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CHAPTER ONE
Andrey Yu. Zhuravlev and Robert Riding

Introduction

THE CAMBRIAN RADIATION, which commenced around 550 million years ago,
arguably ranks as the single most important episode in the development of Earth’s
marine biota. Diverse benthic communities with complex tiering, trophic webs, and
niche partitioning, together with an elaborate pelagic realm, were established soon af-
ter the beginning of the Cambrian period. This key event in the history of life changed
the marine biosphere and its associated sediments forever.

At first glance, abiotic factors such us climate change, transgressive-regressive sea
level cycles, plate movements, tectonic processes, and the type and intensity of vol-
canism appear very significant in the shaping of biotic evolution. We can see how rapid
rates of subsidence, as expressed in transgressive system tracts on the Australian cra-
ton, selectively affected the diversity of organisms such as trace fossil producers, ar-
chaeocyath sponges, and trilobites (Gravestock and Shergold—chapter 6); how glob-
ally increased rates of subsidence and uplift accompanied dramatic biotic radiation
by increasing habitat size and allowing phosphorus- and silica-rich waters to invade
platform interiors (Brasier and Lindsay—chapter 4); how climatic effects, coupled
with intensive calc-alkaline volcanism, at the end of the Middle Cambrian may have
caused a shift from aragonite- to calcite-precipitating seas, providing suitable con-
ditions for development of the hardground biota (Seslavinsky and Maidanskaya—
chapter 3; Eerola—chapter 5; Guensburg and Sprinkle—chapter 19); how the re-
organization of plate boundaries (Smith—chapter 2; Seslavinsky and Maidanskaya)
created conditions for current upwelling, which may in turn have been responsible
for the appearance and proliferation of acritarch phytoplankton and many Early Cam-
brian benthic organisms (Brasier and Lindsay; Ushatinskaya— chapter 16; Moldowan
et al.—chapter 21).

However, biotic factors themselves played a remarkable role in the environmental
changes that formed the background to the Cambrian radiation. We see how, by means
of biomineralization, shell beds and calcite debris contributed to the appearance of
hardground communities (Droser and Li—chapter 7; Rozhnov— chapter 11); how
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the intensification of bioturbation not only obliterated sedimentary structures but also
increased aeration of deeper sediments and provided more space for the development
of infauna (Brasier and Lindsay; Droser and Li; Crimes—chapter 13); how the Early
Cambrian biota changed the quality of seawater, thereby allowing the radiation of di-
verse phototrophic communities (Zhuravlev— chapter 8; Burzin et al.—chapter 10);
how the appearance of framework-building organisms created habitats for diverse
reefal communities (Pratt et al.—chapter 12; Debrenne and Reitner—chapter 14;
Riding— chapter 20); how the introduction of mesozooplankton in the Eltonian
pyramid (in addition to predator and herbivore pressure) produced a cascade of eco-
logic and evolutionary events in both the pelagic and benthic realms (Butterfield —
chapter 9; Zhuravlev); and, finally, how biotic diversity itself, together with commu-
nity structure, conditioned the intensity of extinction events and the timing and type
of abiotic factors that may have caused them (Zhuravlev).

This volume comprises 20 chapters, contributed by 33 authors based in 10 countries.
It has three themes: environment; community patterns and dynamics; and radiation
of major groups of organisms. The focus is the Cambrian period (tables 1.1 and 1.2),
but inevitably discussion of these topics also draws on related events and develop-
ments in the adjacent Neoproterozoic and Ordovician time intervals.

ENVIRONMENT

The theme of the environment traces plate tectonic developments, paleogeographic
changes, the history of transgressive-regressive cycles, sedimentary patterns, and cli-
mate change, as recorded in carbon, strontium, and samarium-neodymium isotope
curves, in the context of their influence on biotic development. The records of bio-
turbation and shell-bed fabrics, which provide links among physical, chemical, and
biologic processes, are included, and there are data on biomarkers.

COMMUNITY

The theme of community considers the biotas in their ecologic context, from their di-
versification to the development of planktonic, level-bottom, reef, hardground, and
deep-water communities.

RADIATION

The theme of radiation examines deployment of adaptive abilities by dominant Cam-
brian groups: brachiopods, cnidarians, coeloscleritophorans, cyanobacteria, algae,
echinoderms, hyoliths, lobopods, mollusks, sponges, stenothecoids, trilobites, and
otherarthropods. Other common groups, such as acritarchs, chaetognaths, hemichor-
dates, conodont-chordates, various worms, and minor problematic animals, are not
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scrutinized separately, but aspects of their ecology are discussed within analyses of
particular communities.

Not all the views expressed in this book are in agreement, nor should they be. We hope
that comparison of the facts, arguments, and ideas presented will allow the reader to
judge the relative importance of abiotic and biotic factors on the dramatic evolution-
ary and ecologic expansion that was the Cambrian radiation of marine life.

This volume is a contribution to IGCP Project 366, Ecological Aspects of the Cam-
brian Radiation. In addition, this work has involved participants from IGCP Projects
303 (Precambrian-Cambrian Event Stratigraphy), 319 (Global Paleogeography of the
Late Precambrian and Early Paleozoic), 320 (Neoproterozoic Events and Resources),
368 (Proterozoic Events in East Gondwana Deposits), and 386 (Response of the
Ocean/Atmosphere System to Past Global Events).

MUSEUM AND REPOSITORIES ABBREVIATIONS

AGSO (Australian Geological Survey Organisation, Canberra, Australia), GSC (Geo-
logical Survey of Canada, Ottawa), HUPC (Harvard University Paleobotanical Collec-
tion, Cambridge, USA), IGS (Iranian Geological Survey, Tehran), MNHN (Muséum
National d’Histoire Naturelle, Paris, France), PIN (Paleontological Institute, Russian
Academy of Sciences, Moscow), SAN (Sansha Collections, J. Reitner, Gottingen, Ger-
many), SMX (Sedgwick Museum, Cambridge University, United Kingdom), UA (Uni-
versity of Alaska, USA), USNM (National Museum of Natural History, Smithsonian
Institution, Washington, DC, USA), UW (University of Wisconsin, USA).
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Table 1.1 Correlation Chart for Major Lower Cambrian Regions

Siberian Platform Australia China Spain
Trilobite, Archaeocyath, and Trilobite Zones Trilobite and
Stages Small Shelly Fossil Zones Archaeocyath Zones (Stages) Stages Small Shelly Fossil Zones Stages
Amgan Schistocephalus 1 Xystidura Maozhuangian Yaojiayella
Anabaraspis templetonensis/ . R e(?ilfcfwi a ”f’biﬁs . Leonian
splendens 3 Rediichia chinensis | Longwangmiaoan | Rediichia chinensis
Hoffetella
Lermontovia grandlis/ )
Toyonian  |finaecyathus shabanovi- Archaeocyathus (Ordian/
Archaeocyathus abacus beds Early
okulitchi beds ) Templetonian) Megapalaeolenus/ Bilbilian
Palaeolenus
Bergeroniellus
ketemensis
1 523 Ma Canglangpuan
. Syringocnema Pararaia
Be Il .
er%f;g;f s favus beds Jjaneae Drepanuroides
4 525 Ma
Bergeroniellus Marianian
asiaticus 3 pararaia Yunnanaspis/
Botoman ’ Yiliangelia
Bergeroniellus bunyerooensis
gurari Unnamed
2 beds
‘ Malungia
Qerge/orjre//ug Pararaia tatei Eoredlichia/Wutingaspis
micmacciformis/
Erbiella . Abadielia Qiongzhusian "Parabadiella’/
huoi Mianxidiscus
Jugalicyathus tardus .
Fansycyathus Lapworthela/ Ovetian
lermontovae Spirillicyathus tenuis Tannuolina/
4 Sinosachites
Nochoroicyathus Warriootacyathus
. kokoulini wilkawillinensis
Atdabanian 3
Carinacyathus pinus
2
Retecoscinus
zegebarti
Dokidocyathus lenaicus/ . .
Tumulig/yn{hus Meishucunian Cordubian
Tommotian primigenius 4
*535 Ma | Dokidocyathus regularis  |2/3|
Nochoroicyathus
sunnaginicus
1 Siphogonuchites/
: Paracarinachites
Nemakit- '
Dal dynion Purella anfiqua
545 Ma 2 Alcudian
Anabarites Anabarites/
trisulcatus Protohertzina/
] Arthrochites

Note: Approximate correlation of Lower Cambrian stratigraphic subdivisions for different regions,
modified from Zhuravlev 1995, and the positions of key Cambrian faunas: CB = Chengjiang
fauna, EB = Emu Bay Shale, MC = Mount Cup Formation, SB = Sinsk fauna, SP = Sirius Passet
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Morocco Baltic Platform Laurentia Avalonia
- Trilobite, Small Shelly Fossil,| . . Trilobite, Small Shelly Fossil,
S’ruges Trilobite Zones and Ichnofossil Zones Acritarch Zones Trilobite Zones Sfcges and Ichnofossil Zones
Albertella
Ornamentapsis Eccaparadoxides "Kibartay"
frequens insularis Plagiura/Poliella
*511 Ma
Cephalopyge
s . tabili
Tissafinian noTepls
Volkovia
Proampyx dentifera/
Hupeolenus linnarssoni Liepaina
plana
Bonnia/ Protolenus
Olenellus
Sectigena
Branchian
Antatlasia
Banian guttapluviae
Holmia
kjerulfi
Antatlasia He/ldofzggzﬁg;gd//um Callavia
hollardi Skiagia ciliosa broeggeri
"Nevadella"
Daguinaspis
Issendalenian Choubertella Camenella
baltica
Fallotaspis Holmia "Fallotaspis"
tazemmourtensis inusitata
Eofallotaspis Scm%';{,us
Skiagia ornata/
Fimbriaglomerella s )
unnaginia
Rusophycus membranacea mbrioata
parallelum
Placentian No fauna known
Watsonella
) Asteridium crosby!
Platysolenites fornatum/
anfiquissimus Comasphaeridium "Ladatheca" cylindrica
velvefum No fauna known
"Phycodes" pedum
Sabellidifes "Rovno" Harlanielia
podolica

fauna. In addition, in some chapters the Waucoban corresponds to the Early Cam-
brian, and the Olenellid biomere is used for Atdabanian-Toyonian. Reliable radioiso-
tope ages from Bowring et al. 1993, Jago and Haines 1998, and Landing et al. 1998.
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Table 1.2 Correlation Chart for Major Middle and Late Cambrian

Kazakhstan & Siberia Australia China
Ungurian Dikelokephalina Warendian Cordylodus lindsfromi
Cordylodus prolindstromi
Euloma limitaris, " " Xingchangian
Batyraspis / Datsonian Hirsutodontus simplex 9 9
Batyrbayan Cordylodus proavus
Lotagnostus hedin/ Mictosaukia perplexa
Harpidoides/Troedsonia )
Payntonian — Fengshanian
Lophosaukia Neoagnostus quasibilobus/
Shergoldia nomas
Trisulcagnostus frisulcus Sinosaukia impages
Lophosaukia
Eolotagnostus scrobicularis Rhaptagnostus clarki prolatus/
Caznaia sectatrix
Rhaptagnostus clarki patulus/
INeoagnostus quadratiformis| Caznaia squamosa/
Hapsidocare lilyensis
Aksayan Werian
verl P P . ;
Oncagnostus ovaliformis Pefch]oshan_/a ferfia/
Peichiashania quarta
Changshanian
Oncagnostus Peichiashania secunda/
kazachstanicus Peichiashania glabella
Pseudagnostus Wentsua iota/
pseudangustilobus Rhaptagnostus apsis
Ivshinagnostus ivshini Irvingella tropica
Pseudagnostus "curtare” Stigmatoa diloma
Sakian ) Erixanium sentum
Oncagnostus longifrons Idamean Proceralopyge crypfica
Glyptagnostus reticulatus Glyptagnostus reticulatus
i . Glyptagnostus stolidotus
Aysokkanian Glyptagnostus stolidotus Mindyallan yprag Kushanian
Agnostus pisiformis Acmarhachis quasivespa
Erediaspis eretis
Leiopyge laevigata/
Aldanaspis fruncata . Damesello fqrosa/
Boomerangian Ascionepea jantrix
*495 Ma Holteria arepo )
Mayan Proampyx agra Zhangian
Anomocarioides -
limbataeformis Ptychagnostus cassis
Goniagnostus nathorsti
A } henriol/ Undillan Doryagnostus notalibrae
nopolenus henrici,
Corynexochus perforatus Ptychagnostus pur?cruosus
Euagnostus opimus
Acidusus atavus
Pseudanomocarina Late Xuzhuangian
Templetonian/ Triplagnostus gibbus
Amgan Floran
Kounamkites Xystridura templetonensis/ Maozhuangian
- Redlichia chinensis
Schistocephalus

Note: Approximate correlation of Middle-Upper Cambrian stratigraphic subdivisions for
different regions, modified from Shergold 1995, and the positions of key Cambrian
faunas: BS = Burgess Shale, KF = Kaili Formation, MF = Marjum Formation, OR =
orsten, WF = Wheeler Formation. In addition, in some chapters the Corynexochid,
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China (cont.) Scandinavia North America (Laurentic)
Yosimuraspis Rhabdinopora Rhabdinopora flabelliforme
Acerocare ecome Symoh
Richardsonella/ Westergaardia " ymphysurina
Platypeltoides Acerocare Pelfura cosfara Conadion Ibexian
Peltura fransiens
Missisquoia
Missisquoia perpetis
Eurekia apopsis
? i ? i Peltura . .
Mictosaukia cf. M. orientalis
scarabaeoides Saukiella serotina
o . Pelfura Trempealeauan
Tsinania/Ptychaspis Saukiella junia
Peltura minor Saukiella pyrene/
OR] * Rasettia magna
492 Ma Protopeltura praecursor Sunwaptan
Leptoplastus stenotus
Leptoplastus angustatus - holoid
Kaolishania pustulosa Leptoplastus ovartus lpsocephaloides
Leptoplastus Tepioplastus crassicomne
Leptoplastus raphidophorus
Leptoplastus
paucisegmentatus Franconian Idahoia
Parabolina spinulosa
Parabolina
Maladioidella Parabolina brevispina Taenicephalus
Olenus scanicus Elvinia
Changshania conica Olenus dentatus
Olenus Olenus attenuatus Dundenbergia
Olenus wahlenbergi Steptoan
Olenus fruncatus
Chuangia batia Olenus gibbosus Aphelaspis
Dresbachian
Agnostus Agposflfls
Drepanura pisiformis pisiformis Crepicephalus
Blackwelderia
Damesella/Yabeia Cederia
Lejopyge
o . laevigata
Leiopeishania Paradoxides
forchhammeri
Marjuman
i . Jinsella
Taitz ‘Poshan
aifzuia/Poshania brachymetopa Bolaspidella
Goniagnostus nathorsti
Amphoton .
Ptychagnostus punctuosus Alberfian
Crepicephalina | Hypagnostus parvifrons
Paradoxides
Bailielia/Lioparia paradoxissimus Tomagnostus fissus/
Acidiscus atavus
Poriagraulos Triplagnostus .
Hsuchuangia/Ruichengella gibbus Ehmanielia
Shantungaspis . Glossopleura
gasp Eccaparadoxides Eccaparadoxides
oelandicus pinus
Yaojiayella Albertella

Marjumiid, Pterocephaliid, and Ptychaspid biomeres are used for Amgan, Marjuman, Step-

1998 and Jago and Haines 1998.

toan, and Sunwaptan intervals, respectively. Reliable radioisotope ages from Davidek et al.
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CHAPTER TWO
Alan G. Smith

Paleomagnetically and Tectonically
Based Global Maps for Vendian
to Mid-Ordovician Time

Recent revisions to the early Paleozoic time scale have been used to recalibrate ages
assigned to stratigraphically dated paleomagnetic poles of that era. In particular, a
value of 545 Ma has been used for the base of the Cambrian. Selected poles have
then been used to derive apparent polar wander paths (APWPs) for the major conti-
nents—Laurentia, Baltica, Siberia, and Gondwana—for late Precambrian to Late
Ordovician time. The scatter of the paleomagnetic data is high for this interval, and
the number of suitable Precambrian poles is very low, with confidence limits (ex-
pressed as aos) commonly >20° and occasionally >40°. The scatter is attributed to
“noisy” paleomagnetic data rather than to any non-uniformitarian effects such as
large-scale “true” polar wander, significant departures from the geocentric axisym-
metric dipole field model, very rapid plate motions, and the like. There is a clear need
for many more isotopically dated poles of late Precambrian to Cambrian age from
all the major continents. The data from Laurentia are considered the most reliable.
Maps have been made for 620 —460 Ma at 40 m.y. intervals. For the 460 Ma
map the orientation and position of all the major continents have been determined
by paleomagnetic data; the longitude separation has been estimated from tectonic
considerations. The 500 Ma map has been similarly constructed, except that Baltica’s
position has been interpolated between a mean pole at 477 Ma and its position on a
visually determined reassembly at 580 Ma (“Pannotia”). The 540 Ma map is inter-
polated between the positions of Gondwana, Baltica, and Siberia at 533 Ma, 477 Ma,
and 519 Ma, respectively, and their position in Pannotia. There is a significant dif-
ference between the paleomagnetically estimated latitude of Morocco at this time
and the latitudes implied by archaeocyaths there. This discrepancy is tentatively at-
tributed to incorrect age assignments to poles of this age, rather than to a period of
rapid true polar wander or some such effect. The 580 Ma map represents the time
when Pannotia—a late Precambrian Pangea—is considered to have just started
to break up. Laurentia’s position, interpolated between mean poles at 520 Ma and
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589 Ma is used to orient the reassembly. The 620 Ma map is also oriented by inter-
polating between Laurentian mean poles at 589 Ma and 719 Ma, with East Gond-
wana lying an arbitrary distance from the remainder of Pannotia.

THOSE TECTONIC MODELS that suggest that during late Precambrian and early Pa-
leozoic time Baltica and Siberia were close to one another and fringed by more or less
laterally continuous island arcs imply that even if the two continents were geographi-
cally isolated, faunal interchange between them should have been possible. Other tec-
tonic models may not have this requirement.

The maps suggest that nearly all the tillites in the 620-580 Ma interval were de-
posited poleward of 40°, rather than reflecting high obliquity or a “snowball Earth.”
Because of the way in which the maps have been made, some Vendian tillites from
Australia lie at much higher latitudes on the maps than the local paleomagnetic data
suggest.

Storey (1993) has reviewed significant insights that have recently been made into
the likely configurations of Neoproterozoic and early Paleozoic continents. This chap-
ter attempts to illustrate some of these developments in five global paleocontinental
maps for Vendian to Late Ordovician time, 620460 Ma, at 40 m.y. intervals. The Ven-
dian continents were formed by the breakup of Rodinia, an older “Pangea” that existed
at about 750 Ma (McMenamin and McMenamin 1990; Hoffman 1991; Powell et al.
1993; Burrett and Berry 2000). The Rodinian fragments aggregated some time in the
later Vendian time to form a possible short-lived second Precambrian “Pangea.” This
aggregation has been named Pannotia, meaning all the southern continents (Powell
1995), and the term is adopted here despite some controversy (Young 1995). Pan-
notia in turn broke up in latest Precambrian time as a result of the opening of the Ia-
petus Ocean. Most of the Pannotian fragments eventually came together as Wegener’s
classic Pangea of Permo-Triassic age. Less detailed maps spanning this interval have
been produced by Dalziel (1997), and other maps for shorter intervals are available
in the literature (e.g., Scotese and McKerrow 1990; Kirschvink 1992b). The approach
adopted here gives primacy to the paleomagnetic and tectonic data. In this it differs
somewhat from the approach of some other workers—for example, McKerrow et al.
(1992), who use paleoclimate and faunal data as the primary constraints and show
them to be consistent with some of the paleomagnetic data.

It is assumed that the opening of the Iapetus Ocean began at 580 Ma, causing the
breakup of Pannotia. Pannotia’s configuration has been found here by visual re-
assembly of continents that have been oriented initially by their own paleomagnetic
data. Its orientation for the 580 Ma map has been determined by the interpolated
mean 580 Ma pole for Laurentia. Most of West Gondwana is assumed to have been
joined to Laurentia, Baltica, and Siberia at 620 Ma, with East Gondwana lying some-
where offshore. The amount of separation is arbitrary, and Pannotia minus East Gond-
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wana and some pieces of West Gondwana have been oriented by Laurentian paleo-
magnetic data to make the 620 Ma map. The 540 Ma map is an interpolation between
the 580 Ma reassembly and paleomagnetic data from Laurentia, Baltica, Siberia, and
Gondwana. Paleomagnetic poles from these four continents have been used to make
the 500 Ma and 460 Ma maps.

The incentives for presenting some new maps for late Precambrian to Late Ordo-
vician time include the availability of much new paleomagnetic data; the absence of
a series of global maps for this interval based principally on paleomagnetic and tec-
tonic data; recent novel suggestions about the relationships between Gondwana and
Laurentia during this interval; the substantial revision to the age of the base of the
Cambrian period and other early Paleozoic stratigraphic boundaries; and, of course,
the great interest in the transition from the late Precambrian to the Cambrian periods
as shown by the contributions in this volume.

In principle, it is easy to make pre-Mesozoic paleocontinental reconstructions
based on paleomagnetic data: the world is divided into continental fragments that ex-
isted at the time (figure 2.1), and the fragments are oriented by paleomagnetic data
and repositioned longitudinally by a geologic assessment of their relative positions
(Smith et al. 1973). The general geometry of the larger Paleozoic continents is well
known: the largest is Gondwana, consisting of South America, Africa, Arabia, Mada-
gascar, India, Australia, and Antarctica, together with minor fragments on its periph-
ery (such as New Zealand). The northern continents consist of Laurentia, made up of
most of North America, Greenland, and northwestern Scotland; and Baltica, essen-
tially European Russia and Scandinavia. Laurentia and Baltica united in Early Devo-
nian time to form Laurussia (Ziegler 1989). East of Laurussia lay Siberia. In practice,
however, the scarcity and scatter of paleomagnetic data make it difficult to reposition
even major continents in the interval from Vendian to early Paleozoic. Smaller conti-
nental pieces have even less paleomagnetic data, and many other fragments have no
paleomagnetic data at all.

An arbitrary method of repositioning such fragments, adopted here, is to “park”
them in areas at or not too far from the places where they will eventually reach and
where they will not be overlapped. For example, “Kolyma,” currently joined to east-
ern Siberia (and labeled 53 in figure 2.1), collided with Siberia in earlier Cretaceous
time, but its pre-Cretaceous position is unknown (Zonenshain et al. 1990). Seslavin-
sky and Maidanskaya (chapter 3 of this volume) consider that in the Vendian to early
Paleozoic interval Kolyma lay near its present position relative to Siberia. This view is
supported by the presence of very similar Vendian to Cambrian faunas and stratigra-
phy on the outer Siberian platform and on Kolyma itself (Zhuravlev, pers. comm.).
Kolyma is actually a composite of at least three smaller fragments (Zonenshain et al.
1990), but it is unnecessary to show them on global maps, particularly for the 620-
460 Ma interval. Thus Kolyma is simply parked in its present-day position relative to
Siberia with its present-day shape throughout the 460-620 Ma interval. However,
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Cambro-Ordovician faunas of parts of Kamchatka are typically Laurentian at the
species level (Zhuravlev, pers. comm.). Kamchatka has therefore been parked in its
present-day position relative to North America for the 620-460 Ma interval.

For ease of recognition, the maps show present-day coastlines rather than paleo-
coastlines, which are generally unknown. During the plate tectonic cycle, continen-
tal crust is, to a first approximation, conserved. Thus, the present-day edges of the
continents, taken as the 2,000 m submarine contour, may approximate to the extent
at earlier times and is shown on all the maps.

PALEOMAGNETIC DATA

The paleomagnetic data have been taken from the most recent version of the global
paleomagnetic database of McElhinny and Lock (1996). This is a Microsoft Access
database, giving details of all published paleomagnetic data to 1994.

Time Scale

The time scale used in the paleomagnetic database is that of Harland et al. 1990,
which places the base of the Cambrian at 570 Ma, but new high-precision U-Pb zir-
con dates suggest that it is closer to 545 Ma (Tucker and McKerrow 1995). The prob-
lem of relating the two scales is complicated by the fact that the base of the Tom-
motian was taken as the base of the Cambrian at 570 Ma in Harland et al. 1990. Since
then, the Nemakit-Daldynian has been placed in the Cambrian below the Tommo-
tian, with an age of 545 Ma for its base (Tucker and McKerrow 1995), and the base
of the Tommotian has been placed at 534 Ma (Tucker and McKerrow 1995). The top
of the Early Cambrian is at 536 Ma in Harland et al. 1990 and 518 Ma in Tucker and
McKerrow 1995. It is not clear how best to accommodate these changes: the old
536 Ma has been revised to the new 518 Ma, and the old 570 Ma to the new 534 Ma.
Clearly, some changes are necessary to poles from rocks with stratigraphic ages just
greater than 570 Ma in Harland et al. 1990; here they are assigned to the Nemakit-
Daldynian. According to Harland et al. 1990, the base would have been close to
581 Ma. Fortunately, there are very few poles in this age range in the database. The
new dates also suggest that significant changes should be made to ages assigned to
other Paleozoic stratigraphic boundaries. Thus, all stratigraphically dated poles
whose ages lie in the range 386—581 Ma have been changed in accordance with the
new scale to lie in the range 391-545 Ma. Isotopically dated poles are unchanged.
The changes are similar to those of Gravestock and Shergold (chapter 6 of this vol-
ume). No modifications have been made to ages older than 581 Ma, although the time
scale will undoubtedly change. Knoll (1996) has reviewed the most recent information
and suggests (pers. comm.) that the Varangerian ice age might range from 600 Ma to
about 575-580 Ma.
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Data Selection

The main problem with making maps for 620—440 Ma is obtaining reliable paleo-
magnetic data. In particular, if the “quality factor” proposed by Van der Voo (1990),
Q,, is setat 3 or more, virtually all poles measured in former Soviet laboratories would
be excluded. For example, a recent list of all Baltica poles considered to be reliable for
the Vendian to early Paleozoic time includes only one such pole (Torsvik et al. 1992).
This approach would remove most of the data from Siberia. But without paleomag-
netic data, it is highly improbable that climatic indicators, faunal distributions, and
the like would have led to the conclusion that Siberia was inverted with respect to
present-day coordinates for most of the interval discussed here. An alternative qual-
ity factor, Q, has also been proposed by Li and Powell (1993).

The approach adopted here has been to apply few selection criteria to the pole list,
in the belief that some intervals would otherwise be dominated by a few high-quality
poles whose magnetization ages may actually be different from the ages assigned to
them. One argument in favor of this approach is that there is no significant difference
in the mean pole position of high and low Q data for poles of the past 2.5 m.y.: only
the scatter of global data increases for lower Q (Smith 1997).

The most important selection criterion used here is that, for the poles selected, the
age of the primary magnetization is considered by the authors to be the same as the
rock age: all magnetic overprints have been excluded. In addition, only one paleo-
magnetic study has been accepted for each rock unit defined in the database. The cri-
teria used to select the “best” study from several on the same unit have included the
number of sites, the scatter of the data, the magnetic tests, and the pole position rel-
ative to other poles of the same age from elsewhere. No attempt has been made to im-
pose additional selection criteria, such as whether poles have been subjected to par-
ticular field or laboratory tests. Poles from ophiolites or from nappes have been
excluded, but other poles from orogenic belts have not been removed, principally be-
cause this would commonly significantly reduce the number of poles available. It is
assumed that most orogenic poles lie in regions where the necessary tectonic correc-
tion—commonly the unfolding of cylindroidal folds—can be reasonably estimated.

Poles with a large age uncertainty have also been eliminated from the pole list, but
the size of the acceptable age uncertainty has been varied with age. Thus, the total ac-
ceptable age uncertainty for poles whose age is less than 500 Ma is taken as 0.2 pole
age, e.g., 400 = 40 Ma. For poles 500 Ma old or older, the uncertainty has been set
at 100 Ma, i.e., 500 = 50 Ma. The only exception to this age restriction is poles dated
as ranging in age from the Neoproterozoic (610 Ma) to Cambrian (495 Ma), with an
age range of 115 Ma. The total number of poles on the larger stable fragments in the
650-430 Ma age range is 316, of which only 57 are Precambrian (>545 Ma) in age.
Their geographic distribution is shown in figure 2.2.

Poles from Gondwana were repositioned with Africa as the reference frame. The
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sources of the rotations for reassembling Gondwana are East Antarctica to Madagas-
car (Fisher and Sclater 1983); Australia to Antarctica (Royer and Sandwell 1989); In-
dia to Antarctica (Norton and Sclater 1979 for age, Smith and Hallam 1970 for rota-
tion); Somalia to Africa and Arabia to Somalia (McKenzie et al. 1970; Cochran 1981);
Sinai to Arabia (LePichon and Francheteau 1978; Cochran 1981); South America to
Africa (Klitgord and Schouten 1986); and Australia to Antarctica (Royer and Sandwell
1989). Laurentia consists of North America, excluding Alaska, Baja California and
fragments within the Appalachians (such as the Carolina slate belt, western Avalonia,
Meguma, Gander), plus Greenland and NW Scotland. The sources of the rotations
for reconstructing Laurentia are Greenland to North America (Roest and Srivastava
1989) and northwest Scotland to North America (Bullard et al. 1965). There are neg-
ligible differences between the positions of the paleomagnetic poles on the reassem-
blies of Gondwana and Laurentia made using the rotations cited above and most oth-
ers that exist in the literature. The rotations for reassembling the smaller fragments
are based on interpretations of the geologic and faunal data, discussed below.

The basic assumption for making global reconstructions from paleomagnetic data
is that the continents can be treated as rigid bodies and rotated accordingly. To a very
good approximation, Precambrian shields and continental platforms have behaved as
rigid bodies since they formed, but younger orogenic belts on their peripheries clearly
have not. Paleomagnetic data from foldbelts can be restored reasonably precisely to
their original orientation (see above). When orogenic deformation becomes penetra-
tive, as in regional metamorphism, or when plutonism takes place, the repositioning
errors become much larger. Areas affected by such deformation have simply been left
attached to the platform or cratonic areas of each continent with their present-day
shapes. They have not been distinguished on the maps.

