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Abstract

High-velocity impact events have played a major role in the formation &dfe System,
including the Earth. The terrestrial recordimpactstructuresshowsover 150 examples,
most of which are on the surface. This work uses the seisftection method to analyse
sub-surface structures as possibleteoriteimpacts. |investigatetwo structures of
possible meteorite impactorigin: White Valley, Saskatchewan, and Purpprings,
Alberta. Theimpacthypothesis ievaluated by comparing structure geometrgeen on
seismic reflection images with moddise., scaling criteria) derivedrom other known

structures, laboratory experiments and numerical modelling.

The White Valley structure is most likely explained as a complex meteorite impact structure.
It is some7.5 km indiameter, with a nearly 2 kicentral uplift and is characterized by a
terracedrim, a downdropped trougtand an uplifted center.The structure extends to a
depth 0f1300 m butthe trough ofthe crater itself isonly 100 to 220 ndeep based on
seismic dataand scaling relationships. Structuradlift is estimated a620 m, in good
agreementith the scalingresults. The gravity anomalyver the structure is consistent

with the complex impact crater model. The structure is between about 55 and 60 Ma old.

The Purple Springsstructure is also reasonably well described by scalitigria for a
complex impactrater. It iselliptical in nature,about 4 km long and 3 kwide. The
structure is apparent in som@0 m of rockextending fromthe Mississippian to the
Devonian Elk Point Group and is about 320 &id.  The Mississippianshowsabout 180

m of downdropinto the structure irexcellent agreementith scaling criteria. The rim of

the structure is characterized by listric normal rim faults delineating terraces which drop to a
relatively flat centralplain. The lack of a prominant central uplguggestspost-impact
processes may have substantially altered the structure to its current form.
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CHAPTER 1 -INTRODUCTION

1.1 BACKGROUND

Collisions between astronomical bodies have beeimtagralprocess irthe formation of

the Solar System. It is likely that the planets formed thraagnetionaryprocesses in the

early solar nebulawhen relative bolide velocitiesvere lower, preventing catastrophic
collisions and allowing forthe formation of theSun and planets. Separation of
components by density in tle®laraccretionanydisk resulted irfractionation of planetary
constituentsthusthe inner terrestrial plane{®lercury, Venus,Earth and Mars) formed
largely by the accretion of solid bodies while the outer planets (Jupiter, Saturn, Uranus and
Neptune) have a greatgaseous component, although sohder coresare believed to

exist (Ruzmaikina et al., 1989; Wetherill, 1989).

In Earth’s earlyhistory, bombardment of its surfac&/as amajor geologicalprocess.
Evidence of this bombardment actually stems from observatiotige dfloonwhere alack

of geological and atmospheric processes have lessened erosigractcraters. It seems
highly unlikely that while the Moorwas being impacted bybjects,the Earthwas left
immune, especially when one considers Earth’s lampss and cross-section and thus its
greater capacity to attrabblides. Over thecourse of Earth’shistory, however,more

interplanetarydebris hasbeen effectively removed by the gravitational attraction of the

planets, reducingurrent rates oimpactfor Earth to approximately 1%r-1 for 0.5 km

diameter Earth-crossing objects (Wetherill and Shoemaker, 1982).



2
Meteorites are thought to originate mainly from the asteroid belt, the ring of debris between

the orbits of Jupiter and Mars, which matke transitionfrom the inner terrestrial planets

to the giant planetseyond. The belt might have been the locatimhere anotheplanet

formed had it not been for the prior formation of Jupiter and its restitialgeffects in the

region which preventhe asteroids fronaccreting into a planet (Wetheril,l989). These
perturbations, as well as interbelt collisions, can cause asteroids to be redirected along new
trajectories which take them toward the Sun. In doing so, these asteroids haotertial

for crossing Earth’s orbit and colliding with it at high velocity.

Comets also poseptential threat tdcarth. Cometsare thought to originattom two
regions:the Oort cloudfar outside theSolar System (possibly some 20000 to 100000
astronomical units (AU) from the Sun - one AUthe average distance between Earth and
the Sun, orapproximatelyl50 million kilometres), andhe Kuiper Belt just beyond the
orbit of Neptune (Levy;1994). About 10% of comets whictenter theSolar Systenhave

the potential to collidevith Earth. Of these, 2%re long-period comets - those with
parabolic orbits - anthus showlarge orbital velocities. Some investigatdsdieve that
cometary impacts may accouot a substantial portion dérrestrial craters anthat they
may havebrought water tothe Earth’ssurface, critical to the development ofife
(Weissman, 1982).Some asteroidare believed to be th#egassed remnants of comets.
The recent collision of Shoemaker-Levyw&h Jupiter in1994, its fragments only some
1.5 km in diameter, demonstrates that the potential for collisions is real and tHatmige

done by such a collision would be catastrophic on Earth.

Over 150 craters have been discovered on EdRigure 1.1)composed largely of two
basic formsthe relatively small simple cratér2-4 kmdiameter) and the larger complex
craters(Grieve, 1991; Pilkingtormand Grieve, 1992;Hodge, 1994). Some, such as the

structures found at Vredefort, Soutfrica; ManicouaganQuebec;Chicxulub, Mexico;
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and Sudbury, Ontario may even belé still larger multi-ringform. Impacts of thissize

are thought talisrupt surface processes enougltansemassextinctions although this

topic remains controversiélappan, 1982; Hildebrand at., 1991). Regardless otheir

final morphology, these craters are the result of immense impact energy and the interactions
between the projectile, the resultisgock wave anthe targetrocks. These interactions

may have been instrumental in extinction events (Hildebraatl,e1991)and carlead to

the redistribution, formation and/ahe concentration o¥arious economically important
mineraland hydrocarbon deposits (Masaitl989). Historically,about23% of known

impacts are associated with economic deposits (Grieve and Masaitis, 1994).

1.2 IMPACT MECHANICS

Impact craters are the result of highly energetic collisions between meteoroi@ardmd

The energy is due to the immense approach velocity ofrteoroid. The minimum
approach velocity for an object striking Earth is Earth’s escape velocity.@km/s (this
corresponds tthe velocity attained by an objeehich is at rest with respect tarth at

large distances frorthe Earth), while the maximum approach velocity sbme 83 km/s
results from a combination of Earth’s escape velobigipcentric orbitalvelocity, and the
object’s velocitywhen it is just bound tthe Sun at adistance of one AU fronthe Sun.
However, an average impact velocity of about 20 km/s is reasonable. Thus a 500 m wide
spherical asteroids, in terms ofenergy, roughlyequivalent to somé&.1x1G° J. By
comparisonthe atomicbomb dropped on Hiroshima wasguivalent to somé.3x10° J.
However, the analogy that a hypervelocitmpact is equivalent to aexplosion is not
entirely correct. Instead, | will summarize this phenomenon from the point of view of three
formative stages: theontactand compressiorstage, the excavation stage and the
modification stage andhow they impinge on the final cratdorm. These stages are
discussedseparately but may occur simultaneousiyh one stage beginning before the

previous stage endsThey generally form a continuogsocess otraterformation. The
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stages as they are presented here are largely a simplification of the work in Melosh (1989).

1.2.1 Contact and Compression Stage

Although themostlikely incident anglefor a meteoritestriking the Earth’'ssurface is 45°
(Shoemaker, 1962), sertically incident projectile isconsidered herdor simplicity.
Obliquity of the impachasthe result of decreasing the energy coupling to the target and
reducing thevertical component of the projectilelglocity. These types dmpacts are
important because they can lead to asymmetry in the final éoater For example, the
Manson impact structure in lowll,.S.A., shows acentral upliftwhich is offset from the
structure’s geometric centre. This is thought to be dtigettow incident angle of impact,
estimated at 20-30° from the horizontal (Shultz Anderson, 1996).Impacts below 10°

will leave highly elliptical craterssuch asthe structures associated withe Rio Cuarto
crater field in north-central Argentidlodge, 1994; Melosh,1989). Obliquity also plays

an important role in the distribution efectadeposits. These phenomena have been seen
with regard to Venusian craters where ejecta deposit patterns are linked to the incident angle
and direction ofimpact (Schaber etal., 1992; Schultz,1992). Nonethelessmost
laboratory and numerical modelling experimefatsus onvertical impactsand, for this

stage, most of the basic characteristics are adequately represented by this model.

This stage beginehenthe leading edge of the projectiiest strikesthe surface of the
target. The initial contact immediately forms a shock wave which propagates itaogtie
as well as back into the projectile. The trailing edge of the projectile continuemiialts
velocity. This stage is characterized by its short duration which is on the order of

D

p

T=——="7q,
v,sin® (1-1)

wheret is the timefor this stage, Dis the projectile diameter, Vs the projectile velocity
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ando is the incident angle measured frdime horizontal. Shock pressuresay reach 50-

100 GPa causing mineralogical phase changes and overcomimgtt&lstrength of the
projectile causing it to flow hydrodynamically (Melosh, 1989; Grievel1991). The
geometry at the contact between the projectile and the tardate is essentially a sphere
striking aflat plate. Oblique convergence of the spherisalface results ake projectile
continues to penetrate into tterget. Thiscreates dorus ofextremehigh pressure at the
interface which leads to jetting of melted and vaporized material (Figure 1.2). Jet velocities
can exceed the initial velocity of the projectded thusjetted material may be ejected
permanently fromthe planet. Jettinghas been observed in laboratory experiments at

velocities as low as 6 km/s.

The shock wave reaches the rear of the projectile and is reflectetblakisthe target as

a strong rarefaction event. It is this rapid unloadiveg leads tsurface spallingmelting

and vaporization if the initial shock pressure is high enough. This rarefaction event travels
faster than theshock wavebecause the projectile and targetcks through which it
propagates are stilinder compression. #ventually overtakes angteakensthe shock

front. By the time of projectile unloading, the shock wave is propagatinghitarget as

a hemispherasolated fromthe impact site by the rarefacti@vent. The projectile and

some target rock have been largely vaporized by the unloading of the rarefaction event and
the vapor plume expands back into the cavity. Contact, compression and final unloading of
the projectile is largely completed within one projecti@lume. At this point, the
projectile’s kinetic energy has been converted to internal energy of the projecti@ptire

cloud and targetocks (Melosh, 1989). Famost impactsthe projectile is completely
vaporized and melted during this stage, although this varies depending dynamics of

the impact and the physical properties of the projectile.



1.2.2 Excavation Stage

The excavation stage is dominatedtiwp processes: Ihe attenuation of thehock wave
to a plastic wave and then afasticwave and 2Yhe development of the excavatithow
field and large scale movementrohterial(Melosh, 1989). The rate atwhich the shock
wave weakens to aelasticwave determineshe amount of melted ovaporized target
materialcreated. Thisatedecreases quicklguchthat meltingand vaporization ofarget
materialusually occurs within 3-frojectile diameters of the impact sitéth the mass of
melt roughly equal to ten times the mass of vapor (Melb889). The projectile’s kinetic
energy is converted largely into internal energy of the projectile, the target and the vapor via
the shock wave. Figure 1.3 summarizes the energy partitioning whichptakesetween
the projectile and the targeicks. After the contacind compressiostage, most of the

projectile’s kinetic energy manifests itself as internal energy of the target rocks.

Vapor expansion continualuring the excavatiorstage. In a vacuunthe vapor cloud
reduces to an expanding hemisphere traveling at tremendous velocitiesearA gas
velocity of 10 km/s is possible for a 20 to 30 km/s impact (Melb8B9). The expanding
gas can overcome solid ejecta and even crushetirejectadue to aerodynamistress. In
the presence of an atmosphehe vapor plumerises,forming an expanding torusmilar
to the classic mushroom cloud effecbduced by nucleatetonations. Ithe vapor cloud
never equilibrates witlthe ambient atmosphei@ terms of vapor clougressure and
temperature) then atmosphebiow-out is possible wherelthe plume continuethrough
the top of the atmosphere and into teative vacuumbeyond. This process has the
potential to deposit finsolid and liquidmaterial into theupper atmosphere arlikely
explains the deposition of tektitésindreds oreven thousands okilometres from the

impact site.
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The near surface adjacent to the expanding cavity is often termed the interfererfoe zone

is here that theshock wave andarefaction waventeract toproduce reducethaximum
pressures (Figuré.4). The rarefaction everttauses spalling alonie surface,ejecting
material at velocitiesvhich can exceed the escape velocity and are usually oordee of
half the projectilevelocity. These large spall velocitiese essentially the result of the
particle velocity doubling rule at a freseirface. The particle velocity at the fremurface is
the sum of the particle velocityfor the shock wave andhe particle velocity of the
rarefactionwave. Tensile fragmentation can continue to gréapths resulting in great

deal of target rock brecciation (Melosh, 1989).

Perhapsthe most important aspect of cratering mechanics, in termdinal gross
morphology, is the initiation of the excavation flow field. The flow field itself is a result of

the difference in particle velocities of tsbock wave andarefactionwave. It stemgrom

the thermodynamics of the shock and rarefaateents. Shock is armreversible process;

it conserves mass, energ@nd momentum but nantropy. Rarefaction is reversible in

that it conserves mass, energy, momentum and entropy; it is also adiabatic (i.e. it conserves
heat). The difference in entropy manifests itself lesatand a residuaparticle velocity.
Anything which enhanceshe irreversibility of theshock process, such as porosity
crushing, phasehanges and plastdeformation, increasethe residualparticle velocity

(Melosh, 1989).

The geometry of th8ow field is much like that in the case gfoundwater flow under a

head gradient (Figuré.5). Material flows throughstreamtubes defined bgobars. The
velocity of this material slows as it moves througé divergent streamtubes until it leaves

the surface at the same velocity as the material which preceded it in the same tube. Drag on
the materialfrom adjacentstreamtubes, gravity andternal deformatiorall conspire to

decrease the ejection velocityom deeperstreamtubes, further fronthe impactsite.
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Eventually,the ejection velocity in a streamtube falls to zémas definingthe rim of the

transient crater (Melosh, 1989). Material in still deeper streamtubes plastically deform and
may raise the surface around the transient crater rim. miex@num depth obtained by the
transient crater occurs when material in the axial streamtube stops moving. The diameter of
the crater continues to grow resulting in the paraboloid shape of the transientRegiibr.
to-diameter ratio$or the transient crater approximdté3. The ejected material generally
comes from a depth only 1/3 to 1if2e transient crater depth while thest is displaced
(Melosh, 1989). The excavation stage is essentially compleiten subsurfacenotion

ceases. Itakes considerably longer than ttentactand compression stage and is on the

%)
T=|—|,
g (1-2)

wheret is the time for excavating a transient crater of diamejgabt g is thecceleration

order of;

due to gravity.

1.2.3 Modification Stage

As its name implies, the transient crater is short-lived and modifida¢igims to reshape it
to a more gravitationally stabferm. Ejectaset in motion duringexcavation and spalling
may still be in motionduring this stage.The result of the modification stage are two

morphological forms of craters: simple and complex (Figure 1.6).

Simple craters ardowl-shaped,likened to a parabola of rotatio(Melosh, 1989).
Slumping of the transient crater walls leaves a lensr@gciatedock inthe bottom of the
crateralso with a paraboloidhape. The finalrims are leftstanding at neathe angle of
repose which is usually around 30° and also gravity independent (Melosh, 1989). Because

of the slumping, the transient crater diamet&videns to the final, post-modification
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diameter, resulting in lower depth-to-diameter ratios. The breccia lens itself tends toward a

particular stratification. The bottom is lined by melt rocks which are not displaced from the
transient crater bottom by the excavation flow field. Melt rock owthlés of the transient

crater are subject to shear as the transient crater grows. This results in some mixing of the
melt rock with the brecciated materiall hus, immediatelyabove thamelt rock, primarily
brecciated rock slides from the walls followed thg mixedmelt rock andbrecciated rock
nearest the transient cratealls (Grieve etl., 1977). Slumpingcan occur at relatively

high speeds (severaDs of m/s)and may causenounding of slumpednaterialnear the

center of thecrater. This hadeenfound atterrestrial cratersuch asMeteor Crater in
Arizona. This phenomenon should not be confused adthal structural uplift that is
observed in complex craters whenaterialfrom beneathhe transient crater isrought to

surface.

Complex craters form after a specific transittdameter is reached by the transient crater
(Figure 1.7). The onset of this transition diameter is often abrupt but varies under different
gravitational fields and targebck types. In generathe transition diameteiollows an
inverse gravity dependence (Figute8). For Earth, the simple to complex crater
transitional diameter is about 2-4 km and is dependent on taxdeproperties (Pilkington

and Grieve, 1992; Grieve and Pilkington, 1996). Nonethelesssient craters which go

on to become complex craters have similar aspect ratitisoas whichbecome simple
craters. The final depth-to-diameter ratios for compgieters,after the modification stage

is complete, is much smaller th#rat for simple craters (see Chapt®y. Central peaks
demonstrate stratigraphic uplift comparable to transient cdateth. Study otomplex
craters has revealed that collapse of the transient crater incorporates a particular volume of
materialbeyondthe actualtransient crater imvhich the strength ofthe targetrocks range

from zero at the transient craterrtominal. Croft (1981hames this voluméhe strength

crater. The rim of the complex crateepresentshe pointwherethe materials within the
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strength crater have reached the tergtilength ofthe targetrocks. The actual mechanics

of central peak formation remains controversial and is the subjembguiing research.
Some postulated reasons for its occurrence, some of which have been successfully argued
against,include layering, elastic rebound, vapor scouringgand gravitational slumping

accompanied by pseudo-hydrodynamic flow (Melosh, 1989).

Layering in target rocks likely affects crateorphology,although there is currentlylack

of understanding on this aspect of cratering mechanics. Laboratory experiments of impacts
into a weak layer overlying a strong one suggests that morphology is sensitive to thickness
of the weak layer andthe relative strength differences betweehe layers. These
morphological differences in simple lunenaters, which ranged fromentralmounds of
unexcavated material, to flat floors when excavation is not powerful enoughméwe the

strong layer, to benches the sides ofthe craterwhen the strong layer begins to be
excavated, were used to successfphgdict the regolith (unlithified material on the lunar
surface) thickness (Melosh, 1989). However, these effectestreeted to transient crater

diameters less than that required for complex craters.

Elastic rebound of the rocks at the bottom of the transient crater might produceitme
however, this fails to answer why uplifts do not fornsimple craters where presumably
elasticrebound should also occurDeformation ofrocks beneath the transient crater is
plastic and is unlikely to result in a gredgal of rebound in any event.Nonetheless,
current evidence is inconclusive on the role elasimoundmight play in generating a

central uplift.

Gas scouring occurs in explosive events when expanding lgasesanerosional remnant
in the center of the crater. Such craters show no evidence of structural uplift and hence can

not explain the central peak in complex craters.
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It is therefore suspectettiat uplift is primarily aresult of gravitationatollapse,plastic
deformation, and possibiyne pseudo-hydrodynamic responsetafgetrocks beneath the
center of the transient crater. Melosh (1989) proptiegshedebrisbeneath anadjacent

to transient craters behaves miuigk a fluid due to their being subject to violesthaking

and alternatinglocalized compression and rarefacti@vents. This allows folocalized

failure throughout the debrimass,wherethe rarefaction event overcomes thesrburden
stress,resulting in a net motiofMelosh, 1989). The driving force of thes@ressure
fluctuations might be long-lived, random noise which is present after the main shock event.
The dynamics of this process is beyond the scope of this paper, but the reader is referred to
Melosh (1989) andreferences thereiffior further discussion on this topic. khort,
regardless of the true mechanics, the transient crater collapses while its bottom is uplifted -
this is known from direct study of impact craters. A secondary collapthe @ientral peak

likely occurs before the final complex morphology is reached (Grieve and Pesonen, 1992).

