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ABSTRACT 

Flynn Creek crater, approximately 330 feet deep and 11,500 feet 

in diameter, was formed in north central Tennessee in Middle or Late 

Devonian time. Impact of a large meteorite or comet probably produced 

the crater, which later became filled with Upper Devonian shale and 

covered by Lower Mississippian chert. Major structural elements 

inc lude a zone of highly deformed rim strata surrounding a crater­

shaped depression. A large central uplift occurs in the middle of 

the crater. 

Flat-lying Middle and Upper Ordovician limestones surrounding 

the crater have been irregularly uplifted 30 to 150 feet in the rim 

and are moderately to tightly folded producing radial shortening 

as great as 35 percent. Types of rim deformation include normal 

faults, thrust faults and asymmetric anticlines, synclines and 

monoclines, all approximately concentric to the crater walls. Part 

of the southeastern rim has been thrust up and away from the crater 

and partly overrides a large tilted and folded graben . A chaotic 

limestone breccia ejected from the crater during its formation now 

overlies the graben and covers part of the ground surface that was 

present when the crater was formed. 

The crater floor is underlain by a chaotic limestone breccia 

with fragments derived from the same rock units now exposed in the 

rim. Fragments range from less than a fraction of an inch to blocks 

300 feet in length. In the center of the crater a sequence of 

highly deformed Middle Ordovician limestone and dolomite of the 

Stones River Group and Lower Ordovician limestone and dolomite of 

the Knox Group rises nearly 300 feet above the crater floor. Knox 

strata are raised as much as 1000 feet above their normal position 

and locally contain shatter cones. 

Breccia contacts with folded rim strata are sharp in some parts 

of the rim but are jumbled and gradational in other parts. Intense 

twinning in calcite is common in an irregular zone a few feet to 
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several hundred feet wide adjacent to the crater wall in the 

deformed rim. Abundant microtwinned lamellae are conunon in the 

deformed calcite, and kink bands occur in some crystals. 

A thin sequence of marine bedded breccias and dolomite was 

deposited in the crater during early Late Devonian time and was 

immediately overlain by Chattanooga Shale, whose lower unit filled 

the crater with nearly 300 feet of sediments. Lower Mississippian 

chert and limestone later covered the area. 

A search for high-pressure polymorphs and for volcanic or 

meteoritic material was unsuccessful. A detailed gravity study indicates 

no gravity anomaly on the level of one milligal is associated with the 

crater at Flynn Creek. Magnetic studies also show that there are no 

large magnetic anomalies associated with the structure. 

Structural comparisons between Flynn Creek crater and maars 

and diatremes show little or no similarity in types of deformation. 

Consideration of volcanic gas-phreatic eruption processes suggests 

that brittle fracture should accompany cratering with relatively 

little folding in the rim strata, unlike the deformation at Flynn 

Creek. Structural comparisons between Flynn Creek crater and meteorite 

impact, nuclear explosion and chemical-explosion craters show good 

agreement in nearly all types of deformation. A recently formed, 

large chemical explosion crater in Canada has both a central uplift 

and deformed rim very similar to Flynn Creek crater. Similarities 

in structural deformation between shock-produced craters and Flynn 

Creek crater suggest an origin by meteorite or comet impact. 
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INTRODUCTION 

Statement of Problem 

In north central Tennessee a crater approximately 330 feet deep 

and 11,500 feet in diameter is filled by Upper Devonian shale and 

Lower Mississippian chert. In the rim of the crater limestones of 

Middle and Upper Ordovician age are folded, faulted, and brecciated 

in an irregular zone several hundred feet wide. Strata in parts of 

the rim are lifted as much as 150 feet and tilted away from the crater. 

In other parts of the rim strata have been moved radtally away from 

the crater in tight anticlinal and synclinal folds with axial trends 

concentric to the crater wall. Elsewhere in the rim a large thrust 

block and a large down-dropped block are bounded by fault zones 

concentric to the crater wall. A large mass of limestone breccia, 

apparently ejected from the crater, overlies the down-dropped block. 

Immediately outside of the deformed zone in the rim, the strata 

return to their normal flat-lying attitude. 

The crater floor is underlain by a chaotic limestone breccia 

with fragments ranging in size from less than a fraction of an inch 

to blocks 300 feet in length. The crater breccia is made up of 

fragments of the same rock units that occur in the crater rim. A 

few fragments also occur in the breccia from horizons slightly deeper 

than the levels now exposed in the rim. 

In the central part of the crater a sequence of steeply-dipping, 

folded, faulted and brecciated limestone and dolomite of the Stones 

River Group of Middle Ordovician age and limestone and dolomite of 

the Knox Group of lower Ordovician age rise nearly 300 feet above the 

crater floor. Knox strata in this central uplift are raised over 

1000 feet above their normal stratigraphic level and locally contain 

breccia with shatter cones. 

A thin marine deposit of bedded breccia and cross-bedded dolomite 

of early Late Devonian age overlies the breccia of the crater floor and 

wedges out against the crater walls. Outside the crater Chattanooga 

Shale of early Late Devonian age averages 27 feet in thickness but 

abruptly thickens to nearly 200 feet within the crater. Chert and 
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cherty limestone of Lower Mississippian age conformably overlie the 

Chattanooga Shale. The cr a ter a nd its filling strata are now well­

exposed along the walls a nd floors of Flynn Creek Valley and its 

numerous tributary valleys. 

The origin of this unusual structure has been the subject of 

controversy for nearly a century. Of the various origins proposed, 

impact and volcanic gas-phrea tic explosions have been suggested as 

the most likely causes, but only one short inconclusive study has been 

actually directed towa rd this problem (Wilson and Born, 1936) . Most 

of the specific information presented in the above description was 

gathered during the recent s tudy by the author, and it is now apparent 

that the structural deformation is both quite intense and restricted 

to the area occupied by the cr a ter and the surrounding strata in the 

rim. The deformation and chao tic mixing of fragments in the breccia, 

and the presence of a large ejected mass of breccia on the rim imply 

the occurrence of at least one dynamic event, presumably violent in 

nature. It is also possibl e to make a n argument for the observed 

deformational features to h a ve occurred at or very near the ground 

surface during middle Pa leozoic time, and for only a moderate amount 

of erosion to have occurred before the crater was buried. It is also 

clear from reconnaissance studies of sever a l hundred square miles 

surrounding the Flynn Creek area that the normal regional attitude 

of the strata is undeformed and nearly flat-l y ing. These conditions 

appear to be necessary but not sufficient a rguments for either impact 

or gas-phreatic explosions . Until now no synthesis of this recent 

information with other available data has b ee n made, and arguments for 

different origins have been left to speculation. 

The purpose of this current study then is to attempt to determine 

the most likely mode of origin of the crater at Flynn Creek. The 

arguments are based on the author's recent geological and laboratory 

studies and on the published and unpublished studies of a number of 

other workers. A second aim is to present as complete a post-crater 

history as possible. 
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Although the crater is now filled and only partly exposed by 

erosion, the single term "crater" will be used throughout this study 

to avoid the constant use of such terms as partly buried crater, partly 

exhumed crater, or partly exposed crater. 

Review of "Cryptovolcanic" Studies 

In earlier papers the cra ter a t Flynn Creek has been variously 

referred to as a "cryptovolcanic" structure (Wilson and Born, 1936, 

p. 815), a "cryptoexplosion" structure (Diet z, 1946a, p. 466), and an 

"astrobleme" (Dietz, 1960, p. 1781). A brief review of the usage of 

these names reveals that: ( a ) the crater at Flynn Creek is not unique, 

but is one of a class of many such structures which are scattered 

throughout the world, (b) the types of structural deformation are 

remarkably similar, but the ages of formation are quite different, 

(c) both impact and volc a nic origins have been proposed for nearly 

all of the structures, and (d) as yet, the origin of none of the 

structures has been conclusively demonstrated. To further demonstrate 

the broader nature of the problem concerning the origin of the Flynn 

Creek crater, it is conv e nie nt to give a brief history of the work on 

"cryptovolcanic" or "cryptoexplosion" structures. 

In 1905 Branca and Fraas described the unusual structure of the 

Steinheim Basin in southern Germany. Although no volcanic material 

was found, they felt that the origin was related to buried igneous 

activity and called the basin a "cryptovolcanic" structure. Kranz 

(1924, 1936, 1938) described the Steinheim Basin as a crater about 

330 feet deep, 9,500 feet in diameter, and formed in flat-lying 

limestone. The walls of the crater contain "disturbed and shattered 

breccia" of limestone . Ring faults and radial faults are present in 

parts of the rim. Deformation of the strata elsewhere in the rim 

consists of intense folding and brecciation, but these structures 

have not been examined in detail because of poor exposures (~r-i-nkman , 

personal communication, 1965) . 
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The Klosterberg-Steinhirt, a central uplift, is present in the 

crater and rises 130 feet above the present floor of the basin. In 

describing this hill, Bucher (1963, p. 615) states" ... the limestone 

horizons lie in wild confusi on of disordered blocks between which the 

shale zones appear plastically squeezed and kneaded together." The 

limestones have been raised on the order of 500 feet above their normal 

positions and locally contain shatter cones. 

Drilling in the basin floor has penetrated more than 300 feet of 

freshwater sediments. Bucher (1963, p. 615) states, "Freshwater 

limestone fringes the basin a nd c aps the central hill which was an 

island in the lake. The calcareous tufa deposits are rather dolomitic, 

approximating a ratio of 3 Ca co
3

: 2 Mg co
3

. Associated with them is 

opaline silica which locally c a n be shown to have been deposited 

simultaneously with aragonitic sinter, suggesting hot springs action." 

Freshwater and land mollousk s (and mammals) d a te the bulk of the 

freshwater deposits of the lake as upp e r Upper Miocene (Bucher, 1963, 

p. 616) . 

Some important similaritie s between the Flynn Creek crater a nd 

the Steinheim Basin are that both structures are circular craters of 

nearly the same size, and both were formed in flat-lying limestone. 

Deformation of rim strata , including faulting, folding, brecciat ion, 

and shattering, is also common to both craters. Central uplifts 

at both structures are of comparable size and have nearly identical 

types of internal deform a ti on. Strata in the central uplifts of both 

structures have been raised 500 to 1000 fe e t, a nd each locally contains 

shatter cones in fine-grai ned limes tone . Final ly, both craters contain 

bedded deposits which are marine a t Flynn Creek a nd freshwater at the 

Steinheim Basin. The only major difference between the structures is 

that the crater in Tenness ee is older by some 350 million years. Also 

deposits from hot springs are reported at the Steinheim Basin, but 

their occurrence is common throughout this part of southern Germany, 

and their genetic relation t o the formation of the basin has not been 

demonstrated. 
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Although Kranz (1922, 1924, 1936, 1938) continued his studies 

of the Steinheim Basin in Ge rmany, little attention was given to 

"cryptovolcanic" structures in the Unit e d St ates until W. Bucher 

(1925, 1933a, 1933b) publish ed a series of papers on the subject. 

Bucher (1936) then published an important summary of three U. S . 

structures he had mapped: Jeptha Knob in Kentucky, Serpent Mound in 

Ohio, and Wells Creek Basin in Tennessee. He also discussed several 

other structures that he considered of the same class, including the 

Kentland structure in Indiana , the Decaturvill e structure in Missouri, 

and Upheaval Dome in Utah. Wilson and Born's study (1936) of the 

Flynn Creek area had just been published, and Bucher agreed that this 

was another "cryptovolcanic" structure. 

Included in Bucher's summary (1936, p. 1074) were the features 

he considered necessary for a "cryptovo lcani c " structure: 

Comparison of the six definitely id e ntified American 
examples shows that they have the foll owi ng properties in 
common: 

1. They show a tendency toward a circu lar outline. 

2 . A central uplift is surrounded by a ring-shaped 
depression, with or without well developed marginal folds 
beyond it. 

3. In the lar ger disturbances the a rea of the uplifted 
central part is small compared to the ar e as that sank. 

4. Where the nature of the rock materials permits any 
judgment, evidence is found of violent ac tion, such as seems 
explicable only a s the result of sudden release of pressure-­
that is, of an explosive force. 

5. Except in the Decaturville structure , no volcanic 
materials or signs of thermal action have b e en observed. 

The evidence of exp losive ac tion in the center of these 
structures ·is sufficiently convincing to exclude the possi­
bilities of a nonvolcanic origin. 

Bucher (1936, p. 1074-1075) clearly felt that a volcanic origin 

was the only possible choic e for the "cryptovolcanic" structures, and, 

in describing his concept of the process, stated: 
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Violent explosions a r e usual ly r egard e d as phenomena 
characteristic of the last stages of volc a nism, blowing 
away the volcanic mountai ns tha t had pil e d up above the 
orifice in the early stages. But simil ar effects are to 
be expected where a sc e nding columns of lava failed to break 
through to the surfac e . If in such circumstances the magmas 
are highly charged with gases , especially with water vapor, 
the gases may d·issipate through joints and other fractures. 
Occasionally, however, such an e sc a pe may be prevented by 
the texture of the rocks, a nd the gases may accumulate near 
the surface. Then the pressure will ris e to the point where 
it lifts the overlying rock columns. Mere lifting will 
allow the gas to escape, chi e fly throu gh fractures in the 
center, causing the characteristic disruption and jumbling 
of blocks and the upward movement record e d in cryptovolcanic 
structures. If enough pressur e is accumulated, however, the 
overlying column is blown out, producing explosion funnels 
at the surface such as the "maar s" of the Eifel region of 
Germany or of the Fre nch Auvergne. In f act, the largest 
known explosion crater, the Ries Basin of Germany (24, 25), 
was formed in precisely this way. 

Bucher also suggested that a second weaker explosion was necessary to 

form the central uplift. Bucher (1936, p. 1075-1076) then offered the 

following general classification: 

It appears, then, tha t the cryptovolcanic structures here 
described form part of a natural series of disturbances which 
mark the beginning or the attempted be gi nning of volcanism 
in a region and which may be classified as follows: 

1. Disturbanc es produced by the explos ive release of 
gases under high tension, without the ext rusion of any original 
magmatic material, at points where there h ad previously been 
no volcanic activity ("a bortive volcani sm "): Cryptovolcanic 
structures. 

(a) The explosion, too deep-seated, too we ak, or too 
unconcentrated ("muffl e d"), r esults mere ly in the more or less 
circular dome and ring structure here d escribed. 

(b) The explosion, sha ll ow a nd stro n g eno ugh, blows out 
a shallow more or less circular explosion basin fill e d with a 
jumble of disordered blocks a nd surround ed by a zone of 
materials blown or pushe d out from it . The Ries Basin is 
an extreme example of this type . The St e inheim Basin is 
probably of simil a r origin. 

2. Features produced l a rgely by the explosive release of 
gases under high t e nsion, with magmatic materials more or less 
subordinate to fragme nts of the overlying rocks, at points where 
there had previousl y been no volcanic activity ("embryonic 
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volcanism"): "Funnels, " "chimneys ," "pipes" filled with 
volcanic breccias or tuffs. Here belong the simple explosion 
funnels, the maars of the Eifel, the Auvergne, Italy, Mexico, 
etc. ; the 125 "Vulka nembryonen " of the Schwabishe Alb in 
southern Germa ny (the s ame region in which lie the Steinheim 
and Ries Basins) the several hundred diamond-bearing funnels 
of South Africa; and the "ch imneys" (many of them ore-bearing), 
filled with volcanic a nd bedrock breccias, which have been 
described from western mining c amp s in the United States 
(Colorado, Utah, etc.). 

In his 1936 paper Bucher thus laid the foundation for the 

"cryptovolcanic" interpretation for the next 30 years. However, an 

alternative point of view was being offered at the s~me time in a series 

of papers by J. D. Boon, a physicist and C. C . Albritton, a geologist. 

Boon and Albritton (1936a , 1936b, 1937 a , 1937b, 1938a, 1938b, 1938c, 

1942) argued that many of the "cryptovo lcanic" structures were due 

to the impacts of large mete orites. The crater at Flynn Creek was 

considered as a possible example of an impact structure because it 

has a central uplift . Although Wilson and Born (1936) had interpreted 

the central uplift as clear evidence aga inst an impact, Boon and 

Albritton (1937, p. 58) state d: 

It seems this argument overlooks the fact that elasticity 
of rocks would caus e a strong rebound following intense 
compression produc ed by impact and explosion. It is not 
unreasonable to suppose that the height of this rebound 
would be directly proportional to the diameter of the crater, 
with a ratio as shown in the ideal section, of about one to 
ten. A rebound of this amplitude would be quantitatively 
adequate to explain the elevation of the rock in Flynn 
Creek and other structures. 

They then suggested that (Boon and Albritton, 1937, p. 62): 

The following features c a n be explained by the meteoritic 
hypothesis. 

1. The abrupt central uplift. 

2. The fracturing a nd jointing of rocks in the center. 

3 . The radial tear-faults. 

4. Flanking, arcu a te folds resembling damped waves. 

5. Bilaterally symmetrical pattern of faults and 
folds about a line trending north-northwest. 

6. Absence of volc a nic materials. 
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In 1938 Boon and Albritton listed as "questionable meteorite 

structures" all of the structures considered as "cryptovolcanic" by 

Bucher. Boon and Albritton (1938) agreed that a "cryptovolcanic" 

explosion could have produced the different "crypto-" structures, but 

they felt that the "nature of the explosions which formed them still 

remains doubtful." They postulated that since large meteorites are 

known in space, some of these bodies must have struck the earth, and 

that for the present, it was justifiable to regard these "ancient 

explosion structures as questionable meteorite scars." 

During the period from about 1940 to 1960 only a few studies 

were devoted to the "cryptovolcanic" problem with limited modifications 

of the earlier arguments of Bucher and Boon and Albritton. In 1944, 

the A. A. P. G. and the U. S. Geological Survey with Longwell and King 

as editors published the "Tectonic Map of the United States" and listed 

seven structures, including the cr a ter at Flynn Creek, as "crypto­

volcanic structure or simil a r disturbance." Although no origin was 

specified for the structures, the map served to expose a much larger 

number of geologists to the problem. 

Dietz (1946a, p. 466) then proposed that the Flynn Creek structure 

and simi1ar features be referred to as "cryptoexplosion" structures 

until their origins could be determined. The term never achieved wide 

use, mainly because most workers accepted the volcanic origin or 

preferred to use the already established term, "cryptovolcanic." In 

the same paper and in several subsequent papers Dietz (1946a, 1947, 

1959, 1960, 196la, 196lb, 1962, 1963a, 1963b, 1963c, 1964, 1965, 1966) 

pointed out that shatter cones occur in nearly all of the "crypto­

explosion" structures and are "indicative of explosive shock." Dietz 

visited many of the "cryptoexplosion" structures and was responsible 

for finding shatter cones at a number of the structures. 

In 1949 Baldwin published his book The Face of the Moon and 

presented the first review of "cryptovolcanic" structures since 

Bucher's 1936 paper. He argued at length for an impact origin, but 

presented no new geologic field evidence. His book also treated the 
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problem of lunar craters and presented a semi- quantitative approach 

to predicting certain impact crater parameters, such as diameter, depth 

and height of rim. At that time there was no widespread interest in 

the lunar craters, and the book received little attention. 

In his catalogue of meteorites and craters, Prior (1953) listed 

many of the "cryptoexplosion" structures, including the crater at 

Flynn Creek, as possible impacts. In the same year, while studying 

the Wells Creek Basin, Wilson (1953) revised his earlier opinions on 

the Flynn Creek crater and suggested that both structures were the 

result of impact. In one of the few field studies on the U. S. 

structures Hendricks (1954) suggested that an impact best explains the 

features at the Crooked Creek structure in Missouri . Billing's (1954) 

textbook on structural geology presented a brief statement of the 

"cryptovolcanic" problem a nd o ffere d both impact and volcanic origins 

as possibilities. DeSitter's text on structural geology, even in the 

second edition (1964), offers only a volcanic origin. 

In 1955 C. S. Beals, a n astrophysicist at the Dominion Observatory 

in Canada, initiated a syst ema tic search for circular structures using 

aerial photos available from the Canadian Air Photo Library. The effort 

was extremely fruitful, and ten circular structures previously unreported 

in Canada were noted on the photos. Primarily through the efforts of 

Beals, extensive drilling and field programs have been carried on at 

nearly all of the Canadian structures. These studies have shown a 

wide variety of types of structural deformation in craters ranging from 

two miles to 45 miles in diameter. The drilling program has greatly 

aided in the interpretation of the structures at depth and has 

penetrated the bottom of the crater breccia at the Brent Crater (Dence, 

1966). A variety of mineralogical a nd crystal structure variations 

have also been reported. Complete reviews of the Canadian work have 

been given by Beals, et . al. (1963), Dence (1964, 1965), and Innes 

(1964). Each of these writers argues for an impact as the most likely 

origin. Currie (1964, 1965) presents the most extensive discussion 

favoring a "cryptovolcanic" origin for the Canadian structures. 
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Dietz (1960, p. 1781) proposed the most recent ch a nge in 

nomenclature and suggested tha t the "cryptoexplosion 11 structures with 

shatter cones be called 11ast robleme(s )" from the Greek words for st a r 

and wound. Dietz (196la, 1 96lb ) a ls o published further accounts of 

his findings on shatter cones a nd list e d eight structures, including 

the Flynn Creek crater, a s "ast roblemes" b a sed o n the occurrence of 

shatter cones. 

The "Tectonic Map o f th e Un ited States " published by the A. A. 

P. G. and U. S. Geologic a l Survey und e r the directio n o f Cohee, et. al. 

(1961), again showed the s ame s truc tures as the ea rlier edition, but 

listed them a s "intensely disturb e d, l oca lized uplift(s)" rathe r tha n 

11cryptovolcanic. 11 The n ew "Tectonic Map of North Ame ric a ," now 

in preparation under the d irection of P. B. King o f the U. S . Geological 

Survey , lists both the U. S. a nd Canadi a n structures, previously called 

"cryptovolcanic, 11 as " as trob l emes ." 

Since 1961 increas e d int e rest in the luna r cr a t e rs has been 

stimulated by the efforts directed toward ma nne d luna r exploration. 

This interest in lunar craters in turn revived a n interest in 

terrestrial crater studi e s, and a numb e r of imp orta nt papers have been 

published in the l a st fiv e yea rs . A discussion of the b a sic the o ry of 

impact by Shoemaker (1960) p r ovided the basis f or understanding cert a in 

types of deformation durin g a n impac t. Rim foldin g , intense brecciation, 

and high pressure silica polymorphs were some of the logical consequences 

of impact in Shoemaker's trea tment (1960, 1962, 1963). Shoemaker a nd 

Eggleton (1961) also published the first account of the structural 

variations to be expecte d in impac t cra t e r s e roded to different levels. 

A number of studies have b een directed toward underst a nding the rate 

of cratering . A study by Shoemaker, Ha ckman, and Eggl e ton (1962) 

examined this problem and a r gued for the application of cratering 

rates to aid in interplaneta ry correlation of geologic time, such as 

on the surface of the Moon o r Ma rs. 
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In 1963 Baldwin revised and greatly expanded his earlier book 

on the Moon and again reviewed both impact and "cryptovolcanic" 

structures. He repeated the descriptions of each of the structures 

from the original papers and presented essentially the same arguments 

for impact as he gave in his 1949 book. The new book, however, 

presented a more complete ma them a tical treatment of crater physical 

dimensions. Baldwin also treated a variety of lunar problems, 

particularly lunar craters, in grea t e r detail. 

In the same year Bucher (1963) presented his most comprehensive 

treatment of the "cryptoexplosion" origin for three of the largest such 

structures, namely the Ries Basin in Germany, the Vredefort Dome in 

South Africa,' and the Wells Creek Basin in Tennessee. In each case 

Bucher argued that these structures were not randomly distributed but 

had a systematic relation to areas of tectonic or volcanic activity. 

Bucher felt that the spatial relationship of these structures to 

normal volcanic and tectonic features was sufficient to rule out impact 

and implied that coesite found in the Ries Basin a nd shatter cones 

found in the Vredefort Dome and Wells Creek Basin, therefore, are not 

proof of an impact. The presence of nickeliferous iron in crater 

breccias and remoteness from centers of volc a nic a ctivity were both 

rejected as arguments for impact . Bucher also included both the Flynn 

Creek crater and the Steinhe im Basin as products of terrestrial volcanism. 

Bucher (1963, p. 642) rest ated his concept of the mechanism as follows: 

If water-rich portions of magma were supercoo led at great 
depth and then spurred t o sudden crystallization, say, 
by earthquake shocks, enormous pressures would build up, 
penetrating into al l fissur e s above the initial point 
of crystallization, crushing and pa rtly pulver izing 
the rock in gouging out irregularly shape d p a thways 
toward the surface, a l ong which the comminuted rock 
fragments are driven upward a s a highly fluid powder. 
This is what is meant by "fluidization". This explosive 
action may ultimately exhaust itself at depth, or end 
in an unsuccessful attempt to eject the rock material 
(a "cryptoexplosion structure"), or in a successful 
blowout, an explosion crater. 
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Bucher (1963, p. 597) accepted Dietz's term cryptoexplosion as the 

most useful because "it leaves the cause unspecified". 

In 1965 the conferenc e proceedings on "Geologica l Problems in 

Lunar Research" were publishe d, and a large collec tion of papers were 

given presenting only the impac t and volcanic arguments. More recently, 

in 1966, the first conference was held on "Shock Metamorphism of Natural 

Material", and was devoted pa rtly to impact craters and to cryptoexplosion 

structures. The one conclusion that can be dr awn from these most recent 

collective studies of the "crypto-" problem is tha t no definitive 

argument for either impact or volcanic origin is yet available. 

At the outset of the current Flynn Creek study, the state of 

knowledge on "cryptoexplosion " structures could be summarized as follows: 

a. The Flynn Creek crater is one of a class of structures which 

are widely distributed in tim e and space. 

b. Structural deformation includes folded, faulted, brecciated 

and shattered strata in the rims. The details and ranges in types of 

deformation were mostly unknown. 

c. Central uplifts of folded, faulted, brecciated and shattered 

strata are common and usuall y contain shatter cones. 

ranges in types of deformation were mostly unknown . 

The details and 

d. Neither volcanic nor meteoritic material had been reported 

from most of the smaller structures, but systematic laboratory and 

field studies had not been made for such material. In the larger 

structures, such as the Ries Basin and the Vr e defort Dome, the genetic 

relationships of the volcanic ma t er ials to the origin of the structures 

was still in debate. Coesite had been defin i tely found at one of the 

large "cryptoexplosion" structures (Ries Basin), but its reported 

occurrence in two smaller structures (Kentland, Indiana and Serpent 

Mound, Ohio) was debatable. 

e. Most of the smaller structures in the U. S. were located in 

regions little effected by observed tectonic or volcanic ac tivity. 

f. The Steinheim Ba sin in Germany was the only cryptoexplosion 

structure studied in great d e t a il, and this study was restricted mainly 

to the surface geology. 
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Figure 1.--Index map of "Cryp toexplosion" Structures in Eastern 
United States and Southeastern Canada. 

1. Brent Crater, Ont a rio, Canada 
2. Crooked Creek Disturb a nc e , Missouri 
3. Decaturvill e Dome, Mis souri 
4 . Des pl a ines Disturbance, Illinois 
5. Dycus Structure, Te nnessee 
6. Flynn Creek Crater, Te nness ee 
7. Glasford Structure, Illinois 
8. Glover Bluff, Wisconsin 
9. Holleford Crater, Ontario, Canada 

10. Howell Structure, Tenne ssee 
11. Jeptha Knob, Kentucky 
12. Kentland Structure, Indiana 
13 . Kilmichae l Structure, Mississippi 
14. Manson Structure, Iowa 
15. Middlesboro Ba sin, Kentucky 
16. Serpent Mound, Ohio 
17. Versailles Structure, Kentucky 
18. Wells Creek Basin, Tennessee 
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g. Except for the Steinheim Basin none of the structures had 

been shown to have formed at the surface. 

h. No ejecta deposits had been reported for any of the smaller 

structures tf'le size of the Flynn Creek crater, and an "explosion" 

origin was inferred for all structures only from the degree of 

brecciation and deformation. 

i. Neither a volcanic no r a n impact origin had been conclusively 

demonstrated for any of the "cryptoexplosion" structures. 

The Flynn Creek crater wa s chosen for the current study because 

the local and regional exposures are among the best of all the 

"cryptoexplosion" structures in the United States. The crater is buried, 

and it was assumed that a mo re complete record of its history was 

preserved. Consequently it was hoped that both a detailed regional 

and local geologic study combined with a labor a tory examination of the 

rocks would give a better insight into the origin of the Flynn Creek 

era ter. 

Pre vious Work 

The first reference to th e unusual structural relationships in 

the Flynn Creek area was made by Safford in 1869 when he suggested an 

origin that involved folding a nd faulting. Safford (1869, p. 148) 

stated: 

... another area of disturbance is in the upper part of 
the valley of Flynn's Creek, in Jackson County. This 
area is limited in extent, a nd h a s comp a ratively little 
importance, yet the formations are greatly disturbed. 
The rocks are seen t o dip a t high angles, and are 
occasionally almost vertical . The valley is narrow, 
and the hills on each side high. In their normal position 
the siliceous is at the top of the series of formations, 
and the Black Shale next below. In several places both 
are brought down, by great folds and faults, to the bottom 
of the valley, and, at one point, may be seen abutting 
against the Nashville Formation . One fault shows a 
displacement of a thousa nd feet. The lines of disturbance 
run nearly north and s ou th. 
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During the sununer of 1926 Lusk ma pped the geology of the Ga inesboro 

quadrangle as an oil and g a s resources proj ect for the Tenne ssee Division 

of Geology. Apparently Lusk was not awa re of Safford's e a rlier reference 

to the deformation in the Flynn Cre ek area, a nd in 1927 he reported 

"An interesting result of th e summe r's work wa s the discovery of an 

extraordinary local thickness of the Cha tta nooga shale." Lusk (1927, 

p . 579-580) considered s e v era l hypotheses t o account for the structura l 

rel a tionships including s lump, pos t-Cha ttanooga diastrophism, "sub-surface 

volcanism," and cavern collapse. Lusk rejected slump of the bl ac k shale 

into the crater after l ocat ing continuous exposures from the rid ge s 

to valley floors, a nd h e d iscounte d post-Chattanooga diastrophism when 

he found no deforma tion in the shale. Lusk further stated, " . . . the 

absence of veins o r dikes of possible igneous origin discour age s the 

view of sub-surface volc a ni sm ." Collapse of the roof of an irregular 

branching cavern or series of c averns wa s o ffered as the most likely 

origin. Lusk repeated his conclusions in a n unpublished paper on the 

Gainesboro Quadrangle (Lusk, 1935). 

Bassler (1932, p. 143) , referring to Lusk's work, noted, "On 

three sides of this area the dips suggest tha t the region may be another 

example of cryptovolca nic structure such as that described by Bucher 

for Adams County, Ohio." Bassler later identified fossils from the 

Flynn Creek area for Wilson and Born (1936, p. 817), but appa rently 

did not confirm Lusk's studies by actu a l field work . 

The study by Wilson a nd Born (1936) was the first work devoted 

exclusively t o the Flynn Creek s tructure . A ge n e r a lized geologic map 

of the crater was complet e d (fig. 2 ) , a nd a brief description was 

given of the local strati g r ap hy. At tha t time the contacts of the 

different str a tigra phic units were not well-known and could only be 

generalized on the geologic map. Origins considered by Wilson and Born 

(1936, p. 828-829) included: "(l) fall of a meteorite, with the resulting 

impact and explosion cra ter; (2) local coll apse of a cavern roof; (3) 

salt domes; (4) local expansion by hydr a tion of anhydrite; (5) natural 

gas explosion, and (6) cryptovolc a nic (gas and steam) explosion . " 
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FoRT PAYNE CHERT 
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16 
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Figure 2 .--Areal geologic map of the Flynn Creek area. 
The heavy broken line indicates the approximate 
border of the circular area of intense brecciation. 
From Wilson and Born (1936, p. 818). 



17 

Wilson and Born rejected meteorite impa ct and cavern collapse because 

of the central uplift of "Lowville limeston e " (later renamed the 

Carters limestone). The absence of salt, anhydrite deposits and large 

concentrations of natura l gas in this region suggested the improbability 

of such causes. Wilson and Born (1936, p. 830) concluded that a 

"Cryptovolcanic explosion is the on ly pos sible origin amount those 

listed that cannot be re a dil y elimina ted." They interpreted the 

structural deforma tion as the result of a near-surface volcanic 

explosion that blew out a crater two miles in diameter and 300 feet 

deep shortly before the deposition of the Chat tanooga Shale in Late 

Devonian time . The bedded breccias in the crater were considered a s 

fresh-water lake deposits that accumul a ted before Chattanooga time. 

The rims of the cra ter were interpreted as cut by concentric vertical 

faults (fig.3 ). A closed magnetic high was a lso described four miles 

south-southwest of the crater a nd was postulated as caused by a "buried 

plug of igneous material responsible for the Flynn Creek disturbance.'' 

A recent geophysical survey has shown that this magnetic anomaly is . 

actually an elongated closed ma gnetic low (Biehler a nd Roddy in Roddy, 

1964). 

On the basis of the study by Wilson and Born, Bucher (1936, 

p . 1074) stated tha t, '~ilson a nd Born have proved the cryptovolc a nic 

nature of a structure on Flynn Creek ... ", but despite his great interest 

in the problem, he apparently never visited the a rea. 

During the study of the Howell structure in south central Tennessee, 

Born and Wilson (1939, p . 378-379, 385, 387) reaffirmed their belief 

that the Flynn Creek structure had a "cryptovolcanic" origin. Wilson 

in 1948 and in 1949 again referred to Flynn Creek a nd its 

"cryptovolcanic" origins but did not amplify o n his earlier work. In 

an unpublished master's thesis Mitchum (1951) described the small Dycus 

structure in northwestern Jackson County, Tennessee, and compared it 

with the Flynn Creek st r ucture , but he could only suggest that both 

structures appeared consistent with a n impact origin. While studying 

the Wells Creek Basin, Wilson (1953, p. 764) revised his opinion on 
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"cryptovolcanic" origins and suggested that both the We lls Creek and 

Flynn Creek structures were produced by meteorite impact. His new 

interpretation wa s based mainly on the highly brecciated character of 

the drill core taken from the centra l part of the Wells Creek Basin. 

Wilson (1953, p. 767) states: 

This core presents three signific an t fe atures. (1) De formation 
was instaµtaneous, and did not result from normal tectonic 
stresses; ' (2) progressive downwa rd dying out of deformation 
may be traced, in spit e of the brecciation between 1743 
and 1930 feet, (3) in the top 200 feet of the core, the 
shatter cones are all horizontal, except for some that 
point obliquely upward. The g r ea test concentration of 
horizontal cones is at a depth of 100 feet. Below 200 
feet, shatter cones are rare, incomplete, and poorly defined ... 

Conrad, Elmore and Maher (1957) briefly described the stratigraphy 

of the Chattanooga shale in the Flynn Creek area and stated that they 

believe that the Flynn Cre ek structure represents a pre-Chattanooga 

basin with at least 200 feet of r e lie f. They noted tha t only the lower 

member of the black shale appea rs to be overthickened such that it 

partly fills the crater and suggested that " . . . a relatively leve l 

surface was present on which norma l upper Ch a tt a nooga sedimentation 

took place." No arguments were presented for the origin of the crater. 

Stockdale and Klepser (1959, p. 15-16, 66-69, 135-137) r epo rted many 

additional descriptions and thickness measurements of the Chatta nooga 

Shale in the Flynn Creek a re a . They stated that the uranium content 

in the overthickened bl a ck shales in the crater is essentially the 

same as in the normal black shales outside of the crat e r. They 

interpreted this as an indic a tion that the black muds gained their 

uranium content while being deposited el sewhere on the surrounding sea 

bottom and were then swept into the crater. 

