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PREFACE

The Cambrian System holds special scientific interest because it contains the primary
record of the earliest evolutionary diversification of metazoan life on Earth. Study of the
patterns of evolutionary diversification and associated environmental conditions provides our
understanding of the original colonization of the Earth's marine ecosystem by complex plant
and animal communities.

Rocks of Cambrian age contain a significant portion of the world's sedimentary and
metallic mineral resources. Increased understanding of Cambrian stratigraphy, depositional
environments, and paleogeography improves our ability to discover new deposits which are so
necessary to the agricultural and industrial well being of the world's human population.

This volume is the proceedings of the technical sessions of the Second International
Symposium on the Cambrian System, held August 9-13, 1981, in Golden, Colorado. The first
international Cambrian symposium was held in conjunction with the 20th International
Geological Congress in Mexico City in 1956. Since 1956, a wealth of research on Cambrian
stratigraphy and paleontology has been conducted in all parts of the world. This volume
contains a sample of that work in 72 scientific reports authored or coauthored by 95 research
scientists. Thirteen countries are represented by the contributors, including the United States
of America (37), the Union of Soviet Socialist Republics (16), the People's Republic of China
(12), England (6), Australia (5), Sweden (5), Canada (3), France (3), Argentina (2), Estonia (2),
West Germany (2), South Korea (1), and Poland (1).

This volume was edited and published with a lead time of less than three months from
the time manuscripts were received from authors. Reports were technically reviewed by at
least two specialists, and edited and proofread by the editor, who assugnes all responsibility for
errors in the published version of the authors' original texts.

Production of this proceedings volume in such a short period of time would not have been
possible without the dedicated effort of Julia E. H. Taylor, Leonard A. Wilson, and a group of
very capable publications specialists and typists from the U.S. Geological Survey in Denver,
Colorado.

Michael E. Taylor, Editor
June 12, 1981
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1. THE PRECAMBRIAN-LOWER CAMBRIAN FORMATIONS
OF NORTHWESTERN ARGENTINA

F. G. Acenolaza and A. J. Toselli

Universidad Nacional de Tucuman
Tucuman 4000, Argentina

For many vyears, a large area of slightly
metamorphosed outcrop in northern Argentina (fig. 1)
was considered to be of Precambrian age. The outcrop
area extends from near the Argentinian-Bolivian
border to 25° south latitude. The most significant fact
indicating the age of these rocks is that they lie in
angular unconformity beneath a  fossiliferous
sedimentary sequence of Cambrian-Ordovician age
(fig. 2). To the south the outcrops are connected with
highly metamorphosed rocks, which presumably
represent part of the South American Precambrian
craton. The studies of Keidel (1947) represent a line
of thought, well established in Argentine geology,
which attributed these outcrops to the Precambrian.

However, during the last decade, radiometric
investigations of crystalline rocks and the discovery of
ichnofossils of Cambrian age (table 1) have required
the revision of age interpretations and the elaboration
of new ideas regarding the geosynclinal evolution of
the western margin of the South American continent.

STRATIGRAPHY

The principal stratigraphic units exposed in

northwestern Argentina are described as follows:
1, Puncoviscana Formation: This formation is exposed
from the north end of the Sierra de Santa Victoria at
the border with Bolivia to the south end of Salta
Province; its western outcrops are in the Sierra de
Cobres (66° 30' W.), and the eastern extent is in Sierra
de La Candelaria (64° 30' W.). Turner (1960) described
the formation as a unit formed by slates, phyllites,
limestones, conglomerates, and quartzites, ranging
from dark gray to grayish red. The type locality is in
Sierra de Santa Victoria. The formation is affected by
intense folding. This fact makes difficult any
determination of the total thickness of the sequence.
Miller (1979) studied the deformation of this unit and
determined, by means of microstructural
measurements, that the general trend of the orogene
was NNE-SSW to NE-SW.

According to Salfity and others (1975) it is
possible to include this unit in the Lerma Group, which
can be characterized lithostratigraphically in the Valle
de Lerma (Salta Province). It is formed by the

following formations (in ascending order): Sancha
(shales and slates), Volcan-Las Tienditas (dark
limestones), Puncoviscana (shales and slates), and
Corralito (conglomerates).

Shales of the Puncoviscana Formation have
provided abundant trace fossils in several localities in
Salta and Jujuy Provinces (table 1). They helped to
confirm that this unit is in part Lower Cambrian
(Acenolaza, 1978).

Typically, this formation is composed of
graywackes and pelitic rocks with rhythmic
structures. These rocks were affected by low-grade
metamorphic processes in the Cordillera Oriental
(Toselli, 1980).

2, Suncho Formationt The Suncho Formation is
exposed in the Sierra de la Ovejeria (Catamarca
Province), about 250 km southwest of Tucuman, in a
tectonic block bounded by Ordovician granites which

Table l.--Distribution of Lower Cambrian
Ichnogenera in northern Argentina.

Localities

1 2 3 4 5 5 6 7
Cochlichnus * *®
Dimaorphichnus *
Diplichnites * *®
Glockeria *
Cordia ®* ® = ® =
Helminthopsis LA
Nereites * ® *
Oldhamia * ® *
Planolites * X X X X X =
Protichnites *
Protovirgularia *
Tasmanadia *
Torrowangea *

Localities: 1, Sierra Ovejeria (Catamarca); 2, San

Antonio de los Cobres (Salta); 3, Cachi (Salta); 4,
Salta; 5, Purmamarca (Jujuy); 6, Munano (Salta); 7,
Campo Quijano (Salta).
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have been intruded by Cenozoic vulcanites. The
formation was first described by Mirre and Acenolaza
(1972) and was later studied in detail by Durand
(1980). The formation contains slates and graywackes
with rhythmic structures and several levels with trace
fossils (table 1). The metamorphic grade of this
formation is almost equivalent to that of the
Puncoviscana.

3, Medina and San Javier Formations: These
formations have been described by Bossi (1969) and
Toselli and others (1972) from outcrops in the Tucuman
Province. The structural and lithostratigraphic
characters shown are the same as those of the Suncho;
no fossils have been found in either the Medina or the
San  Javier. The  whole-rock  radiometric
determinations performed on the San Javier (512 m.y.)
and the Medina (570 m.y.) indicate only the age of
metamorphism.

4, Other Units: On the basis of mineralogic
characteristics and structural complexities, the
gneisses and schists from Aconquija and Cumbres
Calchaquies (Rossi de Toselli and Toselli, 1979) can be
considered as equivalents of the formations described
above (age of sedimentation, not metamorphism) as
can the quartz-micaceous schist from the Ancasti
Formation (Acenolaza and others, 1980) and the La
Cebila Formation (Espizua and Caminos, 1979) in
Catamarca and La Rioja Provinces. The sedimentation
of metamorphosed rocks in Maz-Umango, Toro Negro,
in La Rigja, also belongs to this cycle (Caminos, 1979).

STRATIGRAPHIC CONSIDER ATIONS

In the author's opinion the sedimentary cycle
during which these rocks were deposited began in late
Precambrian times (approximately 900 m.y. B.P.) and
lasted until the Middle to Late Cambrian age (530
m.y. B.P.). The sedimentary basin bordered the La
Plata River craton to the west; toward the north it
was situated between the Arequipa craton and the
Brazilian craton. Unfortunately, it is not yet possible
to clearly define evolution and development of the
basin because of tectonic complexities. It must be
pointed out that the main orogenic event occurred
during the Late Cambrian, as can be determined from
several sedimentary sequences in southern South
America (Acenolaza and Miller, 1980)
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Figure 2,--Correlation of selected upper
Precambrian through Lower Ordovician
units in Salta, Jujuy, and Catamarca
Provinces, northern Argentina.
Acenolaza, F.G., 1978, El Paleozoico inferior de

Argentina sequn sus trazas fosiles: Ameghiniana,
v. 15, nos. 1-2, p.
Acenolaza, F.G., Miller, H., and Toselli, A., 1980, Die

Geologie der Sierra de Ancasti (Provinz
Catamarca, Argentinien)--Ein Uberlick
Munstersche Forschungen =zur Geologie und

Palaeontologie, v. 51, p. 127-149,

Acenolaza, F.G., and Miller, H., 1980, Early Paleozoic
Orogeny in Southern South America: Res. 26th
International Geological Congress, Paris.

Bossi, G. E., 1969, Geologia y estratigrafia del sector
sur del Valle de Choromoro. Acta Geologica
Lilloana, v. 10, no. 2, p.

Caminos, R., 1979, Sierras Pampeanas
noroccidentales--Salta, Tucuman, Catamarca, La
Rioja y San Juan, in Seqgundo simposio de geologia
regional Argentina: Curdoba, Academia Nacional
de Ciencias, Publicacion Especial no. 1, p. 225-
291.

Durand, F., 1980, Contribucion al conocimiento
geologico de la Sierra de la Ovejeria (Catamarca-
Argentina). Thesis doc., Universidad Nacional de
Tucman, Facultad de Ciencias Naturales.



Espizua, Stella, and Caminos, Roberto, 1979, Las rocas
metamorficas de la Formacion La Cebila, Sierra
de Ambato, provincias de Catamarca y La
Rioja (Argentina): Academia Nacional de
Ciencias, Boletin, v. 53, nos. 1-2, p. 125-142.

Keidel, J., 1947, El Precambrico de Argentina.
Buenos Aires, Sociedad Argentina de Estudios
Geaograficos Gaea.

Miller, H., 1979, Caracteristicas estructurales de la
Formacion Puncoviscana (Cambrico inferior)
(Argentina): Academia Nacional de Ciencias,
Boletin, v. 53, no. 12, p.

Mirre, J. C., and Acenolaza, F.G., 1972, El hallazgo de
Oldhamia sp. (traza fosil) y su valor como
evidencia de edad Cambrica para el supuesto
Precambrico del borde occidental del Aconquija,
provincia de Catamarca: Ameghiniana, v. 9, no.
1, p. 72-78.

Rossi de Toselli, J. N., and Toselli, A, J.,, 1979,
Caracterizacion del basamento metamorfico de
las Sierras Pampeanas Septentrionales de
Argentina: Congreso Geologico Argentino, 7th,
Actas, v. 2, p. 595-607.

Salfity, J., Omarini, R., Baldis, B., and Gutierrez, W.,
1975, Consideraciones sobre 1la evolucion
geologica del Precambrico y Paleozoico del norte
argentino, in La geologia en el desarrollo de los
pueblos: Congreso Ibero-Americano de Geologia
Economica, 2d, Acas, v. 4, p. 341-361.

Toselli, A., 1980, Niveles de metamorfismo en rocas
del noroeste argentino: Instituto Geologico Jujuy,
Boletin, in press.

Toselli, A., Rossi de Toselli, J., and Godeas, M, 1975,
Contribucion al conocimiento petrologico del
basamento esquistoso de la Sierra de San Javier,
Tucuman: Asociacion Argenina de Mineralogia,
Petrologia, y Sedimentologia, Revista, v. 6, nos.
3-4, p. 103-113.

Turner, J.C., 1960, Estratigrafia de la Sierra de Santa
Victoria (Argentina): Academia Nacional de
Ciencias, Baletin, v. 41, p. 163-196.



2. PTYCHOPARIID TRILOBITES IN THE LOWER CAMBRIAN OF SCANDINAVIA

By

Per Ahlberg

Lunds Universitet
Lund, Sweden

In Scandinavia, the Lower Cambrian
biostratigraphic framework is based mainly upon the
succession of trilobites. A review of the Lower
Cambrian biostratigraphy, as employed in Scandinavia,
has been presented by Bergstrtbm (1980). The zonal
scheme proposed in this study is based mainly on the
sequence in the Mjfsa area, southern Norway, and in
Sk8ne (Scania), southern Sweden. At present the Early
Cambrian faunal succession in Scandinavia is divided
into five zones. The conventionally lowermost zone is
characterized by the occurrence of non-trilobite
fossils such as Platysolenites antiquissimus and
hyolithids (Bergstrtbm, 1980 and this volume). In the
Dividal Group of northern Scandinavia, these fossils
may be associated with Spirosolenites and Aldanella
(Fpyn and Glaessner, 1979). The four successive Lower
Cambrian zones have been named after characteristic
trilobites, in ascending order: Schmidtiellus mickwitzi
and Holmia mobergi, Holmia n. sp., Holmia kjerulfi
(including a group of closely related forms), and
Proampyx linnarssoni. The significance of the two
uppermost zones, in terms of international correlation,
is discussed by Bergstrbm and Ahlberg (1981).

In contrast to the underlying zones, the Holmia
kjerulfi Zone contains well differentiated faunas. The

faunal elements include, amongst others: Holmia
kjerulfi and closely related species, Calodiscus

lobatus?, various inarticulate brachiopods, hyolithod
and helcionellid mollusks, and species of Indiana? and
Hyolithellus. However, in many localities the bulk of
the fauna is made up of ptychopariid trilobites., In
Scandinavia the Holmia kjerulfi Zone marks the
earliest appearance yet recorded for a number of
ptychopariid trilobites. Ptychopariid trilobites are
also a substantial component of the fairly rich and
diverse faunas of the Proampyx linnarssoni Zone.

The ptychopariid trilobites from the Lower
Cambrian of Scandinavia tend to be smooth,
generalized trilobites. They have been treated in a
monograph by Ahlberg and Bergstrtbm (1978), who
referred all forms to the subfamily Ellipsocephalinae
of the family Solenopleuridae.

OCCURRENCE OF GENERA

The available Lower Cambrian ptychopariid
trilobites from Scandinavia constitute at least 18
species representing four or possibly five genera. They

are dominated by species of the genera
Ellipsocephalus, Stenuaeva, and Proampyx. Two

species have questionably been referred to Comluella,
and a single species from the drill core File Haidar on
Gotland has tentatively been assigned to Strenuella.
According to Landing and others (1980, p. 403), the
ptychopariids Comluella and Strenuella have not been
recorded from cratonic regions and these trilobites
were regarded as outer shelf margin inhabitants.
However, as noted above, species tentatively referred
to the genera Comluella and Strenuella occur in the
Lower Cambrian shelf deposits of Scandinavia. In
Skfne, Comluella(?) scania has been recovered from
coarse bioclastic limestones suggestive of moderate to
high energy conditions. These sediments are
interpreted as shallow-water deposits (de Marino,
1980).