Thus, the final result of transient crater modificatias, in general, twocrater
morphologies. The simple crater is characterized by a brecciled of material in the
bottom of the true crater caused dlymping ofthe transient cratewalls. It is generally
composed of highlyrecciated andneltedrocks with most ofthe shocked rock (~90%)
remaining in the autochthonous zone beneath the breccia lens (GrieResomen1992).

In contrastthe complex crater contains a central ambare rocks frongreat depth have
been structurally uplifted primarily by gravitational collapse of the transient crater. There is
little melted debris in the central uplift and large scale fracturing dominates over brecciation.
Listric, normalrim faults developuring collapse and terraces often form altme crater
perimeter. Between the rim améntral uplift, an annular moat is filledvith brecciated

debris which has a similar composition to the brecciated lens of simple craters.
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1.3 ECONOMIC POTENTIAL

Impact craters on Earth have been linked to economic deposits of various materials due to a
variety of impact-relategrocesses.While materials in the vicinity of impactraters have
been exploitedfor many decades, onlyecently has an inventorybeen made on the
revenues generated by this exploitation. Historically, about 35 of the 150 kewwestrial
impactcraters,have been associated with econodgposits. Currently 17 (about 11%)
are being activelgxploited. The estimated annuatvenues from these deposii® over
$12 billion (Grieve and Masaitis, 1994). This estimate is based largely on Atogtican
deposits (annual revenues$5 billion) and thegold and uraniunores ofthe Vredefort
structure in South Africaannual revenues $7 billion) anddoes notinclude revenues
generated from the extraction of building materials (e.g., cement and lime prodrs, at
Germany= $70 million per year) or from the generation of hydroelegawer (e.g. 4000

GWh/a from the reservoir at Manicouagan, Queb&200 million per year).

In generalthe economic potentidbr animpact crater relies omtensive and extensive
factors (Masaitis,1989). Intensive factors include the energy of the impact, the
paleogeography at the time of impactd any endogenigrocesses whichre triggered by
the impacttself. Extensive factors include the composition of the targeks, impactite

and breccia, as well as the structure of geological formatiaihe &npactsite. However,
deposits of materials formed in or around impact craters are divided among three categories:
progenetic, syngenetic amgigeneticdeposits (Masaitis, 1989)Progenetic deposits are
those which originated strictly bgndogenicgeologicalprocesses. Ithesecases, the
impact has had the effect of redistributing the deposit allowing it to be enor®mically
exploited. Syngenetic deposits are those which originate durislgootly after animpact
event. Theses types of deposite generally attributed to the direct deposition of energy

into the target rocks causing mineralogical and physical phase changes. Epigenetic deposits
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are formed after thempact and are generally attributed to hydrothermal alteration,

formation of enclosedasins withisolated sedimentation, or thidow of fluids into
structural traps associated withe crater. Grieve antMasaitis(1994) outline these types
of deposits indetail and give specific examples of the more economicstiyificant, a

summary of which follows.

1.3.1 Progenetic Deposits

Deposits of this type include oresiabn, uranium andgold, and to a lesser extent, silica,
iimenite and bauxite. There are currently 7 craters associatéti progenetiadeposits of

which the Vredefort structure iBouthAfrica is themost spectacularWhile manyshock
metamorphic features have betound atthe site, its genesis remains controversial
(Nicolaysen and Reimold, 1990; Grieve and Masaitis, 1994). Some 100 km southwest of
Johannesburg, the 2 Ga d&hture is estimated 440 km wide with aroriginal diameter

of 300 km (Hodge, 1994). It the site of themost extensive gold depositsthme world,

having produced hathe world’s total gold output (40500metric tons) worth some $50
billion (Grieve and Masaitis1994). Associated withithe gold oreare 136500metric tons

of uranium with anestimated value of $#illion. Mining of thesetwo orescurrently
results in annual revenues of $illion. Preservation of these depositsattributed to
structural lowering ofthe deposits withinthe annularing adjacent to the centraiplift,
protecting themfrom the estimated 8 km adrosion which hasaken place in therea
(Grieve and Masaitis, 1994). The gold fields occur on the proximal and distal edges of the
annular ring with respect to the central uplift and occur largely in the northwestern quadrant
of the structure (Myers etl., 1990). Both the gold (found influvial fans or fandeltas
structurally controlled by faults) and uranium (in fbem of detrital uraninite) are derived

from Archean granites and are thought to have been partially redistributed or remobilized by

the impact event.
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Carswell, Saskatchewan, is about 130 km south of Uranium City, and is theaitatodr
progenetic deposit of uraniuore. The structuréhas a post-erosiondiameter of 39 km

and is aboutll5 Ma old (Hodge, 1994). The ores are thought to be a result of
hydrothermal activity about 1.1 Ga ago. Two kilometres of structural uplift associated with
the center of thetructure, broughthese deposits nearerttee surface allowing foeasier
exploitation. An estimated6500 metric tons of uranium ore (perhaps fillion dollars

worth) reside in the deposit (Grieve and Masaitis, 1994).

1.3.2 Syngenetic deposits

Copper-nickelores, Platinum group metals (PGMs), impact diamonds and glass are
associated with deposits formed during or shaaftgr an impactevent. While impact
diamondsare not currenthexploited, theyare mentioned here because of their interesting
physical characteristics. Impadiamonds,formed from the phase transformation of
graphite or crystallized froncoal, are harder and more physically resistive than normal
diamonds formed at depth, possibly making them usefuhtrstrial applications (Grieve
and Masaitis, 1994). They are irregularly distributed in mamounts, usuallpssociated
with melt dikes and suevite. Shoglkressures over 30 GRae requiredfor impact
diamonds tdorm, avalue easily reacheduring meteorite impacevents (Melosh1989).
They have been found at sevarapactcraters including Rie§Germany), KargdRussia),
Puchezh-Katunk(Russia),Ternovka(Russia),Zapadnaya (Ukraine) anothers (Grieve

and Masaitis, 1994; Hodge, 1994).

The most important syngenetaeposits occur ahe Sudburystructure in Ontario. The
Sudbury structure, of whictihe ore-bearingudbury Igneou€omplex(SIC) is but one
part, is an elliptical structure some 15000 kim area with major axis trendingE-SW. It

is estimated to have had an originkmeter of200-250 km with NW-SE shortening
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caused by théenokean orogeny shortfter the impact ever{tL.85 Ga). Inside the

structure, the SIC contains rich Cu-Ni and PGM deposits. Extraction of thellibh tons

of nickel and copper has resulted in annual average revenues of $2 billicheolast five

years (Grieve and Masaitis, 199%4pdge, 1994). The orebodiesare generally located
along the basal edge or below the SIC, which represiemismpact melsheet in a current
interpretation (Grieve and Masaitis, 1994). This interpretation deviates from previous ones
in that it suggests that the metals were crustal in origirttaidhe variableomposition of

the impact melivas due to the variety of lithologiethat were incorporated intthe melt.
Thusthe SIC did not requiremagmaticsourcedeither triggered by th@mpact orpurely

endogenic) to reach a composition conducive to the formation of the ore bodies.

1.3.3 Epigenetic Deposit
Epigenetic deposits are tineost common form associated withpactcraters and include
hydrothermal ores, chemical sediments, fresh water, oil shales and hydrocarbons.
1.3.3.1 Hydrothermal Ores
Hydrothermal oresare partially syngenetic in nature as they usually require a
thermaldriving force whichcan be attributed directly to the impéistelf. Because of the

immense deposition dfeat into the targegbcks bythe impacting bolide anldw thermal

diffusivity of the rocks k=10° m?s), deeply buriedmelt in the breccidens may take

thousands of years twol (on the order of H/k for apparent crater deptt), forming a

long-term thermakeservoir. It is possibl¢éhat early bombardment of Earth may have
contributed significantly to the surface’s thermal budget as well as contributed significantly
to hydrothermabkystems (Melosh, 1989). Pb, Znd Ag are commowres of thistype

found atthe Siljan(Sweden), Crooke®reek (U.S.A.), Serpent MoundU.S.A.) and
Decaturville (U.S.A.) structures which have been mined. At Sudbury, the basal Vermillion

member of the Onwatin formation lies above the suevite layer (Onaping formation) and is
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estimated to contain 6 milliotons of 4.4% Zn, 1.4% Cu, 1.2% Pbwsll as some gold

and arsenic. Unfortunatelthe fine-grained texture of the deposit makes cum#smpts
at recovery impossible (Grieve and Masaitis, 1994).

1.3.3.2 Chemical Sediments

Chemicalsediments and evaporites formthme isolatedbasinscreated by water-
filled impact craters occurring in warmer climates. Anhyddigsum,lignite, bentonite,
various carbonates, bicarbonates and chlorides are currently being explobed@india
and Saltpan, SoutlAfrica although it is unclear what revenues thigtivity generates
(Grieve and Masaitis, 1994).

1.3.3.3 Water Resources

As well as providing a surface catchment basin, structural and lithologic changes in
the subsurface caused the processes ampact cratering can affegroundwatemuality
and enhance aquifer characteristics. Such a case exists at the 35 km wide dvitasam
the U.S.A. where unusually soft groundwater was discovered thleeMansorcity well
was drilled. Thislater was found to bebecause of crystallineocks that had been
structurally raised in the central uplift (Hodge, 1994).

1.3.3.4 Placer Deposits

A particular deposit associated with terrestrial craters are placers formed by Earth’s
erosional processes. Moldavite tektite placers (used for jewelry) aswell as placer
diamonds have bedbund. Placerdepositsare often distal to thenpact sitesuch as the
placer diamonds from Popigay, Russia whiehe found 150 kmdistant (Grieve and
Masaitis, 1994).

1.3.3.5 Oil Shales

The impact craters at Boltysh (25 km wide, 88 Ma), Obolon (15viae, 215 Ma)
and Rotmistrovkd2.7 km wide, 140 Maall in the Ukraine, contain oil shalesequal to
some 90 million barrels of unmatured oil. Boltysh alone contains 4.5 hiligtric tons of

oil shale in a400-500 mthick productive sequencaghich lies overthe trough andcentral
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uplift (Grieve and Masaitis, 1994). Evidently, théspactcraters formed isolatelolasins

in which algaeand plantactivity thrived, providingthe biogenianass fordevelopment of
the oil shales.

1.3.3.6 Hydrocarbon Accumulations

The structural facies associat@ith impactcraters makes them potenttehps for
migrating hydrocarbons.Analogous to the development of stales,impact craters can
result in the formation of source rocks as well (Castai@. etl995). Thushydrocarbon
reservoirs of thisnature do not necessarily have to develop in traditional basin-type
regions. The Amesstructure inOklahoma isone of themost prolific hydrocarbon
producers of all impact craters and an example of a quederding boththe isolatedbasin
in which the source rocks formed as well as the structural traps in thieiblydrocarbons
accumulated. The simple Newpodeter inNorth Dakota is a similar casghere source
oil shales are localized in the crater. In general meteorite impact craters can pnigice
localized, structural traps and enhanced reservoir rock characteristics due to brecciation and
fracturing of target rocks as well as displacement of large, competant blocks of rock during
the modification stage of cratesrmation. The structuresbecome prospectivehen they
lie in the path of migratinghydrocarbons. The estimated totaleserves of hydrocarbon
deposits, largely from four impact structures (Ames, Redlving Creek, Avak, and
Viewfield) include some 140 million barrels of oil and ne&®0 billion cubic feet ofgas.

The structural association of these deposits are discussed in more detail in Chapter 2.

1.4 SEISMIC EXAMPLES OF TERRESTRIAL CRATERS

The primary goal of this work is to investigate the usefulness of seismic refldatmas a

tool for recognizing buriedmeteorite impactcraters.  Specifically, twoseismic
interpretation casetudies (the structures &hite Valley, Saskatchewan and Purple
Springs, Alberta) are studied in detail in Chapters 3 and 4. However, it is useful to review

other structures in the literature, both proven and pogsilplactcraters, whicthave been
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studied usingseismic methods. The following is a brief summary othe seismic

interpretations of a few of these structures.

1.4.1 The Manson Impact Crater

The Manson structure is located in northwest lowa and is the largest known impact crater in
the U.S.A. It has been extensively studiee.g., Koeberl andAnderson, 1996 and
references therein). Investigation of the site by seismic reflection metbedsnotappear
extensive; the bulk of the work is petrologic and geochemical in nature. Nonetheless, some
seismic work has been recently completed in the last few years with the acquisition of high-
resolution vibratodata(Kieswetter etal., 1996and references therein). High-resolution
vibrator seismic data were acquired along a radiaiMihieh primarily imageghe terraced

rim on the eastern portion of the struct{ifggure 1.9). The final interpretatiobased on
seismic data and deep well data shows terracing of theovilardsthe crater centewith a

distinct thickening of sediments in the center of thr@aces, amreaalsocharacterized by

an overturned sequence (Figure 1.9). Only a short portitreannulatrough isimaged

in the western extremity of the seismic line.

1.4.2 The Sudbury Impact Crater

The Sudbury structure has already been described as the sitewadritis richest copper-

nickel deposits. Although its history iscomplex, the discovery of severalshock
metamorphic effectéeave little doubt that a large meteorite impaetas involved in its
genesis (Grieve dl., 1991). In factsome interpretationsuggestthat no endogenic
processes are requiredaditto produce the structure and resulting boglies (Grieve and
Masaitis, 1994). Despite apparent post-impact deformahenmain cratebasin,thought

to have contained much of the impauglt, can still be seismically imaggé&igure1.10).

While details of the crater structure are not imaged, and may no longer be present, the high-

resolution Lithoprobe seismime does showthe main cratetbasin and itsrelation to



19
structural elements associated with the Penokean orogeny (Wu et al., 1994).

1.4.3 The Montagnais Impact Crater

The Montagnaistructure, also a proveimpact crater, is unigue irhat it was the first
submarineimpact craterfound (Jansa et al., 1989)Approximately 200 km south of
Halifax, Nova Scotia, it lies on the edge of the Scotian shelf in about 110 m of Wsier.

rocks, breccia and shock-induced features all point to an impact origin. The structure itself
is 45 km wide and extends to a depth of 2.7deneatitb00 m of Tertiary and Quaternary
marine sediments (Jansa et al., 1989). The central uplift region is extensii@mniter is

11.5 km wide with a central basin 3.5 km wide composed largely of basement rocks. Such
“peak-ring” structuresare common on other planetasyrfaces (Melosh, 1989) and are
thought to be a normal progression from the smaller central peak structures to the enormous
multi-ring structures (e.g. Vredefort, South Africa, Chicxulub, Mexico, and Manicouagan,
Quebec arsuspected of being terrestrial multi-ringaters). The interpreted seismidata
(Figure 1.11) shows some 1250 mstfucturaluplift. Another552 m ofbreccia overlies

the centraluplift. This draping ofbrecciaoverthe central uplift is amunusualfeature of
Montagnais;Jansa et al. (1989) suggesimiay be a particular result of marimapact

processes.

1.4.4 The Mjglnir Impact Crater

The Mjglnir structure is located in the centBarents Sea to theorth of Scandinavia and
Russia in 350-400 m of water. It has ondgently been identified as a meteoiitgact
crater by the discovery of shooketamorphic features and an iridium anomaly (Dypvik et
al., 1996). Disrupting some3.6 km of Mesozoicsediment,the structure is 40 km in
diametershowing many of the morphological features of a complex crater including an
annular moat and central uplift (Figure 1.12). Study of whattéspreted to be thejecta

deposits suggests age of impact in the latdurassic tdcarly Cretaceous (Dypvik etl.,
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1996). This feature is also somewhat unique as it represents tioalfjourth proven

submarinegmpact crateMontagnais, Novescotia; Chicxulub, Mexico; and Chesapeake

Bay, Virginia are the other three structures).

1.4.5 The Haughton Impact Crater

Seismic reflection imaging was used to delineate the western flathle Blaughtonimpact

crater (Hajnal et al., 1988). The structure is located in the Canadian Arctic on Devon Island
just north of Baffin Island75°22"N, 89°41°W). The structure is 20 km idiameter and
relatively young at 21 Ma., but it disruptse entirel700 m sequence gently westward
dipping Paleozoiadocks plus somerystalline basement (Hajnal at., 1988; Hodge,
1994). The radial seismic lin€Figure 1.13) showsnany of the terraces delineated by
normal faults along the rim. These faults appear to be lissliowly curving towards the
center of the structure - and transectimgst of the Paleozoic. Listric rim faults are

characteristic of many complex impact craters.

1.4.6 The Red Wing Creek Impact Crater

The Red Wing Creek structure is another important buried structure in terms of
hydrocarbonaccumulation(see ChapteR). It is located in west-centraNorth Dakota
(47°36°N, 103°33'W) is 9 km inliameterand about200 Ma old(Hodge, 1994). The
unmigrated seismic data (Figure 1.14) cleatipws aaisedrim, followed by a syncline,
before the 3 km wide central uplift is reached (Brenaal.et1975). The syncline and rim
are again encountered further along lihe pastthe uplift. The large “bowtie” features
seen beneattthe troughs are classic artifactseen on stacked seismdata from the
scattering of energy off the dipping sides of synclines. Migrdtiagseismic dataith the
correct velocitiesvould minimize this effect and help timage thestructure more clearly.
Note also the pull-up seen alotige Owhorizon. This ischaracteristic of many complex

craters in sedimentary settings whre maximum depth of thstructure does natach
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basement (see the White Valley structure in Chapter 3).

1.4.7 The Eagle Butte Impact Crater

The Eagle Butte impact crater is located in southeastern Alberta. It is a complex crater about
18 km in diameter with structural uplift at its core of sa28@-300 m (Sawatzkyl976).

Its impact origin has been proved by tiscovery of shatter cones the surface (Lawton

et al., 1993; Hodge, 1994). Ararea of activehydrocarbon exploration, it haseen
extensively covered by seismic acquisition lines and the strucagbeen drilled in a
number of localities. To date, a few gaumulations have beéound associated with

the structure.

1.4.8 The James River Structure

James River is a structural anomaly consistent with complex cnatgrhology seen on 3-

D seismic datgFigure 1.15). Buried nearly 4 km deep and truncated by an erosional
unconformity at the top of the Cambrian, it is imaged clearly along the Cambrian A reflector
as a nearly 5 km wide circular structure with an annul@atand central uplift (Isaac and
Stewart, 1993). Figure 1.16 illustrates a dip-azimuth map of the structure which highlights
the annulatrough and terracing alorthe cratemwalls. Ofparticular explorationnterest,

these terraces that occur along thalls of complex craters result in largdocks of
competent rock being displaced and forming structural traps. Stateaexists ahe gas

fields of the Avak structure mentioned earlier.

1.4.9 The Viewfield Structure

This structure idocated insoutheastern Saskatchewan and is impoftanits structural
influence on hydrocarbon deposits in the area (see Chapter 2). Hydrocarbon accumulations
are predominantlyjrom the rim of the structure (Isaac afdewart, 1993). The circular

structure is abouf.4 kmwide and appears to havlee morphology of a simplerater
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(Figure 1.17). The structural history is a complex one with interpretations invoking both a

meteorite impact as well as salt dissolution (Sawatk8y2). Sawatzky (1972suggests,
though, that the structural deformatioreated initially by an impact controlletibsequent
dissolution events. The seisndatafor the Jurassic or Triassiaged structurshows the
typical synclinal cross-section of simple craters including a raisedFigare 1.17). The
Jurassic horizomay evershow infill at the center of the structuygerhaps due to post-
impact sedimentation. Nonetheleghe lack of evidencéor shock metamorphism has

prevented this structure from being accepted as being the result of a meteorite impact.