Shatter cones were discovered in the central uplift by Dietz, 

Stearns and Wilson in 1959 during a field trip to the Flynn Creek 

area, and in 1960 Dietz (p. 1783) reported eight different 

'~ryptoexplosion'' structures containing shatter cones. Dietz asserted 

that at Flynn Creek the orientation of the cones is upward, but they 

were later found to have sev e ral different orientations (Roddy, 1964) . 
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In 1961 Conant and Swans o n published their comprehensive study 

of the Chattanooga Shale in Te nness e e and in the surrounding states 

and described the black sha l e s in the Flynn Creek area . They agreed 

with Conrad and others (1957, p . 9-18) that the increased thickness 

of the Chattanooga Shale i s almost wholly in its lowest unit . Conant 

and Swanson noted dips of 20° in the basal unit of the black shale 

where it overlies the flanks of the central uplift and concluded, 

"It is highly unlikely that the fine muds could have accumulated 

on the steep slopes to thicknesses of many tens of feet without slumping 

towards the deeper areas." They suggested that the " . .. disturbed a rea 

and the surrounding region h a d been reduced by erosion to a uniform 

level and the fragmental ma terial in the structure subsided gradually 

during the accumulation of the bl a ck muds." They pointed out that 

the "bedded breccia" of Wils on and Born or "fresh-water" limestone 

of Conrad and others is a ma rine b a s a l facies of the Chattanooga 

Shale according to the conodont studies reported by Hass. They tacitly 

assumed an impact origin was prob a bly, and Conant (personal communication 

1965) still holds that opini on. 

Huddle (1963) reviewed Hass' unpublished notes on the Flynn 

Creek area and re-studied the conodont collection Hass h a d prepared 

from the bedded breccia in the cr a ter. In this study Huddle assigned 

an early Late Devonian age to the bedded breccia and bedded dolomite 

in the crater. The only other microfossils reported are conodonts 

of Ordovician age that were present in the breccia fragments or 

eroded from the crater walls. 

More recently various a spects of the stratigraphy and structure 

have been described in a s e ries of preliminary r e ports for the U. S. 

Geological Survey (Roddy, 1962, 1963, 1964, 1965) . 
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Field Methods 

Geologic field work in the Flynn Creek area was sta rted by the 

author in the summer of 196 2 , a nd app r ox imat e ly eight months of field 

work were completed durin g the summer of 1962, the summer a nd f all of 

1963, and the spring of 1964 an d of 1965. During this time a pprox imately 

17 1/2 square miles were ma pped in d eta il at a sc a le of 1:6000 ( one 

inch= 500 feet). The d e t a il e d ma p area includes the crater, the 

folded and faulted rim and the undeforme d a re a immediately outside 

the rim (Plat~ 1). A l a r ger a r ea of a bout 100 squa re miles surrounding 

the boundaries of the crater map was ma pped partly in detail a t 1:6000 

and partly in reconnaissa nce at 1 : 24 ,000 and 1:62,500. 

The geologic mapping was comp l e t ed on enlarged aerial photographs 

of the U. S . Depa rtment of Agr iculture (fl own in November 1958; e nlar ge d 

to 1:4000) and the U. S. Geological Survey (flown in March 1963; enlarged 

to 1;5000). To a id in this mapp ing, s e veral hundred accurately located 

control points were est ab lishe d in th e field a nd their elevations and 

locations determined by a third-order a lidade survey or by Kelsh 

stereophotogrammetric t ec hn iques . El evations det e rmined by hand leveling 

and locations measured by t ape were the n r efe rred t o these control 

points. All geologic c o nt a cts were wa lked, a nd continuous elevation 

control wa s carried by h a nd l e veling a long eac h individual contac t. 

Selected points along cont a cts we r e meas ure d by tape from the ne a rest 

control points to maint a in hori zontal a ccura cy in a reas where photo 

location was difficult to es t a blish because o f d e nse vegetation. In 

areas where distance could n o t be t aped , a Brunton compass was used 

to obtain bearing lines to at le a st t wo control points. Thickl y 

wooded sections and dense und ergrowth required much of the detailed 

mapping be completed i n the f a ll and spring. 

After the contacts were mapped, a closely spaced grid pattern was 

walked on most of the hillside s to ensure that a ll a v a il ab le outcrops 

would be utilized in the mapping. In the a r eas mapped in det a il, it 

was usually necessary to loc a t e outcrop s of s everal or more beds since 

individual beds were generally not diagnostic for separation of the 
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different map units. Although there are areas where continuous 

outcrops cover large parts of a hillside, approximately 85 percent of 

the area has a thin cover of colluvium. Where necessary, a reas that 

were covered by colluvium were exc avated by shove l. In nearly al l 

of the map area the c ontacts between units could be determined in the 

field; however, in some of the more structurally complicat e d parts of 

the rim, samples were examine d in thin section before contacts were 

assigned . 

The choice o f formation a l contacts in the strata of Ordovici a n 

age is based on the stra ti g r a phic divisions es t abl ished mainly by 

Wilson (1949; persona l communic a tion, 1963) in central Tennessee . 

C~. Wilson of Vanderbilt University and R. Barnes of the Te nn e ssee 

Division of Geo l ogy fi eld che cked several of the au thor's column sections 

in the Flynn Creek area a nd confirmed that the formational cont ac ts 

are equivalent to thos e being mapped by the Tennessee Division of 

Geology elsewhere in central Ten nessee . 

The formations of Upper Devonian and Lowe r Mississippi a n age 

that were mapped in the Flynn Creek area follow the nomenclature and 

stratigraphic divisions o f Con a nt and Swanson (1961) a nd Ma rcher (1962). 

Individual stratigraphic units within the formations were chosen 

for their local persistence a nd mapped because of their use in 

delineating the structure. These units, h owever , were not trac ed 

in sufficient detail outsid e of the Flynn Cr eek area to al l ow the ir 

classification as members of the different formations. Mos t of the 

stratigraphic units which a re restricted to the crater had not been 

mapped in any of the earl ier work and a re descr ibed on the basis of 

the author's current study. 

A det a iled s o il survey is presently und e rway by the U. S. Department 

of Agriculture, and the diffe rent typ es of soil cover, except for stream 

alluvium, were n o t mapped in this stud y . 

The topographic base map was spe ci a lly prepa red t o meet the 

requirements of the detailed geologic mapping. Field control was 

completed by J . D. Alderman, U. S. Geo logic a l Survey in January of 
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1964 using U. S Coast and Geodetic Survey and U. S . Geological 

Survey bench marks and triangulation stations. An area of about 

35.5 square miles was compiled by Alderman using the Kelsh 

stereophotogrammetric system with the November, 1958 photography 

(diapositives) of the U. S Department of Agriculture. Scaling of 

the base was done at 1:6000 using U. S Coast and Geodetic Survey 

primary control. A ten foot contour interval was used, and the 

base was referenced to the Tennessee State Grid System (Lambert 

plane coordinate system). 

Transfer of the geologic contacts from the aerial photos to the 

base map was completed using combinations of the Kelsh system, 

eleva tions determined by hand leveling, distances measured by tape 

and bearing lines to control points or landmarks. In wooded and 

dense undergrowth areas transfer of points along contacts was completed 

using a minimum of two bearing lines from landmarks, hand level 

elevations and distances measured by tape to photo-identified points. 

The detail and accuracy of the base map has allowed transfer of the 

exposed geologi~ contact with approximately a two foot maximum vertical 

error and 10 foot maximum horizontal error. 

Physiography 

Tennessee spans part of five major physiographic provinces, 

including the Gulf Coastal Plain , the Interior Low Plateau, the 

Appalachia n Plateau, the Valley and Ridge and the Blue Ridge Provinces 

(Fenneman , 1938) . Of these five provinces only the Interior Low 

Plateau, which occupies the central part of the state, contains the 

state's three '~ryptoexplosion ' ' structures . In Tennessee the Interior 

Low Plateau is divided into the Nashville Basin and the surrounding 

Highland Rim (fig. 4) . 

The Flynn Creek area described in this study is located in the 

north central part of the state at the indefinite boundary between 

the Nashville Basin and the Highland Rim (fig . 4). This part of 

Tennessee is a highly dissected region of steep-sided valleys (locally 
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called hollows) separated by na rrow , winding ridges with numerous 

small spurs (fig . 5 ). Throughout the a rea mapped in this study and 

for many hundreds of miles surrounding the Flynn Creek area, the ridge 

tops lie at a nearly uniform level of a bout 1000 feet above sea level 

(fig.6 ). The lowest eleva tions in the map area, averaging 520 feet 

above sea level, are in the western part of the Flynn Creek Valley. 

In the eastern part of the map area the streams are currently eroding 

into the edge of the Highl and Rim . The average relief over the whole 

area mapped ip about 450 fe e t. Hill slopes of 35° are common in the 

upper parts of all the vall eys , but ge nerally decrease to about 15° 
0 

to 20 at the mouths of the ma in val l eys. The slopes are often nea rly 

equal on both sides of the val leys and terminate abruptly with the 

flat valley floors . The hea ds of a ll the smaller valleys a re more 

nearly V-shaped . 

The crater at Flynn Creek does not greatly affect the present 

topography except along the northwes t rim. In this area one of the 

larger tributaries to Flynn Creek follows the approximate outline of 

the rim as it erodes into the less resistant, overthickened Chattanoo ga 

Shale (fig .5 ) . The majority of the streams apparently established 

their drainage patterns on t he stra t a that covered the crater and were 

not affected as they eroded into the deformed rocks . 

The Cumberland Rive r and its many tributari e s, including Flynn 

Creek, are mainly responsibl e for the present complicated drainage 

pattern . Immediately northea st of the Flynn Creek area the Cumberl a nd 

River has eroded into th e Highland Rim in a wide, flat incised stream 

valley. West and southwest of the Flynn Creek a rea the Cumberland 

River flows west across the r oll ing low l a nds o f the northern end of 

the Nashville Basin . The best exposures of the stratigr aphic section 

are present along the high vertical cliffs on the banks of the river. 

Flynn Creek is the l ar gest stream in the map area and empties 

directly into the Cumberl a nd River about five miles northwest of the 

crater. A large spring at the e as tern edge of the crater rim provides 

Flynn Creek with its source of per enni a l water . During the dry season 

the waterin the gravel be d o f Flynn Creek dr a ins underground at the 
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Figure 5 . --Aerial photograph of the Flynn Creek area. 
Center of crater is in center of photograph. 
Compare with Figure 2. 
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Figure6 .--Flat-topped ridges in part of the highly 
dissected outer Nashville Basin. View 
North from northeast side of Flynn Creek 
Crater, Tennessee. 
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western edge of the map area. One mile northwest of this location 

the water flow reappears from a cave immediately east of Route 53. 

All other tributary streams are intermittent except where an occasional 

high flow of water issues from one of the small springs at the top 

of the Chattanooga Shale . The porous cherts of the overlying Fort 

Payne Formation provide the s ource of this spring water. 

The Highland Rim, which entirely surrounds the Nashville Basin, 

is well-defined about three miles east of the crater (fig.4 ) . In 

this area the Rim is a rolling plateau fifteen to eighteen miles wide 

lying in an east-west direction and ranging between 950 to 1100 feet 

above sea level. The western part of the Rim is bounded by the highly 

dissected outer Nashville Basin . The eastern part of the Rim is 

bounded by the edge of the dissected Cumberland Plateau. 

Loc a tion 

The Flynn Creek structure is locate d in southern Jackson County, 

Tennessee in the north central part of the state (fig.4 ). The center 

f h 1 • • 1 85 O 3 9 I 45 I I W 1 • d d o t e structure ies at approximate y ongitu e an 
0 

36 16' 45'' N latitude a nd is about 8.5 kilometers south of Gainesboro, 

Tennessee and 105 kilometers east-northeast of Nashville, Tennessee. 

The area is easily accessible on the west by State Route 53 and 

on the east by State Route 56, both hard surfa ced. The recently 

surfaced Flynn Creek Ro a d passes east-west through the middle of the 

structure, while graded roads in Cub Hollow and Rush Fork provide access 

to the northern and southe rn parts of the structure. Numerous other 

graded and a few hard surfaced roads provide access to within 

approximately two kilometers of any part of the area. 
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Veget a tion 

Jackson County and the surrounding region are located in the Central 

Forest Region of eastern North America (Society of American Foresters, 

1954). Most of the southern part of Jackson County was originally 

covered by forests of the oak-hickory and oak-pine groups (Hogan, 

personal communication, 1963). Approximately 70 percent of the Flynn 

Creek area is woodland with only parts of the ridge crests and main 

valleys cleared for agricultural use. 

During the summer a lush, very dense ground cover of great variety 

blankets the lower parts of the v a lley walls a nd all cleared areas. 

Certain plants in poorly drained areas grow in profusion six to eight 

feet tall, making passage extremely difficult and outcrops nearl y 

impossible to find (fig.7 ). The southern valley slopes, which locally 

support l a rge stands of redcedar, commonly have the most extensive 

outcrops. 

Nearly all of the clearing for agriculture and timber was completed 

between the late 1700's a nd the early 1900's, but most of these a reas 

are now re-grown with thick, mature woodlands often with dense underbLush. 

Clearings on upper hillside s left untended for a few years have re-grown 

with large impassable pa tches of blackberry bushes a nd underbrush. In 

the larger valleys irregular clearings extend only up to the bas e of 

the Chattanooga Shale where a steep increase in slope occurs (fig.8 ). 

The upper and lower edges of the clearings often app roximately follow 

the underlying stratigraphic units. Open to dense stands of woodlands 

cover the interval from the base of the Cha tt a nooga Shale to the tops 

of the ridges where clearings may be present on the wider, flat areas. 

Most of the smaller valleys and heads of the larger valleys are rarely 

cleared and occasionally h ave a dense u~<lergrowth (from previous 

clearings) associated with the normal woodlands. 
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A 

B 

--Valley on the northeastern side of Flynn Creek crater 
showing typical relief of area and winter vegetation, A, 
and summer vegetation, B. Photographed from same 
location . 
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Figure 8 --Near western crater wall in Flynn Creek 
Va I ley. View toward west shows c I earing 
up to J·op of Leipers Formation. Base of 
tree line at top of ridge is at the base of 
Chattanooga Sha le. Ridge stands 1. 00 feet 
above Flynn Creek in left-foreground of 
photograph . 
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A 

B 

Figure 9 --Typical relief on western side of Flynn Creek Crater. 
Flynn Creek Valley in foreground of A and B. 
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REGIONAL GEOLOGIC SETTING 

Regional Stratigraphy 

The sedimentary rocks exposed throughout central Tennessee 

consist mainly of limestone with lesser amounts of shale and sandstone 

(fig.10 ) . The majority of these rocks are Paleozoic in age and are 

typical of the nearly flat-lying strata throughout the Interior Low 

Plateau of the central United States. Mesozoic strata are absent 

except for a few sedimentary rocks of Cretaceous age in west central 

Tennessee. Other younger rocks scattered throughout central Tennessee 

include flood plains, terraces, and a few surficial deposits of gravel, 

sand and clay which range in age from Tertiary to Quaternary. 

The oldest rocks exposed in central Tennessee are dolomite and 

limestone of the Knox Group and range in age from Upper Cambrian to 

Lower Ordovician. These strata are found at the surface only in the 

faulted, folded and brecciated central parts of the Wells Creek and 

Flynn Creek structures. Normally the Knox strata occur as nearly 

flat-lying beds about 1000 feet below the ground surface throughout 

this part of the state. The Knox Group is about 5000 feet thick in 

central Tennessee and may rest directly on the crystalline basement. 

The Stones River Group overlies a major unconformity on top of 

the Knox strata in the Valley and Ridge province, and presumably lies 

unconformably on the Knox Group in central Tennessee. The Stones River 

Group consists of nearly flat-lying limestone and dolomite of Middle 

Ordovician age and averages between 800 and 1500 feet in thickness. 

The upper Stones River strata are exposed throughout the inner Nashville 

Basin and dip gently away from the Nashville Dome. Faulted, folded 

and brecciated rocks of the Stones River Group also occur in the central 

parts of the Wells Creek and Flynn Creek structures. 

During Middle Ordovician time sediments of the Hermitage Formation 

were deposited disconformably on the Stones River strata. Shales, 

silty limestones and dolomitic limestones dominate the Hermitage 

lithology in central Tennessee and average 70 to 100 feet in thickness. 
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The Cannon limestone of Middle Ordovician age conformably overlies the 

Hermitage Formation and averages about 100 feet in thickness. The 

overlying silty limestones of the Catheys Formation of Middle Ordovician 

age average about 170 feet in thickness and a re apparently conformable 

with the Cannon limestone. The Catheys Forma tion in turn is overlain 

disconformably by the silty, dolomitic limestones of the Leipers 

Formation of Upper Ordovician age . The Leipers strata averages about 

100 feet in thickness. Each of thes e formations are well-exposed in 

the dissected parts of the outer Nashvil l e Basin. 

Limestones and shales of S i luri a n and Lower and Middle Devonian 

age are present along the western and northern parts of the 

Nashvi lle Basin but are absent in the Flynn Creek area. Throughout 

Tennessee and the surrounding states a pronounced erosional break 

is present at the base of the Upper Devonian strata. At Flynn Creek 

and in the surrounding area the Leipers strata are disconformably 

overlain by the regionally extensive Chattanooga Shale of early Late 

Devonian age. The black shales are in turn overlain, apparently 

conformably, by the very thin but continuous Maury Formation of early 

Late Devonian and early Mississippian age . Several hundred feet of 

chert and cherty limestone of the Fort Payne Formation overly the Maury 

Formation throughout centr a l Tennessee. Youn ge r Mississippian a nd 

Pennsylvanian sediments a re present in the Cumberland Plateau area to 

the east. The youngest deposits are the terr ace gravels, flood plain , 

colluvial and alluvial deposits along the hillsides and valley floors. 

Regional Structure 

The Nashville Dome is the dominant structural feature in central 

Tennessee and occurs as a very broad , flat, elliptical dome trending 

northeast in north central Tenne ssee and swing ing gently to the west in 

south central part of the state. The crest of the dome is located in 

south central Rutherford County a nd in northwestern Bedford County. 
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From this location the axis plunges about ten feet per mile to the 

northeast and can be traced through Wilson and Smith Counties and the 

extreme western parts of J ackson a nd Clay Counties (fig.ll,J2). The 

southwestern part of the dome is discussed by Wilson (1949, p. 326). 

The distribution of several lower Paleozoic formations has been 

affected by repeated uplifts of the dome according to Wilson (1935, 

1949, p. 328, 330, 1962). Conantand Swanson (1961, p. 9) also note that 

the uplifts of the dome '~ore recently have warped the erosion surfaces, 

notably the remnants of the Highland Rim surfa ce. The pre-Chattanooga 

paleogeologic map [in Wils on, 1949; Conant and Swanson, 1961] shows 

the effects of the earlier uplifts." 

Through?ut most of central Tennessee the strata dip gently away 

from the crest of the Nashville Dome at an average rate of 10 to 20 

feet per mile. Superimposed on this ge ntle regional dip are many 

small folds, such as plunging anticlines and synclines, domes and basins. 

Local dips on the flanks of these minor structures rarely exceed five 

degrees and more commonly ave rage two to three degrees. Broad, flat 

plunging anticlines and synclines that cover many square miles are 

also common along the flanks of the Nashville Dome, but surface and 

subsurface mapping in this part of the state is not yet sufficiently 

complete to determine the exac t position and shape of these folds 

(fig.11,12).0n the northeastern side of the dome in the Flynn Creek 

area several broad, flat anticlines and synclines plunge gently to 

the east and northeast with dips and plunges comparable to the shallow 

regional dip. 

A prominent joint s e t trends northeast on the northeast flank 

of the Nashville Dome and is parallel to the axis of the Dome in north 

central Tennessee. The direction of a second, more poorly developed 

regional joint set trends approximately northwest. 

Faults and fault zones a re rare in central Tennessee, but have 

been reported in a few areas, mainly on the eastern flanks of the 

Nashville Dome (Jewell, 1939, p. 16-18). The few fault zones described 
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usually range from a f ew f ee t up to twenty fee t in width a nd tre nd 

northeast . The zones c a nnot be trac e d for more than a few tens of 

feet. Displacements on the faults appea r to be mainly horizont a l. 

The fau l t zones a re ofte n accompa nie d by well - polished wa lls and rubble 

breccia or badly cr a cke d zones up t o twenty f eet ac ross; the breccia 

is r a rely grea ter tha n fiv e fee t wid e (Jewell, 1939, p. 17). 

The northea st-trending faults are locally mineralized with calcite, 

barite, fluorite, galena and sph ale r ite (fi gl3 ). J ewell (1939 , p. 17) 

suggests that the northe ast faults were formed a nd min e r alized before 

the development of the northwest faults, and that faulting a nd 

mineralization a re rel a t ed to the format ion of the Nashville Dome. 

J ewell (1939 , p . 17-18) also states tha t most mineraliz e d veins in 

central Tennessee occur in association with th e northeast fault zones. 

The trend of the l a rge r veins is N 40° E to N 45° E but varies from 

N-S to N 70° E . Most veins are vertical with some mineralize d zones 

up to three miles long. Prospecting has prove d mineralization extends 

a t least 200 feet be l ow the present ground surfa ce i n some of the veins . 
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STRATIGRAPHY OF THE FLYNN CREEK AREA 

Introduction 

The oldest rocks exposed in the Flynn Creek area are dolomites 

from the upper part of the Knox Group of Lower Ordovician age (fig. 10 ). 

The Wells Creek dolomite disconformably overlies the Knox strata and 

in turn is conformably overlain by the Stones River Group of limestone 

and dolomite. The Wells Creek and Stones River strata are Lower to 

Middle Ordovician in age. The Knox, Wells Creek and Stones River 

rocks occur as a folded, faulted and brecciated sequence only in the 

central uplift of the Flynn Creek crater. 

The Hermitage Formation, Cannon limestone and CatheysFormation 

form the Nashville Group of Middle Ordovician age in the Flynn Creek 

area. The Hermitage strata are composed mainly of interbedded silty 

limestone, thin irregular calcareous shale and dolomitic limestone. 

The Cannon limestone and lower part of the Catheys Formation consist 

of dense, fossiliferous limestone. An increase in the silt content 

occurs in the lower part of the Catheys strata and becomes pronounced 

in the upper part in silty limestone and shaly limestone beds. 

The Leipers Formation of Upper Ordovician age is the only 

representative of the Maysville Group in the Flynn Creek area. The 

lower part of the Leipers strata is very similar to the upper part of 

the Catheys beds and is composed of silty limestone with variable 

amounts of dolomite. The upper part of the Leipers Formation consists 

of a sequence of thick-bedded dolomite. 

Rocks of the Hermitage Formation occur only in the faulted southern 

rim of the crater and in breccia within the crater. The Cannon, 

Catheys and Leipers strata are exposed along the valley walls throughout 

the Flynn Creek area, in the deformed rim strata surrounding the 

crater and in the breccias within the crater. 

Thin-bedded breccia and dolomite of Upper Devonian age unconformably 

overlie the lower parts of the crater walls and the breccia of the 
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crater floor. The crate r is pa rtly filled by the regionally extensive 

Chatt anooga Shale of Upper Devonian age . The thin shale of the Maury 

Formation of Upper Devonian-Lower Mississippian age and Fort Payne 

Formation of Lower Mississippian age conformably overlie the Chattanooga 

Shale. The Fort Payne strata a re mainly chert a nd cherty limestones. 

The Chattanooga Shale and Maury Formation lie in a thin zone about 

30 feet thick along the upper parts of a ll the v a lley walls. The 

resistant Fort Payne rocks form the upper parts of ridges throughout 

the area. 

Cherty soils formed from weathering of the Fort Payne Formation 

cap all the ridges a nd make up part of the colluvium on the steep 

hillsides. Lower on the hillsides limestones we a thered from the 

Ordovician strata dominate the colluvium as a mixture of fine and 

coarse rock fragments associated with o rganic soil materials. A 

continuous deposit of a lluvium occurs in the major stream valleys, 

but is present only as discontinuous strips in many of the smaller 

tributary valleys. Terrac e gravels occur a s scattered patches along 

the lower parts of a few hillsides in the main stream valleys. 

The basis of the stratigraphic and geologic age assignments of 

the different formations was not re- examined except where it had a 

bearing on the Flynn Creek structure. Comprehensive stratigraphic 

studies by Wilson (1949, 1962) in the Nashvi lle Bas in have 

necessitated several revisi ons by the author in the stratigraphy in 

the Flynn Creek structure and surrounding area . The most important 

of these revisions involves re-def inition of the contacts between the 

Cannon, Catheys and Leiper s strata. Iden tific a tion of a part of the 

Hermitage Formation and breccia of probab le Sequatchie strata has 

further modified earlier str o tigr aphic work in the area. A revision 

has a lso been made of the strata in the centr a l uplift of the crater 

to include parts of all of the Stones River Group and part of the Knox 

Group . 
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The revisions involving th e He rmitage, Cannon, Catheys and 

Leipers strata have been b a s e d ma inly on the writer~ lithologic 

comparisons with rocks in the Na shville Basin where complete descriptions 

exist and where stratigraphi c a ssi gnments have already been established 

by Wilson (1949) . It has b ee n possibl e to carry contacts as far as 

30 miles on regional reconna iss a nce traverses from well-described or 

mapped localities into the Flynn Cr e ek area. The choice of contacts 

and correlation of the form a tions with the Nashville Basin strata 

has been further confirmed by field checking with C. W. Wilson in 

1962 and 1963 and R. Barnes in 1964. The occurrence of strata of 

the Stone River and Knox Gr oups in the central p a rt of the stru~e 
was privately suggested by Wilson (personal communication, 1962) . 

Examination of the equivalent stra t a in east Tennessee a nd in well 

cuttings from three wells south of the crater and review of the 

descriptions in the literature h a ve provided reasonable lithologic 

correlations of the Knox and Stones River Groups and Hermitage Formation 

with the equivalent strata in other parts of Tennessee. The identific a tion 

of breccia of probable Sequa tchie age is based on the writers lithologic 

correlation with Sequatchie str a t a in southeast and north central 

Tennessee and published descriptions. 

The detailed study of the stra tigraphy has been necessary mainly 

for mapping and for certain l a boratory studies . Since this is primarily 

a structural problem, the str a tigraphy will be described only in 

sufficient detail to substantiate the aspects which bear directly on 

the Flynn Creek structure. The bulk of the norma l stratigraphy and 

the petrologic conclusions must of necessity be reported elsewhere. 
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Cambri a n a nd Ordovician Systems 

Upper Cambri an and Lower Ordovician Series 

Knox Group 

Safford (1869, p. 204) originally proposed the names Knox 

dolomite, Knox shale (now th e Conasauga Group) and Knox sandstone 

(now the Rome Formation) for exposures in east Tennessee along 

Second Creek in the city of Knoxville. For the three divisions he 

suggested, " ... the Knoxvill e , or the Knox Group." In Tennessee 

the most extensive exposures of the Knox Group occur in the Sequatchie 

Valley and the Valley and Ridge province in the eastern part of the 

state. The only exposures of Knox strata in central Tennessee are 

found in two of the "cryptoexplosion" structures, the Wells Creek 

structure and the Flynn Cre ek structure. In both areas the Knox 

strata are restricted to the center of the structure and consist of 

faulted, folded, and highly brecciated units. 

Rogers (in Bridge and Rodgers, 1956, p. 21-24) has summarized 

the history of the stratigraphic terminology which has led to the 

present usage of the Knox Group and has described the different 

subdivisions in detail. Swingle (1954, 1959) has also published 

recent descriptions. The present classification in order of ascending 

stratigraphy is: the Copper Ridge dolomite of Upper Cambrian age, 

and the Chepultepec dolomite, the Longview dolomite, the Kingsport 

Formation, and the Mascot dolomite, a ll of Lower Ordovician age 

(Bridge and Rodgers, 1956). Swingle lists thicknesses in the Cleveland 

area in the Valley and Ridge province in southeastern Tennessee (1959) 

and in northeastern Tennessee in the same province (1954) as follows: 

Name Southea st Tennessee Northeast Tennessee 

Mascot dolomite about 500 f e et between 900 and 1000 feet 
Kingsport Formation abou t 225 feet between 600 and 700 feet 
Longview dolomite abou t 300 feet about 200 feet 
Chepultepec dolomite ab out 700 feet between 200 and 400 ,. feet 
Copper Ridge dolomite about 1000 feet between 400 and 600 feet 
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Unfortunately, subsurfa ce studies in central Tennessee are 

insufficient to define the Knox subdivisions in well cores or cuttings, 

mainly because drilling has not been carried deeper than the upper 

2000 feet and also because of the current lack of subsurface 

petrographic studies. For these reasons it is common in subsurface 

studies to refer to the strata below the Wells Creek dolomite only 

as upper Knox Group, al thou gh preliminary lithologic correlat ions 

strongly suggest that it is equivalent to the strata exposed in east 

Tennessee. This compa rison wil l be discussed in the s ec ti on on breccias. 

The Knox strata are composed mainly of dolomite with some 

interbedded limestone. Large , coarse chert masses are common in the 

upper few tens of feet of the Knox beds. The rocks are usually very 

fine to fine-gra ined~ but some beds are coarse-grained. In exposed 

sections the color range s from light t an and gray to dark brownish­

gray. Local silty zones are presenti and widespread sandy dolomites 

and sandstones are present in the lower part of the Knox strata. 

The thickness in the Flynn Creek area is probably about 3000 feet. 

In the Flynn Creek area the Knox Group is exposed only in the 

central uplift of the crater as a steeply dipping, folded, faulted 

and locally brecci a ted sequence of rocks. The part of the uplift that 

is faulted and folded is considered megabreccia in th a t the rocks 

have been detached and moved several hundred feet. For this reason 

the outcrops of the Knox Group a t Flynn Creek are described in the 

section on the breccia. 

Ordovician System 

Lower and Midd l e Ordovician Series 

Stones River Group a nd Wells Creek Do lomite 

The first complete classifica tion using the n ame Stones River 

Group was given by Safford in 1851 (p. 352-361) for exposures along 

the Stones River in central Tennessee. Since that time numerous 
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changes have been proposed by many workers in their attempts to 

correlate rocks of Ordovici a n a ge over long distances, mainly with 

the Ordovician stratigraphy in the New York area . Wilson (1949, 

p. 1-5, 23 - 75) has summariz e d the diverse history of the Stones River 

classification and given the stratigraphic reasons for the following 

nomenclature of the Stones Rive r Group (in descending order): 

Ca rters Limestone 
Le banon Limestone 
Ridley Limestone 
Pierce Limestone 
Murfreesboro Limestone. 

Inasmuch as these formations a re now widely accepted as mappable 

units in the Nashv~lle Basin and surrounding area, they are also 
r 

used for the stratfgraphic divisions mapped in the Flynn Creek area . 

The most extensive exposures of the Stones River Group occur 

in the inner Nashville Basin. The only other exposures of importance 

of this group in central Tennessee, including the Wells Creek dolomite, 

are found in the Wells Creek Basin and the Flynn Creek structure. 

The Wells Creek dolomite is also described in this section mainly 

because its distribution is the same as the Stones River Group> and 

because it immediately underlies the Murfreesboro limestone. Lusk 

(1927, p. 908) first placed it on a columnar section with a Lower 

Ordovician age and noted that it is exposed only in the uplifted 

center of the Wells Creek Basin. Bucher (1936\ in describing the 

same part of the Wells Creek Basin; gave this strata no age assignment 

other than Ordovician. Wilson (1949, p. 2) first listed the currently 

used name of Wells Creek dolomite as the lowest unit of the Stone 

River Group, presumably only in the Wells Creek Basi~ and again in 

1952 made reference to exposures in the center of the Wells Creek 

strata in the Stones River Group in his detailed stratigraphic 

description for surface exposures in central Tennessee. For descriptive 

purposes the Wells Creek dolomite is informally included in the Stones 

River Group in this study. 
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The contact between the Knox Group and overly ing strata in 

east Tennessee has been shown to be a major unconformity (Laurence , 

1966; Rodgers, 1953; Swingle, 1959; Oder, 1954). Strata overlying the 

Knox Group in the Valley and Ridge province have been placed in the 

Middle Ordovician Se ries and a t the present time this assignment is 

not in debate. Unfortunately littl e successfu l correlation work 

has been done on the Stones River Group in central Tennessee, leaving 

the lower boundary in th is pa rt of the state in doubt as to its Lower 

or Middle Ordovician age . Many workers in Tennessee have assumed 

that the top of the Knox Group is the Lower-Middle Ordovician boundary, 

but until regional stratigraphic and paleontologic studies are avai l able, 

the exact age of this erosiona l period must remain in question. 

The Stones River Group in the Nashville Basin is predominately 

dark-gray to light- gray, very fin e - to medium-grained, thin- to thick­

bedded limestone with variable amounts of interbedded dolomite . Some 

zones are fossiliferous and often fucoidal, while other scattered 

horizons contain persistant fine chert. Thin, gray calcarious shales 

are occasionally interbedded with the limestone and dolomites (Wilson, 

1949, p. 24, 54). A minor unconformity occurs between the Leb anon 

and Carters limestone, but the other contacts between the formations 

within the Stones River Group a re conformable . Descriptions of the 

Stones River Group in the Sequ a tchie Va lley in East Tennessee by 

Milici (1963 , p. 11-17) are e ssenti a lly the s ame as given above for 

centra l Tennessee. Unfortuna t e ly, Stones River strata examined in 

studies of well cuttings by Collins a nd Bentall (1945) and the 

author a re not easily corre lated dir ectly with each of the forma tional 

contacts exposed at the surfa c e . This is primarily because the surface 

exposures exhibit different e r osional a nd we a thering characteristics 

which do not occur in the subsurface, a nd the formational nomenclature 

is based on surface studies. The writer's studies on well cuttings 

used chert, bentonite, pellet, a nd other lithologic horizons t o correlate 

the three test wells south of the Flynn Creek structure. One of the 
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results of this work was an a ccura te determination of the thickness 

of the Stones River Group, which is 820 ± 5 feet including the Wells 

Creek dolomite. 

In the Flynn Creek are a the Stones River Group is exposed only 

in the central uplift of the crater a s a steeply dipping, folded, 

faulted and locally brecci a t ed s e quence of rocks. The part of the 

central uplift that is fault ed and folded is considered megabreccia 

in that the strata have been det a ched and moved several hundred feet 

from the original position. For this reason the outcrops of the Stones 

River Group at Flynn Creek a r e de scribed in the section on the breccia. 

Middl e Ordovician Series 

Nashville Group 

Hermi t a g_e ~o~m~tio:'.2 

The Hermitage Formation was named by Hayes a nd Ulrich (1903, 

p. 2) for exposures near He rmit age Station, David son County, Tennessee, 

and consists of limestone, shale , a nd shaly limestone . A description 

of the different facies and t h e ir exten t in Tennes see has been given 

by Wilson (1949, p. 81-107; 1962, p. 483 -487) . The distribution o f 

the Hermitage Formation in Central Te nnessee is similar to that of 

the Stones River Group. Until the current work o n the Flynn Creek 

structur~ exposures of Hermi tage rock s were not reported east of 

Granville along the Cumberl and River. This loc at ion is approximately 

eight miles west of the Flynn Cr eek a re a . However, Hermitage strata 

a re now recognized by the writer in a ma jor f a ult block in the 

southeastern part of the F lynn Cr e ek a rea (Pl a te 1). The Hermitage 

strata are considered as Middle Ordovician in age (Wilson, 1949, 1962). 

Only four of the facies d e scribed by Wilson (1949, p. 81-107; 

1962 , p. 483-487) are reco gnized in the Carthage area which is about 

15 miles west of the Flynn Cre ek structure . In descending order, 

using Wilson's terminology, these facies are: 
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Average Thickness 

silty nodular limestone membe r about 15 feet 
b lue clay-shale member about 10 feet 
granular phosphatic memb e r about 6 feet 
laminated argillaceous limestone member about 48 feet 

total thickness about 79 feet 

A thin bentonite bed 1 to 4 fe e t thick is present about five feet 

above the base of the formation. Outcrops of the upper 10 to 20 

feet of the Hermitage strata are also present a long the Cumberland 

River eight miles west of Flynn Creek, but only the silty nodular 

limestone is exposed. 

The exposures of the Hermitage strata in the Flynn Creek area 

are restricted to a fault block on the southeastern rim of the crater 

and several very large brecci a blocks within the crater. Good exposures 

of the fault block are present on the east side of Rush Fork 

approximately 1500 feet north of the aband oned Chaffin No. 1 test 

well. The Hermitage units can be trac e d east and up hill in Rush 

Fork Valley for several hundred feet but are then lost under thick 

colluvium. The c ontinuation of the same strata is found in the 

first valley northeast of Rush Fork but is not present further north. 