In some cases, what was previously regarded as a continental fragment may have
been everywhere affected by deformation. For example, Paleozoic Kazakhstan is in
reality an amalgam of several island arcs and microcontinents that have collided with
one another through Paleozoic time to form the Altaids (Zonenshain et al. 1990; Sen-
gor and Natal'in 1996). It is clearly necessary to show all such areas on global maps.
The immensely complex evolution of Kazakhstan, Mongolia, and adjacent areas of Pa-
leozoic Asia has been attributed to an underlying fundamental simplicity by Sengor
and Natal'in (1996), but as they acknowledge in the title of their fascinating analysis,
for these areas there exists at present only the “fragments of a synthesis.” A quite dif-
ferent synthesis for Paleozoic Asia has been proposed by Mossakovsky et al. (1994). The
outlines of the Altaid and Manchurid fragments recognized by Sengor and Natal'in
(1996) are shown on all the maps. Because there is no agreement on the location of
these fragments, they have been “parked” with their present-day shapes and positions
unchanged relative to present-day stable Siberia (the Siberian and adjacent platforms).
Similar complexities exist elsewhere. For example, Powell et al. (1994: figure 11) sug-
gest that the eastern limit of Precambrian rocks in Australia may have had a rectilin-
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ear form, reflecting a ridge-and-transform system created during breakup of the con-
tinent in late Precambrian time, but this boundary has not been shown on the maps.

It is also necessary to remove all new areas, like Iceland and Afar, which have been
created by mantle plumes and clearly did not exist in Paleozoic time. Apart from these
exceptions it is not at the moment practicable to take into account the possible growth
in continental area that may have taken place in orogenic belts since 620 Ma. The to-
tal volume of new crust might be as much as 80 X 10° km® (Howell and Murray
1986), equivalent to an area of about 27 X 10° km?, or about 15 percent of the pres-
ent total continental area. The new crust is concentrated in those regions that are in
any case difficult to reposition.

APPARENT POLAR WANDER PATHS

The apparent motion of the mean magnetic pole relative to a continent is the appar-
ent polar wander path of that continent, or its APWP. In reality, of course, the conti-
nent is wandering relative to the pole. The Mesozoic and Cenozoic motions of large
continents are generally smooth for periods of tens of millions of years (figure 2.3).
Discontinuities in motion may accompany continental breakup or collision, giving rise
to relatively abrupt changes in direction of an APWP. The APWPs assume the geo-
centric axisymmetric dipole field model—the magnetic field of a centered bar mag-
net parallel to the earth’s spin axis. The present-day, Cenozoic, and Mesozoic fields
show relatively small departures from such a model (Livermore et al. 1983, 1984).
Such effects undoubtedly existed in late Precambrian and early Paleozoic time, but the
errors involved in ignoring them are considered to be much smaller than the likely
errors in the late Precambrian and early Paleozoic mean poles.

APWPs for the 620—-460 Ma period were calculated at 20 m.y. intervals for Lau-
rentia, Gondwana, Baltica, and Siberia from the 316 poles selected from the database.
All poles whose nominal age lay within 30 m.y. of the required age—i.e., in a “win-
dow” of 60 m.y. duration—were included. Inspection of the data showed that 40 poles
lay more than 60° from their relevant APWP. These deviant poles were removed, and
the APWPs were recalculated for the same intervals. In this recalculation all poles ly-
ing more than 40° from the new APWPs were excluded from mean pole calculations.

All the resulting APWPs showed segments with features that are absent from Meso-
zoic and Cenozoic APWPs: they were highly irregular or had very high rates of change
of pole position (>100 mm/y) or tracked back on themselves at high rates (figure 2.3).
It is assumed that such features reflect aberrations in the Paleozoic and Neoprotero-
zoic paleomagnetic data rather than reflecting some fundamental change in the be-
havior of the earth for this period, e.g., a nonaxisymmetric field or a field with high
nondipole components, very high rates of plate motions (Gurnis and Torsvik 1994),
large components of “true” polar wander, or a marked change in obliquity or climate.
These uniformitarian assumptions suggest that mean poles that give rise to irregular
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Figure 2.3 North-pole polar wander paths for
Laurentia, Siberia, Gondwana, and Baltica on
an azimuthal north-polar projection with a
latitude-longitude grid at 30° intervals. To
avoid overlaps, the APWP for Laurentia has
been rotated clockwise by 90°, and the APWP
for Baltica has been rotated by 180°. For clar-
ity, the confidence limits have been omitted.
The paths start at the present day and have
been drawn back to the later Neoproterozoic.
The symbols show mean poles at intervals of
20 m.y. for “time windows” of 60 m.y. Ages
have been given to the poles closest to 200 Ma
and 400 Ma and for poles spanning the 460—
620 Ma interval, except for Baltica and Gond-
wana, which have been truncated at 575 Ma
and 590 Ma, respectively. The poles for the
0-250 Ma interval are global mean poles that
include data from all the stable continents,
which have been repositioned using Euler rota-
tions from the ocean floor. For Siberia and
Gondwana the poles that are older than 250 Ma
are, respectively, from only Siberia and Gond-
wana. Laurentia and Baltica poles are combined
back to 420 Ma, but older poles are, respec-
tively, from only Laurentia and Baltica.

The backtracking of the Baltica APWP from
477 Ma to 575 Ma is believed to reflect remag-

netization. Gondwana was finally assembled at
about 550 Ma: older mean poles progressively
reflect the mean pole of the fragments from
which Gondwana was built rather than poles
of a single continent. The Siberian APWP
shows a major discontinuity after 519 Ma,
possibly reflecting remagnetization. The only
Laurentian mean poles older than 509 Ma that
are based on 6 or more poles, all of which lie
less than 40° from the mean pole, are those for
590 and 719 Ma.

The mean poles used for paleomagnetic in-
terpolation for the maps (figure 2.3) are shown
as small filled symbols. All other poles either
lie outside the 460—620 Ma interval or are ig-
nored. The larger filled symbols labeled SIB
(Siberia), GOND (Gondwana), LRNT (Lauren-
tia), and BLT (Baltica) are the positions of the
north pole on the 580 Ma Pannotian reassem-
bly. The mean paleomagnetic pole for Lauren-
tia coincides with its geographic north pole
because Laurentia data have been used to posi-
tion the Pannotian reassembly into its paleo-
latitude grid. If the Pannotian reassembly
reflects reality, then the poles from Siberia,
Gondwana, and Baltica should coincide with
the 580 Ma mean paleomagnetic pole for these
fragments.
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APWP features, to high rates of change of pole position, or to backtracking should be
ignored in any reconstructions. The end result is a series of mean poles that produce
reasonably smooth APWPs from which the Euler rotations needed to reposition the
continents can be calculated.

Laurentia

The best paleomagnetic data are considered to be from Laurentia: it has the most nu-
merous data but the fewest poles that lie more than 60° off the initial APWP. Although
data exist for Laurentia for most of the Cambrian and Neoproterozoic periods, the
mean pole for 509 Ma is the oldest pole to have more than 30 determinations in the
60 m.y. window. Of the other poles, only the poles for 590 Ma and 719 Ma all lie
within 40° of the mean pole and include 6 or more determinations. The positions of
the other mean poles form zigzags on the APWP and have been rejected. With such
large interpolation intervals, the Cambrian-to-Neoproterozoic motion of Laurentia is
inevitably very smooth, possibly misleadingly so. The Pannotian reassembly is placed
in a global paleolatitude frame by interpolating between the 509 Ma and 590 Ma mean
Laurentian poles rather than using any other paleomagnetic data. Except for West
Gondwana (see below), the 620 Ma (figure 2.4e) reconstruction is identical to that for
580 Ma (figure 2.4d) and is oriented by interpolating between the 590 and 719 Ma
Laurentian mean poles.

Baltica

Paleomagnetic data from three different areas of Baltica currently offer three distinct
solutions to the problem of where Baltica was in earlier Paleozoic and latest Precam-
brian time. Zonenshain et al. (1990: figure 12) show Baltica at 600 Ma to be lying on
its side, with Scandinavia facing west, in the latitude belt 0—-30° south. Torsvik et al.
(1992) show Baltica at 560 Ma to be inverted, with Scandinavia facing east, also in the
Southern Hemisphere in the latitude belt 20—50°. By contrast, Elming et al. (1993:
figure 61) show Baltica at 600 Ma to be in a similar orientation, but they place it in
the latitude range 40—70° north. The data selected from the database, which include
data from all three areas, place Baltica in the latitude range of about 0-30° north at
560 Ma, and in the range of 30-60° north at 600 Ma. It is not clear how to assess these
data, although Torsvik (pers. comm.) considers it likely that the earlier Cambrian So-
viet poles from Baltica have been remagnetized. This view is supported by the back-
tracking of the Baltica APWP for poles older than 477 Ma over the younger part of the
same path (see figure 2.3). The remaining non-Soviet poles are too few to give a reli-
able late Precambrian to Cambrian APWP for Baltica. Acceptable mean poles exist for
458 Ma and 477 Ma. Interpolation gives the 460 Ma position (figure 2.4a). Baltica’s
position on the 500 Ma and 540 Ma maps (figures 2.4b,c) is obtained by linearly in-
terpolating the difference between the Euler rotation for the 477 Ma pole and the Euler
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460 Ma (mid-Ordovician)

B

Figure 2.4 Global reconstructions for (a) 460 Ma, mate extent of continental crust). The ages corre-
(b) 500 Ma, (c) 540 Ma, (d) 580 Ma, and (¢) 620 Ma.  spond to the time scale used in this chapter and dif-
All reconstructions show the present-day coastline fer slightly from those of Gravestock and Shergold
(for ease of recognition) and the present-day 2,000- (this volume).

meter submarine contour (to indicate the approxi-
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540 Ma (earliest Cambrian)

580 Ma (late Vendian)

Figure 2.4 (Continued)
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620 Ma (earliest Vendian)

Figure 2.4 (Continued)

rotation for the visually determined position on Pannotia at 580 Ma (figure 2.4d). Bal-
tica’s Cambrian to Neoproterozoic motion is smooth because of this long interpola-
tion interval.

Siberia

Siberia must be repositioned almost entirely by Soviet paleomagnetic data. Removal
of all magnetically untested poles from the database does not significantly alter the
mean poles. There is no evidence that the poles for 452 Ma to 519 Ma have been re-
magnetized: this part of the APWP is reasonably smooth. There is an abrupt change
in direction and in the rate of change of pole position to the next mean pole at 572 Ma
and all others to 638 Ma (see figure 2.3), which may reflect remagnetization. There
are 19 or more poles in each 20 m.y. step from 440 Ma to 540 Ma. Only about 10 per-
cent of the poles lie more than 40° from the APWP. The APWP shows an inverted Si-
beria moving steadily from moderate southerly latitudes in earlier Cambrian time to
lower latitudes in Ordovician time. Siberia is positioned by paleomagnetic data
for the 460 Ma and 500 Ma maps (figures 2.4a,b). For the 540 Ma map (figure 2.4¢),
its position has been interpolated between the 519 Ma mean pole and its visually
estimated position within Pannotia (see the section “Gondwana” below). The 540 -
460 Ma positions are similar to those given by Smethurst et al. (1998), based on a
more recent analysis of the data.
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Gondwana

Reasonable mean poles exist for 442, 470, and 482 Ma. Between one-fifth and one-
third of the poles for the 500, 520, 540, 560, and 580 Ma calculations lie more than
40° from the APWP. The ages of the mean poles in these intervals are 504, 518, 533,
559, and 576 Ma, respectively. The 559 and 576 Ma mean poles are considered too
close in time to the visually determined 580 Ma position and have been omitted (see
figure 2.3). It is interesting to note that the 590 Ma mean pole (from the 600 Ma cal-
culation) is surprisingly close to that implied by the visual reassembly of Pannotia.
Gondwana’s position on the 460 Ma (figure 2.4a) and 500 Ma (figure 2.4b) maps is
given by interpolation between poles that are relatively close in time. The 540 Ma po-
sition (figure 2.4¢) is an interpolation between the 533 Ma mean pole and the visu-
ally estimated 580 Ma position. As noted below (in “Faunal and Climatic Evidence:
Archaeocyaths and Gondwana”), there is a significant discrepancy between the paleo-
latitudes implied by the interpolated mean pole for 540 Ma and the archaeocyath evi-
dence. Eastern Gondwana was still in the process of being joined to western Gond-
wana until about 550 Ma (Unrug 1997). The 620 Ma map (figure 2.4e) shows eastern
Gondwana as a distinct entity, but its position is schematic rather than being based
on paleomagnetic data. A summary of the methods used to make the maps is given
in figure 2.5.

CONTINENTAL MARGINS

The evolution of the continental margins around each continent is of fundamental im-
portance in estimating longitudinal separations of the continents. In the simplest plate
tectonic cycle, a continent splits and separates into two or more continents, each of
which eventually collides to form a continent similar to the original continent. In
more-complex cases, a continent may split into several fragments, some or all of
which might collide with continents different from the one they originally separated
from. The age at which two continents separate can be estimated relatively precisely
by applying the lithospheric stretching model (McKenzie 1978) to the stratigraphic
sequences formed on each margin, even in orogenic belts (Wooler et al. 1992). In the
absence of quantitative analyses, the time of separation may be difficult to estimate.
Extensional faulting that preceded the formation of ocean floor and the separation of
two continents may span some tens of millions of years, as in the present East African
rift. The succeeding thermal phase, during which the margin subsides and the post-
rift passive margin sequence accumulates, continues until collision takes place. Flex-
ure of the margin prior to actual collision gives rise to a characteristic time-subsidence
signature.
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Figure 2.5 Summary of methods used to fragments that have been repositioned by inter-
make figures 2.4a—e. Black areas are large con-  polation between a paleomagnetically defined
tinents oriented by paleomagnetic data (Lau- orientation and a visually defined fit (Baltica
rentia, Baltica, Siberia, and Gondwana, to on the 540 Ma map) or by visual estimates
which smaller fragments have been attached alone (most of the fragments on the 580 Ma
using visual, tectonic, and faunal data). Gray and 620 Ma maps).

areas are large continents and their attached

Times of Passive Margin Formation

The time interval of interest here, from Neoproterozoic to Late Ordovician (620-460
Ma) includes two important episodes of passive margin formation. The first is of lat-
est Proterozoic to Early Cambrian age (Bond et al. 1984) and gave rise to passive mar-
gin sequences in western North America and Arctic North America (Trettin 1991;
Trettin et al. 1991); North Greenland (Higgins et al. 1991); East Greenland (Williams
1995) and eastern North America (Hatcher et al. 1989; Williams 1995); western
Baltica (Gee 1975; Gayer and Greiling 1989); northeastern Siberia (Pelechaty 1996);
Iran, Turkey, and Pakistan; northwestern Australia; and western South America (Dalla
Salda et al. 1992a; Astini et al. 1995). If the Precordillera (Occidentalia) is a fragment
of eastern North America (see the section “Positions of Smaller Fragments Around the
Larger Continents: Gondwana” below), it probably broke off in Early Cambrian time
after North America itself had separated from South America.

The precise time of passive margin formation is uncertain. The Cambro-Ordovi-
cian carbonate platforms of Laurentia show that a passive margin existed there in
Early Cambrian time, but could it have originated significantly earlier, as suggested
by dyke swarms (Bingen et al. 1998)? Clastic sequences conformably underlie the
carbonates and are in turn unconformable on significantly older rocks. In the litho-
spheric stretching model, the thermal phase follows immediately on the stretching
phase without a time break. In the model there may be unconformities between the
sediments deposited during faulting and those deposited later, but there is no time
gap between the cessation of faulting and the onset of the thermal phase. Thus, the
Laurentian and other passive margin sequences that lack faulting probably lie outside
the zone of stretched continental crust and may correspond to onlapping sequences
that are somewhat younger than the age of the oldest ocean floor with a “steer’s head”
geometry commonly found beyond the margins of zones of continental stretching
(White and McKenzie 1988).

Detailed analysis of some of the passive margin sequences of western Baltica sug-
gests that breakup may have been contemporaneous with the deposition of Vendian
tillites (Greiling and Smith, n.d.), with ocean-floor spreading beginning at about
580 Ma, a value similar to that adopted by Torsvik et al. (1996).

The second episode of passive margin formation is of Early Ordovician age and
created passive margins on the eastern edge of Baltica (Zonenshain et al. 1990) and
northwestern Gondwana (Pickering and Smith 1995).
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Times of Continental Collision

Collisions took place during the 620—460 Ma interval. East Gondwana (India, East
Antarctica, and most of Australia), together with the Arabian-Nubian shield and the
Kalahari-Grunehogna cratons of southeastern Africa, had consolidated by 630 Ma
and formed a stable nucleus to which the remaining components of West Gondwana
were added during the 630-550 Ma interval (Unrug 1997).

Barentsia collided with northern Baltica to cause the Timan orogeny in later Ven-
dian time (Zonenshain et al. 1990: figure 14). Puchkov (1997) summarizes additional
evidence for the continuation of the same collisional orogen, with an age of about
630-570 Ma, southward along the Uralian margin of Baltica as the Pre-Uralides; for
amphibolites and collisional granites dated at 625-560 Ma in northern Taymir on the
Arctic coast of Siberia; and for Late Vendian metamorphic dates ranging from 621 to
556 Ma in Spitsbergen. Eastern Baltica may have collided at this time with a conti-
nental fragment (Zonenshain et al. 1990:15).

Western Baltica collided with island arcs in Ordovician time to cause the Finn-
markian orogeny; the contemporaneous Taconic orogeny of eastern Laurentia is re-
garded here as the result of a collision between eastern Laurentia and other island arcs
(Bird and Dewey 1970; Pickering and Smith 1995; Niocaill et al. 1997) rather than
as a continent-continent collision between Gondwana and Laurentia (Dalla Salda et al.
1992a,b; Dalziel et al. 1994). The Precordillera, regarded here as a fragment of eastern
Laurentia (see the section “Positions of Smaller Fragments Around the Larger Conti-
nents: Gondwana” below), may have collided with South America in Early Ordovician
time (Astini et al. 1995). Its collision as a fragment may have caused the Famatinan
orogeny of Argentina, rather than having been part of a continent-continent collision
between Gondwana and Laurentia (Dalziel et al. 1994), a view modified subsequently
by Dalziel (1997).

Younger Paleozoic collisions are useful for constructing the maps because they
show which continents were approaching one another in earlier Paleozoic time when
there may be no other relevant data. For example, in Silurian time the approach of
continental fragments originally on the edge of Gondwana and Laurentia caused the
early phases of the Acadian orogeny (Williams 1995). Western Baltica and eastern
Greenland were probably essentially sutured in Late Silurian time in the late stages of
the Caledonian orogeny (Higgins 1995). Arctida (Alaska and Chukotka) first collided
with Arctic Canada and North Greenland at about the same time (Zonenshain et al.
1990: figure 191), but in both areas deformation continued until early Carboniferous
time (Trettin 1991).

The longitudinal positions of Laurentia, Baltica, Siberia, and Gondwana are shown
on the maps. There is no “absolute” reference frame for pre-Mesozoic global recon-
structions such as is given by the hot-spots reference frame for Mesozoic and Ceno-
zoic time. Hot spots, or hot mantle areas, have been recognized (Zonenshain et al.
1990) but at present provide only a limited local reference frame.
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460 Ma to 580 Ma

North America is kept close to northwestern South America in a position that allows
the two continents to join together eventually at 580 Ma without very large strike-slip
motions. It must be noted that Kirschvink (1992b) has proposed quite a different set
of reconstructions in which Baltica is always in its conventional position east of Lau-
rentia, but Siberia is inserted between eastern Gondwana and western Laurentia.

The width of the Iapetus Ocean between Baltica, Siberia, and Laurentia is arbitrary,
but the maps attempt to show the opening and closing of the Iapetus Ocean in a
plausible manner. Baltica moves away from Laurentia until about 500 Ma, when
the earliest phase of Caledonian deformation (Finnmarkian) began (Andréasson
and Albrecht 1995). It is assumed that this phase represents the beginning of the clo-
sure of the Iapetus Ocean between Laurentia and Baltica, with eventual collision at
420 Ma.

580 Ma

Laurentian paleomagnetic data have been used to orient Pannotia (figure 2.4d), but
its reassembly is visual. The first two pieces that have been joined together in the Pan-
notia jigsaw are Gondwana and Laurentia. The join is along the southeastern margin
of North America and the western margin of South America and is discussed in more
detail below. In Cambrian time the East Greenland margin of Laurentia (Higgins 1995)
is believed to have been a passive continental margin formed by continental breakup
in late Precambrian time (Kumpulainen and Nystuen 1985; Schwab et al. 1988), as
was the western Baltica margin (Gee 1975; Gayer and Greiling 1989).

The Neoproterozoic successions of East Greenland appear significantly different
from those in western Baltica (Kumpulainen and Nystuen 1985). These authors sug-
gest that the Grenville “front” in North America can be correlated with the Sveconor-
wegian “front” in southern Scandinavia. This front provides a line on each continent
ata high angle to the continental margins. When matched, Baltica has a more southerly
position relative to Laurentia than it had in Devonian time. A more recent fit of Ar-
chean and early Proterozoic provinces gives a similar position (Condie and Rosen
1994). There are as yet no agreed precise “piercing points” such as might be provided
by giant dyke swarms (Ernst and Buchan 1997). Baltica has been repositioned here
by visually fitting it to an aggregate of northern South America and Laurentia inde-
pendently of, but in agreement with, the geologic evidence.

Figure 2.4c shows Chukotka and Alaska against the present-day continental margin
of northern North America and Ellesmere Island. This reassembly is based on a pos-
sible Mesozoic reconstruction of the Arctic Ocean. It is assumed that the Chukotka-
Alaska fragment underwent earlier periods of collision and separation and includes
the late Vendian to early Paleozoic conjugate margin of northern North America.
There is still no conjugate margin for the more northerly half of East Greenland. It is
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assumed here that Siberia, with Kolyma attached, fulfilled that role (but see below for
an alternative view). It too has been visually fitted against Laurentia.

There are several similar suggestions for Siberia’s position in Pannotia and Rodinia.
Condie and Rosen (1994) suggest that at ~800 Ma the Verkhoyansk margin of Sibe-
ria—its eastern margin—was joined to the Franklin margin of North America and
North Greenland. By contrast, Hoffman (1991) places the northern margin of Siberia
against these two continents at ~700 Ma, a reconstruction supported by Pelechaty
(1996) for the whole of the 700-550 Ma interval.

Clearly, Siberia’s position in the Pannotian reassembly is not well established. For
example, the conjugate margin for northeastern Greenland may be along the margin
of another fragment such as Barentsia, as sketched by Condie and Rosen (1994). Were
this the case, then the longitudinal uncertainty of paleomagnetic data permits entirely
different reconstructions. For example, the Cryogenian/Vendian to Cambrian/Or-
dovician maps of Kirschvink (1992b: figures 12.6—12.11) show Siberia lying between
the eastern margin of East Gondwana and the western margin of Laurentia.

That Siberia may not have been attached to any part of Laurentia at 580 Ma is
suggested by Jaccards coefficients of similarity for Vendian—Early Cambrian faunas,
which show no similarity before late Early Cambrian between Siberia and Laurentia
but a progressive increase in similarity during this and subsequent periods (Zhu-
ravlev, pers. comm.). In addition, Siberian faunas appear to be more similar to some
faunas from China than to coeval faunas from Laurentia and Baltica. These data sug-
gest that alternative 540—620 Ma reconstructions are ones in which Siberia is closer
to China than shown in figures 2.4c—e. There is no conflict with the paleomagnetic
data, but the tectonic data seem to require the creation of passive margins in Siberia
that have no obvious conjugate counterpart and appear inconsistent with conver-
gence between Siberia and Laurentia for this interval.

620 Ma

Gondwana was still being assembled at 620 Ma (Unrug 1997). East Gondwana (East
Antarctica, India, and most of Australia) had been joined to Madagascar and to the
Kalahari-Grunehogna craton of southeastern Africa since 1000 Ma. The Arabian-
Nubian shield was joined to it by 630 Ma, but parts of West Gondwana were proba-
bly undergoing the final stages of consolidation with, for example, subduction still
continuing in the western Tuareg shield of the central Sahara (Black et al. 1994).

The remainder of West Gondwana, including the Amazonian, West African, Congo,
and smaller shields probably formed a continental mosaic set in relatively small oceans
that was colliding with Laurentia and the East Gondwana unit.

The 620 Ma map (figure 2.4e) shows Laurentia, Siberia, and Baltica, to which the
components of the continental mosaic of West Gondwana have been added as a unit,
rather than being separated. The result has been oriented by Laurentian paleomag-
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Table 2.1 Rotations for Major Continents

LATITUDE LONGITUDE ANGLE
460 Ma
North America 0.0 38.1 67.2
Africa 2.6 105.1 122.7
Siberia 23.1 81.5 133.0
Baltica —154 69.5 84.9
500 Ma
North America 0.0 53.0 67.9
Alfrica 11.9 112.6 124.0
Siberia 18.0 85.7 141.4
Baltica —13.0 87.1 97.5
540 Ma
North America 0.0 59.1 87.4
Africa 27.1 114.7 118.4
Siberia 6.2 83.4 137.7
Baltica —-14.1 93.6 116.3
580 Ma
North America 0.0 58.8 110.8
Africa 347 127.5 155.5
Siberia -3.1 72.3 144.7
Baltica —14.8 08.8 135.7
620 Ma
North America 0.0 62.1 108.6
Africa 333 129.4 159.6
Siberia —4.1 75.0 143.1
Baltica —-158 101.8 134.8

netic data. The East Gondwana—Arabia—southeastern Africa unit has been given an
arbitrary separation from the first major unit.

The finite rotations used to reposition the major continents are listed in table 2.1.
For brevity the pole lists used and the resulting APWPs have not been included.

POSITIONS OF SMALLER FRAGMENTS
AROUND THE LARGER CONTINENTS

Laurentia

The western margin of Laurentia has had several terranes added to it in Mesozoic time,
mostly in Canada and Alaska (Gabrielse et al. 1992: figure 2.6; Saleeby and Busby-
Spera 1992: plate 5). Five of the largest are schematically shown on the maps: Ques-
nellia, Stikinia, Alexander-Wrangellia 1 and 2, and Sonomia. Carter et al. (1992: fig-
ure 2.10) postulate that in early Carboniferous time some of these fragments may
have lain quite close to Australia and migrated several thousand kilometers east by
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Late Permian time. Their positions on the maps simulate the suggestions of Gabrielse
et al. (1992: figure 2.6) and Miller et al. (1992: plate 6) for later Mesozoic time, ex-
cept that the terranes have been arbitrarily parked in these positions against the west-
ern North American margin for the whole of the 620-460 Ma interval.

What was joined to the western Laurentian margin in latest Precambrian time is un-
clear. Bell and Jefferson (1987) suggested that ~1200 Ma ago the eastern Australian
margin was joined to the western Canadian margin. A logical extension of this hy-
pothesis was made by Dalziel (1991) and Moores (1991), who speculated that parts
of East Gondwana had been joined to the western United States. Breakup is suggested
to have occurred at ~750 Ma, long before the beginning of Vendian time. If breakup
did occur at 750 Ma, then the second breakup episode, which began at about 625 Ma
near the beginning of the Vendian (Bond et al. 1984), created the early Paleozoic pas-
sive margin of the western United States. Possible conjugates include Siberia (Kirsch-
vink 1992b) and South China (Keppie et al. 1996). The model of Hoffman (1991) for
Laurentian margins is more wide-ranging but is not discussed in detail here.

Baja California, Mexico, Yucatan, and Nicaragua have been kept attached in the
early Mesozoic positions. The Appalachian fragments (see figure 2.1) form part of
western Avalonia (see the section “Gondwana” below).

Zonenshain et al. (1990) have sketched a possible early Paleozoic evolution of the
Arctic region. It includes the two fragments “Arctida” and “Barentsia.” Arctida is the
name of the amalgamated Alaskan and Chukotkan fragments. Barentsia is the name
for the continental fragment north of the Timan orogenic belt, active in Vendian to
Early Cambrian time. Where Barentsia was located prior to the Timan orogeny is not
known: it has arbitrarily been separated from Baltica along with the Pre-Uralides on
the 620 Ma map. Similarly, the position of Arctida prior to its Late Silurian collision
with Arctic North America and North Greenland is not well constrained. On figures
2.4a—e it has been joined to northern North America throughout the 620—460 Ma
interval.

Baltica and Siberia

Except possibly for Spitsbergen, Timan, and the Pre-Uralide margins, Baltica was bor-
dered by passive margins in earlier Vendian time or joined to another continent (Zo-
nenshain et al. 1990). The Uralian margin of Baltica was deformed and metamor-
phosed in latest Vendian or Cambrian time (Zonenshain et al. 1990: figures 36 and 45;
Puchkov 1997). The deformation is attributed to collisions with island arcs and micro-
continents, probably originally forming part of Siberia (Zonenshain et al. 1990:41).
Here it is assumed that the Pre-Uralides and Barentsia were joined at about 620 Ma
and had collided (or were in the process of colliding) with Baltica (see figure 2.4e).
By 580 Ma it is assumed that Pre-Uralides—Barentsia had collided with Baltica, giving
rise to the orogenic belt that affected the Pre-Uralides and Barentsia and somehow in-
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volved Spitsbergen and Taimyr, i.e., extending along the length of the Uralian mar-
gin of Baltica and possibly beyond to Arctida. The detailed kinematics of this orogenic
belt are presently obscure. An alternative view is that there was a collision with some
fragments of Avalonia (Puchkov 1997).

During the 620—460 Ma interval, eastern Baltica and all except northern Siberia
(present coordinates) were bordered by back-arc basins, island arcs, and microconti-
nents (Zonenshain et al. 1990; Sengor et al. 1993; Mossakovsky et al. 1994; Sengor
and Natal'in, 1996) that resembled the present-day western Pacific. Figures 2.4a—e
show the tectonic elements recognized by Sengor et al. (1993) and Sengor and Na-
tal'in (1996) attached in their present-day positions relative to Siberia but do not at-
tempt to reproduce their evolution.

