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Abstract

The Flynn Creekrater is a 3.&m impact structure located in the Eastern Highland Rim
geol ogi cal province of Jacksonwhbdisplayssa, Tennes
central uplift, breccidilled crater moat, and terraced crater rim. The impact occurred diaieg
Devonian in an epicontinental shelf setting wherein the target Upper Ordovician bedrock
carbonates were just beginning to be overlain by thin, basal beds of the transgressive Upper
Devonian Chattanooga Shale. Granulometric {logging) and statistal studies of two drill
cores, FC743 and FC673, shovs thatthe crateffilling deposits containing four distinct parts.

The lower part is interpreted as fall back sediments, which are followed by slump deposits from
the crater rim. The middle part is axing zone between slump from the collapsing central peak
and initial marine resurge flow. This is capped by a normally graded breccia unit formed by
marine resurge water. Petrographic study of thin sections including microprobe analyses reveals
that the cater moaffilling breccia contain two types of melt: a previously known grey silica

melt, that shows a cryptocrystalline texture and commonly containing euhedral dolomitic
inclusions, and a previously unknown phosphatic arsbredmelt, that occurs iassociation

with elements from the base of the Chattanooga Shale supporting the idea that the shale was
already being deposited at the time of the impact. Uneven distribution of petrographic
components throughout the drill cores on opposite sides of teakeplift may suggest

possible ejecta asymmetry.
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Introduction

The current studgimsto describe and interpret infilling deposits at Flynn Creek crater,
which is an impact structure formedUpper Ordovician flatying carbonate rocks
approximately 382 million years ago (during Devoniang shallow marine environmerall
data wee collected from two drill core$C7%3 and FC673, which arelocatedin the crater
moaton opposite sides of the central upléhabling comparison afilling processes in
different regions of the cratdResuls are here compared to other marine acipcraterandalso
provide additional information to complement other drill core studies within the central uplift
carriedoutby Adrian et al. (2018)This thesis is part of a collaborative project between Auburn
University and USGS Astrogeology Scier@enter in Flagstaff, whicls focused on study of the
USGS Flynn Creek drill core collection

FollowingtheMe t eor i t i ¢ s a n dfor@dt, ahis thésia copprisestvee nc e 60 s
papers separated in two diff er @arésurgelsemyencesr s. T
at Flynn creek impact structure, Tennegseei s curr ent | y ihasedinemdarye w and
sequences and tinenterpreteddepositionaprocessedyy using granulometric and statistical
analysesThe second p a plearacterisiid® ef crater matitting recaa, Flynn
creek impact structur e, andchengcatbagaeterivatohofc us on
impact related features and deposit by studshing sectionghat areallocated along both drill
cores. Table with complete thirsection volumetriclata have been addedaasappendix

because these data awe displayed in the main text.



CHAPTER 1

Evidence of marine resurge sequences at Flynn Creek impact structure, Tennessee.

L. De Marcht, J. Ormé, D. T. King Jr¥’, D. R. Adriart, J. J. Hagerfyy and T. A. Gaithér
Deptartment of Geosciences, Auburn University, Auburn, Alabama 36849
2Centro de Astrobiologia (INTASIC), Madrid, Spain
3USGS, Astrogeology Science Center, Flagstaff, Arizona 86001

*Correspondng author. Email: kingdat@auburn.edu

Abstract - In the history of impact crater studies, Flynn Creek was the first impact crater to have
been shown to have formed in a marine target setting. In addition to water, the Flynn Creek

target sequence includecamly poorly consolidated limestones and dolomites, thus promoting a
complex morphology for this relatively small (& wide) crater. Granulometric (lifegging)

analysis of two drill cores, FC73 and FC673, situated respectively in the northwestend a

sout heastern quadrants of t {meatdfdayavaalstGatthee-k i mp
27-m thick crater moatilling breccia consists of three distinct parts. These three parts are
distinguished primarily on the bases of sorting, grain, sisd number of clasts per meter, and
secondarily on the bases of clast lithology and shape. The lower part is interpreted to represent
initial fall-back deposition, which was followed rapidly by slump deposits mainly from the crater

rim. The middle patris interpreted as a zone of mixing between slump from the collapsing



central peak and tnoming marine resurge. And, the upper p@at normally gradednd

relatively wellsorted depositwhichis capped by a thin, graded (calcarenite to calcisilbiéel)

andis interpreted as the main mariresurge deposit. Resurge at Flynn Crea& a rapid

transition into secular sedimerfts., overlying, dark marine shales). Graded resurge deposits at
the two study locations within the crater moat are appraeina0Om thick and both indicate

the process of suspension flow containing a considerable amount of entrained water. We think
this finding shows the target water depth to have been at least as deep as 0 10 m, which was
suggested by previous researchamnmpact in shallower water, this target sedimentary

sequence would have produced a resurge with strong dielwvisharacteristics, which is not the
case at Flynn Creek. Our interpretations are supported by comparisons with resurge deposits at
other maine-target impact structures, namely Lockne, Tvaren, Wetumpka, and Chesapeake Bay,

all of which formed at different relative target water depths.

INTRODUCTION

Flynn Creek is a Late Devonian, ~&8) diameter, complex, marirtarget impact
structure, whib occurs in the Eastern Highland Rim geological province of Jackson County,
Tennessee (36A176 N; 85A406 W). Figure 1 sho
Tennessee, a simple geological map with crateroutline, and the two cotleole locaions of
the present study. Both these core holes are situated on opposite sides of the central uplift, in the
moat Jjust outside the central upl i ft area. F
identified on Earth (Frencand Short1968 and was the first impact crater to be identified as
being of marine origin (Roddy, 1968). This impact structure formed approximately 382 million

years ago in an epicontinental shelf setting wherein the target Upper Ordovician bedrock



carlonates were justdginning to be overlain by thin, basal beds of the transgressive Upper

Devonian Chattanooga Shale. The numerical age determination of 382 million years comes from

D alluvium

[[] Fort Payne Formation

[] Maury Formation

0 075 1.5 Kilometers

ST T [] Chattanooga Shale

[ Flynn Creek breccia

Figure 1. Geological map of Flynn Creek impact structure and vicimget maps shovhe

location of the state of Tennessee in the contiguous United States and the location of the Flynn
Creek impact structure. Green dots show the locations of two core holes of this sté6dy3 FC

and FC773. Colors (see legend in figg)rshow the main sitigraphic units, including alluvium

and the Fort Payne Formation (pospact chert), Maury Formation (pesapact shale),

Chattanooga Shale (pestpact shale) and Flynn Creek breccia (critlng unit). The

outcrops of the Catheyeipers Formatiomn the rim area and the Stones River and Knox

Groups in the central uplift area are too small to show at this scale. The central uplift is indicated
by the central outcrop of Flynn Creek impact breccia (brown), which caps the exposure of the
centralpeaand its fl anks. Dashed |Iine shows the
according to Roddy (1968), who conducted extensive field studies in the area. Modified from
the Flynn Creek map on the U.S. Geological Survey MirReaburces Chine Spatial

Database (mrdata.usgs.gov).



biostratigraphic age determinationsfiéshconodont thaoriginated in the sediment of the basal
bed(s) of the Chattanooga Shale target andwegafound andextracted from the matrix of the
Flynn Creek breccia by 8eber and Over (2005)The initial study of Flynn Creek &t

provided proof of a marine impact origin was conducted by David R. Roddy as his doctoral
research (Roddy, 1966). Roddy observed several lines of evidence that led him to an impact
hypothesis foFlynn Creek, including intensive structural deformaticsirieted to the crater

area and closely surrounding areas, concentric faults zones in the innermost rim and in
interpreted crater walls, the sigeaded breccia deposits partially filling the sture, and shatter
cones in the central uplift area. After his doctoral program, Roddy continued field work at Flynn
Creek (Roddy, 1968; 1979). In addition, a my#ar coredrilling campaign was conducted by
the USGS in connect ilypmCresk (Roddy,R@80; Hagérty et al.p2013; a t
Gaither et al., 2015). This protracted drilling program eventually produced 21 individual drill
cores. Six cores were drilled during 1967, three during 1977, and 12 durind 983 §Gaither

et al., 2015). Te entire drilcore collection is housed at the USGS Astaggy Center in

Flagstaff, Arizona.

The geological setting for Flynn Creek is relatively simple: the local Paleozoic strata
have essentially no dip angle and there are very few locatmactstructural features such as
faults or folds in the area (Conant and Swanson, 1961). Figure 2 summarizes the target
stratigraphy of the area, and shows the schematic stratigraphic position of the Flynn Creek
breccia, an informal unit that occupies thet@ranoat. Figure 2 also schematically shows the
characteristicef target lithologies, including limestone, dolostone, shale, and minor quartzose

sands.