Normally the top of the Hermitage Format ion is about 110 feet below 

the valley floor of Rush Fork, but in this part of the valley the 

Hermitage strata have been thrust upwa rd with di ps ranging from 

20° to 50° N. 

The rocks on the east side of Rush Fork consist of light-brownish 

t o medium-gray, fine to coarse-grained, thin to medium-bedded, often 

nodular limestones and dolomitic limestones. The beds are 

fossiliferous and generally slightly porous. Thin calcareous sha ly 

limestone and shaly partings are also common . Examination of well 

cuttings suggest a subsurface thickness of 75 ± 5 feet, but only the 

upper 20 to 40 feet are exposed in the fault block. 
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Ca nnon Limes tone 

The name Cannon limest o ne was first used in centr a l Te nnesse e 

by Ulrich (1911, p. 27) without definition. The Cannon strata have 

been described by Wilson (1949, p. 107-136; 1962, p. 487-490) as the 

eastern facies of the Bigby-Cannon limes tone , and the n ame is used in 

this way in this study. The Cann o n lime stone is exposed throughout 

the eastern part of the Nashvil le Basin and re ac hes thickness of 100 

feet in the subsurface in easte rn pa rt of central Tennessee. The 

t ypica l Cannon facies is a d a rk - gray, fine - to medium- grained, medium-

to thick-bedded, moderately fos siliferous limes tone. Occassionally 

thin, local variations of the Dov e -colored facies of light-gray , very 

fine-grained, conchoidal fracturing, thin- to medium-bedded limestone 

are present . The Dove f ac i es is common near Nashville in the central 

part of the basin. The Cannon lime stone is c o nsidered as Middle 

Ordovician in age (Wilson, 1949J 1962) . 

In the Flynn Creek a r ea the Ca nnon limestone is exposed in the 

western half of the map a re a a long the bases of all the v a lleys . It 

had originally been mapped by Wils on and Born (1936) in the eastern 

part of the Flynn Creek v a lley and a long the southern p a rt of Rush 

Fork. The Cannon limestone in these two areas is only present in the 

deformed rim strata immediate ly adjacent to t he crater (Pl a te 1). In 

the eastern part of the Flynn Creek valley the Ca nnon strata are 

restricted to a limited numb e r of outcrops along the southern side 

of the stream and in the d eformed rim of the cr a ter. In the Rush 

Fork area the Cannon limestone overlies the Hermitage Formation as 

part of the upthrust fault block a nd dips 20° to 65° N. 

The characteristic lithology of the Cannon strata in the Flynn 

Creek area is medium-light t o d a rk- g r ay , cryptocrystalline to medium­

grained, sparcely to highly fossiliferous, thin- to thick- bedded 

limestone . Thin, wavy, calcareous sha le partings and sc a ttered gray 

to black chert nodules are c ommon in the upper third of the formation. 

Freshly broken rock yields a bituminous odor common throughout the 
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Cannon strata . The tot a l thickness from well cutting s from two t es t 

wells south of the crate r is abo ut 90 ± 5 f ee t. Only the upper one ­

third of the Cannon limes t one is exposed in the western part of the 

area~but the lower two-thirds is expos e d in the f ault block on Rush 

Fork. 

Solution cha nnels, l oca lly forming inter-connected c ave rns, are 

common a l ong the l a rger stream v a lleys . The channels are found in the 

base of the valley walls and at o r within a f ew fe e t of the present 

valley floors. The openings loca lly a llow l a rge scale slump s as seen 

along western Flynn Creek Va lley . The chaotic nature of t he se ou tcrops 

had led some observers to sugges t they were part of the d e forme d rim, 

but undisturbed units c a n be traced immed i ately above these outcrops. 

Also thick dripstone deposits c a n be found on the recent fresh r oad 

cut expo sur e s. The l ac k of de f o rma ti on on eithe r side of the s e ou t c rops 

and the dripstone is satisfactory evidence t o d emonstrate their c ave­

slump origin. 

The Catheys Formati on was n a med by Haye s a nd Ulrich (1903, p . 2) 

for exposures along Cathey's Creek in s o uthwest central Te nnessee. 

The distribution of this forma tion in c e ntral Tennessee is the s ame 

as that of the underlying conformable Bigby-Ca nnon limestone. The 

major cha nges betwee n these two formations a r e the introduction of 

several new lithologic type s, a n increase i n the amount of silt, 

particularly in the upper h alf of the Catheys strata a nd a different 

faun a 1 assemblage (s ee Wilson, 1949, p. 136-157 for fossil descriptions) 

In 1962 Wilson (p. 489-491) summar i zed the diffe r ent rock types or 

facies of the Catheys f ormation in the Na shville Ba sin. In the eastern 

part of the ba sin Wilson (1962) s imply referre d to the "normal easte rn 

Cathey 's limestone " of shaly facies, lam ina t e d siltstone facies and 

nodular facies. The stra t a a r e described a s gray, thin to med ium­

bedded, very fine to medium-grained, a nd nodular to uniformly bedded 
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with shale p a rtings. The Ca the ys Formation is considered a s Middle 

Ordovician in age (Wilson, 1949, 1962). 

In the Flynn Creek are a the Catheys Formation occupies the lower 

and middle parts of the hil lsides and is present throughout the map 

area. The formation is divid ed into three units for structural mapping 

and consists of the followin g units in descending order: 

Upper Catheys Unit, limestone : medium light to medium gray; increase 
in light brownish gray, grayish orange, and olive gray in upper 
half; cryptocrystalline to coarse grained; sparsely to highly 
fossiliferous; thin to thick bedded; incre a sing silt content 
and thin irregular argillaceous silty zones and partings in 
upper half. Base includes 3 foot argillaceous, silty, highly 
fossiliferous, persiste nt ledge-forming bed with scattered 
siliceous nodules at the top. Thickness averages 100 feet . 

Middle Catheys Unit, limesto ne : upper half is light to medium gray 
with slight increase in argi llaceous and silt content over lower 
half. Lower half is medium light to dark gray; cryptocrystalline 
to medium grained; spars e ly to highly fossiliferous; thin to 
thick bedded; thin c a lc areous shale in middle of unit; occassional 
scattered brown to gray, small siliceous nodules throughout unit. 
Base includes 3 foot argillaceous, silty, highly fossiliferous, 
persistent ledge-forming bed with siliceous nodules at top. 
Thickness averages 70 feet. 

Lower Catheys Unit, limestone: medium light to dark gray; 
cryptocrystalline to medium grained; fossiliferous; 
scattered elongated gra y chert nodules; thin to thick 
bedded. Thicknes s averages 10 to 15 feet. 

The choice of these units was based mainly on their persistence 

throughout the area and their nearly constant thicknesses. These two 

factors served to provide the a ccuracy necessary for the structural 

mapping. The writer was also able to recognize the equivalents of 

these units at least as far as 10 miles from the Flynn Creek area. 

The massive ledge-forming units at the base of the middle and upper 

Catheys units appear as continuous beds over many hundreds of square 

miles of the northeastern inner Nashville Basin-dissected Highland 

Rim. The writer's experience sugges ts, however, that correlation of 

facies within the Catheys formation cannot be accomplished without 

very close-spaced columnar sections, or, more probably continuous 

mapping from one area to ano ther. 
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Figure 14 .--Typical outcrops of the lower ledge unit 
of the Catheys Formation . Approximately 
I mile west of western rim of Flynn Creek 
Crater on the Flynn Creek Road. 
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Figure 15. --Upper unit of the Catheys Formation in a 
recent road cut 2 miles south of Gainesboro, 
Tennessee, and 3 miies southeast of Flynn 
Creek Crater . Upper quarter of outcrop is 
lower Leipers Formation. Exposure is about 
60 feet high. Note massive beds in middle 
of photograph which are typical of upper 
Catheys-lower Leipers strata. 
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Upp e r Ordovician Seri e s 

Maysville Group 

Leipi:!~ Forma_!_i~~ 

Safford, during his work in the late 1800's, included the Leipers 

strata in his Nashville Group but did not actually use the name Leipers. 

In 1903 Hayes and Ulrich published the Columbia Folio and named the 

Leipers Formation from exposures a long Leipers Creek, Maury County, 

Tennessee. Wilson (1949, p. 179-201; 1962, p. 491-493) has described 

the different facies and their faunal groups for the Leipers strata 

in central Tennessee. Wilson's descriptions, however, refer to the 

strata in the eastern part of Nashville Basin and Highland Rim only 

as normal eastern Leipers Formation consisting of a variety of 

argillaceous limestones. The Leipers strata are considered Maysville 

in age (Wilson, 1949, 1962). 

Wilson (1962, p. 490-4 91 ) has described a regional unconformity 

between the Catheys and Leipers Formations based upon marked faunal 

differences between the two formations and subtle truncation of the 

Catheys strata in the central parts of the Nashville Basin. In south 

central Tennessee the Inman Formation of Eden age is present between 

the Catheys and Leipers strata. The Inman strata are not present in 

the northwestern part of the Basin nor is any obvious truncation of 

the Catheys rocks present. Faunal changes do occur but have not been 

studied in sufficient detail to solve this problem. Until the current 

mapping no direct field evidence had been presented to demonstrate 

a period of erosion between the Catheys and Leipers Formation except 

the absence of Inman rocks. It is common practice for the mapping 

done by the Tennessee Division of Geology to include both the Leipers 

and Catheys rocks together because of the difficulty of identifying 

the contact on weathered exposures. 

A recent road cut was made along Doe Creek-Haile Hollow Road 

about 3.5 miles south of Gainesboro and 2 miles northeast of the Flynn 

Creek structure. Extensive fresh exposures exhibit an irregular 
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low-relief conta ct which is pa r al l e l to the bedding of the overlying 

and underlying strata a nd i s a t the approximate l evel of the Catheys­

Leipers cont act. The r e lief o f the contact is about 2 feet. The 

contact is more a ppropriat e ly called a contac t zo ne where it locally 

cont a ins a bundant thin shaly l imestone and thin, irregular shale 

lenses. When this contact is traced into weathered outcrops, it is 

nearly indistinguishable a s an ero sion surfa ce. The f a nual breaks 

described by Wilson (1949, p . 179-201) in the centr~ l Na shville 

Basin are also reasonably consistent with this choice of a contact 

between Catheys a nd Leipers strata. A care ful study of this cont a ct 

and adjacent rocks would probably h e lp establish the actual erosiona l 

break between these formati o ns. 

In the Flynn Cre ek a r ea the Leipe rs Forma ti o n occ upies the 

middle p a rts of the hillside s a nd is present thro u ghout the area. 

For structural mapping the writer divided the formation into three 

units, of which only the l ower t wo units a r e p resent throughout a ll 

of the area . These units are described in d es c e nding order in the 

follow i n g: 

Upper Le ipe rs Pl a tystrophia Ponderosa Unit, dolomite: grayish orange 
to brownish gray; fine to coarse g r ained , irregular a rgill a ceous 
and silty zones, l a rge siliceous b r a chiopod f r agme nts, large 
Platystrophia pond e ro sa. Occurs in f aulted southeast rim of 
crate r. 

Upper Le ipers Unit, argill aceous dolomite to d o l omitic claystone: 
medium gray to grayish ora nge ; very fin e to f ine gra ined; 
silty , moderately to highly argillaceous; l ocal ly non- to 
irre gula r to blocky bedded; local l y t h in to very t hic k bedded; 
locally thin, shaly dol omitic beds. Lower blocky t o no n- bedded 
part of this unit may be e quivalent t o the "C e ntervil le Muds t one." 
Thicknes s ave r ages 35 feet. 

Lower Leipers Unit, limestone : medium light to medium d ark gray; 
increase of light brownish gray to grayish orange to olive gray 
in upper half, fine t o coarse g r a ined; argill aceous a nd silty 
content increases toward top; loc a l, calc a r eous shaly horizons; 
sparsely phosphatic in some beds; moderately to hi ghly 
fossiliferous; thin to thick bedded; irregular to poorly 
bedded, locally discontinuous lateral zones in upper one 
third; cross bedded in some horizons, locally dolomitic in 
upper half. Thickness, 70-80 feet. 
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The choice of these units was based on the mappable differences 

in lithology between the lower and upper Leipers units, on their 

presence throughout the are a end on their nearly constant thicknesses. 

The upper LeipersPlatystrophia Ponderosa unit is restricted to the 

southern faulted rim and possibly a few exposures in the extreme 

southern part of the map are a. The writer was able to trace the 

lower and upper Leipers units in most outcrops in the northeastern 

inner Nashville Basin-dissected Highland Rim, except that the upper 

Leipers was quite variable in thickness. Subtle facies changes 

appear present in the lower Leipers uniS and close-spaced columnar 

sections or continuous mapping will be necessary to describe its 

regional lithology. 

Richmond Group 

Sequ~t~hj.~ Form~t_:!:_oE 

Wilson (1949, p. 201-239) h a s suggested the following 

classification of Richmo nd age strata in central Tennessee: 

Nashville Basin Sequatchie Valley 

West side of basin North side of basin 

Mannie shale Sequatchie Fm. 
Fernvale limestone 

F 
Se quatchie Fm. 

Western tongue of Sequatchie m. 
Arnheim Formation 

At the present time only th e Se qu a tchie Formation of the Richmond 

group has been recognized a long the northe a stern part of the Nashville 

Basin at a distance of about 14 miles northwest of the Flynn Creek 

structure. Thicknesses in southern Cl a y County range between 5 and 

15 feet (Born and Burwell, 1939, p. 47). Born and Lockwood (1945) 

also report about 40 feet of Sequatchie strata in test wells 36 miles 

east of the Flynn Creek are a . 

The Sequatchie Formation consists of greenish-gray to green 

massive calcareous and dolomitic mudstone and "sugary" dolomitic 
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argillaceous limestones tha t occassionally have fine-grained sand, 

shale and silty limestone (Wilson, 1949, p. 219-221; Born and Burwell, 

1939, p. 46-47). The limestone may be locally bluish gray in color. 

Both the mudstone and limestone a re char acteristically laminated, 

although the limestone in places is irregularly bedded. The 

Sequatchie Formation, particularly the green laminated dolomite, is 

distinctive in outcrop and not likely to be confused with other 

formations in the Silurian a nd Devon ian strata to the west along the 

northern edge of the Nashville Basin. 

Until the present work on the Flynn Creek structure, Richmond 

strata had not been recognized in the area. However, brecci a fr agmen ts 

have been found in the southeastern part of the Flynn Creek structure 

which are very similar in lithology to the green laminated dolomite 

of the Sequatchie strata 15 miles north of Flynn Creek in southwestern 

Clay County . The fragments which occur south of the crater in the 

ejected breccia and in the southern-most fault zone (Plate 1) consist 

of pale-green to grayish-green, fine-grained and laminated to .medium­

grained and non-laminated (usua lly light tan) silty, argillaceous, 

shaly- to medium-bedded, limy dolomite to dolomite. No fossils were 

observed in either the fragments located in greatest concentration 

in the southern-most fault zone, or in the few fragments located along 

the base of the ejected breccia on the southern-most fault block 

(fig.16). Breccia of the upper Leipers Platystrophia Ponderosa unit 

is mixed with the green laminated dolomite breccia high in the fault 

zon~while the lower part of the fault zone h a s ma inly green laminated 

dolomite. The fragments occur as blocks up to s everal feet in size, 

often tightly folded . Sma ller fragments are present in the rest of 

the ejected breccia immediately north of the fault zone but are restricted 

mainly to the base of the breccia. The lithologic similarity of these 

green fragments to the outcrops of Sequatchie formation to the north 

in Clay County is so striking that there seems little doubt of their 

correlation. Also there are no other strat igraphic units in the 

Silurian or Devonian strata of northern Tennessee that bear as close 

a resemblance to the brecci a at Flynn Creek as does the Sequatchie strata. 

Microfossil studies are necessary before the age is completely substantiated. 
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Figure 16 . --Typical outcrop of brecciated Sequatchie 
clay stone in fau It zone in southern rim. 
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De voni a n System 

Middle ~~-~ppe r Devonian Series 

Non-B e dd e d Breccias 

Introduction 

The non-bedded breccias within the crater consist of a chaotic 

mixture of fragments of Knox, Stones River , He rmitage, Cannon, Catheys, 

and Leipers strata ranging i n siz e from very fine microbreccia to 

blocks several hundreds of f ee t in length. Ba sed on matrix lithology, 

two main types of non-bedded breccia a re recognized, but they have 

such an irregular gradationa l rel a tionship that no contact was mapped. 

The two types consist of dolomitic breccia with a limy dolomite 

matrix overlying breccia with a predominately limeston~ matrix. Of 

the two types, the underlying brecci a with the limestone matrix occurs 

in much greater volume than does the overlying dolomitic breccia. A 

variation of these breccias occurs in the central uplift where breccias 

of only Knox and Stones River str a ta are present . 

Dolomitic Brecci a 

The dolomitic breccia is not present everywhere in the crater 

and makes up only a small percent a ge of the non-bedded breccias. It 

mainly occurs in areas where the ove rlying be dded brecci a s are thickest, 

suggesting that the dolomitic brecci a s may be the basal non-bedded 

parts of the sequence. A typical ou t crop consists of yellowish to 

dark-gray, commonly non- bedde d, unsorted, angul a r mi crobrecci a to 

blocks several feet in length. The ma trix is a yellowish-gray to 

yellowish-brown, argillaceous limy dolomite very similar to the matrix 

in the overlying bedded dolomitic breccias. Breccia fragments consist 

mainly of Cannon, Catheys a nd Leipers strata with sparse small Hermitage 

fragments. Knox and Stones River Group fragments form a major part 

of this unit along the north e rn flank of the central uplift but are 

rarely found more than a few hundred feet from this area . The upper 
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contact is gradational in ar e as where the overlying unit is a poorly 

bedded brecci a , but is usually sharp in areas where the overlying unjt 

is well - bedded. The lower contact is nearly always so gradational 

and irregular that it can only be approximately located in the available 

exposures. The dolomit ic breccia rarely exceeds 50 feet in thickness. 

Breccia 

The breccia which underlies the dolomitic breccia forms the major 

proportion of all the breccias exposed in the crater. A typical exposure 

in the crater consists of medium-light - to dark-gray, unsorted, chaotic , 

angular , very fine microbreccia to blocks several feet in length. 

The matr ix is a light- to me dium-dark- gray , locally argillaceous , 

dolomitic limestone . Breccia fragments consist mainly of Cannon, 

Catheys and Leipers strata with occasional Hermitage fragments. The 

t c tal thickness is unknown e xcept where it overlies the folded rim 

strata on the crater walls . Some exposures near the western rim reveal 

a minimum thickness of 250 feet for the breccia. 

The most extensive exposures of the breccia occur where Flynn 

Creek Valley cuts through the eastern and western rims. Other areas of 

good exposures of the breccia are found where Lacy Branch cuts the 

northern rim and where Rush Fork cuts the southern rim. Excellent 

outcrop of breccia a re a ls o present in the southern rim in Steam Mill 

Hollow and in the second stream valley east of Steam Mill Hollow. 

It is common for the largest bre ccia blocks, up to 300 feet in 

l ength, to be restricted to a band l e ss than 1000 feet wide and ad j acent 

to the crater wall. Cannon and He rmitage megabreccias are commonly 

restricted to this band. A large block of Hermitage strata approximately 

120 feet in length and 50 feet wide is ~resent adjacent to the western 

crater wall. In this pa rt of the rim the block is 60 to 100 feet above 

its normal stratigraphic position. 
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Where exposures are re a son a bly complete, blocks larger than 

about 10 feet in length h a v e been mapped and referred to as megabreccia 

elements, usually with the lithology identified. In many cases the 

unit of the formation from which the megabreccia element was derived 

is also noted on the map. In other areas the chao tic nature of the 

large breccia blocks and their extremely irregular contacts made it 

too difficult to map individual bl.ocks , and it was necessary simply 

to refer to the area as mega br ecc~ a . Lithologies and formational 

names are still applied. Other e xposures which have smaller sized 

fragments often have concentr a tions of breccia from a single formation 

and can be mapped as such. It is also common to have mixtures of 

formations in the brecci a such that the outcrop could only be designated 

as to the lithology without specifying the formation. "I n some areas 

breccia could be correl a ted with speci fic horizons outside the crater. 

Breccias with blocks large enough to cont ain several beds usually 

can be identified in the fi eld. Smaller fragments which might be 

confused with a number of different source beds were identified by 

petrographic and laboratory studies. Although not all of the breccia 

outcrops were studied in such detail to identify a ll the fragments, 

the writer at no place observed othe r than Knox, Stones River, Hermitage, 

Cannon Catheys and Leipers fragments within the crater. 

Ce~tra l Upli~ ~ecc:_i~ 

In the center of the crater, Stones River and Knox strata occur 

as folded, faulted and brecci a ted rocks which form the central uplift. 

Neither the Stones River Group nor the Knox Group are exposed elsewhere 

in the Flynn Creek area. The local descriptions of these rocks are 

reported in this section because the central uplift consists entirely 

of breccia and megabrecci a . The faulted and folded part of the central 

uplift are considered megabreccia in that the strata have been detached 

and moved several hundred feet from their original positions. In the 
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following description the Kn ox str a ta will be discussed firs~ and 

the Stones River discussed s e c o nd. 

Brecci a a nd Megabrecci a o f th e Kn ox Group : The top of the 

Knox strat~ now located in th e ce ntra l uplift of the Flynn Creek 

structure, normally lies a t a bou t 1000 feet below the level of the 

present valley floors. The be s t e xpo sures of the stra ta in the central 

uplift are along the north sid e of Flynn Creek Road immediately west 

of the mouth of Lacy Branch. Th e ea st e rn 500 feet of the outcrops 

are very poorly exposed b e c a us e of colluvium and vegetation. However, 

the outcrops that are expo s e d o r exc a v a ted consist of breccias with 

fragments ranging in leng th f r om a f r a ction of a n inch to nearly 65 feet . 

Some of the breccia in this a re a pr oba bly belongs in the Stones River 

group; however, difficulty in id e ntifying some breccia fragments and 

the presence of obvious Knox t y p e s suggest tha t their description be 

placed with the Knox Group. 

Outcrops of breccia n ea r the e a stern end of the exposures are 

composed of light-gray, thin- be dd e d to laminated limestone. The 

laminations consists of yell owish- g r a y, very fine - gr a ined, argillaceous 

limestone. The large fr agme nts exhibit many small faults which increase 

in number in irregular zon es until the rock is completely brecciated 

with all fragments rotated and sepa r a ted from the ir original position. 

The breccia matrix is mainly a y e llowish-gray , very fine-grained, 

argillaceous limestone app a r e ntly d e rived from the a rgill aceous laminations. 

The finely l aminated limest o ne s o ften exhibit such intense folding 

a nd brecciation that the t o ps o r bottoms of beds are folded over upon 

themselves. In a few outcr o ps the laminated limestones exhibit a 

concentration of fracturing a nd brecciation with the surrounding 

beds only moderately disturb ed. 

Other outcrops in the ea stern exposure consist of an extensive 

megabreccia block of thin- t o me dit1m-b e dded l imestone at least 65 

feet in length and dipping 22° to 42° NE with a N 40° W strike. 

Contacts with the finer brecci a s a re sharp on the west and east sides 

of this block. 
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Scattered outcrops west of the megabreccia block have many breccia 

blocks up to 3 feet in length and consist of intensely fractured and 

brecciated dolomite . The fractured parts of the breccia blocks have 

no relative rotation of individuc:l fractured segments (fig.17); 

however, these parts of the rock usually grade laterally into irregular 

zones of monolithologic brecci a where the fragments are rotated. The 

enclosing matrix consists of finely pulverized host rock. Fractures 

in the rock are actually very irregular, branching micro-fault zones 

when seen in thin section and have a very fine microbreccia fill. On 

weathered surfaces this fill is removed to depths of several tenths 

of an inch, enhancing the fr a ctures. 

Shatter cones are present in the breccia west of the megabreccia 

block and occur in three vertically orientated, yellowish-gray, 

fine-grained dolomite beds. The sha tter cones are never observed on 

weathered surfaces and are seen only when the rock is broken open, 

although all fresh surfaces do not have cones. Where cones are present, 

they generally consist of many cones pointing in a common direction and 

range in length from a few t enths of an inch to at least 3 inches 

(parallel to the cone axis). Smal ler cones occasionally have surface 
0 

striations which are curved through nearly 90 . Apical angles range 

between 80° and 100° . The most common orientation for the cone axis 

is normal to the bedding, but many examples were found where a 

freshly fractured block h ad one set of cones pointing in one direction, 

while another set of cones pointed in the opposite direction. In 

some blocks sets of cone a xes were seen to point in several different 

directions. Sawed surfaces allow one to trace the larger cone surfaces 

as fractures or micro-fault zones into the rock, but many of the adjacent 

and overlapping smaller cones do not show such a trace into the rock. 

Also many cross-cutting fractures or micro-fault zones are present and 

identical to those described in the shattered limestone breccia. In 

thin section the shatter cones exhibit irregular, branching fractures 

or micro-fault zones with a micro-breccia fill of cryptocrystalline 

dolomite and large dolomite crystals from the host rock (fig.19 ). 
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Figure 17 --Shattered Knox strata 1n cen tra l uplift. 
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Beds containing shatter cones 

Figure 18 --Vertical megabreccia beds of Knox strata 
con taining shatter .cones in the northeastern 
part of ce:1tral up lift. 
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A 

Figure 19 --Phol-omicrograph of shatter cone which is fractured 
and brecciated very fine grained dolomite. Knox 
breccia from central uplift. A is cut normal to 
shatter cone axis and B is cut parallel to axis. 

B 
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Movement along the breccia zones cannot be detenni ned because no linear 

markers are present in the rock. The beds containing shatter cones 

contain ve~y fine-grain ed d c tr iD l quartz that averages about 40 

microns in diameter. The qu a rtz is presen t betwee n 0.05 and 0.3 percent 

by volume and occurs as clear , a ngular grains. Several bulk rock 

s amp les were treated using 100- gram samples and using Fahey's (1964) 

method for identifying coesite, but all x-ray examinations produced 

negative results. The beds contain ing the shatter cones are surrounded 

on the sides a nd top by other limestone and dolomite breccias without 

shatter cones. 

The remainder of outcr ops to the west are nearly continuous 

outcrops exposed by a recen t road cut. About 800 feet west of the 

point where Lacy Branch empties into Flynn Creek, the first continuous, 

folded, non-brecciated unit s of Knox strata are present. The beds 

consist of light-olive-gray to medium-dark-gray, very fine - to fine­

grained, thin- to thick- bedded dolomite locally containing irregular 

gray to white siliceous nodules. The dolomite is composed of 0.05-

to 0. 1-mm hazy, inclusion-filled crystals forming an anhedral mosaic. 

Cross-cutting irregular fractu re surfaces a nd micro- breccia zones 

are filled with cryptocryst a lline dolomite, larger clear dolomite and 

calcite, and some host-rock dolomite crystals. The beds dip up to 
0 

65 to the west with a vari a ble northwest strike. The beds form a 

broad antic line trunc a ted on the ea st by extensive breccia deposits 

(Plate 1). 

The lithology and texture of the folded and brecciated Knox strata 

in the central uplift, except for the fractures a nd micro-brecci a zones, 

are identical to the upper Mascot dolomite of the Knox Group in both 

the Sequatchie Valley in southeast Tennessee and the western Valley 

and Ridge province in northeas t Tennessee. In both areas the writer 

was able to recognize simil a r chert horizons in the upper part of 

the Mascot strata which are very similar in color and texture to the 

chert in the upper Knox Group at the Flynn Creek crater. These chert 

horizons were also recognized in a study of the well cuttings from 
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test wells located south and southwest of the crater. Test wells 

in other parts of central and east Tennessee also have penetrated 

strata at similar depths which have the same lithology (including 

the chert), and presumably a re all of the upper Knox Group. 

The earliest identific a tion of these rocks as Lowville 

limestone (now Carters lime stone of upper Stones River Group) was 

made by Wilson and Born (1936), but Wilson (persona l communication 

1962 and 1963) has told the wr iter that he now feels these rocks 

clearly include a ll of the Stones River and part of the Knox Groups. 

Other workers, including Swingle , Maher, and Laurence, who have 

examined these outcrops a t Flynn Creek and are intimately familiar 

with the Knox Group, also a r e convinced of both the Knox and Stones 

River correlations. No publishe d accounts have been given except 

by the writer (1963, 1964, 1965 ). The similarities in lithology, 

textures, chert types, and stratigraphic position (subsurface information 

from local test wells) appear adequate for reasonable preliminary 

correlation of the Knox Group until micro- fossil studies can be made. 

Breccia and Megabrecci a of the Stones River Group: The exposures 

of Stones River strata in the Flynn Creek structure are limited to 

the central part of the crater, with the best outcrops present alo ng 

a recent road cut on the north side of Flynn Creek Road and about 

900 feet west of the inter section of Lacy Branch and Flynn Creek. 

The top of the Stones River Group normally lies about 200 feet below 

the level of the present vall ey floors,while the base of the strata 

is normally 1000 feet below the valley floors. In this area the 

Stones River Group, including the Wells Creek dolomite, occurs in 

the central uplift as a sequence of steeply dipping, faulted, folded 

and locally brecciated rocks (fig.20 ; Plate 1). Only about 70 

percent of the Stones River Group appearsto be present, the remainder 

apparently omitted because of the faulting. Bedding plane faults 

may be important in all of th e se exposures as evidenced by occasional 

slickensides on bedding surfaces. 
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A 

B 

Figure 20 . --Faulted S·rones River strata in the central uplift 
of the Flynn Creek Crater. 



Stones River 
strata 

Wells Creek 
dolomite 

Knox 
strata 
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Figure 21 --S tones River, Wei Is Creek and Knox contact 
in the central upli ft . 
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In these exposures th e Wel ls Creek dolomite lies with apparent 

conformity on the Knox strata with a moderately folded contact 

dipping steeply to the west. The strata consist of light-greenish 

to yellowish-gray bands of microcryst a lline to very fine-grained 

dolomite. The color bands occur most l y a s discontinuous stringers 

irregularly truncated by a low ang le fault, thus preventing an accurate 

location of the upper cont act. We l l cuttings give a thickness of 

about 8 feet for the undisturb ed Wells Creek strata. An isopach 

of the Wells Creek dolomit e in central Tennessee shows a thickness 

of 10 feet in the Flynn Cre e k a r ea (Smith, 1959). 

Wilson (personal communications , 1962) originally suggested the 

possible presence of Wells Creek dolomite in the central uplift at 

Flynn Creek . There is no question in the writer's opinion that the 

exposed lithology of this stra t a in the Flynn Creek Structure 

compares only with the thin interval between the Knox Group and 

basal Murfreesboro limestone. Furthennore, the Wells Creek strata 

in the type locality of the We lls Creek Basin include units identical 

in lithology and texture to these rocks in the c entra l uplift in 

Flynn Creek. Collins and Be ntall (1945) also have noted a "basal 

silty unit" from wells that extends from the western to the eastern 

part of central Tennessee. This same unit has been examined by 

the writer in two sets of well cuttings from wells south of the 

crater, and the rock has the s ame lithology a s the proposed Wells 

Creek stra ta in the Flynn Creek crate r . The conclusion from these 

lines of evidence strongly suggests tha t the strata a t Flynn Creek 

are the e~uivalent to the Wells Creek dolomite in the Wells Creek 

Basin and probably represent the s ame formati on. 

A similar approach was us ed in correlating the Stones River 

Group in the Nashville Basin a nd in east Tenne ssee with the strata 

in the central uplift at F lynn Cr eek . These strata a re well exposed 

throughout the Nashville Basin a nd can be traced to within 20 miles 
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west of the Flynn Creek a r ea and pres en t less of a long r a nge 

correlation. problem. Wilson (1%9, p. 24 - 53), Milici (1963), and 

Born (1939) h ave described the Stones River Group in the Nashville 

Basin, Sequa tchie Valley, and Clay County (north of Jackson County) 

respe ctively . A genera l ized lithologic description of the g r oup 

based ma inly on the writer ' s observat i ons a t Flynn Creek and on 

Wilson's ex t e nsive studies (1949, p . 24 - 53) in the Nashville Basin 

is given in the following: 

Carters limestone : li ght gray to l i gh t olive gray; very fine to 
coa rs e g rained; t h in to medium bed ded; some beds dol omitic; 
three b e ntonite beds i n upper pa rt, fossilif e r ous. Bentonite 
beds not identified at Flynn Creek. 

Lebanon lime stone : medium to dark gray , very fine to fine grained 
t o occasional thick bedded units in middle; fossiliferous; 
some dolomitic beds. 

Ri d l ey limestone: medium light to med ium bluish g r ay ; v e ry fine to 
coars e grained; thin to thick bedded; thin disc ontinuous d a rk 
gray shale partings; irregula r a r g ill a c eous content; some 
beds dolomitic; fossi liferous . 

Pierce limest one: medium li ght to medium bluish gray; very fine to 
c oarse grained; mainly thin to medium bedded; gray calcareous 
sha le parting a nd thin lines of shale; some units high in 
cl a y and silt; some beds dolomitic ; fossilif e r ous . 

Murfreesboro limestone: dark gray to d a rk bluish gray ; very fine 
to fine g rained; medium to mainly th ick bedded; l ow silt and 
a clay content; some dolomitic beds ; foss ili fero u s . 

Examina tion of these units in the Nashville Basin and in the 

Se qua tchie Valley, studies of well cutt ings in the Flynn Creek 

area, a nd field checks with Wilson (pe rsonal communication, 1962, 

1963), Barnes (personal c onununicat i on , 1963) and Sterns (persona l 

communic a tion, 1964) strongly sugges t that all of the format i ons 

of the Stones River Group are p r esent in the central part of the 

Flynn Creek crater . The writer was ab l e to locate representatives 
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of each of the formations in their appropriate stratigraphic sequence, 

but in most cases faults appear to truncate the strata too 

pervasively to locate the contacts without further det a iled study. 

There is also the problem that the se exposures a re relatively fresh, 

and the Stones River Group c a n normally be divided only on weathered 

outcrop. From present field measu remen ts the writer believes that 

more than 600 to 700 feet of the total 820 ± 5 feet of Stones River 

Group plus We l ls Creek dolomite are present in the central uplift 

center of the Flynn Creek cr ate r. 

The youngest fragments identified in the non-bedded breccias 

are from the Sequatchie Format ion of Upper Ordovician (Richmond) 

age. The bedded breccias and bedded dolomite that overlie the 

non- bedded breccias in the crater have been identified as early 

Late Devonia n in age. Strat a of Silurian and Lower and Middle 

Devonian age are present 25 miles northwest of the Flynn Creek area 

(Wilson, 1949) , but are absent between the bedded breccia and the 

underlying non-bedded brecci a in the crater. These age relationships 

and the possibility of non- d epo sition of Silurian and Lower and 

Middle Devonian sediments in the present Flynn Creek area suggests 

a maximum age range for the non- bedded breccia of Upper Ordovician 

(Richmond) to early Late Devon i an . 

Wilson (1949, p. 334-347), however, has described stratigraphic 

evidence for several periods of erosion and sedimentation during 

Silurian and Lower and Middle Devonian time. Part of the area 

discussed by Wilson lies at the northern end of the Nashville Dome 

and immediately northwest of Flynn Creek. Assuming the depositional 

conditions described by Wilson existed in the present Flynn Creek 

area , and if the crater was formed before or during t his time, then 
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it should have received s e dime nts from the time of formation until 

i t was filled. Inste ad, the first bedded rocks in the crater are 

early La te Devonian in age . Based on this evidence alone ,it can 

be tentatively concluded tha t the non-bedded breccias a re prob~bly 

of Middle or Upper Devoni a n age . 