1.4.10 The Hartney Structure

The Hartney structure ilmcated insouthwestManitoba (approx. 49°N,100°30°W) and
was discovered as a result of hydrocarbon exploration (Andet880). The structure is
about 8 km in diameter. Seismatata acquiredover the anomalyshows structural
disruption from the Winnipeg shales(Ordovician in age) to thd.ower Cretaceous
Blairmore formation (Figure 1.18). Althoudghe diameter of thetructure falls within the
regimefor complexmorphology, it appearthat the center of thstructure is a structural
low surrounded by a ringnticlineand subsequent syncline (S&énnipeg shalenorizon,
Figure 1.19). While “peak-ring” morphologiese possible, thistructure is probably too
smallfor such development. Ghe otherhand,near the center of thenomaly,drilling
results haveshown structurally uplifted Devonian strata and camplete absence of
Mississippian stratdAnderson, 1980). Conversion ttepth was accomplished by a
velocity modelbased orinterval velocities from weltlata. This resulted ithe Winnipeg
shale structure maghowing acentral upliftednigh (Figurel.19). Perhapshe apparent
low in the Winnipeg shalevasdue to a velocityanomaly. The structure apparently fits
some of the morphological constraints of a compheteorite impactrater,(e.g. acentral
uplift region) although they may not be @lsvious as irmany of theprevious examples.

This structure is a good example of how difficult it can be&dkesuppositions on genesis
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based on morphology alone. Furthermordack of shock metamorphism leaves this

structure classified as a possible impact crater only.



Fig. 1.1 World map showing the distribution of currently known meteorite
impact craters. Data courtesy of the Geological Survey of Canada.
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a) Projectile just after contact with surface. Jetting
occurs at interface.

b) Shock wave propagation into target and
back into projectile.
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Fig. 1.2. Schematic representation of the contanotl compression stage
based onnumerical modelling. Depicted are thedeformation of the
projectile and the resultingressurdield in GPa. Note the changing scale
in each diagram (from O’Keefe and Ahrens, 1975; Melosh, 1989).
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Contact and Compression Stage

Kinetic energy of target
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Kinetic energy of projectile
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Fig. 1.3 Graph oknergyversustime for animpactevent. Initially, the
projectile containd00% ofthe availableenergy askinetic energy (at=0).
This is then quickly partitioned betwe#re kineticand internal energy of
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projectile (dark grey) inthe event any of the projectiirvivesthe impact
(from Melosh, 1989).
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CHAPTER 2-SCALING RELATIONSHIPS AND
RESERVOIR POTENTIAL

2.1 SCALING RELATIONSHIPS

Morphometry, the analysis of crater form based on laboratory experimentation, numerical
modeling and actual impact structures, provides quantitative relationships between crater
geometry and the nature of the impacting bollide (Grieve and Pilkington, 1996; Melosh,
1989). These relationships include estimates of the melt rock volume produced by high-
velocity impact (Grieve and Cintala, 1992) as well as expressions for crater depth-to-
diameter ratios. In the case of buried impact craters on Earth, which can only be examined
remotely by geophysical means, these criteriaare useful in examining the dimensions of the
structure under investigation. Presumably, if the structural dimensions adhere to those
which are predicted by scaling, then the structure itself is more likely to be an impact crater.
On the other hand, if the structure does not exhibit dimensions which are predicted by
scaling criteriathen the impact hypothesisfor itsorigin is less likely. This is a particularly
useful exercise in the event that the structure has been imaged by seismic data which has the

greatest potential to show the best structural detail.

It is my intention here to introduce and summarize scaling criteria in a manner such that
they become useful when used in interpreting seismic data over structures suspected of
having an impact origin. Thus| will focus on those scaling criteria relating to the size and
shape of the crater and related phenomena. I’ ve attempted to emphasize recent formulations
of these criteria assuming that these are based on the latest available data, both experimental

and observed without delving into theoretical implications. Note aso that these
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relationships are based on fresh, or reconstructed craters and therefore do not take erosion

or other post-impact deformation into account.

2.1.1 Transient Crater Scaling
The transent crater is completely formed a the end of the excavation stage of crater
development (see Chapter 1, section 1.2.2). Asitsnameimplies, it quickly changes in size
and shape, largely under the influence of gravity, until it finds a more long-lived, relatively
stable form - either the final smple morphology or the complex morphology (see Chapter
1, Figure 1.6). It has been postulated that the shape of the transent crater may be
represented by a parabola of revolution such that:

z= 4i;r2,

> (2-1)

where z isthe vertical distance from apoint on the crater wall, to the crater floor, H, is the
depth of crater, D, is the rim diameter and r is the distance from the center of the crater to
the point at which z is measured (Melosh, 1989). Thus,0<z<H,and0<r < D/2 for any
given transient crater (Figure 2.1). The volume of such a crater can then be calculated to be
_ D,

V, ,
8 (2-2)

where V, isthe transient crater volume, D, isthe transient crater rim diameter, and H, is the
transient crater depth. Melosh (1989) a so suggests that the transient crater’ s rim height can
be determined from

H,(D.\
3]

where o isthe rim height of the transient crater, H, is the depth of the transent crater, D, is

(2-3)

the diameter of the transient crater and r isthe rim radius from the vertical axis of symmetry

(i.e., r=D,/2). This equation is based on the equivalence of the rim’s volume above the
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pre-impact surface with the crater’s volume beneath the pre-impact surface and thus does

not allow for bulking and mixing of gecta due to its own impact with surface materia

(Figure 2.1).

Work by Schmidt and Housen (1987) showed that the transient crater diameter isa function
of the projectile characteristics. For saturated sand targets, they found empirically that
1 = 0.81,°2, (2-4)

where Tt =1, (p/m)°® (where r,, p,, and m are the radius of the crater, the density of the

target and the mass of the projectile, respectively), adimensionlessratio essentially equal to

the ratio of transient crater radius to projectile radius (Melosh, 1989), and T, = 3.229rp/vp2

(where g, r, and v, are the acceleration due to gravity, the radius of the projectile and the
velocity of the projectile, respectively), a dimensionless ratio, sometimes referred to as the
gravity-scaled size of the crater, which is approximately equa to the inverse of the Froude
number (F = v?/2gr), which itself relates inertial stresses to gravitational stresses (Melosh,
1989). All the above values are expressed in cgs units. 17 and Tt, are results of a form of
dimensional analysis known as pi-group scaling. Note that the use of 1t here does not
relate to the common use of Ttasthe ratio between a circle's circmference and radius. The
details of this scaling method are beyond the scope of this work and are formally treated in
Schmidt and Housen (1987) and references therein. However, the essentia idea is that the
physicaly relevant variables are grouped into dimensionless parameters (the Te-parameters
such as 11 and 1T, mentioned above). The relationship between one Te-parameter on another
is tested experimentally holding al but the variable of interest constant. This in turn,
results in relationships as expressed in Equation 2-4. As noted, the above result stems
from the work by Schmidt and Housen (1987), who also tentatively suggest that Equation

2-4 is abest-estimate for impact into rock.
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Taking the values for 11 and 11, and substituting them into Equation 2-4, we get

ro(p/m)**= 0.8(3.22gr /v%) %
re = 0.62(p/m)°*(gr /v,%) % (2-5a)
Assuming the projectile can be estimated as a sphere with density, p,, and mass, m =

4/3mr’p,,, and noting that r,, =1/2D,. where D, is the transient crater diameter and r, = 1/2
D,, where D, isthe projectile dimeter, then Equation 2-5a can be simplified to

Dtc =1. 16(pp/ptr)0.33D p0.78vp0.44g—0.22’ (2'5b)

where D isthe diameter of the transient crater, p, is the dendity of the projectile, p,, is the

density of the target rocks, D, is the diameter of the projectile, v, is the velocity of the
projectile and g is the accel eration due to gravity, al in cgs units (Grieve and Cintala 1992).
Grieve and Cintala (1992) use this formulation of Schmidt and Housen’'s (1987) result to
cadculate transient crater dimensions in their study of impact melt volumes with some
success. In the sections to follow, relationships between transent crater dimensions and
those for smple and complex craters are introduced. By using Equation 2-5b, it will be

possibleto relate final crater diameters to the size of the projectile that made them.

By conservation of volume, it has been estimated that for transient craters which undergo
modification to the smple fina morphology, depth-to-diameter ratios are about 1/3. A
smilar ratio is found for transient craters which evolve into the complex fina form when
the total depth of excavation is examined (Melosh, 1989). Thus,

H

t

D,

Wl

(2-6)
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where H, = the depth of the transient crater and D, = diameter of the transient crater,

regardless of final crater form. However, depth-to-diameter ratios for smple and complex

craters, after modification of the transient crater, are quite different.

2.1.2 Simple Crater Scaling

Modification of smal transient craters is dominated by smple gravity slumping of the
transient crater’ swalls into the depression, forming abreccialens. Study of these types of
craters has resulted in a series of scaling criteria between various dimensions of the crater

(Figure 2.2), some of which follow.

The velocity with which the slumping occurs can be approximated as a free-fal dong a

frictionlessslope. Thus
V= (2gH)*, (2-7)

where v, = velocity of the dide aong the transient crater, g = acceleration due to gravity
and H, = depth of the transient crater in metres (Melosh, 1989). The result of the dliding is
to widen the diameter of thefinal crater such that
D = 1.19D, (2-8)

where D = the rim diameter of the smple crater and D, = the transent crater diameter
(Melosh, 1989). Asthetransient crater fills with the umped material, the relative depth of
the crater decreases as the diameter increases. This reduces the depth-to-diameter ratio such
that

_1
3 (2-9)

ol

where H = the depth of the crater and D = rim diameter (Melosh, 1989). The depth of the
crater and the thickness of the breccialens are approximately related by
H=2H, (2-10)
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where H = the depth of the crater and H, = thickness of the breccia lens as defined in

Figure 2.2 (Melosh, 1989). This is perhaps overly smplified as Grieve and Pilkington
(1996) found that

H,, = 0.13D*® (2-11)
and

Hy + H, = 0.28D*®, (2-12)

where H is the depth of the crater measured from the origina ground surface (see Figure
2.2), H, is thickness of the breccia lens and D is the rim diameter, al in kilometres.
However, these equations are only based on seven good terrestrial examples and, in any
case, gpproximate Equation 2-10. Slumping aso incorporates part of the rim of the
trangent crater into the breccialens. Pike (1977) found that the final rim height is related to
the crater diameter for smple lunar craters such that

h, = 0.036D%", (2-13)
where h, is the height of the rim from the pre-impact surface and D is the rim diameter both

in metres. Thisresult isin remarkable agreement with the estimate of Equation 2-3.

2.1.3 Complex Crater Scaling
Larger transient craters undergo greaster modification to form the complex morphology.
Study of these types of craters has also attempted to relate the geometric dimensions of

these cratersinto a series of scaling criteria.

Experimental and observationa data obtained with regards to the maximum excavation
within complex craters suggests that

D, = 0.6D, (2-14)
where D = rim diameter and D, = transent crater diameter (Melosh, 1989). However,

work by Croft (1985) showed that a power law relation seemed to fit the spectrum of
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available data better. Using severa transient crater reconstruction techniques, the diameter

can be expressed as
D - D 0.15t0.04D0.8510.04 (2_15)
t tr )
where D, = diameter of the transient crater, D, = transition diameter for smple to complex
cratersand D = rim diameter, all in kilometres. Thisisan improvement over Equation 2-14
in that it attempts to incorporate differencesin target rock type as reflected by the transition

diameter variable.

Grieve and Pesonen (1992) evaluated five terrestria structures and found that

H = 0.12D°%, (2-16)
where H isthe apparent crater depth, D isthe rim diameter, in kilometres, for sedimentary
target rocks and

H = 0.15D°%, (2-17)
where H = apparent crater depth, D = rim diameter, in kilometres, for crystaline target
rocks. However, being based on only a few examples, there is a great deal of uncertainty
associated with these relationships. Nonetheless, they follow the same form as the
relationship on the Moon which Pike (1977a) showed was of the form H O D3, They aso
indicate that complex craters in sedimentary target rocks are shallower than those for in

crystalline target rocks (Grieve and Pesonen, 1992).

Similarly, Grieve and Pilkington (1996) evaluated 24 complex craters and found that the
structura uplift showed a power law relationship to rim diameter such that

SU = 0.086D"%, (2-18)
where SU is the structural uplift, defined here to mean the vertical displacement of
lowermost strata now exposed a surface, D is the rim diameter, al in kilometres. Thus

complex craters should show structural uplifts, to afirst approximation, of about 1/10 their
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rim diameter. There is no indication whether or not there is a dependence on target rock

type.

Almost before the transient crater has formed completely, structura uplift of its bottom
begins, ultimately rising and then settling to form the central peak (Melosh, 1989; Grieve
and Pesonen, 1992). The size of the central peak can be determined by

D,, = (0.22+0.03)D, (2-19)
where D, is the diameter of central peak and D is the rim diameter (Pike, 1985; Melosh,
1989) athough thereisagreat deal of scatter in thisrelationship. This calculation also sets

abasic lower bound on the size of the transient crater.

The above relationships form a framework with which buried structures, imaged only on
seismic data, and suspected of an impact origin, can be studied. They are meant as an
interpretive guide rather than a quick yes-or-no answer to the impact origin hypothesis.

This processis attempted for the two case studies presented in Chapters 3 and 4.

2.2 RESERVOIR POTENTIAL

Before presenting the details of the above mentioned case studies, it seems prudent to
demongtrate that meteorite impact structures have exploration potentid in terms of
hydrocarbon resources. Since impact craters apparently appear randomly over the Earth’'s
surface, a fortuitous encounter during genera exploration activity usualy precedes any
kind of detailed investigation. Since the impact event itself does not induce the formation
of hydrocarbons (i.e., hydrocarbon accumulations are epigenetic deposits), the vaue of
these structures becomes apparent only if they lie across hydrocarbon migration pathways
or form basins in which post-impact sedimentation gives rise to hydrocarbon generation

(e.g., the Ames structure). Thus, as is the case with dl hydrocarbon exploration activity,
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an understanding of the regional geologica setting is important in establishing the

likelihood of an impact crater having hydrocarbons trapped within it. As there are few
examples of impact craters which are associated with hydrocarbons, this analysis is largely
qualitative in terms of locating prospective parts of an impact crater. Because of the
number of variables involved in determining whether or not a particular structure is
prospective, and the uniqueness of each structure on a small scale, a strict exploration
strategy of these features is likely impossible to implement except in the most general of
terms. We can investigate this potentia by first looking a current relationships between a
few of these structures and the associated hydrocarbon exploration or exploitation activity.
Table 2-1 describes nine structures and their associated hydrocarbon accumulations as well

asthe basic structural faciesin which the discoveries were made.

As mentioned in Chapter 1, the Ames structure, one of the most prolific hydrocarbon
producers, is a case in which the structure provided both the isolated basin in which source
rock formed, aswell as the structural trapping mechanisms for hydrocarbon accumulations.
Total reserves at Ames are estimated at 50 million barrels of oil and some 60 billion cubic
feet of gas (Isaac and Stewart, 1993; Grieve and Masaitis, 1994; Kuykendall and Johnson,
1995). Whilethefirst discovery came from karsted rim dolomites, the largest deposits are
found in the granite-dolomite breccia of the centra uplift and brecciated granite in the floor
of the crater, the transient crater having excavated to basement. Over 100 wells have been
drilled on the structure of which 52 produce oil and 1 produces gas. The original discovery
well rated a 3440 MCF of gas and 300 bbl of oil per day. However, the Gregory 1-20
well, drilled on the flank of the centra uplift, is the most productive oil well with 80 m of
granite-dolomite pay, adrill stem test of 1300 barrels of oil per day and a primary recovery

of more than 10 million barrels.
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Structure | Diameter and Age Hydrocarbon Structural
M or phology Accumulation Association
Ames, Ok 14km-C 450 Ma | « 50 MMbbl ail e karsted rim
» 20-60 BCFG dolomites
« source rock controlled by * brecciated granite-
structure dolomites of the
central uplift and
crater floor
Red Wing 9km-C 200 Ma | * 40-70 MMbbl oil « faulted
Creek, N.D. recoverable Mississippian
* 100 BCFG recoverable reservoir in central
« 12.7 MMbbl oil and 16.2 uplift
BCFG tota production
* provided trap to migrating
hydrocarbons
Avak, Al 12km-C 3-100 Ma | « 37 BCFG reserves « listric rim faults
* provided trap to migrating which form
hydrocarbons structural trapsin
competent blocks
Marquez, Tx 22km-C 58 Ma | » some gas production ?
Newporte, 32-S 500 Ma | ¢ oil showsin Cambrian- « highly fractured
N.D. Ordovician sands basement
Calvin, Mi. 6.2km-C Late * 600 MMDbbl oil reserves ?
Ordovician | « 500,000 bbl oil since 1978
Steen, AB 22 km-C 95 Ma | * 600 bbl per day * rim complex
Viewfield, SK 24km-S Triassic- | < 400 bbl per day » Mississippian
Jurassic | < 20 MMbbl recoverable oil carbonate breccia
« formed trap to migrating * Mississippian in
hydrocarbons the rim
Tookoonooka 55km-C ? « forms shadow zone to * potential for rim
, Australia migrating hydrocarbons traps

from Eromanga Basin

Table 2.1 Structures associated with hydrocarbon accumulation.

crater morphology is denoted by an “S’ and “C” respectively.
Stewart, 1993; Grieve and Masaitis, 1994; Hodge, 1994; Buthman, 1995; Milstein,

1995).

Simple and complex
(Sources: Isaac and

The 9 km wide, 200 Maold Red Wing Creek structure in North Dakota is another complex

crater in which production is primarily from brecciated Mississippian rocks in the central

uplift. The petroleum source rocks in this case are not loca to the structure. There is

nearly 500 m of net pay from Mississippian strata which have been repeated by thrusting in

the central uplift region. Higher porosity and permeability values are a result of impact

induced fracturing and brecciation resulting in flow rates of 1000 barrels per day for a

singlewell (Pickard, 1994). Cumulative production is more than 12.7 million barrels of ail
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and 16.2 billion cubic feet of gas while recoverable reserves are estimated a 70 million

barrels of oil and 100 billion cubic feet of gas (Grieve and Masaitis, 1994; Pickard, 1994).

The Avak structure, located on the north coast of Alaska, shows three associated gas fields
(Figure 2.2). These fields are primarily contained between the outer rim structure and the
inner trough of the crater. In this particular case, it is believed that the structure may have
disrupted already existing gas accumulations within the Barrow High, a west-east trending
anticline (Kirschner et al., 1992). Whether or not the current accumulations are less than
those which were dready in place prior to the impact is unknown, nonetheless, the
reservoirs are now structurally controlled by the shallower, listric, normal faults adong the
rim which juxtapose Jurassic reservoir rock against a Cretaceous sea updip. Currently the
South and East Barrow fields are in production with estimated reserves of some 37 BCF of

gas (Grieve and Masaitis, 1994).

Figure 2.3 shows a recent well map over the Steen River structure in northern Alberta
Currently an active area of exploration, the terraced rim and centra uplift of the structure
have been the mgjor targets. Drilling has been more successful on the rim of the structure
with four oil wells producing over 600 bbl per day (Isaac and Stewart, 1993) from the Keg
River and Muskeg formations of the Lower Devonian. The land position also gives clues
to the strategy for exploration of the structure as land currently held by exploration
companies and land currently for sae is shown in grey, and covers most of the rim and
central uplift of the structure. Similarly, Figures 2.4 and 2.5 show current well maps over
the Eagle Butte structure, in southern Alberta, and the Viewfield structure, in southeastern
Saskatchewan, respectively. Drilling over the Eagle Butte structure is largely confined to
the flanks of the centra uplift and the 18 km diameter rim (particularly the southeastern

edge), where some gas accumulations are apparent. The structure itself disrupts most of
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the 1200 m thick clastic part of the section as well as the carbonates of the Mississippian

making it alikely exploration target (Lawton et a., 1993). Current accumulations are from
the Cretaceous Second White Speckled Shale and Bow Island formations. The Viewfield
structure (Figure 2.5) a only 2.4 km in diameter is thought to be a smple impact crater.
The dructure is Triassic to Jurassic in age but disrupts prospective Mississippian
carbonates (see Figure 1.17). The infill of the structure effectively forms a stratigraphic
seal against which oil has migrated and been trapped within the Mississippian. No
hydrocarbons have been discovered within the center of the structure. Current reserves are

estimated at 20 MMbbl of oil (Isaac and Stewart, 1993).

