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ABSTRACT

The largest and most extensive, known, Early Llandovery

(Rhuddanian) biohermal complex is exposed within the Manitoulin Formation

on Manitoulin Island. The complex comprises over three-hundred bioherms.

Bioherms range in size from small mounds 4 m in diameter and less than 1 m

in relief to large, elongate structures more than 1 km long and up to 11 m

thick. They crop out in a narrow belt that trends northwest-southeast.

The bioherms developed in generally clear, shallow, marine

waters on the inner part of the northeast shelf of the Michigan Basin.

Restricted, low-energy conditions predominated, infrequently interrupted

by periods of increased energy, possibly storm-generated. Increased

energy caused overturning of colonial corals, planation of the largest

bioherms, and minor erosion of the sediments on the other mounds.

Biohermal sediments primarily consisted of carbonate mud with

admixtures of terrigenous clay. Much of the carbonate mud was produced

in situ, although hydrodynamic deposition increased with the size of the

bioherms. The fine-grained sediments were trapped and bound principally

by benthic algae, with localized contributions by colonial corals,

stromatoporoids, bryozoans, and crinozoans. Although the biohermal sediments

generally were well aerated, reducing microenvironments existed as a

result of decomposition of organic matter. The reducing conditions, in

conjunction with sulphur evolved by sulphate-reducing bacteria, caused

replacement of many carbonate structures by pyrite.

Bioherms became progressively larger and faunally more complex

with increasing water-depth southeastward along the belt. Coincident with



deepening water, energy increased somewhat and circulation became

relatively more open. Salinity may have been high toward the northwest,

descending to more normal levels as water-depth increased. The

sedimentary surfaces of the bioherms were colonized mainly by bryozoans,

crinozoans, and brachiopods. Lamellar favositids and stromatoporoids

occurred in all mounds but were most abundant in the larger bioherms.

Colonial rugose corals were late additions to the biohermal community on

some of the larger mounds.

Gentle currents were directed from the southwest, possibly

the result of flow out of the Michigan Basin toward the northeast

Allegheny Basin. In response to these currents, suspension-feeding

organisms preferentially inhabited southwest-facing slopes and most

bioherms became elongated in a northeast-southwest direction. Several

bioherms occupying a 'back-reef' position relative to the Manitowaning

Bioherm, an elongate barrier, became irregular in shape because current

directions were more variable in the lee of the barrier.

Three generalized intergradational growth stages are

recognized in the bioherms. In Stage 1, the bioherms became established

as small, dense carpets of bryozoans, numerous brachiopods, and small

numbers of lamellar favositids and stromatoporoids living on a substrate

of soft carbonate mud. Most mounds began to develop a lenticular shape,

elongated northeast-southwest, soon after they became established. The

distribution of organisms became asymmetrical on bioherms that attained

relief of more than one meter, initiating Stage 2. At this stage,

crinozoans became a common component in the biohermal community.

Lamellar favositids and stromatoporoids increased in abundance and

i i



benthic algae probably became important in stabilization of the substrate.

Stage 2 accounted for the largest proportion of the growth in most

bioherms. Stage 3 was developed in bioherms with more than two meters

of relief. Growth of the bioherms, and the distribution of organisms

on them, remained asymmetrical. Nearly all epifaunal growth was

concentrated on southwest slopes. Bryozoans, crinozoans, and brachiopods

continued to dominate the community, but lamellar favositids and

stromatoporoids became still more numerous than in preceding stages.

Colonial rugosans occurred only on the larger bioherms toward the center

of the belt, and were primarily confined to southwest slopes. Biohermal

growth was terminated by a phase of progradational sedimentation, which

deposited terrigenous muds of the Cabot Head Formation over the shelf area.

iii
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1

PRELIMINARY CONSIDERATIONS

Location

Manitoulin Island, about 176 km long and 80 km broad, is the

largest freshwater island in the world. It is one of a series of islands

extending across northern Lake Huron from Sault Sainte Marie to Georgian

Bay (Fig. 1). The topography is gently undulating, with altitude

varying from 185 to 360 m above sea-level. The land surface is broken

by many lakes, some of which are nearly 30 m above the level of Lake

Huron. The larger lakes are elongated northeast-southwest, as are many

of the bays along the shoreline of the island. These topographic

features are probably a result of sculpturing by Quaternary ice sheets,

which left a thin cover of drift over much of the island.

Natural vegetation consists of a mixed coniferous-deciduous

forest. In the last 150 years the forest has been reduced and modified

by commercial timbering and deforestation for agricultural usage. The

cleared portions, covered by poor-quality grassland of limited

agricultural value, are used extensively for grazing livestock. At

present, increasingly larger areas of the island, especially along lake

shores, are being developed as leisure property, and tourism is a major

component of the local economy.

Early white explorers were well acquainted with Manitoulin

Island because it formed part of the voyageur trading route to the west.

It was first mentioned in recorded history in 1615 by Champlain (Liberty

and Shelden 1968, p. 1). However, geological investigation of the area
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did not commence until early in the nineteenth century, with the work

of Bigsby (1821), Murray (1843), and Bell (1866, 1869). The earliest

comprehensive studies of the Ordovician strata on Manitoulin Island were

conducted by Foerste (1912, 1916), and Williams (1919) first examined

the Silurian rocks.

Geological setting

Manitoulin Island is located on the northeastern rim of the

Michigan Basin (Fig. 1). The thin Pleistocene cover is underlain by

essentially undisturbed Paleozoic sedimentary rocks which dip approximately

6.7 m/km towards the south-southwest, into the basin. Partly a result

of the direction of dip, perpendicular cliffs are common alon'j the north

shore of the island and the rocks dip at a low angle into the water along

the south shore.

Aside from a basal red-bed unit of uncertain age, the Paleozoic

sequence is represented by Middle Ordovician (Caradocian) to Middle

Silurian (Wenlockian) rocks. The red so-called 'basal beds' lap directly

on to the Huronian rocks of the Precambrian on the north shore of Lake

Huron. The Ordovician section consists largely of limestones and

dolomitic limestones, somewhat argillaceous in the upper half. Silurian

rocks are readily distinguished in the field because they are mainly

dense dolostones separated by minor shaly beds.

The Manitoulin Formation, Early Llandovery (Rhuddanian) in

age, comprises the basal unit of the Silurian sequence on Manitoulin

Island. The oldest known Silurian bioherms in the Michigan Basin crop out
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within the Manitoulin Formation, on the eastern side of the island. More

than three hundred bioherms have been observed; almost certainly others

are concealed by forest growth. Most are low, rocky mounds that project

through the thin grass-covered soil of the pastureland. Biohermal

development took place in several small local areas, with few isolated

occurrences. Distribution of the bioherms extends from the town of

Rockville in the west to Tamarack Point on the east coast (Fig. 2).

Bioherms have not been recognized in the western exposures of the Manitoulin

Formation on Manitoulin Island but uncommon and poorly developed biohermal

structures are reported from the formation on Drummond Island (Ehlers 1973,

p. 40, figs. 2-5; Johnson and Campbell 1980, p. 1043). Near Rockville the

bioherms usually display relief of less than one meter and diameters less

than 5 m, and are elongated northeast-southwest. The main biological

constituents are bryozoans, brachiopods, and crinozoans. A few thin,

laminar stromatoporoids can be found on the upper surface of these mounds.

Eastward, the mounds become larger and, in addition to the above organisms,

species of Favosites and a species of cerioid rugose coral can be found in

small numbers. Near Manitowaning the bioherms attain maximum size. The

largest, the Manitowaning Bioherm, is 3.8 km long, 200 to 300 m wide, and

has an exposed thickness of 5 m. This structure is a crescentic,

barrier-type bioherm, convex towards the southwest and the interior of the

Michigan Basin (Grawbarger 1977, p. 26, p. 131, fig. 2).

The bioherms chosen for this study are exposed in a pasture

approximately 2.5 km southwest of Manitowaning, along Highway 6 (Fig. 3).

Their stratigraphic position is slightly down-section from the exposed

portion of the Manitowanina bioherm.
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Fig. 3 Aerial photograph of area indicated by arrow in Figure 2 (from

Ontario Ministry of Natural Resources aerial photograph 64-4530-

26-22). Distribution and relative sizes of bioherms northeast

of the Manitowaning Bioherm (MB) are shown. Seven bioherms

chosen for detailed examination are labelled A to G. Elongate

structure (RO is low biohermal ridge. Highway 6 trends

northnortheast to southsouthwest. Scale 1 : 15732.



 



8

Purpose of study

No detailed investigation of the smaller bioherms within the

Manitoulin Formation had been attempted prior to the present study,

although their presence had been mentioned by several workers. The

examination of the Manitowaning bioherm by Grawbarger (1977, 1978) is

the only detailed published account to date. The study area was first

visited by the author in 1976 when he became intrigued by the structure

and occurrence of these bioherms. Biogenic structures are the result of

the coincidence of special biological and ecological conditions, and this

study is an attempt to understand the conditions that controlled the

accumulation of these bioherms.

The Early Llandovery bioherms within the Manitoulin Formation

are the forerunners of large Wenlock reefs that are the major hydrocarbon

producers in the Michigan Basin. The examination of the earliest Silurian

bioherms may lead to a greater understanding of the larger younger

structures and possibly result in the more efficient exploitation of

their resources.

The taxonomy and evolution of early Paleozoic rugose and

tabulate corals and stromatoporoids are of particular interest. The Early

Silurian was a time of wide geographic radiation and rapid evolutionary

change within the groups (Hill 1981, p. F53, F481). A better comprehension

of the early evolution of these organisms, and the structures they built,

may add significantly to what is already known about their origins. By

Middle Silurian time these organisms were producing large reefs, and

indeed it was they who were the major reef-builders of the Paleozoic.
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Thus, understanding the Early Silurian evolutionary and ecological

relationships is significant.

Specific problems dealt with in this study are:

1) What are the major biological components of the bioherms?

2) What species of stromatoporoids and colonial corals inhabited these

mounds and what growth forms do they exhibit?

3) What lithological facies occur and are the bioherms lithologically

zoned in any way?

4) Is there a recognizable pattern of faunal distribution within and

between the bioherms?

5) What is the relationship between bio- and lithofacies in and around

the bioherms?

6) If lithological and biological zonation is evident, is it the result

of the development of the bioherms through successive ecological

stages or due to response to lateral variation in depositional

environments? If neither, what caused the recorded distribution of

lithofacies and biofacies?

7) What were the paleoecological conditions that controlled coral and

stromatoporoid morphology and bioherm accumulation? Are there any

modern analogs of these ancient structures?

8) Is there any evidence to indicate the cause of termination of mound

accumulation?

9) What is the relationship between these Early Llandovery mounds and the

younger Wenlock (Niagaran) reefs farther to the south in the

Michigan Basin?
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Method of study

The present study comprises a detailed examination of seven

of the bioherms that are exposed southwest of Manitowaning (Fig. 3).

The seven were chosen because they represent a wide range in sizes.

Lateral exposure is excellent, the whole of the upper surface of the

mounds being bare, aside from small shrubs growing in the joints.

Vertical exposure is poor, however, limited to two sets of vertical

joints that dissect the bioherms.

Each mound was surveyed by plane table and a north-south

grid system, with 2-meter intervals, was established over the outcrop.

The surface was examined in detail on a series of north-south and east-west

line traverses. Sampling stations were spaced six meters apart and

consisted of areas of outcrop 2m square. All pertinent data, such as

lithology, sedimentary structures, and numbers, distribution, and

orientation of fossils were noted at each station. Lithological samples

were collected every 8m along the traverses. As fossils are generally

poorly preserved, samples were taken wherever well-preserved and readily

collected specimens were encountered. Whole stromatoporoids and colonial

corals were measured and their orientations (upright, overturned, etc.)

were noted. All important surface features, both sedimentological and

biological, were photographed. Some portions of the mounds were washed

with dilute hydrochloric acid and scrubbed clean of lichen and other

growths to facilitate close examination and photography.

Eighteen boreholes (50mm diameter) were drilled and cored;

fifteen penetrated biohermal deposits and three cored interbiohermal deposits.
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At least one hole was cored through each bioherm, and all holes were drilled

to intersect the Ordovician-Silurian contact. The deepest hole encountered

the contact at 11.98 meters. The cores were stored at the University

of Saskatchewan throughout the study. The Ontario Geological Survey

generously allowed access to several cores that penetrated various parts

of the Manitoulin Formation. These were examined to supplement basic

lithological interpretations made from the original eighteen cores.

Two of the Survey's cores were of biohermal deposits; the Manitowaning

Bioherm and a small bioherm near the junction of Bidwell Road and Highway 6.

The whole of the Manitoulin Formation on Manitoulin Island

was mapped, and the variation and distribution of faunal communities was

examined as part of a separate study for the Ontario Geological Survey

(Copper and Fay in press). These investigations led to a more complete

understanding of the depositional environment during accumulation of the

Manitoulin sediments and were instrumental in interpretation of the

paleoecology and paleogeography during development of the bioherms.

The following laboratory procedure was employed. (1) The core

and lithological samples were slabbed vertically and one side was

polished to remove saw marks. (2) Both types of slabs were washed with

water and, when dry, coated with a plastic spray. This spray greatly

enhanced the detail visible on the slabs, as well as providing a permanent,

hard finish. (3) The prepared slabs were divided into gross lithological

units, and superficial identifications of the larger fossil fragments were

made. (4) The core and the lithological samples were examined under a

binocular microscope. (5) Proportions (expressed as approximate percen

tages) of fossils, and the character of the grain and matrix components
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were noted. (6) Portions of the core, at selected vertical intervals,

were weighed and dissolved in hydrochloric acid, and the insoluble

residues were weighed and analysed by x-ray diffraction. (7) Several

polished thin-sections were made from the core slabs and subjected to

electron-probe microanalysis. (8) Described core sections were plotted

on large-scale cross-sections and lithostratigraphical correlations were

attempted. (9) A contour map (contour interval of 0.30 m) was constructed

for each of the bioherms, based on the survey data. (10) Core locations

and described lithological samples were plotted on the contour maps.

(11) The more important sedimentary structures and biological components

were photographed. In addition, photographs were taken of all

stromatoporoid coenostea and of rugose and tabulate coral colonies to be

described. (12) Approximately 450 thin-sections were made, including two

or more of each coral and stromatoporoid specimen to be described and of

selected portions of the core slabs and lithological samples. (13) In

excess of fifty acetate peels were made of selected core lithological

slabs. These peels were examined under a binocular microscope and

projected on a screen in an effort to gather detailed information about

sedimentary relationships. Acetate peels were not used in the

identification of the fossil taxa because the fossils are silicified and

the appropriate technique involves the use of hydrofluoric acid and

extended lengths of time. (14) Photomicrographs, at suitable magnifica

tions, were prepared for each thin-section. These, along with the

photographs of the original, uncut specimens, were filed systematically

with the thin-sections. (15) Stromatoporoids and corals were identified

by examining the thin-sections at maqnifications ranging from natural size
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to sixty times, in conjunction with the photomicrographs. (16) All

colonial coral taxa (excluding halysitids) were systematically described.

(17) All identified fossils were plotted on the large-scale cross-sections

and contour maps at their points of occurrence. (18) The horizontal and

vertical distribution of these fossils, together with the distribution of

sedimentary facies and structures, was used in a final assessment of the

depositional history of the bioherms.

Terminology

IN the past 50 years there has been much discussion of the

application of the terms 'reef' and 'bioherm' to biogenic deposits of

calcium carbonate. The evolution of both terms was summarized by

Nelson et aZ. (1962) and Heckel (1974). Based on the most widely

adopted definitions, it is readily apparent that structures described by

these two terms have several features in common: the structures (1) are

unbedded, (2) display relief above surrounding contemporaneously deposited

sediments, (3) may exert considerable control on the sedimentological and

biological environment around them, and (4) are largely the product of

biological activity, whether by the accumulation of skeletal material or

the active baffling and binding of sediment by sedentary organisms. In

the present study 'bioherm' and 'reef' are considered synonymous, as

originally intended by Cumings and Shrock (1928, p. 599), originators of

the term 'bioherm'.

A seemingly endless debate about what does and does not

constitute a reef exists in the literature. The discussion usually
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centers around the ability of the structure to withstand wave-energy.

Ladd (1944, p. 27) suggested that the term 'reef' should be applied to

those organically generated structures that display clear geological and

biological evidence of wave-resistance. Since that time, numerous

workers have applied the term to deposits containing organisms (e.g. corals,

sponges, encrusting algae, etc.) with the potential to build wave-resistant

structures. Arguments about the potential wave-resistance of carbonate

accumulations are sterile and serve little purpose. Most geologists

seem to ignore the large amount of sediment associated with most modern

reefs. Many true reefs in modern environments would not be recognized

as such in the stratigraphic record. Rather, these structures would

appear to be thickly bedded or massive calcareous sands and muds containing

a few Irarel corals, sponges, etc. Furthermore, wave-resistance is a

function of wave-energy. Accumulations generated in low-energy

environments may be structurally less coherent than those in high-energy

areas and still be truly wave-resistant. For the purposes of the

present study the term 'reef' refers to any sedimentary mass (usually

carbonate), exclusively or largely resulting from, or modified by,

biological activity, that displays relief above surrounding contempora-

neous deposits.

The terminology applied to carbonate accumulations has been

confused by the relatively recent introduction and increasing use of

the term 'buildup'. A typical definition of buildup reads thus:

"Carbonate buildup is ... a largely nongenetic general term
for any laterally restricted accumulation of carbonate
sediments and/or carbonate skeletal framework that was

deposited higher (on at least one side) than the level
of adiacent sedimentation. It can apply to more



genetically or morphologically specific features such
as biostromes, bioherms, banks, reefs (ecologic or

stratigraphic, af Dunham, 1970), to core, flank or

associated facies, or to complexes of these and
associated features. This usage of buildup could
also include nonskeletal carbonate deposits."
(Mountjoy 1980, p. 316).

Apart from being a poor construction, the term 'buildup' is entirely

redundant and conveys no precise information whatsoever. Use of the

term should be discouraged.

15
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TECTONIC DEVELOPMENT OF THE MICHIGAN BASIN

Regional structure

Patterns of sedimentation and the paleoecological conditions

that promoted growth of bioherms within the Michigan Basin during the

Silurian were intimately related to the structural development of the

basin. A consideration of the geological evolution of the basin is

essential to an understanding of these relationships.

Six major structural features on the surface of the

Precambrian basement exerted considerable influence on Paleozoic

sedimentation in the Great Lakes region: the Michigan Basin, the

Allegheny Basin, and the Algonquin, Findlay, Kankakee, and Wisconsin

arches (Fig. 1). These features, although well defined regionally, are

subtle structures on a larger scale. Regional dips are generally less

than one degree (Pi rt 1 e 1932, p. 145; Bri gham 1971, p. 37). The

southwesterly plunging Algonquin Arch in Ontario and the northeasterly

plunging Findlay Arch in northern Ohio are northeastern extensions of

the Cincinnati Arch. Separated by the Chatham Sag (Kay 1942, p. 1630;

Cohee 1948b, p. 1439), the Algonquin and Findlay arches define a positive

lineament between the Michigan and Allegheny basins (Kay 1942, p. 1630

and pl. 3; Lockett 1947, p. 430, fig. 1; Brigham 1971, p. 37). Similarly,

the Kankakee Arch in northeastern Illinois and eastern Indiana is the

northwestern extension of the Cincinnati Arch and separates the �1ichigan

Basin from the Illinois Basin (Ekblaw 1938, p. 1427; Ells 1969, p. 64).

Interpretation of the origin of these structures has been
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quite controversial. Many workers thought that the positive structures

actively rose periodically to produce the basinal structures between them

(Pirtle 1932; Ekblaw 1938, p. 1428; Snyder 1968, p. 73). Lockett (1947,

p. 435) interpreted these positive areas as remnant cores of eroded

mountain chains and concluded that the dominant crustal movement during

the Paleozoic Era was subsidence of the intervening basinal areas. The

same conclusion was reached by Green (1957, p. 637) and Brigham (1971,

p. 50). Geophysical research and data gathered from the basement rocks

on the arches suggest that highs on the basement rock do indeed account

for most of the larger positive features (Ells 1969, p. 86). In addition,

geophysical data (Rudman et al. 1965) and information from structure and

isopach maps of the overlying Paleozoic strata (Brigham 1971) support the

theory of basinal subsidence.

The location of the Algonquin and Findlay arches shifted

progressively during the early Paleozoic. The lineament was located in

southeastern Michigan from Middle Ordovician to Early Silurian times.

Through Late Silurian and Devonian times the axis shifted southeast, so

that by Late Devonian time its position was nearly coincident with its

present location. This southeasterly migration is interpreted to be due

to expansion of the Michigan Basin (Brigham 1971, p. 56).

The Michigan Basin is oval to circular in shape, trending

northwest-southeast (Fig. 1). The thickest accumulation of sediments,

approximately 4,250 m (14,OO� feet) occurs near the center of the

southern peninsula of Michigan, west of Saginaw Bay (Cohee 1948b, p. 1441;

Ells 1969, p. 63). In contrast, the Allegheny Basin is elongate, trending

northeast-southwest, with an estimated depth of about 10,600 m (Flawn 1967).
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The bulk of the sedimentary rocks above the Precambrian

surface belongs to the Paleozoic Erathem, representing Cambrian through

Carboniferous periods (Table 1). Remnants of continentally deposited

Jurassic rocks overlie deeply eroded rocks of Carboniferous age. The

non-marine Jurassic rocks are limited to the interior of the basin where

they are covered by Pleistocene till. Tertiary rocks have not been

identified within the basin. Paleozoic strata dip towards the center of

the basin; most dips average from 4.B to 11.5m/km (25-60 feet/mile; Ells

1969, p. 63). The fossil content of these rocks suggests that all but

the Carboniferous deposits are exclusively marine in origin (Cohee 194Bb;

Ells 1969, p. 63; Fisher 1969). The Carboniferous rocks are interbedded

terrestrial and marine deposits.

Cambrian transgression

The oldest Paleozoic sediments in the Michigan Basin are Late

Cambrian sandstones, reaching thicknesses of 770m in some places (2,500

ft; Cohee 194Bb, p. 1417). A basal conglomerate is overlain by thick

sequences of sandstone, shale, and dolomite.

During Cambrian time the regional depocenter was in

northeastern Illinois (Fig. 4a), and the area of the Michigan Basin was

just an embayment on the northern edge (Buschbach 1964). Cambrian sediments

on the Algonquin Arch, a positive feature by the Late Cambrian (Fisher 1969,

p. 91), record a transgression. The seas progressively overlapped the

arch until, during the latest Cambrian, sediments were deposited directly

on the Precambrian (Sanford and Quillian 1959, p. 9). Upper Cambrian
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Isopach maps of Cambrian (A), Ordovician (B), Silurian (C), and

Devonian sedimentary rocks in the Michigan Basin (from Fisher

1969). Contour interval is 100 m (dashed contour in A is 865 m).
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sediments also become thinner over the Findlay Arch (Cohee 1945b, p. 1438);

however, the thickness of the Cambrian sediments is uniform over the

Chatham Sag (Brigham 1971, p. 48), so the structure was probably not

active at that time. The precominance of Cambrian sandstone on the

Wisconsin Arch indicates that it, too, was a positive feature early in

the his tory 0 f the � i chi g a n Bas i n (C 0 h e e 1948b, p. 1�· 38) .

Ordovician tectonism

The Michigan Basin, as it is known today, was created in

Ordovician time, with major subsidence occurring during Caradoc and

Ashgill (Nohawkian, Cincinnatian) time. The basin, apparently shallow

and stable, was centered on the area around Saginaw Bay. A shallow

extension to the northeast stretched across Manitoulin Island, on to the

Precambrian Shield. The Northern Michigan Highland was a low barrier on

the northwestern rim of the basin (Fisher 1969, p. 92).

Lower Ordovician rocks consist of thick sequences of dolomite

and sandstone which thicken southwestward toward Illinois and only

slightly over the Findlay Arch (Cohee 1948b, p. 1427). An erosional

surface on the Lower Ordovician and Cambrian rocks indicates that uplift

caused a short-lived regression early in Middle Ordovician time (Cohee

1948b, p. 1439� Sanford 1970, p. 242). Later, in 11iddle Ordovician time,

the sea transgressed eastward over the northern peninsula and deposited

thick sequences of carbonates on progressively older rocks (Sanford 1961,

p. 7). On Manitoulin and adjacent islands, Middle Ordovician strata rest

directly on Precambrian rocks.
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The Late Ordovician is represented largely by dark-grey to

black shales (Cohee 1948b, p. 1438). These fine-grained clastic sediments

were derived from the Taconic highlands which were being uplifted along

the position of the present-day northern Appalachian Mountains. Normal

marine carbonates cap the sequence. Regionally the uppermost Ordovician

strata record a lateral facies change (Amsden 1955, p. 71). Terrigenous

clastic sediments are found in the Allegheny Basin; carbonate sediments

in the northern part of the Michigan Basin (Sanford 1970, p. 259).

Crustal movement had resumed by late Middle Ordovician time.

Caradocian (Blackriveran and Trentonian) rocks thicken toward the center

of the basin, suggesting mild subsidence. The relatively uniform

thickness of the section over the Algonquin and Findlay arches indicates

subsidence in response to the broadened downwarping on the basin (Brigham

1971, p. 48). The Algonquin Arch was intermittently positive during

Early and Middle Ordovician time and, by Ashgill (Cincinnatian) time, was

no longer influencing sedimentation (Fig. 4b). Both the Kankakee and

Findlay arches were still slightly positive during the Late Ordovician, as

illustrated by minor thinning of strata over the Findlay Arch. Considerable

subsidence of the Allegheny Basin, during the Late Ordovician, resulted

from the accumulation of large amounts of terrigenous clastic sediments,

probably in response to Taconic uplift. This markedly thickened wedge of

Upper Ordovician terrigenous and marine sediments in the Allegheny Basin

caused depression of the southeastern rim of the Michigan Basin. Regular

thickening of the section in the area of the Chatham Sag indicates the

Ordovician development of the sag (Cohee 1948b, p. 1438; Brigham 1971,

p. 48).
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Oil and gas in significant quantities have been retrieved

from Middle Ordovician strata but no reef or reef-like structures have

been identified. Most of the hydrocarbons occur in the Collingwood

(Whitby) oil shales.

Silurian bioherms

Facies distribution.- The Michigan Basin, during the Early Silurian,

continued to be a shallow, stable basin receiving a relatively thin

sequence of terrigenous muds and carbonate sediments (Fisher 1969, p. 92).

The depocenter was in northern Michigan. Strata thicken northwestward

from the Algonquin Arch and northward from the Findlay Arch (Sanford 1970,

p. 268; Shaver 1974, p. 58, Fig. 2). Early authors postulated that the

Algonquin Arch controlled facies variation between the Michigan and

Allegheny basins during the Early Silurian (Schuchert 1914, p. 294;

Cumings 1939, p. 598; Freeman 1951, p. 24), but Amsden (1955, p. 72) and

Brigham (1971, p. 49) suggested that distance from the terrigenous source

may have been more important to the clastic-carbonate facies transition.

The oldest known Silurian bioherms in the Michigan Basin,

those treated in the present study, crop out within the lowermost

Silurian strata, the Manitoulin Formation. On Manitoulin Island these

bioherms attain thicknesses up to about 12 m. The majority are small in

area and are of limited stratigraphic extent. These bioherms are

numerous and widely distributed throughout the eastern exposures of the

Manitoulin Formation on Manitoulin Island. Little work concerning the

Lower Silurian bioherms of the Michigan Basin has been published.
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By Wenlock (Niagaran) time an intricate carbonate-bank and

barrier-reef complex had developed around the circumference of the

[vlichigan Basin (Sanford 196�, p. 14; Fisher 1969, p. 92; Gill 1977a, p. 5).

Middle Silurian rocks are thickest along the basin margin, contrary to

the general isopach pattern that shows consistent thickening of rock units

towards the basin center. These fringing, arcuate belts consist of massive

reef limestones and bedded, inter-reef, carbonate-bank limestones. This

complex reaches thicknesses greater than 275 m (900 ft.) in the northern

part of the northern peninsula of Michigan (Cohee 1948a); in the southern

counties maximum accumulation ranges from 150 to 185 m (500-600 ft: Fisher

1969, p. 92). Some of the south-central portions of the basin, within the

ring of the reef complex, contain less than 31 m (100 ft.) of sedimentary

rock. However, these basinal thicknesses increase to 92 m (300 ft.)

outward, toward the reef complex (Gill 1977a, p. 6).

The progressive, gradual, basinward deepening of the Michigan

Basin, expressed in decreasing stratigraphic thicknesses, is reflected in

the lithological aspects of the Middle Silurian carbonates. Three broad,

near-concentric depositional belts have been recognized (Gill 1977a, p. 6)

(F i g. 5a).

(1) Basinal Facies - light-gray to brown, dense, crinoidal, biomicritic

limestones and dolostones, with reddish and pink mottling, and some shale

partings.

(2) Shelf Facies - skeletal crinQzoan, bryozoan, and brachiopod),

dolomitized wackestones, grading basinward into limestone in some

localities. Many small-scale bioherms occur, most abundantly in the upper

part of the section. The Shelf Facies is further divisible into an inner
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shoal belt, a central pinnacle-reef belt, and an outer patch-reef belt

which is partly transitional to the carbonate bank (Fig. 5b). This

subdivision is primarily based on the size of the bioherms and the

thickness of the underlying Middle Silurian section.

(3) Carbonate-bank Facies - characterized by biostromal beds in the

lower part, succeeded by continuous biohermal growth.

The Michigan Basin was rapidly subsiding during the f1iddle

Silurian (Sanford 1970, p. 269). The three circumjacent depositional

belts were the direct result of that subsidence. Downward movement was

most intense in the basin interior; the rate of subsidence and increasing

water-depth prohibited deve10pment of bioherms. Farther from the center

of the basin, on the slope of the shelf, subsidence was still rapid but

organic activity was sufficient to maintain an optimal depth for growth.

As a result, 'pinnacle' reefs were formed, the tallest and most limited

in area occurring farthest basinward (the term 'pinnacle' is applied to

these reefs to emphasize their isolation, high relief, and limited lateral

development). Farther up on the shelf, moderate rates of subsidence were

accompanied by development of small patch-reefs. The extreme outer portion

of the shelf, and the carbonate bank, coincided with the more stable

arches and defined the margins of the basin.

The Middle Silurian bioherms of the Michigan Basin have been

well documented in the literature. Appendix I is a list of selected

references; each should be consulted for a more extensive bibliography.

Detailed mapping of the Middle Silurian Carbonate-bank Facies

in the southern half of the basin indicates that there were minor

fluctuations in sea-level during the accumulation of an inner barrier reef
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(Kahle 1975, p. 1737), followed by a greater sea-level rise that produced

conditions conducive to the development of a second barrier reef farther

to the south (Fisher 1969, p. 92). During Middle and Late Silurian time

there were three major inlets to the basin, through the barrier reef: the

Chatham Sag, the Georgian Bay area of Ontario (presumably a connection

with marine environments to the northwest, now preserved as lower Paleozoic

outliers around Timiskaming, Quebec), and the Clinton Inlet of Michigan

(Briggs 1958, p. 53). Kahle and Floyd (1971, p. 2095) suggested that

the southeastern inlet over the Chatham Sag was quite broad, giving the

Michigan Basin a decided U-shape.

A major regression occurred in Late Ludlow-Pridoli (Cayugan)

time. The regression originated as a series of pulses (Ells 1962;

Mesollela et al. 1974, pp. 52-61) and culminated in extensive withdrawal

of the seas from the marginal platform toward the depocenter (Gill 1977a�

p. 124), located near the southern end of Saginaw Bay (Fig. 4c).

Evaporitic conditions prevailed during the period of sea-level fluctuation,

resulting in cyclic carbonate and evaporite deposition. The deposits

became progressively more extensive as Pridoli time advanced (Mesollela

et al. 1974, p. 61). Much of the Silurian strata within the basin was

subjected to erosion before the onset of Devonian sedimentation.

Middle Silurian pinnacle reefs.- The pinnacle reefs of the Shelf Facies

are the major sources of hydrocarbons in the Michigan Basin. These reefs

rise to heights of 150 m (500 ft.) above the regional Middle Silurian

surface and most have basal areas of less than 500 acres (Gill 1977a,

p. 7). Individual reefs are predominantly elliptical and parallel the
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trend of the barrier-reef complex in the Carbonate-bank Facies (r1esollela

et al., 1974, p. 37, fig. 2; Gill 1977a, p. 7-8).

Three distinct growth stages within these pinnacle reefs

have been described by several investigators (Lowenstam 1950, 1957; Felber

1964; Hill 1966; Gill and Briggs 1970; Neso l l e l a et al . 1974; Gill 1977a,b).

Terminology varies with the author; that used by Gill and Briggs (1970)

will be adopted here.

(1) Biohermal stage - crinoid-rich skeletal (bryozoans, corals, and tabular

stromatoporoids) wackestones and packstones, rudites and arenites,

forming the basal portion upon which the reef accumulated.

(2) Organic-reef stage - reef core, characterized by massive corals and

stromatoporoids, and algae(?); and associated interbedded and

interfingering lithofacies of 'back-reef' skeletal wackestone rudite,

burrowed mudstone and laminite, and coarse skeletal fore-reef talus.

(3) Supratidal cover-complex - stratified algal stromatolites, flat-pebble

conglomerates, oncolites, and burrowed pelletal mud.

Stage one is attributed to growth in 'quiet', relatively deep

water, below wave base; stage two to accumulation in turbulent water at,

or near, wave base; stage three to growth in restricted, supratidal

conditions after a short period of subaerial erosion (Gill and Briggs 1970;

Gill 1977a). Apparently some of the pinnacle reefs situated on higher

portions of the northern shelf of the Michigan Basin do not exhibit the

initial biohermal stage. Coral-stromatoporoid growths form the earliest

stages in these pinnacles, suggesting that they originated in the

turbulent zone (Sears and Lucia 1979, p. 301).

Stratigraphic terminology applied to the f;1ichigan Basin is
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somewhat confused. It has Oten suggested that some of the Wenlockian

(so called 'Niagaran') rocks may well be Ludlow (Cayugan) in age, and

vice-versa (Shaver et al. 1971, p. 39; Shaver et al. 1978, p. 24). In

an effort to clarify these relationships, several paleontological studies

were undertaken to attempt correlation of the Silurian biohermal deposits

and the enclosing strata with the European standard and type sections.

The barrier-reef complex, the micritic inter-reef 'Niagaran' strata, and

the biohermal and organic-reef stages of the pinnacles are Wenlockian or

older (Neso l le l a et al . 1974, p. 46). The supratidal cover-complexes are

Ludlow-Pridoli in age. The fringing reefs that occur along the front of

the barrier reef are of the same age as the supratidal cover-complexes.

The 'Cayugan' strata between the fringing reefs are generally devoid of

fossils useful for age determinations.

The age and developmental history of the pinnacle reefs has

been a controversial issue since they were discovered. It has been

suggested that the reefs developed to their full extent during Wenlock

time and that the cyclic inter-reef carbonates and evaporites were

deposited later, in Ludlow-Pridoli time (Gill and Briggs 1970, p. 848;

Sears and Lucia 1979, p. 299). Clasts of caliche and algal flat-pebbles,

originating at the top of the supratidal cover-complex, have been reported

in reef-flank deposits underlying the earliest salt horizon (Gill 1977a,

p. 71; Huh et al. 1977, p. 14; Sears and Lucia 1979, p. 300). Others have

contended, on the basis of interpreted intercalation of reef and inter-reef

evaporitic strata, that accumulation of the reefs was synchronous with

cyclic evaporitic sedimentation (Pounder 1963; Felber 1964, p. 73; Jodry

1969, p. 960; Hadley 1970, p. 4). They concluded that the age of the reefs
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extends from Wenlock through Early Pridoli.

Neither of the models for growth of the pinnacle reefs

attempts to explain the cyclicity of the inter-reef strata, and both seem

inconsistent with the paleontological data. t1esollela et: al . (1974, p. 61)

postulated that fluctuation in sea-level would have produced two distinct,

nearly contemporaneous depositional environments. Carbonate deposition

was equated with periods of high sea-level, evaporite deposition with

periods of low sea-level. They suggested that the upper portions of the

pinnacles may be Ludlovian but may not have been deposited contemporaneously

with Ludlovian evaporites. Periodic lateral restriction and expansion of

the reefs, expected in response to these environmental changes, have

been recorded in some Silurian reefs (Indiana University Paleontology

Seminar 1980, p. ll8).

Devonian subsidence

The depocenter of the Michigan Basin once again was slightly

northwest of Saginaw Bay by Devonian time (Fig. 4d). The rate of

subsidence was slow throughout the Early and early Middle Devonian, and

carbonate sedimentation was dominant (Fisher 1969, p. 93). Two additional

lows, at Logansport and in Jasper County, developed during Devonian time

and are illustrated in the pattern of Devonian outcrop in Indiana (Pinsak

and Shaver 1964, p. 64). The limestone sequences thin over the Algonquin

Arch (Sanford 1970, p. 272) but maintain more constant thicknesses within

the Logansport, Jasper, and Chatham sags (Sanford 1967, p. 973; Fisher

1969, p. 93). Sanford (1967, p. 997) recognized many lithological and
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faunal similarities between the Michigan Basin and the Hudson and James

Bay lowlands, and suggested that these areas were connected during much

of Devonian time. The rate of subsidence increased later in the Middle

Devonian and black muds began to accumulate in a shallow marine

environment below wave base (Fisher 1969, p. 93). Shales, siltstones,

and minor sandstones dominate the remainder of the Devonian stratigraphic

sequence (Sanford 1967, pp. 991-994; 1970, p. 284).

Major reef complexes do not occur in Devonian strata of the

Michigan Basin. However, the Detroit River and Traverse groups of Middle

Devonian age (Eifel ian and Givetian) do contain numerous biohermal

accumulations (Sanford 1967, p. 981, p. 990; Stumm 1969, p. 241).

Stromatoporoids and crinozoans are most abundant in the Eifelian mounds;

the Givetian structures are dominated by corals (Hexagonaria and Favosites)

and stromatoporoids.

Carboniferous cyclothems

Carboniferous rocks in the Michigan Basin consist of

interbedded terrestrial and marine sediments. Throughout this period

there were rapid, short-term, sea-level fluctuations, and by the Late

Carboniferous cyclothemic coal deposits were accumUlating. Folding

during early Carboniferous time accounts for much of the tectonic

deformation that has occurred in the central parts of the basin (Pirtle

1932, p. 152; Fisher 1969, p. 93).
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LOWER AND MIDDLE SILURIAN STRATIGRAPHY OF MANITOULIN ISLAND

General stratigraphy and historical background

In Ontario, Lower to Middle Silurian (Llandoverian-

Wenlockian) rocks are divided into two groups, the Cataract Group and the

overlying Clinton Group. The Cataract Group is divided into four

formations: the Whirlpool, Manitoulin, Cabot Head, and Grimsby formations,

all of which are present in southern Ontario (Fig. 6); only the

Manitoulin and Cabot Head formations occur on Manitoulin Island. The

sequence on Manitoulin Island, however, does not necessarily represent

a significantly shorter time span than that in southern Ontario. The

Whirlpool and Manitoulin formations are in part lateral equivalents, as

are the Cabot Head and Grimsby formations. The Clinton Group comprises

six formations: the Dyer Bay, Wingfield, St Edmund, Mindemoya and

Fossil Hill formations. The formations of the Cataract Group are

lithologically uniform, the product of continuous deposition (Bolton

1957, p. 4). On Manitoulin Island, where the sandstones of the

Whirlpool Formation are missing, the dolomitic Manitoulin Formation

rests directly on Upper Ordovician limestones, separated by a disconformity.

The distribution of Silurian rocks in Ontario was originally

outlined by Bigsby (1821), Murray (1843), and Logan (1863). Half a

century later, Schuchert (1913, p. 107) defined the Cataract Formation.

Williams (1913b) examined the Silurian stratigraphy of eastern Manitoulin

Island, near the present study area, and in 1919 produced a comprehensive

summary of the Silurian stratigraphy from the Niagara Gorge to Manitoulin
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Island. More recently, Liberty (1954, 1957) undertook a program to map

the geology of Manitoulin Island. In 1963 he produced the stratigraphic

scheme for the Silurian of Manitoulin Island and Bruce Peninsula that

is most widely used today. His lithological terminology was based on that

set forward by Bolton (1957) and Liberty (1966). The stratigraphic

classification presented here (Fig. 6) is only slightly modified from

Liberty (1968).

Cataract Group

Statigraphic terminology.- The evolution of modern terminology applied

to the Lower Silurian of Manitoulin Island is complex, an indirect

product of developments in stratigraphic nomenclature in the Lower

Silurian of New York and southeastern Ontario over the past hundred

years or so. Many of the stratigraphic names proposed for the rocks of

New York state became firmly established in the literature on the

Silurian of Ontario, whether or not they were applicable. A brief resume

of this terminological development will serve to clarify the stratagraphic

classification used in the present study.

The term f1edina was proposed by Vanuxem (1840, p. 374) for

the entire sequence of red sandstones and shales stratigraphically between

the Ordovician 'Hudson River' shale and the Silurian Clinton Formation in

New York State. In 1908, Grabau assigned the lower red shales to the

Upper Ordovician Queenston Formation and the term Medina became restricted

to the overlying sandstones. The Albion Series was introduced by Kindle

and Taylor (1913) for the Lower Silurian rocks exposed at Niagara Falls.
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Ulrich and Bassler (1923, p. 260-266; fig. 3) subsequently included both

the Queenston Shale and Lower Silurian strata in the Medinan Series.

Accepting this definition, Goldring (1931, p. 319) and Gillette (1940,

p. 20) assigned Lower Silurian strata to the Albion Group. The Medinan

Series was further modified by Cumings (1939, p. 594) to exclude the

Queenston shales. Fisher (1954, p. 1983-1984) adopted Medinan as a group

term for Lower Silurian strata and reintroduced the Ontarian Series

(Vanuxem 1842, p. 12) to include all pre-Upper Silurian strata.

Schuchert (1914, p. 285) suggested that the name Medina

Formation was applicable only to the upper sandy levels (ie the Grimsby

and Thorold sandstones) that occur in New York. He assigned most of the

Lower Silurian rocks in Ontario to the Cataract Formation. That formation

was interpreted to be equivalent, at least in part, to the Medina

Formation (Schuchert 1914, p. 294; Williams 1919, p. 23). In an effort

to emphasize the facies relationship, Williams (1919, p. 23) proposed

the hyphenated formation name Medina-Cataract, but Shaw (1937, p. 319)

concluded that the term Medina Formation was entirely inapplicable to the

Lower Silurian rocks in Ontario. He believed the Grimsby Formation should

be included in the Cataract Formation but the Thorold Formation should be

the basal unit of the Clinton Group. This scheme was preferred by several

other workers (Chadwick 1918, p. 336; Ulrich and Bassler 1923, p. 255;

Gillette 1940, p. 35; Fisher 1953, p. 28).

The divisions proposed by Grabau (1908) were resurrected by

Caley (1940, p. 26; 1947, p.169), who decided all strata between the

Queenston shale and the Clinton Group belonged to the Medina Formation.

He recognized that the Cataract Formation was only a lithological facies
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of the Medina Formation, the lithology changing from an almost entirely

clastic sequence in the east to one largely composed of carbonate sediments

in the northwest. Caley (1940, p. 26) interpreted the faunal differences

as being the result of changes in habitat associated with facies

variation.

The term Cataract Group (Bolton and Liberty 1955, fig. 2,3;

Liberty and Bolton 1956, p. 170) is preferred to the terms Medina, Medinan,

or Albion. The Medinan Series of New York included both the Oueenston

shales and overlying red sandstones; the Ordovician-Silurian boundary was

placed at the base of the Queenston Formation. In contrast, the

Queenston shales in Ontario are considered to be Ashgill (Late Ordovician)

in age, and the base of the Silurian is drawn at the top of these shales.

Although the sediments are lateral equivalents, the name Cataract Formation

has always implied the predominantly marine Lower Silurian strata of

Ontario, whereas the original Medina Formation encompasses the red

marginal-marine and continental clastic strata of New York. The type

locality of the Albion Group, at Niagara Falls, contains primarily marine

sediments and, for this reason, the Albion and Cataract Groups are

considered synonymous (Bolton 1957, p. 8). Thus, the name Cataract Group

is retained for the marine facies of the Lower Silurian. The Grimsby

sandstone of southern Ontario defines the top of the Cataract Group, and

the base is drawn at the contact between the Whirlpool and Queenston

formations. On Manitoulin Island, the top of the group is placed at the

contact between the Cabot Head Formation and the overlying Dyer Bay

Formation; the base is the contact between the r�anitoulin Formation and

the black or gray, shaly horizons at the top of the Kagawong Formation.



36

The succession attains thicknesses of 152 m within the Michigan Basin,

thins to 24 m over the Algonquin Arch, and thickens again to 53 m in the

northwestern Allegheny Basin (Sanford 1970, p. 2).

Whirlpool Formation.- The Whirlpool Formation, originally defined by

Grabau (1909, p. 238), is typically a white to light-gray, massive to

thick-bedded orthoquartzite. The formation thins from 8 m in outcrop

along the Niagara River to less than one meter in the subsurface near

Collingwood, finally pinching out in the subsurface at the southern

extremity of the Bruce Peninsula. Sedimentological studies indicate an

eastern provenance for the clastic sediments, possibly the Upper Ordovician

red-bed sequence in New York and Pennsylvania (Sanford 1969, p. 4). The

Whirlpool sandstone is interpreted to be a littoral dune sand (Grabau

1913, p. 461; Williams 1919, p. 27). In Ontario, it is disconformably

underlain by the Upper Ordovician Queenston Formation and conformably

overlain by the Manitoulin Formation (Liberty and Bolton 1971, p. 31).

The Whirlpool Formation grades westward as it thins, into the overlying

Manitoulin Formation (Sanford 1970, p. 268).

Manitoulin Formation.- The Manitoulin Formation is present in the

subsurface of much of the Michigan Basin (Michigan Basin Geological

Society 1969; B.V. Sanford 1969, p. 4; J.T. Sanford 1978, p. 37). It is

recognizeable in the subsurface of southern Ontario and Michigan

(J.T. Sanford 1972, p. 45, figs. 1,2) and can be traced across northern

Michigan on the basis of lithology and fossils (Ehlers and Kesling 1957,

p. 4, fig. 1; p. 25). The formation varies in thickness, from
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approximately one meter near Stoney Creek, in southern Ontario, to a

maximum of 26 m in extreme southwestern Ontario and on Manitoulin Island.

