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Abstract

The Ames Sea, situated in a shallow marine embayment in the Appalachian Basin, was the result of the most extensive marine

transgression of the Pennsylvanian in this region. Gradient analysis of the proportional abundance of taxa reveals an environmental

continuum across the Ames embayment along which four biofacies were distributed. Biofacies distribution is interpreted to be

controlled by salinity, turbidity, and oxygen gradients associated with the geometry of the Ames depositional basin and relative sea-

level change.

The eastern portion of the Ames Sea resembled a foredeep trough located on the detrital slope of the recently uplifted

Appalachian Highlands. Biofacies 1 and 2 occur exclusively in the eastern part of the Ames depositional basin and are

dominated by eurytopic molluscs tolerant of terrigenous influx. Biofacies 3 occurs in both the eastern and western portions of

the Ames depositional basin. This biofacies is dominated by the opportunistic brachiopod Neochonetes, which would quickly

colonize the seafloor in the wake of transgression. Biofacies 4 occurs exclusively in the western part of the Ames depositional

basin and is composed primarily of stenotopic crinoids, bryozoans, brachiopods, and epifaunal bivalves that inhabited a clear

water, cratonic ramp on the eastern flank of the Cincinnati Arch.

Vertical variations of faunal assemblages in the Ames Member were the result of variations in relative sea level associated

with glacio–eustatic cycles. Biofacies 3, dominated by Neochonetes, was deposited at the base of the Ames Member during

the initial rapid transgression in a mostly dysoxic environment with low turbidity and marine salinity. During the first

regression, low-density surface water from eastern sources restricted vertical circulation, established a stratified water column,

and promoted estuarine conditions in the Ames Embayment. Well-oxygenated surface waters were unable to circulate to the

benthic habitat, which led to periodically dysoxic conditions and the establishment of Biofacies 1 and 2, composed of

diminutive eurytopic molluscs. A second, stratigraphically-higher occurrence of Biofacies 3 is interpreted to represent a second

transgression. However, unlike the first transgression, lithologic and faunal data suggest that the benthic habitat was well-

oxygenated. Above the mid-Ames marine zone occurrence of Biofacies 3, Biofacies 1 and 2 were deposited in the final

regressive phase as local terrigenous source areas brought increasing turbidity and fluctuating salinity to the Ames

Embayment.
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Previous paleoecological research on the Ames Member cited freshwater and/or clastic influx as the major controls on biotic

distribution, but the results of the present study suggest that oxygen availability was also a major control. Stratification of the water

column during the Ames sea-level cycle promoted estuarine circulation that prevented well-oxygenated surface waters from

reaching the benthic habitat. This led to the deposition of dark gray to black fissile shales that contain fossil assemblages dominated

by diminutive molluscs and brachiopods that were tolerant of low-oxygen conditions.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Eight thin marine zones are distributed among non-

marine units within the Upper Pennsylvanian Glenshaw

Formation in the northern Appalachian Basin (Busch,

1984; Busch and Rollins, 1984; Busch and West, 1987).

These marine zones record the distal portions of marine

incursions of the Midcontinent Sea onto the high shelf

formed by the detrital slope of the Appalachian high-

lands (Heckel, 1995). The thickest and most extensive

of these marine units is the Ames Member, which

contains a suite of variable fossil assemblages. The

Ames Member was deposited during the most extensive

marine event of the Pennsylvanian, and the last major

marine event of the Paleozoic in eastern North America.

Transgression of the Ames Sea from the southwest

resulted in the periodic establishment of a variety of

marine facies that have been the subject of several

modern paleoecological studies (Donahue and Rollins,

1974; Rollins and Donahue, 1975; Nuhfer, 1979; Al-

Qayim, 1983; Brezinski, 1983; Saltsman, 1986; Merrill,

1993). Although these studies have identified biofacies

and faunal gradients thought to reflect changing condi-

tions associated with variations in sea level, the role of

environmental parameters such as dissolved oxygen,

salinity, and turbidity in controlling faunal distribution

is not apparent from these studies.

The present study utilizes paleoecologic principles

to test two stratigraphic hypotheses: whether the Ames

Member of the Glenshaw Formation represents a single

transgressive–regressive cycle, or multiple cycles. Each

of these alternative hypotheses would make different

predictions about the distribution of biofacies within the

Ames Member, and both hypotheses were considered

during the examination of the spatial and stratigraphic

distribution of biofacies. In order to test these hypoth-

eses, lateral and vertical faunal variations in the Ames

Member were quantitatively measured in seven out-

crops along a general northwest–southeast transect

across the northern Appalachian basin. This transect

is roughly perpendicular to the depositional axis of

the basin, crossing this ancient sea. This provides an

opportunity to examine faunal and stratigraphic patterns
during the deposition of the most extensive marine

event in the Upper Pennsylvanian of this region. Faunal

data were analyzed based on how individual taxa may

have utilized available resources (e.g., food and habitat)

under any given set of environmental conditions (Dodd

and Stanton, 1990). The observed faunal patterns were

combined with sedimentological data to interpret

paleoenvironmental conditions present in the Ames

Sea.

2. Stratigraphy and geologic history

The Pennsylvanian System is composed of a single

second-order transgressive–regressive unit that begins

at the base of the Pennsylvanian and extends to the base

of the Permian (Vail et al., 1977). Weller (1930) sub-

divided Pennsylvanian units in the northern Midconti-

nent and northern Appalachian Basin into separate

packages of lithofacies (Busch and Rollins, 1984).

Each package was considered a formation in the Penn-

sylvanian System, with the specific lithofacies that

comprise them classified as members. The cyclically

arranged members of these Pennsylvanian formations

were thought to represent shifting depositional environ-

ments relative to the shoreline during a single trans-

gressive–regressive cycle. Wanless and Weller (1932)

used the term cyclothem to describe these formations in

Pennsylvanian strata of North America.

The Conemaugh Group includes rocks deposited

during the late Middle to Upper Pennsylvanian

(Edmunds et al., 1999). Outcrops are located in south-

eastern Ohio, southwestern Pennsylvania, western

Maryland, West Virginia, and eastern Kentucky in an

elliptical belt (Fig. 1) with the long axis oriented north-

east–southwest. The Conemaugh is divided into two

formations (Fig. 2): the Glenshaw Formation, which is

distinguished by the presence of many thin marine

zones distributed among nonmarine rocks, and the

overlying Casselman Formation, which contains two

geographically-limited marine zones, the Gaysport

and the Skelly (Flint, 1965; Busch, 1984). The bound-

ary between the two formations is located at the top of

the uppermost marine zone in the Glenshaw Formation,



Fig. 2. Generalized stratigraphic column of the Conemaugh Group

with the position of major Glenshaw marine zones (modified from

Edmunds et al., 1999).

Fig. 1. Distribution of the Conemaugh Group in the Appalachian

Basin. The Ames Member is located near the middle of the outcrop

belt. Data compiled from state geologic maps.
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the Ames Member, which is composed of shale and

limestone.

A review of previous studies of the Ames Member

suggests that the lithologic composition of this marine

zone is highly variable (e.g., Donahue and Rollins,

1974; Rollins and Donahue, 1975; Nuhfer, 1979; Al-

Qayim, 1983; Brezinski, 1983; Saltsman, 1986; Merrill,

1993). Interpretations of the sea-level history of the

Ames Member are equally variable. Studies by Dona-

hue and Rollins (1974), Brezinski (1983), Saltsman

(1986), and Merrill (1993) attributed the lithofacies

and biofacies patterns in the Ames Member to a single

transgressive–regressive cycle. Al-Qayim (1983) recog-

nized two transgressive–regressive cycles within the

Ames Member and Nuhfer (1979) identified three sep-

arate transgressive–regressive cycles. Additionally,

Nuhfer (1979) divided the Ames Member near Morgan-

town, West Virginia into: a lower, middle, and upper

unit. However, these informal units are not laterally

consistent and are of little stratigraphic utility beyond

the outcrops included in that study.

The Ames Member is lowermost Virgilian in age,

based on fusulinids of the T. cullomanensis subzone

(Wilde, 1975) and conodonts of the S. elegantulus/S.

elongatus zone (Lane et al., 1971). Based on distinctive

conodont faunas, the Ames marine zone correlates with

the Shumway marine zone in the Illinois Basin and the

Oread (Heebner) marine zone in the Midcontinent

Basin (Heckel et al., 1998). Paleogeographic recon-

struction (Fig. 3) indicates that during the Middle to

Late Pennsylvanian, the Appalachian basin was posi-

tioned in the tropics and associated with the accreting

bProtopangeaQ (Heckel, 1995). The basin was located

longitudinally near the center of the landmass isolated

from the larger Panthalassa and Tethys open tropical
sea by about 4000 km (Heckel, 1995). It was located at

the very eastern extent of the shallow, intermittent

Midcontinent Sea, which also contained the small,

deep and permanently marine Anadarko and Midland

basins. During deposition of the Middle to Upper

Pennsylvanian units in the Appalachian basin, the

major seaway that opened onto the midcontinent was

located (modern orientations) to the southwest, with the

depositional axis oriented northeastward (Brezinski,

1983). The basin was bounded to the northwest by

the Cincinnati Arch and to the southeast by the recently

uplifted Appalachian highlands (Lamborn, 1951).

