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ABSTRACT 

Kammer, T. W., 1985. Basinal and prodeltaic communities of the Early Carboniferous 
Borden Formation in northern Kentucky and southern Indiana (U.S.A.). Palaeogeogr., 
Palaeoclimatol., Palaeoecol., 49: 79--1'21. 

Basinal and prodeltaic rocks of the Early Carboniferous (Early Mississippian) Borden 
Formation each contain a distinctive community type. The stratigraphic and geographic 
occurrence of these communities was physically controlled by the level of dissolved 
oxygen in sea water and by the proximity of submarine fan valleys. 

The older, basinal community (Coral Ridge fauna) was dominated by deposit-feeding 
molluscs. A variety of evidence suggests this fauna lived in a reduced oxygen (dysaerobic) 
environment: (1) many stunted individuals, (2) low diversity, (3)dominance by deposit- 
feeders, and (4) replacement of CaCO3 skeletons by pyrite, marcasite, and siderite. 

The younger, prodeltaic community (Button Mold Knob fauna) was a high-diversity 
community dominated by suspension-feeders living under conditions of normal 
oxygenation. Diversity and abundance data for this community were assembled from 74 
bulk samples. Paleoecologic reconstruction of this community is based on these data. 
The dominant groups of crinoids were non-pinnulate, probably in response to the 
opt imum mode of  feeding in the low,energy prodeltaic environment. A population study 
of the brachiopod Rhipidomella oweni (Hall and Clarke) indicates high juvenile mortali ty 
that probably was caused by smothering in mud. The tabulate coral Cladochonus crassus 
(M'Coy) was an extremely abundant element of the community. The data set for 
C. crassus indicates that this coral had a three-dimensional growth form with a mean of 
678 corallites per corallum. 

The patchy distribution of fossils at one site on the ancient prodeltaic sea floor was 
studied by use of  contour maps and trend surfaces. The brachiopod R. oweni was dis- 
tributed in clusters that in general were mutually exclusive of  crinoids. The significance 
of  this mutual exclusion is uncertain, but there is some evidence for biological interac- 
tion. Settlement sites on the sea floor had a large-scale patchy distribution. This may be 
a function of the inability of suspension-feeding larvae to settle directly in the mud. Once 
sites were fortuitously established, the skeletal debris of earlier generations provided 
larval settlement sites. 

The trophic structure of the prodeltaic community suggests partitioning of  food 
resources by tiering above the substrate. Each trophic group is dominated by one or two 
species, except for the crinoids. The crinoids showed the greatest species equitability 
because the wide range of  filtration fan morphologies allowed a complex division of food 
resources. 

0031-0182/85/$03.30 © 1985 Elsevier Science Publishers B.V. 
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INTRODUCTION 

The Early Mississippian (Visean, late Osagian) Borden Formation in 
Kentucky and Indiana is composed of deltaic sediment deposited by a 
rapidly prograding deltaic complex termed the Borden delta (Kepferle, 
1977; Ausich et al., 1979). The New Providence Shale Member is the basal 
member of the Borden Formation and represents basinal and prodeltaic 
deposition. Outcrops of the New Providence Shale contain two separate 
faunas, a basinal fauna and a prodeltaic fauna. These two faunas are not of 
the same age but are found in vertically contiguous beds of similar lithology. 

Each fauna consists of a unique assemblage of fossil organisms that is 
recurrent both spatially and temporally. A variety of evidence indicates 
that the structure and composition of each fauna was directly influenced 
by the physical environment as well as by biologic interactions. Thus, 
each fauna is judged to represent a once-living community. In this report 
the terms fauna and community are used interchangeably even though they 
are not strictly equivalent terms. "Fauna" denotes a discrete, observable 
assemblage of invertebrate fossils, whereas "community" implies a concep- 
tual idea representing a once-living, and interacting, group of organisms. 

The older fauna is termed the Coral Ridge fauna and is named for its 
occurrence at the Coral Ridge Quarry (Fig.l) (Conkin, 1957). Individuals of 
several species are stunted in size, and the fauna is dominated by molluscs 
with a predominance of deposit-feeders. This fauna lived in front of the 
delta on the basin floor. The younger fauna is termed the Button Mold 
Knob fauna after the locality of the same name (Fig.l). This fauna consists 
of normal-size individuals and is dominated by suspension-feeders including 
crinoids, brachiopods, bryozoans, and corals. This fauna lived at the base of 
the delta slope. 

The holistic community concept (Kauffman and Scott, 1976) was 
employed in the study of these faunas. This concept takes into consideration 
the total biotic composition and structure of the community as well as the 
physicochemical relations with the surrounding environment. The initial 
design of this project was to collect bulk samples of the shale containing 
each fauna so that preserved abundance and diversity data could be mea- 
sured. This approach turned out to be impractical for the Coral Ridge fauna 
because of its low abundance, so this fauna was collected from outcrop 
surfaces. The Button Mold Knob fauna was quite amenable to bulk sampling 
and was collected extensively in this manner. Although taphonomic proces- 
ses destroy much original biologic information, study of bulk samples reveals 
more information about community structure than simply studying samples 
collected on the surface of an outcrop. 

The specimens upon which this report is based are deposited in the 
paleontological collections of the Department of Geology, Indiana 
University (IU). 

Eight localities in north-central Kentucky and southern Indiana were 
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Fig. 1. Index map of study area showing the location of fossiliferous outcrops in the New 
Providence Shale Member. Localities are described in Table 1. Major towns are stippled. 

considered in the present study (Fig.1 and Table I). These localities include 
all of the presently known significantly fossiliferous outcrops of  the New 
Providence Shale in Kentucky and Indiana (for locality details see Kammer, 
1982, 1984). 

STRATIGRAPHY AND SEDIMENTATION 

During Early Mississippian time, sedimentation in the east-central United 
States was dominated by deltaic deposition. Summaries of  the depositional 
history may be found in Pryor and Sable (1974), Sable (1979), and deWitt 
and McGrew (1979). 

The overall depositional history of the Borden delta and its consti tuent 
facies in Indiana and adjacent Kentucky was discussed by both Kepferle 
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TABLE I 

Locali ty register 

1. Deam Lake, outcrops along Waggoner Rd., western boundary of  sec. 4, T. 1 S., R. 6 E., 
Clark Co., Indiana, Speed Quadrangle, lat. 38027'32 ' ', long. 85°52'10"; Button Mold 
Knob fauna 

2. IU15174, Louisville Cement Co. quarry (abandoned), NW 1/4, NE 1/4, Clark Land 
Grant 146, Clark Co., Indiana, Speed Quadrangle, lat. 38°24'40 ", long. 85°47'45"; 
Coral Ridge fauna 

3. Hill south of golf club, Iroquois Park, Louisville, Carter Coordinates NW 114, NE 1/4, 
NE 1/4, 3-T-45, Jefferson Co., Kentucky, Louisville West Quadrangle, lat. 38010'00 ' ', 
long. 85°47'10" ; Button Mold Knob fauna 

4. Kenwood Hill, Louisville, Carter Coordinates SE 1/4, 2-T-45, Jefferson Co., Kentucky, 
Louisville West Quadrangle, lat. 38009'22 ", long. 85°46'35"; Coral Ridge and Button 
Mold Knob faunas 

5. IU15175, NW side of Finley Hill, Carter Coordinates S 1/2, SW 1/4, SW 1/4, 9-T-45, 
Jefferson Co., Kentucky, Louisville West Quadrangle, lat. 38o08 '04' ' ,  long. 85o46 '47" ; 
Button Mold Knob fauna 

6. IU15173, Coral Ridge Quarry, Carter Coordinates NE 1/4, NW 1/4, SE 1/4, 24-T-46, 
Jefferson Co., Kentucky, Brooks Quadrangle, lat. 38o05 '27", long. 85°43'15";Coral  
Ridge and Button Mold Knob faunas 

7. IU15172, NW side of  Button Mold Knob, Carter Coordinates SW 1/4, NE 1/4, 3-S-46, 
Bullitt Co., Kentucky, Brooks Quadrangle, lat. 38004'44 ", long. 85°42'40"; Button 
Mold Knob fauna 

8. IU15171, Kentucky Solite Quarry, Carter Coordinates SE 1/4, NE 1/4, SE 1/4, 
14-S-46, Bullitt Co., Kentucky, Brooks Quadrangle, lat. 38002'20 ", long. 85°42'57"; 
Coral Ridge and Button Mold Knob faunas 

(1977) and Ausich et al. (1979) (Fig.2). In a s tudy of the fossil communities 
found on the delta platform, delta slope, prodelta, and basin, Ausich et al. 
(1979) found that each depositional environment was characterized by 
distinctive fossil communities reflecting primary environmental control on 
the distribution of  organisms. 

DELTA 
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T Glauconite 
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Fig. 2. Diagrammatic cross-section of the Borden delta in north-central Kentucky showing 
the relationship of stratigraphic units to the deltaic depositional environments. The glau- 
conite zone is the Floyds Knob Bed used to define the posit ion of  the Borden delta front 
in Kentucky. Modified from Kepferle (1977). 
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New Providence Shale Member 

The New Providence Shale Member is a clay shale, meaning that clay 
minerals comprise more than two-thirds of  the volume (Potter et al., 1980). 
Illite is the dominant  clay mineral with chlorite being subordinate (Kepferle, 
1977). The color of the shale ranges from greenish gray to light gray to 
dark gray. In general, the shale is greenish gray near the base and dark 
gray near the top, reflecting an increase in silt content.  Thin sections reveal 
that  the shale is essentially uniform in composit ion both  vertically and 
laterally. Silt content  increases from the base to the top although it never 
amounts  to more than about  25% of the rock. The shale is poorly indurated 
and commonly lacks distinct laminae. This is in sharp contrast to the 
underlying black New Albany Shale that is well indurated and well laminated. 
The New Albany Shale was deposited in an anaerobic environment free of 
benthic organisms (Lineback, 1970). 

The poorly defined bedding and lighter color of the New Providence is an 
indication of  bioturbat ion in an oxygenated environment (Rhoads and 
Morse, 1971). Supporting evidence for bioturbat ion includes pyrite-filled 
burrows of Scalarituba missouriensis Weller in the lower 5 m of  the New 
Providence and sparse burrow traces preserved on shale partings in the 
upper part of the shale. Thin sections of  the shale show an amorphous 
texture,  although there are indications that the original texture of  the 
shale probably was pelletoidal. A thin section of  a siderite nodule showed 
the nodule to be composed of  pelletoids replaced by siderite and cemented 
by calcite. Early diagenesis of  the sediment is responsible for preservation of  
the original texture (Gautier, 1982). Thin sections of  crinoidal limestone also 
display the original pelletoidal texture of  the clay matrix between larger 
bioclastic grains. The pelletoids probably were produced as fecal pellets by 
soft-bodied deposit-feeding organisms. It seems possible that  the entire 
volume of the New Providence was bioturbated.  This may not  be obvious 
upon  first inspection of  the outcrops because the soft  clay shale is not  con- 
ducive to the preservation of trace fossils unless a contrasting lithology, 
such as pyri te or silt, is present. 