The term Manitoulin was first applied to the lower dolomitic

unit of the Cataract Formation, typically developed on Manitoulin Island

(Williams 1913a, p. 37). The formation consists of gray-brown and

blue-gray, fine- to medium-crystalline dolostone that weathers into thin

(50-150 mm), irregular gray and brown beds. Green to gray argillaceous

partings are common, and chert, as isolated nodules or thin, nodular

layers, is abundant in the lower part of the formation at some localities.

In southern Ontario the contact between the dolostones of the Manitoulin

Formation and the Whirlpool sandstone is usually sharp, and the basal

dolostone beds are argillaceous (Liberty and Bolton 1971, p. 33). On

the Bruce Peninsula the Manitoulin Formation lies directly on the

Queenston shales (Bolton 1957, p. 14). The Manitoulin Formation is 26 m

thick on Manitoulin Island and rests disconformably on the Upper Ordovician

Kagawong Formation. The upper contact with the Cabot Head Formation lies

within gradational beds and is drawn where alternating gray shales and

dolostones become more abundant than the typical Manitoulin dolostones

(Bolton 1957, p. 15).

Way (1936) and Bolton (1957, p. 14) recognized two units

within the Manitoulin Formation, a lower, bedded unit and an upper

biohermal unit. Recently Copper and Fay (in press) defined a lower

Charlton Bay Member and an upper Manitowaning Member. The Charlton Bay

Member is thinly to thickly bedded, fine- to medium-grained dolostone

and for the most part corresponds to the lower bedded unit described by

the earlier authors. The lithology is largely medium-brown mudstone to
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wackestone. This member is sparsely fossiliferous and is typified by the

brachiopods Parmorthis eugeniensis (Williams), Platystrophia daytonensis

(Foerste), Zygospiraella planoconvexa (Hall), Dolerorthis flabellites

Foerste, Spirigerina (Eospirigerina) park.e i. (Williams), and Cryptothyrella

ovoides (Foerste). The Charlton Bay ��ember includes some small bioherms

dominated by bryozoans. The Manitowaning Member embraces the upper

biohermal units of eastern Manitoulin Island and the correlative

interbiohermal deposits to the west. It is largely massive, irregularly

bedded biohermal dolostone that becomes thinly bedded in western exposures.

The bioherms described in the present report occur in the Manitowaning

Member. Liberty (1968, p. 31) interpreted the lower bedded deposits to

be platform reefs upon which the bioherms of the upper unit developed.

The presence of Zygospiraella planoconvexa (=Coelospira

planoconvexa (Hall) in Bolton 1957, p. 14) and Dolerorthis in the

Manitoulin Formation suggests an Early Llandovery age (Berry and Boucot

1970, p. 181). Dolerorthis is not known from strata older than Early

Llandovery, and Zygospiraella planoconvexa is an index fossil for the

earliest Llandovery on the Siberian Platform and in the Baltic region

(Copper 1978, p. 51). The lowermost strata of the Manitoulin Formation

are in the Panderodus simplex conodont assemblage zone, again connoting

an Ear 1 y L 1 and 0 v ery age (p0 11 0 c k eta l. . 19 7 0, p. 746). The Ma n it0 u 1 i n

Formation is definitely of pre-Telychian (pre-C4) age, as indicated by

the presence of Mendacella and the absence of such forms as Cyrtia�

Eoep ir-ije» � Chi l idi.oepi.ra, A trypa (Atrypa L Eocoe l ia , and Reeeere Ll.a

elegantula (Dalman) (Berry and Boucot 1970, p. 181).

The Manitoulin Formation may be partly correlative with the
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Brassfield Formation of Indiana. The Ic�iodina i��egula�is conodont

zone occurs within the lower levels of the Brassfield and within the

highest horizons of the Manitoulin Formation (Pollock et: al . 1970, p. 745;

Rexroad 1980, fig. 5). In conjunction with the fact that the basal

deposits of the r�anitoulin Formation are in the Panderodus simplex zone,

this suggests that the bulk of the Manitoulin Formation is much older

than the Brassfield strata. Zygospiy>aeZZa p'lanoconoexa occurs in the

lower beds of the Mayville dolomite of Wisconsin indicating it is

correlative with the Manitoulin Formation. Species of Zygospi�aella

found in the Becscie Formation of Anticosti Island, Quebec, have not

been described but probably pre-date Zygospi�aella planoconvexa (Copper

1982, pers. comm.)

Cabot Head Fo�mation.- The term Cabot Head Formation was applied by

Grabau (1913, p. 460) to strata overlying the Manitoulin Formation and

underlying the Lockport Formation, exposed at Cabot Head on the northeastern

tip of the Bruce Peninsula. The formation was divided into four members:

Cabot Head (res tri cted) Nember , Dyer Bay Member, \iii ngfi e 1 d Member, and

St Edmund Member (Liberty 1966, p. 3; Liberty and Bolton 1971, pp. 33-37).

Each 'member' consists of a distinct lithology, however, and comprises

a mappable unit. In addition, as Sanford (1978, p. 37) pointed out, the

application of the term Cabot Head as both a formation and a member name

is contrary to the Code of Stratigraphic Nomenclature. For these reasons

the formational status of these four units is hereby recognized.

On Manitoulin Island the Cabot Head Formation consists of

green to red shales, with thin, green, finely crystalline dolostone and
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gypsum beds. It becomes entirely green dolostone in northern Michigan

(Liberty 1968, p. 34). This formation is less than one meter thick in the

Niagara Gorge region (Sanford 1970, p. 269, fig. VI-16), thickens to 37 m

on the Bruce Peninsula (Sanford 1970, p. 269), and thins to 19 m on

Manitoulin Island (Liberty 1968, p. 33) and 20 m in northern Michigan

(Kesling 1975, p. 4). The provenance of the fine-grained clastic sediments

that comprise much of the formation was undoubtedly to the southeast

(Sanford 1969, p. 5). The Cabot Head Formation is laterally equivalent to

a protoquartzitic sandstone and siltstone (Grimsby Formation) in

southwestern Ontario (Sanford 1970, p. 269). The Cabot Head shales are

sparsely fossiliferous, the only abundant fossil being the bryozoan

He Lopora fragilis Hall (Liberty and Bolton 1971, p. 34). On r'1anitoulin

Island these shales are barren.

Clinton Group

Dyer Bay Formation.- Conformably overlying the Cabot Head shales is the

Dyer Bay Formation, a fine- to medium-crystalline, blue-gray and brown-gray,

mottled dolostone. The irregular bedding surfaces, many displaying

ripple marks, are often separated by green shale partings. This dolostone

is 3 to 4 m thick on most of the Bruce Peninsula but thins sharply

southeastward and is non-existant at Owen Sound (Bolton 1957, p. 35;

Sanford 1978, p. 38). On Manitoulin Island it varies from 3.5 to 4.5 m

in thickness (Bolton 1957, p. 35). It is sparsely fossiliferous except

at a few localities, where it most commonly contains species of the coral

Paleofavosites and the brachiopod Virgiana (see Copper 1978). The Dyer
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Bay Formation is considered equivalent to the Lime Island Formation of

northern Michigan (Liberty 1968, p. 34; Johnson 1981, p. 876).

Wingfield Formation.- The Wingfield Formation conformably overlies the

Dyer Bay Formation and consists of gray-brown and green-brown, very

fine- to fine-crystalline dolostone. The strata at the base of this unit

are thinly bedded and contain numerous green shale partings. The formation

becomes more thickly bedded upward. The Wingfield Formation can be traced

from north of Owen Sound on the Bruce Peninsula westward to Manitoulin

Island (Bolton 1957, p. 37). Thickness varies from 2 m at its southeastern

extremities, to 14 m at Cabot Head, and 6.5 to 11 m on Manitoulin

Island (Bolton 1957, p. 38). On the island the thicknesses of the Dyer

Bay and Wingfield formations are inversely proportional so that the two

present a constant thickness of 11 to 13 m (Liberty 1968, p. 34). The

ostracodes Chilobolbina punctata Ulrich and Bassler, Zygobolba williamsi

Ulrich and Bassler, and Leperditia cabotensis Ulrich and Bassler,

Llandovery in age, typically occur in the lower part of the formation

(Bolton 1957, p. 38). The Wingfield Formation is correlated with the

dolomites of the Byron formation on the northern peninsula of �1ichigan

(Johnson 1981, p. 876).

St Edmund Formation.- The St Edmund Formation is a gray-brown, mottled,

massive to thin-bedded, finely crystalline dolostone. It is approximately

2.5 m thick near Cabot Head and across Manitoulin Island. This dolostone

is almost devoid of fossils. Rare specimens of Fauoe i.tee , 'Atrypa', and

Stegerhynchus have been collected (Liberty 1968, p. 34; Liberty and Bolton
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1971, p. 37). It has been suggested that both the St Edmund Formation

and the overlying Mindemoya Formation are correlative with the

Hendricks Formation of northern Michigan (Johnson 1981, p. 876).

Mindemoya Formation.- The Mindemoya Formation is divided into two

informal members: a lower member of thin-bedded, beige and gray,

sublithographic to lithographic dolostone and an upper member of thin,

thick, and massive, gray and brown, fine-crystalline to lithographic

dolostone (Liberty 1968, p. 34). The upper unit, the more prominent on

Manitoulin Island, contains several biostromes, 0.60 to 1.0 m thick,

consisting of uniformly textured, brown, fine-crystalline dolostone.

Stromatoporoids and colonial rugose and tabulate corals are the principal

biological constituents of the biostromes. Fossils are scarce in other

parts of the formation but specimens of Plectatrypa lo�i (Whiteaves),

Stegerhynchus(?) �iniskensis (Whiteaves), Favosites� and Clathrodictyon

have been recovered (Liberty 1968, p. 35). The total thickness of the

formation on the island varies from 18 m in the east to approximately

30 m in the west. The Mindemoya Formation conformably overlies the

St Edmund Formation and is in turn conformably overlain by the Fossil Hill

Formation.

Fossil Hill Formation.- The Fossil Hill Formation is typically a thin

to thick, irregular bedded, fine- to medium-crystalline dolostone that

weathers to brown and rusty brown. Chert is abundant in some beds. The

formation contains three richly fossiliferous pentamerid biostromes

separated by layers in which corals and stromatoporoids are abundant. The
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lower two biostromes are dominated by Pentamerus oblongus Sowerby to

the almost complete exclusion of other fossils. The upper pentamerid

bed contains large numbers of Pentameroides subrectus (Hall and Clarke).

The intervening layers contain a wide variety of corals and stromatoporoids.

Among the most common fossils in these layers are Arachnophyllum

pentagonum (Goldfuss), Favosites favosus (Goldfuss), Alveolites undosus

�liller, Caterii.pona huroneneie (Teichert), Cystiphorolites ma.jor (Rominger),

Dinophyllum sp., and Syringostroma sp.

The Fossil Hill Formation is about 30 m thick on Manitoulin

Island and gradually thins southeastward to approximately 2.5 m between

Owen Sound and Georgetown in southern Ontario. It is correlative with

the Goat Island Member of the Lockport Formation of eastern Ontario and

with the Schoolcraft and Cordell formations of northern Michigan (Sanford

1978, p. 38; Liberty 1968, p. 36). Chiang (1973, p. 26-27) bel ieved the

base of the Fossil Hill Formation to be transgressive from Manitoulin

Island to the Algonquin arch. He based his conclusions on the vertical

and lateral distribution of brachiopod communities and on the thinning

of the formation toward the arch.

Johnson (1981, p. 879) suggested that the Fossil Hill

Formation should be divided into two formations. He recommended the

retention of the name Fossil Hill Formation to refer to the lower unit,

which is correlative with the Schoolcraft Formation. The base of the

lower Pentamerus bed and the top of the second Pentamerus bed would

respectively define the base and top of the formation. The upper formation,

characterized by the Pentameroides biostrome, would be assigned to its

lateral equivalent in northern Michigan, the Cordell Formation. This
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division of the Fossil Hill Formation as presently recognized is

inappropriate. It is based on paleontological and paleoecological data.

According to the International Code of Stratigraphic Nomenclature, a

formation is a lithologically recognizable and mappable unit. The

formations proposed by Johnson are not lithostratigraphically distinct.
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BIOHERMS IN THE MANITOULIN FORMATION

Distribution

The bioherms exposed within the Manitoulin Formation on

Manitoulin Island represent the largest known Early Llandovery

biohermal complex. The only other concentration of bioherms of this

age is the Hilliste complex in Estonia (see Aaloe and Nestor 1977; Nestor

and Nestor 1977) but apparently it is not as extensive. Shallow marine

conditions throughout the Llandovery evidently were not generally

conducive to biohermal development. Bioherms are not numerous in

Llandoverian marine deposits. Bioherms have been reported in the

Llandoverian rocks of northern Greenland (Norford 1972b; Hurst 1980),

Hudson Bay Lowlands (Norford 1972a), Wisconsin (Soderman and Carozzi

1963), Iowa (Philcox 1970), and Anticosti Island (Twenhofel 1928; Copper

1982, pers. comm.; personal observation). Those in Wisconsin and in the

lower parts of the sequence on Anticosti Island are comparable in age

to those in the Manitoulin Formation; the others are Middle to Late

Llandovery in age. Many of these structures have not been studied in

deta il .

More than three-hundred bioherms crop out within the

Manitoulin Formation on Manitoulin Island. The bioherms are present

only in the eastern half of the island, occurring as ten localized

clusters which crop out along a linear belt trending northwest-southeast

(Fig. 2). The belt, which extends from Rockville in the west to

Tamarack Point in the east, is covered over large areas by younger
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sedimentary rocks or sizable bodies of water. The 'clustered' distri

bution of bioherms may be, in part, an accident of the present pattern of

outcrop; original distribution may have been more continuous than it

now appears.

Surfaces of the bioherms are well exposed. The contrast

between the bare rocky outcrops of the mounds and the surrounding

vegetation-covered drift makes it possible to recognize easily the mounds

from aerial photographs. Bioherms submerged in shallow water, along the

margins of lakes, stand out on the photographs as patches of lighter shades

of color. Only the smallest mounds (less than 5m diameter) or mounds

that occur in densely forested areas are obscure on aerial photographs.

Most subaerially exposed mounds are partly overgrown by a sparse cover

of small shrubs rooted in joints. Vertical exposure is essentially

limited to these same joints. Only a small number of vertical sections

are exposed, the majority occurring through mounds along Bidwell Road.

A roadcut through the Leask Point and Charlton Bay bioherms are the most

complete sections through bioherms seen in the formation.

Geometry and faunal distribution

General trends.- The Manitowaning bioherm, the largest biogenic

structure within the Manitoulin Formation, appears to be the nexus of

biohermal development about which other, smaller bioherms are

symmetrically distributed. The bioherm crops out about 3.5km south of

the town of Manitowaning. It is an L-shaped barrier, 3.8km long and
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200 to 300m wide, convex toward the southwest (Fig. 3). In general,

the overall size and faunal complexity of the bioherms decrease in both

directions, northwest and southeast along the belt of outcrop, away from

the Manitowaning Bioherm. The variation in structure and faunal content

of the bioherms, along the trend of the belt, is best illustrated by a

consideration of the ten individual clusters, as they occur from west to

east (Table 2).

Honora Bay Cluster. - A small number of mounds are exposed along

Highway 540, near Honora Bay (Fig. 2). These bioherms are less than five

meters in diameter, generally equidimensional, and have less than one

meter of relief (Plate la-b). They are composed of numerous ramose and

encrusting bryozoans and of brachiopods in a matrix of finely crystalline

dolostone. Many of the fossils are whole and in situ� and fragmental

material is usually relatively large.

The bioherms are overlain by thinly bedded dolostones of the

Manitoulin Formation, which drape over the upper surfaces. These are

the only mounds in the formation that are covered by anything other than

drift.

Rockville Cluster.- About thirty bioherms can be seen in fields around

Rockville (Fig. 2). These structures are low elliptical mounds, elongated

in a northeast-southwest direction. The larger bioherm is 60m by 15m,

with 2.5m relief, but most are about one quarter of this size. The

smallest mound found at Rockville is 5m long, 3m wide, and 0.4m high.

Bryozoans and brachiopods are abundant; large amounts of crinozoan debris
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are concentrated in small patches of the bioherms. Encrusting favositids

and stromatoporoids are common but sparsely distributed. Rugose corals

are rare, occurring only as isolated fragments of solitary coralla. The

matrix is finely crystalline dolostone.

Green Bay Cluster.- About fifteen bioherms are present along Bidwell

Road and on the escarpment to the west of it, south of the town of

Green Bay (Fig. 2). The bioherms along the road are only slightly larger

than the median size of mounds in the Rockville Cluster and are similarly

elongated. Those exposed in the escarpment are somewhat larger than the

mounds adjacent to the road, are irregular in shape, and display 3 to 6 m

of relief. Their present irregular shape is attributed to erosion along

the escarpment; the smooth, asymmetrical outlines of the southern ends of

these mounds suggest that the structures were originally elongated

northeast-southwest. The faunal content is similar to that of the

bioherms at Rockville, but encrusting favositids and stromatoporoids are

marginally more abundant.

North Pine Lake Cluster.- The largest and densest concentration of

bioherms within the Manitoulin Formation, located in the vicinity of

North Pine Lake (Fig. 2), comprises 110 bioherms. Because of the dense

cover of scrub-brush, most mounds are poorly accessible; the best

exposures are along the southern shores of North Pine Lake. The average

size is 20 to 25 m by about 10 m, with relief less than 3 m. The long

axes are aligned in a northeast-southwest direction. Ramose bryozoans

and crinozoans are abundant within a matrix of fine- to medium-crystalline
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dolostone. Brachiopods are less common than in the Green Bay and

Rockville clusters but remain a prominent faunal element. Small numbers

of overturned conical and hemispherical favositids supplement the sparse

occurrences of encrusting favositids and stromatoporoids. Colonial

rugosans, absent in bioherms farther west, are recorded in these

bioherms in the form of rare, isolated colonies of the cerioid species

Strombodes gracilis Billings.

Lake Manitou Cluster.- A cluster of ninety bioherms lines the north

shore of Lake Manitou (Fig. 2). These bioherms resemble those of the

North Pine Lake Cluster, a short distance to the north. Sizes range from

5 to 30 m in maximum dimension. The smaller ones are approximately

equidimensional, but most show a distinct northeast-southwest elongation.

Relief is generally less than 3 m. Some bioherms, particularly those in

the eastern half of the cluster, contain small areas where concentrations

of encrusting stromatoporoids and favositids are high. Stombodes gracilis

and a phaceloid rugose coral, Palaeoentelophyllum inconstans n, sp., scarce

to absent on western bioherms, become increasingly numerous and larger

toward the east. The most easterly bioherms also contain specimens of

Strephophyllum williamsi (Chadwick). Stromatoporoids and colonial corals

are most commonly found on southwest-facing slopes. As in the other

bioherms, the supporting matrix is fine- to medium-crystalline dolostone.

Manitowaning Cluster.- The Manitowaning Cluster, comprising about

thirty bioherms, extends eastward from approximately 2 km east of Lake

Manitou on to the Wekwemikon9 Indian Reserve (Fig. 2). The Manitowaning
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Bioherm is the most prominent structure within this cluster. As a

result of the work of Grawbarger (1977, 1978), it was also the most

extensively studied prior to commencement of the present investigation.

The Manitowaning Bioherm consists of two limbs, one trending

north-northwest and the other approximately east-west, which meet at an

angle of about 110 degrees (Fig. 3). The convex side faces southwest,

toward the interior of the Michigan Basin. In a north-facing escarpment

exposed near the eastern end of the biohermal ridge, the irregular basal

surface of the Manitowaning Bioherm projects outward over well-bedded,

sparsely fossiliferous dolostones of the Manitoulin Formation. Here, the

lower surface of the bioherm is convex downward. The author's analysis

of a core drilled through the Manitowaning Bioherm in 1978 (Ontario

Geological Survey, Hole No. M9) near the hinge between the limbs has

established that in that area the base of the bioherm rests directly on

the Upper Ordovician Kagawong Formation. The bioherm is 11.5 m thick

in the core. A series of four major unconformities divide the structure

into four recognizable subunits (Grawbarger 1977, p. 31; fig. 9,10).

Each subunit developed on the south-facing portion of the pre-existing

biohermal accumulations, resulting in a southward migration of the

actively growing portion of the bioherm through time. The upper surface

of the Manitowaning Bioherm exhibits a series of low-lying crests and

troughs. These undulations have a wavelength of 5 to 10 meters, and are

oriented with their axes normal to the length of the bioherm. Non-biohermal

beds flanking the northeast and southwest slopes dip away from the

bioherm at angles of 5 to 10 degrees.

There are two distinct groups of bioherms within the
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Manitowaning Cluster. The geometry of the mounds northeast of the

Manitowaning Bioherm is quite different from that of the rest of the

cluster. Some of the most irregularly shaped bioherms in the formation

occur here, although many still exhibit a northeast-southwest elongation.

A few are oriented with their long axes subparallel to the Manitowaning

Bioherm, at right angles to the trend of the others; however, several

shallow channels and small lobes on these structures are elongated in a

general northeast-southwest direction. The largest bioherm in this group

is 100 m by 45 m, with up to 3 m relief; others stand somewhat higher but

are more restricted laterally. The geometric distinctness of these

bioherms is accompanied by a significant increase in the abundance and

diversity of colonial corals. The largest colonial rugose corals in the

formation (up to 1.5 m) occur on these mounds. Palaeoentelophyllum

inconstans n. sp. and Strombodes gracilis dominate the fossil assemblage,

but Strephophyllum williamsi� Catenipora sp., and Strombodes paucipustulatus

n. sp. are common on some parts of a few of the mounds. Colonies of

Palaeophyllum umbellicrescens Chadwick, Favistina calicina (Nicholson),

and Propora conferta Milne Edwards and Haime are rare. Concentrations

of corals and stromatoporoids tend to be highest on the south and west

slopes, but skeletons never cover more than 10 to 15 percent of the total

biohermal surface. The supporting matrix in these mounds is finely

crystalline dolostone containing variable amounts of bryozoan, crinozoan,

and brachiopod debris.

The other biohermal structures in the Manitowaning Cluster are

generally much smaller than those situated northeast of the barrier. They

are elliptical and oriented northeast-southwest, with a maximum size of
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15 m by 7 m. The erosional escarpment near the east end of the

Manitowaning Bioherm truncates one of these other bioherms. The original

size of this bioherm is unknown; extrapolation of the slopes suggests

that it was only slightly larger than the largest of the wholely preserved

mounds in this group. Relief of these bioherms may be as high as 2 m,

but 0.5 m is the mean height. Faunal content is much the same as that

encountered in the western part of the Lake Manitou Cluster.

Two slightly elevated ridges of dolostone occur near the

Manitowaning Bioherm. One crops out a short distance south of the barrier

and east of Highway 6, the other north of the barrier and west of the

highway (Fig. 3). Both trend approximately northeast. Encrusting

favositids and stromatoporoids are the only large fossils in these ridges.

Charlton Bay Bioherm.- A large, isolated bioherm is located north of

Charlton Bay (Fig. 2). This mound is ovoid, 1200 m long, 200 m wide, 6 m

high, and oriented in an approximate east-west direction. In some places,

biohermal rocks completely encase irregular patches of thinly bedded,

flat-lying dolostones. Like the Manitowaning Bioherm, the upper surface

of the Charlton Bay Bioherm displays low amplitude crests and troughs at

right angles to the length of the bioherm. The crests are 5 to 10 m

apart. Some descend the south slope and extend over bedded interbiohermal

deposits as a series of low, rounded lobes; thus the south side of the

bioherm has an invaginated outline. An escarpment on the north side

exposes the interior of the mound. The lower portions consist of

encrusting favositids and stromatoporoids, and fragments of bryozoans,

crinozoans and brachiopods supported by a matrix of finely crystalline
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dolostone. The amount of bioclastic material increases upward. Colonial

corals, dominated by phaceloid forms, are abundant only on the surface,

particularly on the south slope. The Charlton Bay Bioherm is similar in

construction and faunal content to the bioherms northeast of the

Manitowaning Bioherm, and to those in the eastern part of the Lake Manitou

Cluster.

Leask Point Cluster.- The Leask Point Cluster, containing about ten

bioherms, is dominated by the Leask Point Bioherm (Fig. 2). The bioherm

crops out as a weather-resistant peninsula along the west shore of South

Bay. Elongated north-northeast to south-southwest, the bioherm is 1000 m

long, 150 m wide, and about 6 m high. Other bioherms in the cluster have

the same orientation but are much smaller. Biological complexity

decreases with decreasing biohermal size. Encrusting favositids and

stromatoporoids are found in all bioherms; other colonial corals are not

common except in the upper portions of the Leask Point Bioherm.

South Bay Cluster.- About eight bioherms are present along the eastern

shoreline of South Bay (Fig. 2), some in the shallow water, others a short

distance inland. Size ranges from 2 to 15 m in longest dimension; maximum

relief is 3 m. These elliptical mounds are oriented northeast-southwest.

They consist of bryozoan and crinozoan debris in a matrix of finely

crystalline dolostone. Conical to hemispherical favositids are numerous

and are commonly overturned. Encrusting favositids and stromatoporoids

are sparse; other colonial corals are absent. Similarities between these

mounds and the smaller bioherms of the Green Bay Cluster are striking.
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Tamarack Point Cluster.- The nine or so bioherms near Tamarack Point,

on the east coast of Manitoulin Island (Fig. 2), were only viewed from

the air. They stand out on small capes and points, and occasionally as

coastal erosional stacks resembling the Wenlockian raukar of Gotland

(Copper and Fay in press). All are elongated in a northeast-southwest

direction. The apparent maximum horizontal dimension is about 200 m, and

some may be up to 6 m high, although most are not so large. Sizes

suggest similarities to the larger bioherms of the Green Bay Cluster.

Geomorphology

A cursory examination of the shapes and orientations of the

bioherms within the Manitoulin Formation suggests that the structures

attained their present configurations as a result of glacial sculpturing.

More detailed investigations, however, including petrological and

sedimentological studies of the biohermal and interbiohermal rocks

themselves, contradict such a conclusion.

The degree of weathering of the Manitoulin Formation before

glaciation would greatly affect the potential resistance of the

formation to glacial erosion. Weathered rocks would be easily removed,

whereas unweathered rocks would be extremely resistant to abrasion by the

ice. Biohermal and interbiohermal rocks within the formation weather

somewhat differently. The weathered upper one meter or so of the

interbiohermal deposits is thinly bedded, the beds parting along irregular

surfaces. This weathered zone is penetrated by two sets of evenly spaced

vertical joints, one trending northeast-southwest, the other perpendicular
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to it (Plate lc). These joints, enlarged by weathering, are 100 to 150 mm

wide. Bedded dolostones of the Manitoulin Formation, immediately

beneath the bioherms, are exposed in short vertical sections on the

north side of a number of bioherms. These rocks are similarly thinly

bedded with irregular partings (Plate 2a). On the bioherms themselves,

bedding is much more discontinuous and poorly developed; joints are

irregularly spaced and their trends are less constant than those in the

interbiohermal deposits. Short, unevenly spaced horizontal fractures

are common within weathered biohermal rocks. Thus, although differing in

detail, both biohermal and interbiohermal rocks weather to produce loose

blocks and slabs of various sizes, which would be transported with

relative ease by an advancing ice-sheet.

Unweathered rocks of the Manitoulin Formation present quite

a different aspect. As seen in drill-cores, these rocks are dense,

massive, nonporous dolostones. Bedding is only rarely and vaguely

discernable. In fact, in most cores, it is impossible to detect the

precise level of transition from flat-lying, bedded, normal rocks of the

Manitoulin Formation to massive biohermal deposits on the basis of presence

or absence of bedding. This same dense lithology is found in rocks of the

Manitoulin Formation that are covered by Pleistocene drift, or have been

only recently exposed. Glacial striations are well preserved on newly

exposed surfaces. The unweathered rocks also contain two perpendicular

sets of vertical joints, but spacing is much wider than in well-weathered

outcrops. The joints are tight, displaying no measureable separation.

Evidently, even a thin cover is sufficient to reduce significantly the

rate of weathering.
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Wisconsinan (Late Pleistocene) glacers advanced from the

northeast over Manitoulin Island (Prest et al. 1968). Thus, the

northeast-southwest elongation of many of the bioherms is consistent with

the interpretation of the shapes being due to glacial modification of the

original structures. But the axes of the majority of the bioherms trend

at least 10° east of the trend of local glacial striae and some are

oriented as much as ninety degrees from the direction of ice movement

(Fig. 7). In addition, the trend of glacial striae on the Manitowaning

Bioherm differs by about 25 degrees from that displayed by the

elongate crests and troughs on the upper surface of the bioherm (Grawbarger

1977, p. 28). This suggests that these crests and troughs are not of

glacial origin.

Many bioherms have steep northeastern slopes and gentle

southwestern slopes; rocks forming the latter grade into adjacent

interbiohermal beds at the bases of the slopes. In order for this

asymmetrical shape to be the result of glacial sculpturing, the ice

should have advanced from the southwest: the steeper, rougher slope

indicates the lee (downstream) side of such glacially shaped bedrock

features (Flint 1971, p. 98). These shapes are unlikely to have been

produced by ice movement directed from the northeast.

Poorly developed, irregular bedding on the bioherms dips

parallel to the slopes of the upper surfaces of the mounds. Indistinctly

developed bedding also can be traced across some of the troughs, from

one crest to another, on the upper surfaces of the Manitowaning and

Charlton Bay bioherms. Furthermore, several of the bioherms are covered

by non-biohermal beds. These deposits drape over the mounds and are
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continuous with surrounding non-biohermal deposits. Finally, lamellar

favositids and stromatoporoids on the exposed surfaces of the mounds

parallel those surfaces. These observations suggest that the exposed

upper surface of each bioherm is essentially synchronous, and that

present-day relief represents original depositional elevation above

contemporaneous interbiohermal sediments.

The sculptured surfaces of the mounds within the Manitoulin

Formation are considered, therefore, to be an expression of the original

configuration of the early Llandovery sea-bed. The present weathered

surface of the Manitoulin Formation stems from processes active since

retreat of the last glacier. The formation must have been covered, and

so protected from weathering, prior to glaciation. If it had been exposed,

the resulting brecciated, irregular surfaces would have been particularly

susceptible to glacial plucking and quarrying. Under such conditions, it

is likely that the biohermal structures would have been destroyed by

planing rather than preserved. More likely, the contact between the

Manitoulin Formation and the overlying Cabot Head shales formed a

weakness which facilitated removal of the softer shales and all younger

sedimentary rocks, exposing the harder, older Manitoulin dolostones.

Glacial alteration of the resistant, unweathered dolostone probably

involved only surface polishing and striation, these effects later

removed from exposed surfaces by recent weathering processes. Only those

bioherms exposed along escarpments and coastal points have been

significantly modified by glacial activity, and in these most of the

alteration appears to have been due to erosion along the shores of

glacial lakes rather than to the action of the ice itself.
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BIOHERMS NORTHEAST OF THE MANITOWANING BIOHERM

Geometry

Twelve bioherms are exposed immediately to the northeast of

the Manitowaning Bioherm. Seven of these, designated A to G, were chosen

for detailed examination (Fig. 3) because they represent the range of

variation in size, shape, and orientation displayed by the group.

Contour maps of the seven mounds were constructed (Figs. 8-14).

The small contour interval, 0.3 m, was chosen because of the small size

and relatively low relief of the mounds. Larger intervals would have

obscured structural features of the biohermal surfaces. The configuration

of the upper surfaces of the mounds varies from dome-shaped to irregularly

flat-topped as the horizontal dimensions increase. The base of bioherm

A is exposed in a short vertical section on the north side. Here, the

base of bioherm A is irregular and slightly convex downward, resting on

0.45 m of thinly bedded dolostone (Plate 2a). The bases of the other

bioherms are not exposed, but field relationships and data derived from

drill-cores and contour maps indicate that all the bioherms in this area

originated at the same approximate stratigraphic level and are,

therefore, geologically contemporaneous.

The exact lateral limits of the bioherms are, in most places,

obscured by Pleistocene drift. Where slopes are gentle, overburden

generally laps over the peripheries of the mounds. The point at which

buried biohermal deposits merge with interbiohermal beds is interpreted

from observed subtle changes in slope of the drift. This gradational
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contact between biohermal and interbiohermal rocks is exposed on the

south side of bioherms A and C. Unlike those of the other bioherms in

this group, the southern slope of mound 0 is steep, about 40 degrees, at

the point where it disappears beneath the shallowly inclined surface of

the surrounding overburden. A thickened sequence of overburden is

laterally continuous with this deposit of drift and forms a broad plateau

to the west of bioherm D. This localized greater accumulation of drift

may obscure the true attitude of the south and west slopes of mound D.

There is a definite correlation between size, orientation,

and configuration of the bioherms northeast of the Manitowaning Bioherm.

The smallest mounds, represented by bioherm E, are approximately

equidimensional and have smooth outlines. Mounds of intermediate sizes,

represented by bioherms C and G, also have smooth outlines but are

elongated in a northeast-southwest direction. Most larger bioherms are

asymmetrical and more irregular in shape, with long dimensions trending

northwest to southeast. The surfaces of these mounds commonly display

elongate shallow depressions and low-lying lobes which are perpendicular

to the trend of the mounds. Three of these larger bioherms, 0, H, and 0,

consist of two or more distinct knolls and appear to have resulted from

coalescence of a number of smaller bioherms. In mound H, which is

elongated northeast-southwest and comprises three of these smaller

structures, relief decreases from 2.5 m on the southwestern knoll to less

than one meter on the northeastern knoll. A ridge, with relief of less

than 0.5 m and trending northeast-southwest, occurs a short distance to

the northwest of this group of bioherms (Fig. 3). Three small biohermal

deposits, each with less than one meter relief, occur along this ridge,



68

giving it an undulatory appearance. The ridge may represent the early

stages of coalescence of a series of small, generally equidimensional

mounds.

Terminology applied to carbonate rocks

Classification of carbonate rocks.- A veritable revolution has taken

place in the field of carbonate petrology in the past thirty years. The

discovery in the late 1940ls of large reservoirs of petroleum in

carbonate sequences stimulated new interest. Intensified research rapidly

increased an understanding of processes of carbonate sedimentation, and

the inadequacy of the contemporary terminology soon became apparent. A

more comprehensive classification of carbonate rocks became necessary to

facilitate interpretation and communication of the rapidly accumulating

masses of data. Integrated studies of ancient and modern carbonate

sediments resulted in a variety of classifications, based on such

criteria as grain-size, grain-to-grain relationships, texture, composition

(mineralogical and biological), and energy of depositional environment.

However, no single classification is all-encompassing. Two factors

complicate attempts to produce such a comprehensive classification:

1) a scheme that incorporates all important criteria is too cumbersome to

be useful, and 2) a classification designed to cope with the problems of

carbonate petrology in one locality often proves inappropriate in an

other. Recognizing these difficulties, Noble (1965, p. 22) suggested

the use of a basic classification, the terminology of which could be

effectively modified for specific purposes by the use of descriptive
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adjectives.

The two most widely used classifications of carbonate rocks

are those proposed by Folk (1959, 1962) and Dunham (1962). Both are

based on textural features. Folk's (1959, 1962) principal criterion was

the ratio of sparite to micrite, in conjunction with the types of

allochemical constituents present. Dunham (1962), on the other hand,

based his classification on depositional texture. Neither scheme is

wholly adequate, but a combination of the two produces a reasonably

comprehensive system. Because of its greater descriptive capacity, a

refined version of Dunham's (1962) scheme forms the basic classification

applied to the biohermal rocks in this study (Fig. 15). The types of

constituent particles within these rocks are described using the

classification of textural components devised by Folk (1959).

Definition of textural classes.- Dunham (1962, p. 117), in his

classification of carbonate rocks based on depositional texture,

differentiated between rocks that are organically bound (autochthonous,

in the present usage) and those that are not (allochthonous).

Allochthonous rocks were divided on the basis of grain-to-matrix

relationships. This classification had two serious short-comings in

that it only distinguished between two grain sizes, mud (less than

0.02 mm) and grains (greater than 0.02 mm), and all allochthonous

carbonate rocks were grouped under one term - boundstone.

Embry and Klovan (1971) expanded upon Dunham's scheme, greatly

improving its applicability and flexibility. They increased the upper

size limit of mud to 0.03 mm, making 'mud' a synonym of 'micrite' as
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defined by Leighton and Pendexter (1962, p. 35). They introduced a third

size division, called components, to include particles larger than 2 mm.

Embry and Klovan (1971) also added several new categories for autochthonous

rocks. Their categorical terms become more explicit when types of

textural components are used as modifiers.

Mudstone is the name given to a carbonate rock containing a

minimum of 80 percent mud-sized particles by volume, with a maximum of

10 percent grains and 10 percent components. Dunham (1962, p. 118)

considered this rock-type to be indicative of deposition in low-energy

environments where conditions were not conducive to population by

grain-producing organisms. A mud-supported carbonate rock consisting of

more than 10 percent grains and less than 10 percent components is called

a wackestone.

Packstone refers to a grain-supported carbonate rock that

contains interstitial mud and a maximum of 10 percent components. The

texture is enigmatic because grain-supported sediment generally results

from deposition in agitated water, whereas the presence of mud suggests

low-energy, quiet waters. This association of sand-, silt-, and

mud-sized particles may be the result of bioturbation, proliferation of

grain-producing organisms in calm water, or subsequent infiltration of

previously deposited sand-sized sediments by mud (Dunham 1962, p. 118).

A carbonate rock in which more than 10 percent by volume is

made up of components supported in a finer-grained matrix is called a

floatsone. The classification is non-specific as to the depositional

texture of the matrix, which is classified separately. For instance, one

may describe a brachiopod floatstone containing a matrix of fine-grained
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crinozoan wackestone. In this example, floatsone is the rock-type and

wackestone is a textural modifier. This system applies to all carbonate

rocks containing appreciable numbers of components.

Many carbonate sediments are organically bound during

deposition and evidence of this process is preserved in their lithified

equivalents. The binding is the result of the effective stabilization of

a substrate by any tabular or lamellar organism. The matrix forms the

supporting framework of the rock and remains of the thin, encrusting

organisms may account for as little as 15 percent of the volume. This

type of carbonate rock is called a bindstone.

The term bafflestone describes a carbonate rock that results

from the accumulation of sediment by the baffling effect of organisms

with 'stalk-shaped' growth habits (Embry and Klovan 1971, p. 734). When

these organisms grow in dense clusters, the rate of flow of water between

them is reduced, causing deposition of sediment that would normally have

been carried out of the area. The main criterion for recognition of

bafflestone is the occurrence of large numbers of 'stalk-shaped' fossils

that are in positions of growth. 'Stalk-shaped' is here interpreted to

include ramose, fenestrate, fasciculate, and foliaceous forms.

Description of constituent grains

P�evious wo�k.- Thorough descriptions of the various types of sedimentary

particles that compose carbonate rocks have been provided by several

previous investigators (Folk 1959; Leighton and Pendexter 1962; Murray

1966; Fischbuch 1968). The following is a consideration of only those
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types of particles pertinent to the study of the bioherms in the

Manitowaning Cluster.

Carbonate mud.- The fine-grained to lithographic limestones of the

stratigraphic record are believed to have originated as accumulations of

mud-sized carbonate particles. Detailed examination of individual

limestone deposits usually leads to plausible conclusions concerning the

source of the mud. Finely crystalline dolostones on the other hand

present special problems in interpretation of the source, and even the

original grain-size, of the carbonate sediments. Dolomitization usually

involves some degree of alteration of grain-size during growth of the

crystals and crystal-aggregates, making it extremely difficult to be

specific about original grain-size. This is especially true when dealing

with pervasive, as opposed to partial, dolomitization. Some generalizations

about original grain-size, however, can be made. For example, Adams and

Rhodes (1960, p. 1917) concluded that finely crystalline, dense dolostones

are the result of dolomitization of originally lithographic limestones.

In addition, fine-grained limestones are apparently altered to finely

crystalline dolostones with unimodal distributions of crystal sizes

(Drummond 1963, p. 44). Preserved textures and distribution of crystal

sizes within the dolostones of the r�anitowaning Cluster attest to the

very fine-grained nature of the original limestones. Crystal-aggregates

average 0.020 to 0.035 mm, and rarely exceed 0.050 mm in diameter. Several

lines of evidence indicate that this finely crystalline dolostone did not

result from dolomitization of a coarser-grained limestone: 1) crinozoan

fragments, although occasionally corroded around the edges, are preserved
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as one crystal, 2) where they are not silicified, the originally finely

crystalline skeletal structures of bryozoans, brachiopods, gastropods,

corals, and stromatoporoids are all recrystallized to coarser dolomitic

crystals, and 3) coarse-grained fracture-filling cement has remained

coarse-grained through the mineralogical change.

For the purposes of this study, the use of the term 'mud' is

expanded somewhat to refer to crystals or crystal-aggregates of dolomite

that are considered to be the product of dolomitic replacement of an

originally calcitic or aragonitic mud. Calcareous mud was an abundant

and wide-spread constituent of the bioherms. Large portions of the mounds

presently consist of mudstone; mud forms the matrix in all wackestones,

floatstones, and bafflestones; and it fills the interstices within

packstones.

Fossils.- Fossils are common within the bioherms. Skeletal grains were

derived mostly from bryozoans, crinozoans, and brachiopods and are

typically associated with mudstone. These grains vary in abundance; they

may be essentially absent in some parts of the mounds and in others

constitute up to 85 percent by volume of packstones which are highly

localized in extent. Skeletal grains are recognized on the basis of

preserved microstructure and general morphology. Textures observed in

partially dolomitized skeletal material increases confidence in the

tentative identification of completely replaced grains. Still, there are

many dolomitized structures that are apparently skeletal in origin but

defy positive identification. Components within the dolostones most

commonly consist of whole and abraded bryozoans and brachiopods.
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Fragments of tabulate and rugose coral lites and colonies contribute

modest amounts of component-sized particles. Other fossil material, in

the form of coral colonies and stromatoporoid coenostea, may be found on

some parts of the bioherms.

Intraclasts.- Intraclasts are grains formed by the penecontemporaneous

erosion of weakly consolidated or cemented sediments and have an intrabasinal

source. Within the bioherms the intraclasts undoubtedly were derived

from sediments on the mounds themselves. The majority are angular clasts

of very fine-grained, dense mudstone which, in their original muddy form,

could not have withstood extensive transport. Many intraclasts are seen

in thin section to be closely related spatially to undisturbed sediments

of similar texture. This relationship suggests that the intraclasts were

displaced by only a few tens of millimeters. Otherwise, they would

certainly have disintegrated. Intraclasts and pellets may be difficult

to differentiate, particularly where the intraclasts are small and

rounded, and all evidence of their sedimentary source has been removed

by erosion or masked by recrystallization. This problem has only minor

importance here. Intense dolomitization has almost completely

obliterated any pellets and small, rounded intraclasts which may have

existed; those that remain are interpreted as intraclasts because of their

textural similarity to angular intraclasts. Larger, more angular intraclasts

are more readily recognized, usually on the basis of shape, color,

texture, and association with rock-types that display similar features.
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Cavity-filling cement

Cavity- or pore-filling cement is rare within the bioherms.

It does occur, however, in the form of clear, finely to coarsely

crystalline dolomite, filling small vertical fractures, burrow structures,

and rare shelter-cavities beneath encrusting organisms (Plate 8c). The

dolomite crystals are euhedral with crystal size generally increasing

toward the centers of the cavities.

Mineralogical composition

Silica.- Silica occurs in three principal forms within the dolostones

of the bioherms: particulate quartz grains, crystalline quartz, and

microcrystalline quartz (chalcedony, chert). Grains of 0.025 to 0.060 mm,

apparently detrital in origin, are present throughout the dolostones of

the bioherms, but these grains never constitute more than a fraction of

one percent of the rocks by volume. They are most abundant in rocks

with high concentrations of terrigenous clay; conversely, quartz grains

are extremely rare in rocks with little terrigenous clay. The majority

of the quartz grains are well-rounded and highly spherical, with pitted

and frosted surfaces. It is unknown whether the surface textures are

pre- or post-depositional in origin. Microscopic examination suggests

that at least some of the larger irregularities are due to localized

replacement of quartz by dolomite. Frosting, however, is extremely

difficult to recognize in thin section and its relationship to the

surrounding dolomite could not be determined through the study of grains
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isolated from the matrix. The frosting of quartz grains commonly has

been attributed to eolian abrasion (Pettijohn 1975, p. 62). Although this

appears to be true in many instances, there is evidence that chemical

corrosion, such as replacement by carbonate cement, is also an important

cause of this texture (Ricci-Lucchi and Casa 1970, p. 761; Walker 1957).

Thus, the presence of frosting does not necessarily indicate mode of

transport. Regardless of the method of transport, provenance of the

grains within the bioherms was probably the terrigenous deltaic

environments of the Allegheny Basin to the east.

Silica plays an important role in the preservation of fossils

within the Manitoulin Formation as a whole. All three crystalline forms

of silica, ie quartz, chalcedony, and chert, appear to have been

precipitated from solution following burial but before final cementation

and dolomitization of the carbonate sediments. Crystalline quartz and, to

a much lesser extent, chalcedony fill intra-skeletal voids within many

colonies and coenostea. Chalcedony and chert usually occur as

replacements of fossils, mainly brachiopods, but also as small-scale

replacements of the carbonate matrix and as nodules containing fossils.

Nodules are only found in the bedded, non-biohermal rocks of the t1anitoulin

Formation. They are rounded, narrow, and elongated parallel to the bedding

(Plate 3c).

The ultimate source of all silica for processes of

silicification is the weathering of igneous and metamorphic rocks

containing silicate minerals. During weathering, silica is set free from

the silicate minerals by hydrolysis (Krauskopf 1979, p. 91). The

principal products of this electrolysis are cations and solid clay minerals.
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To a small degree, the process is self-catalysing. Hydrolysis of silicates

always causes an increase in the pH of the weathering solution. Between

pH limits of 2 and 8.5, silica is essentially insoluble. But above pH 5,

the solubility rises abruptly to values near 5,000 parts per million at

pH 11 (Blatt et a.l , 1972, p. 359, fig. 10-10). The silica in solution is

transported as silicic acid, H4Si04. There is one major complicating

factor in this apparently simple system: the concentration of silica in

normal sea-water (pH 8.1-8.3) is very low, only one or two parts per

million (Krauskopf 1979, p. 134). No entirely satisfactory answer has

been proposed to explain the fact that, although sea-water is so

undersaturated in silica, most sedimentary chert seems to have formed in

contact with normal sea-water. It has been suggested that silica may be

concentrated from very dilute solutions through the activities of silica

secreting organisms, such as siliceous sponges, radiolaria, and diatoms.

