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Abstract

The Wetumpka impact structure is an approximately 5 km diameter crater that resulted
from a shallow marine cosmic impact in the northeastern Gulf of Mexico during Late Cretaceous
(latest Santonian to earliest Campanian). Presently, this impact strecisarfically exposed
feature with a broad, arcuate crystalline rim, an interior sedimentary and polymict breccia unit,
and an extrarater terrain consisting of horst and graben structures. Recent scientific core
drilling within the crateffilling brecdas has shown that the uppermost impact stratigraphy is
well preserved. Two of those drill cores;0% and 0904, were studied by conventional
lithologic logging methods and in part by usinga§ computed tomography (CT) scans in order
to describe theeslimentological characteristics, specifically the Lithofacies belonging to
constituent resurge and rioollapse sediments. Qualitative results from the resurge interval of
core 0903 indicate a northerly directed debris flow occurred first, then thegesurived, and
finally a southerly or seawaidirected, more aqueous antisurge occurred. Proximal field and
drill core structural relationships were used to infer the preservation state of the resurge deposits,
which accumulated in downthrown blockghin the crater. Lithofacies patterns and grsiae
trends confirm that the core @3 penetrates a slumped remnant of the southern overturned flap.
Lithofacies and stratigraphic patterns below the overturned flap in cedé 8Aggest that
underlyingimpactite sands are also an interval of sheared and partially disaggregated

sedimentary flap material.
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Introduction

Impact cratering is among the most dominant geological processes within the solar
system.Although the evidence of impacts can be disguised on terrestrial bodies such as Venus,
Earth, Europa, lo, and Titan by various geological procesgesvilcanism, erosion, and
tectonics), in the instance of Earth in particular, impact cratering hagetnas an increasingly
i mportant constituent of Earthdéds geol ogical
(1960) at Barringer Crater, Arizona, terrestrial craters have experienced a near exponential rate
of discovery with a current rate of -2craters per year (Grieve, et al. 1995; Stewart, 2011).
Moreover, aside from 131 recognized, Phanerozoic craters greater than 1 km in diameter,
conservative statistical analysis by Stewart (2011) predicts that 714 impact craters >1km
diameter with a subsef 228 impact craters >2l8n diameter remain to be found for the
Phanerozoic. However, although scientific techniques and procedures for discovering impact
craters have become increasingly refined (i.e., French, 1998; Stewart, 2003; French and Koeberl,
2009), the understanding of the specific impact processes that control crater morphology, shock
metamorphism and melting, and impact stratigraphy are aggressively evolving. Further,
although the basic stages of impact cratering processes are well ood€rst.,
contact/compression, excavation, and modification stages in Melosh,at@BBrench, 1998),
there is a component that drastically complicates crater formation and, in particular, modification

stage evolution: water.



Marine impact craters inle an upper layer of water within the target stratigraphy, the
strata impacted, deformed, and disrupted by an impacting bd&en though marine impact
craters are currently recognizaohong theninority of known impact craters, listed as 20 craters
in Goto (2008), marine impact craters should be, if not a majority, a significant proportion of
impact cratersonEarttBecause of the dominance of oceanic
the greater preservation potential of active basins, marine irozdets shoulthethe dominant
type of impact on earthThus, marine impact craters have become an area of increasing
academic interest and relevance within impact geology and the geoscikloresver, impact
craters such as Avak, Alaska; Ames, Oklahpama Redwing, North Dakota are proven
hydrocarbon reservoirs demonstrating a general commercial success rate of ~50% within
petroliferous basins (Kirshner and Grantz, 199@nofrio, 1998), and larger impact craters such
as Chicxulub can induce hydroban maturation within depths typically too shallow for
conventional hydrocarbon generation (Grieve and Therriault, 200®tefore, there is a
fundamental academic and economic need for further scientific research of impact procksses an
their resultingstratigraphy.

The Wetumpka marine impact structure of Wetumpka, Alabama, located in Elmore
County, is a exceptionallypreserved; 6-km diametershallowmarinetargetimpact crater
which formed during Late Cretaceous (i.e., late Santonian to eati@spanian) This impact
formedwithin a mixed target environment of unconsolidated to poorly consolidated Cretaceous
sediments and underlying schist agdeissof preMesozoic crystalline basemer@riginally
recognized and studied asastroblemdy Neathery et al. (1976), Wetumpka became the only
confirmed impact crater of the eastern Gulf Coastal Plain following the discovery of shocked

minerals and elevated siderophile elemental composition (i.e. iridium, nickel, and cobalt) as



reported by Kig et al. (2002).Unlike many other deeplguried, marine impact craters (i.e.,
Chesapeake Bay, Mjglnir, Ames, and Avak, among others), the Wetumpka impact structure has
allowed direct observation through outcrop studies and mapping (i.e., NeatheryN&Boh,
2000), and coseffective shallow drilling, and limited geophysical investigatidaurthermore,
following the serendipitous exhumation of the Wetumpka impact structure from i ppst
Cretaceous impact cover, possibly during Quaternary (saéhBry et al.1976), much of the
original impact stratigraphy remains including the uppermost resurge impact facies (Ormo et al.,
2010; King et al., 2010)Shallow drilling and preliminary analysis conducted by King et al.
(2010) and Ormo et al. (2018)ong with sedimentological and stratigraphic data of this study
will assist investigation of how the shallow target marine depth affects the impact processes of
mostly unconsolidated mixeslliclastic targets.
Objectives

During the summer of 2009, fouralow drill-cores werebtained to study the shallow
subsurface stratigraphy of the nevtiestern crystalline rim (Gardner #1,-02), central
polymict breccia (Buck Ridgedad #1, 0902), chalk meadows (Bf #1, 0903), and
southeastern rim (Wadswori#i, 0904). Figure 1 shows the location of these four wells.
Following preliminary studies presented King et al.(2010) and Ormé et al. (201@yells 09
03 and 0904 were chosen for further detailed study of the catastrophic sedimentation of the
interior craterfilling breccias and sediments oim collapse (megalumping facies) and violent
return of the impaegxcavated sea (resurge faciedsing the principles of facies analysis
discussed by Miall (1999), these dulbres along with the existirigpdy of work at Wetumpka

are referenced to pursue the following objectives:



1. To provide a digital documentation of these drill coregtite project and fothe benefit
of future workers on the Wetumpka impact structure;
2. To provide detailed, nemterpretve, descriptive data of sedimentological, stratigraphic,
and structural parameters for the purposes oftltgectand future studies;
3. To investigate the sedimentary and stratigraphic characteristics and lithostratigraphic
patterns of the resurge and mes)amping facies;
4. To help elucidate the timing, mode of deposition, and sequence of events following the
impact, particularly the resurge and meshjamp facies of this impact structure;
5. To contribute to a growing scientific body of work on shallow mainmgacts, as a
contribution toward future studies of other shallow mammpact structures.
Geologic Setting and Crater Morphology
The Wetumpka impact structure is a fikidometer diameter crater located in EImore
County, central Alabamg@igurel). Wetumpka has a deep inner crater, a broad horseshoe
shaped, northern crystalline rim, and an extiaer terrain of structural deformation to the south
(King et al., 2002).Because the Wetumpka structure is interpreted to be a shallow marine
impact, theextracraterstructuralterrain(EST)to the south is interpreted to beiarsitu collapse
feature of horstand grabes(King et al., 2006).This extracrater structure (EST iRigure J
was likely the consequence of gravitsiven movement in wet, unasolidated, and unstable
target materials, and the vait resurge of sea water. Extnater deformation extends out 7.6
km from crater center towards the south. Within the shallow subsurface, the inner crater is filled
with an upper impact stratigraply reworked ejecta and slumped megablocks (King, et al.,
2006). The crystalline riflCR) ranges from an intact, steeglypping schisigneiss to

weathered crystalline ejecta within a sandy, impactite matrix.
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The Wetumpka impact crater lies in crystalline and Upper Cretaceous target stratigraphy,
in stratigraphic order, pr®lesozoic metamorphic basement, poarbnsolidated sediments of
the Tuscaloosa Group, Eutaw Formation, and lower Mooreville Chalk efstern Gulf
Coastal Plain.Previously, water depth was estimated to be 35 to 100 métellswing results
from Ormo et al. (2010), recently identified resurge deposits are interpreted to indicate very
shallow marine depth at time of impact. Based orythengest target sediments, the Wetumpka
impact is thought to have occurred ~ 83.5 m.y. ago in the lower transgressive systems tract of the
lowermost Mooreville Chalk (King et al., 2007; King and Petruny, 2020ecent absolute date
of 84.4 +/ 1.4 m.y.(Wartho et al., 2011generally agrees with previous estimates of age, and
crater age and target strata are discussed in defhte gectionrarget Stratigraphy.
Previous Work

The Wetumpka impact crater has been recognized as an anomalous struetete for
over 100 years; however, the structure had not been proposed as impact in origin until work by
Thornton L. Neathery, Robert D. Bentley, and Gregory C. Lines (Neathery et al., Riré)e
mapping and extensive outcrsefudies by Nelson (2000) recognized crdiléng breccia and
rim structures consistent with impact cratetiilizing two wells that penetrated the central
polymict breccia, subsequent work and confirmation of impact origin were achieved by King et
al. (2002; 2003).Confirmation was achieved with the discovery of shok&racteristic angles
within plane sets of planar deformation features (PDF), and elevated levels of some key
siderophile elements of iridium, cobalt, nickel and chromium, containechvaitimpactite
polymict breccia.

Currently, geophysical investigation at the Wetumpka impact structure has been limited.

Prior to the scientific drilling of 981, 9802, 0901,09-02, 0903, and 0904 wells, Wolf et al.



(1997) interpreted a gravity sugv&ransect as having residual gravity of a negative gravity
feature with a possible central pedRelative negative gravity features are characteristic of
impact structuresUtilizing the gravity data of Wolf et al. (1997) adjusted for regional trends, a
subsequent gravity model by Robbins et al. (2011) shows a central peak and a thicker

sedimentary breccia to the ea$tis model is in best agreement with digjravity measurements

(Figure 2.

Central Uplift

Figure 2. Gravity model forWetumpka impact structure. Transect is west to east (see Fig
for approximate transect line). From Robbins et al. (2011).

Subsequent of mapping and confirmation of
investigation has focused upon the genetigin and subsurface character of the Wetumpka
impact stratigraphyFollowing work by King et al. (2002; 2003) and Johnson (2007), shallow

subsurface driktores 9801 and 9802 show an intercalated stratigraphy of sedimentary



megabreccigSB) and polymct megabreccia containing crystalline and Upper Cretaceous clasts.
Polymict megabreccia (PB) is a mixed, sedimentary and crystalline breccia within an impactite
sand matrix.King et al. (2006) interpreted a significant role for water with crater foomati

Because the veneer of coastal plain stratigraphy significantlytththe north, King et al.

(2006) proposed that the resulting rim was heterolithic in compositibos, the saturated and

mostly unconsolidated southern rim would collapse alnmostadiately following collapse of

the transient crater whereas the northern crystalline rim remained stable and resistant to collapse.
Furthermore, King et al. (2006) interpreted that the return of excavated sea water (resurge) would
further exasperate ¢hcollapse of the southern rim. Due to a tentative, interpreted trajectory of
impact from the southwest, King et al. (2006) suggest a much stronger southern resurge; this is
based on computer simulations of marine impact craters that show increasee sesmgih in

an uprange direction (Shuvalov et al., 2005). King and Petruny (2009) reported melted
dinofl agel ates within Achalk meadowso in the
remobilized postontact stage sediments.

Finally, currentwork within the Wetumpka impact crater was made possible by a NASA
grant awarded to David King and Jens Orm¢ for the previously mentioned four new drill cores.
The wells, 0901, 0902, 0903, and 0904 were drilled to depths of 88, 23.5, 90, and 218 m,
respectively.Preliminary interpretations by King et al. (2010), propose th#&108ontains an
overturned crystallinddp, 302 has an interval of polymict breccia wiibth sedimentary and
metamorphic blocks,-83 contains a resurge of distal ejecta apdedup sediments in the
upper portion of the well, and® contains a preserved slumped, overturned assemblage of
Upper Cretaceous units, which are interpreted to be an overturned flap due to reversed

stratigraphy.Furthermore, analysis of matrix neaial and utilization ba line-log technique for



granulometri@analysis in the upper part dfill core ®-03 (Ormo et al., 2010) suggests that the
uppermost resurge deposit within this wel/
Wetumpka impact stature is shallower than previously believed. Subsequent work, discussed
in detail in this text, used-Xay computed tomography {pay CT) to differentiate
sedimentological structures and lithostratigraphic units within the resurgeQ¥ Ot were
geneally consistent with a mutlow interpretation (Markin et al., 2010).
TARGET STRATIGRAPHY

Unlike many surficigl conventionafjeological processes, impact cratering does not
contribute significant, additional material to existing stratigraghgtead, impact cratering
superimposes unique processes of shock metamorphic, igneous (melting), sedimentary (i.e.,
resurge), and deformational processes uposepisting, target stratigraphyConsequently, the
complex structural and stratigraphic resaflimpacting is challenging to understartdowever,
with greater resolution of prexisting, vertical and lateral stratigraphy, the seemingly random
result is increasingly easier to understafRdr example, with proper identification of original
stratgraphic position, properidentified constituents allow the identification of overturned flap,
ejecta patterns, timing of emplacement and other inherited stratigraphic patterns [sdésty
within brecciated stratigraphylherefore, the following chagr discusses the target stratigraphy
in depth for proper identification of original stratigraphic source to help assist analysis of

sediment provenance and crater evolution.
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Crystalline Basement: KowaligaZana Gneiss and Emuckfaw Group

Within the confines of this study, with the exception of questionable, heggyolitized
crystalline breccia near the base of wel@Bof King et al. (2010), occurrences of intact
crystalline breccia were not encountered within field studies orainiéé. Nevertheless, within
impactite breccia matrix, a disaggregated, mineralogical admixture is noted from this study that
likely involves the crystalline basemernittherefore, it is important to acknowledge the general
lithological and mineralogical compasit of the crystalline basement that could become present
within the finergrained matrix of the slurry and fallback breccia fackthe Wetumpka impact
crater.

Emuckfaw Group Generally, Emuckfaw Group reported by Raymond et al. (1380
be a divese, metasedimentary sequence of meeinaned muscovitdiotite-quartzfeldspar
gneiss, finegrained graphit@arnetmuscovite schist, graphi#garnetmuscovite schist, and
guartzite along with locally occurring thin amphibolites and aluminous gregbhists.
Raymond et al. (198 also mention rare ultramafic pods; however, previous workers have not at
this time observed these within the Wetumpka af’@m Emuckfaw Group exposures of the
crystalline rim, Neathery et al. (1976) observed a consistent lithology of hjatitest
feldspathic schist throughout the crystalline rim, exposures ofonttaquartzites and
aluminous, graphitic schists in the we® rim, and locally, a thin amphibolite in the eastern
portion ofthe crystalline rim (near well9-04). Within predominate schists of the crystalline
rim, Nelson (2000) also observemnificant muscovite anplagioclase content that ranging
from 0 to15 percent ofhetotal volume; these schists are observed to locally grade towards
guartzites.Furthernore, Nelson (2000) also observedidishpurple, euhedral to subhedral

garnets (almadinevhich wereup to 4 mm in diameteandassociated with botimicaceous and
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guartzose schists with tourmaline meswith graphitic schists amqbssibly decreasing garnet
content wih increasing graphitic content.

Therefore, based upon previous work, mineralogical input from the Emuckfaw Group
into impactite breca matrix beyond ubiquitous quartz would be muscovite, biotite, plagioclase,
graphite, euhedradubhedral garnets, unknown amphibole species, and tourmBlugeto the
metasedimentary (metgreywacke) nature of the Emuckfaw Group, potassium feldspar and
zircons would benticipated additions as well.

KowaligaZana Gneiss.Intruded into the Emuckfaw Group, the Kowaliga and Zana
Gneiss are, respectively, a gray, coayssned feldspathic augen gneiss and gneissic quartz
monzonitegranite which are strohglineated and have increasing foliation near margins
(Raymond et al. 1988; Drummond et 4B97). Derived from Hype parent magma of felsic to
intermediate composition along with likely metadimentary contamination, the Kowalgana
gneiss is thougt to be emplaced during the 48fa Taconic Orogeny (Russell et,dl987;
Drummond et a).1997).