Within the study area, thin lenses of  crinoidal limestone composed of  
either autochthonous  or allochthonous particles are present in the shale. 
Most lenses are composed of autochthonous  debris and are associated with 
the But ton Mold Knob fauna, which is present in the surrounding shale. 
These limestones, which may be classified as bioclastic packstones, are local 
in nature and are no more than a few centimeters thick. They originated 
where the product ion of  skeletal material outpaced the accumulation of clay 
and silt. The limestones are composed of  crinoid, bryozoan, and brachiopod 
debris, have a clay matrix, and are cemented by calcite. Bedding surfaces 
of  the limestones are commonly  covered by the brachiopod Rhipidomella 
oweni (Hall and Clarke). No evidence of  current transport  or sediment re- 
working can be found in these limestones. 
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The only apparent allochthonous limestone found in the study area was 
on a hill just southwest of  the Bernheim Forest  exit on Interstate 65, 8 km 
south of  Shepardsville, Kentucky (Carter Coordinates center N 1/2, SE 1/4, 
22-R-46, Bullit County). Two crinoidal limestones are present in the basal 
4 m of the New Providence. The limestones are packstones 10--15 cm thick 
composed of  crinoid columnals and arm (?) plates. Crinoid thecal plates, 
brachiopods, and bryozoans are apparently absent. Underlying each lime- 
stone is a bed of  siltstone 15--20 cm thick. The surrounding shale is 
devoid of  fossils. This evidence suggests current transport of the crinoid 
ossicles. Due to their porous, stereomic structure, the specific gravity of 
recently dead crinoid ossicles ranges from 1.2 to 1.5 (Lewis, 1980). During 
turbid flow, the relatively lighter crinoid ossicles may have lagged above the 
silt component  and settled on top of  the silt, producing an unusual form of 
graded bedding. The fact that only one kind of bioclastic grain is present 
suggests current sorting of  an originally more diverse fossil assemblage. 

Kenwood Siltstone Member 

The New Providence Shale outcrop belt in Indiana and Kentucky is about  
300 km long and is nearly parallel to strike. The Kenwood Siltstone Member 
of  the Borden Formation lies on top of and within the New Providence for a 
distance of  about  80 km in southern Indiana and north-central Kentucky,  
and was extensively studied by Kepferle (1977). From east to west  in the 
outcrop belt, the Kenwood descends 0.9--3.7 m km -1 relative to the base 
of  the Borden (Kepferle, 1977, p. 7) so that  it overlies the New Providence 
in the east and intertongues with it in the west. 

The Kenwood consists of interbedded siltstones and shales. Sedimentary 
structures within the siltstones indicate a strong similarity to known tur- 
bidite sequences. As some localities, very thick siltstones fill scours cut  as 
deep as 18 m into the New Providence (Kepferle, 1968). Based on isopach 
data and paleocurrent measurements, Kepferle (1977) determined that  
two dispersal centers were responsible for the deposition of  the two 
coalesced turbidite fan-aprons that make up Kenwood siltstone. The source 
of  the silt was probably a distributary channel near the edge of  the delta 
platform. Kepferle (1977) has proposed seismic shock as the triggering 
mechanism for the turbidites. 

PHYSICAL CONTROLS ON COMMUNITY DISTRIBUTION 

Dissolved oxygen 

The level of  dissolved oxygen (d.o.) in sea water is a primary controlling 
factor in the distribution of  benthic macrofauna (Rhoads and Morse, 1971; 
Byers, 1977). In oxygen-deficient basins there is a tripartite layering of  the 
water column. Each layer has a distinct biofacies, which are as follows: {1) 
aerobic biofacies (>1.0 m l l  -I d.o.), well-oxygenated surface water with a 



85 

shelly fauna and bioturbation;  (2) dysaerobic biofacies (0.1--1.0 ml 1-1 
d.o.), a stratified layer with oxygen decreasing rapidly with depth, a low- 
diversity communi ty  with fewer calcified species and smaller body size 
with a dominance of  infauna; and (3) anaerobic biofacies (<0.1 ml 1-1 d.o.), 
shelly fauna and bioturbat ion lacking, sediment laminated. 

The Upper  Devonian--Lower Mississippian New Albany Shale is com- 
posed of organically rich, laminated black shale lacking benthic fossils. This 
unit  is an excellent example of  deposit ion in an anaerobic environment. In 
the overlying New Providence, the first fauna encountered is the dysaerobic 
Coral Ridge fauna. This fauna is low in diversity, contains many stunted 
individuals, and is dominated by deposit-feeders. The Button Mold Knob 
fauna has a high diversity of  suspension-feeding calcareous organisms of  
normal size, which is indicative of  an aerobic environment. The stratigraphic 
distribution of  faunas in the New Providence is a reflection of  the increasing 
oxygenation of the bo t tom water after the end of  New Albany Shale 
deposition. 

Submarine fan valleys 

The geographic distribution of  the New Providence faunas closely paral- 
lels the distribution of  the Kenwood.  If  the faunal distribution is compared 
with an isopach map of the Kenwood,  the similarity is apparent (Fig.3). 

The majority of  the fossiliferous localities are clustered around a thick- 
ening in the New Providence (Fig.4). This increase in shale thickness corre- 
sponds to the axial posit ion of  the northern turbidite fan apron of  the 
Kenwood (Kepferle, 1977). The faunas and the turbidites were not  contem- 
poraneous (Fig.5), but  their common distribution patterns are perhaps 
indicative of  an interrelationship. The same valleys that  acted as conduits 
for the transport  of turbidity currents also funnelled nutrient-rich water 
prior to deposit ion of  the turbidites (Fig.6). Several lines of evidence, both 
ancient and recent, support  this hypothesis. 

The existence of  submarine valleys on the Borden delta was demonstrated 
by the work of  Peterson and Kepferle (1970) whose isopach map of the 
Borden Formation,  from the base of  the formation to the Floyds Knob 
glauconite zone, shows a submarine valley incised in the Borden delta front 
(Fig.7). 

That submarine valleys may have funnelled nutrient-rich water downslope 
is supported by recent studies of  submarine canyons on the east coast of  
North America. In a s tudy of  the suspended particulate matter  and sedi- 
ment  composit ion of  the upper Hudson Submarine Canyon, Drake et al. 
(1978) found that  the surface sediments within Hudson Canyon and on the 
adjacent continental slope near the canyon mouth  were enriched prefer- 
entially in organic-carbon content  by the in-canyon current transport  of 
nutrient-rich water from the canyon head on the continental shelf. Study 
of  the faunas on the continental  slope south of  New England by Haedrich 
et al. (1975) indicated a more abundant  fauna in Alvin Canyon than on the 
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Fig.3. Isopach map of the Kenwood Siltstone Member showing the position of the study 
localities relative to the turbidites. Contour interval is 7.6 m (25 ft). Modified from 
Kepferle (1977). 

adjacent  con t inen ta l  slope. Compar i son  of  animal  ca tch rates be tween  slope 
and c a n y o n  s ta t ions indicated tha t  the  biomass was 68% greater  in the  
c a n y o n  than  on  the  slope (Haedrich et  al., 1975,  p. 201).  

CORAL RIDGE FAUNA 

The  Coral Ridge fauna  was first s tudied by  Conkin  (1957) ,  who  descr ibed 
a n um be r  o f  new species. The  fauna  consists o f  gastropods,  bivalves, cepha- 
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lopods, corals and rare brachiopods, trilobites, blastoids, crinoids, and 
rostroconchs (for illustrations see Kammer, 1982). The Coral Ridge fauna is 
known from at least four localities (Table I), but the fauna is most  abun- 
dant  at the Coral Ridge Quarry where it occurs in a 3 m thick zone below 
the double cone-in-cone bed of Conkin (1957) (Fig.5). Many specimens 
could not  be identified to the species level because they consisted of  
pyritic internal casts. Nevertheless, 29 taxa of macro-invertebrates are recog- 
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AEROBIC 
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Fig.6. Environmental model showing the vertical and spacial relationships between the 
faunas and the submarine fan valleys. The Coral Ridge fauna lived on the basin floor in a 
dysaerobic environment, whereas the Button Mold Knob fauna lived at the base of the 
delta slope in an aerobic environment. 



89 

3 8 0 0 0  , 

37030 , 

~( ~ L o u i s v i l l e  / /  
x ==1 / 

"?~0~ ] ~Shep~ard~sville - 

~ ' . ,~  BLr~dstown 

E l i z a b e t h t o w r  ~ 

I I 
86o00 ' 85°30 ' 

~ l  Contours in Meters % 

0 5 10 15 20 25 mi. 0 5 10 mi. 
I =, I ,  I ,=  I I I = ! 
0 10 20 30 40 km 0 5 1~) 15 km 

Fig.7. Isopach map of the interval from the base of the Borden Formation to the Floyds 
Knob glauconite zone. Contour interval is 12.2 m (40 ft). Isopach data reveals a submar- 
ine valley incised in the Borden delta front and a fan apron in front of the valley. Modi- 
fied from Peterson and Kepferle (1970). 

nized from the fauna (Table II), including two species of the blastoid 
Orbitremites reported by Conkin (1957) but not found during this study. 

Age 

Conkin (1957) concluded that the Coral Ridge fauna was the earliest 
known Osagian (late Tournaisian) fauna in North America. This conclu- 
sion was based on a presumed age equivalency of the Button Mold Knob 
fauna with the faunas of the Fern Glen Formation and the lower part of the 
Burlington Limestone in the type area of the Mississippian (Weller, 1909; 
Springer, 1911) and the Osagian affinities of the Coral Ridge fauna. In a 
study of the conodonts from the basal part of the New Providence in 
Kentucky, Rexroad and Scott (1964) found that the conodonts belonged 
to the Bactrognathus--Taphrognathus Assemblage Zone, indicating correla- 
tion with the upper part of the Burlington Limestone (late Tournaisian). 
The presence of Gnathodus texanus Roundy (which ranges through the 
upper Burlington and Keokuk limestones) also led Rexroad and Scott to 
suggest that the New Providence could be as young as the lower part of the 
Keokuk Limestone (early Visean). 
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TABLE II 

Absolute abundance and percent abundance of species from the Coral Ridge fauna 

Species Feeding Number 2 Percent 
type I 

Glabrocingulum ellenae (Conkin) ED 478 76.11 
Amplexus fragilis White and St. John ES 43 6.85 
Loxonema sp. ED 22 3.50 
Sinuitina annae Conkin ED 15 2.39 
Phestia sp. ID 10 1.59 
Ctenodonta sp. ID 9 1.44 
Hapsiphyllid coral ES 7 1.12 
Ammonellipsites sp. C 5 0.80 
Merocanites sp. C 5 0.80 
Trochophyllum verneuilanum 

Milne-Edwards and Haime ES 4 0.64 
Trepospira sp. ED 4 0.64 
Rhynchopora sp. ES 3 0.48 
Hippocardia sp. ID 3 0.48 
Michelinoceras sp. C 3 0.48 
Phillibole conkini Hessler ED 3 0.48 
Cyathaxonia arcuata Weller ES 2 0.32 
Nuculopsis sp. ID 2 0.32 
Emmonsia? sp. ES 1 0.16 
Punctospirifer? subeUiptica (McChesney) ES 1 0.16 
Nau tiloid C 1 0.16 
Imitoceras? sp. C 1 0.16 
Beyrichoceras sp. C 1 0.16 
Orbitrernites kentuckyensis Conkin ES 1 0.16 
Synbathocrinus sp. ES 1 0.16 
Barycrinus sp. ES 1 0.16 
Taxocrinus sp. ES 1 0.16 
Brachy metopus spinosus (Herrick) ED 1 0.16 

Totals 628 100.04 

~Feeding types are as follows: ED = epifaunal deposit-feeder; ID = infaunal deposit- 
feeder; ES = epifaunal suspension-feeder; and C ffi carnivore. 
2Counts are based on the actual numbers of specimens collected on the surface at the 
Coral Ridge Quarry (IU15173), except for Trepospira sp., found only at the abandoned 
Louisville Cement Co. quarry (IU15174). 