A second argument can be ma de for the Middle or Upper Devonian 

age of the non-bedded breccia b a sed on the expected res istance of 

the crater to erosion. It seem s extremel y unlikely tha t a crater 

formed in limestone could exist mo re than a few million ye a rs 

before being filled by erosi on of the surrounding strata in the crater 

walls. It al so seems impr obable that the central uplift, which 

was a hill on the crater fl oor, would h ave survived extended exposure 

to erosion. For the sake of d emonstrat ing the r ate of ero sion of 

the central uplif~ one could as sume a r a te of erosion of 0.02 inches 

of material removed from the fl a nks of the hill per year. If this 

rate was constant, then in a pproximately one million years the hill 

would be removed . Another point which argues for the Middle or 

Upper Devonian age is the a bs e nc e of lake deposits in the crater . 

Instead, the bedded deposit s are ma rine a nd of t he s ame age as the 

Chattanooga Shale that fills the cra t er. The implic a tion from these 

lines of evidence suggests that the non- bedded breccia in the crater 

p r obably was formed shortly before early Late Devonian time. 

Uppe r De v on ian Series 

Bedded Breccia 

A sequence of bedded brecci a s consisting of several different 

lithologies overlies the non- bedded breccias within the crater. 

The most common type consis ts of a bedded dolomitic breccia that 

is present throughout the cr a ter a nd thins out high on the crater 

walls and flanks of the centra l uplift . The unit consists of 
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yellowish-gray to yellowish- b rown, co a rse to poorly-sorted, 

poorly-graded bedded brecc i~. The breccia is made up mainly of 

angular to poorly-rounded fr.::igments which are predominately of 

upper Leipers dolomite a nd enclosed in an argillaceous dolomitic 

matrix very similar to the ov e r lying bedded dolomite. This unit 

locally develops into poorl y - bedded, very coarse breccia with poorly­

sorted fragments. The upper contact with the overlying bedded 

dolomite is gradational over a few inches in some outcrop~ while 

in other exposures the cont act is sharp on the order of a fraction 

of an inch. The lower cont act is irregular but sharp where in 

contact with the non-bedded cr a ter breccia. Where the unit overlies 

other variations of bedded b r e cc i:1, the lower contact is gradational 

over a few inches to several f eet . 

The only other bedded breccias of import a nce consist of a 

bedded limestone breccia with loc a l variations of poorly-bedded 

limestone breccia, and bedd e d bre cci a with local variations of 

poorly-bedded breccia. The d e scription of these units is as follows: 

Bedded limestone brecci a : me dium ligh t to medium dark gray, poorly 
sorted, coarsely bedded, a ngular to poorly rounded fragments 
predominately of limestone of lower Leipers, Catheys and Cannon 
strata in an argillaceous dolomitic limestone matrix. Only 
occurs loc ally . 

Poorly bedded limestone bre cci a : same a s bedded limestone breccia 
except poorly bedded with very coarse and poorly sorted fragments. 
Only occurs locally . 

Bedded breccia: yellowish gray to d a rk gray , poorly sorted, coarsely 
bedded, angular to poorly round ed fr agme nts of Leipers, Catheys 
and Cannon str a ta in an argill aceous dolomitic limestone to 
limy dolomite matrix. Only occurs loc ally. 

Poorly bedded breccia: s ame a s bedded breccia except very poorly 
bedded with very coars e and poorly sorted fragnents. Only occurs 
locally. 

The poorly-bedded breccia, if present , is always the basal unit 

and is overlain by the bedde d bre ccia. The bedded limestone breccia 

is present only locally as is its basal variation of poorly-bedded 
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limestone breccia. The bedd ed dolomitic breccia with its local 

development of poorly-bedded dolomitic breccia is the highes t 

stratigraphic unit of the bedded breccia sequ e nce. The bedded 

breccias are a minimum of 40 feet thick ne ar the central part of 

the crater and around the flank s of the central uplift. In this 

part of the crater the bulk of the fragments are from the Stones 

River and Knox Groups. 

Huddle (1963) h a s reported c onodon ts of ea rly Late Devonian 

age in the bedded breccia a nd overlying bedded dolomite at th ree 

localities within the cra t er . Wilson and Born (1936) h ad called 

these units freshwate r lime stones, and Conrad , et. al. (1957, p. 16) 

concurred with this interpre tat ion. As pointed out by Conant and 

Swanson (1961, p . 11~ the conodonts a re marine microfossils a nd 

indicate a marine environment of deposition. 

Bedded Dolomite 

The bedded breccias are overlain by a singl e bed of ma ssive 

dolomite which average s about 3 feet in thickness throughout the 

crater, with loc a l increases of up to 25 feet. The dolomite also 

overlies the bedded brecci a high on the crater wa lls and c entral 

uplift, but usually thins out somewhat lower in elevation tha n do 

the underlying bedded breccias . The bedded dolomi te is locally 

absent in a few parts of the crater al l ow ing the Cha ttanooga Shale 

to lie in direct contact on the bedded breccia , o r in some cases 

on the non-bedd ed brecci a . 

Typical expos ures o f the bedded dolomi t e a re present on the 

western rim immedi a tely north of the Flynn Cr eek Road and on the 

west side of Fox Hollow. In this a re a the b edded dolomite consists 

of yellowish- gray to yellowish-brown, slightly a rgillaceous, fine­

grained dolomite. Thin l amina tions which appear to represent 
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variations in the clay content are common throughout the unit. 

Cross-bedding is loc a lly present as are thin lenses of breccia 

in the lower few inches of the dolomite. In some exposures the 

lower contact is gradational over several inches with the bedded 

dolomitic breccia, while in other exposure s this cont act is very 

sharp. In a few exposures the thin lenses of breccia in the base 

can be traced into the und erlying bedded breccia. Conodont fragments, 

phoshphatic rema ins, and coarse dolomite crystals which may be 

elastic give a coarse-grained appea r a nce to some exposures near the 

eastern and western rims. 

The upper contact with the Chattano oga Shale is always very 

sharp, although locally there a re usual ly several feet of relief 

on the upper surface of the bed ded dolomite. Immediately west of 

Fla tt Cemetary in the west c ent r a l part of the crater and several 

feet north of Flynn Creek Road, exposures of the bedded dolomite 

exhibit pre-Chattanooga channe lin g with relief on the order of three 

feet. Basal Chattanooga Shale c a n be seen in contact with some of 

the vertical channel walls occuring as a soft, weathered, silty 

carbonaceous claystone (fi g .24 ). This outcrop is on the western 

edge of a small mount of breccia. 

The early Late De voni an age of this dolomite and the argument 

for a marine origin were given in the previous section on the bedded 

breccia. 

Basa l Claystone 

The basal claystone is probably a local v ariat ion of the b a sal 

Chattanooga Shale within parts of the cr a ter. It occurs in a t least 

three localities, the central pa rt of Fox Hollow, the western part 

of the mouth of Fox Hollow, a nd the western flanks of the central 

uplift (Plate 1). This thin unit is similar to the interbedded 



80 

Fi gure 22 --Weathered outcrop of bedded breccia overla in 
by bedded dolomite . Immediately west of 
centra I uplift. 
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Figure 23 --Fresh outcrop of bedded breccia over lain 
by bedded do lomi te . Note lens of breccia 
in boHom of bedded dolomite . Immediately 
wesi· of cen tral uplift. 
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Figure 24 . --Pre-Chattanooga Sha le channe ling in top 
of bedded dolomite . Immediately west of 
cen tral uplift. 
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claystones in the middl e pa rt of the Chattanooga Shale and consists 

of brownish-black to medium- to d a rk- gray , calc a reous to dolomitic, 

carbona ceous, silty cl aystone. Local ly calcite and siliceous 

nodules are present, the si lic a often r e placing the c alc ite. 

In a few locations where this unit is present , it has a thickness 

of a few inches to 3 feet. The upp e r a nd lower contacts are usually 

sharp. 

Conodonts of early La t e Devonian age have been id entified 

from the underlying bedded dolomite and from the overlying basal . 

Cha tt anooga Shale (Huddle, 1963). The basal claystone wa s not 

present in the conodont col lec ting sites, but its occurrence in 

other parts of the crat e r b etween t h e bedded dolomite and the base 

of the Chattanooga Shale, and its strong lithologic simil a rity to 

the black shale leaves littl e doubt tha t this is another local 

variation of the sha le. 

Chattanooga Shale 

Although the Chatta no oga Sha le wa s reco gn i zed as early a s 1835 

by Troost (p. 6-8), it was not name d until 1891 by Hayes (p. 142-143) 

for exposures in the city of Cha t tanooga , Tennessee . Sinc e that 

time a g reat deal of study has been d evo ted to the Chattanooga 

strata, a nd is best summarized in the r ecent comprehensive study by 

Conan t and Swanson (1961). The Chatta nooga Sha le forms a thin but 

remarkably persistent forma rion of bl ack shales of early La te 

Devoni a n ( a nd possibly late Middl e Devonian) to Ea rly Mi ssissi ppian 

age over much of the interior lowlands of North Ame ric a. 

In the northe as tern p a rt of the Nashvill e Ba sin the Chattanooga 

Shale ave rages 25 fe et in thickness with vari a tions rarely over three 

feet . The Flynn Creek structure is the one ma j o r exception where 

the Chattanooga Shale thicke ns to a minimum of at least 180 feet 

in a closed depr es sion . Norma lly the Chattanooga strata are found 
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along the upper parts of th e v ci lley walls where a slight steepening 

occurs in the slope. Exposur e s Dre usually restricted to the heads 

of the smaller valleysand t o occDsional roa d cuts. In the Flynn 

Creek structure, however, the bl Dck shale occupies mos t of the interva l 

between the floor of the stream valleys and the Fort Payne Formation 

high on the hillside. Indeed , had it not been for the presence of 

such a distinct lithologic ma rker as the black shal~ it is doubtful 

if the Flynn Creek structure could have been examined in any reasonable 

amount of detail . The pres e nce of the black shale at stream level, 

instead of along the ridges, was one of the reasons the structure was 

first noticed by Safford in 1869 . 

Hass (1956) in an early study and as a personnel communic at ion 

to Conant and Swanson provided the most reli ab le age as signments 

by his work on the conodonts in the Chat tanooga Shale . The 

stratigraphic nomenclature a nd age a ssignments described by Conant 

and Swanson (1961) are applicable to the Chattanooga Shale throughout 

the Flynn Creek area (fig. 25). This five - fold division, with the 

Dowelltown member and its l owe r a nd upper divisions , and overlying 

Gassaway member including its lowe r, middle and upper divisions, is 

also recognizable in all of the overth ickened part of the Chattanooga 

strata in the crater. Wher e exposures a re reasonably good, such 

as at the heads of small valleys, the two members can always be 

separated. The five divisi ons are also usually recognizable. The 

lithology of the Chattanooga Shale for both t he Flynn Creek structure 

and surrounding area is as follows: 

Chattanooga Shale (general), shale a nd c lays t on e : Gr a yish-black, 
calcareous, highly carbona ceous shale; unweache red mass ive, 
weathers fissile; loc al pyrite, ma rc a site and fine silt 
partings; lesser amounts of medium light-gray silty, calcareous, 
carbonaceous claystone interb e dded with black shale. Formation 
undivided on most of the map because of poor exposures. 
Thickness averages 27 feet, except within crater wh ere maximum 
thickness is about 200 feet. · 
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Gassaway member, shale and cl a ystone : Upper and lower parts are 
grayish- bl a ck to black, fissile, calcareous, highly c arbonaceous 
shale; unweathered massive, weathers into blocky, fissile 
slabs in upper part; loc ~ l pyrite ma rc asi te and fine siltstone 
partings. Middle part mediu~1 light- to medium- gray , silty, 
calcareous, carbonaceous claystone interbedded with black 
shale. Thickness aver a ges 17 feet except within crater where 
maximum thickness is about 25 feet . 

Dowelltown member , shale and claystone: Upper part is medium li gh t ­
gray, silty, c alcareous , carbonaceous claystone interbedded with 
black sha le; thin bentonite bed i n upper 2 feet. Lower part 
is grayish- bl a ck to black fisile, calcareous, highly carbonaceous 
shale; unweathe red massive, weathers fissile; local pyrite, 
marcasite and fine silt partings . Basal contact with Leipers 
Formation sharp with less than 0 . 02 foot bas a l calcareous, 
poorly carbonaceous si ltstone which is a lso present within the 
crater. Thickness averages 10 feet except within crater wh e re 
maximum thickness is about 170 feet. 

The thickened part of the black shale occurs mainly in the 

lower unit of the Dowe lltown member . This has be en noted by Conrad, 

et. al, (1957), Stockdal e and Kepser (1959), a nd Conant and Swanson 

(1961); however, no detailed studies or mapping were carried out. 

During the current study the wr it er observed changes in thickness 

over a linear distance of about 500 feet from 27 feet over the 

rim to nearly 120 feet within the crater. Immediate ly over the 

eroded cra ter wall, the shale has dips as great as 18° towards the 

crater, but the dips rapidly flatten to very gentle inward dips in 

dist a nces of 100 to 300 feet. Di ps of 23° maximum are present along 

the flanks of the central uplift but also flatten to zero and then 

reverse in dip direction (dip towards central uplift) in linear 

distances averaging about 20 feet. Without exception , the shale 

in the crater always exhibits gen tl e dips tow a rds the deeper parts. 

The Chatta nooga Shale is cleurly ~nconformable in c entral 

Tennessee, lying on 23 different formations (Wilson, 1949); however, 

this is not apparent in the Flynn Creek area where the black shale 

is in contact with the Leipers Formation . Bedding in both formations 
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THICKNESS C H A RACTER OF RO CKS IN FEET 

tnterbeddtd chert and limestone; &reenish·arey to 1r1yish·ytftow 
~ded chert Ind 1reenish·1r1y dense 1raillac:eous Mltctou1 
hmestone. 

Maury 
Cla:uti~&~~(~:::,;,e;:;:~!! tr~~°':,~' ~tosh ~.:: formation 

2.3 ~weathered); has blocky to subconchoidal fracture. Pholphatll 
1n form ot balls. disks. and pl1tH: balls and disks Ins than 0.1 
foot in diameter; plates lets thin 0.5 loot In erutHt di"*'lion: 
most abundant •I top and bas.e. Top contact i1 sharp and un· 
dulatin& h1vin1 0.1 foot relief. 

Phosphate nodule layer of variable thicknen. Nodules ot many 
•h_aPff as much as 1.5 ttet or more in areatest dimension. in'" 
ohv• ·1ray sandy matrix. Conctntration of nodultt variff lat· 
• rally. Where nodule l1yer 11 thicknt. cwertyinc d1ystone it 

E 
eorrespondinaty thinner. 

lack shale. Scattered photphllt nodules In UPI* 0,, foot 
UnwHthertd rock it 1r1yi1h bl1ck, ma11ive, and brHks with 
conchoidll fractur~: weather.cl rock is medium to dirk,,.., and 
finely fiuile. Paper.thin medi um ct.rk·1ray liltltont pattinp; 
filrm and thin lenHt of marcasite. 

lnterbedded bl.ck 'hale and medium-lfay daystont. Chiefly blM:k 

~~a~o~~~=~o~ ,:O.ro"f~~:hic:~~~!T,~~n~ ·:,~ ::;: 
natin1 bed' of li1ht·brown silt,tone and black shale; the bl.Kil 
shale layers become thicker and mot• d osety spaced upward. 
Bual conttct sharp. 

"' 
7.5 Black shale. Similar 10 6.9.foot black shale unit above. Alcw 

thin layers of mtdium-1r1y clayslone near base. su"Ht•nc that 
lower contact is eu1dational. 

Chattanooga 
shale 

32.1 

------ -- Center Hill bentonite bed. 

E lnterbedded medium lighl·gray claystone and dark·gray 'hale bed' 

9.2 
commonly 0.1 to 0.4 foot thick. Benlonite bed. 0.09 toot thkk. 

e · has conspicuous biotite flakes: ohve eray where trnh. ~ 
yellowish orange where weathered and readily observed on face 
of outcrop: top is 0.85 toot below top of unit . 

Black shale. Generally resembles 6.9·foot shale unit abcve. color 
ranging from grayish black to dark gray. Poorly sorted basal 
sands.tone present at most places. Averages about 0 .02 toot 

6.2 thick: contains very fine grained clear quartz. iron sulfide. watH· 
worn chert and shell fragments. and conodonts. Basal contact 
sharp but slightly undulating, truncating underlying hmestone at 

0 
an angle of 1 • or less. 

1,JNC0Nf:() R MITY 

Leipers limestone. bluish·gray. and argi tlaceous: li ght -gray to btu1sh·gray 1 
limestone calcareous silt stone in lower 30 feet. Weathers gray 1 ~h orange 

50 o= 
to yellowish gray. 

- - S·randard sec ti on of the Dowe 11 i·own and 
Gassaway members of the Cha "i"tanooga 
Shale. Vertical cu t along east a pproach 
to Si l i go bridge on State Rou te 26, about 
7 miles e ast of Smi t hville, DeKalb County , 
Tennessee . From Conant and Swanson 
(1961 f p . 24) . 
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is paral lel, and only a di scontinuous , silty black shale horizon 

less than 1/2 inch thick is present at the b ase of the Cha tt a nooga 

Shale. Both the top a nd bottom contacts of t he Cha tt anooga stra t a 

are without exception extremely sharp . 

Within the crater the basal few inches to a few feet cont a in 

a slightl y higher p e rcent of silt than the rest of the forma tion. 

Small siliceous nodules a r e also locally present a t the b ase of the 

shale within the crater. Th e se two v a ri a tions are the only ones 

noted in the Chatt a nooga strata within the cr a t e r relative to the 

surrounding a re a except for the pronounced thickening. Th e bas a l, 

locally discontinuous, c a lc a reous, c arbona ceous siltstone to silty 

shale is present throughou t the a re a , including the crater . 

D~voni an a nd Miss issi pppi an Systems 

Upper Devoni a n- Lower Mi ssissippian Series 

Maury Forma tion 

The Maury Forma tion was named by Safford and Killebrew (1900, 

p. 104, 141-143) for exposures in Maur y County in south central 

Tennessee. Poor exposures in this area later l e d Ha ss (1956, p. 23) 

and Conant a nd Swanson (196 1 , p. 63) to designate an area ne a r 

Cross Key, Willi ams on County, Tennessee a s the st andard section. 

Throughout Tennessee, Kentucky and Alabama t he Maur y Formation 

consists of variable proportions of greenish claystone, shaly 

claystone, shale, poorly-sha ly siltstone aGd fin e - gr a ined glauconitic 

s a ndstone. The average thicknes s is commonly 1 to 4 feet bu t in 

some l ocali ti es it r a nges from a few inches to nearly 7 feet. 

Claystone in the lower p a rt of the format ion is o ften shaly with 

an olive-gray to d a rk-green ish gray color . Dens e phosphate nodules 

a re c ormnon in the lower part, often tightly packed and of many 

shapes a nd sizes up to 1 f oot in length . Kellberg and Maher (1959, 
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p. 136-138) and others have reported studies by Hass on conodonts 

and by Dunkle on rare vertebrate fragments in a few of the phosphate 

nodules in east Tennessee. Both Hass and Dunkle consider these 

fossil fragments as indicative but not definitive of Late Devonian 

or Early Mississippian age. The upper part of the formation 

usually consists of a greenish-gray claystone to shaly claystone. 

Smaller phosphate nodules are scattered throughout the upper part. 

A grayish-blue green claystone is often present in the upper few 

inches. The upper part of the formation tends to be greenish-gray 

when rare fresh exposures are found . Weathered surfaces have a 

light to dark-olive green or blue green color. 

Exposures are usually restricted to areas where cliffs are 

formed by the underlying resistant Chattanooga Shale in the heads 

of the narrowest valleys. At these exposures the Maury Formation 

commonly weathers as a shallow depression beneath the resistant 

cherts of the Fort Payne Formation. 

Conant and Swanson (1961, p. 62-69) have discussed the regional 

aspects of the Maury Formation and have demonstrated that the top 

and bottom contacts appear conformable with their underlying and 

overlying strata. Hass (1956, p. 23-24) concluded from conodont 

studies that in most areas the entire Maury Formation is of Kinderhook 

(Early Mississippian) age, but a small area in north central Tennessee 

has a few basal beds of very La te Devonian age, while other places 

have uppermost beds of probable Ear ly Osage age . Conant and Swanson 

(1961, p. 68-69) suggest that a t the end of Devonian time the 

epicontinental sea expanded greatly over its peneplained margins 

with the result that land sources of sediments were greatly separated. 

The result was a shallow se a with wide coverage and little sediment 

for deposition. 

The regional lithologic descriptions given in this section are 

also valid for the Flynn Creek area including the beds above the crater 

In so far as the writer could determine, there is no change in the 

character of the Maury strata inside the crater area relative to the 
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surrounding area. Sizes and distribution of phosphate nodules are 

unchanged, and thicknesses r a nge between a few inches and three feet. 

Other than a very broad gentle structural depression or sag over 

the crater,no structural anomalies are present. 

It may be noted that in exposed sections and in excavations 

by the writer, the basal contact of the Maury strata with the 

Chattanooga Shale was usually sharp on a wavy irregular surface 

with relief up to 1 inch. The top contact with the cherts of the 

Fort Payne Formation is almost always very sharp with no measurable 

relief over short distances on the order of 100 feet. 

There are scattered areas where the Maury Formation is overlain 

by a greenish, calcareous, poorly-silty shale to shaly claystone. 

This unit invariably has scattered, broken silicified crinoid 

stems up to 1/2 inch in length, and in some exposures irregular thin 

chert beds are pre~ent. The upper Maury contact is more difficult 

to locate when it is overlain by this type of shaly strata, but it 

can nearly always be found by locating the lowest crinoid stem 

fragments in the green shale. The crinoid stems in the shaly strata 

are identical to ones found in the cherts and limestones of the 

immediately overlying Fort Payne Formation. 

Mississippian System 

Lower Mississippian Series 

Fort Payne Formation 

Smith (1890, p. 155~156) proposed the name Fort Payne chert 

for Fort Payne, De Kalb County, Alabama. Current mapping by the 

U. S. Geological Survey describes the equivalent strata in Kentucky 

as the Fort Payne Formation. Fort Payne strata are present throughout 

Tennessee in the Lower Mississippian interval and exhibit a highly 

varied litholOEY of siliceous limestone and dolomite, chert and 
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siliceous calcareous shales. Lateral variations occur over such 

short distances in the Flynn Creek area that no attempt was made 

to map separate units or facies. Rodgers (1953, p. 108) states 

that fossils of this formati on in east Tennessee demonstrate a 

correlation with the Osage group o f the Upper Mississippi Valley 

States, but there is a possibilit y of a Kinderhook age for the 

basal beds. 

In parts of the Flynn Creek a rea a basal greenish-gray shale 

is present with scattered silicified crinoid stems up to 1/2 

inch in diameter. This is common throughout east Tennessee according 

to Milici (1963, p. 25) and Rodgers(l953, p. 107-108). In the 

Flynn Creek area the green b asa l shale appears restricted to the 

northern, eastern and souther n parts of the map area. Northwest, 

west, and southwest of the cra ter, cherts immediately overlie the 

Maury Formation. The basal shale varies in thickness from a few 

feet to at least 20 feet and is commonly replaced in short distances 

in a lateral direction by cherts, a lthough no exposures were seen 

where the shale graded directly into the chert . The greenish, 

calcareous, poorly-silty shale to shaly claystone commonly has 

scattered thin chert beds, usually lenticular. Occasionally a 

few shaly chert beds are present at the base,but more commonly the 

shale is in contact with the underlying Maury Formati.on. The contact 

can generally be found within an inch by locating the lowest crinoid 

stem fragment and the lowest calcareous, non-glauconitic beds. Thin 

lenticular chert beds are also definitive for an approximate location 

of the lower contact. 

Several other basal shale outcrops are present between the 

Flynn Creek structure a nd Gain e sboro, 5 miles to the north. Outcrops 

on State Route 53 and 0. 75 miles west of Gainesboro consist of a 

minimum of 30 feet of mottled reddish-brown to green fissile shale 

with thin interbedded cherts containing silicified crinoid stems . 

There is a possibility that these various irregular distributed 

basal shales may be part of the New Providence formation as suggested 
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by Hass (1956, p. 28) and Wilson (1962). Until adequate paleontological 

studies are undertaken, the gree n shales are considered as a basal 

unit of the Fort Payne Formation. 

Another variation in the basal lithology of the fort Payne 

strata consists of massive, poorly-bedded to non-bedded biostroms 

made of siltc~ous limestone with abundant crinoid stems. These 

units occur as lenticular bodies up to several hundred feet in 

length, are 10 to 20 feet thick and are irregularly distributed 

throughout the area. In one area about 0.15 miles northeast of the 

Flynn Creek structure,crinoid stems and fossil fragments form a 

small biostrom with a flat b a se about 200 feet long and 26 feet in 

height. Marcher (1962) and Hass (1956) have discussed similar 

biohermal structures in central Tennessee and southern Kentucky. 

Petrographic studies of this bioherm have shown very fine breccia 

zones accompanied by highly twinned calcite crystals. The intense 

twinning occurs both in the mica-breccia fragments and in the calcite 

immediately adjacent to the breccia zone. Lowenstam (personal 

communication, 1966) suggested to the writer that this intensity 

of twinning was quite atypical of most bioherms. The writer 

tentatively interprets the twinning as a result of the brecciation, 

probably caused by overburden collapse of the bioherm while it 

was in more porous condition. 

Another type of basal lithology envolves a variation in the 

ratio of siliceous limestone to chert. This type of variation is 

common throughout the entire Fort Payne Formation, and in the western 

part of the Flynn Creek area the basal Fort Payne strata consist 

exclusively of medium-bedded cherts. 

The changes in lithology from one location to the next within 

the Fort Payne Formation preclude a standard section in the Flynn 

Creek area. This is also true in Clay County to the north (Born and 

Burwell,1939, p.SO)and surrounding counties to the east, south and 

west according to the writer's reconnaisance work. Lithologic types ; 
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include cherty limestone, shaly siltstone, siliceous and calcareous 

shale, and chert, often all within a few hundred feet of each other. 

In the Flynn Creek area chert is the dominate lithology and is 

commonly white to brown to dark gray, thin to thick-bedded with 

local non-bedded to irregular-bedded zones. All of the different 

lithologic types in the Flynn Creek area are poorly to highly 

fossilferous with local concentrations of crinoid stems . The Fort 

Payne strata are normally overlain by the Warsaw Formation of Lower 

Mississippian age in the Highland Rim area, but no strata of Warsaw 

age were identified in the Flynn Creek area. The Fort Payne rocks 

show no effects from the underlying crater, except for a gentle 

downbending over the thicke r parts of the Chattanooga Shale (Plate 2). 

The thickness of the Fort Payne formation is between 100 and 150 feet. 

The cherts are resistant and serve as ridge formers with dark 

brown to red, deeply weathered zones. Nearly all of the hill slopes 

have a colluvial cover which includes weathered chert blocks. The 

residual materials weathered on top of the Fort Payne strata varies 

from a few inches to over 20 feet deep on some ridges. 

Quaternary System 

Unconsolidated materials o f Quaternary and possibly Tertiary 

age are present throughout the Flynn Creek area and consist of 

residium, colluvium, alluvium, landslides and slumps. Patches of 

gravels of possible Tertiary age have been reported on the Highland 

Rim northeast of Gainesboro (Lusk, 1928, p. 164-170), but none have 

been observed in the Flynn Cre ek area. 

The residium consists of deeply weathered Fort Payne strata that 

caps all the ridges in depths from a few inches to over 20 feet. The 

lithology of the fragments in the residum strongly suggests that this 

unconsolidated and partly weathered material is derived in situ 

from the Fort Payne rocks. Jacks on (1961), Rogers (1953), Swingle 
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(1959) and others have also advanced this viewpoint for the thick 

residium in east Tennessee. 

The upper hillslopes commonly have a thin cover a few inches 

to several feet thick of weathered material consisting of cherty 

colluvium and .soil developed on the underlying weathered limestone. 

The lower hillslopes have a variable thickness of colluvium of 

limestone and chert fragments mixed with coarse to fine soil material, 

often up to 30 feet thick in the smaller stream valleys. Landslides 

of colluvium are common in the steeper valleys,and in some cases 

bedrock is exposed above the slides. In some areas the weathered 

surface material forms a landslide made up mainly of material 

weathered from one part of a formation,and is mapped separately. 

Large slumps are also common along the main stream valleys and 

are generally associated with solution caverns. The slumped material 

can usually be mapped showing the lithology of the formation in which 

the slump occurred. 

The alluvial deposits consist of clay, silt, sand and boulder­

sized materials forming unconsolidated stream deposits. The materials 

are mainly angular chert and rounded limestone fragments with 

occasional plate-like clasts of Chattanooga Shale. The main stream 

valleys have flat transverse profiles which terminate abruptly 

against the steep valley walls. Flynn Creek Valley is the only 

valley wide enough to have appreciable flood plain deposits. Hogan 

(personal communication, 1963) suggests that alluvial deposits in 

the main stream valleys are probably less than 50 feet in thickness. 

Judging from recent water ~ well drilling information, thicknesses 

of less than 20 feet are more likely in the Flynn Creek area. Many 

of the smaller tributary stream beds have exposed bedrock with 

only scattered, thin patches of colluvium. 

Unconsolidated to semi-consolidated alluvial terrace gravels 

are present along the main stream valleys at a few location~ but 

were mapped as part of the main stream alluvium. 
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STRUCTURAL GEOLOGY 

Introduction 

The crater at Flynn Creek is located in an area of normally 

flat-lying, undeformed sedimentary strata that dip gently east 

away from the Nashville Dome. The crater averages about 2.2 

miles in diam~ter and was about 330 feet deep before being filled 

later by shale and cherty limestone. The floor of tpe crater is 

underlain by a chaotic breccia of limestone derived from the same 

strata now exposed in the rim. Before the crater was filled, a 

central uplift of older deformed limestone and dolomite formed a 

hill rising about 300 feet above the crater floor. The limestones 

in the rim surrounding the crater have been moderately to intensely 

folded, faulted and locally brecciated. Deformation in the rim is 

restricted to an irregular zone adjacent to the crater and varies in 

width from a few hundred feet to nearly 3000 feet. These major 

structural elements are shown in Figure 27 and were delineated 

during the present field study. 

Structural Geology of the Flynn Creek Area 

Structural contour maps have been prepared for the top of the 

middle Catheys unit an<l for the post-crater pre-Chattanooga surface. 

The top of the middle Catheys unit is exposed in the western half of 

the map area and in several places along the deformed rim. In other 

areas the contour information was taken from higher horizons with known 

stratigraphic intervals to the upper Catheys unit. Elevation 

information for the pre-Chatt8nooga post-crater time surface was 

taken directly from exposed contacts at the surface. The six 

cross-sections (Plate4, 5,fig29) are constructed from the geologic 

map (Plate 1) and, structure contour maps (Plate 2, 3) are plotted 
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with the vertical scale equal to the horizontal scale. The locations 

of the cross-sections are based mainly on availability of long 

continuous exposures and on the ability to exhibit the basic types 

of different rim deformation. The structural features in the Flynn 

Creek area ar~ described in the following order: Local Structure 

Surrounding the Deformed Rim Strata, Structure of the Crater Rim, 

Post-Crater Pre-Chattanooga Surface, and the Structure of the Central 

Uplift. 

Local Structure Surrounding the Deformed Rim Strata 

Newcome {1954) and Wilson (1949) suggested that most of southern 

Jackson County, including the Flynn Creek area, is situated on one 

of the many broad eastward-plunging anticlines which are present on 

the flanks of the Nashville Dome. These structures are so large 

and have such gentle dips that regional studies are necessary to 

delineate the exact trends. In contrast to the deformation at the 

Flynn Creek structure, the surrounding area exhibits a pattern of 

only very gentle folds superimposed upon a shallow regional dip to 

the east and southeast. Within the map area (Plate 1) the average 

regional dip is about 0.25 degrees, with a maximum change in elevation 

from west to east on a typical structural horizon (top of middle 

Catheys unit, Plate 2) of 130 feet. Within the surrounding 

area the folding is usually localized as gentle anticlines and 

synclines with dips on the flanks rarely exceeding 5° and averaging 

about 2°. The folds usually are closed such that anticlines form 

domes,and synclines form basins; however, the shapes of these minor 

structures are generally quite irregular and asymmetric. Although 

there may be a common trend of axes, it was not noted in the current 

field work. 

A broad structural high is present about one-half mile west of 

the western rim of the crater and trends generally west to west­

southwest. Structural relief in this area on the top of the Cannon 
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limestone averages about 50 feet (Plate 2). This structural high 

is also reflected in the pre-Chattanooga surface on the upper Leipers 

strata and has about the same relief as the top of the middle Catheys 

unit (Plate 2, 3). 

A closed basin in the southwest corner of the map area (Plate 2) 

has a structural relief of about 60 feet. This basin is also 

reflected in a closed basin with relief of about 40 feet on the 

pre-Chattanooga surface on the upper Leipers erosion surface (Plate 3). 

Structure contours on both horizons have a poorly defined northwest­

southeast long axis. Another elongate basin is present in the extreme 

south central part of the map area and has a north-south axis. 

Structural relief on the top of the middle Catheys unit is about 

30 feet, but relief on the pre-Chattanooga surface on the upper 

Leipers erosion surface is ten feet or less and does not exhibit a 

closed basin. 

The pre-Chattanooga strata in other parts of the area surrounding 

the deformed rim have very gentle dips away from the crater. In 

general, the northwest, northeast and southeast parts of the area 

surrounding the crater exhibit only broad, very gentle folds 

superimposed on an overall shallow regional dip to the east and 

southeast (Plate 2, 3). 

Structure of the Crater Rim 

General Statement 

The deformed strata in the rim exhibit several different types 

of deformation, including rim tilting and uplift, folding, faulting 

and local brecciation. The major part of the deformation averages 

about 2000 feet in width, but is very irregular and in some parts 

can extend out to nearly 3000 feet. The main structural features 
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are best exhibited by the structure contours on the top of the middle 

Catheys unit (Plate 2). Many smaller structural features, such as 

minor folds and breccia contacts at the crater wall, are not shown 

in the diagrams but are of sufficient importance to require separate 

description. The structure in the crater rim is described in order 

of the western rim, northern rim, eastern rim and southern rim. The 

crater wall and crater non-bedded breccia are also described in these 

sections wher~ significant features are present. 

Western Rim 

In general, the western and northwestern parts of the rim are 

raised by an anticlinal high whose axis is approximately concentric 

with the crater (Plate 2, 4) . The axis ranges from a few hundred 

feet to 2000 feet from the breccia contact at the crate.r wall. 

On the western rim, the anticline has a north-trending axis and is 

highly asymmetric with a shallow west-dipping limb and a very steep 

east-dipping limb. In areas where the anticline is broad and flat, 

the limb on the crater side has the appearance more of a monoclinal 

fold. Western dips average 2° to 4°, while eastern dips are as 

great as 34° immediately adjacent to the breccia contact . The 

anticline plunges shallowly to the north with a sharp bend to the 

northwest, and then bends back to the northeast in the area of the 

Flynn Creek valley. The anticline then broadens out into a very 

flat structural high trending northeast and finally bends 90° to the 

northwest or intersects another northwest-trending elongate dome. 

Along the northwest rim the anticline has a dip of 1° to 2° 

on the northwestern limb and a variable dip on the southeastern 

limb from 2° to 21° (Plate 2 ). The dips on the limb next to 

the crater , without exception, begin very abruptly, going from nearly 

horizontal to 20° to 30° in 100 feet or less (Plate 2, 4 ). 
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Exposures along the western crater wall exhibit relatively 

sharp contacts of folded strata with the crater breccia, as well as 

the more common gradational jumbled contacts. For example, the breccia 

contact is well-exposed on the western rim approximately 600 feet 

southwest of the area where Fox Hollow empties into Flynn Creek. 

High on the hillside in this area the contact is between Catheys 

and Leipers strata and dips gently into the crater and chaotic crater 

breccia of Cannon, Catheys and Leipers rocks. The contact is somewhat 

irregular, but can be located to within three feet. In a few 

exposures brecciation in the rim strata in the crater wall occurs as 

an irregular zone several feet wide, and in this case it consists 

solely of breccia from the local horizon, a type of authigenic 

breccia(fig. 30). 

Low on these same hillsides at least two outcrops are deeply 

enough eroded to expose the tightly folded lower rim strata where 

dips of 20° to 30° are common (Plate 4). In these exposures the 

brecciation in the rim strata is usually more intense, and the contact 

with the actual rim rock and the crater breccia is more difficult 

to locate. 