Gondwana

South America today includes several “terranes” that were probably elsewhere in early
Paleozoic time. Their positions on figures 2.4a—e are intended only to suggest a pos-
sible evolution. Other models suggesting differing possible extents, shapes, and evo-
lution are reviewed by Dalziel (1997). Three terranes are shown on the maps: Pata-
gonia, the Precordillera terrane (or Occidentalia), and Chilenia (Ramos et al. 1986;
Ramos 1988). Patagonia is considered here to have collided with the rest of South
America in Carboniferous time, but because there are no ophiolites and no obvious
suture, this orogenic belt may not reflect a collision (Dalziel, pers. comm.). The Pre-
cordillera may have been an elongate fragment that started life on the edge of south-
eastern Laurentia (Dalla Salda et al. 1992a,b; Dalziel et al. 1994; Astini et al. 1995;
Dalziel and Dalla Salda 1996; Thomas and Astini 1997; Keller 1999) and may have
collided with South America during Arenig-Llanvirn time (Astini et al. 1995). How-
ever, alternative models, reviewed by Dalziel (1997), exist. Chilenia is a second elon-
gate fragment that collided with the Precordillera in the later Carboniferous (Astini
et al. 1995; Pankhurst and Rapela 1998). Apart from the geometric requirement of
avoiding overlap, there are few constraints on the relative positions of Patagonia and
Chilenia prior to collision. For simplicity it is assumed that they were joined together
as a single fragment that lay somewhere off Antarctica, where they have been parked
for most of the Vendian period.

Several large continental fragments that now lie in eastern North America were
originally attached to northwestern Gondwana (mostly Africa). They constitute the
Avalon zone, named after the Avalon Peninsula in southeastern Newfoundland (Wil-
liams et al. 1974; Williams 1995). Here, late Precambrian sediments and volcanics are
overlain by Cambro-Ordovician shales and sandstones, rather than the platform car-
bonates of Laurentia. Similar rocks can be recognized in the Appalachians as far south
as the Carolina slate belt and across the Atlantic in Wales, Brittany, Iberia, northwest-
ern Africa, and parts of central Europe (Pickering and Smith 1995). Avalonia is used
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here as an informal name for the entire belt, which is up to 750 km wide in its type
area and several thousand kilometers long. In reality it is made up of a number of frag-
ments, as indicated on figures 2.4a—e, several of which behaved independently (Nance
and Thompson 1996). Its treatment here as a single unit is simply a convenience.

Avalonia’s present tectonic position against the Laurentian and Baltica margins is
the result of a tectonic process that appears to be common when an ocean basin closes.
The available evidence suggests that the Avalonian fragments originally bordered one
continent (here northwestern Gondwana), were split from it, and migrated across the
ocean (Iapetus), though not necessarily as the single fragment shown in figure 2.4a,
colliding with the opposing continent (eastern North America and southern Baltica)
before the collision of the two major continents. Eastern Avalonia may have separated
from Gondwana some time in the Late Cambrian to Early Ordovician interval (Prig-
more et al. 1997), although Landing (1996) argues that Avalon was a unified, isolated
continent by latest Precambrian time that had no relationship to Gondwana or Baltica
at that time. It resembles a one-way tectonic windshield wiper, which sweeps a pre-
existing ocean away (the Iapetus), creating a new one behind it (part of which was the
Rheic Ocean), and leaving the “wiper” on the opposite continent (the Avalonian frag-
ments). The process has no formal name nor is the underlying physics of it well un-
derstood. A simplified model that conveys the gist of the evolution of Avalonia is
shown in figures 2.4a—e.

The kinematic evolution of Avalonia is analogous to that of Sibumasu (Metcalfe
1992), discussed below, and its continuation westward as far as Greece, as the Cim-
merian continent (Sengor et al. 1984): a long, narrow, more or less continuous con-
tinental sliver that migrated across the Mesozoic Tethys, sweeping away Paleotethys
and inaugurating Neotethys behind it. “Avalonias” are important paleontologically be-
cause they may act as rafts that transport floras and faunas across an ocean in a time
span during which significant evolution can take place en route. The Precordillera may
provide another possible example of the splitting off of a fragment and its migration
across a small ocean.

Late Precambrian and early Paleozoic poles determined for fragments such as
North China, South China, and elsewhere show that the paleolatitudes of all three
fragments are more or less in the latitude range one might expect, i.e., close to the lat-
itude range of the edge of East Gondwana. However, in a discussion of the Cambro-
Ordovician poles from these three fragments, Kirschvink (1992b) concludes that al-
though all three were close to one another and joined to East Gondwana, North and
South China were both inverted at the time.

There is good stratigraphic evidence, reviewed by Burrett et al. (1990) and Met-
calfe (1992), suggesting the Cambrian—Early Ordovician evolution of these and other
Southeast Asian fragments. Although most of the boundaries of the fragments in cen-
tral and Southeast Asia on figures 2.4a—e are close to those suggested by Metcalfe
(1992: figure 1) and Yin and Nie (1996: figure 20.1), some differences exist. In par-
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ticular, Metcalfe subdivides what is western Southeast Asia on figures 2.4a—e into two
fragments: Sibumasu (northwestern Burma + Burma + Malaysia + Sunda) and East
Malaya. In essence, the following fragments were probably contiguous with Australia
and India in Cambrian to Early Ordovician time: Indo-Burma, western Southeast Asia,
South China, Indochina, and North China, together with smaller fragments to the
north such as the North and South Tarim fragments in China. South China is believed
to have been close to Pakistan at the time. The post—460 Ma evolution is complex and
not relevant to the maps.

Alternative views exist about the placing of North and South China in the period
620-460 Ma. For example, Yin and Nie (1996: figure 20.18) regard the North Tarim
and North China fragments as having been joined together from about 630-438 Ma
and to have been bordered on all sides by passive margins, rather like present-day
Madagascar. Li et al. (1996) show possible earlier Cambrian to Vendian positions for
an isolated North China and also for an isolated South China.

Because of the considerable uncertainties involved, it is assumed for simplicity that
all these fragments remained attached to Gondwana in their likely Cambrian posi-
tions until at least 620 Ma (figures 2.4a—e), which are essentially those of Kirschvink
(1992b), slightly modified.

Still further east there are many continental and igneous fragments lying off north-
ern and eastern Australia, but it is difficult to assess what proportion of them consists
of material that existed in the 620—460 Ma interval. Some, like the Tonga-Kermadec
arc, may be entirely Cenozoic in age. For completeness, they are shown on the maps.

Finally, although Antarctica has been divided into several fragments, the only ones
that have been moved relative to the others on the maps are the Antarctic Peninsula
and Thurston Island. These have been visually repositioned to conform to the Juras-
sic reconstruction (not shown) of Lawver et al. (1992), and then moved with Patago-
nia and Chilenia to avoid overlap. There has been relative motion between East Ant-
arctica and other Antarctic fragments, but on a global scale this can be (and has been)
neglected. The configuration of West Antarctica and its position relative to other con-
tinents in pre-Mesozoic time is not known.

FAUNAL AND CLIMATIC EVIDENCE
Tillites

There are several exposures of middle Vendian glacigenic sediments in Baltica and
Laurentia. They form two main horizons that are believed to be correlative (Fairchild
and Hambrey 1995). The base of the older horizon and the top of the younger define
the Varangerian (Harland et al. 1990), which has an age estimated at 620—610 Ma
for the base and 590-575 Ma for the top. In North America the till left behind by the
Pleistocene ice sheets was locally within 40° of the equator. By analogy, the Varange-
rian tillites are likely to have been deposited poleward of 40° latitude. Outcrops of the
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later Varangerian sequence all lie poleward of 40° south (not illustrated), but the ear-
lier Varangerian tillites, assumed to be about 610 Ma old, lie close to 40° south, though
there are considerable uncertainties in the chronostratigraphic and paleomagnetic
data for early Varangerian time. Figures 2.4d—e show that any other Varangerian
tillites on Baltica will be poleward of 40° south. Similar conclusions have previously
been reached by Meert and Van der Voo (1994) and Torsvik et al. (1996).

Tillites occur in the 620—-460 Ma interval at several horizons in Gondwana. The
mid-Cambrian Tamale Group tillites of northwestern Africa, dated at about 520 Ma
(Villeneuve and Cornée 1994), are high-latitude tillites on figures 2.4d and 2.4e. The
Mali Group tillites of northwestern Africa dated at about 620-580 Ma (Villeneuve
and Cornée 1994) all lie poleward of 45°, but the uncertainties in the reconstructions
are large.

Figures 2.4d,e show that any Australian tillites in the age range 620-580 Ma lie
poleward of 40° north. Meert and Van der Voo (1994:11) reached a similar conclu-
sion. Both conclusions depend on rejecting some of the highest-quality poles from
Australia (e.g., from the Elatina Formation) (Meert and Van der Voo 1994:8-9). Ac-
ceptance of these and similar poles has led to some novel hypotheses such as the
“snowball Earth” (Kirschvink 1992a) or dramatic changes in the earth’s obliquity
(Williams 1993). However, the distribution of ice during the Ordovician and Permo-
Carboniferous glaciations of Gondwana appears analogous to the distribution of ice
sheets during Pleistocene glacial maxima (Smith 1997). In this writer’s view, the lat-
itudinal distribution of ice during the late Precambrian glaciations, which took place
only some 100—-200 m.y. earlier, is likely to have been similar to that in the subse-
quent 440 m.y.

Archaeocyaths and Gondwana

The most poleward occurrences of Cambrian archaeocyaths are in southern Morocco
at about 70° south, according to Gondwana paleomagnetic data. The selection of
Gondwana data by Dalziel (1997: figure 12) for his 545 Ma map independently sup-
ports this view. Archaeocyaths are regarded as indicative of subtropical latitudes—
30° south—-30° north—(Courjault-Radé et al. 1992; Debrenne and Courjault-Radé
1994). The Moroccan archaeocyaths are associated with red beds, oolitic limestones,
and sediments with halite pseudomorphs (Geyer and Landing 1995), all of which in-
dicate warm, nonpolar conditions and are likely to have formed at lower latitudes
than those indicated by the paleomagnetic data.

Kirschvink et al. (1997) recognize that unrealistically high plate velocities are implied
by the currently accepted high-quality Vendian-to-Cambrian paleomagnetic data
(which include the Elatina pole). They resolve this dilemma by proposing that not
only do these poles record plate motions in the range inferred for Mesozoic and Ceno-
zoic plate motions, but they also include a large component of true polar wander in
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which the mantle as a whole is rotating rapidly. The net result of this ingenious model
is to place the archaeocyaths in the low-latitude range suggested for them.

The present author’s view is more conservative and uniformitarian: most of the
discrepancies between the inferred paleolatitudes could readily stem from “noisy” pa-
leomagnetic data. Many of the latest Precambrian poles are dated as simply “Vendian
to Early Cambrian,” i.e., with a mean age of about 565 Ma and an age range of some
90 m.y. Other poles may have been assigned an unlikely age, as may be the case
for the pole from the Elatina Formation, discussed above. It is also possible that ar-
chaeocyaths did span a wider range of latitude, particularly if parts of the Cambrian
were warm.

Faunal Provinces of Baltica and Siberia

Distinct Early Ordovician trilobite provinces of Baltica and Siberia have long been
recognized in the literature (Cocks and Fortey 1990), commonly attributed to geo-
graphic separation. In a recent review, Torsvik et al. (1996: figure 11) show these
provinces on a reconstruction at 490 Ma in which Baltica is an isolated continent
south of Siberia. The 500 Ma map (see figure 2.4b) also shows Baltica and Siberia as
isolated entities, but with Siberia to the east of Baltica and with Baltica in lower lati-
tudes. It is not clear which is the better fit to the paleontological evidence, though if
Baltica was in a more southerly position on figure 2.4b, it would be more geograph-
ically isolated. By contrast, models in Sengor et al. 1993 and Sengor and Natal'in
1996 require Siberia and Baltica to have been linked by island arc systems for most
of early Paleozoic time. If such systems did exist, they would have allowed trilobite
interchange between Baltica and Siberia, providing that the faunas could tolerate the
differing environments.

OTHER MAPS
Dalziel 1997

The time periods that are relevant are 465, 475, 515, and 545 Ma. In Dalziel’s view,
Pannotia existed until 545 Ma (Dalziel 1997: figure 12) and the Iapetus Ocean started
to form at this time. The present author also accepted a similar interpretation until re-
cently, but the difficulties of fitting the passive margin sequences into such a model
(discussed in the section “Times of Passive Margin Formation” above), suggest that
the Tapetus Ocean began to spread some time before 545 Ma. The geometry of Pan-
notia differs significantly, with Amazonia placed opposite southern Greenland, and
Baltica in a more northerly position than on figure 2.4e. Most of the differences be-
tween Dalziel's maps and the one shown here stem from this very different initial start-
ing reassembly and age: the 420 Ma map (Dalziel 1997: figure 17) is similar to an ex-
trapolated figure 2.4a.
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Torsvik et al. 1996

Torsvik et al. (1996) include a series of maps showing the positions of Baltica, Lau-
rentia, Siberia, and some other continents for 580, 550, 490, and 440 Ma. Their
partial reassembly of Pannotia at 580 Ma (Torsvik et al. 1996: figure 9A) is similar to
Dalziel’s except that Baltica is rotated by 180°, with the western Urals placed against
eastern Greenland and Amazonia abutting western Baltica. Pannotia breaks up at
about this time, as in figure 2.4d. Its evolution to 440 Ma differs from that in fig-
ure 2.4, principally in relation to the orientation and paleolatitude of Baltica.

Seslavinsky and Maidanskaya (Chapter 3)

The seven paleogeographic maps by Seslavinsky and Maidanskaya in chapter 3 of this
volume were made completely independently of figures 2,4a—e, but in many respects
are similar. The main differences between figures 2.4c—e and their maps for 540, 580,
and 620 Ma are in the orientations of the reassemblies, principally because Seslavin-
sky and Maidanskaya have also used paleontological and paleoclimatic evidence in
their construction.

CONCLUSIONS

1. Apart from longitudinal uncertainties, Laurentia, Siberia, and Gondwana can
be repositioned by paleomagnetic data for most of mid-Ordovician to Cam-
brian time. Cambrian paleomagnetic data from different parts of Baltica are
inconsistent.

2. Baltica appears to have been joined to Laurentia in late Precambrian time in a
more southerly position than it had after the closure of the Tapetus Ocean in
Devonian time.

3. Tectonic and paleomagnetic evidence suggests that South America was also
probably joined to Laurentia in latest Precambrian time. However, in early Ven-
dian time, East Gondwana (East Antarctica, India, and most of Australia) was
joined to the Arabian-Nubian shield and the Kalahari-Grunehogna craton of
southeastern Africa. This assemblage was probably distinct from the rest of West
Gondwana, which was in the process of colliding with it and with Laurentia.

4. Baltica, Siberia, and Gondwana can be visually joined to Laurentia to form a lat-
est Precambrian Pangea (Pannotia) at 580 Ma. Pannotia can be oriented using
Laurentian paleomagnetic data. After breakup at 580 Ma, the latest Neopro-
terozoic latitudes and orientation of Baltica, Siberia, and Gondwana can be es-
timated by interpolation between their position on Pannotia and the oldest
paleomagnetic data that are considered reliable. Baltica’s position in Cambrian



PALEOMAGNETICALLY AND TECTONICALLY BASED GLOBAL MAPS 39

time has been estimated by interpolating between its 580 Ma position and a pa-
leomagnetic pole at 477 Ma.

5. The relative longitudinal separations of Laurentia and Baltica can be plausibly
estimated from the tectonic history of their continental margins. Siberia’s lon-
gitude is determined by placing it as an isolated continent between Baltica and
East Gondwana for the 580-460 Ma interval. Gondwana’s separation from
Laurentia is determined by keeping southeastern North America close to north-
western South America throughout the same interval.

6. Many other continental fragments, such as North and South China, can be plau-
sibly repositioned by using a combination of tectonic, stratigraphic, and faunal
data, though other fragments, such as Kolyma, have to be arbitrarily parked
next to areas where they are today.

7. The only significant misfit between the paleolatitudes of the continents and pa-
leolatitudes inferred from paleobiogeographic indicators are the paleolatitudes
of early Cambrian archaeocyaths in Morocco. The misfit is tentatively attrib-
uted to incorrect age assignments to some (unspecified) paleomagnetic poles.

8. There is no misfit between the paleolatitudes of the repositioned continents and
the paleolatitudes inferred from most sedimentary paleoclimatic indicators,
particularly tillites. Varangerian tillites in Baltica and Laurentia lie poleward of
40° south, as do Mali Group tillites in Africa. Late Precambrian Australian til-
lites could all lie poleward of 40° north, in direct contrast to subequatorial lati-
tudes estimated from high-quality paleomagnetic poles from Australia. How-
ever, in all cases the uncertainties in the paleolatitudes are large.

9. In contrast to the assumption that Baltica and Siberia were joined to Laurentia
at 580 Ma and retreated from it during 580-500 Ma, similarity coefficients
show very low values between the Vendian faunas of Siberia and Laurentia be-
fore late Early Cambrian time. The progressive increase in similarity during this
and subsequent periods suggests that Siberia was approaching Laurentia dur-
ing this interval rather than retreating from it as shown on figures 2.4c—e.

10. The longitude of Siberia relative to all other continents and the Cambrian-to-
late-Neoproterozoic latitude and orientation of Baltica are two of the major un-
certainties of Vendian to early Paleozoic reconstructions.
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CHAPTER THREE
Kirill B. Seslavinsky and Irina D. Maidanskaya

Global Facies Distributions
from Late Vendian to Mid-Ordovician

Global paleogeographic world maps compiled for the late Vendian, Cambrian, and
Early to Middle Ordovician bring together, possibly for the first time, a systematic
and uniform overview of paleogeographic and facies distribution patterns for this
interval. This 150 Ma period of Earth history was a cycle of oceanic opening and
closing. These processes were accompanied by formation of spreading centers and
subduction zones, and systems of island arcs and orogenic belts replaced one another
successively in time and space. The main features of our planet during this period
were the vast Panthalassa Ocean and several smaller oceanic basins (Iapetus, Rheic,
Paleoasian).

A VARIETY OF plate tectonic reconstructions has been proposed for the Neoprotero-
zoic and early Paleozoic (e.g., Zonenshain et al. 1985; Courjault-Radé et al. 1992;
Kirschvink 1992; Storey 1993; Dalziel et al. 1994; Kirschvink et al. 1997; Debrenne
et al. 1999). Some of these are reproduced elsewhere in this volume (Brasier and
Lindsay: figure 4.2; Eerola: figure 5.4). However, none of them wholly satisfies cur-
rent data on paleobiogeography, facies distributions, and metamorphic, magmatic,
and tectonic events. Pure paleomagnetic reconstructions often ignore paleontologic
data and contain large errors in pole position restrictions. Paleobiogeographic subdi-
visions developed for single groups, mainly trilobites and archaeocyaths, do not fit ei-
ther each other or paleomagnetic data, and they ignore the possibility that Cambrian
endemism may have been a result of high speciation rates rather than basin isolation
(e.g., Cowie 1971; Sdzuy 1972; Jell 1974; Repina 1985; Zhuravlev 1986; Shergold
1988:; Pillola 1990; Palmer and Rowell 1995; Gubanov 1998). Furthermore, terrane
theory suggests even more-complex tectonic models due to inclusion of multiple
“suspect” terranes and drifting microcontinents (Coney et al. 1980). Such terranes are
now recognized in a large number of Cordilleran and Appalachian zones of North
America (Van der Voo 1988; Samson et al. 1990; Gabrielse and Yorath 1991; Pratt and
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Waldron 1991), Kazakhstan, Altay Sayan Foldbelt, Transbaikalia, Mongolia, the Rus-
sian Far East (Khanchuk and Belyaeva 1993; Mossakovsky et al. 1993), and western
and central Europe (Buschmann and Linnemann 1996).

Paleomagnetic data, which form the basis for the present reconstructions, were ob-
tained from Paleomap Project Edition 6 of Scotese (1994). These reconstructions dif-
fer in some details from the earlier reconstructions of Scotese and McKerrow (1990)
and McKerrow et al. (1992). The present edition has been chosen only as a working
model and, inevitably, does not escape inconsistencies. Certainly, there are problems,
such as the position of some blocks or the evolution of the Innuitian Belt in the Cana-
dian Arctic, which still await solution. There is no general agreement on the paleo-
geographic boundaries of Siberia for the Vendian and Cambrian. The southern and
southwestern boundaries of the ancient Siberian craton (in contemporary coordi-
nates) are now formed by large sutures. For example, the Baikal-Patom terrane, where
numerous sedimentation and tectonic events occurred during the Cambrian, is sepa-
rated from Siberia by one such suture, and it is now difficult to determine its original
paleogeographic position in the Cambrian. The Vendian-Cambrian succession of the
Kolyma Uplift is characterized by species and facies typical of the Yudoma-Olenek
Basin of the Siberian Platform (Tkachenko et al. 1987). Thus, Kolyma was probably
a part of Siberia, at least during the Vendian-Cambrian, and was displaced much
later. In contrast, the Central Asian belt is a complex fold structure now located be-
tween the Siberian Platform and Cathaysia (North China and Tarim platforms), which
united the Riphean, Salairian, Caledonian, Variscan, and Indo-Sinian zones. Structur-
ally it is a very complicated region that includes accretionary (Altay, Sayan, Trans-
baikalia, Mongolia, Kazakhstan) and collision (North China, South Mongolia, Dzhun-
garia, South Tien Shan, northern Pamir) structures, the formation of which was closely
related to numerous Precambrian microcontinents. The appearance of the belt was a
result of the tectonic development of several oceans (Paleoasian, Paleothetis I and Pa-
leothetis IT) (Ruzhentsev and Mossakovsky 1995). The width of the Paleoasian Ocean
itself is conventional on the maps, and probably this ocean was never so wide. The
position of the northern Taimyr in this and all later reconstructions seems inappro-
priate. At that time this terrane was not yet part of Siberia, and it was separated from
the Siberian craton by an oceanic basin of unknown width (Khain and Seslavinsky
1995).

In the present work, we initially attempted to determine the exact spatial and tem-
poral location of glacial deposits, transgressions and regressions, orogenic belts, vol-
canic complexes, granitization, regional metamorphism, large tectonic deformations,
and some lithologic assemblages, which are indicators of past paleogeographic con-
ditions. It is of particular importance to determine real boundaries (i.e., established
by reliable geologic data) of island arcs and subduction zones. Such data may in fu-
ture be used to constrain plate tectonic reconstructions.

The values of absolute ages shown on the maps refer to the time slices for which
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reconstructions based on the software Paleomap Project Edition 6 were obtained.
However, the maps accumulate all available geologic information for an entire epoch
and do not reflect events at any particular moment. For instance, the paleogeographic
map of the Early Ordovician (490 Ma) shows all geologic events that took place dur-
ing the entire Early Ordovician, and the coastlines shown indicate their maximum
extent.

PREAMBLE

The Vendian—early Paleozoic includes the Caledonian tectonic cycle of Earth evolu-
tion. It was a part of a megacycle (the Wilson cycle), which lasted approximately
600 Ma from late Riphean to the end of the Paleozoic. This megacycle covered the
time span from the breakup of a supercontinent until the moment when its fragments,
with newly accreted continental crust, joined to form a new supercontinent. This
megacycle included three subcycles: Baikalian (oldest), Caledonian, and Hercynian
(youngest).

Recent investigations of strontium and carbon isotope variations suggest that the
Vendian—early Cambrian interval was, on the whole, a time of extremely high erosion
rates that were probably greater than in any other period of Earth history (Kaufman
et al. 1993; Derry et al. 1994). Moreover, during the latest Proterozoic these high
rates of erosion were accompanied by high organic productivity and anoxic bottom-
water conditions (Kaufman and Knoll 1995). Abundant ophiolites formed during the
initial stage of the cycle (late Vendian), whereas mountain building, granitization, and
the first Phanerozoic generation of volcano-plutonic marginal belts, were character-
istic of its later part. The middle-late Ordovician peak of island-arc volcanic activity
was confined to the Caledonian cycle (Khain and Seslavinsky 1994).

Accretion of Gondwana ended in the early Vendian. This process lasted for about
200 Ma. The Congo, Parana, Amazonia, Sahara, and other microcontinents became
closer together, and manifestations of island arc volcanism in the Atakora, Red Sea,
and the central Arabia zones were associated with this accretion. It is likely that rift-
ing between South America sensu lato and Laurentia (North America, excluding Ava-
lonian and other terranes, but including northwestern Scotland, northern Ireland,
and western Svalbard) started at the end of the early Vendian. This process influenced
the development of the South Oklahoma rift and ophiolite complexes of the south-
ern Appalachians. At this time, the largest epicratonic sedimentary basin covered Si-
beria, which separated from Laurentia probably at the beginning or just before the
early Vendian (Condie and Rosen 1994).

Glaciation was an important paleogeographic event in the early Vendian. At that
time, most of the Gondwana fragments were located in polar latitudes and distribu-
tion of tillite horizons in modern North America and Europe (Varangerian Horizon)
is in good agreement with such a reconstruction. When the reconstruction by Dalziel
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et al. (1994) of the Neoproterozoic supercontinent Rodinia is considered, the glaci-
gene deposits at ~600 Ma form a continuous belt from Scandinavia to Namibia, pass-
ing through Greenland, Scotland, eastern North America, Paraguay, Bolivia, western
and southern Brazil, Uruguay, and Argentina (Eerola, this volume: figure 5.3). This
zone could also probably be extended to Antarctica (Nimrod) and Australia (Marino
Group, Kanmantoo Trough). The second region where tillites of the Varangerian
glaciation are known (Australia and South China) is located in mid-latitudes on
paleoreconstructions.

LATE VENDIAN (EDIACARIAN-KOTLIN)

The formation of Gondwana ended in the late Vendian (figure 3.1). Long mountain
belts appeared at the sites of plate collisions in North America, Arabia, and the east-
ern part of South America. Molasse formed in intramontane depressions, and analy-
sis of molasse distribution reveals that the late Vendian was an epoch of global orog-
eny (Khain and Seslavinsky 1995). During this time, rifting between South America
sensu lato and Laurentia reached the middle and northern Appalachians (Keppie
1993). As in the early Vendian, the Siberian basin was the largest sedimentary shelf
basin. In addition, extensive transgressions developed in Baltica and Arabia. By con-
trast, regressions commenced in northwestern and western Africa, and in North
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Figure 3.1 Paleogeography of the late Vendian (560 Ma). See legend on page 50.

China. The prevalence of passive continental margins in the peripheral parts of Gond-
wana should be noted.

New glaciations developed in circumpolar areas of Gondwana. The late Sinian (Bay-
konurian) glaciation covered Kazakhstan, Mongolia, and North China (Chumakov
1985), and the Fersiga glaciation expanded in West Africa and Brazil (Bertrand-
Sarfati et al. 1995; Eerola 1995; Eerola, this volume). Except for Avalonia, Baltica, and
Australia, where siliciclastic deposits accumulated, Late Vendian sedimentation was
dominated by carbonates, commonly stromatolitic and oolitic dolostones. These were
widespread in Siberia (Mel'nikov et al. 1989a; Astashkin et al. 1991), on the micro-
continents of the Altay Sayan Foldbelt, Transbaikalia, Mongolia, Russian Far East (As-
tashkin et al. 1995), North and South China (Liu and Zhang 1993), Somalia, Near
and Middle East (Gorin et al. 1982; Wolfart 1983; Hamdi 1995), Morocco (Geyer and
Landing 1995), and the Canadian Cordillera (Fritz et al. 1991).

EARLY CAMBRIAN

The most important paleogeographic events of the Early Cambrian were the opening
and relatively rapid widening of Iapetus (Bond et al. 1988; Harris and Fettes 1988),
and the breakup of Laurasia into three large fragments—Laurentia, Siberia, and Bal-
tica (Condie and Rosen 1994; Torsvik et al. 1996) (figure 3.2). Intense volcanic and
tectonic processes occurred at this time, as well as in the late Vendian, along the
northwestern periphery of Gondwana where rift-to-drift transition involved a num-
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Figure 3.2 Early Cambrian paleogeography (540 Ma). See legend on page 50.

ber of central Asian microcontinents (Zavkhan, Tuva-Mongolia, South Gobi, North
Tien Shan, etc.) (Mossakovsky et al. 1993). The total combination of tectonic, facies,
paleomagnetic, and paleontologic data allow suggestion, contrary to the view of Sen-
gor et al. (1993), that these blocks drifted from northwestern Gondwana to Siberia
during this time interval (Didenko et al. 1994; Kheraskova 1995; Ruzhentsev and
Mossakovsky 1995; Chuyko 1996; Evans et al. 1996, Svyazhina and Kopteva 1996).
The results of a number of studies (stratigraphic, structural, isotope, and so on) com-
bine to show that some segments (microcontinents or terranes) of the East Antarctic
margin were also tectonically active, and there were allochthonous movements of
such segments relative to each other and to the East Antarctic craton (Dalziel 1997).

In the Early Cambrian, there were no high mountain ranges in the central parts of
Gondwana such as were present in the late Vendian; high hills and uplands domi-
nated (Khain and Seslavinsky 1995). As for the Vendian, continental margins of Gond-
wana were passive, with the exception of small mobile belts in Australia, Antarctica,
and North China (Qinlianshan zone) (Courjault-Radé et al. 1992; Kheraskova 1995).
Siberia was the largest sedimentary inland basin; the second in size was South China.
Carbonate sedimentation dominated on both of them, as well as in Morocco.

The Early Cambrian epoch is broadly subdivided into four phases, each of which
was dominated by a characteristic type of sedimentation. During the Nemakit-
Daldynian-Tommotian phase, phosphate-rich sediments occurred on a global scale.
Areas of phosphate enrichment are now the sites of many prominent and even eco-
nomically important phosphate deposits. Such areas were restricted to the north-
western (South China; Mongolian and Kazakhstan terranes) and southwestern (West
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Africa and Tberia) regions of Gondwana (Parrish et al. 1986; Vidal et al. 1994; Culver
et al. 1996). This pattern of phosphorite distribution in high-mid latitudes, and the
restriction of phosphorites to the probable narrow rift zone of an incipient Paleoasian
Ocean, closely match the model of upwelling of nutrient-rich and isotopically heavy
brines onto continental margins (Donnelly et al. 1990). At the same time, very ex-
tensive evaporite basins occurred on subequatorial parts of Siberia (Turukhansk-
Irkutsk-Olekma Basin) (Astashkin et al. 1991) and Gondwana (Oman—southern
Iran—Saudi Arabia; northern Pakistan) (Wolfart 1983; Mattes and Conway Morris
1990). Other epicontinental seas were sites of siliciclastic accumulation, mainly fluvi-
atile and deltaic. These were in Laurentia, including Svalbard (Holland 1971; Knoll
and Swett 1987; Fritz etal. 1991), South America (Bordonaro 1992), Scandinavia and
Baltica (Holland 1974; Rozanov and Lydka 1987), Avalonia (Landing et al. 1988),
Iberia-Armorica (Pillola et al. 1994), the Montagne Noire—Sardinia fragment (Gan-
din et al. 1987), Turkey (Dean et al. 1993), and Australia (Shergold et al. 1985; Cook
1988).