F



According to Roddy (1968; 1979), as a gene
comprised of yonger target strata (Cannon Limestone and the Catleipers Formation of the
Upper Ordovician Nashville Group), whereas the central uplift is formed by older target strata
(Middle Ordovician Stones River Group and Lower Ordovician Knox Group; Roddy, 1968;

1979; Evenick and Hatcher, 2007).
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Figure 2. Stratigraphy of the target area of the Eastern Highland Rim geologic province
(modified from Roddy, 1968).



Recently, a detailed examination of a chde on the western fl&rof the central uplift showed
that the central uplift is draped by a thick layer of impatated breccias of multiple origins
(Adrian et al., 2017).

The informal Flynn Creek breccia, including both the central uplift breccia and the crater
filling moat breccia, is overlain by the Upper Devonian Chattanooga Shale, as are the
undeformed target strata outside the impact structure area. Younger units, including the Lower

Carboniferous Fort Payne Chert, overlie the Chattanooga Shale across the area.

Themain objective of the present study is to explore the formation processes of the crater
moatfilling breccia deposits at Flynn Creek. The two selected Flynn Creek drill cores are from
locations on opposite sides of the central uplift area. Drill core Jg Bituated in the
northwestern quadrant of the crater moat area, whereas drill coreFHE€6#uated in the
southeastern quadrant of the crater moat area (Fig. 1). The present research uses standard
techniques for analysis of the sedimentology gfRln Cr eek 6 s mari ne-resurg
logging and graphic analysis of Iuh@gging data). These techniques have been used
successfully for interpretation of early modification events within other marine target craters of
comparable palewater deth (e.g., Lockne, Tvaren, and the Chesapeake Bay Impact Structure

(CBIS); Ormo et al., 2007; 2009).

METHODOLOGY

The breccia deposits in drill cores FEFand FC673 were analyzed for their clast
lithologic type, shape, and loraxis grain size using tHme-logging and allied, statistical data
treatment methds developed by Ormo et al. (2007; 2009). Ormd et al. applied this method to the
study of resurge deposits within Lockne, Tvaren, and Chesapeake Bay-tasgetecraters, in

7



accordance to the defilon of resurge deposits as given by Ormd et al. (2007). The technique of

Ormo et al. is a nondestructive, fast, and economic method.

The data are collected along a thin line drawn down the rcehéach piece of drill core
(see example, Fig. 3tachclast, greater thaor equal tahe cutoff size of 5 mm, which is
touching the center linis assessedls to grain size (i.e., apparent leags length) and lithologic
identity. Clasts less than-Bam in long axis lengtiwvere excludednainly due the diftulty of
accurate size measurement and in lithological determination (using hand lens and, if appropriate,
acid droplets to distinguish calcite from dolomite in clasts). For each clast greater tharatfie cut
size, the depth within the drill core to thearest 0.01 m was recorded also, in addition to the
aforementioned grain size, shape, and lithology. Data were recorded continuously with depth,
starting at the bottom of the mefdting sequence in the instance of each drill core. Those data
were stoed in spreadsheet format for ease of use in the simple, deterministic statistics discussed

below.

In this study, both for convenience and to be consistent with comparable data analysis of
Lockne, Tv ren, and Chesapeak®9),Baysediposiivact st r
phi valueswherephi = (logz d), and d is the clast diameter in millimetdter a statistical
analysis of the 619 clast measurements from core B8@nd the 713 clast measurements from
core FC673 the mean positive phii() p erras wedl as¢he standard deviation for this mean
value were calculated. The latter gives an indication for the size sorting. The number of clasts per

meter was also plotted against depithin the drill cores



Figure 3. Flynn Creek dticore FC773, core box number 4, depth 14.3.7 m, which has been marked with dashed lines to simulate
the location of a pencil line for the linegging method. The length of each slot within the box is two English feet, or 61 cm.



Inour verbalése i pti ons of the sorting, terms i ke 0On
terminol ogy scheme of Fol k (1974, decreasé¢hteer e t h

degree of sorting among the clasts measured (i.e., above tb# size) increase

Clast lithology was determined by halehs ard, if in doubt, by checking the reaction
with a droplet of HC(where calcite limestone has a more obvious effervescence thastong
duringthe linelogging process. Clasts of limestone were distisigale from dolostone (using
a hand lens and checking reaction with a droplet of HCI where necessary). Shape of grains was
visually estimated and classified usitig four-stage roundness chart @unded, suvounded,
sub-angularandangulargiven by Mazllo at al. (1988)andfollowing a grainshape comparator

chart.

RESULTS

Drill core FC7#3 from the northwestern quadrant of the crater moat area contains a
moatfilling impact breccia sequence spanning a total thickmésa7.1 m, whereas F&7-3
from the southeastern quadrant of the crater navatdisplaysa similar breccia sequence
spanning a total thickness 28.1m, which includes an interval of missing dwlbre from 33.9
to 37.6 m in depth. The logged clasts in the studied breccia sequentesithiréew exceptions
T either dolostone or limestone. But, we also counted other, different clasts types of only minor

occurrence, including siltstone, calcarenie|t particlesand fossifragments.

Singul ar occurrences ionf brraerceci @loa sttesx t wirteh w
both drill cores. One sudatiast, (30 mm across) is located at 22.5 meters depth in-BCad

another is situated at 26.8 meters depth in FE§385 mm in size). Those were described as

10



matrix-supported intraformatnal clasts, with mmand cmsize angular clasts in a light gray
matrix, being similar to falbackdeposis, such as thiemnerRies suevite of Osinski et al. (2016).

In drill core FC773, a total of 76 clasts were identified and counted. Of those, 683
(90%) were dolostone, 486%) were limestone. In additiod8 (2%) were fossil fragments, 11
(1%) were calcarenite clasts, and<$1%) were siltstone. In drill core FCE&3, a total of 623
clasts were identified and counted. Of those, $88%) were dolstone, 36(6%) were
limestone, and 4< 1%)were fossil fragmentdn addition to the aforementioned clast types, the
fine grained fraction (<5mmalso contains shale clasts, chert fragments, melt particles, opaque
grains and fossil fragments.

The carboate clasts could not be identified as to stratigraphic provenance owing to the
many similarappearing carbonate textures throughout the targéigsaghic section. In Figures
5 and 6 the occurrence of limestone and dolostone are plotted against aiegé#clih drill core.
As these plots clearly indicate, dolostone clasts dominate throughout both cores. However, in
drill core FC673, small numbers of limestone clasts ocmuirall levels, whereas in drill core
FC773 they are mainly confined to a sectiarthe upper part of the core. RC773, the very
large clast is composed of limestone, whereas in RECi6% composed of dolostone.

Whole-numbervalues between 1 and 4 were given to describe the shape ala&stch
where 1 is angular, 2 is s@mguhr, 3 is subrounded, and 4 roundgfibllowing the roundness
chart given by Mazullo et al. (1988)n data from both drill cores, most of the values oscillate
between sutangular and subounded with no main trend towards the top of the degégt 4).
FC773 shows a narromterval between maximum and minimum mean roundness values, while

FC673 displays a wider interval with most of the values slightly lower than FBC77

11
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FC77-3 - Clast size vs Total depth (by lithology)
Clast size (mm)
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Figure 5 FC7%3 drill core, plot of clast size versus total depth, by litholoBplomite and limestone clasts are coded by color.

Upper, middle, and lower parb$ the crateffilling unit are discussed in the text.
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FC67-3 - Clast size vs total depth (by lithology)
Clast size (mm)
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Figure 6 FC6%3 drill core, plot of clast size versus total depth, by lithology. Dolomite and limestone clasts are coded by color.

Upper, middle, and lower parts tbfe crateffilling unit are discussed in the text.
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Based on the clasize variation and sizgorting results, the whole of the craf#iing
sequence in both drill cores can be divided into three parts; the lower part is a relatively coarse
and poory sorted basal breccia. This is in turn overlain by an intermediate or middle breccia
with varying sizes and sorting. Thssoverlaid by a better sorted, normally graded breccia unit.

It is in this unit that the majority of limestone clasts appear. marmally graded unit passes
upward into the more fingrained sediments of an uppermost capping unit composed of graded
calcarenites and calcisiltites. Because this capping unit consists of grains entirely under the cut
off limit of 5 mm (or « ~ 2.3), itis not shown on our graphs.