The alternating accretion and ablation of glaciers on

Gondwana was initially cited as a mechanism for the

deposition of Pennsylvanian cyclothems by Wanless

and Shepard (1936). Extensive research during the

last two decades has established glacial–eustatic sea

level changes as the primary control over Pennsylva-

nian marine cyclothems in the Midcontinent region of

the United States (Heckel, 1986, 1995). Evidence for

the glacial–eustatic model has received independent

support by Crowell (1999), who concluded that glacial

episodes on Gondwana persisted from the Late Missis-

sippian to the Early Permian, and by Veevers and



Fig. 3. Interpreted paleogeography of the Euramerican part of Protopangea during the Late Pennsylvanian. The Great Lakes and portions of the

north and south border of the present day United States (dashed lines) are included for reference. App. B=Appalachian Basin; Mid. B.=Midland

Basin; Ana. B.=Anadarko Basin (modified from Heckel, 1995).
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Powell (1987), who showed that the greatest inferred

ice volume on Gondwana was attained during Late

Pennsylvanian time when cyclothems were best devel-

oped in the Midcontinent region.

Late Middle to Late Pennsylvanian glacial–eustatic

changes in sea level were controlled by climate change

induced by orbital cyclicity (Heckel, 1986). The Glen-

shaw Formation was deposited in an 8 m.y. interval

between 302F4 and 294F6 Ma (Heckel, 2002). The

average duration for the major to intermediate cycles of

Heckel (1986) is about 400 k.y. (Heckel, 2002), which

corresponds to the 400 k.y. Milankovitch secondary

eccentricity, or stretch, cycle (Imbrie, 1985). Thus, the

Ames Member, as part of a major cycle, was deposited

in less than 400 k.y. The faunal variation within the

Ames Member is the result of environmental control

rather than evolutionary processes, which generally are

on the order of millions of years (Dodd and Stanton,

1990).

3. Methods

3.1. Outcrops and samples

Seven outcrops distributed from northwest to

southeast across the northern Appalachian basin

were sampled in detail for paleoecological analysis

(Fig. 4). Sampling localities were selected on the

basis of geographic position within the northern Ap-

palachian Basin, accessibility to the outcrop, fossil

abundance, and stratigraphic completeness of the

Ames Member (lack of erosion by the overlying

Grafton Sandstone Member). The purpose of densely

sampling only a few outcrops of the Ames Member
along a transect in the Appalachian Basin was to

focus on small-scale sedimentologic and paleoecolog-

ic variations that could then be related to specific

environmental factors. Specific locality information

is listed in Table 1.

Because the focus of this study centers around the

faunal variations during deposition of the Ames Mem-

ber, the lower sampling boundary was placed at the first

occurrence of marine body fossils, which usually coin-

cided with the top of the Harlem Coal, where present.

The upper sampling boundary was placed at the last

occurrence of marine body fossils. Once the upper and

lower sampling boundaries were delineated, the Ames

was measured and described. A total of 35 samples

were taken using 3.7 l capacity plastic bags from the

seven outcrops in this study. Samples were taken at

each obvious change in lithology or wherever a distinct

faunal change occurred (Fig. 5). Small bulk samples

were taken laterally across the exposures within the

same layer where possible. Replicate sampling can be

used to offset the patchy distribution of animals ob-

served in most living marine communities (Bennington,

1995, 1996). These small bulk samples were combined

in the lab prior to processing. Whole limestone blocks

were taken from the outcrops with stratigraphic orien-

tation recorded on the rock. Most of the fossil-bearing

units sampled for quantitative analysis represent low

energy, mud-dominated (either carbonate or clastic)

environments where no significant between-facies

transport of shelly material would have occurred (Kid-

well and Bosence, 1991). However, limestones from

the BELL, and CONC outcrops southeastern Ohio

contained size-sorted fossil grains and cross bedding

indicating some transport of shelly material. For most



Fig. 4. Map showing the locations of sampled Ames Member outcrops in the northern Appalachian Basin. Refer to Table 1 for outcrop

abbreviations.
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benthic marine invertebrates, between-habitat transport

of shelly material is rare in most settings, and exotic

bioclasts comprise only a minor component of most

fossil assemblages (Kidwell and Flessa, 1995).

In the laboratory, the shale samples were washed,

dried, and sieved. The use of surfactants to disaggregate

the shales was abandoned early, due to breakage of thin

shells and poor preservation of many of the fossils. With

the aid of a binocular microscope, the shale samples were

physically disaggregated and fossils were removed using

a pin-vice and small dental picks. Limestone blocks were

washed and fossils on the outer surface were counted and

recorded. The blocks were then carefully broken into

smaller pieces and all observed taxa were tallied.
Table 1

Locations of sampled outcrops

Sampled outcrop County UTM coordinates

(zone 17)

New Concord (CONC) Guernsey, OH 4,426,080N; 440,800E

Belle Valley (BELL) Noble, OH 4,403,400N; 452,580E

Newport (NEW) Washington, OH 4,360,040N; 478,240E

Greenbag Road (GRR) Monongalia, WV 4,386,100N; 591,560E

Fairmont (FAIR) Marion, WV 4,371,680N; 579,220E

Anmore (ANMO) Harrison, WV 4,342,200N; 560,720E

Belington (BELN) Barbour, WV 4,320,800N; 592,810E
3.2. Guild composition

In order to analyze the distribution of fossil assem-

blages, taxa were placed into guilds based on the habi-

tats and trophic modes of fossil organisms. Combining

fossil organisms into groups based on their autecolog-

ical similarities is the basis of the guild concept (Bam-

bach, 1983). Bambach (1983) extended the modern

ecological application of the guild concept, which fo-

cuses on interspecific competition for resources, and

constructed groups based on taxonomic position and

autecology. Combining taxa into groups reduces the

number of variables per sample and improves the signal

to noise ratio of ecologic patterns by increasing the

relative magnitude of each grouped variable (Kammer

and Lake, 2001). This reduces the dimensionality of the

data set so that patterns within the data are more easily

recognized (Gauch, 1982). It should also be mentioned

that grouping variables can obscure finer patterns in the

data set, but the groups constructed in this analysis are

an attempt to find a middle-ground between overly

generalized and overly specific variable combinations.

To define the guilds, taxa were identified and

placed into class-level groupings with the exception

of the Phylum Bryozoa. Branching bryozoans (BRYO)

were not subdivided into classes because their feeding



Fig. 5. Stratigraphic distribution of the 35 Ames Member samples taken in the field. Stratigraphic datum is the pre-Ames surface (Harlem Coal

where present). Horizontal break in the section represents the gap between surface exposures of the Ames Member in north-central West Virginia

and southeastern Ohio.
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methods are thought to be more or less similar for all

Paleozoic classes (Boardman and Cheetham, 1987).

Semi-infaunal deposit-feeding scaphopods (SCAPHO),

nektonic predatory or scavenging cephalopods (CEP-

HALO), and stalked suspension-feeding crinoids (CRI-

NOID) were put into separate guilds because the

members within each of those classes have similar

autecology as compared to members outside of their

class. Gastropod, bivalve and brachiopod taxa were

further subdivided based on autecological differences

between members within the same class, as discussed

below (Table 2). Identifications of major fossil groups
Table 2

Guild composition

Bryozoans (BRYO): B

Scaphopods (SCAPHO): P

Cephalopods (CEPHALO): T

Crinoids (CRINOID): I

Loxonemitid gastropods (LOXONEM): D

Pleurotomarid gastropods (PLEURO): G

Bellerophontid gastropod (EUPHEM): E

Bellerophontid gastropods (BELLERO): B

(

Infaunal deposit feeding bivalves (INDEPBIV): N

Infaunal suspension feeding bivalves (INSUSBIV): P

Epifaunal bivalves (EPIBIV): D

Chonetid brachiopod (CHONET): N

Productid brachiopods (PRODUCT): J

Pedunculate brachiopod (CRURI): C

Pedunculate brachiopods (PEDUNC): C

Strophomenid brachiopods (STROPHO): D
within the Ames were based on available taxonomic

studies and include: Anderson (1986) and Hoare and

Sturgeon (1997) for gastropods; Hoare et al. (1979) for

bivalves; and Sturgeon and Hoare (1968) for brachio-

pods. Other fossil groups were identified using Lintz

(1958), Hoare and Miller (1996a,b), Schwimmer and

Sandy (1996), and the Treatise on Invertebrate Paleon-

tology, (e.g., Cox, 1960).

Paleoecological aspects of Paleozoic gastropods are

not well understood (Aigen, 1974; Harper and Rollins,

1985; Anderson, 1986). In the present study gastropod

guilds were based on shell morphology, with the ex-
ryozoan colony fragments

lagioglypta

ainoceras and Metaceras

solated crinoid fragments

onaldina, Pseudozygopleura, Meekospira, Girtyspira, and Strobeus

labrocingulum, Trepospira, Shanesiella

uphemites

ellerophon (Bellerophon), Knightites (Cymatospira), Knightites

Retispira), and Pharkidonotus

uculopsis, Palaeoneilo, Paleyoldia, and Phestia

romytilus, Schizodus, Permophorus, Astartella, and Edmondia

unbarella, Aviculopecten, Acanthopecten, and Paleolima.

eochonetes

uresania, Hystriculina, Linoproductus, and Cancrinella

rurithyris

omposita and Neospirifer

erbyia
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ception of the bellerophontid gastropods, where inter-

pretations of the mode of life of these planispiral gas-

tropods do exist (e.g., Harper and Rollins, 1985).

