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Abstract

TheWetumpkacrateris ashallowmarineimpactstructurdocatedin the EImoreCounty,
Alabama. The impact event occurred at approximately 85 Ma, during Late Cretaceous. The
target was a shallow marine environment with a water depth of about 30 m or less and the
lithology consisted of soft sediments belonging tofthscaloos&roupand Eutaw
Formation, and crystalline pr€retaceous Appalachian quarzitic schistose and gneissose
basement rocks. The rim of the crater is made of the same crystalline Appalachian rocks as the
local basement, whereas the crater floor consists of a nitketbyy of target sediments of
the Tuscaloosa Group and Eutaw Formation, which form the-traier slide, are the
provenance of the cratéiling impactite sands, and a bouldeearing breccia deposit. The
present study was aimed at understanding theenof emplacement of this breccia unit, which
occurs in the central crater floor area and resembles polymict proximal ejecta deposits as in
other cratersin the present study, outcrop mapping, eabbre logging, and petrographic

studies were completed understand the nature and origin of this breccia unit.

Field mapping was done to characterize the breccia deposit and identify and map large
oriented boulders in the deposit. Petrographic analyses indicated poorly sorted nature, which is
characteristi of massmovement deposition such as a debris flow. Possible shock features
such as planar fractures in quartz, kbdnded micas, as well as potentmpactgenerated
spherulesvere identified in thin sections aadalyzedwith electron microprobe. AU

scientific dril core #0902 was logged in order to characterize the subsurface nature of the



breccia. All results indicate that the breccia is very poorly sorted with clasts ranging in size
from less than 0.5cm to more thabnl. Water did noplay anysignificantrolein the

formationor emplacemendf this brecciaunit. Presencef large bouldersn the brecciais
bestexplainedby a large massmovementof proximal ejectafrom the crater rim to the crater
floor during early modificationThe oriented nature of the boulder sized clasts has been
attributedto rotation duringnasstransport of the boulders in to the crater cenftbe
emplacement of this breccia is interpresésdhe last impagaelated process to occur before the

marine water resurggith accompanying deposition of chalk
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INTRODUCTION

Sinceits formation,the Earthhasexperiencethnumerabldombardmentby asteroids
andcometsjnitially addingmasgo theearliestEarth,contributingto theE a r ednlyinglting
phase, and then scarring its subsequent solid surface with large and small craters. Although
meteors and meteorites have been igghias omens or harbingers of destruction in ancient
times, modern people have come to accept them as explicable, recurring natural phenomena.
Geoscientisteow regardthe processesf impactcrateringto be assignificantin Earthhistory

as a fundamental processch awolcanism or platésctonics.

An impact crater forms when a cosmic object enters the atmosphere of the Earth (or
other planetary bodies) with hypervelocity and a mass large enouggintain that
hypervelocity wherit hits the surface. On Earth, approximately 190 impact craters have been
identified presently (Earth Impact Database, 2019), and many more potential craters are being
studiedcurrentlyacross the world. The amount of kinetic energy involved in the padfes
formation of an impact crater makes the geological process of impact cratering unique as
compared to other normal geologic processes. Also, the entire process takes place in merely a
few seconds. Such an instantaneous release of high amount of esugsgy the target rocks
todeformin unusualvays(ascomparedo othergeologicabrocessesindthesampactrelated

A

deformations can be preserved inthe imyza€tf ect ed, or dnmnbralsc ked, 6 r o

Thesizeandnatureof theresultingcraterdepend®nthesizeandnatureof theimpactor
aswell asthegeologyof thetargetarea andtheseconditionsalsodiffer acrosgshewide range
of planetary bodies. Fragments of the impactor typically cannot be recovered, therefore shock
features imbued in the target rocks and their constituent minerals can be used to establish that
there has been an impact. Shock features, first identified in meteorites, are also used in

understandinghe pressureonditionsof terrestriaimpactsandthe natureof theimpactor.For



example, planar deformational features (PDFs) in framework silicate minerals like quartz or
feldspar are diagnostic of an impact origin because these structures formltratiegh
pressures, which exist only momentarily within hypervelocity impacts (and have been found

as well in nuclear weapon ted¢tonation sites).