D u r i n g  t h i s  s t u d y ,  t he  g o n i a t i t e s  Merocani tes  sp., Ammone l l i p s i t e s  sp., 
a n d  Beyrichoceras sp. w e r e  co l l ec t ed ,  a n d  these  were  i d e n t i f i e d  b y  
M a c k e n z i e  G o r d o n ,  Jr. T h e  p r e s e n c e  o f  Beyrichoceras  i n d i c a t e s  a n  ear ly  to  
m i d d l e  V i s e a n  age fo r  t h e  Cora l  R i d g e  f a u n a .  I n  N o r t h  A m e r i c a  t h e  
T o u r n a i s i a n / V i s e a n  b o u n d a r y  lies w i t h i n  t h e  K e o k u k  ( D u t r o  e t  al., 1979) ,  
a l t h o u g h  L a n e  ( 1 9 7 8 )  i n d i c a t e d  t h e  b o u n d a r y  m a y  be  as low as t h e  
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uppermost  Burlington. M. Gordon (pers. commun.,  1981) stated that the 
specimen of  Beyrichoceras from the New Providence is the oldest known 
occurrence of the genus in North America. The only other  occurrences of 
this genus in North America are from the upper Keokuk-equivalent Boone 
Formation of  Missouri and beds of  Meramecian (Visean) age in northern 
Alaska (Dutro et al., 1979, p. 416). 

Thus, the Coral Ridge fauna may be as old as faunas from the upper 
Burlington and as young as faunas from the Keokuk. A more definitive age 
determination may be made available when M. Gordon completes his study 
of the Coral Ridge goniatites. 

Taphonomy 

The preservation of  the Coral Ridge fauna is significantly different from 
the But ton Mold Knob fauna and this difference probably reflects primary 
depositional conditions. The But ton Mold Knob fauna is preserved as calcite, 
whereas the Coral Ridge fauna is replaced by pyrite, marcasite, siderite, and 
silica. The vast majority of  specimens are pyritic steinkerns. Apparently 
the enclosed shell cavities provided reducing microenvironments for the 
formation of  pyrite. In the absence of  oxygen, sulfate-reducing bacteria 
produce H2S which reacts with detrital iron minerals to form pyrite (Berner, 
1981). The dysaerobic muds probably were oxygenated ~ only within the top 
few centimeters and were anoxic below this level. Originally aragonitic and 
calcitic shells were sometimes replaced by pyrite, or silica, but  usually they 
were dissolved in the low pH environment associated with bacterial sulfate 
reduction (Curtis, 1980). 

Paleoecology 

The Coral Ridge fauna is characterized by low diversity and low abun- 
dance, dominance by deposit-feeders, and stunting of  many individuals. A 
variety of evidence suggests that the fauna was strongly influenced by 
dysaerobic oxygen levels. The communi ty  organization thus reflects primary 
control  by the physical environment rather than by biological interactions. 

Trophic structure 
The Coral Ridge fauna is overwhelmingly dominated by  epifaunal deposit- 

feeders (Tables II and III). Most of  these deposit-feeders are archaeogas- 
tropods. Paleozoic archaeogastropods, especially the shallow-water forms, 
probably were browsers of  benthic algae. The depth of water at the base of  
the Borden delta was at least 90--170 m (Fig.2), thus the New Providence 
probably was deposited in the aphotic zone where there would have been no 
living benthic algae. Many m o d e m  browsing gastropods also eat organic 
detritus and thus may also be considered selective deposit, feeders (Walker 
and Bambach, 1974). Recent  gastropods on the abyssal plain of  the North 
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Atlantic Ocean are nearly all deposit-feeders (Rex, 1973). Thus, the archaeo- 
gastropods from the Coral Ridge fauna, Glabrocingulum ellenae (Conkin), 
Sinuitina annae Conkin, and Trepospira sp. are interpreted as selective 
deposit-feeders. The caenogastropod Loxonerna sp. may have been a muco- 
cilliary deposit-feeder like its distant descendant Turritella (Graham, 1938). 

Glabrocingulum eUenae is the single most abundant species in the fauna, 
comprising 76% of all specimens collected and is interpreted as an oppor- 
tunistic species. In modem marine environments of high physiological 
stress, opportunistic species with rapidly expanding populations are com- 
monly the dominant organisms (Levinton, 1970). Opportunistic species are 
not resoarce-limited, but rather are limited by some aspect of the physical 
environment. Conditions may have been favorable for G. ellenae when there 
was a slight change in environmental conditions, such as a slight increase in 
dissolved oxygen content of the water. 

Other epifaunal deposit-feeders include the trilobites Phillibole conkini 
Hessler and Brachymetopus spinosus (Herrick). The feeding mode of these 
trilobites probably ranged from scavenging on dead organisms to deposit- 
feeding on particles of organic detritus on the sediment substrate. 

The infaunal deposit-feeders include the nuculoids Ctenodonta sp., 
Nuculopsis sp., and Phestia sp. According to Younge (1939), all modem 
nuculoids feed by the use of labial palps that direct organic detritus and 
organic-rich sediment to the mouth. In a study of modern and ancient 
deposit-feeding bivalve communities, Levinton and Bambach (1975)de- 
scribe the partition of the available in-sediment food resource by the depth 
of feeding utilized by the various bivalves. By analogy with their study, the 
Coral Ridge fauna bivalves are interpreted in the following way. Ctenodonta 
sp. was a non-siphonate deposit-feeder that would have fed at a deeper level 
because it is twice the size of the other bivalves. Nuculopsis sp. was also 
a non-siphonate deposit-feeder, and its relatively small size would have 
relegated it to a feeding position just at or slightly below the sediment/ 
water interface. Phestia sp. is morphologically similar to the modem 
Yoldia, which is a siphonate deposit-feeder. Because of its siphons, Yoldia 
can feed at depths greater than its shell length. The elongate shell shape 
allows Yoldia, and by analogy Phestia sp., to be an active, rapid burrower. 
The autecology of these three species of bivalves in the Coral Ridge fauna 
suggests a division of food resources in the sediment. 

The rostroconch Hippocardia sp. both lived and fed infaunally (Pojeta 
and Runnegar, 1976). The conocardioid rostroconchs possessed a large and 
extendible mantle tissue used for deposit-feeding. 

Other infaunal deposit-feeders probably included polychaete worms that 
are represented by jaw parts (scolecodonts). The New Providence Shale is 
also bioturbated in areas where calcareous organisms are absent. 

Epifaunal suspension-feeders make up nearly half of the species diversity, 
yet they comprise only about 10% of the total number of individuals 
(Table III). Epifaunal suspension-feeders include the corals, brachiopods, 
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TABLE III 

Trophic groups expressed as percent species and percent 
fauna 

specimens for the Coral Ridge 

Percent Percent 
species specimens 

Epifaunal deposit-feeders 
Infaunal deposit-feeders 
Epifaunal suspension-feeders 
Carnivores 

20.69 83.28 
13.79 3.83 
44.83 10.37 
20.69 2.56 

100.00 100.04 

blastoids, and crinoids. Their presence indicates that  the restricted circula- 
tion during Coral Ridge time was sufficient to introduce some suspended 
food to this environment. The relatively high species diversity of suspen- 
sion-feeders is probably an artifact reflecting the dominance of epifaunal 
suspension-feeders during the Paleozoic. 

The final trophic group to be considered is the carnivorous cephalopods. 
Compared to  other Borden delta communities where cephalopods are rare 
(Ausich et al., 1979), the Coral Ridge fauna has a relatively high diversity 
of cephalopods. The cephalopods include two nautiloids and four 
goniatites. All are considered to be nektobenthonic  due to their small size, 
indicating stunted growth. The stunting is probably the result of oxygen 
deficiency, discussed in the next  section. The presence of  high-level 
consumers indicates an abundance of  prey. Whether the prey consisted of 
soft-bodied worms and other unfossilized forms or the shelled members  of 
the fauna is unknown.  

The Coral Ridge fauna was situated near the Mississippian equator  
(Scotese et al., 1979), yet  the trophic structure of the fauna shows some 
interesting parallels to modern marine benthic communities found in the 
high-stress boreal and arctic environments studied by Turpaeva (summarized 
in Walker, 1972). The following generalizations can be made for the feeding 
relationships in cold-water faunas {Walker, 1972, p. 92): "(1) one trophic 
group dominates the biomass of  each community,  (2) one species dominates 
the biomass of  each trophic group in the community ,  and (3) each succes- 
sively less abundant  taxon in the communi ty  belongs to a different trophic 
group." Inspection of Tables II and III shows that the dominant  trophic 
group is the epifaunal deposit-feeders, dominated by Glabrocingulum 
ellenae. The next  most  abundant  trophic group is the epifaunal suspension- 
feeders, dominated by  Amplexus fragilis White and St. John. Each succes- 
sively less abundant  taxon does not  necessarily belong to a different trophic 
group, but  many of them do. The relatively low number of  specimens recov- 
ered for this study limits the analysis of  trophic structure. However,  the 
trophic structure appears to reflect a communi ty  adapted to high-stress 
conditions, in this case, probably oxygen deficiency. 
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Oxygen deficiency 
An important  aspect of  the Coral Ridge fauna is that the majority of 

individuals are very small in size. Obviously "adult-size" specimens are rare 
for nearly all species, except the corals, Glabrocingulum ellenae, and 
Ctenodonta. This suggests either high juvenile mortali ty or stunting. High 
juvenile mortality may have resulted from fluctuations of  the anaerobic/ 
dysaerobic boundary in the water column with resultant mass mortality. 