Specifically, for the Wetumpka crater, Nelson (2000) observed bratlie muscovite
poor outcrops of micaceous;feldspar augen gneiss (Kowaliga GneisBicl include quartz
and both potassium feldspar and myrmekitic plagioclase in the northeast portion of the rim. Also,
north and proximal to the Wetumpka crater rim, Nelson (2000) observed occurrences of
Emuckfaw Group and Kowaliga Gneiss within strearmoleds with Kowaliga Gneiss exhibiting
potassium feldspar augens, biotite and high quartz con@her studies that have included the
Kowaliga Gneiss outside of the immediate area of Wetumpka have observed mineralogical
composition of quartz, potassiueldspar and plagioclase porphyroblast, biotite, muscovite,

chlorite and accessory minerals of sphene, apatite, zircon, and epidote, in the Lake Martin area,
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northeast Elmore County (Sterling, 2006); In addition, within eastern EImore County near
Tallahase, Kowaliga Gneiss is observed, along with common, previously mentioned
mineralogical, constituents, epidote and microcline augens with tartan twinning asgdafimed
biotite, muscovite and quartz inclusion¥herefore, the anticipated, potentialaigregated
crystalline basement input within impact breccia matrix is primarily subhedral quartz, principally
potassium feldspar (microcline and orthoclase) and lesser amounts of plagioclase feldspar, micas
of principally biotite with subordinate muscovaed chlorite, and accessory minerals of epidote,
apatite, zircon, and sphene.
Eastern Gulf Coast Plain: Tuscaloosa Group and Eutaw Formation

Following the breakup of Pangaea amitial formation of the Gulf of Mexico during
Late Triassic to Early Jurassic, the volcanicriteéd r gi n on Nort h Americads
margin transitioned to the passive margin wedge of the Eastern Gulf Coastal Plain (Salvador,
1987; Mancini et al., 2008). &ough substantial sedimentary deposition of Upper Triassic
through Lower Cretaceous strata occurred deeper within theustdze of the Gulf of Mexico
(Mancini et al. 2008), within the arcuate peBaleozoic outcrop belt of the Eastern Gulf Coastal
Plain, only Upper Cretaceous sediments of the Tuscaloosa Group and Eutaw Formation exist
within the target stratigraphy of the Wetumpka impact crater (Neathery et al., 1976; King et al.,
2006). Within the Alabama Upper Cretaceous outcrop belt, stratigrapthit@cture of relevant
Upper Cretaceous formations transition from the eustatiionic derived stratigraphy of the
eastern margin of the Mississippi Embayment to the largely eustatically derived Upper
Cretaceous sediments of eastern Alabama and we&séemgia. Upper Cretaceous sediments of
Central Alabama lie within a zone of transition between these two fundamental areas that have

received lesser scientific scrutiny than neighboring eastern and western Alabama Cretaceous
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stratigraphy Upper Cretaceaustratigraphy of central Alabansauld include stratigraphic and
sedimentological character similar to both western and eastern Alabama Upper Cretaceous
stratigraphy and intraformational faci@. T. King, Jr., personal communicatip2010).
Following the formation of the Mississippi Embayment, limited tectonic influence upon post
Tuscaloosa, Cretaceous stratigraphy is possible due to volcanism (Baksi, 1999), halokinesis, and
thermal subsidence (Cox and Van Arsdale, 2002; Mancini et al. 26l@8)yever,global sea
level curves and eustacy are attributed to be the principal influence on transgressive and
regressive cycles of the Eastern Gulf Coastal Plain (King, 1994; Mancini et al. 2008).
Tuscaloosa Group.The Tuscaloosa Group ranges from a flwdeltaic and marginal
marine complex within western Alabama to a poadyted, feldspathic, predominately fluvial
sedimentary deposit of the undifferentiated Tuscaloosa Formation of eastern Alabama (Mancini
et al. 1987). Consisting of the lower Coker Formatad the upper Gordo Formation within the
up-dip (outcrop) in Alabama, the Coker Formation is generally described as a fine to medium
grained, micaceous, crebsdded sand and variegated, micaceous clays with subordinate, thin
gravel beds whereas the @orFormation consists of a lower, predominately gravelly sand and a
crossbedded, locally gravelly sand in the upper part with interbedded, gray, medktated
purple, and mottled clays (Raymond et al., 1988¢spectively, thicknesses for the Coked a
Gordo formations are estimated to be 70 to 152 and 35 to 91 meters in outcrop for a combined
105 to 23 meters (Raymond et al. 1988jowever, in the vicinity of the Wetumpka impact
structure, thicknesses are estimated to be 60 meters for the Tuadatoop (Neathery et al.
1976; King et al., 2003)In addition, the Tuscaloosa is thought to be middle Cenomonian to

Turonian in age (Mancini et al. 2008). However, Johnson (2007) reports palynological data that
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suggest an age in the ganof late Albiarto Cenomonianwhich was obtained from Tuscaloosa
paleosols within a sermtact sedimentary block drilled in well 98L.

Although predominantly terrestrial in origin, the Tuscaloosa Group contains marginal
marine sediments in western Alabama withintibsal Eoline Member of the Coker Formation,
which consist of very fine to medium grained, thinly laminated, and finely glauconitic sand and
silt, along with darkgrey, carbonaceous clays (Drennen, 1953; Raymond et al., 1888her
marine incursion cahe found near the top of the Coker Formation corresponding with the
maximum flooding surfacelentifiedby Mancini et al. (2008) within subsurface logs and
outcrops within Western Alabam&his latest Tuscaloosa marine incursion likely transgressed
as fa as western Middle Tennessee, whereidéstifiedas intercalated upper shoreface sands
(Marcher and Stearns, 196Ylar c her and Sterans (1962) interp
was likely a narrow inlet that flanked the eroding, uplifted Paledzighlands of the Mississippi
Embayment (see Cox and Van Arsdale, 20@d)hough glauconitic, marine sediments are
found with southeastern Elmore County (Szabo et al. 1988), Drennen (1952) states that there are
no known marine Tuscaloosa sediments efdte Coosa River nor has recent, substantial field
mapping or outcrop studies (e.g., Neathetrgl, 1976; Nelson 2000; King and Orm6, 2007)
revealed any Tuscaloosa sediments of marine or marginal marine origin.

Fundamentally, the terrestrial faciesthe Tuscaloosa Group include (1) floodplain
facies of overbank/paleosol deposits of oxidizedsmedoonpurple, heavily bioturbated, silty
clays interbedded locally with olivgray crevasse splay sands and, in one locality, high
concentrations ofibtite (Reinhardt et al., 1986and (2) stacked or amalgamated®6-meter
thick, fining upward, mud or quartzite conglomerates overlain by trough-bestted channel

sands (Reinhardt et al., 1986; Savrda e28D0). In a few places, oxbow lacustrinepbsits of
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laminated, fossiliferous (leafch), grey clays have been found (Smith, 1984; Savrda, et al.
2000). Within eastern Alabama, these Tuscaloosa alluvial facies are interpreted to be part of a
complex stratigraphic architecture derived from a lyform of tropical, high discharge,
anastomosing alluvial fans and braid@cers of moderate slope (King, 1997), which locally
resemble more typical meandering fluvial systems (Reinhardt et al., 1986).
Sedimentologically, white, buff, red, and purpleaonel sands of finingpward cross
bedded sequences are wadifined planar to trough crebgdded sands with basal, reworked
flood-plain clasts or quartzite granules, pebbles and cobble conglomerates that are coarser near
the base of the Gordo (Drennd®52; Reinhardt et al1986; Savrda et alk000). These
channel complexes fine upwards into oxidized overbank/paleosol facies that are pervasively
bioturbated with dense, interpenetratifeenidium(Savrdaet al, 2000), an ichnofossil of
meniscatebadfilled, and straighto sinuous burrows likely formed by insect activity.
Lithologically, discrete, pristine planar and trough crosdding of micaceous, immature arkosic
sands absent of any bioturbation along with heavily bioturbd@ehjdiumbearing, red and
purple, paleosol/overbank silts and clays are diagnostic of Tuscaloosa Group sediments. In
addition, overly gravelly sands and coarser conglomerates likely belong to the Gordo Formation.
In addition to lithological and stratigraphic compositidiscaloosa Group mineralogy
can be arkosic and quartzose (Nelson, 2000) and can contain some heavy nieges.and
uUddin (2010) have reported detrital heavy minerals of garnet, zircon, tourmaline, rutile and
opaques from a 0.19 to 0.85 percentticacfrom localities of chemicallyveathered Tuscaloosa
Formation in eastern Alabama and western Georgia in plosémity to piedmont sourcesn
the previously mentioned marginal marine facies (specifically beach placer deposits) of the

Tuscaloosa in iddle Tennessee (Marcher and Stearns, 1962), accessory minerals include
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tourmaline, epidote, zircon, titanite, kyanite, staurolite, leucoxene, monazite, topaz, tremolite,
ilmenite, limonite and apatiteTherefore, within aisaggregateduscaloosalerivedimpactite

breccia matrix, Tuscaloosa could input minor amounts of these minerals along with rare biotites.
Obviously, sourced from an alluvial and oxidized environment, these accessory minerals are
likely to be heavily chemically and physically weathered.

Eutaw Formation In contrast to the Tuscaloosa Group, the Santonian to early
Campanian Eutaw Formation is a heterolithic, marine to marginal marine formation consisting of
a lower, unnamed member of noalcareousglauconitic, crosbedded to massivécally
fossiliferous, fine to mediurgrained sands with interbedded, laminated silts and clays
(Raymond et al., 1988), which are disconformably incised into underlying TusaaByoup
sediments (King, 1990)However, the upper member of the Eutaw Formation, the Tombigbee
Sand Member is disconformable with the underlying member and isalcareouso calcite
cemented, fossiliferous, glauconitic, finlagward, fine sand to silty clay that is mostly
conformalte and gradational with overlying Mooreville Chalk (Raymond et al., 1988; Mancini et
al., 1994). Both the lower unnamed member and Tombigbee Sand Member thin from western
Alabama to the east and thicken from offshewbsurface to udip outcrop with a mamum
thickness of 170 meters to the west and thinning to 38 meters in the east (Raymond et al., 1988;
Liu, 2007). Within the Wetumpka area where the Eutaw Formation begins to thin substantially,
the thicknesses are estimated to Gerieters (Neathery at., 1976). Furthermore, the
Tombigbee Sand thicknesses can range from 1.5 to 6 meters, absent in eastern Alabama, and is
discontinuous within western to central Alabama (Raymond,&t288).

Although heterolithic, stratigraphic patterns have beengmzed by Mancini et al.

(2008) among others that show finingward sequences with general bat&pping facies
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associations as part of a transgressive systems tract and, possibly, the uppenrstastdow
systems tract (CE. Savrdapersonal communicatn, 2009). The lower, unnamed Eutaw
member is generally dominated by paralic marine sand facies corgpingar barriesisland,
inner shelf deposits of linear submarine sand bars, turbiditic sands, and tempestitesk-and ba
barrier deposits of lagoonaarbonaceous silts and clays, and tidal delfasubordinate facies
assemblage of estuarine incised vafiklis recognized and weditudied within the eastern
Alabama and western Georgia coincident with the modern Chattahoochee River Vhitey.
asemblage of facies resulting from tidalhfluenced environments of deposition include-bay
head deltas, bay muds of faweather and storm conditions, and tidal channels and shoals
(Frazier and Taylor, 1980; Savrda and Nanson, 2003; Bingham et al., 20088je lower
shoreface and inner shelf environment of deposition transgressed to the position of the modern
outcrop belt, outcrops of the Tombigbee Sand Member are the result (Mancini and Soens, 1994).
For the Eutaw Formation within the Wetumpka regierazier and Taylor (1980)
describe a basal, bioturbated, gravaiénd overlain with crogsedded fine sand and mud drapes
along with rare intercalated fossiliferous muds that contain bivalve fragments and lignitized
wood fragmentsMoreover, Nelson (20Qthas identified predominantghiomorpha nodosa
within Eutaw outcropslocated bottwithin and outside the impact crater. Likewisesome
previousreports Frazier and Taylor (1980) and Mancini and Soens (1&pbrted
Ophiomorpha nodosdominancen fully bioturbated to moderatelyioturbated sands and muds
in the unnamed lower member of the Eutddowever, within tidal inlet/tidal delta facies of the
upper lower Eutaw, Savrda et @1998)reportedmore diverse assemblages of ichnofossils
includingMacaronichnus, Conichnus, Skolithos, Dactyloiditas] comparatively rare

Ophiomorphawith good preservation of herringbone crasstification. Furthermore, within
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incisedvalley-fill facies and the estuarine bay muds and sands, muds and sands have a
bioturbated, homogeneous fabric where discrete ichnofossils are identified stiahasges,
TerebellinaandTeichichnugalso somé&phiomorphabutonly with tempestites Also, within
these estuarine settings, large lignitized wood fragments and laminated or bedded lignite have
been observe(Frazier and Taylor, 1980; Savrda and Nanson, 2003).

Interpreted as offshore transition to lower shoreface, Mancini and Soens €84y
three fundamental lithofacies within the Tombigbee Sand. However, the lowermost lithofacies is
essentially identical to the uppermost unnamed member, astratiied, glauconitic, non
calcareousfine to medium sand, distinguishable only with aerceding transgressive la@n
the other hand, Mancini and Soens (1994) state that the upper two members have varying calcite
cementation with bioturbated, massive fabrics in which cementation can encompass entire beds
(Savrda and King, 1993) or discamibus concretions (Savrda and King, 1993; Mancini and
Soens, 1994, Liu, 2007Moreover, the diachronous overlying Mooreville Chalk and underlying
Tombigbee contact can be gradational towards saitiyymarl or sharp as a calcareous, bored
sandstondardground surfacéermed hereims theh T o mb i g b e eLiug28QY)im c k . 0
contrast picks the contact where calcerous clay (marl) exceeds the sand vaithen the
Wetumpka area, Nelson (2000) observed few recognizable Tombigbee sangutc
occurrencesWithin the Wetumpka area, Tombigbee Sand intervals arkrnootn to exceed
onemeterandsee mb 1l e t he A T ooh®avrdplared Kinge(E@3iFalavingthis
precedent, only indurated, calcareous sandstones are interpreted as Tombigbee Sand Membe

Lowermost Mooreville Chalk (uppermost target sedimenttilizing (U-Th)/He
geochronological methoam apatite and zircon samples absolute, a radiometric age of

84.4+1.4 Ma was obtained by Wartho et al. (2011) which is in general agreement with the
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biostratigraphic estimate of ~&million years by King et al. (2007). However, with the
biochronostratigraphic , lithochronostratigraphic, and sequence stratigraphievbdood Liu

(2007), the Wetumpka impact event likely has occurred during a later time than the absolute age
based on comparisewith semiintact strata oflowermast Mooreville chalk at Jasmine Hill

Road in the extrarater structural terrain, describley Nelson (2000). Within the resurge

interval of 0903, semiintact chalk clasts are entrained within the resurge, thus, at least one
chalky horizon must exist in target stratigrapiWoreover, Ormo et al. (2010) suggested that
water depth was likely cles to the minimum value proposed@hus, impact is interpreted to

have occurred during a regressive phase (marl or clayey depositith)the Jasmine Hill

outcrops and driltore data (detailed in results and discussion), a probable age of approximately
83.9 million years is estimatedonstrained by the radiometric age and its limits of uncertainty,
the Wetumpka impact must have occurred during the deposition of the lowermost Mooreville
Chalk. Interpreted chronostratigraphic and lithostratigrahictpmsalong with absolute dates of

Wartho et al. (2011) are presented in Figure 4.
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The lowermost Mooreville Chalk is gradational with the underlying Eutaw Formation
and is genetly described as grey to gregmey, sandisilty, glauconitic, fossiferous marl and
chalk (Raymongkt al., 1988; Mancini and Soeh994). The lower Mooreville Chalk is also
gradational with the stratigraphically adjacent calcareous, glauconitic, and fossiliferous, fine
grained sand, clay and marl in eastern AlabaRram Liu (2007), the lowermost Mooreville
Chalk below the maximum flooding surface was noted to be sandy and gradational, and the
transition from calcareous Tombigbee Sand Member to Mooreville Chalk was picked where the
calcareous claynarl content surpasd the sand fractiorHlowever, not all Tombigbee Sand
Mooreville Chalk contacts are judged to be transitiokaide from sharp, erosive contacts in
eastern Mississippi (Mancini and Soen, 1994; Liu, 2007) and in contrast with gradational
contacts in Alaama, the closest, undisturbed, and published Mooreville Chalk locality at
Catoma Falls overlies sharply the Tombigbee Sand Merdbaerarcated by a calcareous
caprock Located in northwestern Montgomery County, this locality is located nearly directly
down paleodip, approximately 29 km southwest from the center of the Wetumpka impact crater.
Resting atop of a bored, caletemented, echinoidearing, and fingrained sandy
hardground contact, the lowermost Mooreville Chalk of Catoma Falls is descyilSal/trla
and King (1993) to be sedimentary package of a calcareous, very fossiliferous, glauconitic sand
with aninterbedded, sandy chalRirect physical evidence of the Wetumpka impact are not
currently known at Catoma Falls, but Mooreville Chalk besn a recognized stratigraphic
component of the impact beginning witlte work ofNeatheryet al.(1976) where Mooreville
Chalk is preserved within topographic lows within the interior of the coatas graben on the

exterior.
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However, King and Petny (2009) suggested that chalk deposits previously attributed to
the Mooreville Chalk by Neathest al.(1976) could be posmpact deposition (i.e., resurge
deposits) because of the presence of melted dinoflagel@tedk deposits (drilled in well 09
03) located within the interior of the crater were confirmed to be of resurge origin by King et al.
(2010), Ormo et al. (2010), and Markin et al. (201R)yrthermore, recent investigation of the
isolated chalk outlier to theast of the crater (DI. King, Jr.,personacommnunication, 2009) is
suspected to be of resurge origand investigations of mineralogical composition of clays
within EImore county by Clarke (1965) found that this particular chalk outlier contain2d %
quartz, 20% kaolinite, 205% illite, 20-25% calcite, 1% irooxides, and 2% heavy minerals.
Juxtaposed with basal Tuscaloosa clays in EImore County with no measureable heavy minerals
(Clarke, 1965), and the <1% heavy minerals of Sayers and Uddin (2010) of Tuscaloosa
Formation n eastern Alabama, it is clear that this outlier is atypielavy mineral content
higher than piedmorroximal fluvial sediments is unlikely within mishelf marls and chalks.
Thus, chalk deposits on the exterior could be resurge sediments .aslawver,recognition,
during this study ofotated, semintact blocls of Mooreville Chalk, someoevalMooreville
Chalk was present within the target stratigraphiius, previous assumptions of water depth,
coeval deposition, and paleogeographic setiieg King et al., 2006; King et al. 2007) remain
valid.