Depending on the size and morphology of the depression, craters can be broadly
classified as simple crateor complex craters. Simple impact craters are smoothsiwaped
depressions with a rim raised above the crater bowl and a cenpased or flat crater floor,
which is a crater morphology that directly reflects the original transient cavity. Complex
craters are those which consist of a raised rim as well as an elevated portion in the crater floor
known as a central uplift, which forms by rebound of materials during modification of the
transient cavity of crater formation. Complex craters are typicaliyetan diameter than
simple craters for any particular planetary body, and the transitional size from simple to
complex varies depending on the gravity of the planet. Generally, on Earth, craters larger than
4 km in diameter tend to be complex, whereaal&ncraters are simple. Some wetiown
examples of impact craters on Earth include the Barringer Crater (simple crater) in Arizona

and the Chicxulub Crater (complex crater) in the Yucatan Peninsula of Mexico.

OnEarth,craterscanform onlandaswell asin waterbodies Marineimpactcratersare
fairly common on Earth and, depending on the water depth at the time of impact and target
lithology, form varied and complex morphologigsmarine craters, water depth plays an
important role in the formation and modification of the transient caiityery large water
depthsusuallygreateithanthesizeof thebolide (Orméetal., 2006),a cratermaynotform as
aresultof slowingdown of theimpactorowingto thedepthof thewatercolumn.In shallower
depthshoweverwheretheimpactorreachesheocearor seafloor, acraterwill formonin the
crust below the water body. Marine craters are characterized by sbapéd depression,

presenceor absenceof a centraluplift dependingon the size of the crater,excavationand



ejection of basement rocks and sediments away from the crater center, and a resurge of the
displaced water. Resurge in watget craters consists of graded deposits of shocked and
unshocked ejecta material brought back into the criater due to return of the water during
early modification stages. Other processes like faulting or slumping in unconsolidated
sediments or in the rim of the crater, along with tsunamis and mass movements are also

common in marine impacts (Ormo et al., 206

The Wetumpka structure in Elmore County, Alabama (Figure 1), is ekn@iin and
established marintarget impact crater (King et al., 2002; 2006). The impact event at
WetumpkaoccurredduringLateCretaceousabout84.4+/- 1.4 m.y.ago(Warthoetal.,2011),

which is near in age to the Santori@ampanian stageundary.
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Figure 1. A mapof thesoutheasternUnited Statesshowingthelocationof Alabama(left) and
a map of Alabama showing the location of Wetumpka Craten{King et al.,2002).

Althoughmanyoldermarineimpactcratersareburiedor largelyerodedthe Wetumpka
impact structure is relatively well preserved, and thus allows for direct observations through

outcropstudies.



Formation of an impact crater:

The process of formation of an impact crater can be understood by dividing it into 3
distinct stages. These stages are classified based on the mechanisms that the initial depression
undergoes beginning with the contact of the impactor with tigettaFhe stages of impact
crater formation have been discussed in detail by French (1998), and are diagrammatically

presented in Figure 2.

Formationof acraterbeginswith thecontactandcompressiostagewhichis followed
by the excavation stagéhe first contact of the bolide with the target marks the beginning of
the contact and compression stage. Shock waves travel from the projectile into the ground as
well as inside the impactor itself. The impactor and the target undergo compressiorhéue to t
high-velocity shock waves and depending on the amount of energy, the impactor may shatter
into pieces or become molten or vaporized. Stresses exceeding the compressive strengths of
the target rocks are generated in the compression stage, which cdoseatten of target

rocks, and a rise in temperature is responsible for melting of the racist

The opening of the crater depression is the beginning of the excavation stage: A bowl
shapedtavity formsfrom anoutwardejectionof targetrocks.This initial depressiofs known
as a transient crater. The target rocks are uplifted and overturned (at the rim) giving rise to a
raised nearlycircularrim (French,1998).Whenthecraterbowl reachests maximumsizeand
thedisplacemendf ejectamateial is completetheexcavatiorstageends andthemodification

stagebegins.

The modification stage is characterized by slumping of the crater walls. Processes in
this stage are merely the result of the force of gravity and rocks collapsingeidewn
weight. Faulting and slumping of the crater walls takes place along with debris flows. The

cratermoatgetsfilled with brecciagluringthemodificationstageln complexcratersacentral



uplift developsasthegroundtriesto reverttoits original condition.In marinecratersthisstage
also consists of a resurge of the displaced water column (Figure 3). The end of this stage

completes the formation of the finaiater.
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Figure 2: Schematic diagrams showirgetformation of: A: a simple impact crater, B: a
complex impact cratef=fom Ipi.usra.edu, 2019)
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Figure 3: Schematic diagram showing formation of a marine impact cristedi(ied from
Ormo and Lindstrém, 2000).