Stunted individuals exhibit adult characteristics on "juvenile-size" speci- 
mens (Hallam, 1965). Most invertebrates do not  display uniquely adult 
features on their hard parts. Ammonoid suture patterns, however, show 
distinct ontogenetic stages. The Coral Ridge ammonoids Beyrichoceras, 
Ammonellipsites, and Merocanites are several times smaller than the same 
genera illustrated by  Gordon (1965) from the Lower Mississippian of  
Arkansas, yet  some of  the Coral Ridge ammonoids display closely packed 
sutures (Mason and Kammer, 1984), an adult characteristic. Thus for the 
ammonoids, at least, there does appear to be stunting associated with 
oxygen-deficient conditions. The incidence of  stunting is very difficult to 
prove in non-ammonoid taxa. 

BUTTON MOLD KNOB FAUNA 

The But ton Mold fauna is a diverse assemblage of  fossil organisms con- 
sisting of  crinoids, blastoids, bryozoans, brachiopods, corals, gastropods, a 
rare cephalopod, trilobites, ostracodes, foraminifers, sponge spicules, 
scolecodonts, and conodonts  (for illustrations see Kammer, 1982). The 
fauna recurs at a number of  localities in north-central Kentucky and south- 
ern Indiana (Fig.1 and Table I). The gross taxonomic structure of  this fauna 
is similar to other aerobic faunas of  the Borden delta, ye t  it has a unique 
taxonomic composit ion and communi ty  structure. 

Over the years, the diverse fauna from But ton Mold Knob has come to 
be known as the Button Mold Knob fauna. For  this reason, the communi ty  
will be termed the Button Mold Knob communi ty  rather than naming it for 
one of  the dominant genera as is commonly done in paleocommunity  
studies, as well as in neontologic studies. 

The fauna is characterized by  high diversity and abundance of  suspension- 
feeding organisms. Crinoids, brachiopods, bryozoans, and corals comprise 
95% of  the species of  macro-invertebrates. The macro-invertebrates are 
treated systematically in Kammer (1982), and the crinoids are treated separa- 
tely in Kammer (1984). A total of  96 taxa of  macro-invertebrates and 34 taxa 
of  microfossils are listed for  the But ton Mold Knob fauna in Kammer (1982). 

Age 

A variety of  biostratigraphic evidence indicates the age equivalency of  the 
Button Mold Knob fauna with the fauna of  the late Osagian (early Visean) 
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Keokuk Limestone in the type  area of the Mississippian. Study of  the 
crinoids indicates their close affinity with the crinoids of the Keokuk Lime- 
stone or its stratigraphic equivalents (Kammer, 1984, table 2). 

The brachiopods are not  as age-definitive as the crinoids. Of the nine 
taxa that may be positively identified to the species level, four range 
throughout  the  Osagian: Rhipidomella oweni, Rugosochonetes shumar- 
dianus (Dekoninck), Brachythyris suborbicularis (Hall), and Punctospirifer? 
subelliptica (McChesney) (Carter and Carter, 1970; Dutro et al., 1979). 
The remaining five species are known from the Keokuk Limestone or 
equivalent-age rocks in the Borden Group of  Indiana: Subglobosochonetes? 
planumbona (Meek and Worthen), Marginatia? crawfordsvillensis (Weller), 
Cleiothyridina parvirostra (Meek and Worthen), Unispirifer? floydensis 
(Weller), and Punctospirifer obtusus Lane (Carter and Carter, 1970; N. G. 
Lane, 1973; Dutro et al., 1979). 

Taphonomy 

The skeletal material of the But ton Mold Knob fauna is excellently 
preserved as calcite. This is a reflection of  two factors: (1) the original 
secretion of  calcite rather than aragonite; and (2) the relatively impermeable 
clay in which the skeletal debris was buried. 

As mentioned earlier, the Coral Ridge fauna is preserved differently, being 
replaced by  pyrite, marcasite, siderite, and silica. The lack of  these minerals 
replacing the But ton Mold Knob fauna is a reflection of more neutral Eh con- 
ditions associated with the more oxygenated environment during deposition 
of  the fauna. The occasional layers of  siderite nodules associated with the fauna 
are probably an indication of  negative Eh conditions in the sediment. 

At But ton Mold Knob, molds were common on fresh shale surfaces at 
many of the sample horizons. Brachymetopus spinosus, Amplexus fragilis, 
Marginatia? crawfordsvillensis, and Schuchertella sp. were more commonly 
preserved as molds rather than skeletal material. These organisms were thin- 
shelled or lacked calcite and apparently were susceptible to dissolution. 
Molds of B. spinosus never were found with the exoskeleton completely 
articulated. This probably reflects disarticulation during molting and later 
disturbance by a soft-bodied infauna. 

Evidence for low-energy conditions is abundant.  The most  fundamental 
indicator is the small grain size of the sediments making up the clay shale. 
Evidence from preservation of  fossils includes: (1) disarticulated crinoid 
columnals found lying end-to-end in the shale; (2) a meter  long stem and 
crown of Amphoracrinus sp. occurring in place on bench 4 at the Kentucky 
Solite Quarry; (3) disarticulated crinoid calyx plates from a single individual 
commonly  found together in the same bulk sample; (4) delicate fronds of  
fenestrate bryozoans commonly  found as molds in the shale; (5) several 
specimens of Rhipidomella oweni as well as other  brachiopods showing 
anterior--posterior compression due to burial in their vertical life position; 
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(6) a high percentage of specimens being juveniles; and (7) the patchy 
distribution of organisms on the sea floor demonstrated by the bedding 
surface maps of bench 1 at the Kentucky Solite Quarry. 

Quantitative analysis 

In order to obtain representative measurements of abundance and diver- 
sity, the fauna was collected by bulk sampling. Samples were systematically 
collected using the method described by Krumbein (1965). 
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Fig.8. Measured section of the New Providence Shale Member at Button Mold Knob 
(IU 15172) showing bulk sample locations. 
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Two localities were judged suitable for detailed study by bulk sampling. 
At But ton Mold Knob, a continuous 24-m section of  shale is exposed on the 
northwest  side of  the knob (Fig.8). Twenty-six samples, each weighing 
approximately 10 kg, were collected in vertical sequence using a modified 
systematic sampling plan. At the Kentucky Solite Quarry, four bedding 
surfaces or benches were exposed by the quarrying operation on the north 
wall of  the quarry. A total of 48 5-kg samples were collected on the 
benches, including a grid network of  28 samples from bench 1 (Fig.9). 
See Kammer (1982) for a detailed listing of  sample numbers for this site. 

All samples were checked for molds, and those molds which added to 
the diversity of  the samples were saved for later identification. The samples 
were disaggregated by soaking in paint-thinner and then water. A one-litre 
split of  wet  disaggregated shale was taken from each sample and wet-sieved 
with all size fractions larger than 100 mesh (150 pm) saved. The remaining 
sample was wet  sieved through a 5-mesh (4-mm) screen to collect the larger 
specimens. Abundance data determined by this method were later corrected 
for splitting. See Kammer (1982) for details on sieving methods. 
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Fig.9. Section at the Kentucky Solite Quarry (IU15171). Kenwood Siltstone overlies 
36.3 m of New Providence Shale. The stratigraphic positions of the four benches, plus a 
map of bench 1, are shown. Paleoslope is normal to the trend of the New Providence 
Shale isopach thicknesses. 
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Results of  quantitative analysis 

The original goal of bulk sampling was to collect samples that would be 
large enough to characterize the diversity and relative abundance of  the 
communi ty  at any one time or place. Examination of  the washed sample 
residues indicated that for the most  part any single sample was not  statis- 
tically representative of the community.  For  example, although many 
samples displayed moderate  diversity, they commonly  did not  even contain 
all the radial plates of  a single crinoid individual. The more abundant  species, 
such as Rhipidomella oweni and Cladochonus crassus (M'Coy) were better  
represented, whereas a number of rare species of brachiopods and rugose 
corals were not recovered from any of the 74 bulk samples. These rare 
species are known only from the surface collections. Extensive sampling is 
required for adequate representation of  low-frequency taxa. 

By the combination of data from related samples, data sets were derived 
that were more representative of the actual communi ty  structure. For 
example, all of  the bulk samples from the single bedding plane exposed on 
bench 1 at the Kentucky Solite Quarry were used to construct  con tour  maps 
and trend surfaces of the more abundant  taxa. The combination of samples 
from this bedding plane, when corrected for splitting, yielded 865 speci- 
mens of R. oweni that were used to construct  a size-frequency histogram and 
survivorship curve for this brachiopod. At But ton Mold Knob, the samples 
collected along a vertical transect were combined to form a larger data set 
from which relative rank-abundance of the various species could be deter- 
mined with some confidence. 

The specific results of  this quantitative approach are discussed in the fol- 
lowing sections on paleoecology of the individual groups and the com- 
muni ty  as a whole. 

Paleoecology 

Crinoids 
The crinoid component  of the fauna is overwhelmingly dominated by 

non-pinnulate crinoids. Of the twenty  genera of  crinoids in the fauna, twelve 
are non-pinnulate and belong to the disparid and cyathocrine inadunates 
and the flexibles. The remaining pinnulate crinoids include the camerates 
and poteriocrine inadunates. Within the non-pinnulate crinoids, five genera, 
representing fourteen species, comprise 86% of  the crinoid specimens found 
in the bulk samples from both localities (Kammer, 1985, table 1). The 
74 bulk samples had a combined weight of  477 kg from which the dis- 
articulated plates represented a minimum of 411 crinoid individuals from 
32 taxa. 

The pinnulate crinoids formed a dense, close-mesh filtration fan and 
the ambulacral or food groove was relatively narrow. The arms of  non- 
pinnulate crinoids typically had fewer branches with wider ambulacral 
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grooves and, thus, formed a more open filtration fan. Because the width 
of  the ambulacral groove is related to the maximum food size that the 
crinoid can transport (Rutman and Fishelson, 1969), these two different 
types of  crinoids must have ingested significantly different sizes of  particulate 
food.  Modern crinoids, which are pinnulate, eat phytoplankton,  protozoans,  
motile metazoan plankters, and organic detritus (Meyer, 1982). The living 
basketstar Astrophyton has been proposed as an ecologic analog for the 
non-pinnulate cyathocrine inadunates and flexibles (Meyer and Lane, 1976). 
Astrophyton, with its coarse-mesh filtration fan, catches particles that are 
over an order of magnitude larger than those caught by living pinnulate 
crinoids. These particles commonly  consist of the relatively large motile 
metazoan plankters. 