However, the taxonomic affinity of bellerophontid gas-

tropods has been the subject of recent debate as some

researchers consider bellerophontids to have been mol-

luscs of uncertain affinity and not gastropods (e.g.,

Cherns et al., 2004). In either case, similar habitat

preferences and life strategies between the bellerophon-

tids and other Paleozoic gastropods permit their assign-

ment to the gastropod guild in the present study in light

of their taxonomic affinity. High-spired gastropods in-

cluding Donaldina, Pseudozygopleura, Meekospira,

Girtyspira, and Strobeus were grouped as the loxone-

mitid (LOXONEM) guild, which are thought to be

mostly epifaunal deposit feeders, herbivores (Aigen,

1974; Aberhan, 1994) and some carnivores (Aberhan,

1994). Low-spired gastropods including Glabrocingu-

lum, Trepospira, and Shansiella, which are thought to

be epifaunal deposit feeding or herbivorous archaeo-

gastropods (Aigen, 1974), were grouped in the pleur-

otomarid (PLEURO) guild. Planispiral gastropods were

divided into the Euphemites (EUPHEM) guild, which is

thought to be infaunal to semi-infaunal deposit feeding

burrower or plower (Harper and Rollins, 1985), and the

Bellerophontids (BELLERO) Bellerophon (Bellero-

phon), Knightites (Cymatospira), Knightites (Retis-

pira), and Pharkidonotus which are thought to be

active epifaunal deposit feeders and herbivores (Harper

and Rollins, 1985).

Infaunal bivalves were divided into infaunal deposit

feeders (INDEPBIV) and infaunal suspension-feeders

(INSUSBIV). The INDEPBIV guild includes the

nuculid bivalves Nuculopsis, Palaeoneilo, Paleyoldia,

and Phestia that were presumably rapid, free-burrow-

ing shallow deposit-feeders (Stanley, 1970). The

INSUSBIV guild includes the mytilid Promytilus, the

trigonoid Schizodus, veneroids Permophorus and

Astartella, the pholadomyoid Edmondia, and Anthra-

conia (Stanley, 1970). The suspension-feeding bivalve

group is thought to be a mixture of infaunal to semi-

infaunal endobyssate and free-burrowing suspension

feeders (Stanley, 1970, 1972). The last bivalve guild

is composed of suspension-feeding epifaunal bivalves

(EPIBIV) represented by the pectinids Dunbarella,

Aviculopecten, Acanthopecten, and Paleolima.

Brachiopods were divided into groups based on shell

morphology and habitat preference. The chonetid guild

(CHONET) is composed of the relatively flat, thin-

shelled, free-lying Neochonetes. Productid brachiopods

(PRODUCT) were grouped together and include the

inflated, free-lying Juresania, Linoproductus, and Can-
crinella that possess spines thought to provide buoy-

ancy on soft muddy substrates (Grant, 1966). However,

there has been speculation that the spines were also

used for anchorage in high energy environments or as

protection from predators (Leighton, 2000). Peduncu-

late brachiopods (PEDUNC) include the biconvex to

planoconvex, pedically-attached Composita and Neos-

pirifer. During the analysis, the pedunculate brachiopod

Crurithyris was removed from the PEDUNC guild and

placed in its own guild (CRURI) after it became appar-

ent that Crurithyris had a very different distribution

from all other brachiopods. Strophomenid brachiopods

(STROPHO) were represented by the relatively flat,

free-lying suspension feeder Derbyia.

3.3. Data

Abundance data of taxa are the sum of identifiable

invertebrate fossils within 23 Ames samples. Many of

the original 35 samples taken from the seven outcrops

in this study were combined if they were stratigraphi-

cally adjacent and contained similar taxa or omitted if

they were barren. A preferred minimum of 300 fossils

was collected from each sample in order to determine

the relative abundance of individual taxa (Dennison and

Hay, 1967). At this sample size there is only a 5%

probability that species with a 1% abundance will be

missed, assuming no systematic bias by the observer.

Species with a 3% abundance have a probability of only

0.01% of being missed. Isolated fragments of crinoids

and colonial bryozoans were included in the fossil

counts, as they represent a significant proportion of

the faunal content and are important environmental

indicators.

Brachiopod and mollusc fossil counts were derived

using the MNI (minimum number of individuals) meth-

od for fragmentary remains (Gilinski and Bennington,

1994). Because each portion of the bulk sample was

exhaustively processed for fossilized remains, counting

each valve as an individual would not be appropriate

(Gilinski and Bennington, 1994). Isolated bryozoan and

echinoderm fragments were counted using the XNI

(maximum number of individuals) method because

their remains were not taxonomically distinctive, and

thus, could not be confidently assigned to a specific

taxon(a). The use of these methods results in either an

underestimation of the number of individuals (MNI), or

overestimation of the number of individuals (XNI). It is

understood that using both methods in the same study

will result in an overestimation of the number of bryo-

zoan and crinoid individuals when compared to bra-

chiopods and molluscs. However, the contribution of
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bryozoans and crinoids to the overall biovolume is

significant. Their remains present important paleoeco-

logic information regarding conditions during deposi-

tion. Tests to determine the effect of overestimating

their abundance are presented later in the Methods

section (see Multivariate analysis).

Fossil assemblages tallied in the present study rep-

resent samples of populations that lived during deposi-

tion of the Ames Member. These assemblages are not

classified as discrete community types (e.g., Johnson,

1962) because studies in modern ecology indicate that

boundaries between community types are not always

clearly defined (Whittaker, 1975). More often, commu-

nity boundaries overlap as species respond to the phys-

ical environment and competitive pressure from other

species that inhabit similar environments (Holland et

al., 2001). The latter pattern relies on strong indepen-

dence between species consistent with the individualis-

tic hypothesis of species distribution proposed by

Gleason (1926). In this hypothesis, species are distrib-

uted along environmental gradients, each reacting to

physical changes independently. Changes in species

distributions are a response to different physical condi-

tions along these gradients.

3.4. Multivariate analysis

Non-metric multidimensional scaling (MDS) and

cluster analysis were used to explore and identify pat-

terns within samples (Q-mode) utilizing the software

package NTSYSpc-2.02i (Rohlf, 1998). The similarity

index used for the Q-mode analysis was cosine theta

(1�Cos Ø), which is the appropriate similarity coeffi-

cient for Q-mode analysis (Joreskog et al., 1976). Other

similarity coefficients were applied with similar results.

Cluster analysis produces a dendrogram that corre-

sponds to the degree of similarity between objects.

Objects with the highest degree of similarity are grouped

together. The next most similar objects are then succes-

sively connected to these. MDS places objects (variables

or samples) in low dimensional, usually two or three,

Euclidean space. The distance between objects corre-

sponds to the complement of cosine theta (1�Cos Ø).

Objects in close proximity are the most similar, whereas

objects that plot away from each other are less similar.

The goodness-of-fit is ranked by the stress index, which

measures how well a particular map of similarities cor-

responds to the observed distance matrix. Stress values

range from 0 to 1; low values indicate a good fit, whereas

high values (N0.40) indicate a poor fit (Rohlf, 1998).

Multivariate analysis was also used to determine if

guilds counted using the XNI counting method were
masking the ecological signal of guilds counted using

the MNI method. Q-mode cluster analysis was per-

formed on the relative abundance of data with and

without crinoids. The CRINOID guild was chosen for

this test because of the taxa counted using the XNI

method, only the crinoids were present in numbers

comparable to brachiopod and mollusc guilds. If the

crinoids are indeed masking the influence of other

guilds, then samples with abundant crinoids would be

distributed randomly among the remaining sample

groups when crinoids are excluded. If crinoids are not

masking the ecological signal of the other guilds, then

samples that contained abundant crinoids should cluster

together or be grouped with samples dominated by

guilds that have similar environmental preferences.

4. Results

A total of 7490 fossils were tallied in the 23 final

samples derived from the 35 field samples (Table 3).

The data were normalized to percent abundance for

comparison of guild proportions in the final analysis.

Normalizing the data was done to offset the effect of

combining stratigraphically adjacent samples with sim-

ilar assemblages, which resulted in widely uneven total

fossil counts between samples (N, Table 3).

Preliminary analysis revealed that relative abundance

data illustrated clear patterns in the distribution of the 16

guilds (Table 3). These patterns were enhanced when

guilds were placed into four Bambachian Megaguilds

(Droser et al., 1997) based on similar distribution within

samples that indicated similar environmental prefer-

ences (Table 4). Megaguilds (listed with assigned

guilds) are: 1. INBIV/CRURI (CRURI, INDEPBIV,

and INSUSBIV), which includes the brachiopod Crur-

ithyris, and infaunal deposit- and suspension-feeding

bivalves; 2. GAST/SCA (BELLERO, EUPHEM, LOX-

ONEM, PLEURO, SCAPHO), which includes bellero-

phontid, loxonemitid, and pleurotomarid gastropods and

the scaphopod Plagioglypta; 3. BRACHS (CHONET,

PEDUNC, PRODUCT, and STROPHO), Neochonetes,

pedunculate, productid, and strophomenid brachiopods;

and 4. STENO (BRYO, CEPHALO, CRINOID, and

EPIBIV), stenohaline bryozoans, cephalopods, crinoids,

and epifaunal bivalves. Bryozoans, crinoids, and cepha-

lopods are known stenohaline organisms with few

exceptions (Dodd and Stanton, 1990; Kammer and

Lake, 2001). Epifaunal bivalves commonly co-occurred

with these stenohaline groups and were placed into this

megaguild.