Approximately 3000 feet south-southeast of the area where Fox 

Hollow opens into the Flynn Creek valley, the rim structure becomes 

much more complicated. The crater extends back to a very steep crater 

wall nearly 150 feet high. A mass of breccia extends out from the 

base of this crater wall towards the crater. The Chattanooga Shale 

drops very rapidly over this ancient cliff area, increasing from 

about 27 feet thick to nearly 100 feet in less than 800 feet linear 

distance. The contact of the crater breccia and the rim strata 

along the steep crater wall is very poorly exposed and can be located 

only approximately. The remainder of the exposures suggests that the 

area within the crater and adjacent to the cliffs consists of very 

large megabreccia blocks several hundreds of feet in size, partly 

brecciated, and probably highly faulted and folded. 
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Figure 30. --Authigenic breccia in upper ledge unit 
of Catheys Formation on the western 
crater wa 11. 



104 

The contact of the crater breccia and the crater wall in this 

part of the structure is commonly a gradational, jumbled zone that 

may extend over a hundred feet. Even where complete exposures are 

available, it is difficult to locate the contact between the jumbled 

strata which still retain their stratigraphic relationshi~ a nd the 

strata which become increasingly disorientated and deformed toward 

the chaotic crater breccia. For this reason a special contact symbol 

has been used to indicate a jumbled contact that extends over 

several tens of feet. For th e most part, the jumbled contact dips 

into the crater at shallow a ngl es r ang ing from 20° to 40°. 

A different type of rim structure is present slightly south 

of the western center of the rim . In this area the rim anticline 

becomes very tightly folded with a poorly-defined,high-angle fault 

cutting the southern limb (Pl ate 2, ). Dips on the cr a ter 

side of the anticline average 24°, but dips near the fault are as 
0 

great as 34 . The northeastern side of the fault is dropped between 

20 and 40 feet relative to the southwestern side. Colluvial cover 

is too great in the area to expose the actual fault surface, but the 

exposures available suggest a very hi gh-angle fault plane, at least 

at the level of the Catheys and Leipe rs strata. The fault crosses 

a structural basin immediately southwes t of the tight anticline which 

is next to the crater. Presumably the fault is a result of the sharp 

synclinal or down-bending associated with the anticlinal folding iu 

the rim . If this fault is similar in nature to others along the 

rim, then displacement at both ends of the fault should decrease in 

the manner of a hinge fault. 

Northern Rim 

Deformation along the extreme northwestern rim is the least 

complex of the whole crater (Plate 2, ). In this area the 

rim strata 1000 feet from the cr a ter wall are raised 20 to 30 feet 
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above the local level and dip gently into the crater at 1° to 2°. 

Within 250 feet of the crater breccia the dips increase as a monoclinal 

fold to 7° to 10°, and the folded rim strata develop a jumbled aspect 

that increases in intensity towards the crater. The jumbled zone 

occurs as a downward-thickening wedge with a maximum horizontal 

thickness of about 50 feet a t stream level. The entire jumbled 
0 

zone dips shallowly into the crater at an angle varying from 25 

to 35°. 

Several examples of sma ll folds with axes trending radially 

to the crater are present along the northwestern rim. Several of 

these folds are present in faulted blocks in the northwestern rim 

about 1000 feet north of the mouth of Fox Hollow (Plate 2). The 

folds consist of adjacent anticlines and synclines with limbs 

dipping up to 25°. The plunges of these structures appear to 

reverse several times toward the crater, presenting a complicated 

three-dimensional fluted appearance. Another similar fold is present 

in the northern rim near the head of Fox Hollow. Here only monoclinal 
0 

dips up to 14 are exposed, but structure contours (Plate 2) suggest 

a broad syncline plunging gently toward the crater. 

Only limited exposures are available of the northeastern rim 

and are confined mainly to Lacy Branch Hollow and its tributaries. 

In this area a complex set of tight folds trends approximately 

parallel to the rim and is cut by two faults which also parallel 

the rim (Plate 2 ). The rim str a ta begin to rise toward the 

crater starting at a distance. of about 2500 feet out from the 

crater wall. The total rise is nearly 110 feet measured to the 

crest of the anticline nearest the crater. The rim uplift, although 

irregularly shaped, continues for at least 4000 feet around the rim 

to the east and affects strata away from the crater for a minimum 

of 2500 feet. 

The most intense folding in this area is best exposed in the 

valley walls of Lacy Branch Hollow. Here two well-defined, closed 
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anticlines are separated by a tightly folded eastward-plunging syncline 

(Plate 2). Both a nticlines have near vertical axial 

planes, are approxima tely c onc e ntric with the rim, and form elongate 

domes. Horizontal shortening of the beds is on the order of 35 percent. 

An important change in folding a ttitudes occurs less than 100 feet 

higher in the strata over the dome nearest the crater, where beds 

rapidly flatten and exhibit little of the folding shown by the lower 

strata . Considerable bedding-pl a ne slippage must be common in these 

folded strata because no thickening or thinning of individual beds 

was noted. The cross-section of this fold is seen in Plate5 and in 

Figure 29 . 

Two northwest-trending normal f aults are present immedi a tely 

north of the two domes seen in La cy Branch Hollow and dip steeply 

towards the crater. Displ a cement on the fault nearest the crater 

is about 25 feet with the dropped side nearest the crater. The other 

normal fault has a displacement of only 5 feet with the dropped side 

nearest the crater. Both f a ult s roughly parallel the crater wall 

and die out rapidly a s hinge faults. 

The contact of the cr a ter breccia with the rim strata in this 

area consists of an irregul a r jumbled zone which is poorly exposed, 

but which varies in dip from nearly vertical to about so0 
towards 

the crater. The crater breccia extends up to the base of the 

Chattanooga Shale and continues at a relatively high elevation out 

into the crater. Many large megabreccia blocks up to at least 

100 feet in length are common in this mass of breccia, particularly 

near the rim (Plate 2 ) . 

No other exposures of the northe a stern rim are available except 

for those at the head of Cub Hollow. Unfortunately, the valley floor 

is so high in this area that only a very small part of the folded 

and eroded rim is exposed. Structure contours in the area suggest 

a rim uplift of between 30 a nd 50 feet at the level of the top of 

the middle Catheys unit (Plate 2) . One exposure available 
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in Cub Hollow and another in a sma ll east-trending tributary show 

a tight monoclinal fold towa rds the crater, but less than 50 f ee t 

of folded strata are exposed. The monocline occurs in a horizontal 

distance of less than 50 feet and h a s dips toward the crater a s 

great as 33°. This fold is very similar to the monoclinal fold 

present along the western and northwestern rim. The breccia contact 

is not exposed in this area exc ept for the presence of a thin wedge 

of dolomitic breccia in the eas tern tributary (Plate 1). The dolomitic 

breccia lies in direct contact on the monoclinal fold and develops 

a very poorly bedded cha racter as the contact rises in elevation. The 

exposures are too high in elevation to expose normal chaotic crater 

breccia in the upper part of Cub Hollow . 

Eastern Rim 

Exposures farthe r south a long the northeastern rim a nd along 

the eastern side of Cub Hollow exhibit chaotic crater brecci a which 

includes many large megabreccia blocks. Structure contours in this 

area on the base of the Cha tt a nooga Shale also indicate a very 

large mass of breccia p a rallel to the rim (Plate 2) . La rge 

megabreccia blocks at least 150 feet long and 50 feet thick dip at 

various angles toward the center of the crater . From the available 

exposures these megabrecci a blocks appear to be completely enclosed 

in breccia. The top of the brecci a drops rapidly and irregul a rly 

into the crater in this a r ea. 

The eastern rim h a s exc el lent exposure s showing rim uplift and 

tilting away from the crater as well as a variety of different types 

of folds and faults (Plate 2, 4). Rim uplift nea r the 

breccia contact is as great as 150 feet, occurring in a horizontal 

distance of 2500 feet . The initial rim deformation begins approximately 

2500 feet east of the breccia contact as a very gentle upbend from 



108 

nearly horizontal beds . At 1100 feet east of the breccia contact 

the dip of the beds steepens to 25° on the eastern flank of a n 

asynunetrical anticline. The trend of the nearly vertical axial 

plane of this anticline is approximately parallel to the eastern 

crater wall . The beds on the western flank of the anticline dip 

as steeply as 80° west, but flatten rapidly and proceed through a 

reversal in dip until the beds again dip to the east. Beds 100 

feet above this anticline are nearly flat-lying, a most remarkable 

change in attitude considering the very sharp folding in the adjacent 

lower beds. The nature of folding in this area is very similar 

to the folding in the northern rim in Lacy Branch Hollow. On the 

western flank of this anticline the strata continue to rise toward 

the crater and steepen until dips of 15° away from the crater are 

common 100 feet east of the breccia contact. At 50 to 100 feet 

from the breccia contact a sharp downbend occurs toward the crater 

with dips as high as 30°. This sharp fold near the breccia contact 

is analogous to the monoclinal fold described elsewhere along the 

rim. 

Structure contours of the eastern rim on the top of the middle 

Catheys unit show even better than do the cross-sections, the broad 

uplift and eastward tilt of the eastern rim (Plate 2, 4). 

They also present another example of very tight anticlinal folding 

immediately adjacent to the breccia contact (Plate 2). 

Approximately 1000 feet south o f the area where the eastern crater 

wall crosses the Flynn Creek Road, a tightly folded, closed anticline 

or dome occurs. Excellent exposures of the crest of this structure 

are found along the south-trending tributary to Flynn Creek and provide 

excellent control for the structure contour map (Plate 2) . 

The axis of the dome is appr oximate ly concentric to the crater wall . 

Tighter folding on the crater side gives an asymmetrical pattern to 

the structure, with dips up to 46° towards the crater and 10° to 15° 

away from the crater. The structural rise to the crest of the dome 
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A 

B 

Figure 32 --A, moderately folded Catheys strata overlying 
asymmetric anticlinal fold. B, tightly folded 
asymmetric anticlinal fold below A and showing 
cave in core of anticline. 
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is 50 feet in a horizontal dist a nc e of about 150 feet from the 

crater wali and total rise o f 170 fe e t measured from the eastern 

undeformed strata (Plate 2). Av a il a ble exposures indicate that the 

dome parallels the crater wa ll for at least 2000 feet, plunging 

gently to the north and stee ply to the south . 

In the same area two sm a ll thrust faults and one small normal 

fault are exposed on the north s i d e of the Flynn Creek Road and 

about 500 feet east of the c r a t e r wall. Figure 33 is a sketch of 

these structures with displ aceme nts a nd attitudes taken from a 

photograph. An interesting po int conc e rning these structures is 

that they are only observa b le in th e e xposures in the road cut north 

of the Flynn Creek Road. It is ex t remely difficult to tra ce the 

faults up the hill side to the north where they appear to die out 

within a distance of a few hundred feet. If the road cut had not 

been located precisely where it is, it is extremely doubtful if these 

small faults would have been noted. Indeed, it is most likely that 

many more such structures a r e present along the rim, but simply are 

too poorly exposed to be se e n. 

The breccia contact alon g the east rim consists of an irregular 

jumbled zone a few feet to n ea rly 100 feet in width. Large megabreccia 

blocks are scattered in a disorde red array a long the rim in such a 

manner that separation of the folded rim strata and megabreccia 

is very difficult. Usually sha llow excavations will show that the 

megabreccia blocks are surrounded by finer chaotic breccia of the 

crater. Also the lithologic dif f_erences between the rim strata and 

the crater breccia are usefu~ but not a lways definitive. 

An example of extremely tight folding in a very large megabreccia 

block near the east rim can be seen approximately 400 feet west of 

the area where the crater wall crosses Flynn Creek Valley. Although 

this megabreccia block is l a rger than the average blocks along the 

rim, it demonstrates the proble m of differentiating between folded 

rim strata and folded megabreccia. Where exposures are poor, these 
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A 

B 

Figure 34 .--Typical megabreccia blocks of folded, faulted and 
brecciated Catheys Formation in Flynn Creek Crater 
near eastern side of crater . 
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A 

B 

Figure 35 --A, outcrop of megabreccia block of Cannon limestone 
in Flynn Creek Crater near eastern side of crater. 
B, western end of megabreccia block in photograph A. 
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types of large megabre cci a a r e v e ry difficult to properly identify. 

Another example of a lar ge mega brecci a block can be seen in the 

extensive road cut n o rth of Fl y nn Creek Road and 700 feet we st of 

the eastern crater wall (Pl a t e 2, 4, fig . 35 ). In this area between 

50 and 70 feet of Ca nnon lime stone a re exposed as a lar ge meg a breccia 

element dipping a bout 50 de g r ee s we st into the crater. In this block, 

however, the deforma tion is ve ry slight and r e stricted to broad 

gentle folding. Coarse cr a t er brecci a can be observed surrounding 

the megabreccia element on a ll sid e s except b e neath the block where 

it dips below the valley fl oor. 

Southe rn Rim 

The southeastern a nd southern rim conta in the most complic a ted 

structures exposed in the entire rim . Within this part of the rim 

ma jor faulting occurs with displ a ceme nts on the order of 300 f e et. 

Also located in this structura lly complex sequence is a p a rt of the 

pre-crater ground surface that was pre sent immedia tely before the 

formation of the Flynn Creek struc t ure. 

Approximately 4000 f e et south o f the southeast e rn contact be twe en 

the crater breccia and the d e fo rme d rim strata , the Cathe ys and Le ipers 

strata occur at their norma l e leva ti ons (figJ 6 ) . ~ t 2600 feet 

south of the breccia c ont a ct the equiva lent stratigr a phic horiz ons 

are raised about 30 t o 50 feet a cc omp a nied by a gentle tilting to 

the south. Except for the slight uplift, a 1150-foot-deep test we ll 

showed no deformation o f the s ubsurface stra ta 2150 feet south of the 

cra ter (fig . 36 ) . At a b out 2000 f ee t south of the crater a ma jor 

fault zone is approximate ly c oncentric to the southeastern crater 

wa ll (Plate 1). The northern side of this normal fault zone h a s a 

minimum downward displacement of 300 f ee t and dips north at ang les 

varying from 30° to 70° (fig. 3 6). The displacement dies out as 
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a hinge fault to the northeast, and within 2000 feet is reduced to 

only 20 feet displacement. The fault zone is very poorly exposed 

to the west, but appears to grade into a fractured and brecciated 

zone at about 2600 feet. 

The strata on the northe rn side of the fault zone are composed 

of down-faulted Catheys and Le ipers strata. Beds preserved in the 

upper part of the Leipers Forma tion in this down-faulted section are 

stratigraphically higher in the section than any Upper Ordovician 

beds observed in the area surrounding Flynn Creek (compare fig. 10 

and fig. 36 ). At the top of this section of Leipers rocks are a 

few thin patches of pale green, argillaceous, dolomitic limestone. 

Although only a few feet of these non-fossiliferous beds are present, 

their gross lithology bears a resemblance to rocks of the Richmond 

Group (Upper Ordovician) located elsewhere in central Tennessee. 

As discussed in the section on Stratigraphy (p. 58) these rocks are 

probably part of the Sequatchie Formation of Richmond age. 

These beds of probable Richmond age are immediately overlain by 

a thick unit of non-bedded breccia (fig. 36)1 with lithologies and 

gross textures that are very similar to those of the breccia in the 

crater. In the lower part of this breccia sparse angular fragments 

of the probable Richmond age rocks are mixed with angular fragments 

from the upper part of the Le ipers Formation. Higher in the breccia 

the percentage of probable Richmond age rocks decreases,while the 

percentage of rocks older than Richmond age increases. This amounts 

to a very crude inversion of the ages of the breccia fragments with 

respect to the normal stratigraphic sequence of rocks outside of 

the deformed area. Fragments from the upper part of the Catheys 

Formation and lower part of the Leipers Formation become increasingly 

abundant in the upper two-thirds of the breccia. In this part of 

the breccia the lithologies o f the fra gments and the gross textures 

are markedly similar to many exposures of the breccia in the crater. 

The top of the breccia near the normal fault zone is overlain by a 
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few feet of breccia that consist solely of fragme nts from the upper 

Leipers Platystrophia Ponder osa unit. This breccia appears to be 

a talus deposit that formed shortly a fter the ~ixed breccia was 

placed in the present position (fi g. 36). 

The entire sequence o f the upper Leipers strata and the breccia 

are truncated by another major f a ult zone approx imately 500 feet 

south of the crater wall . B2ds on the north side of this east-trending, 

nearly vertical fault zone a re r a is e d about 300 f e et a nd tilted 
0 

steeply to the north with dips of up to 65 . The beds immediately 

north of the fault zone have been tentatively ide ntified as part of 

the Hermitage Formation which in turn are overlain by the Cannon 

limestone. Approximately 650 feet north of the fault zone, the Cannon 

limestone is intensely deformed a nd forms a very irregular cont act 

with the breccia of the cr a ter. 

The structural relief across the valley of Rush Fork is as 

great as 200 feet in an east-we st h o rizontal distance of about 500 

feet. The strike of all the beds in this part of the valley is also 

east, implying a north-trending fault between the two east-west 

faults and conce a led beneath the a lluvial floor of Rush Fork. Until 

subsurface studies are a vail ab l e , the a ttitude of this fault cannot 

be determined. 

The two main east-west fault zones previously described can 

be traced west from Rush Fork for abou t 2500 feet . Farther west the 

few exposures available ind icate a very large -sc a le jumbling of the 

entire sequence of strata between these f aul t zones. Some breccia 

zones are present but cannot be tr a ced more than a few feet. The 

general appearance in this a re a is of a highly fractured, jumbled 

sequence about 1000 feet wide a nd 2000 to 3000 feet lon g . The western 

end narrows to a wedge wher e it appea rs to merg e into the crater 

breccia at the crater wall in Steam Mill Hollow. 

The contacts of the cra ter breccia with the rim stra ta in the 

few valleys between Rush F o r k a nd Steam Mill Hollow are poorly e xposed 

but have the same jumbled n a ture as the contacts in Rush Fork. 
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Figure37 --Typical outcrop of folded and fractured 
ejected breccia overlying the graben 1n 
the southern rim. 
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Figure 38 . --Part of thrust block on southern rim exposing 
Cannon limestone. 
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In Steam Mill Hollow the rim strata, rather than being lifted, 

are folded into a shallow syncline plunging towards the crater. Beds 

immediately south of the southern jumbled contact dip up to 36° toward 

the crater in a steep monocline. Over a distance of a few feet the 

disorientation in the jumbling becomes so intense that individual 

units cannot be traced. The next several hundred feet toward the 

crater have great megabreccia blocks surrounded by chaotic crater 

breccia. The jumbled zone from the east cannot be traced into this 

area and appears to have merged with the crater breccia. The chaotic 

breccia overlies the megabreccia, rising up to the original rim level, 

and continues as a great mass of breccia well out into the crater. 

Post-Crater Pre-Chattanooga Surface 

The post-crater pre-Chattanooga surface has the same gross 

regional structure as that of the lower Ordovician horizons (Plate 

2' 3) . except for the area of the crater. There are, however, 

certain differences in this surface surrounding the crater when 

compared with the lower Ordovici a n horizons . The most notanle of 

these are structural highs along the rim and the irregular valleys 

which were eroded into the rim. The normal local relief on the pre­

Chattanooga surface is about 30 feet with dips averaging 1 to 3 degrees. 

There are areas where present structural relief in basins is as great 

as 90 feet, but lack of thickening of the Chattanooga Shale over the 

low suggests gentle post-Cha ttanooga deformation . 

The most prominent structural high along the crater rim is centered 

about 2000 feet southeast of the southeast rim where it is underlain 

by the extensive mass of ejected breccia and the southern fault block. 

This is also an area which is structurally high on the Ordovician 

strata because of rim uplift. In this area the high drops about 50 

feet to the south in a distance of 2000 feet, and drops 110 feet to 
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the east in 5000 feet. This high is continuous for nearly one-fifth 

of the way around the southeast rim. Several other broad, flat 

highs are also present along the eastern, northern and western parts 

of the rim and are prominent features on the structure contour map 

of the post-crater pre-Chattanooga surface (Plate 3). The 

other structural highs average about 50 feet of relief with the 

surrounding flatter area. 

The crater rim was moder a tely eroded in pre-early Late Devonian 

time in at least two localities, one on the north central part of the 

rim and the other on the southwest part. The heads of these ancient 

valleys did not erode completely through the raised rim strata to the 

lower level of the surrounding surface,and the crater was not exposed 

to external drainage systems (Plate 3). Other parts of the 

rim have short sha llow valleys and gulleys which produce numerous 

minor irregularities in an otherwise relatively smooth crate r wall. 

The Chattanooga Shale thicke ns from 27 feet to 38 feet in the northern 

rim valley. In the southern rim valley the thickness of the Chattanooga 

beds increases from about 28 feet to 31 feet. Occasional increases 

of the Chattanoo ga strata of a few feet are also present in a few 

of the other shallow valleys along the eroded rim. Thickness 

measurements a lon g the eastern and southeastern rim indicate a thinning 

over the rim highs. The Cha ttanooga strata commonly decrease to about 

25 feet over the highs and thicken to 27 to 30 feet to the east and 

southeast. 

The outer parts of the crater present a very complicated surface 

on top of the breccia, as seen in Plate 3 . Near the 

northwestern and western cr a ter wall a continuous mass of breccia 

stands very high within the crater. Most of the breccia, if not all, 

is underlain by great megabreccia blocks for nearly 3000 feet. In 

fact, it seems to be the rule that where extensive masses of breccia 

are located near the rim, they are underlain by many large megabreccia 

blocks. In one case a closed high (nearly 70 feet high) of breccia 
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and megabreccia is located nearly 2500 feet from the crater rim 

in the northeastern part of the cra ter (Plate 3). This is the 

only large isolated high of breccia found in the crater, but many 

sma ller mounds of breccia are sc a ttered throughout the crate r 

floor. 

Differential erosion h a s further modified the top of the breccia 

masses within the crater and along the crater wa ll to produce a 

complicated set of curving valleys and ridges. The valleys and 

smaller depressions all empty into the low a rea around the base of 

the central uplift. The deepest low is about 300 feet below the 

high on the western rim and 34 0 feet below the high area on the 

southeastern rim. Surfa ce exposures are not adequate to define the 

exact location of the low tha t surrounds the central uplift, but 

present measurements indicate a low divide is present on the south 

and north sides of the centra l uplift which separate the western 

low from an eastern low (Pl a t e 3). The eastern low is only about 

15 feet shallower than its western counterpart. Considering both 

lows together, they extend about 75 percent around the base of the 

central uplift. Before the c rater was filled, the central uplift 

stood as a steep-sided hill in the cent e r of the crater. 

In general the cr a ter walls a re relatively straight a long the 

northeastern and northwestern rims for several hundreds of feet 

(Plate 3). The northeast cr a ter wall trends N 45° Wand the northwest 

crater wall is about N 45° E. The major rotated fault in the south­

east rim dies out to the east with a genera l trend of N 50° E. The 

south-southwestern crater w ~ ll trends approximately N 50° W for 

several hundred feet. 

Jewel (1949) stated that the dominant joint system and major 

fault zones and veins lie in a northeast direction on the northeastern 

and northern part of the Nashvill e Basin. He also described a set 

of minor joints and a fault system which lie in a northwest dire ction, 

but no bearing was specified for either direction. It would appear 
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that the rough polygonal shape formed by the crater walls is the 

result of pre-Chattanooga erosion which was active along the original 

joint directions. 

Structure of the Central Uplift 

The internal structure of the central uplift has been partly 

described in the section on the stratigraphy of the Knox and Stones 

River Groups and need only briefly be mentioned again. The central 

uplift consists of a faulted, folded, and brecciated sequence of 

limestones and dolomite. The top of the Knox strata has been raised 

about 1000 feet. The overlying Stones River Group appears to be 

a continuous sequence,with several omissions of parts of the section 

caused by faulting, both low and high angle. The entire sequence in 

the western half of the uplift dips from 24° to 60° to the west. 

Large breccia zones cut the sequence at various angles and trend 

generally north. Exposures of the eastern half of the uplift are 

too poor to determine the exact nature of the structure. The 

shape of the central uplift can only be approximately defined by 

the present surface exposures (Plate 3) , although the 

base of the structure appears roughly circular and measures about 

3000 feet in diameter. There are no exposures on the southern side 

of the central uplift Rnd its true shape may be more elliptically 

elongated northwest-southeast than circular. In either case the 

general outline is not greatly altered. 

An elevation of 905 feet was measured at the top of the central 

uplift giving a maximum relief of 325 feet to the top of the crater 

breccia. The top of the central uplift is about 15 feet above the 

average rim height and about 15 feet below the maximum high on the 

southeastern rim. The flanks of the central uplift have an average 

dip between 10° and 15° but local increases in slope are as great 

as 30°. 



A 

Fault 

Figure 39 .--A, faulted megabreccia block of Cannon limestone 
near southern side of the Flynn Creek Crater . 
B, fault plane in photograph A showing slickensides . 
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Figure 40 --Fault zone in Stones River strata 
in the uplift of the Flynn Creek 
Crater . 
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LABORATORY STUDIES 

Introduction 

Laboratory examinations were completed on the rocks of the Flynn 

Creek structure and surrounding area to look for possible volcanic 

and meteoritic materi a l and for evidence of possible high pressure or 

high tempe+qture modifications. The most significant results are 

the presence of an irregular band of highly twinned calcite in the 

deformed rim of the crater and the absence of mineral and chemical 

variations in the breccias. The laboratory studies are discussed in 

the following order: Petrography, Geochemical Search for Volcanic 

or Meteoritic Material, Search for High Pressure Polymorphs, and 

Thermoluminescence. 

Petrography 

General Statement 

Approximately 250 thin sections were examined, with 90 of the 

sections prepared from the undeformed rocks surrounding the Flynn 

Creek structure to provide a comparison with the deformed rim 

strata and provide a standard for identification of the smaller 

breccia fragments in the crrtter. As a result about 80 percent of 

all breccia fragments could be assigned to specif±-c stratigraphic 

units. The remaining 20 perc e nt of breccia fragments could only 

be assigned to ranges which covered two or more stratigraphic units. 

Mineral variations were specifically looked for, such as low 

temperature carbonate metamorphism in the beds high in clay content, 

but none were found . Breccias were examined in thin section for 

chemical or thermal alteration of the fragments or of non-carbonate 

materials in the matrix. In many cases insoluble residues were 

also prepared and examined by microscope and x-rayed when necessary. 
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The result was that nearly all materials recognized in the breccias 

and deformed rim were also recognized in the strata outside the 

deformed area. An exception to this is the matrix of the bedded 

breccia sequence which locally contained very finely divided "iron 

compounds" usually less than 100 microns in diameter and less than 

0.1 percent by volume. When these particles were separated and 

concentrated, they were found to be mainly limonite, with occasional 

hematite, magnetite, and pyrite also identified near the Chattanooga 

Shale contact. One x-ray pattern showed poorly-·ordered lepidocrocite. 

Goethite is also probably present, particularly in the limonitic 

masses, but was onlytentatively identified by microscope. Two 

samples from breccia fragments with noticeable surface iron stains 

were examined for trace-element abundances, but no anomalous 

percentages or elements were present relative to the undisturbed 

strata (see section on Geochemical Search for Volcanic or Meteoritic 

Material). 

Petrographic studies confirmed field observations that physical 

deformation.including coarse brittle fracturing, microfracturing, 

and moderate to intense twinning, was much more pronounced than 

mineralogical variations. The brittle fracturing has been partly 

described in the sections on stratigraphy and structur~ and occurs 

mainly in the jumbled gradational zones forming the transitions 

between the rim strata and crater breccia. Petrographic examination 

of the fractures indicates that they were commonly filled by a 

microbreccia apparently derived from the walls of the fracture. 

Movement of a minimum of a few tenths of an inch is common along 

some of the fractures. 

Microfracturing 

Microfractures are usually apparent only in thin section and 

consist of several different types. A common type occurs at the 

ends of the larger brittle fractures where the width of the fracture 
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has decreased to less than 100 microns. Usu a lly this type of 

microfracture is filled by cryptocrystalline calcite with occasional 

large fragments from the walls of the fracture. Another type 

of microfracture consists of "bundles" of irregular fracture zones 

such as those described for the rocks containing shatter cones 

(fig. 19 ) . The wider microfracture zones commonly contain microbreccia 

derived from the wall rock. There is some differential movement 

of the walls of the microfracture zones, but it appears to be on 

the order of a few tenths of a n inch or less in most cases. The 

microfracturing is abundant in the stra ta of the central uplift, in 

many of the breccia fr agments in the crater, a nd in an irregular, 

discontinuous narrow b and around the d e formed rim strata adjacent 

to the crater wall. Another type of microfracture appears to be 

a recrystallized or "healed" fracture common in the fine-grained 

dolomites of the central uplift. In these rocks thin, irregular, 

clear bands up to SO microns wide cut across grain boundaries 

without visibly disturbing each individual crystal, except that all 

inclusions are absent from the b and (fig.41 ) . 

Twinning 

Rocks containing moderate ly to intensely twinned calcite have 

a distribution similar t o the strata containing microfractures. An 

exception is that the fine-gr a ined dolomites of the centr a l uplift 

and other deformed strata containing very fine-gra ined r ocks d o not 

exhibit noticable twinning. The most intense twinning incalcit e 

is common in an irregul a r zone a few feet to several hundred feet 

wide in the deformed rim stra t a adj ac en t to the cra ter wall and 

in some of the breccia fragments in the crater. The more intense 

twinning consists of one to thre e sets of closely spaced non-twinned 

or microtwinned lamellae (Conel , 1962, p. 174 ff) and one to three 

sets of normal twin lamellae. 
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Calcite 

.... 

····; ·. 

0 250,µ 

Inclusion-Free Zone 

Figure 41.--Calcite crys t a ls with abundant inclusions 
cut by a zone free of inclusions. 
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The normal twin lamell ae are common in calcite both in the Flynn 

Creek structure and in the surrounding undeformed strata, but several 

important differences are present . In the undeformed strata calcite 

exhibits twin lamellae only in cryst a ls larger than approximately 

100 microns. In these crystals twinning consists of one to two, 

rarely three sets of lamellae ranging between 50 and 100 microns 

in width. Each crystal rarely contains more than 10 lamellae, 

usually spaced 150 microns or more apart. A few microtwinned lamellae 

are also present in these crystals and are usually parallel to the 

normal twin lamellae. 

A pronounced difference in the number and relative abundance 

of both types of twin lamellae occurs in an irregular zone a few 

feet to several hundred feet wide in the deformed rim strata and 

adjacent to the crater wall. The normal twin lamellae increase 

in number from two to thre e times the number found in the same 

size crystals outside of the deformed area. Also it is more common 

to find two or more sets of norma l twin lamellae and to have twinning 

in crystals as small as 20 microns. The most striking difference, 

however, is the very large increase in microtwinned lamellae in 

the deformed rim strata and in some of the breccia fragments (fig.42 ). 

Microtwinning is also prominent in some crystals as small as 20 

microns (fig.43A). Kink bands occur in some larger crystals (fig.43B) 

and offsets of lamellae along microfr actures are present in a few 

crystals . 

Single crystals and groups of crystals which have a low percentage 

of twin lamellae occur irregularly through the zone of high twinning. 

Unfortunately petrofabric studi e s h a v e not be e n completed on these 

rocks, but it is likely tha t a pa rt o f the low percentage of 

twinning is due to original cryst a l orientation and its low response 

to deformation in that position. This is certainly true under normal 

circumstances in deformed limestones. This explanation is probably 

not valid for individual rocks which contain groups of crystals 

with a low percentage of twinning associated with groups of crystals 

with a very high percentage of twinning. In this case about the 
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Figure 42 --Photomicrograph of intense to moderate 
microtwinning in coarse calcite from 
breccia fragment of Cannon limestone 
in Flynn Creek Crater. Note microtwinning 
in very small crystals in dark calcite matrix. 
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Figure 43 .-- A, photomicrograph of coarse calcite crystals with twinning 
and moderate to intense microtwinning. Breccia fragment 
from Cannon limestone in western crater wall. B, kink band 
in calcite crystal in A . 

A 

B 
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Figure 44. --Photomicrograph of mi~rotwinning in pre-crater 
clear spar in a fine grained pellet limestone. 
Note broken fossil at top cut by later ca lei te. 
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Figure45 . --Photomicrograph of breccia from west side 
of central uplift containing fragments of 
Stones River strata in very fine grained 
dolomitic calcite matrix . 
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same number of crystals (5 to 20) and the same size of crystals 

occur in both groups, and it is reasonable to expect the same degree 

of random orientation in both groups. Considering the irregular 

trends of the fracturing and microfracturing it these rocks, it 

appears likely that the response to twinning could be equally irregular. 

Quite different intensities of deformation in different parts of the 

rock would be expected, depe nding on the time duration and nature of 

the deforming stress system. Gold (personal communication, 1966) 

independently suggested this effect is also true in his petrofabric 

examinations of deformed silicates from several of the Canadian 

"cryptoexplosion" craters. The unequal distribution of different 

intensities of twinning with single thin sections is shown in Figures42,43. 

The only exception to the low percentage of twin lamallae 

outside of the immediate cra ter strata was found in two isolated 

small bioherms of cherty limeston e in the Fort Payne Formation. In 

these rocks thin, discontinuous bre ccia zones a few tenths of an 

inch wide were bordered by calcite with moderate to high percentages 

of twin lamellae. Field and petrographic relations suggest that 

these bioherms experienced collapse and compaction after formation, 

and that the thin brecci a zones and accompanying twinning apparently 

resulted at this time. Discussions with H. A. Lowenstam (personal 

communication, 1966) suggests this is a likely mechanism. 

Study of Well Cuttings 

Well cuttings from three dry test wells located south and 

southwest of the Flynn Creek structure were examined for the possibility 

of: (a) subsurface deformation, (b) subsurface mineralization or 

chemical or thermal alter_ations, (c) identification and correlation 

of subsurface units with their equivalent formations exposed in the 

crater and rim, (d) correl at ion of subsurface units, (e) determination 

of thicknesses of subsurfac e units, and (f) determination of depths 

to different critical horizons. 
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The writer was given permission by W. D. Hardeman, Head of the 

Tennessee Division of Geology, to remove half splits of well cuttings 

of the Chaffin No. 1, McNabb No . 1, and Wheeler No. 1 wells (Plate 1). 

The Chaffin No. 1 well is located in Rush Fork approximately 

2,100 feet south of the crater and 330 feet south of the southern-

most fault zone. The McNabb No. 1 well is located in a small valley 

west of Rush Fork and approximately 3,300 feet south of the crater. 

The Wheeler No. 1 well is loc a teo approximately 6,600 feet southwest 

of the crater. None of the ~ells showed any evidence of subsurface 

deformation, mineralization, chemical or thermal alteration. Occasional 

horizons of very fine pyrite and chalcopyrite were noted, but this 

is common for all subsurface samples in central Tennessee. Fine 

anhedral to subhedral barit e crystals were noted in trace amounts in 

many of the horizons, but this is also common for the subsurface 

and surface limestones of Tennessee. The studies of the well cuttings 

provided the best lithologic correlations of the Stones River and 

Knox Groups in the subsurface at Flynn Creek with exposures in the 

central uplift and in east Tennessee. All of the surface exposures 

of these rocks in the central uplift of the crater could be matched 

with lithologic units in the well cuttings. 

Correlation of subsurface units was accomplished mainly using 

lithologic changes, such as pellet horizons and high dolomite horizons, 

pyrite and chalcopyrite horizons, different types of chert, and thin 

bentonite beds. Correlationswith surface outcrops of the Hermitage, 

StonesRiver and Knox strata were based mainly on lithology and chert 

horizons. T~e results of the subsurface correlation together with 

thicknesses and depth determination are shown in Figure 46 . 

Geochemical Search for Volcanic or Meteoritic Material 

A trace-element study was completed for selected rocks in the 

Flynn Creek structure and in the surrounding area to examine the 

possibility of low-level abund ances of volcanic or meteoritic materials. 
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Figure46 .--Correlation of Wheeler No. 1, McNabb No . 1, and Chaffin 
No. 1 Test Wells in Flynn Creek Area. 
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The results indicate tra ce- e l ement abundances are quite constant 

throughout the area, including the cr a ter, and all are within the 

limits given by Graf (1960) in his extensive collection of analyses 

for carbonate rocks . Figures 47 and 48 show the trace-element 

abundances and locations of the samples respectively. 