Drill core FC77-3

Figure 7shows the vertical distributioof grain size, sorting, and clasts per meter for this
drill core, which spans the depth range from 7.4 m (the Chattanooga Shale/Flynn Creek breccia
contact) to 34.5 nithe Flynn Creek basal breccia/stiater contact)The vertical plots in Figure
7 show he overall trends can be separated into three main parts. In the lower part, from 34.5 to
28.5 m, the grain size increases significantly and the sorting overaltiisrate to poor(~ 0.8
to ~ 1.1). In the upper two meters of this lower part (B5 m), the grain size ilatively
large (« ~ 11) The number of clasts per meter declines sharply upward, especially within this
coarse, Zn zone. Grain support ithis coarse zone is related to this sharp decline (matrix

support dominates below the large clasts).
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Figure 7 FC7%3 drill core, plots of key statistics versus depth in drill core. Upper, middle, and lower parts of théllongtanit
are dscussed in the texRed shaded area indicatie portiorwhere valuesire stronglyaffected by the Bnm grain-sizecut-off.
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This lower coarse part is followed upwards by a middle part, spanning 28.5 to 17.5 m,
where sorting fluctuates from modexdt y we | |~ G6786)rtat peadly sorigdi¢ ~ 1.5), in
parity with grainsize shifts that range fromm ~ 3.5 to ~ 4.5 but without any major overall
change (cf. with the underlying part). The number of clasts per meter increases upward within
this middle part, whichin the absence of a clear decrease in grain size, is generally following an
upward decline in matrix content.

The transition from the middle part to the upper part in drill core FC&7/mainly seen
in the grainsize curve where therd 47.5 m is a sffi in the trend towards a more obvious
fining-up section. In this upper part, from 17.5 to 9.5 m, sorting continues to improvel from
1.2 to ~ 0.7 (poorly sorted to moderately well sorted) and grain size falls off drom.5 to ~
2.8. The number of clasts per meter increases drastically upwards in this part, but above 12.5 m
depth cannot be considered reliable due to low nundfersunts as a consequence of Sham
cut-off size. In the interval from 9.5 m to the top of the drill core, there is a finer grained (i.e.,
calcarenite and calcisiltite) capping unit (7.4 mheregrain sizes are entirely below the -it
size, but dung line logging, we noted that these grains were well sorted and continuously size
graded(fining upward to the contact with the overlying Chattanooga Shale).

Drill core FC67-3

Figure8 shows the vertical distribution of grasize, sorting, and clasteipmeter for this
drill core, which spans the depth range from 15.8 m (the Chattanooga Shale/Flynn Creek breccia

contact) to 43.9 m (the Flynn Creek basal breccia¢sater contact). The logged section of this
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Figure 8 FC67-3 drill core, plots of ke statistics versus depth in drill core. Upper, middle, and lower parts of thefdhatgunit
are discussed in the teRed shaded area indicatie portiorwhere valuesrestronglyaffectedby the 5mm grain-sizecut-off.
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drill core showstie same discernable pattern of lower, middle, and upper parts as in the other
dri | | c dilling Seguenca. dtillecore 63 has one missing core box, which results in
drill-core loss from 33.9 to 37.6 m, a section within the lower part of ther-itlihg sequence.

The lower part ranges from 43.9 to 30.5 m, and therefore is thicker than the comparable
lower part in drill core 778. Number of clasts per meter rises substantially below thelasse
zone, but above the core loss, not so muchtirgoincreases slightly below the cduss zone,
but above that zone there are strong fluctuations, which are likely a consequence of the relatively
few clasts per meter in this interval (3386.5 m). In the lower part, grain size is relatively
coarseand is very coarses(~ 11) in two places: above the cdoss zone and low in the middle
part of the sequence.

The middle part, ranging from 30.5 to 27.5 m, is thinner in this drill core than in-BC77
The fluctuating grain sizes and sorting continues from the part bélmwever, this fluctuation
decreases towards the top of the interval. The number of clasts per meter increases upward
within this part, which follows an upward reduction of the matrix content. This middle part
shows some more stable trends in sortingt thcreases steadily froth ~ 1.1 to < 0.5 (poorly

sorted to well sorted), and in grain size that falls off from4.3 to ~ 2.9.

The increase in number of clasts continues into the upper part (from depths of 27.5 to
21.5 m), until the5s-mm cut-off size begins to affect the @dafat a depth of 22.5 m). In the
interval from 21.5 m to the top of the finer grained (calcarenite and calcisiltite) capping unit of
the crateimoat fill (15.8 m), grain sizes are entirely below theaffitsize. But, we noted that
the grains comprisinghe capping unit were well sorted and continuously-gragled (fining
upward to the transitional contact with the overlying pogiact deposit, the Chattanooga

Shale).
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DISCUSSION

In describing the conditions during formation and modification of FlynelCrapact
structure, Roddy (1968) noted the evident effects of the marine target environment, including
erosion of the crater rim, scouring and removal of the surrounding ejecta blanket, and formation
of a bedded (watdrid) breccia. Roddy (1968) desaiba lower breccia that underlies the
bedded breccia, which he did not attribute entirely to aqueous deposition during the return of sea
water. In subsequent studies of several maanget impact craters, Ofnand Lindstfm
(2000) noted that graded, bedded breccias including theigfeiaed capping deposits
(calcarentite and calcisiltite) were the consequence of the return flow of sea water into the impact
structure during the early modification phase a irecent review of marine impacts, Azad et al.
(2015) also noted that breccias and bedded breccias are common in most marine impact

structures.

Marine impact structures wherein ltt@gging data have been presented and that lend
themselves well to compaon with our data and results are Lockne crater (~ 7.5 km diameter;
Ordovician; Sweden), Tvaren crater (~ 2 km in diameter; Ordovician; Sweden), and Chesapeake
Bay impact structure (CBIS) (~ 40/85 km in diameter; Eocene; Virginia USA). The two given
diameters for the CBIS are stated because the originally fresh 40 km wide crater rapidly
expanded by extensive block slumping of a thick, poorly consolidated upper sedimentary target
layer and thus formed a much larger modified crater (Horton et al. 200&fanehces therein).
However,because it is the formation of the-B& wide crater that came to influence the resurge
depositionwe here use the morphological crater with this diameter in our comparisons with
Flynn CreekThe crater moatilling brecciasof relevance to this study that can be found within

these craters have been studied by Oetal. (D07; Lockne and Tvéaren), Ofnet al. (2009;
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Chesapeake Bay) and Sturkell et al. (2013; Lockiég inferred water depth for Lockne and
Tvéren craters, IDm or more (Ormo et al., 2007) is much deeper than the suggested target
water depth at Flynn CreeR¢ddy, 1968; Schieber and Over, 2005), which has been estimated
at only about 10 m or s@he target water gi¢h must then also be put in relation with sinee of
the cratelcf. Orm et al., 2009). The shelf sea at the CBIS had an estimated water depth of a
few tens of meteren its shoreward western side and was possibly as deep as ~300 m on its
oceanic eastern side (Horton et al., 2005). The vertical trends or patterns in goaiimgize,
and clasts per meter for these three example mtarget craters are here comghte Flynn
Creekb6s results in order to make inferences
putative resurge deposits in the interior of the ~ Sakde Wetumpka impact structure can give
valuable hints in the interpretations as a referencthéonature of the deposits from an impact
into very shallow relative target water depth. King and Ofa011) describe the target water
depth at Wetumpka to have been less than a few tens of meters, which in combination with a
poorly consolidated sedimentary target caused relatively thin and poorly sorted deblikeflow
deposits in low terrain betweelusip blocks.

The Flynn Creek cratenoat breccias in both drill cores FG37and FC673 show
similar patterns in the sorting, grain size, and number of clasts per meter. Therefore, they will be
discussed together in this section. Specifically, theréhaee parts to the crater mddaling
sequence in each drill core: a lower part that is a chaotic, rsafpported unit; an upper part
that is relatively wellsorted, normally graded, and generally ckagtported; and a middiep
that represents a narl version of the lower and upper parts. A remarkably similar sequence, but
on a much larger scale, is described from CBIS where a lower slump breccia occurs below a

zone of mixing (i.e., resurge occurring simultaneously with slumping), which is intartam
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T with a rather abrupt transitidnby a better sorted and graded resurge breccia (Ormo et al.
2009). At Lockne, drill core Lockn2 (also referred to as LOCO02) is located in the inferred
deepest part of the crater witretmost complete infill spience. Sturkell et al. (2013) presented
a detailed description of this sequence, which they obtained by combining (1) published data
from Ormo et al. (2010) on the transition to secular sediments at the top of the infill sequence,
(2) data from Ormo et a(2007) on the resurge deposits that follows below, (3) and their own
new data for slump and rock avalanche breccias in the lower part of the CBIS Eykealille
core.