During time of impact, the ancestral eastern Gulf of Mexico was in an active
transgressive phase with the main thrust of the transgression centered in the western part of
central Alabama and, sulageently, inundating towards the east and northwest (Liu, 2007;
Mancini et al, 2008). Evidence from the outcrop belt suggests that, the paleoshoreline

transitioned from meastwest trend within the lower Eutaw Formation to a northvgesitheast
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trend wihin the lowermost Mooreville Chalk (King, 1994hlowever, because the Wetumpka
impact occurred within the Moorevilteansgressive systems tract and before the maximum
flooding surface (e.g., maximum transgression) recognized by Mancini et al. (20Q8) and
(2007), the shoreline was likely in a transitional, general retreating position at time of impact.
Moreover, according to Mancini et al. (2008) and Liu (2007), the maximum flooding surface
(mfs) of the lower Mooreville Chalk does not coincide with maximum bathymetric (mfs I1)
surface of the upper Selma Group identified by Liu (200 Rus, in concert with observations
made Ormo et al. (2010), the depth and distance to shore could be less than previously believed
in prior work (i.e., King et a).2002).

During deposition of the lower Mooreville Chalk, there were two principal siliclastic
places of input along the paleoshore line. One was centered near the Alabarge state line
to the east and the otheear the northwest corner of Alabaarad southern middle Tennessee to
the northwest (Mancini et all993). These were roughly coincident, respectively, with where
the modern Chattahoochee and Tennessee River valleys intersect the arcuate, Upper Cretaceous
outcrop belt. Hypothetically, wean supposéhat ancestigequivalents of the Tennessaed
rivers existed and these were their entry points into the ancestral Gulf of M&kiedatter
river, the ancestral Chattahoochee River, had some possible depositional influence on the
Wetumpka aga. Interpreted to be tidalynfluencedbay-head delta by &rda et al. (2003)
among many others, the sedimentary reach of the ancestral ChattahoocheelRiggtends as
far west as Montgomery County within the realm of the Mooreville CBalkftown Formation
(Mancini et al. 1996).Therefore, the Wetumpka area was likely within reach of, at minimum,

distal finegrained prodelta sediments during regressive periods.
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Between the principal siliclastic inputs, western to central Alabama werepetagc
bays during deposition of Mooreville Chalk (Mancini et 4096; Liu, 2007).Marine depths of
the hemipelagic shelf at Wetumpka have been previously thought by King et al. (2002) to be
between 30 to 100 meters with a hypothetical distance ki@ shore. These marine depths
are based on paleodepth estimates of Puckett (1991) for marl (35 m) and cH#R (&%
inferred from the size of ostracode eyes within marls and chalks of the superjacent Demopolis
Chalk. Variance between marl and chalk dsoan is thought by Liu (2007) to be a result of
Milankovitch-forced climatic cyclicity resulting in marl from increased siliclastic input
(regressive?) and chalk from siliclastic starvation (transgressiVéithin the Selma Group,
overall biogenic proglction (i.e., nannoplankton) is thought by Warren and Svarda (1998) and
Liu (2007) to be relatively constant.

Although the ancestral Chattahoochee River is likely the principal source for siliclastic
sediment within Upper Cretaceous sedimentsasterrand central Alabama, other minor rivers
and streams likely existed along the paleoco8stheli (1976) observed that in a region parallel
and proximal to the faline stream patterns were dendritic within the piedmdmparticular,
river trunks to tibutaries were dendritic in pattern and commonly cut across structural trends of
the Appalachian Piedmontowever, in the case of the @gia Piedmont, streanassumed a
trellis pattern and were clearly structurally controlled by Appalachian Piedmoatusal trends.
Staheli (1976) further interpreted that the line between trellis and dentritic pattern represents the
maximum extent of the Gulf Coastal plaifihe modern dendritic rivers and streams were
interpreted by St ah etdthe afcierl co&sial plaimintditle wreerlfirgt ¢ h e d
piedmont after which the coastal plain sediments eroded to their modern extent, terminating near

the fall line. Consequently, similar rivers may have followed southwestheast structural
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trends of the Apalachian crystalline bedrock (piedmont) north of a narrow pastaloosa

Coastal Plain; however, obviously these rivers had drastically reduced drainage basins probably
at the cost of the ancestral Tennessee and Chattahooche drainage basins as byitenced
aforementioned, dominant depocenteisso, this means local fingrained siliclastic input (i.e.,

bay muds) was possible and would have been independent of ancestral Chatedemorent.

Finally, the fall line is a prominent physiogeograpieiature in the Wetumpka area where
stream gradients increase locally and are associated with a monoclinal point of flexure within the
Appalachian Piedmont (Staheli976). The fall line has been interpreted to be a
contemporaneous physiogeographic feawith the posiTuscaloosa sediments of the Eutaw
Formation based on similarity of ancient stream flow directions to modern ones, mapped along
the Tuscaloos&utaw disconformity (Bingham and Frazier, 200Ajthough an ancient
equivalent of the fall linevould likely have some influence on the paleoslope of the sea floor
and, in turn, influence impact cratering processes, specific evidence of a contemporaneous fall
line at Wetumpka are not currently knowhhus, the possibility for a fall line featuretahe of
impact remains an open and intriguing question.

In summary, the Wetumpka bolide should have struck shallow seas coeval with
deposition of the lower Mooreville Chalk, but before maximum transgression. Ultilizing the
stratigraphic work of Liu (2007alongwith theresults and discussiopresented within this
study, atemporalpoint of impact is interpreted by this author to occur where the lower
Mooreville Chalk and underlyinfombigbee Sand are gradational (e.g., the innersimédf and
lower shoeface cordct). This is presented in Figuregdbong with a synthesis of other

paleogeographic interpagtons made by previous authors.
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GENERAL METHODOLOGY

The purpose of this study is to examine and build upon the preliminary results and
interpretations of King et al. (2010) and Jens Ormel.€R010) by detailed dri¢ore analysis.
During thesummer of 200Sour wells, including Balllif #1 (well #09-03) and Wadsworth¢1
(#09-04), were drilledwithin the Wetumpka impact crater. These wells were drilleBdart
Longyear with funding from the NASA grant NNX09AD90@&warded to David T. King, Jr. and
Jens Ormo. Field work of descriptions, logging, edeaning, petrography, and initial
interpretations were conducted by David T. King, Jr., Jens Ormo, Lketleiny, and R. Scott
Harris and presented at the Lunar and Planetary Science Conference of 2011 (Ki2§®@ al.
Jens Ormo et al. 2010).
Drill -Core Field Extraction and Processing

Both 0903 and 0904 drill-core were extracted with similar methoG@&re segments of a
maximum fivebot (1.52m) | engt h, referred within
using watetbased, rotary cordrilling. During coresection retrievals or active drilling, some
drill-core loss occurred; however, due to thpegience of the drillers, loss of drdbre was very
low (D. T. King, Jr., personal communicatior)09). Following drill-core extraction, driltore
was washed in the field; thus, most intervals of -@olte did not need further cleaninBarely,
drilling-mud was injected or compacted on the ends of core sections; however,-grillihig
easily discerned from original sediment due to high contrast of dritind to original
sediments and broken or abraded ends of core sec#didyilling was canducted in English

units; thus, preliminary logging was measured in decimal feet.

28

t his



Well-Site Descriptions and Locations

Drilling of the030 3 wel | targeted the fAchal k meadowo
by King and Petruny (2009) to possibly be pospact sediment.For this reason, the well of 69
03 was located at latitude, 32.52595, and longittRl§ . 1 8 6 55 wi t hin A he fAcha
groundlevel elevation for the well of 86.3 m was obtained from anl@igital elevation model
obtained from within A ¢ Gi s 9 . Http:IviEvw @labancaview.org/10m_DEM.html
accessed on 12 August, 2010; Alabamaview, 20T0)s well location is situated within surface
exposures of chalky marl; however, surface exposures of the Eutaw Formation are twenty meters
tothenor t hwest on the opposing side of T gr avel
ACIl i f f sstudied and desctibled outcrop of foldmmhtorted sedimentary megablocks (for
example, see Nelson, 2000; King and Ormo, 2007), is located to thenoditiivest with a
distance of 125 m. Total depth drilled was 296 ft (90.2 m). \isdlgeologic map is presented
in Figure 6. This map is modified from existing geologic maps of Neathery et al. (1976) and
Johnson (2008) based on outcrop descriptions ditéd i f f so0 of previously m
and limited field mapping of marl, Eutaw Formation, and Tuscaloosa Group exposures proximal

to the 0903 well site.

29



Baillif #1/ well 09-03

32831;33.42°N"86"11' 1]

wna
L O
iy
;';_ . A

f. | L
- i 2 Y

3 f o
Imagetl).S {GeologicaliSuney 7 1 e |

".‘;':ln;(.'.l'(:)(.}g ].e .

ye alt. 6RI 1t

Figure 6. Well-site geologic map for Baillif #1 (003). Insert: drilling operations at
well-site. Dark green (Kt) is Tuscaloosa Group. Light green (Ke) is Eutaw Formation.
Blue is resurge deposits. Map created from limited-giédl mapping that was used to
modify geologic map of Neathery et al. (1976).

Drilling of the 0904 core hole targeted the crater floor along the presumed shallow crater
edge (personal communication, D. King, 2009); however, tH@408ell instead penetrated 715
ft (218 m) of predominately sedimengampactite sands and overturned fold of sedimentary
target stratigraphy, interpreted as the overturned flap. Thesitelis positioned near the edge of

the southeastern crystalline rim/ejecta at latitude, 32.5105, and longtudé145. A ground
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level elevation of 85 m is obtained in a similar way a©89Due to limited outcrops and
reduced accessibility, no outcrop or field mapping was conducted n€dr. 08 well site map

(Figure 7) is shown adapted from Johnson (2007).
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fk\/:\;grtr#l (0904)
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Figure 7. Well-site geologic map for Wadsworth #1 {09). PreK is crystalline ejecta
and rim. Km? is either Mooreville Chalk or resurge deposition. Modified from Johnson
(2007).
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Drill -core orientation, preparation, cleaning, and photographic documentation

Oneof the principal objectives of this study is detailed documentation ofadné from
the 0903 and 0904 wells; however, before within some core sections, minor or rare high loss
could occur within each sectioff. no trending or relatable structuresrong textural affinity,
similar coloration, or broken, matchiogre ends are observed across core section boundaries,
the partial core section is positioned in the middle of core section interval as per procedures of
Johnson (2007)However, if two coe sections share unambiguous similarity versus the other
neighboring core section, the partial core section is moved towards the similar core section.
Because the core section would then be likely closer to its true position, this is reasoned to
provide nore accurate core section placement than arbitrary placement in the center.

Following placement of core pieces, dabhre is ideally oriented relative to each other.
Typically, drill-core orientation is accomplished in the field by the use of a camstation tool
that grooves the core during drilling (Nelson et al., 198¥)wever, even under ideal
conditions, due to a variety of factors involving the drilling process, orientation error is generally
+11° (Nelson et al., 1987), and core sectionsameetimes significantly rotated before scribing
or grooving (Paulsen, et al., 2002)herefore, with methodologies discussed by Paulsen et al.
(2000 and 2002), dritore orientation is accomplished by pdsiling, relative reorientation,
correlated wih independent structural dat&he drill-cores of 0903 and 0904 were not oriented
in field. However, the nothithified, generally saturated sediments are poor candidates for
conventional orientation techniques such as onsite or tool grooving andgciihus, the 09
03 and 0904 drill-cores are good candidates for pdsting core section relative orientation

with procedures described below.
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Similar to the method of Paulsen et@drsonal communicatigndrill core pieces were
fitted along edgesf broken core pieces (Figure 8) relative to an arbitrary starting point.
However, unlike Paulsen et al. (20620, (bwoent
differentially colored sets of parallel and straight lines separated by 180° and paurthiée!
longitudinal axis of thecore)The fi-scnebewas avoided because mo
fragile and friable, limiting handling and making scribing long lines difficult and inconsistent.
Instead, oriented dritore pieces were laid on a flatrkace and fitted togetheilhen, a line was
drawn across the broken boundaries at the apex of the circular core (see Figulat@y
azimuth directions were assigned as follows: down is north, east is right, west is left and, thus,
the marked corapex is south; with the exception oftXy CT Results, notation of dip directions
was generally kept to general compass directions ffiogth, northwest, etc.)Successful

orientation was then noted for the core log.
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Intact Core Interval Intact Core Interval

SEEDENSIRIE NN Y Y,

/ / / down core

/ "/ / / -
Top of ; / Core run break

5 _ ore run brea
corerun  Continuity break fitted fractures Fractures fit

*rubble zone
*missing core
*fracture with evidence for rotation

Figure 8. Core fitting and orietation. Top: diagram demonstrating dadre fitting and
orientation. Bottom: demonstration of cditting for two small resurge core pieces
across fractured ends. lllustration at ton is modified from Paulsen et al. (2000).

Successful relative orientation was most successful within the moddrtitifigd
resurge interval as described in CT methodology. Other unconsolidated to poorly
unconsolidated intervals were only oriented if the core pieces were safely capable iofjhandl
Although core pieces within particular core sections were commonly oriented, relative
orientation across core section boundaries was commonly problematic. Even if core loss was

minimal, unconsolidated core sections commonly had abrasion or disafignes} the end of
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core sections. In these instances, physical fitting was not possible. Although in many instances,
probable orientation was still accomplished due to trending oxidation patterns, structural
features, and beddibBvanwithtesstcataineadd lemgthwiigteado b ab | e .
orientation within unconsolidated intervals, orientation was still advantageous for study of
deformational features.

Following orientation, drilcore was measured and braced for logging and photographic
documentation. Within gaps between core pieces and core box wall, rectangular or cut pieces of
closedcell polystyrene foam were fitted into gaps to brace core pieces from mdiiegcore
boxes are marked at 0.5 ft (15.2 cm) intervals #99%nd 0.1 ft (m) intervals in 09D3
directly on top of the box to the right of the core, and depth is written within the interior for each
one foot (30.4 cm) incremenHowever, the resurge interval in-03 was measured previously
by writing depths directly on theore as part of the work for the abstract by Ormé et al. (2010).
Logging and measurements of depth were maintained in English units until data compilation and
writing of this volume when English units are converted to scientific ubiesnarcation of
measwements was based on labeled spacers, field notation of core section bottom depth (i.e.,
drill run depths).The field depths of core sections are assumed to be correct.

Although drill-core from 0903 and 0904 did not generally need further cleaning sash
air-compressed abrasive treatment of Johnson (20073}¢drél needed local removal of drilling
mud. With increasing consolidation, drillimgud was removed correspondingly with brushes,
utility knives, and sandpapeAlthough spraying water could hbe used to elucidate features,
the friable nature of most drtiore allowed for the use of brushes to gently reveal internal
structures (Figured 9) which then stand out in religfis additional cleaning helps@mtuate

structural features.
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Figure 9. Example of method of core cleaning method with brushes. From box 1¢
well 09-03, within an interval personal communication Formation.

Methodology for driltcore photographic documentation is similar to methodology of
Johnson (2007) except as tMis. The header is reduced to a minimum to increase area
photographed thereby increasing resolution for-dolles. The header includes a scale in cm and
0.1-ft increments, a color strip of yellow, red, and blue to calibrate photographic colors, box,
well and depth (Figure 10). A digital, 12 megabyte, Canon Powershot D10 is used for high
resolution photographic documentation. Within core boxes as depicted in Figure 10, stratigraphic
up is to the left and each subsequent row below the top is increasiegtim @ithin
documentation and | ogging, each box is abbrev

followed by designated numbers, one to five (top to bottom).
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Box 20 Row 1 (B20R1)

©

B20R2

B20R3

‘B20R4 -

Figure 10.Example of photograpborrected cordox digital photograph witkabeled
elements.