The Flynn Creek analyses were ma de on total rock samples 

collected from ten horizons outside of the crater, three fragments in 

the breccia, and eight breccia-matrix samples. Natural variations 

in one bed outside the crate r were d e termined by e x amining three 

samples separated by several thousand feet along the same horizon, 

the lower ledge unit in the Cath eys Formation . The trace element 

abundances for these samples from the same horizon were ne a rly identic a l, 

indicating only natural low percentage vari a tions, at least for this 

bed. 

The breccia fragm ents that were s e lected for analyses are from 

the upper Leipers unit. Thes e fragments were selected in particular 

so that direct comparisons could be ma de with the same undisturbed 

beds outside the crater. Th e t race e lement abundances of these 

breccia fragments are consist e nt with the abundances observed in the 

parent rock in the deformed rim stra t a . 

The trace-element a bunda nc es in the breccia matrix are different 

from the preceding analyz e d r oc ks only in that they occasionally have 

lower abundances for some of the elements (fig. 47). The most import a nt 

aspect is that there were n o trace element enhancements in either 

the breccia fragments or th e brecc i a matrix. 

It should be kept in mind that these results are valid only f o r 

the upper 100 feet of the exposed brec cia, a nd the possibility remains 

that samples taken a t d e pth wi ll exhibit differences not seen in the 

near surface breccia. Fo r example, if the cra ter was produced by an 

impact, then a "fall-out layer" (Shoemaker, 1960) should be pres e nt 

below the breccia that later wa shed back into the crater. If the 

crater was produced by a volc a nic gas-phreatic mechanism,then traces 

of volcanic materials might be present deep in the breccia . 
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Search for High-Pressure Polymorphs 

Rock samples were selecte d from the breccias and central uplift 

within the Flynn Creek structure a nd examined by x-ray diffraction 

techniques for possible high-pressure polymorphs, including coesite, 

stishovite, and aragonite. Four of the rock samples were taken from 

a group of beds in the shattered central uplift which cont a in an 

abundance of shatter cones a nd consist of fine-grained, equigranular 

dolomite. Very fine-gr a ined, angular, detrital quartz grains are 

scattered throughout the rocks in conc e ntrations averaging 0.2 to 

0.7 percent. The other rock samples studied consist of intensely 

fractured limestone fr agments loc a ted in the chaotic breccia near 

the eastern, northwestern, a nd southern rims of the structure. These 

samples are composed of int e nsely fractured, very fine-grained limestone, 

locally containing scattered chert concretions, chert fragments and 

fine detrital quartz grains. The tot a l detrital quartz and chert 

content averages about 1.0 percent in these rocks. 

Each of the rock s ampl e s were examined by x-ray diffraction for 

the presence of aragonite, but it was not found in any of the diffraction 

patterns. 

All samples were then treated using 1000 grams in a 10 percent 

hydrochloric acid solution until a ll carbonate minerals were dissolved. 

The argillaceous part of the ins o luble residues was removed and examined 

by x-ray diffraction, and the rema ining material was then examined 

by x-ray diffraction. No trace of coesite or stishovite was noted 

in any of the diffraction patterns. Electron diffraction patterns 

of the shatter cone s amples al so showed no trac e of coesite or stishovite. 

All of the sampl e s were then tre a ted using the hydrofluoric acid 

procedure described by Fahey (1964). The maximum amount of residue 

remaining after 48 hours was usually less than a milligram, and no 

trace of coesite or stishovite diffraction lines occurred in any of 

the samples. Quartz was still present in small amounts. 
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The low concentra tion o f quartz in these rocks and its irregular 

distribution pose a serious problem in the search for possible high­

pressure polymorphs at Flynn Creek. Fa hey (1964) has shown, for 

example, that coesite cannot be detected if less than 0.2 percent 

by volume of the tota l rock, even when it is a highly shocked pure 

s a ndstone. The limestone s a t Fl ynn Creek contain only one to two 

percent quartz. If one makes the unreal istic assumption that coe site 

wa s produced in the same percent age s (by volume of tota l rock) as in 

shocked sandstone, the n a t least 1000 g rams of limestone would have 

to be examined . If c oesit e occurred in very low abundances, as would 

be expected, then s e v era l kilogram s a s a minimum should be tested. 

Further work on this problem will be n ec ess a ry before these tests 

are definitive for limes t on es b ear ing very small amounts of possible 

high-pressure polymorphs. 

Thermo luminescenc e 

Experimental impact studies on rocks in the laboratory have shown 

tha t certain parts of the thermoluminescence emission curve are incre a sed 

in intensity after pass age of a shock wave (Roach, 1961). Calcite 

is particularly susceptibl e to a n increa se of the emission peak,which 

lies between 240° and 280°C, a nd t o a l e sser extent an increase o f the 

higher temperature pe aks. Roach (1962, p. D98) states tha t, "Two 

characteristics of thermoluminescence o f rocks shocked under labor a tory 

conditions vary with the stre n gth of the shock: (a) the total amount 

of thermoluminescence ( a re a und e r the g low curve) decreases systematic a ll y 

with distance from the shock ori g in and, therefo re, with decre a sing 

peak shock pressure; and (b) in some rock types strong shock causes 

the low-temperature peak t o have a greater amplitude than the high­

t emperature peak. 11 Roa ch (1962, p . D 103) concluded that thermoluminescence 

techniques might be useful in the study of "cryptovolcanic" structures. 



A set of samples were s e lected from the lower ledge unit of the 

Catheys Formation on the west e rn side of the crater at Flynn Creek 

and examined for thermolumine sc e nce. The samples were selected from 

the middle of the bed at dist a nc e s r a nging from 5 00 feet to 10,000 

feet from the crater. A sma lle r number of samples were also taken from 

the upper ledge unit of the Ca the y Formation a nd examined. 

The thermoluminescence of each of the samples was determined, and 

results are presented as the r a tio of the height of the low-temperature 

peak to the high-temperature peak and the ratio of the areas under 

the respective curves. Both r a tios indicate a slight increase in 

intensity of the lower temp e r a ture pe a k in the ledge units very near 

the crater. One sample (F C 20), collected from the lower ledge unit 

approximately 9000 feet west of the crater, had values near those of 

samples in the deformed rim . This s ample, however, was collected 

from a road cut which had s e v e ral bl as t cores within 50 feet that 

possibly could have effected the low-temperature emission curves. 

This rock also has several p e rc e nt of very thin vein calcite which 

increases the low-temperature peak. 

Samples of the breccia fr a gments were also examined and had 

values comparable to the deformed rim stra ta. It is important to 

note that the highest values for the low-temperature curve are invariably 

found in the zone with the most intense twinning in the calcite . 

Possible alteration effects of sample crushing were examined by 

the author on limestones from the Flynn Creek area by testing small 

uncrushed fragments of limestone a nd intensely crushed fragments. No 

modification of the emission curves were noted until the sample 

was both crushed and ground with a strong shearing motion. Only then 

did the low temperature peak noticeably d e crease, presumably because 

of heating during the grinding . The a uthor was unable to increase 

the low temperature peak by intense crushing in the samples studied. 

The results suggest tha t the intensity of the low temperature 

curve does increase slightly in the deformed strata in the rim. It 

is possible that natural variations in other samples will alter the 



simple picture of increas ing in t ens ity of the low-temperature 

emission peak toward the cr a t e r. Further study will be n ecess ary 

before this present data can be clearly related to the stress history 

of the crater, 



- 148 -
GRAVITY AND MAGNETIC SURVEY 

Introduction 

A gravity and magnetic survey was made to complement the geologic 

studies and to try to provide additional information on the subsurface 

structure of the Flynn Creek crater. The measurements were based on 

one mile spacing along roads outside of the structure and a 0.2 mile 

spacing across the deformed rims and within the crater. Neither the 

gravity nor the magnetics studies indicate any large anomalies directly 

associated with the structure. The data reductions for this study were 

completed by Dr. S. Biehler of the California Institute of Technology. 

Gravity 

The gravity studies were made using a Worden gravimeter with a 

reading accuracy of 0.07 mgal. The gravity observations were corrected 

for terrain effects through Hammer's zone G and reduced to complete 

Bouguer anomalies assuming a near surface density of 2.67 f!Jn/cc. The 

elevation of the gravity stations were determined by third order leveling, 

u.s.G.S. and u.s.c. and G.S. elevations at road intersections, and Kelsh 

photogrammetric elevations from air photos . Most elevations are accurate 

to 2 feet. A complex drainage pattern of deeply dissected valleys vrith 

steep hill slopes produce inner zone (c to G) corrections between 0.2 

and 3 mgals. Terrain corrections are accurate to about 15 to 2oa/o of the 

total correction, and errors from meter reading and elevation reduction 

give the complete Bouguer map in Figure 48 about ±o.6 mgal. maximum error. 

No gravity anomaly of the level of 1 mgal. is associated with the 

Flynn Creek crater (fig. 49), and indicates only that there is no anomalous 

mass associated with the geologic structure sufficient to produce a l mgal 

gravity anomaly. A broad gravity minimum forms a trough trending north-
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south on Figure 49. This is probably associated with basement or intra-

crustal topography or lithology and is only a small portion of a much 

larger gravity feature as shown on the gravity map of the United States 

(1965). 

Magnetics 

Total intensity magnetic field measurements were made with a Varian 

nuclear precession magnetometer with an accuracy of 20 gammas. The 

total intensity magnetic map (fig. 50) shows that there is no large 

magnetic anomaly associated with the structure. Three small magnetic 

lows of less than 40 gammas exist near the center of the crater in 

areas where the Chattanooga Shale is thickest. These small magnetic 

lows may be related to the local thickening of the shale, but each low 

is based on only a single measurement and occurs in areas where contam­

ination from man-made disturbances are high. Without further investigation 

little emphasis should be placed on these three points. 

A north-trending magnetic trough extends across the southern part 

of the map (fig. 50), and a closed magnetic low of about 100 gammas 

4 miles southwest of the Flynn Creek crater forms the lower end of the 

magnetic trough. This observed magnetic anomaly is opposite to the 

magnetic data reported by Wilson and Born (1936) . The total magnetic 

intensities and trends of this anomaly suggest that it is not associated 

with the Flynn Creek structure but more closely allied with the broad 

gravity minimmn and its source. The absence of a large magnetic anomaly 

within the Flynn Creek structure indicates that there is little or no 

susceptibility contrast associated with the structure. 



85°45' 

CP 

0 

150 

40' 

~Gainesboro 
85°35' 

0 y' 

15' 

0 

36°10
1

'--~~~~~~~-'-~----'~~~~~-'-~~~~~~~-'-~-'-~-'-~"--~"'--'-''---"-~-'36°10 1 

85°45° 40' 85°35' 

\ 2mi. 
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Creek area, Tennessee. Contour interval= 1 mgal. Gravity 
station locations indicated by dots. Approximate location of 
Flynn Creek structure shown by dashed circle. 
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Figure 50.--Tota 1 intensity magnetic anomalies of the Flynn Creek area, 
Tennessee. Contour inter.val = 25 gannnas. Approximate location of 
Flynn Creek structure shown by dashc~ circle. 
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ORIGIN AND HISTORY OF THE FLYNN CREEK CRATER 

Introduction 

The origin and history of the unusual structure at Flynn Creek 

have been the subject of a controversy for nearly a century. Different 

hypotheses advanced to explain the origin include: (1) cavern collapse, 

(2) salt dome or anhydrite expansion, (3) natural gas blowout, (4) 

tectonic folding, (5) hydraulic fracture, (6) volcanic gas explosion, 

and (7) meteorite imp act. Cavern collapse is rejected because rocks 

within the crater have b een reco r,nized that are raised several hundred 

feet above their no rma l leve l. Origins involving a salt dome, an 

anhydrite expansion or a natur a l gas blowout are considered unlikely 

because evaporites and high pressure gas deposits have not been found 

in central Tennessee. The types o f structures they produce are also 

unlike those of the crat e r a t Flynn Creek . The type of tectonic 

folding necessary for such a n orig in is n o t present in the Flynn 

Creek a rea. Hydraulic fr acture by water is also considered unlikely 

because it would not produc e the type o f structure seen at Flynn 

Creek, and there d oe s not appear to be any way to get sufficient 

wa ter pressures . The volc an ic gas explosion and meteorite impact 

hypo thesis require more det a il e d examinations. Each of these. hypotheses 

is treated separately and in more detail in the following section . 

Bucher (1963, p. 642) includ e d the Flynn Creek crater as a 

"cryptoexplosion" feature a nd suggested that the structure was not 

consistent with an impact origin. Shoemaker and Eggleton (1961), 

on the other hand, classifi e d this s ame structure a s a "buried 

crater with the form a nd structure of a meteorite crater." The central 

point of the argument h as r eso lved basically to comp a ris on of the 

deformation at Flynn Cre e k with the structures observed in volcanic, 

impact and other shock-produc e d craters. If good structural co~parisons 

can be established with craters produced by one mechanism, and if poor 
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comparisons exist with other types of craters, then this will at 

least provide a specific mod e l to test with further studies. Other 

criteria which might indicot e a n origin, such as the presence or 

absence of volcanic or meteoritic material or the presence of shatter 

cones, are also discussed. The geologic history of the crater is 

then presented in terms of what is known about the origin and the 

post-deformational sequenc e of events. 

Summary of the Important Ge ologic a l, Geophysical and Laboratory Da ta 

The information in the earlier parts of this paper has been 

described without offe ring comments on what bearing the data have on 

the origin of the crater at Flynn Creek. To facilitate comparisons 

of the Flynn Creek crater with the other structures, the following 

summary is given of the ge ologic a l, geophysical and laboratory data: 

A . Geological Dat a 

1. Regiona 1 

(a) Stra ta of Middle a nd Upper Ordovician age surrounding 
the crater are fl a t-lying and undeformed except for 
very gentle an ticlinal and synclinal folding which 
is typical of the region. Dips on the fl a nks of 
these folds r a rely exceed 2°. Fa ulting has not 
been observed in the several hundred squa re miles 
surrounding the Flynn Creek a rea. 

(b) Mine r a ]ized breccia zones along what appear to be 
poorly exposed f a ults a re present in central Tennessee, 
but none are cl oser than 12 miles to the Flynn Creek 
structure. Mineralization includes calcite, barite, 
flu o rit e , gale n? and sphalerite. 

(c) The ne a rest deformed areas in Tennessee which a re 
simil a r to the Flynn Creek structure are the Howell 
structure in the south central part of the state, 
the Wells Cre ek structure in the northwe stern part 
of the state, a nd the Dycus structure approximately 
12 miles northwest of the Flynn Creek area. 
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2 . Crater 

(a) A ne a rly circu l ar cr a t e r was forme d in the flat­
lying lime st on e s with a diameter of about 11,500 
feet. 

(b) The ori gin a l t opogr a phic form was a crater with 
moder a tely to stee pl y dipping wa lls. 

(c) Th 8 aver age d ep th o f cr a ter me asured from the top 
of the crate r wa lls t o the l owe st point on the 
crat e r fl oo r is a b out 3 30 feet. This is the de pth 
after a n unk nown a mou n t o f bre ccia washed back 
over the ear l ie st cra t e r floor. 

(d) A chao tic non- b edde d breccia forms the floor of 
the crate r a nd i s compos e d of angular fra gments 
ranging in size from a fr acti o n of an inch to 
megabrecci a b l ocks 300 feet in leng th. The 
megabrecci a is l oca ted along the outside of the 
crater. The breccia is composed of the s ame 
Middle and Upper Ordovici a n limestones that were 
present in the are a whe re the cra ter was formed. 
The brecci a is cement e d by a fine-gr a ined calcite 
to dolomitic c a lcite ma trix . 

3. Central Uplift 

(a) A seque nc e o f steeply-dippin g , f o lde d, faulted 
and bre cci a t e d limest one a nd dol omite of Middle-Lower 
Ordovicia n age h a s be e n uplifted in the c e nter 
o f the cr a t e r. Be for e the cra ter was filled 
the c e ntr a l uplift r ep res e nted a hill which ros e 
about 300 f ee t above the crater fl oor and was 
nearly 2500 fe e t in di amet e r a t its b a se. 

(b) The oldest str a t a in the central uplift h ave b e en 
raised about 1000 f e et and contain the only sha tter 
cones found. 

(c) Strata of the Knox Group of Lower Ordovician age and 
of the Stones River Group of Middle Ordovician age are 
now recognized as f orming the cent ral uplift. 

4. Crater Rim 

(a) The strata in the rim a re corrunonly uplifted and 
tilted awa y fr om the crater . The width of the 
deformation b a nd in the rim strata v a ries from 
a few hundred feet to nearly 3000 feet. 
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(b) Anticlines and synclines are common in the rim 
strata and become more pronounced near the crater. 
The trends of most of the axes of these folds are 
concentric with the crater wall, but some fold 
axes are radial to the crater. Tight folding in 
parts of the rim produces radial shortening as 
great as 35 percent. Tight folds in the northern 
and eastern rims grade upward in less than 100 
feet into progressively more open folding. 

(c) A sharp anticlinal to monoclinal downfold is common 
in the rim strata adjacent to the crater wall. The 
width of this fold is commonly less than 100 feet. 

(d) A large fault zone is present in the southern and 
southeastern rim with dips up to 50° toward the 
crater. The upper part of the Hermitage Fonnation 
of Middle Ordovician age, unexposed elsewhere in 
the area, is present in the lower part of the 
thrust plate. Displacement along the fault zone 
is at least 500 feet. 

(e) The fault zone in (d) forms the northern boundary 
of a tilted graben in the southern rim. The 
southern part of the graben is bounded by a 
brecciated zone dipping 30° to ' 50° toward the 
crater. Displacement along this fault zone is 
about 300 feet. Units of Upper Leipers Platystrophia 
ponderosa strata that have been removed from the 
surrounding area are preserved in the graben. 

(f) The fault zones of (d) and (e) die out as sharp 
anticlinal folds in the eastern rim st~ata and 
grade westwa rd into jumbled strata of the southern 
rim . 

(g) Breccia of Sequatchie strata of Richmond age (Upper 
Ordovician) is present in the fault zone south of 
the graben. 

(h) Breccia with a very crude inversion in the 
stratigraphy overlies the graben mentioned in (e) 
and has a lithology identical to the crater breccia, 
except for the presence of fragments of the upper 
Leipers Platystrophia ponderosa unit and possible 
Sequatchie strata. 
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(i) Minor low ang le thrust faults are present in the 
eastern rim, and minor high-angle normal faults 
are pres e nt in the northern a nd southwestern rim . 
All f aulting is roughly concentric with the crater 
and restricted t0 the more tightly folded parts of 
the rim. 

(j) The contact between the rim strata in the crater 
wall and t he breccia in the crater is sharp and 
well-def ine d in some a reas and gradational in 
other p arts. 

5. Crater Filling De posits 

(a) A bedded brecci a, locally poorly bedded, wedges 
out high on the cra ter walls and thic~ens to at 
least 50 feet ne a r the center of the crater around 
the flanks of the central uplift. Fragments in 
the brecci a consist of the s ame rock types found 
in the underlying crater breccia and in the crater 
walls. An a bund a nce of fragments from the upper 
Leipers unit is present. 

(b) The bedded breccia o f (a) is overlain by a sing le 
bed of dolomite , locally cross-bedded, that averages 
three feet in thickness and thins out high on the 
crater walls . The d o lomite locally thickens to 
25 feet in some pa rts of the crater floor. 

(c) The Chatt a nooga Shale lies unconformable on a 
relatively flat surfa ce with low relief surrounding 
the cra ter. The lower unit of the shale thickens 
from a b out 10 feet t o about 170 feet in the cra ter. 
The rest of the overlying units of the black shale 
are ne a rly constant in thickness in the crater. 

(d) Conodont studie s indicate an early La te Devonian 
age for the bedde d breccia of (a), the bedded 
dolomite o f (b) a nd the basal Chattanooga Shale 
of (c). 

(e) Strata of Mi ssissippian age cover the area and 
sag gently over the crater . 

6. Exposures 

The area is now highlydissected by Flynn Creek and its 
tributaries. Go od expo sures of the rim structure, crater 
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walls and central uplift are now present on the valley 
walls. The original crater floor is exposed on the 
floors and lower walls of some of the present deeper 
valleys. 

B. Geophysical Data 

c. 

1. Gravit y 

A detailed gravity study indicates no gravity 
anomaly on the level of one milligal is associated 
with the Flynn Creek crater. 

2. Magnetics 

A detailed magnetic study indicates no large magnetic 
anomalies are associated with the structure . Several 
small magnetic lows located within the crater appear 
to be a ssociated with man-made disturbances and probably 
are not related to the structure. 

Laboratory Data 

1. Petrography 

(a) No meteoritic or volcanic materials were found in 
the breccia fragments or in the breccia matrix. 
No chemical or mineral alterations involving high 
temperatures or metasomatic-hydrothermal processes 
were recognized. 

(b) Fracturing and microfracturing is common in an 
irregular zone several tens to hundreds of feet 
wide in the rim strata adjacent to the crater 
wall. 

(c) Twinning and abundant to intense microtwinning 
are present in calcite in the irregular zone of 
(b). The distribution of the most intense twinning 
and microtwinning is irregular, even on the scale 
of inches, but is generally confined to the rocks 
immediately adjacent to the crater wall. Some of 
the fragments in the crater breccia also have 
highly twinned and microtwinned calcite. 

(d) Studies of well cuttings from three wells immediately 
south and southwest of the crater show no mineralization 
or deformation in the rocks down to a depth of 
1150 feet, the deepest level of the wells. 
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2. Geochemic a l Sea rch f o r Volcanic or Meteoritic Material 

(a) Trace eleme nt a bundanc e s appe a r to be relatively 
constant within individual horizons outside the 
crater. 

(b) Tra ce element a bundanc e s of rocks in the breccia 
are nearly id e ntical with the values found for 
the parent r oc k s in the rim. 

(c) The trace e l eme nt abunda nces in the breccia matrix 
are very ne a rly identical with the levels seen in 
the rim stra ta, and no anomalous values were found 
in the tra c e element studies inside or outside 
the cra ter. 

3. Search Fo r High-Pressure Po lymo rphs 

(a) An x -ray s ea rch f o r 3r a gonite , coesite and 
stishovite in the more intensely deformed 
breccia fr a gments wa s not successful. 

4 . Thermoluminesc e nc e 

(a) Thermoluminesce nce studies indicate the possibility 
of a modifica tion of the 270°C emission peak in 
the defo rmed rim strata , but the results are 
inconclu sive . 

Although a l a rge a mount o f othe r field and laboratory dat a h a ve 

been described earlier in this p a p e r, the preceding summary lists the 

more important information tha t is necess a ry in a discussion of the 

proposed hypotheses on the origin of the Flynn Creek crater. 
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Cavern Collapse Hypothesi1 

In 1926 Lusk mapped the areal geology and structure of the 

Gainesboro quadrangle for the State Geological Survey of Tennessee. 

Lusk (1927) was apparently unaware of the reference by Safford (1869) 

to the Flynn Creek area, and he reported "the discovery of an extra­

ordinary local thickness of the Chattanooga shale." Lusk recognized 

that the thickened part of t he sha le was localized in what he thought 

was "an irregular closed depression or series of depressions in a 

limestone conglomerate-breccia which is at the same attitude as 

Leipers, Catheys and Cannon stra t a . The actual contact of the breccia 

with formations other than the sha le was not seen." 

Lusk considered several hypotheses for the depression, but 

rejected each for different re a sons (see p .15 of this study). He 

then concluded that at the be ginning of the deposition of the Chattanooga 

shale, there must: nave been a depression with an irregular outline 

and an uneven floor. Lusk considered that: 

A depression of this sort could be formed by the collapse 
of the roof of an irregula r branching cavern or series of 
caverns. The fragmentati on induced by collapse, together with 
the slope wash of talus t owards the lines of collapse, would 
form the conglomerate-breccia . 

Lusk, however , did not recognize the Stones River and Knox strata 

in the central uplift where r ocks have been raised nearly 1000 feet. 

Wilson (1936, p.829) rejected c ave cn collapse when he mapped what 

he called "Lowville limestone" (now Carters limestone) in the central 

uplift. During the study by t he author many other blocks in the 

crater breccia were found tens of feet above their normal stratigraphic 

level. These raised blocks, including the uplifted Stones River and 

Knox strata, clearly elimina te an origin by cavern collapse. 



160 

Salt Dome and Anhydrite Hypothesis 

Wilson (1936, p. 829) suggested the intrusion of a salt dome or 

an anhydrite expansion as possible origins of the Flynn Creek crater, 

but he rejected both because of the absence of evaporite deposits in 

the strata of central Tennessee. The writer assumes that solution 

of the salt or anhydrite was part of the proposed mechanism to account 

for collapse of the breccia into the crater. The subsurface information 

that has become available over the last 30 years has tended to 

substantiate the objection offered by Wilson. Information obtained 

from deep drilling in southern Kentucky and in Tennessee indicates 

that it is unlikely that conditions in these regions were ever suitable 

for the formation of evaporites in Cambrian or Ordovician time. In 

this part of the Interior Lowlands evaporites apparently did not 

occur until upper Paleozoic time. A further objection to a salt 

dome origin at Flynn Creek is that no similar structure has yet been 

recorded in the many hundreds of salt domes investigated throughout 

the world. 

Bucher (1936) considered Upheaval Dome in Utah as a typical 

example of the "cryptovolcanic" structure although it had been described 

earlier by Harrison (1927) as a salt dome. Bucher drew mainly upon 

the unpublished work of E. T. McKnight and described the structure 

as having a circular outline about 3 miles in diameter and a "central 

uplift" surrounded by a ring depression (syncline) about half a mile 

wide. Some of the strata in the "central uplift" have been raised 

about 1200 feet. The less competent sandstones are highly folded in 

parts of the syncline and center of the structure. Faulting is very 

rare, and shattering or brecciation is absent except for the disordered, 

chaotic blocks in the center of the structure. No volcanic material 

has been found in the area . McKnight (1940) studied the area in 

some detail and stated, "The rock in the center of the dome is greatly 

broken, mashed, and squeezed, as if it had been plastically kneaded, 

but ... can in no way be described as a breccia." 
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Bucher was aware of the great thicknesses of salt and gypsum in 

the underlying Paradox Formation, but he argued that the ring depression 

of Upheaval Dome made the structure significantly different from salt 

domes. Bucher (1936, p. 1066) concluded that the origin must be 

"cryptovolcanic" and has resulted from a buried igneous plug, presumably 

having a high gas pressure. 

McKnight (1940, p. 126-128) later opposed Bucher's view and 

pointed out that the ring syncline is not an atypical structure to 

develop on the flanks of an intruding salt dome. He quoted the studies 

of Nettleton (19341 which predicted this behavior of an intruding 

salt mass, and concluded that Upheaval Dome is probably the top of a 

salt-dome structure. A cross-section of the dome (Nettleton, 1940) 

is consistent with some of the cross-sections of Gulf Coast salt domes 

shown by Murray (1961). From the present information it appears that 

Upheaval Dome is not typical of the "cryptoexplosion" structures, and 

it certainly bears little resemblence to th2 Flynn Creek crater. It 

should be noted also that sha tter cones, regardless of their origin, 

have not been found in the rocks in the "central uplift" of Upheaval 

Dome. On the other hand, sha tter cones are present in each of the other 

"cryptoexplosion" structures described by Bucher (1936). Although 

the origin of shatter cones has not yet been firmly established, their 

occurrence in most of these structures and their absence in Upheaval 

Dome implies a different mecha nism of deformation. 

Natural Ga s Blowout Hypothesis 

Wilson (1936, p. 829) suggested the possibility of a natural-gas 

blowout but felt it unlikely bec a use, "The stratigraphic horizon 

(Lower Ordovician) makes it improbable that sufficient natural gas 

occurred deep enough below the pre-Chattanooga to have blown out a 

crater." It is now known that Knox strata are involved in the central 
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uplift. This places an upper limit on the level at which a possible 

gas concentration would have had to exist. This level would have 

been about 1500 feet below the pre-crater surface and in the upper 

part of the Knox strata. Suhsurface information accumulated over the 

past 30 years has proven this is not a productive part of the section 

for oil and gas, and a review of the drilling data has shown that only 

small amounts of oil and gas have been found locally in the upper Knox 

Group. 

Natural gas under very high pressure has been known to cause 

collapse craters under speci a l conditions. C. H. Dix (personal 

communication, 1965, 1966) described a collapse crater produced during 

a gas blowout which occurred in 1935 over a small structural dome 

about 4 miles northeast of the city of Maturin in northeastern 

Venezuela. The small dome was located approximately over the deepest 

part of a very large east-northeast trending syncline. The southern 

limb of the syncline rises gently to the south toward the Brazilian 

Shield. The northern limb of the syncline rises very steeply 10 to 

20 miles north of Maturin. Dix stated that the sedimentary strata in 

the deeper parts of the syncline had a thickness in excess of 15,000 

feet according to seismic reflection studies. 

A test well was drilled over the crest of the small dome, and the 

well was cased to about 900 feet. The upper several hundred feet of 

the Mell was in poorly consolidated sandstones. At about 800 to 1000 

feet the drilling penetrated a limestone of unknown thickness. At 

this level gas began to flow up along the outside of the casing 

carrying small fragments. Apparently the casing was weak and deteriorated 

at this level. The ground surface around the top of the casing began 

to cave-in along the side of the well as a violent flow of gas issued 

from the sides of the test hole. The drill rig collapsed into the 

rapidly forming crater, and the one man operating the equipment was 

barely able to "outrun" the collapsing ground. The large drill rig 

was lost in the crater, and an enormous amount of gas, crude oil and 
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fine debris was blown into the air. After several hours the crater 

was several hundreds of feet wide, and after several weeks the crater 

was from 1500 to 3000 feet in diameter . Most of the later widening 

was caused by slumping of the poorly consolidated rim strata. 

The gas ignited very early in the collapse and burned several 

hundred feet in the air for ne a rly 3 months . The fire was finally 

put out only to have to be started again to prevent excessive accumulation 

of gas in the air. A lake l ate r formed in the crater. 

No other such collapse craters have been reported in the Venezuelan 

oil fields. The only other types of " eruptive" structures are the 

line of mud volcanoes that a lso are situated over the deepest part 

of the trough of the syncline a nd ex tend from near the collapse crater 

northeast to Trinadad. 

Although gas blowouts with assoc i ated c o llapse craters are known, 

Dix suggested that the rim strata are apparen tly n o t disturbed beyond 

the crater wall. He also knew of no crater breccia comparable to the 

"cryptoexplosion" type, and certainly no central uplift is present. 

Dix also noted that such blowouts are known only in areas of major 

gas and oil accumulation, a condition certainly atypical of Tennessee. 

Such structures as these coll apse craters bear little resemblance to 

the structure at the Flynn Cr eek crater. 

Tectonic Hypothesis 

Kelberg (1965) proposed that the We lls Creek structure in northwest 

Tennessee may be the result of two major anticlines crossing at nearly 

right angles. He suggested that the result would be an intense 

brecciation at the intersection of the anticlines, and that concentric 

folds and faults would surround the brecciated area. The details of 

the mechanics were not discussed, but the origin of the forces producing 

the folding was thought to be related to the deep-seated shifts of the 

crust along the Kentucky fault zone and possibly to the Mississippi 

Embayment faulting. 
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Kelberg suggested that other "cryptoexplosion" structures could 

originate in similar ways, but he did not attempt to relate regional 

tectonic movements to the others. The mechanism proposed by Kelberg 

seems unlikely for the origins of either the Wells Creek structure or 

the Flynn Creek crater. The available subsurface information shows 

that the Wells Creek area is situated over a gently plunging syncline 

on the flank of the Nashville Dome. The Flynn Creek area appears to 

overlie one of the many gently plunging, very broad anticlines that 

are present on the eastern side of the Nashville Dome. There is 

certainly no subsurface evidence of crossing anticlines either at 

the Wells Creek structure or at the Flynn Creek crater. The recent 

detailed surface mapping of the Wells Creek area by Stearns, et. al. 

(1966) and the current study by the author at Flynn Creek have also 

confirmed the absence of any surface expression of regional folding 

in the respective areas that might be interpreted as cross-anticlines. 

Hydraulic Fracture Hypothesis 

Goguel (1963) has proposed that the "cryptovolcanic structures of 

the central platform of North America" might have been formed by a 

very large hydraulic pressure lifting a column of strata until fracture 

occurred with subsequent collapse into a crater. Goguel (1963, p. 665) 

objected to a volcanic-gas origin because " ... no volcanic activity is 

known elsewhere in the region ... ". He apparently felt that the basis 

of the impact hypothesis was dependent on the significance of shatter 

cones as interpreted by Dietz. After noting at the Kentland structure 

in Indiana that shatter cones are present in some beds and not present 

in adjacent beds, Goguel (1963, p. 665) concluded that this " ... appears 

to exclude the possibility of exterior impact.'' He considered the shatter 

cones as "allied" to cone-in-cone structures and postulated " ... a 

mechanical origin resulting from stress with a minimum pressure along 

the axis of the cone." 
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Hubbert and Rubey (1959) had pointed out that water in some deep 

permeable rocks can be at a pressure approaching lithostatic pressure. 

Goguel(l963, p. 667) stated: "There seems to be no reason why such 

phenomena should not sometimes produce a hydraulic pressure greater 

than the lithostAtic pressure. If so, then the impermeable cover 

should be uplifted." The lower flanks of large domes or uplift were 

suggested as likely sites to produce a large hydraulic head. Goguel 

felt that such a "gigantesque bubble of water" would not last very 

long and would be accompanied by piecemeal breakdown of the arch and 

fracture (fig. 51 ). The collapse of the water-domed structure was 

thought to result in a crater such as the "cryptovolcanic structures" 

now seen in North America. Goguel also felt that, "The evidence of 

some drastic mechanical event, such as shatter cones, is likewise 

explained by the shock of the different layers falling against one 

another during the collapse of the arch." He stated that this mechanism 

would leave no trace of the water which caused the arch and better 

explains the absence of the volcanic "fluids" of Bucher. 

It seems unlikely that this process could be applied to the Flynn 

Creek structure for several reasons. One objection is that the Flynn 

Creek crater is situated close to the crest of the Nashville Dome and 

no highly porous aquifier is present in the underlying limestones. 

Even if such an aquifier did exist and a maximum difference in elevation 

of 500 feet is considered, then the maximum hydraulic head would be 

less than about 60 bars at the deepest known level of brecciation, 

the top of the Knox Group. This is well below the weight of the overlying 

column of Knox ana Stones River rock and could not have lifted it. 

A greater elevation difference than 500 feet in Paleozoic time is 

unlikely, considering that there is no evidence of depositional 

thickening in the sedimentary column in the Flynn Creek area. 

A more serious objection to the hydraulic-fracturing hypothesis 

can be seen in Figure 51 of Goguel . The mechanism proposed does 

not produce folding with radial movement away from the crater, as is 

present in the rim strata of Flynn Creek crater. An equally serious 
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Figure 51 --formafion of "c1yptovolcanic structure" by fluid explosion 
and subsequent col lapse. 
A. Original situation: permeable layer (dots) overlain by 

impermeable \ayel'S. 
B. Uplift produced where fluid pressure in permeable \ayer 

is local \y greater than the lithostatic pressure. 
C. Erosion of permeable layer by fluid moving toward 

center of uplift. 
D. Escape of fluid to surface . 
E. Co\lapseofup\ift. 

from Goguel (1963, p. 666). 
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drawback is that shatter cones have never been observed in an 

environment where simple col lap se occurred. The experimental 

studies which have produced sha tter cones were done using hypervelocity 

impact (Shoemaker, et. al, 1963). The pressure field in the laboratory 

experiment was far in excess of any stress that would occur in simple 

collapse as suggested by Go guel. 

The central uplift is also dif f icult to interpret in Goguel's 

model. Assuming water pressur e su f ficient to lift such a large mass 

(contrary to the hydraulic h ead c a lcul a tion), no explanation is 

readily apparent from Figure 51 to explain the intense folding and 

wide fault zones seen in the Flynn Cre ek central uplift. 