During the next phase (Atdabanian), reddish carbonates became widespread on Si-
beria and some microcontinents of the Altay Sayan Foldbelt and Mongolia (Astashkin
etal. 1991, 1995); Tberia, Germany, and Morocco (Moreno-Eiris 1987; Elicki 1995;
Geyer and Landing 1995); Australia (Shergold et al. 1985); and Avalonia (Landing
et al. 1988). On the whole, the Atdabanian-Botoman interval was the time of most
widespread carbonate development in the Early Cambrian, mainly due to intense
calcimicrobial-archaeocyath reef building within a belt extending on either side of the
paleoequator from 30° north to 30° south (Debrenne and Courjault-Radé 1994).

In the early-middle Botoman, the Cambrian transgression reached its maximum
extent (Gravestock and Shergold, this volume). This was marked by extensive accu-
mulation of black shales and black finely bedded limestones in low latitudes (Siberia,
some microcontinents of the Altay Sayan Foldbelt, Transbaikalia, Mongolia, the Rus-
sian Far East [Astashkinetal. 1991, 1995], Kazakhstan [Kholodov 1968], Iran [Hamdi
1995], Turkey [Dean et al. 1993], South Australia [Shergold et al. 1985], South China
[Chen et al. 1982]) and by pyritiferous green shales or oolitic ironstones, commonly
strongly pyritized, in temperate regions of Avalonia (Brasier 1995) and Baltica (Bran-
gulis et al. 1986; Pirrus 1986), respectively. Features characteristic of transgression
are observed in the sedimentary record of Iberia (Lifian and Gamez-Vintaned 1993),
Germany (Elicki 1995), the Montagne Noir-Sardinia fragment (Gandin et al. 1987),
Morocco (Geyer and Landing 1995), Tarim (Chang 1988), and Laurentia, including
Greenland (Mansy et al. 1993; Vidal and Peel 1993).

The fourth phase, the late Botoman-Toyonian, was probably the time of major re-
gression, variously known as the Hawke Bay, Daroka, or Toyonian regression. The
Toyonian sedimentary record is characterized by widespread Skolithos pipe rock in
Iberia (Gamez et al. 1991), Morocco (Geyer and Landing 1995), and eastern Lauren-
tia (Palmer and James 1979) and by other intertidal siliciclastic rocks on Baltica
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(Bergstrom and Ahlberg 1981; Brangulis et al. 1986) and in Iran (Hamdi 1995), Lau-
rentia (Fritz et al. 1991; McCollum and Miller 1991; Mansy et al. 1993), and South
China (Atlas 1985; Belyaeva et al. 1994). Sabkha conditions affected large areas of
Siberia and Australia (Cook 1988; Mel'nikov et al. 1989b; Astashkin et al. 1991).
Bimodal and acid volcanism occurred in Ossa-Morena, Normandy, and southern
France (Pillola et al. 1994), as well as in the island arcs of central Asia (Kheraskova
1995).

MIDDLE CAMBRIAN

In the Middle Cambrian, Laurentia continued to drift toward the equator, while Ta-
petus became wider (figure 3.3). Ophiolites, reflecting the spreading of Iapetus, are
found in the Appalachians, Scandinavia, and perhaps the North Caucasus (Belov
1981; Harris and Fettes 1988). By Middle Cambrian time, mountain ridges of colli-
sional orogenic systems in Africa and South America had been eroded, and Gond-
wana became a vast plateau (Khain and Seslavinsky 1995). Subsequently, island arc
systems developed widely on the Gondwana margins facing the Panthalassa Ocean.
They include the volcanic arcs of North China, southeastern Australia, Antarctica, the
Cordillera of Chile and Argentina, and possibly the Cordillera of Colombia (Acetio-
laza and Miller 1982; Atlas 1985; Rowell et al. 1992; Gravestock and Shergold, this
volume), where submarine andesite and basalt and marine sedimentary-volcanogenic
complexes formed. Carbonate sedimentation, however, was still widely developed in
marginal basins of Gondwana, and conditions of almost exclusively carbonate sedi-
mentation existed in inland shelf basins such as those in Siberia and in North and
South China (Courjault-Radé et al. 1992).

At the beginning of the Middle Cambrian (Amgan stage), a general sinking of car-
bonate ramps is expressed by the accumulation of black and other deeper-water
shales in Siberia, northern Mongolia-Transbaikalia, the Russian Far East (Astashkin
etal. 1991, 1995), the Baykonur-Karatau province of Kazakhstan (Kheraskova 1995),
Pakistan and Turkey (Wolfart 1983; Dean et al. 1993), Iberia (Lifian and Quesada
1990), Scandinavia (Holland 1974), Novaya Zemlya (Andreeva and Bondarev 1983),
and Avalonia (Thickpenny and Leggett 1987). Distinct deepening was typical of large
parts of southwestern Gondwana, including the Montagne Noire—Sardinia fragment
and large parts of Iberia and Morocco (Bechstadt and Boni 1994; Geyer and Landing
1995), as well as of South America (Bordonaro 1992). On Laurentia, transgression of
the western margin and subsequent reduction of terrigenous input to the shelf led to
the development of extensive carbonate platforms (Bond et al. 1989; Mansy et al.
1993). The largest, although extremely shallow-water, basin occupied Baltica (Dmi-
trovskaya 1988). The last major phase of Cambrian phosphogenesis was related to
this globally recognizable sea level rise (Freeman et al. 1990).
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Figure 3.3 Middle Cambrian paleogeography (510 Ma). See legend on page 50.

On the whole, the late Middle Cambrian (Marjuman stage) was the time of the most
intense tectonic activity in the Cambrian, coinciding with the peak of the Salairian
orogeny (Seslavinsky 1995). Island arc calc-alkali, mostly subaerial volcanism was es-
pecially abundant. During the Marjuman stage, collapse of carbonate platforms and
establishment of mixed-sediment shelves occurred in Iberia (Gamez et al. 1991;
Sdzuy and Lifian 1993), Morocco (Geyer and Landing 1995), and Siberia. By that
time, accretion of the Altay Sayan, Mongolia, and Baikal-Patom region had mostly
ended, and the constituent fragments were added to Siberia. This collision led to for-
mation of an elongate semicircular orogenic belt around Siberia, from Salair to Trans-
baikalia. Rugged mountain relief was formed here, and extensive molasse developed
(Kremenetskiy and Dalmatov 1988; Astashkin et al. 1995; Kheraskova 1995). Sedi-
mentation in the remainder of these regions was characterized by shallow-water
sandstones, arkoses, and conglomerates. The regression on Siberia, a large part of
which was covered by a subaerial plain (Budnikov et al. 1995), was one of the con-
sequences of collision. Similar sedimentary features are observed in Novaya Zemlya
(Andreeva and Bondarev 1983) and Turkey (Dean et al. 1993). Major hiatuses are
typical of Avalonia and Baltica (Rushton 1978; Brangulis et al. 1986), and in Scandi-
navia the monotonous Alum Shale temporarily gave way to formation of the An-
drarum Limestone (Harris and Fettes 1988). Quartzites and dolostones are the prin-
cipal lithologies of the Canadian Cordillera (Fritz et al. 1991). Reef building was
restricted to the Anabar-Sinsk Basin of Siberia and some parts of Laurentia, North
China, and Iran, but the reefs were mainly thrombolitic (Hamdi et al. 1995).
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LATE CAMBRIAN

In the Late Cambrian, Laurentia and Siberia continued to drift toward the equator
(figure 3.4). The lapetus Ocean increased in area and had its maximum width at this
time (Harris and Fettes 1988; Khain and Seslavinsky 1995). Two additional oceans,
the Panthalassa and the Paleoasian, also existed. The imbrication of oceanic crust on
the periphery of Siberia and the central Kazakhstan terranes continued during the
Late Cambrian. It was probably related to marked spreading of the ocean floor be-
tween the North China and Bureya-Khanka, South Gobi, and Central Mongolia ter-
ranes, where new oceanic crust continued to grow and where accumulation of silici-
clastics, often ore-bearing formations, and, on local uplifts, reef limestones occurred.
During this time, the Bureya-Khanka terrane appears to have amalgamated into the
single large Amur Massif (Amuria), where coarse molasse developed and orogenic
acid volcanism occurred (Kheraskova 1995).

Widespread transgression on Laurentia was an important Late Cambrian event,
and shelf basins covered vast areas of the midcontinent from the Cordillera to the Ap-
palachians (Link 1995; Long 1995). Marine conditions were reestablished over the
whole of Siberia (Budnikov et al. 1995), but the proportions of siliciclastic sediments
increased in marginal sedimentary basins (Markov 1979). Scarcity of marine Late
Cambrian deposits, and the onset of bimodal subaerial volcanism, are indicative of
uplift of the peri-African shelf of Gondwana (Lifian and Gamez-Vintaned 1993; Geyer
and Landing 1995; Buschmann and Linnemann 1996). A general restriction of ma-
rine basins occurred in Australia and in North and South China (Atlas 1985; Cook
1988).
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EARLY ORDOVICIAN

In the Early Ordovician, Laurentia was located at the same position in the equatorial
zone, Siberia drifted slightly northward, and Gondwana started drifting toward Lau-
rentia (figure 3.5). Opening of Iapetus either ended or continued very slowly. Sub-
duction zones and island arc systems of the northern Appalachians, Scandinavia, Ar-
morica, and the Andes formed in marginal parts of the approaching plates. It is likely
that opening of the Rheic Ocean started in the Early Ordovician as a result of rifting
and, later, spreading between new volcanic arcs of Avalonia and Gondwana (Keppie
1993). Baltica rotated counterclockwise, accompanied by opening of the Uralian mo-
bile belt, where intense rifting and accumulation of graben facies occurred followed
by the initiation of the Ural Ocean. Early Ordovician graben facies comprise shallow
quartzose sandstones and arkoses with subordinate subalkali basalts, which later were
replaced by deeper-water siliceous passive continental margin sediments (Samygin
1980; Maslov et al. 1996; Maslov and Ivanov 1998). Kazakhstan can be identified for
the first time on Early Ordovician reconstructions as an entity of several microconti-
nents (Appollonov 1995).

About half of Gondwana’s continental margins developed as active margins. The
evidence for this is complexes of island arc volcanism, granitization, metamorphism,
and tectonic deformation. Siliciclastics dominated the sedimentary deposits of the
marginal basins, and the proportion of turbidites increased. Terrigenous sedimenta-
tion totally replaced carbonates in inland shelf basins of Siberia, China, Australia, and
West Gondwana (Atlas 1985; Cook 1988; Wensink 1991; Budnikov et al. 1995), and
carbonate sedimentation continued only in Laurentia (Holland 1971; Long 1995).
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MIDDLE ORDOVICIAN

Tapetus became narrower in the Middle Ordovician (figure 3.6), and drift directions
changed for all plates. This was the epoch of global activation of tectonic processes
(Khain and Seslavinsky 1994). Laurentia was approaching Gondwana, while Baltica
continued its counterclockwise rotation and moved from Gondwana to the equator.
Siberia drifted northward significantly. By the Middle Ordovician, Avalonia had com-
pensated for the closure of the Iapetus Ocean. Complicated processes of interaction
between the Appalachian mobile belt and the Tapetus lithosphere resulted in forma-
tion of the volcanic Popologan arc (Van Staal 1994), where the subduction zone
dipped southeast toward the oceanic plate.

The Middle Ordovician is characterized by sea level rise and the largest global trans-
gression in the Paleozoic (Algeo and Seslavinsky 1995). Seas covered vast areas along
the margins of Gondwana. Prominent carbonate platforms developed in Siberia and
Baltica, in the Canadian Cordillera, South America, Spitsbergen, and West Gondwana
(Dmitrovskaya 1989; Fritz et al. 1991; Wensink 1991; Aceriolaza 1992; Harland et al.
1992; Khain and Seslavinsky 1995). This was a time of extremely widespread turbi-
dite deposition.

POSTSCRIPT

Narrowing of lapetus was compensated for in the Late Ordovician by opening of the
Rheic Ocean, while the mutual positions of Laurentia, Baltica, and Gondwana did not
change. This is an interesting feature of Earth evolution in that there were no signifi-
cant changes in relative plate positions for 25 Ma. This standstill did not occur during
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the entire history described above. Probably it reflects some reduction in the total in-
tensity of endogenic processes. However, spreading and subduction processes were
not completely halted. Island arcs formed in the east, west, and north of Laurentia, in
the Appalachian, Cordilleran, and Innuitian belts, respectively, and in some regions
of the Gondwana continental margin; and the evolution of southeastern Australia and
the Qinlianshan zone of North China continued, which by this time was of about
100 Ma duration.

The Tapetus Ocean was still open at the end of the Ordovician. It subsequently
closed at the end of the Silurian. It is obvious that this 150 Ma period of Earth his-
tory was a cycle of opening of new oceans and their subsequent closing. These pro-
cesses of the Caledonian cycle were accompanied by formation of spreading and sub-
duction zones, and systems of island arcs and orogenic belts replaced each other
successively in time and space. These features combined to determine global paleo-
geography during this period. The principal features were the very extensive Pantha-
lassa Ocean and the smaller Iapetus, Rheic, and Paleoasian oceans. Numerous global
tectonic, magmatic, and sedimentary events occurred within, and at the margins of,
these oceans.
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CHAPTER FOUR
Martin D. Brasier and John F. Lindsay

Did Supercontinental Amalgamation
Trigger the “Cambrian Explosion™

A global overview of sediment patterns and accumulation rates, and carbon, stron-
tium, and neodymium isotopes confirms that increasing rates of subsidence and up-
lift accompanied the dramatic radiation of animal life through the Neoproterozoic-
Cambrian interval (ca. 600 to 500 Ma). Peritidal carbonate platforms were
drowned, to be followed in places by phosphorites and black shales, while thick evap-
orites accumulated in interior basins. This drowning of cratons during the latest
Neoproterozoic-Cambrian could have brought about major taphonomic changes.
The shoreward spread of oxygen-depleted and nutrient-enriched waters favored the
preservation of thin skeletons by secondary phosphate and chert in peritidal carbon-
ates and, later, the occurrence of Burgess Shale—type preservation in deeper-water
shales. The burial of event sands in rapidly subsiding basins also allowed the para-
doxical preservation of deep-water Nereites ichnofacies in shallow-water sediments.

THIS CHAPTER ATTEMPTS to put the “Cambrian explosion” into the wider context
of events in the lithosphere. The formation and later rapid extensional subsidence of
supercontinents in the Neoproterozoic have recently become apparent from a wide
range of disciplines, including paleomagnetism, facies and fossil distributions, sub-
sidence curves, and isotopic studies (e.g., Bond et al. 1984; Lindsay et al. 1987; Dal-
ziel 1991; McKerrow et al. 1992; Derry et al. 1992, 1994). At some time before
ca. 900 Ma B.P., Antarctica, Australia, Laurentia, Baltica, and Siberia appear to have
been united in a Neoproterozoic supercontinent called Rodinia or Kanatia (Torsvik
et al. 1996). It is possible that this may have begun to rift apart as early as 800 Ma
(e.g., Lindsay and Korsch 1991, Lindsay and Leven 1996); certainly early rift suc-
cessions can preserve deposits of the older, Rapitan-Sturtian glaciations (ca. 750—
700 Ma; Young 1995). At some point after 725 Ma, the western margins of Laurentia
and Antarctica-Australia were certainly separated and moving apart (Dalziel 1992a,b;
Powell et al. 1993). By ca. 600-550 Ma, Laurentia, Baltica, and Siberia were also in
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the process of rifting apart (McKerrow et al. 1992; Torsvik et al. 1996), and here the
rift sequences may preserve deposits of the younger, Varangerian (or Marinoan) gla-
ciations (ca. 620-590 Ma; e.g., Young 1995).

The assembly of another supercontinent, Gondwana, also took place during the
Ediacarian to Early Cambrian interval. (Ediacarian is here used to indicate that period
of the Late Neoproterozoic between the Marinoan glaciation at ca. 600 Ma and the
base of the Cambrian at ca. 543 Ma). This involved the amalgamation of the separate
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Figure 4.1 Tsotopes, sea level, fossil taphonomy, and global tectonic changes during the Ven-
dian-Cambrian interval. Basic dykes in Baltica and Laurentia indicate a final phase of rifting: Tr =
Troms, Norway (582 * 30 Ma; Torsvik et al. 1996); TH = Tibbit Hill, Quebec (554 Ma; Kumara-
peli et al. 1989). Latest Pan-African plutonic events may indicate the final phases of amalgamation
in West Gondwana: EG = Ercall Granophyre, England (560 = 1 Ma, U/Pb zircon; Tucker and
Pharaoh 1991); Ah = Ahaggar plutons, West Africa (556 % 12 Ma, U/Pb zircon; Betrand-Sarfati
etal. 1995); Hq = granite and ignimbrite below Hugf Group, Oman (556 = 10 Ma, Rb/Sr; Burns
etal. 1994); ME = granites from the Mount Everest region, Nepal, Himalaya (550 = 16 Ma,
Rb/Sr; Ferrara et al. 1983); MG = Marystown Group volcanics, southeastern Newfoundland
(552 % 3 Ma, U/Pb zircon; Myrow and Hiscott 1993); Oz = Ourzazate volcanics, Morocco (563 =
2.5 Ma, U/Pb zircon; Odin et al. 1983); SG = postorogenic quartz syenite, Skelton Group, Ant-
arctica (551 = 4 Ma, U/Pb zircon; Rowell et al. 1993); VC = Vires-Carolles granite, Brioverian
France (540 £ 10 Ma, U/Pb monazite; Dupret et al. 1990). Thick rock salt accumulated during
rapid subsidence of extensional basins: A = Ara Salt Formation, Oman (Burns and Matter 1993;
Loosveld et al. 1996); H = Hormuz Salt Formation, Iran (Brasier et al. 1990; Husseini and Hus-
seini 1990). Burgess Shale—type faunas are confined to the medial Lower to Middle Cambrian
(Butterfield 1996). Phosphatic sediments with early skeletal fossils first appear in the transition to
more rapid subsidence and/or flooding of the platforms (sources cited in figures 4.2 and 4.3).
€,4(0 data recalculated from Thorogood 1990, using revised ages. The carbon isotope curve is
composite, compiled from the Vendian of southwestern Mongolia (Brasier et al. 1996), Early to
Middle Cambrian of Siberian Platform (Brasier et al. 1994), and Middle to Upper Cambrian of the
Great Basin, USA (Brasier 1992b). The strontium isotope curve is based on least-altered samples
(compiled from Burke et al. 1982; Keto and Jacobsen 1987; Donnelly et al. 1988, 1990; Derry
etal. 1989, 1992, 1994; Narbonne et al. 1994; Nicholas 1994, 1996; Smith et al. 1994; Brasier

et al. 1996). The sea level curve is based on data in Brasier 1980, 1982, and 1995; Notholt and
Brasier 1986; Palmer 1981; and Bond et al. 1988.

crustal blocks of Avalonia, Europa, Arabia, Africa, Madagascar, South America, and
Antarctica (together forming West Gondwana) and resulted in the compressional Pan-
African orogeny, which culminated between ca. 560 and 530 Ma. Orogenic closure
of the Pan-African compressional basins was accompanied in many places by igneous
intrusions. In figure 4.1, we have plotted some of the youngest dated phases of ig-
neous activity, as well as the riftogenic dyke swarms of Laurentia. Although geologic
evidence indicates that East Gondwana (India, South China, North China, Australia)
collided with West Gondwana along the Mozambique suture between ca. 600 and
550 Ma, recent paleomagnetic evidence has also suggested that final amalgamation
did not take place until the Early Cambrian (Kirschvink 1992; Powell et al. 1993).
Pan-African amalgamation of Gondwana appears to have been accompanied by the
widespread development of subsiding foreland basins, as documented in figures 4.1—
4.3. Sediments of “rift cycle 1” (sensu Loosveld et al. 1996) begin with the Sturtian
Ghadir Mangil glaciation in Arabia, dated to ca. 723 Ma (Brasier et al. 2000). The de-
velopment of thick salts in the Ara Formation, once thought to be rift deposits of
Tommotian age (Loosveld et al. 1996; Brasier et al. 1997), now appear to be foreland
basin deposits of late Ediacarian age (Millson et al. 1996; Brasier et al. 2000).
Subductive margins were also developed along the borders of eastern Australia and
Antarctica (e.g., Millar and Storey 1995; Chen and Liu 1996) and Mongolia (e.g., Sen-
gor et al. 1993; but see also Ruzhentsev and Mossakovsky 1995) in the Early to
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Middle Cambrian. Below, we explore the possibility that the amalgamation of Gond-
wana between ca. 555 and 510 Ma helped to bring about dramatic changes in the
rate of sediment accumulation and in the biosphere over the Precambrian-Cambrian
transition.

SEDIMENT ACCUMULATION RATES

Plots of sediment thickness against time can give an impression of the changing rate
of sediment accumulation (figures 4.2 and 4.3). Such curves may, however, be skewed
by the effects of compaction, which is greatest in siliciclastic sediments (especially
argillites) and least in early-cemented carbonates. Rather than make assumptions
about the degree of compaction and cementation, we here plot the raw data. Sedi-
ment accumulation rates are therefore likely to be underestimates in the case of finer
clay-rich clastic lithologies. Inspection of the data, however, suggests that changes in
sediment accumulation rate cannot be explained by changes in lithology and com-
paction alone.

In order to portray the tectonic component, data on the sediment accumulation
rate should be “backstripped” by making corrections not only for the assumed effects
of cementation and compaction but also for the isostatic effects of sediment loading;
and further corrections should be made for the effects of water depth, the isostatic ef-
fect of seawater loading, and the stretch factor due to crustal extension (e.g., Watts
1982). 1f the sediments are mainly shallow-water deposits, as in this study, then back-
stripping tends to change the amplitude but not the general shape of the curves. In
this study, we have found that selection of different time scales has relatively little ef-
fect on the shapes of the curves.

Backstripped tectonic subsidence curves have been used to track the thermal relax-
ation of the crust following rifting events, such as those during the Neoproterozoic-
Cambrian. As rift turned to drift and ocean basins widened, extension on the margins
of cratons is believed to have encouraged rapid rates of subsidence that diminished
with time, in general accordance with geophysical models (e.g., Bond et al. 1985,
1988; Lindsay et al. 1987). The latter authors, by backtracking post-rift tectonic sub-
sidence curves from the Middle-Late Cambrian, have estimated that a major phase of
continental breakup took place in the Neoproterozoic—Early Cambrian (then dated
at 625-555 Ma).

In figures 4.2 and 4.3 we have plotted sediment accumulation data against a time
scale adapted from sources in Bowring et al. 1993, Tucker and McKerrow 1995, and
Brasier 1995. We note that the rifting cratons of “Rodinia” are widely believed to have
resulted from the breakup of Rodinia before ca. 720 Ma (Laurentia, Baltica, Siberia;
figure 4.2), and show relatively low average rates of sediment accumulation during
the early Ediacarian (ca. 600 -550 Ma), followed by more rapid rates in the latest Edia-
carian (after ca. 550 Ma, Mackenzies, Mongolia) to Early Cambrian (after ca. 530 Ma,
Siberia, Kazakhstan, Baltica). These patterns may be attributed to a progressive at-
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tenuation in the thermal relaxation of the crust following the initial rifting of Rodinia
in the Riphean, followed either by renewed phases of rifting (Laurentia, Baltica) or
by the development of foreland basins (Siberia, Mongolia) across the Precambrian-
Cambrian transition.

A similar pattern is seen in East Gondwana (Iran to Australia; figure 4.3), where
an initial phase of rifting also seems to have been Riphean-Varangerian (ca. 725-
600 Ma). There the rates of sediment accumulation in the Ediacarian interval (ca. 600 —
543 Ma) appear to have been relatively low, with some evidence for condensation and
hiatus in the earliest Cambrian. A sharp change in the estimated rate of sediment ac-
cumulation coincides with major facies changes that suggest a renewed phase of sub-
sidence close to the Precambrian-Cambrian boundary (ca. 545-530 Ma).

In West Gondwana (e.g., Avalonia, Morocco), the Ediacarian was characterized by
rapid rates of sediment accumulation in compressive settings, which concluded with
igneous intrusions, uplift, and cratonic amalgamation by ca. 550 Ma (figures 4.1 and
4.2). This phase was rapidly followed by the formation of extensional strike-slip ba-
sins that began to accumulate thick volumes of sediment.

LITHOFACIES CHANGES

Lithofacies changes provide further evidence for the rapid flooding of carbonate plat-
forms between ca. 550 and 530 Ma B.P. The replacement of peritidal carbonates, es-
pecially “primary” dolomite, by neritic limestones and/or siliciclastic units above the
Precambrian-Cambrian boundary (Tucker 1992; Brasier 1992a) broadly coincides in
places (e.g., Mongolia; Lindsay et al. 1996) with the change from slower to more
rapid rates of sediment accumulation. Hence, the mineralogic shift from dolomite to
calcite/aragonite can be explained, in part, by the “drowning” of peritidal platforms,
brought about by increased subsidence and relative sea level rise.

The widespread occurrence of phosphorites and cherts across the Precambrian-
Cambrian boundary interval has for many years been related to the explosion of
skeletal fossils in the Early Cambrian (e.g., Brasier 1980; Cook and Shergold 1984),
but the connection has remained somewhat enigmatic. Brasier (1989, 1990, 1992a,b)
has summarized evidence for the widespread development of “nutrient-enriched wa-
ters” during this interval and has argued that their incursion dramatically enhanced
the preservation potential of early, thin-shelled skeletal fossils that herald the Cam-
brian period. These phosphatic sediments typically lie within the upper parts of
dolomitic facies or rapidly succeed them. In figures 4.1-4.3 it can be seen that the
first appearance of phosphatic beds with early skeletal fossils tends to coincide with
the switch from slow to more rapid sediment accumulation. This may be explained
by the interaction between phosphorus-rich oceanic waters and calcium-rich platfor-
mal waters under relatively low rates of sediment accumulation. Such conditions ap-
pear to have been widespread in the late Ediacarian to Tommotian (ca. 555-530 Ma).
At first, the peritidal carbonate banks discussed above may have acted as barriers.
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Later drowning of these barriers allowed incursions of nutrient-enriched water
masses from the outer shelf and open sea. This drowning of barriers was made pos-
sible by the interrelated factors of increased subsidence and relative sea level rise.

Many Asiatic successions also show abrupt transitions from a restricted carbonate
platform to organic-rich black shales over this interval, as, for example, in the latest
Ediacarian of southwestern Mongolia (ca. 550—543 Ma, Brasier et al. 1996; Lindsay
et al. 1996), and between the latest Ediacarian and mid-Atdabanian of southern
Kazakhstan, Oman, Iran, Pakistan, India, and South China (ca. 545-527 Ma). These
laminated black shales have many distinctive features: (1) they are basin-wide;
(2) they follow a well-defined sequence boundary indicated by a major break in de-
position, often with evidence for karstic solution of underlying peritidal carbonates;
(3) they coexist with or overlie phosphatic dolostone beds and bedded cherts; (4) they
contain high levels of organic matter with distinctively negative 8'°C values and pos-
itive 87*S values; (5) they are highly metalliferous, with high concentrations of vana-
dium, molybdenum, cobalt, and barium; (6) in India, Oman, and China, they are ac-
companied by carbonates yielding a large negative carbon isotope anomaly (e.g., Hsu
et al. 1985, Brasier et al. 1990, 2000), which is consistent with the turnover of aged,
nutrient-enriched, and poorly oxygenated bottom waters (Brasier 1992a).

These anoxic marker events appear to lie in the interval between slower and more
rapid rates of sediment accumulation. Drowning of the platform is indicated by the
abrupt change in facies, from dolomites and peritidal phosphorites beneath. It there-
fore appears that a change in sedimentary regime took place, from one in which sed-
iment accumulation rates were “space limited” (in the carbonate platform) to one in
which they were “supply limited” (in the black shales).

Although gypsum, anhydrite, and evaporitic fabrics are not uncommon within the
peritidal dolomite facies discussed above, thick layers of rock salt (halite) became
widespread in the latest Ediacarian to the Early Cambrian. Indeed, some of the world’s
thickest successions of rock salt were laid down from ca. 545 Ma onward (e.g., fig-
ures 4.1 and 4.3). These include the Hormuz Salt of Iran, the Ara Salt of Oman (both
thought to be latest Ediacarian), the Salt Range salt of Pakistan (Atdabanian-Botoman),
and the Usolka and contemporaneous salts of Siberia (Tommotian-Atdabanian; see
Husseini and Husseini 1990; Kontorovitch et al. 1990; Burns and Matter 1993; Bra-
sier et al. 2000). The preservation of thick halite implies interior basins with low si-
liciclastic supply, restricted by major barriers. The Hormuz and Oman salt horizons
are also associated with volcanic rocks (e.g., Husseini and Husseini 1990; Brasier
etal. 2000), which are taken to indicate an extensional tectonic setting. These salt de-
posits are therefore thought to have accumulated within interior barred basins formed
by renewed subsidence of the basement (e.g., Loosveld et al. 1996). Poor bottom-
water ventilation also led to anoxic conditions, so that associated sediments can be
important as hydrocarbon source rocks (e.g., Gurova and Chernova 1988; Husseini
and Husseini 1990; Mattes and Conway Morris 1990; Korsch et al. 1991).
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THE EDIACARIAN-CAMBRIAN Sr AND Nd ISOTOPE RECORD

Figure 4.1 shows that least-altered values of ®'Sr/®Sr rose almost continuously from
ca. 0.7072 in the Varangerian to 0.7090 in the Late Cambrian, punctuated by a fall
in values during the Tommotian (Derry et al. 1994, Brasier et al. 1996; Nicholas
1996). The low Riphean-Varangerian values have been attributed to the influence of
hydrothermal flux on new ocean floors during rifting of the Rodinia (e.g., Veizer et al.
1983: Asmerom et al. 1991). The rise in Vendian ' Sr/®Sr ratios has been explained
by accelerating rates of uplift and erosion associated with the Pan-African orogeny
(e.g., Derry et al. 1989, 1994; Asmerom et al. 1991; Kaufman et al. 1994) and late
Precambrian glaciations (Burns et al. 1994). The decline in seawater 87G1/%9Sr values
in the Tommotian perhaps reflects a drop in the rate of erosion and subsidence, a de-
crease in silicate weathering rate, and/or the influence of rift-related hydrothermal ac-
tivity (Derry et al. 1994; Nicholas 1996). It is interesting to note that this SUSVARSY
shift and the preceding hiatus found across much of the Siberian Platform and possi-
bly beyond (Corsetti and Kaufman 1994; Ripperdan 1994; Knoll et al. 1995; Brasier
et al. 1996) (figure 4.1) are both broadly coincident with the inferred shift from
slower to more rapid sediment accumulation on many separate cratons (figures 4.2
and 4.3).