Q-mode cluster analysis produced a dendrogram of

sample groups that mimics the separation into mega-



Table 3

Percent abundance of guilds

EPIBIV INDEPBIV INSUSBIV CHONET CRURI PEDUNC PRODUCT STROPHO BRYO CEPHALO CRINOID BELLERO EUPHEM LOXONEM PLEURO SCAPHO N

BELL5 0.0 0.7 0.0 5.7 14.5 5.7 0.7 0.0 3.0 0.0 68.2 0.0 0.0 0.0 1.4 0.0 296

CONC 2.6 0.0 0.0 10.2 0.7 3.0 9.5 0.0 0.3 0.0 72.4 1.0 0.0 0.0 0.3 0.0 304

BELL3 0.0 0.0 0.0 44.7 0.9 0.0 4.5 0.0 11.1 0.0 37.2 0.0 0.0 0.0 1.5 0.0 333

NEW1 2.6 3.7 5.4 56.7 0.6 0.9 0.9 6.0 0.9 0.3 11.2 0.0 3.7 6.6 0.6 0.0 349

BELL2 0.0 0.0 0.0 89.7 5.2 2.6 1.9 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 304

GRR9A 0.0 1.0 0.0 93.1 1.0 0.0 0.0 0.0 1.0 0.7 1.3 0.0 0.0 0.0 2.0 0.0 310

GRR5B 0.0 1.6 0.6 88.8 0.0 0.0 0.0 0.0 0.0 4.7 0.0 1.6 0.6 0.3 1.9 0.0 308

GRR9B 0.0 0.9 0.0 0.0 0.0 79.4 18.9 0.3 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 339

FAIR3 0.0 1.3 0.0 92.9 4.2 0.0 0.0 0.3 0.0 0.3 0.3 0.0 0.3 0.0 0.3 0.0 321

ANMO3 0.7 4.2 0.0 80.1 0.0 0.0 11.4 0.0 0.0 0.0 2.6 0.0 0.0 1.0 0.0 0.0 306

GRR5A 0.0 4.8 0.0 79.6 8.0 0.0 1.7 0.0 0.0 1.1 0.4 1.5 0.7 0.2 2.0 0.0 538

FAIR1A 0.0 3.6 0.3 74.0 4.6 0.0 0.0 3.0 0.0 0.0 1.0 1.3 3.0 7.2 2.0 0.0 304

BELN1 1.0 2.3 0.3 77.9 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.1 2.3 12.4 2.3 0.0 307

ANMO1 0.0 3.7 0.6 55.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 5.3 28.9 1.9 1.2 322

FAIR2 0.0 1.0 0.0 37.5 0.0 0.0 0.0 0.0 0.0 0.0 0.3 2.3 0.7 3.4 3.9 1.0 307

ANMO2 0.0 4.3 0.0 19.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.1 3.7 63.4 4.7 0.9 322

FAIR1B 0.0 12.7 0.0 8.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 4.1 68.5 3.4 1.0 292

BELN2 0.0 17.0 21.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 32.0 8.7 19.7 1.3 0.0 300

ANMO4 0.3 26.9 7.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 4.0 40.2 14.0 6.3 1.0 301

GRR6B 0.3 63.0 0.0 0.3 8.6 0.0 0.0 0.0 0.00 0.0 0.0 0.3 17.7 3.1 6.8 0.0 384

FAIR4 0.0 67.6 0.0 0.0 23.2 0.0 0.0 0.0 0.0 0.7 0.0 1.3 4.2 1.6 1.3 0.0 306

GRR6A 0.0 44.4 0.0 1.6 38.1 0.0 0.0 0.0 0.0 1.9 0.0 4.7 4.4 0.0 2.8 2.2 320

FAIR5 2.2 32.2 2.5 8.5 36.3 0.0 2.5 0.0 0.0 3.5 0.0 0.6 2.8 6.0 2.2 0.6 317
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Table 4

Biofacies composition, percent abundance

STENO BRACH GAST/SCA INBIV/CRURI

Biofacies 4

BELL5 71.28 12.16 1.35 15.20

CONC 75.33 22.70 1.32 0.66

BELL3 48.35 49.25 1.50 0.90

Biofacies 3

NEW1 14.90 64.47 10.89 9.74

BELL2 0.00 94.84 0.00 5.16

GRR9A 2.96 93.09 1.97 1.97

GRR5B 4.67 88.79 4.36 2.18

GRR9B 0.59 98.53 0.00 0.88

FAIR3 0.65 93.18 0.65 5.52

ANMO3 3.27 91.50 0.98 4.25

GRR5A 1.49 81.23 4.46 12.83

FAIR1A 0.99 76.97 13.49 8.55

BELN1 1.63 77.85 17.92 2.61

ANMO1 0.00 55.59 40.06 4.35

Biofacies 2

FAIR2 0.33 37.46 61.24 0.98

ANMO2 0.00 19.88 75.78 4.35

FAIR1B 0.00 8.22 79.11 12.67

BELN2 0.00 0.00 61.67 38.33

ANMO4 0.33 0.33 65.45 33.89

Biofacies 1

GRR6B 0.26 0.26 27.86 71.61

FAIR4 0.65 0.00 8.50 90.85

GRR6A 1.88 1.56 14.06 82.50

FAIR5 5.68 11.04 12.30 70.98

Values in bold indicate the predominant megaguild present in each

sample.

Fig. 6. Q-mode dendrogram of Ames member samples. The samples are gro

megaguilds defined in this study.
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guilds (Fig. 6). Q-mode MDS was used to identify links

between clusters and placed Ames Member samples

along a two-dimensional curvilinear gradient with a

stress of 0.06, which Rohlf (1998) evaluated as excellent

in regards to how well the resultant map of similarities

corresponds to the observed distance matrix (Fig. 7). The

samples were then plotted along a horizontal axis based

on their respective position along the curvilinear gradient

(Fig. 8). Clastic samples from the eastern (West Virginia)

portion of the Ames depositional basin fell on one end

of the axis, whereas carbonate samples from the western

(Ohio) portion fell on the opposite end of the axis.

In order to analyze the gradient produced by Q-

mode MDS, the distributions of megaguilds were

plotted along the axis defined by MDS (Fig. 8). The

means and distributions of these megaguilds vary

among the samples and each megaguild displays an

individualistic response to environmental conditions

along the gradient. Each megaguild has a peak abun-

dance along the gradient and declines on either side in

an approximate bell-shaped, or Gaussian, distribution.

Overlap in the distributions indicates that discrete

faunal assemblages are not present and that intergrad-

ing faunal assemblages exist along the environmental

gradient, making the placement of samples into groups

somewhat arbitrary. While this reflects practical lim-

itations when placing objects that exist along a con-
uped into four clusters based on a high proportion of one of the four



Fig. 7. Q-mode multidimensional scaling (MDS) plot of Ames Member samples. Final stress=0.06, which is good to excellent (Rohlf, 1998). The

hand-drawn arrow illustrates the environmental gradient associated with increasing distance from eastern clastic source areas. Gradients often plot in

a arch-shaped pattern using ordination techniques such as MDS, as normally distributed variables, which are ditonic, are collapsed into a monotonic

curve (Gauch, 1982).
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tinuum into groups, it does not overshadow the use-

fulness of assigning samples to a particular faunal type

(e.g., nearshore fauna and offshore fauna) when de-

scribing faunas (Gauch, 1982).

In the present study, groups of samples are distin-

guished by the dominance of a specific megaguild,

which accounts for the greatest percentage of taxa in

the sample group (Fig. 8). Thus, the resultant sample

groups each contain a relatively distinct fossil assem-
Fig. 8. Percent abundance of the four most abundant megaguilds plotted alo

the results of Q-mode MDS analysis. Biofacies 1–4 are groups of samples

along an environmental gradient. The gradient is interpreted to represent c

distance from terrigenous sources along the eastern margin of the Ames S

environment along the gradient.
blage that can be characterized as a biofacies. Biofacies

are labeled 1–4 in the order that they appear along the

environmental gradient from clastic- to carbonate-dom-

inated samples (Fig. 8). Sequential peaks of different

megaguilds indicates that the dominant megaguild in

each biofacies was successful within a specific set of

environmental conditions, but was outcompeted by

another megaguild under a different set of environmen-

tal conditions along the gradient.
ng Ames Member samples. Samples have been arranged according to

having a common dominant guild deposited under similar conditions

hanges in turbidity, salinity and oxygen availability with increasing

ea. Sample lithologies are also indicated to illustrate changes in the



Table 5

Biofacies interpretation

Biofacies Salinity Turbidity O2 availability

1 Variable High Oxic/dysoxic

2 Variable/marine Moderate Oxic

3 Marine Low dysoxic

4 Marine Low Oxic
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5. Biofacies description and environmental

interpretation

Biofacies 1, 2, and 3, identified in the present study,

are dominated by taxa that employ opportunistic life-

strategies. Opportunistic taxa, or r-strategists, are spe-

cies that produce numerous offspring that mature rap-

idly (Brenchley and Harper, 1998). They tend to be

eurytopic species tolerant of stressful or changing con-

ditions and are the first taxa to colonize a new envi-

ronment (Malinky and Heckel, 1998). Five of these

opportunists; Neochonetes, Crurithyris, Nuculopsis,

and the microgastropods Donaldina and Girtyspira

are the dominant and often exclusive taxa that compose

the CHONET, CRURI, INDEPBIV, and LOXONEM

guilds, respectively. These guilds account for nearly

73% of the total fossils tallied in this study. The distin-

guishing characteristic of Biofacies 1–3 is a change in

the dominant opportunist. This pattern of distribution is

similar to the pattern of community replacement by

reorganization (Miller, 1986). In this situation, the

abundance of a dominant species expands or contracts

in response to changing environmental conditions

through time. This usually involves an overwhelmingly

dominant or opportunistic organism that can respond to

environmental variability or disturbance frequency over

sub-evolutionary time (i.e., much less than 1 m.y.). This

pattern tends to be more prominent in nearshore marine

or estuarine settings, such as the shallow Ames Embay-

ment, that are more prone to physical disturbances.

