88.9 -3.7 1424.6
060A 151.8 16.1 1388.1
239.4
060B 155.1 15.1 1744.0
060C 152.4 16.9 1796.3
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660D 2394 154.5 14.5 1478.2
060E 159.4 9.8 1235.2
070A | 2529 | 1238 | 186 73.507
070B atl | 404 119.12
080A 2540 | 23.0 159.59
os0B | 7% | 2621 | 181 226.72
080C 2595 | 196 181.42
090A 1668 | 42,0 231.71
090B | 3354 | 17012 | 459 212.57
090C 1799 | 372 258.06
090D 1860 | 345 446.63
100A 2273 | 508 197.64
100B | 4199 | 2481 | 576 141.48
100C 174.7 8.9 502.16
100D 187.2 | 319 432.74
103A 1216 | 650 757.77
103B 1308 | 70.5 1465.9
105C | ,o¢ [1293 | 704 1565.7
103D 2874 | 602 604.22
103E 2744 | 608 567.01
103F 2698 | 649 514.89
106A 1712 | 250 187.15
16B | 4305 | 1767 | 233 302.05
106C 1793 | 255 265.28
106D 1757 | 20.1 527.87




110A 175.0 31.7 125.60
110B | 49g¢ | 1760 | 329 368.68
110C 1758 | 3538 380.00
1134 468 | 631 500.76
1138 a2 | 655 383.38
113C 619 | 687 400.69
503.4
113D 744 | 699 405.50
113E 830 | 745 398.04
113F 691 | 718 459.41
115A 1268 | 202 489.62
1SB | sos3 | 1107 | 305 29.963
115C 1198 | 269 38.710
115D 1197 | 245 81.614
117A 273.7 | 350 2827.0
26.
nm | 27 [ oz | s 2306.4
117C 2777 | 324 2966.1
120A 711 | 805 22554
559.2
1208 887 | 842 2079.9
120C 624 | 829 1854.6
1234 | 5751 | 2443 | s0.1 929.85
123B 1793 | 482 1159.0
126A 2206 | 653 7017.0
126B | sos6 | 2129 | 691 4896.6
126C 2321 | 708 6158.6
126D 2161 | 682 4926.1

131



130A 289.6 56.7 661.59
130B 306.9 61.6 858.40
130C 6297 | 2976 54.6 634.81
130D 299.6 59.7 256.54
130E 309.1 58.5 305.81
135A 138.1 526 3014.4
135B 6a14 | 3211 50.1 3152.5
135C 320.7 49.8 3291.8
135D 325.6 47.2 3453.0
140A 333.9 55.1 208.04
140B 2000 | 3352 434 169.86
140C 337.6 40.4 221.69
140D 3426 46.9 260.59
150A 419 84.1 82271
150B 7809 6.8 819 413.85
150C 15.0 853 501.46
160A 10.6 86.7 5293.3
160B 313.5 820 44713
160C 8556 | 3340 83.1 51293
160D 49.9 83.8 4908.6
160E 426 84.0 6608.0
165A 245 709 55228
165B 0063 | 2175 68.4 5416.2
165C 222 70.3 5455.7
165D 218.1 69.7 5589.0
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170A 3537 743 8258.7
170B 933.0 2842 69.1 9605.4
170C 2814 64.7 7507.8
170D 289.2 848 10706
180A 165.1 69.9 5263.9
180B 9810 218.7 78.0 8944.1
180C 2383 78.1 8869.9
180D 256.6 85.0 9336.2
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