High crustal erosion rates have been inferred from late Tommotian to Late Cam-
brian ¥’Sr/®Sr values (Derry et al. 1994). This suggests that uplift and erosion of Pan-
African orogenic belts (Avalonia and the Damara-Gariep belt of Namibia, for example)
may have provided a source of radiogenic ®’Sr through the Cambrian. This interpre-
tation is supported by studies of €4(t) values in Ediacarian to Cambrian clastics from
the Avalonian terranes of England and Wales. These sediments show a progressive re-
duction in the signal left by juvenile igneous rocks and an increase in the radiogenic
component, between ca. 563 and 500 Ma (Thorogood 1990). Such a change in sed-
iment supply suggests that younger accretionary margins became progressively sub-
merged while older, interior crystalline rocks of the craton were uplifted and eroded,
presumably as bulging of the crust and transgression of the platform proceeded. Com-
parison of the ¥'Sr/®Sr record of the Ediacarian-Cambrian with that of the Cenozoic
(Derry et al. 1994) suggests that the inferred uplifted regions of Gondwana could even
have experienced major montane glaciations through the latest Ediacarian-Cambrian
interval.

THE EDIACARIAN-CAMBRIAN CARBON ISOTOPIC RECORD

Carbon isotopes show a long-term trend of falling values, from maxima of +11%o
8"Cppyp in the post-Sturtian interval (ca. 730—600 Ma B.P.) to +8 in the Ediacarian
and +5.5 in the Cambrian (Brasier et al. 1996, 2000). On this broad-scale trend are
superimposed a series of second-order cycles, which in the Cambrian appear to have
been about 1 to 5 m.y. long, some of which can be correlated globally (e.g., Brasier
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et al. 1990; Kirschvink et al. 1991; Ripperdan 1994; Brasier et al. 1996; Calver and
Lindsay 1998).

Above, we have argued for increasing rates of sediment accumulation through this
time interval, which might be expected to have increased the global rates of carbon
burial (cf. Berner and Canfield 1989). The long-term trend for carbon burial, how-
ever, is for falling values through the Neoproterozoic-Cambrian (figure 4.1). This
means that increases in carbon burial due to raised rates of sediment accumulation
must have been offset by raised rates of organic carbon oxidation. Such oxidation
could have been brought about by a range of factors, including uplift and erosion of
sedimentary carbon, greater ocean-atmosphere mixing (e.g., glacial climates, Knoll
et al. 1996) and innovations in the biosphere (e.g., fecal pellets, Logan et al. 1995;
bioturbation, Bottjer and Droser 1994, Brasier and Mcllroy 1998).

The second order, 1-5 m.y. cycles in 8'°C may contain signals that relate to sub-
sidence and sea level. Such a connection has been argued at higher levels in the geo-
logical column, as, for example, in the Late Cambrian (Ripperdan et al. 1992) and in
the Jurassic-Cretaceous (e.g., Jenkyns et al. 1994). This has led to the suggestion that
positive §'°C excursions may record an increase in the burial of organic matter con-
nected with the rapid areal expansion of marine depositional basins during “trans-
gressions.” Conversely, the negative 8'°C excursions may record reduced rates of car-
bon burial and increased rates of carbon oxidation during “regressions.”

It is difficult to test for a connection between 8'°C and sea level in the Ediacarian-
Cambrian interval without access to a set of rigorously derived sea level curves. Fig-
ure 4.1 shows a notional global sea level curve that depicts the major Cambrian trans-
gression divided into major transgressive pulses. It is notable that several of the
carbon isotopic maxima can be traced to these pulses; e.g., the appearance of lami-
nated black limestones of the Sinsk Formation in Siberia coincided with the Botoman
8"C maximum (Brasier et al. 1994; Zhuravlev and Wood 1996), and the influx of
flaggy, phosphatic “outer detrital belt” carbonates of the Candland Shales in the Great
Basin coincided with the Upper Cambrian sea level maximum (Bond et al. 1988;
Brasier 1992¢). Negative excursions can also, in several cases, be connected with evi-
dence for emergence and omission surfaces. These are named in figure 4.1 and include
the Kotlin regression prior to negative anomaly “W”; the end-Yudoma regression at the
top of the Nemakit-Daldynian in Siberia (e.g., Khomentovsky and Karlova 1993; cor-
related with the top of the Dahai Member in South China, according to Brasier et al.
1990); the Hawke Bay regression across the Lower-Middle Cambrian boundary inter-
val (i.e., the Sauk I-1I boundary of Laurentia, according to Palmer 1981; with similar
breaks in Baltica and Avalonia, according to Notholt and Brasier 1986); the Andrarum
regression associated with the Lejopyge laevigata Zone of the Middle Cambrian in Scan-
dinavia (correlated into Avalonia by Notholt and Brasier [1986] and possibly into
Laurentia); and the Sauk II-111 regression of Laurentia (Sauk II-11I boundary of Palmer
1981 and Bond et al. 1985).
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Of particular interest is the negative 8'°C interval of anomaly W, here taken to cor-
relate the Precambrian-Cambrian boundary. Major sedimentary breaks occur close to
this anomaly across the globe, which could be taken to indicate a synchronous re-
gression during which sediments were removed by erosion (Brasier et al. 1997). At
earlier times in the Neoproterozoic, negative 8'°C anomalies of this amplitude are
associated with glacial/deglacial carbonates (Knoll et al. 1996). Although no glacial
sediments are known from the Precambrian-Cambrian boundary interval, a glacially
driven overturn of a stratified water column provides a possible explanation for the
advection of light 2C into surface waters (cf. Aharon and Liew 1992 Knoll et al. 1996).
A similar explanation has also been put forward to explain falling §"°C in the Tom-
motian (e.g., Ripperdan 1994).

Some positive 8'°C anomalies in shallow-water carbonates are accompanied by
very positive 8°*S values in anhydrite (e.g., Mattes and Conway Morris 1990). Oxy-
gen released by the burial of organic carbon may not, therefore, have been counter-
balanced by the oxidation of sulfides to sulfates in the oceans (cf. Veizer et al. 1980).
This has raised the possibility that the partial pressure of atmospheric oxygen could
have risen over this interval, favoring the radiation of large, oxygen-hungry meta-
zoans (cf. Knoll 1992; Sochava 1992). More-detailed 8°*S records are, however,
needed to test this hypothesis.

IMPLICATIONS FOR THE BIOSPHERE

In figure 4.4 the ways in which raised rates of sediment accumulation/subsidence
could have affected the hydrosphere, lithosphere, biosphere, and fossil record across
the Precambrian-Cambrian transition are summarized. Submergence of shallow
shelves inevitably led to an expansion of habitat area and, as we have argued, also
caused phosphorus- and silica-rich waters to invade platform interiors. It may be ar-
gued that these environmental changes had a major ecologic impact upon the biota,
encouraging blooms of eutrophic plankton, which in turn may have favored the de-
velopment of a wide range of suspension feeders and the migration of pandemic
phosphatic and siliceous taxa (figure 4.4). The reciprocal uplift of hinterland margins,
indicated by the strontium isotope curve and by the thick succession of siliciclastic
sediments, may well have delivered yet more phosphorus and iron into the oceans,
thereby sustaining or raising its productivity (Derry et al. 1994).

This evidence for drowning of platforms also helps to explain some peculiar as-
pects of Cambrian fossil preservation. The development of secondary phosphati-
zation of thin CaCOj; or organic-walled skeletons during the latest Ediacarian to
Atdabanian (e.g., Brasier 1980) is closely related to the timing of subsidence of car-
bonate platforms (figures 4.1-4.3). In Mongolia, for example, Cambrian-type sili-
ceous sponge spicules and phosphatized early skeletal fossils first appear in the latest
Ediacarian (Brasier et al. 1996, 1997) (figure 4.1). In India and North China, flood-
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Figure 4.4 Model showing the inferred influence of global tectonic changes upon subsidence,
sediment accumulation rate, sea level, nutrients, fossil preservation, and the adaptive radiation
of the Cambrian fauna.

ing of the carbonate platforms brought phosphatic sediments with early skeletal fos-
sils that were a little younger (figure 4.1).

In clastic sediments, the first main indications of the Cambrian radiation are given
by trace fossils. Here, one of the main puzzles has been the preservation of deep-water
Nereites ichnofacies in shallow waters during the Cambrian (e.g., Crimes 1994). At
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Figure 4.5 The paradox of deeper-water Nere-  Palaeodictyon isp.), 2 = Helminthopsis and

ites ichnofacies traces (assemblages 1, 2, and 3)  Helminthoida isp., 3 = Taphrhelminthopsis isp.,
in shallow water subtrilobitic Cambrian facies, 4 = other ichnogenera. Thickness and ichno-
which may be related to rapid rates of sedi- taxa from sources in Crimes (1989).

ment accumulation. 1 = graphoglyptids (e.g.,

higher levels in the stratigraphic column, the distribution of these grazing traces has
been related to the incidence of event sands, such as turbidites, which cast and pre-
serve the delicate top tier of the ichnofauna (Bromley 1990). A review of the literature
suggests that these grazing traces tend to be best represented in subtrilobitic Cam-
brian successions that are relatively thick (figure 4.5). Hence, the paradox of deeper-
water Nereites ichnofacies traces in shallow-water sediments may well have been en-
hanced by conditions of rapid deposition, which led to the preservation of a greater
number of sand-mud interfaces.

A further paradox of Cambrian fossil preservation concerns the restriction of Bur-
gess Shale—type Lagerstatten to the Early and Middle Cambrian (Conway Morris
1992) (figure 4.1), despite the presence of suitable, anoxic, and poorly bioturbated
facies at other times. Butterfield (1995, 1996) has suggested that this paradox could
be explained by the restricted temporal distribution of volcanogenic clay minerals
with antienzymatic and/or stabilizing effects. Here, we wonder whether Burgess
Shale—type preservation was enabled by frequent pulses of fine-grained sedimenta-
tion along rapidly subsiding margins, leading to rapid burial and early diagenesis.

One of the most dramatic effects of sea floor subsidence on the Cambrian fossil
record was arguably that of sudden “explosive phases” in diversification. The explo-
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sion in diversity at the base of the Tommotian certainly coincides with a rapid change
in ¥'Sr/%°Sr and lies above a major karstic surface (Brasier et al. 1996). In southwest-
ern Mongolia, where rejuvenation of subsidence began in the latest Ediacarian, there
is no clear Tommotian explosion in diversity (Brasier et al. 1996). This “Tommotian
explosion” can therefore be regarded as an artefact brought about by missing time fol-
lowed by abrupt facies changes (Lindsay et al. 1996), together caused by a rejuvena-
tion of subsidence along the margin of the Mongolian arc.

CONCLUSION

Evidence is given above for increasing rates of subsidence and sediment accumula-
tion during the Cambrian. This is no longer consistent, however, with the simple hy-
pothesis that a rift-to-drift transition took place over the Precambrian-Cambrian
boundary interval (Bond et al. 1984, 1985, 1988); foreland basins related to the amal-
gamation of Gondwana were also forming at this time. Such subsidence is also in line
with the evidence for a major rise in relative sea level, from a low point during the
Varangerian glaciation to a high point somewhere in the Late Cambrian (see fig-
ure 4.1; e.g., Brasier 1980, 1982, 1995; Bond et al. 1988).

A rise in the rate of sediment accumulation between ca. 550 and 530 Ma suggests
that rapid subsidence took place in cratonic margins and interior basins around the
globe. The large supplies of clastic sediment that flooded into these basins imply high
rates of uplift and erosion of the basin hinterlands, which in turn can provide a plau-
sible explanation for the progressive rise in *’Sr/*°Sr and change in €,4(t) through the
Cambrian.

Carbon isotopic maxima in the Early and Late Cambrian appear to coincide with
transgressive pulses, and several carbon isotopic minima (e.g., anomaly W close to the
Precambrian-Cambrian boundary, and that at the base of the Tommotian) are associ-
ated with widespread breaks in deposition. Further work is needed to test the hy-
pothesis that these negative excursions relate to episodes of cooler (glacial?) climate
and oceanic overturn. Recent work on the very complex section preserved in the
Nama Basin in Namibia emphasizes the possibility of breaks in sedimentation in
other basins (Grotzinger et al. 1995).

A picture emerges of Neoproterozoic to Early Cambrian oceans that were well fed
with biolimiting nutrients, derived perhaps from high rates of erosion and runoff and
enhanced by montane glaciations. As the platforms extended and subsided across the
Neoproterozoic-Cambrian transition, new kinds of fossil preservation became pos-
sible: phosphatization and silicification of early skeletal fossils; rapid burial of deli-
cate, grazing trace fossils; and rapid burial and diagenesis of Burgess Shale—type
faunas. These changes have amplified and distorted our view of the evolutionary ra-
diation, making the fossil record appear more stepwise, with explosive phases in di-
versity that we suspect are largely illusory.
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CHAPTER FIVE
Toni T. Eerola

Climate Change at the
Neoproterozoic-Cambrian Transition

Varangerian and lower Sinian glacial deposits are found in Argentina, Uruguay,
Mato Grosso (Brazil), Namibia, Laurentia, and probably southern Brazil, which were
all situated close together during Neoproterozoic-Cambrian times. According to con-
tinental paleoreconstructions, glacial deposits of these regions, together with those of
Scotland, Scandinavia, Greenland, Russia, Antarctica, and Australia, formed the
Varangerian-Sinian Glacial Zone of the supercontinent Rodinia. Tectonic activity
associated with the amalgamation of Rodinia and Gondwana was probably related
to the origin of these deposits, as in the case of mountain glaciers that formed in
uplifted areas of fragmenting or colliding parts of this supercontinent. In such cir-
cumstances, the Pan-African and Brasiliano orogenies and the site of opening of the
Iapetus Ocean would have been in key positions. However, some paleomagnetic re-
constructions locate these regions near the South Pole, where glaciers could have
formed even in the absence of tectonic events. In this case, the change to warm cli-
mate and the evolutionary explosion of the Cambrian could have been due to rapid
shift of continents to equatorial latitudes, although these changes might also have
been triggered by supercontinent breakup. These events are reflected in the isotopic
records of strontium and carbon, which provide some of the best available indicators
of the climatic and environmental changes that occurred during the Neoproterozoic-
Cambrian transition. They also appear to reveal the occurrence of a discrete cold
period in the Cambrian: the disputed lower Sinian glaciation.

INTRODUCTION

The Neoproterozoic-Cambrian transition was characterized by ophiolite formation
(Yakubchuk et al. 1994), the formation and breakup of supercontinents (e.g., Bond
etal. 1984), the Cambrian evolutionary explosion (Moores 1993; Knoll 1994), and in-
tense climatic changes, among which the most important might be considered glacia-
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Figure 5.1 Time distribution of glaciogenic sedimentary rocks, showing their sporadic nature
and possible relationship with supercontinentality. Source: Modified from Young 1991.

tions (e.g., Hambrey and Harland 1985) and the shift from Neoproterozoic icehouse
to Cambrian greenhouse conditions (Veevers 1990; Tucker 1992).

Atleast 10 major glacial periods have been recorded prior to the Pleistocene (Young
1991; Eyles 1993) (figure 5.1). Probably the most extensive and enigmatic of these
occurred during the Neoproterozoic and at the beginning of the Cambrian, at ~900—
540 Ma (Hambrey and Harland 1985; Young 1991; Eyles 1993; Meert and Van der Voo
1994). There are signs of four Neoproterozoic-Cambrian glacial periods (figures 5.1—
5.2): the Lower Congo (~900 Ma), the Sturtian (~750-700 Ma), the Varangerian
(~650-600 Ma), and the lower Sinian (~600-540 Ma) (Hambrey and Harland 1985;
Eyles 1993; Meert and Van der Voo 1994). There are, however, also proposals for only
two (Kennedy et al. 1998) or even five (Hoffman et al. 1998a; Saylor et al. 1998).

This chapter presents a brief overview of Neoproterozoic-Cambrian climate
changes and events, with emphasis on the Varangerian and lower Sinian glacial peri-
ods and the subsequent global warming in the Cambrian (see also chapters in this vol-
ume by Brasier and Lindsay; Seslavinsky and Maidanskaya;, Smith; and Zhuravlev).

PALEOMAGNETIC RECONSTRUCTIONS AND GLACIERS

The application of paleomagnetic investigations to research into the Neoproterozoic
has yielded important findings. It is now recognized that continental drift may have
been faster than at present (Gurnis and Torsvik 1994) and that glaciers might have
formed at sea level even in low latitudes (e.g., Hambrey and Harland 1985; Schmidt
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and Williams 1995), implying a significant climatic paradox (Chumakov and Elston
1989).

The glacial interpretation of many Neoproterozoic deposits was questioned by
Schemerhorn (1974). Many factors have been presented to explain the generation of
glaciers at low latitudes (see Meert and Van der Voo 1994), such as the incorrect in-
terpretation of paleolatitudes due to remagnetization (e.g., Gurnis and Torsvik 1994);
global glaciation, i.e., “the snow-ball Earth” (Kasting 1992; Kirschvink 1992; Hoff-
man et al. 1998b); astronomical causes, such as modification of the obliquity of the
earth’s rotation (Williams 1975; Schmidt and Williams 1995); and tectonic causes,
such as the formation of mountain glaciers in rift and collisional zones of supercon-
tinents (Eyles 1993; Eyles and Young 1994; Young 1995).

According to Dalziel et al. (1994) and Gurnis and Torsvik (1994), continents were
situated close to the southern pole during the Vendian (figure 5.3), in which case con-
tinental glaciation would be expected. Meert and Van der Voo (1994) argued, how-
ever, that continents occupied middle latitude position at that time.

SUPERCONTINENTS, CORRELATIONS, AND THE
VARANGERIAN-LOWER SINIAN GLACIAL ZONE

Glacial horizons are often treated as the best markers for stratigraphic correlation
(e.g., Hambrey and Harland 1985; Christie-Blick et al. 1995), although this has been
contested by Chumakov (1981). Varangerian glacial deposits, ~600 Ma (figure 5.3),
seem to be correlative in Namibia (Numees Formation, Gariep Group), in Laurentia
(e.g., Gaskiers and Ice Brook formations; Eyles and Eyles 1989; Young 1995), and
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Figure 5.3 Reconstruction of the Neopro- 1995; Young 1995). Deposits of Antarctica
terozoic supercontinent Rodinia, at ~600 Ma (Stump et al. 1988) and Australia (Schmidt
(modified from Dalziel et al. 1994) and its and Williams 1995) are also included (cf.
coeval glaciogenic record: the Varangerian— Eerola 1996).

Lower Sinian Glacial Zone (cf. Eerola and Reis

possibly also in the Santa Barbara Basin, Rio Grande do Sul State, southern Brazil
(Eerola 1995, 1997, Eerola and Reis 1995). Coeval glacial deposits in the present-day
North Atlantic region have also been related to these (e.g., Hambrey 1983). Glacial
formations of similar age are also found in Mato Grosso and Minas Gerais, Brazil (Uh-
lein et al. 1999), western Brazil (Alvarenga and Trompette 1992), Argentina (Spalletti
and Del Valle 1984), and possibly Uruguay (F. Preciozzi, pers. comm., 1994) (see
figures 5.2 and 5.3). Evidences for lower Sinian cold climate are found in West
Gondwana (Schwarzrand Subgroup, Nama Group in Namibia [Germs 1995]; and the
Taoudenni Basin in West Africa [Bertrand-Sarfati et al. 1995; Trompette 1996]) and
in China and Kazakhstan (Hambrey and Harland 1985). A glacial deposit of Cam-
brian age has been tentatively identified in the Itajai Basin, Santa Catarina State,
southern Brazil (P. Paim, pers. comm., 1996), but the origin and age have still to been
confirmed.
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Given that Laurentia and Fennoscandia were situated close to South America in
Neoproterozoic-Cambrian times, forming the supercontinent Rodinia (e.g., Bond
et al. 1984; Dalziel et al. 1994; Young 1995) (figure 5.3), extensive glaciation is pos-
sible (Meert and Van der Voo 1994). Such connections may play an important role in
paleogeographic reconstructions.

According to the paleogeography of Dalziel et al (1994), the glacial formations at
600 Ma constituted a continuous zone that can be traced from Svalbard, through
Scandinavia, Greenland, and Scotland, to eastern Laurentia and western South Amer-
ica (Young 1995) (figure 5.3). Eerola and Reis (1995) and Eerola (1996) called this
zone the Varangerian-Sinian Glacial Zone, on the basis of the ages of the glacial de-
posits, and suggested that the zone appears to continue to Mato Grosso, Argentina,
probably to Uruguay, southern Brazil, Namibia, Antarctica (Nimrod area, Stump et al.
1988), and Australia (Marinoan glacial deposits; e.g., Schmidt and Williams 1995).
The tectonics of Rodinia probably had a strong influence on the generation and dis-
tribution of these glacial deposits (Eyles 1993; Moores 1993; Young 1995).

DEBATE ON THE SEDIMENTARY RECORD
OF NEOPROTEROZOIC GLACIATIONS

Although the existence of Neoproterozoic glaciations is widely accepted, there have
been authors who have questioned the concept with reference to some particular de-
posits, for instance, the Bigganjargga tillite in northern Norway (figure 5.4) (Crowell
1964; Jensen and Wulff-Pedersen 1996), some parts of the basal Windermere Group
in Canada (Mustard 1991), and the Schwarzrand Subgroup of the Nama Group in
Namibia (P. Crimes, pers. comm., 1995; Saylor et al. 1995). The whole concept of the
Neoproterozoic glaciation was put in doubt by Schemerhorn (1974) and recently criti-
cized by P. Jensen (pers. comm., 1996). The problem is that in the case of some Neo-
proterozoic deposits, the simple presence of diamictites has been considered sufficient
proof of glacial origin (Schemerhorn 1974; Eyles 1993; Jensen and Wulff-Pedersen
1996).

Distinguishing between the results of glacial and other processes is a difficult task,
both in ancient sequences (Chumakov 1981) and in more recent deposits—for in-
stance, in alluvial fan facies (Carraro 1987; Kumar et al. 1994; Marker 1994; Owen
1994; Hewitt 1999), especially in volcanic settings (Ui 1989; Eyles 1993), and even
when glacial influence is evident (Vinogradov 1981; Clapperton 1990; LeMasurier
etal. 1994). The problem is that a variety of processes can generate deposits that may
easily be confused with those of glaciation (e.g., Crowell 1957; Eyles 1993; Bennett
et al. 1994). This is especially true in relation to diamictites (figure 5.5), which could
also result from mud flows, debris flows, lahars, debris-avalanches, or meteorite im-
pacts in many different environments (Crowell 1957, 1964; Ui 1989; Rampino 1994)
and are not, in themselves, climatic indicators (Crowell 1957, 1964; Heezen and Hol-
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Figure 5.4 The Neoproterozoic diamictite and striated pavement,
Bigganjargga Tillite, Smalfjord Formation, northern Norway.

lister 1964; Schemerhorn 1974, 1983; Eyles 1993; Jensen and Wulff-Pedersen 1996).
Dropstones (figure 5.6) may be generated by many processes other than glacial raft-
ing—for instance, by turbidites (Crowell 1964; Heezen and Hollister 1964; Donovan
and Pickerill 1997) or volcanic bombs (Bennett et al. 1994). Consequently, they too
have been queried as climatic indicators (e.g., Crowell 1964; Bennett et al. 1994;
Bennett and Doyle 1996; Donovan and Pickerill 1997). Although varves indicate cli-
matic seasonality, they can also occur under warm climatic conditions, such as in the
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Figure 5.5 Clast of boulder size in Neoproterozoic diamictite, Passo da Arcia
sequence. Lavras do Sul, southern Brazil. Note rhythmic shales above.

Santa Barbara Basin of present-day California (Thunell et al. 1995). Even striated and
faceted clasts and pavements are not exclusive to glaciated terrains, because these can
also be generated by mud flows and lahars (e.g., Crowell 1964; Eyles 1993; Jensen
and Wulff-Pedersen 1996). There has been much debate, for example, in relation to
striations below the Smalfjord Formation (see figure 5.4) (Crowell 1964; Jensen and
Wulff-Pedersen 1996; Edwards 1997). Interpretation of the shape and surface tex-
tures of sediment grains as possible indicators of ancient glacial deposits has been
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Figure 5.6 Supposed dropstone of Neoproterozoic age, Passo da Arcia sequence,
Lavras do Sul, southern Brazil.

contested by Mazzullo and Ritter (1991). A great variety of clast lithology is also not
sufficient to establish the glacial origin of deposits (e.g., Jensen and Wulff-Pedersen
1996). Similarly, clast similarity does not necessarily reflect absence of glacial influ-
ence but can merely reflect provenance. Jensen and Wulff-Pedersen (1996) suggested
that in relation to the Bigganjargga Tillite (Smalfjord Formation), local provenance is
evidence against glacial transport. This view is contested by H. Hirvas and K. Neno-
nen (pers. comm., 1996) and Edwards (1997), because in southern Finland, for ex-
ample, boulders and other clasts in Quaternary till deposits were transported only
about 3—6 km, so that they strongly reflect the local geology (Perttunen 1992).

Troughlike sandstone downfolds and dykes, similar to those caused by cryoturba-
tion (subaerial frost churning), have been considered as proof of cold climate (e.g.,
Spencer 1971). These features could, however, also be produced by subaqueous
gravitational loading (e.g., Eyles and Clark 1985).

In this context, there seems to be no diagnostic evidence that consistently proves
glacial influence, either in the Neoproterozoic (P. Jensen, pers. comm., 1996) or at
any other time prior to the present day. Perhaps the only reliable evidence is provided
by indications of large transport distance on stable platforms and by the occurrence
of “bullet” boulders (Eyles 1993).
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Ojakangas (1985) argued that the occurrence of the diamictite-dropstone associa-
tion is sufficient to characterize Proterozoic glacial deposits. This, however, is not the
case, especially in volcanic sequences, as discussed above. There are many supposed
Neoproterozoic glacial sequences related to volcanism (Schemerhorn 1983; Eyles and
Eyles 1989; Eyles 1993; Eyles and Young 1994; Eerola 1995, 1997) in which the rec-
ognition of a glacial contribution could be ambiguous but in which the absence or
dearth of volcanic clasts would support a glacial interpretation.

Crowell (1964) and P. Jensen (pers. comm., 1996) argued that in environments
lacking vegetation, and with intense tectonism, as during the Neoproterozoic, the
generation of diamictites by debris flows is to be expected. However, no proposals for
glaciation, for instance, in the Mesozoic, have been made based on the simple occur-
rence of diamictites (P. Jensen, pers. comm., 1996). Mesozoic glaciation has, however,
been proposed on the basis of supposed dropstones (see references in Bennett and
Doyle 1996). Intense and worldwide tectonic activity (rifting and/or orogeny) in the
Neoproterozoic could have produced extensive debris flows due to uplift (Crowell
1964; Schemerhorn 1974, 1983). These are the same tectonic zones that are argued
to have generated mountain glaciers by Eyles (1993), Eyles and Young (1994), and
Young (1995). The lack of vegetation, however, does not provide an explanation for
coeval dropstones and extensive marine diamictites.

The other problem is that supposed glacial deposits do not occur in all coeval Neo-
proterozoic basins and sequences, notably on stable platforms (Schemerhorn 1983).
If, however, the glacial interpretation for most of the inferred Neoproterozoic de-
posits is correct, then their localized preservation seems to be evidence against the
worldwide glaciation of Hambrey and Harland (1985) and in favor of the occurrence
of local glaciers in uplifted areas, as argued by Schemerhorn (1983), Eyles (1993),
Eyles and Young (1994), and Young (1995).

ISOTOPIC RECORD

Probably the strongest evidence for environmental change in the Neoproterozoic-
Cambrian transition is provided by the stable isotopic records of strontium and car-
bon, a subject that has been extensively studied in recent years (e.g., Asmerom et al.
1991; Tucker 1992; Kaufman et al. 1993; Derry et al. 1994; Kaufman and Knoll 1995;
Nicholas 1996; Hoffman et al. 1998a,b; Saylor et al. 1998; Myrow and Kaufman
1999; Prave 1999; Brasier and Lindsay, this volume). The strontium isotopic record
demonstrates the influence of weathering and erosion rates, and variations in the
hydrothermal flux from the mid-ocean ridges, on seawater composition, i.e., the re-
lationships among climatic, oceanographic, and tectonic events. Variations in the car-
bon isotopic record show the influence of burial of organic matter and the relation-
ships between oceanography and climate (Donnelly et al. 1990; Kaufman et al. 1993).

Negative 8'"°C excursions coincide with the Neoproterozoic Sturtian, Varangerian,
and lower Sinian glaciations, while ¥’Sr/®°Sr values rise almost continuously (e.g.,
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Donnelly et al. 1990; Kaufman et al. 1993; Kaufman and Knoll 1995; Saylor et al.
1998) (see figure 5.1). These indicate variations in weathering rate, hydrothermal
flux, and organic matter burial, reflecting climatic change and tectonic events. Weath-
ering rate and the production and burial of organic matter both decline in cold cli-
mates, and there is significant oceanic overturning (e.g., Kaufman and Knoll 1995;
Kimura et al. 1997; Myrow and Kaufman 1999).

The Neoproterozoic-Cambrian strontium isotopic record seems to provide evi-
dence in favor of glaciations and may also relate to tectonic uplift (Asmerom et al.
1991; Derry et al. 1994), linking these events and supporting the views of Schemer-
horn (1983), Eyles (1993), Eyles and Young (1994), Young (1995), Prave (1999), and
Uhlein et al. (1999) on possible tectonic influence in the generation of glaciers. The
Pan-African and Avalonian orogenies have been cited as possible uplifted sources of
abundant ®Sr to seawater (Asmerom et al. 1991; Derry et al. 1994). In this sense, the
coeval and related Brasiliano orogeny, which affected a large part of the Brazilian
shield, causing vigorous uplift and the generation of numerous molasse basins (e.g.,
Chemale 1993), should also be considered.

LATE SINIAN GLACIATION?