These examples provide a genera frame work from which exploration may be more
effective. Impact craters have the potential to be associated with hydrocarbons only when
they lie in the path of migrating hydrocarbons. In particular, their geometric relationship
with regiona dip will indicate how migrating hydrocarbons will encounter the structure and
their morphology will determine the type of trapping mechanism. In settings where the
impact structure crosscuts the regional stratain such a fashion that the crater lies paralel to
the regional geology, migrating hydrocarbons will encounter the structure laterally, and will
likely be trapped along the listric rim faults of the structure. For complex craters, this
scenario usualy results in the central uplift being somewhat isolated from the regional
setting by the trough and the rim faults. The rim faults can effectively prevent fluids from
migrating to the interior of the structure. However, in the event that the impact occurs in
dipping strata, the migrating fluids may reach the central peak directly from beneath the
structure. In this case, faulting is usualy directed up towards the uplift allowing for
migration into the center of the structure. Similarly for simple craters, anormal setting with
respect to regional geology will likely result in trapping aong the rim of the structure,

provided it is infilled with relatively less permeable material. There is no direct evidence
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whether the breccia lens might be suitable as areservoir. It likely has enhanced porosity

and permeability and may become prospective if a suitably impermeable cap rock is
present. The exception to these generalizations occursin the case where the source rock is
interna to the structure, as in the Ames crater. In this case, both the rim and the centra
uplift are within range for migrating fluids, depending on the infill geology of the structure

and regional influences are less important.

Impact structures may be indirectly involved in the trapping of hydrocarbons by controlling
the formation of subsequent structures shallower in the stratigraphic section.  The impact
site may experience long-lived hydrothermal activity enhanced by the high temperature and
fracturing imparted to the target rocks during the impact. Such an environment may be
conducive to hydrothermal ateration of rocks or dissolution. The fractures associated with
the structure may provide conduits for dissolving brines long after the impact has been

buried at depth.

2.3 CONCLUSIONS

The scaling criteriaintroduced in Section 2.1 are meant to provide a framework in which to
help interpret suspected meteorite impact craters which are imaged on seismic data. Rather
than a definitive answer to the impact origin hypothesis for a structure, the equations
represent a means of testing the hypothesis either to help lend credence to it or to help
dismissit from possibility. Such analysisislimited by the quality of the seismic image, as
well as the inherent assumptions behind the scaling criteriaused. Thisanaysisis attempted

for the two case studies in Chapters 3 and 4.

The concepts introduced in Section 2.2 oversimplifies the situation of exploring for

hydrocarbonsin and around meteorite impact craters. Each structure will probably have its
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own particular set of unique reservoir properties depending on size of the crater, regional

geological setting, post-impact infill, depth of burial, level of erosion, the hydrogeological
regime within and surrounding the crater, and post-impact deformation. Nonetheless,
current exploration activity around these structures suggests that the rim is likely to hold
promise for structura trapping of hydrocarbons, regardless of crater morphology. The
central portion of the crater is generally more isolated from the regional geologica setting
but may become prospective in the event the impact occursin dipping strata. In the case of
complex craters, the flanks of the centra uplift are more prospective as they often
demonstrate repeated stratigraphy due to thrusting of rock units during the modification
stage of crater formation. In some instances, when the hydrocarbon source rock resides
internally to the structure itself, accumulations can occur in both the rim and central uplift of
the structure. In the case of simple craters in dipping strata, the breccia lens may become
prospective if a suitably impermeable infill is present, however, as smple craters are, by
definition, smaller than complex craters, they are more likely to be removed by erosion,

thus making them poorly represented in the total crater population.
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- —— Scale is approximately 1:1
Pre-impact strata

Fig. 2.1 Schematic diagram of a) the transient crater, b) asimple crater and ¢) a
complex crater with the dimensions used in scaling criteria annotated.
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CHAPTER 3 - THE WHITE VALLEY
STRUCTURE

3.1 GEOLOGICAL SETTING

3.1.1 Regional Geology

The White Valleystructure, also known ake MapleCreek structure, islocated in the
Cypress Hillsarea ofsouthwestern Saskatchew&9°48°00"'N, 109°06°30"°W). The
structure lies within a valley on the north side of the Cypress Hills which rise about 1200m
above the regional plains and surround the structure todle eastand south(Furnival,

1946, Gent etal., 1992). The generalized stratigraphic charttbfs region isshown in

Figure 3.1. Initial geological mapping in this area shotinad the regionastratigraphy of

the Cypress Hills consisted mostly of gently southeast dipping strata compobBexdiarfy

and UpperCretaceous sediments frothe uppermost Cypress Hillformation to the
Bearpaw formation.The plainsnorth ofthe Cypress Hillsare covered bylacial drift of

varying thickness which is underlain bye Bearpaw Formatio(Furnival, 1946,Gent et

al., 1992). Howeverpear the Whitevalley structure Furnival (1946) describelese
near-surface strata as having high dip angles, slickensides, and complex folds that indicated
much more intense deformation then is typical of the area. Furnival (1946a) also concluded
that thestrikes and dipsndicated that thestructurewas much more irregular than other
structures in the area and that the available outcrops were insufficient to permdfiaitg
conclusions regarding the character or origin ofdefrmation. Well-preservespeated
sections ofthe Eastend and Bearpaw formations about 1west of the test-holes, are

tilted toward the structure and become younger to the east (Gent et al., 1992).
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Field work conducted byDr. Art Sweet ofthe GeologicalSurvey of Canada uncovered

evidence for deformation in the Ravenscrag Formation within a freshcubagkar the rim

of the structure(Sweet, pers. comm., 1997). Shallower formationsare largely
unconsolidated gravels and no structure within these could bdSe&ept, perscomm.,

1997). This suggests the structure formaétdr early Ravenscragne (< 60 Maago). It

should be noted, however, that such shaliteformationhasbeenobserved elsewhere in

the Cypress Hillsand hasbeen attributed to théhrusting action of ice during the
Pleistocene (Christiansen and Whitaker, 1976; Sweet, pers. comm., 1997). The amount of
erosion is unknown so it is possible that the structure occurred at a paleo-surface higher in
elevation, resulting in an even youngeefor the structure. Aerial photography of the
areashows ararcuate ridgevhich projects to aircle approximately7.5 km in diameter

closely matching the projected diameter of streicture from seismidata(Section3.2.3)

and also suggests that the structure is quite recently formed (Figure 3.2).

3.1.2 Geological Well Control

Geological well control comes primarily frothe 07-07-010-23W3 welldrilled near the
center of thestructure, and two shallowest wells (01-07-010-23W3 and 16-06-010-
23W3) also drilled near the apparent center of the structure. Disruption of the stratigraphic
column occurs to a depth of abdilB00 m asndicatedfrom drilling. The oldest strata
involved appear to be Mississippian age. The target of thed7-07-010-23W3 well,
drilled near the center of the structure, was the oil-bearing carbonate Birdbear Formation of
the LateDevonian. It was drnand abandoned, buridicated that theMississippian and
Birdbear formations occurred at regionapths. Structures found core samples from

the two shallow test-holesclude boudinage-like anball structures alongurfaces, as

well as intense brecciation, microfaults and slickensides giving evidenséearing and

plastic deformatior{Gent etal., 1992). Gent et al. (1992) alsnoted that theBearpaw
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Formation is entirely absent from 16-06 with older sediments from the Belly River and Lea

Park formations in its position.

3.2 GEOPHYSICAL CHARACTERISTICS

The structure was discovered during hydrocarbon exploratitreiareaand is evident on
four 2-D seismic lines, a baseap ofwhich is shown in Figur&.3. Lines WV-017 and
WV-021 best demonstrate the overall morphology of the structure apdlsglose to its
center. WV-011 and WV-016, being non-radiathie featureshowthe complexity of the
rim and the likely problem of out-of-plaredfects. Tables3.1 and 3.2 briefly summarize
the acquisition angbrocessing ofthe data to final migratedtack. Agravity profile,
acquired by Saskatchewan Energy and Mines antUtineersity of Saskatchewan, trends
N-S over the center dhe structure along seismioe WV-017 (Gent etal., 1992)and is

discussed in Section 3.2.3.3.

In addition to the seismic and gravitiata,datafrom threewells inthe areavere used to
aid in correlation ofhorizons to reflectors and tadentify evidencefor structural
deformation via differences in well log signature. These incl@ded7-010-23W3 which

wasdrilled near thestructure’'s coreand 01-04-010-22W3 and 04-01-011-24W3 which

ACQUISITION PARAMETERS
Source * Vibroseis: 4 vibs over 50 m
* Frequency: 8 sweeps, 10
90 Hz
* Interval: 125 m
Recelver * Interval: 25 m
* Geometry: 9 inline per
group
Shot-Receiver Geometry » 2D split spread
» offset range of 100 m to
1575 m
* 3 W-E lines, 1 N-S line
Sample Rate e 2ms

Table 3.1 Survey acquisition parameters.
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represented more regional trends (Figure 3.3).

3.2.1 Well Log Data

Both velocity and electrical logs are available for @7e07-010-23W3 well. The electrical
logsindicate repeatedones whilethe velocitylog, whencompared to the velocitiogs
from 01-04-010-22W3 and 04-01-011-24Wi3dicates a velocity anomaly at thecation

as well as further evidence for the repeated zones.

Figures3.4, 3.5and 3.6 show variousections ofthe electricallog from 07-07. The

PROCESSING FLOW
Demultiplex
Amplitude Recovery
Deconvolution » spiking
» 80 ms operator length
Statics » elevation, refraction
* datum=1100 m
Velocity Analysis
Normal Moveout Correction
Mute
Stack
Migration » Stolttk
» 100% stacking velocities
Filter » bandpass: 10/15-70/80 H}

Table 3.2 Basic processing flow.

anomalous regions atabelledZones A andA’, B andB’, and C and C’ with increasing
depth. Based othe log character, the repeatazhesindicatethrust faulting and in both

the shallower zones (Figures 2.4 and 2.5 respectively), thickening occurs in the zone above
the thrust fault (Zone A and B respectively). Thickening is not eviderZone C (Figure

3.6).

These zones, with the thrust faults added into their overall thicknessiramskated to the

velocity log fromQ07-07. Removal of the repetitions (Zone B and Zone C) as well as the



66
removal of Zone A and\’, results in anedited07-07 well which closelymatches the

regional wells (Figure8.7). This suggestshat Zones B and Care indeed repetitions
caused by thrusting. Zones A and &t more of an enigma as their complete removal is

apparently required to reduce the 07-07 log signature to that of the regional wells.

Comparison ofthe velocitylogs alsoindicates that there is a velocity increasesr the
structure. Thisanomaly measures approximatdlg0 m/sgreater than regional values
down tothe Mississippian level. This manifests itself asocity pull-up in the seismic

data as will be seen later (Section 3.2.3).

Drilling depths toidentifiable horizons in boththe 07-07 well and the regionalvells
indicates that the Mississippian is the first horizon that is not structurally deformed and so it
defines thdowermost reaches dlfie structure. Thushe structure reaches to a depth of
about 1300 m below the surface. In addition, the three wells were also used dtation

of horizons to the seismic data.

3.2.2 Well Log to Seismic Data Correlations

As mentionedpreviously, fourseismic lines werevailable for interpretation over the
structure: WV-011, WV-016, WV-017, and WV-021. Usithg velocitylogs from wells
01-04, 04-01and 07-07 variougeologicalhorizons werecorrelated to reflectors on the
seismicdata. The 01-04 log,representing the regional velocitend, wascorrelated to

line WV-016and WV-021. The projection distance to WV-02gas approximately 9 km

but the wellwas located directly on linaVV-016. The 04-01 log,also representing a
regional well, was projected a distance of nearly 5 km to line WV-017 and correlated there.
The 07-07 log,drilled on thestructure, wagrojected approximatelyOO malong strike
around the estimated center of the structure to lines WV-01T\aAr@21. Despitesome

long projectiondistancesthe horizontal nature of the regiorgttatigraphy, with only a
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very slight regional dip tdhe southeastallowed for reasonable correlations of seven

horizons includingthe Belly River(BLYRIV), the Milk River (MILKR), an A-horizon
(HOR-A), bottom of the SecondWhite Speckled Shal§BSWSPK), the Mannville
(MANN), the Mississippian (MISS) anthe Birdbear Formatio(BRDBR). Also shown
on the well correlations are a B-horizon (HOR-B) and the Viking Formé@tf). These
latter two wereused tohelp in the comparison of the regional welyjs tothe 07-07 well
log as discussed in the previous section but wereoretlated to the seismic data as they

did not prove to be very coherent reflectors.

Data from wells 01-04, 04-Oland 07-07are shown in Figures3.8, 3.9 and 3.10
respectively, which displaygach of the velocitylogs, the corresponding zero-offset
synthetic seismograms (based on a 30 Hz zero-phase Ricker wavelétg digdto the
seismicdata. Notehat a velocity increase igpresented by a trough (reverse polarity).
The horizon lineggray) markthe tops ofthe formations and arghown in dashes where

the correlation is less clear.

The 07-07 well correlation was a particularly difficult one (Figure 3.10). Matiethe 07-
07 wellwas used taorrelate reflectors deeper than MILKR sirgtllower reflections
could not be seedearly on the seismidata. Also labelled on th®7-07well correlation
are the repeaterbnes mentionegdreviously. Howevernone ofthe repeatedones were
evidenced in the seismic datam lines WV-017 and WV-021 to whicthe well was
correlated. Apparently, the structure is complex enough, and pesapsnetricenough,
that even the relatively small 700 m projection distance for the well log is too fatifdnle
correlation of these thrust structures. The strengtheotorrelationgor events shallower
than VIK actually hinges onthe character and continuity of these reflectivosn the
regional correlations to within the structure itself. The continuity of these refleciquitas

good and their character fairly definitive in making these correlations.
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3.2.3 Seismic Data Interpretation

Once the basic correlations from the wells to the seigragperformed itwas possible to
concentrate on the seismic linkemselves. Comparison of ling#gV-017 and WV-021
demonstrated a static time shift of 60 ms at their tie point. The time shift is probably due to
different processing flows used by the two processing contractors invdNeaetheless,

it was not difficult to correlate horizons between the two lines.

Figures 3.11and3.12 showthe uninterpreted and interpreted migrasedtions of lines
WV-017 and WV-021 respectively. Figure 3.48owsthe portions of linesWV-011 and
WV-016 used inthe interpretation.Using anaverage velocity value a#500 m/s to the

MISS based onvell data,the sections were scaled and plotetchthat there is nearly a
one-to-one correspondence between tthe axis in seconds andepth in kilometres
resulting in nearly no vertical exaggeration. Horizon markers are shown in solid dark lines
while faults are indicated bgashed lines witlarrows depicting relativemovement. The
projected wellocations,line tiesand major morphological features aiso labeled. Al

four lines,being2-D, likely suffer from sidescatter interferenceff of structures outside

the plane of the lines. This is likely a greater problem with lines WV-011 and WV-016 as
they lie tangential to the core of the structure. These areas probably experienced more rock
movementacrossthe plane of the seismisectionscomplicating their interpretation.
Labelled on the interpretations of WV-01and WV-021 aresome morphological
characteristics based on the hypothesis that the structure was formetkbgogteimpact.

These include the rim, the trough of the structure, and the central uplift which is depicted as
the region with no coherent reflectors, all of which imticative of a complexrater. The

validity of this model will be discussed in Section 3.3 along with other possibilities.
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3.2.3.1 Horizon Description

The BLYRIV horizon is theshallowestcorrelateable reflector in theequence.
There is also some suggestioncoherent reflectors shallower the sections buthe data
quality is poor here. Disruption of the BLYRIV horizon by listric normal faults is apparent
as the rim of the structure is encountered. These faults form terracethéramuter rim to
the trough which is located at about CB#1 and 941 offine WV-017 (Figure 3.11) and
CDP 271 and 571 on line WV-021 (Figure 3.12). The trough appears on both sides of the
structure’s core on both WV-017 and WV-021 suggesting that it surradbed=ntirecore.

At depth, and closer to the center of tlsructure,these listric faultsdelineate large
competentblocks of rocks whichhave been thrusted and rotategwards toward the
surface and intdhe structure’s core. The flanks of the central, disrupted zonshows
evidence of further normal faulting away fraime core. The formation then becomes
uncorrelateabl@acrossthe structure’scenterwhere completedisruption ofthe subsurface

has resulted in chaotic, scattered reflections.

The MILKR, HOR-A, BSWSPK and the MANN horizons represent gooregional
markers which, byheir deformation in the structuredlea,help to delineate the trajectory
of the major faultseen inthe Belly River horizon mentioneabove. Ascan beseen on
lines WV-017 and WV-021Figures 3.11and 3.12), the listric rim faults penetrate to
substantial depth and delineate the outer-most extent strinture. The MANN horizon
is disrupted byim faults onall four lines andshowsevidence of being thrusted dine
WV-017 (CDP 770, 1.2s; Figure 3.11) awell as normally faulted in graben-type
structures (e.g., line WV-016, CDP 1350, 1.2s; Figure 3.13). AsthaiBLYRIV, these
horizons also become uncorrelateable through the most disrupted porti@striicture’s

core.
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The MISS andBRDBR horizons also represerggional reflectors which underlie the

deepest portion of theentral uplift. Both of these horizons occur ahale-carbonate
interfaces with a correspondinglocity contrast of abou8000 m/s. Orine WV-017
(Figure 3.11)the Mannville isalso more continuoubeneath the central uplift indicating
that structural deformation becomsbkallower further fromthe center of the structure
giving it a bowl shape ithreedimensions. Botlthe MISS andBRDBR reflectors are
coherent excepior some slightnormal faulting of theMISS apparent on line WV-021
(Figure 3.12).

3.2.3.2 Time Structure

Both the Mississippian and Birdbear horizafmow about 55 ms ofwo-way time
structure relative to their regional positions (Figures 3.11 and 3.12). In both cases, and for
both formationsthe timestructure takes théeorm of pull-up beneaththe central uplift
region. The 150 m/s velocity anomaly over the strudhewas mentioned previously in
Section 3.2.1 is enough to account for this velocity pull-up in the lower horizons. Reasons

for this velocity increase over the structure will be examined in Section 3.3.

The circular nature of the structure becomes clearer once the 2-D lines are combined to
create a 3-D time-surfac@ap. This wasaccomplishedor the Belly River horizon by
digitizing it on each line, assigning a surface location ftbebasemap and then gridding

the data. The resulting interpolatetime structure map ishown in Figure3.14. This
diagramwould have been aided by @enserdataset but the circulashape andyeneral

morphology of the crater can still be seen.