Strenuseva, with S. primaeva (Brégger, 1879) as
type, is a distinct genus characterized by deeply
impressed dorsal furrows, a wide transverse furrow in
front of the glabella and the ocular ridges, inflated
fixigenae, and a tumid anterior border. The genus is
indicative of an Early Cambrian age. Species of

Strenuaeva appear to characterize the Holmia kjerulfi

Zone of Scandinavia. However, the genus is locally
abundant in but not restricted to this zone, as it occurs
also in the next zone above in Skfne according to
Bergstrbm and Ahlberg (1981). Outside Scandinavia,

Strenuaeva has hitherto been recorded from Poland,

Spain, and Morocco. One species, S. groenlandica
(Poulsen, 1927), has been reported from northwest
Greenland. However, I do not consider this species as
a typical representative of Strenuaeva. The genus
seems to have been a significant component in some of
the faunas which inhabited the shelf areas of the

eastern side of the Iapetus Ocean.
The Lower Cambrian ptychopariid trilobites of

Scandinavia show their greatest affinity with
ptychopariids described from Poland. Several closely
related ellipsocephalid species are known from Poland,
and the similarity in the faunas between the two areas
indicates that they formed part of a single faunal



province, the Balto-Scandian Province in terms of
Bergstrtm (1976). The faunas of the Holmia kjerulfi
Zone indicate a correlation with the Holmia Zone in
Poland. The Proampyx linnarssoni Zone may be
tentatively correlated with the Protolenus Zone in
Poland (Bergstrtim, this volume).

DISTRIBUTION

Lower Cambrian ptychopariid trilobites are
geographically widely distributed in Scandinavia. They
have been recorded from a variety of localities along
the Scandinavian Caledonides and in the Baltic Basin
(fig. 1). Generally, the Scandinavian species
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Figure l.--Locations of sites that have yielded
Lower Cambrian ptychopariid trilobites.
The heavy line indicates the approximate
position of the Caledonian thrust front.

of the subfamily Ellipsocephaline have a limited
regional extent. Moreover, they seem to be facies
controlled. However, they may be useful for local
correlations, as exemplified by Bergstrbm and Ahlberg
(1981) in the Lower Cambrian of Sk8ne.

A number of localities yielding ptychopariid
trilobites are situated in the narrow belt of
autochthonous sediments east of the Caledonian thrust
front. However, several important localities are also
known in the allochthonous sequence. Principal
localities along the Scandinavian Caledonides are to be
found in the Mijfsa area, southern Norway, and in the
Laisvall and Tornetrsk areas, northern Sweden. At
Assjatj (Aistjakk), in the Laisvall area, a rich and well
preserved Lower Cambrian fauna was described by
Kautsky (1945). The fauna was obtained from the
uppermost local Lower Cambrian (the top of the
Grammajukku Formation). It is dominated by a
ptychopariid trilobite, Ellipsocephalus gripi. Both
larval and adult specimens occur in the collections of

. gripi. The associated faunal elements include a
fallotaspldld trilobite, Fallotaspis ljungneri (see
Bergstrbm, 1973). At Mount Luopakte in the
Tornetrlisk area, ptychopariid trilobites have been
described both from the autochthonous sedimentary
sequence and from the lowermost thrust nappe
(Ahlberg, 1979, 1980). The largely carbonate
restricted trilobite faunas of the Tornetrsk area are
provisionally assigned to the Holmia kjerulfi Zone. In
northern Jémtland, an undetermined ptychopariid is
associated with Calodiscus lobatus (Larsson, 1976).

In the Lower Cambrian of Sk8ne, southern
Sweden, a thin but lithologically variable unit rests
disconformably on a predominantly quartzarenitic
sequence. This unit, forming the top of the local
Lower Cambrian, has been distinguished as the Gisltv
Formation (Bergstrbm and Ahlberg 1981). Ptychopariid
trilobites are abundantly represented in the Gisltv
Formation. The species obtained are shown in figure
2. The lower part of the formation has yielded
trilobites indicative of the Holmia kjerulfi Zone.
Excluding ptychopariids, they include Holmia sulcata
and Calodiscus lobatus?. Younger assemblages from
the upper part of the Gislbv Formation are assigned to
the Proampyx linnarssoni Zone. The topmost beds of
the Gislbv Formation have yielded Ellipsocephalus
lunatus and Comluella(?) scanica.
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represent either specimens questionably
referred to the species or those referred

to as cf.
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3. GENERALIZATIONS ABOUT GRAND CYCLES

James D. Aitken

Geological Survey of Canada,
Calgary, Alberta

A prominent feature of the Cambrian
stratigraphy of the southern Rocky Mountains of
Canada is the alternation of shaly formations with
formations consisting entirely of carbonate rocks.
Aitken (1966) first interpreted this alternation in
terms of depositional cycles. I called these large-scale
cycles ("300 to 2,000 feet thick, and spanning two or
more fossil zones") grand cycles, to distinguish them
from the meter-scale, shallowing-upward cycles
common in the Cambrian platform formations I studied
and in platformal carbonates worldwide.

Several authors subsequently found division of
the Cambrian column into "grand cycles" to be useful
in Canada and elsewhere, not only as a descriptive, but
also as an analytical device, because it was obvious
from the beginning that these cycles at least

approximate chronostratigraphic units.
Palmer and Halley (1979) used the concept of

grand cycles as the basic framework for their analysis
of the Carrara Formation of the southern Great
Basin. They have given the most detailed description
yet of grand cycles; it is one that fits in almost every
detail the Middle Cambrian (Albertan Series) grand
cycles of the Canadian Rockies, as redescribed by
Aitken (1978).

Although no one has stated it in print, it is
apparent that the Middle Cambrian, at least, of the
southern Appalachians also is a stack of grand cycles
with relationships similar, if not identical, to those
described for the Rocky Mountains and the Great Basin
(see Palmer, 1971, fig. 13) The question of
synchroneity of these cycles in separate "basins" or
geoclines arose naturally (see A. R. Palmer, this
volume).

The purpose of this brief paper is to:

a. Describe the essential characteristics of
grand cycles generally, as distinct from the
details, and

b. Consider, in particular, the nature of grand
cycle boundariest Are they disconformi-
ties? Are they isochronous surfaces (as
judged by physical evidence)? Are they
correlatable between "basins"?

ESSENTIAL CHARACTERISTICS

Because all interpretations offered to date
suggest grand cycles depend on continuous or
nearly continuous subsidence for their development,
and because these cycles are characteristic of
miogeoclinal successions, they must be features of
passive continental margins. They developed when
early, rapid, post rifting, clastic deposition had slowed
sufficiently to permit intermittent deposition of
carbonate sediments on subsiding shelves, and they
continued to develop until the supply of detritus had
diminished sufficiently to permit continuous
sedimentation of carbonate rocks. As seen through an
overlay of distracting sedimentological detail, their
essential characteristics are the following:

a. The base is marked by the abrupt appearance
of terrigenous mudrocks above a thick unit of
carbonate strata. These basal mudrocks are
the initial deposits of the shaly half-cycle.

b. The shaly half-cycle consists of mudrocks
interbedded  with  limestones  and (or)
sandstones. In the Carrara cycles, sandstones
are prominent; in the Canadian Rockies,
sandstone is rare, and beds of a variety of
limestones (lime mudstone, grainstone, algal
boundstone, etc.) are prominent. In the shaly
half-cycle, either mudrocks or carbonate
rocks may dominate. Meter-scale cyclicity
(shallowing-upward, "clearing-upward" cycles)
is widespread.

c. The midpoint of the cycle is marked by the
disappearance of mudrocks, at a gradational,
interbedded contact between the shaly and
carbonate half-cycles. This contact is
diachronous, younger toward the craton.

d. The carbonate half-cycle consists of various
kinds of limestone and = dolomitized
equivalents, including lime-mudstone,
grainstone, and cryptalgal boundstone. Minor
amounts of clay, silt, and quartz sand may or
may not be incorporated. Meter-scale,
shallowing-upward cycles may or may not be
apparent.

e. The cycle ends with the abrupt reappearance
of terrigenous mudrocks, the beginning of the
next cycle.




Cratonward, typical grand cycles are recognized
only to the pinchout of the carbonate lithosome
(carbonate  half-cycle), although in favorable
circumstances, equivalent strata have been identified
between marker beds in wholly clastic facies (Pugh,
1971).

Basinward, many grand cycles disappear as the
shaly lithosome pinches out between carbonate
lithosomes (fig. 2). Beds equivalent to the initial
deposits of the cycle, have not been identified within
the multi-story carbonate lithosomes of the outer
platform, but such identification may not be
impossible. In some cycles the shaly half-cycle is
continuous with shaly basinal deposits seaward of the
carbonate platform.

One of the necessary, though loosely defined,
characteristics of grand cycles is scale. The
ubiquitous, meter-scale, shallowing-upward cycles are
not grand cycles. Neither are the kilometer-scale,
unconformity-bounded sedimentary cycles  (for
example, Weller, 1960, p. 379; Gignoux, 1955, p. 18) of
classical stratigraphy. Aitken (1966) put the scale at
"300 to 2,000 feet of strata and two or more fossil
zones," but this definition now requires modification.

The somewhat arbitrary nature of the
distinctions between grand cycles and lesser cycles is
illustrated by Aitken's (1966) identification of the
cycle comprising the Mount Whyte and Cathedral
Formations (580 m) as a single grand cycle (fig. 1)
Had his work followed that of Palmer and Halley
(1979), he probably would have seen the same
succession as three cycles, the first beginning with the
Mount Whyte, the second with the Ross l.ake Shale
Member, and the third with the upper shale member of
the Cathedral. These smaller cycles would then
correspond in scale (and in fauna) with the grand
cycles of the Carrara Formation of the Great Basin.
Nevertheless, no subdivision into yet smaller cycles
would be reasonable, nor would any interval larger
than the Mount Whyte-Cathedral cycle have any sort
of unity in cyclical terms.

When the Mount Whyte-Cathedral cycle is
divided into three grand cycles, the first cycle
comprises the Plagiura-'Poliella’ Zone, the second, the
Albertella Zone, and the third, three quarters of the
Glossapleura Zone. Another grand cycle that spans
beds showing very little faunal change is the Pika
Formation (390 m), comprising most, but not all, of the
Bolaspidella Zone (Aitken, Fritz, and Norford, 1972).
At the opposite extreme, the Sullivan-Lyell Grand
Cycle (720 m) comprises most of the Cedaria Zone and
all of the Crepicephalus and Aphelaspis Zones, while
the Survey Peak Formation (520 m) comprises the top
of the Saukia Zone and Zones A through Gl of the
L.ower Ordovician (Aitken and Norford, 1967). There
is, thus, at least an order-of-magnitude
correspondence in scale among these grand cycles, a
unity seen again in a comparison of grand cycles in the

Canadian Rockies, the Great Basin, and the southern
Appalachians (fig. 2).

Aitken's (1978) re-analysis of grand cycles in the
Canadian Rockies emphasized the role of a platform-
edge, peritidal rim. There, in every Middle and Upper
Cambrian cycle for which the appropriate rocks are
accessible, the deposits of such a rim are demonstrably
present throughout the carbonate lithosome. In the
interpretation of Palmer and Halley (1979), the rim
appears only toward the end of the cycle and plays
only a secondary role in its evolution. Palmer and
Halley acknowledged, however (1979, p. 53) that they
had not seen the transition from platformal to basinal
facies, and by inference, that they had not seen the
outermost platform deposits, precisely the expected
locus of a rim.

Depositional Environments and Products

The foregoing paragraphs summarize the
essential characteristics of grand cycles that can be
perceived amongst a collection of extremely varied
rocks, the products of depositional environments that
are by no means the same from cycle to cycle.

The Lower and Middle Cambrian cycles of the
Carrara Formation (Palmer and Halley, 1979) and the
Albertan (Middle Cambrian) cycles of the Canadian
Rockies (Aitken, 1966, 1978) are virtually identical. A
peritidal, platform-rim facies passes cratonward into
subtidal lime mudstones. The lime mudstones pass
eastward into terrigenous mudrocks that apparently
were deposited in water of similar depth and similarly
low turbulence. The near identity of the Albertan and
Carrara cycles extends to details, such as the
abundance of oncoids in the lime mudstones near
underlying shales and the eastward extension of a thin
unit of cryptalgal laminite as the terminal event of the
cycle.

In contrast to the consistency just described, the
latest Early Cambrian Peyto Formation of Canada, a
carbonate half-cycle overlying a sandstone-dominated
half-cycle, is mainly of "high-energy" origin and is
largely composed of coarse skeletal and ooid
grainstone and oncoid packstone with large
thrombolites at many localities. The coeval Gold Ace
L.imestone Member of the Carrara, on the other hand,
is similar in every respect to the Middle Cambrian
grand cycles overlying it.

The Pika Formation of the Canadian Rockies
conforms to the stereotype of the Albertan grand
cycles in the outer and inner parts of the platform.
Along the mountain front, however, it contains at its
top along, narrow lens or member in which
dolomitized, cyclically recurring beds of oolite and
flat-pebble conglomerate are prominent (Aitken, in
press). This member has no known counterpart in any
other grand cycle; it appears to be localized above a
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Figure 1l.--Lower and Middle Cambrian stratigraphy, southern Rocky Mountains, Canada.

nascent structural high that later, in the Early and
Middle Devonian, became more pronounced and
emergent.