Sturkell et al. (2013) showed that the slump depdsé®w the resurge deposits
Lockne crater, aressentially matrbsupportedunsorteddeposits. After an abruptransition
from the slump deposits, the resurge deposits show relatively good sorting which continue to
improve upwards in concert with a generally finimgwards trendhrough the over 12én thick
bed.This granulometric signature is typical fof@ceful single resurge event rather than sets of
several flows that might be expected at a shalli@ater target.

Regarding Lockne and Tvaren, when breaking down the gnawetric data for the
resurge deposits, Ormo et al. (2007) noted more subtle variations that can be linked to various
phases of the resurge flow. Because Lockne had target water depth of over 500 m (see
Lindstrom et al., 2005), the resurge there was folefaugh to generate a central water plume
that subsequently collapsed and led to an outwards movement,-tgsamge. This is, however,
not the trend at Tvaren, which formed in relatively shallower water (i.e., ~ 100 m). At Tvéren,
the resurge was foeful enough (like Lockne) to form a single graded bed, but not to generate
any central water plume and subsequentr@stirge. The Tvaren core is not long enough to

sufficiently penetrate the slump deposits below the resurge deposits to allow a siatyjaisaof
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those breccias as for Locke In their linelogging of the crater moat infill of the CBIS, Ormd

et al. (2009) noted two main units: a lower unit consisting of 77 m of coarse breccia (clast sizes
ranging from« ~ 4 to ~ 11), which had poor sortin@ @s high as ~ 2.0) and widely varying

counts of clasts per meter. This unit was interpreted by @tral. (2009) as a breccia deposit

of mainly slumped material. The upper unit, ~ 93 m thick, consisted ofieecia that is sub
divided into two parts. The lower part of the upper unit is a general coarsening upward
sequence, wherein grain sizes increase gradually frer.0 to ~ 5.0 over a span of about 50 m,
but in that span, there were several very coatsevals (« ~ 11) that represeiepartures from

the gradual trend. The upper part of the upper unit is a general fining upward sequence of about
43 m wherein grain sizes decrease from4.0 to ~ 2.0 and sorting is better (but still poor) at ~

1.5. Sating trends generally follow grain size rather closely in this upper Aldogether the

upper unit at CBIS is by Ormo et al. (2009) interpreted as the resurge sequence. However, the
very low amount of clasts per meter (~8), generally poor sorting heneverse grading in the

lower half lead them to suggest that the resurge to great extent was in the form of a debris flow
due to high sediment content despite the relatively deep water. The normally graded upper part,
albeit with high matrix content, tgpical for hyperconcentrated flows (Costa 19&3)spite the
significant differences in scale of the two structuves suggest that Flynn Creek shows more
similarities to CBIS than Lockne and Tvaren. Especidiligre are some noteworthy similarities

in the two crater modilling breccia sequences. The lower unit at Chesapeake Bay, as described
by Ornmi” et al. (2009), compares favorably in several ways to the lower part of theroser

breccia at Flynn Creek. In addition to the grsire trend comparison and abrupt coarsening (up

to ~ 11 ¢) in some narrow intervals, the overall poor sorting ancéwaltiations in clasts per

meter are similar in both instances. The upper unit at Chesapeake Bay, as describeaildly Orm
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al. (2009), is subdivided into a lower and upper section. The lower section compares favorably
in several ways to the middle parttbé Flynn Creek cratanoat breccia and the upper section
compares favorably in several ways to the upper part of the Flynn Creek breccia. These
comparisons include grain sizes, sorting values, and clasts per meter variations. Table 1
summarizes the cgoarison between Flynn Creek drill cores studied herein and Chesapeake
Bay 6s FEAdrllecore. | | e

At Flynn Creek, especially in the more complete FQ&bre, we suggest that the lower

part very much resembles the granulometric curves for the slunogitsegt CBIS and Lockne.

The middle and upper part of the FE3I¢tore show comparable features with the resurge

depositof CBIS, and to some extent Lockn€he degree of sorting shows more of the upwards
improvement noted at Lockne and Tvéren, but irokits values it lies closer to the poorer

sorting observed at CBIS. There is also a less noticeable-fipinigend at Flynn Creek than at

Lockne and Tvaren, and again Flynn Creek seems to resemble more the complex situation noted
at CBIS. Altogether, thisould indicate a relatively shallow target water depth unable to generate

a resurge flow of the strength seen at Lockne and Tvéren, and possible more resembling the
situation at CBIS with a flow affected by a relatively high amount of debris relatihe to t

amount of available water (cf. Ormd et al. 2009).

There are some differences between the two Flynn Creek drill coi2ard 673, as
described in the results section. For example, the drill core-B@xhibits one interval of very
coarse debris, vdreas drill core FC63 apparently has two closely spaced coarse intervals.
These coarse intervals are interpreted as slump deposits from the centrasufilitwas
closer to the drill sites than to the crater rim. These catasts may have deed from an

episode of centrgbeak collapse just as resurge was starting to move into the moat area (cf.
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coarse intervals of breccia within the cratevat sequence in both Lockne and Chesapeake Bay;
Ormo et al., 2007; 2009). Another difference is tlepdrate thickness of three parts of the
cratermoat breccia in drill core FC73 versus FC6B. These differences may be due to slight
differences in distance from the rim and central uplift aspmmetry of resurge flow (cf.

Locknel versus Lockn ca e s as d e setal,i2008).dable Zxsundmanmzés these
differences and their possible origins at Flynn Creek.

The vertical distribution of clast types (dolostone and limestone) is not random and is
different in drill core FC748 versus FC68 (Figures 5and 6). It should be noted that limestone
clasts occur with approximately the same frequendyoth drill cores (7% and 6%,
respectively). However, in drill core FGB{ limestone clasts more commonly appear within the
upper third of the uppgrart of the cratemoat breccia (i.e., within the graded resurge deposit).

In contrast, within drill core FC63, limestone clasts appear more commonly in the
lower twothirds of the lower part and in the upper part (but not in the middle part) ofetes
moat breccia. This apparent absence from the middle part is not easy to explain, but the apparent
absence of limestone clasts from the upper third of the lower part may be due to the combined
effect of missing core pieces and the presence of sange tlasts in this interval. We interpret
the unequal distribution of limestone clasts between the two Flynn Creek drill cores as an effect
of differential provenance of clasts. We suggest that limestone particles within thevavater
breccia in FC643 may have come from a different source than F&7he with more limestone
beds within it. The stratigphic section at Flynn Creek was described by Conant and Swanson
(1961) and Wilson (1962). Roddy (1968) reviewed this stratigraphy and pointe@ttineth

formal stratigraphic units in the area consist of varying mixtures of dolostone and limestone.
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Tablel. Comparison of two drill cores from Flynn Creek impact strgtdiscussed in this paper, and Chesapeake Bay, Eyigville
drill core.

Flynn Creek - FC67-3 Flynn Creek - FC77-3 Chesapeake Bay-Eyreville A
Upper part: fining upward (¢ around 2.8- | Upper part: fining upward (@ around 2.9- Upperstectl'on:finingupward ((p.around
4.3 improvement of the sorting (o 4.5), improvement of the sorting (o 2.1-5), improvement of the sorting (o

around 0.3-1.1), ), drasticincrease in
number of clasts per meter.

Middle part: grain size fluctuations (¢
around 3.-4.5) , reduction in matrix
content (o around 0.7-1.5), increased
number of clasts per meter.

around 0.7-1.3), drasticincrease in
number of clasts per meter.

Middle part: grain size fluctuations (¢
around 3.5-11.7), reduction in matrix
content (o around 1.1-1.3), increased
number of clasts per meter.

around 0.5-1.5), increase in number of
clasts per meter.

Lower section: grain size fluctuations (¢
around 2.5-11) reduction in matrix
content (o around 0.9-2.2), number of
clasts per meter decreases upward.

Upper part

Lower part: abrupt coarsening Lower part: abrupt coarsening

upward with ¢ values reaching upward with ¢ values reaching Lower part: abrupt coarsening upward with
10.8 in narrow intervals at ~ 33 11.7 in narrow intervals at ~ 30 ¢ values reaching ~ 11 in narrow intervals
meter depth, poor sorting (o meter depth, poorsorting (o at different depths, poor sorting (o ~ 1.5),
around 0.6-2.2), wide variationin around 0.7-1.5), wide variationin wide variation in number of clasts per

number of clasts per meter.

number of clasts per meter. meter.
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Table2. Comparison of three parts of each of two drill cores from Flynn Creek impact structure,

studied herein, and the suggested gertgssach part.