3.2.3.3 Gravity Anomaly
A gravity profile was acquired oveithe White Valleystructure by Saskatchewan

Energy and Mines and the University of Saskatchewan primarily over the central part of the



71
structure (see Figur8.3 for its location). The resultingBouguer gravity profile is

illustrated in Figure 3.15. The profile indicates a 2.75 mgal anomalytioeerenter of the
structure and is bilaterally symmetric. The profile can be modelled as the result of a density
anomaly beneath theurface which | assume here to be a sphereedical cylinder for
simplicity. The gravity anomaly associatedth a spherical anomalgtems from the
gravity anomaly of a point mass which, in general, is expressed by

- Gm
Ag, = =5,
g r2 (3-1)

whereAg, is the gravitational attraction in the direction of thass at aistance r from the

mass. G is the gravitational constant defined t6.6&x10"* m*kg's?% However, when
gravity measurements are being taken atstiméace, onlythe vertical component of the

gravity is measured. Thus the measured gravity anomaly is

Ag = %cose, 3.2)

wheref is the angle between the vertical component and total gravity vector. lét wée

the vertical distance to the poimiass and x bthe horizontal distance to the pomiass,

then co® = z/r and ¥ = (X*+2%)"? which by substitution into Equation 3-2 gives

Ag = Gmz{x? + 22)%. (3-3)

However, weare primarily interested in the maximum gravity anomalyich occurs
directly over the anomaly where x = 0. Thus the maximum gravity anomaly is given by

A= 51 (3-4)

in agreementvith Equation3-1. Equation3-4 is the maximum gravity anomaly of a
spherical mass beneath the surface where z repréisentsrtical distance to the center of
the excesamass, m. This excess mass (whichnegativefor a mass deficiencygan be

calculated from
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_ﬂm.g
“I_3 mAp1

(3-5)
for a spherical anomaly. Substitutiigjuation3-5 into Equation3-4 and solving foAp

gives

BPen = "G, (3-6)
where Apg,, is the required density anomaly to producenaximum gravityanomaly,

Ag,... for a spherical body with its center at a depth, z, and raglius, r

Similarly, Dobrin (1976) gives a maximum gravity anomaly of

Ag,.. = 2T[GAp(h —r +y/h+ ri) 37
for a vertical cylinder of height, h, and radiug,. r Rearranging Equatidd+7 to solve for

Ap gives

Agmax

2T[G(h—l’m+\/ h2+r§1)

Apcyl =
(3-8)

whereAp,, is the vertical cylindedensity anomalywhich gives rise ta\g,,.,, We see

from Equations 3-6 and 34Batonly Ag,.., is a knownquantity fromthe actual gravity

survey. However, the values for z, and h can be estimated by the following.

For the spherical model, the seismic data show that the chaotic portion of the structure over
which the gravitysurvey wasperformed has a radius approximatelyl000 m (Figure

3.11). The vertical distance to the center of the anomalmus, z,can be estimated from

the gravity anomalyhalf-width, x,.  The half-width is defined as the horizontal

displacement from the point at whitte maximum gravity anomalyccurs tothe point at
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which the gravity anomaly reaches half itsaximum value(Kearey andBrooks, 1991).

Thus at x = x,, Ag =Ag,,,/2 (Figure 3.15). Substitutinpese values into Equations 3-3

and 3-4 and solving for z gives
Z = 1.3048)(1/2. (3_9)

From the gravitysurvey (Figure3.15), the half-width is estimated to B0 m giving an

estimated depth to the anomaly’s center of ne€28ly m usingequation3-9. Therefore,

using z = 980 m, r= 1000 m, and\g,,,, = 2.75x10 m/s in Equation3-6 gives a density

anomaly of 94.5 kg/ifor a spherical anomaly.

In the case of theertical cylindermodel, Itake the depth of thstructure, 1300 m, to be
the height, h. As with the spherical model, the seistatashow the radius ofthe chaotic
portion of the structure to be about 1000 m which | use a&stanatefor the radius of the

vertical cylinder. Similarly,the gravity anomaly is takefnom the gravity survey giving

Ag,. = 2.75x10¢ m/s. Usingthese values in Equati@8 gives a densitanomaly of

33.8 kg/ni for a vertical cylinder which outcrops at surface.

The measured density logs in é-07 and 04-01 wellgive an average difference in the
density of about50 kg/nt representative of an overall decrease in density over the
structure. The disparity between the modelled results and the well data is probably because
the gravity survey does not extend beyond the rim of the structure. The positive anomaly is
the result of density differences between tloeigh andthe central chaotiportion of the
structure whereathe wells samplethe regional geology and theentral portion of the
structure. Combininghesetwo datasetsuggestghat while there is @ensity decrease
overthe structure compared tegionally,the greatest density decreasecurs within the

trough zone of the structure which showsegative anomaly as compared to the center of
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the structure. The fact that the estimated depth to the center oatlmenalous zone is

deeper than half the totdepth of theWhite Valley structuresuggestshat more of the
excess maskes near the bottom of the structuretbat thestructure is buried by post-

impact sediments which do not contribute to the gravity anomaly.

3.2.3.4 General Morphology

Fromthe interpreted seismimnes, somegeneral morphological characteristics can
be identified. The question of structural symmetry is one which must be veanefdlly
as the degree of symmetry may give clues tosthecture’s origin. Recallfrom the time-
structure map (Figure 3.15) that the gross morphology appeardamély circular with a
raised central core. These features are consistent with the sé&enioFigures 3.11 and
3.12. The circular shape of the structure is, to some extent, also suggested by the erosional
remnant ridgevhich leaves amrcuate imprint on local drainagmtterns seen othe air
photo (Figure 3.2). Thus we might feel that the structure is quite symmetric. However, on
a smaller scale, we see on the seismic data that the expected symmetry (bilateral in the case
of seismic lines whiclie diametricallyoverthe structurelbreaksdown. Forexample, a
unigue feature seen dine WV-021 is theportion of heavily rotatetbedsnear the central
core approximately locatddom CDPs 241-301 about0.8-1.1 s(Figure 3.12). This
region of thesubsurface appears twve suffered greater rotational deformation than
corresponding areas dhe otherside ofthe central uplift and ofine WV-017 (Figure
3.11). While thestructure might be considerédaterally symmetric in that the rim and
trough ofthe structureoccurs oneither side of itscore, which initself can be divided
symmetrically in the middle, some intersaiucturedike these rotatetéedsoccur on one
side of the structure only. Recall also that the repeairds ofthe 07-07 well log do not
correlate to the seismic data of lines WV-Gdnd WV-021 again indicating a degree of

asymmetry even overelatively small projectiondistances. Sahe structure, while
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symmetric on a large scale in terms of very gema@phology, appears to lzsymmetric

when looked at on a smaller scale.

More quantitatively, we can obtain structudamensions fromthe seismicdata. At the
BLYRIV horizon, the rim of the structunmeasures abo.3 km indiameter. Projecting

the most distalrim faults to thesurface suggestsgreater rim diameter cflome 7.5 km,

more in linewith thatwhich is estimatedrom the aerialphotograph (Figur&.2). At the
BLYRIV horizon, the annular trough measures about 4 km in diameter and the central uplift
is about 2.6 km wide. Projecting these features to surface lgetesugh at about 4 km

in diameterbut decreases thagiameter of the core of th&tructure to about Rm. The
maximum depth of the chaotic portion of the structure appears to be about 1.3 km as this is
the depth to théMlississippian, which wapenetrated by drilling in th@7-07 well at

regional levels.

3.3 DISCUSSION

After compiling the various geophysical and geological data, we must try to combine these
into a coherent whole in order &xplain thepossible origin othe structure. When first
investigated, the structure was thought to be the result of glacial thrusting (Christiansen and
Whitaker, 1976). However, subsequent work by Gent (1992) dismisse®iicept and
instead suggeststhat a kimberlite model is morikely. Explorationsists fromMark
Resources Inc. and Enron Oil Ltd. suggestadeteorite impact moddbr the structure to

which Gent et al. (1992) allude. will look again at theséwo models indetailand argue

that the kimberlite concept is less likely and generally inconsistent with the seismic data.

3.3.1 Kimberlite Origin
Kimberlites form by the rapidse of lithospheric or asthenosphemagma to thesurface

with ascent rates on tleder of 10-3Gkm/hr (Eggler, 1989). Explosive release ajases
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and fluids sometimes accompanies this magma rise resulting in the so-called expjmsion

(Milashev, 1988). For my purposes herayill only consider those pipabat break the
surface, leaving an identifiable surface structure. | also cortbielgross morphology of

such a pipe as these features are more likely to be identifiable on seismic data.

The general morphology of explosion pipes is that of an inverted cone, tapering with depth.
In detail, several morphologicalibclassetave been identifietbasedlargely on surface
expression(e.g., oval, elliptical, etc.) althoughthese haven't been generally excepted
(Hawthorne, 1975; Milashe\1,988). Figure 3.1@lepicts a general modér a typical
kimberlite. Major structural features include a simple crateswatfface surrounded by a
raised rim of tuff material, while atepth,field studies havéndicated that theides of the

pipe dip steeply at angles 80-85° regardless of country rotjpe (Hawthorne, 1975;
Milashev, 1988). The pipetends to bdilled with tuffs near thesurface, followed by
explosion breccias and then massive kimberlite at depth. Included in this general matrix are
large blocks of wall rock although they are usually restricted to the tuffs and breccias closer
to surface (Hawthorne, 1975; Milashed988). Milashev (1988) also suggesthat for

most pipes, their roots penetrate to about 2 km of depth.

Most of the major structural features associated with explosion pipes have been modelled in
fluidization experiments. Woolsey et al. (1975) describe a series oegpehiments and

the resulting surface and subsurface structural components associated with the “pipes” they
create. Along with the major features noted above, their experinnelitate that formerly
horizontal strata are tiltedoward the main pipe(Figure 3.17).  However, field
measurements have shown that some of the country rocks very close to large pipes (usually
within a few 10s of meters) may be tilted away from the pipe (Milab@88). Fracturing

around the pipe is common close to the pipe exoeptdial fracturingwhich may extend
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for several pipe radii.Total vertical displacementsaused by the fracturing is usualéss

that a few tens of meters and is usually downward from regional levels (Milashev, 1988).

It is possible to contrashany of these features withe morphology ofthe WhiteValley
structure. First antbremost,the large size of thstructure, with grojected diameter of

7.5 km, is much greater than expected for kimberlite pipes which usually reaakiraum
diameter of about one kilomet¢(®lilashev, 1988). The generaform of the WhiteValley
structure isthat of therim-trough-uplift configuration which idilaterally symmetric in
crosssection about the central verticatis - typical of a complex crateconfiguration.
Explosion pipes demonstrate a bowl-shapeder atsurface -typical of the simple crater
configuration. This is evelargely true of multiple generation kimberliteghich exhibit

more than one occurrence of volcamictivity (Milashev, 1988). The coneshape of
explosion pipes have flanks which dip 83-85° whereashe core of the White/alley
structure is mordowl-shaped with flanks dipping at perha@3-60°. AtWhite Valley,
vertical displacements diforizons withinthe central core are approximaté$0-620 m
above regional levels and the weatitashowsevidence of majothrust faulting episodes
during the formation of thestructure. These displacements are difficult to explain within

the context of the kimberlite modehere regional stratigraphy is usudiljed toward the

pipe. It is alsddifficult to reconcilethrust faulting withthe explosion pipemodel. Beds

along the flanks of the White Valley structure’s core througttmidepth of thetructure,

are all dipping away from the core to a distance of some 500 m. This attitude reverses itself
through the trough. For kimberlites, this phenomenon, when it does occur, is thought to

be a near surface effect that occurs within a few tens of meters from the pipe.

These differences igross morphologynake it difficult to reconcile the seismic dateer
the White Valley structure to the kimberliteodel. The lack ofany kimberlitic material in

any of the wells makes this concept even less likely.
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3.3.2 Meteorite Impact Origin

The overall morphology of the structure appears tthét of a complex impact cratesith

all the major features imaged in the seismiofiles including normakim faults stepping

down to an annular trough and a central, seismically incoherent zone of uplift (Westbroek
et al.,, 1996). Irdetail, the repeatesections identified ithe logsignatures othe 07-07

well as Zones B and @re interpreted athrusted sections of rock - evidence of the
structural deformation takinglaceduring the modification stage of the crateripgocess.
Slumping of the transient crater’s walls and uplift of the transient crater’'s bottom may result
in a compressional stressgime at the center of thetructure, causing rock units to be
thrust on top of one another. This phenomenontbeas identified aproven meteorite
impactstructures such dsagle Butte(Sawatzky, 1972 awton etal., 1993)and Avak
(Kirshner et al., 1992). This compression may also be responsible for the velocity increase
seen inthe 07-07 log as ireduced impact-inducegorosity. Howeverthe rotation of
higher velocity rock units into the region of uplift and perhaps later cementation of fractures

contributed to the overall average velocity increase in the central uplift region.

As noted in Section 3.2.1he complete removal of Zone ad A’ is necessary to reduce

the 07-07 log signature tthe regionalwells. This may simply be representative of the
chaotic nature of the craterstructure so close to the central uplift perhapsagain
indicative of post-uplift slumping and interfingering of material along the sides of the uplift.
This is illustrated in the interpretation by normal faulting along the flanks of the central peak

at the BLYRIV level.

Asymmetry seen irthe seismic datavith respect tothe fault patterns and structural
deformation ofrocks is noteasily explained afittle experimentalwork hasbeen done

regarding high-velocity impact in layered media. However, heterogeneities and anisotropic
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rock properties in target rocks cause them to react uniquely, particularly to the modification

stage of crater formation, and likely contribute to asymmetry in the final crater morphology.
The direction and angle ampact also affectscrater symmetrywith the central uplift
becoming skewed inthe direction from which the impacting bolidecame. Even
atmospheric effects can lead to alterations in surface crater symmetry althougtcddeper
structuresare unlikely to beaffected. Suctatmospheric phenomena are apparent in the
asymmetric surface morphologies agjdctadeposits ofVenusian craters (Schaber at,

1992, Schultz, 1992) and can give clues to the incident directithre aheteorite. Steeper,

more numerous rim faults toward the north may be indicative of the downrange edge of the
structure. However, the current quantity of seismic andde¢tland alack of observable

ejecta deposits make it difficult to ascertain the direction of the impacting bolide in the case

of White Valley.

Although not studied in detail, the gravéyrveyindicates &.75 mgal positive anomaly
above thestructure. The gravity profile itselfshows symmetry similar to the overall
morphology of the structure. Grieve and Pilkington (1992) site several examjigsaof
structures whichindicate aresidual negative gravity anomaly followed by a more positive
anomaly ovethe centraluplift. For exampleGosses Bluff,Australia has a -5.5mgal
anomaly with acentral peak anomaly 6B.5 mgal, adifference of 2mgal. Similarly,
Upheaval DomeU.S.A., has a 3mgal anomalyover the central peaGrieve and
Pilkington, 1992). The survey performed at/hite Valley covers only a portion of the
trough andthe central peak of thstructure. When modelled as a spherical wertical
cylinder anomaly, the data suggest a density increase thtioeiglenter of the structure of
some 30 to 100 kg/in Combined with the density comparison between the regizhall
and the 07-07 well which shows a 50 kgecrease between the regional terrane and the
centraluplift, a profile becomes eviderfbr which the structure demonstrates an overall

density decrease compared to regional values with a density increase thewgimtral
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peak. This gives rise to @imilar gravity profile as described in Pilkington and Grieve

(1992). It isnot known whatthe regional gravityvas atthe survey site, nonetheless, a
2.75 mgal anomaly ovehe central peak of an impastructure is notinusual. This may
be due to the rotation adeeper,relatively competenblocks of rock (andhence of
somewhat greater density) irttee centrapeak, compression of rocks throuie central
uplift as compared to extension obcks throughthe trough during transientrater
modification, and possiblpost-impact alteration of th@ck making upthe centraluplift.
More detailed modelling of the gravity dateuld be required in order tetter constrain

the interpretation of this dataset.

Using morphometric measurements from the White Valley structure and the sriding
introduced in Chapter 2, it is possible to $eev well this particular structure scales to
known impact craters. Frofquation2-16 and usindghe 7.5 kmprojected diameter, the
depth of the crater should be some 220 Due to thepoor quality of theshallow portion

of the seismic sections as well as possible erosion of the structure, ticeatarsurface is
unknown, and thus itsdepth can not beetermined. However, downdropwithin the
trough at the BLYRIV horizon indicatdlat the depth of the cratshould begreater than
100 m. Structural uplift is calculated from Equation 2-18 to be 685 m. BiadeLYRIV
horizon is no longer imaged acrdbe centrapeak,and is no longer present in thé-06
well, the data indicate a structural uplift of more than 450 m. If the MILKR is projected to
the surface, then some 620 m of structural uptfturred, closer tthe value predicted by
scaling. The most controversiakcalculation is that pertaining to the transient crater
diameter. Equations 2-14 and 2-15 give a rangé®fkmand6.85 km,respectively, for
the diameter of the transient crater. This gives a corresponding range in the tcaatgent
depth(using Equation2-6) of about1500 to 2300 m. Considerirthat the seismidata
indicate a total depth of 1300 m for the structure, an even deeper transient crattheust

indicatesome 200 to 1000 m of erosion &@commodate the transient cragize, or
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The central peak

alternatively, the scaling criteria an®t suitablefor this calculation.
diameter can be estimatéom Equation2-19 and gives aange of1.6 to 1.9 km. As
measured from seismic data, the central peak appears to be abouwttiehthe structure

is projected to theurface, inreasonable agreemenith the calculatecstimate. Erosion
and post uplift slumping ahe central core might accouior the measured value being at
the high end ofthe calculatedange. These measurements and scaling calculations are

summarized in Table 3.3.

3.4 CONCLUSIONS

The structure at White Valley in southeastern Saskatchewan, does not appear to conform to
the morphology expected for a kimberlite pipe. It's large size, complex onarghology,
structurally upliftedcore,and extensive terraced rim at difficult to reconcilewith the

kimberlite pipe model.

Without petrological evidence of shock metamorphic features in the target rockspdoe

origin of this feature can not be proven. Nonetheless, the structural anomaly seen on the 2-
D White Valley seismic data shows many of the morphological characteristics of a complex
impactcrater. It has a&ircular rim, anannular ringsynform and a raisedentral uplift

which in turn, shows evidence ofpossible slumping along itdanks. The structure’s

profile is evidenced in the topography of the area and indicates a rim crest diameter of about

7.5 km. The ring synform has anter diameter of about 4 km while the central uplift is

Dimension Measured Resul] Scaling Equations
Depth >100 m 220m
Structural Uplift 620 m 685 m
Central Peak Diameter 2 km 1.6-1.9 km
Transient Crater Diameté N/A 4.5-6.85 km
Transient Crater Depth <1300 m 1500-2300 m

Table 3.3 Comparison of measured dimensions and results from the
scaling equations for the White Valley structure. Values are based on a rim
diameter of 7.5 km.
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about 2 km widevhen projected to thesurface. The amount of structure decreases with

increasing depth to a maximum of ab@@00 m. Pull-up othe predominantly coherent
horizons beneath the central uplift appears to be partially due to a 150 m/s velocity anomaly
between regional values and the centralift. Most of thedisturbed zone involves the
clastic portion of the sedimentary column. The best age determination from the dataent
indicates the impaciccurred lesshan about 60 Mago. Although most ofthe scaling
criteria pertaining to the final geometry of tkructure fit theavailable datawell, the
greatest discrepancy occumhen scaling criteria are applied to estimate the size of the
transient cratefThe calculated transientater, based othe rim diameter of thstructure
projected to the surface, does not fit the seismic data well unless degieaf post-impact
erosion is invoked. Thigliscrepancy may reflect aactual erosional component to the
post-impact history ofhe structure or an inherent inadequaeygh the chosen scaling
criteria. It seems more likely that the transient crater had a depth less ttatal ithepth of

the structure, perhaps some 600 to 700 m. The scaling equations were based on laboratory
experiments in saturated sand which may not reflect the respotiee lbhified, stratified,

clastic, target rocks present at White Valley. The gralatia indicates an anomaly profile
consistent with aimpactcrater. Modelled as asphere orvertical cylinder, the anomaly
suggests a 30 to 100 kg/rdensity increase throughe central uplift compared to the
trough whille well data indicates an overall density decrease between regional rocks and the
central uplift of some 50 kg/n Although simplistic, these models seem to indicate that the
gravity anomaly can be related to a typical density anomaly isubgurface caused during
craterformation. Combining thisnterpretation moraigorously with other geophysical

data and the regional geological model may lead to a hetterstanding ofhe structural
elements of the crater and whether or not the scaling criteria, partictiladg which
attempt tobridge the gap between the modification stage and the excawitige, are
appropriatefor describingthe morphometry of thetructure. Nonetheless, based on the

seismic data used in this interpretation, an impact origin is favoured.
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Fig. 3.1 Generalized stratigraphy of southeast&askatchewan. The
Birdbear formation (greyvasthe target of th®7-07 well. The asterixes
denote oil-bearing formations (from AGAT Laboratories, 1988a).