The Sullivan-Lyell cycle of Canada (fig. 3) shares
only the essential characteristics of the Albertan
grand cycles. In it, the platform-edge peritidal
complex expanded enormously, as the Lyell
Faormation. The complex consists of a fringing belt of
oolite with thrombolites, offlapping the strata of the
shaly half-cycle and itself offlapped by strongly
cyclical rocks of the shaly half-cycle (Sullivan
Formation) accumulated in an inshore basin to the east
that was separated from the open sea by the peritidal
complex. Aitken (in press) concluded that these rocks-
-shales interrupted by spaced, massive beds of oolitic,
skeletal and conglomeratic limestone--accumulated
below wave base and that the ooids were introduced
into the basin by mass-transport mechanisms from
their site of origin, namely, the edge of the carbonate
complex. Markello and Read (1981) have

10

independently arrived at a similar model for the
deposition of the Nolichucky Shale of the southern
Applachians, which is at least partly coeval.

Finally, the most aberrant grand cycle known to
me is that of the Arctomys (shaly) and Waterfowl
(carbonate) Formations, straddling the Middle
Cambrian-Upper Cambrian boundary (fig. 3). The
carbonate half-cycle in this example resembles the
Lyell Formation, described above, but the shaly half-
cycle consists largely of peritidal, mudcracked
red beds in shallowing-upward, meter-scale cycles.
Salt hoppers, vuggy siltstone beds, and thin solution
breccias are evidence of an evaporitic environment.
The presence of sandstone beds in this cycle and the
location of its pinchout, which is inferred to be far to
the southwest of those of other Cambrian Grand
Cycles, show that this cycle was deposited during a
basinward stand of the shoreline. An episode of aridity
(probably the one recorded by the Saline River
evaporites of the Mackenzie Mountains) undoubtedly
contributed to sediment character in this case.




BOUNDARIES

Any geologist giving serious thought to the
nature of grand cycles soon arrives at three questions
about their boundaries:

a. Are they disconformities?

b. Are they isochronous?

c. Can they be correlated extrabasinally?
These questions are approached in the context of
formations with which I am most familiar.
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Relation to Disconformities: The answer to the
question about disconformities may depend on position
within a basin or, more properly, a geocline. In the
thick, western sections of the Canadian Rockies, the
base of the Survey Peak Grand Cycle is almost
certainly conformable; the change from latest
Cambrian to earliest Ordovician faunas takes place
within the widely recognized basal silty member. At
the base of at least one of the thinner, eastern
sections, however, quartz sandstone unknown

elsewhere fills erosional channels,
The Sulivan-Lyell Grand Cycle has a clearly

marked basal contact in the thick western sections,
but has not been shown to be disconformable. Again,
however, unequivocal erosional relief has been
observed at an eastern section and, in the subsurface
of the Plains, the Sullivan oversteps the entire
Arctomys-Waterfowl Grand Cycle, to lie

unconformably on the Pika.
On the other hand, the Cathedral-Stephen and

Eldon-Pika contacts are gradational, as are the
contacts at the bases of shaly members in the
Cathedral Formation, viewed as grand cycle
boundaries. 1 would guess that the boundaries of grand
cycles are, as a rule, conformable in thick, basinward
sections, but that most or all of them may pass into
disconformities toward the craton.

Relation to Isochronous Surfaces: Aitken (1966)
gave evidence suggesting that the bases of grand
cycles approximate isochronous surfaces. (Some of the
faunal evidence cited then now requires revision.)
These suggestions can now be supplemented.

As discussed earlier, the Mount Whyte-Cathedral
cycle can be treated as three grand cycles, rather than
one, to achieve harmony with the Palmer-Halley
treatment of cycles in the Carrara Formation. In the
southern half of the region studied by Aitken (1966,
1978), the upper and Ross Lake Shale Members of the
Cathedral Formation are very thin, only one or two
meters, and they are shaly half-cycles. In view of the
self-evident rule that "time planes do not cross
tongues,” these thin members approximate isochronous
surfaces. Detailed lithostratigraphic and
biostratigraphic correlations (Aitken, in press)
demonstrate that the northeastward thickening of
these members is at the expense of the overlying
carbonate half-cycle; therefore, even where the
tongues have thickened to tens of meters, their bases
are probably isochronous.

In an astonishingly belated discovery of the
obvious, Aitken (mé:ress) realized that over a region of
at least 20,000 km*, the lower member of the Stephen
Formation, long reCOgmzed by him informally and now
formalized in manuscript, consisted of two, and only
two, small-scale shallowing-upward, "clearing-upward"
cycles dominated by subtidal lime mudstone. Except
at the platform-edge rim, these cycles do not contain
peritidal facies (fig. 4); hence, they are not subject to
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Figure 3.--Upper Cambrian stratigraphy, southern Rocky Mountains, Canada.

interpretation as diachronous, progradational cycles.
The conclusion that each of the cycles is isochronous,
and that the top of the Cathedral Formation, upon
which the lower cycle rests, is also isochronous, seems
inescapable. Faunal evidence agrees: Glossopleura
has not been found above the lower member of the
Stephen, nor trilobites of the Bathyuriscus-Elrathina
Zone below the upper member.

The mode! presented by Palmer and Halley (1979,
p. 543 fig. 34) for the Carrara Formation shows slight
diachroneity at the bases of grand cycles.
Diachroneity in this case is not supported by faunal or
physical evidence but is a necessary corollary of the
hypothesis adopted to explain the cycles. Given the
virtual identity of the Carrara and Albertan cycles, it
appears fair to challenge the Palmer-Halley
interpretation with evidence from the lower Stephen
Formation, given above.

Apparent diachroneity of grand cycle boundaries
that might seemingly be supported by faunal evidence

is illustrated by relations between the Cathedral and
Stephen Formations near Kicking Horse Pass on the
Alberta-British Columbia border. There, each of the
two lime-mudstone dominated, small-scale cycles
forming the lower member of the Stephen (see above)
is traced westward into platform-rim facies; the basal
shale pinches out, and the lime mudstones change
largely to cryptalgal laminite (fig. 4). Over the axis of
the platform rim, these strata are coarsely
dolomitized and have properly been considered to
belong to the top of the Cathedral Formation, but the
two cycles of the lower Stephen can still be
recognized. In the same area, a Bathyuriscus-
Elrathina fauna appears with the shales of the upper
member. If these fossils are taken to be "basal
Stephen," they support diachroneity (for example,
Fritz, 1971). The anomaly is a peculiarity of the
platform rim and must not be given regional
significance.

12




Castle Mtn.M

- U
[PRS |
w 3
o o
o, o

. S

) = O

= Zow

"RBase Stephen" Stephen Fm., - Upper Member

D I .

"Top Cathedral" et e
Jw/_:\iflillll111[ri
f:F/_A;j’x—//ﬁrlLlll‘TiL:Ii

\—:./_\\-Z—\ T I I Ll;[ M . TJ T T
— = < I T T 1T
— S = o A—_ lj - TJ — :..D
— 1 I L . LT L : | : | :T z -30
Sh l - D St Sn— E— — - ["
~hale e . S T S —— . v
L . 1 1 g ‘lil ) T 1 I
—, - - T 1 I I T I J;I’J |_'7 . —
Lo —— - 5~ St S S——— I—L—r—'_r—l—‘l-‘hl . . —|
LLime mudstone ~= == e LT L1 T T T
T - F_R\"__bl e S S S—"e— e Sm— — T
L IL thin—bedded, }’:‘{/\;i‘;?l P S — S—— — J;I.E  E— — :: 2o
. argillaceous ’;k» 1 : 1 : T : T : T : T : J;I""“r  S— — —
= L _Z 1 VAl i I l;l . T 1 lAI; T 1 I 1 T i I J;I c 1 ‘lil 1 T 1
i’ii"iil‘: - 141 LJ;‘ 1 Lj:l ILI . I . l_g 1 1 I .
1 Lime mudstone \11’ T l/ll J;I . l;l ‘Ll I I L 14: T : l#l T :;I o} 1
—[ thiCk-‘bedded “,‘: IVI: . : . 1 ) | L 1 L 1 . 1 . 1 1 1 . 1 1 1 lg'
1 l 121 I T I I T I I | } . 1
1 | ), S A — SN S S SN S— S— — | L 10
— ] | 1 T
——= o Cryptalgal T T T 1T T T
—-=] laminite S S—a— . 1 T T 1 |
"a o T T T T T T 7T
T 1T 1 1T T T T T
1 LTIIIJITIIJLTrL1 o
. 7 L
Destructive T — T T T T T T T 1 etres
/ dolomitization 1 v v v 1T T 1T 1T T T 1
V1T X 171 1T 1T 1 LCathedralFm.rllillllutlLl
1 ¥ 171 1 T 1T T 3 & 1 1 ]
I VY 171 1 | — 1 1 1T 1T T T [ 1 1
Figure 4.--Stratigraphic cross sections of the lower member of the Stephen Formation from inshore
basin (E) to "rim" (W) facies, along Highway No. 1, Alberta and British Columbia.
Correlation_of Grand Cycles: The question of In searching, in a preliminary way, for

the "interbasinal" correlation of grand cycles is
perhaps the matter in which the study of cycles can
make important contributions toward broader
questions, such as the history of sea level. A. R.
Palmer (this volume) addresses this question in detail.

Given that grand cycles are phenomena of
passive margins, and that such margins are known to
subside continucusly at an exponentially decreasing
rate (Sleep, 1971, 1976), the observed cyclicity must
be related to changes in either the direction or rate of
eustatic sea-level change (Pitman, 1978). If
biostratigraphy can distinguish consistently between
successive grand cycles, we could then be confident
that in correlating grand cycle boundaries, we are
correlating events in sea-level history and identifying
the isochronous surfaces that are so rare and so
valuable in the interpretation of stratigraphy.

correlations between the southern Canadian Rockies
and the southern Appalachians (as summarized by
Palmer, 1971, p. 200-204), one seizes immediately on
the following correlation of grand cycles (see fig. 2):

Canadian Roackies Southern Appalachians

Pika
Stephen-Eldon
Mount Whyte-Cathedral

Cycle above Maryville Fm.
Rogersville-Maryville
Pumpkin Valley-Rutledge

These correlations are imperfect on the basis of
published data. I suggest that a reexamination of the
Appalachian succession, oriented along the lines of
grand cycle analysis, might prove the cycles to be in
perfect synchrony, within the resolving power of
biostratigraphy. There are striking parallels, even in
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style, between the grand cycles of the two regions.
The Appalachian Middle Cambrian cycles, like those in
the West, have carbonate lithosomes that are
limestone toward the craton and dolomite toward the
platform edge. In both regions, the overlying, thick,
Upper Cambrian carbonate lithosome
(Conococheague Group and Copper Ridge Dolomite in
the Appalachians, Lynx Group in Alberta) shows the
reverse arrangement, with dolomite landward and
limestone seaward. Coincidence falls as a plausible
explanation for these parallels; I conclude that they
are a common response, on opposite sides of the
craton, to sea-level behavior.
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4. THE CAMBRIAN-ORDOVICIAN BOUNDARY IN THE MALYI KARATAU RANGE
SOUTH KAZAKHSTAN

By

M. K. Apollonovl, M. N, Chugaevaz, and S. V. Dubinina2

Ikazakhstan Academy of Sciences, Alma-Ata, U.5.5.R.; and
Academy of Sciences of the U.S.5.R., Moscow

A continuous carbonate section from the Upper
Cambrian (Lisogor, 1977; Ergaliev, 1981) up to the
Arenigian Stage crops out along the Batyrbai Dry
Creek in the Malyi Karatau Range, South Kazakhstan
(Chugaeva and Apollonov, 1981). The section spans all
the three possible locations for the Cambrian-
Ordovician boundary: (1) the base, (2) the middle, and
(3) the top of the Tremadocian Series (Henningsmoen,
1973; Chugaeva, 1976). Of the three possible horizons
the most widely used is that at or near the base of the
Tremadocian Series, and it is this alternative that we
accept herein. Therefore, we consider here only the
lower part (approximately 300 m) of the section
adjacent to the boundary under consideration.
Measurements of the section and identification of the
trilobites collected were made by M.A. Apollonov and
M.N, Chugaeva; conodonts were identified by S.V.

Dubinina. :
The part of the Batyrbai section under

consideration consists of dark (almost black), flaggy,
fine-grained limestones interbedded with lighter
colored calcarenites and flat-pebble carbonate
breccias, some of which have inclusions of white
Epiphyton-bearing limestones. @ These dark-colored
deposits seem to have formed under relatively deep-
water environments on the open shelf, while the light-
colored rocks are presumably of slump-breccia origin.
The  dark-colored limestones are  especially
fossiliferous. Trilobites and conodonts were sampled
from the same layers.

BIOSTRATIGRAPHY AND CORRELATION

Ranges of the main trilobite and conodont taxa
in the Batyrbai section and its correlation with
stratigraphic sequences of some other regions are
shown on figure 1. Some comments concerning this
figure follow:

1. A number of biostratigraphically defined units
have been established in the section. The lower
boundary of each of them is defined by the appearance
of new elements in conodont and (or) trilobite
associations.
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2. The two agnostid zones in the Hedinaspis-
bearing beds are established in a nearby section
(Ergaliev, 1981) and traced into the present section.

3. The durations of the various trilobite and
conodont associations prove to be different in
successive parts of the section: a single conodont
association (Westergaardodina, Furnishina,
Proconodontus, Prooneotodus) characterizes that part
of the section below the base of the Harpidoides-
Platypeltoides beds, which is separated into two (or
three) trilobite subdivisions. On the other hand, the
Euloma-L eiostegium beds incorporate three successive
conodont assemblages, (III) Cordylodus proavus, (IV) C.
oklahomensis, and (V) C. lindstromi.

4, Worthy of attention is the remarkable
coincidence of trilobite and conodont associations at
some levels: (a) the association of Proconodontus
notchpeakensis, P. muelleri, P. carinatus, Oneotodus
nakamurai, and O. gracilis appears at the base of the
Harpidoides-Platypeltoides beds; (b) Cordylodus
proavus occurs just at the base of the Euloma-
Leiostegium beds; and (c) the appearance of the C.
prion coincides with the base of Dikelokephalina beds.