FC77-3

FC67-3

Upper part: resurge deposits
with thickness of 10.1 meters

Upper part: resurge deposits
with thickness of 11.7 meters

Middle part: mixture of resurge
and slump deposits with
thickness of 11 meters

Middle part: mixture of resurge
and slump deposits with
thickness of 3 meters. Large
block (@ =11.1) at 30 meter
depth

Lower part: slump deposits with
thickness of 6 meters. Coarse
deposits (@ =11.7)at~ 30m

depth.

TOTAL thickness = 27.1 meters

Lower part: slump deposits with
thickness of 13.4 meters. Coarse
deposits (¢ =10.8)at™~ 33 m
depth.

TOTAL thickness = 28.1 meters

Theonly formation that is entirely limestone is the Cannon Limestonghwé the
lowermost formation in the Nashville Group. Above the Cannon lies the Cdtbgess
Formation, a unithat has much less limestone content according to Roddy (1968). If this

observation about limestone content is pertinent, a point soutbe arater rim where Cannon

Limestone could have been eroded during resurge may have been a more significant source for

breccia particles in the area of drill core FEBVersus FC7-8. Until more is known about the

conditions of impact (both impactor@iarget), the significance of this observation may not be

clear.

Regar di ng -in-three didireedc c(iiant raf or mati onal )

these as coming from fatlack deposits on the top of centuglift area, being reworked and

cl

incorpaated into the crater moat deposit due to erosion and redeposition by slumping (cf. Ormé
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et al ., 2007) . We sugdndstectch atd tchasd ss Imamp ihma
central uplift area instead crater rim considering the proximity betawlénores and crater
center but it does not exclude a rim provenience.

The early modification stage of formation of Flynn Creek impact structure can be divided
into sub-stages, whichwve think likely correspond to the textural sequence in the crater moat
filling breccia in both drill cores examined in the present study. F@ahews the interpreted
sequence of events during Flynn Creek crater formation, includingdel (step 1), slumping
from crater rim/central uplift during early centfzak fornation (step 2), centrgdeak collapse
and associated slumping of coarse blocks (step 3), initial stage of marine resurge (slump and
resurge mixing; step 4), and resurge sedimentation (step 5), which is then followed by waning
water energy and secular depios (step 5). In the crater mefilling breccia sequence
described in the present paper, step 1, 2, and 3, corresponds to the lower part of the breccia,
which is lying upon sulerater rocks. Step 3 corresponds to the coarse layer(s) at the top of the
lower breccia (i.e., the «11 clasts in FZ7-3). The middle part of the breccia corresponds to a
transition between steps 3 and 4, and step 4 corresponds to the upper part of the breccia (i.e.,
resurge deposits). Step 5 corresponds to secular sedimentation, representgadtynipact

Chattanooga Shale.
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Figure 9 Sequence of events and process diagram showing stages in development of Flynn
Creek impact structure as envisioned in this paper. Stémwd discussed in the text. Stepd 1
is related to deposition of the lower part of the critbng breccia unit. Steps-3 relates to the
middle part, and steps4to the resurge (upper) part. Step 5 is{roglact deposition
(Chattanooga Shale).

29



CONCLUSIONS

Flynn Creek impact struate contains a crater meflling breccia sequence that is
approximately 27 thick in both of the two drill cores studied herein, specifically FETin
the northeastern quadrant) and FE6(n the southeastern quadrant). Both drill cores exhibit a
threepart sequence within the crater méiling breccia. Thdower part, a notbedded slump
related breccia, is coarggained and poorly sorted. In one or two narrow intervals near the top
of the lower part of both cores, there are very large clasishwnay have been derived from a
collapse event in the central peak. The middle part, which is slightly less coarse and has variable
sorting, is a deposit that is a transition between slumping and marine resurge. In the upper part, a
graded resurge breia formed by the resurge proper, grain sizes are finer and sorting is better.
The uppermost part of the sequence is a capping unit composedgifdined calcarenite and
calcisilite deposits. There isdsstinctivecontact with the overlying postpact unit, the
Chattanooga Shale. Parts of the crater ffibhaiy breccia described herein correspond to
separate steps in the early modification stage at Flynn Creek, including slumping, central peak
collapse, resurge sedimentation, and secular sedinmntat

FI ynn Cr e e kfiling bieccia seqguencenhasartany important similarities with
breccia sequences of two welbcumented Paleozoic marine craters, Lockne (~ 7.5 km) and
Tvéren (~ 2 km), and the larger Eocene marine impact structure, Ches&agaf<40/85 km),
whereas it differs from the debris fleke resurge deposits reported from the shallow water
Wetumpkampact cratefcf. King et al., 2006) In particular, there are similar patterns of grain
size, sorting, and clasts per meter coumtsie comparable parts of tbeater moafilling
breccias of the former craters, which include lower, middle, and uppefiasions as at Flynn

Creek. All in all, the granulometric analysis and comparisons with the equivalent deposits at
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other marindarget craters with known targeater depths allow the assumption that the target

water depth for Flynn Creek would have been at least as deep as the hitherto suggested 10 m.

The distribution of minority limestone clasts within the dominant dolostors¢ cla
population of the Flynn Cré&ecrater moafilling breccia suggests an asymmetry of provenance
for those particles that may relate to as yet unknown effects of the impact environment, including

target stratigraphy exposures on the initial crater rim.
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CHAPTER 2
Petrographic characteristics of crater moatfilling breccia, Flynn Creek impact structure,
Tennessee.
L. De Marchi, D. T. King, Jr., W. E. Hames, and®¥ m~
Deptartment of Geosciences, Auburn University, Auburn, Alabama 36849

2Centro de Astrobiologia (INTASIC), Madrid, Spain

Abstract - Petrographic study of thin sections including microprobe analyses shows that the
Flynn Creek crater modilling breccia sequence (i.e., the fdlack, slumping, and resurge
deposits) has distinctive firgcale compositional characteristics regarding fossils, chalcedony,
guartz grains, and melt particl es. Regardin
depositscontain two types of melt: a previously known grey silica melt and a previously
unknown phosphatic ambeolored melt particles The amber melt eoccurs with grains of
chalcedony and fossils containing chalcedony, plus some quartz sand and grdmofleghiah

likely originated in a mineralogically distinctive bed at the base of the Chattanooga Shale.
Uneven distribution of petrographic componefmtsn the crater moabn opposite sides of the

crater moat suggests possible ejecta asymmetry preseittad the resurge deposits of the

crater moat.
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INTRODUCTION

The Flynn Creek impact structure is a mafiaeget crater formed approximately 382
million years ago (during Late Devonian) on the northeastern edge of the central basin of
Tennessee (Roddy9@8; Scheiber and Over, 2005; Adrian et al., 2018). Located in Jackson
County near the town of Cookeville, this wkitown impact crater is exposed at the surface and
has been relatively extensively drilled as compared to other impact structures. Iigii@vs
the location and geology of the Flynn Creek impact structure, and the iaffexted

stratigraphic section.

The Flynn Creek impact event occurred in an epicontinental shelf setting in shallow
marine waters that covered eroded, Upper Ordoviciadyilag carbonates ranging from the
Knox Group through the Catheyeipers Formation (Figl0). Atop these Upper Ordovician
formations and lying upon the regional unconformity truncating them, is the Chattanooga Shale,
which was just beginning to be depesi across the area at the time of imp&dhgiber and
Ove, 2005,Adrian et al., 2018). We think that only a few meters at most of the Chattanooga
existed at the time of impact, and this interpretation is supported by the findings of Adrian et al.
(2018;in review).

The impact produced a ~3.8 km, irregularly shaped, complex crater that excavated to a
depth of approximately 150 m within the carbonate target rocks (Conant and Swanson, 1961,
Roddy, 1968). Below the crater, impact compression deformedlvingdestrata up to a depth of
500 m or perhaps slightly more (King et al., 2018), and upwrard material displacement
during cratemodification formed a central uplift. After the impact, the structure was filled by
fall-back materials, slumgepositsand resurge sediments, as noted by De Marchi et al. (2018;

in review) and the present report. The aqueous resurge deposits contained substantial proximal
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Figure10. Geological map of Flynn Creek impact structure (aetfyitom U.S. Geological Surve®017), showing the location of the
two drill cores used in the present study. Interpreted limit of outer rim (dashed line) is from Roddy (1968); limiabtip&fbir

which is capped by Flynn Creek impact breccia is from Adrian et al. (2017). Atliatal stratigraphic columnar section of the
Flynn Creek target area (adapted from Roddy, 1968). Stratigraphic depth of the informal Flynn Creek breccia variesiand is sh

schematically here.
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ejecta material that was transported back into the cratdrebenergetic return flow of displaced
water mass (De Marchi et al., 2018; in reviewlhe cratermoat filling breccias and central
uplift breccias at Flynn Creek have an informal stratigrapamei the Flynn Creek brecciaas
shown on geologic mapd the impact structure (Roddy, 1990; Evenick and Hatcher, 2007; U.S.
Geological Survey?2017).