While the ®'Sr/®Sr isotopic ratio continued to rise at the beginning of the Cambrian
(Asmerom et al. 1991; Tucker 1992; Kaufman et al. 1993; Derry et al. 1994; Kauf-
man and Knoll 1995: Nicholas 1996), the 8'°C value declined near the Precambrian-
Cambrian boundary and at the beginning of the Cambrian (Donnelly et al. 1990;
Kaufman and Knoll 1995; Saylor et al. 1998), coinciding with the proposed late Sin-
ian glaciation (Hambrey and Harland 1985). This cold period was probably of short
duration and low intensity, as argued by Hambrey and Harland (1985), Meert and
Van der Voo (1994), Germs (1995), and Saylor et al. (1998). It was probably related
to tectonic uplift and erosion of the Brasiliano—Pan-African orogenies, which were in
a post- to late-orogenic stage during the Cambrian (Chemale 1993; Derry et al. 1994;
Germs 1995). The cold period at the Neoproterozoic-Cambrian transition was of very
limited extent (Hambrey and Harland 1985; Meert and Van der Voo 1994; Germs
1995; Saylor et al. 1998), being recorded only in West Africa (Bertrand-Sarfati et al.
1995; Trompette 1996), probably in the Nama Group of Namibia (e.g. Germs 1995;
Saylor et al. 1998), and in China, Kazakhstan, and Poland (see Hambrey and Harland
1985). The evidence for the occurrence of the Cambrian glaciation has, however,
been contested (Derry et al. 1994; Saylor et al. 1995; Kennedy et al. 1998). Derry et al.
(1994) noted a fall in the 8'Sr/%°Sr isotopic ratio at the Neoproterozoic-Cambrian
boundary and in the beginning of the Early Cambrian, which they attributed to one
or more of (1) reduced rates of tectonic uplift or climate change and decreased weath-
ering, (2) changes in the type of crust undergoing erosion, (3) rift-associated volcanic
activity, and (4) worldwide marine transgression.

The link between uplift, ’Sr/®Sr rise, and glaciation has, however, been contested
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by Kaufman et al. (1993). They suggest that Cenozoic uplift of the Himalayas and An-
des corresponds with both #/Sr/®°Sr rise and glaciation and argue that detailed com-
parison of the Cenozoic and Vendian suggests more complex relationships among
climate, continental erosion rates, glaciation, and changes in atmospheric CO, than
previously envisioned. Raymo (1991) also refers to problems arising from such links
in the Mesozoic and Cenozoic.

Although study of Neoproterozoic-Cambrian isotopic curves has revealed clear
trends, many uncertainties surround them, and their correct interpretation will prob-
ably continue to be a matter of controversy and debate for some time.

NEOPROTEROZOIC-CAMBRIAN TRANSITION AND CAMBRIAN CLIMATES

Despite profound disagreement concerning many aspects of Cambrian climates, there
is consensus that the most significant events relating to the Neoproterozoic-Cambrian
transition (544 Ma; Brasier et al. 1994) were global warming, sea level rise, exten-
sive phosphogenesis, and marine biodiversification at ~570-540 Ma (e.g., Cook
1992; Kaufman et al. 1993; Moores 1993; Knoll 1994; Zhuravlev, this volume). These
changes, which are also registered as strontium and carbon isotopic variations in ma-
rine sediments (e.g., Asmerom et al. 1991; Tucker 1992; Kaufman et al. 1993; Derry
et al. 1994; Kaufman and Knoll 1995; Nicholas 1996, Brasier and Lindsay, this vol-
ume), were probably related to the breakup of Rodinia, which resulted in the forma-
tion of new oceans and shallow seas, and affected seawater and atmospheric compo-
sition and circulation patterns (e.g., Bond et al. 1984; Donnelly et al. 1990; Kaufman
et al. 1993; Moores 1993; Knoll 1994; Kimura et al. 1997). Almost without excep-
tion, wherever there are signs of Neoproterozoic-Cambrian glacial influence, these oc-
cur with, or are followed by, warm climate indicators such as red beds, phosphate and
evaporite deposits, or carbonates (e.g., Hambrey and Harland 1985; Chumakov and
Elston 1989; Eyles 1993). In the Rio Grande do Sul State of southern Brazil, an in-
ferred Neoproterozoic glacial deposit (Eerola 1995) is succeeded by the Cambrian
Guaritas Formation, which is composed of red beds and aeolian dunes thought to be
formed in a warm desert (e.g., De Ros et al. 1994; Eerola and Reis 1995; Paim 1995;
Eerola 1997). According to Gurnis and Torsvik (1994), this climate change was due
to the rapid drift of continents from the South Pole to equatorial latitudes. However,
Schemerhorn (1983), Veevers (1990), Raymo (1991), Tucker (1992), Kaufman et al.
(1993), and Saylor et al. (1998) argued that variations in atmospheric CO,, controlled
by the episodic uplift, volcanic activity, and erosion of major mountain ranges, should
have an important (if not the most important) influence on global temperatures; i.e.,
lowering of atmospheric CO, levels in the Neoproterozoic could have produced gla-
ciation, and the reverse could have led to climate warming in the Cambrian. The com-
bined evidence is, although indirectly, against application of the greenhouse model
to the Early Cambrian earth (A. Zhuravlev, pers. comm., 1996). Increasing evidence
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of Early Cambrian cold climate (e.g., Trompette 1996; Saylor et al. 1998) makes the
coldhouse model of Tucker (1992) more applicable to this period. This assumes tran-
sitional conditions existing after the melting of polar icecaps until high-latitude tem-
peratures exceeded 5°C, when greenhouse conditions would take over. In these cir-
cumstances, there should be intermediate sea-level, vigorous oceanic circulation due
to the temperature gradient (which also promotes nutrient supply), increased CO,
supply from the atmosphere to the oceans, and rise in the carbonate compensation
depth (which is one of the requirements for aragonite-sea conditions in the Early
Cambrian) (A. Zhuravlev, pers. comm.). In addition, the coldhouse model obviates
the need for unusually rapid continental drift proposed by Gurnis and Torsvik (1994).

CONCLUSIONS

Despite the lack of consensus regarding many aspects of Neoproterozoic-Cambrian
climates and events, this interval was characterized by intense environmental change,
as is evident from the sedimentary and isotopic records. The sedimentary evidence for
Neoproterozoic glaciations has been questioned by some authors. Schemerhorn
(1974), Eyles and Young (1994), and Jensen and Wulff-Pedersen (1996) have called
for objective studies to determine the proportion of glacial components and the ori-
gin and extent of glacial activity in diamictite deposits, and for improved definition of
the tectonic and depositional setting, paleoclimate modeling, and geochronologic and
paleomagnetic control of the glacial record. Because of difficulties and uncertainties of
interpreting sedimentary deposits, isotopic records appear to provide some of the best
available indicators of climatic and environmental change for the Neoproterozoic-
Cambrian transition. The isotopic record seems to indicate glaciations in Sturtian and
Varangerian times. It also appears to link periods of uplift, weathering, erosion, at-
mospheric CO,, and glaciation, supporting the evidence for local mountain glaciers
in uplifted areas in the Varangerian with a probable extension to the lower Sinian.

Together with increasing evidence for a renewed cold period in the Cambrian, the
isotopic record suggests the unique nature of the period. On the basis of strontium
and carbon isotopic studies, the tectonism of Rodinia, especially that related to the
Brasiliano—Pan-African belts and the opening of Tapetus, seems to be a key factor af-
fecting climate change during the Neoproterozoic-Cambrian transition. In this sense,
investigations in South America and surrounding areas are important. South America
might play an important role in future discussions concerning Laurentia-Gondwana
interactions and Neoproterozoic-Cambrian climate change.
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CHAPTER SIX
David 1. Gravestock and John H. Shergold

Australian Early and Middle
Cambrian Sequence Biostratigraphy
with Implications for Species
Diversity and Correlation

This description of Lower and Middle Cambrian strata from the Stansbury, Arrowie,
Amadeus, and Georgina basins combines elements of biostratigraphy and sequence
stratigraphy. The record of some South Australian Lower Cambrian sequences is
missing, or has not been recognized, in central Australia. Deposition in the Middle
Cambrian of the central Australian basins and the Stansbury Basin reflects subsi-
dence-induced transgression, but these sequences cannot be differentiated in the al-
most unfossiliferous clastic deposits of the Arrowie Basin. Trace fossil assemblages in
basal siliciclastic rocks are most diverse in lowstand half-cycles of relative sea level.
Archaeocyath species diversity is highest in transgressive tracts, whereas lowstands
are accompanied by extinction on shallow to emergent carbonate shelves. Trilobite
species diversity is likewise highest in transgressive tracts but is seemingly unaffected
by lowstand conditions. Duration of the Early and Middle Cambrian is 25-35 m.y.
and 10-15 m.y., respectively, indicating very high rates of trilobite speciation in
successive transgressive systems tracts.

AUSTRALIAN LOWER AND Middle Cambrian sedimentary rocks contain rich assem-
blages of fossil marine invertebrates, calcified and organic-walled microbial fossils,
and traces of organic activity. Knowledge of the taxonomy and affinities of Australian
Cambrian invertebrate fossils has increased significantly in the past decade, but at
present only the archaeocyaths and trilobites have been studied in detailed strati-
graphic successions. Progress is being made in the further study of mollusks and
other small skeletal fossils, superbly described by Bengtson et al. (1990).

In this chapter we document the species distribution of archaeocyaths in the Lower
Cambrian and trilobites in the Middle Cambrian of the Stansbury and Arrowie basins
in South Australia and the Amadeus and Georgina basins in the Northern Territory and
western Queensland (figure 6.1). Upper Cambrian trilobite faunas are well preserved
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Figure 6.1 Cambrian and undifferentiated Cambrian-Ordovician sedimentary basins
of central and eastern Australia. Source: Modified after Cook 1988.

in the Georgina and Warburton basins, but are beyond the scope of this study be-
cause correlative strata in the Stansbury, Arrowie, and Amadeus basins have yielded
few fossils.

Trace fossils occur in basal Cambrian siliciclastic rocks beneath archaeocyath-
bearing carbonates in all of these basins (Daily 1972). For completeness the occur-
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rences of trace fossils are investigated, together with archaeocyaths and trilobites, in
a sequence stratigraphic context (sensu Vail et al. 1977; van Wagoner et al. 1988). On
the basis of our analysis, we discuss three key attributes of the Cambrian radiation in
Australia: species diversity and relative sea level change; correlation of sequences be-
tween basins; and rates of speciation, assisted by the increasing number and accuracy
of radiometric ages of Cambrian successions.

SEQUENCE BIOSTRATIGRAPHY

A number of sequence stratigraphic frameworks have been proposed for the Early and
Middle Cambrian of Australia (Amadeus Basin: Lindsay 1987; Kennard and Lindsay
1991; Lindsay et al. 1993; Arrowie Basin: Gravestock and Hibburt 1991; Mount and
McDonald 1992; Stansbury Basin: Gravestock et al. 1990; Jago et al. 1994; Gravestock
1995; Dyson et al. 1996).

Sequence stratigraphy relates patterns of sediment accumulation at various scales
to recurring cycles of marine transgression and regression, as well as to rates of sedi-
ment supply and subsidence. The depositional components of a sequence are systems
tracts (Brown and Fisher 1977), which describe the associations of shelf-to-basin fa-
cies at low relative sea level (lowstand systems tracts), rising relative sea level (trans-
gressive systems tracts), and falling relative sea level (highstand, or forced regressive,
systems tracts).

Systems tracts or entire sequences may be condensed or incomplete, and hiatuses
occur close to basin margins in regions undergoing slow relative subsidence and in
structural belts where tectonic uplift opposes regional subsidence. Sequence biostra-
tigraphy permits the interpretation of depositional sequences within biozonal frame-
works, which often represent a wide sample of paleoenvironments. Without a detailed
faunal succession, it is difficult to determine whether all sequences have been pre-
served. In this work, archaeocyath and trilobite biostratigraphic schemes correlate se-
quences and determine which are missing. Within a sequence, facies analysis of sys-
tems tracts helps explain why a particular species assemblage occurs at a given place
and time relative to a cycle of sea level change.

Sequence nomenclature in the Stansbury and Arrowie basins is shown in figure 6.2.
Four third-order sequences (Uratanna sequence, €1.1,€1.2,€1.3) span much of the
Early Cambrian. The late Early to Middle Cambrian sequences €2.1-€3.2 rely prin-
cipally on data from the Stansbury Basin, with the Middle Cambrian being placed at
the base of the Coobowie Limestone on Yorke Peninsula (see the section “Stansbury
Basin” below).

A relative sea level curve illustrated in figure 6.2 indicates the positions of low-
stands and highstands in the stratigraphic succession. Based on the ideas of Zhuravlev
(1986) and Rowland and Gangloff (1988), the dashed envelope that connects high
sea level culminations corresponds to the Botoman transgression and Toyonian re-
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Figure 6.2 FEarly and Middle Cambrian sequence stratigraphy of the Arrowie and Stansbury
basins. Third-order high sea level culminations are linked by a dashed curve to depict
Botoman transgression and Toyonian regression.

gression. These are considered to be global phenomena. The third-order sequences
illustrated in figure 6.2 operated in all basins under review where a rock record is

preserved.

URATANNA SEQUENCE BIOSTRATIGRAPHY

The Uratanna sequence (Mount and McDonald 1992) is represented by the Uratanna
Formation in the Arrowie Basin and the Mount Terrible Formation in the Stansbury
Basin. Mount (1993) has reported a new occurrence of Sabellidites cf. cambriensis from
the Uratanna Formation interpreted here to be at or just beneath the level of Daily’s
(1976a) Mount Terrible skeletal fauna, and well below his first reported occurrence of

Saarina.

Arrowie Basin

The Uratanna Formation (Daily 1973) contains three informal members that indi-
cate lowstand, abrupt upward deepening, then gradual shoaling of the succession
(McDonald 1992; Mount and McDonald 1992; Mount 1993). A relative sea level
curve, its component systems tracts, and a composite stratigraphic column (from
Mount 1993) are illustrated in figure 6.3.
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Incised channels at the lower sequence boundary contain massive, amalgamated
sandstone beds that have locally eroded to a level bearing the Ediacara fauna (Daily
1973). The beds lack fossils and are interpreted to represent the lowstand systems
tract (Mount 1993) (figure 6.3). The transgressive systems tract is represented by
laminated siltstone and shale with phosphorite nodules at lower levels. Rare, but up-
wardly increasing, interbeds of fine-grained sandstone mark the incoming highstand
tract. The first recorded specimens of Sabellidites cf. cambriensis occur within the
transgressive tract, and the trace fossil Phycodes coronatum occurs about 60 m above
in the highstand tract. Upper parts of the highstand tract are recorded by passage into
fine-grained, cross-bedded quartz sandstone deposited in upward-shallowing cycles.
Within these, Mount (1993) lists 10 ichnotaxa including Treptichnus pedum (referred
to as Phycodes pedum in figure 6.3), Treptichnus, and Rusophycus. Diplocraterion paralle-
lum, Plagiogmus arcuatus, and the mollusk Bemella sp. occur in the overlying Parachilna
Formation (Daily 1976a), which we interpret with Mount (1993) to be in the low-
stand tract of the overlying sequence.

On present evidence, the first organic-walled fossils (sabelliditids) are preserved in
the transgressive systems tract, the first Cambrian trace (P. coronatum) is found in the
lower part of the highstand tract, and abundant traces occur in its upper part.

Stansbury Basin

The Mount Terrible Formation is composed of three informal members exposed on
Fleurieu Peninsula (Daily 1976a). In outcrop, the lowest member disconformably
overlies the Neoproterozoic ABC Range Quartzite and comprises thin, planar-tabular
bed sets with scoured bases. Each bed consists of fine-grained arkosic sandstone with
a pebbly, phosphatized base and a bioturbated pyritic siltstone top. Low-angle cross-
beds and streaming lineations indicate high-energy conditions. We interpret these
beds to be transgressive marine deposits, because a lowstand tract is not preserved.
The middle member comprises 60 m of bioturbated siltstone with phosphorite con-
cretions at lower levels and rare, thin interbeds of fine-grained feldspathic sandstone.
Two beds bearing large discoidal clasts of fine-grained sandstone occur at midlevels.
The upper member comprises 20 m of bioturbated feldspathic, fine-grained sandstone
with pyritic and argillaceous siltstone interbeds.

The first shelly fossils, hyoliths (cf. Turcutheca), occur immediately beneath the
clast-bearing beds. Daily (1976a) also recorded shelly fossils from three overlying
levels (labeled 1-3 in figure 6.3), comprising hyoliths, chancelloriids, cf. Sachites and
Watsonella (=Heraultia). The first sabelliditids (Saarina) were recorded above the third
fossiliferous level of the middle member and in the lower part of the upper member.
In the latter, hyoliths, chancelloriids, helcionelloid mollusks, and Bemella sp. are re-
corded. Imprints of tubular fossils were noted in the sandstone clasts of the middle
member. We interpret the lower, phosphorite-enriched level of the middle member
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to contain the maximum flooding surface, and hence the organic-walled and shelly
fossils found to date occur in the highstand tract.

The suggested position of the Winulta Formation on Yorke Peninsula is also shown
in figure 6.3 (note differing scale). Daily (1972, 1976a, 1990) has recorded hyoliths
and chancelloriids from near the base of the Winulta Formation in drill cores, where
the formation approaches 100 m in thickness. Drill cores are composed of glauconitic
and pyritic sandstone and arkose with siltstone interbeds and dolomitic cement. Out-
crops comprise cross-bedded conglomeratic to fine-grained sandstones, which yield
Treptichnus pedum, Plagiogmus arcuatus, and Diplocraterion sp. On northern Yorke Pen-
insula (e.g., outcrops at Winulta and Kulpara), the Winulta Formation is represented
by a basal conglomerate and flaggy trace-bearing sandstones, whereas on southern
Yorke Peninsula it is thicker and fine-grained and contains shelly fossils.

The sequence biostratigraphic scheme in figure 6.3 illustrates the observations of
Daily (1976a), McDonald (1992), Mount and McDonald (1992), and Mount (1993).
The base of the Uratanna Formation represents the base of the Uratanna sequence in
the Arrowie Basin. In the Stansbury Basin, depending on location, the base of the
Mount Terrible Formation is in the transgressive systems tract of the Uratanna se-
quence (Sellick Hill), and the base of the Winulta Formation is in the highstand tract
of the Uratanna sequence (southern Yorke Peninsula drillholes). The Uratanna-€1.1
sequence boundary is placed either within the trace fossil-bearing sandstones of the
upper Uratanna Formation or at the base of the Parachilna Formation in the Arrowie
Basin (Mount and McDonald 1992). The boundary is placed at the base of the Wang-
konda Formation and at the base of the trace fossil—bearing sandstones of the Winulta
Formation in the Stansbury Basin.

The Precambrian-Cambrian boundary in South Australia is the base of the Ura-
tanna sequence, and the most complete representative section is in the Arrowie Basin.
It is unlikely that the first appearance of Phycodes coronatum in the Uratanna Forma-
tion correlates with the GSSP (Global Stratotype Section and Point) in Newfoundland.
Treptichnus pedum appears at Fortune Head, Newfoundland, in the transgressive tract
of a sequence that comprises Member 1 and part of Member 2 of the Chapel Island
Formation. Skeletal fossils are preserved about 400 m higher in a second sequence,
which comprises the remainder of Member 2, as well as Members 3 and 4 of the
Chapel Island Formation (Myrow and Hiscott 1993). This latter succession may cor-
relate with the Uratanna sequence in the Stansbury Basin, which also contains skele-
tal fossils, although as Myrow and Hiscott have pointed out, it is by no means certain
that the Newfoundland sequences have global correlation potential either.

Amadeus and Georgina Basins

The facies succession of the Uratanna Formation (Mount 1993) resembles Arumbera
Sandstone units 3 and 4 in the Amadeus Basin (Lindsay 1987; Kennard and Lindsay
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1991; Lindsay et al. 1993). Unit 3 overlies the Ediacaran metazoan-bearing unit 2
with a conformable to disconformable contact. Arumbera unit 3 comprises siltstone
with interbeds of laminated and rippled sandstone. Arumbera unit 4 comprises thick
sandstone beds with climbing ripples and hummocky cross-stratification, followed
by bioturbated and channel-filling, cross-bedded sandstone that passes conformably
into tidal deposits of the Todd River Dolomite.

Arumbera Sandstone units 3 and 4 record upward transition from prodelta or ba-
sinal muddy deposits at the base through delta front to coastal delta plain deposits at
the top. This succession was placed in the highstand systems tract by Lindsay (1987)
and in the lowstand tract by Kennard and Lindsay (1991) and Lindsay et al. (1993),
as shown in figure 6.5.

Trace fossils are abundant in Arumbera Sandstone units 3 and 4, with 36 taxa
noted by Walter et al. (1989). The first records of Treptichnus pedum, Diplichnites sp.,
and Rusophycus sp. occur in the delta slope facies 20 m above the base of Arumbera
Sandstone unit 3 (Arumbera II of Daily 1972), and Plagiogmus sp. occurs in Arum-
bera 4 (Daily’s Arumbera III), 2 m above the first occurrence of hyoliths (Haines
1991). We follow Mount and McDonald (1992) in correlating Arumbera Sandstone
unit 3 with the upper Uratanna and upper Mount Terrible formations, and Arumbera
Sandstone unit 4 with the uppermost Uratanna, uppermost Winulta and Parachilna
formations. These occurrences span the Uratanna-€1.1 sequence boundary. Trace
fossils in the Namatjira Formation are placed here in the lowstand of sequence €1.1.
It is likely on present evidence that the Precambrian-Cambrian boundary in the Ama-
deus Basin occurs in upper Arumbera 2, which lacks trace fossils (Walter et al. 1989).

Trace fossils in the Huckitta region of the Georgina Basin are diverse and well pre-
served in the 300 m-thick quartzose Mount Baldwin Formation (Walter et al. 1989).
They include ?Bergaueria sp., Treptichnus sp., Helminthopsis sp., and Diplocraterion
parallelum. Although the stratigraphic context of the traces is not reported, they also
appear to span the Uratanna-€1.1 sequence boundary, and they occur in the thick-
est accumulation of sandstone at this level in Australia.

ARCHAEOCYATH SEQUENCE BIOSTRATIGRAPHY

Stratigraphic studies of South Australian archaeocyaths (Gravestock 1984; Debrenne
and Gravestock 1990; Lafuste et al. 1991; Zhuravlev and Gravestock 1994) and tax-
onomic revision of the whole class (Debrenne et al. 1990; Debrenne and Zhuravlev
1992) provide sufficient information to assess the distribution of archaeocyath spe-
cies within a sequence stratigraphic framework.

The four sequences are depicted in figure 6.4 with a relative sea level curve for the
Arrowie and Stansbury basins. Archaeocyath assemblage zones (Zhuravlev and Grave-
stock 1994) are shown at the base of the figure, and the number of species within
each zone is depicted in columns. Older trace and shelly fossil occurrences are also
shown. Horizontal scales are arbitrary, as is the relative sea level curve, although de-
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Figure 6.4 Arrowie and Stansbury Basin archaeocyath assemblage zones, species diversity,
sequences, and relative sea level curve.

piction of increasing water depth through the Early Cambrian (dashed envelope in
figure 6.4) is in accord with a generally transgressive setting. This envelope represents
a second-order cycle of sea level change from the terminal Proterozoic to late Boto-
man, an estimated 20—-25 m.y.; thus each third-order sequence spanned about 5 m.y.

Arrowie Basin

Sandstone of the Parachilna Formation, interpreted as a lowstand deposit near the
base of sequence €1.1, lacks archaeocyaths but bears in its lowermost part abun-
dant burrows of Diplocraterion parallelum. The first shelly fossil, Bemella sp., appears
at a higher level (Daily 1976a). The conformably overlying Woodendinna Dolomite
(Haslett 1975) represents a lowstand tidal flat composed of stromatolitic and oolitic
carbonates.

The first archaeocyaths, together with Epiphyton and Renalcis, formed small bio-
herms 38—-50 m above the base of the Wilkawillina Limestone at Wilkawillina Gorge.
(Calcimicrobes in South Australia referred to as Epiphyton [cf. James and Gravestock
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1990] are more likely Gordonophyton [A. Zhuravlev, pers. comm., 1995]). Initially
there were 14 species (Warriootacyathus wilkawillinensis Zone). Submarine erosion
surfaces within this zone at Wilkawillina Gorge are interpreted as marine flooding
surfaces. With continued transgression, the pioneer species were replaced by 43 new
species, which formed the Spirillicyathus tenuis Zone (figure 6.4). A deep-water bio-
herm in the Mount Scott Range is overlain by small bioherms composed mostly of
“Epiphyton” with only six archaeocyath species, suggesting agitated, shoaling marine
conditions. Continued sea level fall and moderate-to-high energy conditions are evi-
denced by cross-bedded fossil packstone with scarce, small bioherms. These beds con-
tain 22 species of archaeocyaths of the Jugalicyathus tardus Zone and are interpreted
to be late highstand deposits of sequence €1.1.

At Wilkawillina Gorge, species diversity remained moderately high to the base of
the Flinders Unconformity, a distinctive exposure surface capped by red microstro-
matolites (Daily 1976b; James and Gravestock 1990). The tardus zone was truncated,
with no preservation of regressive facies. The excursion of the Flinders Unconformity
to the left in figure 6.4 depicts this truncation. In contrast, abundance and diver-
sity dropped markedly in the Mount Scott Range, where thinly laminated limestones
rich in other skeletal fossils yielded only three archaeocyath species. Thus the top of
the tardus zone in the Arrowie Basin is defined by disconformity and facies change
depending on locality, both resulting from the interplay of relative sea level fall and
subsidence.

A lowstand wedge of Bunkers Sandstone intervenes between the Mernmerna For-
mation and Oraparinna Shale, separating sequences €1.2 and €1.3. Archaeocyaths
are scarce in slope deposits between the Flinders Unconformity and Bunkers Sand-
stone, and species in adjacent shelfal facies are poorly studied. The informal name
“Syringocnema favus beds” applies only to upper shelf carbonates of the Ajax and Wil-
kawillina limestones and the Moorowie Formation (Zhuravlev and Gravestock 1994).
The 110 or so species from these younger limestones are arbitrarily shared equally
between the unzoned interval and the favus beds (figure 6.4). The first appearance of
S. favus above the Bunkers Sandstone suggests that the favus beds are entirely within
sequence €1.3.

Botoman time (sequences €1.2 and €1.3) in the Arrowie and Stansbury basins
was characterized by the appearance of distinct shelves with abrupt margins and of
slopes with mass flow deposits and basin plains; the last contains mainly shales vari-
ably enriched in organic matter, pyrite, and phosphorite. Examples are the Midwerta
Shale, Nepabunna Siltstone, Mernmerna Formation, and Oraparinna Shale in the Ar-
rowie Basin and the Heatherdale Shale in the Stansbury Basin (see figure 6.2). [Note
that the name “Mernmerna Formation” (Dalgarno and Johnson 1962) is now applied
to the formation previously mapped as Parara Limestone in the Arrowie Basin. Usage
of “Parara Limestone” is restricted to the Stansbury Basin—type area.] Growth of sub-
marine topography was accompanied by rift-related volcanic activity in the Stansbury
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Basin (Truro Volcanics), with eruptive phases recorded as tuff beds within sequences
€1.2 and €1.3 in both basins. Submarine volcanism was more marked in western
New South Wales, where correlative archaeocyaths accumulated in lenticular lime-
stones enclosed in the Mount Wright Volcanics and in tuffs and cherts of the Cym-
bric Vale Formation (Kruse 1982).

During Botoman time, shelf and shelf-margin settings in the Arrowie Basin were
favored sites of reef growth, the principal constructors being archaeocyaths and calci-
microbes (James and Gravestock 1990). In the Moorowie Formation, reefs are inter-
preted as having developed in a sea-marginal fan setting. Competition for space is re-
flected in complex growth interactions between reef builders (Savarese et al. 1993),
which include archaeocyaths, “sphinctozoans,” calcimicrobes, coral-like cnidarians,
and possibly true tabulates (Lafuste et al. 1991; Fuller and Jenkins 1994; Sorauf and
Savarese 1995). There is a distinct tendency among some of these archaeocyaths to-
ward modular growth, a habit that increased through the Early Cambrian (Wood et al.
1992).

Archaeocyath diversity was high, as witnessed by the 110 species shown in fig-
ure 6.4, and coincided with the second-order high sea level curve, considered global
in extent (Zhuravlev 1986). In the uppermost 20-50 m of the Andamooka Limestone
on the Stuart Shelf and upper levels of the Ajax, Wilkawillina and Moorowie lime-
stones and Oraparinna Shale in the Flinders Ranges, there is evidence of widespread
regression (Daily 1976b). Oolitic, fenestral, stromatolitic, and evaporitic units, which
typify this final phase of carbonate deposition, represent the late highstand systems
tract of sequence €1.3. Immediately beneath these deposits in the upper Andamooka
and Wilkawillina limestones is a distinctive bioherm type composed of thrombolite-
like intergrowths of Renalcis and Botomaella (type 1 calcimicrobe boundstones; James
and Gravestock 1990). In such bioherms, there are no more than three species of
dwarfed archaeocyaths, which are assigned to the upper favus beds.

Archaeocyaths and corals disappeared from the Arrowie Basin principally because
of tectonic adjustments and attendant shifts of facies belts. Only Archaeocyathus aba-
cus, Ajacicyathus sp., and the radiocyath Girphanovella gondwana are recorded in the
Wirrealpa Limestone (Kruse 1991). Correlation with the Redlichia chinensis zone of the
Chinese Longwangmiaoan stage is evident from trilobites at this stratigraphic level
(Jell in Bengtson et al. 1990).

Stansbury Basin

Archaeocyaths in the Stansbury Basin (Debrenne and Gravestock 1990; Zhuravlev and
Gravestock 1994) occur in the Kulpara Formation and Parara Limestone on Yorke
Peninsula and in the Sellick Hill Formation and Fork Tree Limestone on Fleurieu Pen-
insula (see figure 6.2). Figure 6.4 depicts archaeocyath species diversity as it is pres-
ently known. The same sequences and sea level curve as used for the Arrowie Basin



118 David I. Gravestock and John H. Shergold

are shown at the top of the figure, but the curve is “generic” and intended only as a
guide. Variations in subsidence, sediment supply, and the position of studied sections
relative to the paleoshoreline lead to different local sea level curves. The studied out-
crops are on opposite sides of the present Gulf St. Vincent, which necessitates switch-
ing from Yorke Peninsula to Fleurieu Peninsula (designated Y.P. and F.P., respectively,
in figure 6.4) in the following account.