An accumulation of the skeletons of these organisms represents a source

of high concentrations of silica. Dissolution of calcite and precipitation

of silica could take place in the presence of a slightly acidic solution,

supersaturated with silica. The application of this particular theory to

the study of ancient rocks depends on the recognition of remains of these

silica-secreting organisms in the rocks themselves or in other deposits

that are closely related spatially.

The last element necessary for precipitation of silica is a

mechanism for lowering the pH of the system. Dapples (1979, p. 127)

pointed out that the diagenetic changes involving crystallization of

silica occur in micro-environments that are only partially influenced by

the large-scale physical-chemical environment. Metabolic processes of
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bacteria, and organic decay, are often advanced as causes of localized

reduction of pH within sediments (Correns 1950; Sangree 1960, p. 165;

Jacka 1974, p. 425). Where concentrations of free silica are high or

where weathering solutions become concentrated, some silica may separate

as colloidal or amorphous silica. The round shape, shrinkage cracks,

general elongation parallel to bedding, and common banded appearance

of nodules of chert and chalcedony indicate colloidal behavior of the

silica (Krauskopf 1979, p. 135).

Concentration of silica by organisms that secrete it has been

rejected as a potential source of the silica in the Manitoulin Formation.

No trace of such organisms has been found within the formation, nor within

the beds above or below it. The most probable source was the Precambrian

metaquartzitic hills to the north. The weathering of these massive

metaquartzites could have introduced large quantities of silica into the

surrounding shallow-marine environment. The nodules found in some parts

of the formation suggest that at least some of the silica was precipitated

from colloids. Elsewhere in the formation and particularly within the

bioherms, replacement of carbonate by chert and filling of pores by

quartz undoubtedly were effected by silica-rich solutions circulating

through the sediment. Although organic decomposition is difficult to

imagine as a mechanism for wide-spread, pervasive silicification, it

adequately explains the extent of silicification observed within the

bioherms of the Manitoulin Formation. For instance, most coral colonies

are silicified only in the upper and outer few millimeters, where the

polyps lived and where decomposition would have been concentrated upon

burial. This mechanism could also explain the replacement of small
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skeletons, such as bryozoans and brachiopods, which contained a large

volume of organic tissue relative to the size of the skeleton.

Silicification was selective, to some extent, within the

bioherms. Bryozoans, brachiopods, stromatoporoids, rugose corals, and

favositids are commonly silicified and, when it is, only on the surfaces

of individual ossicles and plates. Newell et al., (1953, p. 172) have

concluded that, in general, echinoderms are silicified later than these

other groups and replacement is usually limited to the surface.

Dolomite.- Electron-probe microanalysis indicated that the carbonate

fraction within the bioherms is almost pure dolomite, the ratio of

magnesium to calcium ions approaching one.

has been completely replaced by dolomite.

The originally micritic matrix

The dolomite is usually in the

form of crystal-aggregates less than 0.040 mm in diameter, averaging 0.020

to 0.035 mm, and may be described as finely crystalline (sensu Folk 1959,

p. 19). Dolomitization has imparted a sucrosic texture to the rocks.

Rhombohedra are common but not ubiquitous. The size and abundance of

euhedral crystals vary proportionally with the amount of terrigenous clay.

A comprehensive discussion of the types and mechanisms of

dolomitization is beyond the scope of the present work. Excellent reviews

of the subject have been published by Van Tuyl (1916), Fairbridge (1957),

Sonnenfeld (1964), Freidman and Sanders (1967), Lovering (1969), Chilingar

et al., (1979), and Zenger et al.. (1980).

Not all skeletal material within the bioherms has been replaced

by silica. Many skeletons and skeletal fragments have been partly or

wholly dolomitized. These dolomitized organic structures display varying

degrees of preservation, dependent upon the type of skeletal grain. This
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variation seems to correspond to the sequence in which the grains were

dolomitized. Evidence has been presented to suggest that the replacement

process follows a specific pattern governed by the size and microstructure

of the carbonate particles. In limestones with varying grain-sizes,

dolomite selectively replaces the mud-sized particles first. The skeletons

of invertebrate organisms are dolomitized after the fine-grained matrix,

generally in the following order: 1) foraminifera, 2) brachiopods, 3) corals,

and 4) crinoids (Chilingar 1956, p. 2490). The presence of dolomitized

fossil material (originally aragonitic or calcitic skeletons of normal-

marine organisms) is strong evidence that the dolomitization was secondary

and not the result of evaporitic precipitation (Asquith 1967, p. 320;

Friedman and Sanders 1967, p. 295; Dapples 1979, p. 133). Within the

bioherms of the Manitowaning Cluster, crinozoans are dolomitized but

typically retain their monocrystalline habit. Their edges, however, may

be jagged due to partial recrystallization. This is the closest to

preserved microstructure that is observed within the bioherms. Dolomitized

fragments of gastropods, nautiloids, trilobites, and brachiopods are

recognizable only on the basis of distinctive external morphology.

Internal skeletal structures are discernable within dolomitized corals

and bryozoans where the intra-skeletal cavities have been filled with silica.

Otherwise, these skeletal elements have been obliterated. Owing to their

fine microstructure, stromatoporoids show little internal detail even

where silicified.

Although it is impossible to determine precisely when

dolomitization occurred, certain petrographic relationships betray the

timing of dolomitization relative to other events. Dolostones within the

bioherms are dense and non-porous; they have uniform texture and crystal
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sizes. Zoned idiomorphic rhombohedra are uncommon. These features suggest

dolomitization before lithification, because dolostones produced after the

sediments were lithified display the exact opposite characteristics

(Chilingar et al. 1979, p. 491). Crystal size can also be used to distinguish

between early diagenetic (pre-lithification) and late diagenetic or

epigenetic (post-lithification) dolomite. Generally, the coarser the crystals,

the later the dolomitization. Dolostones that are unequivocally epigenetic

in origin are always coarse�grained, with crystals up to millimeters

in size (Chilingar et al. 1979, p. 498). The majority of dolomite crystals

in the dolostones of the bioherms are less than 0.040 mm in diameter,

suggesting early dolomitization. Poor preservation of much of the dolomi

tized skeletal material, however, is indicative of later dolomitization.

Hence it is probable that dolomitization occurred in several stages, spread

over a period of time, a process similar to that envisaged by Fairbridge

(1957, p. 153). The fine-grained matrix was replaced early, but fossils

resisted replacement until later phases. These observations are consistent

with the generally accepted theory that dolomitization usually occurs early

in the post-depositional history of the sediment, prior to general

lithification (Fairbridge 1957, p. 170; Dapples 1979, p. 133).

Dolomitization over an indeterminate length of time sealed

the sediment, rendering it impermeable to subsequent cementing agents;

hence the complete lack of calcite cement within originally moldic pores.

Voids now are rare, mainly moldic in origin, and apparently the product of

dissolution relatively late in the diagenetic history of the rocks.

Remnant sparry carbonate within the voids is dolomite, indicating that

dissolution occurred after dolomitization.

Dolomitization of the Manitoulin Formation post-dated

silicification. Silica, as quartz, is found in those intra-skeletal
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cavities not filled with dolomite. These cavities, presumably, would

have been closed to silicifying fluids, had silicification occurred

after dolomitization. Indeed, the very presence of crystalline quartz

in these spaces verifies that silicification took place prior to final

cementation.

The relative timing of silicification and dolomitization is

illustrated by microscopic examination of areas of contact between the

two minerals. Quartz is observed consistently to be replaced and corroded

by dolomite, never the reverse. The most convincing evidence, however, is

offered by details of skeletal preservation. Corals, bryozoans, and

stromatoporoids with well-preserved skeletal elements are always silicified,

whereas their dolomitized counterparts show little or no detail. This

relationship is typically observed in rocks where silicification slightly

preceded wide-spread dolomitization (Dapples 1979, p. 133). Within the

silicified fossils of the bioherms, the skeletal tissue has been

dolomitized and all microstructural detail has been lost. Evidently,

quartz filled the intra-skeletal voids in the original skeleton, leaving

the skeletal tissue unaffected. Sometime later, dolomitization was

restricted to the calcareous skeletal material. As a result, although

microstructure was destroyed, many of the large-scale features were

preserved.

The intra-skeletal quartz was probably a primary cement that

precipitated within pores and voids. That it did not replace a pre-existing

carbonate cement is indicated by the fact that the quartz usually fills

the entire cavity, leaving no 'unreplaced' carbonate. The localized,

non-pervasive character of this type of quartz within the bioherms suggests
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that, if replacement had taken place, areas where it did not go to

completion should be numerous; but they are, in fact, rare. Where both

carbonate and quartz are found in the same cavity, examination of the

crystalline contacts between them shows the replacement of quartz by the

carbonate. Another argument against replacement of carbonate by quartz

is that silicified skeletal material is not abundant; most is dolomitized.

It seems unlikely that cementation and dolomitization, had they occurred

before silicification, would have been as pervasive as now observed and

still have left a small number of cavities open to later processes. Even

in that eventuality, permeability would have been sufficiently reduced

to prevent movement of silica-bearing solutions and the pores would have

remained open. Furthermore, intra-skeletal quartz within the bioherms is

fine- to medium-crystalline; quartz that is the product of replacement

is most commonly microcrystalline. It is concluded, therefore, that the

quartz precipitated within the intra-skeletal spaces of some fossils,

probably in response to localized low pH levels, before either cementation

or dolomitization occurred.

Terrigenous clay.- Terrigenous clay is an ubiquitous, but highly

variable, constituent of the biohermal rocks of the Manitowaning Cluster.

It is least abundant in the crinozoan and skeletal packstones and

wackestones, composing as little as four or five percent, by weight,

of those rocks. Some mudstones contain up to 35 percent terrigenous clay.

Most of the argillaceous material within the biohermal rocks is finely

disseminated in the carbonate matrix, but significant amounts are

concentrated along microstylolites and thin, irregular partings. These
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concentrations are considered to be accumulations of terrigenous clay

as an insoluble residue along zones of pressure solution. The presence

of sedimentary grains that are truncated by the microstylolites supports

this interpretation (Plate lOa). The microstylolites and shaly partings

occur in all microlithofacies, but are less common and are poorly

developed in some mudstones. Terrigenous clay is not uniformly distributed

within the surface rocks of the bioherms. It is least abundant within

rocks on the lower parts of southwest slopes. The concentration of

terrigenous clay is lowest near the toes of southwest slopes and generally

increases laterally toward maxima on the northeast slopes. Concentrations

are also high on the central parts of the low-lying, flatter bioherms

e.g. bioherms 8,0). This distribution is recorded in all microlithofacies.

For instance, wackestones on northeast slopes contain more terrigenous

clay than similar rocks on southwest slopes, but both are less argillaceous

than mudstones at the same localities. Analyses of the insoluble

residues of samples from the drill-cores show that the concentration of

terrigenous clay within the mounds is also highly variable and related to

lithology; percentages are typically higher in mudstones than in coarser

rocks. No consistent pattern is recognized in the vertical distribution

of clay minerals. Flat-lying, dolomitic, sub-biohermal beds display

vertical variations in argillaceous content similar to those within the

mounds. Conditions controlling the distribution of clay minerals within

the bioherms, therefore, were not a consequence of biohermal accumulation.

X-ray diffraction techniques enabled the argillaceous material

to be identified as illite. This is the most common clay mineral in

carbonate rocks (Weaver 1959, p. 172). It is thought to be largely the
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product of weathering of potassium-rich rocks and diagenetic transformation

of montmorillonite (Krauskopf 1979, p. 153). The post-depositional

alteration of potassium feldspar to illite also has been well documented

(Pettijohn 1975, p. 269).

The argillaceous fraction of the rocks within the bioherms is

attributed to simultaneous deposition of terrigenous clay and marine

carbonate muds. This clay, either in the form of illite or some other

clay mineral later altered to illite, probably was derived from the

Alleghany Basin to the east, where terrigenous clastic sediments were

being deposited. Alteration of feldspar is improbable as a source of the

illite within the biohermal rocks because 1) there is no indication that

feldspar grains ever were present in sufficient numbers to produce the

amounts of clay minerals now present; 2) the feldspars that do occur

never show any alteration to clay minerals, and 3) the terrigenous clay

is too finely and widely disseminated to have originated from isolated

feldspar grains scattered through the dense carbonate matrix. In addition,

the amount of terrigenous clay is observed, in many places, to be

highly variable within the area encompassed by a single, standard

thin-section. Contortion and mixing of similar sediments on the bioherms,

at this small scale, are often distinguishable only because of

variation in the amount of terrigenous clay within the sediments. This

suggests that the sediments were deposited in vertical succession during

depositional episodes typified by small fluctuations in the supply of

detrital clay minerals. Minor oscillations in the energy regime of the

depositional environment also may have altered significantly the amount

of very fine-grained particulate matter filtering out of suspension. The
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subsequent intense mixing of these sediments is apparently due to

bioturbation.

Opaque minerals.- Iron minerals account for much of the opaque material

found throughout the Manitoulin Formation. In unweathered rocks, these

minerals are in the form of the disulphide, pyrite. Limonite is found

only in weathered rocks. Both have identical modes of occurrence. Thus,

the mineralogical composition of the opaque iron minerals is related to

weathering, which altered pyrite to limonite. The colors of the rocks

are chiefly determined by the type of iron mineral present. Fresh

surfaces are usually gray and rich in pyrite, whereas well-weathered

surfaces are brown due to the presence of limonite. Intermediate colors,

such as gray-brown and beige, indicate various stages in the weathering

process and are determined by the relative proportions of pyrite and

limonite. The upper few meters of all drill-cores display alternating

brown-beige and gray intervals. The brown-beige intervals are commonly

bisected by horizontal fractures and appear to form weathered halos around

the fractures. In these areas, there is no gradational transition from

limonite to pyrite within the rocks. Even on a microscopic scale, the

contact between pyrite-rich and limonite-rich areas is sharp and marks

the maximum limit of penetration of weathering solutions (Plate 2b). The

weathered halos decrease in width downward, until both they and the

fractures disappear. For simplicity, no distinction will be made between

pyrite and limonite in the consideration of the modes of occurrence of

the opaque iron minerals. Weathering of the Taconic Mountains and

possibly the Precambrian Shield were the most likely sources of the
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iron. Most iron probably is originally supplied to muds in the form

of phyllosilicates, such as illite (Blatt et al. 1972, p. 400).

Pyrite within the bioherms occurs most commonly as euhedral

and subhedral cubic and polygonal crystals. The average size of crystals

is 0.006 mm, and ranges from 0.001 to 0.020 mm. Randomly disseminated

throughout the matrix in most rocks, the crystals are present also in

more isolated, denser concentrations (Plate lOb; 12b-d; 13e,f). Some

form small, 'dusty' areas with diffuse boundaries, where pyrite crystals

are only slightly more abundant than in surrounding sediments. At the

other extreme, dense aggregates of pyrite crystals form irregular masses

within the matrix. Large quantities of individual pyrite crystals occur

as thin, horizontal concentrations within the finely crystalline matrix

and as thin coatings on the surfaces of skeletal fragments. Pyrite

crystals also define the contact between different types of sediment.

Some intra-skeletal cavities are partially filled with aggregates of

pyrite crystals. These aggregates may be several millimeters in diameter

and tend to occur within stromatoporoid coenostea.

Framboids of pyrite, ranging in size from 0.004 to 0.080 mm,

occur in many of the biohermal rocks (Plate 8d,e; 9a). The concentration

of framboids varies from common to abundant. Each framboid contains a

large number of individual crystals which are much smaller than the

isolated cubic or polygonal crystals found within the rocks. Framboids

within the bioherms are usually isolated or occur in small, loosely

associated groups. Single rows of tightly packed framboids, up to

0.250 mm long, are frequently observed within the finely crystalline

matrix (Plate 9h,j,k; 10c).
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A syngenetic origin is postulated for most of the pyrite

within the mounds. Syngenesis of pyrite in marine sediments is believed

to be caused largely by the bacterial decay of organic matter. Under

euxinic conditions, anaerobic bacteria cause decomposition of organic

material, releasing hydrogen. The reducing environment necessary for the

precipitation of pyrite is usually produced by other, sulphate-reducing

bacteria (Blatt et al. 1972, p. 574; Sweeney and Kaplan 1973, p. 633).

Sulphur, freed by the sulphate-reducing bacteria, combines with the

hydrogen to produce hydrogen sulphide, H2S. This gas is readily soluble

in sea-water. Hydrogen sulphide reacts with soluble iron compounds to

form insoluble iron disulphide, which precipitates as pyrite, or as its

dimorph, marcasite. Only minor concentrations of organic matter are

necessary for this process to produce significant quantities of pyrite

(Krumbein and Garrels 1952, p. 4).

Framboids are particularly interesting manifestations of

syngenetic pyrite. The intimate association of framboids with organic

spherules in some sedimentary environments has been well documented (Love

1957, 1962a, 1962b; Rickard 1970). Framboidal pyrite is abundant,

however, in sediments and sedimentary rocks in which organic matter is an

uncommon constituent. The absence of associated organic material in such

deposits may be partially explained by decomposition and dispersion of

organic matter, but the occurrence of framboids in extrusive igneous rocks,

as well as in other essentially inorganic environments, indicates that

their formation is not strictly dependent upon the presence of organic

matter. In a theoretical discussion, Rickard (1970, p. 291) concluded

that framboids commonly form by pseudomorphism of organic spherules and
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by filling of gaseous vacuoles. In sedimentary environments, both

processes probably are related to the generation of hydrogen sulphide by

bacteria. Pyrite may be precipitated at the site of decomposition of

spherical organic bodies, where hydrogen sulphide is actively being

evolved, or in vacuoles occupied by small bubbles of hydrogen sulphide

moving through the sediment. Pyrite crystals in general, and framboids

of pyrite in particular, are more common in fine-grained marine deposits,

such as black shales and carbonate mudstones, than they are in coarser

grained sedimentary rocks. This may be due to the more cohesive nature

of mud-sized particles. The larger size of the pores in the

coarser-grained sediments may facilitate more rapid dissipation of the

hydrogen sulphide and better mixing with the aerated water above the

sediment, thus inhibiting the development of a reducing environment.

Fine-grained, muddy sediments are characteristically rich in organic

detritus and accumulate under low-energy conditions. It is, therefore,

reasonable that anaerobic bacterial decay within these sediments should

be common when interstitial circulation is low.

The presence of syngenetic pyrite does not necessarily indicate

a stagnant environment. Moretti (1957, p. 282) emphasized that marine

conditions with open circulation may exist down to the sediment-water

interface, with a reducing environment occurring within the sediment due

to depletion of oxygen. The reducing capacity of such environments is

greatest immediately below the interface and diminishes with depth

(Krumbein and Garrels 1952, p. 4). Thus, lime-muds beneath neritic,

well-circulated, normal, marine environments may have euxinic properties.

Under such conditions, pyrite could form if sufficient amounts of iron
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were introduced to the sea at the time of accumulation of the carbonate

muds.

The vug-filling aggregates of pyrite may be epigenetic, but

it is impossible to determine when they were precipitated in the cavities.

An epigenetic origin for the majority of the pyrite is unlikely because,

in all other occurrences, it is not spatially related to cavities and

evidence of replacement of dolomite by pyrite is lacking. Moreover,

pyrite crystals concentrated along microstylolites obviously pre-dated

pressure solution.

Dark-brown, organic matter also accounts for a large proportion

of the opaque material within the dolostones of the bioherms. It was

identified as organic by dissolution in carbon disulphide and by electron

probe microanalysis. This material is finely disseminated throughout the

mudstone matrix. In some places organic matter is also concentrated to

form thin, irregular, discontinuous layers (Plate 2d; 3b; 4a; 12e,f; 13g).

Dolomite within these layers is generally dark and microcrystalline.

Some of the opaque material within the bioherms is of

indeterminate composition and origin. Structures composed of this material

are dark-brown, grading to a translucent rust color in thin sections

that are thinner than usual. These structures are found within the

matrix in all rock-types. They are variable in shape but do not appear

to be random. The larger structures are usually fragmented but

apparently were broken after burial because the fragments are only

slightly dislocated and show no signs of abrasion. Several have shapes

somewhat reminiscent of chitinozoans (Plate 9b,d,e). The largest

specimen is about 2.6 mm by 0.65 mm. The relationship of these structures
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to the surrounding matrix shows that they were deposited simultaneously

with the sediments. They have well-defined boundaries, are surrounded

by finely crystalline dolostone, never occur in cavities, and are never

seen to have replaced dolomite. Elongated specimens are always oriented

parallel to the depositional surface. The structures seem to be organic,

possibly chitinous, but their affinities are unknown.

Authigenic feldspar.- Lath-shaped, authigenic crystals of feldspar are

sparsely distributed throughout the biohermal rocks. The maximum long

dimension of these crystals is about 1.1 mm. They were identified as

potassium feldspar by x-ray diffraction and electron-probe microanalysis.

The crystals are clear, displaying no evidence of diagenetic alteration

other than replacement by dolomite. Most laths have been replaced along

the short sides, but the original euhedral outlines are still visible in

many of them (Plate 9f). This texture indicates that the crystals of

potassium feldspar were formed before dolomitization ceased.

Occurrence of authigenic feldspars in limestones is common

(Baskin 1956, p. 135; Kastner 1971, p. 1404). The authigenic crystalliza

tion of feldspar requires large amounts of potassium. Although the

source of the potassium is unknown, many authors favor an internal source

from some pre-existing mineral. For example, Swett (1968, p. 134)

postulated that dolomitization of illitic limestone could release the

necessary quantities of potassium as the illite lattice is destroyed. The

feldspar within the bioherms may have been generated by the destruction of

illite during early dolomitization and partially replaced during a later

phase of dolomitization. Thus, the presence of authigenic feldspar within
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the bioherms supports the suggestion that dolomitization of the Manitoulin

Formation occurred in phases or over an extended period of time.

Hydrocarbons.- Hydrocarbons are generally found in small quantities within

the do10stones of the bioherms. The distribution of the hydrocarbons within

the mounds is unpredictable, but they occur in all rock-types. The

petro1iferous material, whi�h occurs as a medium-brown, interstitial stain

within the dolomitic matrix, is usually recognized only with the aid of a

microscope. Rarely, however, staining due to hydrocarbons is so intense that

a rich medium- to dark-brown color is imparted to the rocks. The Manitowa

ning Bioherm contains considerably more hydrocarbons than the smaller

bioherms. In the early 1970's, when the road-cut through the Manitowaning

Bioherm was fresh, thick, black, bitumen could be seen oozing from vugs

when the weather was warm. Porosity within the other bioherms is extremely

low. It is unlikely that similar structures, if encountered down-dip in

the subsurface, would harbor significant quantities of hydrocarbons.

MicrostyZoZites.- Microsty101ites are stylolites that are manifested as

thin irregular seams of terrigenous clays in limestones. Anastomosing

swarms of these microsty101ites are common in limestones that contain

significant amounts of terrigenous clays (Wanless 1979, p. 441). Detailed

analyses have shown that stylolites, in general, result from pressure

solution (Brown 1959; Manten 1966; Dunnington 1967; Logan and Semeniuk 1976).

The amplitude of these structures corresponds to a minimum thickness of

material dissolved (Bathurst 1975, p. 471).

Microsty101ites within the bioherms of the Manitowaning Cluster

have low amplitudes and contain high concentrations of illite and opaque
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minerals. In mudstones with few skeletal grains, microstylolites are

sparse and poorly developed, whereas in many wackestones microstylolites

are common and well-defined. They penetrate all dolomitized material but

are usually deflected around silicified skeletons because the silica is more

resistant to dissolution. Judging from the low amplitude of the microsty

lolites in the bioherms, relatively little dolostone was removed along

individual surfaces. Of course, where microstylolites are numerous, the

volume of rock may have been appreciably reduced. The illite and opaque

minerals accumulated along the microstylolites as insoluble residues.

Collophane.- Small amounts of collophane, an amorphous phosphate, are

found in all rock-types within the bioherms. In fact, collophane is present

in nearly every thin-section examined. Most of the collophane occurs as

small, unidentified structures whose shapes suggest that skeletal debris

was replaced (Plate 9c,i). This phosphate mineraloid also occurs as

enrichments of originally phosphatic material, such as scolecodonts and

fragments of trilobites, and as small, colloform nodules that display

shrinkage cracks (Plate 9g).

Voids

Voids are volumetrically unimportant within the bioherms.

Only two types of pores occur: moldic pores, where small fragments of

fossils have been leached and which may be enlarged by solution, and

intra-skeletal cavities, usually within coenostea and coral colonies. The

highest porosity, about 3 or 4 percent, is encountered in some wackestones.

�lost mudstones have virtually no porosity. Permeability is extremely low
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in all rock-types.

Algae

Algae are not as readily identifiable as other biological

and lithological constituents of the biohermal deposits. There are,

however, several organic structures that are sufficiently well preserved

that their algal affinities are in little doubt. Three apparently

distinct types are represented. Specimens of the most common group are

elliptical in longitudinal section and circular in transverse section

with short, bifurcating branches distributed in regularly spaced whorls

along a central stem (Plate 11a-e). Long dimensions of these specimens

range to about 2 mm with transverse sections displaying diameters up to

0.6 mm. These structures are abundant within the matrix of the bioherms.

A second form comprises slender (commonly 0.4 by 3.6 mm) continuously

branching stems that give rise to lacy fronds (Plate 11f). The third

type, the largest of the three, is composed of rounded masses of tubes

having a more or less radial arrangement (Plate 109; 11g-i; 12a). The

tubes have a mean diameter of about 0.15 mm. This last form is similar

in construction to Hedstroemia Rothpletz 1913, a green alga common in

Ordovician and Silurian rocks of the Northern Hemisphere. These three

types of algae are abundant in some mudstones on the bioherms (Plate 3e;

4d) .

Other organic structures, strongly suggestive of calcareous

dasycladacean algae, also are present within the bioherms. These

structures most closely resemb 1 e vert i.ci. llopora annul.at:a Rezak 1959,
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described from Middle Silurian rocks of southwestern United States

(Plate 1De,f). The genus is characterized by segmented, unbranched

cylindrical thalli. Each segment has a cylindroidal central stipe

with one whorl of rays extending from the stipe to the outer cortex of

the thallus. The structures within the bioherms are much smaller than

specimens of Verticillopora annulata� but are well within the size ranges

exhibited by other Silurian dasycladaceans (e.g. Vermiporella Stolley

1893, Rhabdoporella Stolley 1893). They are sparsely distributed within

the mudstone matrix.

A number of problematical structures within the biohermal rocks

have been interpreted as having algal origins. These structures,

described below, are ubiquitous; thin-sections rarely do not contain

one or more of them.

1) Lineations of pyritic framboids consist of sinuous single rows of

closely packed pyritic framboids and are preserved in various orientations

within the mudstone matrix (Plate 9g,j,k; 1Dc). The elongate arrangements

of framboids are comparable in size and appearance to the chains of

spherical algal bodies that constitute some modern blue-green algae

(Plate 10d). Similar lineations of framboids have been interpreted

elsewhere as pyritic pseudomorphs of algal filaments within algal borings

(Kobluk and Risk 1977; Kobluk 1981). The structures within the bioherms

are believed to be pseudomorphs of blue-green algae; however, it is un

known whether single filaments or chains of spheres, or both, are

represented. Both forms are common constituents of modern blue-green algal

mats.

2) Dark microcrystalline and opaque coatings on irregular sedimentary
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surfaces, skeletal grains, and intraclasts are interpreted as algal mats

and encrustations (Plate 2d; 3b; 12b-f; 13e-g). Organic matter is

concentrated in many of these coatings and many others have been pyritized.

All microscopic organic detail has been destroyed. The gross appearance

of these structures bears a strong resemblance to dense, brown organic

coatings that Soderman and Carozzi (1963) considered to be relict algal

mats in Llandoverian reefs of Wisconsin.

3) Grumeleuse textures within the mudstone matrix are characterized by

dark, dense, rounded clots of finely crystalline carbonate surrounded

by sparry carbonate (Plate 13a-c). These textures are commonly interpreted

as indications of the former presence of algae (e.g. Hadding 1959, p. 16;

Bathurst 1975, p. 513). But such an interpretation cannot be applied

without reservation. Within the bioherms, some partially recrystallized

bryozoan skeletons show a complete transition from recognizable skeletal

elements to grumeleuse textures in which the sparry areas represent

recrystallized skeletal tissue and the dark carbonate material the mud

that filled empty bryozoan zooecia (Plate 12g,h; 13d). Many grumeleuse

patches, however, do not show this transition. Certainly, a large

number of these unidentifiable patches are bryozoa that have been

uniformly recrystallized, but some may represent algal structures.

Benthic algae, calcareous and non-calcareous, are believed

to have been common to abundant on the bioherms. Unfortunately, poor

preservation does not allow positive identification in many instances and

precludes detailed taxonomic and petrological studies.



98

Composition of microfacies

General comments.- The various rock-types occur as distinct units at

any given locality on the mounds. On a larger scale, however, it is

difficult to delineate boundaries between them, as they grade continuously

one into the other.

Microlithofacies (Table 3) within the bioherms of the Manitowaning

Cluster are differentiated on the basis of the ratio of the volume of

grains to the volume of matrix, rather than the types of grains. All the

microlithofacies, at one locality or another, contain fragments of every

skeleton-secreting organism found in the mounds. Within a given rock-type,

certain types of fossils are more abundant at some localities than at

others. These variations in proportions are the basis for division of

the major lithological units. Because of their intergradational nature,

however, these variations are not recognized as distinct microlithofacies.

The term 'microlithofacies' and 'rock-type' are used in

preference to 'facies'. Far greater compositional individuality and

uniformity of distribution is implied by the term 'facies' than is

observed in the rocks of the bioherms. For purposes of readability

'microlithofacies' henceforth will be contracted to 'microfacies'. Use

of the term Icomponentl will be restricted to describing sedimentary

particles larger than 2 mm.

Mudstone.- Mudstones comprise finely crystalline dolostones in which

skeletal grains represent 6 to 8 percent of the volume of the rock, on

average (Plates 2-4). Admixtures of terrigenous clay may constitute up



MICROFACIES % GRAINS PRINCIPAL GRAINS
MATRIX

SEDIMENTARY STRUCTURES
AND COMPONENTS (OR COMPONENTS) IN MATRIX

Mudstone 6 - 8 bryozoans, crinozoans,
mudstone mottled, some vague

brachiopods, trilobites laminat ions

Wackestone 10 - 65 bryozoans, crinozoans, mudstone mottled, some

brachiopods indistinct bedding

�100 crinozoans, indet ermi nate
Packstone

skeletal grains

Floatstone 20 - 30 bryozoans
mudstone,

mottledwackestone

Bryozoan
40Bafflestone bryozoans mudstone mottled

Coral individual rugose and tabulate
mottledBafflestone colonies corals

mudstone

Bindstone inclividual stromatoporoids, mudstone, mottled, some

colonies favositids, bryozoans wackestone indistinct bedding

Table 3 Summary of principal characteristics of microfacies within the bioherms.
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to 35 percent. Fragments of bryozoans, crinozoans, brachiopods, and

trilobites are the most common skeletal grains and are present in various

relative proportions. Bryozoan colonies are always fragmented. Due to

the poor preservation and small size of the bryozoan fragments, it is

commonly difficult to determine their original growth form but most appear

to be derived from ramose colonies. Crinozoans usually occur as

disarticulated columnals, thecal plates, and brachials. Short columns of

eight or nine articulated columnals are seen rarely. Brachiopods are

represented, for the most part, by fragments and disoriented, disarticulated

valves. In mudstones where they are the most common grains, many

brachiopods are articulated and some are apparently in growth position.

These individuals are members of the genus Mendacella and are generally

less than 10 mm long. Whether their apparent growth orientation is

original or due to reorientation after burial is unknown. Fragments of

trilobites, in the form of single segments of carapaces, seldom account

for more than a very small proportion of the grains. Still, they are

more abundant in mudstones than in any other rock-type. Only two partially

articulated specimens were found, both at the top of the northern slope

of mound F. Disarticulated ostracode valves and grain-sized fragments of

gastropods are rare in the mudstones.

Other fossil groups supply insignificant amounts of

component-sized particles to the mudstones, but they display specific

modes of occurrence. Gastropods and nautiloids contribute entire

skeletons, whereas halysitid tabulates and colonial rugosans are present

as small fragments of colonies and of individual corallites. Small

conical to hemispherical favositids are common. They show little evidence
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of abrasion but are preserved in various orientations. The maximum

vertical dimension of these favositids never exceeds 12 mm. Solitary

rugose corals are typically preserved without epithecae and are also

variably oriented.

Mudstones range in color from brown in well-weathered rocks,

through beige and gray-brown, to gray in rocks least affected by

weathering (Plate 2b). Unweathered rocks have a distinct greenish tint

where they contain large amounts of terrigenous clay. The concentration

of terrigenous clay has no affect on the color of weathered mudstones.

Some mudstones are vaguely laminated due to the superposition of thin

layers of slightly different types of sediment (Plate 2d; 4b). These

sediments are distinguished on the basis of minor variations in the type

and amount of opaque minerals and skeletal grains, the crystal size of

the constituent dolomite, and the amount of illite. Thin layers of

microcrystalline dolomite containing increased concentrations of organic

matter (and other opaque minerals) and terrigenous clay commonly alternate

with thicker layers of finely crystalline dolomite. The 'bedded'

appearance is intensified, in places, by the presence of encrusting

organisms and thin, horizontal concentrations of opaque minerals. In

addition, pyrite or limonite may be concentrated along the contact between

different types of sediment. The majority of the mudstones, however,

display mottled textures. Macroscopic and microscopic contortion of the

sediments is attributed to bioturbation; relict burrows and burrow-like

structures are plentiful. Unweathered mudstones have virtually no porosity.

Those that are weathered may have 1 to 2 percent porosity, of the moldic

type.
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Some vaguely bedded mudstones show evidence of small-scale

penecontemporaneous fragmentation and redeposition (Plate 4b). The

upper surfaces of these short brecciated intervals are irregular, and

angular intraclasts of the same lithology are suspended within the

overlying sediments. This texture is characteristic of intraformational

conglomerates, produced when partly lithified, fine-grained sediments are

subjected to an extremely brief period of increased energy (Krumbein and

Sloss 1963, p. 165). A sudden decrease in energy immediately afterward

results in simultaneous deposition of intraclasts and finer particles.

Wackestone.- Wackestones within the bioherms comprise 10 to 65 percent

grains supported by a matrix of finely crystalline dolostone (Plates 5,6).

The most abundant types of grains are fragments of crinozoans, bryozoans,

and brachiopods. Fine sand- and silt-sized grains of indeterminate

skeletal origin may account for up to 40 percent of the grains in small

patches of some wackestones. The relative proportions of the three major

types of grains are extremely variable. Complete series are present,

from rocks that contain grains derived from only one taxonomic group to

others in which grains derived from all three groups are present in

approximately equal proportions. The majority of the wackestones contain

two or three types of grains in various ratios. As in the mudstones,

grains derived from other skeleton-secreting organisms constitute only

a small percentage of the total number of grains.

Crinozoan grains are disarticulated columnals, thecal plates,

and brachials, with rare occurrences of fragmented holdfasts. Fragments

of stems are uncommon and rarely consist of more than nine articulated
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columnals. Bryozoan grains are largely fragments of ramose colonies,

although many fragments of encrusting colonies are encountered at some

localities. Fragments of ramose bryozoans are generally somewhat larger

than similar grains found in the mudstones. Rarely, where grains compose

15 to 20 percent of the rock, small bryozoan colonies are in orientations

of growth. Some bryozoan colonies developed both encrusting and ramose

growth forms. These became established by encrusting skeletal grains or

portions of the muddy substrate and then developed a ramose morphology

in subsequent stages of growth. Brachiopods are represented by the

genera ?Orthorhynchula and Dolerorthis� in addition to the smaller forms,

Mendacella and Stegerhynchus. Many of the brachiopods are disarticulated

and broken. Among those that are articulated, small numbers of any of the

represented genera may be found in growth positions in rocks that are

predominately matrix. But where grains constitute more than 40 percent

of the rock, articulated small brachiopods are always disoriented; a few

specimens of the larger brachiopods, Dolerorthis and ?Orthorhynchula�

occur in growth orientations. Segments of trilobite carapaces are less

common than in mudstones, but disarticulated ostracode valves and

grain-sized particles of gastropods occur in greater numbers.

Component-sized particles derived from the skeletons of other

organisms, apart from being relatively more abundant, show little

appreciable difference from those in mudstones. The notable exceptions

are gastropods and nautiloids, which are less commonly encountered and are

almost always broken. Whole specimens are preserved only in wackestones

with the lowest content of skeletal grains (i.e. wackestones gradational

into mudstones).
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Wackestones, like the mudstones, range in color from gray in

unweathered rocks, through gray-brown and beige, to brown in intensely

weathered rocks. The color is largely due to the mineralogical

composition of the opaque iron minerals in the rocks. Pyrite accounts

for the gray color, limonite for the brown.

At a few localities, thin layers (about 10 mm thick) with

alternating high and low concentrations of grains grade into each other,

producing the appearance of indistinct bedding. The amount of terrigenous

clay within these layers increases as the number of grains decreases.

There is evidence of sudden brecciation and redeposition in some of these

faintly bedded wackestones. Most of the wackestones are intensely

mottled, however, a result of contortion of sediments containing different

amounts of terrigenous clay. The abundance of relict burrows suggests

that mixing of the sediments was due to bioturbation. Numerous rounded

intraclasts and thin lenses of very finely crystalline dolostone, both

of which contain higher concentrations of illite than the surrounding

matrix, are incorporated into this contorted lithology. These become

more numerous as the matrix-to-grain ratio rises. Many intraclasts and

lenses are either coated on the upper surfaces or completely surrounded

by pyrite. Articulated brachiopods and small-scale scour channels are

filled with this same fine-grained sediment, which is vaguely laminate in

some instances.

The wackestones are tight, with a maximum of 3 to 4 percent

moldic porosity in some small areas. The pores are mainly pinpoint-sized,

but some are enlarged by solution. In the matrix, relict microscopic

horizontal and vertical fractures are common. Most are replete with
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medium-crystalline dolomitic cement, but a few of the larger ones are

partly filled with finely crystalline mudstone. Many of the wackestones

display a reduction in the number of grains upward and are overlain by

mudstone.

Packstone.- The packstones are composed almost entirely of grains

(Plate 5b; 6d). Crinozoan fragments are the most common skeletal grains,

with fragments of brachiopods present in minor amounts. All skeletal

grains are comminuted and much smaller than those in the wackestones.

Grains of indeterminate skeletal origin constitute a large percentage of

the volume of the packstones. Intraclasts and lenses of very finely

crystalline mudstone are absent.

The packstones typically occur as small, irregularly shaped

deposits less than 20 mm thick. It is impossible to determine the lateral

extent of the deposits seen in drill-cores, but maximum horizontal

dimensions rarely exceed 0.25 m on the surface of the mounds. These

grain-supported patches are found as single or multiple lenses suspended

in mudstones or wackestones. When viewed over a limited area, the rocks

may appear somewhat stratified due to the vertical alternation of

packstone with other rock-types.

Packstones are also encountered among the bedded dolomites

beneath the mounds, where they form layers up to 40 mm thick. All grains

and much of the matrix in these layers have been replaced by chert.

Skeletal grains are large and consist of fragments of crinozoans, bryozoans,

brachiopods, ostracodes, and trilobites. In some places, the texture of

this microfacies approaches that of grainstone.
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Floatstone.- The floatstones within the bioherms of the Manitowaning

Cluster resemble some wackestones that contain numerous grains derived

from bryozoans (Plate 6e). The major difference is the size of the skeletal

particles. Component-sized particles consist of large fragments of ramose

bryozoan colonies and, together with grains, seldom make up more than 30

percent of the volume of the rock. Some colonies appear to be in their

original position of growth. The matrix supporting the bryozoans may be

mudstone or wackestone, depending upon the texture of associated

microfacies. The floatstones occur as thin, irregularly shaped lenses

encased by mudstones or wackestones.

Bafflestone.- Two types of bafflestone can be distinguished within the

bioherms: bryozoan bafflestone and coral bafflestone. The bryozoan

bafflestones comprise about 40 percent components by volume, the majority

of which are ramose bryozoans in growth positions. This type of

bafflestone forms irregularly shaped patches less than 0.5 m in maximum

dimension. These patches are not volumetrically important within the

bioherms.

Coral bafflestones are restricted to the volume of sediment

within, and immediately around, individual phaceloid and cateniform

colonies (Plate 5a,c; 8a,b; 19d,e). The intercorallite spaces within the

colonies are filled with a light green, unfossiliferous matrix of mudstone.

This mudstone, characteristically containing 30 to 35 percent terrigenous

clay, is found in upright and overturned coralla alike. In some colonies

in growth position it extends as a narrow 'shadow' of sediment on one side.

Coral bafflestones are surrounded by matrices of wackestone or mudstone



106

which typically contain much lower concentrations of terrigenous clay

than the matrix within the bafflestones.

Bindstone.- Bindstones are not extensive enough to be considered discrete

sedimentary units within the bioherms. Instead, they are limited areas

of very thin skeletons of encrusting organisms, in growth positions,

contained within other microfacies. They consist of various combinations

of lamellar stromatoporoids, favositids, and bryozoans, interlayered with

a matrix similar in composition to surrounding microfacies (Plate 5c,d;

6b,c; 7). Bindstones are most commonly associated with mudstones and

wackestones. Stromatoporoids and favositids encrust the upper surfaces of

some coral bafflestones.

The encrusting organisms are irregular and convoluted, and

early growth stages are attached to skeletal grains within the matrix,

or other, larger, skeletal material. It is not uncommon to find one

encrusting organism overgrown by another. Nearly all encrusting organisms

larger than 30mm incorporate lenses of sediment within their structures

and are intercalated with the surrounding sediments. This justifies their

classification as bindstones. Periodic reduction in size, due to burial

of parts of the colonies and coenostea, was followed by renewed growth

and re-expansion over the substrate. Successive growth stages in some

skeletons are consistently displaced in the same direction, suggesting

preferential growth away from the site of mechanical deposition of

sediments.
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Distribution of microfacies

Mudstone and wackestone are volumetrically the most

significant microfacies, together representing over 90 percent of the

rocks within the bioherms. Although other rock-types form much less

substantial portions of the bioherms, their distributions may be

paleoecologically more important. In fact, packstones, floatstones, and

bafflestones display more distinct zonations within the bioherms than do

the mudstones and wackestones.

The seven bioherms are geographically divided into two small

groups, one consisting of mounds A, B, and C, the other of mounds D, E, F,

and G. The second group is about 600 m northwest of the first, along a

trend subparallel to the west 'limb' of the Manitowaning Bioherm (Fig. 3).

In addition to being geographically distinct, these two groups differ on

the basis of distribution and relative abundance of microfacies within

the mounds. The distributions of wackestones and mudstone on bioherms

A to G are shown in Figures 16-22.

In bioherms A, B, and C, wackestones are the dominant microfa

cies, constituting about 50 to 55 percent of the biohermal rocks. On the

exposed surfaces, wackestones are most abundant on the west and southwest

slopes and on the topographically higher parts of the mounds. Mudstones

increase in abundance toward the east and northeast. Wackestones that do

occur on the northeast and east parts of the mounds are usually at the

bases of the biohermal slopes or along the east slopes of the depressions

trending northeast-southwest (Figs. 16-18). Concentrations of terrigenous

clay in both mudstones and wackestones increase toward the northeast,
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attaining a maximum of about 25 percent in the mudstones on the

northeast slopes. Crinozoan, bryozoan, and brachiopod debris occur

in various proportions within these microfacies but display no consistent

distributional pattern. Where exposed, however, interbiohermal beds

immediately southwest of the bioherms are crinozoan wackestones. The

highest concentrations of crinozoan grains, up to 65 percent, occur in

wackestones on southwest slopes.

Cerioid rugosans and conical to hemispherical favositids that

occur within the wackestones and mudstones on bioherms A, B, and C, are

most plentiful on the southwest and west slopes. Up to 60 percent of the

cerioid colonies are in growth positions and may attain diameters of 0.3 m.

Cerioid rugosans outnumber phaceloid forms on all parts of the mounds

except the southwest and west slopes. Most conical to hemispherical

favositids are less than 30 mm in diameter and many are disoriented.

Both types of coral, cerioid rugose and favositid, become less abundant

toward the northeast. Fragments of colonies and corallites derived from

all types of corals are similarly distributed: fragments are large and

abundant on southwest and west slopes, and are progressively smaller and

less numerous in the wackestones and mudstones on the northeast portions

of the bioherms.

Packstones, floatstones, and bryozoan bafflestones occur as

randomly distributed, small lenses and patches within the wackestones

and mudstones on the southwest and west slopes of bioherms A, B, and C.

Bryozoan bafflestones and floatstones also are found on some higher parts

of the bioherms. Some areas on the south and west slopes, up to one meter

in diameter, are almost completely covered by lamellar stromatoporoids and
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favositids (Plate 7a). On other parts of the bioherms, bindstones are

generally represented by isolated low concentrations of encrusting

organisms. Bindstones again increase somewhat in number on the sides of

the elongate depressions. Lamellar stromatoporoids and favositids

constitute the bulk of the bindstones. Encrusting bryozoans are common

only on the higher parts of the mounds and in mudstones that contain a

large amount of terrigenous clay. The latter occurrences can be

classified as bindstones only on a very small scale because the bryozoan

colonies are small (less than 30 mm in diameter) and are not three-dimen

sionally interconnected. Coral bafflestones are present on the mounds in

the form of both phaceloid and cateniform colonies. Halysitids, however,

the sole producers of cateniform coralla, are not abundant. They are

primarily found on the higher parts of south and west slopes, where seven

out of ten specimens may be in growth orientation. The few halysitids that

occur on other parts of the mounds are invariably overturned. Phaceloid

rugosans are considerably more numerous than cateniform tabulates. The

size and number of phaceloid colonies are greatest on the southwest and

west slopes; about 50 percent are in growth position. The largest colonies

were produced by a single species, Strephophyllum williamsi� and commonly

attained sizes between 0.8 and 1.4 m. Whole colonies of this species are

restricted to the southwest slopes of the bioherms, although debris from

such colonies occur in other locations. Phaceloid colonies become steadily

smaller and less abundant in a northeasterly direction across the bioherms,

and somewhat fewer are overturned. On the northeast slopes, phaceloid

colonies are usually less than 0.2 m in diameter, although some are twice

that size, and approximately 45 percent are overturned.
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On mounds 0, E, F, and G, mudstones are more abundant than

wackestones. Bioherm G represents the extreme; mudstones account for

over 90 percent of the biohermal rocks, and wackestones are confined to

one small area at the toe of the northeast slope (Fig. 22). The

concentration of terrigenous clay within the mudstones increases in a

northwesterly direction across mounds F and G, in a northeasterly direction

across mound E, and from the margins toward the low-lying center of mound

D. Some of the mudstones on the northwest slopes of mound G comprise up

to 30 percent illite. On bioherm 0, wackestones are found primarily on

the southwest- and northeast-facing slopes, as well as within a northeast

trending depression (Fig. 19). Wackestones on bioherm E are found

predominately on the southeast slopes, with a narrow lense occurring at

the toe of the west slope (Fig. 20). Wackestones on bioherm F occur mainly

on the east half of the highest parts of the mound and on a small area of

the upper part of the north slope (Fig. 21).