Craterfilling deposits are overlain by the Upper Devonian marine Chattanooga Shale,
which displays a much thicker sequence (up to 70 m) within the cratesmaied to outside
the structure, where deposits are, on average, approximately 10 m thick (Conant and Swanson,
1961; Scheiber and Over, 2005) . FI ynn Creekos
by the Carboniferous Maury and Fort Payne formatidkfter a substantial episode of surficial
erosion and phreatic karstic development, Quaternary alluvial deposits blanketed parts of the
crater area (Fig0).

Study of Flynn Creek that provided an initial proof of impact was initiated by David R.
Roddy, aUSGS geologist, as a doctoral study topic (Roddy, 1966). His main lines of evidence
were shatter cones and the overall physical structure and distribution of impact breccias. After
his doctoral program, a muliear coredrilling campaign was conducted the USGS under his
direction, thus producing 18 individual drilled core holes. Later, three othelJ8G&S drill
cores were added to Roddyés Flynn Creek coll e
core collection was transported to and warehousedhe USGS Astrogeology Center in
Flagstaff, Arizona. At present, more than 2,000 standard core storage boxes hold these archived
drill cores. This study is based on description and sampling of two of these USGS drill cores

from the crater moat.
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As suggsted by recent studies of one other of these USGS drill cores (Adrian et al.,
2018), and based on lilegging statistical analysis and direct observations of drill cores B8C77
and FC673 (De Marchi et al., 2018; in review), it is evident that the Flynee& crater moat
was filled in by a sequence of depoditdall-back, slumping, and resurge sediments (in that
order)T during the <craterodos early modi fbackandi on s
slumping produced a lower chaotic breccia unit -1 m thick) and the marine resurge
developed an overlying, normally graded breccia deposit of approximatdl® a0thickness. In
previous wor k, the | ower ¢ haebteidad ellr ebcrceicec | mas
and Roddy, 1990; Evenick, 200&)nd t he resurge breccia has bee
(Wilson and Roddy, 1990; Evenick, 2005).

Work by De Marchi et al. (2018; in review) has documented the characteristics of the
craterf i | | i ng deposits at FI ycneni aGroe)e k whii.ceh. ,c atnh eb
distinguished by careful study of granulometry, sorting, matrix content, and constituent grains.
Figurell shows driltcore positions and depicts the four main subdivisions of the di#tey
sequence: (1) a thin layer of fidacksediments at the bottom followed by (2) slump deposits,
which are divided into a lower coarsening upward section, and an upper part with varying sizes
and sorting. Then, this is overlain by (3) a better sorted, normally graded breccia unit formed by
resuging water and a (4) fingrained, laminated carbonate unit that grades upward into the post
impact deposits of the Chattanooga Shale (De Marchi et al., 2018; in review).

Previous work by Adrian et al. (2018; in review) and De Marchi et al. (2018; iewgvi
predictedthat the Chattanooga Shale was just beginning to be deposited at the time of impact,
based on the minuscule shale clast content within the Flynn Creek b&tadies of the

stratigraphy of the lower beds of the Chattanooga Shale have shatthere is a basal
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conglomeratic zone that is rich in fossithalcedony (including fossils bearing chalcedony),

guartz grains, anthe amorphouphosphatenineralcollophane with color varying to amber

yellow to opaque brown or blag¢smith and Whithtch, 1940; Conant and Swanson, 1961).
Locally called the fiblue phosphate, 0 this bed
underlying Catheyeipers Formation and contains many of the ingredients of the -gjeleta

resurge deposits, as notedhis paper. This mineralogically distinctive basal Chattanooga bed

is interpreted here to have been involved in producing equally distinctive ejecta, which ended up

within the impact resurge deposits of the Flynn Creek crater, m®aescribed in thisaper

The present study follows on the dwlbre linelogging and statistical analysis research
by De Marchi et al. (2018; in review) and looks at these efdtiag units for the first time at
petrographic scale. The main objective of the present sualgetailed petrographic
investigation of thin sections, taken at selected spots throughout thefiliratesequences in
drill cores FC673 and FC773. These drill cores are on opposite sides of the central uplift and
within the crater moat. The nmafocus of the present work is to characterize clasts below the
megascopic lindogging cutoff size (5 mm) of our previous study, and explain how their
properties and compositions relate to the crhllarg process at Flynn Creek in the crater moat.
In the present study, we intensified the search for impeated features sua@simpactaffected
guartz grains and mgtarticles Even though a convincingly large population of imgsfétcted
guartz graingespecially those with welleveloped planaredormation structure@DFSs)
remains elusive at Flynn Creek, we report for the first time theccarrencef two types of

melt particles at Flynn Creek (grey and ambelioredmelts).

41



} ' Fall back
+

| FC67-3 Slumping

Resurge

285

49
POST-IMPACT L 1 11

. CHATTANOOGA | |
1

|
D RESURGE | |
| |
SLUMPING ||
L 11
D FALL BACK | 1 11
E TARGET ROCKS

Figurell. Inset at top: Schematic cross section ghRICreek impact structure, shing
location of drill cores FC78 and F&7-3 on opposite sides of the central uplift. Below:
Simplified core logs for FC#3 and FC673, including schematic depictions of grain size
changes for the resurge unit in F&3 and the faHbackand slumpdeposited unit in FE7-3,
adapted from core description and Hingging analysis by De Marchi et al. (2018; in review).
Core logs show (from top down): pdstpact Chattanooga Shale, resurge deposits, slump
deposits, and falldck materiglwhich are colocoded. In F67-3 grainsize schematic,
slumping is in two parts divided by the red dashed line. The lower slump deposit has a coarse
interval at the top, which is attributed to possible central peak collapse (De Marchiret al
review). Core logs are positioned relative to one another on thelslealga contact (datum).
Scale in meters.
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METHODS

During examination of Flynn Creek crater drill core and higéolution Flynn Creek
corebox photographs, a total of 66 repnetstive core samples were chosen for petrographic
analysis from throughout the cratidhng deposits in both drill cores ohis study. Of these 66
samples, 29 representative core samples were selected from drill core BGE737 from drill
core FC773. An additional 4 samples from within the lemnost layers of the overlying
Chattanooga Shale were collected from drill core F@6Thin sections of all 70 core samples
were made by National Petrographic Service, Houston, and investigated using adstandar
petrographic microscope in order to descritck textures, search for possible shock
deformation features and to identify lithic constituents, which included various kinds of lithic
clasts, fossil fragments, quartz and other silicate grains, and impelttparticles During
petrographic analysis, volume percentages of total matrix and sizes and volume percentages of
individual normatrix components were obtained. Petrographic data on size and shape of lithic
clasts were also collected from each thiaotise. The lithology of the main types of carbonate
clasts (dolostones and minor limestones) were classified according to Dunham (1962) as
mudstone, wackestone, packstone, and grainstone for each grain. The clasts were mainly
dolostone, but also there wasme limestone, chert, and shale. Note was also made of the main
types of fossils (e.g., brachiopods, etc.), petrographic types of quartz and other silicate grains, the
granular characteristics and diagenaticcurrences ofchalcedony, and the occurrenead
granular characteristics of two types of npatticles The estimates of content by volume were

made using a standard visual comparison chart (Terry and Chilingarian, 1955).

From among the several uncovered and polished thin sections made &iudlyisthree

were selected for electron microprobe (EMP) study because they contain newly discovered melt
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fragments. The instrument used was a JBBQO electron microprobe, which is located in the
Geosciences Department at Auburn University. Qualitatimalyses, with beam operating
condtions of 15 kV and 20nA, were based on bachttered electron (BSE) and stage scan
mapping, set up for rendering Ca, Mg, Fe, and Si images. Quantitative elemental analyses were
also acquired at three different spots withhe Sirich melt fragment in order to obtain
compositional information. Additional singkpot analyses ornergydispersive spectrometry

(EDS)mode were used for identification of elements not mapped on stage scan.