Because the camera focus was located at the center of the core box, distortion due to
Al ens bubbl e daeriged distofienslaspoéfactsioscerred at the extremities of the
corebox.N Per s pdeecrtiiveeed 0 di st or t i owhich viewpbietfappeaessd a di s
directly above in center and core Cealib>s appear
photographs were corrected for distortions, brightness, and color systematically utilizing the
fibat cho f un @Rhotashop ESBas explaineddbe Johnson (200 orrections were
conducted by the following parameters: filter, lens correction (distort amount = 4, distort
coefficient 1:0.04, distort coefficient: 1.04); brightnes6%); contrast (+24%); and saturation

(+10%). Howeverf ol | owi ng systemati-deciovee@datvionsal fngis:s
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existed along outer extremitieglso, slight blurring existed at outer edges of photograiditer
corrections, for ease of logging, higbsolution digital photographs obre pieces were stitched
togetter into photo composites of 100(80.48 m)in length. However, due to distortions in
length, premeasured ticks were used with Ad8tRhotoshop CS2ransform functions to adjust
each core piece to the proper length.

Gererally, ethical guidelines of Cromey (2010) are followed for the treatment and
presentation of digital imagerylhis entails the following summarized, relevant guidelines: (1)
correctional processing and image acquisition are identical and adjustmerntstshsimple; (2)
image manipulations are conducted across an entire image; (3) cropping is acceptable if it does
not exclude contradictory data; (4) internal parts of images should not altered by cloning or
copying; (5) original, unaltered image shoullkept; and (6) comparison of digital images
should be identically acquiredzor some Figures within this text, AdStehotoshop CS2
brightnessand contrast functions have been used slightly and sparingly in order accentuate
observed features and for thase of the reader; however, further alterations #t&% and do
not significantly alter the image from the subjects original appearanag¢hermore, due to
varying postdrilling saturation of low permeable and high porosity core sections, some core
pieces retained water which could make some core pieces relatively darker or lighter.

Drill core description and logging

The 0903 and 0904 drill cores were described and logged in nearly identical ways.
to the shorter length and the importance of the resurge interv@B @@s logged at 0.1ft (3cm)
intervals whereas 004 was logged at 0.2 ft (6.1 cm) intervals due to a doubled length.
Otherwise, the same characteristics and parameters wereagéoreach drilcore with the

exception of grairsize which is explained belowror visual estimates of volume (%), visual
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estimators of Terry and Chilingar, (1955) are uskdtially, descriptive parameters were
recorded on data sheets, and quaititadata were transferred to a MicroSdiixcel® sheet.
Additional notes for observations were recorded in notebooks for each core box that build upon
or were absent in original field noteSome selected photographs were taken-coile features;
however, due to the highesolution core box photographs, features on drill core surfaces did not
require further photography in most instanckgernal features did require additional
photography.
The following explanations and nomenclature for each pdaearfer each logged interval
are listed below:
1 Color: Drill-core was compared to Munsell Color® Ramior charts (Munsell Color
Company, 2009) for standardized names of colors along with appropriate descriptors
(i.e., mottled, banded, etc.).
1 Grainsize: Wsing presieved sediment as suggested by Graham (1998), agigain
comparator was used to visually estimate the most commonsizaimaccording to
the UddenWentworth scaleFor particles larger than bouldsized (> 4m),
descriptive classes of Blaind Macpherson (1999) were used for megaclastain
sizes were recorded t bordxdmple medamsasdt O0. 5
woul d be recorded as Al.5,0 slightly coar
wo ul d blenalfy,0n.addidion to aisual estimate of common gragize for 09
04, maximum graisize (in mm) was recorded because of the presence of
conglomerate as suggested by Graham (1998).
1 Sorting: Sorting of sediment was estimated from visual estimatorfigee 5.7

Harwood, 198) and recorded in a numerical format for wseltted (0.35),
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moderately welsorted (0.5), moderatelorted (0.7), poorhgorted (1.0), very
poorly-sorted (2.0) and extremely poodprted (4.0).

Roundness: A range of common clast roundness was vigsityated and recorded

as a numerical value for angular (1), sarigular (2), swvound (3), rounded (4), and
well-rounded (5).

Intergranular and fabric: Fabric characteristics, i.e., matrix or-gtugaported, were
recorded.Character of interstitial nterial was also recordedNomenclature for
stratification thicknesses and type follows McKee and Weir (1953) where laminae are
<1.0 cm in thickness.

Inclinations: planar features (i.e., faults, laminae, bedding plane) are measured with a
plastic protraair at core surface where viewpoint is parallel to strike.

Sedimentary Structures: Sedimentary structures are logged with nomenclature from
Collinson and Thompson (1989) and with additional visual aids from Ricci (1995).
Deformational Structures: Thestuctures are recorded with nomenclature for
structural discontinuities (i.e. faults, fractures, etc.) from Schultz and Fossen (2008)
and for fold and ductile deformatidrom Twiss and Moores (2007} sense and
amount of offset for faults could be se¢hen they are recorded.

Effervescence: Using at least two HCI drops per 0.5ft (15.2 cm) and 0.4t (12.2 cm)
intervals, respectively for 003 and 0904, the intensity of the reaction is assessed
and is assumed to be a rough approximation for relatiftooate contentEach

droplet is observed, and using visual estimators of Terry and Chilingar (1953) a
percentage is estimated for the density of bubbldsegteak of the acid reaction.

This is then classified as follows: mardinatermittent reactin, 32% (bubble
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density); \ery weak, continuous reactia2®6-5%; weak 510%, moderate 1680%,

strong, 3650%; very strong, 50990%, explosive, no visible fluid, fast reaction-90

100%. Each effervescence recording is converted to the number at the high end of

the range.Variable reactions are averaged.

1 Mineralogy: Grain mineralogy as interpreted from hand lens, occasional smear slide,

and optical microscopyDescriptors of accessoryimerals include trace {2%),

sparse (5%), and moderate {50%).
In addition to smear slides and hand lens examination, 2@&cition slides were created (see
personal communicaticable 1). Seven samples were chosen frorrf03%to elucidate resurge
matrix, the uppermost chalk of the resurge, structureless sands intercalated-intaentiutaw
intervals and the lowermost sand, believed to be the uppermost interval of Tuscaloe83.in 09
Moving in stratigraphic order from the bottom of09, thirtee samples were selected along
approximately 30 ft (9.1 m) or until the first structureless sand is encountereshted samples
were cut out in a pie shape and sent to National Petrographic for epoxy impregnation-and thin

section production.
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Table 1.List of thin-sectioned samples wells marked@®and 0904 (used in this study).

Thin-section # Well Lithology being investigated
03-0.6 09-03 uppermost chalkesurge
03-57.55 09-03 chalk clastresurge
03-74.9 09-03 resurge matrix
03-83.5 09-03 resurge matrix
03-87.64 09-03 semtintactEutaw sand
03-92.6 09-03 impactite sand
03-207.1 09-03 fluidized impactite sand
03-295.8 09-03 uppermost Tuscaloosa sand
04-339.7 09-04 structureless impactite sand
04-381.6 09-04 structureless impactite sand
04-420.6 09-04 fluidized impactite sand
04-469.6 09-04 Eutaw megaclast
04-481.8 09-04 weaklylaminated impactite sand
04-511.1 09-04 contorted Eutavpersonal communicatiosand
04-577.2 09-04 structureless impactite sand
04-611.3 09-04 structurelesgmpactite sand
04-619.3 09-04 weaklylaminated impactite sand
04-672.9 09-04 contorted Tuscaloosa Sand
04-674.1 09-04 saprolitic, metamorphic clast
04-699.4 09-04 structureless impactite sand

Utilizing 200-350 total point counts per slide wasnducted using a G42m step grid
from the each quadrant and the center of the thin sedticaddition, shocked minerals and
impactite glass were searched for using imagery and descriptions of French (1998) and French
and Koeberl (2010)All minerals observed along with general textural features were recorded.
Descriptions of thirsection petrography, petrologerms and scheme of Carrozi (1993).
Results of thirsection petrographgf drill core 0904 are presented ithe Appendix.

Upon finishing descriptions and notation of dwlbre, lithofacies within 094 and 0903
were characterized and logged using LogP3o4. Logged intervals of breccia and megabreccia
were also assigned to Tuscaloosa Group, Eutaw Formation, and Mooréalleb@sed on

defining characteristics as discussed in Target Stratigraphgummary, iroroxide-stained,
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red-orange terrestrial sands and mudstones are assigned to Tuschloonsalcareous sands of
marine or marginal marine are assigned to the E&t@mwation. Where primary calcium
carbonate (marl) is present and if sands exceed marl, then the unit is assigned to Eutaw
Formation (Tombigbee Member)f marl exceeds sand content, then it is assigned to the
Mooreville Chalk. Also, bedded or laminatdnite is, based on existing literature, likely
diagnostic of Eutaw FormatiorSummaries of descriptions and notations of logging are also
compiled within the Logpl6t3.4 software. Digitial logs and phetmmposites of 093 and 09
04 are attached byD-ROM.

X-RAY COMPUTED TOMOGRAPHY METHODOLOGY

X-ray computed tomography (CT) is a powerful technique that is relatively new to the
geosciences; however, within the past three decades in the fields of petrology, paleontology and
4d experimental studies-day CT have made and are making substantial advances (Carlson et
al., 2003; Cnudde et al., 2006)he CT method has a number of crucial advantagesopposed
to classical petrological techniques such as-$kiction petrography and polished sectiofisay
CT allows true 3d spatial understanding of a sample in a relatively short period of time with (if
properly calibrated and scanned) accurate, quantitative data to accompany excellent, qualitative
observationsMoreover, Xray CT methods are nefestuctive and nosinvasive which are
ideal for valuable, rare specimens of meteorites and fas&ils as the resurge interval of the 09
03 drill-core

In analysis of drill core, Xay CT is a heavily used and proven technique for drill core
applications andtudy. Flisch and Becker (2003) utilized-bay CT to identify features, within
unconsolidated lake sediment as paleoseismological evidence that traditi@uabdraphy or
purely visual observations would have missed or misinterpreted. Gaghalu®009) used X

ray CT, in part, to identify and distinguish bioturbated lithofacies from turbidites in their study of
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Late-sectioned muds Furthermore, within the application of drill core analysisa} CT has
been used for general sedimentology (Orsilet1994); porosity, permeability, and fluid phase
studies within petroleum engineering (Akin and Kovscek, 2003); sedimentological, quantitative
studies of mineralogical composition and porosity within sandstones (Long et al., 2009); and
comparisons witlraditional microscopic techniques anera§y CT for porosity studies (Van
Geet et al., 2003)With an established record of successful results of drill core analysis and for
its nondestructive advantage-bay CT was the chosen method for study of the-grained
sediments of the 003 resurge interval
Fundamentals of Xxray CT scanning

Fundamentally, Xay CT is composed of a source that emits asafanshaped beam
at a known total energy, a subject of study, and a detector or array of detexitaredbkure the
averagesnergy of the xay beam after passing through the subjéifion passing though the
subject of study, a portion of the total energy ofxhray beam is lost and becomes attenuated
As the Xray beam sweeps over the subjeneastements derived frorattenuation allow
average density for a 3d slice of voxels to be calculated by a complex, internal set of algorithms.
A subsequent computation allows the 3d voxel slices to bepragicted into a-2i slice in
which each pixel actlig represents the average attenuation coefficient (derived from density) of
3d space of voxel (Duliu, 1999). Appropriately, Ketcham and Carlson (2001) analogously
compare this to slicing bread in which a series of slices are taken and then can betlpert tog
later recreate a-8 reconstruction of the subject.

Within X-ray CT, the two basic types of scanners are medical CT and industrial
computed tomographyAlthough medical CT has been utilized for some time within geological

studies, medical CT aamptimized for living subjects; therefore, medical CT is built to minimize
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X-ray exposure to the subject, increased speed, and typically have lower resolution than their
industrial counterparts (Duliu, 1999 contrast to medical CT, which typically ha&solution

in large fractions of millimeters, industrial CT that includes high resolution; lilgta

resolution, microtomography, and na@ad typically has scales of observation (field of view) of
decimeter, centimeter, millimeter, and suillimeter andresolution of 100 micron, 10 micron, 1
micron, and nanometer, respectively (Carlson et al., 2003; Cnudde et al., R@96)theless,
medicalCT was utilized in this study because of its accessibility at Auburn University, lower
financial cost as compatao industrialCT, and large field of viewConsequently, the entire 28
meters of the resurge interval could be scanned.

Whether the utilized CT machine is industrial or medical, a large variety of
configurations existHowever, as discussed by bothliDy1999) and Ketcham and Carlson
(2001) and depicted in Figure 1dll modern Xray CT machines can be classified according to
scan geometries referred to as first through fegeteration: (I) firsgeneration is a linear
6penci |l b e a m&angdlates atrest thecobject witht shbseiquent scans at multiple
angles; (Il) secongeneration is similar to first generation but incorporates a fan beam with
corresponding arcuate detectors; and (lll) tgesheration in which the fan beam encompasses
theentire object and either the object is rotated or the source and detector are rotated around the
object. Referred to in the literature, occasionally, as spiral or helical CT (see description for
helical CT in Schreurs et al., 2008azdi and Beaulieu, ZB), Medical CT is considered a
fourth-generation technique and consists drabeam with a oppositéxed ring of deteairs
that revolves around a subject which then translates through the scanningiplarmelical

configuration (4 generation) is the configuration utilized in this study.
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Figure 11 Schematics for detectors, source and subject utilized withiey)CT for the
geosciences for'] 2", 3¢, and &' generation CT scanners. Typically, industrial scanners
use £ 2" and & geometries, and medical (helical) scanners tisgesieration

(Ketcham et al., 2001). "generation is the configuration utilized in this study.
Schematics are from Robb (1982).
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Calculating attenuation values in xray CT
Becausenatter, either though specific atomic species or density of a material, attenuates
focused Xray beams, the average density of a particular voxel (the 3d equivalent of a pixel) can
be calculated This attenuation occurs because of three main process#ee(@ctric absorption
(total absorption ofraX-ray photon) Comptonscattering (partial absorption ah X-ray
photon), and pair production (conversion nParay to a positrorelectron pair).Photoelectric
absorption, compton scattering, and pair pidtn are predominate at beam energies of up to
50-100keV, 510 meV, and above 10 meV, respectiveBecause photoelectric absorption is
more sensitive to the composition of specific atomic species, the best resolution is achieved
when lower energieare utilized. However, the use of lower energy beams, as will be discussed
later, have consequences for the generation of reconstructed slices (Ketcham, et al. 2001).
Each particular voxel has an intrinsic attenuation coefficient defined by the dertbigy of
volume scanned and its constituent atomic spe¢taadamentallycalculation of the attenuation
coefficient is made possibie a homogeneous material assumangionochromatic beam by

Beer 6s Law:

‘0 A @Bed (1)
wherelg is the original Xray intensity inkeV, | is the measured-pay intensity, x is the
thickness of the material scanned, @rnd the calculated attenuation coefficient expressed as
1/length. Of course, geological materials are not homogeneous, and tlaivencalculated
utilizing this equation:
0 AR w (2

wherei is an increment of a single material along the linear extext of
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Furthermore, as mentioned, briefly, by Akin and Koks@903) and Van Geet et §003) with
more in degt discussion by Ketcham and Carlson (2001ja)Xbeams are assumed to be
monochromati¢rom initial calculatiors (equation 2) to reconstructeedslices by computer
algorithms. This assumption allows specific density values to be assigned per pixesaeds
computational complexity but potentially introduces artifacts into the final image (again, see
Ketcham and Carlson (2001) on discussion of reconstructebte2hniques and problems).
Attenuation of Constituent Minerals

Scanning parameters that could be controlled in this study arerélyelyeam intensity in
keV, the amount of current in theray tube in mAmps, field of view, resolution (field of
view/amount of pixels) and the scanning time per slsgthin X-ray CT & explained by Duliu
(1999) the output parameters are calculated in either CT numbers (industrial scanners) or
Hounsfield units (medical scannersjomputed tomographyumbers roughly correspond to
increasing bulk density in a relative sense @/@ndHounsfield units (HY are scaled so that
water and air have a value of 0 ad@00, respectively (for dissgion on proper conversion of
HU and CT to true density, see Akin and Kovscek, 20@®)ally, pixel resolution is fixed on
many medical CT scanneaisd has limited variability on industrial scanners, but field of view
can be controlled (Ketcham and Carlson, 200T)erefore, true resolution is variable depending
on the field of view chosen which can be manually calculated.

In addition, asevent i n Beer6s | aw (equation 1 and
important parameter in the consequential, measured vafi@E and Hounsfield unitgdlegree of
noise, and amount of artifactslowever, in this study, in order to change scanned thickness,
drill-core would have to be cut to optimal lengths that may hmeveasedesolutionand

reduced noiseut would have compromised one of the main advantagesay XT (non
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destructive analysis). By increasing scan times, noise derived from insuffieemm penetration
can be minimized (Duliu, 1999).