Peritidal oolite, stromatolites, and fenestral carbonates in the Wangkonda Forma-
tion and through most of the Kulpara Formation indicate that conditions unsuited to
archaeocyaths prevailed longer in the Stansbury Basin than elsewhere (Daily 1972).
The wilkawillinensis zone is thus not recorded, but the tenuis zone on southern Yorke
Peninsula is represented by 11 species in the upper Kulpara Formation and basal
Parara Limestone where these units are conformable.

Deposition on Yorke Peninsula was controlled by a tectonically active hinge, south
of which the Kulpara Formation and Parara Limestone are conformable and north of
which they are disconformable (Zhuravlev and Gravestock 1994). On southern Yorke
Peninsula (e.g., at Curramulka Quarry), the Parara Limestone contains a rich inverte-
brate fauna (Bengtson et al. 1990) in dark, micritic, and nodular phosphorite-enriched
limestone, indicating upwardly deepening marine conditions. Archaeocyaths of the
tenuis zone are rapidly lost, and the tardus zone is not represented. On northern Yorke
Peninsula, at Horse Gully, the Flinders Unconformity surface overlies a condensed
section in the upper 2 m of the Kulpara Formation, which displays evidence of sub-
aerial exposure (Wallace et al. 1991; Zhuravlev and Gravestock 1994). Archaeocyaths
of the tenuis zone in this section are overlain by skeletal fossils found elsewhere in the
tardus zone (e.g., Microdictyon depressum).

Archaeocyaths on Fleurieu Peninsula occur near the top of the Sellick Hill Forma-
tion, which Daily (1972) correlated with the top levels of his Faunal Assemblage 2 (=
tardus zone) or Faunal Assemblage 3 on Yorke Peninsula. Alexander and Gravestock
(1990) interpreted the Sellick Hill Formation to comprise outer shelf and ramp sedi-
ments deposited during marine transgression. Lower levels contain hyoliths, mol-
lusks, and a rich ichnofauna of predominantly horizontal traces (including T. pedum).
Middle levels show evidence of slope instability and intense storm activity (Mount
and Kidder 1993), and upper levels contain archaeocyath framestone bioherms.

The 14 species of regular archaeocyaths (including the Botoman genus ?Inacya-
thella) are assigned to the tardus zone (Debrenne and Gravestock 1990; Zhuravlev and
Gravestock 1994). Two of the 14 species also occur in the tenuis zone in the Arrowie
Basin, but not on Yorke Peninsula, and 5 species are restricted to Fleurieu Peninsula.
There is no evidence of subaerial exposure as found at the top of the Kulpara Forma-
tion on northern Yorke Peninsula, but Alexander and Gravestock (1990) recorded a
thin, laterally persistent bioclastic packstone containing 7 species of abraded archaeo-
cyaths and other fossil debris. They suggested that this bed was the reworked prod-
uct of eroded bioherms. It overlies multiple corroded and phosphatized surfaces and
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is interpreted here as the culmination of a series of high-energy events on the carbon-
ate ramp during low sea level at the top of sequence €1.1 (see figure 6.4). The impact
of the fall in relative sea level that gave rise to the Flinders Unconformity was not great,
because unlike those on the shelf, these ramp carbonates were not exposed.

The overlying bioherms thus grew in the transgressive systems tract of sequence
€1.2. Six archaeocyath species persisted into the conformably overlying Fork Tree
Limestone. The postulated outer ramp setting may explain the oligotypic archaeocy-
ath faunas in these bioherms, within which exocyathoid outgrowths, rather than cal-
cimicrobes, bound the cups together (Debrenne and Gravestock 1990).

Continued marine transgression is evidenced by deposition of the conformably
overlying Heatherdale Shale, which contains a bivalved arthropod and rare conoco-
ryphid trilobite fauna (Jago et al. 1984; Jenkins and Hasenohr 1989). There is no
evidence, either on Fleurieu Peninsula or on Yorke Peninsula (where Parara Lime-
stone continued to be deposited), of the lowstand that marked the boundary between
sequences €1.2 and €1.3, except perhaps immediately beneath the mottled upper
member of the Fork Tree Limestone, where small calcimicrobe-archaeocyath bio-
herms indicate shallow marine conditions. The most likely explanation for a cryptic
boundary is tectonic subsidence, which exceeded sea level fall as rifting and volcan-
ism commenced only a few tens of kilometers to the east.

There is outcrop, drill core, and seismic evidence that a Botoman reef complex ex-
tended from Horse Gully to Edithburgh on Yorke Peninsula and probably to Kangaroo
Island, a distance of 120 km. Pale pink, massive limestone of the Koolywurtie Mem-
ber of the Parara Limestone (Daily 1990) is composed of calcimicrobe-archaeocyath
boundstone, Girvanella crust boundstone, and oncolitic and bioclastic packstone,
capped by peritidal fenestral limestone. Bioherms are overlain by mud-cracked red
beds or fissile micrite and shale interpreted as coastal lagoon deposits. The Emu Bay
Shale on Kangaroo Island with its Lagerstatte of Hsuaspis bilobata, Redlichia takooen-
sis, anomalocaridids, and Isoxys may be a contemporaneous lagoonal deposit (Nedin
1995). The underlying White Point Conglomerate contains reworked boulders of
reef rock resulting from tectonic activity (Kangarooian Movements; Daily and Forbes
1969).

Twenty-eight species of archaeocyath (plus Acanthinocyathus and a radiocyath) in
the Koolywurtie Member are assigned to the favus beds (Zhuravlev and Gravestock
1994) (see figure 6.4). These species occur in the Flinders Ranges, western New South
Wales (Kruse 1982), or Antarctica (Hill 1965; Debrenne and Kruse 1986, 1989). Sy-
ringocnemidids also occur in eastern Tuva and western Sayan in Russia. The Kooly-
wurtie reefs are interpreted to have formed in the highstand systems tract of sequence
€1.3, and the wide dispersal of archaeocyath species testifies to high global sea level
in middle to late Botoman time.

A single species, Archaeopharetra irregularis, is interpreted to have survived sea level
fall prior to the onset of red bed deposition represented by the Minlaton Formation
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(see figure 6.2). The overlying Ramsay and Stansbury limestones contain brachio-
pods and small skeletal fossils (Brock and Cooper 1993), but archaeocyaths have not
been found in these units.

Amadeus and Georgina Basins

The Todd River Dolomite in the northeastern Amadeus Basin is composed of six facies
described in detail by Kennard (1991). Three siliciclastic-carbonate units are overlain
by high-energy reef shoals, low-energy shelf deposits with patch reefs, and stromato-
litic mudrocks. Six archaeocyath taxa and a radiocyath were described by Kruse (in
Kruse and West 1980) as predominantly from the reef-shoal facies at Ross River. Most
are restricted to the Amadeus and Georgina basins, but Beltanacyathus sp. at the base
of the reef-shoal facies, an indeterminate trilobite, and the brachiopod Edreja aff. dis-
tincta (Laurie and Shergold 1985; Laurie 1986) higher in the section indicate that both
the upper tenuis and tardus zones may be represented. Rare archaeocyaths in micro-
bial bioherms in the underlying barrier bar facies have not been described.

In their sequence stratigraphic study of the Amadeus Basin, Lindsay et al. (1993)
concluded that the barrier-bar, reef, and stromatolitic mudflat facies were deposited
in transgressive and highstand systems tracts. In the Arrowie and Stansbury basins
the tenuis and tardus zones occur in these systems tracts in sequence €1.1, confirm-
ing that the same sequence is represented in all three basins. Subaerial exposure and
dissolution at the top of the Todd River Dolomite (Kennard 1991) are complex and
may be related not only to the Flinders Unconformity but also to lowstand at the top
of sequence €1.3. The long hiatus in figure 6.5 between the Todd River Dolomite and
overlying units reflects these lowstand events.

The disconformably overlying Chandler Formation is considered by Lindsay et al.
(1993) to be of Botoman age. Like Shergold (1995), we favor an Ordian—early Tem-
pletonian age because that is the age of fossils in the laterally equivalent Chandler For-
mation limestone and the lower Giles Creek Dolomite (“Giles Creek Dolomite” in
figure 6.5). The Chandler Formation is composed primarily of halite with a medial
unit of fetid limestone devoid of fossils. Bradshaw (1991) envisages a deep desiccated
basin with two stages of drawdown and an intervening flooding event. It is overlain
by the late Templetonian—Floran Tempe Formation, Hugh River Shale, or Giles Creek
Dolomite. Major changes in coastline configuration wrought by late Botoman tectonic
activity in the Arrowie and Stansbury basins may also have resulted in epeirogenic
uplift of the Amadeus Basin region (Chandler Movement; Oaks et al. 1991).

The Chandler Formation salt may result from alternating lowstand and transgres-
sion in sequences €2.1 to €2.3, a time of global fall in sea level (Toyonian regression
of Rowland and Gangloff 1988). If the salt indeed marks this Early Cambrian regres-
sion, an age discrepancy arises because of the Ordian—Early Templetonian fossils,
which seemingly correlate with the South Australian sequence €3.1 (cf. figures 6.2
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Figure 6.5 Cambrian sequence stratigraphy of the Amadeus Basin (modified after Kennard and
Lindsay 1991). E.Temp. = Early Templetonian; L.Temp. = Late Templetonian.

and 6.5). Most of the Chandler Formation halite (225-470 m thick) might, however,
be appreciably older than the thin (10 m) fossiliferous carbonate beds that occur in
upper levels. Alternatively, correlation of the salt with the Toyonian regression is un-
tenable, and a basal Middle Cambrian epoch of desiccation may be invoked.

The archaeocyath fossil record in the Georgina Basin is sparse. Kruse (in Kruse and
West 1980) described four archaeocyaths and a radiocyath from the Errarra Forma-
tion in the Dulcie Syncline. Correlation with the tardus zone is favored, but the re-
ported co-occurrence of Dailyatia ajax and Yochelcionella in drillhole Tobermory 12
(Laurie 1986) suggests a younger, mid-Botoman age at that locality. Dailyatia ajax is
now known to be long-ranging in the Stansbury Basin. Further studies of brachio-
pods, mollusks, and small shelly fossils are warranted in the Georgina and Amadeus
Basins.

MIDDLE CAMBRIAN TRILOBITE SEQUENCE BIOSTRATIGRAPHY
Background

There remains a fundamental dilemma in Australia as to exactly what is to be regarded
as Early Cambrian and what Middle Cambrian. The correlation of the South Austra-
lian basins with those of central and northern Australia (Amadeus and Georgina in
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particular) is fraught with interpretative difficulty due principally to a dearth of South
Australian trilobites. In this paper, we base our definition of the Early-Middle Cam-
brian boundary on the suggestion of Jell (1983), who regarded the first occurrence of
the eodiscid genus Pagetia to define Middle Cambrian time, following the last occur-
rence of Pagetides. Although Pagetia occurs widely in central and northern Australian
basins, it has been recorded only recently in South Australia, in the Stansbury Basin.
There, Ushatinskaya et al. (1995) have recovered 10 specimens of Pagetia sp. from the
shallow marine Coobowie Limestone in Port Julia 1A corehole on Yorke Peninsula.
This suggests that the epoch boundary should be sought in the Stansbury Basin be-
tween sequences €2.3 and €3.1. The Moonan Formation, which underlies the Coo-
bowie Limestone, consists of transgressive black shale followed by highstand siltstone
and sandstone, necessitating the addition of a new sequence, €2.3, where previously
only one was considered (Gravestock 1995). Stratigraphically beneath are the Stans-
bury Limestone, Corrodgery Formation and Ramsay Limestone (Daily 1990) (see fig-
ure 6.2).

By correlation, the Wirrealpa Limestone is Early Cambrian from the occurrence of
Redlichia guizhouensis Zhou (Lu et al. 1974) in association with archaeocyaths and a
radiocyath (Kruse 1991), and brachiopods, mollusks, and small shelly fossils from
both the Ramsay and Wirrealpa limestones (Brock and Cooper 1993). Shales and red
beds of the succeeding Moodlatana Formation, containing Onaraspis rubra at lower
levels, may be Early or Middle Cambrian. The base of the Middle Cambrian in central
and northern Australia has been taken traditionally at the beginning of the Ordian
stage (sensu Opik 1967b), in which species of Onaraspis, Redlichia, Xystridura, and
Pagetia all occur, but archaeocyaths are absent. Because only two Middle Cambrian
trilobite taxa are currently known in South Australia, the ensuing text is restricted to
central and northern Australian basins, specifically the Amadeus and Georgina basins.

Amadeus Basin

The Amadeus Basin is graced with spectacular outcrops of Cambrian rocks, and its
sequences (see figure 6.5) should be pivotal in resolving correlation problems be-
tween the South Australian basins and the Georgina Basin, since the archaeocyath-
bearing Lower Cambrian rocks allow correlation with the former, and the trilobite-
bearing Middle Cambrian permits correlation with the latter. Unfortunately, Lower
and Middle Cambrian biostratigraphy of the Amadeus Basin is basically undeveloped,
and sequence stratigraphy results largely from seismic stratigraphy, down-hole geo-
physics, and sedimentation patterns.

Of its four sedimentary compartments, only the easternmost Ooraminna Sub-basin
can be correlated with reasonable confidence into the Georgina Basin. This depo-
center contains the four diagnostic trilobite genera that define the Ordian stage (sensu
stricto) in the lower “Giles Creek Dolomite” (see figure 6.5), which we regard as the
carbonate lateral equivalent of the evaporitic Chandler Formation. This last formation,
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Figure 6.6 Sequence stratigraphic relationship of formations in the Georgina Basin
(after Southgate and Shergold 1991).

comprising 95 percent halite, represents the time of maximum desiccation in central
Australia. Minor evaporites recorded in the Moodlatana Formation of the Arrowie Ba-
sin, and those of the Gum Ridge Formation and Thorntonia Limestone of the Georgina
Basin may be correlated through this Ordian event. The Amadeus Basin regrettably
offers no assistance in the resolution of the Early-Middle Cambrian epoch boundary.

Georgina Basin

Our present discussions relate mainly to the eastern (Burke River Structural Belt) and
northern (Thorntonia to May Downs) portions of the Georgina Basin. There are in-
sufficient published data to include the Dulcie and Toko synclines in the southwest-
ern part of the basin. However, this area contains the first recorded Cambrian se-
quence of the Georgina Basin, which includes archaeocyath-bearing carbonates of late
Atdabanian-Botoman age. There is considerable hiatus between this Early Cambrian
sequence and the first of the two Middle Cambrian sequences, which is of Ordian—
early Templetonian age.

The two Middle Cambrian sequences are essentially those defined by Southgate
and Shergold (1991), who have listed the formations these sequences contain and
their interpreted depositional environments. In this chapter, however, we leave Middle
Cambrian sequence 1 undivided (figure 6.6) and regard it equivalent to subsequence
1 of Southgate and Shergold (1991). The overlying subsequence 1a of these authors
was separated on the basis of the occurrence of the Bronco Stromatolith Bed, ferrugi-
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nous surfaces, phosphatic crusts, and widespread coquinite, which they considered
to have been deposited in an algal marsh lowstand environment and to represent evi-
dence for subaerial erosion. Southgate (pers. comm., 1995) now considers these fea-
tures to represent submarine erosion and assigns them, together with basinal and
outer shelf correlatives (Beetle Creek Formation and probably contemporaneous Bur-
ton beds), to the condensed section of the second Middle Cambrian sequence (se-
quence 2 of Southgate and Shergold 1991). This interpretation adds a different di-
mension to the sequence stratigraphic analysis and biostratigraphy of the Middle
Cambrian of the Georgina Basin.

Some evidence remains for subaerial erosion at the top of sequence 1 in the north-
ern part of the Thorntonia region, at the top of the Thorntonia Limestone. At the Ard-
more Inlier in the Burke River Structural Belt, halite hoppers (Henderson and South-
gate 1980; Southgate 1982) occur in the Ardmore Chert Member at the top of the
Thorntonia Limestone, concluding sequence 1 sedimentation there.

Middle Cambrian sedimentation is governed by relative subsidence of underly-
ing basement structures. As indicated by Southgate and Shergold (1991), the Middle
Cambrian sequences of the eastern and northeastern Georgina Basin formed in re-
sponse to continuously increasing relative sea level as the Mount Isa Block (and other
basement blocks beneath the basin) began to subside. Middle Cambrian sequence 1
represents the initial transgressive event that onlapped from the north or northeast. It
is extremely widespread across northern Australia, occurring in the Bonaparte, Ord,
Arafura, Daly, and Wiso basins, as well as the Georgina (see figure 6.1). Its strati-
graphic equivalents in the Amadeus and Ngalia basins are identified with certainty
only in the easternmost Amadeus (lower “Giles Creek Dolomite” in the Gaylad Syn-
cline and at Deep Well).

Middle Cambrian sequence 2 represents renewed transgression. In the Burke River
Structural Belt, successive retrogradational parasequence sets onlapped the eastern
edge of the Mount Isa Block (Southgate and Shergold 1991), while in the Thorntonia
region basement paleotopography continued to influence the distribution of individ-
ual lithofacies packets, e.g., phosphatic sediments of the Gowers Formation (Sher-
gold and Southgate 1986; Southgate 1986). Sedimentation along the western margin
of the Mount Isa Block was also largely transgressive.

Thorntonia Region

Sequence 1, represented by the Mount Hendry Formation, is characterized initially by
sandstone, conglomerate, arkose, siltstone, and shale, representative of coastal plain,
fluvial, and valley-fill environments in the lowstand systems tract. These sediments are
extremely sparsely fossiliferous, with only occasional ichnofossils occurring. Phos-
phorite, phosphatic limestone, and limestone of the Border Waterhole Formation and
Thorntonia Limestone formed in the transgressive systems tract, and platform car-
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Figure 6.7 Trilobite diversity in the Middle Cambrian sequences of the
eastern Georgina Basin. Numbers represent estimated taxa present.

bonate and peritidal carbonate of the upper Thorntonia Limestone represent the high-
stand systems tract. An oncolitic unit marks the top of sequence 1. Biostratigraphi-
cally, sequence 1 is distinguished by the co-occurrence of the trilobite genera Redlichia
and Xystridura and, in certain other basins, Onaraspis. Redlichia predominates in the
Border Waterhole Formation, the Thorntonia Limestone, and the Yelvertoft bed, with
10 species described from the Yelvertoft bed and associated lithofacies by Opik
(1970b). In earlier publications, this fauna has been used to diagnose the Ordian
stage (Opik 1967b) and the Redlichia chinensis Zone (biofacies).

The condensed section of sequence 2, containing xystridurid trilobite coquinite,
stromatolite, encrinite, and phosphatic hardgrounds of the transgressive Bronco Stro-
matolith Bed, is dominated by an undetermined species of the Xystridura (Xystridura)
templetonensis Zone (biofacies).

On the Barkly Tableland, to the west of the Thorntonia region, the probably con-
temporaneous Burton beds, containing limestone, shale and chert overlying coqui-
nite, contribute a further 15 species to the “Pentagnostus” Zone in figure 6.7.

Upper levels of the transgressive and highstand systems tracts in Middle Cambrian
sequence 2 contain the following: Inca Formation, comprising organic-rich black
shale belonging to the late Templetonian—Floran Stage, Triplagnostus gibbus—Acidusus
atavus zones; Gowers Formation, composed of peritidal phosphorites and phosphatic
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limestones of late Floran, Euagnostus opimus age; ramp, platform margin, and plat-
form carbonates of the Currant Bush, Age Creek, Mail Change, and V Creek lime-
stones belonging to the Undillan, Ptychagnostus punctuosus and Goniagnostus nathorsti
zones. Estimated numbers of trilobite taxa recorded from these zones are plotted on
figure 6.7.

Burke River Structural Belt

A more complete, different, Middle Cambrian stratigraphy is preserved along the
western margin of the Burke River Structural Belt and can be tied into the sequences
of the Thorntonia—Mount Isa region through the Ardmore Inlier. At the latter, only
Middle Cambrian sequence 1 and the condensed section and part of the initial over-
lying transgressive systems tract of sequence 2 are preserved. Basal lowstand terrige-
nous clastics of the Ardmore Inlier are referred to the Riversdale Formation but are
thought to correlate with the Mount Hendry Formation of the Thorntonia region and
the Mount Birnie beds of the Burke River Structural Belt immediately to the north.
The Riversdale Formation passes gradually into the Thorntonia Limestone, whose up-
permost unit is the evaporitic Ardmore Chert Member, which contains Redlichia chi-
nensis, and terminates sequence 1 (Southgate and Shergold 1991). The base of the
overlying condensed section comprises organic-rich black shale, siltstone, and lami-
nated coquinite composed almost entirely of Xystridura (Xystridura) carteri (see Opik
1975:14). This unit is in turn overlain in the transgressive systems tract by phos-
phorite deposits known unofficially as the Simpson Creek Phosphorite.

In the Burke River Structural Belt per se, an almost complete Middle Cambrian
succession crops out between The Monument in the south and Roaring Bore to the
northeast of Duchess, a distance of approximately 80 km. Sequence 1 is well exposed
at Rogers Ridge, adjacent to The Monument (Shergold and Southgate 1986; Nordlund
and Southgate 1988; Southgate and Shergold 1991). Unfossiliferous Mount Birnie
beds forming the lowstand systems tract pass gradually into dolostone with chert nod-
ules referred to Unit 1 of the Thorntonia Limestone, and these pass in turn into a stro-
matolitic unit (unit 2) containing species of Redlichia, which marks the highstand of
sequence 1. Laminoid fenestral carbonate at the top of unit 2 is suggested to mark the
succeeding lowstand systems tract of sequence 2.

The uppermost unit of the Thorntonia Limestone at Rogers Ridge (Unit 3) consists
of cyclic phosphatic grainstone, mudstone, skeletal packstone, and dolomitic lime-
stone with hardgrounds and is interpreted as the first of three transgressive para-
sequence sets of sequence 2. Its fauna (Southgate and Shergold 1991: appendix 3)
contains agnostid, oryctocephalid, and xystridurid trilobites, including a probable
species of Pentagnostus. It may immediately predate the Triplagnostus gibbus zone or
represent that zone, without the index species. It is succeeded by organic-rich black
shale, formerly correlated with the Beetle Creek Formation but now demonstrably
younger, from which Opik (1975) at nearby Galah Creek identified seven trilobite
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taxa, including the species Xystridura (Xystridura) carteri, X. (X.) dunstani, and Gala-
hetes fulcrosus occurring with agnostids, importantly Triplagnostus gibbus. Shergold
(1969) also described an undetermined species of the oryctocephalid Sandoveria
from this locality. Southgate and Shergold (1991) referred this black shale to the Inca
Formation, in the second transgressive parasequence set.

Parasequence set 2 also contains the Monastery Creek Phosphorite. This termi-
nates at a concretionary limestone layer, interpreted as a condensed section, in the
basal transgressive systems tract of parasequence set 3 of the overlying Inca Forma-
tion. Both the phosphorite and concretions are the same age, which is at the overlap
of the late Templetonian and early Floran stages, Triplagnostus gibbus/Acidusus atavus
zones. A very large phosphatic and phosphatized fauna has been obtained from the
Monastery Creek Phosphorite, which includes 11 trilobites (Shergold, in prep.). Only
three trilobite taxa occur in the condensed section.

Sedimentation continued in the transgressive systems tract throughout the re-
mainder of Inca Formation, with the deposition of organic-rich black shale contain-
ing a predominantly pelagic fauna of agnostid trilobites of the Acidusus atavus and
Euagnostus opimus zones, associated with nepeid and dolichometopid trilobites. This
formation passes laterally into and is gradually overlain by Devoncourt Limestone,
represented by dark bioclastic highstand ramp carbonate similar to the Currant Bush
Limestone of the Thorntonia region, deposited during the Undillan zones of Ptychag-
nostus punctuosus and Goniagnostus nathorsti. These zones are again dominated by the
occurrence of agnostids, together with nepeid and dolichometopid trilobites (Opik
1970a, 1982), and also by the appearance of new ptychopariids, such as Papyriaspis,
Asthenopsis, and mapaniids.

In the northern part of the Burke River Structural Belt, the Roaring Siltstone re-
flects continuing deposition in the transgressive systems tract. It contains black shales
with pelagic trilobite assemblages of the Boomerangian Lejopyge laevigata zone, di-
vided by Opik (1961) into three subzones: Ptychagnostus cassis, Proampyx agra, and
Holteria arepo. Like the earlier Inca Formation, the Roaring Siltstone passes laterally
and vertically into Devoncourt Limestone with, at Roaring Bore northeast of Duchess,
a layer of calcareous concretions intervening, which suggests the onset of the high-
stand systems tract. The faunas of the Roaring Siltstone and Devoncourt Limestone,
while containing cosmopolitan agnostid trilobites and species of Centropleura, be-
come more varied in composition, including ptychopariid, nepeid, dolichometopid,
and mapaniid genera.

The Devoncourt Limestone passes gradually into the Selwyn Range Limestone,
composed of fine-grained, aphanitic, sparsely fossiliferous limestone totally unlike
earlier carbonates in the Burke River region. These appear to terminate the highstand
of the Devoncourt Limestone at the Middle-Late Cambrian passage. Elsewhere in the
Georgina Basin, the Middle-Late Cambrian transition is characterized by endemism
amongst the trilobite faunas, but rich diversity and rapid turnover during the Min-
dyallan Stage (Opik 1967a, 1970a).
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IMPLICATIONS
Species Diversity and Relative Sea Level Change

The earliest abundant and diverse trace fossil assemblages occur in shallow subtidal,
upper highstand clastic sediments of the Uratanna sequence, and the lowstand tract
of sequence €1.1. Alexander and Gravestock (1990) have also recorded abundant
traces in the lower transgressive tract of sequence €1.1. Mount and McDonald (1992)
concluded that such distribution reflects “habitat preference of the earliest Cambrian
trace-generating organisms,” a habitat that appears best developed during the low-
stand half-cycle of relative sea level, when coastal shelves were broadest and silici-
clastic sediments in greatest supply from adjacent hinterlands.

Most Australian archaeocyaths ranged from the middle Atdabanian to late Boto-
man, an epoch of increase and then decline in global archaeocyath generic diversity
(A3-B3) (Debrenne 1992). In figure 6.4 the numbers of archaeocyath species are
plotted against the sequence stratigraphy and a notional relative sea level curve, to
allow comparison of species diversity between the Arrowie and Stansbury basins.
Higher diversity of archaeocyaths in the Arrowie Basin results from the persistence of
carbonate shelf environments through successive cycles of relative sea level change.
Shelves and associated intrashelf depressions supported a variety of archaeocyath-
demosponge-“coralline sponge” and archaeocyath-calcimicrobe bioherms ( James and
Gravestock 1990). In contrast, conditions suited to archaeocyath growth were inter-
mittent in the shelf/ramp setting of the Stansbury Basin. There, stromatolite mudflats
and ooid shoals prevailed in wilkawillinensis time, and subsequent successive marine
transgressions effectively drowned the shelf. Bioherms of the tardus Zone on Fleurieu
Peninsula were oligotypic (Debrenne and Gravestock 1990), and only during middle
to late Botoman time did a major bioherm complex develop, as noted above.

Alink between temporal species diversity and relative sea level is evident in the Ar-
rowie Basin. The lowstand tract of sequence €1.1 lacks archaeocyaths but, with ini-
tial marine transgression, 14 species of the wilkawillinensis zone became established.
As transgression continued (while high carbonate production maintained shelf areas),
diversity increased to 43 species in the tenuis zone. More than half (23 species) occur
in a deep-water bioherm with other sponges (“Tor Herm”; James and Gravestock
1990). None of the wilkawillinensis zone species survived, suggesting depth-related
community replacement similar to that documented for Mongolian Zuune Arts build-
ups by Wood et al. (1993). Nine tenuis zone species ranged into the tardus zone,
which totals 22 species in the highstand tract.

The transgressive phases of sequences €1.2 and €1.3 lack detailed study but have
the following general attributes. Shelf areas that persisted during the €1.2 transgres-
sion were covered by small bioherms and oolite-oncolite-calcarenite banks and
shoals. Buildups at Wirrealpa Mine contain a diverse archaeocyath assemblage that
differs from that in the tardus zone. The Moorowie Mine reef and Ten Mile Creek bio-
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herms of sequence €1.3 (Lafuste et al. 1991) also contain species largely distinct from
those stratigraphically below and include some giant individuals up to 200 mm in di-
ameter. Late highstand archaeocyath communities are depauperate (see figure 6.4),
and lowstand exposure of shelves resulted in species extinction in the central Arrowie
Basin. Successive marine transgressions thus appear to have brought new waves of
immigrant species.

Compared with Archaeocyatha, the Early Cambrian trilobites of the Arrowie and
Stansbury basins are few and of low diversity. Jell (in Bengtson et al. 1990) recorded
amere 18 genera and 30 species contained in four zones: in order of appearance, the
Abadiella huoi, Pararaia tatei, Pararaia bunyerooensis, and Pararaia janeae zones.

In the Stansbury Basin, A. huoi occurs near the base of the Parara Limestone in the
Curramulka Quarry (sample NMVPL78; Jell in Bengtson et al. 1990). At this locality
(south of depositional hinge), A. huoi is within sequence €1.1 and probably in the up-
per transgressive or lower highstand tract.

Elicicola calva is the only species described from sequence €1.1 beneath the Flinders
Unconformity in the Arrowie Basin. The boundary between the huoi zone (with 5 spe-
cies) and the tatei zone (with 10 species) appears to be in the transgressive tract of se-
quence €1.2 in both basins. The bunyerooensis zone (2 species) occurs in the high-
stand tract of sequence €1.2 in the Arrowie Basin, and Atops (=Ivshiniellus) briandailyi
(Jenkins and Hasenohr 1989) in the Stansbury Basin may be coeval. Pararaia janeae
zone contains 10 taxa recorded from the upper Mernmerna Formation and Orapa-
rinna Shale and 5 from a bioherm in the upper Wilkawillina Limestone. These trilo-
bites occur in sequence €1.3 in the Arrowie Basin, to which Atops rupertensis (Jell
et al. 1992) may be added. In the Stansbury Basin, Redlichia takooensis from the Emu
Bay Shale of Kangaroo Island is also probably in sequence €1.3 or €2.1, the latter
containing Balcoracania flindersi from the Billy Creek Formation in the Arrowie Basin.
Single trilobite taxa, postdating the janeae zone, occur in €2.1, Wirrealpa Limestone,
and in €2.3, Moodlatana Formation.