RESULTS

By far, carbonate clasts weethe main type of lithic componteim the Flynn Creek crater
filling breccias. Carbonate clasts were mainly dolostones, which were mixed with minor
limestones (6%). Figurgé2 shows examples of the textural variation among carbonate clasts,
which were dhssified as to inferred original texture according to Dunham (1962). In addition to
carbonate clasts, the Flynn Creek breccias contained minor shale clasts (<0.5%), small and
variable amounts of silicate grains (quartzp to 6%; chert up to 0.5%, andfeldspar- up to
0.5%), and various types of fossiagments (up to 12%). Figure $Bows a petrographic view

of a typical shale clast including fine quartz grains and fossil fragments.

Petrographic analysis of the fossil content within créitemg breccias shows that fossils
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Figurel2. Representative photomicrographs of various constituent carbonate clasts withifillingteleposits at Flynn Creek
(interpreted original texture is classified according to Dunham, 1962). A: mudstone; B: waeké€stpackstone; D: grainstone; E:
grairstone with high fossil content; F: crystalline carbonate.
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are mainly represented by fragments of brachiopod, echinoderm, bryozoan, trilobite, and coral.
Figure 14 shows some representative examples of fasagments from the cratdilling
breccias. Fossils tend to ocauithin carbonate clasts in the part of the crdiléng section that

is close to the bottom of the deposit dasick and slump deposits), whereas fossils in the middle
and upper parts @he crateffilling deposits more commonly occur as fossilly clasts dispersed
within the resurge breccia matrix.

Figure 15 shows graphs of the vertical trends in the volume percentage of each type of
fossil and, at right in each instance, the totasifantent within drill cores. The drill cores have
differences in vertical fossil dispersion as well. Data for drill core FE6Rows that all fossil
types follow the same general vertical di st
fossi 0 trend. Thes e daohhaclastsoooctrribetwaent2® and 27 malspth  f
and that the fossils within clasts are confined to the lower few meters where fossils are embedded
within large carbonate clasts. In contrast, FG73hows fossil aatent widely spread vertically
throughout the breccia deposit, and an oscillating relative abundance curve that reflects fossils
both as isolated grains and within carbonate clasts spanning the whole interval. There is a
natural decreasing upwards trendassil content, which is likely caused by the overall decrease
in grain size in the breccia. Eventually, fossil fragments became unrecognizable as they
approach the size of associated matrix content.

In both drill cores, some fossil fragments (but specific taxa) are associated with
selective chalcedony replacemenhich was also observed in the lower beds of the Chattanooga
Shale (Smith and Whitlatch, 194(igure 16 shows an example of this diagenetic, seleetive
replacement phenomenon and thapips therein show how closely associated the occurrence of

chalcedony is with fossil content in the rocks.
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Figure13. Photomicrograph of part of a shale clast from Flynn Creek breccia, which includes
guartz grains (marked Qta)het grains (marked Cht), and a large fossil fragment (echinoderm).
Provenance of this clast is most likely the lowermost Chattanooga Shale. Thin seti@B67
depth 21 m in drill core FC83. Crosspolarized light.
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Figurel4. Representative jpomicrographs of fossil fragments from Flynn Creek breccia. A and B: brachiopod (A shows geopetal
structure); C: echinoderms (crinoids); D: celbayozoan grainstone clast; E: trilobite that is partially replaced by chalcedony; F: Coral.
Crosspolarizedlight.
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Figurel5. Vertical plots of volume percentage of fossils types and (at right) total fossil content for drill core3 BRYFC673.
Each dot represents the position of one thin section in that drill core. Deptiesers.
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Figurel6. Representative photomicrograph of chalcedony (Chal) replacement of part of a coral fragmerpol@riassl light. At

right: Volume percentage with depth plots showing total fossil content in the Ehgak breccia as compared to the occueaic
chalcedony in both drill cores. The-oocurrence of fossil fragments, regardless of taxon, and chalcedony (both as discrete
chalcedony grains and as fossil fragments with partial chalcedony replacemeiugig i both drill cores, but most obu®in

FC67-3, between 28 and 20 meters depth. Each dot represents the position of one thin section in that drill core. Depths in meters.
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In both drill cores examined, subangular to subroundedsizdtd quartzgrains occur
dispersed within the finrgrained carbonate matrix (Fig7). In some instances, quartz grains
also occur as rounded grains within rare shale clasts. Close to the breccia contact with the
overlying Chattanooga Shale, quartz of a differepetyas observed. This is coarse s&dnd
granulesized material, which is made up of quaatsociated with carbonatgains displaying
concaveconvex to sutured intgrain contacts (Fig. 18.

Many of these rare clasts contain numerous, very small iffglusions and appear to be
highly altered. Most quartz grains in the Flynn Creek breccia are equidimensional, however,
some rare, highly elongated quartz grains occur in the upper part of the resurge breccia deposit
near the transition point to veryn@ breccia (i.e., carbonate clast sizes under 5 mm). Quartz
grains ranging in size from fine sand to granules occur in the basal bed of the Chattanooga Shale,
and thus the quartz we see in the resurge may have been included within the proximal ejecta (and
thus resurge deposits) derived from the same
noted above.

Figure17 also shows the quartz volume percentage graphs of the present study and these
data give an overview of the quagein occurrence throudboth drill cores. Samples from drill
core FC673 show oscillating values between 0 and 2% through most of the breccia deposit, but
there are two small abundance peaks (4 and 6%) located between 19 and 20 m depth. This depth
is within the aqueous resurgrart of crateffilling unit. Samples from drill core FC*%3 also
show most volume percentage values ranging from 0 to 2%, but there is a peak also at the bottom
of the deposit (4%) and close to the contact with the overlying Chattanooga Shale (6%). This

peak includes the coarse quartz clasts noted above.

51



FC77-3Qtz % FC67-3 Qtz %
0 10

X
D
wn
c
-

0Q
®

Figurel7. Representate photomicrograph of sulbunded, finesand sized quartz grains (Qtz), which are dispersed within the Flynn
Creek brecci ads eaarizealigha Ateighmdotume pgrcentage vtk depth plots showing total quartz grain

occurrence in thélynn Creek breccia in both drill cores. Each dot represents the position of one thin section in that drill core. Depths
in meters.
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Matrix in the Flynn Creek breccia is a mixture of micrite, finely macerated fossil
material, fine pellets, fine carbonate clasts, and other very small but not identifiable crystalline
materials. Matrix has been replaced in some instances by secondary dolomite ametrbydif
compaction and posinpact stylolite development. Figurg9 shows the matrix volume
percentage for both drill cores as examined petrographically. Both drill cores show relatively
similar overall percentage curves. These similar curves showvedyatow matrix content

within the lower part of the resurge breccia deposit, which was characterized megascopically as

Figure18. Photomicrograph of one of the quartz granules that composed of multiple quartz
crystal domans with concaveconvex to sutted intergranular crystal contacts. Granule shows
internal alteration effects that may be impasated, including numerous fluid inclusions and
undulose extinction. Thin section-8/5-A; depth 7.9 m in drill core FC?3. Crosspolarized
light.
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having a clastsupported texture (De Marchi, et al. 2018, in review). Within the normally graded
resurge deposit, as the grain size decreases, matrix percentage increases and becomes a
substantial part of the deposit. Near and at the top, matrix makes ugt dh@dotality of the

upper very finegrained sediments. At and near the bottom of the efiitdareccia deposit,
diagenetic features that were likely induced by physical compaction of-tilatgrsediments

occur. Thee features include stylolitesic calcitefilled fractures (Fig20). The fact that they

are concentrated at the bottom of the deposit also might be related to the larger clast size of
blocks in that part of the breccia (i.e., up to 2.13 m in F&@&nd up 3.40 m in FC73), wherein

these features are more likely to be observed. Evenick et al. (2004) identified Flynn Creek
stylolites as being melt features, but these features at Flynn Creek are no different from other
stylolites in carbonate rocks worldide, and there has been agreetmin decades on their