Shock metamorphism in impact craters:

A hypervelocity impact event involves transmission of a large proportion of the high
kinetic energy contained in the cosmic object to the target rocks at the site of impact. Such an
instantaneous release of energingiact brings about formation of very highessure shock
waves in the target lithology. Almost immediately, these shock waves are distributed radially
into thetargetrocks(Melosh,1989).Thisunusuaprocescauseshetargetrocksto deformin
awayunlike normaldeformatiorgenerallyseenn slowergeologicprocessesl hetargetrocks
undergo shock metamorphism in response to the sudden conditions of high temperature and
pressure created by the shock waves. Shock metamorphism can give ridertmdtien of
brecciated rocks, melt rocks, pseudotachylites, as well as high pressure/temperature
polymorphs of the original minerals present in the rocks. Such shock metamorphosed rocks
andmineralscanbestudiedto deducehe conditionsprevalentatthetime of impactaswell as
otherparametersf theimpacteventitself, like thenatureof thebolide,thedirectionof impact,

the amount of energy releasett;.

To understand the processes occurring in an impact acoreately, it is important to
distinguishbetweerthediagnostishockmetamorphideaturesrom thosewhichmaybefound
in other geologic settings. French and Koeberl (2010) have divided impact related
deformational processes broadly in to two categothee first being high pressure shock
featuregproducedatpressuregreatethan10 GPatypically diagnosticof animpactevent;and
the second being features produced at lower pressures, i.e., pressures less than 10 GPa, in
impacteventsbutwhich canalsooccurin othergeologicprocesseslablel summarizeshese

two categories of impact related deformatideaktures.



Diagnostic indicators for shock

metamorphism and meteoriteimpact

Non-diagnostic features produced by
meteorite impact and by othergeological

processes.

Preserved meteorite fragments

Circular morphology

Chemical and isotopic projectile signatures

Circular structural deformation

Shatter cones

Circular geophysical anomalies

High-pressurddiaplectic) mineral glasses

Fracturing and brecciation

High-pressure mineral phases

Kink banding in micas

High-temperature glasses and melts

Mosaicism in crystals

Planar fractures (PFs) in quartz

Pseudotachylite and pseudotachylite breccias

Planar deformation features (PDFs) in quartz

Igneous rocks and glasses

Spherules and microspherules

Other problematic criteria

Table 1: Diagnostic and nediagnostic impact related deformatiokl@dified fromFrench
andKoeberl, 2010)Note that the columns are not comparative.




The rocks carrying the diagnostic signatures of impact are known to be spatially
distributed within certain regions of the impact crater (Dence, 1965; 1968; 1971; 1972). For
example, melt rocks artdgh-pressure mineral phases can be expected in the suevitic or
polymictic breccia units of the crater moat area, whereas highly fractured and shock
metamorphosed rocks and shocked minerals can be found in the central portion of the crater
floor of simplecratergor centraluplifts of complexcraters)thesubsurfacef thecratercenter
and proximal or distal ejecta deposits depending on the target lithology and size of the crater.
With increasing distance from the crater center, the shock waves beligsipate, and
deformation features begin to define regions of lower and lower pressoperature

conditions.

Quartzandfeldsparsarethemostcommonlystudiedmineralsin impactaffectedrocks,
andthesemineralsclearlypreservaliagnostiampactsignaturesThecrystalstructure®f these
mineralsareaffectedoy shockcompressionandtheydevelopmultiple setsof parallellamella
known as planar deformational features (PDFs). At Wetumpka, shocked quartz grains with
PDFs have beeiound within the breccia units, both exposed in the crater center and in drill
cores from near the crater center (King et al., 2002; Morrow and King, 2007). Other minerals
like zircons garnetsTi-oxides amphibolesetc.canalsoundergashockdeformatian andphase
transformation. Examples of shocked zircon are known from the Ries crater in Germany,
Popigai in Siberia, Chicxulub in Mexico, Woodleigh crater in Australia, etc. (e.g., see

Wittmann et al., 2006; Cox et a2019).

The current studfocuses on understanding the mode of emplacement of the central
breccia unit of Wetumpka, which closely resembles proximal ejecta deposits, with the help of

examination of field studies, outcrop studies, and petrographic and other laboratory analyses.