The dominance of non-pinnulate crinoids in the prodelta  muds might 
suggest an abundance of  larger-sized zooplankton and a deficiency of  smaller- 
sized zooplankton and phytoplankton.  Kammer (1985) suggests, however, 
that  this dominance may reflect the mode of aerosol-filtration feeding 
(Rubenstein and Koehl, 1977) used by the crinoids. According to the aerosol- 
filtration theory,  different mechanisms of  filtering are optimized at different 
current velocities. At low current velocities, motile-particle capture is the 
most  efficient means of  filtering, whereas at high current velocities, direct 
interception and inertial impaction are more efficient (Rubenstein and Koehl, 
1977). Zooplankton may be considered motile particles, and a decrease in 
current velocity would increase the time in which zooplankters would remain 
in the vicinity of  a crinoid and thus increase the probabil i ty of capture. 
Pinnulate crinoids, with their close-mesh filtration fans, were better  adapted 
for feeding on small particles carried in suspension. Pinnulate crinoids were 
the dominant  group in higher current energy environments on the Borden 
delta platform where they fed by direct interception and inertial impaction 
of  particles (see Kammer, 1985, for a detailed discussion of probable feed- 
ing modes of  the Borden delta crinoids). 

Another  aspect of  the paleoecology of  the But ton Mold Knob crinoids was 
their adaptation to a muddy  substrate. The primary problem with settle- 
ment  on a soft substrate is the inability of  larvae of suspension-feeding 
organisms to live directly in the mud (Wilson, 1952; Thorson, 1957). The 
larvae require a firm substrate for attachment.  The only suitable sites for 
set t lement on the prodeltaic sea floor would have been the skeletons of  living 
and dead organisms. This was the case for the New Providence Shale crinoids. 

Larvae of the But ton Mold Knob fauna crinoids were able to settle on 
a variety of  organisms. Discoid holdfasts, radicular cirri, and complete  radices 
(for holdfast terminology, see Brett, 1981) were found attached to other 
crinoid stems, bryozoans, tabulate and rugose corals, and a few brachiopods 
(Fig.10). Some host  crinoid stems were found with a complete juvenile radix 
attached. More commonly  host crinoid stems were found with the fingerlike 
processes of the radicles wrapped around the stem. One specimen (Fig.10, I) 
consists of  two radices intertwined with mutual overgrowths of  secondary 
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Fig.10. Crinoid hoidfasts. A. Two radicular cirri (from two individuals?) grown together, 
IU15171-5303, x 2. B. Discoid holdfast attached to a cirrus fragment, IU15172-5304, 
x 1.5. C. Discoid holdfast (arrow) attached to Cyathaxonia arcuata Weller, IU15171- 
3353, X 2.5. D. Complete juvenile radix holdfast attached to a Barycrinus stem, IU15172- 
5305, x 2. E. Secondary stereom of a radicle attached to a fragment of Rhornbopora, 
IU15172-5306, X 4. F. Discoid holdfast attached to Rhombopora, IU15172-0653, X 4. 
G. Radix holdfast with secretion of  secondary stereom over a fragment of Cladochonus 
crassus (M'Coy) (arrow), IU15171-5302, X 2. H. Radix holdfast of Barycrinus, IU15172- 
5300, x 1. I. Two radix holdfasts, probably of the same species, intergrown, IU15173- 
5301, × 1. 

s t e r e o m .  As  t h e  r a d i x  o f  a c r i n o i d  g rew,  t h e  r a d i c l e s  e x t e n d e d  o u t  i n t o  t h e  
s u b s t r a t e  t o  s t a b i l i z e  t h e  a n i m a l .  U p o n  e n c o u n t e r i n g  a h a r d  o b j e c t ,  t h e  
r a d i c u l a r  c i r r i  a t t a c h e d  t o  t h e  o b j e c t .  B i t s  o f  b r o k e n  b r y o z o a n  a n d  
Cladochonus  crassus c o l o n i e s  r a r e l y  w e r e  f o u n d  w i t h  f r a g m e n t s  o f  r a d i c u l a r  
c i r r i  s t i l l  a t t a c h e d .  

S t r a n g e l y ,  b r a c h i o p o d  shel ls  r a r e l y  w e r e  f o u n d  w i t h  c r i n o i d  h o l d f a s t  
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scars. Of the many specimens of  brachiopods observed during this study, 
only three examples of radicular at tachment  were found, two on Rhipi- 
domeUa oweni and one on Punctospirifer? subelliptica. Perhaps live brachi- 
opods secreted a substance that inhibited the sett lement of crinoid larvae. 
However, dead brachiopod shells also would have been available, and their 
relative non-utilization is a puzzle unless they were quickly covered by sedi- 
ment  after death. 

Brachiopods 
Twenty species of  brachiopods are associated with the Button Mold Knob 

fauna. Only fourteen of  these species were actually recovered in the bulk 
samples (Table IV), the remaining species were found by surface collecting. 

T A B L E  I V  

B r a c h i o p o d s  r e c o v e r e d  f r o m  t h e  5-  a n d  1 0 - m e s h  f r a c t i o n s  o f  t h e  b u l k  s a m p l e s  f r o m  t h e  

K e n t u c k y  S o l i t e  Q u a r r y  ( I U 1 5 1 7 1 )  a n d  B u t t o n  M o l d  K n o b  ( I U 1 5 1 7 2 )  

S p e c i e s  I U 1 5 1 7 1  I U 1 5 1 7 2  

n u m b e r  o f  p e r c e n t  n u m b e r  o f  p e r c e n t  

i n d i v i d u a l s  i n d i v i d u a l s  

Lingula sp .  1 0 . 1 0  - -  - -  
Orbiculoidea s p .  - -  - -  - -  - -  

Schizophoria s p .  - -  - -  - -  - -  

Rhipidomella oweni ( H a l l  a n d  C l a r k e )  6 0 4  6 1 . 4 4  2 3 3  6 7 . 7 3  

Schuchertella s p .  - -  - -  9 2 . 6 2  

Rugosochonetes shumardianus 
( D e K o n i n c k )  7 0 . 7 1  4 5  1 3 . 0 8  

Subglobosochonetes? planumbona 
( M e e k  a n d  W o r t h e n )  2 5  2 . 5 4  2 0 . 5 8  

Quadratia waynensis ( B r i l l )  2 7 2 *  2 7 . 6 7  7 2 . 0 3  
Marginatia? crawfordsviUensis 

( W e B e r )  - -  - -  3 0 . 8 7  

Plectospira sp .  1 0 . 1 0  1 0 . 2 9  

Hustedia sp .  1 0 . 1 0  1 0 . 2 9  
Cleiothy ridina parvirostra 

(Meek a n d  W o r t h e n )  - -  - -  1 3  3 . 7 8  

Crurithyris s p .  - -  - -  - -  - -  
Voiseyella s p .  - -  - -  6 1 . 7 4  

Unispirifer? floydensis ( W e l l e r )  - -  - -  1 0 . 2 9  

Brachythyris suborbicularis ( H a l l )  3 0 . 3 1  1 4  4 . 0 7  

Mirifusella? s p .  - -  - -  - -  - -  

Punctospirifer o btusus L a n e  . . . .  

P .  s p .  - -  - -  - -  - -  

P.? subelliptica ( M c C h e s n e y )  7 0  7 . 1 2  9 2 . 6 2  

T o t a l s  9 8 3  1 0 0 . 0 9  3 4 4  9 9 . 9 9  

* O f  t h e  2 7 2  s p e c i m e n s  o f  Quadratia waynensis ( B r i l l ) ,  2 3 8  w e r e  f r o m  a s i n g l e  s a m p l e  

( I U 1 5 1 7 1 - 3 3 )  a n d  a r e  t h o u g h t  t o  r e p r e s e n t  a s p a t f a l l  c o n c e n t r a t e d  i n  t h i s  s a m p l e .  
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Brachiopod species equitability was uneven; Rhipidomella oweni com- 
prises about two-thirds of all brachiopod specimens. 

The articulate brachiopods display a variety of modes of stabilization on 
the soft substrate of  the New Providence Shale. The majority of brachiopods 
possessed a functional pedicle that probably attached to shell debris of 
living or dead organisms on the sea floor. Some brachiopods may have stuck 
their pedicle directly in the mud, as observed in Recent brachiopods 
(Richardson, 1981). A minority of brachiopods were free-living, although 
some of these were attached as juveniles. 

Brachiopods possessing a functional pedicle had an open delthyrium 
through at least part of their lives and positioned themselves on the sub- 
strate with the commissure in a vertical position (Alexander, 1977a). Those 
brachiopods that  were tethered and presumably could have rotated about 
their pedicle include: Schizophoria sp., Rhipidomella oweni, Plectospira sp., 
Hustedia sp., and Cleiothyridina parvirostra. Those brachiopods that  utilized 
interarea stabilization along with their pedicles are all in the suborder 
Spiriferidina and include Crurithyris sp., Voiseyella sp., Unispirifer? floy- 
densis, Brachy thyris su borbicularis, Mirifusella ? sp., Punctospirifer ob tusus, 
Punctospirifer sp., and P.? subelliptica. Many specimens of those 
brachiopods which sat on the substrate with their commissures in a vertical 
position were preserved in life position and displayed anterior--posterior 
compression, due to sediment compaction. Those brachiopods displaying 
anterior--posterior compression, in order of abundance, include 
Rhipidomella oweni~ Punctospirifer? subelliptica, Cleiothyridina parvirostra, 
Voiseyella sp., and Plectospira sp. Most specimens of pedunculate brachio- 
pods fell over onto the substrate after death and were preserved in a hori- 
zontal position with dorsal--ventral compression. 

The strophomenids were non-pedunculate. Schuchertella sp. was 
cemented to a hard substrate early in its ontogeny (Muir-Wood and Williams, 
1965). Schuchertella sp. is somewhat rare in the New Providence, but two 
specimens were found displaying at tachment scars on the pedicle valve 
umbo. The at tachment  scars only cover a small area, indicating detachment 
at an early age. The brachiopod probably lived out  the remainder of its life 
in a free-living position with its large, flat pedicle valve providing stabiliza- 
t ion on the soft substrate. This would be an example of Thayer's (1975) 
"snowshoe strategy". The chonetids Rugosochonetes shumardianus and 
Subglobosochonetes? planumbona may have possessed a functional pedicle 
as juveniles (Muir-Wood and Williams, 1965) but spent the majority of their 
lives lying flat on the substrate with their strongly convex pedicle valves 
providing buoyancy in the soft mud. The productids Quadratia waynensis 
(Brill) and Marginatia? crawfordsvillensis never possessed a pedicle and 
used their convex pedicle valves, along with their spines, to stabilize them- 
selves in the mud. Both the chonetids and the productids are an example 
of  Thayer's (1975) "iceberg strategy". 