Packstones, floatstones, bindstones, and bafflestones are all

less common on this group of bioherms but still display distinctive

distributional patterns. Packstones, floatstones, and bryozoan bafflestones

form small, irregular lenses associated with wackestones. The distribution

of bindstones and coral bafflestones varies considerably from one mound

to another. On bioherm E, bindstones and coral bafflestones are almost

entirely restricted to the south and west parts of the mound, a pattern

resembling that displayed by mounds A, B, and C. These microfacies show

a similar pattern on bioherms F and G, but their position on the mounds

is different. Bindstones and coral bafflestones reach maximum development

on the middle and upper portions of the southeast and east slopes, where
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most halysitids and about 50 percent of phaceloid rugosans are in growth

positions. These microfacies decrease in abundance in a northwesterly

direction across mounds F and G. The maximum sizes of the coral colonies

also decrease toward the northwest. The zonation of bindstones and coral

bafflestones is more complex and less well-defined on mound D. These

rock-types may be found on any of the outer slopes of the bioherm, but

are most abundant within the wackestones. Here again, halysitids and

about 50 percent of phaceloid colonies are in original growth orientations.

On the central portion of the mound, where mudstone predominates,

bindstones and coral bafflestones are rare; halysitids and most phaceloid

rugosans are overturned, and bindstone is largely present as small, sparsely

distributed colonies of encrusting bryozoans.

As on bioherms A, B, and C, cerioid rugosans and conical to

hemispherical favositids on this group of mounds are most common where

bindstones and coral bafflestones are most common (i.e. southwest slope

of 0, west slope of E, and southeast and east slopes on F and G

respectively). Their numbers decrease in a northeasterly direction

across bioherms 0 and E, and in a northwesterly direction across bioherms

F and G. In addition, these corals are rare on the central part of mound

D. Fragments of all types of coral colonies display patterns of

distribution and abundance similar to those of cerioid rugosans and conical

to hemispherical favositids.

The two groups of bioherms also can be distinguished on the

basis of internal detail, as seen in drill-core. Mounds A, B, and C

comprise wackestones interlayered with mudstones, packstones, and bryozoan

bafflestones. Thin lenses of bindstone occur at irregular intervals.
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Relative proportions of the microfacies are variable within individual

mounds and from mound to mound. Within bioherms D, E, F, and G, mudstone

is the dominant lithology, containing thin layers of wackestone, bryozoan

bafflestone, and bindstone. Coral bafflestones are non-existent in the

subsurface of the mounds. They occur strictly as a veneer over parts of

the exposed upper surfaces. This conclusion is based on the fact that not

a single fragment of phaceloid rugose coral was encountered in the fifteen

cores taken from the bioherms, yet nearly half of the cores were drilled

where phaceloid colonies are most common on the upper surfaces. Further,

phaceloid colonies exposed in the walls of the numerous vertical fractures

never occur more than 0.35 m below the surface.

In all bioherms, contacts between microfacies are usually

gradational. Narrow intraclastic layers, however, may occur between two

different microfacies or within individual units of mudstone and wackestone.

It is not possible to distinguish the base of any of the bioherms in

drill-core because the biohermal and sub-biohermal rocks are so similar.

Both are dense, massive dolostones in unweathered samples. Moreover, both

the flat-lying dolostones beneath the bioherms and the bedded interbiohermal

rocks in the area consist of interlayered wackestones, mudstones, and

packstones of variable thicknesses. These microfacies are identical to

those within the bioherms. The only difference is that chert nodules are

common and randomly distributed in the mudstones of the bedded dolostones.

Discrete chert beds are found where layers of packstones have been almost

completely replaced by silica. These horizons occur at the same approximate

level within the cores and appear to be laterally correlative. Because

less fossiliferous areas at the same level in other cores do not contain
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significant amounts of silica, it is clear that the development of chert

in large quantities was dependent upon the increased porosity afforded by

localized dense accumulations of skeletal debris. In most drill-cores,

the basal 1.0 to 1.5 m of the Manitoulin Formation are wackestones and

packstones, which rest directly on the dark-green to black shales that

mark the top of the Ordovician Kagawong Formation.
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SYSTEMATIC PALEONTOLOGY

Remarks

The colonial coral and stromatoporoid taxa encountered on

the bioherms were examined in an attempt to identify them to species.

These investigations were significantly hampered by poor preservation.

Much of the fine skeletal structures within the specimens have been

obliterated by dolomitization and silicification. Some taxa are in

such consistently poor states of preservation that even their generic

assignments are questionable. As a result, the stromatoporoids and

halysitids are not systematically described herein. The stromatoporoids

appear to be represented by species of Clathrodictyon Nicholson and

�1urie 1878 and Actinostroma Nicholson 1886, the former being the more

abundant. The halysitids are recognizably specimens of Cat.eni.pora

Lamarck 1816 based on the absence of microcorallites and the size and

arrangement of corallites. The detail necessary for more refined

taxanomy, however, is absent.
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Subclass TABULATA Milne Edwards and Haime 1850

Order FAVOSITIDA Wedekind 1937

Suborder FAVOSITINA Wedekind 1937

Superfamily FAVOSITICAE Dana 1846

Family FAVOSITIDAE Dana 1846

Subfamily PALEOFAVOSITINAE Sokolov 1950a

Genus Paleofavosites Twenhofel 1914

Genotype.- Favosites asper d'Orbigny 1850, p. 49 = Favosites alveolaris

Lonsdale (non Goldfuss) 1839, p. 681, pl. 15, figs.1-1b.

Diagnosis.- "Massive, ramose, foliaceous, or encrusting cerioid
tabulate corals. Corallites generally contiguous,
polygonal, of similar diameter throughout much of
their length. Angle pores characteristic but
solenia and/or wall pores may also be present in
varying proportions. Septal spines present in
some species, variably developed, usually in
vertical rows. Squamulae also variably developed
in some species, with or without associated
septal spines. Squamulae and septal spines in
the same species usually intergrade. Tabulae
generally flat, complete. Increase lateral."
(Powell and Scrutton 1978, p. 313).

Remarks.- The correct spelling of the genus is Paleofavosites� not

Palaeofavosites as used by many previous authors (Caramanica 1975,

p. 1126). Until recently Paleofavosites and Mesofavosites Sokolov 1951

have been distinguished on the basis of the type of mural pores present.

Paleofavosites was interpreted as having pores located only at the

corners of corallites (angle pores), Mesofavosites as having both angle

and wall pores. Powell and Scrutton (1978) undertook a revision of the

genotype of Paleofavosites and an assessment of the status of

Mesofavosites. They showed that Paleofavosites asper (d'Orbigny 1850)
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in fact contained both types of pores and that all the features displayed

in species of Mesofavosites occurred in variants of PaZeofavosites

asper. The diagnosis of PaZeofavosites was expanded to include

species with both wall and angle pores, as well as those with angle

pores only, with or without solenia. Mesofavosites was designated

a junior subjective synonym of PaZeofavosites.

Flower (1961, p. 71) suggested that PaZeofavosites is

descended from a species of either the tabulate genus SaffordophyZZum

Bassler 1950 or FoerstephyZZum Bassler 1941, a rugosan. All three

genera have similar tabular development, mural pores, and corallite

walls that comprise fibrous skeletal tissue separated by an axial plate.

The problem of descent was complicated by the fact that Flower (1961,

p. 28) considered SaffordophyZZum to be a rugose coral, suggesting

two possible rugose ancestors for PaZeofavosites and, therefore, for the

Favositidae. Based on details of the wall structures, however, he

concluded that the Favositidae were derived from a species of

FoerstephyZZum through PaZeofavosites. Flower (1961, p. 37) also

concluded that FoerstephyZZum was a derivative of SaffordophyZZum.

SaffordophyZZum is now considered to be a tabulate coral, a member

of the Paleofavositinae (Hill 1981, p. 547). It seems possible that

SaffordophyZZum is the oldest favositid genus, linking FoerstephyZZum

and PaZeofavosites.
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Paleofavosites asper (d'Orbigny 1850)

Plate 19a,b,c.

1839 Pavosites al.ueol.ax-i.e (de Blainville); Lonsdale, p. 681, pl. 15,

figs. I-lb.

1850 Pavosites aspera d'Orbigny, p. 49.

1855 Pavosites aspera d'Orbigny; Milne Edwards and Haime, p. 257,

pl. 60, figs. 3-3a.

1914 Paleofavosites aspera (d'Orbigny); Twenhofel, p. 24.

1936 Pavosites aspera d'Orbigny; Jones, p. 15, pl. 2, figs. 1-3.

1956 Paleofavosites poulseni minor Stearn, p. 63, pl. 4, figs. 9,10.

1971 Palaeofavosites asper (d'Orbigny); Oekentorp, p. 158.

1976 Palaeofavosites asper (d'Orbigny); Oekentorp, p. 168,

pl. 19, figs. 1-9; pl. 20, figs. 1-3; pl. 21, figs. 7-8.

1978 Paleofavosites asper (d'Orbigny); Powell and Scrutton,

p. 313-318, pl. 28, pl. 29, text-fig. 1.

1981 Paleofavosites asper (d'Orbigny); Bolton, p. 108, pl. 8,

figs. 11-12; pl. 12, figs. 3,9.

Holotype.- GSM GSb 3726-3728 (parts of one specimen; slides GSM PF

4548-4551, peels GSt� PF 4787-4788). Silurian, Ludlow Series, Aymestry

Limestone. Part of collection in Museum of the Institute of

Geological Sciences, London.

Material.- Hypotypes GMUS Ct176, GMUS Ct177, GMUS Ct178.

Description.- Colonies are lamellar to broadly conical or hemispherical.

Twenty-six of the thirty-one colonies have lamellar growth forms, with

sizes up to 200 mm in diameter and 18 mm in height. The remaining
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five colonies are broadly conical with growth radii up to 40 mm. The

skeletal tissue of these colonies (and of all other corals on the

bioherms) consist of dolomite that has been partially silicified,

resulting in poor preservation of skeletal detail. In addition, some

contain large amounts of limonite coating the faces of the silica

crystals that fill the corallites. Despite these diagenetic features,

corallite diameters and the presence and locations of pores are still

readily discernable, allowing specific identification.

Corallites are polygonal in transverse section, 3 to 5

sided when immature, 5 to 7 sided in mature stages. Mean diameters of

corallites range from 0.92 to 1.06 mm. Corallite diameters for all of

the cerioid tabulate corals were calculated according to the scheme

devised by Sutton (1966) and illustrated in Fig. 23. Angle pores are

uncommon to common, dependent upon the location of transverse sections,

and have a mean diameter of 0.16 mm. Wall pores are rare and solenia

are not apparent. Septal spines are not developed. Tabulae are

complete, flat to slightly undulatory or sagging. In some colonies

tabular spacing varies from 3 to 20 in 5 mm; in others tabulae are

evenly spaced, 5 to 8 in 5 mm.

Regular growth zones of thickened skeletal tissue are

present in some colonies with variable tabular spacing. Corallite

walls are generally 0.05 to 0.08 mm, increasing to as much as 0.14 mm

in thickened areas. Zones of closely spaced tabulae coincide with

areas of skeletal thickening. Poor preservation precludes recognition

of possible zones of thickening in many colonies.

Several corallites display perforations that may have been
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b

b

a

b

Mean corallite diameter:
a + b

2

Fig. 23 Diagram showing method of calculating mean corallite

diameter in cerioid corals; 'a' and 'b' are maximum

and minimum diameters, respectively (from Sutton 1966).
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pores but are now indistinguishable from discontinuities produced

during silicification. Poorly developed septal spines or squamulae

may have been obscured similarly.

Remarks.- Increase in Paleofavosites asper typically has been

described as intermural, offsets appearing at the angles between the

walls of adjacent corallites. A recent study of serial sections of

coralla of the species has revealed that the mode of increase is actually

lateral (Stel 1978, p. 155). Intermural increase is suggested when

serial sections are spaced more than 0.1 mm apart; examination of more

closely spaced sections shows that new corallites actually arise from

a distinct parent corallite. Lateral increase is clearly seen in all

species of Paleofavosites collected from the bioherms of the Manitoulin

Formation (Plates 21, fig. e; 23, fig. b).

Powell and Scrutton (1978, p. 317) considered the development

of regular, thickened growth zones in Paleofavosites asper to be an

environmental phenomenon recording an annual climatic cycle. A positive

correlation of this periodicity with close tabular spacing and the

degree of development of septal processes has been demonstrated,

suggesting that these morphological features are of limited taxonomic

significance at the species level in Paleofavosites (Sutton 1966, p. 262;

Powell and Scrutton 1978, p. 317). Furthermore, mean pore diameter

was found to be quite variable from colony to colony, a morphological

character previously thought to be constant within favositid species

and, therefore, of taxonomic value (Schouppe and Oekentorp 1974).

Mean diameter of mature corallites is much less variable than the

above-mentioned features and should be the primary criterion for species
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discrimination in Paleofavosites (Sutton 1966, p. 262; Powell and

Scrutton 1978, p. 317).

Preobrazhenskiy (1967) believed that zoning in tabulate

corals is not strictly due to seasonal variations in the environment.

He suggested that zoning is more probably due to periodic attainment of

sexual maturity and the sexually reproductive stage. Growth zones

with thicker walls, more numerous and thicker tabulae, more numerous

and longer septa� larger pores, and spines on tabulae were believed to

be due to periods of increased activity indicative of the mature stage

when the whole metabolism of the polyps would be accelerated. During

these periods upward growth would be retarded because the polyps would

be occupied with sexual reproduction. Retarded upward growth would be

recorded by more closely spaced tabulae. Conversely, periods of rapid

vertical growth (thin walls, sparse tabulae, etc.) would denote the stage

of asexual division.

Assuming Preobrazhenskiy (1967, p. 3) is correct in

concluding that upward growth is reduced during the sexually reproductive

stage, it may be unnecessary to postulate an increased rate of secretion

of skeletal tissue to explain the other features coincident with these

periods. Calcium carbonate that would ordinarily have been applied

to upward accretion of corallite walls and other skeletal structures

may have been secreted simply on existing surfaces (causing thickening

of walls, etc.). Closely spaced tabulae may have been a consequence of

slowed upward growth rather than production of more frequent tabulae.

Preobrazhenskiy (1967, p. 4) went on to suggest that

taxonomic classification of favositids must be based on the details of
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the mature stages because characteristic features are fully developed

only during periods of maturity. These periods, of course, would

correspond closely to specific environmental conditions and therefore

the skeletal variation may be correlated indirectly with climatic

cycles.

Paleofavosites cf. poulseni Teichert 1937

Plate 19d,e; 20; 21.

Material.- Hypotypes GMUS Ct179, GMUS Ct180, GMUS Ct181.

Description.- Colonies are hemispherical to broadly conical and,

less commonly, lamellar. Of the forty-four specimens examined, thirty-

six are broadly conical to hemispherical, with growth radii up to 160 mm

and averaging 30 to 40 mm. The other eight colonies have lamellar growth

forms; they are up to 25 mm high and 250 by 150 mm in horizontal dimensions.

Immature corallites are round or 3 to 4 sided, mature corallites 5 to 7

sided. Mean corallite diameters range from 1.45 to 1.80 mm. Thickness

of walls varies within and between colonies, from 0.05 to 0.2 mm.

Pores 0.15 to 0.3 mm in diameter are present. Angle pores are common,

solenia uncommon, and wall pores rare. Septa are variably developed,

as many as 18 in transverse sections of some corallites. Increase is

lateral.

Remarks.- The specimens from the Manitoulin bioherms display more

variation in all features, apart from mean corallite diameter, than those

described by Teichert (1937) and Stearn (1956). Some of this

variability may be due to poor preservation of delicate features. The
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specimens are tentatively placed in this species in keeping with the

recent discovery that the mean diameter of mature corallites is the

most reliable taxonomic character in species of Paleofavosites. A

re-examination of the holotype and existing hypotypes is necessary,

however, to determine the degree of allowable variation within

Paleofavosites poulseni.

Paleofavosites sparsus Flower 1961

Plate 22,23.

1919 Paleofavosites asper (d'Orbigny); Williams, p. 30-31,

pl. 6, figs. la-b.

1961 Paleofavosites sparsus Flower, p. 73, pl. 32, figs. 5-6;

pl. 33, figs. 7-9.

Holotype.- NMBM No. 679, in repository of the New Mexico Bureau of

Mines.

Material.- Hypotypes GSC 4514, GMUS Ct182.

Description.- Colonies from the Manitoulin Formation are always

hemispherical, with growth radii up to 40 mm. Immature corallites are

3-4 sided, mature corallites 5-7 sided. Mean corallite diameters range

from 1.92 to 2.12 mm. Walls are more commonly slightly curved than

straight, 0.5 to 1.1 mm thick, with axial plates. Angle pores are

common, solenia rare, and wall pores absent. Tabulae are flat to

slightly convex upwards, some with down-turned edges, and rarely

inclined. Tabulae generally are spaced evenly, 3 or 4 in 5 mm.

Remarks.- Flower (1961, p. 73) cited maximum corallite diameters of
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2.5 to 3.0 mm for this species. The discrepancy between these diameters

and those quoted for specimens from the Manitoulin Formation is

apparent rather than real, for the two are very different measurements.

Flower (1961) measured the maximum transverse dimension of mature

corallites, whereas mean corallite diameters in the present study were

determined by averaging maximum and minimum transverse dimensions

(Fig. 23). In fact, the maximum diameters of most mature corallites

in the specimens from the Manitoulin Formation are within the range

displayed by Flower's (1961) material. Paleofavosites sparsus is rare

within the bioherms of the Manitoulin Formation and rare to common in

interbiohermal and non-biohermal deposits.

Genus Saffordophyllum Bassler 1950

Genotype.- Saffordophyllum deckeri Bassler 1950, p. 267, pl. 14,

figs. 4-6.

Diagnosis.- Cerioid colonies; thin, fibrous walls with axial plane,

fibers v-shaped in longitudinal section; walls transversely crenulate,

convexities variously thickened into short septal ridges; septal ridges

commonly smooth but may be slightly serrated in some species; mural

pores present, usually located at corners of coral lites; tabulae

generally transverse, simple, but may develop various irregularities in

form and spacing.

Remarks.- Most of the species of Saffordophyllum display alternating

zones of closely and widely spaced tabulae. Poikiloplasm may be seen

in some species and, dependent upon the taxon, may occur as thin,
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uniform linings inside corallite walls or as free spheres on the

upper surfaces of tabulae or inner surfaces of walls.

SaffordophyZZum is considered to be morphologically

intermediate between Lichenaria Winchell and Schuchert 1895, which has

neither septal ridges nor mural pores, and Nyctopora Nicholson 1879, in

which septal ridges and mural pores are prominent. The walls of

Lichenaria are simple and fibrous, the fibers being aligned along a

continuous axial plane in the center of each wall segment, as in

SaffordophyZZum. But the walls of Lichenaria show faint, continuous

longitudinal lines which are not evident in SaffordophyZZum. In

contrast, walls of Nyctopora consist of fibers aligned as inverted cones

about linear axes (trabeculae), although they also display longitudinal

bands suggestive of those in Lichenaria.

The species of SaffordophyZZum are distinguished largely

on the basis of coral lite diameter, number of septal ridges, and

abundance and distribution of mural pores. Spacing of tabulae and

presence or absence and type of poikiloplasm are also taxonomically

useful features (Flower 1961, p. 59, Table 1).

SaffordophyZZum cf. deckeri Bassler 1950

Plate 24; 25a-f.

MateriaZ.- Hypotype GMUS Ct182.

Description.- Colonies are less than 50 mm in diameter and 30 mm in

height. Mature corallites are usually pentagonal to septagonal, with

mean diameters of 1.65 to 1.75 mm and maximum diameter of 1.90 mm.
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Corallite walls are 0.06 to 0.10 mm thick where well-defined.

More poorly preserved sections of the walls are somewhat thicker, ill

defined, and lack all internal detail. The axial plane is readily

distinguishable in transverse sections through well defined portions

of the walls, and in many places the layers of skeletal tissue on

either side of the plane still retain fibro-normal arrangements

of crystals. A maximum of 8 septal spines have been observed in

transverse sections of individual corallites, although most corallites

display only 2 or 3 asymmetrically distributed spines. Septal spines

are short, up to 0.14 mm. Angle pores are common, solenia less so, and

wall pores are rare. Pores are 0.09 to 0.10 mm in diameter. Tabulae

are complete, may be flat but more commonly sag somewhat; 4 or 5

tabulae occur in a distance of 5 mm. Poikiloplasm has not been observed.

Remarks.- The specimens from the bioherms of the Manitoulin Formation

are the first record of true Saffordophyllum in Silurian deposits.

They are assigned to Saffordophyllum cf. deckeri on the basis of

corallite size and number of septal spines. The identification of the

species is tentative for several reasons: 1) The four colonies collected

are poorly preserved, a result of the destructive processes of

dolomitization, silicification, and recent physical and biological

erosion. Only one colony yielded thin-sections suitable for detailed

examination. 2) The fact that most transverse sections of corallites

contain only 2 or 3 septal spines may indicate variable septal development,

as in species of the related genus Paleofavosites� or may indicate

that dolomitization and silicification have eradicated some of the

delicate structures. Although corallites display a maximum of 8 spines,
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most have as many as twelve transverse convexities (crenulations) which

may represent loci for spines that have since been obliterated.

3) Flower (1961, p. 59) attributed closer tabular spacing (9-11 in 5 mm)

to Saffordophyllum deckeri than is seen in the Manitoulin specimens.

This variation is possibly due to environmental factors. 4) Poikiloplasm

may line the walls and appear as spheres on upper surfaces of the

tabulae of Saffordophyllum deckeri; it has not been observed, however,

in the present material. A revision of the genus Saffordophyllum

is necessary to determine the degree of intraspecific morphological

variation. Moreover, more and better specimens from the Manitoulin

bioherms must be collected and examined before a specific determination

can be made with confidence.

Order HELIOLITIDA Frech 1897

Suborder HELIOLITINA Frech 1897

Superfamily HELIOLITICAE Lindstrom 1876

Family PROPORIDAE Sokolov 1949

Genus Propora Milne Edwards and Haime 1849

Genotype.- Porites tubulatus Lonsdale 1839, p. 687, pl. 16,

figs. 3-3b.

Diagnosis.- Corallum massive, consisting of slender tabularia

separated by horizontal dissepimental coenenchyme with variable

development of discrete trabeculae and without aureola; thickening of

coenenchyme not different in peripheral and inner zones of colony;

tabularium bounded by 12 longitudinal rows of septal trabeculae; walls



135

of tabu1aria continuous, circular to crenu1ate in transverse section;

tabulae complete, horizontal to slightly sagging or domed.

Fropora conferta Milne Edwards and Haime 1851

emend. Dixon 1974

Plate 25g-i.

1851 Fropora conferta Milne Edwards and Haime, p. 225.

1865b Heliolites affinis Billings, p. 427-428; 1866, p. 5-6, 30,

figs. 12.

1880 Pl.aemopora affinis (Bill ings); L indstri::im, p. 33, pl. 1,

figs. 8-9.

1899 Lyellia affinis (Billings); Lambe, p. 84-85, pl. 5, figs. 1-la.

1904 Propora affinis (Billings); Kiaer, p. 12.

1928 Luel.l i.a affinis (Billings); Twenhofe1, p. 133.

1933 Propora affinis (Billings); Ku11ing, p. 239-140, pl. 8,

figs. 2-4.

1934 Propora yabei Ozaki, p. 67-68, pl. 11, figs. 2-3.

1937 Fropora conferta (Milne Edwards and Haime) Tchernyshev,

p. 103, pl. 13, figs. 4a-b, text-figs. 14,15.

1937 Propora arctica Tchernyshev, p. 103-104, 124, pl. 13,

figs. 3a-b, text-fig. 13.

1939 Lyellia affinis (Billings); Shrock and Twenhofe1, p. 253,

pl. 28, figs. 10-11.

1940 Propora conferta (Milne Edwards and Haime); Jones and Hill,

p. 209, pl. 11, figs. 3-5.
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1950b Propora conferta (Milne Edwards and Haime); Sokolov.

p. 228-229. pl. 6. figs. 4-5.

1950b Propora conferta var. tunicata Sokolov. p. 230-231. pl. 7.

figs. 3-4; pl. 8. figs. 1-2.

1955 Propora conferta (Milne Edwards and Haime); Sokolov. figs. 9a-b.

1963 Propora proheliolitoides Barskaja. p. 32. pl. 4. figs. la-c.

1964 Propora askerensis Spjeldnaes. p. 4-8. figs. 3-5.

1974 Propora conferta (Milne Edwards and Haime); Dixon. p. 570-580.

pls. 1-2. text-figs. 5-6.

1979 Propora conferta (Milne Edwards and Haime); Laub. p. 332-343.

pl. 34. figs. 2. 4.

1980 Propara sp. A Bolton. p. 14. pl. 2.2. figs. 1-2.

Holotype.- unknown.

Material.- Hypotypes GMUS Ct184. G�1US Ctl85.

Description.- The colony described here is 120 mm in diameter and

30 mm high. Diameters of mature tabularia range from 1.10 to 1.35 mm.

with a mean of 1.25 mm. 38 to 45 tabularia occurring in an area 10 mm

square on the calicular surface of the colony. Tabularia are bounded

by 12 weakly to strongly developed septal trabeculae and are circular

to crenulate. dependent upon the degree of trabecular development. The

walls of some adjacent tabularia are in contact. Tabulae are spaced

11 to 15 in 5 mm. Dissepiments are variable in size. slightly to

strongly arched.

Remarks.- Dixon (1974) recognized that Propora conferta displays

considerable variation in a number of morphological features. such as

trabecular thickening and spacing of tabulae and dissepiments. This
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variation was interpreted as a response to environmental fluctuations

of seasonal or shorter duration. The size and spacing of tabularia

were found not to be affected by the same environmental variations

and were concluded to be useful characters for defining the species.

Three colonies of this species were found, all on bioherm C.

Microscopic detail within two of the colonies and within a large part

of the third has been completely obliterated by dolomitization. Where

recognizable, however, the internal morphology of the third colony is

well within the range of variation defined for Propora conferta.

Subclass RUGOSA Milne Edwards and Haime 1850

Order STAURIIDA Verrill 1865

Suborder STAURIINA Verrill 1865

Family STAURIIDAE Milne Edwards and Haime 1850

Genus Favistina Flower 1961

Genotype.- Favistella undulata Bassler 1950, p. 273, pl. 16, fig. 1;

pl. 17, figs. 12-14.

Diagnosis.- Cerioid to phacelocerioid; walls of axial plates lined

with sclerenchyme; schlerenchyme extended as 10 or more major septa of

considerable length, but not completely joining at the centers of

corallites; minor septa may develop; tabulae complete, flat, commonly

with slightly down-turned edges and axial depression, some faintly arch

upward; increase lateral, from peripheral region of cal ice, and

non-parricidal.

Remarks.- In their generic diagnoses, both Flower (1961, p. 77) and
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Hill (1981, p. 135) described Favistina as encompassing only cerioid

forms. At least one species, Favistina calicina (Nicholson 1875a) is

cerioid but becomes phacelocerioid in some parts, particularly in the

distal regions (Flower 1961, p. 82; Jull 1976, p. 458). The diagnosis

is herewith emended to include cerioid to phacelocerioid species.

Favistina calicina (Nicholson 1875a)

emend. Jull 1976

Plate 26; 27a.

Favistella (Columnaria) calcina Nicholson, p. 89.

Favistella calicina Nicholson, p. 24, fig. 9.

Columnaria herzeni Rominger, p. 91.

Co l.umnar ia calicina Nicholson, p. 197, fig. 128, pl. 10,

figs. 2-2a.

1924 Columnaria calicina Nicholson; Foerste, p. 68, pl. 4,

1875a

1875b

1876

1879

figs. 3a-b.

1961 Favistina calicina (rJicholson); Flower, p. 82-83, pl. 40,

figs. 1-6.

1965 Cyathophylloides wellsi Browne, p. 1189, pl. 147, figs. 3a-b;

pl. 152, fig. 6.

1976 Favistina calicina (Nicholson); Jull, p. 457-459, pl. l.

Lectotype.- UN 8589 (designated by Jull 1976, p. 458); from the

Upper Ordovician Hudson River Group, Credit River, Ontario.

Material.- Hypotypes GMUS Cr12, G�lUS Cr13.

Description.- Colonies are tabular, up to 120 mm in diameter and
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40 mm in height, cerioid in central regions but becoming phacelocerioid

toward the margins. Mature corallites are pentagonal to hexagonal, 4 to

5 mm in diameter with a mean of 4.45 mm. Mature corallites contain 14 to

16 major septa which commonly extend for about 0.5 of the radius of the

corallite and do not exceed 0.66 of the radius. Axial ends of major

septa are vertically discontinuous, being developed on the upper surfaces

of tabulae. A few major septa may meet at the axis of some small,

immature corallites but do not form an axial structure. Minor septa

are predominately less than 0.5 of the length of major septa, many

occurring only as wedge-shaped spines projecting from the walls. Septa

are attenuated for much of their length, becoming wedge-shaped distally

where they are continuous with the sclerenchyme lining the walls.

Septa commonly located opposite those in adjoining corallites; where

the septa are offset, walls appear somewhat sinous. Tabulae are spaced

5 to 7 in 5 mm. Dissepiments are absent.

Remarks.- The specimens from the bioherms of the Manitoulin Formation

constitute the first recorded occurrence of Favistina from deposits of

Silurian age. The genus previously was thought to have become extinct

at the end of Late Ordovician time. These Llandoverian colonies, which

are rare within the bioherms, may represent the last surviving vestiges

of the genus.

Major septa in the Manitoulin specimens tend to be slightly

but noticeably shorter than those in other specimens ascribed to

Favistina calicina. This minor difference is considered insufficient to

distinguish the Manitoulin material as a separate species. Favistella

breviseptata Sokolov 1955 has much shorter septa (less than 0.2 of the
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radius) and contains half the number of septa found in Favistina calicina.

Genus Palaeophyllum Billings 1858

Genotype.- Palaeophyllum rugosum Billings 1958, p. 168.

Diagnosis.- Phaceloid or phacelocerioid; septa thickened proximally

to form narrow stereolone; major septa somewhat wavy, to axis or

slightly withdrawn, abruptly reduced just inside stereolone, attenuate

more slowly toward axis; minor septa generally short; tabulae usually

complete, arched, commonly depressed axially and slightly down-turned

at edges; dissepiments absent.

Remarks.- Hill (1961) redescribed the type material of Palaeophyllum

rugosum and attributed peripheral, non-parricidal increase to the genus.

Webby (1972, p. 151-152) later showed that the genus exhibits several

types of budding, both parricidal and non-parricidal. The mode of

increase is, however, a useful taxonomic criterion for distinguishing

many of the species.

Palaeophyllum umbellicrescens Chadwick 1919

Plate 27b-f; 28.

1919 Palaeophyllum umbellicrescens Chadwick, p. 129.

1966 Palaeophyllum umbellicrescens Chadwick; Bolton, pl. 2,

figs. 16, 21 (not fig. 18)

Syntype.- GSC 13592, in the repository of the Geological Survey of

Canada; from the Manitoulin Formation, near Manitowaning, Manitoulin
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Island.

Material.- Hypotypes GMUS Cr14, GMUS Cr15, GMUS Cr16.

Description.- Colonies are phaceloid and conical in growth form. The

largest colony observed has a maximum diameter of 60 mm and is 100 mm in

height. Corallites are closely spaced, usually almost in contact,

circular in transverse section, and up to 4 mm in diameter. Septal

furrows are well-defined on the epitheca. Calices have not been observed.

Increase is marginal and parricidal, commonly producing

15 offsets. In the mature corallite the major septa bend to become

contratingent, producing a continuous ring of small marginal chambers.

Each of these chambers gives rise to a new corallite and contains one

septum that arises from a minor septum in the parent coral lite. Within

a short distance of their origin, the new corallites become isolated and

reorient themselves to take advantage of available space, destroying the

circular arrangement of offsets. Increase is regular, occurring at

particular levels 15 to 20 mm apart within the colony.

Septa are generally wedge-shaped, their thickened proximal

ends forming a narrow stereOlone. Mature corallites commonly contain

24 septa. Major septa extend for 0.50 to 0.66 of the radius of th

corallites. Minor septa commonly extend to a length only about twice

the thickness of the stereolone, rarely attaining 0.5 of the length of

major septa.

The tabularium occupies the entire internal diameter of the

corallites. Tabulae are arched, with a wide, flattened axial region and

down-turned peripheral edges. Some tabulae have a slight axial depression.

Dissepiments are absent.
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Remarks.- Chadwick (1919, p. 129) originally described but did not

illustrate this species. The morphology of the specimens collected

during the present study corresponds closely to the original description.

An examination of a syntype (GSC 13592) in the repository of the

Geological Survey of Canada has indicated that Chadwick's (1919) specimens

and the present material are conspecific. Palaeophyllum umbellicrescens

is distinguished from all other species in the genus by the unique mode

of multiple increase. It also displays smaller corallite diameters and

relatively shorter septa than most of the other species.

Genus Palaeoentelophyllum Lavrusevich 1971b

Genotype.- Palaeontelophyllum sangtariense Lavrusevich 1971b,

p. 425, pl. 1, figs. 3a-b.

Diagnosis.- "
... branching subpleonophoric colonies proliferating
by lateral budding. Thickened peripheral ends of
septa merge into stereozone and inner parts of
septa are laminar. Tabulae kyphophylloid.
Vesicular tissue represented by one unsustained
row of dissepiments of different sizes."
(Lavrusevich 1971b, p. 424).

Remarks.- Lavrusevich (1971b) originally assigned Palaeoentelophyllum

to the Arachnophillidae, but Hill (1981) has recently shown that the

genus displays greatest affinity to the Stauriidae. Pertinent to this

familial reassignment are some of Lavrusevich's observations:

"palaeoentelophyllum ... possesses certain
features peculiar to the ancestral genus
Palaeophyllum (peripherally thickened

septa merging into a relatively
narrow stereozone). At the same time,
the new genus is sharply distinguished
from Pal.aeophu l l.um by the appearance



142

Remarks.- Chadwick (1919, p. 129) originally described but did not

illustrate this species. The morphology of the specimens collected

during the present study corresponds closely to the original description.

An examination of a syntype (GSC 13592) in the repository of the

Geological Survey of Canada has indicated that Chadwickls (1919) specimens

and the present material are conspecific. Palaeophyllum umbellicrescens

is distinguished from all other species in the genus by the unique mode

of multiple increase. It also displays smaller corallite diameters and

relatively shorter septa than most of the other species.

Genus Palaeoentelophyllum Lavrusevich 1971b

Genotype.- Palaeontelophyllum sangtariense Lavrusevich 1971b,

p. 425, pl. 1, figs. 3a-b.

Diagnosis.- "
... branching subpleonophoric colonies proliferating
by lateral budding. Thickened peripheral ends of
septa merge into stereozone and inner parts of
septa are laminar. Tabulae kyphophylloid.
Vesicular tissue represented by one unsustained
row of di ssepiments of different sizes. II

(Lavrusevich 1971b, p. 424).

Remarks.- Lavrusevich (1971b) originally assigned Palaeoentelophyllum

to the Arachnophillidae, but Hill (1981) has recently shown that the

genus displays greatest affinity to the Stauriidae. Pertinent to this

familial reassignment are some of Lavrusevichls observations:

"Pal-aeoent.el.ophul.l.um ... possesses certain
features peculiar to the ancestral genus
Palaeophyllum (peripherally thickened

septa merging into a relatively
narrow stereozone). At the same time,
the new genus is sharply distinguished
from Pal.aeophu l.l.um by the appearance



143

of rudimentary vesicular tissue ...

11

(Lavrusevich 1971b, p. 425).

Palaeoentelophyllum inconstans n. sp.

Plate 29-32.

1957 Palaeophyllum �illiamsi Chadwick; Ehlers and Kesling,

p. 25, 43, pl. 5, figs. 1-2.

1966 Palaeophyllum umbellicrescens Chadwick; Bolton, pl. 2,

figs. 19, (not figs. 16,21).

1966 Palaeophyllum �illiamsi Chadwick; Bolton, pl. 2, figs. 17, 18,

(not fig. 20).

1968 Palaeophyllum �illiamsi Chadwick; Bolton, fig. 12, no. 15.

1972b Palaeophyllum umbellicrescens Chadwick; Bolton and Copeland,

p. 58, pl. C, fig. 7.

1978 Strombodes sp. Copper, pl. 9, figs. 1-2.

Holotype.- GMUS Cr17.

Paratypes.- GMUS Cr18, GMUS Cr19, GMUS Cr20, GMUS Cr21.

Derivatio nominis.- From the latin inconstans, meaning inconsistent,

to describe the discontinuous nature of the dissepimentarium.

Diagnosis.- Colonial, phaceloid, corallite diameters 4.5 to 6.0 mm;

major septa long, almost to axis; minor septa 0.33 to 0.5 of length of

major septa; 40 to 48 septa in mature corallites; tabulae complete or

incomplete, arched, sagging axially and down-turned peripherally; increase

marginarial, non-parricidal.

Description.- Colonies are phaceloid, up to 0.8 m in diameter, and

broadly conical in growth form. The corallites are circular in
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transverse sections, somewhat sinuous in longitudinal sections. Lateral

connecting processes are absent. The epitheca is slightly rugose, but

septal furrows are not evident. Mature corallites are 4.5 to 6.0 mm

in diameter, with a mean of 5 mm.

Cal ice are about 1 mm deep, with wide central calical

platforms that are slightly depressed axially. Increase is lateral,

non-parricidal, giving rise to several new corallites.

Septa are laminar, commonly wedge-shaped, merging at the

proximal ends to form a narrow stereozone. Major septa extend almost

to the axis where they may fuse in clusters but do not form an axial

structure. The major septa become attenuated axially. Minor septa

are 0.33 to 0.50 of the length of the major septa and may be contratingent.

The number of septa in mature coral lites ranges from 40 to 48, with

a mean of 42. In immature corallites, major septa are withdrawn from

the axis, apart from the cardinal and countercardinal septa which may

be contiguous and are more distinctly wedge-shaped.

Tabularia measure about 0.75 of the diameter of corallites.

Tabulae are arched, sagging axially and down-turned peripherally,

complete or incomplete. Down-turned peripheral portions of tabulae may

contact those of subjacent tabulae and generally bend to become

horizontal where they meet the dissepimentarium or the coral lite walls.

Commonly 10 to 12 tabulae occur in a distance of 5 mm.

Dissepimentaria are narrow, each consisting of one

discontinuous row of large, globose to elongate, steeply inclined

dissepiments. This row may be doubled where offsets arise. Dissepiments

are rare to absent in early ontogenetic stages.
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Remarke ,>: The conclusion that Pal.aeoentel.ophu l l.um is genetically

descendent from Palaeophyllwn (Lavrusevich 1971b, p. 425) appears to

be correct. Those portions of corallites that lack dissepiments,

particularly early ontogenetic stages, are morphologically similar to

mature individuals of some species of Palaeophyllwn. Palaeoentelophyllwn

inconstans is distinguished from the genotype, Palaeoentelophyllwn

sangtariense� by its narrower stereolone, longer minor septa, and smaller

corallite diameter. The new species is only the second assigned to the

genus.

Suborder KETOPHYLLINA Zhavoronkova 1972

Family KYPHOPHYLLIDAE Wedekind 1927

Genus Strombodes Schweigger 1819

Genotype.- Madrepora stellaris Linnaeus 1758, p. 795.

Diagnosis.- Corallum phaceloid, alternately phaceloid and cerioid, or

cerioid; septa of two orders, generally thin, and characteristically

interrupted peripherally by large presepiments; tabulae complete and

incomplete, generally forming arched series; dissepiments typically

elongate.

Remarks.- Wedekind (1927, p. 19) erected the genus Kyphophyllwn to

imclude both solitary and compound forms. He described only solitary

forms, however, and Sytova (1952) revised the genus to include only

compound forms. The revised diagnosis leaves little doubt that

Kyphophyllwn (sensu Sytova 1952) is synonymous with Strombodes Schweigger

1819. Fl iiqe l and Saleh (1970) suggested that Kyphophyllwn included
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only solitary forms and should be considered a subgenus of Strombodes.

It is acceptable to group fasciculate and massive forms in the same

genus, as these different types of colonies are essentially ecological

variants and, at most, have taxonomic value only at the species level.

Several species of Strombodes display an intermediate form that is

alternately cerioid and phaceloid. The solitary growth form, however,

suggests fundamental genotypic differences. It would seem inadvisable

and misleading, therefore, to include solitary and colonial species in

the same genus. The genus Kyphophyllum should be retained for the

solitary forms described by Wedekind (1927), and the colonial species

should be transfered to Strombodes. Ivanovskiy (1963, p. 90) redefined

the genus Tenuiphyllum Soshkina 1937, assigning to it forms having

massive colonies, some presepiments, convex tabulae, numerous small

dissepiments, and a charateristically developed 'inner wall I. This

'inner wall I
was developed from lamellar sclerenchymal thickening of

the septa to make them laterally contiguous at some part of their

length. Wang (1950) considered Tenuiphyllum a synonym of Entelophyllum�

but the presepiments commonly developed in Tenuiphyllum suggest a closer

relationship to Strombodes. McLean (1975, p. 65) postulated that the

'inner wall I

may distinguish these forms as aberrant species of Strombodes

but that further study of the described species is necessary before their

true taxonomic status can be determined.

The genus Evenkiella Soshkina 1955 was erected to include

colonial species with thin lamellar septa, flattened convex tabulae

that are commonly incomplete, and large presepiments. McLean (1975,

P. 65) regarded Evenkiella as a junior synonym of Strombodes on the
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basis of the variation within the similar genus Entelophyllum. Later,

he decided that it might be concenient to retain Evenkiella as a

separate genus as the genotype is a cerioid form (McLean 1977, p. 25).

For reasons outlined earlier in this discussion, it is unreasonable to

separate into different genera forms whose only essential differences are

the types of colonies they produced.

Grabauphyllum Foerste 1917 is another potential junior

synonym of Strombodes. Its internal structure, unfortunately, is

known only from sections of hypotypes figured by Stumm (1968, pl. 1,

figs. 3-5), which display close similarity to Strombodes. Based on

Stumm1s figures and the single specimen illustrated by Foerste (1917)

Grabauphyllum apparently varied from phaceloid, with closely spaced

corallites, to phacelocerioid and cerioid, again connoting a close

relationship with Strombodes.

Strombodes is similar to Entelophyllum but may be

distinguished by the presence of presepiments, lacking in Entelophyllum.

In addition, dissepiments in Strombodes are elongate and large, whereas

those in Entelophyllum are small and globose. The type material of

Strombodes stellaris Linnaeus 1758 is unknown. Smith (1945) and Hill

(1981) interpreted the internal morphology of the type species from a

transverse section of Spongophyllum contortiseptatum Dybowski 1874

(Dybowski 1874, p. 483, pl. 4, fig. 2a) and a longitudinal section

of a specimen that Smith (1945, pl. 29, fig.2) considered conspecific

with Strombodes stellaris. Strombodes and similar genera are much in

need of revision.
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Strombodes gracilis Billings 1862

Plate 33; 34a-d.

1862 Strombodes gracilis Billings, p. 113, fig. 94.

Acervularia gracilis (Bi 11 ings); Lambe, p. 211.

Acervularia gracilis (Billings); Williams, p. 30-31, pl. 5,

fig. 3.

Evenkiella gracilis (Billings); Copper, pl. 9, figs. 6-7.

1899

1919

1978

Material.- Hypotypes GSC 4509, GMUS Cr22, GMUS Cr23, GMUS Cr24,

GMUS Cr25, GMUS Cr26.

Diagnosis.- Colonies cerioid; corallites up to 8 mm in diameter, with

well-defined axial boss formed by fusion of septa with steeply conical

tabulae; mature corallites contain 38 to 48 septa; major septa extend to

axis or slightly withdrawn; minor septa extend for 0.50 to 0.66 of length

of major septa and may be contratingent; dissepimentarium of 2 or 3 rows

of elongate, moderately to steeply inclined dissepiments; presepiments

interrupt proximal portions of some minor septa; tabulae arched to

steeply conical in axial region, peripherally either flattened to meet

the dissepimentarium at right-angles or moderately to strongly reflexed.

Description.- "Corallum in large masses, consisting of cells
from 2 to 3 lines in diameter, most of them

pentagonal. Cup about 1 line in depth, with
an irregularly rounded central style 1/2 line
in height, and one-third or one-half the whole
width of the corallite. There appear to be 30
or 40 septal striae on the inner side of the

cup."(Complete original description; Billings
1862, p. 113).

The colony is normally completely cerioid with numerous

prismatic corallites. Corallites are polygonal, generally pentagonal
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or hexagonal. Intercorallite walls are thin, commonly displaying a

median line where the skeletal tissue of adjoining corallites is in

contact. Calices are approximately 2 mm deep. Septa slope steeply

down and inward to form cal ice. A well-defined axial boss, about 1 mm

high, is the result of the fusion of septa with steeply conical tabulae.

Corallite diameters range up to 8 mm. Increase is lateral, non-parricidal.

Septa are long, the major septa extending to the axis or

slightly withdrawn with axial ends fused in clusters. An axial structure

is not formed. Minor septa extend for 0.50 to 0.66 the length of the

major septa; some are longer in larger corallites. Minor septa may be

contratingent. Corallites with diameters of 4 to 6 mm contain 26 to

34 septa; those 6 to 8 mm in diameter contain 38 to 48 septa. The septa

become somewhat wedge-shaped where they meet the wall; over the rest of

their length, the septa are uniformly thin and may be slightly sinuous.