GEOLOGIC SETTING AND BACKGROUND

At the time of impact, the geological setting of the cosmic event at Wetumpka was a
shallow marine area just offshore from the Gulf coastal alluvial plain region of what is now
central Alabama. The impact penetrated slvalnarine water, the underlying Upper
Cretaceous sedimentary layers (the younger Eutaw Formation and the underlying Tuscaloosa
Group), and the upper part of the Appalachian metamorphic basement rock, specifically the
Upper Paleozoic Emuckfaw Schist (Kingag., 2002). The soft sedimentary target and
underlyingweatheredut still intactcrystallinebasemeninayhavecausedVetumpkato have

an unusual morphology for its size (De Marchi et24119).

The rim of the crater has a horsleoe shape (Figure 4yhich consists of crystalline
rocks of the Appalachian basement that is open on the southern side. The southern part of the
crater is composed of a wide, structurally deformed region, which is located adjacent to the
part of the southern segment of the,nmhich is missingThe lithology of the rim consists of
steeply dipping schists and gneisses, whereas the southern deformed region (called the extra
crater terrain; King et al., 2002) is composed of faulted, poorly consolidated target sediments
of theUpperCretaceougutawFormationandTuscaloos&roup. Theabsencef aportionof
rim in the southern part has been attributed to post impact rim collapse, which is thought to
have been caused by weakness and heterogeneity in the target stratigraphy. King et al. (2006)
have interpreted the southern deformed region as a gigasiia series of slump blocks that
arerelatedto thelowerlevelsof thecollapsedsouthernim of thecraterdueto massnovement

processes associated with rim collapse following soon afténfieet.
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Figure 4: A: Red dashed line shows the extent of the horseslaped rim of Wetumpka
impactstructure(modifiedGoogleMapimage).B: Geologicmapof Wetumpka (From King et

al., 2002). C: Shaded relief map of Wetumpka compiled from adsbtution DEM (from
www.alabamaview.org) and a hillshade map. Black square shows the structurally disturbed
extracraterterrain.
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Whereas the rim is mainly Appalachian basement metamorphic rocks, theraigna
region and the crater floor consist oixed sedimentary units that characterized the upper
stratigraphy of the target area. These sedimentary units are Upper Cretaceous formations,
consisting of Tuscaloosa Group and Eutaw Formation. Mooreville Chalk, which lies above the
Eutaw Formation outsidie target area, is also present in some places. The Tuscaloosa and
Eutaw show evidence of original bedding, even though that bedding may be deformed or upside
down in some places (Heider and King, 2016), but the Mooreville Chalk in the crater area shows
evidence of being rdeposited (probably by return of tsunami flow or resurge; King and Orma,
2011). Redeposited layers of the uppermost target unit, the Mooreville Chalk, occur as thin,
intermittent beds at and near the ground surface, both within andheecrater. This chalk,
which is more like marl in composition, contains shelfal fauna and a small component of fine
Wetumpka ejecta including melt particles, shocked grains, and iffggased aggregates
(Petruny and King, 2018). G3can studies by Mank and King (2012) and Markin (2015) show
that there are graded beds within the critear Mooreville Chalk, which supports the resurge
hypothesis for its origin.

Previous Work

The earliest research suggesting an impact origin for the crater is saeunarthe
work done by Neathery et al. (1976). However, confirmation of an impact origin was first
provided by King et al. (2002) through investigation of erdke samples of cratéitling
brecciasKing etal. (2002)reportedpresenc®f multiple setsof planardeformationafeatures
(PDFs) in numerous quartz grains from the sandy matrix of impact breccias recovered from
depths of over 100 m. PDFs are misaale sets of closely spaced planar fractures that form in
framework silicate mines like quartz and feldspar, and are one of the most important
evidence®f shockmetamorphismPDFswithin frameworksilicatemineralsarenotknownto
form in any way other than by hypervelocity shock wave damage to crystal structures. As
corroboratingevidence of impact, King et al. (2002) also found elevated concentrations of Ir,

12



Co, Ni and Cr in the matrix of these impact breccias, which is a typiet¢oriteimbued
chemical signature. They interpreted the impactor to have most likely been a cadusnac

chondrite asteroid.