Rhipidomella oweni is the dominant  brachiopod in the Button Mold 
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fauna (Table IV). This distinctive brachiopod can be recognized in the 
smaller size fractions of the bulk samples. The large numbers and easy recog- 
nition of  small individuals make R. oweni ideal for a population study. The 
28 bulk samples collected from a grid on bench 1 at the Kentucky Solite 
Quarry (Fig.9) represent a single bedding surface. Even though a number  of  
generations may be preserved on a bedding surface, specimens found on such 
a surface are the nearest thing a paleoecologist has to a true population. 
All of  the specimens of R. oweni recovered from the 5-, 10-, and 40-mesh 
fractions of  the washed residues from bench 1 were counted and measured 
(Fig . l l ) .  By far the majority of brachiopods recovered were minute 
individuals indicating high juvenile mortality. A survivorship curve for 
R. oweni (Fig.12) was constructed by use of  the methods suggested by 
Hallam (1972) and Richards and Bambach (1975). Typically, growth rates in 
invertebrates are rapid during early ontogeny and decrease continuously 
through life. This variable growth rate may be thought of  as logarithmic and 
can be expressed as follows (Levinton and Bambach, 1970): 

D = s l n ( T +  1) 

whereD = some dimension such as length; T = age; and: 
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Fig. 11. Size-frequency distribution for Rhipidomella oweni from the 5-, 10-, and 40-mesh 
fractions of the bulk samples collected on bench 1 at the Kentucky Solite Quarry. N = 
865, includes data normalized for sample splitting; only 266 specimens were measured. 
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Fig. 12. Survivorship curve for  RhipidomeUa oweni based on histogram in Fig. 11. 
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The value of  s for R. oweni is 7.367 based on the largest specimen (34 ram) 
found in the New Providence. This specimen was from Button Mold Knob 
and is significantly larger than any found on bench 1 at the Kentucky Solite 
Quarry, hence the maximum number of age units is only 26 (Fig.12). The 
survivorship curve for R. oweni indicates a very high juvenile mortality,  
suggesting that R. oweni was an r-strategist (high reproductive rate) 
(MacArthur, 1960). The high juvenile mortali ty probably was the result of  
failure by most  individuals to find a suitable substrate for pedicle attach- 
ment. Without a piece of  fairly large shell debris to attach to, the young 
brachiopods probably would have had their lophophores smothered by mud. 

Alexander (1977b) has suggested that R. rnissouriensis (Swallow) from 
the Leatham Formation (Lower Mississippian) of Utah and Idaho is an 
opportunistic species. R. missouriensis is the dominant  species in its assem- 
blage, or community,  and it is characterized by rapid early growth. R. oweni 
probably does not  meet the criteria for recognition as an opportunistic 
species defined by Levinton (1970). An opportunistic species should have 
overwhelming dominance of  its assemblage, be an r-strategist, and have an 
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ability to take advantage of  an unexploited niche. R. oweni dominates the 
brachiopods bu t  it does not  dominate the entire fauna. Even though it is 
clearly an r-strategist and is probably characterized by rapid early growth, 
R. oweni is probably not  an opportunistic species. It could not  even be 
considered a pioneer species because shell debris for pedicle at tachment  was 
required before it could successfully colonize a muddy  bot tom.  

Quadratia waynensis may have also been an r-strategist. The 5-, 10-, and 
40-mesh fractions of sample IU15171-33 contained 1,838 specimens of 
Q. waynensis when corrected for sample splitting. This large number of  
specimens represents 87% of  the total number of Q. waynensis specimens 
recovered from the bulk samples from the Kentucky Solite Quarry and may 
represent a single spatfall that  was fortuitously sampled. 

Bryozoans 
All the major zoarial forms exhibited by Lower Mississippian bryozoans 

are present in the But ton Mold Knob  fauna and include (Table V) delicate 
ramose, bilaminate, fenestrate, and encrusting forms. During analysis of the 
bulk-sample residues, an a t tempt  was made to count  the number of speci- 
mens of  each zoarial form in the manner described by Lagaaij and Gautier 
(1965). However, this proved fruitless due to the fragmentation of zoaria 
by  post-depositional compaction and the mechanical abrasion during dis- 
aggregation of  the shale. The fenestrates were particularly hard to quantify 
because they break into fragments so small that  most  material would be 
caught on the 100-mesh screen. Because of  the constraints of  time these 
bryozoan fines were no t  quantitatively evaluated. However, inspection of the 
samples before and after disaggregation allowed a subjective determination 
of  rank-order abundance as follows: Fenestella spp., Saffordotaxis incrassata 
(Ulrich), Rhombopora spp., and Cystodictya lineata Ulrich; the remaining 
taxa represent a minority of specimens. 

Four  genera of  bryozoans are encrusters (Table V) and were found 
encrusting a variety of  organisms. The most  common encruster is Hederella 
sp. which was found on crinoid stems, Cladochonus crassus, and Cystodictya 

TABLE V 

Zoarial forms of  the bryozoans from the Button Mold Knob fauna 

Delicate ramose Bilaminate Fenestrate Encrusting 
(vinculariform) (adeoniforrn) (reteporiforrn) (rnernbraniporiforrn) 

Cliotrypa ramosa Meekopora sp. Fenestella s p p .  Hederella sp. 
Ramiporalia? sp. Anisotrypa? sp. Hemitrypa sp. Fistulipora sp. 
Saffordotaxis Cystodictya Polypora sp. Stenopora sp. 

incrauata (Ulrich) lineata Ulrich Thamniscus sp. Leioclema sp. 
Rhombopora spp. Worthenopora Penniretopora sp. 
Streblotrypa sp. spinosa Ulrich Ptilopora sp. 
Nicklesopora sp. 
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lineata. Fistulipora sp. encrusted on crinoid stems, Fenestella spp., and 
Amplexus fragilis. Stenopora sp. was observed on crinoid stems and 
Fenestella app., Leioclema sp. occurred on crinoid stems, Cladochonus 
crassus, and a single occurrence on the brachial valve of  Subglobosochonetes? 
planumbona. Crinoid stems exhibiting encrusters appear to have been in a 
vertical living position at the time of encrustation. Encrusting bryozoans 
completely encircled the exterior surface of the columnals and not a single 
example was found of a bryozoan encrusting an articular surface of a 
columnal. If bryozoans had encrusted deal columnals lying on the sea floor, 
some of the columnals would have been disarticulated and the articular sur- 
faces would have become encrusted. Instead, many zoaria were broken at 
columnal boundaries upon disarticulation of  the columnals. Likewise, 
Cladochonus crassus was probably attached to living crinoids when it was 
encrusted by Hederella sp. and Leioclema sp. The presence of encrusters on 
living organisms elevated above the substrate probably indicates a lack of 
tolerance on the part of the encrusters for the easily resuspended mud at 
the sediment/water interface. 

Holdfasts or basal attachments were recognized for a number of the 
fenestrates and cryptostomes. Fenestrate holdfasts were most common, 
and these were found attached to crinoid stems, Cladochonus crassus, 
and in rare instances to Rhipidomella oweni. Some fenestrate holdfasts 
appear to have had rootlets that  may have extended directly into the sedi- 
ment.  The cryptostomes, specifically Saffordotaxis incrassata and Cysto- 
dictya lineata, have what appear to be basal at tachment  discs. These discs 
are found on proximal fragments of  zoaria and show the shape of the surface 
to which they attached. Apparently upon death of the bryozoan, these basal 
discs became detached for they are not  found adhering to their original 
substrates, or perhaps the original substrates were non-skeletal. 

Primary factors affecting the distribution and abundance of  the bryozoans 
probably included the rate of sedimentation and type and amount  of food 
supply. On the Recent Rhone River delta in France, Lagaaij and Kopstein 
(1964) and Lagaaij and Gautier (1965) found that  the distribution pattern 
of  living bryozoans is directly related to the rate of  sedimentation. On those 
parts of the delta where the rate of  sedimentation is highest, bryozoans are 
essentially absent. Bryozoans are more diverse and abundant in areas of 
moderate to slow rates of sedimentation. This general relationship appears 
to be true for the Borden delta. The prodeltaic New Providence Shale 
Member contains twenty genera of bryozoans whereas the delta slope 
Locust Point and Carwood Formations (Borden Group of Indiana), deposited 
under  greater rates of sedimentation, have no more than eight genera of 
bryozoans at any one locality (Ausich et al., 1979). The Edwardsville Forma- 
tion (Borden Group of Indiana) on the delta platform was deposited under 
a variety of  depositional rates as the loci of deposition shifted. At Crawfords- 
ville Indiana, the lower communi ty  has 25 genera of  bryozoans, whereas the 
upper community contains only the fenestrates Archimedes and FenesteUa 
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(N. G. Lane, 1973). There was a significant increase in the rate of sedimen- 
tation as the upper communi ty  replaced the lower communi ty  at Crawfords- 
ville (Matthews, in N. G. Lane, 1973). The three community  types in the 
Edwardsville Formation at Monroe Reservoir studied by Ausich (1983) 
have distinctive assemblages of bryozoans. The greatest diversity (27 genera) 
and abundance of  bryozoans was found in the low-energy mudstones. The 
carbonate-bank and sandstone-channel communities were deposited under 
conditions of increased current energy and rate of sedimentation. On the 
carbonate bank, bryozoans are a very minor component  and in the sandstone 
channel, bryozoans comprise 26% of the biovolume and 94% of these are 
fenestrates (Ausich, 1983). Thus, in areas of  mud deposition where sedimen- 
tation rates are low, the most diverse and abundant bryozoan assemblages 
are found. In areas of increased sedimentation rates, fenestrate bryozoans 
are nearly totally dominant.  Such a relationship was suggested by Stach 
(1936) when he hypothesized that  reteporiform (fenestrate) bryozoans were 
well adapted to strong currents whereas vinculariform (delicate ramose) 
bryozoans were adapted to deep, quiet-water conditions. 

Corals 
Both rugose and tabulate corals are important  components  of the fauna. 

Seven species are rugose corals, although only five were found in the bulk 
samples (Table VI). Rugose coral species equitability i s  extremely uneven 
with Cyathaxonia  arcuata Weller by far the dominant  species. The rugose 
corals probably used an "iceberg strategy" (Thayer, 1975) to stabilize 
themselves on the soft substrate. As the corallite grew, it would slowly sink 
in the mud and provide buoyancy for the polyp. Specimens of C. arcuata 
are relatively small, which, along with their long and slender shape, may 

TABLE VI 

Rugose corals recovered from the 5- and 10- mesh fractions of the bulk samples from t h e  

Kentucky Solite Quarry (IU15171) and Button Mold Knob (IU15172) 

Species IU15171 IU15172 

number of percent number of percent 
individuals individuals 

Trochophyllum verneuilanum 
Milne-Edwards and Haime 1 

Cyathaxonia arcuata Weller 123 
C. cynodon (Rafinesque and Clifford) 
C. bordeni Greene 
Amplexus fragilis White and St. John 
A. rugosus Weller 1 
A mplexizaphrenti~ centralis 

( M i l n e - E d w a r d s  a n d  H a i m e )  

1 2 5  

0.80 3 
98.40 163 

- -  17 
0.80 11 

- -  4 

100.00 198 

1.52 
82.32 

8.59 
5.55 

2.02 

100.00 
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have made them superior "icebergs". Specimens of  Arnplexus fragilis, 
A. rugosus Weller, and Amplexizaphrentis  centralis (Mflne-Edwards and 
Haime) are larger and wider and may not  have been as effective "icebergs". 
Amplexus  fragilis with its lightly calcified corallite, would have been less 
prone to sinking in the soft mud. 