Dissepimentaria measure 0.33 to 0.50 of the diameters of the

corallites, each consisting of two or three rows of elongate, moderately

to steeply inclined dissepiments. The inner row of dissepiments may form

a well-defined inner margin to the dissepimentarium. Some minor septa

are interrupted along the corallite walls by large presepiments.

Tabularia are broad, up to 0.66 of the diameter of

corallites. Tabulae are discontinuous at the axis but otherwise complete;

they are arched to steeply conical in the axial region and sag in the

peripheral regions, where they either meet the dissepimentarium at

right-angles or are moderately to strongly reflexed. Peripheral

accessory tabellae may occur. Tabullar spacing is somewhat irregular,

averaging about 9 in 3 mm.
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Remarks.- Billings (1862, p. 113) defined the new species, Strombodes

gracilis� from the Manitoulin Formation near the town of Manitowaning

on Manitoulin Island. The species later was transfered to the genus

Acervularia (Lambe 1899, p. 211). An examination of a hypotype in the

possession of the Geological Survey of Canada and of several new specimens

collected from the Manitoulin Formation in the vicinity of Manitowaning

has shown that Billings' (1862) original designation was correct. The

corallites lack an inner wall formed by dilation of the minor septa and

the dissepimentarium is not differentiated into three zones. The

absence of these features precludes assignment to Acervularia. The

presence of presepiments suggests a close affinity to species of

Strombodes.

The fact that persepiments are not abundant suggests a

certain similarity to Entelophyllum. The large, elongate dissepiments

of the specimens, however, are characteristic of Strombodes� and the

septa lack carinae, which are typically developed in Entelophyllum.

The distinctive, almost W-shaped tabulae and weak presepimental

development distinguishes Stromodes gracilis from other described

species of the genus.

Strombodes paucipustulatus n. sp.

Plate 34e,f; 35; 36.

Holotype.- GMUS Cr 27.

Paratypes.- GMUS Cr28, GMUS Cr29.

Derivatio nominis.- From the latin paucus, meaning few, and
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pustulatus, meaning blister; to describe the rare development of

presepiments.

Diagnosis.- Corallum alternately phaceloid and subcerioid; mature

corallites 11 to 14 mm in diameter at their widest; commonly 62 to 66

septa, of two orders; elongate presepiments weakly developed, interrupting

septa of both orders; tabulae incomplete, steeply arched, with wide,

flattened axial region; peripheral accessory tabellae abundant;

dissepiments in zero to five rows, large, elongate, and steeply inclined.

Description.- Colonies are alternately phaceloid and subcerioid,

attaining diameters up to 0.35 m. Corallites, when viewed longitudinally,

resemble series of superimposed inverted cones, all corallites

undergoing rejuvenescence at the same level within the colony. At

rejuvenescence, corallite diameters are reduced by as much as one-half.

Some adjacent corallites unite at their widest diameters, producing

a subcerioid appearance. Corallites are circular in transverse section.

The epitheca is thin and generally smooth, uncommonly displaying faint

transverse growth lines. Intercorallite tubules are absent.

The cal ice is wide, approximately 3 mm deep, and steep-sided.

A wide, low-domed axial boss is formed by arched tabulae and septa

that bend inward and upward axially. Increase is marginarial and

non-parricidal, commonly occurring at the same level in several

corallites. Multiple budding appears to be the rule.

Septa are long and unornamented. The major septa are

somewhat dilated in immature corallites, becoming attenuated axially in

mature individuals. Many are withdrawn from the axis, but several

extend into the axial region where they may join in groups of 2 or 3.
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Reasonably straight for most of their length, the major axis become

sinuous axially. Minor septa extend for 0.33 to 0.50 of the length

of the major septa and may be contratingent.

The tabularium occupies approximately 0.7 of the corallite

diameter. Tabulae are incomplete, horizontal to slightly sagging

peripherally, steeply inclined peraxially, with a wide, flattened axial

region that may contain a narrow axial depression. Peripheral

accessory tabellae are numerous and horizontal to slightly inclined

toward the dissepimentarium. Tabular spacing is irregular, 8 to 14

occurring in 5 mm.

The dissepimentarium commonly consists of two to three rows

of large, elongate dissepiments. As many as five rows occur where

corallite diameters are greatest, and dissepiments are absent at the

point of rejuvenescence, where corallites are narrowest. Large, elongate

presepiments are weakly developed and interrupt both major and minor

septa.

Remarks.- Weak presepimental development distinguishes Strombodes

paucipustulatus from most other species in the genus. Strombodes gracilis�

Strombodes magnus Strelnikov 1973, and Strombodes infractus McLean

1977 all display weakly developed presepiments. Strombodes gracilis

is differentiated by its distinctive tabular shape. Strombodes magnus�

from the Pridolian Greben Horizon of the Chernov Uplift, is considerably

larger, with more numerous septa and dissepiments than Strombodes

paucipustulatus.

Strombodes infractus� a Late Llandoverian species from

the Cape Schuchert Formation, Kap Schuchert, displays greatest
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similarity to Strombodes paucipustulatus. The younger species has

larger corallites, however, with fewer septa, fewer accessory tabellae,

fewer dissepiments, and somewhat more commonly developed presepiments.

Furthermore, colonies of Strombodes infractus are more truly phaceloid,

as the corallites are only rarely in lateral contact.

Suborder LYCOPHILLINA Zhavoronkova 1972

Family LYCOPHYLLIDAE Wedekind 1927

Genus Strephophyllum Lavrusevich 1971a

Genotype.- Strephophyllum princeps Lavrusevich 1971a, p. 77-79,

fig. 18, pl. 14.

Diagnosis.- Colony fasciculate; septa laminar, in two orders,

uncommonly interrupted by presepiments; dissepiments small and globose

or larger and elongate; tabulae generally complete, slightly convex

peripherally, with wide, deep axial depression.

Remarks.- Strephophyllum may have descended from a species of

Entelophyllum (Lavrusevich 1971a, p. 76). Entelophyllum and the

related genus Strombodes distinguished from Strephophyllum by their

flat or convex tabulae. Strombodes further differs in the typical

development of presepiments, and Entelophyllum commonly has a greater

number of dissepiments.
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Strephophyllum Milliamsi (Chadwick 1919)

Plates 37-40

1919 Palaeophyllum Milliamsi Chadwick, p. 128-129, pl. 5, fig. 2.

1966 Palaeophyllum Milliamsi Chadwick; Bolton, pl. 2, fig. 20,

(not figs. 17-18).

1968 Palaeophyllum Milliamsi Chadwick; Bolton, p. 38, fig. 12,

nos. 9-10.

1977 Palaeophyllum Milliamsi Chadwick; McLean, p. 36, pl. 11,

figs. 1, 4.

1978 'Entelophyllum' vennori? Billings; Copper, pl. 9, figs. 3-5.

Holotype.- Mus. No. 4508, Geological Survey of Canada; from the

Manitoulin Formation, east of Manitowaning, Manitoulin Island.

Material.- Hypotypes GSC 23566, GMUS Cr30, GMUS Cr31, GMUS Cr32,

GMUS Cr33.

Diagnosis.- Corallites 7-11 mm in diameter; 44 to 50 septa in mature

corallites; major septa commonly 0.75 of radius of corallites; minor

septa 0.25 to 0.50 of length of major septa; tabulae slightly convex

to flat or slightly adaxially declined at the margin, with wide,

extremely deep axial depression, usually complete; one discountinuous

row of steeply inclined, elongate dissepiments, may be doubled where

adjacent corallites are in contact; in immature corallites septa short,

tabulae flat or with narrow axial depression, and dissepiments absent.

Description.- Colonies are phaceloid, with broadly conical growth

forms, and up to 1.5 m in diameter. Corallites are approximately

circular in transverse section. Adjacent corallites are united by
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lateral swellings of the thin epithecae at specific levels within the

colony, rarely between these levels. Transverse growth lines are

well-defined.

The cal ice is about 4 mm deep, with a narrow peripheral

platform and a deep axial depression. Increase is peripheral,

non-parricidal, and typically one new corallite is produced. Immature

corallites may remain quite narrow for up to 30 mm, then rapidly

attain mature proportions. The diameter of mature corallites ranges from

7 to 11 mm, with a mean of 9 mm.

The septa are thin, laminar, relatively straight, and

unornamented. No stereOlone is developed. Major septa are generally

0.75 of the radius of corallites; a few may extend into the axial region

where they may be gently curved. Minor septa are 0.25 to 0.50 of the

length of major septa. In early stages of growth, minor septa are

contratingent but usually become isolated with increased length.

Mature corallites contain 44 to 50 septa.

The tabularium is wide, occupying about 0.8 of the diameter

of corallites. Tabulae are commonly complete but may be incomplete,

slightly convex to flat or slightly adaxially declined at the periphery,

with a wide, extremely deep axial depression. The steeply descending

portions of the tabulae may contact those of the subjacent tabulae.

Accessory tabellae may be associated with peripheral portions of the

tabulae. In transverse sections the tabulae appear as concentric lines

between the septa. Tabular spacing is 4 to 8 in 5 mm.

The dissepimentarium is narrow, about 0.2 of the corallite

diameter, and consists of one discontinuous row of large, steeply inclined,
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globose to elongate dissepiments. This row may be doubled where the

epitheca expands outward to contact adjacent corallites. In early

ontogenetic stages septa are short, tabulae are flat or with a narrow

axial depression, and dissepiments are absent.

Remarks.- The holotype, originally ascribed to Palaeophyllum� is

small (70 mm at the greatest diameter) and extremely poorly preserved.

Dissepiments are lacking, and tabulae are commonly flat but some are

slightly convex peripherally with a narrow axial depression. Hypotype

GSC 23566 is similar, apart from having a somewhat wider axial

depression and more closely spaced tabulae. These specimens are

illustrated in Plates 38b-f, and 37c, e, respectively. A comparison

of this type material to numerous specimens collected from the bioherms

of the Manitoulin Formation has shown clearly that the holo- and hypotypes

are fragments of young colonies. The internal morphology displayed by

the type specimens is identical to that found in immature corallites

of larger, more complete colonies. The occurrence of dissepiments and

the shape of the tabulae necessitates removal of the species from

Palaeophyllum and suggests close genetic relationship to Strephophyllum.

Fewer dissepiments and a much more pronounced axial depression of the

tabulae distinguish Strephophyllum �illiamsi from the genotype,

Strephophyllum princeps.
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PALEOECOLOGY OF CORALS AND STROMATOPOROIDS

Introduction

A comprehensive analysis of the paleoecology of the bioherms

in the Manitowaning Cluster should, preferably, include a study of the

paleoecology of all major faunal constituents. The most abundant groups

of fossils are, in order of decreasing importance, ramose bryozoans,

crinozoans, brachiopods, stromatoporoids, favositids, tabulate corals, and

colonial rugose corals. Unfortunately, only the stromatoporoids and corals

are sufficiently well-preserved in numbers large enough to allow detailed

paleoecological examination. In addition, they are commonly preserved as

whole skeletons in growth position, from which details of the sedimentary

environment that existed over the bioherms may be inferred. Most of the

other fossil material is poorly preserved and occurs as variously oriented

fragments distributed throughout the sediment. The patterns of occurrence

displayed by the fragmentary remains of taxa other than corals and

stromatoporoids are useful, however, in the more general paleoecological

interpretation of the bioherms.

Biological affinities of stromatoporoids

Any meaningful discussion of the paleoecology of stromatoporoids

must be prefaced by a consideration of the biological affinities of this

extinct group. Stromatoporoids have been variously assigned to the

Foraminifera (Hickson 1934, Parks 1935), Hydrozoa (Carter 1877, Nicholson
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1886, Tripp 1929, Kuhn 1939, Lecompte 1956, Fischbuch 1968), Porifera

(Nicholson and Murie 1878, Heinrich 1914, Twitchell 1929, Hartman and

Goreau 1970, Stearn 1972, 1979), and Cyanophyta (Kazmierczak 1976, 1980,

1981). The dramatic biological and ecological differences between these

groups emphasizes that the determination of the true biological affinities

of stromatoporoids is essential to an understanding of their paleoecology.

Few modern students still entertain the idea that stromatoporoids

were related to the protozoans. Although several workers believed that

stromatoporoids were sponges, there was no existing group of poriferan

genera to which the stromatoporoids might convincingly be compared until

Hartman and Goreau (1970) erected the class Sclerospongia. As a result,

most researchers subscribed to the opinions of Carter (1877), interpreting

the stromatoporoids as colonial cnidarians. HydPactinia� a hydrozoan,

was considered their closest living relative.

In a re-examination of the relationship of stromatoporoids

to hydrozoans and sclerosponges, Stearn (1972, p. 384) concluded that

stromatoporoids were encrusting filter-feeders that developed a skeleton

similar to that of cnidarians. He pointed out that, unlike cnidarians,

stromatoporoids could not have had polyps, and their skeletons therefore

were not colonies because structures analogous to individual coral lites

were lacking in stromatoporoids. This eliminated any possible close

relationship with hydrozoans. Comparison with the living sclerosponges

Merlia and Astroscleria led to the conclusion that stromatoporoids were

sponges (Stearn 1975, p. 93). Differences in the skeletal structures,

however, were judged to be sufficient to exclude the stromatoporoids

from the class Sclerospongia itself and a new sub-phylum of the Porifera,
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the Stromatoporata, was created to accomodate these extinct organisms.

Kazmierczak (1976, 1980, 1981) advocated that stromatoporoids

were calcareous stromatolites with cyanophycean affinities. He interpreted

the granular skeletal structures observed in some stromatoporoid genera

as remnants of aggregates of coccoid cyanobacterial cells (Kazmierczak 1980,

p. 245). Such a conclusion is untenable at present. A study of the

microstructure of Mesozoic stromatoporoids and recent hydrozoans sufficiently

illustrated that the granular structures are more probably the result

of diagenetic alteration of spherulitic aragonite (Fenninger and Flajs

1974). This is entirely compatable with the postulated close relationship

between stromatoporoids and sclerosponges; the microstructure of the

calcareous tissue in Astroscleria is spherulitic aragonite (Stearn 1975,

p. 91).

The stromatoporoids in this study are interpreted as sponges

and, as such, are considered to have had a mode of life similar to modern

sclerosponges. Thus, each stromatoporoid was an individual that pumped

water through its body, by means of flagellated cells, to extract passive

particles of phytoplankton. Water entered the soft-tissue through a series

of tiny pores in the surface, passed over the flagellated cells where

nutrients were removed, and exited through a radiating system of

excurrent canals called astrorhizae. These astrorhizae are not recognized

within the skeletons of stromatoporoids in this study. The lack of

skeletal expression of astrorhizae is not uncommon in either stromatoporoids

or sclerosponges. Although all sclerosponges have similar radiating

excurrent canals in their soft tissue, in several genera the canals

are not in a position to interfere with the secretion of the calcareous
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tissue and are not preserved in the skeleton. The living tissue in

stromatoporoids was probably confined to the surface and upper few

interlaminar spaces of the coenosteum (Stearn 1975, p. 93) (Fig. 24).

Cylindrical structures within stromatoporoids

Narrow, elongate tubes, up to 1.1 mm in diameter, are

incorporated in the structure of many lamellar stromatoporoids (Plate 14f;

15; 16; 17a-c). The tubes are hollow, empty or partially to totally

filled with micrite, sparry dolomite, or crystalline silica. They do not

truncate the surrounding skeletal tissue of the stromatoporoid. Rather,

the skeletal tissues of the stromatoporoids bend around the tubes. Thus,

they were not produced by boring organisms. The tubes often appear to be

radially disposed about a point but they do not join, much like spokes

about the hub of a wheel. In several instances, the tubes extend above,

or at least beyond, the stromatoporoid coenosteum proper, as though the

stromatoporoid grew outwards along and around some cylindrical structure

(Plate 14f; 15a,b). The tubes are variably oriented with respect to the

coenosteum as a whole, but lamellae immediately adjacent to the tubes are

concentric and parallel to the cylindrical constructions. That the original

inhabitant of the structures comprised only unpreservable elements is

evident from the fact that there is absolutely no trace of any skeletal

structure in the interior of the tubes. The only walls present are the

smooth surfaces produced by the curved skeletal tissues of the

stromatoporoids.

Similar cylindrical structures in stromatoporoid coenostea
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Fig. 24 Reconstruction of the stromatoporoid Labechia� longitudinal

section. The large canals of the astrorhizae (as) lead to

a central osculum (0) and are fed by excurrent canals from

the flagellated chambers (fc). Small pores on the upper

surface are part of the incurrent system and supply canals

which are not illustrated through the connective tissue (ct).

The basal pinacoderm (the basal layer of cells) secretes

cyst plates and pillars that show growth lines and poorly

developed water-jet microstructure. On the right the

tissue has migrated upward and a new dissepiment is being

formed at the base of the pinacoderm. A thin mucopoly-

sacchaide layer separates the basal pinacoderm from the

aragonite that it secretes. (from Stearn 1975, fig. 4)
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have been reported by several paleontologists (Roemer 1880, Nicholson 1886,

Stearn 1956, Galloway 1957, Kissling and Lineback 1967, Mori 1968,

Sleumer 1969). In most of their examples, however, the tubes are

tabulate, with distinct, thin to thick walls. Septal spines are present

in some. The tubes are oriented perpendicular to the lamellae of the

stromatoporoids and are flush with the upper surface or very slightly

project upward. Modern authors interpret the occurrence of these tubes

within a stromatoporoid as the result of a commensal intergrowth of the

stromatoporoid with a syringoporid colony, the stromatoporoid growing

around and between individual coral lites. This interpretation is

inapplicable here because of the total lack of skeletal elements within

the tubes. It is unlikely that the tubes were corallites of some sort in

which the skeletal structure has been obliterated by diagenetic processes.

The stromatoporoids that contain these tubes are commonly silicified.

The only well preserved fossils within the Manitoulin Formation are those

that are silicified, including the corals. One would expect at least

partial preservation of any hard skeletal material that was originally

present within the tubes. Neither can the tubes be explained as being

produced by an unknown organism disolving its way through the

stromatoporoid skeleton, as were tubular structures in Ordovician

stromatoporoids from Vermont (Kapp 1975, p. 202). In the Ordovician

stromatoporoids the microstructural elements of the skeleton terminate

abruptly against the thick wall of the tubes. These features are not

found in the stromatoporoids within the Manitoulin Formation.

The tubular structures reported here are interpreted as the

result of a commensal relationship between the stromatoporoids and an
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elongate, soft-bodied organism, possibly a worm. The fact that these

tubes are not found in sediments away from coenostea might suggest that

the relationship was not commensal because the soft-bodied organism could

not exist alone. But, if indeed a worm or some similar organism, it may

have produced some of the poorly preserved burrows common in the mudstones

and wackestones of the bioherms. These last structures are more poorly

preserved because of the nature of dolomitization of the fine-grained

carbonate mud.

Somewhat similar vermicular tubes are produced in modern corals

by a number of species of bivalves, gastropods, and sipunculid and

polychaete worms. Most of these structures, however, have been shown to be

borings that truncate the skeletal microstructure of the corals (e.g. Ebbs

1966; Goreau and Yonge 1968; Warme 1977). Others are borings only in initial

stages; the tubes are extended by growth of the coral around the syphons of

the mollusc or around the worm itself. In these, the tube is lined by

smooth calcareous deposits secreted by the endolithic organism, making

the tube recognizably distinct from the coral skeleton (e.g. Rice 1969;

Soliman 1969). The structures within the stromatoporoids on the bioherms

were dissimilar in that no lining is recognizable. Apparently the worm (?)

was encased only in the skeletal elements of the stromatoporoid.

Growth morphology of corals and stromatoporoids

Terminology.- A review of the literature concerning corals and sponges,

both ancient and modern, makes clear that the terminology applied to the

growth forms of these groups is anything but standardized. In an effort to

reduce the confusion, Abbott (1973) redefined many old terms and introduced
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a few new ones to describe the shapes of stromatoporoid coenostea. The

resulting scheme distinguished ten morphological groups:

1) Lamellar - flat forms with a width-to-height ratio of more than 10�1.

2) Tabular - flat forms with a width-to-height ratio of less than 10:1.

3) Dendroid - irregular branching, fasciculate, foliose, or ramose forms.

4) Sub-spherical - almost spherical forms, larger than 80 mm in diameter.

5) Nodular - almost spherical forms, less than 80 mm in diameter.

6) Hemispherical - forms with flat bases and convex upper surface.

(In view of criteria used to distinguish other convex forms in this scheme,

hemispherical should be restricted to forms with basal diameters approximately

twice the height.)

7) Bulbous - large irregular forms with vertical and horizontal dimensions

approximatelyequal.

8) Domal - initially hemispherical forms, but with growth vertical

development becomes accentuated in the central region.

9) Conical - inverted conical forms, the base a point (or at least very

narrow relative to the upper surface) and the upper surface convex; appro

ximately circular in plan view.

10) Cylindrical - elongate forms with sub-circular cross-sections. As

Abbott (1973) pOinted out, these forms are idealized and, in nature,

specimens commonly show a gradation between one form and another.

The terminology for stromatoporoids, may be applied with

equal efficacy to colonial corals because the definitions are based strictly

on shape. Phaceloid corals present a special descriptive problem because

individual corallites are isolated and almost completely self-supporting;

nonetheless, the overall shapes of the colonies may be described accurately

using these terms.
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Abbott's (1973) terminology is applied to the description of

growth forms exhibited by stromatoporoids and colonial corals on the bioherms

of the Manitowaning Cluster. Modifiers are added to individual terms to

facilitate differentiation of distinct variations in particular shapes.

For instance, conical shapes may be acutely conical (cones with acute apical

angles) or broadly conical (obtuse apical angles). The term 'low-domed'

is used to describe forms with convex upper surfaces and greater lateral

than vertical dimensions. The basic shapes displayed by the stromatoporoids

and colonial corals on the bioherms are illustrated in Figure 25.

Growth form of stromatoporoids.- Stromatoporoids within the bioherms of

the fvIanitowaning Cluster are almost exclusively lamellar in growth form

(Fig. 25). These coenostea occur as thin, irregular, contorted sheets

which encrusted the substrate upon which they grew (Plate 7b; 14a-e; 15c,e; 17).

The lower surfaces of the coenostea usually conform to the sedimentary

surface and are gently undulatory except where sharply deflected around

larger skeletal fragments. The upper surfaces also are typically undulatory

to irregular. Coenostea range up to 400 mm in diameter, but the majority

are less than 200 mm. They are usually less than 40 mm in height, averaging

10 mm. The ratio of width to height is commonly 15:1; it may be as low as

10:1 and as high as 40:1. The lamellar coenostea are almost always found

in their original growth orientations; fragments and abraded coenostea are

rare.

Stromatoporoids with low-domal growth forms are rare, constitu

ting less than five percent of coenostea on the bioherms. Such coenostea

are massive and laterally symmetrical, with flat to slightly concave bases

(Fig. 25). The upper surfaces are gently convex. The ratio of width to
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Lamellar

t

Tabular Low-domal

Hemispherical Broadly conical

Fig. 25 Illustration of basic growth forms displayed by stromatoporoids
and colonial corals on the bioherms. Short arrows indicate
directions of growth and angles of divergence are labelled 101•
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height is typically 4:1; most coenostea are 250 mm in diameter and 60 mm

high. Latilaminae within individual coenostea curve sharply downward at the

margins to enclose completely all previously secreted latilaminae (Plate 14g).

Most domal stromatoporoids are in growth position.

A large, bulbous structure, approximately 200 mm in all dimensions,

was observed on the upper part of the north slope of bioherm C. This

specimen is so poorly preserved that positive identification is impossible,

but it is interpreted as a stromatoporoid on the basis of the similarity

between laminations within the structure and latilaminae within known

stromatoporoid coenostea. The possibility exists, however, that this

structure represents some other organism with a minutely layered skeleton,

such as a calcareous alga. Whatever its affinities, it is the only bulbous

skeletal structure seen during the study.

The margins of most of the lamellar stromatoporoids are irregular

and intercalated with the surrounding sediments. Lenses and patches of

sediment also are incorporated within the coenostea (Plate 7b; l4d,e).

These features are due to repeated partial burial by sediment, followed by

recolonization of the substrate. New growth, during periods of re-expansion,

originated from convex projections on the irregular upper surfaces. These

elevated areas were the only parts of the coenostea that were not covered

during deposition or the only parts that were capable of shedding enough

of the sediment to escape smothering. In general, periodic restriction and

expansion of stromatoporoid coenostea record variations in the rates of

sedimentation (Broadhurst 1966, p. 403; Kershaw 1981, p. 8). Whether the

variations recorded in individual coenostea on the bioherms of the Manitowaning

Cluster were regional or local is difficult to establish. The presence of

domal stromatoporoids unaffected by such fluctuations, however, suggests that
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rates of sedimentation were variable on a local scale within the

environments of individual bioherms.

Growth form of favositid corals.- Favositid coral colonies within the

bioherms display three forms of growth: lamellar, broadly conical, and

hemispherical (Fig. 25; Plate 19b; 22d-g). Only two species are common on

the bioherms, Paleofavosites asper (d'Orbigny) and Paleofavosites cf.

poulseni Teichert. Both produced all three growth forms. For this reason,

no distinction is made between these species for the purposes of studying

favositid growth forms. Two other species are rare on the bioherms.

Paleofavosites sparsus Flower consistently has conical colonies and

Saffordophyllum cf. deckeri has lamellar growth form.

About ei9hty percent of the favositid colonies exhibit lamellar

growth forms. These colonies are never extensive; they range up to 25 mm

high, and 250 by 150 mm in horizontal dimensions. The ratio of width to

height is at least 4:1 and generally 10:1. Both the upper and lower surfaces

of the colonies are irregular and undulatory, the lower conforming to the

subjacent sedimentary surface. The various orientations of corallites

within these colonies point to the lamellar growth form being the result

of simultaneous growth in several directions. Like the stromatoporoids

with similar morphology, lamellar favositids incorporate lenses of sediment

within their structures and are intercalated marginally with the surrounding

sediment. These colonies also underwent repeated partial burial by sediment

and subsequent recolonization of the substrate. Re-expansion of the

colonies proceeded from raised portions of the upper surfaces. Some colonies

initially produced lamellar forms and developed a broadly conical shape in

later stages of growth. In others, this sequence was reversed. In the
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latter, the earlier conical colonies appear to have been displaced and

rolled before lamellar growth began. Favositids with growth forms similar

to the lamellar favositids within these bioherms have been described from

the lower unit of the Manitowaning Bioherm (Grawbarger 1977, p. 35).

In many of the lamellar favositids, tabulae are arranged in

bands parallel to the upper surfaces of the colonies. Alternate bands

consist of closely and widely spaced tabulae (Plate 20d,e). In a typical

colony, a pair of bands is 5 to 8 mm thick. Due to their thin, sheet-like

shapes, many colonies contain only two or three bands.

Broadly conical and hemispherical colonies (Fig. 25) are

end-members of a continuum of growth forms. Their upper surfaces are

smoothly convex. Growth radii may be up to 160 mm in length, averaging

30 to 50 mm. The maximum angle of divergence of the lateral corallites in

conical colonies is variable but consistently obtuse. In hemispherical

colonies, this angle is 180 degrees, producing a flat basal surface (Plate

22d-g). Maximum diameters range up to 180 mm in conical colonies and 320 mm

in hemispherical forms.

Fragments of favositid colonies are numerous within the

biohermal deposits. Although the majority of whole colonies are lamellar in

shape, the amount of fragmental material derived from such colonies is

unknown. It is difficult to determine the original form of the colony from

fragmented material, especially when the fragments are small. Larger

favositid fragments usually are recognized as having been derived from

broadly conical to hemispherical colonies.

Growth form of phaceloid rugose corals.- Phaceloid rugose corals are

represented on the bioherms by three species: Palaeoentelophyllum inconstans
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n. sp., StrephophyZZum wiZZiamsi� and Strombodes paucipustuZatus n. sp.

All are broadly conical in shape (Fig. 25; Plate Sa; 36a,b). The maximum

angle of divergence of peripheral corallites is always obtuse in mature

colonies. StrephophyZZum wiZZiamsi produced the largest and broadest colonies;

several reached diameters of 1.5 m and most are at least 0.9 m across.

Colonies of Strombodes paucipustuZatus n. sp. are generally 0.1 m to 0.3 m

in diameter, with a maximum of 0.35 m. Colonies of PaZaeoenteZophyZZum

inconstans n. sp. are the most variable in size; some are as large as O.S m

in diameter, but the majority range from 0.1 to 0.5 m. None of the phaceloid

colonies on the bioherms have growth radii greater than 0.35 m. Although

most are symmetrically conical, several colonies of PaZaeoenteZophyZZum

inconstans n. sp. show evidence of asymmetrical growth (i. e. preferential

growth in one direction). The preferred direction of growth, however, is not

constant from one colony to another. Several asymmetrical colonies are

preserved in growth positions and all grew toward different azimuths of the

compass; also, some grew up-slope, others down-slope. One specimen grew in

two directions, lSO degrees apart. Two small colonies describe gentle,

vertical arcs, the result of continual unilateral reorientation of the growth

surfaces. Colonies of StrephophyZZum wiZZiamsi and Strombodes paucipustuZatus

n. sp. are always symmetrically conical.

Conical and hemispherical favositids, in various orientations,

are incorporated within some phaceloid colonies and appear to be lodged

between the corallites. Rarely, two or three phaceloid colonies grew so

close together that their mature stages became intergrown, producing a large

aggregate. Disoriented colonies are usually completely overturned, resting

on their broad upper surfaces with their narrow conical bases perpendicular

to the substrate. Disoriented specimens not in this position lie at various
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angles to the sediment. Where whole colonies are numerous, fragments of

phaceloid colonies and corallites are common to abundant within the

surrounding matrix. As the number of colonies decreases away from the

centers of concentration, so does the number of fragments, suggesting local

derivation of the fragments.

The intercorallite spaces of all phaceloid rugosans are

invariably filled with finely crystalline dolostone that was once fine

carbonate mud with a large fraction (about 35 percent) of terrigenous

clay. The amount of terrigenous material within these spaces is commonly

four to seven times that of the surrounding matrix. Mudstone, similar to

that within the colonies, forms narrow, lenticular shadows of sediment on

the northeast side of several of the phaceloid colonies located on the

southwest slopes of bioherms A and C.

Growth form of cerioid rugose corals.- Two cerioid rugose taxa occur

on the bioherms. One, Strombodes gracilis� produced tabular to low-domal

and broadly conical colonies (Fig. 25; Plate 6b,c; 7c; 33a). These forms

are intergradational and constitute a progression similar to that of

the conical to hemispherical favositids. They attained sizes up to

0.6 m in diameter, averaging about 0.15 to 0.25 m, and up to 0.15 m in

height. Their upper and lower surfaces may be gently undulatory.

The other cerioid rugosan, Favistina calicina� produced

only tabular colonies and is rare on the bioherms (Plate 26a,b). Eleven

colonies were encountered, the largest of which is 120 mm in diameter and

40 mm high. These tabular rugosans do not display lenses of sediment

within their skeletons, nor are they intercalated with sediments along
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their margins.

Growth form of other colonial corals.- A number of other colonial

coral taxa are found on the bioherms, but none are abundant. Catenipora

sp. constructed broadly conical to low-domal colonies (Fig. 25), many

of which display a horizontal dimension longer than the other dimensions

(Plate 17d,e; 18). The upper surfaces are slightly convex, and basal

surfaces may be conical, slightly concave, or undulatory. Colonies with

broadly conical bases occur in mudstones and wackestones which contain

few sedimentary grains, those with slightly concave bases in wackestones

that contain more abundant grains, and those with undulatory bases in

wackestones and packstones containing skeletal components. Cateniform

colonies reached maximum sizes of 250 mm long, 120 mm wide, and 100 mm

high. Intercorallite spaces are filled with mudstone with a large

fraction of terrigenous clay, similar to the matrix within the phaceloid

colonies. Fragments of cateniform colonies are rare.

Four colonies of Saffordophyllum cf. deckeri were found on

the bioherms. All four are broadly conical in shape, less than 50 mm in

diameter and less than 30 mm in height. They were found in various

orientations other than growth position and were embedded in a matrix of

mudstone.

Only three colonies of Propora conferta� a heliolitid coral,

were found, two on the northwest slope of bioherm C and one on the south

slope of bioherm A. All were in growth position, encased in mudstone.

These tabular colonies are about 120 mm in diameter and up to 30 mm high.
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Distribution of corals and stromatoporoids

The fossil assemblages and their distributions within the

bioherms of the Manitowaning Cluster are believed to have been largely

controlled by environmental factors. For this reason, the distributions

of corals and stromatoporoids, and of their particular growth forms,

are viewed as important keys to the interpretation of the paleoecology

of the bioherms. The distributions of lamellar stromatoporoids, lamellar

favositids, conical to hemispherical favositids, halysitids, cerioid

rugosans, and phaceloid rugosans were plotted on contour maps of the

seven bioherms. These distribution maps are presented in Appendix II.

The excellent exposure of the surfaces of the bioherms allows precise

presentation of their lateral distributions. Unfortunately, vertical

control is limited to drill-core, and only general comments can be made

about the distribution of corals and stromatoporoids within the bioherms.

Lamellar stromatoporoids occur as encrustations of sedimentary

surfaces in all microfacies. These coenostea are found throughout the

bioherms, but are most abundant on the southwest slopes of bioherms A, B,

C, D, E and on the southeast and east slopes of bioherms F and G

respectively. Fragments of these organisms are found most commonly on

the upper parts of these same slopes. Lamellar stromatoporoids occur

in equal numbers in all microfacies at any given locality. Some encrust

rugose and tabulate colonies of all sizes, as well as other stromatoporoids.

Both upright and overturned colonies are encrusted, indicating

penecontemporaneous disorientation of some coral colonies. In rare

instances, extremely thin lamellar stromatoporoids are intimately
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associated with lamellar bryozoan colonies, forming intracately intergrown

consortia. Lamellar coenostea are considerably less abundant, but still

common, in interbiohermal and sub-biohermal beds.

Domal stromatoporoids occur almost exclusively where lamellar

forms are most abundant. Those that are found on other parts of the

bioherms are usually fragmented specimens, which have recently weathered

loose from the matrix and apparently have been transported. The original

locations of these fragments are unknown. Domal coenostea are also

common in interbiohermal deposits immediately adjacent to the mounds.

Their numbers decrease to zero within short distances of the margins.

Lamellar favositids are commonly associated with stromatoporoids

of the same growth form and have similar spatial distributions. The

majority of these corals rest directly on sedimentary surfaces but, like

the stromatoporoids, they may encrust other colonies and coenostea as

well. Lamellar favositids are not seen in interbiohermal beds except

those immediately adjacent to the mounds. The distribution of favositid

fragments exhibits a pattern similar to that of the fragmental

stromatoporoid material: fragments are most abundant in rocks on the

upper parts of the southwest slopes of bioherms A, B, C, 0, E, and on the

upper parts of the southeast and east slopes of bioherms F and G.

The distribution of conical to hemispherical favositids

varies from mound to mound. They are most common along the south and

southwest slopes of most bioherms, except F and G where they are found

on the northeast and southeast slopes respectively. Conical to

hemispherical colonies are rare on bioherms F and become increasingly more

abundant in mounds toward the southeast. Favositids with this morphology
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are sparsely distributed within the drill-cores. Aside from these

general trends, there is no apparent pattern to their distributions.

They occur in all microfacies. The largest specimens occur in the

interbiohermal beds southwest of bioherm A and between bioherms E and F.

About 80 percent of favositid colonies in interbiohermal deposits are

hemispherical. On the mounds, conical and hemispherical forms intergrade

and occur in approximately equal numbers.

Most phaceloid rugose corals that are in growth positions are

isolated, suspended within the associated matrix; however, some are

basally attached to other rugose and tabulate corals which themselves may

or may not be in their original orientations of growth. In some instances,

a phaceloid colony and the skeletal structure to which it is attached have

been overturned as a single unit. The earliest coral lites are not

preserved in most unattached and overturned colonies because the basal

portions are typically abraded. Phaceloid rugosans are confined to the

upper surfaces of the bioherms; specimens are never observed at depths

greater than 0.35 m below the surface. This depth usually corresponds

to the growth radius of a single large colony completely embedded in the

dolostone. Rarely two small colonies, one above the other and anchored

to it, occur within this same distance.

Fa l.aeoent:e lophy l l.um i.nconet.ans n. sp . is the most abundant

species of the phaceloid rugose corals and has the widest distribution.

On mounds A, B, C, 0, and E, this species is found on most parts of the

bioherms and is associated with all microfacies. Colonies are most

numerous on the central and lower parts of the southwest slopes.

Numbers decrease drastically toward the north and east slopes where colonies
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of this species mainly occur at the bases of the slopes. They are also

scarce on the gently sloping central portions of bioherms Band D. On

bioherms F and G, this species is common on the central and lower parts of

the east slopes, reduced in number over the tops, and absent from the west

slopes.

StrephophyZZum wiZZiamsi is found only on the southwest slopes

of bioherms A, B, and C. Most colonies occur on the central and lower

parts; they are rarely found at the top of the slopes. Colonies of

Strombodes paucipustuZatus n. sp. are scarce on most of the mounds and do

not occur at all on bioherms A and F. There is no apparent patern to their

distribution. Many small phaceloid colonies, mainly of PaZaeoenteZophyZZum

inconstans n. sp. occur in the interbiohermal beds within two or three

meters of the margins of the bioherms, particularly on the southwest sides.

The average size and abundance of all phaceloid rugose colonies

decrease steadily along a northwesterly trend sub-parallel to the west

limb of the Manitowaning Bioherm, from maxima on bioherms A, B, and C to

minima on F. This same pattern is exhibited by rugosa on the other

bioherms northeast of the Manitowaning Bioherm.

The cerioid rugose coral, Strombodes graciZis� displays

similar lithological associations and distributional patterns to those of

the phaceloid forms, with minor differences. On bioherms C, E, and G,

this species is more restricted in distribution than the phaceloid rugosans

and is only found on those parts of the mounds where the phaceloid

colonies are most abundant. The cerioid colonies are rarely attached to

other large skeletal structures, most occurring as isolated colonies

resting upon the substrate. Colonies of the other cerioid rugosan,
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Favistina calicina� were found near the toes of the south slopes on

bioherms A, B, and C. Four specimens had weathered loose from the

matrix and had been transported unknown distances. The remaining seven

colonies were embedded in mudstones and wackestones. None of these colonies

show evidence of having been originally attached to other corals or

stromatoporoids.

The abundance of Catenipora sp. on individual bioherms is

variable and the distributions are patchy. They are generally concentrated

on the upper portions of southwest slopes, with scattered isolated

occurrences on other parts of the mounds. This species is absent from

the east slopes of all mounds except G. Colonies that are in growth

positions may rest on mudstones, wackestones, or packstones, but the

surrounding matrix is invariably mudstone or wackestone.

Solitary rugose corals show distributional patterns that

generally coincide with those of the phaceloid corals. In addition, these

small trochoid corals are common to abundant in interbiohermal deposits

near the southwest margins. The majority are disoriented, lying parallel

to the substrate. Groups of three to five closely packed colonies are

occasionally found in growth position in interbiohermal beds and on the

margins of the bioherms. Isolated upright solitary rugosans are

extremely rare.

It is evident from these observations that the distributions

of corals and stromatoporoids on the bioherms is somewhat variable, but

several generalizations can be made. First, lamellar stromatoporoids,

lamellar favositids, and conical to hemispherical favositids are present
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throughout the biohermal deposits. Second, phaceloid and cerioid rugose

corals are confined to the upper surfaces. Halysitid corals are not

found in the drill-cores, but this is not surprising if these corals are

as scarce and as locally concentrated within the bioherms as they are on

the surfaces. Third, stromatoporoids and favositids with lamellar growth

forms are the only forms commonly found on the low-lying central parts of

the larger bioherms (i.e. bioherms 8,0). Fourth, the seven bioherms may

be divided into two groups on the basis of the distributions of corals and

stromatoporoids on the upper surfaces. The larger group comprises bioherms

A, 8, C, 0, and E, the other, bioherms F and G. On bioherms A to E, all

corals and stromatoporoids are most abundant on southwest-facing slopes

and are scarce on northeast-facing slopes. �lthough the abundance of

individual taxa varies somewhat from mound to mound, the pattern of

distribution is the same regardless of the size, shape, relief, or

orientation of the bioherms. On bioherms F and G, corals and stromatoporoids

are most abundant on east- and southeast-facing slopes and scarce or

absent on northwest-facing slopes. Fifth, the overall abundance of all

taxa, particularly phaceloid rugosans, cerioid rugosans, and halysitids,

decreases in a northwest direction across the group of seven mounds,

from a maximum on A and C to a minimum on F.

Paleoecological implications of growth form

Potential controls on growth form.- The factors controlling the

morphological variation of the calcareous skeletons secreted by extinct

groups of invertebrate animals, such as stromatoporoids and rugose and
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tabulate corals, are poorly understood (Stearn 1982, p. 238). Undoubtedly

both genotype and physical environment played major roles, but relative

importance of each is unknown. When dealing with extinct organisms, the

common practice has been to compare morphological variation and distribution

to patterns of occurrence of Holocene organisms with analogous growth forms

and similar modes of life. Subsequently, data derived from investigations

of the factors influencing morphology in modern taxa are extrapolated

into the fossil record to infer possible controls on the growth forms of

ancient organisms (Stearn 1982, p. 228). Paleoecological interpretations

based solely on the occurrence of particular morphotypes, however, must be

made with reservation. Detailed sedimentological and petrological studies

of the deposits in which the fossils are found, in conjunction with

paleontological examination of associated faunas and floras, are imperative

before conclusions about paleoecology can be drawn with confidence. This is

especially true when one is attempting to determine the role played by

genetics. Present understanding of the genetic control exerted on

morphology in extant colonial invertebrate groups is rudimentary. In fact,

definition of coloniality itself on the basis of genetic citeria is the

focus of much controversy (Rosen 1979, p. xxiii-xxx). This limited know

ledge cannot be directly applied to the fossil record where genetic material

is not available. Thus, precise taxonomy and patterns of distribution

provide the only reliable evidence of the degree of genetic influence on the

morphology of extinct organisms. For example, Kapp (1975, p. 204) concluded

that the growth forms of stromatoporoids in Middle Ordovician mounds in

Vermont were controlled genetically because morphology was consistent

within individual species and independent of the type of substrate.

In many modern invertebrate taxa with colonial or massive
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skeletons, the skeletal for� is significantly influenced by such

environ�enta1 and biological factors as wave or current energy; illumination

(in light-dependent groups); rate of sedimentation; stability, inclination,

and grain-size of the substrate; supply of nutrients; availability of

space competition for available space; and attack by boring and grazing

organisms (for example, see Stauch 1936; Goreau and Hartman 1963; Stearn and

Riding 1973; Dodge et al. 1974; Graus and Macintyre 1976; Graus et al. 1977;

Stearn 1982). Presumably many or all of these parameters had significant

affects on the growth forms of ancient organisms as well.

Several of these factors are believed to have been of only minor

importance during the accumulation of the bioherms in the Manitowaning

Cluster. With the exception of algae, none of the organisms on the mounds

were demonstrably dependent upon light for their existence or form. Like

modern ahermatypic corals, Paleozoic corals apparently did not contain algal

symbionts and were, therefore, probably not confined to well-illuminated

waters. Although there is some suggestion that light may be important to

some sponges (those containing symbionts - deLaubenfels 1954, p. 276), it is

uncertain to what extent stromatoporoids were affected. Stromatoporoids have

displayed no convincing evidence of having contained algal symbionts.

Physical space on the bioherms was not a limiting factor on the

growth forms of the corals and stromatoporoids. Although some were overgrown

by lamellar forms, the majority of corals and stromatoporoids occurred as

isolated colonies and coenostea, resting directly upon the sediments. The

skeletons of these organisms never cover more than about ten percent of the

total surface of the bioherms. Even on southwest slopes, where they may

occupy up to 35 percent of available space, there is no appreciable crowding

of individuals.
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Traces of macroscopic and microscopic borers are virtually

absent. Either the ecological niches usually occupied by these organisms

were vacant at the time of development of the bioherms or all evidence of the

activity of boring organisms has been obliterated by silicification and

dolomitization. The latter is an unlikely explanation of the lack of

macroborings because other, more delicate, organic structures are preserved

(e.g. mural pores within favositid colonies). Evidence of grazing organisms

is almost as scarce. The only potential grazers on the bioherms were rare

small gastropods. Their small numbers reflect their insignificance in the

biohermal community. Of course, it is impossible to know whether there were

soft-bodied, and therefore unpreserved, grazing animals present.

The affects of nutrient supply on the growth form of the corals

and stromatoporoids is difficult to determine. There was probably little or

no competition for nutrients between these taxa, as all were adapted to

exploit different elements of the food resources (Stearn 1972, p. 384).

Stromatoporoids probably fed on microscopic organic material such as

phytoplankton, bacteria, fine zooplankton, and organic detritus (Storer and

Usinger 1965, p. 315; Reiswig 1971). By analogy to modern corals, the small

corallite size of the favositids suggests that their small polyps

subsisted on zooplankton and near-microscopic fragments of organic

detritus. The phaceloid and cerioid rugose corals, on the other hand,

had much larger polyps and probably fed on larger organic particles and

small pelagic animals. Thus, only the three phaceloid rugose taxa were

potential competitors. They are usually separated by at least a short

distance, however, and probably were not in direct competition with one

another. Although cerioid rugosans probably had nutrient requirements
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similar to those of the phaceloid rugosans, they had much lower colonies

and most likely fed from lower levels in the water column. The

availability of nutrients and its affect on the form and abundance of the

corals and stromatoporoids is problematical. The concentration of these

taxa on southwest slopes may indicate that nutrients were more abundant

there or possibly that the supply was more constant.

Growth form in stromatoporoids and corals is believed to

have been controlled to a large extent by the remaining factors: energy,

rate of sedimentation, and conditions of the substrate. These parameters

are inter-related, and their individual affects are extremely difficult

to differentiate. The coordinated affect these factors had on growth

form, however, can be assessed by an examination of the growth forms

themselves, their relationship to the substrate, and their potential

response to differing rates of sedimentation.

Lamellar growth form.- There is much confusion related to the terminology

applied to thin, broad stromatoporoid coenostea and coral colonies. This

shape has been variously described as lamellar, tabular, encrusting, platy,

laminar, and sheet-like. An investigation of the literature shows that

most of the forms to which these terms are applied may be adequately

described as lamellar or tabular as defined by Abbott (1973, p. 805). In

the following discussion, references to the literature are restricted to

studies of stromatoporoids and corals that, on the basis of rlates and

the authorsl descriptions, are judged to be analogous to the lamellar

forms found in the Manitowaning Cluster.