Because it is a marine iIimpact crater, the
modification was probably strongly by the presence of water. For example, the heterolithic,
unconsolidated and wateaturated southern rim wouhdve been weaker as compared to the
induratedgrystallinenortherrrim andlikely would haveslumpednwardsalmostimmediately
after the collapse of the transient crater, thus leaving the northern rim intact (King and Ormo,
2011). Heider and Kin¢2016) suggested a sequence of events in the inward slumping,
including (from first to last) mixed provenance impactite sands, the-¢ratex slide unit of
bedded Upper Cretaceous target strata, and a behgdeing polymict breccia. Subsequently,
thesefield interpretationsveresupportedy digital modelsimulationsof We t u m priarané s
impact(DeMarchietal.,2019),whichindicateasequencefeventdan We t u m ik failire
consistent with the observed cratifling stratigraphy. Theligital model of De Marchi et al.
(2019)indicateghatreturnof shallowseawaterwasarelativelylateeventwhichis consistent
with the relatively thin, discontinuous blanket of Mooreville Chalk as a marine resurge

deposit formed in a very shallow nree targesetting.

Geophysicatlatafrom acrosghecraterarerestrictedo onetranscratergravity survey
and its initial interpretations by Wolf et al. (1997), plus some further work by Robbins et al.
(2011). Theresultsof thegravity surveywerecharacteristiof atypical compleximpactcrater
and showed a negative gravity anomaly in the center of the crater, which might be interpreted
as evidence of impacelated broken rock below the crater center, plus a small high area that
may beevidence of a possible central peak. However, no discernible surficial expression of a

central uplift is seen in the present topography ottater.
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Two drilling projects inside the crater, one ahgril998 (King et al., 2002), and the
other during 2009 (King and Ormo, 2011), resulted in the acquisition ctdrél samples
from nearthecenterof theimpactstructure aswell asfrom thecraterrim andcratermoatarea
(Figure 5). These dritores have been studied and analyzed by several graduate students in
theDepartmenof GeoscienceguburnUniversity. Specifically thetwo 1998drill coresrom
the crater center were analyzed and logged by Reuben C. Johnson (Johnson, 2007), whereas
someof the latter ones from the crater floor have been analyzed by James K. Markin
(Markin, 2015) and Steven N. Rodesney (Rodesney, 2015). A drill core on the western rim

was described and interpreted by Pascual Tabares (Rodehak,

Thecurrentwork focuseoonWe t u m péntmadbrecciadepositwhichis locatednear
the geographic center of the crater floor. This brecciawasfirst described by King (1997)
as a polymict impact breccia unit. This breccia unit is very poorly sorted and consists of
small but noteworthy population of very large clasts of quartzitic schists and gneisses that are
situated within a pebbly and clayegnd matrix. This breccia crops out in a small area
(approximatelyd.5km?) alongalocalresidentiafoad(Buck RidgeRoad) whichformsasmall
loop that encircles most of the central breccia outcrop upon the crater floor (Figure 6). As this
breccia unit lies approximately where a central uplift would normally be expected, it was
originally thoughtto bepartof acentra uplift (Johnson2007). However afterdrill coreswere
obtained that penetrated this breccia unit and thus its subsurface extent was known, it was
determinedhatthisunitis notrelatedto deepebrecciasat WetumpkaKing andOrma,

2011).
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Figure 5: (Top) A profile of Wetumpka (heavy black line) derived from the gravity data of
Wolf et al. (1997), which also showslocation of drill cores in the crater. (Bottom) Map of
Wetumpka showing the drill core locations (From Rodenas, 2012).
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Discowery of shocked quartz within this central breccia unit, specifically quartz grains
with shock features that were demonstrably different from those found within quartz grains

from thedeepeWetumpkabrecciaswasthefirst indicationthatthe centralbrecciasmightbe

of ejecta origin (Morrow and King, 2007). This led to the preliminary interpretation of the
central breccia as being part of the proximal ejecta of Wetumpka impact crater that may have
been deposited on a failed part of the crater(King and Ormo, 2011; King et al., 2015).
Slumpingor arelatedtypeof massmovemenprocesseduringearlymodificationof thecrater
wassuggestedsamechanisnior placemenbf proximalejectauponthecraterfloor (King et
al.,2015).