5. The trilobite association of Hedinaspis,
Plicatolina, Charchagia, and abundant agnostids is
easily traced in the Zolotokitat Horizon of the Altay-
Sayany region of southern Siberia (Petrunina, 1967), in
southern China (Lu Yanhao, 1980), and in the
uppermost part of the Franconian Stage in central
Nevada, U.S.A. (Taylor, 1976); some elements of the
fauna are also known from the Franconian Il of Alaska
(Palmer, 1968). These occurrences suggest the
correlation of the above-named beds.

6. The Lophosaukia beds and the Harpidoides-
Platypeltoides beds together seem to correlate with
the Trempealeauan Stage of North America (except its
uppermost part, the Corbinia apopsis Subzone)
(Palmer, 1979), as these beds contain of Saukiidae,
Eurekiidae and Richardsonellidae.

The presence of Lophosaukia, Koldinioidia, and
Ivshinaspis (similar to Mendosina) connects the faunas
of these horizons with the Payntonian Stage of
Australia, where the saukiids are most diverse, as in
our section. The occurrence of the Proconodontus
notchpeakensis  association in the Harpidoides-
Platypeltoides beds supports such correlation.
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Figure 1.--Biostratigraphy and correlation of the Uppermost Cambrian and Lowermost Ordovician of
the Batyrbai section. The heavy horizonal line is the suggested Cambrian-Ordovician boundary.

Abbreviations:

A.Z. = Assemblage Zone; Lp. = lower part; u.p. = upper part; C.a. = Corbinia

apopsis Subzone of Saukia Zone in North America. Solid circles denote reported occurrences of

the taxa.

7. The Euloma-Leiostegium beds contain some
taxa similar to British early Tremadocian trilobites
(Macropyge cf. M. chermi, Shumardia cf. S. curta,
Euloma cf. E. monile). This suggests the correlation of
the beds with the lower Tremadocian Series.

The trilobite-based correlation of the Euloma-
Leiostegium beds with North American and Australian
sections is nearly impossible. Trilobites of this level in
North America are very different from Kazakhstanian
forms and are represented by a few genera of the
"hystricurid® biomere (Stitt, 1975), and trilobites of
this level are very rare in Australia.

Nevertheless, the correlation of Euloma-

From the trilobite and conodont data it seems
likely that the base of the lower Tremadacian
approximately coincides with the base of the Corbinia
apopsis Subzone in North America and with the base of
the Datsonian Stage in Australia.

In spite of some differences in points of view on
the interprovincial correlation of this level (Landing,
and others, 1978; Fortey and Skevington, 1980), the
divergence of opinions on the location of the system
boundary does not exceed significantly the resolving
power of the biostratigraphic methods.

8. Some trilobites appearing in the
Dikelokephalina beds (Dikelokephalina, Harpides,

Leiostegium beds with the carbonate sections of
Australia and North America is reliably supported by
conodonts, by the appearance of the Cordylodus
proavus association, which marks the base of the
Corbinia apopsis Subzone in North America and the
base of the Datsonian Stage in Australia (Jones, and
others, 1971). The evolutionary succession of
conodonts (Proconodontus notchpeakensis to
Cordylodus proavus) is very similar in the carbonate
sections of Asia, Australia, and North America.
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Symphysurus) are characteristic of the European upper
Tremadoc. This suggests a late Tremadocian age for
these beds but does not prove exact coincidence of
their lower boundary with the European Upper
Tremadoc. Correlation with the Australian and North
American sections is based on conodonts, specifically
on the appearance of Cordylodus prion.




Characteristic Features of the Batyrbai Section Fauna

A. The trilobite assemblages have very few
endemic genera.

B. The specific composition and the evolutionary
succession of the conodont assemblages nearly
duplicate those in the Australian and North American
sections.

C. The uppermost Cambrian trilobites appearing
below the base of the Euloma-Leiostegium and
Cordylodus proavus beds have some "Pacific"
elements, whereas trilobites above this level have
more in common with those of the "Atlantic" Province.

D. Two distinctive groups of trilobite taxa can
be recognized. The first one is represented by a
succession of morphogenetically related genera that
have relatively long time ranges through the section.
Late Cambrian representatives of this group seem to
be ancestral for the Atlantic (non-olenid) fauna that is
widespread in the European Lower Tremadoc. They
were the origin of such "Atlantic" genera as

Macropyge {the Aksapyge-Promacropyge-Macropyge
stock), Euloma (Ketyna-Proteuloma-Euloma stock),
Harpides (Harpidoides-Harpides), and
(Hospes, Koldinioidia, Shumardia). The other group is
represented by relatively short-ranging genera, having
neither ancestors nor descendants within the section.
They are not typical of the "Atlantic" fauna, though
some of them are known among the "Pacific" fauna.
Saukiidae, FEurekiidae, and others (Hedinaspis,
Charchagia, Plicatolina) are found in the Sayan-Altayu
region of Southern Siberia and in deep-water deposits

of central Nevada, U.S.A.
The conodont and trilobite fauna of the Bastyrbai

section can serve as a connective link between the
heteroprovincial faunas of Late Cambrian and Early
Ordovician age and can help us to understand the
origins of the European Tremadocian (non-olenid)
trilobites. The Batyrbai section is totally exposed,
continuous, abundantly fossiliferous, composed of
monofacial rocks, and easily accessible; thus it
satisfies the requirements imposed upon boundary
stratotypes. Hence the section can be recommended
as a candidate for the Cambrian-Ordovician boundary
stratotype.

Chugaeva, M. N., 1976, Granitsa kembriya i ordovika

((The Cambrian-Ordovician boundary)), in:
Peyve, A. V., Gerbova, V. G. and
Krasheninnikov, V. A., eds., Granitsy
geologischeskikh sistem  ((Boundaries of
geological systems)): Moscow, Izdatel'stvo
Nauka, p. 54-71.

Chugaeva, M.N., and Apollonov, M.K., 1981, The

Cambro-Ordovician Batyrbai section in the Malyi
Karatau Range (South Kazakhstan), in press.
Ergaleiv, G. Kh., 1980, Trilobity srednego i verkhnego

kembriya Malogo Karatau ((Middle and Upper

Shumardia
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Preliminary field investigations by Fletcher,
involving new discoveries of fossiliferous horizons in
continuous sedimentary sequences spanning the
Precambrian-Cambrian transition on the Burin
Peninsula, southeastern Newfoundland, prepared the
ground for a visit to the area by a party of the
Precambrian-Cambrian Boundary Working Group (IGCP
Accession No. 29) in July 1979. On that trip (led by
Fletcher), Bengtson sampled the sequences for an
additional assessment of the stratigraphic potential of
skeletal microfossils in the lowermost Cambrian beds,
below the lowest known trilobite-bearing strata in the
area. This report presents the combined results of the
above mentioned studies.

Two  major  successive  assemblages of
biostratigraphic significance below the first trilobites
can be recognized: a lower, Aldanella attleborensis
Assemblage, also characterized by Heraultipegma n.
sp. and Fomitchella cf. acinaciformis, and an upper,
Coleoloides typicalis Assemblage. Both assemblages
contain additional taxa of potential significance to
correlation: hyoliths, gastropods(?),
monoplacophorans(?), wiwaxiids, and (so far only in the
C. typicalis Assemblage) lapworthellids, tommotiids,
and other similar phosphatic fossils. In terms of the
key successions of the Siberian Platform, the A.
attleborensis assemblage is considered to represent the
Tommotian Stage whereas the C. typicalis
Assemblage, as recognized here, probably belongs to
the lower Atdabanian Stage.

In the Bonavista-Avalon region, where the
succession of formations in the Lower Cambrian
consist of the Random and Bonavista Formations, the
Smith Point Limestone, and the Brigus Formation, the
A. attleborensis Assemblage is replaced by the C.
typicalis Assemblage within the Bonavista Formation,
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whereas the first trilobites (Callavia Zone) appear near
the contact between the Smith Point Limestone and
the Brigus Formation. The quartzitic Random
Formation in this area rests with a marked
disconformity on clastic rocks of the Musgravetown
Group; its contact with the overlying Bonavista
Formation is also disconformable. In the Grand Bank
area at Fortune Bay on the Burin Peninsula, however,
Random-type quartzites are conformably underlain by
a thick sequence of sandstones, siltstones, and
mudstones (with thin limestone bands) assigned to the
Doten Cove and Chapel Island Formations. The Doten
Cove which contains trace fossils, and the upper part
of the Chapel Island Formation contains skeletal
fossils of the A. attleborensis Assemblage. In the St.
Lawrence area on the Burin Peninsula, part of the
Chapel Island Formation and the whole Random
Formation is missing; the Doten Cove Formation and
the lower part of the Chapel Island Formation are
directly overlain by a sequence of mudstones with thin
intercalated limestone bands. In the mudstone
sequence, a faunal shift from the A. attleborensis to
the C. typicalis Assemblage is documented, thus the
situation recalls that encountered in the Bonavista

Formation elsewhere.
The Random Formation, where present, appears

to have been deposited during the time marked by the
A. attleborensis Assemblage. There is no conclusive
biostratigraphic evidence for strong diachronism of
this unit such as proposed by some previous

investigators.
The Fortune Bay-Burin region offers good

promise for further biostratigraphic studies of trace
fossils and skeletal fossils within continuous
sedimentary sequences representing the Precambrian-
Cambrian transition.
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The earliest skeletonized faunas of the Cambrian
reflect a major metazoan radiation, which may have
produced a number of short-lived taxa at or near the
level of phyla. (For example, see Stanley 1976, p.
72). The faunas are characterized by a large
proportion of forms of uncertain affinities (see review
by Brasier, 1979, and references therein.) The
perplexing variety of more or less strangely shaped
skeletal elements in the Lower Cambrian is leading to
a profusion of poorly defined systematic names,
particularly at the levels of species and genus. This
may be ascribed to our (1) lack of knowledge of the
organization of the animals, (2) lack of appreciation of
phenetic variation within populations, and (3) lack of
understanding of the phylogenetic relationships among
taxa. Clearly, a better understanding of the biology of
these early skeletonized metazoans would improve the
situation on all counts and would also shed light on the
more general aspects of the early metazoan radiation.

We will discuss here a number of seemingly
unrelated Cambrian fossils with the intent to
demonstrate their probable derivation from a common
ancestor near the beginning of the Cambrian. The
animals are characterized by a composite exoskeleton,
the individual sclerites of which have a prominent
internal cavity and a restricted basal foramen.
Currently named taxa include the families Wiwaiidae
Walcott 1911 (=Halkieriidae Poulsen 1967, =Sachitidae
Meshkova 1969), Siphogonuchitidae Qian 1977, and
Chancelloriidae Walcott 1920. Members of these taxa
were abundant and widespread, particularly during the
Early Cambrian, yet no post-Cambrian representatives
are known. The suggestion of monophyletic derivation
is based on the particular construction of the sclerites,
which implies an unusual mode of secretion that is

unlikely to have arisen independently in several
metazoan lineages.
We are currently engaged in a detailed

investigation of the structure, composition, and
functional morphology of these various Cambrian
fossils in order to assess the tenability of these ideas
and to elucidate the biology, taxonomy, and affinities
of the group. The following presentation summarizes
the salient features of each family, stressing
important similarities and differences between them.
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Family WIWAXIIDAE Walcott 1911

Wiwaxia corrugata is best known from the Middle
Cambrian Burgess Shale, where well-preserved, nearly
complete specimens have been found (Walcott, 1911).
(The material is currently being restudied by Simon
Conway Morris at Milton Keynes, England.) The
animal was as much as a few centimeters long and
covered with a mail armour of imbricating scales and
projecting spines. W. corrugata was long considered to
be without known close relatives, but comparisons of
its dermal elements with those of the Lower Cambrian
fossils known as Halkieriidae Poulsen 1967 (=Sachitidae
Meshkova 1969) reveal close morphological and
structural similarities. We refer all of these to the
Wiwaxiidae.

Wiwaxiid sclerites commonly represent two basic
types, flattened scales (fig. 1A), and spines with
rounded transverse cross sections. There is usually a
surface ornament of longitudinal ridges. The sclerites
have a large internal cavity which opens through a
smaller foramen at the base. The walls of the flat
sclerites sometimes show a complex pustulose or
tubular internal structure in their thicker, peripheral
parts. Judging from their various modes of
preservation, the Lower Cambrian representatives
appear to have had a calcareous composition; however,
there is no evidence of primary mineralization in the
Burgess Shale Wiwaxia (S. Conway Morris, personal
communication, 1978).

Wiwaxiid sclerites in the Lower Cambrian are
almost always found dissociated, and their nature as
components of a complex exoskeleton has not always
been understood (for example, Poulsen, 1967). In the
Lower Cambrian material available to us there is only
one example of a small set of articulated sclerites.

Family SIPHOGONUCHITIDAE Qian 1977

The Siphogonuchitidae are represented by
elongate sclerites with polygonal transverse cross
sections and a large internal cavity (fig. 1B). Only
Lower Cambrian representatives are known.

There is a fairly prolific flora of published
generic and specific names within this family, and
some taxa have been included which may not belong
there; the present discussion centers on forms with the
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Chancelloriidae
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Figure l.--Arrangement of sclerites (top) and longitudinal cross-sections of sclerites (bottom) in
Wiwaxiidae (A, represented by Sachites sp.), Siphogonuchitidae (B, represented by Dabashanties?

sp.), and Chancelloriidae (C, represented by Chancellaria sp.).
About x40.

evidence from natural associations.

above-mentioned characters, present in the type genus
Siphogonuchites Qian 1977. Most  published
photographs of siphogonuchitids (for example, Qian,
1977; Qian, Chen, and Chen, 1979) show specimens
that appear to be incomplete in the basal region, but
well-preserved specimens from Lower Cambrian
sections in Moangolia (material kindly made available
for study by Nadezhda V. Grigor'eva, Moscow) show
that they typically have a somewhat restricted,
laterally deflected basal opening comparable with the
ones found in wiwaxiids and chancelloriids. Some of
the specimens from Mongolia are preserved as bundles
of sclerites (fig. 1B), similar to the specimens shown
by Chen (1979, pl. 1:2-3) as Dabashanites mirus. In
these bundles, the individual sclerites cover each other
in a complex pattern, and the longitudinal facettes
(reflected in the polygonal cross sections) represent
surfaces of contact.