Various authors have expressed divergent opinions as to the
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ecological implications of lamellar growth form. Several workers,

some studying modern corals and sponges and others examining ancient

counterparts of those organisms, have come to the conclusion that

lamellar morphology is an adaptation to shallow-water environments with

high energy and low rates of sedimentation (Yavorsky 1955, p. 10;

Goreau 1959, p. 74, 79; Perkins 1963, p. 1341; Yonge 1963, p. 217;

Textoris and Carozzi 1964, p. 407-409; Rosen 1971, p. 169; Krebs 1972,

p. 656; Kobluk 1978, p. 228). Petrological and faunal evidence from

many deposits in the stratigraphic record, however, indicate that this

interpretation is not universally acceptable. A number of authors have

come to exactly the opposite conclusion, that lamellar growth in

stromatoporoids and corals was an adaptive response to deeper-water,

low-energy conditions (Murray 1966, p. 17; Fischbuch 1968. p. 502;

Lecompte 1968a, p. 34; 1968b, p. 49; Corneil 1969, p. 45; Phil cox 1971,

p. 342; Embry and Klovan 1972, p. 683; Wijsman-Best 1974, p. 223). In

addition, in some biohermal habitats lamellar stromatoporoids lived in

both turbulent and quiet waters but were apparently more abundant in the

latter (Klovan 1964, p. 37; Leavitt 1968, p. 324). The lamellar growth

form was probably an efficient adaptation to several different environments.

Therefore, each individual occurrence must be assessed within the context

of the deposits with which they are associated.

The lamellar favositids and stromatoporoids on the bioherms

probably had greater difficulty shedding sediment from their upper

surfaces than did those forms with greater skeletal relief. Under the

low-energy conditions indicated by the fine-grained sediment, the

survival of these organisms must have depended on low rates of sedimentation.
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Water movement probably was insufficient to keep them clean of sediment.

Small fluctuations in the rates of sedimentation are recorded within

the coenostea and coral colonies in the form of invaginated or irregular

margins and incorporated lenses of sediment. These lamellar forms were

repeatedly partially buried during periods of increased deposition. That

the covered portions of these organisms remanined buried and died attests

to the inability of these low-lying forms to remove sediment. The

irregular upper surfaces developed by these organisms was an advantage

under such variable conditions because they increased the probability of

survival during episodes of increased sedimentation. The raised parts of

the organisms, with their slightly higher relief, stood a greater chance

of remaining exposed than the lower, flatter areas, and may have shed

sediment somewhat more efficiently. The organisms then could re-expand

from these parts after the rates of sedimentation had fallen below a

critical level.

Consistent accumulation of sediment on one particular side

of lamellar stromatoporoid coenostea in Silurian rocks of southern Norway

has been interpreted as indicating a dominant current direction during

growth (Broadhurst 1966, p. 403). The sediment accumulated on the

lee-side of small elevated portions of the upper surfaces of the coenostea.

Where unilateral deposition was persistent, the lee-sides of the

stromatoporoids were continually buried and the stoss-sides swept clean.

As a result, the growth surfaces of the stromatoporoids migrated with

time toward the source of current. The absence of these features on the

Manitowaning bioherms does not necessarily indicate that, during their

development, currents were not predominately from one direction. It does
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suggest, however, that the currents were not normally strong enough to

unfluence significantly the distribution of sediments around individual

colonies and coenostea.

The majority of the lamellar stromatoporoids and favositids

rest directly on, and are commonly encased by, mudstones and wackestones

that contain few grains. Virtually all are in growth orientation. There

is no evidence to suggest transportation of these skeletons and, despite

the fact that they had only two flat surfaces upon which they could come

to rest, chance redeposition after transportation cannot account for the

number that are upright. Furthermore, the basal surfaces of these lamellar

specimens conform to the configuration of the surfaces upon which they

rest, indicating that they are preserved in their original sites of

growth. The stability of this morphotype under the conditions prevalent

on the mounds is reflected by the number of specimens in growth positions.

Lamellar growth was good for colonization of the muddy

substrate. The high width-to-height ratios allowed these organisms to

distribute the weight of their skeletons over an area large enough to

prevent sinking into the fine-grained sediment. Workers who have noted

the association of lamellar stromatoporoids and muddy substrates in

other deposits have drawn similar conclusions (Klovan 1964, p. 36;

Corneil 1969, p. 45). Harper (1970, p. 850) believed that stromatoporoids

with laminar morphology lived on firm substrates, whereas those with

amoeboid forms colonized soft substrates. The growth form exhibited by

the lamellar stromatoporoids and corals on the bioherms is intermediate,

although some tend toward amoeboid; this suggests relatively soft

sediment.
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Lamellar growth may also have been an adaptation for

maximum exploitation of the nutrient supply in a low-energy environment.

Under quiet conditions, little organic material would be carried to the

organisms by currents but detritus would be continually raining down

through the water column. Broad upper surfaces would allow the organisms

to gather food over a wide area.

The lamellar forms did not grow to substantial sizes,

remaining thin and laterally restricted. The abundant lenses of sediment

within the structures and the interfingering of their margins with the

surrounding sediments shows that the bioherms were subjected to short-term

increases in the rate of sedimentation. The increases in rates, whether

due to influxes of sediment from outside the biohermal environments or to

resuspension and redeposition of sediments on the mounds, were probably

frequent and of large enough magnitude to bury many of the low-lying

organisms before they grew to large size.

Conical to hemispherical growth form in favositids.- Many of the

favositids on the bioherms developed broadly conical to hemispherical

forms. Growth of corallites within these colonies is radial; they

extend outward from the earliest corallite. These conical to hemispherical

morphotypes are intergradational within species, reflecting environmental

rather than genetic controls. Locally variable rates of sedimentation

probably account for the range of variation in favositid growth form. The

corals produced hemispherical colonies in response to low rates of

sedimentation relative to the growth rates of the colonies because radial

growth was unrestricted. In areas where sediment was accumulating at



187

somewhat higher rates, peripheral corallites growing parallel, or at

low angles, to the substrate were readily buried. Thus, only those polyps

secreting corallites at angles sufficient to maintain themselves above

the accumulating sediment could survive. The result was colonies with

conical shapes. The obtuse apical angles of the conical colonies indicate

that during growth the rates of sedimentation around them were not

dramatically higher than around the hemispherical colonies. The

continuous variation from broadly conical to hemispherical, together with

the fact that these morphotypes commonly occur close together on the

bioherms, is evidence that the rates of sedimentation, although low on

the bioherms in general, varied over short distances on individual mounds.

The environmental factors influencing conical and hemispherical

growth in colonial corals have not been investigated extensively. In a

detailed study of the growth form of favositids in Silurian reefs of

Iowa, Philcox (1971, p. 340) concluded that continuous variation from

cylindrical to hemispherical form resulted from differing rates of

sedimentation. Hemispherical colonies developed when or where rates

were negligible. As rates increased, favositid growth forms changed to

broadly conical, acutely conical, and finally cylindrical. The absence

of acutely conical and cylindrical forms on the bioherms of the

Manitowaning Cluster supports the conclusion that normal rates of

sedimentation were low during growth of the favositid colonies.

In the Silurian deposits of Iowa, fluctuations in the rate

of deposition are recorded by individual colonies developing different

growth forms at different stages during their growth, and by periodic,

abrupt constrictions of the growth surfaces (Philcox 1971, p. 342, fig. 6).
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Growth continued from these reduced surfaces, and the colonies again

expanded laterally as the rate of sedimentation declined. These features

are not displayed by the favositids on the Manitowaning bioherms. This

probably indicates that fluctuations, when they did occur, were intense

enough to smother whole colonies rather than just portions of them.

Regular but periodic increases in the depositional rates probably account

for the uniformly small sizes of both growth-oriented and overturned

colonies.

Philcox (1971, p. 341) interpreted alternating bands of

closely and widely spaced tabulae within favositid colonies as seasonal

increments of growth, in response to cool and warm conditions respectively.

On this basis he suggested that pairs of bands may represent yearly growth.

He found that the average width of the paired bands was 20 mm. Thus,

favositids within the reefs of Iowa potentially could have survived annual

rates of sedimentation up to 20 mm. Most conical to hemispherical colonies

on the bioherms of the Manitowaning Cluster do not contain tabular bands.

In those that do, the thickness of a pair of bands is quite variable, up

to 25 mm.

tabulae.

None of the colonies observed had more than three bands of

Whether these bands are seasonal or not is unclear. If so, the

growth of individual colonies was variable and the majority grew to their

present size and died in one season, a few existing for up to three seasons.

These same results apply to the lamellar favositids as well, in which up

to three tabular bands were commonly developed. In the lamellar forms,

pairs of bands are usually 5 to 8 mm thick. Philcox's (1971) theory cannot

be applied directly to lamellar forms because of their reduced capability

for rejecting sediments. Lamellar colonies were probably killed by rates
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of sedimentation much lower than might be suggested by the width of

tabular bands.

The conical to hemispherical colonies are commonly associated

with wackestones and coarser-grained rocks, particularly on the southwest

slopes of the bioherms and in the interbiohermal beds. This morphotype is

scarce in the mudstones; large areas of mudstone contain none at all. The

overall distribution of these forms was not governed by the laterally

variable conditions of sedimentation. Lamellar favositids and stromatoporoids

that, because of their low profile, were more susceptible to burial than

the conical to hemispherical forms are common in the mudstones. The rate

of sedimentation, therefore, was not significantly greater in the areas

where nearly pure mud was accumulating. A more plausible control on

the distribution of conical to hemispherical favositids was the grain-size

and stability of the substrate. Muddy substrates would have been much

softer than those composed of coarser-grained sediments and would have

offered few sedimentary grains upon which favositid larvae could settle

preparatory to colonial growth. Colonies with conical to hemispherical

forms, unlike those with lamellar growth-forms, were probably inefficient

colonizers of such unstable and fine-grained surfaces.

Growth form of cerioid rugose corals.- The cerioid rugose corals

responded to locally variable rates of sedimentation in much the same

way as the favositids. Tabular forms developed where rates were low and

the colonies could expand laterally. Where rates were higher, broadly

conical colonies were produced. Low-domal growth forms developed under

intermediate conditions. The shape of some colonies changed with growth,
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presumably in response to minor changes in the sedimentary environment.

The close association of these different forms is a further indication

that depositional rates varied on a small-scale on the bioherms.

GroZJth form of phnceloid rugose corals.- Phaceloid growth form in rugose

corals was a genetically determined character, but the overall shape of

the colonies was significantly affected by the rate of sedimentation

(Philcox 1970, p. 972). During periods of slow sedimentation, lateral

growth was unrestricted and colonies expanded over the substrate to

produce low, sprawling structures. Tall, narrow colonies developed when

sedimentation was rapid; lateral expansion was restricted because

corallites growing nearly parallel to the substrate were quickly buried.

As a result, peripheral corallites became oriented at higher angles to the

sediment and vertical growth was accentuated, in an effort to keep the

growth surface above the sediment. Constrictions in the growth surface

record partial burial and subsequent re-expansion in response to

fluctuating rates of sedimentation.

Mature phaceloid colonies on the bioherms are broadly conical

in shape. In general, the accumulation of sediment was slow relative

to the growth of the colonies. This allowed the corals to expand

laterally. The angles of divergence of peripheral corallites are always

obtuse in mature colonies. The angles vary to a small degree within

species due to the locally varying conditions of sedimentation. The

angles of divergence vary interspecifically as well. Mature colonies of

Strephophyllum ZJilliamsi have the widest angles of divergence, largest

diameters, and lowest relief. Strombodes pauci.puetul.at.us n. sp. displays
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the narrowest angles, smallest diameters, and greatest relief. Colonies

of Palaeoentelophyllum inconstans n. sp. are intermediate. As the three

species commonly occur together, variable rates of sedimentation do not

account for the basic morphological differences. More likely, variations

in these parameters reflect a certain amount of genetic control on the

rates of growth. Colonies of Strephophyllum williamsi probably grew a

little faster than the others.

The only species of phaceloid rugose coral to exhibit acutely

conical growth form is Palaeophyllum umbellicrescens (Plate 27b-f; 28).

The largest specimen observed is 60 mm in diameter at its widest and 100 mm

tall. Two specimens half the maximum size were found in growth positions;

all others were overturned. Acutely conical growth apparently was

genetically controlled, possibly related to the unique multiple increase

displayed by the species. The small sizes of the colonies may have been

determined by their instability in an environment where sedimentation rates

were low. Rapid vertical growth from a narrow base probably rendered

the colonies prone to toppling because sediment was not accumulating

around them fast enough to support them in an upright position.

Phaceloid colonies passively baffled currents and caused

deposition of sediment between their corallites. Intercorallite

sedimentation had no apparent affect on the shape of the colonies.

Despite the role of these organisms as baffles, therefore, rates of

accumulation of sediment remained low in and around the phaceloid colonies

and were probably only slightly higher than other areas.

The majority of the phaceloid rugose corals are symmetrically

conical in overall shape; the upper surfaces are equidimensional and the



192

bases are positioned below the geometric center of the upper surfaces.

Corallites grew away from the bases at the same rate in all directions.

A few colonies grew preferentially in one or, exceptionally, two

directions. Oriented growth in Holocene scleractinian corals with growth

forms generally analogous to those of the phaceloid rugosans is usually

in response to predominately unidirectional, moderate to strong current

or wave energy (Goreau 1959, p. 76; Braithwaite 1971, p. 44). The corals

grow up-current toward the source of energy and nutrients. Symmetrical

colonies develop where current directions are more random or energy levels

are low. The predominance of symmetrical forms on the bioherms is an

indication of the low energy conditions that prevailed during growth.

The asymmetrical colonies that are in growth position are not

current-oriented; the direction of growth varies from one colony to

another. The shape of these asymmetrical colonies is attributed to

burial of parts of the young colonies. The few surviving polyps

continued to grow away from the base, producing asymmetrical shapes.

In the two small phaceloid colonies that are uniformly

arcuate in shape, corallites are gently curved longitudinally. These

colonies are preserved with the convex sides toward the substrate so

that most of the basal corallites are oriented parallel to the sedimentary

surface and a few are actually oriented slithtly downward into the

sediment. The shape of these colonies is interpreted as evidence of

differential settling into the muddy sediments as the mass of the colony

increased. Differential settling caused downward rotation of the colonies,

necessitating continual reorientation of the growth surfaces for the

polyps to survive. Once settling was initiated, it continued in the same
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direction, producing the arcuate shapes.

Domal growth form in et.romatoporoi.de :« The stromatoporoids with

low-domal growth forms have smooth margins, and latilaminae are

downturned at the edges to envelope completely all earlier latilaminae.

These growths apparently were little affected by sedimentation during

growth. Had rates of sedimentation been appreciable during their

development, the latilaminae would have been buried along the downturned

margins by sediment accumulating around the coenostea. Many of the

latilaminae would have been separated along the margins from the immediately

subjacent skeletal tissues by lenses of sediment. The result would be

irregular edges that interfinger with the adjacent sediments, as displayed

by many of the lamellar forms. In addition, latilaminae would not

envelope earlier latilaminae. The presence of enveloping latilaminae

indicates low rates of sedimentation relative to skeletal growth. These

stromatoporoids must have lain upon the substrate, completely exposed

above the sediment throughout the life of the organisms. Kershaw and

Riding (1978) made similar interpretations in a study of growth forms of

stromatoporoids in general. They showed that enveloping latilaminae are

commonly developed in tabular and domal coenostea and concluded that the

presence or absence of enveloping latilaminae was controlled largely by

rates of sedimentation around the coenostea (Kershaw and Riding 1978,

p. 241). The occurrence of low-domal stromatoporoids on the Manitowaning

bioherms indicates that there were localities where sedimentation was

negligible for reasonable lengths of time. These areas of slight

deposition were not extensive. Low-domal coenostea commonly occur within
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short distances of other organisms whose skeletons reflect more rapid

sedimentation.

Growth form of cateniform colonies.- The growth forms of cateniform

colonies are further indications of the slow accumulation of sediment

on the bioherms. Lateral corallites in many colonies grew at low

angles to the substrate. The shapes of the bases were controlled by

the conditions of the sediment: broadly conical bases were developed

in soft muds, probably because the colonies tended to settle a little

as weight increased, killing peripheral coral lites; slightly concave

bases were produced where sedimentary grains were more abundant and

the substrate somewhat firmer; colonies developed undulatory bases for

colonization of more irregular surfaces where skeletal components and

numerous grains were encountered. Overall conical shape also may have

been the result of slightly higher rates of sedimentation. The

cateniform colonies baffled currents on a local scale. Fine-grained

carbonate and terrigenous mud accumulated within the intercorallite

spaces, helping to stabilize the colonies and serving to smooth minor

irregularities in the substrate.

Rejection of sediment by corals and stromatol'oroids.- Among the corals

and stromatoporoids of the bioherms, only phaceloid and, to a lesser

extent, cerioid rugose colonies attained appreciable sizes. All others

were killed off before they could produce large skeletons. The abundance

of overturned specimens of all taxa shows that some disorienting agent

contributed significantly to the demise of individual corals and
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stromatoporoids. Overturning, however, was not the major factor

limiting the size of these taxa because the specimens preserved in

growth position have the same average and maximum sizes as those that

are displaced. In addition, some specimens in all size ranges are

overturned.

The stability of the substrate apparently had little affect

on the size of the corals and stromatoporoids. Presumably, if the

substrate had been so unstable as to be unable to support organisms

above a certain critical mass, those that produced lighter, less-dense

skeletons would have grown larger than others with the same growth form

that produced heavier, denser skeletons. The thin walls, widely spaced

simple tabulae, mural pores, and lack of septa suggest that the conical

to hemispherical fovositids produced much lighter skeletons than the

conical to low-domal cerioid rugose corals. The cerioid rugosans are

typified by thicker walls than the favositids, numerous long septa and

complex tabulae, and abundant dissepiments. But the cerioid rugose

corals generally produced larger colonies than the favositids.

Furthermore, there is little evidence of differential settling of

larger colonies and coenostea. This is not to say that the condition

of the substrate had no affect on these organisms. Lamellar growth forms

were probably developed as a method of colonizing soft muddy surfaces,

and some coral taxa display different basal configurations depending

upon the type of sediment on which they grew.

The fact that many colonies and coenostea are preserved in

their original growth orientations suggests that burial was the

principal cause of death of these organisms. Yet some taxa, such as the
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phaceloid rugosans, were more successful at avoiding burial and lived

to produce large colonies. The relative susceptibility of different

growth forms to burial and the relative ability of different taxa to

shed sediment are believed to have had a major influence on the size

to which colonies with a particular morphotype grew.

In a study of sediment rejection by recent scleractinian

corals, Hubbard and Pocock (1972) showed that the relative abilities of

different coral taxa to shed sediment are largely controlled by their

skeletal structure. All scleractinian polyps shed sediment by distension

through the stomodeal inhalation of water and the potential for distension

is directly related to the surface area of the cal ice. Taxa with v-shaped

calical floors, higher calical relief, and large numbers of septa more

actively shed sediment than corals with flat calical floors, lower

calical relief, and fewer septa (Hubbard and Pocock 1972, p. 617).

Rugose corals on the bioherms all have much greater calical surface areas

than the tabulate corals. The rugosans have undulatory and v-shaped

calical floors, high calical relief, and many well-developed septa. The

tabulates, on the other hand, have flat to slightly convex or concave

calical floors, low calical relief, and few, poorly and irregularly

developed septa. Assuming that the relative abilities of Paleozoic

corals to reject sediment was similarly reflected in their skeletons,

the rugose corals on the bioherms are believed to have been able to shed

sediment more efficiently than the tabulate corals. In addition, the

relative corallite sizes of these taxa indicate that the rugose corals

had larger polyps, which may have been an advantage.

Modern sponges usually occur where rates of sedimentation are
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low or where current energy is high enough to keep them clean of

sediment because they are unable to shed sediment that accumulates on

them. In fact, because they feed by pumping water through their porous

skeletons, sponges can tolerate little turbidity and are easily damaged

by suspended silt-sized or finer-grained particles (deLaubenfels 1957,

p. 1083; Kobluk 1975, p. 246). The stromatoporoids on the bioherms,

therefore, were probably the taxa most affected by increased rates of

sedimentation. Their occurrence on the mounds suggests that turbidity

and rates of sedimentation were normally low.

Growth form probably also affected the ability of the

corals and stromatoporoids to avoid burial. Those with lamellar or

tabular shapes were the most easily buried because of their low relief

and, for the same reason, would have had the greatest difficulty

shedding the sediment. Forms with convex upper surfaces were equally

readily buried, but sediment was probably more easily removed by

gravitational displacement down the sides of the colonies. Phaceloid

rugose corals were least affected by increased sedimentation. The

surface area of the individual corallites was small compared to the

overall area of the colonies, and most of the sediment accumulated

between the corallites. Because of the high relief of the corallites,

sediment that settled on the polyps themselves was easily shed into the

intercorallite spaces. Hubbard and Pocock (1972, p. 622) noted a similar

relationship between cerioid and phaceloid lithostrotionid corals in the

Carboniferous of Ireland. Cerioid forms tended to be smothered by

influxes of fine-grained sediments whereas phaceloid colonies were little

affected aside from showing variation in the angles of divergence.
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Phaceloid rugose corals produced the largest colonies

because they were less susceptible to burial and more efficient at

rejecting sediment than other forms. Conical to domal cerioid rugosans

were better able to shed sediment than conical to hemispherical favositids,

despite having similar forms. As a result cerioid rugose corals

survived longer and produced larger colonies. Conical to hemispherical

favositids appear to have been the least successful forms. Evidently,

even the lamellar forms were less prone to being completely buried by

influxes of sediment. This was due to the broad, irregular upper surfaces

of the lamellar forms, which increased the probability that some part of

the colony or coenosteum would remain uncovered and would serve as centers

for the regeneration of growth.

Swnmary.- vJithin the bioherms, the growth forms of stromatoporoids and

colonial corals developed more in response to low rates of

sedimentation and a somewhat unstable muddy substrate than to the energy

conditions, although rates of sedimentation were probably directly

related to the energy in the system. The normally low rates varied to

a certain extent over short distances, as indicated by the common

occurrence close together of forms indicating slightly different rates.

Lamellar growth forms record localized fluctuations in depositional rates

in the form of lenses of sediment incorporated within the skeletons and

intercalation with the sediment marginally. Periodic increases in

deposition were frequent enough to limit the size of all taxa except

phaceloid rugose corals. The phaceloid rugosans were successful

because of their open structure and their greater ability to shed
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sediment. Cerioid rugosans probably also shed sediment more effectively

than favositids and stromatoporoids and therefore could survive minor

influxes of sediment. These cerioid forms did not reach sizes comparable

to the phaceloid colonies because their more massive growth surfaces

still were more susceptible to burial during episodes of increased

sedimentation.

Disorientation of corals and stromatoporoids

Purpose of analyses.- Disoriented stromatoporoids and colonial corals

are common in many Paleozoic shallow-marine deposits and commonly present

valuable data for paleoecological reconstruction of the environments in

which they lived. Various authors have used the distribution and lack

of growth orientation of these taxa to infer details of the energy regime,

depositional environment, consistency of the substrate, and strength of

attachment of the organisms and their stability on particular substrates

(e.g. Noble 1970; Embry and Klovan 1071; Kobluk et al. 1977). However,

most of these interpretations are based on strictly observational data.

As Kobluk et al. (1977) pointed out, statistical analyses of the

proportions of overturned to upright specimens and their relationship to

the size of the organisms are rare.

Many of the corals and a few of the stromatoporoids on the

bioherms are preserved in positions other than their original growth

orientations; the majority of those displaced are completely overturned.

A quantitative investigation was conducted to determine whether the

fossil coral assemblage was dominated by either overturned or upright
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specimens and whether any numerical dominance that did exist is statis

tically significant. In addition, a statistical test was applied to the

data to establish whether specimens of particular sizes or growth forms

had been selectively disoriented. The results of these calculations

contribute significantly to the paleoecological interpretation of the

biohermal environment.

Method.- Five basic growth forms were compared: conical to hemispherical

favositids, conical phaceloid rugosans, tabular to conical cerioid

rugosans, lamellar favositids and stromatoporoids, and conical cateniform

colonies. Maximum diameter was chosen as the most appropriate measure of

relative size and was recorded for each specimen. This measurement is

unambiguous and, because most of the coenostea and coral colonies are

approximately equidimensional in plan view, fairly represents the sizes

of the mature organisms. The maximum diameter occurs at the upper

surface of most forms, except conical to hemispherical favositids which

are widest at or near their bases. Specimens of whole stromatoporoids

and corals smaller than 20 mm, and of rugosans smaller than 50 mm, are

poorly represented in the sample. Biological and physical erosion in

some environments may reduce the probability of small colonies and

coenostea being preserved. Moreover, these size ranges are difficult

to recognize, as small whole specimens are not easily differentiated

from fragments of larger skeletons. Therefore, the frequencies of

specimens recorded in these size ranges are not reliable.

During the field examination of the bioherms, each colonial

coral and stromatoporoid was described as being either in its original
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orientation of growth or disoriented in some fashion. The orientations

of most colonies were readily apparent. It was more difficult to

determine the attitudes of some of the lamellar stromatoporoids, especially

those that were almost completely embedded in the matrix. Several

criteria were used to identify upright coenostea: presence or absence

of uniform intercalation with the surrounding matrix where the margins

of coenostea were irregular; variations in internal concentricity;

direction of curvature of latilaminae along the margins; conformity of

the lower surfaces to the surfaces of the underlying substrate. Colonies

and coenostea for which orientations could not be ascertained were

excluded from the statistical study.

The observed frequencies of disoriented specimens necessarily

represent minima. Because the basal surfaces of most specimens were

relatively broad relative to their vertical dimensions, some displaced

corals and stromatoporoids may have been redeposited in growth position.

Furthermore, fragments of colonies are abundant, suggesting that a

number of colonies were broken before or during the process of disorienta

tion. How many whole colonies are represented by this fragmentary

material is impossible to estimate. The small amount of broken

stromatoporoid debris suggests that fragmentation had a lesser affect on

the number of whole coenostea than on the number of whole coral colonies.

Phaceloid rugosans, cerioid rugosans, conical to hemispherical

favositids, and cateniform colonies were grouped into size classes and

their size-frequency distributions were plotted as histograms (Figs. 26-27).

The distributions of upright and overturned specimens were plotted

separately and compared to the plotted distributions for all measured
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specimens, regardless of orientation. The distributions of lamellar

forms are not presented because 93 percent of these forms were found

to be in growth positions. The choice of scale for the histograms,

within certain obvious bounds, is not critical to the illustration of

the size-frequency distributions. The data were plotted at various scales

with little affect on the distribuional patterns. However, the size

classes of smaller forms necessarily represent narrower intervals

because, presumably, small-scale changes in size are more significant

among forms that did not produce large colonies.

A two-sided hypothesis test was used to analyze the data

because for individual specimens there were only two possible states:

specimens were either in growth position or they were not. In each

analysis, the null hypothesis Ho: p = 0.5 was tested against the two

sided alternative hypothesis HI: p < 0.5 or p > 0.5, using the relation

Reject H if y 6 n

o 2

where the value for ICI is derived from a table, to specify a 99 percent

level of confidence, and Ipl is the probability of being overturned

(Robbins and Van Ryzin 1975, p. 117).

This test was applied to the four morphological groups

individually, first to determine whether specimens with particular growth

forms had been selectively overturned. Size was disregarded. For each

morphological group, the parameter Inl represents the total number of

specimens in the group and Iyl the number of overturned specimens. Second,

the possibility that colonies of particular sizes within individual

morphological groups had been selectively overturned was investigated
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using the same technique. The data from each size-class in a given

group was tested separately. For these calculations, Inl is the total

number of specimens in the size-class and Iyl is the number of overturned

specimens in that same size-class.

Discussion and conclusions.- All of the size-frequency distributions

are positively skewed (Figs. 26-27), clearly indicating a fossil

assemblage in which smaller colonies are more abundant than larger ones.

This type of distribution is the natural state in many invertebrate

groups (Boucot 1953, p. 27). Generally, as size increases with age,

fewer and fewer organisms survive to grow still larger.

When displayed by individual species in the fossil record,

positively skewed size-frequency distributions are considered by many to

represent life assemblages, accurate representations of the original

living populations. There is some disagreement about the rates of growth

and of mortality represented by these distributions. Some workers

believe that the distributions indicate constant rates of growth and

high rates of mortality in early stages of growth (Olson 1957, p. 325;

Craig and Oertel 1966, p. 337; Valentine 1973, p. 242). Craig and

Hallam (1963, p. 746, fig. Sa), however, have shown that similar

distributions occur in populations with uniform rates of mortality and

rates of growth that are either slow in early stages or constant

throughout growth. The size-frequency distributions displayed by the

cerioid rugosans and the halysitids on the bioherms may represent life

assemblages because each is represented by a single species. For the

purposes of studying the size-frequency distributions of particular
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growth forms, no distinction was made between individual species

within the other morphological groups. Therefore, the distributions

of the phaceloid rugosans and the favositids cannot be considered life

assemblages in a strict sense.

Colonies in all morphological groups and in all size-classes

showed equal probability of occurring in upright or overturned positions.

The disorienting agent or agents, therefore, did not cause preferential

displacement of particular size-classes or of specimens with particular

growth forms. As a result, several of the processes commonly responsible

for disorientation of corals can be assumed to have had little influence

on the orientation of corals on the bioherms. These processes are as

follows. 1) Differential settling of colonies into soft sediment: this

would cause selective disorientation of large colonies. There is,

moreover, no biological or petrological indication of differential

settling. 2) Weakening or destruction of basal attachments by boring

organisms: most colonies in growth position were unattached, resting

loosely on the muddy substrate, and evidence of boring organisms is

absent. 3) Toppling of colonies due to structural weakness of basal

supports: this typically occurs in colonies supported on bases that

are narrow relative to the rest of the colony. The probability of

toppling increases with size. Furthermore, most colonies on the

bioherms had wide basal surfaces that distributed their weight over

the sediment, and sediment between the corallites of the phaceloid and

cateniform colonies served to stabilize these forms. 4) Slumping of

unstable sediments, resulting in disorientation and down-slope transporta

tion of colonies: sedimentological evidence of slumping (e.�. scours,
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large-scale contortion of sediments, horizons of mainly oriented

specimens overlain by contorted sediments supporting colonies with

variable orientations) is lacking. 5) Down-slope movement of colonies

due to the inclination of the substrate: unless the inclination is

so steep that all sizes of colonies tend to move down-slope, gravitational

forces and the inertia of moving specimens would cause separation of

different size-classes. The proportion of overturned to upright specimens

should increase down-slope as well. 6) Disorientation due to normal wave

or current action: these processes can have different affects depending

upon the dominant energy regime. When energy is too low to disorient

even the smallest colonies of a particular shape, all colonies will

remain in growth position or be displaced by other agents. When the

force generated by waves and currents is strong enough to dislodge small

and intermediate size-classes, percentages of specimens in growth

position will be greater among the larger colonies. If energy is so

high that even the largest colonies are continually being overturned,

specimens of all size-classes will be disoriented. Conditions of high

energy, if sustained for a period of time, will result in sorting of

colonies by sizes, as progressively smaller colonies will be transported

increasingly longer distances.

Storm-induced waves and currents are important agents of

disorientation of coral colonies on modern scleractinian reefs. Only

large hemispherical forms consistently withstand disruption by major

storms (hurricanes, typhoons); colonies of all other shapes and sizes

are disoriented and transported (Stoddart 1962, p. 513; 1963, p. 20-28).

By analogy, storms are believed to have been responsible for most of
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the disorientation of corals on the bioherms. These storms generated

forces sufficient to dislodge the largest phaceloid colonies and

overturned colonies of all sizes. Disorientation of hemispherical

favositids on the Manitowaning Bioherm also has been attributed to

infrequent violent storms (Kobluk et al. 1977, p. 2229). The storms

need not have developed to the proportions of modern hurricanes to

produce the observed patterns. Scleractinian corals have effective

basal attachments and are usually firmly cemented to a rocky substrate

(Wells 1957, p. 773). Greater forces are required to dislodge scleractinian

corals in modern environments than would have been necessary to move the

corals resting unattached on the muddy surfaces of the Manitowaning

bioherms. The storms could have been of short duration and infrequent

relative to the life of the organisms. The fact that all sizes of

specimens are disoriented and that all sizes occur together on the

bioherms indicates that overturning of colonies was accompanied by

little transportation. If the storms, or high energy conditions in

general, had prevailed for extended periods, smaller colonies presumably

would have been moved farther with time than larger ones, resulting in a

horizontal separation of size-classes. High frequency of storms would

have had the same initial affect of separating of size-classes and

eventually would have destroyed the biohermal community altogether.

The proportion of upright to disoriented colonies reveals an

interesting relationship between the morphological groups: 93 percent

of lamellar forms are in growth position, as are 60 percent of the domal

to tabular stromatoporoids, 52 percent of phaceloid rugosans, 47 percent

of conical cateniform colonies, and 44 percent of conical to hemispherical
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favositids. These figures indicate that organisms with lamellar growth

forms were much more resistant to the disruptive forces generated by the

storms. The low profile of these forms was at the same time an advantage

and a hinderance. The same shape that allowed the organisms to resist

disorientation made them susceptible to burial during the periods of

increased sedimentation. The waning of a storm is typically accompanied

by increased depositional rates, as material suspended during the

high-energy phase is redeposited (Milliman 1974, p. 200). Lamellar

forms, as well as specimens of other groups, probably were commonly

buried during the waning phases of the storms.

Variations in the proportions of upright to disoriented

colonies on different parts of the bioherms is limited but significant.

In general, the percentage of overturned specimens that occurs at the

bases of north and east slopes is a little lower than the average for the

bioherms as a whole. Percentages are slightly higher than the average

on the southwest slopes, or where corals are most abundant. Colonies on

the north and east slopes would have been protected to some extent by

the bioherms themselves and, therefore, not affected by the storms to

the same degree as colonies on other parts of the bioherms. This assumes

the storms were commonly directed from the southwest, out of the center

of the Michigan Basin. Indeed, many of the overturned colonies found on

the north and east slopes may have been transported from other parts of

the bioherms during such storms. To what extent this process may have

affected the distributions of disoriented corals on the bioherms is

unknown. However, the distances involved are so short that transportation

of colonies on individual mounds would have been insufficient to cause
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significant separation of size-classes.
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PALEOECOLOGICAL INTERPRETATION

General paleogeography of northern Michigan Basin

During Llandovery time, the Michigan Basin was tectonically

stable and occupied by a shallow, epeiric sea centered approximately 15

degrees south of the equator (Oott and Batten 1971, p. 244, 270; Habicht

1979, foldout maps 2,3). Lowermost Silurian strata within the basin, the

Cataract Group, record a transgressive-regressive cycle of sedimentation

(Sandford 1970, p. 268). The Manitoulin Formation represents the

transgressive phase. The sea transgressed from northern Michigan toward

the south and east, depositing normal-marine, quiet-water carbonate

sediments first directly on Ordovician rocks and then over the Llandoverian

Whirlpool sandstone (Williams 1919, p. 32; Bolton 1957, p. 14, 16). The

onset of regressive conditions was marked by an increase in terrigenous

clastic sediments and the gradual extension of marine muds of the Cabot

Head Formation westward over most of Ontario (Sandford 1970, p. 269;

Johnson 1981, p. 873, fig. 3).

The northward extent of the Llandovery sea is impossible to

determine. Lower Silurian rocks preserved in an outlier near Lake

Timiskaming, on the border of Ontario and Quebec, and in the Hudson Bay

Lowlands suggest the existence of an Early Silurian seaway connecting the

Michigan and Allegheny basins with a sea that covered the area of present

day arctic Canada. Faunal evidence from lowermost Silurian strata near

Lake Timiskaming, however, indicates that this connection may not have

been established until the sediments of the Dyer Bay Formation began to



212

accumulate on Manitoulin Island (Ollerenshaw and Macqueen 1960, p. 33, 44;

Bolton and Copeland 1972a, p. 6). Investigations of the Early Silurian

paleogeography of the northern Appalachian Mountains suggest that,

during the Llandovery, the area of the Precambrian Shield between

Manitoulin Island and Anticosti Island was covered by a shallow sea which

carbonate sediments were deposited (Ayrton et al. 1969, p. 462; Berry and

Boucot 1970, p. 54, fig. 2). Moreover, some authors have postulated that

most of North America lay beneath an epeiric sea throughout most of the

Silurian and that the Taconic Mountains constituted the only large emergent

landmass on the eastern part of the continent (e.g. Berry and Boucot 1970,

p. 45; Dott and Batten 1971, p. 271). The eastward intercalation of the

Manitoulin Formation with the sandstones of the Whirlpool Formation

suggests an eastern source for the terrigenous clastic sediments in the

earliest Llandovery. These sediments may have been derived from the

exposed Taconic mountains. Whatever the actual extent of the sea at that

time, the northeast shelf of the Michigan Basin was sufficiently distant

from terrigenous sources that only fine-grained sediment was borne into

the area to be deposited with the carbonates of the Manitoulin Formation.

An eastern provenance for this argillaceous material is likely, although

some terrigenous clay may have been derived from the Precambrian Shield

to the north.

The portion of the Manitoulin Formation exposed on Manitoulin

Island was formed by deposition on the inner part of a wide, gently

southwestward-sloping shelf on the northeast margins of the basin. The

nearest shoreline probably was at least 10 to 20 km to the north, possibly

in the vicinity of Precambrian metaquartzitic hills presently exposed in
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that region. This estimate is based on the present position of the

northern limit of Paleozoic strata, which is marked by the surface contact

between basal Ordovician beds and the Precambrian Lorrain Formation

metaquartzites. The dips of Ordovician and Silurian rocks on Manitoulin

and adjacent islands are shallow, uniform, and parallel. It is assumed,

therefore, that the Manitoulin Formation originally covered at least the

area of Ordovician rocks now exposed.

The metaquartzitic hills exposed to the north of Manitoulin

Island probably stood above mean sea-level during the Llandovery (Copper

1982, pers. comm.). At present the elevation of these hills is approxima

tely 390 m above mean sea-level, whereas the highest Silurian rocks have

an elevation of only 270 m.

Hydrodynamic conditions on the bioherms

The bioherms of the Manitoulin Formation were formed primarily

under low-energy conditions. This conclusion is based on the predominance

of mudstones and sparsely fossiliferous wackestones, and on the absence

of several features typical of bioherms formed in higher-energy

environments. Such features include a rigid skeletal framework (or at

least abundant 'framebuilding' organisms supported largely by coarse

grained sediments), coarse-grained bioclastic deposits within the structure,

scour- or current-channels, ripple marks, cross-bedding, current oriented

fossils, current orientation of the growth form of colonial organisms,

sorting of overturned fossils by size or morphology or both, and flanking

deposits of mound-derived talus. The absence of detrital flanking beds
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is in itself commonly considered a primary indicator of a biohermal

structure that lacked wave-resistance and grew under conditions of low

turbulence (Stanton 1967, p. 264; Embry and Klovan 1972, p. 683; Hoffman

and Narkiewicz 1977, p. 274). Evidently the bioherms did not have to

withstand the stresses associated with the zone of wave-agitation.

Energy-levels were sufficiently low that fine-grained carbonate and

terrigenous particles settled out of suspension and locally derived

sediments accumulated without being transported appreciably.

The generally quiet conditions were infrequently interrupted

by storms, during which wave-energy increased significantly for short

periods. The effects of such storms are recorded within the bioherms in

the form of locally restricted occurrences of small eroded lithoclasts,

and short, discontinuous unconformities. Moreover, the flattened tops of

the Manitowaning, Charlton Bay, and Leask Point bioherms suggest surfaces

planed by strong surf, which may have been associated with periods of

increased energy. The influence of storms is recorded also in the size

frequency distributions of overturned megafossils. Undoubtedly, storms

were not responsible for the disorientation of all stromatoporoids and

colonial corals on the bioherms. Displacement of fossils by storms,

however, probably did have the affect of obscuring patterns that may have

been produced by other disorienting agents.

The Manitowaning Bioherm is the only structure to display

evidence of high-energy, in the form of scour-channels, coarse-grained

bioclastic deposits, and numerous cavities. The four major unconformities

within the bioherm have been interpreted as representing periods of

subaerial exposure and erosion that terminated separate phases of reef
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growth (Grawbarger 1977, p. 104). Subaerial exposure was attributed to

progressive lowering of sea-level during each phase, followed by an

increase in water-depth.

A re-examination of the lithological and sedimentological

features of the Manitowaning Bioherm suggests an alternative interpretation.

The lithology of each sub-unit (growth phase) is dominated by mudstones

and wackestones. The coarser-grained bioclastic sediments with abundant

cavities occur predominately at the bases of sub-units 2, 3, and 4; the

sediments become finer-grained upwards within these sub-units. The

scour-channels and unconformities constitute the upper surfaces of the

mudstones at the top of the sub-units. A more reasonable interpretation,

perhaps, is that the unconformities resulted from upward accumulation of

predominately fine-grained mudmounds into the zone of active wave-agitation,

rather than from lowering of sea-level. Scouring and abrasion of the

fine-grained sediments by surface waves could have truncated the fine-grained

deposits, producing the unconformities. The coarser-grained deposits

above the unconformities probably accumulated in the same shallow,

somewhat agitated environment. The increased abundance of bioclastic

material in these deposits is partly due to more prolific biological

growth in the more agitated environment, but probably also because of

concentration of coarser-grained sediments. Mud-sized particles would

not generally settle out of suspension under such conditions. Renewed

transgression would have caused the bioherm to revert to accumulating

fine-grained sediments in the lower-energy zone below wave-base. This

interpretation suggests that the transgression during which the Manitoulin

sediments were deposited probably occurred as a series of pulses, separated
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by short periods of still-stand.

Further evidence that an appreciable drop in sea-level did

not take place is that unconformities similar to those in the Manitowaning

Bioherm are absent from all biohermal and interbiohermal deposits of the

Manitoulin Formation. Even at the extreme north and northwest limits

of outcrop, unconformities are lacking. Similarly there is no evidence

of carbonate tidal-flat deposits in the formation, as would be expected

during periods of lower sea-level.

The low-energy conditions prevalent during growth of the

bioherms of the Manitoulin Formation resulted from the configuration of

the northeast shelf of the Michigan Basin during Early Llandovery time.

The shelf was a broad platform, gently sloping (less than 1 degree) toward

the southwest, into the center of the shallow epeiric sea. The inner part

of the shelf, where the bioherms developed, was an area of restricted,

quiet environments due to the damping of wave-energy by the gentle regional

slope. These same processes can be observed directly in modern

epicontinental seas such as the Persian Gulf (Heckel 1972, p. 254). As

waves move into increasingly shallow water on a wide, gently sloping shelf,

energy is lost due to friction with the substrate and percolation into the

bottom sediments (Klovan 1964, p. 324-325; Stanton 1967, p. 2465). As a

result, the shoreward zones are characterized by low-energy environments

in which carbonate muds accumulate. The carbonate muds of the Manitoulin

Formation were deposited in similarly shallow-water, restricted environments.

Restricted conditions are further indicated by the scarcity

of fossils throughout the Manitoulin Formation. Conditions were such

that only a sparse community of brachiopods and crinozoans, with rare
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favositids and bryozoans, could be supported in the interbiohermal areas.

Circulation presumably was better on the bioherms, creating an environment

more conducive to biological growth. Taxonomic diversity, while

remaining low, increased somewhat on the mounds to include rugose corals,

stromatoporoids, and bryozoans. Conditions were not optimal, however,

even on the bioherms. Although the density of the biohermal community

was greater than that of the interbiohermal community, the mounds were

still dominated by accumulating fine-grained sediments and large areas

were unpopulated, at least by animals. This pattern of low density and

low diversity is typical of communities living on epeiric shelves

characterized by shallow water, reduced circulation, and usually unstable

environmental conditions (Heckel 1972, p. 253).

Turbidity normally must have been low as indicated by the

predominance of filter-feeding organisms in the fauna. Large quantities

of mud in suspension quickly would have clogged their delicate feeding

apparatuses. Furthermore, with the exception of the rugose corals, all

the suspension-feeders required extremely small food particles; these

organisms probably could tolerate only minor amounts of suspended

silt- and clay-sized particles before their filtering systems became

fatally congested. Resuspension of sediment must have been limited as

well, because the brachiopods, bryozoans, and lamellar favositids and

stromatoporoids fed from waters only a few millimeters above the substrate.

Had sediments on the bottom been regularly churned and resuspended, the

water immediately above the substrate would have been too turbid for these

organisms to survive. The water, therefore, must have been generally

clear, containing mainly the micro-organisms and organic detritus on which
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the suspension-feeders fed.

The shelf apparently became somewhat shallower northwestward

from the center of the belt of bioherms. Decreasing circulation and

energy-levels are indicated by the bioherms becoming progressively smaller

and faunally less complex in that direction. The proportion of mudstones

and the amount of terrigenous clay within the mudstones also increase

toward the northwest, recording declining energy into shallower water and

consequent deposition of the finest-grained suspended material. Bioherms

east of the center of the belt are few and available data are insufficient

to allow interpretation of the relative water depth that existed in these

areas.

The lower-energy conditions and possible increased salinity

associated with shallower water toward the northwest are most dramatically

reflected by the distribution of suspension-feeding organisms. On the

bioherms at the extreme northwest end of the belt, suspension-feeders were

represented almost exclusively by those groups (i.e. bryozoans, brachiopods,

stromatoporoids) that fed on the smallest organic particles. Organisms

that consumed larger particles (i.e. crinozoans, favositids) became

increasingly abundant southeastward on mounds toward the center of the

belt. Rugose corals, which by virtue of the large sizes of their polyps

could cope with the largest food particles, only colonized the more central

mounds. This pattern of distribution suggests that, in the shallowest

northwestern environments, currents were too weak to maintain any but the

finest nutrient particles in suspension. In the deeper water toward the

southeast, currents were stronger and carried more and larger organic

particles. But only where the water was deepest, toward the center of the
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belt, were currents strong enough to carry particles of sufficient size in

quantities adequate to support colonial rugose corals. Furthermore, the size

of rugose coral polyps probably enabled them to feed on larger nekto-benthic

organisms, the distribution of which were not strictly dependent upon water

depth or energy. The absence of rugose corals suggests that these prey also

were lacking or scarce in the sha l l ov-water environments to the northwest,

This may indicate increasing salinity toward the northwest, as water became

shallower and circulation more restricted. Such higher salinities could

have limited the occurrence of the nekto-benthos to the areas of better

circulation and nearer-normal salinity toward the southeast. The distribution

of rugose corals themselves probably would have been affected directly by

such a salinity gradient. �lodern corals flourish in waters with normal-marine

salinity, but their abundance is dramatically reduced in environments with

salinities that deviate only a little from that norm (Fairbridge 1950, p. 354;

Wells 1957, p. 1088-1089).