Core drilling and field observations have shown that the subject of the present study,
the polymict bouldebearing breccia, has a stratigraphic position within the Wetumpka crater
fill that is atopthe transcrater slide unit (King et al., 2019). Recent observations suggest that
the central breccia unit is a matsypported diamicton (Chinchalkar and King, 2018), which
is composeaf clastsrangingin sizefrom pebblego bouldersGrainsizesin the matrix of the
Wetumpkadiamictonareclay-dominatedbutalsocontainasignificantproportionof non-clast
supported pebbles, cobbles, and boulders. The-giz@ndistribution is strongly bnodal. In
three sequential outcrops on the western sidduok Ridge Road, several exposed boulders
range in size from 20 m in apparent long dimension. Lithologically these are mica schists,
quartziticschistsandgneissesyhichmeanghatall theseboulderscamefrom thedeepetarget
metamorphidasement rock that underlies the Upper Cretaceous soft sediment of the upper
target layer (King et al., 2015; Chinchalkar and King, 2018). The foliation in these boulders is
consistently vertical, which indicates the role of a specific physical processjaence of

processes in the origin and emplacement ofittie
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METHODOLOGY

The current project was undertaken with the aim of understanding the
characteristicsral origin of the impact breccia that crops out within small areas near the
centralportionof WetumpkaC r a tfleor. Bhisbrecciau n i shogkedjuartzgrainshave
been previously studied by Morrow and King (2007) and King et al. (2015), and its
stratigraphic relations examined by King and Ormd (2011) and King et al. (2015). These
previousstudiessuggestethattheshockedjuartzgrainswerelikely evidenceof proximal

ejecta, and their observations provided a starting point for the pvesdnt

Proximal ejecta of impact craters is known to contain a combination of shocked target
material, which contains a mixture of shock level indicators and a mixture of shocked and
unshocked target rocks and minerals. Hence, the adjective polymict is conusedlfor
such impact deposits. The shocked portion of proximal ejecta has been identified with
distinctly diagnostic features that develop in the minerals at high shock pressures (King et
al., 2015). One purpose of this study was to look for other indgatompact ejecta and
evidenceof emplacemenmechanism$or this centralbrecciaunit. Thiswasundertakerin
order to lead to a better understanding of the origin and mode of emplacement of this
diamicton within Wetumpka impact structure. Tdisparate field and laboratory methods
adoptedor acomprehensivavestigatiornof the brecciaunit arelisted sequentiallywithin

this methodologgection.

Selection of outcrops

A major portion of land in Wetumpka is privately owneditgividuals who have
residencesntheir property thereforeanyfield work in thearea requirepermissiorfrom

the land owners.The vastmajority of the craterfloor areais also denselycoveredwith
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thick vegetation. Mainly on account of these two realities, it is best to work on outcrops
thatarelocatedalongpavedroadswherethereis a standardight-of-wayfor publicaccess

and where the road margins are maintained clear of deggetation. Specifically, the

right-of-way outcrops occurring along Buck Ridge Road (Figure 7), a road that forms a

|l oop around a | arge part of the central br e
accessible and therefore used for the study. Toetseops also allow for a direct

observation of a small crosgctional profile of the breccia unit and are ve#ilated for

taking samples, photographs, anampdremtsect me a

Outcrop excavation

DuringearlyNovembe 2017, reconnaissandeld work wasconductedo identify
potential outcrops for potential excavation. One outcrop (named herein a®BRBure
8), which is close to the Schroeder home on Buck Ridge Road was the subject of previous
studiegegardinghebreccia(Morrow andKing, 2007;King etal., 2015).Newly selected
outcrops (named herein as BRR and BRRNZ2; Figure 9), which are located a few 10s
of meters uphill (going south on Buck Ridge Road), were also chosen to be part of this
studybecaus¢heyconstitutegoodoutcropof thecentralbrecciaunit. Thesenewoutcrops

are stratigraphically higher th&RR-O.

The new outcrops were overgrown with tree roots and other vegetation and were
covered in slumped lateritic sofresence of excessive vegetation on the outsiap
obstructiorto observingandphotographinghe breccia, and the soil can cause difficulties
in proper investigation of the lithology (because much of the matrix of the breccia is
composed of redoloredferruginous clayey sand). Hence, it was necessary to clean the

outcrops to rid the breccia of the vegetation aaiil
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project. The yellow circles represent the bouldezccia units investigated in this study and the green circles denote locations of other
known boulders that were not included in the current project. The location of the drill core fraeiehitific borehole 092 is marked

with a red bar.
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BB1: Close up of outcrop BRB showing part of a schist boulder (demarcated with

yellow line).
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Figure 9: Outcrops BRRI1 (top) and BRR2 (bottom) on Buck Ridge
Road before excavation (Width of outcragabout 10 m and height
about 3 m).
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Theexcavatiorwasaccomplisheduringthemonthof June2018by awork crew
fromthe Public Works Department of EImore County who used large mechanical
excavators (Figure 11). Because these outcrops lie close to the road and-8iéeoad
ditch draining the area lies adjacent to a small creek, adequate erosiohmoeasures
such as rigrap and strawetting were deployed at the site by the workers. The outcrops
were scraped clean and the top soil was loaded in trucks and removed from the area

(Figurel0).