The tabulate corals consist of  Cladochonus crassus, C. beecheri (Grabau), 
and two unidentified species of  Striatopora. Cladochonus crassus is by far 
the dominant  coral and is discussed below in detail. Cladochonus beecheri 
does not  approach the large numbers of coralla reported by N.G. Lane 
(1973) from Crawfordsville. Only nine reptant  rings, at tached to crinoid 
stems, and 685 free-branch coraUites were found in the 74 bulk samples. 
This mean number  of  free-branch corallites per reptant  ring for C. beecheri 
is 76. Small fragments of  Striatopora were commonly  found in the smaller 
size fractions. Like the bryozoans, Striatopora is generally highly frag- 
mented and is difficult to quantify. 

Cladochonus crassus was commensal on living crinoids. The hard elevated 
substrate of  the crinoid stem provided a living site for the coral. The crinoid 
probably derived no benefit  from this relationship; in fact, the coral may 
have been a source of  irritation as evidenced by secondary growth of  
stereom over reptant-phase corallites. A reptant  ring of  corallites grew 
around the crinoid stem from which free-branch daughter corallites budded 
(Hill and Smyth, 1938). The immature slender port ion of  each reptant- 
phase corallite is more robust  (1.5--2.0 mm in width) than the immature 
slender port ion of the free-branch phase corallites {1.0--1.5 mm in width). 
The same is true for the larger C. beecheri (N. G. Lane, 1973, p. 43). The 
corallites of  the two phases are associated in several colonies where reptant 
rings and attached free branches are preserved intact. In these colonies, 
narrow corallites bud from more robust  coraUites. As the free branches 
grew away from the reptant  ring, successive corallites became more slender 
distally. Cladochonus crassus from the Lower Carboniferous shales of  Ireland 
also displays a distal narrowing of  the free-branch corallites (Hill and Smyth,  
1938, pl. 22, fig. 2, pl. 23, fig. 3). For  both reptant-phase and free-branch 
phase coraUites, the calical rim ranged from approximately 2 to 3 mm in 
diameter. 

The total number  of  specimens of  C. crassus recovered from the 74 bulk 
samples, when corrected for sample splitting, are 265 reptant rings and 
179,618 free-branch corallites for a mean of  678 free-branch corallites per 
reptant  ring (Table VII). These data  were used to reconstruct  a corallum of  
C. crassus (Fig.13). The corallum was bushy in shape, growing three-dimen- 
sionally into the surrounding water. In contrast, C. beecheri, which has larger 
and significantly fewer free-branch corallites, grew two-dimensionally 
across the sediment substrate, using the substrate for support  (N. G. Lane, 
1973). 
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TABLE VII 

Summary data for Cladochonus crassus from the Kentucky Solite Quarry (IU15171) 
and Button Mold Knob (IU15172) 1 

Locality Reptant Free-branch Corallites/ 
rings corallites ring 

IU15171 

Bench 1 
Bench 2 
Bench 3 
Bench 4 
Mean (IU15171) 

IU15172  

Mean 
(IU15171 + IU15172) 

169 89,776 531 
56 7,565 135 
25 53,164 2127 

1 363 363 
601 

14 28,750 2054 

678 

IData include all specimens caught on the 5-, 10-, and 40-mesh screens and are corrected 
for sample splitting. 

q 

. . . .  H . . . . . . . . . . . . .  

Fig.13. Reconstructed corallum of Cladochonus crassus. A. End view of corallum showing 
the radial development of the free-branch corallites. B. Lateral view of corallum showing 
the three-dimensional growth. Bar scale = 1 cm. 
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Gastropods 
The only gastropods present in the But ton Mold fauna are the platycerids 

Platyceras (Platyceras) equilateralis Hall and P. (Orthonychia) acutirostre 
(Hall). Platycerids are coprophagous, situating themselves over the anal 
opening of  crinoids. In the Edwardsville Formation at Crawfordsville, 
Indiana, many specimens of  both P. (Platyceras) and P. (Orthonychia) were 
found still attached to their crinoid hosts (N. G. Lane, 1973). Due to the 
nearly complete disarticulation of  all crinoid crowns in the New Providence 
Shale, no specimens of Platyceras were associated with their hosts. Many 
specimens show well-developed sinuses around the aperture, associated with 
deflected growth lines, indicating conformation of the gastropod's aperture 
to the irregular surface of  the crinoid tegmen. 

Trilobites 
The only species of  trilobite found in the But ton Mold Knob fauna during 

this s tudy was Braehymetopus (Braehymetopus) spinosus. Conkin and 
Conkin (1972) reported Phillibole conkini as also being part  of  the But ton 
Mold Knob fauna. Specimens of B. spinosus are quite common and are 
preserved as molds in the shale. Specimens consisted of  isolated cephala and 
pygidia. No complete specimens were found, suggesting that the material 
consists of  molts or specimens disarticulated by post-mortem disturbance. 
The delicate chitinophosphatic exoskeleton of  B. spinosus was never found 
preserved, although phosphatic "scraps" found in the washed residues are 
probably trilobite thoracic segments. 

Brachymetopus spinosus was a deposit-feeder and scavenger. According 
to Manton (1977), trilobites fed on small dead animals and organic particles 
swept by  the appendages towards the mid-ventral surface where the food 
traveled forward close to the body  between the leg bases to the mouth.  
Trilobites lacked mandibles so the food was masticated by the gnathobases 
and endites before being passed to the mouth  and ingested by  pharyngeal 
swallowing movements.  

Ostracodes 
Ostracodes commonly  were found in the washed sample residues bu t  were 

not  studied in detail. A total  of eleven species were tentatively identified. 
The ostracodes are most  similar to those found in the basinal Springville 
Shale (Osagian) of  Illinois by Benson and Collinson (1958). Graphiadactylus 
fayettevillensis (Harlton), Amphissites springvillensis Benson and Collinson, 
and Kirkbya fernglenensis Benson, in that order, are the most  abundant  
species of  ostracodes in the But ton Mold Knob fauna. 

Sponges 
Sponges were apparently rare in the But ton Mold Knob fauna. Rare 

siliceous or pyrite replaced triaxons and monaxons were found on the 100- 
mesh fraction of  the washed residues. Sponges are common in many of the 
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Borden delta platform environments except for the mudstones (N. G. Lane, 
1973; Rigby and Ausich, 1981). Rigby and Ausich suggested that  the turbid 
water of the mudstone environment may have inhibited sponges. The turbid 
water of the prodeltaic environment may also have inhibited sponges. 

Communi ty  paleoecology 

Patchiness 
Modern sessile marine invertebrates have a patchy distribution on the sea 

floor (Thorson, 1957). Such a distribution is usually the result of minor 
inhomogeneities in the environment, random larval settlement, p r eda to r -  
prey interactions, and physical or biological disturbances. Paleoecologists 
commonly recognize the uneven distribution of fossils in vertical outcrops 
and on exposed bedding surfaces. In the past, some workers have discounted 
such patterns as true ecologic patterns because of possible post-mortem 
transport or disturbance {Johnson, 1972). If the fossils can be shown to be 
in place and there is positive evidence for a lack of significant current trans- 
port, then perhaps it is possible to ecologically interpret this patchy dis- 
tribution. 

As discussed in detail in the Taphonomy section, several lines of  evidence 
indicate the in-place nature of the Button Mold Knob fauna. Thus, the loca- 
t ion of  fossils in the shale is regarded as essentially the same location as in 
life. Inspection of weathered material lying on bench 1 at the Kentucky 
Solite Quarry revealed clusters of Rhipidomella oweni  as well as concen- 
trations of crinoid columnals and plates. The bulk sample data for those 
organisms having sufficiently large numbers to be considered statistically 
representative were plotted on a map of bench 1. These plots were then 
contoured by the computer  program SYMAP {Graduate School of Design, 
Harvard University) that  also calculated trend surfaces for the data. The 
trend surface separates the map data into regional and local components  
which aid in the interpretation of  the data. Analysis of variance, using the 
F-test, determined those trend surfaces that  are significant {Davis, 1973). 

The contour  map for Rhipidomella oweni  shows three clusters of 
brachiopods on this part of the ancient sea floor (Fig.14A). The second- 
order trend surface for R. oweni  indicates that  these brachiopods were most 
dense in the upper left and lower right corners of the map area (Fig.14B). 
The contour map for Cladochonus crassus free-branch corallites shows areas 
of  high and low concentrations (Fig.14C). The second-order trend surface 
for C. crassus indicates that  this coral was most abundant  in the upper right 
and lower left corners of  the map area (Fig.14D). Cladochonus crassus lived 
on crinoid stems, so the distribution of crinoids should show a similar 
pattern. The contour  map of the number of crinoid radial plates does show a 
concentration of  crinoids in the lower left corner of  the map area, but not  
in the upper right corner (Fig.14E). None of the trend surfaces calculated 
for the crinoid radial plate distribution were determined to be significant by 
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Fig.14. Contour maps and trend surfaces for the most abundant elements of the Button 
Mold Knob fauna on bench 1 at the Kentucky Solite Quarry (Fig.9). Data are based on 
28 5-kg bulk samples. Contours and trend surfaces generated by the computer program 
SYMAP. A. Contour map of the number of  individuals of RhipidomeUa oweni  larger 
than 2 ram. B. Second-order trend surface for the number of individuals of R. oweni.  
Trend surface is significant at the 95% confidence level. C. Contour map of the number 
of  Cladochonus crassus corallites larger than 0.5 mm. D. Second-order trend surface for 
the number of  C. crassus corallites. Trend surface is significant at the 99% confidence 
level. E. Contour map of the number of crinoid radial plates larger than 4 ram. 
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analysis of variance. This may be a function of the low density of  the data or 
it may indicate a random distribution. The abundance of C. crassus in the 
upper right corner of the map area suggests that there was a clump of  
crinoids just off  the map area. The paleoslope direction is from upper right 
to lower left (Fig.9), so the high concentration of C. crassus corallites may 
be due to slight downslope current transport separating broken corallites 
from the heavier crinoid stems. This same process may also be responsible 
for the large number of crinoids and the lack of C. crassus in sample 
IU15161-131 and the large number of C. crassus corallites and lack of 
crinoids in sample IU15171-141, which is downslope from IU15171-131. 
For the most part, there appears to be some parallels between high and low 
densities of  crinoids and C. crassus. 