In the case of Xay energyKeV), there will be always some degree of compromise and
trial and error to achieve optimal conditiorf3rior analysis of attenuation coefficients for
anticipatel mineral comosition alloweccorrect beam energy to bkeasen for an optimal
resolution in conjunction with minimized noise of photon starvatiarthis study, the targeted
x-ray beam energy wastimately120keV. Principal mineralogical constituents were
determired from drilkcore inspection and reported clay mineralogy from an exager
Mooreville Chalk outlier (Clarke, 1965)As demonstrated byigure 12 the expectedorincipal
mineral phasegjuatz, calcite, kaolinite, illiteapatite (OH), and pyriteshow some small
separation in their corresponding attenuation coefficigdtsvever, kaolinite and quartz show
marginal differences whereas illite has moderagdywated attenuation values, and calcite,

apatite, and pyrite have contrasting values.
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Attenuation (¢ )vs. Source Energy
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Figure 12.Linear Attenuation coefficient (i) as a function ofrXy beam intensitgkeV). The
mineral phases shown are expected, principal mineralogical constituents within the scanr
interval of core in this study. Obtained from the University etds at Austin MuCalcTool at
www.ctlab.geo.utexas.edu/software/index.php.

As depicted in Figure 13attenuation of sample minerals shows that grayscale values of
guartz and calcite are similar in appearance wixanay CT. With akeV setting of 10keV,
calcite, quartz, and kaolin are measured with a mean value of 2390, 1590, &ifid, 760
respectively. With a kegetting of 12keV, calcite, quartz, and kaolin are measured with a
mean value of 2060, 1640, and 890 HU, respectively. With a diffdrehBal x and 2.09 x of
calcite and quartz to clay (kaolin) fokaV of 100 and 2.3x@and 1.8x differential for a kedf
120, quartz and calcite are far closer in attenuation thdreteamplelay. This can be
appeciated qualitatively in Figure 18/here clay contrasts with quartz and calcite with darker

gray scale valuesThus,based on prior parameters that affect attenuation (mineral phases,
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density, and porositygppreciable dark grayscale valliggly indicate qualitatively higher clay

contentor greater relative porosity
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Figure 13. Attenuation of constituent minerals of the-@® resurge interval. This Figure show

3 samples of the most common mineral constituents of the resurge juxtaposen aith-core

at two different beam energies (see red arrows). Note similar attenuation values (grayscale
values) of quartz and calcite as compared to darker value for kaolinite and greater contrast at

lower keV.
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The limitations and artifacts in X-ray computed tomography

Furthermore, concentrated glauconite grains impart a generally high attenuation value
similar to calcite in appearanceikewise, pyrites have exceedingly high attenuation values
manifest as a near puwhite grayscale valueRyrites are easily differentiated from glauconite
and calcite due to starburst artifacts (described below) that involve dadpsiathadows and
white, falsehigh attenuation streaks. Starbursts are assumed to be diagorgsydtiferous
concretions.

For any scientific approach in observation, artifacts are an inescapable reality in both
dired and indirect methodsWithin X-ray computed tomography, artifacts that emerge in
scanned primary crosgections and 3d, interpodat reconstructions are the main limiting and
complicating factor for both quantitative and qualitative objectivegjuantitative and
gualitative analysis, proper identification and understanding of artifact generation allow the
proper remediation and mmization of artifacts through pigcanniri; calicration, proper
scanning methodology, and pastmputational image remediat:o@ommon artifacts, which
are often encountered effects within this study, includddhowing: (1) beam hardening; (2)
partid-volume effects(3) photon stevation; (4) starbursts; and)(&rtifacts due to nen
cylindrical crosssection. Ring artifacts are common artifacts with industrial CT scanners'nd 3
generation configurations; however, they are not a problem with medical scanners.

Photon Starvation

This artifact maifests in CT images as a mastangled streaks (séegurel4) that
degrade the image by increasing the amount of néisadamentally, this artifact arisgesm an
insufficient number of photordue to dack of penetrating power ofi¢ X-ray beam (Yazdi and

Beaulieu, 2008).n this study, theeartifacs wereexcluded or minimized by simply increasing
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the beanenergy (10 keV to 120 keV, 300 mAmp) andcreasing exposure tinfevo seconds
per slice), following consultation with the High Resolutiordy CT Facility at the University of
Texas at AustirfM. Colbert, written ommunication2010). However evenwith both
maxmum current (mAmpsand scartime values, photon starvatiartifactswerereduced but
not excluded due to the thicknessd densityf drill cores particularly within core sections that
exceed field of view Yazdi and Beaulieu (2008) discuss, briefip, optimal adaptive filtering
technique to reduce photon starvataerived noise; however, the photon starvation technique
does not eliminate the artifact and was not utilized in this study.
Beam Hardening

Beam hardening isabiquitous artifact in Xay CTand is particularly troublesome for
guantitative analysis. As previously explained by Ketcham and Carlson (2001) and Duliu
(1999), xray tomography computations are based on the assumption of a monochromagtic X
beam degite the fact that Xay sources emit a polychromatic beafe result is that the
scanned study materi al acts as a firdyter that
spectrum and raises the average energy of the incident beam (Ketcham and 220ovian
Geetetal.,2003When t he effective attenuation coef fic
the beam hardening effect manifests in the resulting images as proportionally, higher attenuation
values (lighter) near the outside of the objed aise, lower attenuation values (darker) in the
center of thebject as evidenced in Figure @etcham and Carlson, 2001; Van Geet et al.,
2003). In the case of the longitudinal scans of the drill cores of this study and others, the beam
hardening effet manifests as leghtning near the opposing ends of the core in this study or
termed Acuppingo by Akin and Ko-sestionmkd (2003) i

cylindrical or spherical subjects
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Ideally, beam hardening remediation is accomplished during scanning-agtgreating
the X-ray beam through either a mefail of aluminum and brass or a wedge of material that
surrounds the object with the same attenuation coefficient as the dominant mineral phase of the
scanned object (Ketcham and Carlson, 2001; Akin and Kovscek, 2808)ever, in the case of
medical CT application of filters in front of the source are not possible as in industrial CT;
therefore, in these cases, a carbon fiber or thinnfin) aluminum core tubirgontainelis
constructed to filter the-rays (Akin and Kovscek, 2003Because the pil tered Xxrays are
more attenuated, they have higher average endigys,image definitions reduced as
subsequent attenuation is dominated increasingly by compton scattering resulting in a decrease
of noise to signal ratios and less variability of ateimn coefficients Furthermore, if photon
starvation is present in an unfiltered CT scan due to a lack of penetrating power, a CT scan of a
filtered object at the same level of energy will only exasperate the photon starvation artifact.
Due to the métodology of this study, beahardening effects are substantial within CT
i mages. I n contrast, to descri fie.Alonrasd of Acupp
Kovscek, 2008 the cylindrical shape of dritore impart a general parabolic trendaiée low
attenuation in the center to normal values at the extremMeseover, along the maximum
distance of transect, CT images show false low attenuation values from opposing cnosys.
beamhardening artifacts manifest as-ahxaped artifactrechored at the corners of the dabhre
as depicted in Figure 138Beam hardening is lessened considerably for short core pieces and
substantial for core pieces that exceed field of viBeam hardening are detrimental and
prohibitive for quantitative, rqyscale analysis (i.e., density) and will likely require complex,

computational remediation for grayscale analysis due to variable core léfmtlever, beam
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hardening effects are easy to identify and predictable in position; thus, they are not daitriment
for interpretation of qualitative observations.
Partial Volume Effects

As previously mentioned, each pixel of a cresstion is actually an averaged attenuation
of a voxel of a real scanned volumEherefore, a feature of sufficiently contrasting dgns
atomic species and size that exists beyond the resolution of the scanner can affect the calculated
attenuation coefficient (Ketcham and Carlson, 20@Bcause geological materials are not truly
homogeneous at all scales, CT images always have ssgneedof blurring that can be attributed
to partial volume effectsOn the other hand, because features within a scanned volume beyond
resolution can affect the final, calculated attenuation value, it is possible to know where those
feature exist if theyre independently observed by another technique (Keteham2001).
Other than a slight loss of definition from blurring, partial volume effects are not believed to
significantly compromise observations made in this study.
Starbursts

As discussed by VaGeetet al (2000) and Ketcham and Carlson (2001), if a feature
within a scanned volume has high contrast in density to a surrounding matrix, a starburst artifacts
forms with dark streaks that do not allow any definition within the emanating shadawdent
in Figure 19. Typically, these artifacts are created by either sulfides or metal oxides, and the
dark streaks are actually secondary radiation emanating from the offending incléision.
scanned sample has prolific metal oxides or sulfides dipgyritiferous mudstone), remediation
may include either an aluminum and brass foil filter in front of the detector to screen the
secondary radiation, or a drill core can be sheathed in an alurbirags foil (Van Geet et al.,

2003; Ketcham et al., 200fgr the useof medicalcomputed tomographyHowever, such filters
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can lower beam strength, and if this results in insufficient signal strength, photon starvation
definition-losscan result (Van Geet et al., 2001).

In an attempt to remediate star bursd deam hardening artifacts, an aluminum sheath
for the drilkcore was fabricated from aluminum containers to approximate an aluminum, core
holder filter of one mm wall thickness (similar to filters described from Akin and Kovscek,
2003). However, following preliminary scans at targeted beam energies (100 and12Q¢@V
mAmps), photon starvation artifacts were greatly elevated to point where even qualitative
observations were not possible. Thus, the constructed filter was abandoned, and following
increags in 300 mAmp current and increased scanning time, photon starvation artifacts were
reduced to a point where consistent, qualitative observations were possiblsise, beam
hardening and starbursts appeared less problematfact, starburst artifas when compared
with corresponding areas of the actual ebdre were found to be produced by pyritiferous
concretions.Therefore, areas with exceedingly high attenuation values accompanying starburst
are assumed to be pyrite concretions.

Ring Artifac ts

Ring artifacts are a significant problem within industrial CT scans that use third
generation geometryWhen detectors have variable output due to variable external conditions
such as temperature or inconsistent performance, an artifact is evidentgste or partial
concentric rings cented on the axis of rotationRemediation of ring artifacts can be removed
by software by converting a reconstructed image into polar coordinates and the removal of linear
lines. However, there is a possibility thdata can be lost if a linear feature is tangential to a
circle about the rotational axis (Ketcham, et al. 20049wever, for medical CT, ring artifacts

have not been encountered in the scientific literature nor observed by thisfauuams of this
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study As medical CT is typicalljourth generation configuration, ring artifacts wacta
problem for this study.
Artifacts due to non-cylindrical cross-section

The crosssectional area of CT is circuland internal algorithms assume a roughly
circular crosssection thus, objects that do not have a circular shape and have sharp angular
edges produce artifacts in cressctionakwo-dimensional 2d) slices that create ashaped
artifact that have apparent higher attenuation streaksdhatct thédongest axes of a Zshape.
Remediation other than alteration of object shape is not known by this atithisiis a
commonly encountered artifact in the longitudinal scanning of this ¢sedyFigure 14 for
example)
Drill -core preparation and X-ray CT scanning procedures

Due to minimal cordoss in thed9-03 drill core, resurge interval, individl coresections
could be carilly re-fitted and therefore oriented relative to each o#isgper procedures
described in drilcore preparatiarThis orientation was conducted twice to insure no errors in
orientation Within the resurge interval, only #treepoints were there any uncertainties due to
insufficient fitting or changes in drilling methods. Orientations across these points were made
possiblewith trending, inclineefeatures in either ordth visual and Xay CT observigons.
Although true (abolute) azimuth orientation 69-03 drill core is not known, the entire reswrge
interval had a relative orientation and individual core sections wextedatlockwise in 90
degree incmments when necessaryitsure that inclination of feares was parallel with CT
slices.

For prescanning preparation and during scanning, core sections were prepped so that

subsequent measurements and observations welteéd of unnecessary errors. Because core
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sections could, in some instances, exceed the field of view, the volume of space that can be
scanned, core sections were centered at the midline of each core box, braced to prevent
movement, and deptmeasured ahe midline for a depth reference poimuring scanning,

some loss occurred at the ends of a few sections but loss was minimal. Where loss uncommonly
occurred, loss was in low singiigit centimeters.This is not believed to have affected
observation®r interpretations Finally, each core box, aspuleted in Figure 16, was oritgad so

that the stratigraphic ugirection was always to the righ thin metal wire was taped across

the midline to create a deptteference line for overhead scans antpthreferencedot for

longitudinal scans.
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Figure 16. Preparation for Xay CT. This image shows the orientation and order for longitudir
slices. Entire core boxes were scanned along contiguous slices starting with deepest core row, in
this ingance B10R5, and systematically progressing towards the most shallow core row (B10R1).
Core box is oriented with stratigraphic up to the right (white arrows). Thus, R=Up in longitudinally
sliced images. Red arrow shows reference line of core box middilue arrow shows field of

view area (DFOV). Green arrow shows pixel resolution. Pink arrow shows beam parameters and
scanning time. Yellow arrow shows window (w) and level (I) which control brightness and
contrast. In all CT images, tick marks (bottamd left margins) are one cm.
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At Auburn Univesity College of Veterinary Medine, a fourthgeneration medical CT
scannemvas used to take 20 longitudinal (stratigraphic) slices per core section with the following
scanning parameters: (1xay beamenergy at 100 keV in the upper 3.8 m and 120 keV
(kilovolts) below 3.8 m with 300 mAmilliamps)throughout, (2) scanning time at 2.0 sec per
longitudinal slice, and (3)-8im setion intervals. Also, the field of viewas a circular cross
section with a @meter of 47.9 c¢m for a scanned area of 180Bwithin a resolution of 512 x
512 pixels. This creates an actual resolution of 0.69 mm per piRetause of the methodology
utilized in this study, prominent noise and beam hardening artifacts are pheseexer, the CT
images are still far superior to visual observation alone for both qualitative and limited
guantitative analysis.

Utilization of X -ray CT data for core logging, observations, and strike and dip data

Following acquisition of Xray CT daa, observations and descriptions were made in
tandem with descriptions and observations with the actualdrd. Due to the finegrained,
low-contrast characteristics of the resurge intervala)XCT longitudinal slices provided the
bulk of descriptons and observations that allowed deformational and sedimentary structures and
delineation of lithofaciesLongitudinal slices are a preferred method to investigate stratigraphic
and structural characteristics of dlbre (Ashi, 1997). However, asrdy CT is an indirect
method that only images contrasts of density and mineralogical species, some observations and

descriptions could only be accomplished with conventional inspection with hand lens,

mi croscopy, anththedvent, dholsdave d oey a8 made with th
the resulting description, elucidation, or ob
Avi sually inspected. 0 Often, it was advantag

resolution photographs, andrdy CT data simultaneously to investigate the resurge interval.
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In a similar fashion as the higlksolution photographs,-May CT images extracted with
SoundEKlin eFilm, a DICOM (Digital Imaging and COmmunications in Medicine) viewer, views
were stitcheddgether within Adobe Photoshop CS2 to create a photographic strijgVidign
this photographic log, a first track was created with consistent window and level parameters
(brightness and contrast control#). a second track, window and level were adjusted to show
structures in the best wabservations were recorded and sketched for each core sdation.
addition, movies of contiguous slices of each core box were produced by the OsirixXJ&Bi4.
3.9.4 was also used to extract some imagasme Volume Rendering and Mutianar
Reconstruction (MPR) were attempted with Osirix, but, in most instances, noise and artifacts
prevented unsatisfactorydBreconstructions. Volume rendering creates a volum2dli
representation of-8 data where surfaces defined by attenuation threshbIBR is a simpler
reconstruction in which the stacking slices are used to reconstruct a volume. Nevertiteless, 3
reconstructions were sometimes good tools to underspatidlsrelationships of some
sedimentological features and structures.

Although noise and artifacts generally prevented quantitative estimates of attenuation and
thus density, resolution and definition were sufficient to measure the strike and dipaof plan
structures and the inclination of linear structusest{ored cylindrical burrows).Measurements
of strike and dip data were accomplished by first establishing an arbitrary north from which an
azimuth would be measuretdlooking directly into the corbox oriented stratigraphically
became finor t h Thus, forQOrfoseb a-¥ay CTrintages, east (090°) was defined
as right or Afooto for CT; south (180A) was
CT,and west (270°) wasdefind as | ef t  oUtilizinglOsir dnadl its2ZOMPR C T .

function, quantitative measure of strikes and dips were obtained (Figurélig2d MPR
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function has three panels each of which has a crosdbaoh crosshair has an axis that controls
theslice or viewing plane of the other paneBy moving and rotating the crosshairs, the first
panel is used to image an overhead view of the corebox, the second panel is used fer a down
borehole view where up equals north and right equals east, anddheeatfel is used for a
conventional, longitudinal (stratigraphic) slice vieifter checking orientations, the overhead
panel is used to target a planar structure by moving the crosshair to a feature of Wihast.

the second panel, the crosshairatated so the third panel axis is parallel to strikeen, the
dipping feature in the third panel should be at maximum angle and the dipping direction is
recorded.The distance to reference point is recordatl. measurements are recorded in an
Excd® spreadsheet where they are adjusted if they have been rotated from orientation during the
CT prep phaseTrue depth is calculated of each feature, and an appropriate class (i.e.,

lamination, fracture) is assigned.
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Figure 17. Acquisition of strikeand dip utilizing Osirix and Xay CT data. Top screen captul

shows strike measurement. Bottom screen capture shows dip angle and direction measure. Top

left panel shows strike direction. Bottom left panel shows dip angle. Right panel shows
overheadriew and helps determine dip direction. In this example, A = north; S = east; | = west;
P = south; and R = up.