After this outcrop scraping process, the newly formed op&were allowed to sit
undisturbedor afew weekswhile theywerenaturallywashedy rainandthusmoreeasily

observed in a fresh but slightly erodsdte.
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Figure 10: Outcrops BRRI1 (top) and BRR2 (bottom) after excavation (Height of
outcrop is about 3m).
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Figure 11: Excavation of outcrops by Public Works Department crew (top)
and an example of erosion control measures implemented at the site (bottom).
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Field mapping

Once the outcrops were freewfwanted organic rich top layer and soil and had
been slightly washed by rain, field mapping techniques were used to produce a detailed
descriptiorof thecharacteristicef thematrix andclastsjncludingphotographymapping,
andsampling.

Photographingoutcrops

All the outcrops were photographed in high resolution with the help of a DSLR
cameraandphotoeditingsoftwarewasusedio composganoramighotomosaicgFigure
12).

Mapping of boulders and cross section

In order toaccomplish detailed mapping, the global positioning satellite (GPS)

locationsof eachoutcropwereobtainedby instrument&andplottedon a geologicmap.The

brecciaunit consistf bouldersaslargeas20 min apparentliameterandthelocationsof

theapparententerof thesebouldersverealsoobtainedalongwith measurementsf their
dimensions and structural features like strike, dip and orientation of internal foliation.
Althoughtheprimaryoutcropdor thestudyweretheonesalongtheBuck RidgeRoad the
locations and dimensions of boulders in the other outcrops of the breccia within the area
werealsonotedfor providinggeologiccontextandfor understandingheextentof theunit.

These other adjacent areas included the El Paso natural gas pipeline cut at Buck Ridge
Road, the driveway of the Schroeder home on Buck Ridge Road, and the valley of an
unnamed stream draining from the main lake on the Schroeder home property on Buck
Ridge Road and along Harrogate Springs Road (to an eventual junction with the Coosa

River at a point near the present Wind Cr€eakino.
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Figure 12: Panoramic photographs of outcrop BRR
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Meter grids

To understand the size distribution of clasts and relative amount of clastsito
in the breccia, onenetersquare grids were posted using string and nails upon selected,
representative sections of the inbraulder matrix of the thresutcrops. The metesquare
area was used to measure clast dimensions (i.e., longest and shortest axes) and to assess
clast size, shape, and density in a standard area for each outcrop. These data were used to
help describe the breccia matrix and to prefequency distribution of clast size, as

discussed in the resuliection.

Sample collection

Samples of clasts and matrix were collected from each of the outcrops for further
analysesThematrix of thebrecciaconsist®of mixtureof targetsandsomposeaf shocked
and unshocked material, whereas the clasts are mainly unshocked crystalline schistose or

gneissose pieces of target rocks. As shock effects were known to exist in the noherals

thebrecciathematrix, all of thepetrographi@analysesveredoneonthematrixitself rather

than the constituent clasts. Matrix samples collected from the newly excavated outcrops
(BRR-N1 and BRRN2) consist of bright redolored, irorrich clayey sand, whereas the
matrix from the previously known outcrop (BRO) consists of two distinct sanas)e
similarto theaforementionededclayeysand andanothemoresiliceousgrey colored

sand.

Petrographic analysis

Samplegollectedrom thethreeoutcropsveresentto NationalPetrographic
ServicesHouston, for preparation of uncovered, polished thin sections. A total of 12 thin
sections of the matrix, which came from all three BRR outcrops, were made for

petrographic analysis. Petrographic descriptions were made for each thin section by
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documentinghe dominant mineralogy, relative percentage of the abundant minerals as
well asanyfeaturegshatmayberelatedto shockmetamorphismrhepetrographi@nalysis

also served as a preliminary step for electron micropaiobbysis.

Electron Microprobe analysis: Sample preparation, probe parameters, techniques and
tools, imageprocessing.