Fig. 3.2 Air photo overthe White Valleystructureshowing apartially
arcuate ridge to the east of thieucture’scenter(solid line) which projects
to a circle approximately 7.5 km in diameter (dashed line). The scale of the

photo is approximately 1:80000.
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Fig. 3.4 The shallow portion of the electrical log from the 07-07 well. Zone
A" and its repeat, Zone Are indicated. Whether or ntitis represents a
true repeated zone divided by a detachment tfihgst fault) or arentire

zone of allocthonous material from the top of Zone A to the bottom of Zone
A" is discussed in the text.
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Fig. 3.5 The middle portion of the electrical log from 807 well. Zone
B” and its repeat, Zone B, are indicated along with the thrust fault separating
the two.
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Fig. 3.6 The deepest portion of the electrical log from well 07-07. Zone C
and its repeat are shown with the detachment between them.
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Fig. 3.12 Seismic line WV-021 (top) and the proposed interpretation (bottom).
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Fig. 3.14 Time structure map of the Belly River horizon (BLYRIV) as
interpolated fronthe seismidines. The gridding and interpolationvould
have benefited from denser dataset, howevethe trough still appears to
surround the structure's raised core.
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Fig. 3.15 Bouguegravity anomaly ovethe White Valleystructure. The
profile shows apositive anomaly of about Bgal over the center of the
structure (from Gent et al., 1992).
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Fig. 3.16 Schematic drawing of a kimberlite pipe (from Hawthorne,
1975; Belisle, 1995).
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Fig. 3.17 Series of photograpfi®m fluidization experimentsised to
model diatreme implaceme(itom Woolsey eal., 1975). The following
features can be seen: a) formationtwb conduits (A and B)uplifting
surface sediments; b) near-conduit normal block faulting (1); c) cohesive
blocks sliding intogrowing primary conduit(2), secondary conduit is
inactive (C); d) formation ofrim (3), and downwarping of sediments
adjacent to conduit (4 and 5).
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CHAPTER 4 - THE PURPLE SPRINGS
STRUCTURE

4.1 GEOLOGICAL SETTING

The Purple Springsstructure islocated at49°52"30°N, 111°52°00""W irsouthcentral
Alberta (Figure 4.1). The generalized stratigraphy is shown in Figure 4.2. Ddasthian

and Mississippian strata dip northwest or west in the area. Slight deviations from this trend
occur as the area was subjected to a series of transgressive and regressive events in lower
Devoniantime which subsequentlpecamanundated and then reemerg@deijer Drees,

1994; Oldaleand Munday, 1994; Richards @t 1994; Switzer et all994). The Purple
Springs area is east of the eastern margiteinain Mesozoic-Tertiary deformatifront

and thus isrelatively undisturbed. Devonian andMississippian strateare primarily
carbonates with a few regional shale formatifeg., Ireton, Calmar, Exshawnd Banff)

and evaporites confined primarily to the Wabanfup to 60% anhydrite), Nisku and
Beaverhill Lakeformations. Total evaporitethickness is probably leskhan 50-100 m
(Halbertsma, 1994; Switzer et al., 1994). The Devonian Prairie Evaporite formation has its
western depositionalimit to the east of PurpleSprings, although somelocalized
occurrences have bedound in southermAlberta (Gorrel and Alderman, 1968yleijer

Drees, 1994). Generallyhe evaporitesequencedecome thicker to th@orth where
extensive shallow, inland seasexisted during thistime (Oliver and Cowper, 1983;

Anderson et al., 1988; Anderson, 1988; Anderson and Brown, 1991).
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4.1.1 Well Control

Most wells in thisarea target the clastortion of the sectiorwith fewer Mississippian
penetrations at the Purple Springs location. For this interpretation, four wells were used to
construct a stratigraphic cross section over the structure (Figure 4.1); these ii0dt@ied
011-14W4, 01-36-009-13W4, 08-31-010-14W4 and 04-32-010-14Wirese wells were
chosenprimarily for their location a98-31 and 04-32 were ahe structure, 06-04 was
adjacent to thetructure, and 01-36vasdistal fromthe structure. Three of these wells
(01-36, 08-31 and 06-04) were also used because they penetrtitedD@vonian strata of
the Elk Point Group;the 04-32 well, situated overthe structure, penetrated to the

Mississippian only.

Nine horizons were chosen foorrelationpurposesncluding theSecondwhite Speckled
Shale(SWSPK), Bowlsland (BOWISL), Mannville (MANN), an A-horizon (HOR-A),
the Rierdon formatiofRIERDN), the Sawtooth formatio(SAWTH), the Mississippian
(MISS), the Wabamun formation (WAB), and the Elk Point Group (ELKPT). | fabhat
these horizongorrelated reasonably well toontinuous seismic reflectors as well as
provided goodelineation of thestructure. Figures 4.3 showlse crosssection through
the four wells depicting the velocity logs, plotted in depth, and twenesponding horizon
picks. The 06-04 and 01-36 well logs represeate regional trends whiline 08-31 and
04-32 wellsare located directlpver the structure. The crosssection indicates several

interesting features.

The MISS is situated 180 deeper within the structure than regionéh both shallower

and deeper formations demonstrating a similar tedbeit smaller in amplitude (compare
06-04 with 08-31 in Figure 4.3). The WAB is 30 m lower than regional and the ELKPT is
26 m lower. Moving shallower in the section, the SAWTH and RIERDbIw some 130
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m and 75 m of lowering, respectively, while the MANN and BOWISL are both about 40 m

below regional levels. The SWSPK is 20 m below regional leviie 04-32 well, when
compared witi06-04, illustrates a similar trend in tHeorizons on-structure anegional

placement.

In both 08-31 and 04-32he MISS is characterized by an apparently anomalous lithology
layer (gray zone in Figuré.3). The lithology logfrom 08-3lindicates about 2 m of salt

and anhydrite while th@4-32 logsindicate a 55 nwashout of asimilarly low density
material £2.1 g/cm) at the SAWTH-MISS contactThe velocity ofthis material is about

5000 m/s which is somewhat high for salt - more typically around 4600 m/s - and thus may
indicate anotherock type. Nonethelesthe result is atrongimpedance contrasthich
manifests itself as an amplitude anomaly on the seismic data and is probably Why3the

well was drilled.

It is apparent that the WAB horizon deepens by some 50 m into the structure (compare 06-
04 with 08-31, Figure4.3). Further intothe structurethe attitude of the WABhorizon
becomes unclear although it is possible that it shallows by perhaps 684¥8at This is

indicated by the lower dashed line in Figure 4.3.

Further, the crosssection indicates thickening of early Mesozoic sediments within the
structure particularly at the SAWTH and RIERD{vhich thicken on theorder of 50-55
m) and, to a lesser extent,thé MANN horizons. The 01-36 well indicates an overall

apparent dip to the northwest of less than a degree, consistent with regional trends.

4.2 GEOPHYSICAL CHARACTERISTICS
Seismic linePDBRR-1, DBRR-2 andDBRR-3, acquired duringhe course ofoil and gas
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exploration, all pass completely over the structure and igéiz evidence that the feature

was somewhat circular and fairly extensive in area arepth. These datavere donated
by Norcen Resources Ltdnd Amoco Canadd.td. for thiswork. Tables4.1 and 4.2
summarize the acquisition apdocessingparameters to migratestack. The four wells

discussed in Section 4.1.1 were used for correlation purposes.

4.2.1 Well Log to Seismic Data Correlations

Sonic logs were available for all four wells while only a few had density logs available. So

ACQUISITION PARAMETERS
Source * Dynamite, single hole
e 05kgatl8m
* Interval: 68 m
Receiver * Interval: 17 m
* Geometry: 9 inline per
group (at 4 m)
Shot-Receiver Geometry * 2D split spread
+ offset range of 17m to 810
m
* 2 W-Elines, 1 N-S line
Sample Rate e 2ms

Table 4.1 Survey acquisition parameters.
sonic logsalone wereused tomake zero-offset synthetic seismograms with which to
correlate the seismidata. Inall cases, a 35 Hz, zero-pha&icker wavelewas used to
produce the synthetic seismograms. Figures#%}, 4.6and4.7 showthe velocitylogs
of 01-36, 06-04, 08-3land 04-32, respectively, their corresponding synthetic

seismograms, and their correlations to the seismic lines.

The 01-36 log, corresponding to the regional velocity trend, was correlated to seismic lines
DBRR-1 and DBRR-2 over a distance of nearly @@, but the horizontal regional

stratigraphy allowedor confident correlations.The 06-04 velocity logwas correlated to
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PROCESSING FLOW

Demultiplex - with trace editing
Amplitude Recovery
Deconvolution * min phase spiking

* 100 ms operator length
Statics » elevation, refraction

* datum =762 m
Velocity Analysis
Normal Moveout Correction
Residual Statics - 450-1300 ms window
Mute
Trim Statics - 390-1300 ms window
Stack
Filter * bandpass: 13/48-70/96

Hz/dB

Migration » finite difference

Table 4.2 Basic processing flow.
DBRR-3 over a distance of abotd0 m. The 08-31 logwas projected taall threelines,
about 330 m to DBRR-1 and nearly 2 km to both DBRR-2 and DBRR-3. Lastly, the 04-32
velocity log and synthetigvere correlated tall three lines over distances o830 m to
DBRR-1, 500 m to DBRR-2, and 660 m to DBRR-3.alhcases, goodorrelations were
found betweenhe syntheticseismograms antthe seismic datésee Figuregl.4, 4.5, 4.6

and 4.7).

4.2.2 Seismic Data Interpretation

The three lines tied togetheery well with respect tall the horizons giving added
confidence in the horizon picks and the well ties (Figure 4.8). Figuges4.10and4.11
show the uninterpreted seismic dafeom lines DBRR-1, DBRR-2 and DBRR-3,
respectively, withthe location of the well ties arlthe ties annotated oeach. Similarly,

Figures 4.12, 4.13 and 4.14 show the interpreted versions.

All three seismic lines passed completely over the structure and helgekhé&ateits areal

extent. In plarview, it appears slightlelliptical in shape (Figuré.1l) with a maximum
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diameter ofsome 4km. In sectionthe seismic datahow the structure to dominate the

carbonates of th#lississippian andevonian withless structure occuring itine clastic
portion of the section. In addition tbe ninehorizons discussed iBection4.1.1, atenth

horizon was used thelp delineate thetructure andvas simply labeledHOR-B. It lies
between th&VAB and ELKPThorizons. The seismic linesvere received in their final
migrated form and were no¢processed. Howevehere are indications that the data are

of questionable quality. The near-surface reflectoshallower thanthe SWSPK (the
shallowest horizon correlated) abrup#ifiow poorcontinuity compared to the reflectors
deeper than the SWSPK. On the other hand, the reflectors thightirmezone containing

the structure appear quite coherent and there is little evidence of migration operator artifacts.
The seismic datavere thereforeleemed of sufficient quality to proceed direathith the

interpretation.

4.2.2.1 Horizon Description

Beginning withthe shallow part ofthe section,the SWSPK isthe first reflector
correlated to the seismdata. It showdittle structure exceptor normal faulting in the
extreme western portion of lines DBRR-1 and DBRR-2 (Figures 4.12.43) aswell as
the extreme northern and southern portions of DBRR-3. The deeper BOWI3LAdN
horizonscontinue this trend but also exhibit graben-type faulting on DBRR-3 (see CDP
651, 0.55 s, Figure 4.14nd an east-dipping normal fault on the eastern portion of lines

DBRR-1 and DBRR-2.

All the deeper horizons, except for the ELKPT, show structural deformation near the rim of
the structure in the form of normal faulting. These faults dip into the center of the structure
and are interpreted as being listric. Thikgjineate terraces along the nwhich stepdown

into thestructure. Neathe rim of thestructure, bothhe SAWTH and RIERDNhecome
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difficult to interpret and are denoted by dashed lines (Figures 4.12, 4.431at)d HOR-

A is a regional marker which appearsthe structure and ishallower tharthe SAWTH

and RIERDN horizons. As it was possibleirterpret this horizon with more confidence
over the rim of the structure, it was used to guide the RIERDN and SAWTH horizons from
their location in the structure to theositions regionally.Within the structure the MISS
horizon is alsaelineated by @ashed line. This is to stredse anomalous lithologthat

the welllogs from 08-31 and 04-32 indicated. Itusclear whathe true lateral extent of

this lithology might be but there is possible evidence for it in both 08-31 and adel34n

both cases, it appears to correlate to a relativelyciditerent reflector on the seisnuiata.

It was therefore interpreted to be equivalent to the top oMIeS horizon. Beneath the
MISS, the WAB horizon also steps dowrio thestructure. Howeveneflections within

the core of the structure become completely incoherent. In faet@feB horizon is only
visible outside the structure. As it reaches the structure’s side, it breaks up and is therefore
only helpful in delineating the lateral extent of the structure at this depth (e.g. CDP 760, 0.9
s, Figure 4.12).

The ELKPT horizon was the deepest correlated reflector. Although it appears to be largely
unaffected by faulting, line DBRR-3 does show some minor offsets in the ELKPT towards
the southern end of the structure (CDP 601-551, 1.0 s, Figure 4.14untlesr whether

or not this is a primary structure associated with main deformation othallower
horizons or whether this is indicative of basement control. Recall also that the cross section
(Figure 4.3) indicated the ELKPT was 26 m deeper than regional levels. This displacement
is not readily apparent on the seismic data as a distinct reflector break and may be due to the
lack of vertical resolution at this depth. The dominant frequency of the selataiatthis

level is only about 20 Hz. The compressional wave velocitheDevonian carbonates is

about5750 m/s (based on 06-Q#locity log, Figure 4.5)and thusthe corresponding
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vertical resolution is only some 70 m based on 1/4hef dominant wavelength (Yilmaz,

1987). Thus any fault at this depth would have to exhibit a vertical displacemeneaxt at

70 m before the foot wall and hanging wall could be imaged as separate reflections on the
seismic data. However, displacements at or below this resolution thresh@dmay still
manifest themselves as amplitude anomalies but this effect is also not eviderild{fie
horizon. Of course, there is also indication that the 26 m dftructure has toccur in a

single displacement or that it is laterally extensive enough to even be imaged on the seismic
lines to whichthe wells are projected. It could easily occur as a seriesrmgller faults

between 06-04 and 08-31.

4.2.2.2 Time Structure

Many of the horizons identified abogtow time structure. Fothe most part, the
time structure shows a similar trendthat indicated by therosssection througtthe four
control wells (Figure4.3, Section4.1.1). The MISS demonstratethe greatestime
structure into the feature abme 110 ms of two-watravel timebelow regionallevels.
Horizons both shallower and deeper than the MISS showitesstructure. Greatertime
structure may exist in the core of the feature but duelaokaof well control inthis region
and poorreflectorcoherency, though, remains uninterpretable beneath MéS (e.q.,

CDP 401-551, 0.85-0.95s, Figure 4.14).

Generally, the time structure is exaggerated by velocity affectelsparticularly beneath
the feature. With thickening of the clastitiorizonsinto the depressionhigher velocity

carbonates are essentially replaceddwyer velocity clastics. Thus &elocity push-down
is likely to contribute to the totdlme structurethat is seen onthe seismicdata. For
example, the ELKPT horizon shows a total time structure of some 45 ms of twinawealy

time below regionallevels. Fromthe well control, it is knownthat some of thistime
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structure is due to an actual 26 m of ELKPT structure. This correspoatisub9 ms of

two way travel time(based orthe carbonateock’s averageP-wavevelocity of 6000 m/s
from the 08-31well log). Thusthe remaining 36 ms dime structure should be due to
velocity push down. Most of thispush-down idlikely due to theclastic infill of the
structure. Adgndicatedearlier, thisinfill has a thickness adbout180 m and a P-wave
velocity of about3750 m/s. Juxtaposexainst theMississippian carbonates it replaces,
which show araverageP-wave velocity of 5750 m/s (fromthe 06-04 well log), the
corresponding time effect is about 33 ms of push-down, in close agreemetiter@d ms

estimated from the ELKPT horizon time structure.

4.2.2.3 General Morphology

The structure is approximatelyowl-shaped with amlliptical expression irplan
view. It appears grossly bilaterally symmetricthie seismicsections although there tends
to be a greater density of normal faulting in thestern portion of lines DBRR-1 and
DBRR-2 and in thesouthern portion ofine DBRR-3 (Figures4.12, 4.13and 4.14).
These listric rim faultglelineate terraceshich step downnto the structurgowards its
core, which is comprised primarily of chaotic reflectioi®e structure appears tisrupt
primarily the Devonian and Mississippian carbonates down t&ithdT horizon but it is
possible that deeper structural deformation exists. Within the structure tlodastits infill
above the apparentjowndropped MISS horizonThe structure affects strathallower
than theMISS, manifested largely as thickening of classiediments, whichdominates
horizons shallowethan HOR-A, aswell as a combination of thickening and normal
faulting in clastic horizons from HOR-A to the SAWTH. The ELKPT horisbiowstime

structure in addition to actual downdrop, believed to be a velocity push-down effect.
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It is possible toestimate the geometridimensions ofthe structure quantitatively by

combining all the data described previously as well as the appropriate veltmitgation,

and the horizontal tracgcale. Inplanview, the structure appears slightliptical with a
major axis diameter of nearly 4 km and a minor ak@sneter of nearly 3 km at tidISS
horizon (Figure4.1). The structure’stotal depth of disruption igstimated to include the
MISS to ELKPT horizons - a thickness of some 750 m regionallye structure of the
MISS horizon fromregional to its deeper location in the feature is estimatddB@tm.
Thus, the maximumthickness ofthe clastic infill isalso 180 m. The thickness of the
remaining portion of the structure, primarily characterized tacla of reflectorcoherency,

is about596 m (this includethe 26 m displacement of tHeLKPT). The seismicdata
indicate about 200 ms of two-way time thickness for the structure’s core (MISS to ELKPT)
with an approximate carbonate rock P-wave velocity of about 6000 m/s (from 08-31). This

corresponds to a thickness of 600 m, in good agreement with the well data.

Infilling of the structure over time has resulted in thickening of the clastionents within

and above the structure. 160 m of additional Mesozoic sediment is present above the MISS
within the structure compared to regiom@bels. This results in 20 m of structustl

present at th&WSPK level. The thickening decreas@sth decreasinglepth,amounting

to about 50 m for the SAWTH-MISS interval, 55 m for the RIERDN-SAWTH interval, 35

m for the MANN-RIERDN interval, no apparent thickening dhe BOWISL-MANN

interval and about 20 m for the SWSPK-BOWISL interval.

The rim faults show downward vertical displacements up to about 90 m and the terraces are
some 200-250 m wide. #chematic summary of these estimadedensionscan be seen

in Figure 4.15.
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4.3 DISCUSSION

The initial interpretation of a meteorite impact origin hinged largely on a stratigi@pisie
section madeover the featurewhich suggested a&imple cratermorphology at the
Mississippian level. | will look again at this hypothesis in nae&ail and, with the aid of

the scaling criteria introduced in Chaptershow that thestructure is not a simple crater,
but appears to satisfy some thfe scaling requirement®r a complex impact crater
reasonably well. | will also look briefly at other possible explanations for the origin of this

feature.