5.1. Biofacies 1

Biofacies 1 is characterized by the dominance of the

INBIV/CRURI megaguild (Table 4). Within this mega-

guild, the INDEPBIV guild, dominated by the eurytop-

ic bivalve Nuculopsis, is the most abundant and

accounts for nearly 53% of the total fossils in this

unit. Two other taxa, Crurithyris and Euphemites, com-

prise 25% and 8% of the fossils, respectively, although

their distributions are antithetic, indicating that they

responded to slightly different environmental condi-

tions within the INBIV/CRURI megaguild (Fig. 8).

Samples assigned to this biofacies are either a fissile,

black phosphatic shale in the middle of the Ames

Member at the GRR outcrop, samples GRR6A and

6B, or light gray to green shale at the top of the

Ames Member in samples FAIR4 and FAIR5 (Fig. 5).

Biofacies 1 represents a euryhaline faunal assem-

blage tolerant of variable salinity and turbidity levels

associated with nearshore clastic sources (Fig. 8 and

Table 5). In Midcontinent faunas, increased clastic
influx and reduced salinities caused by runoff from

clastic sources commonly favor eurytopic molluscs

(Boardman et al., 1984). In addition, Crurithyris has

been interpreted as having a greater tolerance to fluc-

tuating conditions associated with terrigenous runoff

when compared to other brachiopods (Brezinski,

1983). The occurrence of this biofacies in both light-

and dark-colored shale samples suggests that taxa in

this biofacies were also tolerant of low oxygen levels.

Light-colored samples are interpreted as well-oxygen-

ated environments where sufficient oxygen was avail-

able in the substrate to oxidize organic detritus. The

dark gray to black shale samples are interpreted as low

oxygen environments. Insufficient oxygen levels per-

mitted the substrate to become enriched in organic

detritus that contributed to their dark color (Demaison

and Moore, 1980). In addition to the dark color of the

shales, most individuals in the INDEPBIV guild are

very small (b2 mm), deposit-feeding nuculid bivalves

that are a common component of assemblages in oxy-

gen deficient basins (Kammer et al., 1986).

5.2. Biofacies 2

Biofacies 2 is characterized by the dominance of the

GAST/SCA megaguild (Table 4). Overall, the gastro-

pod guilds BELLERO, EUPHEM, LOXONEM, and

PLEURO account for nearly 69% of the fossils. Al-

though the SCAPHO guild accounts for less than 1% of

this megaguild, the distribution was very similar to

gastropods, and they were grouped together. The

INDEPBIV and CHONET guilds are also present and

compose 12% and 13% of the fossils in this biofacies,

respectively.

Very little documentation is available concerning the

habitat of Paleozoic gastropods. Previous paleoecolog-

ical interpretations of other Paleozoic gastropods based

on the ecology of extant forms has resulted in the

oversimplification of their mode of life (Harper and

Rollins, 1985). Many Paleozoic gastropods, similar to

the taxa in the present study, are found in dark, fine-

grained sediments, which contradicts modern analogs

that indicate non-predatory gastropods are strictly her-

bivores limited to clear water environments with firm
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substrates (Peel, 1978). Their occurrence in dark, fine-

grained sediments has led several researchers to con-

clude that many Paleozoic gastropods were deposit

feeders (Aigen, 1974; Rollins et al., 1979).

The position of Biofacies 2 along the environmental

gradient suggests that it was deposited in a nearshore

environment, but it was not subjected to the same

degree of turbidity as Biofacies 1 (Fig. 8 and Table

5). The change in dominance from infaunal deposit-

feeding bivalves to semi-infaunal to epifaunal deposit-

feeding gastropods indicates a reduction in turbidity

and local currents. This reduction would allow previ-

ously deposited muds to settle, increasing substrate

firmness, and promote the accumulation of organic

detritus on the substrate. Epifaunal deposit feeders

would benefit from both a firmer substrate for locomo-

tion and the accumulation of organic detritus as a

readily available food source. The position of Biofacies

2 along the environmental gradient also suggests that it

may include two distinct salinity ranges (Fig. 8 and

Table 5). The nearly exclusive occurrence of bivalves

and gastropods in samples ANMO4 and BELN2 sug-

gest that salinity was variable. However, a steady in-

crease in the co-occurrence of gastropods and

stenohaline brachiopods in samples FAIR1B, ANMO2

and FAIR 2 suggests normal marine salinity.

Although the position of Biofacies 2 on the gradi-

ent in Fig. 8 indicates a reduction in turbidity com-

pared to Biofacies 1, oxygen availability was still

inferred to be quite low (Table 5). Samples FAIR1B,

ANMO2, and FAIR2 were taken from dark gray shales

near the base of the FAIR and ANMO outcrops (Fig. 5)

and contain a high proportion (62%) of Microgastro-

pods. Microgastropods are defined arbitrarily as post-

larval gastropods that are 1 cm or less in height (Fraiser

and Bottjer, 2004). Post-larval development was deter-

mined by the number of whorls present on specimens in

the LOXONEM guild. The presence of between eight

and ten ornamented whorls on the most complete speci-

mens indicates development beyond the protoconch

stage that, at its maximum, is generally associated

with the first six to eight formed whorls (Jablonski,

1985). Microgastropods are now known to be eurytopic

taxa that commonly dominate low-oxygen settings dur-

ing the Carboniferous period (Fraiser and Bottjer,

2004).

The only other fossil in significant numbers (13%) in

these three samples is the chonetid brachiopod Neocho-

netes. Malinky and Heckel (1998) recognized that

Neochonetes was eurytopic, but were unable to deter-

mine the range of environmental conditions Neocho-

netes could tolerate. The occurrence of Neochonetes, as
the only taxon consistently associated with the micro-

gastropod-bearing dark shale samples, suggests that it

was slightly eurytopic with respect to oxygen.

5.3. Biofacies 3

Biofacies 3 is characterized by the dominance of the

BRACH megaguild (Table 4). However, the chonetid

brachiopod Neochonetes comprises the overwhelming

majority of fossils recovered from this biofacies, ac-

counting for nearly 72% of the fauna. Bedding planes

completely covered with the shells of Neochonetes are

probably the most easily recognized and commonly

described fossil accumulations in the Ames Member

(e.g., Donahue and Rollins, 1974; Nuhfer, 1979; Al-

Qayim, 1983; Brezinski, 1983; Saltsman, 1986; Merrill,

1993). Biofacies 3 occurs at the base of nearly every

outcrop in this study, with the exception of CONC (Fig.

9). These basal samples are composed of dark gray to

black calcareous shales with some specimens of Neo-

chonetes coated with pyrite. Biofacies 3 occurs a sec-

ond time stratigraphically higher in the sections at the

GRR, FAIR, and ANMO outcrops (Fig. 9). The GRR

sample is a light gray shale, the FAIR sample is a gray

shaley limestone, and the ANMO sample is from a gray

fine-grained limestone.

The position of Biofacies 3 along the environmental

gradient indicates that it was deposited in a predomi-

nantly offshore, normal marine environment with low

turbidity (Fig. 8 and Table 5). However, the occurrence

of Biofacies 3 in both dark shales and light-colored

shales and limestones suggests that this biofacies was

capable of surviving in a range of environmental con-

ditions. Samples ANMO3, BELL2, FAIR3, GRR9A

and 9B, and NEW1 that contain Biofacies 3 are light-

colored shale and limestone samples taken either from

the middle of the Ames marine zone in north-central

West Virginia, or the base of the Ames marine zone in

Ohio. These samples are positioned near the offshore

end of the environmental gradient and overlap with the

stenotopic Biofacies 4 (see Biofacies 4 description

below; Fig. 8). This suggests that these samples were

deposited under mostly oxic conditions with low clastic

influx and normal marine salinity in an offshore envi-

ronment. Neochonetes has commonly been associated

with offshore environments within Pennsylvanian

cyclothems (e.g., Nuhfer, 1979; Brezinski, 1983;

Boardman et al., 1984; Malinky and Heckel, 1998).

This interpretation is also consistent with the findings

of Olszewski and Patzkowsky (2001) who concluded

that Neochonetes most commonly inhabited well-oxy-

genated environments.



Fig. 9. Stratigraphic distribution of the 23 final Ames Member samples assigned to Biofacies 1–4. Stratigraphic datum is the pre-Ames surface

(Harlem Coal where present). Upper limit of biofacies distribution coincides with the last occurrence (LO) of marine fossils. Horizontal break in the

section represents the gap between exposures of the Ames Member in north-central West Virginia and southeastern Ohio. Biofacies 1–4 have been

correlated between outcrops where possible. Lines of correlation that contain more than one biofacies represent lateral facies changes associated

with different environmental conditions. T=transgression, R=regression.
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The dark shale samples ANMO1, BELN1, FAIR1A,

GRR5A and 5B of Biofacies 3 are all found at the base of

the Ames marine zone and overlap with samples of

Biofacies 2 that were deposited under low-oxygen con-

ditions (Fig. 8). The laminated appearance and dark

color of the shale samples suggests that there was

insufficient oxygen in the sediment to support biotur-

bating organisms or contribute to the oxidation of

organic material. This situation is analogous to the

exaerobic biofacies of Savrda and Bottjer (1991)

where in situ shelly body fossils are contained within

dark, organic-rich sediments. In addition, the over-

whelming dominance of many Biofacies 3 samples by

a single, thin-shelled, chonetid brachiopod is consistent

with low-diversity faunas associated with the exaerobic

biofacies (Savrda and Bottjer, 1991). The association of

Neochonetes with both Biofacies 2 and 4 further sup-

ports the interpretation that it was eurytopic with re-

spect to oxygen.