Based on an initial petrographic study under a standard petrographic light
microscope, 2 thin sections, one from BRRand the other from BRR2, wereselected
for electron microprobe analysis. Electron Microprobe analysis was done on thé JEOL
JXA 8600 Superprobe and accompanying Geller System automation in the Department of
Geosciences, Auburn University. The thin sections were carbated in the nesroprobe
lab and inserted in the probe with the specimen holder. The AU microprobe is equipped
with BSE and SEM imaging along with EDS and WDS detectors, which were instrumental
in understanding the composition of mineral phases in the matrix. BSE anth&igks
were obtained at a current of ~ 40 mA and an accelerating voltage of 15KeV. EDS detector
was used to evaluate the qualitative composition of mineral phases in the matrix and
guantitative spot and line analyses by WDS were performed on some miaatalsrmine
major oxide weight percentages. ®iandardsisedfor peakcalibrationand
standardizatioarelistedin the appendix at the end. Elements like Fe, Al, Si, Na, Mg, K,
and Ti were mapped within certain areas of the thin section. The foll@ofthgare

programs were used for each of Hmalyses:

@i.) Geller System dPict: BSE and SEM Imaging and Elemé&mapiping
(i.)  Geller System dQuaminddSpecSpotandline analyse$or majoroxide
weightpercentages

(iii.)  Princeton Gamma TechnologiEgcalibur: EDSanalysis

(iv.) National Institute of Health Image J: Image processing
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Drill core analysis

Drill core from AU scientific borehole #0802 was used for the current study to
understand the subsurface lithology ahdracteristics of the impact breccia. During 2009,
this core was obtained by Department of Geosciences, Auburn University, using funding
from a NASA PGG grant. The core hole was drilled adjacent to the outcropdB@RRar the
Schroeder house on Buck Ridgead; for exact location). This drill core was obtained in
order to better understand the vertical extent of the central breccia unit and its underlying
stratigraphic relationships. The total length of the central breccia drill core is 23.3 m.
The #0902 drill core was photographed and logged with respect to the relative proportions of
clasts and matrix, clast lithology, matrix mineralogy and sedimentological/structural features.
The results from core logging were compared to the results from the outapgpno (and
meter square grids) to compare the subsurface extent of the central breccia to the exposed
central breccia in outcrop. An example photograph of a drill core box is in Figure 13 and

other core box photographs are located in the Appendix.
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Figure 13: Example of a drill core box of borehole #I2 Top of core
is upper right of box and bottom is bottom left.
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RESULTS

Field study and outcrop mapping

For the current study, threeitcrops on Buck Ridge Road were selected and
investigated for detailed description of lithology and sedimentological characteristics. The
outcrops are designated as BRRBRR N1, and BRRN2 for the previously known (old)
outcrop and the two recently ex@ated outcrops, respectively. The location of each outcrop is

depicted in Figure 14.

Theold outcropis locatedadjacento theSchroedefamily houseon Buck RidgeRoad.
It is 63 meterdn lengthandtheexposedeightvariesfrom 2 to 4 metersTheoutcropconsists
of matrix, smallbouldersandaboulderof schistwith anexposedengthof 19 metergFigures
15 and 16). The boulSS¥ withsan afmost verticali(~8ip.Sher i ke s
schist consists mainly of muscovite mica guértz and is generally similar to the Emuckfaw
Schistobservedn thewesterrrim of thecrater.Thereforetheseschistoseocksareinterpreted
to bebasementocksof theAppalachiarorogenidoelt. Thislargeschistoséoulderonly makes
up part of theoutcrop. The remaining outcrop is mainly polymict breccia consisting of a fine

grained matrix, which consists of clay, silt, sand, and a wide range of crystallirezelast

The matrix of the breccia is composed of ferruginous to silicic sand wittlearange
of sizes and fine clay. Within the outcrop, the matrix shows two distinct compositions. Some
of thematrix isreddueto ahighamountof iron, andsomematrix islight greyto buff-colored
due to low iron content and more silica. There is reogihoundary between the two types of

matrix, and it appears to be mixiedjether.
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The clasts of the breccia range in size from pebble to boulder sizes and are randomly
oriented. For a more quantitative analysis of the clast sizes,meiresquare grid was
prepared and laid on the outcrop and clasts were counted along with measurements of their
observable dimensions (with a cut off size of 5mm). The results of this counting are presented

below in Table 2 and Figures 17 and 18, and tmeptete data can be found in Appendix.
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Figure 14: Locations of the outcrops of central breccia @ealogic map of Wetumpka (Base
map from Rodena012).
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