4.3.1 Meteorite Impact Origin

The Purple Springsstructure is similar to a simpleeteorite impactrater. It is bowl-
shaped with achaotic coreand anelliptical plan - all characteristics osuch animpact
structure. However, there are some key differences in morphology between this structure
andtypical simple impactraters. For exampleimple craters are not characterized by
normal faulting and terracing along the rim as is evident ffmenseismic data at thMISS
horizon. Furthermoresimple craters have depth-to-diameter ratios of abijtwhereas

the Purple Springsstructure demonstrates a ratio of about 1/20 indicating ush

shallower than typical simple craters.

A rim diameter of about 1.4 km is calculated (Eg. 2-11) based on the 180 m apparent depth
of the structure anthis is about three times smaller thte rim diameter apparent in the
seismicdata. Similarly, ifthe chaoticportion of the structurevere abreccialens as in

simple craters,then the ratio of crater depth-to-brectas thickness should kbout 2

(Eg. 2-10). However, the Purple Springs structure has a ratio of about 1/3. This disparity
may be due teerosion ofthe original impacturface thusmaking the crateshallower

relative to the breccidens thickness. However, if the breccialens wereleft largely
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unerodedthen its596 m thicknessmplies a simple crater depth of neafly2 km (by

Equation2-10) which in turn, corresponds to arpected rim diameter of about 8 km
(using Equation2-11). This is clearly beyondthe crater diameter transition zone for
simple-to-complex morphologies on Earth and henamale morphology is unlikely for

such a large crater.

Interpretation of the geophysical data indicates listric normal faulting and terraces along the
rim. Theseare morphological characteristics more likely associaiéitl complexcraters,

and certainly the nearly 4 km richameter fallswithin the complex craterange. Craters
greater than 2 km in diameter, located in sedimentary target rocks, are expected to be of the
complex form due to their decreased strenglative to crystallineocks. With a rim
diameter of 4m, the anticipated cratedepth, usingequation2-16, isabout182 m, in
excellent agreementith that measured fronthe seismiaata. Howevercomplex crater
modification also tells othe formation of a structurally uplifted central pewakich
generally forms abruptly after the transition diametaigassed. Bigquation2-18, this

uplift should be on the order of some 360 m for a 4 km comgiater, with adiameter of

some 760 to 1000 m (Eq. 2-19). The data at Purple Spgimgsho indication thasuch a
structurally uplifted central peak mesent. Furthermoréhe transient crater diameter is
caluclated to be 3.6 km with a corresponding transient crater depth of about (E2.k&:

15). The full thickness othe Mississippian-Devonian interval anly 750 m,implying

erosion ofthe Mississippian of some 450 m justdocommodate the size of the transient
crater. If structural uplift, the increase in rim diameter associated with “ratsiagiurrent

event horizon (the MISS), and the added evidence of Mississippian-Devonian carbonates in
the center of the structure consideredthen even greateerosion ofthe post-impact
surface is implied. These measurements and scaling rasulésimmarized in Tabke. 3.

Recall also that these scalingriteria, used irthe White Valleycasestudy presented in



Dimension Measured Result] Scaling Equations
Depth 180 m 182 m
Structural Uplift none 360 m
Central Peak Diameter none 760-1000 m
Transient Crater Diametelr N/A 3.27-3.86 km
Transient Crater Depth <750 m 1200 m
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Table 4.3 Comparison of measured dimensions and results from the

scaling equations for the White Vallsyructure. Values arebased on

a rim diameter of 4 km and complex crater scaling equations. The data

do not include any estimates for possible erosion.
Chapter 3 to connect the post-impact morphology to the transient crater size, did not appear
adequate. It is also possilleat the impact itselfvas atypical thus making the scaling
criteriainappropriate. For exampléhe elongateshape ofthe structure may be due to a

fairly oblique impact.

Fragmentation of the projectile willsoalter the cratemorphology producing shallower

and flatter than expected simple craters (Shultz and Gault, 1985). While the Purple Springs
structure is shallower thagpical simplecraters,the regioncorresponding tdhe breccia

lens is much too thick. Alternatively, fragmentation leads to the formation of crater fields -
an elliptical area invhich severalimpacts occur - sometimes leaving only amejor
depression (Passey and Melosh, 1980). However, this also desgspeat to be the case

at PurpleSprings. Possibléagmentation also fails to explaihe rim terracing aPurple
Springs asfar as it being a possiblsimple cratergoes. It isnot apparent whether
fragmentation events significantlgliter complex cratemorphology sincethe result of

fragmented projectile impacts becomless important with increasingmeteorite size

(Melosh, 1989).

Anotherpossibleexplanation is that the carbonatecks into which the impactoccurred,
behave uniquely enough during crater formation as to be poorly represerttez doaling

criteria. The strength of the carbonates may be gmaighthat the transition diameter is
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greater than for impacts in puratiastic sedimentaryocks. The Purple Springstructure

may therefore be closer to the transition diameter. It may therefore be representative of a
structure at theonset of complex craterdevelopment, having properties of both
morphological endnembers. Fothe moment, these ideame speculative and require

greater investigation to be substantiated.

4.3.2 Dissolution Phenomena

The extensive deposition cfalts inthe Western Canada Sedimentdgsin and the
prominence with which many structurean be attributed tdissolution phenomengéhe
leaching of salt and subsequent collapse of overburden), led to the idea that dissolution may
have played a role in the formation of the Purple Springs structure. However, in reviewing
these types ostructures, it wouldappear that thelissolution hypothesialone can not

account for all the characteristics of the Purple Springs feature.

Although thebase ofthe Purple Springsstructure is coincident witlthe base of the
Devonian, wherethe deepest salt-bearing formations doeind, the total evaporite
thickness is less than 100 m angbignarily anhydrite - salt probably makes Igssthan
1/3 to 1/2 of this thickness (Gorrel and Alderman, 1968; Halbertsma, 1994; Switder et
1994; Meijer Drees, 1994). Thuthe 180 m structure oithe Mississippian appears to
require an anomalously thick salt sequetie has noprecedent in the immediateea.
Alternatively, leaching of other evaporites other than(salth aghe anhydrite) as well as
leaching of carbonates would have had to accompany salt dissolution tdaalithve 180

m of structure. However, it is unknown haignificant dissolution of these other rock
typesmight be. Sub-aereal exposure occurredhe Carboniferous andhay have led to

karsting and subsequent collapse. However, the disraptesl at Purpl&pringsextends
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to the ElkPoint Group, indicating thatany dissolution-initiated collapse likely included

dissolution at that horizon.

Salt collapse features have the potentiadisoupt thick sections of stratigraphy btheir
surface expression is usuabynall inarea. For exampleCrater Lake insoutheastern
Saskatchewan is only 244 mdmameterand is thesurface expression of lareccia-filled
collapse chimney thatxtends 914 m belowhe surface (Gendzwill and Hajnal971).
Similarly, the Wink Sink, a 110 ndiameter collapsetructure inKansas, ishe surface
expression of aollapse chimney thaises some 500 m from a dissolutichannel in
Permian salts (Baumgardner &k, 1982). Interestingly, inthe Crater Lakecase,
Gendzwill and Hajnal (1972) suggest that the dissolution of only 38 m of salt was followed
by stoping ofthe cavernroof which led to a cavern height csome 114 m prior to
wholesale block faulting to theurface. They also notehat the initial solution cavity
appears circular as opposed to linear agpkal for thesefeatures. Asimilar mechanism

is described by Terzagfl970) as a possible reason foe Sandwichbrinefield collapse
structure near Windsor, Ontario. Thus ic@ceivable that the total vertical displacement

at Purple Springsnay be a result of saftissolution as well as stoping atehching of
country rock and possible compaction of the collapse breccias by an increasing overburden
load during Mesozoic and Cenozoic deposition. However, the 4 km diameter span of such
a structure appears unlikely as the overlynogks making up theroof of the cavity
probably could not support the overburden weight to allow for such a large solution cavity.
This mechanism also fails to explaime normal faulting associatedth the rim of the
Purple Springs structuralthough thismay be a normal consequencesoich large-scale
collapse. The seismitata donot appear tamage an elongatieough into whichcollapse
might have taken place. It must alsogsesumed, thereforéhat thesolution cavity was

essentially circular, similar tthe Crater Lakeexample. Possibldasementfaulting,
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indirectly indicated by structure on the Elk Point horizon may have been the damdhg

required brines. Dissolution, then, while not singulaihe to explain th@urple Springs
structure still may have played a role in itsrmation. Perhaps more likely scenario is
that dissolutionalteredwhat wasinitially a meteorite impactrater. Thismay partially
explain the lack of a prominent central padhich, due to the fractured nature of tbere,
may have been preferrentially eroded @igsolution and surface erosigerocesses.
Nonethelessscaling criteria indicatsome 360 m ofexpected structuraliplift, half of

which would have had to have been removed to result in the current morphometry.

4.4 CONCLUSIONS

In summary théPurple Springstructure is an enigmatic, slightsfliptical depression in
Mississippian and Devonian carbonates characterized by normal faultingriat, theehich
delineate terracetilocks downdroppedhto the center of thatructure. The maximum
vertical displacement of this 4 km diameter feature is ab8dtm belowregional levels at
the MISS horizon. Infilling of this basin began aturassidime evidenced by thickening
and draping ofclastic sediments. Total thickening of the clasticamounts to 160 m,
leaving 20 m of structuradlowndrop onthe shallowestcorrelated reflecto(SWSPK).
Fracturing associated with the main structure crosscuts the deepest aldkiskorizons
(SAWTH and RIERDN) with some more minor fracturing of the shallower horizons. This
suggeststhat the formation of thePurple Springsstructure occurred primarily at
Mississippiantime but further deformation tooklacethrough to atieast the end of the

Early Cretaceous.

Two hypotheses fathe origin of the structure aggresented. The first, based onnitial
industry interpretations dhe structure, suggestsraeteorite impacbrigin. The second,

based onthe prevalence oftlissolution features ithe Western Canadian Sedimentary
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Basin, suggests that dissolution resulted in the feature or played a rolgemetsis. The

proposalthat thePurple Springsstructure is the result afissolution phenomena is not
satisfactory. The major problem with this mechanism is the lack of any analogous features
in southermAlberta thatshow the same magnitude of deformatiover such darge area.

The dissolution hypothesis also requiresambination of an anomalously thick evaporite
deposit and leaching of carbonatesamcommodate the structurdbwndrop, although
compaction of collapse breccia might accdantsome of this structure. None thfese
processes have analogs in the area for suafgastructure. The meteorite impacheory

is still favorablebased simply othe lack of evidencér any endogeniqrocesses in the

area that couldreatesuch alarge structure. Howeverthis theory is also not perfectly
aligned with the evidence currentlylend. Scaling criteria indicate th&tructure is not a
simple crater but is more likely of the compkexm. The seismic data indicate a terraced

rim and the apparent depth of the structure matttasvhich is predicted fronscaling.

The lack ofany obviousstructuraluplift, predicted to be860 m is noteasily explained,
however. Possible post-impact, differential erosion and dissolotaynhave reduced the

size of the centrapeak. Basement faulting camalso not be ruled out as a possible
contributor to thestructure. It should also b®ted thaisomeimpact conditions such as
oblique impactgwhich are expected to be timorm) are not wellunderstoodand when

one considers that not all known terrestrial impact craters are “typical”, further results from
high-velocity impact research may shed new light on this hypothesis. Sharpton (1994), for
example, showed evidence for unusually deep comipipactcraters orVenus. Perhaps
impacts in stratigraphic targets on Earth are not properly representbd byrrent scaling
criteria either. Nonetheless, the impact theory remains one of the more likely explanations

for the origin of this structure.
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Fig. 4.11 Seismic line DBRR-3 over the Purple Springs structure. The three wells used for correlation
and the tie with seismic lines DBRR-1 and DBRR-2 are also shown.
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Fig. 4.12 Interpretation of seismic line DBRR-1. The structure appears to be bowl-shaped with rim
faulting and a chaotic core denoted by "?".
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CHAPTER 5 - CONCLUSIONS

5.1 INTRODUCTION

The purpose of this work was to stuttie use ofreflection seismic data as a tool to help
recognize an impact origin for subsurface structures. Currénéwpnly accepted method
of determiningsuch an origin withoutdirect evidence of the meteorite itself or its
characteristic geochemicalgnature in targetocks, is throughthe discovery of shock
metamorphic affects in the target rocks, whether they manifest themselves ascehatter
high-pressuremineralogicalphases or shodemellae inminerals. Inthe case of surface
features on land, these data can be relatively easy to gadingecularly if rocks outcrop in
the area, anthe crater itselhas a topographiexpression. However, ithe cases where
the features are buried beneath theface, oroccur beneath theceans, thitype of
conclusive data can be extremely difficult or expensivebtiain. Oftenthese features are
located indirectly by aranomalous geophysical measurement and sometimes explored
further by drilling in the quest for resources. In the case of the oil anddyastry, by far
the most important exploration tool the reflection seismitechnique. In thisvork, |
study two enigmatic structures of unknown origin, both of whichimaged on reflection
seismic profiles. One, at White Valley, Saskatchewan appears similar to a cangaek
crater, and the other, near Purple Springs, Alberta, was originally interpreted sorijdea
impactcrater. Bothare major structural features pbssible meteorite impacborigin,
however, asotedabove, withoudefinitive evidence oghock metamorphismmeither of
these structures can be proven to be of impact origive hope isthat by carefuktudy of

their seismic character, the impact hypothesis can be more readily substantiated or refuted.
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5.2 THE WHITE VALLEY STRUCTURE

Interpretation of this structure, based on seismilection dateand available wellcontrol,
leads to thdollowing specificconclusions. The feature is anbviousstructural anomaly

on seismic data asdisrupts an otherwiseormal stratigraphic sequence apparently from
near surface to a depth of sorb800 m. The Mississippian appears to llee deepest
horizon affected by the structukgith only some minor faulting and velocity pull-up
apparent on the seismigrofiles. The topography ofthe area, as seen oaerial
photographs, showshat appears to be an erosional remmage, arcuate ifform, that

can be extended to a ciraith a diameter of7.5 km. The structure itself ismaged
primarily in horizons deeper than the Belly Rivermation, butextrapolation of itdateral
limits to the surface gives a similar diameter for the structure. The rim &¥hite Valley
structure is characterized by listric normal faults which delineate separate teradesin

turn, step down towards aannular trough about 4 km in diameteifhe core of the
structure, some 2 km in diameter, demonstrates stratigraphic uplift of some 450-620 m and
is characterized by incoherent reflections. The flanks of this centraspeakevidence of
slumping. Repeated sections apparent in logs from the 07-OAvi&dl on theflanks of

the centralcore, indicate thrusted rock units deeper the structure as well agossible
interfingering of material, although these repeats do not appear to be imaged on the seismic
profiles. A gravity survey over the trough acehtral peak of théeature,coincident with
seismic line WV-017, demonstrated a positive anomaly of neamga over the center of

the structure. Thigrofile is alsobilaterally symmetriand is coincident witlthe general
morphology ofthe structure as imaged in the seisgta. Using twasimple models (a
sphere andertical cylinder), the anomaly can be explained by a realistic density anomaly

of some 30 to 100 kgfover the central portion dhe structure. Howeverthe well data
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indicates a nearly 50 kgfrdensity decrease over the center of the structure when compared

to regional values.

Two possible origins for this structure were investigatddhe first suggestedhat the
structure was a kimberlite pipe and had been previaitgg as a mechanism ofigin in
the literature. The kimberlite model was initiglyoposedargely due to the inverted cone
shape of the central core of the structure and that the gravity anomaly could be modelled as
a complex form ofsuch a structure. However, more detailedlook at the physical
characteristics of kimberlitpipesindicated deficienciewith this model. Kimberlites do
not show extensive terraced rirstructures such as is presentiite Valleyand are not
expected to be greater than 1 km in diameter. sldes ofthe core of the structure dip at
about50-60°, not thetypical 80-85° noted for kimberlite pipes. Kimberlites alsofail to
show any structural uplift; horizons are usually tilted down tovtlaedmain pipeawith little

or no terracing. Coupled witihe lack ofany kimberlitic material in théd7-07 well, this

model becomes even less plausible.

The second theory suggestedreeteorite impacbrigin for the structure. The general
morphology ofthe structurefits well with the predicted featuresom the modelfor a
complex impact crateiormed by high-velocity impact. The terracadh, annular trough
and central pealshowing stratigraphic uplift areall commensurate witithe impact
hypothesis. The gravity dataseems toindicate an overall negative anomalyer the
structure withthe central peak demonstrating a positive anomeltive to thetrough.
This is not unusual based on othemrestrial examples of impactaters, howevennore
detailed modelling of the gravityesponse woultdhelp to constrain the gravityatabetter.
The calculated transieotater, based othe rim diameter of thetructure projected to the

surface, doesot fit the seismiadata wellunless some 200 to 1000 m pbst-impact



135
erosion is invoked. Thigliscrepancy may reflect actual erosional component to the

post-impact history ofhe structure or an inherent inadequaagh the chosen scaling
criteria. Most other scaling criteria pertaining to the final geometry of the crater agree well
with the seismicdata. Thus,the meteorite impachypothesis is favoured over the

kimberlite model for the origin of this structure.

5.3 THE PURPLE SPRINGS STRUCTURE

The specificresults of this interpretation, based on seisdataand well control can be
summarized as follows. The regional geological setting is that of a fairly typical succession
throughout the stratigraphic column from Paleozoic carbonates into Mesozoic and Cenozoic
clastics. The paleogeography dfiis locationwasone of an emergent uplamtliring the

Lower Devonian withsubsequent transgression-regression events in responsatite

sea level changes and/or orogenic episodes. Most of the structural deformation occurred to
the west ofthe Purple Springsreaand this particular locatiowould have been near the
coastline of inland seas that generally stretched from northwestesria and northeastern
British Columbia intosouthern SaskatchewaManitoba and the mid-western United
States. The structure itself is an elliptical depression wittaxamum diameter of nearly 4

km and a minimum diameter of some 3 km. The structure dispaptsirily Mississippian

and Devonian carbonatecks with minor,simpler structure occurring shallower in the
section. The deepest Devonian carbonates of th€ &t Grouparedowndropped 26 m
beneath the structure. Maximum vertical displacerneatirs athe Mississippian horizon

which is 180 m belowegional levels at the center of tis¢ructure. The core of the
structure,nearly 600 m thick, ischaracterized by incoherent reflections andaierally
delineated by normal faults at the rim of g8teucture. Terraces, witmaximum vertical
displacements of some 90 @re imaged along the rim astep downinto the structure.

The structure is infilled with clastic sediments primarily Jurassic in age although thickening
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of formations occurs up into the Cretaceousval. The deepest clastiormationsshow

the greatest thickening odome 50-55 m with shallower formations showing less
thickening. Nonethelesthe shallowestcorrelatedhorizon, the SecondWhite Speckled
Shale formation, shows 20 m of structindicating that the total thickening skediments
shallower tharthe Mississippian compensates for 160 m. Normal faulting, aisce
apparent in théower clastics but continuing in some caseth®SecondwWhite Speckled
Shale formation, indicates that structural deformation continued after thain
Mississippian event. Thisiay have been caused psocesses withirthe Mississippian-
Devonian portion of the structure in combinatwith increased overburden loading and

compression during Mesozoic deposition.