09-03 DRILL -CORE RESULTS

The 0903 drill-core is comprised of three basic genetic facke®m the top to bottom,
they are: (1) resurgeeposited calcareous, glauconitic, sandy mudstone (marl) with sedimentary
structures of both gravity and aqueous fl¢®) a semiintact, rotated and folded Eutaw
Tuscaloosa meghlock formed by megalumpingAvalanche depositipand (3) impactite sand
injection and iksitu disaggregation situated within the Eut@iuscaloosa megablocK he latter
two genetic facies comprise what is called
The three fundamental genetic facies of th€®B8%&nd their constituent lithofacies are reported
below in stratigraphic order (i.e., oldest first) along with relevant observations of structural,

sedimentological, and stratigraphic characteristics.
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Megablock and Impactite Sand Complex General Stratigraphic and Sedimentological
Characteristics

The interval of interbedded seintact EutawTuscaloosa and impactite sands begins at 90.2
meters (at the end of the hole) and is continuous to a depth of 25; inetezser, based on criteria
presented elsewhere, only the lowermost 0.5 meter can be attributed specifically to the Tuscaloosa
Group. As shown in Figurdsa andl7b, the Eutaw meghlock is punctuated by three significant
zones of disturbance: (1) dipted zone 3dz3)of interpreted disaggregation and brecciation
underlying the resurge interval, delineated from 25 m to 34.5 m;{2ptlisrupted zone 21£2 of
injected impactite sands, fluidization, and britteformation, delineated from 56 m to®6depth
and (3) disrupted zone d@Z1) of possibly both injected impactite sands and brecciation of
indeterminate length at the base of drilled interval, defetefrom 84 m to 90.2 m depth.

Again, as depicted within Figure 18, general sedimentologiwhktratigraphic trends
include a general finingpward from gravelly, coarse sands at base to fine tefwergrained sands
near the top of the whole of the megabloukactite interval along with a less wdkfined
increasing of sorting upwardgurther, with increasing depth, the Eutaart of the megalock is
increasingly more indurated owing to iroride cementation and spaiisgerstitial,authigenic silica
cementation With increasing depth, decreasing levels of bioturbation were obserngovatao
marginallygreater feldspar content and increasing heavy mineral conteroXidegrains) and
general increasing of grain angularifpurthermore, the general finingpward interval is comprised
by subintervals of finingupward sequences offapximately 16 meters in thickness (as depicted in
Figure 18) Figure 19 shows tharatigraphic column of the 683 megablockmpactite sand

complex.
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Lithofacies Characterization

Within the drill-core interval, he EutawTuscaloosa megablodomprise nine
descriptive lithofaciesmicaceous, massive Tuscaloosa sand (T1)ginaerossbedded sand
(E6); bioturbated, crosgaminated sandE7); bioturbated, massive sarfi1); bioturbated,
interbedded sand and mud (E8heared, bioturbated sar{it8), andsheared, crossaminated
sands;fluidized sad. The impactite sandsomprises3 fundamental lithofaciestructureless,
impactite sands (D1 fluidizedimpactite sand¢D3) andclastic dikes (D2) These lithofacies
are presented below in stratigraphic order of appeafare€igure 19)

Micaceous, Mssive Tuscaloosg&and(T1)

This lithofacies is only present at the base of the drilled interval and is 0.5 meters thick,
but the contact with the overlying lithofacies is indistinct and gradational, mixing with the
overlying brecciated, poorgonsolidated, Eutaserived sandsne. Sedimentologically, this
interval is a whitepink, poorlysorted, very micaceous, subfeldspathic areriitas lithofacies is
poorly consolidated owing to sparse sim@mentation irwhich interstitial interpretetmpact
derived glasses have paity or wholly devitrified into secondary chalcedony, chert,
microcrystalline quartz, and fibrous chloritegure 20. Moreover, layered muscovite grains
show anomalous alteration with frayed, splayed edges decorated with either chalcedony or low
birefringence chlorit¢Figure 20.

Although this lithofacies possesses similar textural characteristics for Tuscaloosa Group,
it could be Tuscaloosderived disaggregated, impactite sand becawssetimentary structures

(e.g., crossstratification) are obserde
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Figure 20. Thin-section petrography dafl lithofacies ap. Planelight (ppl) and
Crosseepolars (xpl), respectively, of devitrified glass. Note floating contacts of
framework grains. c. Closgp of altered muscovite books and interstitial chalcedony.
Note Osplayedd ends of a)]rasgectieely, ofiglasst ovi t e.
devitrified to chlorite. Chl=Chlorite, Chy=Chalcedony, Cht=Chert, and m=musco\
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StructurelessimpactiteSands (D1)

All intervals of this lithofacies are structurelesssds without any evidence for primary
sedimentary structures or bioturbation, specifically intact burrdaeover, all intervals of
structureless impactite sands are constrained within the zones of disrugtiorsections from
28.2 and 63.1 m werexamined for petrography of this lithofacieSramework grains are
moderately fractured and contain significant heavy minerals not observed withim&shi
intervals of the Eutaviuscaloosa meghlock. The D1 lithofacies are texturaltgiverse
dependetupon which zone of disruption they are found, as discussed below

TheDL1 lithofacies for the disrupted zone 1 are enigmatic as compared to other parts of
this core. This lithofacies is a greenigtay-brown, very homogeneous, moderatstyted, sub
anguhr to subround, mediungrained sand intercalated with a yellban bioturbated, Eutaw
derived sand brecci&igure 2). The breccia clasts of Eutaw sand are sparse, widely dispersed.
In one place, a larg@,7 m boulderof fluidized and overturned badalitawderived sediment
occurs in this lithofacies Eutaderived sands are gradational and mixed witltCtheediment of
thedzlnear the base. The matrix sands of dz1 do not have any sedimentological equivalents.
Eutaw sands with the aforementioned chiastics have not been observed in either-dalles
of this study or existing literature.

The D1 lithofacies is mainly confined to the lowermost disturbed zdm&,however, a
short, isolated, and texturally identical intervalosated at 66.1#b 66.39 meters occurring as
injected impactite sand within a network of gudrizontal, dilational dikeletsThese impactite
sands are distinct from surrounding impactite sands due to their good sorting and/or marginal
effervescence in HCIAlso, a gray, mtamorphic rock fragment (<1cm) of indeterminate

specific lithology was found within this injected impactite sand.
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Figure 21. Selected core intervals and theaction petrography @1 lithofacies. adz3

example oD1 lithofacies. bdz2example & D1 lithofacies with fluidized eutaw sands at

top. c.dzlexample oD1 lithofacies. NoteE1 breccia (whitedotted line). d,e. Thisection

(92.66 depth) showing subhedral garnet (ri gh
g. Thinsecton( 207 . 16 depth) showi ng iDi/DAithadaties.t

Note entrained quartz and glauconite (round, green) grains located within the devitrified

glass. Also, note fractures and injection of matrix/devitrified glass (top).
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In contrast to other intervals of @3 where interstitial finegrained sediment is
common, interstitial volume of tH21 sands is exceptiorglclean (lacks matrix) in théz1l On
the other hand, thB1 of the disrupted zone 1 exhibits very low permeability and marginal acid
effervescence as determined frét€l drop tests.Thus, this imptte sand is weakly cemented
by calcium carbonate and, possibly, silica cement; however, these impactite sands remain
slightly friable.

TheD1 intervals within disrupted zone 2 are tan poatyted, suangular to sub
rounded, bimodal to polymodal, massive subfeldspathic to quartzose, mgiunad to
gravelly coarse sands with sparse pefsited clay ripups to cobl#-sized finegrained
bioturbated eutaw breccidheD1 intervals ofDZ2 are interbedded and gradational with
fluidized sands in which boundaries are mostly indistifi¢cte coarsegrained sediment and
mottled, iroroxide staining and cementation make thi®facies difficult to distinguish from
the fluidized sand lithofacieg-urthermore, thirsection petrography reveals similar sparse
silica-cementation as thEl interval with a greater amount of grain fracturilgso, the
impactite sands of thBZ2 interval appear to be coarser than both overlying and underlying
Eutaw megablock intervals; therefore, it is likely that this interval is sourced from below where
coasegrained sediment is common.

TheD1 intervals within disrupted zone 2 are light-gmay, friable, bimodal, micaceous,
moderatelysorted, homogeneous, quartzose sands with sparse feldspar content and rare, weathered
biotite. Sparse, barely recognizable, fragmentary-titegd burrows are observed, which contrast to
the typical wellpreseved ichnofossils of the Eutaw sands. Although structurelesb/lthervals

of theDZ3 are texturally and mineralogically similar in appearance to-sgaut underlying
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bioturbated Eutaw sands and appear to form a matrix in between heavily folded breccia and mega
breccia near the top of the Eutdwscaloosanegablock.
Bioturbated, Massive Sand (E1); Bioturbated, Interbedded Sands and Muds (E2); Bioturbated
Muddy Sand¢E3)

Bioturbated, massive sand is the predominant lithofacies of the cored interv&3f 09
Texturally, theE1lithofacies is diverse, but all intervals®t contain intact, welpreserved
cylindrical, subvertical burrows (original orientation) compdsaf nodose clayelloids, which were
indentified agCallianassid burrowsf Ophiomorpha nodosgf. Pollard, 1993 and Figure. 22).
Other simple clayined burrows that do not appear to be composed of nodose clay pellets are likely
to beOphiomorphasp as well. Ophiomorphacan range from 1 to 3 cm in diameter, are commonly
oblique to the vertical axis of the drdbre, may be mantled by heavy minerals @oaide grains),
and occasionally diverge into multiple bulbs or shafstthermoreMacaronichnusare
considerably subordinate in numbeQphiomorphaand are concentrated directly abozdwithin
crossstratified lithofacies and associatetifacies.

Texturally, all intervals oE1are massive, and occasionally contaimioidal grairsize.
All intervals have sparse relict primary sedimentary structueesfagmentary mudrapes, clay
laminae, and crossiratification) and a dominant yelletan staining along with common purple
pink color mottling (may be from manganeseades). Grainsize, grairshape, and consolidation
appear to generally follow previously reported trendlisovedz2 Elis generally a medium to
very finegrained, subounded to rounded, moderately watirtedto well-sorted sand with
disseminated grains of lignite and irorides in association with similarly comprised lamination in

stratigraphicallyadjacent intervals (Figure 22Relowdz2,E1lis generally a variably tan to
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Figure 22.Bioturbated Massive San¢E1l), Bioturbated, Interbedded Sands and Muds (E2)

and Bioturbated Muddy Sands (E®)lected core intervala. E1lithofacies (upper Eutaw).

Note typical longitudinal crossectionedOphiomorphanodosa Op ) , ficof f ee gr oun
of dissenmated iroroxide grains, and isolated limonite noduke E3 lithofacies (upper

Eutaw). Note purplistpink mottling typical of upper Eutaw sands and mud<£2dithofacies

(upper Eutaw). This is a typical example of bioturbated relict lamination eadlyz

burrowed, light gray clay bed. Note that there is some-purkle mottling near top. d.
E2(ton)/E1(bottomlithofacies (lower Eutavluscaloosa meaablock).

75



orangebrown to reddistbrown, medium to coarsgrained, angular to stiounded, moderaty
to poorlysorted sands and is generally less common in the lower intervalG# B8lowdz2.

Bioturbated, Interbedded Sands and Muds @#®)gradational witk1 and are
distinguished frontE1 by semiintact, burrowed, intercalated ckdgminae and beds as shown in
Figure 22 From just abovelzlupward to a depth of 35 m (upper part of megablock), clay
laminae, bedding, andphiomorphgpellets are a very light gray to nearly white, that are non
expansive when wet; thusly, clay is likely mostly kaolinite in compositMareover, similarly
to E1, sands are stained a yelldan and are occasionally stained a mottled, purplisk.
Whereas uppdt2 intervals have light gray to white clay cont@md occasional purpleinkish
mottles, theE2 intervals formdz2downward toward the base of the Eutaw interval appear to be
more variable in shade of gray, locally expansive, commonly have a fringing, reakicm
stain, and are devoid of purppenk mottles. Therefore, clay color along with ireoxide staining
may be an approximate guide for position within the Eutaw Formation at Wetumpka.

Bioturbated, Muddy Sand&B) are texturally identical t&2 along withE2 trends except
greater claycontent oerall and mixing due to bioturbatiof®riginal primary structures are
nearly destroyed or unrecognizable.

Fluidized Sand¢éE4) and Fluidized Impactite Sands (D2)

Fluidized sediments are found within dz1 and d@dthin these disrupted zones,
intervals abutted witlb1 show highly ductile deformation in which sediments have been
deformed intasubtle tight, disharmonicpolyclinal, andrecumbent foldsKigure23). Where
primary sedimentary structures and burroas be resolved (i.e., cretamination), the intervals
aredelineated ak4; however, if no primary structures can be resolwetfolding can still be

resolved, the intervals are assigi¥tl E4andD2 aregradational with each other atttls
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Figure 23. Brittle-Ductile-Fluidized Transition of 093 dz2interval. This Figure illustrates th
gradual transition with increasing depth from a. brittle deformation (conjugate-faidtimg) of
E7, b. ductile deformation (convolute lamination, black arroWES, c. fluidization of semi
intact crosdamination (black arrow), and d. subtle fluidization(black arrows) of impactite s
of D2/D1. Within b, thin dilatational fractures can be seen cutting across deformed fakfic
and a brokensectioned s pif&ldspar crystal occurs in this interval (white arrow).
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distinguishing between these lithofacies is problemddibservations of these lithofacies do not
reveal conclusively wheth&1 precedeD2 or D1 is derived from fullychurnedE4 andD2;
however, within one transitional interval B2, thin-section petrography reveal possible
interstitial glassesHigure21 f. andg.), greater feldspathic content in sand and pebbles, and
greater heawnineral content.This suggests that some impactiémds, which may have been
injected, must have formed prior to this deformation.

Bioturbated, Crosgaminated Sands (E5)

E5intervals appear to be transitional betw&drandEG6 (trough crossedding E6,
described below)Within E5intervals, crosgamination is usually subtly expressed, a result of
incomplete bioturbation or necontrasting laminaeCrosslamination are commonly comprised
of limonitic, lignitic, and claypelloidal laminae.In the case of heavy mineral laminae (kon
oxides), laminae areither lowangle, crosedded, currentippled, laminated by discrete heavy
mineral laminae, or slightly diffuse and convoluted laminae of heavy minédaseover,
observations with hand lens show bimodal, alternating giasmwithin sedimentary faio;
possible reactivation surfaces, sparse {tiapes, and concave crdssd set boundaries;
possibly, this suggests that this facies is originally tidiafjuenced, trough crodsedded.

Textural character of this facies follows previously mentioneutise@nd is gradational
with neighboringelintervals.

Trough Crosshedding (E6)

Due to pervasive bioturbation and l@wentrast lamination, this lithofacies is relatively
uncommon and is gradational wid. TheE6 lithofacies is texturally different depending upon
stratigraphic position: abow#z2(upper part of megablock), this lithofacies is yeHtam to

white, alternating welkorted to moderatelgorted, medium to very firgrained, herringone,
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trough crossstratified sand; belowz2(lower part of megablock, this lithofacies is a variably
red-brown to yellowtan to tan and brown, poortyonsolidated (iroroxide cemented),
moderately to poorly sorted, medium to coegs&ined, herringpboned, trough crodsedied
gravelly sand.E6intervals are interpreted to trough crdesiding for similar reasons ES.

Within the upper intervals d&6, well-sorted, laminated and thin foresets exhibit a false
greeniskbrownish coloration and venyeak acid effervescen¢Eigure 24a)which is
interpreted to be drillingnud infiltration sourced from overlying resurge mavlud-infiltration
occurs only in alternating thin foresets of vevgll sorted sands where as white, nofiltrated
thin foresets are observed to show engroderate sorting and greater interstitial mud content.
These wellsorted to moderatelyorted couplets along with evidence for some current reversals
(herringbone crossstratification) are interpreted to indicate tidélannel or tidatelta

depositian.
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Figure 24. Selected examples &5 and E6 lithofacies.a. Herringbone crossedding of
upper Eutaw interval of megablock. b. Bioturbated, ctassnated interval of upper Euta
interval of megablock. c. Bioturbated, medium to co@psened interval of lower Eutav
interval of megablock. d. Rotated, herrdibgneE6 breccia clast., which is located withaiz 1

Black arrow is transectedphiomorphaburrow. This megalast is delineated in Figure 19.
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Within the lower intervals oE6, trough crosdedding texturally contrast considerably
with upper part omegablock intervals. The lowE6 intervals appear to be a basal unit which
fine-upward conspicuously, but due to the mottled-oarde staining and cementation and poor
sorting, individuaforesets are more difficult to distinguish within dglbre. This lower
expression oE6 lithofacies is gradational witk1 in bioturbated, coarser intervals and
gradational witrE5in finer, upward suintervals of the overarching finiagpward sequences.

At the top of theE6 interval, a rippled tojs identified & 37.8 m depth with only 6 cm
thickness.This unit consists of crodsummocky, wellsorted, finegrained lamination overlain
with a rippled top and a 1 cm clay flaser thin b&thus, thisthin bedis interpretedy this
author to be a thin tempestit€his unit caps a sequenceks andE6 lithofacies. However, this
unit provides an important, unambiguous bedding orientation and up/down indraitc
reveals at 37.& depth an upright orientation and rotation of 22 degrees.