One sample, GRR9B, within the BRACH megaguild

is not dominated byNeochonetes, instead it is dominated

by the pedunculate brachiopod Composita, which

accounts for nearly 99% of the fossils recovered from

this sample. These brachiopods are found in several

densely packed shell pavements that compose thin, red-

dish-brown limestone beds separated by thin layers of
silty, calcareous green shale at the top of the GRR fossil

zone (Figs. 5 and 9). Paleoecological studies in the

Carboniferous concluded that Composita inhabited

well-oxygenated environments (Olszewski and Patz-

kowsky, 2001). Although stenotopic crinoids and

bryozoans were found during surface collecting, the

bulk samples produced only rare bryozoans. The silty

shales that separate the limestone beds most likely rep-

resent periodic clastic influx that disrupted carbonate

production. Crinoids and bryozoans may have been

limited by periodic turbidity, whereas articulate brachio-

pods have the ability to remove excess sediment from

their feeding structures (Thayer, 1986). Its position along

the gradient (Fig. 8) suggests that this sample thrived in

an offshore environment as did the other light-colored

shale and limestone samples assigned to the BRACH

megaguild.

5.4. Biofacies 4

This biofacies is characterized by the STENO mega-

guild, which accounts for nearly 65% of the fossils

recovered from the samples (Table 4). Within the

STENO megaguild, CRINOID fragments account for

nearly 59% of the fossils, articulate brachiopods ac-

count for 34%, and both bryozoans and epifaunal
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bivalves occur in their greatest proportion, 5% and

0.86%, respectively, in this biofacies. Biofacies 4

occurs exclusively in the limestone samples BELL3,

BELL5, and CONC from the two westernmost locali-

ties in Ohio (Figs. 5 and 9).

The abundance of crinoids, articulate brachiopods,

and bryozoans indicates that these sediments were de-

posited under normal marine salinity and minimal tur-

bidity (Table 5). These taxa are stenohaline organisms

with few exceptions and are suspension feeders that

require low turbidity in the water column to obtain food

(Aller and Dodge, 1974). Neospirifer has been shown

to be quite intolerant of turbidity and/or variations in

salinity in Pennsylvanian epicontinental seas (Stevens,

1971; Brezinski, 1983). All Ames crinoids are pinnu-

late cladids (see J.J. Burke in the bibliography section

of Webster, 2003), the dominant crinoids of the Late

Pennsylvanian (Holterhoff, 1996). The abundant cri-

noids and brachiopods in Biofacies 4 make this assem-

blage most similar to the moderate-depth stenotopic

communities recognized by Boardman et al. (1984)

that were deposited in well-oxygenated environments

with normal marine salinity.

The results of multivariate analyses indicate that

mixing MNI and XNI counting procedure did not effect

the position of samples with a high abundance of the
Fig. 10. Q-mode dendrogram of Ames member samples without the abunda

XNI counting methods affected the sample groups. Samples assigned to Bio

Biofacies 3, which occupies a similar position along the environmental gradie

affected by the counting procedures.
CRINOID guild along the gradient. All three western

(Ohio) samples assigned to Biofacies 4 clustered with

the adjacent Biofacies 3 (Fig. 10). CONC and BELL3

were grouped with Biofacies 3 at a high degree of

similarity due to a significant (21.11%) abundance of

taxa in the BRACH guild group. BELL5 clustered at

low similarity with Biofacies 3 due to a high occurrence

of Crurithyris. In addition, the three samples main-

tained a similar position at the carbonate-dominated

end of the gradient recognized on the MDS plot (Fig.

11). These results indicate that the mixing of MNI and

XNI methods did not mask any underlying ecological

signal of the other taxa in the Biofacies 4 samples.

6. Biofacies variations

6.1. Lateral variation

The general outcrop appearance of the Ames Mem-

ber differs laterally from western exposures in south-

eastern Ohio to eastern exposures in north-central West

Virginia (Fig. 12A). In the western portion of the Ap-

palachian Basin (Ohio and westernmost Pennsylvania),

the average thickness of 98 measured sections of the

Ames Member is 0.9 m with only five reported Ames

Member outcrops measuring greater than 3 m (data from
nce data for the CRINOID guild to determine if mixing the MNI and

facies 4 were positioned on the same cluster with samples assigned to

nt in Fig. 8. Clusters of samples assigned to Biofacies 1 and 2 were not



Fig. 11. Q-mode MDS plot of Ames member samples without the abundance data for the CRINOID guild to determine if mixing the MNI and XNI

counting methods affected the sample groups. Samples assigned to Biofacies 4 are highlighted with an asterisk and maintained a similar position

along the environmental gradient recognized in Fig. 8. The combined results of Figs. 10 and 11 indicate that the mixing of MNI and XNI counting

methods did not affect the position of samples along the environmental gradient in Fig. 8.
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Busch, 1984 and the present study). In contrast, in the

eastern portion of the basin (southwestern Pennsylvania

and north-central West Virginia) the average thickness

of 14 measured sections of the Ames Member is 5.2 m,

with only four occurrences measuring less than 3 m

(Fig. 12A; data from Busch, 1984 and the present

study). The lithology of the Ames Member changes

laterally from clastic-dominated in the eastern part of

the basin to carbonate-dominated in the western portion

of the basin (Fig. 5). Studies by Al-Qayim (1983) and

Merrill (1988) also reported that the thickness and shale

content of Ames Member increased to the east.

The southeastern (southernmost Pennsylvania and

West Virginia) portion of the basin can be characterized

as a foredeep trough (Fig. 12B), the result of increased

subsidence with proximity to the recently uplifted Ap-

palachian highlands (Joeckel, 1995). Several studies

including Arkle (1974), Al-Qayim (1983), Merrill

(1988), and Joeckel (1995) have shown that net subsi-

dence rates during Conemaugh times were higher in this

part of the basin. Faster subsidence would provide more

accommodation space for sediments accumulating in the

eastern portion of the basin, resulting in an increase of

the preserved thickness of the Ames Member. Slower

subsidence in the northwestern (Ohio) portion of the

basin would have provided less accommodation space

for sediments and a lower preserved thickness of the
Ames Member. Away from the influence of eastern

clastic sources, deposition took place on a stable cra-

tonic ramp leading to carbonate-dominated intervals. On

the southeastern (north-central West Virginia) portion of

the basin, proximity to eastern sediment sources from

the uplifted Appalachian highlands would have limited

carbonate production and promoted the deposition of

clastic-dominated intervals.

The different sedimentary histories of the eastern

and western margins also had an effect on biofacies

distribution. Biofacies 1 and 2 occur exclusively in the

eastern part of the Ames depositional basin (Fig. 9).

These biofacies are comprised of a combination of

suspension- and deposit-feeding eurytopic molluscs

and opportunistic brachiopods tolerant of increased

turbidity, variable salinity, and periodically dysoxic

conditions associated with eastern clastic sources. In

contrast, Biofacies 4 occurs exclusively in the western

part of the Ames depositional basin. It is composed

primarily of stenotopic, suspension-feeding crinoids,

bryozoans, and brachiopods that inhabited a relatively

shallow, clear-water shelf.

Lateral variations in the Appalachian Basin are sim-

ilar to lateral variations reported from the Midcontinent

Basin by Malinky and Heckel (1998). In the southern

(Oklahoma) portion of the Midcontinent Basin, higher

sediment influx from Ouachita source areas inhibited



Fig. 12. A. Map showing thickness of Ames marine zone. Thickness data are from Busch (1984) and the present study. Note increased thickness

(N4 m) in north-central West Virginia and adjacent southern Pennsylvania. B. Profile of the Ames depositional basin as a result of differential

subsidence; no scale implied. Northwestern margin is proximal to the Cincinnati Arch, southeastern margin is proximal to the Appalachian Highlands.
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carbonate deposition in much the same way as did

Appalachian source areas in the eastern portion of the

Ames Embayment. Marine deposits near source areas in

the Ames Embayment and Midcontinent Basin are clas-

tic-dominated and contain faunas composed of mol-

luscs, due to the greater tolerance of molluscs to

clastic influx. In the northern (Iowa and Nebraska)

portion of the Midcontinent Basin, water depth was

shallower, and well-oxygenated waters were available

to support normal marine crinoid–brachiopod assem-

blages similar to those in the western (Ohio) portion

of the Ames Embayment.

6.2. Vertical variation

6.2.1. Transgression 1

Exposures of the Ames Member also exhibit signif-

icant vertical variations in lithology and composition of
benthic faunas related to sea level change. The initial

Ames transgression is marked by the stratigraphic jux-

taposition of the non-marine Harlem Coal and the

overlying Biofacies 3 at the base of the Ames marine

zone. The contact between the two units is sharp, and

the overlying Ames usually does not contain any rip-up

clasts derived from the underlying coals. Typically,

wave action associated with shallow-water conditions

accompanied the advancing shoreline during transgres-

sion and produced a ravinement surface overlain by a

transgressive lag deposit (Van Wagoner et al., 1990).

The lack of a ravinement surface at most localities of

the Ames marine zone may be due to the resistance of

peat deposits to erosion (Joeckel, 1995; Bennington,

1996). An equally plausible explanation for the lack of

a ravinement surface may also account for the lack of

coarse-grained sediments and nearshore faunas above

the Harlem Coal. Transgression of the Ames Sea pro-
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gressed across a low relief coastal plain (Joeckel, 1995)

at a very rapid rate (Merrill, 1973; Donahue and Roll-

ins, 1974; Brezinski, 1983; Heckel, 1994). The flooded

coastal plain would only have been exposed to wave

action for a relatively short period of time before off-

shore conditions were established.