Many siphogonuchitid sclerites are preserved
with phosphatic walls; whether or not this was the
original mineralogical composition is not known.

Family CHANCELLORIIDAE Walcott 1920

Chancelloria is known from nearly complete
specimens in the Burgess Shale (Walcott, 1920). There
is some doubt whether all the forms described by
Walcott as Chancelloria represent the same kind of
animal, but Goryanskiy's (1973) subsequent designation
of the specimen illustrated by Walcott's (1920) plate
86, figure 2, as the lectotype for the type species, C.
eros, establishes the genus as being characterized by
the kind of sclerites discussed here. Chancelloriid
sclerites are among the most common Lower Cambrian
fossils and range into the Upper Cambrian. The
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Reconstructions based on

sclerities are composite; typically they are star-shaped
and have a varying number of radiating spines and,
usually, a central spine or knob (fig. 1C). Each ray of
the star has a separate internal cavity which opens to
the exterior through a smaller basal foramen; the walls
are calcareous (Sdzuy, 1969). The surfaces having the
basal foramina unite to form a distinct, flat basal
surface of the composite spicule.

With few exceptions (for example, Goryanskiy,
1973), published discussions of the Chancelloriidae
have presupposed a sponge affinity, mainly because of
the specimens referred by Walcott to Chancelloria.
However, sponge spicules are formed by enveloping
sclerocytes and grow centrifugally, whereas in
chancelloriid sclerites the presence of thin internal
walls separating the cavities of the individual rays
(Sdzuy, 1969) shows that the walls were secreted by
the tissue occupying the cavities. These chancelloriid
sclerites cannot be homologous to sponge spicules;
instead, their structure and morphology suggest that
they were dermal sclerites forming an external cover
of protective spikes.

CONCLUSIONS

The mineralized sclerites of the groups discussed
herein are all hollow and have a restricted basal
opening to the outside. The shape of the basal region
shows that the sclerites did not grow by simple
successive accretion; the restricted foramen is present
even in the smallest specimens, and larger specimens
do not have similar earlier growth stages incorporated
in their shape. Natural associations of sclerites are
known in each group: the sclerities either formed a
scaly armour (Wiwaxiidae) or were’ gathered in bundles



(Siphogonuchitidae) or  star-shaped  aggregates.
Because the sclerites were often in contact with one
another along snugly fitting surfaces (in the case of
the Chancelloriidae they even have a common wall in
the zone of contact), their probable mode of formation
was by mineralization along the surfaces of organic
precursors, which then came to occupy the internal
cavities of the sclerites. The sclerites were thus
external structures forming a more or less coherent
armour. Growth of this exoskeleton took place either
by the addition of new sclerites or by the replacement
of smaller sclerites with larger ones. The fundamental
similarities in skeletal organization between the
discussed families indicate that this type of skeleton is
a homologous feature which can be used to recognize a
monophyletic group of high taxonomic rank. We
propose the name Coeloscleritophora for this group,
provisionally assigning it to class level.

We hope that the outline concepts of the class
Coeloscleritiphora will stimulate research into the
biological nature of this large and enigmatic group of
metazoans, and that increased attention to the
complex nature of their skeletal armour will
eventually resolve the currently growing conflict
between form-taxonomy based on the shape of isolated
sclerites (or even fragments of sclerites) and taxonomy
based on biological interpretations.
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In several contributions A. H. Westergfrd (1922,
1942, 1946-48, 1950, 1953) described the Middle and
Upper Cambrian stratigraphy and trilobite faunas of
Sweden. Another major contribution was made by G.
Henningsmoen (1957) on the Upper Cambrian of
Norway. These and other contributions have made the
Middle and Upper Cambrian of Scandinavia well known
to Cambrian specialists all over the world, and the
Middle Cambrian of Scandinavia has been used as a
kind of standard succession for the Middle Cambrian.

The situation in the Lower Cambrian of
Scandinavia is much different. On the whaole,
correlation is very difficult because many faunas only
occur locally and because trilobites are poorly
represented in many sections and areas. Although
Lower Cambrian trilobites were first described from
Scandinavia a century ago, their general rarity and
poor preservation permitted only slow growth in our
knowledge of them. Certain areas, such as the present
Baltic are almost devoid of known trilobites, and
authorities differ on the correlation between facies in
different areas. Recently, however, a combined effort
has been rhnade to collect and describe trilobites,
acritarchs and other fossils (P. Ahlberg, S. Bengtson, J.
Bergstrttm, S. Féyn, G. Vidal, unpubl. data), and this
effort has led to a new understanding of Lower
Cambrian stratigraphy and correlation.

The transition between the Vendian and the
Lower Cambrian is not known with certainty to be
complete anywhere in Scandinavia. In the north
(Lappland), there is an uppermost Vendian (Valdaian)
association with vendotaenid algae, the medusoid
Kullingia concentrica, and trace fossils. At Lake
Tornetrsk and in Troms, Norway, the overlying beds
contain Platysolenites antiquissimus and, according to
reports, also contain Volborthella tenuis. As
Volborthella does not seem to occur elsewhere in
strata below the Schmidtiellus mickwitzi Zone, and
Platysolenites is not reported from strata above this
zone, these overlying beds would seem to belong to
this trilobite zone. However, Spirosolenites spiralis

and Aldanella kunda, which are associated with
Platysolenites and Volborthella in Lappland, also occur
in the Lontova Clay in Estonia and so may indicate the
Platysolenites antiquissimus Zone. Anyway, there
seems to be a hiatus in the Lappland sequence
corresponding to the Sabellidites cambriensis Zone and
part of the Platysolenites antiquissimus Zone in
Poland.
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In southern Scandinavia the succession starts
with quartz arenites: Kalmarsund Sandstone on the
Baltic coast, Hardeberga Sandstone in Skfne
(southernmost Sweden) and Bornholm, Ringsaker
Quartzite Member in the Oslo area. Acritarchs (G.
Vidal, unpubl. data) and trilobite traces indicate that
much if not most of the Hardeberga Sandstone belongs
to the middle part of the Lower Cambrian. There is
nothing in the trace fossil fauna to indicate that any
part of these arenites is notably older, and they may
have been deposited during a fairly short time interval.

Above this level are basically an eastern
biofacies and a western one. The eastern biofacies is
characterized by the general lack of trilobites and by
the presence of small shells such as Mobergella and

Mickwitzia. In the western biofacies there are enough

trilobites and other fossils to make a fairly reliable
biostratigraphic subdivision. In the last few years it
has become possible to make a rough correlation
between the two facies.

Schmidtiellus mickwitzi Zone

Although trilobite traces are present in the
Hardeberga Sandstone (including Nexp and Balka
Sandstones), the oldest known Scandinavian trilobite
fauna is found in the overlying Norretorp Formation.
The zone was known previously as the zone with
Kjerulfia lundgreni and Holmia torelli. The former

may belong to Wanneria, while the latter may be
considered a subspecies of Schmidtiellus mickwitzi,
the nominal subspecies of which is from the Estonian
LUkati Sandstone. The Norretorp Formation also
includes Holmia mobergi (a species that seems to be
represented in the LUkati Sandstone) in unit la-alpha at
Mijfsa in southern Norway, and in the Duolbasgaissa
Formation in Finnmark, northern-most Norway. (See
Bergstrbm, 1980.) The correlation between unit
la-alpha and the Duolbasgaissa Formation is somewhat
strengthened by the occurrence in common of the
characteristic trilobite trace Rusophycus dispar, which

is known also from the Mickwitzia sandstone in
VestergBtland, south-central Sweden. Additional

fossils of correlational value occur in unit la-alpha at
Mijfsa. One is the characteristic Spatangopsis, found
elsewhere in the Mickwitzia sandstone and {\kati
sandstone.  Another is Platysolenites antiquissimus
which has a long range extending downward from the
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Figure 1.--Correlations of upper Vendian and Lower Cambrian strata in Baltoscandia, with distribution

of some important fossils.

Fm, Formation; sh, shale; ss, sandstone; z, zone.
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symbols denote fossils listed in right hand column.

S. mickwitzi Zone. Still another is Mobergella, a shell
found with Mickwitzia monilifera in the Mickwitzia
sandstone in Vestergbtland and in the Mobergella beds
in the western part of the Baltic.
monilifera is also found in the L{ati Sandstone, shown
already by the trilobite evidence to belong to the S.
mickwitzi Zone. There is thus very good evidence that
the Norretorp Formation, the Duolbasgaissa
Formation, unit la-alpha at Mijfsa, the Mickwitzia

Mickwitzia

"Zaone of Holmia n.sp” ("Callavia")

In Sk8ne, the Norretorp Formation is overlain by
a thin but characteristic phosphatized calcareous
sandstone with only unidentifiable fossil fragments.
At Mijgsa the la-alpha unit is correspondingly overlain
by a sparingly fossiliferous unit, the Brfstad Shale,
unit la-beta. The latter unit has yielded Volborthella
tenuis and a rare trilobite belonging to the genus

sandstone, the Mobergella beds, and the Llkati
Sandstone are more or less correlatable. Furthermore,
the occurrence of Platysolenites and Mobergella

indicates that the horizon correlates with the upper
part of a sequence considered to be sub-Holmia beds in
Poland, despite the presence of trilobites outside
Poland. The sub-Holmia beds are commonly correlated
with the Tommotian of Siberia, at the top of which the
Mobergella fauna is found (Bengtson, 1979). This
correlation must be considered uncertain both because
of the facies conditions in Siberia and because of the
unknown range of "Tommotian" fossils, (See Landing
and others, 1980.)

Holmia (but better known by the original identification
as Callavia n. sp., see Bergstrbm, 1980). The
identification of this zone can only be provisional at
present, and future evidence is needed to justify the
separation and to make correlation reliable.

Zone of the Holmia kjerulfi group

In this zone, faunal diversity is markedly greater
than in underlying strata (Bergstrbm and Ahlberg,
1981; Ahlberg, this volume). Although virtually all
trilobites outside their type areas were previously
misidentified, previous correlations were basically
correct. The olenellid genus Holmia is represented by
a number of local forms, which appear to be very close
to H. kjerulfi. The latter is known with certainty only
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from the Mjésa area. Both in Sk8ne and at Mijgsa the
zone characterizes the lower part of a natural
formational unit, deposited during a distinct
transgression.  This transgression brought the first
non-olenellid trilobites, mainly species of
Ellipsocephalus, Proampyx, Strenuaeva, and
Comluella, The recent discovery of what appears to
be Calodiscus lobatus both in Sk8ne and in J4mtland
(west-central Sweden) indicates a correlation with
strata that contain the Dipharus attleborensis

assemblage on both sides of the Atlantic (the top of
the range of Callavia) and in Siberia. For instance,
this assemblage is found at the upper end of the range
of the olenellid Fallotaspis in Morocco, which is in
accord with the find of a true fallotaspidid,
"Fallotaspis" ljungneri, obviously in the zone of the H.
kjerulfi group at Laisvall in Lappland (Bergstrtm,

assemblage. In conclusion, the zone of the Holmia
kjerulfi group appears to correlate with (part of) the
Bonnia-Olenellus Zone in North America, with the top
of the Callavia beds on both sides of the Atlantic, and
with the top of the Atdabanian in Siberia.

Proampyx linnarssoni Zone

This zone characterizes the top of the natural
formational unit referred to above in Sk8ne and
Mijfsa. Evidence from Sk8ne (Bergstrbm and Ahlberg
1981) indicates the possible presence of more than one
trilobite zone, but the evidence is still too meagre.
The dolenopleurid genera are the same as in the
underlying zone, but the species are mostly different,
and there are no olenellids. The composition is very

1973). Olenellids characteristic of this zone are also close to that of the so called Protolenus Zone in
found at Gbrlitz in Germany (GDR), where they are Poland, which is dominated by solenopleurid
associated with protolenids (LLusatiops and Micmacca) trilobites. This is the uppermost unit in the
and the eodiscid Serrodiscus speciosus silecius. The Scandinavian LLower Cambrian.
latter indicates a correlation with North American
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Figure 2.--Ranges of some important upper Vendian (Valdai) and lLower Cambrian fossils in

Baltoscandia, Poland and Siberia.
Holmia "series" in Poland.

In addition to ranges shown, Schmidtiellus is found in the
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Nontrilobite zones

Some nontrilobite zones have been recognized in
the Lower Cambrian of Scandinavia.
Zone" of the Caledonides is ill defined and needs no
comment (See Fghyn, 1967). The
cambriensis Zone is regarded as marking the base of
the Cambrian but has not been identified in
Scandinavia. The Platysolenites antiquissimus Zone is
usually considered to extend from the base of the
range of the zonal index to the base of the range of
Volborthella, Mobergella, or the trilobites of the
Schmidtiellus mickwitzi Zone. Only the upper part of
the P. antiquissimus Zone is identified with certainty
in Scandinavia. This upper part is characterized by
Holmia "stage" acritarchs (Vidal, this volume) and rare
trilobite traces. The Volborthella and Platysolenites
Zone corresponds to the interval where the two index
forms overlap in range. As far as is known, the
overlap seems to correspond more or less to the
Schmidtiellus mickwitzi Zone. If so, the Volborthella
and Platysolenites Zone also corresponds roughly to
the Mobergella holsti Zone, recognized in the west
Baltic succession and in Poland, and as the
Platysolenites and M. holsti Zone in southern Norway.
The Volborthella tenuis Zone extends from the top of
the Volborthella and Platysolenites Zone upwards
without a distinct upper limit. Evidence from the
Baltic indicates that Volborthella tenuis ranges at
least into the Zone of the Holmia kjerulfi group. At
Mijgsa, Volborthella tenuis is restricted to the Brstad
Shale and used therein, together with Holmia n. sp.
('Callavia"), as a zonal index.
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8. VENDIAN AND CAMBRIAN PALEOGEOGRAPHY OF
THE EAST EUROPEAN PLATFORM

By

A. P, Brangulis, V. V. Kirjyanov, K. A. Mens, and A. Yu. Rozanov

Paleontological Institute
U.S.S.R. Academy of Sciences
Moscow, U.S.S.R.