The precise depth of the water during growth of the bioherms

cannot be determined. The occurrence of algae, however, indicates that the

bioherms developed within the photic zone and enables an estimation of the

maximum depth at which the biohermal deposits could have been formed. In the

clearest oceanic water, only about 10 percent of the total incident light

from the sun at zenith penetrates to 35m and less than one percent to 85m

(Holmes 1957, p. 119, fig. 6). This severely restricts the vertical

distribution of algae in marine environments. Due to their dependence on the

availability of light, more than half of modern species of algae live in

less than 25m of water (Johnson 1961, p. 22). Although the Rhodophyta and

Codiaceae include a few forms that inhabit depths of 250m, calcareous algae

as a whole are most abundant and diverse in near-shore environments,
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primarily in less than a few tens of meters of water (Wray 1977, p. 127-128,

fig. 142). The presence of benthic algae, therefore, limits the probable

depth of water on the bioherms to a few tens of meters and indicates that

turbidity must have been low enough, for the most part, to allow adequate

penetration of light.

Analyses of stratigraphically recurrent benthic communities have

been used to produce sea-level curves and estimates of water-depths for the

Early Silurian of northern Michigan (Johnson and Campbell 1980). These

studies were extended to Manitoulin Island, and the Manitoulin Formation was

concluded to contain a coral-algal community (Johnson 1981, p. 873, fig. 3).

The occurrence of this community has been interpreted to indicate deposition

at intermediate depths (13 - 50m), at or above effective wave-base (Johnson

and Campbell 1980, p. 1047). The identification of the coral-algal

community was based on the occurrence of what was described as "a great

diversity of rugose corals and large disc-shaped, tabulate corals" (Johnson

1981, p. 874). Although this description correctly distinguishes the other

coral-algal communities in the stratigraphic record on Manitoulin Island, it

is not entirely accurate when applied to the community represented in the

Manitoulin Formation. In reality rugose corals are rare, except on bioherms,

and their taxonomic diversity is low. Moreover large, disc-shaped, tabulate

corals are rare and occur only in the Manitowaning Bioherm. The largest

portion of the formation comprises burrowed non-biohermal deposits

containing a sparse fauna of brachiopods, crinozoans, and bryozoans. This

community is probably transitional between the true coral-algal community

and the ostracode-vermiform community, which represents deposition in an

extremely shallow-water, restricted environment (Johnson and Campbell 1980,

p. 1045). The sediments of the r�anitoulin Formation on ��anitoulin Island are
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concluded, therefore, to have accumulated at depths near the lower end

of the previously suggested range, probably in 5 to 20 m of water.

Despite low energy and restricted circulation in this shallow

water environment, currents were constant enough to prevent development

of stagnant conditions. The suspension-feeding organisms that dominated

the biohermal community were dependent directly upon moving water for

their supply of nutrients. As a result, particularly under such conditions

of low energy, these organisms would have been most abundant where water

movement was greatest.

Suspension-feeders were concentrated on the southwest slopes

of all but the smallest bioherms, probably in response to gentle currents

directed from the southwest. The moderate energy of these currents was

partly absorbed and partly deflected by the up-current portions of the

bioherms; consequently, energy steadily diminished in a northeasterly

direction across the mounds. The argillaceous content of the muddy sediments

increased northeastward across the mounds as hydrodynamic deposition of

fine-grained suspended particles increased with declining energy. This

progressive reduction in energy is recorded by the present distribution

of rock-types on the bioherms.

Few organisms lived on the northeast slopes because poorer

circulation and lower energy meant reduced supplies of nutrients and

increased deposition of mud from suspension. Most of the fossil debris

on these parts of the bioherms probably was transported into the area

during storms or other short-term increases in energy.

More sediment was hydrodynamically deposited in the quieter

environments of the lee (northeast) slopes than on the other parts of the
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bioherms. In contrast, deposition and accumulation of sediment due to

biological activity was greatest on southwest slopes due to the greater

supply of bioclastic debris and to the baffling effect of crinozoan and

bryozoan gardens and of phaceloid corals. More rapid accumulation of

sediments on the southwest and northeast slopes than on the other parts

of the bioherms resulted in preferential growth of the bioherms in a

northeast-southwest direction. The elongation of most bioherms in this

direction, therefore, is consistent with prevailing southwesterly currents.

Depressions on the upper surfaces of the larger bioherms are

elongated northeast-southwest and probably were formed as small-scale

current channels. This interpretation is consistent with that of

Grawbarger (1977, p. 102) for the Manitowaning Bioherm. Small patches of

wackestones on the sides of these depressions and locally increased

numbers of suspension-feeding organisms attest to somewhat higher ener9Y

than in surrounding areas.

Rare, isolated, colonial rugose corals occur at the bases of

the northeast slopes of several of the larger bioherms. The colonies are

commonly located near the northeast ends of current channels. They may

have been transported to their present positions from other parts of the

mounds during periods of higher energy or they may have colonized these

areas in response to the greater circulation associated with the channels.

Several of the bioherms in the Manitowaning Cluster occupied

a 'back-reef' position relative to the Manitowaning Bioherm and the

prevailing currents. A number of features displayed by these bioherms

indicate that local current directions varied and that the 'back-reef'

environment was generally quieter than that of other areas. Although the
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distributions of fossils and rock-types on most of these bioherms

indicate southwesterly currents, the distributions on others (e.g. bioherms

F, G) appear to have been influenced by currents from the southeast.

This can be explained only as the result of refraction of currents by

the Manitowaning Bioherm. In addition, many of the bioherms in the

'back-reef' area are irregularly shaped and have long axes oriented

perpendicular to the dominant trend, suggesting currents were weaker and

more variable in direction and, therefore, exerted less control on

biohermal shapes. Only smaller mounds in this area show northeast-southwest

elongations.

The development of the Manitowaning Bioherm to its present

size and shape probably was controlled to alarge extent by prevailing

southwesterly currents. The lateral expansion of this barrier is

recognizably time-transgressive. The oldest part of the bioherm was

deposited in the area of the present-day junction of the two limbs that

constitute the barrier (Fig. 3). It originated as a relatively small

mound, which was deposited on the eroded, disconformable surface of the

Ordovician Kagawong Formation, apparently during the earliest stages of

the Llandovery transgression. It is the only known biohermal structure

not underlain by dolostones of the Manitoulin Formation and was, therefore,

probably one of the earliest to develop. The waters of the newly flooded

shelf deepened as transgression continued; circulation improved somewhat

and, as sediments of the Charlton Bay Member were deposited, the

Manitowaning Bioherm increased in size. Enhanced circulation in the

immediate vicinity of this structure, resulting from diversion of currents

around it, stimulated the initiation and growth of other small mounds
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nearby. With growth these younger mounds coalesced with the Manitowaning

Bioherm, because of their proximity, producing a single larger bioherm.

At this time the bioherm probably had not developed any of the linearity

exhibited by the later structure.

The bioherm, as it increased in size, probably had a significant

influence on the local pattern of water movement in the shallow-water,

restricted environment. Currents from the southwest would have been

refracted by about 45 degrees around the bioherm. Consequently areas east

and northwest of the developing Manitowaning Bioherm probably experienced

increased circulation and were ideal locations for the development of

other mounds. New bioherms growing in these positions also eventually

merged with the Manitowaning Bioherm, initiating growth along two axes.

By the time the sediments of the Manitowaning Member began to

accumulate, the water generally had become deep enough to allow better

water movement on the shelf and bioherms were accumulating in several

areas. Influenced by the southwesterly currents, the Manitowaning Bioherm

continued to expand along both axes by lateral accretion of successively

younger mounds until biohermal growth was terminated. The series of small

bioherms that presently occur along the trend of the west limb and the

three small mounds similarly, but more closely, associated with the eastern

extremity of the barrier presumably would have become incorporated in the

larger structure had growth continued. Southwesterly currents are

believed, therefore, to have exerted a major influence on the ultimate

configuration of the Manitowaning Bioherm.

The marked affect that the southwesterly currents had on the

development of the bioherms of the Manitoulin Formation suggests that,
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although not strong, they were reasonably constant. It has been suggested

that currents in epeiric seas were driven largely by prevailing winds

(Shaw 1964, p. 10). Assuming that this was true of the Michigan Basin

during the Llandovery, winds on the northeast shelf prevailed from the

southwest.

Source and stabilization of carbonate mud

Carbonate mud constituted the bulk of the sediments of the

bioherms. Consideration of the possible sources of this fine-grained

material leads to better understanding of the mode of development of the

mounds themselves.

The origin of mud-sized carbonate particles is problematical.

Many studies have focused on modern environments in which carbonate mud

is abundant in an effort to determine the processes responsible for the

formation of this microcrystalline calcium carbonate (e.g. Cloud 1962;

Stockman et al. 1967; Neumann and Land 1975). These studies have produced

two opposing theories. Several researchers believe inorganic precipitation

to be the ultimate source of most carbonate mud. 'Whitings' - large,

white, cloudy patches of mud-sized aragonite needles in aqueous

suspension - are observed in several modern carbonate environments and are

interpreted by some as resulting from large-scale, rapid precipitation

from normal sea-water (Cloud 1962, p. 21-22; Wells and Illing 1964, p. 431).

More recent studies of whitings, however, have been unable to produce

conclusive evidence of direct precipitation. The patterns of occurrence

of whitings are more consistent with resuspension of bottom sediments
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through current or biological activity (Brocker and Takahashi 1966,

p. 1593; Harris 1976, p. 14). Brocker and Takahashi (1966, p. 1593)

showed that at least 85 percent of the suspended needles in the whiting

that they monitored had characteristics identical to the bottom sediments

and different from those to be expected in a precipitate from water

under conditions of equilibrium. Moreover, during the winter, extensive

clouds of fine-grained sediment similar to whitings are maintained in

suspension in Coupon Bight, Florida Keys, through the stirring of waters

by prevail ing northeast winds (Howard et al., 1970, p. 1931). Other studies

have failed to produce unequivocal evidence that calcium carbonate, in

significant quantities, is precipitated directly from sea-water under

normal conditions (e.g. De Groot 1965).

The most widely held view is that most carbonate mud is

derived through the physical and biological abrasion and comminution of

the skeletons of organisms that secrete calcium carbonate. The breakdown

of calcareous algae in particular is one of the major sources of

carbonate mud in modern environments. Lowenstam and Epstein (1957, p. 374)

concluded that the carbonate mud on the Great Bahama Bank was probably

algal in origin, based on a comparison of the ratios of oxygen and carbon

isotopes in mud-sized sedimentary aragonite needles on the Bank with the

ratios found in calcium carbonate secreted inorganically (oolites) and

organically (algae). Furthermore, the disintegration of calcareous green

algae in the Bight of Abaco, Bahamas, probably has produced 1.5 to 3 times

the mass of mud that has accumulated within the Bight in the last 5,500

years (Neumann and Land 1975, p. 783). The reduction of calcareous algae,

therefore, not only produces enough mud-sized particles to account for
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the deposits within the Bight but supplies large amounts of the very

fine-grained sediment transported out of the area.

The skeletons of several other types of organisms, in addition

to calcareous algae, may contribute large quantities of mud-sized

carbonate sediment. The present rate of production of mud by the

disintegration of the delicate skeletons of the calcareous alga�

Penicillus� accounts for only about 33 percent of the mud in northeastern

Florida Bay today. The remaining 67 percent has been attributed to the

mechanical destruction of more resistant skeletons, such as those of

molluscs, other algae, and corals (Stockman et al. 1967, p. 645-647).

Burrowing organisms play an important role not only in the

production of mud, but also in the stabilization of the muddy substrate.

Sediments of various grain-sizes are ingested and reduced to mud-size in

the digestive tracts of many burrowers (Turmel and Swanson 1976, p. 504-

505). Masses of these particles are encased in an envelope of mucus and

excreted as pellets. The mucus, in addition to binding the particles

within individual pellets, causes neighbouring pellets to adhere to one

another. The result is a moderately cohesive sediment with grain-size

larger than that which would have been produced in the absence of mucus.

Subsequent decomposition of the mucus, bioturbation, or post-depositional

compaction may reduce these pellets to their constituent mud-sized

particles, obliterating all evidence of the activity of the original

burrowing organisms. Pellets and peloids of unknown origin may suffer a

similar fate.

In modern muddy carbonate environments, the substrate may be

covered by a profuse growth of Penicillus and other delicate calcareous
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green algae, but all physical evidence of their presence is destroyed

a short distance below the surface of the sediment. It is possible,

therefore, that many ancient fine-grained carbonate deposits in which

recognizable fossils are scarce or lacking may have been produced by

calcareous algae that completely disintegrated after death. Moreover,

plants and animals with skeletons as fragile as Penicillus probably have

existed since the Cambrian (Stockman et al. 1967, p. 647). The reduction

of their skeletons may have been the source of much of the carbonate mud

in the stratigraphic record.

A large proportion of the mud in the bioherms of the Manitoulin

Formation may have been algal in origin. Algae, including some

calcareous forms (dasycladaceans), and structures attributable to algae,

are common in the biohermal rocks, despite the destructive processes of

bioturbation and dolomitization. Mud from algal sources, however, was

derived strictly through the breakdown of the calcareous secretions of

the plants themselves. The destruction of grains and production of mud

by boring algae was minimal, as grains with micritic envelopes or

corroded rims were not found in the bioherms. There were, however, other

potential sources of mud-sized particles. The small size, delicate

structure, and uniform comminution of the ramose bryozoans, in

conjunction with evidence of bioturbation, suggests that the reduction

of bryozoan skeletons by the burrowing and feeding actions of infaunal

benthos may have contributed significant amounts of fine-grained sediment.

Much of the disarticulated and fragmented skeletal debris, in fact, may

have been produced in this manner. In addition, quantities of silt- and

clay-sized carbonate particles probably were transported into the area
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and hydrodynamically deposited by currents. This last process could

have had a major influence during storms. Large amounts of transported

sediments are typically deposited during the waning phases of marine

storms (Milliman 1974, p. 200).

The relative importance of hydrodynamic deposition versus

&n situ production of carbonate mud on the bioherms is difficult to

estimate, but the occurrence of both can be demonstrated. The very

presence of terrigenous clay in the sediment argues for hydrodynamic

deposition as there was no source or mechanism for authigenic generation

of terrigenous clay. Sediments containing large amounts of mechanically

deposited material, such as the mud in intercorallite spaces of phaceloid

colonies or on the lower parts of northeast slopes of the bioherms,

consistently have higher contents of terrigenous clay than other

sediments on the mounds. Argillaceous material was, therefore, relatively

more abundant in suspension than was recorded in much of the biohermal

deposits. In those areas where argillaceous content is minimal,

hydrodynamic sedimentation must have been less significant and much of

the carbonate mud probably was produced in situ. Furthermore, on a given

bioherm the concentration of terrigenous clay in phaceloid colonies is

higher than in the sediments on northeast slopes. Assuming that the mud

in intercorallite spaces was derived almost entirely from suspended

sediment, this suggests that even on the northeast slopes in situ

production was an important source of carbonate mud.

Skeletal grains and components probably were derived through

biological and, less importantly, physical abrasion of calcareous skeletons.

Bioturbation readily could account for the disarticulation and
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fragmentation of the delicate brachiopods and bryozoans, and of the

highly segmented crinozoans. Fragments of corals and stromatoporoids

are usually relatively large, however, and suggest abrasion by physical

forces. These more substantial skeletons were subjected to such forces

only intermittently; fragments remained large and relatively few. The

same forces that overturned many of these organisms probably caused the

recorded fragmentation, suggesting that physical abrasion occurred most

commonly during storms.

Waves and currents sufficiently strong to overturn colonies

up to one meter in diameter apparently had little or no affect on the

carbonate muds that constituted the bulk of the mounds. Conceivably

the fine-grained sediments, which were deposited during quiet intervals,

could have been resuspended and brecciated readily during periods of much

increased turbulence. The fact that this did not happen, as a rule,

suggests the presence on the bioherms of some mechanism of stabilization

of the carbonate mud.

A number of organisms contributed to the stabilization of the

sediments on the bioherms. Lamellar stromatoporoids and favositids, by

virtue of their growth forms, bound small areas of the substrate. Their

occurrence throughout all but the smallest bioherms and lowest parts of

the larger mounds suggests that the influence of stromatoporoids and

favositids on the stability of the substrate began relatively early in the

history of the mounds. Encrusting bryozoans with lamellar growth forms

were of minor, localized importance as binders. The baffling effect of

phaceloid rugose corals also aided in reducing movement of the sediment.

The stabilizing effects of these corals was extremely limited, however,
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as they are found only on some mounds, where they were late additions

to the community, and were concentrated largely on southwest slopes.

Biohermal sediments may have been rendered somewhat more coherent and,

therefore, more resistant to erosion by the organic mucus added by the

excretory processes of burrowing organisms. Scolecodonts recovered

from the bioherms, together with the rarity of other sediment-ingesting

benthos such as trilobites and gastropods, indicates that most of these

burrowing organisms were marine annelids. The actual contribution of the

annelids to consolidation of the sediment is impossible to estimate.

Burrowers were common but not abundant. The fact that burrows are still

recognizable, as are vague laminations and intraclasts, shows that

bioturbation was not intense enough to destroy all trace of original

sedimentary structures.

The sparse distribution of the above mentioned organisms on

the bioherms indicates that their influence on the stability of the

substrate was localized. Certainly they could not have accounted for

the resistance to erosion exhibited by the biohermal sediments as a

whole. An examination of modern carbonate mudmounds suggests another

possible mechanism of stabilization of the substrate.

Modern subtidal carbonate muds stabilized by marine vegetation

are extremely resistant to erosion. These deposits are little damaged

by hurricane forces capable of dislodging and transporting large

fragments of coral rubble (Pray 1966, p. 168-169; Ball et: al.. 1967, p. 593;

Wanless 1967, p. 102; Warzeski 1977, p. 32l). Most important among the

binding agents are green and blue-green algae and the marine grass,

ThaZassia testudinum. Algae were present within the bioherms in the
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Manitoulin Formation but there is no evidence of organisms, faunal or

floral, that may have had growth forms analogous to that of modern

marine grass.

In modern environments, green and blue-green algae stabilize

muddy substrates by forming thin mats which trap and bind fine sedimentary

particles. The mats comprise intertwined algal filaments that are

surrounded by a mucilagenous sheath. Silt- and clay-sized grains adhere

to the mucilagenous sheaths and are enmeshed in the mat (Scoffin 1970,

p. 264-271). These sticky mats commonly trap sedimentary particles that

normally would not be deposited in the absence of the algae (Ginsburg and

Lowenstam 1958, p. 311). In a controlled study of the erodability of

subtidal algal mats, Neumann et al. (1970, p. 296) found that sediments

bound by mats can withstand direct current velocities two to five times

higher than those necessary to move the same sediment devoid of an

organic mat.

The small number of algal mats that are preserved within the

bioherms could not have effected the stabilization of the biohermal

sediments. It is likely, however, that the largest proportion of the

algae that inhabited the mounds has not been preserved. In modern subtidal

deposits, algae that form mats are rarely preserved below the surface of

the substrate because they grow upward in response to light as sediment

accumulates and buried portions rapidly decompose (Gebelein 1970, p. 522;

Neumann et al . 1970, p. 295; Bathurst 1975, p. 126). Noreover , the

modern sediments are not laminated, so all evidence of the mats is

destroyed. For this reason, ancient subtidal deposits that were bound

by algal mats may be difficult or impossible to recognize. Many ancient



233

muds in which fossils are sparse or absent may have accumulated as the

result of the stabilization of mud-sized particles by algae, which

disintegrated completely upon death. Such algal mats are believed to have

played an important role in binding the sediments on the bioherms of the

Manitoulin Formation.

Early cementation is important in the stabilization of many

types of modern carbonate sediments. The contribution of this process to

the stabilization of the biohermal deposits of the Manitoulin Formation is

impossible to assess. No evidence of early cementation exists. Indeed,

silicification and dolomitization have obliterated all indications of the

type, timing, and sequence of cementation within the Manitoulin Formation.

The actual rates of sedimentation are unknown, but the formation

as a whole is not very thick and there is no evidence of rapid sedimentation

(e.g. rapid vertical growth of organisms). There are no unconformities in

the formation, other than those restricted to the Manitowaning Bioherm, nor

is there any indication of other non-depositional phases such as can be

interpreted from hardgrounds or ecological successions on hardgrounds (Fay

and Copper 1982, p. 163). The low relief of many of the suspension-feeding

organisms suggests that rates of sedimentation were generally low, probably

averaging only a few millimeters per year. All of these organisms would

have been unable to survive had rates been rapid. Biohermal growth was

clearly an exception to the rule. The rate of accumulation of sediment on

the bioherms, while still quite low, was somewhat more rapid than in

adjacent interbiohermal areas, allowing bioherms to develop and maintain

elevation above the surrounding sea-floor.
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Chemical conditions of the substrate

Syngenetic pyrite in several forms records the occurrence of

reducing conditions in microenvironments within the muddy sediments of the

bioherms. Above the sediments, circulation was restricted and rates of

exchange of oxygen between the water-column and the interstitial solutions

were probably low. These rates may have been further reduced due to the

obstructive influence of algal mats. The reducing microenvironments were

the combined affect of the decomposition of organic matter by anaerobic

bacteria, low rates of transfer of oxygen, and production of sulphur by

sulphate-reducing bacteria.

�lany algal mats are pyritized, indicating that the reducing

conditions existed near the surface of the sediment. Algal mats rapidly

decompose after burial if they are unable to reach the surface of the sediment.

Pyritization must have occurred immediately after burial of the mats,

probably during decomposition in the presence of sulphate-reducing bacteria.

The generation of hydrogen ions during decomposition would

tend to lower the pH in the vicinity of the decomposing material. As in

modern environments, diffusion of the hydrogen ions in the interstitial

solutions usually would minimize the change in pH. Where decomposition

occurred in the more restricted or closed microenvironments within skeletal

structures (e.g. brachiopods, upper parts of newly buried coral colonies),

the lowering of pH would be more pronounced. When silica-bearing solutions

encountered these areas of lowered pH, silica would be precipitated in

open cavities or as a replacement of dissolving carbonate structures.

Despite the many reducing microenvironments that occurred, the

muddy sediments of the bioherms generally were well aerated. Only small

•
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amounts of decomposing organic matter are sufficient to generate signifi

cant quantities of pyrite (Krumbein and Garrels 1952, p. 4). Pyrite is

not abundant enough to suggest euxinic or even low-oxygen conditions. In

addition, evidence of bioturbation indicates that the chemistry within

the sediments was suitable to support burrowing organisms. The paucity of

vagile epifaunal benthos, thus, cannot be explained by unusual bottom

chemistry. The causes of the restricted occurrence of these vagile bottom

dwellers is not understood.

Stages of biohermal growth

Recognition of stages.- Three generalized growth stages are recognized in

the bioherms (Fig. 28). These stages are not sharply defined but grade into

one another. A number of lines of evidence indicate that the various sizes

of bioherms in the formation represent successive stages of biohermal growth:

1) size increases progressively along the outcrop belt from the Honora Bay

Cluster to the Manitowaning Cluster, 2) the bioherms of the Honora Bay and

Rockville clusters are faunally and constructionally quite similar to the

smallest bioherms in the Manitowaning Cluster (e.g. bioherm E), and 3)

integration of the data derived from detailed examinations of the exposed

surfaces of the bioherms with those from the sixteen drill-cores taken from

mounds in the cluster show a general correlation between size of the bioherms

and the types and abundance of organisms that inhabited them. Coalescence

of bioherms to form larger structures was dependent upon their proximity

to each other and was not restricted to any particular growth stage.

Stage l.- The bioherms became established as small, dense carpets of
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Fig. 28 Diagramatic representation of the distribution of organisms

on the bioherms during A) Stage 1, B) Stage 2, and

3) Stage 3. Double-pronged arrows indicate direction of

currents.
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ramose and lacy bryozoans and numerous brachiopods living on a substrate

of soft carbonate mud (Fig. 28a). The baffling affect of these carpets

caused carbonate mud to be deposited more rapidly between the bryozoan

colonies than in surrounding areas. Low-lying, equidimensional mounds

resulted, with most of the bryozoans preserved in growth orientations.

Small numbers of lamellar stromatoporoids and favositids colonized these

slight topographic highs, further stabilizing the sediments. Even in

this early stage the relief of the mounds presented an obstruction to

the flow of weak southwesterly currents. Currents were refracted around

the mounds and fine-grained sediments began to accumulate in areas of

slightly reduced energy on the northeast sides. Soon after they became

established, most bioherms began to develop a lenticular shape with the

long axis oriented northeast-southwest. The biota was uniformly

distributed over the surfaces of the mounds. Stage 1 is represented in

outcrop by the bioherms in the Honora Bay Cluster and all but the

largest in the Rockville Cluster. Bryozoan-brachiopod bafflestones

(Stage 1) have been recognized in the cores from three of the eight

bioherms that were drilled. The other holes did not intersect this

stage, probably because of the short lateral dimensions of the initial

mounds. Bioherms that developed in the shallowest water did not grow

beyond this stage.

Stage 2.- The distribution of organisms became asymmetrical on bioherms

that attained relief of more than one meter, initiating Stage 2 (Fig. 28b).

Bryozoans and brachiopods preferred the relatevely greater circulation

encountered on the southwest parts of the bioherms and less commonly
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inhabited the northeast slopes. Crinozoans and rare solitary rugose

corals colonized the southwest slopes and the interbiohermal beds

immediately to the south and west. As the bioherms grew, crinozoans

remained localized in distribution but became more abundant, particularly

in the interbiohermal beds. Brachiopods, although they did not decrease

in absolute numbers, constituted a smaller and smaller portion of the

community with time. Growth of algae was stimulated by the better

illumination afforded by the topographic highs, and algae became

important in the stabilization of the substrate during Stage 2. Only

algae, in the form of mats as well as individual plants, and lamellar

favositids and stromatoporoids consistently grew on all biohermal surfaces.

Even the stromatoporoids and favositids, however, thrived better and

consequently increased in number on the southwest slopes of the larger

mounds.

The bioherms grew primarily by the accumulation of

transported and locally derived carbonate mud that was trapped and

bound by algae. These sediments were supplemented on southwest slopes

by the accumulation of bioclastic material and by deposition of mud due

to the baffling effect of crinozoan and bryozoan gardens. The cover of

crinozoans and bryozoans was only sparse to moderately dense on most

parts of the southwest slopes, but under the existing low-energy

conditions thickets of low density were probably sufficient to cause

fine-grained particles to settle out of suspension. The amount of

fine-grained sediment that was hydrodynamically deposited on the

northeast slopes increased with the size of the bioherms, as circulation

became more restricted. Deposition continued to be greater on southwest
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and northeast slopes than on other parts of the mounds, thereby

maintaining the elongated shape.

Stage 2 accounted for the largest proportion of the growth

in most bioherms. Consequently, it is well represented in outcrop. The

bioherms of the Green Bay and North Pine Lake clusters are typical

examples of structures terminated during the second stage of growth.

This stage was developed where water was deep enough and conditions

sufficiently stable to allow bioherms to accumulate more than one meter

or so of sediment.

Stage 3.- Stage 3 was developed in bioherms with more than two meters

of relief (Fig. 28c). These structures presented greater resistance to

the prevailing currents than did the smaller mounds. Agitation of water

increased slightly on southwest sides and quiet-water conditions were

further accentuated on northeast sides. Growth of the bioherms continued

to be asymmetrical and, although much of the carbonate mud probably

still was produced in situ, significant amounts were hydrodynamically

deposited. During Stage 3, the movement of water on the southwest slopes

was sufficient to support the quantities of larger nutrient particles,

zooplankton, and small nekto-benthos necessary to sustain colonial

rugose corals. Colonial rugosans quickly established themselves as

important members of the biohermal community. Colonization by cerioid

forms slightly preceded the introduction of phaceloid colonies. In

addition to the colonial rugosans, nearly all epifaunal growth was

concentrated on southwest slopes. Bryozoans, crinozoans, and brachiopods

continued to dominate the community, but lamellar favositids and
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and stromatoporoids increased in abundance and, for the first time, conical

to hemispherical favositids became common. Other surfaces of the bioherms

were covered by algal mats and sparsely distributed lamellar favositids

and stromatoporoids. Small current channels developed on the upper surfaces

of those bioherms that became elongated perpendicular to prevailing currents.

Only bioherms that grew in the deeper water toward the central

part of the belt developed Stage 3. Some bioherms in shallower water grew

to sizes similar to those of mounds in deeper water but did not develop

beyond Stage 2. Circulation apparently was too restricted and salinity

possibly too high in the shallower water to support a colonial rugose coral

fauna. Thus, extrinsic (i.e. environmental) factors governed the development

of the growth stages. A true ecological succession, as described by

Walker and A1berstadt (1975) and Odum (1969), is not recognized within

the bioherms.

Termination of growth

Burial of the mounds by fine-grained sediments arrested bioherma1

growth. The stratigraphic and paleogeographical relationships between

the bioherms suggest that a number of processes may have been responsible

for the increased rates of sedimentation.

Small bioherms that developed in the shallower water at the

northwest end of the belt occur within the Charlton Bay Member and were

covered by the typical carbonate sediments of the Manitoulin Formation.

These overlying beds are still preserved in the Honora Bay Cluster (Plate 1a).

The absence of unconformities and the fact that the mounds were buried

by sediments identical to sediments accu�ulating around them indicate no
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overall change in depositional environment. The process of burial,

therefore, was probably due to short-term changes in conditions. Marked

fluctuations in energy may have been quite common in the shallow, restricted

environment in which these mounds grew. Higher rates of sedimentation could

have been caused by periodic reductions in energy: replenishment of nutrients

would have been further restricted and greater amounts of fine-grained

sediment would have settled from suspension to choke the organisms and bury

the small bioherms. Conversely some of these mounds may have been covered

by sudden influxes of fine-grained sediments carried into shallower water

by storm-generated currents. Deposition could have been triggered by

extreme dissipation of energy due to friction or by waning of the storms

themselves. Unfortunately there is no conclusive evidence to support

any of these hypotheses, nor to suggest an alternative.

The bioherms that accumulated in deeper water were deposited

with the sediments of the Manitowaning Member. These structures appear

to have been buried during the early phases of progradational

sedimentation associated with the eventual deposition of the muds of the

overlying Cabot Head Formation. At least some of the lower-lying mounds

(e.g. bioherms E) were buried by non-biohermal deposits of the

Manitowaning Member. These carbonate muds probably were deposited in an

increasingly restricted environment at the onset of regression. Larger

bioherms in deeper water survived for a time. It is quite possible

that many of these structures persisted until they were buried directly

by red and green terrigenous muds (Cabot Head Formation). Mudstones in

the bioherms of the South Bay Cluster have a red-green colouration

suggesting that biohermal growth continued for a short time after the

commencement of terrigenous sedimentation. The eastward facies change



from the red and green shales on Manitoulin Island to the shales and

littoral sandstones of eastern Ontario and western New York suggest an

easterly source for the terrigenous sediments.

242
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ANALOGS OF THE BIOHERMS IN THE MANITOULIN FORMATION

Modern analogs

A review of the literature dealing with modern carbonate

environments reveals surprisingly few detailed investigations into the

genesis of small, sparsely populated mudmounds. These relatively

featureless structures are the least studied and least well understood

of modern biohermal accumulations. The greatest proportion of work has

been focused on the larger, biologically and sedimentologically complex

reefs. This emphasis is unfortunate as carbonate mudmounds occur in

nearly all of the warm, shallow-water, marine environments of the world.

Better understanding of modern mudmounds could provide valuable clues to

the interpretation of similar ancient structures.

The mudmounds of Florida Bay are probably the best known

recent accumulations of carbonate mud. The sediments and depositional

environments of Florida Bay have been discussed in detail by Ginsburg

(1956), Ginsburg and Lowenstam (1958), Gorshine (1963), Scholl (1966),

and Stockman et al. (1967). The mounds presently forming in the Bay are

similar to the bioherms of the Manitoulin Formation in that they are

primarily accumulations of bioturbated carbonate mud derived through the

disintegration of the skeletons of indigenous organisms. Calcareous

green algae are the major contributors of mud-sized particles. The

stabilization of these autochthonous sediments is effected by dense

growth of marine grass in conjunction with mats of blue-green algae.

These plants rapidly decompose within the sediment leaving no trace of
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their existence and thus no clue of the role they play in the growth

of the mounds. A further similarity is that the thin deposits of

sand-sized skeletal debris, found at various levels in some of the

modern mounds, always occur on the windward sides. In addition, where

currents are somewhat stronger, sparse populations of ramose colonial

corals inhabit the windward parts.

The bioherms of the Manitoulin Formation are not considered

strictly analogous to the mudmounds of Florida Bay. The irregular,

anastomosing shapes of the modern mounds show that they are not

significantly affected by currents prevailing from a particular direction,

unlike the Llandovery bioherms. Furthermore, the absence of a

suspension-feeding fauna in Florida Bay suggests that circulation and,

consequently, nutrient supply are poorer than existed during growth of

the bioherms of the Manitoulin Formation. Rates of sedimentation may

also be higher on the modern mounds. The most significant factors

controlling the movement of water in Florida Bay are shallow depths

and the presence of emergent landmasses that border the Bay on three

sides. In contrast, although the water on the northern shelf of the

Michigan Basin was shallow, it was continually replenished from the

southwest and the prevailing currents carried water, unobstructed,

northeastward out of the basin.

The Rodriguez Bank, a carbonate mound in the back-reef

area of the Florida reef tract, also displays features similar to

those of the bioherms of the Manitoulin Formation. Turmel and Swanson

(1976) presented a detailed study of the development of the bank.

During the early stages of accumulation, movement of water in the area
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was restricted by a wide shoal (White Bank) a short distance to the east.

The sediments deposited on the bank at that time resemble those of the

mudmounds of eastern Florida Bay, indicating similar low-energy conditions.

Carbonate mud was produced in situ and organically bound. These early

deposits are believed also to have accumulated under more restricted

conditions than were extant during growth of the Manitoulin bioherms. In

the latter stages of development of the bank, an abrupt relative rise in

sea-level flooded the shoal area and circulation suddenly increased.

With the advent of freer mixing with oceanic waters, the bank became

ecologically zoned as ramose colonial corals and red algae colonized a

narrow zone along the windward margins. These organisms form a dense

growth that completely covers a substrate comprising skeletal sands and

gravels derived by physical and biological abrasion of their skeletons.

Lime mud is scarce in this zone because agitation by waves inhibits

settling of fine-grained particles. Leeward of this narrow zone,

mixtures of mud and skeletal sand in various proportions are being

deposited over the rest of the bank and are populated by calcareous algae

and marine grass. The mud-sized fraction results from a combination of

in situ production and deposition due to the baffling of currents by the

seaward parts of the bank. Although the biological zonation is comparable

to that on the Llandovery bioherms, the greater density of the windward

community and the larger grain-size of associated sediments on the bank

suggest greater energy and better circulation. The bioherms in the

Manitoulin Formation were deposited in an environment that was intermediate

between those existing in Florida Bay and in Rodriguez Bank today.

Rodriguez Bank and the Manitoulin bioherms differ appreciably
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in both size and orientation. Rodriguez Bank (2,654 m by m) occupies

almost twice the area covered by the Manitowaning Bioherm and is oriented

with the long dimension oblique to the prevailing easterly winds and

currents. Both its large size and its orientation were determined by the

dimensions of a depression in the underlying Pleistocene surface, which

locolized the early phases of sedimentation. Pre-existing topographically

low areas similarly determined the locations of mudmounds in Florida Bay.

The relationship between the bioherms of the Manitoulin Formation and the

underlying topoyraphy is unknown.

Ancient analogs

The study of carbonate mudmounds in the stratigraphic record

has been subject to the same investigative biases as that of their modern

counterparts. A compounding problem is the loss of information associated

with various syngenetic and diagenetic processes that affected these ancient

structures. In conjunction, the paucity of well-documented modern examples

for comparison renders necessarily inconclusive any suggestion of

paleoecological similarity between mudmounds of any age.

The Paleozoic stratigraphic record is replete with biohermal

deposits that, prior to lithification, were composed mainly of carbonate mud.

Structures that display features similar to those of the bioherms of the

Manitoulin Formation are particularly common in Middle Silurian rocks of the

Michigan Basin and in Carboniferous deposits in several areas of the world.

Biohermal deposits certainly occurred elsewhere and at other times during

the Silurian. Most of these bioherms, however, are structurally and

biologically more complex than those of the Manitoulin Formation; many are
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interpreted to have been true reefs. A summary of the characteristics of

Silurian bioherms, as well as those of biohermal accumulations throughout

the stratigraphic record, is presented by Wilson (1975). Bioherms reported

in the Llandoverian of northern Greenland (Hurst 1980) and Estonia (Aaloe

and Nestor 1977; Nestor and Nestor 1977) may be analogous to the structures

in the I�an itoul in Formati on. Unfortunately, both occurrences have been

only briefly described, rendering impossible a detailed comparison. For

these reasons, only Paleozoic biohermal deposits that are well-documented

and show considerable similarity to those of the �lanitoulin Formation are

discussed here.

The Waulsortian mounds are distinctive and widespread in

Carboniferous strata throughout the northern hemisphere and have been the

subject of many investigations (e.g. Parkinson 1957; Pray 1958; Lees 1961;

Schwarzacher 1961; Troell 1962; Cotter 1965; Morgan and Jackson 1970;

Riding 1979). They resemble the Manitoulin bioherms in that 50 to 80

percent of the rocks in the Waulsortian mounds are carbonate mudstones

containing sparsely distributed bioclastic material, and that skeletal

grains comprise mainly small, ramose and lacy bryozoans, cronozoans, and

brachiopods. Additional debris was derived from orthocone nautiloids, small

solitary rugose corals, trilobites, and ostracodes. Organic structures

that could be interpreted as rigid frameworks are conspicuously absent.

Unlike the r�anitoulin bioherms, the Waulsortian mounds are commonly

surrounded by steeply dipping flank-beds composed predominately of crinozoans

and less abundant bryozoan debris.

The Waulsortian mounds are believed to have accumulated in

quiet, low-energy environments, with slightly better circulation around the

margins indicated by the proliferation of crinozoans and bryozoans. The



248

carbonate muds apparently were deposited by a combination of processes:

entrapment and in situ production by non-calcareous algae or other

soft-bodied organisms that are not preserved, entrapment by the baffling

action of crinozoan and bryozoan gardens, and hydrodynamic deposition

leeward of such gardens. The origin of these mounds is problematical.

The early, central parts of some Waulsortian mounds contain extremely high

densities of bryozoans suggesting that, as in the structures on Manitoulin

Island, dense carpets of bryozoans on the sea-floor initiated accumulation

of the mounds.

The Waulsortian mounds and the bioherms in the Han i tcul i n

Formation are interpreted to have accumulated by similar processes in

generally analogous depositional environments. That these environments

differed in detail is illustrated by the absence from the Carboniferous

structures of certain features typical of the Manitoulin bioherms. For

example, although some Waulsortian mounds were shaped into elongate forms

by prevailing currents, most were equidimensional and symmetrical, suggesting

a more uniform distribution of current energy. This conclusion is supported

by the distribution of fossils within the mounds; unlike the Llandovery

bioherms, skeletal material is evenly disseminated throughout the

Waulsortian mounds. In addition, circulation may have been more restricted

on the Waulsortian mounds, as indicated by the complete lack of larger

suspension-feeders.

Most of the Waulsortian mounds are larger, some attaining

diameters of several kilometers and heights of 150m. The sizes were

probably related to the positions of the mounds within the basins in which

they were deposited. Paleogeographic and structural evidence indicates

that these mounds accumulated below wave-base on the outer parts of shelves
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in subsiding basins. In contrast, the Manitoulin bioherms are small and

formed high on a gently sloping, stable shelf. The sizes of the Manitoulin

bioherms probably were limited by water-depth, whereas growth in the

Carboniferous was stimulated by deepening water. Furthermore, the prevailing

currents on the northern shelf of the Michigan Basin may have carried much

fine-grained material out of the shallow shelf area, but mud may have

settled out of suspension more rapidly in the deeper, quieter environment

of the Waulsortian mounds. Higher rates of sedimentation may have

precluded colonization of the Waulsortian structures by colonial corals.

The most striking difference between the Early Silurian and

Carboniferous deposits is the abundant occurrence of stromatactis in the

Waulsortian mounds. Stromatactoid structures have the appearance of vugs

with more or less flat, horizontal floors and irregular to digitate roofs

that have been filled with fine-grained sediments in the lower parts and

coarsely crystalline carbonate cement in the upper parts. These structures

have been identified from bioherms of several ages and their origin is the

source of much debate. Whatever the significance of the stromatactis in

the Waulsortian mounds, this structure has not been found in the bioherms

of the Manitoulin Formation.

The bryozoan mudmounds that form the bases of many of the

Wenlockian stromatoporoid-tabulate coral pinnacle reefs in the Michigan

Basin are the closest analogs of the Manitoulin bioherms. Unfortunately,

because most of these reefs occur in the subsurface and because petroleum

exploration focuses on the upper, true reef stages, few studies have

included detailed considerations of the early stages of growth. Notable

exceptions are the works of Lowenstam (1950, 1957), Textoris and Carozzi

(1964), and Gill (1977a).
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The Wenlockian bryozoan mudmounds are strikingly similar to

the bioherms in the Manitoulin Formation. The Wenlockian mounds consist

of dolomitic mudstones and wackestones, with some packs tones in the upper

parts. The fauna is composed primarily of bryozoans, crinozoans, and

brachiopods, with associated corals, stromatoporoids, trilobites, gastropods�

ostracodes, bivalves, sponges, and cephalopods. Crinozoans and bryozoans,

including many small ramose forms, are the principal sources of skeletal

grains. Calcareous algae are rare. Baffling of currents by bryozoan and

crinozoan gardens and stabilization of the substrate by soft, unpreserved

organisms, such as algae, are believed to have been responsible for the

accumulation of much of the carbonate mud. Several taxa of non-calcareous

algae have been isolated and identified recently from the Wabash reef in

Indiana (Coron and Textoris, 1974).

The Wenlockian bryozoan mudmounds developed in relatively

quiet water, below wave-base, on central parts of the shelf. Water

movement evidently was not unidirectional as the mounds are equidimensional,

conical structures and there is no lateral or vertical differentiation of

fauna.

Corals in the Wenlockian mounds are mainly tabulates and

small solitary rugosans. These forms are similarly most abundant in the

Manitoulin bioherms, except in the latter stages of growth when colonial

rugose corals became dominant. The reason colonial rugosans were scarce

on the Wenlockian mounds is unknown. The presence of abundant stromatactoid

structures in the Wenlockian mounds also distinguishes them from the

bioherms in the Manitoulin Formation.

The vertical dimensions of the Wenlockian mudmounds (usually

some tens of meters) were determined largely by water depth, which in
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turn was directly related to the positions of the mounds on the shelf.

Heights decreased progressively up-slope. The accumulation of mud

eventually elevated the upper surfaces of the mounds into more agitated

waters near wave-base. Greater thicknesses of sediment were necessary for

down-slope mounds to reach the zone of turbulence than for mounds in

shallower water. The appearance of large numbers of tabulate corals and

stromatoporoids marks transition of the mudmounds into the true reefs that

flourished in this higher-energy environment. Bioherms that were initiated

high on the shelf, within the zone of wave-action, did not develop early

mudmound stages.

The sizes of both the mudmound and reef stages were accentuated

by rapid subsidence of the Michigan basin during Wenlock time. In response

to continually deepening water, the mudmounds had to accumulate greater

thicknesses of sediment to reach wave-base than would have been necessary

under more stable conditions. Once the true reefs developed on these earlier

mounds, vertical growth continued to maintain the upper surfaces in the

zone of agitation. The positions of the Manitoulin bioherms high on the

shelf suggests that, had similar rates of subsidence existed during the

Llandovery, they probably would not have developed into pinnacle reefs. As

the slope of the shelf steepened and water-depth increased they would have

been subjected to higher-energy conditions and may well have become more

substantial, wave-resistant structures. The shallow water and tectonic

stability of the shelf, however, restricted biohermal growth in the

Manitoulin Formation.
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THE MANITOULIN FORMATION AS A CARBONATE FACIES

Modern models of carbonate facies

'Wilson Model'.- The paleoecological interpretation of the Manitoulin

Formation presented in a previous section of this thesis is the result of

inductive analysis; it has been developed through the integration of

numerous specific observations of the paleoecological, sedimentological,

petrological, and geomorphological characteristics of the formation.

Subsequently, the bioherms themselves were compared to others, both ancient

and modern, to which they display biological and structural similarities.

The sedimentary facies of the t'lanitoul in Formation and the suggested

paleoenvironmental reconstruction now may be considered in the light of

modern facies concepts.

The most recent detailed description of the many and varied

kinds of known carbonate sedimentary facies was presented by Wilson (1975).

Most of his work is devoted to a comprehensive discussion of the pattern

of carbonate facies that has been recognized as consistently recurring in a

variety of tectonic settings through the geological record. Integrating a

knowledge of modern carbonate sedimentary environments with environmental

data derived from carbonate sediments in the stratigraphic record, he

devised a general model for the development of carbonate facies. The model

consists of nine generalized facies belts oriented approximately parallel

to the shoreline. In order of increasing proximity to the shore, these

belts are,

lA Turbidite and Leptogeosynclinal Deep-water Facies (Fondothem)
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lB Cratonic Basin Carbonates (starved and mostly euxinic)(Fondothem)

2 Shelf Facies (Deep Undathem)

3 Basin Margin or Deep Shelf-margin Facies (Clinothem)

4 Foreslope Facies of Carbonate Platform (marine talus)(Clinothem)

5 Organic Reef of Platform Margin

6 Winnowed Platform-edge Sands

7 Open-marine Platform Facies (Shallow Undathem)

8 Facies of Restricted Circulation on Marine Platforms

9 Platform Evaporie Facies

Each individual belt, except lA, was described by t�ilson (1975)

in terms of its characteristic a) prevailing rock-types, b) color, c) types

of grains and depositional textures, d) bedding and sedimentary structures,

e) terrigenous clastic sediments, and f) biota. The features displayed by

the Manitoulin Formation most closely resemble those associated with Belt 7

of the model.