The initial Ames transgression led to the establish-

ment of Biofacies 3, dominated by Neochonetes, which

consistently occurs at the base of the Ames marine zone

as well as other Pennsylvanian marine zones. This has

led many researchers to conclude that chonetid brachio-

pods were opportunistic taxa that rapidly Colonized the

seafloor during transgression (Jacobs, 1976; Rollins et

al., 1979; Brezinski, 1983; Saltsman, 1986; Merrill,

1993; Bennington, 1996; Malinky and Heckel, 1998).

In north-central West Virginia, samples ANMO1,

BELN1, FAIR1A, and GRR5A that contain Biofacies

3 were all taken from dark gray to black shales. Fossils

are concentrated at the base of the black shale units with

preservation ranging from good (intact, whole speci-

mens) to poor (intact molds). The variation in preser-

vation styles indicates that while some well-preserved

individuals may have been rapidly buried by sporadic

episodes of sedimentation, many specimens were ex-

posed on the seafloor due to slow rates of sedimenta-

tion, during which shell material deteriorated (Brett and

Baird, 1986). These features, combined with the juxta-

position of coals and the offshore Biofacies 3, suggest

that transgression of the Ames Sea was rapid. Wignall

(1991) determined that during rapid transgression,

black shales can be deposited directly above shallow-

water deposits. A rapid rise in relative sea level can lead

to starved-basin conditions as sediments become

trapped in nearshore estuaries. Offshore conditions are

rapidly established over thin shallow water deposits (in

this case, non-marine coals) leading to density stratifi-

cation of the water column and oxygen-depleted bottom

waters.

In Ohio, transgression of the Ames Sea led to the

establishment of clear water, normal marine conditions

and the establishment of Biofacies 4 in the CONC,

BELL3, and BELL5 samples (Fig. 9). The CONC

and BELL intervals were deposited in relatively shal-

low water under the influence of local currents as

indicated by cross-bedding and some evidence of

size-sorting. The nearly exclusive occurrence of sus-

pension-feeders that require some influence of local

currents to bring food to their feeding structures also

suggests local current influence (Jorgensen, 1966).

Shallow water conditions persisted throughout the re-

mainder of the Ames Sea in Ohio. The disappearance of

marine fossils at the top of the Ames Member coincides
with a change in lithology from limestone to a brown to

buff platy shale with rare plant fragments at the CONC

and BELL outcrops and a gray micaceous silty shale at

the NEWoutcrop. The upper surface of the limestone in

the Ames Member is irregular at the BELL and CONC

outcrops and shows up to several centimeters of relief. In

addition, the upper 5 cm of the CONC outcrop has a

reddish-mottled texture. These features are commonly

found on the upper surface of bupperQ limestones within

the regressive portion of Midcontinent cyclothems. The

bupperQ limestones were exposed to oxygen-rich mete-

oric water during diagenesis, which oxidized the organic

matter, leached unstable grains and deposited sparry

calcite in void spaces (Heckel, 1984). This process ap-

parently took place in the subsurface through a series of

progressively more nonmarine diagenetic environments.

6.2.2. Regression 1

In north-central West Virginia, the change from

transgression to regression is signaled by an upward

change from light and dark gray shales dominated by

Neochonetes at the base of the Ames Member to dark

gray, platy to black, fissile shales dominated by mol-

luscs. During regression, a drop in relative sea-level is

often accompanied by an increase in terrigenous runoff.

The increased outflow of less dense fresh water into the

Ames Embayment set up estuarine circulation, which

led to a stratified water column and prevented the

circulation of well-oxygenated surface waters to the

benthic habitat. Low-oxygen conditions at or near the

sediment water interface were established under a den-

sity-driven halocline in relatively shallow water

(Heckel, 1991). The substrate became enriched in or-

ganic detritus, which led to the deposition of dark

shales (Demaison and Moore, 1980). The mollusc-

dominated fauna (Biofacies 1 and 2) present in the

dark shales have a small (b2 mm) body size and are

predominately deposit feeders. These features are typ-

ical of fossil assemblages that inhabited oxygen-defi-

cient environments (Kammer et al., 1986).

The mollusc-dominated shales vary laterally from a

fissile, black, phosphatic shale that contains Biofacies 1

at the GRR outcrop in Morgantown, to a dark gray

platy shale that contains Biofacies 2 at the FAIR and

ANMO outcrops that are 25 and 60 km, respectively, to

the southwest. This variation in the mollusc-dominated

shales may be due to freshwater input from a local

terrigenous source area that became increasingly active

and eventually delivered sediments to the Morgantown

area during early regression. The GRR6 interval (Figs.

5 and 9) contains phosphate nodules that may have

formed in low-oxygen sediments, similar to deposits
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off the modern coast of Peru (Kidder, 1985). The

formation of phosphates in low oxygen environments

has been used to explain phosphates in Midcontinent

black shales. To account for the widespread (N160,000

km2) distribution of phosphate in the Midcontinent,

Heckel (1977) attributed the low oxygen conditions to

increased primary productivity in surface waters caused

by regional upwelling of nutrient-enriched deep water.

However, the occurrence of phosphate in the Ames

Member is very limited, based on its restriction to a

single exposure in the Morgantown area. An alternative

explanation to account for the limited occurrence of

phosphate is that prior to significant sediment influx

from local source areas during regression, freshwater

influx could have led to the development of a stable

halocline in the Morgantown area promoting reduced-

oxygen conditions within the substrate. Nutrient-rich

freshwater from these sources could have delivered

phosphates that would become enriched in the re-

duced-oxygen sediments. Modern phosphates are

often located in areas with excessively slow sedimen-

tation rates, with phosphates sometimes accumulating

under estuarine conditions (Boardman et al., 1984). The

arrival of clastic sediments from local source areas near

Morgantown occurs just after the deposition of the

phosphatic dark shales in samples GRR6A and 6B.

The input of sediments and/or sea level fall that accom-

panies regression caused a breakdown of the stratified

water column and the end of black shale deposition

(Wignall, 1991). Directly above the dark shales is an

unfossiliferous, light-colored shale (samples GRR7A

and 7B; Fig. 5) containing abundant siderite nodules

or nodular layers that mark the onset of prodelta sedi-

mentation (Maples, 1986).

6.2.3. Transgression 2

A second transgression in the middle of the Ames

marine zone is signaled by the return of Biofacies 3 at

the ANMO, FAIR and GRR outcrops (Fig. 9). Both the

FAIR3 and ANMO3 samples were taken from lime-

stone units and contain abundant Neochonetes, as well

as large (up to 5 cm) productid brachiopods and the

infaunal bivalve, Edmondia. These are some of the

largest benthic fossils collected in the eastern, clastic-

dominated portion of the Ames Basin and suggest well-

oxygenated, marine conditions. At the GRR outcrop,

the delivery of prograding deltaic sediments tapered off.

This coincides with the disappearance of siderite con-

cretions and the return of Neochonetes-dominated Bio-

facies 3 in sample GRR9A. This sample is composed of

light gray shales with a few thin (2–5 cm) limestone

beds. The light color of the shales and larger size of
Neochonetes (mean size=15.1 mm measured at the

greatest width, N =36 in sample GRR9A compared to

mean size=7.9 mm measured at the greatest width,

N =102 in samples GRR5A and 5B) suggest well-oxy-

genated conditions in this sample. Well-oxygenated

conditions at the GRR outcrop are also evident in the

overlying GRR9B interval. GRR9B contains successive

shell pavements dominated by the pedunculate brachio-

pod Composita. During the formation of the Composita

pavements, this environment was likely under the in-

fluence of local currents required by the suspension-

feeding brachiopods with normal marine salinity. The

numerous shells crowding the seafloor would have

served as a trap for fine-grained sediments that were

periodically delivered from the nearby terrigenous

source. These episodes of sedimentation could have

been survived by Composita individuals because they

feed just above the substrate anchored by their pedicle,

and they have the ability to eject nonfood particles from

their feeding apparatus (Thayer, 1986). The surviving

individuals would then have formed the next successive

shell pavement by recolonizing the seafloor.

Fig. 9 shows the correlation of transgressive units at

the base of the Ames marine zone in Ohio and West

Virginia. While it is possible that the limestones that

contain Biofacies 3 or 4 in Ohio correlate to the lime-

stones that contain Biofacies 3 in the middle of the

Ames marine zone in West Virginia, the sea level rise

that was responsible for the placement of Biofacies 3

overtop of the Harlem Coal, or associated paleosols, is

most likely the same event in Ohio and West Virginia

based on the Principle of Parsimony. This initial rise in

sea level is interpreted to be much greater than the

successive sea level rise that was responsible for the

deposition of Biofacies 3 into the middle of the Ames in

WV. The establishment of Biofacies 3 at the base of the

Ames in both Ohio and WV required a much greater

rise in sea level than the later and second establishment

of Biofacies 3. This great rise in sea level would have

spread over a large area encompassing both Ohio and

WV, whereas the second rise in sea level in WV doesn’t

seem of sufficient magnitude to have transgressed non-

marine facies in Ohio.