Combined Polish-Soviet research has produced a
new stratigraphic scheme for the Vendian and Lower
Cambrian of the East European platform (fig. 1), based
on the vertical distribution of acritarch associations
and other fossils, Detailed studies have been published
in two series of monographs which were published in
1979. These data allow us to begin drawing lithologic-
paleogeographic maps for small stratigraphic units.
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&
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>
Drevljany = Volyf

Figure 1.--Subdivisions of the Vendian and the
Lower Cambrian of the East European
platform.

Maps have been made for four Precambrian
intervals (the Viljtchany, Volyn', Redkino, and Kotlin
units) and four Cambrian intervals (the Rovno,
Lontova, Talsy, and Vergale-Rausve units). The maps
are for units small enough to allow us to reconstruct
the development of the ancient Vendian-Cambrian
basin on the East European platform and form a
complete conception of the changes that took place at
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the Precambrian-Cambrian boundary (fig. 2). Models
of the separate subregions that served as initial data
for the lithologic-paleogeographic schemes were
prepared by B. Aren', V. Ya. Bessonova, A. P.
Brangulis, V. A. Verikanov, V. I. Vlasov, V. V. Kirsanov,
V. V. Kirjyanov, I. V. Klimovitch, K. Lendzion, K. A.
Mens, L. T. Pashkyavitchene, E. A. Pirrus, L. V.
Piskun, A. Yu. Rozanov, V. F. Sakalauskas, N. M,
Tchumakov, and T. V. Yankauskas. The editors of the
maps were V. Ya. Bessonova, A. P. Brangulis, V. A.
Velikanov, V. I. Vlasov, V. V. Kirsanov, V. V. Kirjyanov,
K. A. Mens, A. Yu. Rozanov, N. M. Tchumakov, and T.
V. Yankauskas.

At the beginning of late Vendian Valday time (or
Redkino time) a new structural plan of the East
European platform appeared. This plan persisted in
outline during the early Paleozoic. In Kotlin time (fig.
2A), we see some changes of thisplan on the
northwest, where the basin of sedimentation expanded
to cover all of the territory of Estonia. However,
there are no Kotlin deposits over the vast territories
of Latvia, Lithuania, and the adjoining parts of Poland.

At the end of Kotlin time widespread regression
took place, resulting in the erosion of uplifts and an
increase in the deposition of red sandstones (the
Reshma Formation) in some restricted basins., During
the new transgression of the Rovno sea, quartz-
glauconite sandstones and very typical "blue clays"
began to be deposited. The Rovno basin has
approximately the same configuration as the Kotlin
one, but it is narrower (fig. 2B). The axial part of the
Rovno basin, where the Rovno horizon thickness is 50
m and even more, has probably migrated to the
northwest.

The outlines of the Lantova basin (fig. 2C) are
generally the same as those of the Rovno basin, but
the Lontova basin was probably a bit broader. The
types of rocks of the two basins are similar as well,
though there are some layers of siltstone and fine-
grained sandstones which constitute among the
Lantova deposits. Everywhere in these rocks are
grains of glauconite, which constitute the main
difference between these deposits and the Kotlin ones
in which glauconite is rare.

It is supposed that the Rovno and Lontova
deposits formed in a shallow, well-aerated marine
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Figure 2.--Vendian and Lower Cambrian paleogeography of the East European platform. A, Kotlin
time; B, Rovno time; C, Lontova time; D, Talsy time. Isopach contours in meters. For scale,
distance from Kiev to Riga (K to R) is approximately 800 km.
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basin favorable for the development of life. In Rovno
time there were abundant Sabelliditida, whose first
appearance is recorded in the Redkino deposits. The
composition of the Rovno acritarch association is
enriched by an increase in the diversification of
species of Leiosphaeridia, by the appearance of
Teophipolia laverata and Ceratophyton vernicosum,
and by the appearance of Platysolenites in the
uppermost part of the Rovno horizon. The organic
world changed notably in Lontova time; in Lontova
strata we observe diverse complicated trace fossils
and numerous remains of Sabelliditida, Platysolenites,

gastropods, hyolithids, and Hyolithelmintes. The
acritarch associations, among which the most
important are Granomarginata and Tasmanites,

became greatly different.

In Talsy time (fig. 2D) the paleogeographic
situation on the eastern European platform changed
greatly. The Rovno and Lontova basins had inherited
their general features from their Valday predecessor;
the linear depressions situated between the Sarmatian
and Baltic shields were extended during these two
intervals. But beginning in Talsy time the general
paleogeographic situation became basically different.
In preceding ages the Moscow syncline was a
permanent depression, but by Talsy time it no longer
controlled a zone of sediment accumulation. The
Baltic syncline now formed on the western part of the
East European platform. We can observe only the
eastern slope of this large structure, within which
thickness of Talsy and younger units grows westward.
The same situation, but with several alterations, is
observed in Vergale-Rausve sediments, although they
are characterized by facies that are a bit more
diverse.

The Talsy horizon deposits are mainly
represented by an alternation of clays and siltstones
deposited in a shallow, warm basin favorable for the
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existence of various organisms, among which we have
found trilobites, brachiopods, hyolithids, and
Hyolithelmintes, diverse deposit feeders and abundant
acritarchs. Numerous species of the genus
Baltisphaeridium appear in this horizon. As in the

overlying Vergale-Rausve horizon, acritarchs form
typical associations that allow us to make a detailed
correlation of sections over vast areas.

While examining the history of the Vendian and
Cambrian basins of the western part of the East
European platform, we can record several changes,
some of which coincide with those in the development
of the organic world:

1. The beginning of formation of the Vendian
Valday Series reflected a simultaneous change in
structural plan. This moment coincides with the
occurrence and settlement of the "White Sea biota,"
composed of multi-cellular organisms. This time is
considered by some scientists to be the beginning of
the Vendian.

2. The beginning of formation of the Rovno
horizon represented some paleogeographic changes and
a new transgression as well as a definite change in the
dynamics and geochemistry of the basin. The turning
point coincides with the appearance of the organisms
traditionally assigned to the Cambrian (Sabelliditida)
on the East European platform. However, at the
boundary of the Rovno and Lontova horizons, where we
detect true skeletal fossils of the Jlowermost
Cambrian, we do not observe such noticeable
paleogeographic changes.

3. The beginning of formation of the Talsy
horizon was characterized by great changes in the
paleogeography in the Baltic basin; it coincided with
the appearance of trilobites, although the Baltic
species are probably not as ancient as some other
described trilobites.



9. FAUNAL SEQUENCE WITHIN THE LOWER CAMBRIAN "NON-TRILOBITE
ZONE (S.L.) OF CENTRAL ENGLAND AND CORRELATED REGIONS

By

M. D, Brasier and R. A. Hewitt

Hull University
Hull, England

In many sequences that span the uppermost
Precambrian-Cambrian transition, small shelly fossils
appear in facies that lack trilobites. Assemblages of
such fossils have been used to delimit sub-trilobite
units such as the Etcheminian of Newfoundland, the
Tommotian of Siberia, the Subholmia beds of Poland,
and the Non-Trilobite Zone of Britain (Matthew, 1899;
Rozanov and others, 1969; Cowie and others, 1972).
This biostratigraphic concept appears to have
withstood the test of time, but its correlation is often
dependent on stratigraphic position and the absence of
trilobites, rather than on the presence of a distinctive
assemblage. At Nuneaton in the English Midlands is a
sequence of Non-Trilobite Zone (s.l.) fossils that allows
correlation with other English rocks, as well as with
faunas in North America, the Baltic, and Siberia. The
aim of this paper is to document the vertical
distribution of these fossils (following new discoveries
and the study of established collections) and to
consider, briefly, correlation of three main faunas that
occur there.

The stratigraphy and lithofacies of the Hartshill
Formation of Nuneaton has already been discribed
(Brasier and others, 1978; Brasier and Hewitt, 1979).
The Caldecote volcanics are equated with Charnia-
bearing tuffs some 20 km to the northeast. They are
intruded by markfieldites which, in Leicestershire,
yield a Rb-Sr whole-rock age of 542+22 m.y. The
Hartshill  Formation overlies the Caldecote
unconformably. At the base of the Hartshill is a
sequence of as much as 250 m of coastal sandstones
bearing the trace fossils Arenicolites, Didymaulichnus,
Gordia, ?Psammichnites, Planolites and, just below the
Home Farm Member, Isopodichnus. The latter member
comprises about 2 m of conglomerates, sandstones, and
condensed, red, nodular limestones with a relatively
prolific fauna. The fragmentary fossils (mostly
microfossils) first reported by Cobbold (1919) have now
been studied in some detail at the type locality by
microscopy of serial stained-acetate peels of vertical
rock slices, of rock chips, and of residues obtained by
standard conodont acid etching techniques, to yield
data on preservation and abundance of taxa through
the Home Farm into basal Purley Shale units. More
than 10,000 shells and fragments were measured.
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The vertical ranges of taxa in the Home Farm
Member and higher beds are shown in figure 1.
Sampling along the outcrop confirms a fairly uniform
history along the 1 km of strike. The fauna of the
Home Farm Member divides naturally into six
successive assemblages:

I Total range of 'Obolella’ groomi Matley;
lower partial range of Sunnaginia imbricata
Miss,, of Hyolithellus micans (Billings), and
of Micromitra phillipsi (Holl). Basal
quartzose conglomerate (less than 0.5 m).

'Obolella’ groomi awaits proper
taxonomic revision; this is its first record
from Nuneaton. The identity of Sunnaginia
with S. imbricata is not accepted by
Matthews and Cowie (1979). H. micans in
this bed is distinctively large (less than
1.7 mm diameter) and has prominent
internal rings, external transverse grooves,
and external growth lamellae. M. phillipsi
specimens are also large (less than 14 mm).

This wholly phosphatic assemblage is
allochthonous: the specimens are size
sorted, fragmentary, and disarticulated
within a current-bedded conglomerate. Less
robust shells may have been destroyed in
transport or diagenesis.

II.  Lower partial range of Coleoloides typicalis
Walcott, concurrent with H. micans and M.
phillipsi. Calcareous cemented sandstone

above quartzose conglomerate (less than

0.6 m).
The scarce specimens show signs of
transport. C. typicalis occurs as

phosphatised fragments.
III. Total range of Camenella baltica (Bengtson),
C. cf. kozlowskii (Miss.), Eccentrotheca
kanesia Landing and others, protoconodont
aff. Amphigeisina danica (Poulsen); upper
partial range of S. imbricata; lower partial
range of Torellella lentiformis (Syssoiev),
'Hyolithes' alatus Cobbold, and Helcionella
paupera (Billings). Bed 1 of the Hyolithes
Limestone (especially the phosphatised
limestone conglomerate; less than 0.2 m).
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Figure 1.--Composite vertical ranges of selected taxa through the Lower Cambrian of Nuneaton and
Shropshire, England. Correlated beds are shown on the right. Callavia and higher zonal ranges
based on sources in Rushton (1974).
Camenella here includes Tommotia This assemblage is mostly
baltica and C. garbowskae listed by Brasier phosphatised, fragmented and worn, and

and others (1978).  The protoconodont
(Hertzina sp. of Matthews and
Missarzhevsky, 1975) has a distinctive

triangular cross section. T. lentiformis here
includes forms previously referred to T. cf.

T. biconvexa Miss. as well as some
resembling T. curvae Miss.  'Hyolithes'
alatus may belong to Burithes Miss.

Helcionella paupera includes H. abrupta
Shaler and Foerste, interpreted as the
juvenile form. Coleoloides typicalis includes
C. trigeminatus Miss., C. bornholmensis
Poulsen, C. paucistriatus Poulsen and C.
multistriatus Cobbold as growth stages;
Glauderia mirabilis Poulsen is regarded as a
variant of this species.

v,

shows lithological evidence of hardground
development and reworking. H. micans is
abundant and of greater diameter here than
in higher calcareous beds; it exceeds T.
lentiformis in measured volumes of shell
fragments and shell cavity per kilogram of
rock. Slow deposition and non-sequences are
inferred.

Lower partial range of hexactinellid sponge
spicules (cf. Protospongia); abundant C.
typicalis and T. lentiformis; Helcionella
paupera present but sparse. Beds 2-10ii of

the Hyolithes Limestone (less than 0.5 m).
The calcite hexactinellid spicules may
have originally been of opaline silica.
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Coleoloides typicalis predominates, as
colonies in life position at several levels but
mostly disorientated or nested together by
currents or bioturbation.
exceeds H. micans in the measured volume
of shell fragments of and shell cavity per
kilogram of rock from beds 2-11
inclusively, Deposition was slow, perhaps
with . alternating periods of soft-bottom
colonisation (by Coleoloides), and
lithification that favoured a hardground
fauna (perhaps including sponges, Torellella,
and Helcionella).

Total range of Randomia aurorae Matthew,
Latouchella striata Cobbold, Prosinuites
emarginatus (Cobbold), Fordilla troyensis
Barrande, Allatheca degeeri (Holm).
'Hyolithes' princeps Billings, H.
aequilateralis Cobbold; acme of Helcionella
paupera, ‘'Hyolithes' biconvexus Cobbold;
upper partial range of the latter two and of
sponge spicules. Bed 10iii of the Hyolithes
Limestone (less than 0.1 m).