Clastic Dike (D3)

Clagic Dikes O©3) are most common withidz2;outside of thelz2,clastic dikes only
exist as thin <lcm along planar, tabular features which could be interpreted alternatively as
compaction bandsf-ollowing examination of injected sands, the following intetations(cf.
Figure 25)were made about these clastic dikes: (1) dilation oegrsting strata in which
textural aspects, coloration, and structural features can be traced vertically across the clastic dike,
(2) within the dike, there is a subtle figiand better sorting towards dike walls, (3) an
occasional mud or sand | aminae Ol inerd | ies
absence of primary sedimentary or deformational structdeghermoreP3 lithofacies
contrast texturally witland are typically finegrained and bettesorted than host sediments

(Figure25). Rarely, clastic dikes are massive versions of host sedinteégtgé 25d),
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Figure 25.Selected Intervals d3 lithofacies. a. Typical example of thin fine

grained D3. D ashed lines show points of separation and dilation. Black arrow points
out a crosgut ductile deformational fabric (convoluted lamination) by clastic dike.
Dashed arrow marks an interpreted flow bTgpical thick D3. Dashed lines

delineate finegrained liner, swhorizontal to dike walls (see also d.). White dashed
arrow marks an interpreted turbulent flow. Black dashed arrow marks an interpreted
main flow. d. Interpreted clastic dike resulting framedl, strong folding suggested by
curvature of lamination (black arrows).
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in these cases, neighboring structural trends indicate subsidotiadolding. Therebre, these
are interpreted to be local dikes derived from folding and consequentigh@asuring and
liquefaction of sediments within threlatively tight foldincreased, relative grasize (coarse or
very coarse grausize) and moderately to poorlyring. The thin clastic dikes (<5 cm) are fine
to veryfined grained sand and are well to well sorted. Secondly, D®ate <30 degrees to the
horizontal plane and sttiabular in shapeFine, thin clastic dikes are more irregular in their
shape and can, in some instances, appear to be branchindly, in one largdd3 interval
(60.1-:60.26 m), evidence of turbulence can be discerned. Namely-grémed, darkbrown
Geddylike featr e 6 | s asaghadew behntl the slightiptated, upper wall of this clastic
dike (Figure 25).Using these subtle, turbulently formed features a stratigraphically upward
direction of injection can be interpreteBinally, all clastic dikes crossut preexisting
deformational fabrigswith the exception of rare irregular dikes which may be merely a case of
preferential rupturing along piexisting micrefault sets. This strongly suggests thBB
lithofacies are derived from a secondary deforméatisruptioral event, separated from the
primary deformation/disruption event by an unknown interval of time.

Sheared, Bioturbated sands (E7); Sheared, Classnated Sands (E8)

Although local ductile deformation (convolute lamination) and brittle dedtion
(micro-faulting and fracturing) occur throughout the@® core, these facies are delineated based
on the presence of systematic and pervasive structural deformBtotmE7 andE8 are
superimposed upon previouslhescribed lithofacies of the Eutamegablock and are constrained
todzlanddz2 Where crosstratification can be observed, the appropriate interval is delineated
asE8. Conversely, if relict lamination and burrows are observed to be structurally deformed, the

appropriate intervals adelineated ab4.
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Brittle deformation demonstrated by interval 56.6 to 58 meters is characterized by
conjugate, micrdault sets of both reverse thrust and normal faultifigure 233 Brittle
deformation gradually transitions into increasingly ductdédmnation (versus brittle
deformation) until deformation is wholly characterized by the disharmonic, tight, recumbent
folding of lithofacies oD2 (Figure 23. These aforementioned brittle to ductile transitions
overlieD1 intervals indzlanddz2,occupying the upper portion of disrupted zones.

Unrelated to structural deformation, the aforementioned fauttedval from 56.6 to 58
meters is mineralogically distinct from other crdssiination intervals.Along with red, wel
sorted, finegrained cosslaminated sand, both clay laminae and thick laminae ofmieed
glauconite, green mica, and heavy minerals exist interlaminated with quartzoseFsgun@s (
2339.

A thin interval that providesraup-down indicator is identified only at 37.8 m depttth
only 6 cm thicknessThis unit consists of crodsummocky, weHlsorted, finegrained lamination
overlain with a rippled top and a 1 cm clay flaser thin BBaus, this unit is interpreted to be a
thin tempestite. This unit caps a sequenceks and EG6 lithofacies. However, this unit provides
an important, unambiguous bedding orientation and up/down indiCEis.unit reveals at 37.8
depth an upright orientation and rotation of 22 degrees
Deformational and Structural Observations of the Megablak-Impactite Sand Complex

Precise orientation of the whole drdbre was generally not possible because the drilling
method did not allow it. Typically, dritore segments lying in the core boxes could be oriented
relative to one another by lookingtht breaks between ends of core piedgrotating the
core to conform to as many consistent-bnelaks as possible, localized folds could be discerned

if lamination and bedding are present in the clastic interntdtsvever, direction of dip within
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thesubresurge sediments cannot be utilized consistently to discern striggomaétry at
intervals greatethan 3 metersAn exception occurs across the span from box 21 to 22 (55.5 to
59.7 m depth anBigure 23awhere drill core was oriented across ceeetion boundaries within
a high density, conjugate set of faultsiter orientation of drill core, measurements of these
micro-faults reveal systematic, syfarallel dippingdirection of conjugate, systematic faults with
apparent normal and reverse offse

Across the entire megabloakipactite sand interval, measurements of inclinations reveal
some general trends, depictedrigure 26 The following observations are made from density
of features, cunwlitting with a sixth order polynominal trend, arlshear trends, and
juxtaposition with disrupted zones (for discussion on curvilinear regression see Davis, 2002).
The exceptional high order polynominal was used because it provided the bestjleast
mean (R value). The following observations were made regarding inclinations:

(1) a general sinusoidal trend within inclitea of all lamination and bedding planes and

are moderatelgonstrained between 10 and 50 degrees,

(2) two clusters of shallowing faults and fraies directly abovdzlanddz2,

(3) a general shallowing of clastic dike inclination with increasing depth,

(4) apeak to inflection point relationshipf the fracturgault polynomial trend with the

beddirg-lamination polynomial trend.
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Figure 26. Inclination trends of the TuscalocEaitaw megablockmpactite sand complex. Red

circle marks are rotated subhorizontal features. Sinusoidal lines are sixth order polynominal trends.
Purple arrows show two shallowktipwnward trends with increasing def brittle deformation

(near or within top ofiz1anddz?. Black arrow shows shallowing trend with increasing depth for
dilatational deformation (clastic dikes). Dashed purple lines show relationship of bedding and
lamination inclinations wittiracture and fault inclinations. Detlileft margin) are in meters.
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Furthermore, observations within the core reveal a general, intercalated transition from brittle
dominated deformation to ductibominated deformation and, finally, fluidization and
brecciation Figure 23. This transition is most evident abodz2 however a similar transition
can be discerned abodel The brittleductile transition abovedzlis more difficult to observe
due to iroroxide cementation and staining and brecciatiothe ductile to fluidization interval
(Figure 23. Internally, breccia and megpmeccia withinD1 andD2 show considerable rotation
as evidenced by upsigwn Ophiomorpha nodosayerturned basal bulland rotated cross
bedding and a near vertical crdssd set boundary-{gure 24.
Apparent Eutaw Megablock Thickness

The total thickness of the Eutaluscaloosa megablotiknpactite complex is 64.9 m.
This total thickness is thicker than the general reported thickness of Eutaw Formation by more
than a fator of 2. Within disrupted zones, brecciation, severe folding and fluidization, and
injected impactite sands and clastic dikes have likely substantially increased the apparent
thickness.Therefore, removal of the disrupted zones (28)shows an appanethickness of
39.4 m for the Eutaw megablockltilizing the mean inclination of rotated stiorizontal
bedding (30.8), the following simple trigonometric function was used to estimate true thickness:

OATTO 6 (3

where t=apparent thicknedlsr om cor e, Db=angl e ¢ftotrbedahickhese.g i nc |
The minimum estimated thickness of the rotdEethw thickness adhe megablock becomes 34
meters.

Thickening orthinning of apparent thickness is an indicator of faultiRgverseand
thrust faulting that intersect the cored interval would thicken the apparent thickness of the

megablock due to the repetition of strakdowever, unambiguous repetition of lithofacies is not
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apparent, and lower lithofacies are mostly distinctive fupmper megablock sands by graize
and greater preservation of primary sedimentary struct@aghe other hand, grasize
coarsens briefly within heavily deformed intervals ofdz2and then fines again below.
Therefore, a limited repetition is possible, but the Eutaw Formation is highly heterolithic and
therefore, this is not strong evidence for repetitidhis is especially true considering that the
distinctive crosdaminated, glauconitic lithofacies &8 sectiored 56 m to 58 m)is not repeated
belowdz2.

Conversely, normal faulting that intersects the cored interval would result in reduced
thickness of the megablock. However, distinctive bedding or sequences of bedding do not reveal
an unambiguous ong®N from the cored intervallhis is not evidence against normal faulting
because of the somewhat incomplete nature of the cored interval and the heteatlitieof
the Eutaw Formation.

Resurge General Visual Observations

Qualitative observations efsual estimates gjrain-size reveal a general finingoward
along withlocal fining and coarseningpward subsetd=(gure 1§. Sorting trends show a slight
decreasing upward overall, but upward parts of the resurge interval show an apparent more well
sated calcareousilt and clay. The general observations of graize are believed to be
reasonably accurate as compared to-$ieiction petrographyl.ocally, the sand fraction shows
moderate grading.

Upon visual inspection and thsection petrographyhe principal mineralogy includes
biogenic and recrystallized calcite, detrital quartz, clay, detrital glauconite, and frambroidal
pyrite. Detrital feldspar of both plagioclase and potassium feldspar are subogibd¥s) in

proportion, and heavy minesagppear to be elevated in tisiection petrography as compared to
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in-place Mooreville Chalk and Eutaw Formatio@lauconite is disseminated throughout the
resurge interval; however, detrital, resurgatrix glauconite is concentrated only in the basal
lithofacies. Otherwise, within the dritore, glauconite appears to be concentrét@0%)only
within transportectlasts ofcalcitecemented, Mooreville ChalEutaw Formation contact (i.e., at
the top of the Tombigbee Sand Member of the Eutad)Mooreville Chalkoruncommonlyas
detrital glauconite withircrossstratification

Consequently, due to the mineralagfthe resurge interval, the marly interval is
predominately and in places bluish, gregay color. Where chalky blocks and clasts are
encountered, coloration can be a light gray or near wiibeve approximately 6.1 m depth, the
resurge interval isicreasingly oxidized with redrange staining presumably from the oxidation
of pyrites. Also, resurgematrix transitions into a light tagray color within the oxidized zone
with prevalent white caliche nodules within the uppermost 2 meters.

Aside fromgrain-size, mineralogy, and coloration, sedimentary structures and fabrics are
the most distinctive features within the resurge interaincipally with sedimentary structures
and fabrics, stratigraphic units can be delineaW&fith visual inspectionlane, sedimentary
structures and fabrics are enigmatic and anomalous within thgriameed sediment that
characterizes the resurge intervil.conjunction with xray CT, however, clear, unambiguous
structures are observed that enable stratigraphierpatand mode of deposition to be
interpreted.Sedimentary structures and fabrics, stratigraphic patterns, and owing stratigraphic
units are reported below.

Lithofacies Characterization and Stratigraphic Patterns
Utilizing x-ray CT in conjunction with &ual inspection of the drill core, Markin et al.

(2011) previously reported six lithofacies of the resurge intefi/laé resurge lithofacies are, in
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relative stratigraphic ordebasal sheamixing zone (R1)matrix-dominated breccias (R2);
clastdominate breccias (R3); transported Mooreville Ch@R4); polylithiclaminated matrix
(R5); and enigmatic chalk (R6)n this study, letter designations in parentheses are used for
brevity. In contrast to Markin et al. (200B1has been renamed herein aslibeal shear
mixing zonédeause this is more appropriate.

Differentiation of impaciderived maHchalk breccia and disaggregated resurge matrix is
the main goal of CT studies in this projeéts discussed by Markin et al. (2011), utilization of
conjugateCT slices (moving between slices), impdetived muechalk breccia can be
distinguished from resurge matrix by the following criteria: (1) a general lower attenuation
coefficient for impactderived matrix as compared to intact Mooreville Chddkived lveccia
ranging from a differential of 100 Housnfield units (HU) to as high as 600 HU for chalky breccia
which result in subtle to abrupt breceratrix boundaries; (2) discernable intact burrows cwhi
commonly are interpreted &anolitesbut likely include somé& eichichnusandThallasinoides
(along with some burrows of indeterminable genus); and (3) intact internal laminations, which
abruptly terminate at clast boundaries. Rar€lypndritesare observed in intact blocks and
clasts but are too fine tebesolved within Xray CT; thus, they are described by visual
inspection (naked eye), particularly within a large transported block at 24 to 23 meters.

Based on stratigraphic position and lithofacies associations, four resurge units can be
delineated whin the 0903 drill core Figure27): alower resurge unitinderlain byR1and
dominated by R2 and R&4mid-resurge uniunderlain by R5, dominated by R3 and R2, and
gradational with the overlying upper resurge unitupper resurge unidominated by aery
clastpoor, finegrained R2 with higkangle, chaotic lamination; and appermostresurgeunit

of weathered, Rand possible R5 overlain by a single occurrence of an enigmatic chakk R6
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summary of the stratigraphic position of the lithofacies aloitlg the four fundamental resurge

units recognized are presentedrigure 27 The resurge units are presented in detail below in

stratigraphic order of first appearance.
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Basal sheammixing zone (R1)

The lithofacies exhibit a lower interval of planar, watirted fine sands thate slightly
intercalated with a muddy, glauconitsandy flame structure (Figure)28he lower sands
below the flame structure are sphrallel with each other and appear to be saallel withthe
underlying, folded, burrowed, Eutaw clay interbeddgith sands.Moreover, the laminated,
fine-grained sands that underlie the flame structure have alternating light and dark bands that
have not been observed in either the underlying Ediascaloosa megablock or in the outcrop
area within or near the Wetyaka impact structureFinally, a subtle, erosional surface can be
observed directly beneath the flame structure fsgare 2§. This flame structure has mixed
overlying glauconitic sand and the tesally-identical quartz sand.

Above the mixing zone ith the flame structure is the crelssninated muddy, nen
calcareous, glauconitic fine sandhis interval contains a high concentration of detrital
glauconite (>50%) and fines upward into a fuacareous, massive sil€Crossstratification is
subtly visible. Within X-ray CT, crosdamination is unambiguous and is principally
unidirectional; however a small interval of reversed direction was be observed in the upper part
of this unit Figure28). Direct measurements dfp within this lithofacies show a general
steepening of crodamination upwardsHowever, the base of the resurge has the highest

measured dip (~43 degrees), which exceeds all other sedimentary dips of the resurge.
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Figure 28. Basalmixing-shear zone (R1)a. Original CT slice. b. Interpreted CT slice. Note
short reversal between blue lines. c. Photograph of same interval as in a and b. d. Closeup of
flame structure located in lower part of core segment in c. Note subtle efesidaae (upper

black arrow), and below that surface shearing and elongation in a limonite nodule (lower black
arrow). Also, in this instance, flame structure was not rotated for CT scan to have dipping
direction parallel with slices.
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Matrix-dominatedoreccia (R2)

This is a glauconitic, calcareous, and fossiliferous shale or mudstone that is sandy in places
withweaklye x pr essed i nclined | ami nat i-szedbreccidiadvi r 1 edo
possible boudinag®rmat thick laminae of corasting densities; possible pinching of laminae is
apparent and interpreted to be evidence for boundinage. This is the dominant lithofacies of the resurge
unit, occurring between other lithofacies from the base of the resurge interval to theRfase of

Entrained breccia clasts include marl and chakiplasts, diverse fossil detritus, and
small, thin lignitic fragments (<5cmjrossil clasts include predominately angular, bivalve fragments
of typically thinwalled bivalves, Inoceramus prisms, rardefgrate fossils of shark and other
vertebrate teeth, and coarsndsized bone fragments$:or the R2 lithofacieshe frequency of
clasts is greater within the lower resurge intetaad] the upper resurge is considerably glast .

Above a chaoticali disturbed interval within the upper resurge,R&breccia is considerably clast

poor and finegrained (silt); therefore, this interval is best described as a marly shale rather than a true
breccia. On the other hand, within the marly interval, oxidatand greater calcite composition has
rendered less definition within CT despite lowering the input energy (KEW)s, mineralogically

similar clasts could go unnoticed.