6.2.4. Regression 2

The final phase of relative sea level change is

recorded in the samples FAIR4, FAIR5, ANMO4, and

BELN2. These samples are composed of light to dark

colored shales and contain either Biofacies 1 or Biofa-

cies 2 (Fig. 9). These occurrences of Biofacies 1 and 2

are the last marine fossil assemblage in the Ames

Member just below an unfossiliferous, coarsening up-
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ward sequence associated with prodeltaic sedimenta-

tion. The stratigraphic position of the samples, along

with their light color, indicates shallow-water deposi-

tion in a well-oxygenated environment with increased

turbidity. The occurrence of Biofacies 1 and 2 in both

dark gray to black fissile shales (FAIR1B, 2, ANMO2,

and GRR6A and 6B) and light-colored silty shales

(FAIR4 and 5, ANMO4, and BELN2) suggests that

the dominantly molluscan taxa associated with these

biofacies are strongly eurytopic with respect to terrig-

enous influx and oxygen availability. However, there is

a slight difference in the taxonomic composition of the

black shale samples and the light-colored shale samples

that contain Biofacies 1 and 2. The uppermost light-

colored shale samples (FAIR5, ANMO4, and BELN2)

contain the infaunal suspension-feeding bivalve

Anthraconia, whereas this taxon is absent in the black

shale samples. This bivalve has been reported from

nonmarine faunas in the Pennsylvanian of Illinois and

Pennsylvania and indicates reduced salinities in these

uppermost light-colored shale samples (Dickson, 1974;

Eager and Pierce, 1993).

The characteristics of the overlying conformable

bpost-AmesQ sediments vary among the West Virginia

sections. At the GRR exposure, the Ames marine zone

is overlain by 0.6 m of thin to medium-bedded, fine-

grained micaceous sandstone with abundant plant frag-

ments. At the FAIR and ANMO outcrops, the Ames

marine zone is capped by a thick (~5 m) section of thin-

bedded, light-colored, unfossiliferous, fine-grained mi-

caceous sandstones and siltstones with low angle

(b108) planar cross stratification, high angle (N108)
planar cross-stratification, and abundant organic mate-

rial. These sedimentary features are typical of lower

delta plain deposits (Coleman and Prior, 1982) and

suggest that this interval was associated with a prograd-

ing distributary system. This interpretation is consistent

with coarsening upward deposits that cap marine zones

in Pennsylvanian sea level cycles elsewhere in the

Appalachian Basin (e.g., Martino et al., 1996; Benning-

ton, 1996, 2002).

7. Oxygen availability

Donahue and Rollins (1974) previously cited low

diversity as a criterion for a marginal marine interpre-

tation of dark shales in the Ames Member. This inter-

pretation does not take into account the possibility that

low diversity assemblages restricted by low-oxygen

conditions could mimic low diversity assemblages

thought to indicate marginal marine conditions (Mal-

inky and Heckel, 1998). Faunas that comprise Biofacies
1 and 2 have several features in common with low

diversity, Late Paleozoic dysaerobic communities de-

scribed in Kammer et al. (1986). First, these faunas are

dominated by vagile molluscs in terms of relative

abundance. Although articulate brachiopods are pre-

sent in lesser abundance, the assemblage does not

resemble the typical aerobic, open shelf faunas domi-

nated by stenohaline brachiopods, corals, and bryozo-

ans elsewhere during this time. Second, the benthic

component of these faunas is dominated by either

deposit-feeding nuculid bivalves in Biofacies 1 or

deposit-feeding microgastropods in Biofacies 2. De-

posit feeders thrive in low oxygen environments that

typically have a high organic content on, or within, the

sediment. Lastly, the majority of specimens are much

smaller than normal adult size for their respective

species. Decreased body size may either reduce the

oxygen demand required per unit volume of tissue by

an organism or redirect metabolic processes away from

growth to reproductive functions thereby increasing

the number of offspring (Hallam, 1965; Mancini,

1978). Nuculids from dark shale samples containing

Biofacies 1 are less than 2 mm in length at their

greatest width, whereas many specimens recovered

from light-colored shale samples are 1.5 cm at their

greatest width.

Estuarine circulation in the Appalachian Basin ap-

parently was a contributing factor that led to low-oxy-

gen bottom waters in the Ames Embayment. However,

the geographic position of the Appalachian Basin and a

possible restricted connection between the Ames and

the Midcontinent Seas could also have contributed to

low-oxygen conditions. This would have reduced open

circulation and caused dissolved oxygen levels to con-

tinually decrease towards the basin floor (Rhodes and

Morse, 1971). In addition, Boardman et al. (1984)

hypothesized that the Appalachian Basin and the Mid-

continent Basin were joined by a shallow-water con-

nection during Glenshaw deposition, which may have

dramatically reduced the abundance of nektonic cepha-

lopods by restricting migration. A restricted connection

would also have reduced the circulation of well-oxy-

genated surface waters in a situation analogous to the

modern Black Sea banoxic silled-basinQ (Demaison and

Moore, 1980).

8. Conclusions

The results of this study indicate that the use of the

guild concept, rather than individual species or genera,

was successful in extracting clear patterns from the

percent abundance data of fossils collected from the



J.G. Lebold, T.W. Kammer / Palaeogeography, Palaeoclimatology, Palaeoecology 231 (2006) 291–314 311
Ames Member. Q-mode multivariate analysis was used

to position groups of Ames Member samples from the

northern Appalachian Basin along a continuum based

on the proportional abundance of fossils. This form of

gradient analysis aided in identifying the environmental

gradient along which four marine biofacies were dis-

tributed. Biofacies are designated 1–4 and correspond

to the distribution of taxa within four megaguilds: 1.

CRURI/INBIV (CRURI, INDEPBIV, and INSUSBIV)

includes the eurytopic brachiopod Crurithyris, and in-

faunal deposit- and suspension-feeding bivalves; 2.

GAST/SCA (BELLERO, EUPHEM, LOXONEM,

PLEURO, SCAPHO) includes bellerophontid, loxone-

mitid, and pleurotomarid gastropods and the scaphopod

Plagioglypta; 3. BRACH (CHONET, PEDUNC, PRO-

DUCT, and STROPHO) includes the opportunistic

Neochonetes, pedunculate, productid, and strophome-

nid brachiopods; and 4. STENO (BRYO, CEPHALO,

CRINOID, and EPIBIV) includes stenotopic bryozo-

ans, nektonic cephalopods, crinoids, and epifaunal

bivalves. The environmental gradients are interpreted

to represent changes in salinity, turbidity, and oxygen

availability from the eastern (north-central West Virgi-

nia) margin to the western (central Ohio) margin of the

Ames Embayment.

Lateral variations in the lithology and biofacies of

the Ames are the result of differential subsidence asso-

ciated with the contemporaneously-uplifted Appala-

chian Highlands. The eastern (north-central West

Virginia) portion of the Ames depositional basin was

deposited in a foredeep trough near terrigenous source

areas. Biofacies 1 and 2 occur exclusively in the east-

ern, clastic-dominated, part of the Ames Member and

are composed primarily of small (b5 mm at greatest

width) eurytopic molluscs and a few species of oppor-

tunistic brachiopods that were tolerant of high turbidity

and variable salinity associated with these sources. The

western (Ohio) portion of the Ames Member was de-

posited on a stable cratonic ramp with low turbidity and

normal marine salinity. Biofacies 4 occurs exclusively

in Ohio and is composed of stenotopic suspension-

feeding crinoids, brachiopods, and bryozoans.

Vertical variations of faunal assemblages in the

Ames Member were the result of variations in relative

sea level associated with glacio–eustatic cycles. The

distribution of biofacies indicates that the Ames Mem-

ber is composed of two transgressive–regressive cycles.

Biofacies 3, dominated by Neochonetes, was deposited

at the base of the Ames Member during the initial

transgression in a mostly dysoxic environment with

low turbidity and marine salinity. Neochonetes was an

opportunistic, but otherwise stenotopic brachiopod ca-
pable of quickly colonizing the seafloor in response to

changing conditions associated with transgression of

the Ames Sea. During the first regression, low-density

surface water from eastern terrigenous sources restrict-

ed vertical circulation, established a stratified water

column, and promoted estuarine conditions in the

Ames Embayment. Well-oxygenated surface waters

were unable to circulate to the benthic habitat and led

to periodically dysoxic conditions and the establish-

ment of Biofacies 1 and 2, composed of diminutive

eurytopic molluscs. A second, stratigraphically-higher

occurrence of Biofacies 3 at the GRR, FAIR, and

ANMO outcrops is interpreted to represent a second

transgression; however, unlike the first transgression,

lithologic and faunal data suggest that the benthic

habitat was well-oxygenated. Above the mid-Ames

marine zone occurrence of Biofacies 3, Biofacies 1

and 2 were deposited in the final regressive phase as

local terrigenous source areas brought increasing tur-

bidity and fluctuating salinity to the Ames Embayment.

In general, Ames biofacies do not correspond be-

tween the western Appalachian basin (southeastern

Ohio) and the eastern Appalachian basin (north-central

West Virginia). Variations in the rate of sea-level rise

associated with glacio–eustatic cycles and differential

subsidence rates within the Appalachian Basin result

in variations during deposition of marine facies asso-

ciated with a sea-level change, and on their preserva-

tion potential as well, leading to unpredictable facies

relationships.

Fossil assemblages in the Ames have features in

common with dysaerobic faunas in the Paleozoic.

This suggests that low-oxygen conditions were period-

ically present in this area. Low-oxygen conditions are

attributed to a stratified water column that restricted

vertical circulation of well-oxygenated waters to the

benthic habitat at different phases of the Ames sea-

level cycle in north-central West Virginia. The first

occurrence of low oxygen conditions coincides with

the initial transgressive phase. Later occurrences of

low oxygen conditions coincided with both mid-cycle

and end-of-cycle regressions.
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