Randomia aurorae is here reported
from England for the first time, though
Cobbold had collected some specimens;
fragments described as 7?Callavia (for
example, Cobbold and Pocock 1934, pl. 39)
are of Randomia. 'H'. princeps is a senior
synonym of H. excellens Billings and H.
willsi Cobbold. Only one valve of Fordilla is

known.
This diverse assemblage is found in a

thin coquina with abundant Hyolitha
(especially A. degeeri) and is associated with
phosphate and Fe-Mn stromatolite
intraclasts. Both current orientation and
nesting of shells indicate transportation of
fossils, but fragmentation and wear were not
great. Slow deposition with some current
winnowing would account for the coquina,
the authigenic glauconite-coated shells, and
the large glauconite grains.

Acme of Hyolithellus micans; partial range
of C. typicalis, T. lentiformis, M. phillipsi.
Beds 11-12 of Hyolithes Limestone (Home
Farm Member); Bed 13 (basal Woodlands
Member; together less than 0.4 m),

Beds 11 and 12 are recrystallised
sparry limestones with vugs, sheet cracks,
neptunean dykes, and in situ and transported
Fe-Mn stromatolites. Fe-Mn replacement
and glauconite void filling of shells is
common in beds 12 and 13; the latter is a
current-bedded sandstone with calcareous
cement in which fossils occur as sparse,
size-sorted fragments. Hyolithellus micans

T. lentiformis
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exceeds both C. typicalis and T. lentiformis
in measured volumes of shell fragments and
of cavity per kilogram of rock, though H.
micans specimens are small (less than
0.7 mm diameter). Coleoloides specimens
are also small (less than 0.9 mm diameter) in
beds 11-13. Very slow deposition and
restricted ecological conditions are inferred
for beds 11-12. Reworking and rapid
deposition by tides and storm are inferred
for bed 13. The dominance of phosphatic
forms may, in part, be due to selective
preservation, as in the basal beds.

About 18 m of sheet sandstones (Woodlands
Member) intervene between bed 12 and some thin
calcareous lenses at the top of the members; these
contain C. typicalis and Torellella sp. (assemblage
VII). Nodules about 1.5 m above the base of the
overlying Purley Shale Formation contain C. typicalis,
hexactinellids, and ?Callavia fragments (assemblage
VIII). The higher assemblages with trilobites, here
called IX-XI, are reviewed by Rushton (1974).

CORRELATION

Whereas Nuneaton has a very condensed Non-
Trilobite (s.l.) sequence (approximately 20 m) overlain
by more than 140 m of Callavia Zone and Protolenid-
Strenuellid Zone shales, the reverse is seen in
Shropshire. At Comley and at The Wrekin, these
trilobite zones are condensed to approximately 2 m of
calcareous sandstone and limestone, overlying as much
as 190 m of older clastics. These rest unconformably
on a granophyre intrusion with a Rb-Sr whole-rock age
of 533413 m.y. (Patchett and others, 1980). The basal
Wrekin Quartzite (approximately 40 m) contains a few
probable Diplocraterion traces, and so a Precambrian
age is precluded. The overlying Lower Comley
Sandstone (approximately 150 m) contains a non-
trilobite fauna (for example, Rushton, 1974), which
allows a preliminary correlation of the Lower
Cambrian of Nuneaton and Shropshire (fig. 1). The
composite range chart for England is made possible by
correlation of the first occurrences of 'O'. groomi, M.
phillipsi, H. micans (and variants), A. degeeri, Callavia

P.

(including “?Callavia), Serrodiscus bellimarginatus
(Shaler and Foerste), and Paradoxides spp. (plus other
oelandicus Zone trilobites). Fossils from the
Malvern Quartzite (for example, Rushton, 1974) and
clasts in the Permian Nechells Breccia (for example,
Boulton, 1924) have also been examined by us. The
three successive faunas that may be distinguished in
the non-trilobite zone (s.l.) are outlined below.




THE 'OBELELLA' GROOMI FAUNA

An assemblage of 'O'. groomi, and H. phillipsi
provides the lowermost shelly fauna at Nuneaton
(Assemblage I), Shropshire (Aby), and Malvern (Malvern
Quartzite). The associated fauna of either Camenella
baltica (from Nuneaton IIl, and the Nechells Breccia
and recently from the Malvern Quartzite) or
Mobergella cf. turgida (Ab,) allows direct comparison
with the Mobergella fauna of the Baltic area
(Bengtson, 1977).

Mabergella is typical of the uppermost
Tommotian Stage in Siberia thus the Baltic Mobergella
and C. baltica are thought to be of this age (Bengtson,
1977). But at Nuneaton, Mobergella is replaced by
Sunnaginia imbricata, formerly regarded as a lower
Tommotian microfossil (Rozanov and others, 1969),
hence the suggestion that condensed or reworked lower
Tommotian material is present in the lower Home
Farm Member (Brasier and others, 1978). However,
this interpretation must be questioned by the recent
discovery of S. imbricata with Eccentrotheca kanesis
from the Callavia Zone of Nova Scotia (Landing and
others, 1980). The lipped hyoliths associated with this
fauna in England ('H. strettonensis and 'H' alatus)
would not support a lower Tommotian correlation.

The 'O'. grommi-Mobergella fauna is often found
in conglomeratic or sandy facies. It may therefore be
transported and reworked; it is also likely to be a
diachronous facies fauna (as shown for example, by the
occurrence of some elements with Callavia Zone
trilobites in Nova Scotia, though condensation and
reworking cannot be discounted here).

THE COLEOLOIDES TYPICALIS FAUNA

Assemnblage IV at Nuneaton, with dominant C.

typicalis and rare hyoliths, is a partial range
assemblage with no diagnostic elements. A similar

fauna is not seen in Shroposhire but occurs in
Newfoundland with a comparable stratigraphic
position; that is, above a middle or upper Tommotian
Aldanella fauna and below a Randomia fauna (S.
Bengtson, personal commun., 1980). But the value of
the C. typicalis fauna for correlation is limited since
this species, H. micans, and Hexactinellida are part of
a facies fauna that recurs without identifiable
trilobites or hyoliths in the Protolenid-Strenuellid Zone
of Shropshire (bed Ad).

THE RANDOMIA AURCRAE FAUNA

Assemblage V with R. aurorae and abundant A.
degeeri at Nuneaton is tentatively correlated with an
A. degeeri, H. princeps assemblage at Nechells, with a
sparse A. degeeri(?) assemblage at Comley (Ab,), and
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on position alone with the Acrothele prima assemblage
at Rushton, near The Wrekin. A. degeeri ranges from
upper Tommotian to Atdabanian in Siberia, with an
acme in the latter unit (Rozanov and others, 1969).
‘Orthotheca’ pugio Matthew (cf. A. degeeri) occurs in
the Smith Point Formation of Newfoundland with
Randomia aurorae, Fordilla troyensis, Helcionella
paupera, ‘Hyolithes' princeps, 'Orthotheca’ sica
Matthew (cf. 'H'. aequilateralis), Coleoloides typicalis,
Hyolithellus micans, and others (Matthew, 1899;
Walcott, 1900). Matthew considered R. aurorae
characteristic of his Etcheminian fauna, but Randomia
is missing from otherwise similar assemblages in
Massachusetts (see Grabau, 1900); this taxon compares
closely with Tannuella elata Miss. from the Atdabanian
of Siberia.

Elements of the Randomia fauna also occur in

Scandinavia, especially in the Green Shales of
Bornholm, which contain Prosinuites emarginatus,

Fordilla troyensis, C. typicalis and variants, and H.
micans (Poulsen, 1967); the presence of Volborthella
and 7?trilobites in these shales and in the similar
Norretorp Sandstone of southern Sweden makes likely
a correlation with the Tommotian-Atdabanian
boundary beds (Poulsen, 1978; Ahlberg and Bergstrtm,
1978).

Elements of the Randomia fauna of Nuneaton are
therefore found just below the Callavia Zone of North
America and in the Schmidtiellus mickwitzi-Holmia
mobergi Zone of Scandinavia. Their position below
Callavia Zone beds makes likely a partial correlation
with the Fallotaspis Zone of Fritz (1972). A carapace
of ?Fallotaspis from bed Abs; at Comley (Hupe, 1952)
also suggests this possibility.

It should be stressed that elements of the
Randomia fauna occur in the Callavia and Protolenid-
Strenuellid Zones of England and elsewhere, but
Randomia aurorae, 'Hyolithes' princeps and Prosinuites
emarginatus appear to provide time-restricted markers
of international value. Analysis and systematic
revision of hyolith faunas is needed, however, if an
improved correlation of the Tommotian-Atdabanian
and the Non-Trilobite Zone is to be achieved.
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10. THE BURGESS SHALE PROJECT!

By
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Walcott's (1911a,b,e, 1912, 1919, 1920, 1931)
papers on the Burgess Shale fossils were preliminary in
nature, largely because many were written before the
bulk of his collections were made. Subsequent
publications on the fauna relied heavily on Walcott's
original descriptions. Only Simonetta (1962, 1963,
1964, 1970; Simonetta and Delle Cave, 1975, 1978;
Delle Cave and Simonetta, 1975) made any large-scale
examination of additional material, but he neither
prepared the fossils nor satisfactorily illustrated the
evidence upon which many of his interpretations were
based. The first Geological Survey of Canada (GSC)
collecting expedition, which launched the
reinvestigation of the Burgess Shale, took place in
1966 (Whittington, 1971a), fifteen years ago this

summer.
The GSC expeditions recorded in detail for the

first time the levels in the quarry from which
specimens were collected. A knowledge of which
species occur together at particular horizans may be
useful for assessing interactions between them, but it
appears that a similar community was being sampled
throughaut the Walcott quarry, a community made up
of infaunal, epifaunal and some pelagic components
(Conway Marris, 1979b). Walcott's collections amount
to more than 60,000 specimens. Although the GSC
collected about 20 percent aof that figure in two
seasons, no new species has yet been positively
identified in their material. These collections have
proved invaluable, however, together with specimens
collected from the talus by a Royal Ontario Museum
party in 1975 (Collins, 1978), in supplementing the

evidence for the morphology of some species.
The Burgess Shale praject is a classic example of

what can be achieved by the painstaking application of
traditional techniques. Walcott, er his preparators,
occasionally used a fine chisel and hammer to remove
matrix covering parts of the fossils, but the specimens
had not been extensively prepared prior to the
reinvestigation. We employ a sharpened needle

IMhe display to which this paper relates was prepared
by the author and F. J. Collier (National Museum of
Natural History, Washington, D. C.) with assistance
from S. Conway Morris, J. K. Rigby, James Sprinkle
and H. B. Whittington.

mounted in a percussion hammer and another one
driven by a dental drill not only for flaking off matrix
but, more importantly, for carrying  out
"paleodissections”--removing successive layers of a
fossil to reveal those beneath. This approach has
yielded a wealth of new information, particularly on
the arthropods, which are preserved in layers
(exoskeleton, body, and overlapping appendages)
separated by a thin veneer of matrix. The fossils are
not suitable for study by x-radiography, and the kind of
detailed microstructure that is investigated by
scanning electron microscopy is not preserved.

Maost of Walcott's photographs of the Burgess
Shale fossils took advantage of their reflectivity to
provide a contrast against the dark matrix. Many of
the prints were retouched to enhance details that were
not readily visible. Whittington discovered that the
use of ultraviolet illumination usually gives the best
photographic results, particularly in the case of
unweathered specimens. If the light is directed at a
low angle the fossil appears dark against a lighter
matrix; different types of features become more
evident when different directions of radiation are
used. Features of some specimens are more readily
photographed in reflected ultraviolet light, and
contrast may sometimes be increased by covering the
specimens with a film of water averlain by a thin glass
plate. Oxidized specimens are ochreous in color and
contrast with the matrix. This contrast may be
emphasized by submerging the specimen in alcohol and
photographing it in ordinary tungsten light. In some
cases it is necessary to publish several photographs
taken under different conditions to illustrate the
evidence far a particular interpretation.

Considerable use is made of camera lucida
drawings in the course of the research, to record
details prior to preparation and to combine the
evidence of both part and counterpart of a specimen,
for example. Many of these drawings have been
published alongside the plates to clarify the evidence
for the interpretation of the morphology of particular
specimens.

Since 1966 more than 30 papers have been
published on the Burgess Shale fauna and more are in
progress. The relative abundance of the different taxa
has been documented by Conway Morris (1979b, and



this volume). Of the 44 genera of arthropods (nearly
40 percent of the total), only 14 are trilobites. The
appendages of only two of these are well known.
Whittington's (1975b, 1980a) reinvestigation of
Olenocides serratus revealed only three pairs of
biramous appendages in the cephalon (as opposed to
the four described by previous authors) in addition to
the antennae, an arrangement similar to that abserved
in later, well preserved trilobites such as Triarthrus
and Phacops. He also showed that the limbs interact
in the midline the whole length of the trunk and that
the spines on the coxae and inner rami suggest a
predatory as opposed to filter feeding habit.
Whittington (1977) demonstrated that Naraoia is also a
trilobite. It was assigned by Walcott (1912) to the
branchiopod Crustacea and was considered by various
later authors to be a trilobite, a xiphosuran or a
“"trilobitoid". Some of this confusion arose from the
misinterpretation of the lectotype, in which
overlapping appendages extending beyond the posterior
shield are suggestive of an abdomen or telson.
Naraoia, like Olenoides, has 3 pairs of biramaus
appendages in addition to the antennae in the
cephalon, and massive spiny gnathobases, presumably

for predation.
Walcott classified the 30 genera (25 percent of

the total) of "non-trilobite" arthropods as either
Branchiopoda, Malacostraca, Trilobita, or
Merostomata (all of which were then considered

Crustacea). Briggs (1977, 1978) has shown that the
bivalved Canadaspis perfecta is a phyllocarid
crustacean. It displays the characteristic division of

the trunk into thorax and abdomen but is primitive in
the similarity between the posterior cephalic
appendages and those of the trunk (in which respect it
resembles Hutchinsoniella). Some other bivalved
genera show a more equivocal affinity with the
Crustacea (Briggs 1976, 1981), but the majority of the
Burgess Shale arthropods clearly do not belong to any
Holocene taxon.