When the contour maps for the crinoid radial plates (Fig.14E) and 
R. owen i  (Fig.14A) are compared, the mutual exclusion of high density 
areas is striking. The greatest concentration of crinoids occurs in areas of 
low brachiopod abundance and vice versa. This pattern also is supported by 
the trend surfaces for R. owen i  (Fig.14B) and C. crassus (Fig.14D), which 
show concentrations in opposite corners of the map. These distributional 
patterns are judged to be real, even though some time averaging may have 
occurred. Three hypotheses are offered in explanation. First, the pelagic 
larvae of crinoids and brachiopods were capable of selecting their settling 
sites, and the larvae preferred to settle near adults of their own species 
(Johnson, 1964). Second, as previously suggested, crinoids may have been 
prevented from settling on R. o w e n i  by chemical inhibitors secreted by this 
brachiopod. Third, R. oweni ,  being an r-strategist, produced large numbers 
of larvae which would have uniformly settled on the sea floor; however, 
those larvae at tempting to settle near crinoids may have been captured as 
motile particles and eaten by the crinoids. The reverse situation probably 
did not  occur because brachiopods are inefficient at capturing motile zoo- 
plankton (Steele-Petrovi6, 1976). There is not  enough evidence to favor one 
hypothesis, and all three may be wrong. However, if either of  the latter two 
hypotheses is true, this would indicate definite biological interaction 
between the crinoids and brachiopods of the Button Mold Knob fauna. 

In addition to the small-scale patchy distribution of individual species, 
a large-scale patchy distribution of sea-floor sett lement sites also was ob- 
served. The lateral transition from fossiliferous to unfossiliferous shale is 
abrupt in the New Providence. Nearly all exposures of the New Providence 
in the study area are unfossiliferous, but those few exposures which contain 
the fauna are abundantly fossiliferous. Butts (1915) pointed out  the 
localized character of the fossiliferous shale when he noted that  the north- 
west side of Button Mold Knob contained fossils, whereas the southeast 
side was lacking in them. The north side of Kenwood Hill contains fossil- 
iferous outcrops, whereas the south side does not. The Kentucky Solite 
Quarry contains what is perhaps the best exposure of the Button Mold Knob 
fauna; however, when the quarry was first visited, the fauna was almost 
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overlooked. The fossiliferous shale, at best, represents about 5% of the out- 
cropping shale in the quarry. The dimensions of the fossiliferous shale in 
the quarry were defined by a coring program in 1972 (Solite Corporation 
report shown to author) to determine the quality of the unquarried shale. 
The fossiliferous shale is present over an area 70 by 100 m and is 15 to 20 m 
thick. This indicates continual occupation of a relatively small site on the 
sea floor over a long period of  time. 

This pattern of relatively small patches of colonized sea floor is indicative 
of the problems associated with living in the prodeltaic environment. The 
establishment of any given site was probably fortuitous. Benthic algae 
were not  available to serve as a substrate for larval settlement because the 
prodeltaic sediments were deposited in depths greater than 90 m; hence, 
below the photic zone (Fig.2). Skeletal debris of rare deposit-feeding 
molluscs or free-living brachiopods may have served as settlement sites for 
the larvae of suspension-feeding organisms. Once established, the skeletal 
debris of the suspension-feeders would provide a substrate for later genera- 
tions. KidweU and Jablonski (1983) refer to this process as taphonomic 
feedback. Larvae would compete for space on suitable substrates and the 
ability of larvae to select the proper substrate would be adaptive. This has 
been shown to be the case for modern benthic invertebrates (Johnson, 
1964; Thorson, 1966). 

The mode of substrate a t tachment  and stabilization for each major group 
is discussed in detail in the Paleoecology section. Basically, all the suspension- 
feeders required at tachment  to a firm substrate at least during part of their 
ontogeny. Those organisms which failed to find a suitable substrate were 
smothered in the mud as evidenced by the high juvenile mortali ty of 
Rhipidomella oweni (Fig.12). By successfully colonizing the sea floor, the 
animals modified their environment by providing hard substrates in an 
environment of soft mud. Sedimentation rates were apparently high enough 
to prevent extensive lateral growth of the individual colonized areas, but not 
so great that  a site could not  be occupied for long-periods of time. Even- 
tually, as the delta prograded, the sedimentation rate was so great that  all 
sites were smothered. The Button Mold Knob fauna, where it occurs, con- 
sistently disappears within 10 m of the overlying Kenwood Siltstone (Fig.5). 

Trophic structure 
The fauna is almost totally dominated by suspension-feeders that  fed on 

a variety of organic materials. Deposit-feeders and nektonic carnivores (a 
single nautiloid was found) comprised a very small part of the fauna. How is 
it possible that  91 species of suspension-feeders could co-exist in a single 
communi ty?  In order for so many species to co-exist, some partitioning of 
the food resources must have occurred. Tiering allows partitioning of the 
food resources by enabling suspension-feeders to feed from different levels 
in the horizontal bot tom currents. In a detailed analysis of the Borden delta 
platform communities, Ausich (1980) concluded that  tiering allowed first- 
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order niche differentiation within each communi ty ,  and food-size selection 
allowed second-order niche differentiation among the crinoids. 

Data from the present s tudy supports Ausich's (1980) conclusions. 
Excluding the bryozoans because of  a lack of  quantitative data, the fauna 
can be divided into four main trophic groups. These are: intermediate to 
high-level suspension-feeders (crinoids), low-level suspension-feeders 
(brachiopods), intermediate-level passive carnivores (tabulate corals), and 
low-level passive carnivores (rugose corals) (Table VIII). These four  groups 
are defined by their tiering levels and food preferences. Numerically speak- 
ing, the low-level suspension-feeders were the dominant  component  of  the 
fauna with brachiopods comprising 57% of  all individuals in the fauna 
(Table VIII). The lophophorates,  brachiopods and bryozoans combined, 
were the dominant  trophic group. This probably reflects an abundance of 
food suitable for this group. 

Within each group there were varying degrees of  resource partitioning 
(Table IX). The corals parti t ioned the resources very unevenly. The 
intermediate-level passive carnivore Cladochonus crassus accounts for 97% 
of the encrusting tabulate corals. The rugose coral Cyathaxonia arcuata 
accounts for 89% of  the low-level passive carnivores. The low-level suspen- 
sion-feeding brachiopods also show an uneven distribution, with 
Rhipidomella oweni comprising 63% and Quadratia waynensis comprising 
21% of the  brachiopods. Rhipidomella held its commissure vertically, 
whereas Quadratia oriented its commissure horizontally. This may have 
affected the manner in which they fed and allowed two brachiopods to co- 
dominate their group. 

The crinoids represent the most  complex of  the trophic groups. With 36 
species they are nearly twice as diverse as any other major taxonomic group. 

TABLE VHI 

Absolute and relative abundance of suspension-feeding trophic groups in the Button 
Mold Knob fauna' 

Trophic group Number of Percent 
specimens 

Low-level suspension- 
feeders (brachiopods) 

High- and intermediate-level 
suspension-feeders (crinoids) 

Low-level passive carnivores 
(rugose corals) 

High-level passive carnivores 
(tabulate colonies) 

1327 57 

411 17 

323 14 

274 12 

2335 100 

IData include all specimens caught on the 5- and 10- mesh screens from all the bulk 
samples and are corrected for splitting. 
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TABLE IX 

Species that comprise 10% or more of their taxonomic group I 

Percentage within Percentage within 
taxonomic group total fauna 

Brachiopods 

Rhipidomella oweni (Hall and Clarke) 63 
Quadratia waynensis (Brill) 21 

Crinoids 

36 
12 

Lecocrinus springeri Kammer  21 
Cyathocrinites nodosus (Wachsmuth 

and Springer) 15 
C. astralus Kammer  13 
Halysiocrinus tunicatus (Hall) 10 

Rugose corals 

Cyathaxonia arcuata Weller 89 12 

Tabulate  corals 

Cladochonus crassus (M'Coy) 97 12 

1Data are based on all specimens caught on the 5- and 10-mesh screens f rom all the 
bulk samples and are correc ted  for splitting. 

They also .have the greatest species equitability (Table IX, and Kammer, 
1985, table 1) thus suggesting a more even partitioning of  the food resources. 
This high diversity and species equitability suggests a complex division of 
the food resources. The lack of preserved articulated crinoids prevents the 
kind of  analysis performed by Ausich (1980), but  it seems probable that  a 
wide variety of  stem lengths and fan morphologies allowed a diversity of 
niches and prevented dominance by one or two species. However, as discus- 
sed previously, non-pinnulate crinoids as a group were dominant  because 
the low-velocity currents of  the prodeltaic environment favored feeding by 
motile-particle capture. 

Thus, the Button Mold Knob fauna shows evidence for primary food- 
resource partitioning by tiering and food preference (plankton-feeders versus 
passive carnivores). Secondary partitioning among the crinoids was achieved 
by the wide variety of  fan morphologies and stem lengths that  allowed 
greater subdivision of  the planktonic food resources. The greater trophic 
complexity of  the Button Mold Knob fauna, as compared to the Coral 
Ridge fauna, is most  likely a function of  increased levels of oxygenation and, 
perhaps, more abundant  food resources. 
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CONCLUSIONS 

(1) The concentration of dissolved oxygen in sea water was probably 
the primary factor controlling communi ty  type. The Coral Ridge fauna 
apparently lived in a dysaerobic environment and preceded the But ton Mold 
Knob fauna, which lived in an aerobic environment. 

(2) The same submarine valleys that later transported the turbidite sedi- 
ments  of  the Kenwood Siltstone probably funnelled nutrient-rich water to 
the prodeltaic and basinal environments. 

(3) The Button Mold Knob fauna is a high-diversity fauna almost totally 
dominated by  suspension-feeders. The crinoids are predominantly non- 
pinnulate because motile-particle capture probably was the most  efficient 
means of suspension-feeding by crinoids in the prodeltaic environment. 
High juvenile mortali ty of the brachiopod Rhip idomel la  owen i  may have 
been caused by smothering in the mud. The tabulate coral Cladochonus  
crassus encircled crinoid stems and had a bushy corallum. 

(4) The But ton Mold Knob fauna exhibits both small- and large-scale 
patchy distribution. Small-scale (meters) clusters of R. owen i  are probably 
the result of spatfalls, and the exclusion of crinoids from the clusters may 
be evidence for biologic interaction. Large-scale (kilometers) patchiness of 
set t lement sites indicates the difficulty of  settling on the muddy  sea floor. 
Once established, a site would be self-maintaining by providing skeletal 
debris for larval settlement. Juvenile crinoid holdfasts and bryozoan hold- 
fasts were found attached to a variety of skeletal debris. 

(5) The trophic structure of the  Coral Ridge fauna was simpler than that 
of the But ton Mold Knob fauna and was dominated by deposit-feeders 
adapted to dysaerobic conditions. The But ton Mold Knob fauna had a more 
complex trophic structure with no single species being dominant.  Food  
resources were parti t ioned among the suspension-feeders by tiering. 

The basinal and prodeltaic communities of the Borden Formation lived 
under similar conditions of water depth, energy levels, and substrate type.  
Nevertheless, these two communities were greatly dissimilar in composi- 
tion and structure. The most  probable cause of  this dissimilarity was the 
difference in oxygenation between the basin and the prodelta. 
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