"Cryptovolcanic 11 Explosion Hypothesis 

Introduction 

The "cryptovolcanic" or volcanic gas explosion hypothesis has 

been most strongly advocated by Bucher (1936, 1963). In his discussion 

of the problem he noted that "cryp t ovolcanic" structures have several 

distinctive features which include a circular outline, a centra l 

uplift surrounded by a ring-shaped depression, concentric ma rginal folds, 

rock deformation which indicates a n " explosive force", and no signs of 

volcanic material or "therma l action " (Bucher, 1936, p. 1074). However, 

his concept of the deforming process was less definitive, and he 

referred to it simply as a " s ubterr a nean blast." Bucher (1963, p. 642) 

speculated that enormous pressures from a rapidly crystallizing , water­

rich magma would penetrate the ove rlying strata, " ... crushing and 

partly pulverizing the rock in gouging out irregularly shaped pathways 

to the surface ... 11 He stated that the "explosive action" may exhaust 

itself at depth, or end in an unsuccessful attempt to eject the rock 

and thereby produce a "cryptoexp losion" structure. This general 

description of the proposed "crypto"-mechanism has been accepted by 
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many workers to explain the " c ryp toexplosion" structures located in 

various parts of the world. Othe r workers, such as Amstutz (1965), 

Currie (1965) and Snyder a nd Gerdemann (1965), have restated Bucher's 

general hypothesis but h ave not a dded to it in any significant way. 

More recently Buche r (196 3 , p. 600) agreed that certain features 

of the "cryptoexplosion" structure s could a lso be accounted for by 

meteorite impact and listed the following: 

The highly disordered structure of the central uplift 
consisting of rocks c a rried a bove their original positions 
(and the limitation of the shatter cones to these central 
uplifts). 

The corresponding d ownwa rd displacement of a ring­
shaped belt of rock conc entric with the central uplift. 

In some cases, the deve lopment of a seemingly wave­
like up-and-down movement in one o r two rings surrounding 
the first rim syncline. 

The relatively sha ll ow depth to which these 
cryptoexplosion structures seem t o extend, judging from 
the few drill holes the results of which have become 
available. 

Bucher then stated tha t if meteorite impact had produced the 

cryptoexplosion structures they must be: 

(1) Randomly distributed , e . g., not demonstrably 
related to structures of purely terrestrial origin; 

(2) Independent of magmatic act i v ity in the region; 

(3) Structurally of a nature that is comprehensible in 
terms of instant a neous imp act and its immediate 
consequences. 

Based mainly on points (1) and (2), Bucher (1963, 1965) presented 

reasonable arguments for the non-meteoritic "cryptovolcanic" ori g in 

of the Ries structure in Ge rm any , the Vredefort Dome in South Africa, 

and the We lls Creek structure in Tennessee. The main argument offered 

for each structure was that it l ay on or within some volc anic or tectonic 

lineament or zone. Although this type of reasoning can be most convincing, 

it still falls short of demonstra ting a true genetic relationship to 

the regional volcanic or tect on ic activity. 
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Perhaps one of the be st a r gumen ts made for the association of a 

structure with widespread volc anism and tectonic activity wa s the 

discussion given by Hager (1 953 , 1954) for Meteor Crater in Arizona. 

Meteor Crater is situated di rect l y over a large monoclinal fold and 

lies in anarea of extensive ext r usive ac tivity (Shoemaker, 1960). 

The extensive field of explo s ive vol c anic vents of the Hopi Buttes 

lies less than 50 miles to t he nor t h. It would be difficult to find 

a more suitable location to refu t e r andomness and to argue for a 

relationship to regiona l volcanic and tectonic activity. Yet t he r e 

is no doubt that Me teor Crater is actua lly an impact crater (Shoemaker, 

1960). 

One of the serious problems in app lying Bucher's points (1) 

and (2) as the test for an origin is that it is difficult to 

locate any place in the Interior Lowlands that does not have some 

regional tectonic or volc anic feature nearby. On the other hand, 

impact craters would be expected to be r andom in their location, and 

could just as easily be located on or near a regional tectonic or 

volcanic feature . The writer fully agrees with Bucher that the first 

step in examining the "cryptoexplo sion" structure is to establish its 

position in the regional tectonic and volcanic framework. The writer 

disagrees that this approach alone will establish any single origin. 

Bucher (1963, p . 600) list ed a third point which he did not 

pursue at length, but it in effect stated that the structure of each 

feature must be consistent with the proposed origin. This important 

step has not been followed unt il now, mainly because there was very 

little structural data :iva ilab le for the "cryptoexplosion" features. 

Structural comparisons appea r t o be a rea sonable approach to examining 

the possible origin of the Flynn Creek crater, now that structural 

studies have been completed. 
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Regional Tectonic and Volcanic Setting 

The regional tectonic and volcanic setting of the Flynn Creek 

crater was discussed earlier in this paper in the section on Regional 

Structure (p. 35 ) and is only briefly reviewed here. The Flynn Creek 

area is located on the eastern flank of the Nashville Dome. The crest 

of the dome in this area trends northeast and lies about 30 miles 

west of the crater at Flynn Creek. The regional attitude of that 

strata surrounding the crater is nearly flat-lying with a gentle dip 

towards the east. Many small folds are present throughout the region. 

Local dips on the flanks of these minor structures rarely exceed five 

degrees. Broad, flat plunging anticlines and synclines that cover many 

square miles are also present . The Flynn Creek area appears to be 

situated on one of the broad ea stward-plunging anticlines . The dips 

on the limbs of these structures and their plunges are only about one 

to two degrees (fig . 11 , 12). 

Faults are rare in central Tennessee and in the Flynn Creek area. 

The breccia in the existing fault zones is locally mineralized with 

various combinations of calcite, barite, fluorite, galena, and sphalerite . 

The nearest mineralized zone is a small limestone breccia with fluorite 

located about 15 miles south of the Flynn Creek crater. 

No volcanic rocks are present in central Tennessee. The nearest 

extrusive rock is a small dike of mica peridotite in the Valley and 

Ridge province in east Tennessee. 

Present knowledge of the regional geologic setting indicates that 

no volcanic or tectonic lineaments or zones appear to be genetically 

related to the Flynn Creek crater (Pla te 6 ). 

Description of Maar and Diatreme Structures 

The most likely volcanic structures to compare with the Flynn 

Creek crater are those produced by violent gas eruptions, such as 

maars and diatremes. This excludes the very large gas eruptions such 
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as Krakatoa in Indonesia and Katmai in Alaska, which have occurred 

in large, previously established volcanoes and, according to Williams 

(1941) and Shoemaker (1961), occur for reasons different than those 

for maars and diatremes. 

The term maar is a German word applied to the volcanic craters 

occupied by lakes in the Eifel region of Germany. The term has been 

used more generally for any volcanic crater of moderate size (less than 

about five kilometers) that was produced by a violent gas eruption. 

The term diatreme refers to the pipe or vent exposed below a maar 

after the crater has been eroded away. Although the exact mechanisms 

which produce these structures are subject to debate, there is general 

agreement that they are the result of volcanic gas pressures with or 

without associated violent surface eruptions (Shoemaker, personal 

conununication, 1966). This type of mechanism is apparently what 

Bucher (1963, p. 642) had in mind, except that in "cryptoexplosion" 

structures the eruption fails to continue after the initial gas 

break-through to the surface. Heated ground water accompanied by a 

phreatic "explosion" is also considered a possible part of some maar 

forming processes (McBirney, 1959) . 

The best descriptionsof a number of maars and diatremes are 

sununarized below. Volcanic structures with sizes comparable to the 

Flynn Creek have been stressed. Descriptions have also been limited 

to volcanic structures which have penetrated sedimentary strata. 

The most important maar and diatreme fields that have been described 

in detail include the following areas: Eastern Fffe in Scotland, 

Swabian Alb in Germany , Eifel District in Germany, Hopi Buttes in the 

Navaho areas in Arizona, Pinacate Craters in Sonora, Mexico, and the 

Kimberlite District in South Africa. Other important but smaller 

maar and diatreme fields include those of central Chile, eastern 

Australia and northern Death Valley, California. There is a great 

similarity in all these volcanic structures and their associated 

deformation in the surrounding strata, and it is necessary to summarize 
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only the more important structural features of these maar-diatreme 

fields which bear upon the structure of the Flynn Creek crater. 

Maars commonly range from a few tens of feet to nearly 2 miles 

in diameter and are usually circular to elliptical in shape with 

funnel-shaped craters over 600 feet deep. Maars which have suffered 

little erosion have ash and agglomerate ejecta forming ejecta rims 

with heights of up to nearly 250 feet at the largest craters. When 

the crater vent (diatreme) is exposed, as in Eastern Fife, it is seen 

to contain mainly tuff and agglomerate (Geikie, 1902). The agglomerate 

can have great amounts of the local sedimentary strata in the vent 

as breccia. Alteration effects in the vent breccia and rim strata . 
are generally small and restricted to a narrow band of induration and 

bleaching. The diatreme walls in Eastern Fife (Geikie, 1902) and in 

the Swabian Alb (Cloos, 1941) appear to have a thin shattered or 

fractured zone a few feet thick, regardless of the rock type. 

Brecciation and irregular mixing of the vent tuffs and agglomerates 

are also present in some maar wa lls. Deformation is not reported 

beyond the immediate few feet of the vent, but exposures are rarely 

good enough to allow further examination at the crater level. Where 

extensive excavations have been made at the Kimberlite pipes in Africa, 

no report is made of rim deformation other than that described above. 

The classic area of Eastern Fife in Scotland has been described 

by Giekie (1902) from many excellent exposures. This area is underlain 

by folded and faulted carboniferous sandstones, shales and limestones 

averaging about 10,000 feet in thickness . In an area of about 60 

square miles at least 80 volcanic vents or diatremes are present 

ranging in size from a few tens of feet to nearly 2 miles in diameter. 

The diatremes contain tuff and agglomerate in varying proportions. The 

agglomerate consists of volcanic breccia of basalt, tuff and finely 

comminuted volcanic rock and sedimentary breccia derived from the 

surrounding strata. The fragments range in size from very finely 

comminuted powder to blocks 150 feet long. 



173 

In some cases the sedimentary rock in the vent is highly altered, 

with sandstones converted to quartzite, shales to "porcellanitic 

substances" and limestones converted to marble. In other vents the 

sedimentary rock is little altered except for minor induration. 

Heddle (in Giekie, 1902, p. 278) has estimated temperatures from 
0 0 studies of coal fragments to be between 300 and 500 C. 

The vent walls are commonly vertical over the range of exposures. 

The wall rocks are often locally shattered, "plicated" (folded), 

dislocated, and jumbled over a distance of up to a few feet away from 

the vent wall. An increase in the size of the vents does not appear 

to proportionately increase the width of the deformed zone. The 

"plication" is without exception a moderate to sharp downbend of the 

strata immediately adjacent to the vent wall, and in one case the 

monoclinal axis is up to 30 feet away from the vent wall. The 

monoclinal downfold at the vent wall is commonly in sandstones and 

shales; the shales usually have a "crumpling" shown by many minor 

small folds . The stratigraphic downdrop of the monoclinal fold is 

less than 30 feet . Limestone forming the vent walls is rarely down­

folded, but tends to shatter, jumble and brecciate for a distance of 

about 5 feet from the vent wall . In places the limestone is converted 

to marble for a distance of 3 feet from the vent wall. Sandstones 

locally are converted to quartzite, and shales to "porcellanitic 

substances" in the monoclinal downfold. 

One unusual vent was reported containing only sedimentary breccia 

with no volcanic material. It probably overlies the top of a normal 

diatreme. The vent is about 150 feet by 40 feet and has no deformation 

in the sandstone walls except for fr acturing and induration. 

The relatively small thermal Alteration of the shattered and 

fractured wall accompanied by gre a t amounts of tuff and agglomerate 

including much local strata implies a gas pressure mechanism instead 

of a volcanic intrusive process (Giekie, 1902). The important point 

is that the vents have formed mainly by brecciation of a column of 

strata with very little, if any, lateral compression of the vent walls. 
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Only the shales exhibit minor compression which appears to amount to 

less than a few percent shortening occurring in a very narrow band. 

No accepted theory has been offered for the narrow monoclinal downbend, 

but Giekie believes it is the result of post-vent collapse. Another 

aspect is that large and small craters had approximately the same size 

narrow monoclinal downfolded zone. Giekie (1902, p. 280) further 

suggests that the volcanism occurred in Permian time, and the present 

structures were near the original ground level. 

Appledorn and Wright (1957, p. 462-463) have noted shallow inward 

dips in sandstone at the Roof Butte diatremes in the Chuska Mountains, 

Arizona, and state that "the marked funnel shape of the crater fillings 

show that erosion has not removed much material since the time of 

volcanism. 11 They consider "phreatic explosions" (explosions produced 

by steam from heated ground water) to have been the dominate cratering 

process. Bucking (19o4, p. 267-308) has also reported inward dips 

adjacent to the diatreme of the Rhongebrige in South Germany. 

The Navaho-Hopi Buttes diatremes also have little or no deformation 

reported in the rim sandstones and shales (William~ 1936, p. 118). 

Shoemaker (1962, p. 346, personal communication, 1966) reports only 

local shattering and brecciation immediately adjacent to the vent 

walls of these diatremes. 

Published descriptions of the maars in the Eifel District in 

Germany, the diatremes in the Kimberlite District in South Africa, 

the recently active Nil3hue Maar in southern Chile, and Ubehebe Crater 

maar in northern Death Valley in California also suggest little or no 

deformation of the rim sedimentary strata. What deformation is present 

usually consists of the narrow band of fractured and locally brecciated 

strata with no reported folding. In his detailed study of the diatremes 

of the Swabian Alb, Cloos (1941, p. 709-800) reports no folding in 

the vent walls and only minor fracturing and brecciation in the rim 

strata, usually only a few f eet or less in thickness . 

Gevers (1929) reports a gentle "upward arching" of adjacent 

strata around one diatreme in the Western Stromberg area in South Africa, 
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but it is apparently small and close to the vent. Jahns (1959) sh.ows 
0 0 

outward dips of 10 to 20 in basalts on the rim of Crater Elegante 

maar in the Pinacates in northern Sonora, Mexico. In this case the 

basalt flows forming the rim are mixed with pyroclastics and obviously 

were extruded on a previously outward dipping ejecta rim. 

McGetchin (personal communication, 1966) has described gentle 

outward dips which occur locally along the southern edge of Moses Rock 

diatreme in southern Utah, a part of the Navaho diatremes. The gentle 

outward dips occur in sandstones and siltstones and extend only about 

200 feet out from the vent wall. Dips are at shallow angles of a few 

degrees away from the diatreme. One set of well-defined fractures 

are parallel to the vent wall, while a secondary set dips at about 

20° towards the diatreme. McGetchin (1966) has also described a 

circular collapse several hundred feet in diameter in sandstones 

southwest of Moses Rock diatreme. Steep dips occur at the circular 

hinge line but return to about the normal regional dip within the 

collapse except for jumbled a nd brecciated beds. Rim deformation is 

restricted to the narrow hinge line 20 to 30 feet wide. Apparently 

this structure is over the top of a diatreme. 

The writer is aware of only one area where moderate to intense 

deformation appears in diatreme rims. Wilshire (1961, p. 474) described 

four diatremes in eastern Australia near Sydney, New South Wales, and 

states that, "At the southwest margin of the Erskine Park diatreme, 

breccia dips (from 20° to 55°) under Wianmatta sandstone and shale, 

and the country rock is strongly folded and faulted for about 100 feet 

from exposed contacts." The diatreme is about 1800 feet by 800 feet 

and contains a multi-layered agglomerate consisting of a wide variety 

of rock fragments, including shale, sandstone, siltstone, coal, basalt, 

granite, gabbro, and ultrabasic rocks. Wilshire (1961, p. 743) states 

tha~ '~11 inclusions in the breccia are intensely altered by hydrothermal 

processes, and induration was effected by compaction of abundant 

interstitial clay and by sporadic carbonate cementation .. .. " A 

subsurface connection of several miles between two of the diatremes 
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Figure52 --A, Folded rim strata in diatreme walls; 
B, Unfolded rim strata in diatreme walls. 
Flow directions indicated by arrows. 
From Wilshire (1961, p. 482) . 
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is suggested by shallow drilling which intersects breccias. Wilshire 

gives an extensive treatment of the field data which strongly suggests 

emplacement of the breccia in the diatreme by wedging and lifting of 

country rock. Figures 52A and 52B are from Wilshire (1961, p. 482) 

and demonstrate his proposed mechanism. This type of diatrem~ of 

course, does not reach the surface to form maar craters as in most of 

the previous cases. There is also a large room problem created by 

intruding extensive amounts of breccia from depth 1even when lifting 

of the overlying strata occurs. It is logical to expect some rim 

compression under such circumstances, particularly if the rim strata 

consist · partly of shale. It will be recalled that the small amount 

of rim folding in the Eastern Fife diatremes was prominent mainly in 

the shales. Wilshire (personal communication, 1964) states that 

probably less than 500 feet of strata covered the area during the 

intrusion and would have provided a relatively small overburden . 

Comparison of the Flynn Creek Crater with Maars and Diatremes 

Comparisons of the structure of the Flynn Creek crater with the 

structures of maars and diatremes are listed in the following: 

1. The Flynn Creek crater is roughly circular with a partly polygonal 

outline. Maars and diatremes of similar size may be circular to 

elliptical, but rarely exhibit a well-defined polygonal outline. 

2. Both maars and the Flynn Creek structure are craters formed in 

a pre-existing terrain, with moderate to steep crater walls. 

3. Maars and diatremes usually exist in groups . The Flynn Creek 

structure is an isolated crater. 

4. Maar craters have an ash and agglomerate ejecta blanket on the 

rim. The Flynn Creek structure presumably had an ejecta blanket 

of sedimentary rock thrown out of the crater. A crude inversion 

of the ejecta stratigraphy i.s preserved in the fault block. 
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Volcanic material is common in the breccia and rim ejecta of 

maars. No volcanic material is observed at the Flynn Creek 

crater. 

5. The Flynn Creek crater has a large central hill or central uplift 

of older strata, with some units raised nearly 1000 feet and 

containing shatter cones. Maars may occasionally have central 

or non-central small volcanic cones in the crater, but large 

blocks such as the central uplift at the Flynn Creek structure 

are unknown. Shatter cones have not been found in maar or diatreme 

breccias. 

6. The breccias in the crater of the Flynn Creek structure were formed 

from the same rocks as are exposed in the surrounding sedimentary 

section. Deformation in the individual breccia blocks is often 

severe and includes fractures, folds and intense deformation such 

as twinning. The agglomerates in maars and diatremes, particularly 

in those the size of the Flynn Creek structure, consist of a 

variable assemblage of volcanic tuff and breccia and occasional 

irregular intrusive and extrHsive igneous dikes. The breccias 

of maars and diatremes usually contain igneous and occasionally 

metamorphic rocks from deeper horizons. If these structures 

penetrate sedimentary columns, abundant breccia from the sedimentary 

rocks is also common in the agglomerate. Deformation in these 

sedimentary blocks consists of moderate brecciation, fracturing 

and occasional folding and induration. 

7. Slumping within the crater and concentric normal faulting in 

the rim are present in both maars and the Flynn Creek structure. 

Thrust faulting is present only in the Flynn Creek structure. 

8. When structural deformation is present in the rims of maars and 

diatreme& it is commonly restricted to a narrow band a few feet 

wide. Some diatremes have a steep inward dip adjacent to the 

vent wall, but the fold is rarely wider than 30 feet and averages 

5 feet. Most maars and diatremes have sharp boundaries with the 

surrounding strata and no folding. A narrow band of fracturing 
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with occasional brecciation is also present in some of the vent 

walls. The size of the structure does not appear to affect the 

width of the inward-dipping fold or fracture zone. The same zone 

which is fractured is commonly indurated to some extent, and 

mineralization may be present. 

In contrast with the maar and diatreme rims, the rim of the Flynn 

Creek structure is uplifted and generally tilted away from the crater, 

with many doubly plunging asymmetric anticlines and synclines. Most 

axes of folds in the rim are concentric with the crater wall, but some 

folds have axes radial to the crater wall. Tight folding in parts of 

the rim produces radial shortening as great as 35 percent. Tight 

folds in the northern and eastern rim are overlain by progressively 

more open folding. A sharp anticlinal to monoclinal downbend is 

common in the rim adjacent to the rim-breccia contact. A large thrust 

fault and a rotated fault block which forms a tilted graben are present 

in the southern rim. Deformation is present along much of the crater 

wall and consists of fractured and folded limestones containing an 

irregular zone of intensely twinned calcites. Microfractures are 

corrnnon in much of the folded rim strata near the crater wall. At 

other locations along the rim the contact is jumbled and gradational. 

Mineralization related to hydrothermal or volcanic processes has not 

been recognized in the Flynn Creek area. 

From the preceding outline it is clear that few structural 

comparisons can be drawn between the Flynn Creek structure and the 

structure of maars and diatremes. It also seems unlikely that a 

crater as large as the Flynn Creek structure with its extensive 

brecciation does not contain even a trace of volcanic material or 

mineralization if it had a volcanic origin related to maar-diatreme 

type activity. This is particularly true since fault breccias within 

12 miles of the Flynn Creek area are highly mineralized with materials 

which probably had their source in hydrothermal solutions. 
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The point must be made that the lack of comparison between 

structural deformation at Flynn Creek and at maars and diatremes 

does not uniquely rule out some unusual type of volcanic gas origin 

(with or without ground water steam) whose mechanism of eruption is 

foreign to current understanding. This is considered in the following 

section. 

Volcanic Gas or Steam "Explosion" Processes 

The lack of structural similarities between the Flynn Creek 

crater and maar and diatreme structures was discussed in the previous 

section. Maar craters and their pipes (diatremes), however, are not 

the only volcanic features that must be considered. In fact, Bucher 

(1936, p. 1076) considered maar craters as end products of the volcanic 

gas "explosion" process. Wilson and Born (1936, p. 832) also described 

the structure at Flynn Creek as the product of a "relatively rapid, 

deep seated volcanic explosion accompanied by a gas explosion near 

the surface." Apparently Bucher (1936, p. 1025; 1963) considered this 

a distinct possibility when he said that "the explosion [from volcanic 

gases], shallow and strong enough, blows out a shallow, more or less 

circular explosion basin fill ed with a jumble of disordered blocks 

and surrounded by a zone of materials blown or pushed out from it. 11 

Currie (1965) , Snyder and Gerdemann (1965), Amstutz (1965) and others 

have agreed in part with this view. 

In the earlier papers of Branca and Frass (1905), Bucher (1936), 

Wilson and Born (1936) and others, the meaning or physical concept 

of a "buried volcanic explosion" and how it could occur was never made 

clear. Bucher (1963, p. 642) restated the process in terms of very 

high gas pressures derived from rapidly crystallizing, water-rich 

magmas. He also equated "fluidization" and comminution of the 

rock to an "explosion." More recently, Snyder and Gerdemann (1965) 
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have also discussed high volcanic gas pressures accompanied by 

fracturing and structural disordering as the process which produces 

"cryptoexplosion" structures. They suggest that when the sedimentary 

cover is thin, as at the Crooked Creek structure in Missouri, gas 

pressure domes the rocks until an "explosion" occurs and the strata 

collapses as a breccia into the crater. 

It would seem unlikely that the process offered by Snyder and 

Gerdemann would produce the particular types of folding observed in 

the rim strata and parts of the breccia at the Flynn Creek crater. 

This can be examined in at least a semi-quanitative way by considering 

the minimum mechanical energy necessary to form the crater and relating 

this energy to gas pressures that might accompany the process. The 

gas pressures and their relationship to the folding in the rim strata 

can then be discussed. 

If a cylindrical shape is assumed for the Flynn Creek structure 

at depth with a diameter equal to 11,500 feet and a depth of 1,500 feet 

(depth to lowest brecciated horizon known) , a volume can be calculated 

of 4.55 x 10
15 

cc. Assuming a density of 2.7 g/cc., the mass will 
16 

equal 1.23 x 10 gm. A conservative estimate of the mass raised 

in the central uplift, plus the estimated mass of all blocks in the 

breccia raised above their normal stratigraphic position, plus the 
16 

mass of the thrust fault in the southern rim is about 0.6 x 10 gm. 

with an average increase in elevation of 100 meters. The work necessary 

to raise this mass is approximately 6 x 10
22 

ergs . This is a minimum 

estimate of work done in lifting material, because the rim ejecta is 

neglected. 

An estimate of the amount of energy needed to fracture the 

total mass of rock can be made using cornminution surface energy from 

the extensive work of Bergstrom (1963, p. 168). The fracture energy 

is about 1.6 x 10
23 ± 1 ergs. The uncertainty is primarily because 

a mean fragment size must be assumed for the breccia to use Bergstrom's 

values. A volume of 15 cc. was assumed for the mean size of the breccia 

fragments on the basis of estimates made from surface observations of 

the breccia. 
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It is also necessary to make an estimate of the energy needed 

to eject the mass which occupied the crater. Using a diameter of 

11,500 feet and a depth of 330 feet, the volume is equal to 9 . 6 x 

10
14 

cc., an~ the mass (assuming density equal to 2 . 7 g/cc.) is 
15 

equal to 2.6 x 10 gm. The work necessary to lift this mass to the 

level of the original rim is about 2.6 x lo
22

ergs . If one assumes 

a value of 30 meters/sec . for the acceleration of the ejected material, 

the total work involved will be about 7.8 x 1023 ± 1 ergs. This value 

does not include the energy necessary to overcome the friction between 

breccia fragments during movement. 

To estimate the minimum volume of gas (volcanic gas or steam 

from ground water) that would provide energies on the order of 10
23 

ergs if allowed to expand adi abatically, assume a 10 percent porosity 

in the limestone. Considering the limestone to have a total volume 

of 4.55 x 10
15 

cc, this gives a pore space for the gas of about 

0.5 x 10
15 

cc. Also assume tha t this gas is steam at 25o
0 c and take 

Goguel's (1951, p. 30 ) value of approximately 2 . 5 x io9 erg/cc 

for an adiabatic expansion. This gas will have approximately 1.25 x 
24 

10 ergs available for expansion work. A pressure computed for 

gas under these P-T-V conditions is on the order of 1000 to 2000 bars, 

which is at least 100 times the pressure necessary to produce tension 

fracturing in limestone. Considering the uncertainties in such 

calculations, it still seems clear that everi modest amounts of volcanic 

gas or steam (from ground wate r heated by a volcanic source) have 

sufficient energy to move the masses under consideration at Flynn 
24 

Creek when one compares the 10 ergs available for work versus the 

1022-23 f k b d I i 1 . ergs o wor necessary to e one. t s a so important. to 

note that thi.s is at a pressure high enough to easily produce tensile 

fracturing . 

The relationship that these gas pressures have to the folding in 

the r i m: strata of the Flynn Creek crater can be discussed only in a 

qualitative way. It is known that mechanical properties of rocks are 
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greatly affected by confining pressure, temperature, interstitial 

solutions, time factor, and previous physical history. Fortunately, 

several of these factors can be reasonably approximated for the Flynn 

Creek rocks before the deformation. 

Field studies have shown that the pre-crater ground surface is 

present in the tilted graben on the southeastern rim. Thickness 

measurements made from this surface down to older horizons indicate 

that less than 150 feet of strata, and more probably less than 50 

feet, have been removed after the crater was formed. Using this field 

information, lithostatic pressures or confining pressures have been 

calculated for different levels known to be brecciated (Table 1). 

Later in this section these confining pressures are related to 

laboratory investigations on rock deformation and comparisons made 

between brittle and plastic failure of limestone. 

No thermal metamorphic effects have been noted either in the 

field or in petrographic studies, and temperatures were probably 

below 200°C, considering there are no indications of even the lowest 

temperature carbonate metamorphic reactions. The low porosity of 

the rocks in the Flynn Creek area suggests that interstitial solutions 

probably were well below ten percent by volume . 

The time factor and previous physical history would probably be 

of minor importance if rapid deformation occurred. This is true for 

all of the origins that have been offered for the crater. It is 

recognized that the varying roles these factors play in rock deformation 

allow, at the present time, only a qualitative application to natural 

systems, but some comments can be made concerning the nature of the 

deforming process and the low, near-surface confining pressures that 

existed before the formation of the Flynn Creek structure. 

Lithostatic pressures existing just before the deformation in 

the Flynn Creek area probably did not exceed about 150 bars at the 

lowest known depth of brecciation (top of the Knox Group) (Table 1). 

At the present level of the exposed folded, tilted and faulted rim 
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strata the pre-deformation lithostatic pressure probably did not 

exceed about 50 bars (Table 1). Laboratory investigations (Robertson, 

1955; Handin and Hager, 1957, 1958; Handin, et al , 1963) on the 

deformation of limestones and dolomites have shown that both rock 

types exhibit varying degrees of ductile behavior under the confining 

pressures calculated for the Flynn Creek structure. For a number of 

limestones tested, the range in ductility varied from about two percent 

to nearly ten percent strain before rupture at confining pressures of 

150 bars (Handin and Hager, 1957) . Rupture occurred at about 1000 

to 1500 bars compression under these conditions. Studies on the effects 

of temperature and confining pressure by Handin and Hager (1958) have 

shown that certain limestones will not deform more than five percent 

b f d 2800 b · t 75°C and 500 bars e ore rupture un er ars compression a 

confining pressure . 

In general, previous work has shown that the brittle-ductile 

transition in limestones at room temperatures occurs at an effective 

confining pressure of about 1000 bars (Robertson, 1955; Handinand 

Hager, 1957). Under the low confining pressures calculated for the 

Flynn Creek area, it is reasonable to expect the limestones to behave 

as nearly brittle material, or more appropriately as semi-ductile 

material (Robertson, 1955) under differential compression or extension 

pressures of a few thousand bars. When tensile stresses are considered, 

failure commonly occurs at va lues 50 to 100 times lower than for 

compressional stresses. Also if compressional stresses of 1000 to 

5000 bars are applied rapidly, limestone invariably fails by brittle 

fracture. 

Without other complicating factors it seems logical not to expect 

large scale folding to occur from compression effects alone , whereas 

fracturing and small amounts of plastic flow should be common. 

Nevertheless, large scale folding, which appears to have had the major 

stress component in the horizontal direction, is present in much of 

the rim strata of the Flynn Creek crater . Intense fracturing and minor 

plastic deformation are equally present. 
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---
Maximum original 

Formation pre-crater depth Pressure 
fr om ground surface (bars) 
to base of form a tion Densities g/cc 

-
Feet Meters 2.50 2. 70 3..00 

-- ... ---- - - ----

Leipers 300 91 22.9 24. 7 27.5 ---
Catheys 475 145 36 .3 39.2 43.5 ----- ------

Cannon 574 175 43.8 47.3 52. 5 --- -· 

Hermitage 675 206 51. 5 55 . 6 61. 8 

Stones River 1476 450 112. 5 121. 5 I 135 . 0 I Group ' ----· -
Lowest known 
depth of 1500 475 114. 2 123.4 137. 1 
brecciation 

·-·-- ·--- - - ·--·-----·----------- - -----
Knox Group-

6000 1829 457.3 493.8 548 .7 basement 

Table 1. Lithostatic pressures calculated in bars for rock densities 
of 2.50, 2.70, 3.00 g /cc for selected stratigraphic horizons 
just before the forma tion of the Flynn Creek crater. The 
original ground surface described in this paper as Sequatchie 
Formation (Upper Ordovician) is used a s the zero pressure 
surface . The lowest level of known brecciat ion is in the 
top of the Knox Group and was located at a depth of about 
457 meters. 

' 
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If a gas is introduced under high pressure near the surface, 

one might expect that under low confining pressures (as in the Flynn 

Creek area) the rocks would exhibit a small amount of flow followed 

by extensive fracturing. This of course does not explain the major 

folding present in various parts of the rim. If the laboratory 

investigations of rock deformation can be extrapolated to the Flynn 

Creek structure in the manner described, one would expect fracturing 

to occur before large plastic folding is completed under the condition 

of low confining pressure. Arcuate faulting and subsidence at depth 

conceivably could explain some of the folding, but it can not account 

for other rim folds that definitely appear to have had the major stress 

component in the horizontal direction. Consequently, the simple build 

up of gas pressure near the surface, as proposed by Snyder and Gerdemann 

(1965) and Bucher (1963), would not appear to explain this part of the 

structure at Flynn Creek. 

Meteorite Impact Hypothesis 

Introduction 

The crater at Flynn Creek was first proposed as a possible 

meteorite impact structure by Wilson and Born (1936), but they 

rejected the idea because of the raised strata in the central uplift. 

Boon and Albritton (1937) suggested that the argument of Wilson and 

Born overlooked the fact" ... that elasticity of rocks would cause a 

strong rebound following intense compression produced by impact and 

explosion." During a study of the deformation at the Wells Creek 

structure Wilson (1953) revised his opinion on the origin of the Flynn 

Creek crater and referred to it as a possible impact crater. Dietz 

(1960) reported shatter cones from the central uplift at Flynn Creek 

and thereby argued for an impact origin. 
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No attempt was made in the earlier work to compare the crater 

at Flynn Creek with either impact or volcanic craters, partly because 

detailed structural studies had not yet been undertaken. Shoemaker 

(1960, 1961, 1962, 1963) described in detail the structural similarities 

between different impact craters and nuclear explosion craters, and 

developed a model for the penetration mechanics of a meteorite based 

on observation of nuclear cratering and the resulting structural 

deformation. One of the important contributions of Shoemaker's study 

was that it demonstrated that plastic folding is a normal consequence 

of impact. His study also showed that the type of deformation in the 

rim strata is dependent on the depth of penetration of the meteorite. 

One of the long-standing objections of many workers to an impact origin 

had been the failure to recognize the wide variety of different types 

of structural deformation which result from impact. For example, the 

tectonic hypothesis of Kelberg (1965) was proposed for 11cryptoexplosion" 

structures mainly because he was unaware of plastic folding at impact 

craters. 

Shoemaker (1960) drew his structural comparisons between Meteor 

Crater, Arizona and nuclear craters because of the obvious similarities 

in deformation. The comparison was strengthened because it was known 

that shock effects played a dominant role in the formation of both 

impact and nuclear craters. The study at the Flynn Creek crater has 

now provided sufficient information to see close structural similarities 

with several of the different "shock-produced" craters, such as meteorite 

craters, nuclear craters and chemical explosion craters. Deformation 

in the rim strata, ejecta, and crater breccia are similar in these 

craters to that seen at the Flynn Creek crater. One of the chemical 

explosion craters has a pronounced central uplift and exhibits deformed 

rim strata with types of deformation nearly identical to that at the 

Flynn Creek crater. 

Although direct evidence of shock effects cannot yet be demonstrated 

in the Flynn Creek rocks, excellent comparisons can be made between 

the types of deformation at Flynn Creek and those seen in impact, 
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nuclear and chemical explosion craters. Structures of comparable 

size are chosen ,where possible, for comparisons to lessen complications 

that may occur in scaling. 

Meteorite Impact Craters 

Although a number of impact craters are known, only Meteor Crater 

in Arizona, the Henbury Craters in Australia and the Odessa Craters 

in Texas have been described in sufficient detail for structural 

comparisons with the Flynn Creek crater. 

Meteor Crater, Arizona 

Meteor Crater is located in the southern part of the Colorado 

Plateau in nearly flat-lying sandstone, shale, and dotomite and has 

been described in detail by Shoemaker (1963) . The crater is a bowl­

shaped depression about 4000 feet in diameter and 600 feet deep. The 

rim strata are overlain by ejecta from the crater that rise 80 feet 

to 200 feet above the surrounding flat plateau. The ejecta overlying 

the rim display a crude inversion of the stratigraphy and consist 

of fragments ranging from microbreccia to blocks 100 feet across. 

Shoemaker (1962, p. 308) states that the surface of the surrounding 

Colorado Plateau and crater rim have been eroded about 50 feet since 

the crater was formed. 

The deformation of the rim strata has been examined in detail 

and is shown in Figure 53. Beds of the older formations exposed in 

the lower parts of the crater walls dip gently away from the crater. 