Two hypothesesire putforward toexplain thestructure’s origin. The first, based on
original industry interpretations, ihat thestructure is the remnant simple crdedt by a
high-velocity impact. However, the application of scaling criteriand morphological
considerations suggests the Purple Springs structure is more likely a complex impact crater.
The structuredoes notcompare favourably to gypical simple impact cratedue to the
presence of rinterraces, itdarge diameter compared to the simple-to-complex transition
diameter expectefbr sedimentaryocks, the largethickness ofthe apparent breccia lens
relative toits shallowdepth,and itselliptical shape in plarview. However, it does not
compare perfectly to typical complex craters mainly because of the lack of structural uplift
in the center of the structure and the greater depth of the transient crater than the allowable
stratigraphic thickness regionally. It is thoughat post-impacprocessesltered the

structure substantially to its current form.

The second hypothesis propostd®e structurewas the result ofdissolution phenomena.

Unfortunately, this hypothesisyhile possibly able to explain the amount of vertical
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structure, does not seem to justify a dissolution collapse feature covering langbagea.

There appears to be no analogous structure of sithitegnsionghat hasbeen attributed

solely to dissolution. Nonetheless, dissolutinay have played a role in deforming the
original impact structurperhapdeading to preferential removal of the centrplift. The
guestion of basement reactivation as a possible contributor to the formation of the structure
is also still open since there is presentlaek of basement control to definitiveg§ay to

what extentsuch structureexists. If suchbasement faultingvas present, ithay have
provided a conduifor the brines required fodissolution. Further work isequired to
substantiate or refute theakernativehypothesesbut theimpacttheory remains the most

likely.

5.4 GENERAL COMMENTS AND FUTURE WORK

In the course of interpretinghe structures aWhite Valley, Saskatchewan and Purple
Springs, Alberta, a number of general comments cannm@de about the difficulties
encountered in trying to determine ampact origin for a structure based aseismic

reflection data.

It appears that complex craters, being more distinct in their morphology are less likely to be
confused with other endogenically produced structures. The White Valley structure, which
seems tofit scaling criteriareasonably welland lacks evidencéor other endogenic
mechanisms of origin, ikkely a meteorite impadieature. Orthe otherhand,the Purple
Springs structure, which wawriginally interpreted to be a simple impact crdits the

scaling criteriafor a complex impact cratebetter. Some problems with th&nalysis,
however, suggestthat endogenigprocessescontributed to the currenform of the
structure. An understanding of the expected geometrical relationships of crater morphology

was therefore critical for this interpretation.
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Definitive interpretation$iinge a great deal on thevel of preservation of thetructure.
Better preservation of the originahpactstructure will result in a better comparison with
the modelsproposed bythe scaling criteria. How other geologicalprocessese.g.,
dissolution, surface erosiobasement fault reactivatiotgctonic movement) might affect
these geometric relationships is importeontcorrectlyassessinghe geometry of a given

structure as seen on seismic data.

There are several endeavours which might help to furtherstbieiiness ofeismic data in
the interpretation of impadtructures anchid in our understanding of howhey form.
Searching for more examples of seismi@taover these structuresdds tothe database of
known structuresand would help to refine scaling criteridor terrestrial craters.
Palinspastic reconstruction of complex craters to their pre-modified vetatiel help to
define the size of the transient crater and stagdlight on the mechanics of central uplift
generation and rinfaulting. For bothcasestudies, dairly typical processing runstream
was used to produce fmal migrated stack fronwhich the interpretationsvere done.
Seismic modelling ofimpact structuresmay help to understandimaging problems
associated with processing of these seisrdeta such as velocity issues, the
appropriateness dime migration versusdepth migration, andhe possible problems of
side scatter energy contaminating 2-D seistatasets. Irthe acquisition of seismidata,
we have already sed¢hat 3-D seismic datgives superiormages of cratemorphologies
whereby individual blocks of rockan beseen displaced from their pre-impauasitions
(refer to theJames Rivestructure,Chapter 1, Figurd.16). However,2-D datasets,
acquired diametricallyacrossthe structure, reducingide-scatter noisare still useful.
Finally, incorporating other datasets into the interpretatiosiich as gravity and

aeromagneticata, aswell as geologicalnformation, both regionally antbcally to the
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structure, can only help to constrain the interpretation further, giving this unique hypothesis

of structure origin more impact.



140
REFERENCES

AGAT Laboratories, 1988, Table of formations of Alberta: AGAT Laboratories, Calgary.

AGAT Laboratories, 1988aable of formations of SaskatchewaAGAT Laboratories,
Calgary.

Anderson, C.E., 1980, Aeismic reflectiorstudy of a probablastrobleme neatdartney,
Manitoba: Can. Jour. Expl. Geophy%6, 7-18.

Anderson, N.L. and Brown, R.J., 1991, A seismic analysis of Black CreeWabdmun
salt collapse features, Western Canadian Sedimentary Basin: Geodty6d8-627.

Anderson,N.L., 1988, Devoniansalts and hydrocarbon traps: A PetRebertson short
course, 65p.

Anderson, N.L., Brown, R.J., and Hinds, R.C., 1988, Geophysical aspéatabaimun
salt distribution in southern Alberta: Can. Jour. Expl. GeopBys166-178.

Baumgardner, R.W., Hoadley, A.D., and Goldstein, A.G., 1882mnation of the Wink
Sink, a salt dissolution and collapse featWkénkler County, Texas: Bureau oEconomic
Geology, The University of Texas at Austin, Report of InvestigationslL4.38p.

Belisle, J., 19953C-3D seismicsurvey overhigh-angle intrusives: A physical modelling
study: CREWES Project Research RepgrChapter 2, 1-3.

Brenen, R.L., Peterson, B.L., and Smith, H.J., 19Hg origin of the Red Wing Creek
structure: McKenzie County, North Dakota: Earth Sci. B8JI1-41.

Buthman, D.B., 1995Global hydrocarbomotential of impacstructures Ames structure
and similar features, Expanded Abstracts, 5.

Castafo, J.R., Clement,H. andSharpton, V.L., 1995Source rockpotential of impact
craters: Ames structure and similar features, Norman, OK, Expanded Abstracts, 6.

Christiansen, E.Aand WhitakerS.H., 1976, Glacial thrusting of drift and bedrockn
Legget, R.F., Ed., Glacial till, Roy. Soc. Can., Special PublicationlRol21-130.

Croft, S.K., 1981, The excavation stage dfasin formation: Aqualitative model:in
Schultz, P.H. and Merrill, R.B., Eds., Multi-ring basins, Pergamon Press, 207-225.

Croft, S.K., 1985, Thescaling of complex crater®roc. Lunar Planet. Sci. Conf.15th,
828-842.

Dobrin, M.B., 1976, Introduction to geophysical prospecting — &dl., McGraw-Hill,
Inc., London, 630p.

Dypvik, H. et al., 1996MjglInir structure: Animpact crater in th@8arents SeaGeology,
24, 779-782.

Eggler,D.H., 1989, Kimberlites:How dothey form?:in Ross et al., EdsKimberlites
and relatedocks, Volume 1. Theircomposition, occurrence, origin aramplacement,
Geol. Soc. Am., Spec. Publ. Nb4, 489-504.



141

Furnival, G.M., 1946,CypressLake West of Third MeridiaisaskatchewanCan. Dept.
Min. Res. Map 784A, scale 1:253440.

Furnival, G.M., 1946a, Cypresd.ake map-area, Saskatchewan: Geologi&Girvey
Memoir 242, 161p.

Gendzwill, D.J.and Hajnal Z., 1971, Seismic investigations of the Crater Lake collapse
structure in southeastern Saskatchewan: Can. Jour. Eart8, 3&614-1524.

Gent, M.R., 1992, Diamonds and precious gems of the Phanerozoic Basin, Saskatchewan:
Preliminary investigations, Saskatchewan Geologiaivey, SaskEnergy and Mines,
Open File Rep92-2, 67p.

Gent, M.R., Kreis,L.K., and Gendzwill,D., 1992, The Maple Creek Structure,
southwestern Saskatchewain Summary of investigations1992, Saskatchewan
Geological Survey, Sask. Energy and Mines, Misc. R2p4, 204-208.

Gorrel, H.A. and Alderman,G.R., 1968, Elk Point Groupsaline basins ofAlberta,
Saskatchewan, and Manitoba, Canada: Geol. Soc. Am., SpeciaiBBapet-317.

Grieve,R.A.F., 1991, Terrestrial impact: Theecord in therocks: Meteoritics26, 175-
194.

Grieve, R.A.F. and CintalaM.J., 1992, Ananalysis of differentiaimpact melt-crater
scaling and implications for the terrestrial impact record: Meteoréit$26-538.

Grieve, R.A.F. and MasaitisV.L., 1994, The economic potential of terrestrimhpact
craters: Internat. Geol. Re\36, 105-151.

Grieve, R.A.F. and Pesonen,L.J., 1992, The terrestrial impact cratering record:
Tectonophysics216, 1-30.

Grieve, R.A.F. and Pilkington,M., 1996, The signature of terrestrial impactdour.
Australian Geol. and Geophy46, 399-420.

Grieve, R.A.F., Dence,M.R., and Robertson,P.B., 1977, Cratering processes: As
interpreted from the occurrence of impact metisRoddy, D.J.,Pepin, R.O.and Merrill,
R.B., Eds., Impact and explosion cratering, Pergamon Press,791-814.

Grieve, R.A.F., Stoffler, D., and Deutsch,A., 1991, The Sudbury structure:
Controversial or misunderstood?: Jour. Geophys. R6s22753-22764.

Hajnal, Z., Scott, D.,and Robertson,P.B., 1988, Reflection study of the Haughton
impact crater: Jour. Geophys. Ré&X), 11930-11942.

Halbertsma, H.L., 1994, DevonialkabamunGroup ofthe Western Canada Sedimentary
Basin:in Mossop, G.D. and Shetsen, 1., (comps.), Geological atlas of the Western Canada
Sedimentary Basin, Can. Soc. Petro. Geol. and Alberta Research Council, 203-220.

Hawthorne, J.B., 1975, Model ofkamberlite pipe:in Ahrens, T.J. et al., Eds., Physics
and chemistry of the EartB, Pergamon Press, 1-16.



142
Hildebrand, A.R.S. et al.,, 1991,Chicxulub crater. apossible Cretaceous/Tertiary
boundary impact crater on the Yucatan Peninsula, Mexico: Gedleg§67-871.

Hodge, P., 1994 Meteorite craters andimpact structures ofthe Earth: Cambridge
University Press, 124p.

Isaac, J.H. and Stewart, R.R., 1993, 3-D seismic expression of a cryptoexplosion
structure: Can. Jour. Expl. Geophy29, 429-439.

Jansa, L.F. et al., 1988Jontagnais: A submarinenpactstructure on the Scotiashelf,
eastern Canada: Geol. Soc. Am. BulD], 450-463.

Kearey, P. and Brooks, M., 1991, Aroduction to geophysical exploration2Ad ed.,
Blackwell Scientific Publishing, Oxford, 254p.

Kieswetter, D., BlackR., and SteeplesD., 1996, Structure of the terracéerrane,
Mansonimpactstructure, lowajnterpreted fromhigh-resolution, seismiceflection data:
Geo. Soc. Am., Special Pap&b2, 105-113.

Kirschner , C.E., Grantz, A.,and Mullen,M.W., 1992, Impact origin of theAvak
structure, Arctic Alaska, and genesistioé Barrow gadfield: Amer. Assoc. PetrolGeol.
Bull., 76, 651-679.

Koeberl, C.and Anderson,R.R., Eds.,1996, The Mansonimpact structure, lowa:
Anatomy of an impact crater: Geol. Soc. Am., Special Pap2r468p.

Kuykendall, M.D. and Johnson, C.L.,Reservoir characteristics of a complerpact
crater: “Amescrater”, Northern Shelf Anadarko Basin:Ames structure and similar
features, Expanded Abstracts, 21.

Lawton, D.C., Stewart,R.R., and Gault, R., 1993, The geophysicaéxpression of the
Eagle Butte impact structure: Presented 9th. Nat. Mtg., Can. Geophys&ln., Banff,
Alberta.

Levy, D., 1994,The quest forcomets: An explosivérail of beautyand danger: Avon
Books, city, 282p.

Masaitis, V.L., 1989 The economic geology afmpact craterstnternat. GeolRev., 31,
922-933.

Meijer Drees, N.C., 1994, Devonian Elk Point Groupgh®f Western Canada Sedimentary
Basin:in Mossop, G.D. and Shetsen, 1., (comps.), Geological atlas of the Western Canada
Sedimentary Basin, Can. Soc. Petro. Geol. and Alberta Research Council, 129-147.

Melosh, H.J., 1989, Impact cratering:g&ologicprocess: Oxford UniversitiPress, New
York, 245p.

Milashev, V.A., 1986, Explosion pipes: Springer-Verlag, 249p.
Milstein, R.L., 1995, The Calvin impacstructure, Cass Count¥ichigan: Identification

and analysis of a subsurfaGedovician astrobleme: Amesdructures andimilar features,
Expanded Abstracts, 37.



143
Myers, R.E., McCarthy, T.S., and Stanistreet]).G., 1990, A tectono-sedimentary
reconstruction of the development and evolution of the WitwatersBamsin, with
particular emphasis on the Central Rand Group: South African Jour. €32dI80-201.

Nicolaysen, L.O. and Reimoldy.U., Eds.,1990, Cryptoexplosionand catastrophes in
the geologicakecord, with aspecialfocus onthe Vredefort structureTectonophysics,
171, 303-335.

O’Keefe, J.D. andAhrens, T.J., 1975, Shocleffects from a largeémpact on the moon:
Proc. Lunar Planet. Sci. Con6, 2831-2844.

Oldale,H.S. and MundayR.J., 1994, Devonian Beaverhill Lak&roup ofthe Western
Canada Sedimentary Basin:Mossop, G.D.andShetsen, I., (comps.{;eological atlas
of the Western Canada SedimentBgsin, Can. Soc. Petro. GeahdAlberta Research
Council, 149-163.

Oliver, T.A. and Cowper,N.W., 1983, Wabamun salt removal and shale compaction
effects, Rumsey area, Alberta: Bull. Can. Petro. G8@J.161-168.

Passey, Q.Rand MeloshH.J., 1980, Effects of atmospheric breakup on cratietd
formation: Icarus42, 211-233.

Pickard, C.F., 1994, Twenty years of production from ampact structure, RedNing
Creek field, McKenzie County, North Dakota: AAPG Ann. Convention, Extended
Abstracts, 234.

Pike, R.J., 1977, Size dependence in tishape of freskeraters on the moonn Roddy,
D.J., Pepin, R.O.and Merrill, R.B., Eds.,Impact andexplosion cratering, Pergamon
Press, 489-510.

Pike, R.J., 1977a,Apparent depth/diameter relatidar lunar cratersProc. Lunar Sci.
Conf., 8, 3427-3436.

Pike, R.J., 1985, Some morphologic systematics of complémpact structures:
Meteoritics,20, 49-68.

Pilkington, M. andGrieve,R.A.F., 1992, The geophysical signature of terrestimapact
craters: Reviews of Geophysi@&), 161-181.

Richards, B.C. et al.,, 1994 arboniferous strata ahe Western Canada Sedimentary
Basin:in Mossop, G.D. and Shetsen, 1., (comps.), Geological atlas of the Western Canada
Sedimentary Basin, Can. Soc. Petro. Geol. and Alberta Research Council, 221-250.

Ruzimaikina,T.V., Safronov,V.S., and WeidenschillingS.J., 1989, Radial mixing of
material in the asteroidal zone: Binzel, R.P., Gehrels, T.,and MatthewsM.S., Eds.,
Asteroids Il, The University of Arizona Press, 681-700.

Sawatzky,H.B., 1972, Viewfield - A producing fossilcrater?:Jour. Can. Soc. Expl.
Geophys. 8, 22-40.

Sawatzky, H.B., 1976, TwprobableLate Cretaceous astroblemes in western Canada —
Eagle Butte, Alberta and Dumas, Saskatchewan: Geoph¥4jcs261-1271.



144
Schaber G.G. et al., 1992Geology and distribution dmpactcraters on VenusiVhat
are they telling us?: Jour. Geophys. R8§,,13251-13301.

Schmidt, R.M. and HouselK.R., 1987, Somerecent advances in scaling iofpact and
explosion cratering: Inter. Jour. Impact Erg.543-560.

Sharpton, V.L., 1994, Evidence frolagellanfor unexpectedly deep complex craters on
Venus:in Dressler, B.O., Grieve, R.A.F., Sharpton, V.L., Eds., Langéesorite impacts
and planetary evolution: Geol. Soc. Am., Special Papar19-28.

ShoemakerfE.M., 1962, Interpretation of lunar craterén Kopal, Z., Ed., Physics and
astronomy of the moon: Academic Press, 283-359.

ShoemakerE.M., 1977,Why studyimpact craters?n Roddy, D.J.,Pepin, R.O. and
Merrill, R.B., Eds., Impact and explosion cratering, Pergamon Press, 1-10.

Shultz,P.H., 1992, Atmospheric effects omrjecta emplacememind crater formation on
Venus from Magellan: Jour. Geophys. R63,,16183-16248.

Shultz, P.H. and Anderson,R.R., 1996, Asymmetry of the Mansormpact structure:
Evidence for angle and directioim: Koeberl, C.andAnderson,R.R., Eds.,The Manson
impact structure, lowa: Anatomy of an impact cra@eol. Soc. Am. SpecialPaper302,
397-417.

Shultz, P.H.andGault, D.E., 1985Clustered impacts: Experiments and implications: J.
Geophys. Res90, 3701-3732.

Switzer, S.B. et al., 1994evonian Woodbend-Winterbui@roup strata of the Western
Canada Sedimentary Basin:Mossop, G.D.andShetsen, ., (comps.{;eological atlas
of the Western Canada SedimentBgsin, Can. Soc. Petro. GeahdAlberta Research
Council, 165-202.

Tappan, H., 1982Extinction or survival: selectivity andauses of Phanerozoic crises:
Silver, L.T., and Schultz,P.H., Eds., Geological implications of impacts of large
asteroids and comets on the earth:Geol. Soc. Am., Special Pdpe65-276.

Terzaghi,R.D., 1970, Brinefield subsidence atVindsor, Ontario: in Rau, J.L. and
Dellwig, L.F., Eds.,Third Symposium orSalt, The Northern Ohio Geological Society
Inc., 298-307.

WeissmanP., 1982 Terrestrial impactatesfor long and short-periodomets:in Silver,
L.T., and SchultzP.H., Eds.,Geological implications of impacts of large asteroids and
comets on the earth: Geol. Soc. Am., Special PEp@rl15-24.

Westbroek,H.-H., Stewart, R.R., and Lawton, D.C., 1996, Seismic description of
subsurfacemeteorite impact crater&8th Ann.Con. Tech. Ex., Euro. Assoc. Geosci.
Eng., Expanded Abstract®, A016.

Wetherill, G.W., 1989, Origin of the asteroidelt: in Binzel, R.P., Gehrels, T., and
Matthews, M.S., Eds., Asteroids Il, The University of Arizona Press, 661-680.

Wetherill, G.W. and Shoemakerz.M., 1982, Collision of astronomically observable
bodies with the Earthn Silver, L.T., and Schultz, P.H., Ed$seological implications of



145
impacts of large asteroids and comets on the earth: Geol. SocSpasialPaper1 90, 1-
13.

Woolsey, T.S., McCallum, M.E., and Schumm, S.A., 1975, Modeling of diatreme
implacement by fluidizationn Ahrens,L.H., et al., Eds.Physicsand chemistry of the
earth,9, Pergamon Press, 32-42.

Wu, J., Milkereit, B., andBoerner, D., 1994Timing constraints of deformation history
of the Sudbury impact structure: Can. Jour. Earth $ti.1654-1660.

Yilmaz, O., 1987,Seismic datgprocessingJnvestigations ingeophysics2, Soc. Expl.
Geophys., 526p.