Petrologically, breccia matrix is either a s#tgndy calcareous mudstone or alynguartz
wacke. In either case, the sand fraction is moderatetgd, angular to stbound, finegrained, and
dispersed within a calcareous matrix, within tb@ction petrography (Figure 29). Possible very
weaklamination owing to possible alignntesf sand grains within thisection petrography (Figure
29) also occurs. Frambroidial pyrite is common, observable within fig.m as round opaque grains.
Also a slighltly elevated feldspathic content of both plagiodasipotassium feldspar is visible,

assuming original Mooreville Chalk is exceptionally feldspar poor.
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Figure 29.Petrography of resurge matrix and transported Mooreville Chalk ceasdResurge
matrix. The resurge matrix is a calcareous, sandy mudstone or calcareous, quartz wacl
Note the disseminated spatial arrangement of framework grains and the overall bimodz
grainsize distribution. b. Transported Mooreville Chalk clast.e N sandy and chalky
appearance along with prolific, globular andserrial forams. Both photomicrographs were
made with plane light in order to show better the fabric and grsiire.
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The matrix fabrics oR2 contrast withtransported Mooreille Chalk (R4). The
bioturbated fabric of intact Mooreville Chalk marls and chalks is welagtided or massive to
Achurnedo biotur bat e d sdme placegrircipallyivisible inxrmayGlrct bur
andin some placewith conventional visuanspection. Resurgederived matrix, on the other
hand, exhibitsverywe a kI y | ami nated to fAswirHgard@l atdo A wi
32, respectrely), discernable within Xay computed tomography

Within x-ray CT, laminations of theaminated R2 matrixes are very subtle and grade into
homogeneity. With the greatergdy CT definition of shorter core intervals, they become more
prominent and easily discerndeiqure30). Matrix laminations can exhibit relatively darker or
lighter atteuation values as opposed to general matrix attenuations valoese dark and light
contrasts are assumed to reflect changes in matrix density or poigiigally, matrix
laminations are planar and parallel, but can exhibit slightly varying inclination and curvature to

point where laminations appear to converge or trunéaggeie30).
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Figure 30. Inclined laminations of matriklominated breccieR2). Subtle, inclined, planar
structures (white arrows) that are typical of resurge mdwixinated brecciaR2). Dashed
arrow shows interpreteglibtle turbulence or eddike structure. This Figure demonstrates
that shorter core intervals reduce noise iagtease definition.

Within static images, matrix lamination can be confused easily with common, post
depositional fractures of indeterminate specific origdtcasionally, these fractures are visible
as high attenuation laminaeHowever utilizirg conjugate slices reveals both the irregular shape
and a crossutting of primary fabrics.Thus, moving through CT slices with each core, these

fractures are easily differentiated.
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From 16.8 m to 14 m depth within the uppmwrer resurge matrixfabricsvisible within
X-ray CT include both weak planar | amination
structures and contain faint, concentric laminatidigure31). Superficially, these eddike
structures resembkanolitesburrows; hovever, they can be distinguished from cylindrical
burrows based on the internal concentric lamination, more irregular, flattenedsbvapid,
consistently darker grayscale values, andanallel long axis of multiple eddies. In contrast,
Planolitestend b be more variable in lorgxis direction, lack internal structure, smooth ovoid
crosssections, and can be either lighter or darker than surrounding marl and chalk due to varying

calcite content.

Intercalatedvi t h fAswi r |l edo f ab raminaed falaics ef enigmatie gu |l ar

structure and originFigure32). These fabrics can be founarely in other parts of the 688
resurge interval, but are most prevalent from 14 m depth to the basenuthresurge uniand

the basatlastdominated breoa unit(R3).
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Figure 31. Conjugate slices of swirled, turbulgRgfabric. Swirled fabrics are characterized
by flattenedovoid swirls with internal, subtle concentric laminations and somewhat irregular
shapes as opposed to regularly shapedresatikePlanolites Swirled fabric (white arrows,
center slice) can be followed thorough conjugate slices. Red arrow marks a-slightly
mineralized fracture, distinguished by crassting of matrix fabric. Planar, subtle laminations
can be observed base.
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Figure 32.Wispy fabric ofR2lithofacies, uppermosower-resurge Wispy fabrics are
undulating, irregular, sheéike structures (white arrows). A few interpreted turbulent features
can be seen intercalated in middle of core sections (red arrow).

Overall, this lithofacies is less commthanR2, and although could be, in some
instances, be a fully disaggregated this facies is prevalent within the middle of the resurge
unit. It is characterized as a normally graded unit of breccia that transitions frorsugh@strted
to matrixsupprted. Maximum thickness is 0.8 to 1.0 m with apparent imbrications within one
interval and probable imbrications within another.

This lithofacies is most prevalent within thed-resurgeinterval where clasts are
composed of chalk and maiWithin themid-resurge there are three principal intervals of this
lithofacies within themid-resurge The first interval of this lithofacies is a polylithic clast
supported breccias of marl and chalk, which is moderately graded and transitions upward into

matrix-supported brecciaMoreover, the lowermost 10 cR3 as seen in Figure 3% more
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matrix-rich and contrasts with both the overlying clagpported breccia and the underlying R2
andlower-resurge At thelower-resurgeandmid-resurgecontact, there is asible
density/attenuation contrast with presumably lower density and/or higlcatagnt directly
below this contactConsequently, there is visible withintdy CT a subtle irregular, undulatory
surface that is interpreted be subtle load clasts (kige 33. Finally, at thidower-mid resurge
contact, there is mud injection of overlying dark muds into underlying fractures of a main planar,
tabular dike along with arcuate, concayethin mudinjected fractures (Figure 33

The basal unit of this litbfacies within themid-resurgeis somewhat variable in its
apparent imbrications and could be alternating or reversed; however, the R&doitetval
shown inFigure 34is less ambiguous in clast imbrication and is more graded than the underlying
similar lithofacies unit. Observations within-day CT show strong imbrications of welefined
polylithic clasts that grade upward into a #dap
pebblesized marl and chalky marl brecaanglomerge (see interpretin in Figure 33. Also,
unlike the lowermost interval &®3 imbrications are more strongly wgirectional. The second

R3intervd is directly overlain by aR5lithofacies.
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Figure 33. Lowerresurgeandmid-resurgecontact. This Figure depicts the densely injected

fractures at this contact (yellow arrow). Fractures are shown in left image and have been
enhanced with the contrast and fAsmart sharpeno
viewing. Curiously, fratures do no show well in CT scans. However, a subtle, irregular surface

can be observed at contact and, with horizontal slices in bordbale view, this surface is

interpreted as being composed of load clasts (red line). Note how in@ayey marl issimilar

in grayscale shade to overlying muds.
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Figure 34. Imbricatedclastdominated breccia (R3)jom the middle part of
resurge. Original CT slice (left) and interpreted CT slice (right). Yelgreen
outline marks chalky clasts. Blue outlimearks marly or mud clasts. Red outline
marks postlepositional clayey injection features.
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For both the fist and second breccia intervidle breccia tend to be stdngular in shape;
however, more clayich breccia (low attenuation values) tends todasnded in shapeSome
internal lamination can also be observed within larger cl&3isst sizes can occasionally exceed
the confines of the dril¢ore (lithofaciedR4)and rangdrom <1 cm to 4.25 cm.

The uppemostR3interval of the mieresurgdithofacies (9.0 to 9.1 m depth) is less
defined within CT slices than underlying examples of this lithofad@mtrasts between clasts
and matrix are subtle and could represent a more homogeneous clast composition without
apparent imbrications.

Finally, an example of this lithofacies is found within tippermostesurgeat 3.8
meters depthThis particular interval has sabunded chalky clasts and grades upward into
possibly semintactR4lithofacies and likely is, in part, brecciation of 8hyaR4 Rounded
chalky clasts at the base suggest transpddthough some features are reasonable defined,
oxidation and weathering near the surface formed this lithofacies, making uppesswge
challenging to interpretNevertheless, from the bettdefined lowermost meter interval, this
stratigraphic section is believed to be lithofadsandR4.

Transported Mooreville Chalk (R4)

Where clast size exceeds the confines of the-d@olle in the horizontal dimension, clasts
are recognized as boulde Suchclastsare interpreted based on intact internal bedding, trace
fossils, and other primary sedimentary struct@fegure 35 and 36 Bouldersrange from a
minimum size of 0.065 m to a maximum stratigraphic size of 1.@radominately, most
intervals ofR4are found within théower-resurge which can be seen in Figure.2Qrientatios

of bouldersare similarly aligned with matrix inclination trends but can diverge locally.
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Figure 35.Bioturbated example of @4 interval. Red lines mark clast boundaries and the

is in situbrecciation above. White arrows mark typical exampld3arfolites which are
locatedwithin semiintact transported Mooreville chalk. This interval is an example of a rare
lower-resurgepolylithic-laminated lithofaciesR5).
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Figure 36.Brecciated top oR4lithofacies. Left slice is original CT slice. Right CT slice
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Lithology ranges from chalk to marl, which are commonly caught frozen (arrested) in the
process of disaggregation and dismemberment and exhibit wide -filgdXractures(Figure
36). Specifically, transporteldouldersinclude fossiliferous, lighgray,sandy, phosphatic cha
with interbedded marreengray, bioturbated, fossiliferous, silty marl containfPignolites
(Figure 35) TeichichnusandChondrites;and reavily glauconitic, chalk sandstonsandy chalk
(Figure 37. In-situ brecciation oR4lithofacies within thdower-resurgetypically fragment
along block top whereas block bases are angular epatailel to bedding buatk breccia in
most cases (Figar37) However, uncommon detachment of block bases can create local basal

brecciation that appears to be sinking into subjacent matrix.

Angle: 32,719 / 32

ade In I' FT L C ‘
Figure 37.In-situ brecciation offransported Mooreville Chalk megaclasts (R@yiginal
slice (left) and interpreted slice (right), which has red lines delineatingmeated fractures.
Note subparallel fracturing with beddg trends and similarly aligned fractures/bedding with
general dipping trends (dip angle average = 32 degrees).
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Polylithic-laminated matrix (R5)

This is an uncommon facies in which strongipressed laminations of contrasting and
alternating lithology resemble crebsds and crosemination. Crossbedding and cross
lamination can be discerned in bothray CT and visual inspectiorLithofaciesR5are less than
10 cm in thickness and, above the partialigsslaminatedR1lithofacies,R5lithofacies have
been delineated at only three locations: a short interval (20.1 m depth) undeRdrgack
within the lower resurge; two crebgdded and crodaminated intervals that cap graded
intervals (11.4 and 6.meters depth, rpectively).

The lowermost example of thSlithofacies has clearly visible truncation surfaces and
internal lamination surfaces appear similar in inclinaffeigure 35) Superjacent to this interval
is a very short interval of chaotic, churned matrix overlain with a bioturbated, interbedded chalk
and marlR4lithofacies. However, this R5 lithofacies is penetrated by calcified tubes that in
threedimensional models buitith X-ray CT multiplanar reconstruction (MPR) reveal an
inclined, meandering path that crazg lamination.

Themid-resurgecontains twdR5intervals. These first of these two intervals is a trough
crossbedded, calcareous, glauconitic sand of altergdithology shownn Figure 37 This unit
is interpreted to be trougtrossbedding due to the shallowingoward lamination, trough
shaped foresets, and incised trough ciiess$ sets that are cut into underlying lithofacies. This
unit terminates theegondR3interval. Directly above the interval, large (4 ctmpceramus
fragments are resting directly upon the last foreset with accompanying compaction features.

The secondR3interval is finergrained and, within both visual inspection anday CT,
laminae appear to be alternating marl and chalklike the lowerR5interval, laminae are more

similarly inclined with subtle internal truncation surface and are-fynained (very fine sand to
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silt-sized). Ripple-like forms within the laminae suggestdtory currents.Similarly, this unit
has a large, interbedded chalk clast lying directly upon the last lan@mampaction features

show inerpenetration from above (Figure)38

!

I |
Im: 48/100 -
Figure 38.Polylithic-matrix (R5).This is an example of tHe5lithofacies that directly overlies
the lithofacies within thenid-resurge. Lying directly on top of this lithofacies ateoceramus
prisms with accompanying compaction features. Within d is a photograph of trough cross
bedding. In e, is a closeupiaflividual trough foresets, looking up trough long axis.
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Figure 38a Conjugate slices of polylithitaminated matrix (R5). This is the uppermos
example of this lithofacies within migesurge. White solid arrows show clasts (marke:

b, f). Therds a possible rippled surface shown with dashed arrow. Black arrow shows
compaction features, which are followed from left to right to the place where they
diminish with the absence of the clast. In upper part of core, there is a chalky clast with
somelimited in situbrecciation.

Enigmatic Chalk (R6)
The genetic origin of this lithofacies is enigmatic. Texturally, it is distinctive

sedimentologically from underlying units and has been proposed by Ormo et al. (2010) to be a
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secular deposits armiggested by Markin et al. (2011) to be an altered transported Mooreville
Chalk block. This uppermost unit is a phosphatic chalk with modern diagenetic overprinting of
caliche nodulesWithin theX-ray CT images, the upper two meters exhibit subtle featauch
as internal, inclined lamination, burrows, and wide fractuRrecipitation of caliche nodules
has inherited higlangle inclinations.With handspecimerevel examination and regulght
optical microscopy, coarssand sized grains of bivalfegments, black phosphate, bone
fragments, and quartz clasts have been obseNx&thin thin-section petrography, roughly
laminated oxidized glauconite can be observed and witliyXMPR caliche nodules follow
conspcuous inclination trends
Structural Features of the Resurge

The resurge interval was examined for structural features and those were compared with
structural features of the underlying Eutdwscaloosa megablogipactite sand complex.
Conjugate, systematic micfaults were not observed within the resurge interval; however, local
normal faults have been observed, which are interpreted to be compaction fe@lasés.dikes
and impactite sands with allochothonous textural charattsrisere not observed within the
resurge interval Specifically, no injected sediments within the resurge interval appear to have
been sourced from the EutaMuscaloosa megablock.

Fractures are common throughout the resurge interval and are likelyssithe
depositional or postiepositional. Fractures were previously logged and reported by Ormo et al.
(2010), and within that study, fracture density (e.g. fractures/meter) peaks twice at approximately
at 5.0 and 13.5 meters. The peak at 13.5 meter$iypagrresponds to thHewer-resurgeand
mid-resurgeboundary and many of these fractures are attributed by this author to be injected

muds originating at this surfac&lear the peak of 5.0 meters, fractures are discernable using X
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ray CT in theupperanduppermost resurgéntervals as wide matriklled fractures, which do
not have a clear point of origirfcurthermore, lesser occurrences of dark +hlletl fractures,
similar to the fractures of the 13.5 meter peak, are present below the B&gmndirrence.
Despite their visual similarity to underlying muglected fractures, a point of origin for the mud
injection is uncertain.

Precise measaments of inclined laminatiorand clast imbrications are presented in as a
At adpol e pdziothdicectian dipdFigure 23, ind these directional patterns are
described belowThese measurements were derived exclusively frarmyXCT according to
methods described within-ay CT methodologyWithin thelower-resurge nclinations
directions ag similarly directed towards the arbitrary northwest; however, there is a short
reversal in the upper portion of tlever-resurgeas shown in Figure 28Jtilizing clast
imbrications and inclined laminations, there are variable clast imbrications mwbanost part,
but in the strongly imbricated, second intervaR@& apparent current directions show a
complete reversal of lowaesurge inclination orientationd.ikewise, trough crosbedding
directly above show similar interpreted current directias the subjacent clast imbrications.
Above the aforementioned trough crdmxiding, there is a near-8i@gree rotation towards the
arbitrary north.Above the rotated inclination directions (above eight meters depth), inclination
trends again rotateounterc | oc kwi se but transition into a ne
nail so) set of orientations.

Some degree of rotation for resurge interval is evident because angle of repose and
inclination of features that should be horizontal. Features thatdshave been suhorizontal
are inclinations with indeterminate strikes or lineations that indicate rotation, for example

originally subvertical escape structures These features are identified in fig. a as red

112



circles(indeterminate strikes) and red-digection symbols for suborizontal planar features.
Unfortunately, deformation along these surfaces (i.e., load clasts) orlegtkieatures that do
no generally allow strikes to be measured within CT analysis. Features without strike include
rotated relatively straight pyritized, calcified watescape tubes and direction of clast
compaction and penetration into underlying sediments. The maximum rotation of 43 degrees
occurs at the erosional base of the resurge. Above thissigontal indicators tal to be
shallower, for example, 20 to 32 degrees. This could indicate that rotationdssysitional.
However, rotation of underlying megablock is likewise variable; thereforedepstsitional
deformation such as faulting and/or folding could accéamsome of this variability.
Conversely, subtle topography along stratigraphic surfaces could account for variability of the
rotated resurge.
0904 Drill-core Results

Based on their preliminary results, King et al. (2010) proposed that 164 @@l
penetrated the slumped, overturned flap (herein termed overturned fold) of the southeastern
portion of the crater rimThis was so interpreted because of a sequence of overturned
Tuscaloosa Group and Eutaw Formation, which were underlain by-tlatgr sands of mixed
origin, and because of t hTde twopadrtisdbdivisipmobkingebi t y t
al. (2010) into overturned intact units (Figure 39) and underlying efilliteg sand (Figure 40),

established a natural stratigraphic dign for logging and descriptive purposes.
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Figure 39. Stratigraphic column for the overturned fold section of drill cor®99
hz=hinge zone.
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