Avysheaia, for example, was assigned by Walcott
(1911c) to a new family of polychaetes, but its
similarity to the onychophorans was soon recognized
and it bhas been classified with them by most
subsequent authors. Whittington (1978) revealed the
detailed morphology of the head region for the first
time and suggested that Aysheaia may have preyed on
sponges. The terminal mouth and single pair of
modified cephalic limbs (for grasping sponges?) are
primitive features. Aysheaia is not an onychophoran,
but may represent the type of morphology from which
the ancestral uniramians were derived. Marrella
splendens was classified by Walcott (1912) in a new
family of trilobites, and was subsequently regarded,
like many other Burgess Shale arthropods of uncertain
affinity, as a trilobitoid (Whittington 1971b). The
reinvestigation has shown that the "trilobite limb" is
not a well defined structure that can be used as a
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reliable indication of affinity. The complex problem
of determining interrelationships between the Burgess
Shale arthropods is presently under review as the
descriptive work nears completion (Briggs and
Whittington, this volume). Some genera originally
interpreted as arthropods have undergone more radical
reinterpretation. The strange animal Opabinia, nor
example, was assigned by Walcott (1912) to the
branchiopod Crustracea, an interpretation accepted by
most subsequent authors, although Stérmer (1944)
classified it as a trilobitomorph. Whittington (1975a)
maintains that Opabinia is neither arthropod or
annelid, but represents a different early group of
segmented animals (a new phylum).

The 18 genera of sponges (15.5 percent of the
total), of which 13 were erected by Walcott (1920) for
Burgess Shale species, make up the best represented
phylum after the arthropods. They include
demosponges, hexactinellids, and heteractinids
(calcareous sponges) and are presently under study by
J. K. Rigby. The fauna includes more than 50 percent
of the known genera from the North American
Cambrian, a number of which are unknown outside the
Burgess Shale (Rigby, 1976).

The lophophorates (eight genera, 6.5 percent of
the total) are mainly brachiopods and are exceptional
only in the preservation of the pedicle and mantle
setae in two species (Conway Morris, 1976).
S. Conway Morris (1976) has interpreted a unique,
previously undescribed specimen as a conodontophorid,
Odontogriphus omalus; it has the simple conodonts

Canadia.

forming a horse shoe-shaped line of supports for the
tentacles of a lophophore around the mouth. The body
is flattened and segmented, and the animal was
apparently pelagic.

The priapulids are a phylum of infaunal marine
worms with an annulate trunk and a spiny, retractable
proboscis used in burrowing and feeding. Walcott
(1911c) assigned Ottoia, the most abundant of the
seven Burgess Shale genera (6 percent of the total) to
the Gephyrea, a group comprising the priapulids,
sipunculids, and echiuroids, now  considered
polyphyletic. Conway Morris (1977b) has shown that
Walcott mistook other priapulids for polychaetes and
in one case for an arthropod carapace. The Burgess
Shale priapulids fall into at least 5 families and are
much more diverse morphologically than the few living

genera,

Walcott (1911c) assigned most of the worms that
he described to the polychaetes. Conway Morris's
(1979a) restudy of the class revealed only six genera (5
percent of the total) three of which are based on
species originally described by Walcott and referred to
They show a diversity similar to that of the
priapulids (at least five families) but are much less
abundant. The polychaetes may have included

nektobenthic as well as infaunal forms.
The fauna includes five genera (4 percent of the



total) of hemichordates and chordates. The most
interesting of these, Pikaia gracilens, was described by
Walcott (1911c) as a polychaete. The trunk displays a
longitudinal bar and sigmoidally deflected myotomes,
however, which have been interpreted by Conway
Morris (1979b) as a notochord and myotomes
respectively, suggesting that Pikaia is one of the
earliest chordates.

There are five genera of echinoderms (4 percent
of the total). The most abundant is Eldonia ludwigi,
described in one of Walcott's (1911b) earliest papers on
the fauna and interpreted as a pelagic holothurian, a
classification recently upheld by Durham (1974).
Walcott collected some specimens of the much rarer
Echmatocrinus, the earliest known crinoid, but did not
describe or name them. Sprinkle (1973) has shown that
this genus is irreqularly plated and was attached by a
plated holdfast rather than a stem. An edrioasteroid
and two eocrinoids were apparently unknown to
Walcott.

Only two of the four genera (3.5 percent of the
total) of coelenterates were known to Walcott and the

group has yet to be restudied. He described Mackenzia

costalis as a holothurian (Walcott, 1911b) but it is now
considered an actiniarian (Conway Morris, 1979b). The
medusiform morphology of Peytoia nathorsti led
Walcott (1911b) to refer it to the Scyphomedusae but
it is unlike living forms and its affinities are uncertain
(Conway Morris, 1978).

Two mollusks, Scenella and Hyolithes, are
abundant in the Burgess Shale (Yochelson, 1961). They
both have mineralized shells and were already known
from elsewhere. They were classified by Walcott as
gastropods, but Scenella is now considered a
monoplacophoran, and Hyolithes is a separate class of
the Mollusca (or a new phylum; Runnegar, 1980).
Walcott's (191l¢) figures present specimens of
Hyolithes with the appendages (helens) attached. The
rarer Wiwaxia corrugata was assigned by Walcott
(1911c) to the polychaetes; it remains to be restudied,
but the observation of a radula by Conway Morris
(1979b) suggests that it may be related to the
mollusks.

Walcott followed contemporary classifications of
the invertebrates and placed the Burgess Shale animals
in existing phyla and classes and for the most part,
existing orders. The reinvestigation has shown that
some 19 genera (16 percent of the total), including
Opabinia mentioned above, do not fall readily into
even living phyla, and represent distinct and hitherto
unknown body plans (Conway Morris, 1979b, Conway
Morris and Whittington, 1979, Whittington, 1980b).
The aptly named Hallucigenia, rescued by Conway
Morris (1977) from obscurity in the polychaete genus
Canadia, to which it was assigned by Walcott (1911c),
is one of the most abundant and bizarre of these. The
majority await thorough investigation.

The most obvious result of the reinvestigation of
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the Burgess Shale is the publication of well
documented data on the morphology and diversity of
the fauna. This information is providing a basis for
additional general conclusions regarding the early
radiation of the metazoa and, through comparisons
with later faunas, their subsequent evolution.
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11. RELATIONSHIPS OF ARTHROPODS FROM THE BURGESS SHALE AND OTHER
CAMBRIAN SEQUENCES

By
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Appendage-bearing arthropod specimens
representing 19 genera, found in old and new
collections from the famous Middle Cambrian Burgess
Shale, have been described in detailed studies now
published or in press. Nine of these genera were
grouped with others in various orders and subclasses
within the Class Trilobitoidea, and this class was
grouped with  Trilobita into the subphylum
Trilobitomorpha by Stérmer (1959), in on the
assumption that all had trilobite-like appendages. This
assumption has not been substantiated; the species
show such a wide diversity of morphology that a
partial appreciation of it led Simonetta to propose
eight new orders to accommodate particular species.
(See Simonetta citations in Briggs, this volume.)
Discussion of these and other named taxa is beyond the
scope of the present paper. Of the genera considered
here, two (Canadaspis and Perspicaris) have been
referred to Crustacea (Waptia probably also belongs
here), Olenoides and Naraoia are trilobites, while the
uniramian Aysheaia stands apart from all others, as it
lacked a sclerotized exoskelton. In the remaining
genera thus far studied (this excludes Emeraldella and

Helmetia), each type species has  unique
characteristics, while those shared tend to be
generalized and common to many arthropods.

Relationships between these contemporaneous species
are, therefore, far from obvious, and possible ancestral
forms are unknown. We have used two methods in a
preliminary attempt to reveal relationships between
these Burgess Shale genera and the only other two
Cambrian forms in which appendages are known.
These are the Upper Cambrian Phosphatocopina from
Sweden (the genera Vestrogothia and Falites being
considered as a single unit), and Aglaspis from the
Upper Cambrian of Wisconsin, though the appendages
of the latter are incompletely known.

In the first method a series of 65 morphological
characters were selected, each of which was scored
according to its absence, presence, or state of
development. For example, the body may or may not
show trilobation, whereas the carapace, if present,
may have been bivalved, with or without a rostrum,
etc. Each genus is thus an entity characterized by a
unique list of attribute states. The principal-
components analysis we used considered the entities as
points in multidimensional attribute space and
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produced a three-dimensional system of coordinates by
plotting the position of the genera relative to the
three largest mutually perpendicular axes
(eigenvectors). The eigenvalues corresponding to the
first three eigenvectors show that they account for
35.6 percent of the ordination. All the attributes were
given equal weight. The genera are linked by the
minimal spanning tree (the shortest connected graph
without closed loops joining all the points in attribute
space) which links nearest neighbours. We gratefully
acknowledge the advice and assistance of Dr. J. T.
Temple, Birkbeck College, in running the programmes
on the University of London computer. The resulting
plot (fig. 1) is an assessment of similarities, which may
reflect parallelism or convergence rather than
relationship. Some shared characters, such as the
large number of trunk segments in Branchiocaris and
Odaraia, are not reliable indicators of affinity, and the
significance of special characters shared by particular
entities may not be evident.

Figure 1 reveals a wide spread with only one
obvious cluster. Seven genera have Alalcomenaeus as
their nearest neighbour, radiating out from it in
morphological space. Closest is Actaeus, which differs
in the appendages of cephalon and trunk and in the
number of trunk somites. Actaeus is greatly similar to
Leanchoilia, the differences between them seemingly
of minor importance. The wide separation between
the two genera on the Y3 axis is a distortion
introduced by the lack of information on the inner
ramus of trunk appendages. Leanchoilia and Naraoia
also plot close to Alalcomenaeus. None of the
characters shared by these genera, however, are
unique or even rare in the sample, and there is no
evidence to suggest an affinity between Naraoia and
the other two. Leanchoilia and Alalcomenaeus differ
in the number of trunk somites, in the nature of the
telson, and in important details of the appendages, but
may nevertheless form a group with Actaeus. Further
from Alalcomenaeus are Sidneyia, Habelia, Molaria,
and the new genus. Many of the characters shared by
these arthropods are either of minor importance or
common to almost all the sample. They are united,
however, in having a cephalic shield, which is
associated with a series of dorsal tergites on the
trunk. Outside the group this exact feature is found
only in Aglaspis and Olenoides, and a modified form is
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Figure l.--Principal-components analysis ordination of 21 Cambrian arthropod genera, based on 65
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found in Yghoia. These latter three arthopods lie on
the fringes of the cluster, as does Marrella. The
exoskeletons of Aglaspis and its nearest neighbor
Habelia are broadly similar, although the number of
trunk somites differs, and they alone share a spinelike
telson. They differ, however, in important characters,
including the number of cephalic appendages and the
presence of a postventral plate in Aglaspis, as well as
in the details of the appendages and telson. Yohoia
and Actaeus share no characters that are unique, but
share some common to few other genera: that is, they
lack of an annulated antenna, certain of their cephalic
appendages are specialised distally for feeding, and
they have a flattened, paddlelike telson. However, the
special characters of each are so different that they
do not suggest relationship.

A second loose cluster is formed by Waptia and

tagma in the trunk, and yet four pairs of appendages
(none a uniramous annulated antenna) clearly belong to
the head. In addition, we cannot be sure that we are
comparing homologous characters. Thus the segments
in the cephalic region, their appendages, and the
position of the mouth, so important in the taxonomy of
Holocene arthropods, cannot be used with the same
confidence in the fossils. Further, a number of
obviously derived characters occur in only one genus,
and are therefore of no wuse in determining

relationships.
Some of these difficulties are illustrated by the

cladogram (fig. 2). The first dichotomy is drawn at
arthropodization, the development from a soft-bodied
animal with paired limbs of a similar animal with a
sclerotized, jointed exoskeleton, which separates
Aysheaia from the rest. The second major division

Perspicaris together with Plenocaris and Canadaspis,
which are slightly distant. Waptia and Perspicaris
differ mainly in the number of posterior cephalic
appendages and the number of trunk somites. Both
have pairs of antennae, one reduced, as in Canadaspis,
and this latter genus has 15 trunk somites, as does
Perspicaris. The separation on the Y3 axis of
Perspicaris and Canadaspis is because of differences in
the telson: the former has a caudal furca, Canadaspis
lacks one. The similarity of the other two genera to
them suggests the possibility of affinity within the
group.

The genera considered here are separated by
wide morphological gaps. This diversity is evident
even in those that are obviously related: the trilobites
Olengides and Naraocia are placed in separate orders,
the Crustacea Perspicaris and Canadaspis in distinct
families. In our second method we attempted to assess
the relative significance of the various similarities
between genera by drawing cladograms. Because of
the many uncertainties it has proved impossible to
draw a cladogram that we consider an acceptable
representation of possible relationships between the
arthropods. Apart from the difficulty of recognizing
_ the results of convergent or paralle! evolution, it
appears that the evolution of different characters
occurred at different rates in different lineages
(mosaic evolution), exacerbating the problem of
deciding which characters are significant at which
level in the nested hierachy. Canadaspis and
Perspicaris, for example, show no clear separation of
posterior cephalic appendages from those of the trunk,
and yet the latter is clearly divided into two
tagmata. Actaeus and Alalcomenaeus have only one

separates genera that have a carapace extending
posteriorly beyond the cephalon from those that have a
cephalic shield with tergites. Both of these
developments may have occurred more than once,
contrary to the implication of the cladogram. In the
group characterized by a cephalic shield and trunk
tergites, the incorporation of successive appendages
into the head is used to provide a nest of sets. This
division is based on assumed homologies which may not
be valid. The grouping of Branchiocaris and Odaria
depends on their possession of telson processes, but

such a similarity may result from convergence. The
other characters shared by these genera are
symplesiomorphic. The large morphological gaps

between the species result from unknown evolutionary
patterns, which extend back into the Precambrian;
similar results of such patterns are manifest in other
groups, such as the echinoderms. The independent
lines of evolution displayed by these arthropods pose
problems of classification which we are continuing to
explore.
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