In original summary, the characteristics of Belt 7, Open-marine

Platform Facies, was clear and concise and is quoted here:

"Geographically such environments are located in straits,
open lagoons, and bays behind the outer platform edge.
The general term shelf lagoon is applicable. Water is
shallow, generally a few meters to tens of meters deep.
Salinity varies from essentially normal marine to
somewhat higher; circulation is very moderate. Water
conditions are favorable for organisms but often the
stenohaline forms are excluded. The sediments are

texturally varied but contain considerable amounts of
lime mud.
a)Prevailing rock types: Variable limestone and in some

cases lenses and thin beds of land-derived clastics.
b) color : Light and dark.
c) Grain types and depositional texture : Great variety
of textures, grainstone to mudstone, e.g., lenses of
lime sands commonly of shelly and angular fragments or

lumachelles (coquinas of essentially whole shells), beds
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of bioclastic wackestones; mounds and lenses of
organically produced and trapped sediment; biostromes.
d) Bedding and sedimentary structures: Medium to platy
bedded; burrowing and pelleting of sediment common.

When clay is admixed, ball and flow compaction structures
are present, as well as nodular and wavy bedding.
e) Terrigenous clastics: When present, generally in well
segregated beds intercalated with limestones.
f) Biota : Fauna may be abundant with mollusks, sponges,
arthropods, foraminifera, and algae particularly common.

Patch reefs are present; abundant marine grasses and trees

play important roles in trapping and stabilizing fine
sediment in shallow water. Organisms requiring normal
salinity are present but may be rarer than in the open
sea, e.g., brachiopods, cephalopods, echinoderms, and red

algae."(Wilson 1975, p. 358-359).

In its facies the Manitoulin Formation differs too greatly in

detail from those characteristic of Belt 7 for the formation to be attributed

to deposition under typical conditions for the belt. The formation is

composed of uniform mudstone to sparsely fossiliferous wackestone; lenses

of coarser bioclastic sediments are absent. These lithotypes are uniform

over an extremely wide area, which is inconsistent with the variability

displayed by sediments typical of facies belt 7. Moreover, the biota of

the Manitoulin Formation is relatively impoverished. Foraminifera, grasses,

and trees are completely absent (the latter two groups had not evolved);

molluscs and arthropods are extremely rare; and sponges are represented

only by stromatoporoids. Rugose and tabulate corals are present, however,

particularly on those bioherms that developed in deeper water.

The incompatability of the facies of the Manitoulin Formation

and those of belt 7 in the IWilson Modell can be attributed to the basis on

which the model is constucted - an idealized pericontinental shelf-margin

(Wilson 1975, p. 350). Most understanding of modern carbonate sedimentation

in shallow marine environments is based on studies of peri continental seas

bordered on one side by a continental land-mass of considerable size and
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on the other by a deep oceanic basin. The Manitoulin Formation, in

contrast, is a product of deposition on the northeast margin of a large,

extremely shallow, epeiric sea. The pattern of development of facies on

a peri continental shelf cannot be extrapolated directly to that on an

epeiric shelf. Many of the principles derived from studies of

pericontinental areas are applicable to the interpretation of marine

sediments deposited in epeiric seas, but must be modified because of the

much gentler slopes and extreme shallowness of the water over broad areas

that are characterisitic of epeiric seas. Continental areas presently

covered by shallow seas are limited and few of them have been subjected to

detailed investigation (Wilson 1975, p. 377). As a result, the modification

of principles derived from the study of pericontinental areas for

application to epicontinental deposits has been primarily theoretical

(e.g. Shaw 1964; Irwin 1865). Those small, modern, epeiric seas that have

been studied display facies patterns very similar to those predicted by

the theoretical models (Heckel 1972, p. 254).

'Shahl - Irwin Model'.- Irwin (1965) proposed the most widely accepted

theoretical model of facies development in an epeiric marine setting,

expanding upon a similar but much more general formulation by Shaw (1964).

Three major facies belts, controlled by differing intensities of agitation

of the water, were recognized (Irwin 1965, p. 450). The degree of

agitation, it was postulated, would be controlled largely by the affect of

different relative depths on the position at which waves and currents

impinged upon the bottom of the sea.

Epeiric seas are characterized by shelves of great width and
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gentle slope (usually less than 0.19 m/km) , covered by shallow water.

These features are sufficient to restrict, and in places to eliminate,

open-marine circulation. As a consequence, the sedimentary environments

and, therefore, the resulting facies patterns, were quite different from

those of modern peri continental shelves where the influences of oceanic

waves and tides commonly extended to the shore (Irwin 1965, p. 447).

The three facies belts postulated by Irwin (1965, p. 450) are

described below.

1) The Seaward Low-Energy Zone occurs in the open sea where the bottom is

below effective wave-base. In this zone, marine currents provide the only

hydrodynamic energy influencing sedimentation, and the bottom remains

essentially undisturbed. Energy in the water-column is sufficiently low

to allow fine-grained sediment to settle out of suspension. Sediments are

characterized by calcareous mud and bioclastic material, principally derived

from the zone immediately shoreward of this low-energy zone. If the water

column is well aerated, the fauna may be diverse. This zone may be hundreds

of kilometers wide.

2) The High-Energy Zone lies closer to shore than zone 1, extending from

that line on the shelf where the largest waves first impinge on the sea

bottom to the landward limit of tidal action. The kinetic energy of waves,

currents, and tides is dissipated in this zone, due for the most part to

friction with the bottom. Fine-grained sediment is kept in suspension

by the turbulence. Sediments on the bottom primarily consist of

calcareous bioclastic sands and coarser deposits, generally biogenic in

origin and commonly winnowed. Biological activity is high because

nutrients and oxygen are in abundant supply as a result of the turbulence
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and good circulation. This zone may be tens of kilometers wide and,

within it, true reefs may form in seaward portions.

3) The Shoreward Low-Energy Zone develops in the area between the line

of final dissipation of kinetic energy in open-marine systems and the

shore. Water is extremely shallow, tides are essentially absent, and

circulation is quite low. The only waves that develop are the result of

local storms. Rates of replenishment of nutrients and oxygen are reduced,

and environmental conditions are more unstable than in the other two zones.

Thus the biota is less diverse and less abundant. The sediments that

accumulate are generally carbonate muds, and typically Evaporitic deposits

form immediately adjacent to the shore. This low-energy zone may be

hundreds of kilometers wide.

The major differences between the IShaw-Irwin Model I and the

IWilson Modell are a result of the widths of the energy-zones and resulting

facies belts being governed by the slope of the sea-bottom. In

pericontinental regions, where steep slopes are the rule (measured in

several meters per kilometer), the equivalent of the Shoreward Low-Energy

Zone may be extremely narrow or absent. In these areas, waves and tidal

currents extend to the shore, producing beach deposits. In epeiric seas,

on the other hand, the zone in which the bottom is affected by waves and

tides may be hundreds of kilometers off-shore, preventing formation of

such beach deposits. Instead, expansive carbonate sediments are deposited

under low-energy conditions shoreward of the area agitated by waves and

tides.

An application of the 'Shaw - Irwin Model'.- The validity of the IShaw-Irwin
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Model I of epeiric sedimentation has been demonstrated by its successful

application to the interpretation of a number of ancient sequences of

marine strata. Laporte's (1969) paleoenvironmental investigation of the

Devonian Helderberg Group in New York State stands out as one of the best

examples and is outlined here for this reason.

All depositional environments predicted by the theoretical

model were recorded in formations of the Helderberg Group (Laporte 1969).

Each formation was interpreted as comprising one or more distinct facies,

all of which were deposited adjacent to one another and generally parallel

to the shoreline. The formations were concluded to be diachronous, and the

sequence to be transgressive. The facies that developed were the result

of deposition on a shelf with a depositional slope of less than O.19m/km

(lft/mi; Laporte 1969, p. 115).

The Helderberg Group comprises the Manlius, Coeymans, Kalkberg,

and New Scotland formations, in ascending order. In order to trace the

facies from deep-water to supra-tidal settings, a departure from convention

is demanded: the formations will be discussed in reverse stratigraphic

order.

The Kalkberg and New Scotland formations are products of the

deposition of carbonate muds off-shore, below the zone of active agitation

by waves. The benthic biota, both epifauna and infauna, is abundant and

diverse. Sediments of the Kalkberg Formation were rich in carbonate

detritus. In contrast, those of the New Scotland Formation contained a

greater content of terrigenous clay, indicating accumulation farther

off-shore, in deeper water. Both these facies accumulated in the Seaward

Low-Energy Zone.
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Sediments of the Coeymans Formation were deposited under

conditions of relatively strong water-agitation. Carbonate mud was

absent. The rocks show copious evidence of current-stratification. The

biota associated with this facies was diverse. Bioherms developed, with

dimensions up to several meters thick and tens of meters long, containing

rugose corals, tabulate corals, and stromatoporoids. This facies was

deposited in the High-Energy Zone.

The Manlius Formation was the subject of a separate, detailed

investigation (Laporte 1967), in addition to the more general study of its

carbonate facies (Laporte 1969). Manlius sediments are interpreted to

have been deposited in a broad lagoon, where waves and currents were

absent except during occasional storms. Circulation was restricted and

quiet-water conditions prevailed. In the most shoreward zone, intertidal

and supratidal sediments were deposited in the form of laminated,

unfossiliferous, dolomitic, carbonate muds, which commonly were subject to

drying and became dessication-cracked.

Seaward of the intertidal-supratidal zone, pelletal carbonate

muds accumulated in a subtidal environment. The sediments ranged in

composition from pelletal micrites containing fragmented and disarticulated

skeletal debris to biostromes (1.5 - 5m thick) consisting largely of

stromatoporoids. These biostromes were laterally continuous for several

kilometers. Abundant evidence of bioturbation is present throughout the

subtidal facies, and the homogeneity of the sediments is attributed to

the activity of burrowers. The biota was somewhat impoverished with

respect to facies belts farther off-shore. Stromatoporoids, solitary

rugose corals, scattered favositid corals (in the seaward parts), ostracodes,
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brachiopods, abundant calcareous green algae, small ramose bryozoans,

and conodonts are common in the subtidal facies. Gastropods, cephalopods,

and bivalves are scarce; trilobites and crinozoans are rare except in the

off-shore parts of the facies belt, where its deposits grade into those of

the Coeymans Formation. The subtidal sediments of the Manlius Formation

accumulated in the Shoreward Low-Energy Zone.

Facies interpretation of Manitoulin Formation

The faunal and sedimentological similarities between the

subtidal facies of the Manlius and Manitoulin Formations are striking.

They differ only in three important details: first, the mudstones of the

Han i tou l in Formation are not demonstrably pelletal in origin; second,

intertidal and supratidal deposits are not associated with the Manitoulin

Formation; and third, the Manitoulin Formation contains well-defined

bioherms of various sizes whereas laterally extensive biostromes are

present in the r�anlius Formation.

Evidence of bioturbation and the homogeneous texture of the

mudstones of the Manitoulin Formation indicate that vagile infauna and

semi-infauna may have been important members of the biohermal community.

If so, pellets undoubtedly would have been common, if not abundant,

constituents of the original sediments. The present paucity of pellets

in the formation may be a result of diagenetic alteration of the carbonate

sediment during intense dolomitization.

The absence of intertidal and supratidal deposits from that

part of the Hanitoulin Formation presently exposed on Han i toul in Island
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may be due simply to erosion. Given the overall configuration of the

Michigan Basin during the Early Silurian, such deposits, if they were

developed, would have occurred to the northwest, north, and northeast of

the present northern limit of outcrop of the formation. Unfortunately, the

occurrence of shoreline deposits in these areas can be only a subject of

speculation.

As the Manitoulin Formation is the product of deposition in

a transgressing sea, shoreline facies would be expected to be preserved

in stratigraphically lower parts of the formation, down-dip. This

expectation is at least partly justified in that the formation on

Manitoulin Island comprises the Manitowaning Member, containing the

majority of the bioherms, overlying the Charlton Bay Member, which contains

only a few small bioherms and a less abundant and diverse fauna. The

Charlton Bay Member probably represents sediments deposited in shallower

water, nearer shore than the overlying sediments. Conversely, contempo

raneous high-energy deposits would be expected down-dip, in the upper

parts of the formation. Possibly even true reefs developed south of the

belt of bioherms, where water was deeper and the sea-bottom was agitated

by waves and tides. Little is known, however, about the Manitoulin

Formation in the subsurface of the Michigan Basin. Where it has been

recognized in drill-holes in the interior of the basin, the formation

usually is identified on the basis of characteristic deflections on

geophysical logs. The few cores taken from the formation contain only

unfossiliferous, dolomitic mudstone, which may be interpreted as having

originated in either deep or shallow water, but that is not to say that

bioherms may not be present between the sites of the boreholes. In
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addition, the area in which true reefs might be expected in terms of the

'Shaw-Irwin ['·10 de 1 I is now largely covered by Lake Huron. Strata beneath

the lake remain unexplored.

The presence of bioherms in the Manitoulin Formation and the

absence of similar structures in the Devonian Manlius Formation record

basic differences in the hydrodynamic regimes under which their sediments

were deposited. The subtidal facies of the Manlius Formation was

deposited under conditions of generally low energy and poor circulation.

Circulation was higher only within tidal channels, where stromatoporoid

biostromes developed. Stromatoporoids flourished probably in response to

more rapid replenishment of oxygen and nutrients within the channels. The

increased water-movement also would have removed the finest fraction of

sediment which otherwise might have choked the feeding system of the

stromatoporoids. The multi-directional pattern of tidal currents and the

i nstabil ity of the channels themselves woul d have combi ned to prevent the

stromatoporoids from producing structures with any appreciable relief.

The biostromes eventually were buried by sediment deposited as the channels

migrated, thus accounting for the lateral extent of the biostromes

(Laporte 1967, p. 92-93).

Conditions on the northeast shelf of the Michigan Basin in

Early Llandovery times were somewhat different. Although water was quite

shallow and circulation restricted, deposition of sediments of the

Manitowaning Member occurred under the influence of unidirectional currents

from the southwest. These currents were a major control on growth of the

bioherms. The mudmounds, during early growth stages, accumulated through

the baffling of the currents by sedentary organisms, causing deposition of
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fine-grained sediments. As the mounds grew in relief, they themselves

became current-baffles and sediment was deposited on the lee sides. This

eventually produced elongated mounds oriented parallel to the currents.

Had the prevailing currents been absent, the bioherms certainly would

have been quite different in structure and may not have formed at all.

Northeast shelf of r·1ichigan Basin during Early Llandovery time

The Manitoulin Formation, as exposed on Manitoulin Island, is

the product of deposition of carbonate muds on the expansive northeast

shelf of the epeiric Michigan Basin. Wide marine shelves are among the

most common locations for biohermal growth (James 1979, p. 126). The

shelf sloped extremely gently toward the south-southwest. This is

interpreted from the present uniformly low angle of dip of the formation

(6.7m/km, or approximately 0.4°), a dip that must have been increased

considerably by the repeated subsidence of the basin through much of the

Paleozoic Era. The progressive southeastward increases in size,

constructional complexity, and faunal diversity of the bioherms suggest

that the shelf declined toward the southeast as well. The shoreline of

the basin in this area, assuming a continuous arc, should have trended

approximately northwest-southeast (Fig. 4c), or parallel to the trend of the

belt of bioherms. This would imply uniform depth along the trend of the

belt. Deepening of water toward the southeast, therefore, suggests an

irregularity -- an embayment -- in the northeast rim of the basin.

The sea within Michigan Basin and that covering Anticosti

Island to the northeast and possibly the Timiskaming area to the north
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probably were separated by a low arch and would have been confluent only

during the latter stages of transgression (Fig. 29). Thus, they would

have been separated immediately before and during deposition of the sediments

of Charlton Bay Member. As water-depth increased with transgression, the

northeast embayment would have become transformed into a channel of unknown

dimensions. At that time, the sediments of the Manitowaning Member were

deposited. This conclusion is supported by evidence of current activity

being absent from the Charlton Bay Member. Prevailing southwest currents,

however, were active during deposition of the muds of the Manitowaning Member.

The continuous, albeit slow, movement of water northeastward out of the

basin, driven by prevailing southwest winds, would account for the shape and

orientation, differentiation in size, and faunal zonation of the bioherms of

the Manitowaning Member. The currents would not have existed in the absence

of the channel. Such a northeast passage out of the Michigan Basin existed

periodically during Late Ordovician (Trenton; Kay 1937, p. 289, 294), Early

Silurian (Early Llandovery; Ayrton et al. 1969, p. 461, fig. 1; see Fig. 29),

and Late Silurian (Cayugan; Alling and Briggs 1961, p. 544, fig. 12) times.

In the Llandovery, the two basins would have been separated again during the

regression that deposited the terrigenous muds of the Cabot Head Formation.

Summary

The carbonate muds of the Manitowaning Formation were

deposited in a restricted environment corresponding to the Shoreward

Low-Energy Zone of the 'Shaw-Irwin Model '. The bioherms are the only

features of the formation that, on first examination, appear to be
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anomalous in this interpretation. These apparent anomalies can be

explained in terms of the configuration of the shelf during the Early

Llandovery. The 'Shaw-Irwin Node l ' is based on a theoretical epeiric sea

that is bordered by a continuous shoreline. The northeast shelf of the

Michigan Basin during the development of the bioherms did not correspond

completely to this idealized situation. At least a portion of the basin

was not enclosed by a shoreline (Fig. 29). The unidirectional currents

and subsequent increased circulation that resulted from the flooding of

a northeast channel were the main stimuli of biohermal development. The

slightly better circulation allowed initiation of small bryozoan mudmounds

around thi ckets of bryozoans. The bi oherms remained small where water was

shallowest and currents weakest, i.e. the northwest end of the belt. The

affect of the currents was greater where water was deeper. Bioherms bacame

larger and elongated parallel to currents, and the suspension-feeding

fauna became concentrated on the southwest slopes.

There is absolutely no evidence that the overall energy

req irnes under which the sediments of the Charlton Bay and I�anitowaning

members were deposited differed appreciably. The significant distinction

between the two environments was relatively better circulation in the

latter.

Other associated facies, predictable in terms of the 'Shaw

Irwin Modell, have not been identified in the Manitoulin Formation.

Intertidal and supratidal deposits, which may have accumulated a short

distance to the northwest and north, are absent, probably as a result

of erosion. The existence of a channel to the northeast would have

rendered impossible the development of shoreline facies in that area.
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Coarser-grained sediments probably were deposited in a zone of higher

energy to the south, farther down the depositional slope of the perimeter

of the basin. Bioherms, possibly even true reefs, probably developed in

this area as well. An important follow-up to the present work would be an

exploration program to determine the presence or absence of such structures

down-dip within the Manitoulin Formation.
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CONCLUS IONS

The bioherms within the Manitoulin Formation developed in a

generally clear, warm, shallow-marine environment high on the northeastern

shelf of the Michigan Basin. Energy was generally low and circulation

restricted as a consequence of the gentle regional slope of the shelf.

Moderate currents prevailed from the southwest, out of the center of the

shallow epeiric sea. The predominately quiet conditions were punctuated

by periodic increases in energy that overturned colonial corals and that

caused planation of the upper surfaces of the largest bioherms and minor

erosion of sediments on the smaller structures. This depositional

environment corresponds to the Shoreward Low-Energy Zone postulated by

the ·Shaw-Irwin Model· for epeiric sedimentation.

The bioherms comprised mainly carbonate mud, colonized by

bryozoans, crinozoans, and brachiopods; colonial rugose corals became

important members of the biohermal community during the later growth

stages of some bioherms. Much of the mud was derived through the in situ

disintegration of delicate skeletal material, but a significant amount

was hydrodynamically deposited as well. Rates of sedimentation were low,

probably averaging a few millimeters per year. The mud was trapped and

stabilized primarily by benthic algae, with lamellar favositids and

stromatoporoids and phaceloid rugose corals contributing to stabilization

on a more localized scale. Binding of the sediments by these organisms

protected the biohermal deposits from being appreciably damaged by storms.

Despite this stability, the bioherms were not wave-resistant in the usual

sense of the term. They were not subjected to consistently high energy
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and, therefore, did not develop rigid skeletal frameworks, detrital

flanking beds, or coarse-grained bioclastic deposits.

Reducing conditions existed in many microenvironments a

short distance below the sediment-water interface. Replacement of organic

structures by pyrite and silica, stimulated and confined by sulphate

reducing bacteria and organic decomposition, occurred early in the post

depositional history of the sediments. The biohermal sediments, however,

were generally well aerated.

The bioherms originated as small, equidimensional mudmounds

localized by gardens of bryozoans and brachiopods. Soon after becoming

established they developed a northeast-southwest elongation as a result

of hydrodynamic deposition of sediments on the lee (northeast) sides.

As relief increased, suspension-feeding organisms preferentially inhabited

the southwest slopes in response to prevailing currents. The northeast

slopes experienced progressively less energy and greater hydrodynamic

sedimentation because of the dissipation of energy by the southwest

portions of the mounds. Colonial rugose corals were late additions to

the biohermal community, colonizing only those mounds located near the

center of the belt. Suspension-feeders, including the colonial rugosans,

were confined almost entirely to the southwest slopes of these larger

bioherms. Several bioherms in 'back-reef' positions relative to the

Manitoulin Bioherm, an elongate barrier, developed irregular shapes and

more variable faunal distributions because current-directions were more

variable in the lee of the barrier. Biohermal growth within the

Manitoulin Formation was terminated by the onset of regressive conditions

and the deposition of the terrigenous muds of the Cabot Head Formation.
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The size of the bioherms can be correlated with water-depth.

Bioherms were extremely small at the northwest end of the belt, where

water was shallowest and water-movement most restricted. Salinity

may have been higher than normal in these areas, thus further restricting

the biohermal fauna. Bioherms became increasingly larger and faunally

more complex in progressively deeper water toward the southeast, as

energy increased somewhat and circulation became more open. Biohermal

development reached a peak near the center of the belt. Even in the

deepest environments, however, energy and circulation were sufficient to

support the quantities of large nutrient particles and nekto-benthos needed

by colonial rugosans only when bioherms had attained more than two meters

of relief.

The Llandovery bioherms on Manitoulin Island are paleontolo

gically and petrologically quite similar to the pioneer stages that form

the bases of many Wenlockian reefs in the Michigan Basin. The Wenlockian

mounds were much larger structures, however, and eventually gave rise to

stromatoporoid-tabulate coral pinnacle reefs. These differences were

functions of the relative positions of the deposits on the shelf and of

the tectonic setting of the basin during their accumulation. The

bioherms in the Manitoulin Formation grew in shallow water on the inner

part of a gently sloping, tectonically stable shelf. Biohermal growth

was limited by the low energy and reduced circulation characteristic of

such shallow-water environments. The Wenlockian bioherms, on the other

hand, were deposited below wave-base on the part of an actively subsiding

shelf. Although energy apparently was not much higher than that experienced

by the Manitoulin bioherms, circulation was better and upward growth was
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stimulated by the continuously increasing water-depth. As appreciable

subsidence occurred during Llandovery time, the bioherms within the

Manitoulin Formation may have become more substantial structures.

The detailed investigation of biohermal growth within the

Manitoulin Formation should be extended to the mounds at Tamarack Point

(the extreme eastern end of the outcrop belt on Manitoulin Island) and

to those exposed further to the west, on Drummond Island. Integration

of data derived from such studies with the present results will increase

understanding of the general paleoecology and paleogeography of the

northeast shelf of the Michigan Basin during earliest Silurian time.
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PLATE 1

Figs.
A-B

Small bryozoan mudmounds in the Honora Bay Cluster;

non-biohermal deposits of the Manitoulin Formation

drape over the mounds, particularly evident in Fig. B.

Fig. C Two mutually perpendicular sets of joints in interbiohermal

deposits of the Manitoulin Formation; one set trends

northeast-southwest, the other northwest-southeast.
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PLATE 2

Contact between massive dolostones of bioherm A and

underlying thinly bedded dolostones; hammer handle

is"-0.4 mTonq.

Unfossiliferous mudstone; contact between dark, pyrite-rich
and light, limonite-rich deposits is sharp; thin, darker

layers are relic algal mats; Hole AI, depth 2.57 m, Xi
....

Crinozoan mudstone with low-amplitude, anastomosing

microstylolites, typical interbiohermal deposits of

Manitoulin Formation, XO.8

Sparsely fossiliferous bryozoan mudstone, with algal
laminations;:lens of sediment at base of specimen contains

high concentration. of terrigenous clay, hand specimen Gk2,
Xl

g. E Crinozoan-skeletal mudstone, hand specimen HI, XO.85



 



319

PLATE 3

Fig. A Unfossiliferous, bioturbated mudstone, with algal mottling,
hand specimen Fb8, XO.85

Fig. B Mudstone grading upward to crinozoan wackestone, with relic

algal clasts and mats, hand specimen Fl11, XO.85

Fig. C Rounded chert nodule oriented parallel to bedding; from

sub-biohermal deposits of Hole C3, depth 2.85 m, Xl

Fig. D Unfossiliferous, bioturbated mudstone, with algal clasts,

hand specimen Fg16, Xl

Fig. E Algal mudstone, with numerous black fragments of algae, as

illustrated in Plates 109, 11, 12a; hand specimen H5, Xl
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PLATE 4

Fig. A Mudstone containing numerous fragments of algal mats,

overlain by bioturbated mudstone, hand specimen Dr6, XT

Fig. B Intraformational conglomerate comprising laminated (algal?)

mudstone clasts only slightly dislocated from original

positions, overlain by bioturbated mudstone, hand specimen

Dv, XO.9

Fig. C Bindstone of lamellar favositid (arrows) in bryozoan mudstone,

hand specimen Gk14, XO.75

Fig. 0 Algal mudstone, with numerous black fragments of algae, as in

Plate 3e; circled fragments illustrated in Plates 109, lla,

b, d-h; hand specimen Dr19, Xl
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PLATE 5

Fig. A Bafflestone of phaceloid rugose coral (arrows) in bioturbated

mudstone and skeletal wackestone, hand specimen Bb12, XO.9

Fig. B Skeletal-crinozoan wackestone to packstone, with small

lamellar bryozoan (A) and fragments of phaceloid rugose

corals, (B) hand specimen Cc9, XO.8

Fig. C Bindstone-bafflestone of tabular stromatoporoid (A) and

overturned cateniform colony (B) in skeletal-crinozoan

wackestone, hand specimen Ap24, Xl

Fig. 0 Bindstone of lamellar favositid (bottom) encrusting mudstone,

overlain by crinozoan wackestone containing fragments of

solitary rugose corals (upper left); from interbiohermal beds

near toe of southwest slope of bioherm A, hand specimen Ak6,

XO.65

Fig. E Bryozoan wackestone, hand specimen Bg9, XO.75

Fig. F Bryozoan-crinozoan wackestone, grading upward to

bryozoan mudstone, hand specimen Os16, XO.9



 



325

PLATE 6

Fig. A Crinozoan wackestone grading upward to crinozoan mudstone

(white flecks are crinozoans), hand specimen Fl17, Xl

Fig. B Bindstone of tabular colony of Strombodes gracilis (bottom of

figure) and thin, lamellar bryozoans in mudstone, hand

specimen Bx12, Xl

Fig. C Bindstone of tabular colonies of Strombodes gracilis in

crinozoan-skeletal wackestone, hand specimen Au18, Xl

Fig. D Crinozoan wackestone to packstone (white flecks are crinozoans;

solitary rugosan in upper right), from interbiohermal beds

at toe of southwest slope of bioherm D, hand specimen Dd3,

XO.9

Fig. E Bryozoan (arrows) floatstone with mudstone matrix; bryozoans

intensely recrystallized, almost unrecognizable without aid

of thin-sections; hand specimen Cj12, Xl
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PLATE 7

Fig. A Bindstone of lamellar favositids and stromatoporoids

in mudstone, representing maximum concentration of

encrusting organisms on upper surfaces of bioherms,

southwest slope of bioherm A.

Fig. B Bindstone of lamellar stromatoporoid in mudstone; coenosteum

contains numerous lenses of mudstone and intercalates with

surrounding mudstone, southwest slope of bioherm C.

Fig. C Bindstone-bafflestone comprising colonies of Strombodes

gracilis (left) and Stombodes paucipustulatus n. sp. (right)

in mudstone, southwest slope of bioherm C.
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PLATE 8

Fig. A Bafflestone of upright colony of Strephophyllum williamsi�
approximately 1.8 m in diameter, southwest slope of bioherm C;
collar of Hole C1 to left of scale.

Fig. B Bafflestone of upright cateniform corals in mudstone, top of

southeast slope of bioherm B.

Fig. C Radiaxial sparry dolomite in cavity below skeleton of

unidentified encrusting organism, photomicrograph,
transmitted light, X35

Figs.
O-E

Framboids of pyrite, photomicrographs, transmitted light,
X1500
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PLATE 9

Photomicrographs, transmitted light.

Fig. A

Figs.
B,D,E

Figs.
C, I

Fi g. F

Fi g. G

Figs.
H ,J, K

Limonitic framboid with core of pyrite, X1500

Unidentified opaque skeletal(?) structures, X90

Skeletal(?) structures enriched by collophane, X30

Crystal of authigenic feldspar, X250

Nodule of collophane, X50

Lineations of pyrite framboids,

Fig. H XIOO,

Figs. J, K X220



A

E

J
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PLATE 10

Photomicrographs, Figs. A-E transmitted light, Figs. F-G reflected

light.

Fig. A Silicified brachiopod shell truncated by microstylolites, X35

Fig. B Sharp contact between light, finely crystalline dolostone and

dark, very finely crystalline dolostone with significantly
higher concentration of terrigenous clay, X20

Fig. C Lineations of pyritic framboids, X220

Fig. 0 Spherical heterocysts of modern blue-green alga, Anabaena�
that link to form chains (figure from Scholle 1978, p. 3),
X625

Fig. E Probable dasycladacean algae, X35

Fig. F Oasycladacean alga, VerticiZZopora annuZata Rezak 1959, from

Middle Silurian of southwestern United States, Xl

Fig. G Unidentified green(?) alga, oblique section, X40
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PLATE 11

Photomicrographs, Figs. C, G, I transmitted light, Figs. A, B, D-F, H

reflected light

Figs.
A-E

Fi g. F

Figs.
G-I

Unidentified alga,
Fig. A longitudinal section, X25

Fig. B transverse section, X40

Fig. C longitudinal section, X35

Figs. 0, E oblique sections, X35

Unidentified 'lacy' alga, X22

Unidentified green(?) alga,

Fig. G oblique section of alga encrusting crinozoan plate,
X35

Fig. H oblique section, X35

Fi g. I transverse sect i on, X20
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PLATE 12

Fig. A Unidentified green(?) alga, photomicrograph, transmitted

light, X20

Fi g. B

Figs.
C-O

Figs.
E-F

Figs.
G-H

Partially pyritized algal mat, encrusting irregular surface

of mudstone, Hole Fl, depth 3.97 m, Xl

Pyritized algal mats, photomicrographs, transmitted light,
X20

Partially pyritized algal mat, photomicrographs, transmitted

light, XIOO

Fig. E normal light
Fig. F coniscopic light, showing laminations of organic
matter with pyrite finely disseminated in mat and forming

larger grains on upper surface.

Ramose bryozoans, photomicrographs, transmitted light, X20

Fig. G silicified, skeletal structures readily recognizable.
Fig. H partially silicified, tending to pseudo-grumeleuse
texture at margins.
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PLATE 13

Figs.
A,D

Grumeleuse texture in recrystallized parts of ramose bryozoans,

photomicrographs, transmitted light, Fig. A X20, Fig. 0 X35

Figs.
B,C

Grumeleuse textures with vague concentric laminations, of

unknown origin, photomicrographs, transmitted light, X20

Figs.
E,F

Partially pyritized algal mats, encrusting irregular
surfaces of bioturbated mudstone, overlain by featureless

mudstone, drill core, Xl

Fig. G Numerous, contorted algal mats; predominately concentrations

of organic matter and terrigenous clay, only minor pyritization,
drill core, Xl
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PLATE 14

Fig. A Lamellar stromatoporoid, lateral view, with transverse

view of tubes of unidentified commensal organisms, hand

specimen, 0.5

Figs.
B,C

Lamellar stromatoporoid, two lateral views of same coenosteum,

hand specimen, XO.5

Figs.
D,E

Lamellar stromatoporoid enclosing lens of mudstone, two

lateral views of same coenosteum, hand specimen, XO.4

Fi g. F Fragment of lamellar stromatoporoid, showing longitudinal
view of tubes of commensal organisms around which

stromatoporoid has grown, hand specimen, XO.4

Fig. G Low-domal stromatoporoid, with enveloping latilaminae,
hand specimen, XO.5
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PLATE 15

Figs.
A,B

Fragment of lamellar stromatoporoids, with tubes of

commensal organisms, hand specimens, XO.5

Fig. A longitudinal view of tubes showing radial disposition.
Fig. B transverse view of tubes in same specimen as in Fig. A.

Fig. C Extremely contorted lamellar stromatoporoid with large
portions covered by mudstone, transverse view of tubes, XO.3

Fig. 0 Closer view of tubes in center-left of Fig. C, XO.5

Fig. E Lamellar stromatoporoid, top view, with transverse view

of tubes of commensal organisms, same specimen as in Plate

14b, c, hand specimen, XO.5

Fig. F Tubes of commensal organisms in lamellar stromatoporoid,
longitudinal thin-section, X5



 



345

PLATE 16

Lamellar stromatoporoid, with tubes of commensal organisms in

various orientations; skeletal tissues of coenosteum bend

around tubes; some tubes isolated due to extension of

stromatoporoid above surrounding surface, along cylindrical
commensal organisms; thin-section, X5
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A-C

Figs.
D,E
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PLATE 17

Numerous tubes of commensal organisms in lamellar stromato

poroids, thin-sections, X5

Figs. A, B transverse sections

Fig. C oblique section, skeletal tissue of stromatoporoid
recognizable at lower right

Bafflestone of upright cateniform coral in mudstone, top of

southeast slope of bioherm B, Xl

Fig. 0 top view

Fig. E lateral view
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PLATE 18

Broadly conical cateniform coral, with slightly conical

base, hand specimen, XO.5

Fig. A lateral view

Fig. B top view

Fig. C basal view
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Fi g. B

Figs.
D-E
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PLATE 19

Paleofavosites aspep (d'Orbigny 1850)

Hypotype GMUS Ct176

Fig. A transverse thin-section, X8

Fig. C longitudinal thin-section, X8

Lamellar colony, lateral view, hypo type GMUS Ct177, XO.4

Paleofavosites cf. poulseni Teichert 1937

Hypotype GMUS Ct179

Fig. 0 transverse thin-section, X8

Fig. E detail of Fig. 0, showing septal spines and median

plane in corallite walls, X25
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PLATE 20

Paleofavosites cf. poulseni Teichert 1937

Hypotype GMUS Ct179

Fig. A solenia, longitudinal thin-section, X8

Fig. B septal spines, transverse thin-section, X25

Fig. C solenium, transverse thin-section, X25

Hypotype GMUS Ct180

Figs. O-E solenia and bands of closely and widely spaced
tabulae, longitudinal thin-sections, X8

Figs. F-G solenia, longitudinal thin-sections, X25



 



Fig. A

Figs.
8-0

Figs.
E-F
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PLATE 21

Paleofavosites cf. poulseni Teichert 1937

Hypotype GMUS Ct180, transverse thin-section, X8

Hypotype GMUS Ct179

Fig. B septal spines, transverse thin-section, X25

Fig. C solenium, transverse thin-section, X25

Fig. 0 corner pores, transverse thin-section, X25

Hypotype GMUS Ct181

Fig. E longitudinal thin-section, showing lateral increase,

X8

Fig. F transverse thin-section, X8
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PLATE 22

PaZeofavosites sparsus Flower 1961

Hemispherical colony, GSC 4514

Fig. A solenia, longitudinal thin-section, X20

Fig. B transverse thin-section, deposits of chalcedony line

much of skeletal tissue, X8

Fig. C longitudinal thin-section, showing deposits of

chalcedony, X8

Fig. 0 lateral view of colony.
Fig. E calical view of colony.
Figs. H, I corner pores, thick deposits of chalcedony
line corallite walls, transverse thin-sections, X20

Hemispherical colony, GMUS Ct182

Fig. F calical surface, XO.5

Fig. G basal surface, XO.5
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A-B
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PLATE 23

Paleofavosites sparsus Flower 1961

Hemispherical colony, GMUS Ct182

Fig. A transverse thin-section, X5

Fig. B longitudinal thin-section, showing lateral increase,
X4
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A-C

PLATE 24

saffordophyllum cf. deckeri Bassler 1950

Hypotype GMUS Ct183

Fig. A transverse thin-section, X8
Fig. B longitudinal thin-section, X8
Fig. C corner pore, axial plane in corallite walls,
transverse thin-section, X20
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PLATE 25

Saffordophyllum cf. deckeri Bassler 1950

Figs.
A-F

Hypotype GMUS Ct183

Fig. A corner pore, axial plane in corallite walls,

transverse thin-section, X20

Fig. B wedge-shaped septal spines, axial plane in corallite

walls, transverse thin-section, X20

Fig. C detail of septal spine in Fig. B, X50

Fig. 0 detail of corallite walls, showing axial plane,
transverse thin-section, X63

Figs. E-F solenia, transverse thin-sections, X10

FTopora conferta
Milne Edwards and Haime 1851

Figs. Hypotype GMUS Ct184, transverse thin-sections, X5
G,H

Fig. Hypotype GMUS Ct185, longitudinal thin-section, X5



c
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PLATE 26

Favistina caZicina (Nicholson 1875a)

Figs.
A-C

Tabular colony, hypotype GMUS Crl2

Fig. A calical surface, Xl

Fig. B lateral view, Xl

Fig. C longitudinal thin-section, showing discontinuous

axial ends of septa developed on upper surfaces of tabulae,

X4

Fig. 0 Hypotype GMUS Cr13, longitudinal thin-section, showing
discontinuous axial ends of septa developed on upper

surfaces of tabulae, X4
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PLATE 27

Favistina caZicina (Nicholson 1875a)

Fig. A Hypotype GMUS Cr12, transverse thin-section, X4

Figs.
B,F

Figs.
C,O

PaZaeophyZZum umheZZicrescens Chadwick 1919

Hypotype GMUS Cr14, mature corallites, longitudinal
thin-sections, X4

Hypotype GMUS Cr15, cutely conical colony, showing unique
mode of multiple increase, Xl

Fig. C oblique view of calical surface.

Fig. 0 oblique lateral view.

Fig. E Longitudinal thin-section, hypotype GMUS Cr16, X4
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Palaeophyllum umbellicrescens Chadwick 1919

All fi gures X4

Figs.
A,B,D

Hypotype GMUS Cr15,

Fig. A transverse thin-section, showing mode of multiple
increase.

Figs. B, 0 several mature corallites undergoing increase,

longitudinal thin-sections.

Fig. C Mature corallite, longitudinal thin-section, hypotype
GMUS Cr14.
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PLATE 29

Palaeoentelophyllum inconstans n. sp.

Holotype GMUS Cr17.

Fig.A broadly conical colony. calical surface. XO.3
Figs. B. 0 transverse thin-sections. X4

Figs. C. E-G longitudinal thin-sections. showing discontinuous
row of dissepiments. X4
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PLATE 30

PaZaeoenteZophyZZum inconstans n. sp.

A 11 fi gures X4

Figs.
A-C

Figs.
D-E

Para type GMUS CrIB,

Figs. A-B transverse thin-sections.
Fig. C longitudinal thin-section.

Paratype GMUS CrIg,

Fig. 0 longitudinal thin-section, showing mode of increase.

Fig. E transverse thin-section.
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PLATE 31

Palaeoentelophyllum inconstans n. sp.

Para type GMUS Cr20,

Fig. A longitudinal thin-section, X4

Fig. B transverse thin-section, X4
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PLATE 32

PaZaeoenteZophyZZum inconstans n. sp.

All figures X4

Figs.
A,C,O

Figs.
8,E

Hypotype GSC 20494,

Figs. A, 0 transverse thin-sections.

Fig. C longitudinal thin-section.

Paratype GMUS Cr21,

Fig. B transverse thin-section.

Fig. E longitudinal thin-section.
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PLATE 33

Strombodes gracilis Billings 1862

Fig. A Basal surface of overturned, low-domal colony, showing
growth increments, toe of south slope of bioherm A, XO.5

Fig. B Calical surface of fragment of tabular colony, hypotype
GMUS Cr22, XO.5

Fig. C Calical surface of fragment of tabular colony, hypotype
GSC 4509, XO.6

Figs.
D-F

Hypotype GMUS Cr23,

Figs. O-E transverse thin-sections, X4

Fig. F longitudinal thin-section, X4

Figs.
G-H

Hypotype GMUS Cr24,

Fig. G longitudinal thin-section, X4

Fig. H transverse thin-section, X4

Fig. I Longitudinal thin-section, hypotype GMUS Cr25, X4
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PLATE 34

Strombodes gracilis Billings 1862

Fig. A Transverse thin-section, hypotype GMUS Cr25, X4

Hypotype GMUS Cr26,

Fig. B longitudinal thin-section, skeletal tissue preserved
to right of coral lite axis but almost completely obliterated

to left, X4

Figs. C, 0 transverse thin-sections, showing several well

developed presepiments, X4

Strombodes paucipustulatus n. sp.

Figs. Holotype GMUS Cr27,
E-F

Fig. E upper surface of fragment of broadly conical colony,
XO.S

Fig. F transverse thin-section, presepiments evident at lower

right, X4
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PLATE 35

Strombodes paucipustulatus n. sp.

Holotype GMUS Cr27,

Fig. A transverse thin-section, showing rare presipiments, X4
Fig. B longitudinal thin-section, X4

Fig. 0 lateral view of fragment of colony illustrated in
Plate 34e, XO.5

Paratype GMUS Cr28, transverse thin-sections, showing rare

presepiments, X4

I
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PLATE 36

Strombodes paucipustulatus n. sp.

Figs.
A-O

Paratype GMUS Cr28,

Fig. A calical surface of broadly conical colony, XO.3

Fig. B basal surface of colony, XO.3

Fig. C longitudinal thin-section, X4

Fig. 0 transverse thin-section, X4

Fig. E Transverse thin-section, showing rare presepiments,
paratype, GMUS Cr29, X4

•
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A,B,
D,F

Figs.
C,E
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PLATE 37

Strephophyllum williamsi (Chadwick 1919)

Hypotype GMUS Cr30,

Fig. A calical view of fragment of broadly conical colony,
XO.3

Fig. 8 lateral view of fragment of colony, XO.3

Figs. 0, F longitudinal thin-sections, X4

Hypotype GSC 23566a

Fig. C transverse thin-section, X4

Fig. E longitudinal thin-section, X4

I
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PLATE 38

StpephophyZZum �iZZiamsi (Chadwick 1919)

Transverse thin-section, hypotype GMUS Cr30, X4

Holotype GSC 4508, fragment of early astogenetic portion
of colony.

Figs. 8-C transverse thin-sections, X4

Figs. D, F longitudinal thin-sections, tabulae flat to

slightly depressed axially, dissepiments absent, X4

Fig. E calical surface of fragment of colony, XO.6
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PLATE 39

strephophyllum williamsi (Chadwick 1919)

Hypotype GMUS Cr31,

Fig. A transverse thin-section, X4

Fig. B longitudinal thin-section, showing doubling of row

of dissepiments where corallites expand laterally to contact
adjacent corallites, X4
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PLATE 40

Strephophyllum williamsi (Chadwick 1919)

All figures X4

Figs.
A-B

Figs.
C-E

Hypotype GMUS Cr32,

Fig. A longitudinal thin-section, showing discontinuous

single row of dissepiments, and deep axial depression of

tabulae.

Fig. B transverse thin-section.

Hypotype GMUS Cr33,

Figs. C-O transverse thin-sections.

Fig. E longitudinal thin-section, showing extreme axial

depression of tabulae.
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APPENDIX I

Selected bibliography

of Middle Silurian bioherms

Regional papers.- Lowenstam 1950, 1957; Shaver et al. 1978.

Illinois.- Lowenstam 1948a, 1948b; Ingels 1963; Bristol 1974.

Indiana.- Cummings and Shrock 1928; Sangree 1960; Carozzi 1962;

Textoris and Carozzi 1964; Pinsak and Shaver 1964; Textoris 1966;

Becker and Keller 1976; Indiana University Paleontology Seminar 1980;

Droste and Shaver 1980.

Michigan.- Ehlers and Kesling 1957, 1962; Shelden 1963; Felber 1964;

Sharma 1966; Jodry 1969; Sears and Lucia 1979.

Ohio.- Summerson 1963; Textoris and Carozzi 1966; Kahle and Floyd 1968;

Indiana University Paleontology Seminar 1976.

Ontario.- Shouldice 1955; Liberty and Bolton 1956; Hill 1966;

Liberty 1968; Grawbarger 1977.

Wisconsin.- Shrock 1939; Soderman and Carozzi 1963.
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Fi g. 30 Distribution of lamellar stromatoporoids on upper surface of bioherm 'A'.
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Fi g. 31 Distribution of lamellar favositid corals on ipper surface of bioherm IAI.
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Fig, 32 Distribution of phaceloid rugose corals on upper er surface of bioherm IAI,
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� Average 3 colonies per 4 m2.

� Average 2 colonies per 4 m2,

Q Average 1 colony per 4 m2,
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Fig. 33 Distribution of cerioid rugose corals on upper surface of bioherm IAI.
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Fig. 34 Distribution of conical to hemispherical favositid co)rals on upper surface of bioherm IAI.
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� Average 2 colonies per 4 m2.
+

0 Average 1 colony per 4 m2.

D Absent



-I-

��-----------------------

1.\03

2-er L\. m .'on;es pL\. CO�verage
2-per 1.\ m .1 co,onY�"erage



Average 6 coenostea per 4 m2!.

� Average 4 coenostea per 4 m2.

D Average 2 coenostea per 4 m2.

D Absent
+

+
+

404

N

+

+

+

+
+

+

+
+

+

+
+ + +

+
+

+
+

+
+ + +

+

a
+

+

+
+

+ +
+ +

+

++++++++
+

+++++++++++
+ +

-t++++++++++++ +
+ +

++++++++++++++++++ + +

+Dt- + +
+ +. +

+ + + +
+ +

+
+

+ + 1 +

+ +
+

+
+

+ +

+

5m

Fi g. 36 Distribution of lamellar stromatoporoids

on upper surface of bioherm'B'.
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Fig. 37 Distribution of lamellar favositid corals

on upper surface of bioherm IBI.
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