compactiorrelated origin by gradual and selective dissolution.
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Figure B. Vertical plots of volume percemgea of matrix for drill cores FC#?3 and FG&7-3.
Each dot represents the positioroae thin section in that drill core. Depths in meters.
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Fiure 20epesntative phlrogrps f Flynn Creek recia stylolite (A) calcite filled fractures (B), which are relatively
common features in some clasts within the lower patie@tlumpemplaced deposit within the crater mfilling deposit. A and B-
thin section FC61-1-A in drill core FC673; depth 34.5 m. Crog®larized light.
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In the systematic petrographic search for imatdted features, such as medtrticles
and quartz deformation features (e.g., PFs (planar fractures) and PDFs (planar deformation
features), numerous medarticleswere found, but few impagtffected quartz grains. Regarding
PFs and PDFs in quartz, one single occurrence of PFs was fodirmharset of possible PDFs
was found as well among all the 70 thin sections examined. Both of these apparently impact
affected quartz grains were found within shale clastsZEjg.Even though these features look
promising as shockiduced microstructess, the PDFs are far too few and not clearly developed
enough to conclude they are definitive as impact features at this time. Finding these grains,
however, may suggest that eventually a larger population of such grains may be found in the
USGS drilkcore collection. Our results in looking for impeadfected grains mirrors the
petrographic results of Adrian et al. (2018) who looked at one central uplift drill core of 175 m
length from Flynn Creek and found numerous melt clasts but no iraffacted quae grains.
Two different types of melt clasts were identified, and both types occurred in both drill cores.
Melt type 1 (grey silica melt), which has as reported once previously at Flynn Creek (Adrian et
al., 2018), is a cryptocrystalline melt that is Idwerized by extremely finely crystalline quartz
that appearsotropic(i.e., the isotropic phase appears dark with epmdarized illuminationbut
there is a fine crystallinity nevertheléssee the discussion in Adrian et al., 2018). Melt type 1
commonly has euhedral dolomitic inclusions and may have anhedral inclusions of other
materials as well. Size of melt typednges up to 15 mm in drill core FG37and up to 2 mm in
FC673. Particlesof melt type 1, as described by Adrian et al. (2018),raueh largeii up to 1
cm or morei but it should be noted that they come from the central uplift area of Flynn Creek,
not the crater moat as described here. Sirajgrearing silicate impact melt has been reported

by Osinski et al. (2005) from within tregaterfilling breccias of Haughton impact structuae,
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Figure2l. Possible planar deformational features (PDF) (lower left) in thin and planar fractures (PF) (right) in quartz grains within
one dolomitized shale clast (upper left). Thin section#G8-B; depth 21 m in drill core FC63. Crosspolarized light.
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carbonatdarget impact on Devon Island, Canada. The silicate glasses described at Houghton
contain substantial amounts of CaO and/or calcite occurring as globules or euhedral zoned
crydals. These inclusions are related to calcgemented sandstone clasts presents within
Houghtonds i mpact breccia deposits (Osinski
The shape of melt type 1 particles range from angular to rounded in drill core3F@W’from
angular to sbrrounded in drill core FC63. At the bottom of FC7-B this melt occurs as a
dispersed mass with irregular boundaries

Figure22 shows plane light and cregslarized light views of two different Flynn Creek
silicate melt occurrences with and without umibns along withtheir volume percentage
estimationsin eachdrill cores. The graph of volume percagé of melt in drill core FC673
shows thesearticlesare more common at or near the bottom of the deposit, and also in between
20 and 30 m depth. Deptlof 20 to 30 m comprise resurge and intermingled slumping deposits
in FC673. In contrast, in drill core FC73, a relatively high concentration of melt is at the
bottom (in fall back materials) and oscillating values for rpeltticlestoward the top othe
deposit indicate an increase upwards within the marine resurge part of the breccia deposit. In
drill core FC6%3, the highest melt peak is located at 21 meters depth, which represents a thin
section made from a sample with a rare shale clast thair®bhtpe 1 melt.

Both drill cores examined in this study show mgdirticlesat or near their bases, and
those occurrences can be related to first stage of crater filling (i.e., fall back of incandescent
materials). Meltparticlesabove the lower levelBkely were entrained in the slumping and
subsequent resurge events within the crateat area.

Qualitative microprobe analysis of a grey silica (type 1) npeltticle containing

dolomite crystals located at 26 m depth on drill core FEB7were perforrad through BSE
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images and stage scan mapping of Ca, Mg, Fe, and Si. RA@ulesplays images obtained
showing high silica content in the melt fragment and, as expected-MgQGasponsefor
dolomitic inclusions and surrounding matrix. BSE and Fe mapplag shows irofrich
inclusions within the melparticles and additional analysis the center of this crystal IEDS

mode, revealed the presence of sulfur.
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Figure22. Photomicrograph grouping on the [efPlane light (lef) and crosgpolarized view (right) of type 1 (silieach) melt clasts,
with and without dolomitic inclusions. At rigiitVolume percentage with depth plots showing type 1 (siia@ melt distibution
through drill cores FC#3 and F®&7-3. Each dot ngresents the position of one thin section it tirill core. Depths in meters.
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Figure23. Type 1 (silicarich) melt clasts. Upper row, first two images: Photomicrographs of example type 1 melt partialaing
rhombic dolomitecrystals (left, plane light; right,crosspolarizedlight). Thin section FC6B-1-A; depth 26 m in drill core FC63.
Upper row: BSE micrograph and staggan mapping of same grain at same scale for Ca and Mg. Lower row:s&ageapping of
the same grain at same k&ctor Fe, and Si (as labeled on imadewer right: EDS pectrumobtained with a beam focused on a

high-Fe grain, showing peaks characteristic of pyrite

SKA1

EDS mode

Fe KA1

Fe KB1
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Quantitative microprobe analysis was also performed on pagticle on thin section
located neathe bottom of crater fill deposit (Fig4). This analysis confirms high silica content
in thesemelts, but also shows minor, but noteworthy, concentrations of Al and also traces of Na,
Mg, K, Ca, Fe, and Mn. The presence of these different elementsnaiagte melting of
multiple types of materials and/or meteoritic contributions.

Another type of melparticleis a newphaseof melt that we refer to here as melt type 2.
Type 2 meltwas identified within both drill cores of the present study is charmaed by a
distinctive amber color when observed petrographically using transmitted light. This melt type,
like type 1, appears to be isotropic, judging from the lack of transmission ofpoiasied light
(Figs. 25-27), but its finer particle size veus type 1 melt makes it difficult to assess any
crystallinity atananoscale. This type of melt is superficially similar in appearance to phosphate
enriched fossil fragments in that they are both about the same color in transmitted light and they
remaindark in crosgolarized light regardless of stage orientation. However, these melt grains
display internal evidence of melting processes such as flow textures;anistallite bundled
inclusions, and inclusions of differently appearing materials, inetudpaque constituents (Fig.
27). Thus, they are clearly not fossil fragments, which show either no internal structure or
organic laminationsThe melt particles range from angular to rounded occurrendasth drill
cores. On the bottom of FC&B] theseambercolored particles occur with more irregular
boundaries and flow textures.

Electronmicroprobe analysis of a thin section containing these type 2 melt particles,
which is located near the bottom of drill core F&&77 was performed through BSE iges and

stagescan mapping of Ca, M@nd Si. This analysis showed a higher concentration of Ca
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within these ambecolored glasses. Figure26 and 27 display images obtained during these

analyses.

Element #1 #2 #3

Na 0.00 0.00 0.02
Mg 0.02 0.01 0.00
Al203 0.14 0.34 0.28
Si02 99.81 98.85 99.56
K 0.00 0.03 0.05
CaO 0.00 0.00 0.02
Fe 0.00 0.00 0.00
Mn 0.04 00.00 0.000
Total 100.01 99.23 99.93

Figure 24 Photomicrograph (left) ahterior of type 1 (silicarich) melt clast with analytical
spots marked. Right: Tabular results of quantitative analysis on melt clast for the ttsee sp
indicated. Thin section FG-12-5-B from base of crater maétling breccia deposit in drill

coreFC77F3.
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Figure25. Photomicrograph grouping ¢eft i Plane light (left) and crogsolarized view (right) of type 2 (phosphateh) melt
particles (ambecolored) At bottomi Volume percentage with depth plots showing tygpl®sphaterich) melt distribution through
drill cores FC773 and FC673. Each dot represents the position of one thin section in that drill core. Depths in meters.
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Figure26. Type 2 (phosphatech) ambercoloredmelt clasts. Upperow, first two images:
Photomicrographs of example type 2 melt particle (left, plane light; right,-pad@szed light).
Thin section FC7-11-3-A; depth 33 m in drill core FZ7-3. Middle row:BSE micrograph (left)
and Ca stagscan map of same thgection area at samnseale. Lower row: Staggcan map of
same area for Si and Fe (as labeled on image).

Complementary EDS analysis within a selected clast (seBigndicates the presence
of P, and suggesting a possible yaoience of the meltsaa phosphatdach zane in the target
materials. The Chattanooga Shale has just such a zone, which is a distinctive sandstone layer at

the base of that formation, where it lies upon the eroded surface of local Upper Ordovician
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