Higher in the crater walls the outward dip becomes greater , and in the 

northeast part of the rim, the uppermost beds can be traced in an 

overturned fold with the upper limb folded back and away from the 

crater . 
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Small vertical faults with scissor-type displacements and small 

thrust faults are common in parts of the rim. Shoemaker (1963, p. 311) 

states that a majority of the scissor-type faults are parallel with 

the northwesterly regional joint set, and a smaller number are parallel 

with the northeast joint set. Regional jointing has also controlled 

the shape of the crater to some extent and gives it a square-like 

outline with the diagonals of the square parallel to the two main 

sets of joints. A few normal f aults are present in parts of the rim 

and are concentric with the crater wall. Some of the faults locally 

have authigenic breccia forming zones rather than well-defined fault 

planes. On all the thrust faults the lower plate moved away from the 

crater. 

Rock exposed in the crater walls is locally intensely fractured 

to brecciated, while adjacent exposures a few tens of feet away may 

exhibit relatively little visible deformation. Irregular zones of 

authigenic breccia several feet to tens of feet wide are also locally 

present in the rim . 

The floor of the crater is underlain by alluvium and talus. 

Lake beds nearly 100 feet thick cover the central part of the crater 

floor and interfinger with the talus and alluvium along the edges of 

the crater wall. Below the lake beds a layer of mixed debris about 

30 feet thick forms part of a fallout layer of ejecta (Shoemaker, 

1963, p. 312). A lens of breccia about 650 feet thick underlies the 

fallout layer. Along the outer margins of this lens are large blocks 

of limestone and dolomite, while only finer breccia is present in 

the inner parts of the lens . Meteoritic iron is present as finely 

divided fragments and microscopic spheres throughout most of the breccia 

and in the crater walls . 

Coesite has been reported from the breccia, fallout layer and 

alluvium by Chao, Shoemaker and Madsen (1960). Stishovite was later 

reported by Chao, Fahey, Littler, and Milton (1962). 
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Odessa Craters, Texas 

A group of small impact craters near Odessa, Texas exhibit a 

variety of structural features which, in part, are not found at Meteor 

Crater, Arizona. Evans (1961) described the main crater as about 650 

feet in diameter with a maximum depth of about 100 feet. A smaller 

crater approximately 650 feet west of the main crater is about 73 

feet in diameter and 16 feet deep. All the craters are filled or 

partly filled by Pleistocene and ~ecent sediments. Although the craters 

were formed in late Pleistocene time, Evans reports,"The mass which 

produced the main crater evidently suffered extreme fragmentation, 

and perhaps partial decomposition, and was mostly or entirely expelled 

with ejected earth materials." The mass which produced the smaller 

crater was less severly broken up,and fragments are still present in 

small amounts in the craters. Evans notes that the rim deformation 

is markedly different between the craters (fig. 53; 54). The rim of 

the largest crater consists of a strongly folded, distorted and thrust­

faulted sequence of limestones. The oldest strata in the "overthrust 

rim folds" have been uplifted as much as 50 feet from their original 

position, a distance equal to one half the depth of the crater. A 

tightly folded and deformed asymmetric anticline is present on one 

side of the rim and is cut by a thrust fault with the upper plate 

moved out from the crater. An inward dip is present in other parts of 

the rim resulting from more open- folded asymmetric anticlines (fig. 53). 

The upper plate of at least one thrust fault moved towards the crater, 

as in the Meteor Crater, Arizona thrust faults. 

The smaller crater exhibits much simpler rim deformation involving 

only a ring antic line (fig.54 ) . Evans (1961, p. D-11) shows the 

strata in the upper part of the rim with a gradational transition into 

breccia. 

Fallback and underlying breccia lenses are present in the Odessa 

Craters, similar to those described at Meteor Crater$ Arizona. 
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Henbur~ters, Australia 

Milton (1965) has recently described the Henbury Craters in 

Australia. The craters are located on the flank of a broad anticline 

in bedrock consisting of siltstones and shales and a few thin sandstones. 

Bedding near the crater field has a regional dip of about 35° south. 

A major thrus~ fault is exposed a few thousand feet to the south, but 

no other faults and only a few minor folds are present within the crater 

field. 

The main Henbury Crater is apparently a double crater with the 

larger end about 500 feet in diameter and on the average of 30 feet 

in depth. The original pre-impact ground surface has been lowered 

very little by erosion, but the crater floors and much of the walls 

are now covered by extensive alluvium. Deformation in the walls 

of tre larger craters is not continuous, but consists of "mosaics 

fanned by the reorientation of fracture-bounded blocks that are them­

selves little deformed. The fractures are so closely spaced .. . 

commonly on the order of an inch or inches ... that the appearance of 

continuous smooth folds is produced." (Milton, 1965, p. 30-33). 

This is very similar to the jumbling in the rim at the Flynn Creek 

structure (Milton, personal communication, 1966). 

Irregular, open to tight synclinal, anticlinal and monoclinal 

folds are present in the crater walls with numerous curving low-

to high-angle thrust sheets (fig. 55). The upper plates of the thrusts 
i: 

are commonly displa~ed away from the craters. 

Milton's cross-sections indicate that rim deformation decreases 

outward and is absent 30 to 70 feet from the crater wall. Overturned 

units are accompanied by "thin slices that formed by strong shearing 

parallel to the bedding and [were] active simultaneously with the 

outward rotation." 

Milton (1965, p. 44-45) noted that most of the ejecta on the rims 

and that exposed in the crater walls exhibit no gross indication of 
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impact metamorphism. One exception is a small amount of sandstone 

ejecta which has quartz grains transformed to glass . Milton states 

that the Henbury Craters exhibit a ll the types of structural deformation 

found at Meteor Crater in Arizona , Odessa Craters in Texas, and 

the Ries Basin in Germany. 

Nuclear ~xplosion Craters 

The structures of only f our nuclear explosion craters have been 

described in detail in the uncl assified literature. However, many of 

the structural features of t he Flynn Cr eek crater are reproduced in 

these four craters, and e ach of the f our nuclear explosion craters 

will be briefly described. 

The Sedan crater is the l arge st known nuclea r -produced cra t er, 

and was formed at the Nevada Test Si t e by detonation in alluvium of 

a 100 kiloton thermonucle a r device, 635 feet below the surface . 

The crater measures about 1200 f eet in diameter and is about 320 feet 

deep (fig. 57) . The rim stra t a have been uplifted 10 to 20 feet 

adjacent to the crater wall. The upper 10 to 15 feet of strata in 

one part of the rim are overturned (fig. 59 ) and are cut by a thrust 

fault with the upper plate moved away from the crater. Complex 

folding is present in othe r pa rts o f the rim but has not been described. 

Below the surface the strata ar e up t urned but not extensively folded 

(Short, 1965, p. 582) . Other de t a ils of the structure have not been 

reported . 

The Danny Boy nuclear cra t e r was formed at the Nevada Test Site 

by detonation of o.4- kiloton sho t in basalt 105 feet below the surface. 

This produced a crater 210 f ee t in diameter and about 55 feet deep 

(fig. 58 ). Uplift of rim stra ta averages about 15 feet at the crater 

wall, but no evidence of overturning is present on the rim. Blocks 

of basa lt up to 20 feet were ejec t ed onto the rim. Deformation in 

the rim of the ma ssive basalt was controlled mainly by differential 

slip and rotation along joints and newly .created f r acture surfaces 
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(Short, 1965, p. 582). Further details of the structure have not 

yet been reported. 

Shoemaker (1963, p. 313) ha s described the Teapot Ess nuclear 

crater shown in Figure60 . This crater was produced in alluvium by 

a 1 . 2 kiloton shot detonated 67 feet below the surface. The crater 

produced was about 300 feet across and originally about 100 feet deep. 

Beds of alluvillin in the rim a re overturned as they are at Meteor Crater, 

Arizona, and at the Sedan and Da nny Boy nuclear craters . Shoemaker 

(1963, p. 313) states, "The uppe r limb of the fold is overlain and 

locally pass~s outward into debris that roughly preserves, inverted, 

the original alluvial stratigr a phy ." The crater floor is underlain 

by a thick lens of breccia c ompose d of fragments of the original alluvium 

which is sheared and compres sed plus dispersed glass made from the 

alluvium. Sho~maker (1963, p . 312) reports that, '~early all the major 

structural features of Mete or Cra t er, Arizona are reproduced in 

the Teapot Ess crater." 

The Jangle U crater was f ormed in alluvium several thousand 

feet from the Teapot Ess c r ater by 1.3 kiloton shot detonated 18 feet 

below the surface. The crate r produced was 60 feet deep and 240 feet 

in diameter (fig.60 ) . Instead of overturning in the rim strata, 

a pronounced anticline with rim uplift has developed similar to that 

at Odessa Crater and the Flynn Cre ek structure. A lens of breccia 

underlies the crater floor a s in the other nuclear explosion craters. 

Other details of the crater have not been reported. 

Chemic a l Explosion Crater 

In June, 1964 , the Suffield Experimental St a tion in Alberta, 

Canada , detonated a 500 ton TNT charge on the surface. The crater 

that resulted had such pronounced structural similarities to the Flynn 

Creek crater that a visit was arr anged for the author by the U. S . 

Geological Survey and the Canadian Government. 
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Access to the crater was granted by the Suffield Experimental 

Station, and the following account is taken from the information 

supplied by Dr. G. H. S. Jones and C. Diehl and from the writer's 

observations at the crater during part of its excavation. 

The upper 25 feet of the strata at the test site consist of 

unconsolidated alluvium and lake beds of clays, silty clays, silts, 

and sands. The coarser material appears lenticular. At a depth of 

about 20 feet a dense yellowish-brown clay is present, and at about 25 

feet a dense blue-gray clay is at least five feet thick in places. 

A red sand a fe~ feet thick underlies the blue-gray clay. The water 
6; '\))i'-

table is about ~4 feet below the surface. 

The explosive was stacked in a hemispherical shape measuring 

about 30 feet in diameter and 15 feet in height and was detonated at the 

center of the charge at ground level. The resulting crater was somewhat 

irregular in outline and measured from about 240 to 330 feet in 

diameter at the 'original ground level, and was about 15 feet in final 

depth after later deposition occurred. The most striking departure 

from normal explosion craters included a large central uplift, a local 

depression or down-folding of parts of the rim, and large concentric and 

radial fractures. 

C. Diehl stated that he was able to reach the crater and began 

survey operations about five minutes after the detonation. He described 

the ground as hot enough to make it uncomfortable to walk upon, and 

observed that a large mound had formed in the center of the crater. 

Tension fractures began to open and continued to open for several days 

after the event. Less than five minutes after the detonation, water 

started to flow into the crater from fractures in the central mound. 

Within ten minutes or less water was also flowing from fractures in the 

crater floor and continued until the crater contained a lake with 

the central mound forming an island. Large concentric fractures in the 

rim at distances of about 210 feet and 260 feet from the crater wall also 

continued to open for several days after the detonation (fig. 61). 

Sand pipes or dikes were formed in many of the fractures during water flow. 
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The bedding planes of the clays and silty clays are slightly more 

fractured near the pipes but are otherwise undisturbed as seen in 

the excavated rims. 

Excavations of the southwestern rim are shown in Figure 62 from 

sketches made in the field. Diehl states that a gentle depression is 

generally present beyond the deformed rim strata adjacent to the crater 

wall. A few feet from the original crater wall the slightly depressed 

rim rises abruptly into a tightly folded and distorted anticline (fig.62). 

Parts of some beds are sheared off along the crest of the anticline, and 

although the sand beds are unconsolidated, it appears that a thrust was 

developing during the folding of the anticline. The beds are highly 

deformed and mixed with other fragments in the crater wall and appear 

similar to the highly jumbled to brecciated rim strata in parts of the 

crater wall at Flynn Creek. The rims also exhibit intense differential 

shearing at low angles to the ground surface (fig. 62). 

Although the beds in the central mound are greatly disturbed by 

folding, shearing, brecciation and a great amount of thickening and 

thinning, a general pattern can still be seen. Careful measurements by 
3 s- ::i.\rc 

Diehl indicated a minimum folded uplift of l::S::::to:o-.:2.:5 feet of the blue 

clay horizon (fig. 62). The top of the mound is mainly a breccia of 

folded clay fragments. Sand injected by the water flow along fractures 

made it difficult to determine details of the rest of the central mound 

in the early stages of excavation, but it is clear that the type of 

structural deformation bears a close similarity to parts of the central 

uplift at Flynn Creek. 

Information recording total ground movement was accurately determined 

by ~urying 1650 marker cans in ordered arrays and excavating these cans 

and surveying their positions after the detonation. The down warping 

beyond the crater wall, and the central uplift are confirmed by these 

markers. Diehl and Jones (1965, p. 305-309) described this technique and 

demonstrated its immense usefulness with a 20 ton TNT detonation. The 

displacement of the alluvium in the 20 ton crater is shown in Figure 63. 

Diehl and Jones pointed out the relationship to the theoretical velocity 

and particle study of Brode and Bjork (1960). 



2o6 

'0~~,.~-,"'""2 -~-~,0~-~~~~-l-------'-___,2.,___.___Jo.,___.__--'2--'----'--'---'-'-----'---'---',o-,___"""',2-~14-_J 
HORIZONTAL DIST ANC( - METRE S 

Figure 63 - - Displacement of alluvium below explosion of 20 ton TNT 
hemispherical charge at the Suffield Experimental Station. 
Marker cans were buried in sand columns located on radial 
lines from ground zero. The post-shot positions of the 
marker cans were used to determine the direction and 
displacement of t he ground . From Diehl and 
Jones ( 1 965, p306 ) . 
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A significant result in the 20 ton TNT experiment is the reversal 

in displacement direction below ground zero. A velocity reversal was 

predicted in the study by Brode and Bjork and is qualitatively similar 

to the reverse displacement found by Diehl and Jones. Possibly under 

higher energy explosions, such as the 500 ton experiment which has a 

central uplift, the reversal in particle displacement aids in the 

formation of an uplifted zone. It is not known as yet what specific 

conditions are necessary to form the central uplift, but it is now 

clear that shock mechanisms from a surface burst can produce such a 

structure. In fact, this particular surface burst produced nearly 

every structural feature found in the Flynn Creek crater. Publication 

of Jones' and Diehl's studies will undoubtedly shed fu+ther light on 

this relationship but this information will not be available before 

completion of the excavation in 1966. 

Comparison of the Flynn Creek Crater with Meteorite Impact, 
Nuclear Explosion, and Chemical Explosion Craters 

Comparison of Flynn Creek Crater with Meteor Crater 

The crater at Flynn Creek has a number of features which are also 

present at Meteor Crater. Both structures were formed in flat-lying 

sedimentary rocks and both are craters. Meteor Crater is bowl-shaped, 

but at Flynn Creek the crater has a flat floor because of depositional 

fill. An ejecta blanket is present on the rim of Meteor Crater and at 

one time was present at Flynn Creek. Both ejecta blankets contain 

a crude inversion in the stratigraphy. 

The strata in the rims of both craters are raised and dip away 

from the crater walls. Strata exposed in the crater walls at Meteor 

Crater dip steeply away and in one case are overturned. At Flynn Creek 

the strata in parts of the crater walls dip steeply away from the crater; 

in other parts it is more common to have an anticline concentric to the 

crater wall with the limb on the crater side dipping steeply towards 

the crater. 

Small thrust faults are present at both craters and appear to be 

approximately parallel with the regional joint systems. Normal faults 

are present at both craters and are approximately concentric with the 
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crater walls, with authigenic b r e ccia zones present along some of the 

faults at both craters. Thru st f a ults at Meteor Crater have upper 

plates moved toward the crat e r where as at Flynn Creek all large 

thrust faults have upper plates move d away from the crater. One smaller 

thrust, comparable in size t o thos e at Meteor Crater, has its upper 

plate moved toward the crater. 

Rocks in the crater walls at both craters are intensely fractured 

to brecciated. At Flynn Cre e k a jumbled zone is developed in some 

parts of the crater walls. In e ither craterJ strata in the rim a few 

tens of feet from the crat e r wall commonly exhibit little deformation. 

Irregular zones of authigenic breccia are locally present in the rims 

of both craters . 

The floors of Meteor Crater a nd Flynn Creek crater are both under­

lain by a chaotic breccia of fr agme nts derived from the local strata. 

The largest blocks are restricted to near the crater walls. 

Comparison of Flynn Creek Crat e r with Odessa Craters 

The structures at Flynn Creek a nd at Odessa are both craters 

formed in flat-lying limestones. Rim strata have been uplifted and 

locally folded in rim anticlines a djacent to the crater walls of 

both structures. The limbs of the rim a nticlines dip toward the craters. 

Thrust faults have upper plat e s moved awa y from the crater . One 

small thrust fault at Flynn Creek and one at Odessa has the upper 

plate moved toward the crater . Jumbled strata are present in the 

crater wall in one of the sma lle r craters at Odessa, but are common 

at Flynn Creek. 

Comparison of Flynn Creek Crater with Henbury Craters 

The Henbury Craters are located in dipping siltstones and shales, 

whereas the Flynn Creek crater is located in flat-lying limestones. 

Both are craters which have r e c e ive d varying amounts of washed-in 
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material. Deformation in parts of the walls of both craters is 

characterized by jumbled stra t a with no sharp break between the crater 

breccia and rim strata. 

Folding in the rims of both cra ters is composed of synclines, 

anticlines and monoclines, l oc a lly cut by low to high-angle thrust 

faults. The upper pl a te is commonl y thrust awa y at both Flynn Creek 

and Henbury . Deformation de crea s e s r a pidly away from the crater walls. 

Comparisons of Flynn Cree k Crate r with Nuclear Explosion Craters 
--- ---;..:....::;==: -- --

The crater at Flynn Creek and each of the nuclear explosion craters 

are located in fl a t-lying str a t a . Uplifted strata in the rims are 

common to all the nuclear c ra t e rs, with strata dipping awa y from the 

crater. The rim stra ta at Flynn Cre ek a re als o raised and commonly 

dip away from the cra ter. 

Thrust faulting is pres e nt in s e veral of the nucl e ar craters, 

and commonly the upper plat e has moved away from the crater as at 

Flynn Cre e k . Shoemaker (pe r son a l c ommunication, 1966) states that 

there are other details of r im de f o r ma tion and brecciation present 

at the nuclear craters which c ompa r e with deformation at the Flynn 

Creek crater, but this h a s n o t a s ye t been pub l ished. 

Locally an anticline is c onc entric and adjac ent to the crater 

wall at Flynn Creek and h a s the limb on the crater side dipping steeply 

toward the crater. This is a l so pre sent in the rim of the Jangle U 

nuclear crater and is identica l t o the fold in the rim of the lar gest 

Odessa crater. A shallow d ep th o f buri a l of the nuclear devic e at 

Jangle U crater p r oduced a cr a t e r most like that at Flynn Creek. A 

deeper burial of the nucle a r d evic e at Teapot Ess Crater produced 

a crater most like Me teor Cr a t e r. 

Compa rison of Flynn Cre e k Crater with Chemical Explosion Crater 

The Flynn Creek crater and the 500 Ton TNT crater are both 

flat-bottomed craters formed in flat-lying strata,and both have a 
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pronounced central uplift. Both structures have uplifted strata in 

the rim and local anticlinal folding in the rims adjacent to the crater 

wall. The anticlinal folds ore identical to those at the larger 

Odessa Crater and the Jangle U nuclear crater. A thrust fault cuts 

the top of the fold as at the Odessa Crater. An ejecta blanket is 

present. 

Tension fractures formed in the rim strata at the 500 Ton 

crater and very slight subside nce of the blocks occurred. A similar 

structural feature is present at Flynn Creek in the southern rim, 

except that the block dropped considerably. 

Deformation in other parts of the rim strata of the 500 Ton 

crater is intense but limited to a zone very close to the crater 

walls . Jumbling is also common in a few places in the rim. Both of 

these features are present a t the Flynn Creek crater. 

The structure of the c en tra l uplift at both craters bears a 

close resemblance. Faulting a nd brecciation are more common in 

the strata of the central uplift at Flynn Creek, while folding is 

more common in the central uplift of the 500 Ton crater. 

Conclusions 

The crater at Flynn Cre ek exhibits nearly all the types of 

structural deformation found a t Me teor Crater, Odessa Crater and the 

Henbury Craters. Comparisons with four nuclear explosion craters 

have indicated that the structure at the Flynn Creek crater is nearly 

identical with the Jangle U nucle a r crater and has pronounced similarities 

with parts of the other nucl ea r craters. The 500 Ton TNT explosion 

crater has nearly identical structural deformation in all respects 

with the Flynn Creek crater. On the basis of these structural 

comparisons it is concluded that the crater at Flynn Creek is also 

produced by a shock-mechanism, in this case an impact . 
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Other approaches to the problem of the origin of the Flynn Creek 

crater have been less definitive,but none contradict the concept of 

an impact. 

The petrographic studies of the zone of intense twinning also 

indicate a very high pressure environment during the formation of 

the crater. In so far a s is known, this type of deformation has not 

been shown for maars or di a tremes. 

High pressure phases, such as co esite and stishovite, are absent 

at Flynn Creek, as one would expect in such a low silica environment. 

The maximum percent of de trit a l quartz in the limestones does not 

exceed one percent. Thus far the high pressure phases have been 

found only in rocks which are entirely silicates. Detrital quartz 

grains would probably be little affected in a matrix which deforms as 

easily as calcite. It must be emphasized that the exposed horizons 

at the Flynn Creek structure are not ideal for finding the most 

intensely deformed material if an impact had occurred. Most . of the 

breccias exposed on the crater floor are reworked and washed into the 

crater and would cover any f a llout layer if one were present. The 

fallout layer,according to Shoemaker (1960),contains the most highly 

shocked material in an impact crater. 

The trace element results were a lso negative in finding volcanic 

or meteoritic materials. The absence of volcanic materials would be 

difficult to explain by weathering processes,considering they have 

remained in other sites for similar lengths of time. If a nickel­

iron meteorite or even a stoney meteorite had caused the crater, 

one could suggest that the impact so highly fragmented the body that 

it was easily weathered and removed by solution. Certainly the amount 

of meteoritic material in the largest Odess a crater is small and not 

easily found. This is even true for the surface at Meteor Crater, 

Arizona. Until drilling has been done at the Flynn Creek structure, 

this question will not be answered. 

Considering the shallow nature of the Flynn Creek crater, the 

presence of a central uplift, and the anticlinal folding in the rim, 
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one would conclude that if an impact occurred, it probably was a 

"shallow impact." That is to say the center of energy was near the 

surface. This is consistent with the 500 Ton TNT surface explosion 

and the Jangle U nuclear crater. It appears possible that such 

conditions could be met by a comet impact in which the comet would 

not act as a dense body and would not penetrate as deeply as an iron 

meteorite. This would explain the absence of meteoritic iron or 

stoney iron materials, if comets are "frozen gase-s" as postulated. 

Shoemaker (1966) has suggested the possibility of comets actually 

being carbonaceous chondrites which, of course, would not leave any 

trace after even a short period of erosion following impact. 

Shatter cones have not been found in any proven impact craters, 

although Shoemaker, et. al. (1963) has made them under laboratory 

hypervelocity impact conditions. Johnson and Talbert (1964) have 

published a short theoretical treatment which suggests that a very 

high stress environment is necessary. 

Both gravity and magnetic studies were unsuccessful in locating 

a buried igneous source for the speculated volcanic gases. Either 

an igneous plug is not present, or the density and magnetic susceptibility 

of the intrusive body are very close to those of the surrounding 

sedimentary rocks . 

Field studies have shown that the level of the pre-crater surface 

allows an argument favorable to very low confining pressures. Comparison 

of the low pressures necessary to fracture limestones under these 

confining pressures indicates that a high pressure cannot account 

for the plastic folding. Large meteorite impacts, on the other hand, 

can generate pressures that are adequate to cause the rim folding as 

well as brecciation. 

Simple scaling laws from nuclear explosion craters and the 500 

Ton TNT explosion crater suggest that between 10
24 

and 10
25 

ergs were 

necessary to form the Flynn Creek crater. Comminution energy calculations 
24 also give 10 ergs to fracture the volume of rock in the crater. For 
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illustrative purposes, if a comet of density 3 . 33 g/cc produced 

the Flynn Creek structure, one can calculate the size of body using 

an average impact velocity of 18 miles/second. The diameter of the 

mass would be approximately 280 feet. 

The writer's suggestion that the evidence indicates an impact 

origin can be uniquely tested by a drilling program. The depth of 

the lowest brecciated horizon from nuclear scaling suggests it should 

be less than 3000 feet. This is at least 2000 feet above basement 

rock. If a lower limit of brecciation is at the approximate predicted 

level, it would not only help solve the Flynn Creek problem, but would 

also aid in the solution of many other similar cryptoexplosion 

structures. Unless subsurface information later provides information 

to the contrary, the impact origin of the Flynn Creek crater is considered 

the most likely hypothesis. 

Geologic History of the Flynn Creek Crqter 

The geologic history of the crater at Flynn Creek is important 

for two reasons: (1) to help determine the most probable origin of 

the crater, and (2) to establish the time of formation. A thorough 

understanding of geologic history has been necessary to show that the 

crater has experienced only moderate erosion. This information has 

helped establish that the observed structural deformation at Flynn 

Creek is at or near the original level of the crater. Without this 

knowledge, structural comparisons could not be made between the Flynn 

Creek crater and other craters known to have formed at the ground 

surface, such as meteorite impact and maar craters. The time of formation 

of the structure is important to an understanding of the rates of 

erosion and of depositional filling of the crater . The age of the 

crater also is of particular interest to studies of the rate of 

terrestrial impact cratering. 
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The geologic environment of the Interior Lowlands during Lower 

Paleozoic time has been discussed at length by King (1959), Freeman 

(1953, 1959), Wilson and many others. It has been generally accepted 

that regionally extensive sha llow seas periodically covered most of 

the Interior Lowlands during Cambrian and Ordovician time. Wilson 

(1962) has described conditions in central Tennessee as characterized 

by shallow seas with periodic ~plifts exposing the Nashville Dome to 

areal erosion. Wilson (1962, p. 504) states that during Late 

Ordovician time the Nashville and Ozark swells were uplifted, and 

Leipers strata (Maysville time) were eroded from the higher parts 

of the Nashville Dome. Immediately north of ' the Flynn Creek area only 

the upper 25 to 50 feet of Le ipers strata were eroded from the area. 

This was probably also true in the Flynn Creek area, except the level 

of erosion was slightly lower. 

Near the end of Ordovician time the Richmond sea covered central 

Tennessee including the Nashville Dome and the Flynn Creek area. The 

Sequatchie sediments were deposited as a calcareous ooze in silt-free 

water over a large part ~f the st a te (Wilson, 1949, p. 343). Several 

changes in depositional conditions occurred during late Richmond time, 

and limestones, shales and silts were deposited as interbedded units 

north and west of the Flynn Creek area. During the end of the Ordovician 

and possibly at the beginning of Silurian time, central Tennessee was 

exposed to a period of erosion, and unknown amounts of older strata 

were eroded from different a reas. Erosion in the Flynn Creek area 

did not go below the Sequatchie strata. 

During the Silurian Period several advances and withdrawals of 

shallow seas occurred accomp anied by the deposition of a series of 

limestones, shales and siltstones . Marine carbonates and shales 

of Silurian age are present along the extreme northern and northwestern 

part of the Nashville Basin in central Tennessee (Wilson, 1949, p. 239-

279) . The Silurian strata are restricted to the western side of the 
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present Nashville Dome, a distance of nearly 30 miles from the Flynn 

Creek area. The nearest probable Silurian strata to the east is 

suggested by Born and Lockwood (1945) from test wells, a distance of 

nearly 50 miles from the Flynn Creek. 

During Early and Middle Devonian time several incursions of 

shallow seas again occurred and were accompanied by periods of extensive 

erosion. Middle Devonian strata are absent on the eastern side of 

the Nashville Dome except for a small isolated deposit of Pegram 

Formation in west-central Jackson County about 12 miles northwest of 

the Flynn Creek area. Only a rubble of weathered Pegram sandstone 

blocks covering a few thousand square feet are present in this area 

representing the only remains of what was once probably a continuous 

shoreline depo~it. The sandstone blocks lie directly upon the Leipers 

t ormation in a manner suggesting they have been let down from an 

earlier erosional surface . The nearest Pegram strata, lying in their 

normal stratigraphic position,are located along the western flanks 

of the Nashville Dome, a distance of 30 miles from the Flynn Creek 

area. Lower and Middle Devonian strata have not been described in 

the subsurface from east of the Flynn Creek area to the Valley and 

Ridge province of east Tennessee. 

It is not yet possible to say if Middle Devonian seas covered the 

Flynn Creek area. The distribution of the Pegram strata, according 

to Wilson (1949, p. 346) , suggests that a Middle Devonian sea rose very 

high on the eastern flank of the Nashville Dome. If this is true, 

then the Flynn Creek area was almost certainly covered. 

A major interval of erosion followed the withdrawal of the Pegram 

sea, and the newly-deposited sandstone and limestone were widely 

removed from much of central Tennessee. During Middle Devonian time 

the area irrunediately north of Flynn Creek was reduced to a rolling 

lowland with less than 100 feet of relief and with gentle slopes 

(Barnes, personal communication, 1964; Maher, personal communication, 
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1964). In some localities the Sequatchie rocks are removed, and 

part of the top of the Leipers strata is also eroded away. 

In the Flynn Creek area the Leipers strata were eroded 50 to 

100 feet below the level of the highest Leipers horizons exposed 

15 miles to the north. Most of the Sequatchie strata and the upper 

Leipers units of Platystrophia ponderosa limestone were probably 

eroded from the area. The down-faulted blocks on the southeastern 

rim of the crater, however, preserves 75 to 150 feet of upper Leipers 

unit of Platystrophia ponderosa limestone and brecciated fragments 

of Sequatchie dolomite. 

It would appear likely that the crater was formed within this 

interval in Middle Devonian time, possibly during a period of extensive 

regional erosion. The presence of Sequatchie fragments in the breccia 

clearly indicat~s a post-Richmond age for the crater. The apparent 

absence of any type of Silurian and Lower or Middle Devonian rocks 

in the bottom of the crater suggests the age is considerably younger 

than post-Richmond and more probably is Middle to post-Middle Devonian 

age. If the crater had been present during this period of time, and 

if no Silurian or Devon~bn seas had covered the area, then almost 

certainly lake deposits would be present above the crater breccia. 

Instead , the first bedded deposits that are observed are marine breccias 

derived locally within the crater and which are of early Late Devonian 

age. 

Fragments from the upper Leipers unit of Platystrophia ponderosa 

limestone age are rare in the crater breccia, and Sequatchie fragments 

have not been found in the crater, yet both these rocks are present 

in the down-faulted block in the southern rim. It seems likely that 

the area may have been a rolling lowland with the low hills capped 

with Sequatchie rocks which were underlain by 75 to 150 feet of 

upper Leipers unit of Platystrophia ponderosa limestone. If a complete 

cover of these rocks had been present when the crater was formed, then 

more fragments should be present in the breccia of the crater, both 

from the initial deformation and from later erosion of the crater 
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wall. It is possible that the region may have been in a coastal plan~ 

environment if the Middle Devonian sea was still in the immediate 

area. 

It would seem unlikely that the crater could have existed for 

any great length of time before being destroyed by erosional and 

depositional processes. Instead, crater walls are still present as 

steep cliffs in parts of the crater, and the central uplift still 

remains with little obvious erosional destruction. An age of late 

Middle Devonian to early Late Devonian seems most consistent with 

the available evidence. 

The crater appears to have been formed during the impact of either 

a comet or a meteorite, and a large amount of rock ejected and fell as 

anejecta blanket surrounding the crater. A crude inversion of the 

strata occurred during the ejection and was later preserved on the 

southern rim. Presumably the central uplift and the intense folding 

and faulting in the rim occurred during the brief period of cratering. 

The large thrusts on the southeastern rim were probably formed during 

the impact, but other fault blocks, such as the down•faulted block on 

the southeastern rim, may have subsided for some time after the event. 

It seems most likely that the southern-most fault zone was an open 

fracture at one period of time . Sequatchie breccia fills most of the 

fault zone and is present at the base of the overlying ejected breccia 

(fig . 36 ) . The Sequatchie rocks, which were ejected and scattered 

at the base of the ejecta blanket, probably dropped into the opening 

fault zone as the block slowly subsided. The block probably continued 

to slump toward the crater until it formed a depression in the rim 

which preserved part of the ejecta blanket . 

Erosion began to act immediately upon the ejecta and crater, 

and the entire ejecta blanket was eventually removed, except for that 

part preserved in the down-faulted block. Ejecta breccia over the 

block settled enough to allow a small talus deposit of upper Leipers 
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Platystrophia ponderosa rocks (fig.36) to develop. Some of the 

ejecta and rim strata must have been eroded and deposited at the 

base of the crater walls and spread out over the crater floor. A 

very crude lineation in the long direction of some breccia fragments 

can be seen in a few of the breccia outcrops near the crater walls, 

suggesting that these breccias were washed or deposited over the 

crater slopes with a very crude bedding. 

Slumping is evident along some of the crater walls where large 

megabreccia blocks are nearly at their original stratigraphic levels 

but are now tilted and separa t ed a few hundred feet from the rim 

strata. Subsidence probably occ urred over all of the crater floor 

as solution removed finer breccia fragments from lower levels . 

Lake beds and alluvium may have formed on the crater floor, but they 

would now be covered by breccia washed in from the rim strata and 

ejecta blanket. Erosion proce eded to form small valleys and gulleys 

in the crater walls, but it does no t appear that the rim was ever 

breached and opened to outsid e dra inage. Erosional cliffs are present 

in parts of the crater walls . An internal drainage system developed 

in the crater, and much of the e jecta blanket that washed over the rim 

was carried to the low areas surrounding the flanks of the central 

uplift. 

Apparently the Chattanooga Sea had begun to cover the area by 

this time, or possibly it was present slightly earlier. If a high 

ejecta blanket surrounded the crater, it could have prevented a shallow 

sea from initially flooding the cra ter. However the unconsolidated 

nature of the ejecta would suggest tha t any surrounding body of water 

would quickly remove any st and ing mass of breccia. On the other hand, 

much, if not all of the breccia may have been removed by pre-Chattanooga 

erosion. 

The first clearly bedded deposits in the crater appear to be 

poorly-bedded breccias composed of reworked crater breccia. These 

poorly-bedded breccias cover the crater floor and wedge out low on 
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the crater walls. Apparently these breccias were reworked and 

distributed over the crater floor and were then overlain by well­

bedded breccia derived mainly from the highest horizons in the crater 

walls. A single massive bed of dolomite was then deposited on the 

well-bedded breccia throughout the crater. 

The bedded breccias and do lomite were apparently deposited in 

a marine environment, bec aus e conodonts of early Late Devonian age 

are present in these ' rocks; the y form the local, basal units of the 

.Chattanooga Shale within the cra t e r. No trace of ejecta or bedded 

breccia is present outside the cra t e r. 

During early Late Devoni an time sediments of the Chattanooga 

Shale filled the crater and pr evented further erosion of the structure. 

Nearly 300 feet of the lower unit o f the black shale filled the crater 

to a level about equal with the surrounding rim surface. Younger 

units of the shale then cove r e d the ne arly level area over the crater . 

Deposition appears to have be en continuous into Early Mississippian 

time with the Maury and Fort Pa yne Formations. The shale in the crater 

continued to compact until it had decreased in thickness to about 200 

feet and produced a broad s ag in a ll of the filling sediments. 

Pennsylvanian sediments later covered the area but were removed during 

more recent erosion. During Q'Ua t e rnary and Tertiary time drainage 

patterns were established, probably contemperaneous with a gentle 

uplift of the Nashville Dome and surrounding region. The Cumberland 

River and its many tributarie s, including Flynn Creek, continued their 

downward-cutting to form a c omplic a ted dra ina ge pa ttern of incised 

stream valleys . The heads o f the many stream valleys are slowly 

eroding into the flat upl ands of the Highland Rim to the east and 

northeast o~ the Flynn Creek area. To the west the streams empty 

into the Cumberland River where it flows across the rolling lowlands 

of the northern end of the Nashville Basin. The once deeply-buried 

crater at Flynn Creek is now exposed in the walls and floors of the 

many valleys that have more recently been incised into the older rocks . 
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