This Early Cambrian impoverishment in South Australia is in marked contrast to
the Middle Cambrian of the eastern Georgina Basin, where the numbers shown
against each zone in figure 6.7 indicate very rapidly increasing diversity associated
with successive transgressive systems tracts that developed in response to continuous
subsidence of the Mount Isa Block.

Sequence Correlation

Where fossil scarcity hinders biostratigraphic correlation, sequences can be matched
between neighboring basins, especially if they share a regime of relatively low tectonic
activity and steady subsidence. The eustatic component of relative sea level can be in-
terpreted with greater confidence under these circumstances, and this has enabled
correlation of the “Uratanna” and €1.1 sequences in the Stansbury, Arrowie, and
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Amadeus basins. The upper boundary of sequence €1.1 (Flinders Unconformity) ap-
pears to be the youngest correlative surface.

Thereafter, deep marine deposition, the onset of rifting and foundering of the
Kanmantoo Trough outboard of the Stansbury Basin shelf, hampers high-resolution
regional correlation. Between the Chandler Formation and underlying Todd River
Dolomite in the Amadeus Basin, South Australian sequences €1.2 through €2.3 ap-
pear to be missing during the period of the Kangarooian Movements. It is this tec-
tonic activity which is responsible for the difficulty in reconciling correlation of the
Ordian Stage.

High rates of siliciclastic sediment supply and overall regression characterize the
latest Early and Middle Cambrian of the Moodlatana and Balcoracana formations of
the Lake Frome Group in the Arrowie Basin. This condition is interpreted as a con-
sequence of deformation of the neighboring Wonominta Block in western New South
Wales (Wang et al. 1989). The Antarctic margin of Gondwana was also tectonically
active, and the lower Middle Cambrian stratigraphic record is punctuated by discon-
formity (Rowell et al. 1992; Evans et al. 1995). As a result, it is difficult to distinguish
Australian tectonoeustatic events such as the Kangarooian and Mootwingee move-
ments from Antarctic counterparts, and it would be premature to suggest their corre-
lation with the Canadian Hawke Bay Event on any other than a broad scale.

Geochronology and Speciation Rates

Geochronologic dates based on Cambrian zircons have been most recently summa-
rized by Vidal et al. (1995) and Shergold (1995). These permit us to determine the
duration of the Lower and Middle Cambrian sequences. Following Bowring et al.
(1993) and Isachsen et al. (1994), we have taken the base of the Cambrian at 545 Ma.
SHRIMP (Sensitive High Mass Resolution Ion MicroProbe) dates from tuffs in the up-
per Heatherdale Shale (Stansbury Basin) and lower Billy Creek Formation (Arrowie
Basin) by Cooper et al. (1992) and Compston et al. (1992) of 526 = 4 and 522.8 =
1.8 Ma, respectively, effectively constrain the late Botoman stage. Considering the
Toyonian stage to be of latest Early Cambrian age in South Australia, the duration of
the Early Cambrian is in excess of 25 m.y. and probably closer to 35 m.y. Here we as-
sume a Lower-Middle Cambrian boundary at 510 Ma. Zircons from the Comstock
Tuff in northwestern Tasmania, biostratigraphically constrained by the trilobites of the
mid-Boomerangian Lejopyge laevigata 11 trilobite assemblage zone, have been dated
(Perkins and Walshe 1993) at 494.4 = 3.8 Ma. Other dates from the Mount Read Vol-
canics have SHRIMP zircon ages near 503 Ma suggesting that the top of the Middle
Cambrian may be as young as 500 Ma. This being so, the duration of the Middle Cam-
brian is 10—-15 m.y. However, all of the dates quoted here from southern Australia
have been queried by Jago and Haines (1998) because of doubts about the reliability
of the standard (SL13) used to calculate them. Use of the alternative standard QGNG
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(Black et al. 1997) produces relatively older ages. At this stage, we are inclined to use
the generally accepted original SL13 dates but may need to revise some of our calcu-
lated diversity patterns should the QGNG standard be adopted.

These dates have some significance for estimating rates of sedimentation and bi-
otic evolution. Seven third-order depositional sequences are recognized in the Lower
Cambrian of South Australia with an estimated average duration of 4-5 m.y. In fig-
ure 6.4, in the Arrowie Basin, some 91 archaeocyath species are estimated to occur in
the 4-5 m.y. sequence €1.1, and about 113 occur in the 8—10 m.y. sequences €1.2
and €1.3 combined.

Two Middle Cambrian supersequences, containing four parasequences and two
condensed sections, are presently recognized in the Georgina Basin, spanning 10—
15 m.y. Here, the rate of trilobite speciation is estimated against the sequence stratig-
raphy and notional relative sea level curve. Georgina Basin supersequence 3 (Middle
Cambrian sequence 2) contains three retrogradational parasequence sets that embrace
eight trilobite assemblage zones. The time available suggests very rapid rates of evo-
lution in successive transgressive systems tracts, determined by a rapid rate of subsi-
dence of the basement blocks, particularly the Mount Isa Block.
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CHAPTER SEVEN
Mary L. Droser and Xing Li

The Cambrian Radiation and the
Diversification of Sedimentary Fabrics

The Cambrian represents a pivotal point in the history of marine sedimentary rocks.
Cambrian biofabrics that are directly a product of metazoans include ichnofabrics,
shell beds, and constructional frameworks. The development and distribution of bio-
fabrics is strongly controlled by sedimentary facies. In particular, terrigenous clastics
and carbonates reveal very different early records of biofabrics. This is particularly
obvious with ichnofabrics but equally important with shell beds. Ichnofabrics in high-
energy sandstones (e.g., Skolithos piperock) and fine-grained terrigenous clastic
sediments can be well bioturbated at the base of the Cambrian, whereas other settings
show less well developed bioturbation in the earliest Cambrian. Nearly all settings
demonstrate an increase in extent of bioturbation and tiering depth and complexity
through the Cambrian. Shell beds appear with the earliest skeletonized metazoans.
Data from the Basin and Range Province of the western United States demonstrate
that shell beds increase in thickness, abundance, and complexity through the Cam-
brian. The study of biofabrics is an exciting venue for future research. This is par-
ticularly true of the latest Precambrian and Cambrian, where biofabrics have been
relatively underutilized in our exploration to find the relationships between physical,
chemical, and biological processes and the Cambrian explosion. Biofabrics provide

a natural link between these processes.

WITH THE CAMBRIAN RADIATION of marine invertebrates, sedimentary rocks on
this planet changed forever. The advent of skeletonized metazoans introduced shells
and skeletons as sedimentary particles, and the tremendous increase in burrowing
metazoans resulted in the partial or complete mixing of sediment and/or in the pro-
duction of new sedimentary structures. Whereas constructional frameworks formed
by stromatolites were common in the Precambrian (e.g., Awramik 1991; Grotzin-
ger and Knoll 1995), metazoan reef builders first appeared near the Precambrian-
Cambrian boundary, initiating complex reef fabrics in Early Cambrian time (Riding



138 Mary L. Droser and Xing Li

and Zhuravlev 1995). Diverse and well-defined calcified cyanobacteria and calcified
algae appearing in the Cambrian (Riding 1991b; Riding, this volume), along with in-
creased fecal material, represent additional important biological contributors to sedi-
mentary fabrics. Thus, at the Precambrian-Cambrian boundary and continuing into
the Cambrian, there was a major shift in sediments and substrates and a dramatic in-
crease in diversity of those sedimentary rocks that gain their final sedimentary fabric
from biological sources, either through in situ (autochthonous) processes or through
the allochthonous processes of transport and concentration of biogenic sedimentary
particles (see also Copper 1997). This shift has important and clear implications for
the ecology of the diversifying fauna as well as for sedimentology and stratigraphy.

There is a wide range of sedimentary macrofabrics that result from a biological
source or process. Such fabrics can be broadly attributed to three fabric-producing
processes: (1) construction by organisms of structures that are then preserved in situ
in the rock record—such as reefs, stromatolites, and thrombolites; (2) concentration
of individual sedimentary particles that are biological in origin (e.g., skeletal material
and oncoids), through primarily depositional but also erosional (winnowing) pro-
cesses, producing shell beds, oncolite beds, oozes, etc. (additionally, biofabrics pro-
duced through baffling appear to be particularly important in the late Precambrian);
and (3) bioturbation (and bioerosion), which is due to postdepositional processes.
These processes serve as only a starting point for examination of biologically gener-
ated fabrics, and at different scales they are not exclusive of one another. For example,
oncoids themselves are a constructional microfabric. However, they are then trans-
ported and concentrated to produce a depositional macrofabric. Fecal pellets, like-
wise, are a constructional microfabric but are commonly concentrated (along with
abiotic sources) to form peloidal limestones.

Study of Neoproterozoic and Cambrian sedimentary fabrics is further complicated
by the presence of nonactualistic sedimentary structures (e.g., Seilacher and Pfluger
1994; Pfluiger and Gresse 1996) and by the effects of changing biogeochemical cycles,
which are reflected by isotope data as well as the distribution of specific facies types
such as black shales, phosphorites, and carbonate precipitates (e.g., Brasier 1992;
Grotzinger and Knoll 1995; Logan et al. 1995; Brasier et al. 1996). While the events of
the Neoproterozoic and Early Cambrian are becoming better understood, it remains
difficult to tease apart the different components—in particular, cause and effect. In
this chapter we focus on one aspect of the sedimentological record, that is, those
macrofabrics that directly result from the radiation of marine invertebrates. These
types of sedimentary fabrics have received remarkably little attention, given their im-
pact on the stratigraphic record, and this chapter represents only a starting point.

Although there is no encompassing terminology that covers all of these types of
fabrics, different terminologies have been independently developed for description
and interpretation of sedimentary fabrics resulting from a strong biological input.
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Efficient and easily applied descriptive terminologies for various aspects of shell beds
(fossil concentrations) have been developed (Kidwell 1986, 1991; Kidwell et al. 1986;
Kidwell and Holland 1991; Fursich and Oschmann 1993; Goldring 1995). The ichno-
fabric concept and associated terminology are well entrenched for dealing with the
record of bioturbation (e.g., Ekdale and Bromley 1983; Bromley and Ekdale 1986;
Droser and Bottjer 1993; Taylor and Goldring 1993; Bromley 1996). Classifications
for coping with reef fabrics, microbial fabrics, and other types of constructional fab-
rics have also received extensive discussion (e.g., Riding 1991a; Grotzinger and Knoll
1995; Wood 1995; see also Pratt et al. and Riding, this volume).

In this chapter, we examine various aspects of biologically influenced sedimentary
rock fabrics and then specifically discuss Cambrian ichnofabrics and fossil concen-
trations. Precambrian biofabrics resulting from early metazoans are briefly discussed.
We are not including constructional frameworks, which are discussed elsewhere in
this volume. In order to facilitate communication, when we refer to all biologically ef-
fected fabrics as a group, we use the term biofabrics. While this term has been used
with various definitions in the literature and therefore has a relatively vague meaning,
it does serve a purpose here as an inclusive term that does not imply any specific type
of process but rather implies a final product that is largely the result of either alloch-
thonous and/or autochthonous processes involving a substantial biological input. In
no way does this term serve as a substitute for the terminology for each of these fab-
ric types.

ECOLOGIC SIGNIFICANCE

The production and preservation of biologically influenced sedimentary fabrics are
functions of local and large-scale physical, biological, and chemical processes (e.g.,
Droser 1991; Kidwell 1991; Goldring 1995). Biological controls include life habits
and behavior of the infauna and epifauna, mineralogy, fecundity, nature of clonality,
growth rates, size of organisms, molting frequency, and rates at which organisms col-
onize substrates. Local physical controls include frequency and character of episodic
sedimentation, overall rate and steadiness of flow and sedimentation, bedding thick-
ness, sediment size and sorting, and rates and nature of erosion. Large-scale processes
include sea level changes, climate, tectonics, subsidence, ocean geochemistry, bio-
geography, and, of course, evolution. These processes acting on various scales dictate
the final nature of the sedimentary rocks.

Autochthonous biofabrics represent the response of animals to changing or static
environmental conditions or are the result of local physical processes such as win-
nowing. Allochthonous biofabrics result directly from physical processes. Thus, bio-
fabrics have important implications for sedimentological and stratigraphic interpre-
tations of the rock record. The effects of processes governing the character and dis-



140 Mary L. Droser and Xing Li

tribution of Phanerozoic shell beds and ichnofabrics have been extensively reviewed
recently elsewhere (Firsich and Oschmann 1993; Goldring 1995; Kidwell and Flessa
1995; Savrda 1995) and thus will not be further discussed here.

Biofabrics have an interesting and unique ecologic role. First, the processes that
lead to the production of biofabrics result in a change of the original substrate or lo-
cal environmental and ecologic conditions. Thus, the depositional fabric itself is part
of a “taphonomic feedback” (Kidwell and Jablonski 1983). The advent of a new (bio-
fabric-producing) community may result in the development of new or expanded
ecologies or may exclude other animals. For example, the process of bioturbation re-
sults in the extensive alteration of the physical and chemical properties of the substrate
and thus alters the habitat (Aller 1982; Ziebis et al. 1996). As such, the bioturbating
community will also be modified. For example, a bioturbating organism may intro-
duce oxygen into the substrate or provide an open burrow system in which others can
live symbiotically (Bromley 1996). In contrast, burrowing organisms may create con-
ditions that exclude other animals and, thus, change the community in that way.

Kidwell and Jablonski (1983) recognized two types of taphonomic feedback as-
sociated with shell beds: (1) abundant hard parts—shell beds—may restrict infau-
nal habitat space and/or alter sediment textures; and (2) dead hard parts provide
a substrate for firm-sediment dwellers. The importance of this for the development
of Ordovician hardground communities has been discussed by Wilson et al. (1992)
and might be equally important for the Cambrian. For example, many stromatolite-
thrombolite buildups in the Cambrian of the western United States, particularly Up-
per Cambrian carbonate platform facies, are underlain and/or overlain by trilobite-
echinoderm—dominated composite/condensed shell beds. The association of the
stromatolite-thrombolite buildups with shell-rich beds suggests that shell beds pro-
vide a firm or hard substratum for the stromatolite-building microorganisms to colo-
nize. Thus, many well-developed Cambrian shell beds provided an additional hard
substrate that did not exist in the Precambrian for the development of microbial
buildups. The spatial distribution of the stromatolite-thrombolite buildups may partly
be controlled by the distribution of shell beds.

Cambrian habitat and substrate changes resulting from bioturbation and the pro-
duction of shell beds are a fruitful area for future research. The effects of the initiation
of vertical bioturbation and the development of the infaunal habitat, in particular,
have already been cited for destroying nonactualistic Precambrian sedimentary struc-
tures, microbial mat surfaces, and possibly the preservation window of the Ediacaran
faunas (e.g., Gehling 1991; Seilacher and Pfluger 1994; Pfluger and Gresse 1996;
Jensen et al. 1998; Gehling 1999). Increased levels of bioturbation have also been
credited with increasing nutrient levels in the water column (Brasier 1991).

The second way in which biofabrics are significant ecologically is that they are
uniquely poised for ecologic interpretation from the stratigraphic record. Autochtho-
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nous biofabrics, including ichnofabrics, reef fabrics, stromatolites, thrombolites, and
other types of microbial fabrics, as well as autochthonous shell beds, essentially pre-
serve in situ ecologic relationships; that is, they record a particular ecology or eco-
logic event. These types of fabrics are ecologically most significant. However, some of
these fabrics may preserve time-averaged assemblages or communities, albeit in situ,
as discussed below in the section “Stratigraphic Range and Uniformitarianism.” So
care must be taken when making ecologic interpretations from biofabrics (e.g.,
Goldring 1995; Kidwell and Flessa 1995). Nonetheless, these types of fabrics offer an
opportunity to examine ecologic relationships that are not otherwise widely available
to the paleontologist. (Hardgrounds provide another such example.) Many shell beds
are of course allochthonous, and so the viability for ecologic studies must be evalu-
ated only after taphonomic and stratigraphic analysis (e.g., Kidwell and Flessa 1995).
Traditionally, studies of reef fabrics have made use of in situ ecologic relationships.
However, Cambrian shell beds and ichnofabrics have been underutilized for ecologic
studies (but see Droser et al. 1994).

At a temporally larger scale, the stratigraphic distribution of a particular sedimen-
tary fabric can yield insight into the abundance or significance of a particular group
of organisms, as discussed below. In these types of studies, the problems of transport
may be less important.

STRATIGRAPHIC RANGE AND UNIFORMITARIANISM

Uniformitarianism is an essential part of the geologist’s approach to the rock record.
However, superimposed on the relative predictability of physical processes are evo-
lution and the ever-changing biota on this planet. Indeed, in a physical world where
sedimentological successions reflecting similar types of local physical energies appear
differently in various climatic or tectonic regimes, changing biotas through time add
even more complications. Biologically generated sedimentary fabrics have distribu-
tions that are tied directly to the stratigraphic distribution of the organism. However,
commonly, the range of the biofabric will be less than that of the actual organism. For
example, articulate brachiopods are present for nearly the entire Phanerozoic, but ar-
ticulate brachiopod shell beds are a common stratigraphic component from only the
Ordovician through the Jurassic (Kidwell 1990; Kidwell and Brenchley 1994; Li and
Droser 1995). The trace fossil Skolithos is present throughout the Phanerozoic, but
Skolithos piperock is most common in the Cambrian and declines thereafter (Droser
1991). Thus, the distribution or abundance of a particular biofabric can give insight
into the relative importance or abundance of that animal or of a particular deposi-
tional setting at any given time. Because biofabrics will be sensitive to biological, physi-
cal, and even chemical variations, they provide a unique insight into environmental
conditions. In seemingly similar depositional settings, biofabrics may be quite differ-
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ent, depending on several factors; potentially, we can use studies of biofabrics for bet-
ter understanding of these various parameters. For example, biofabrics may be quite
instructive in the recognition of unusual biological or physical conditions. Schubert
and Bottjer (1992) suggested that Triassic stromatolites were formed under normal
marine conditions and that their abundance at that time is indicative of the removal
of other metazoan-imposed barriers to the nearshore normal-marine environments at
the end Permian extinction. Zhuravlev (1996) recently discussed other mechanisms
that regulate the distribution of stromatolites. Grotzinger and Knoll (1995) have ex-
amined Permian reef microfabrics and found them to be more similar to Precambrian
ones rather than to those of modern reefs or even other types of Phanerozoic reefs.
They suggest, in this situation, that the Precambrian, rather than the recent, provides
the key to understanding the dynamics that produced these widespread but poorly
understood reef fabrics.

In the past decade, numerous workers have documented paleoenvironmental
trends in the origin and diversification of marine benthic invertebrates (e.g., Sepkoski
and Miller 1985; Bottjer and Jablonski 1986). If an animal changes its environments
through time, then a biofabric produced by that animal may similarly shift, and thus,
tight sedimentological and stratigraphic controls are necessary for use of these fabrics
for environmental analyses.

Uniformitarian models are commonly applied to the interpretation of sedimentary
structures and strata. However, recent work on Precambrian and Cambrian sedimen-
tary structures indicates that a uniformitarian approach may be inappropriate because
of the effects of possible widespread microbial mat surfaces as well as the lack of bio-
turbation in the Neoproterozoic and Early Cambrian (e.g., Gehling 1991, 1999; Sep-
koski et al. 1991; Seilacher and Pfluger 1994; Goldring and Jensen 1996; Hagadorn
and Bottjer 1996; Pfltiger and Gresse 1996; Droser et al. 1999a,b). Continued investi-
gation of these unique Precambrian and Cambrian nonactualistic structures will yield
insight into the interactive physical and biological processes operating during this
time. Bottjer et al. (1995) have noted that paleoecologic models are most effective
when freed from the strict constraints of uniformitarianism. So, too, analyses of bio-
logically generated fabrics will be most useful when similarly viewed.

ICHNOFABRIC: THE POSTDEPOSITIONAL BIOFABRIC

The ichnological record of the Neoproterozoic and Cambrian has received consider-
able attention (e.g., see review in Crimes 1994). In particular, trace fossils provide im-
portant biostratigraphic markers, such as designating the base of the Cambrian (Nar-
bonne et al. 1987), as well as demonstrating increases in the complexity of behavior,
types of locomotion, and environmental patterns in diversity and distribution across
this boundary. However, another important aspect of the ichnological record is ichno-
fabric—sedimentary rock fabric that results from all aspects of bioturbation (Ekdale
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and Bromley 1983). It includes discrete identifiable trace fossils, along with mottled
bedding (figures 7.1 and 7.2). Although discrete identifiable trace fossils provide im-
portant information, a great deal of data is lost by recording only this aspect of the ich-
nological record. Studies of ichnofabrics have concentrated on the record of biotur-
bation as viewed in vertical cross section. Thus, the contribution to ichnofabric of
burrows that have a vertical component has been emphasized because they are most
important to the final sedimentary rock fabric.

Ichnofabric studies have proven to be instrumental in determining the nature of
the infaunal habitat at a given time and in a given environment. However, there have
been only a few extensive systematic studies examining Cambrian ichnofabrics (e.g.,
Droser 1987, 1991; Droser and Bottjer 1988; Mcllroy 1996; Droser et al. 1999a; McIl-
roy and Logan 1999). Trace fossils are relatively common in the late Neoproterozoic,
but ichnofabric studies of these strata are lacking. In studying the Cambrian radia-
tion, it is instructive to examine the types of ichnofabrics that characterize the Cam-
brian as well as how these ichnofabrics compare with those of later times. Although
our understanding of Cambrian ichnofabrics is still in its infancy, some generaliza-
tions can be made.

Tiering, Extent, and Depth of Bioturbation, and Disruption
of Original Physical Sedimentary Structures

A critical factor determining the nature of ichnofabric is tiering, or the vertical distri-
bution of organisms above and below the sediment-water interface (Ausich and Bott-
jer 1982). In the infaunal realm, trace fossils can provide data on depth of bioturba-
tion and vertical distribution of animals and their activity in the sediment. Infaunal
tiering results in the juxtapositioning of several trace fossils as animals burrow to dif-
ferent depths. This produces an ichnofabric composed of crosscutting burrows.

Because infauna are strongly tiered, the upward migration of the sediment column
creates what has been termed a “composite ichnofabric” (Bromley and Ekdale 1986)
where burrows of organisms in the lower tiers crosscut burrows in the shallower tiers
with steady-state accretion. In some sedimentary settings, under certain conditions,
the original tiering pattern is preserved. This is termed a “frozen tier profile” (Savrda
and Bottjer 1986). Such profiles provide a “snapshot” view of the tiering structure of
the infaunal community. Frozen tiered profiles result when (1) organisms do not move
vertically upward following sedimentation, and (2) sediments are not subsequently
reburrowed. Thus, the documentation of original tiering relationships from compos-
ite ichnofabric, through analyses of crosscutting relationships, provides information
otherwise not available about the ecology of the infaunal habitat.

Tiering complexity, as well as depth of bioturbation, varies across environments.
In nearshore and shallow marine Cambrian sandstones, Skolithos, Diplocraterion, and
Monocraterion are common and have depths of up to 1 m (Droser 1991) (figures 7.1
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Figure 7.1 Examples of Cambrian ichnofab- Sandstone (Skaig Bridge, Loch Assynt, Scot-
ric. A, Skolithos piperock from Lower Cambrian  land); scale bar 15 cm. D, Ichnofabric of the
Zabriski Quartzite (Emigrant Pass, Nopah Upper Cambrian Dunderberg Shale (Nopah
Range, southeastern California, USA) with an Range, California, USA); ichnofabric index 3 is
ichnofabric index of 4 (ii4); scale bar 4 cm. B, recorded from this thin-bedded limestone and
Small Skolithos burrows in the Lower Member mudstone unit; scale bar 5 cm. E, Ichnofabric
of the Eriboll Sandstone (Skaig Burn, Ordi- of Lower Cambrian Poleta Formation (White-
nance Survey #15, Loch Assynt, Scotland); Inyo Mountains, California, USA); differential
scale bar is in millimeters. C, Cross-sectional dolomitization enhances burrows in this lime-
view of Skolithos ichnofabric in the Eriboll stone; scale at base of photo in centimeters.

and 7.2). This may or may not reflect original depth of bioturbation (because animals
adjust to sediment deposition and erosion). Nonetheless, these burrows clearly rep-
resent the deepest tiers of the Cambrian. Additionally, Teichichnus occurs as a rela-
tively deep tier burrow in the earliest Cambrian and remains important throughout
the Cambrian. Other than these burrows, Cambrian infaunal tiering in general was
relatively shallow; recorded depth of bioturbation is most commonly under 6 cm.

The extent to which original sedimentary structures will be disrupted and de-
stroyed by bioturbation is a function of sedimentation rate and rate of bioturbation.
If sedimentation rate is slow enough, then shallow or even horizontal bioturbation
will result in the complete destruction of physical sedimentary structures. A totally
bioturbated rock simply shows that the rate of biogenic reworking exceeded that of
sedimentation. Thus, thorough bioturbation is possible in virtually any setting. Envi-
ronmental control is very important, and we see that ichnofabrics vary accordingly.
It is critical to examine similar facies when comparing changes in amount or depth of
bioturbation through time (Droser and Bottjer 1988). By way of characterizing the
Cambrian, complete to nearly complete disruption of physical sedimentary structures
is common in only a few settings: (1) in high-energy sandy settings where vertical bur-
rows were common, and (2) in finer-grained sediments when rate of sedimentation
was slow enough for shallow-tiered animals to keep up with sedimentation.

Cambrian infaunas produce ichnofabrics that are comparatively simple when con-
trasted with those of later times but are far more complex than those of the Precam-
brian. Skolithos, Diplocraterion, Teichichnus, and Monocraterion all commonly produce
a monospecific ichnofabric with a record ichnofabric index (ii) of up to 4 or 5 (see
figures 7.1 and 7.2). Shallow-tiered burrows may have been present but are not com-
monly preserved in these ichnofabrics. Ichnofabrics produced by these burrows are
present in lowermost Cambrian strata, and although there may be wide variability—
even within the Cambrian—these monotypic ichnofabrics remain essentially un-
changed throughout their stratigraphic ranges.

Outside the realm of Skolithos, Teichichnus, and Diplocraterion, ichnofabrics are in
general less well developed than environmentally comparative ones of later times. In
pure carbonates, for example, until the advent of boxwork Thalassinoides in the Late
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Figure 7.2 Examples of Cambrian ichnofab-
ric. A, Treptichnus pedum ichnofabric from the
Uratanna Formation from the Castle Rock lo-
cality, Flinders Ranges, South Australia; scale
bar in centimeters. B, Densely packed Diplocra-
terion, producing an index of ii5 in the Lower
Cambrian Parachilna Formation (Parachilna
Gorge, Flinders Range, Australia); scale bar

6 cm. C, Glauconite-rich sandstone from Up-
per Cambrian St. Lawrence Formation (Upper
Mississippi Valley, Wisconsin, USA), showing
sediment-starved ripple lamination and small
horizontal bioturbation. Source: Photograph
courtesy of Nigel Hughes. D, Tommotian Pe-
trosvet Formation (middle Lena River, Siberian
Platform, Russia) with a Teichichnus ichnofab-

scale bar 3 cm. E, Diplocraterion ichnofabric
from the Lower Cambrian Hardeberga Forma-
tion (Scania, Sweden); scale bar 6 cm. F, Out-
crop view of Tommotian Petrosvet Formation
(middle Lena River, Siberian Platform, Russia);
note that overall bedding is preserved but
within beds, primary stratification is com-
monly completely destroyed by Teichichnus;
field of view approximately 50 cm across. G,
Laminated sandstones interbedded with bio-
turbated finer-grained sediments from the Up-
per Cambrian St. Lawrence Formation (Upper
Mississippi Valley, Wisconsin, USA); burrows
are nearly all horizontal, but individual fine-
grained beds are destroyed, although overall
bedding is preserved; scale bar 5 cm. Source:

ric; preserved ripple lamination also occurs; Photograph courtesy of Stephen Hesselbo.

Ordovician, tiering was relatively simple, and although complete disruption of origi-
nal sedimentary fabric occurred (Droser and Bottjer 1988), centimeter-scale bedding
is generally still discernible. In shallow marine subtidal terrigenous clastics, tiering
was similarly shallow, and although mudstones may be thoroughly bioturbated, sedi-
mentary packages representing storm deposition are commonly preserved.

Cambrian trace fossils are well known, and Cambrian trace fossil assemblages have
been extensively documented (e.g., Jensen 1997). These assemblages likely produce
distinct ichnofabrics. For example, a type of Cambrian ichnofabric is produced by the
Plagiogmus-Psammichnites-Didymaulichnus group. Although these burrows are shal-
low, they are relatively large and generate a great deal of sediment destruction (S. Jen-
sen, pers. comm., 1997). These burrows are widespread, but the resulting ichnofabric
has not been described. Trace fossil assemblage data are useful, however, ichnofabric
studies of these assemblage-bearing strata will provide even more insight into in-
teracting physical and biological processes and the ecology of Cambrian infaunal
metazoans.

Precambrian-Cambrian Transition Ichnofabrics

Trace fossils are common in certain facies in the Precambrian, in particular in shal-
low marine subtidal terrigenous clastics. However, preliminary study of Precambrian
strata in Australia and the western United States indicates that these trace fossils do
not result in the production of ichnofabrics (Droser et al. 1999a,b). The earliest ich-
nofabrics in these sections occur with the first appearance of Treptichnus pedum (fig-
ure 7.2A). Thus, T. pedum, which defines the base of the Cambrian, also marks the
initial development of preservable infaunal activity. Preserved depth of bioturbation
is on the order of 1 cm, with a maximum of 2 ¢cm; only one tier is present. Because of



148 Mary L. Droser and Xing Li

the three-dimensional nature of T. pedum, ichnofabric index 3 (ii3) can be very locally
recorded (Droser et al. 1999a). The trace fossils Gyrolithes and Planolites may also con-
tribute to this ichnofabric. With the recognition of treptichnid trace fossils in the ter-
minal Proterozoic (Jensen et al. 2000), it is also possible that a similar ichnofabric
may be present in Precambrian strata.

Characteristic Cambrian Ichnofabrics
Piperock

Perhaps the best-known Cambrian ichnofabric is Skolithos piperock, which is a ubig-
uitous ichnofabric of Cambrian sandstones representing deposition in high-energy
shallow marine settings (Droser 1991). The term piperock was first used in reference
to dense assemblages of Skolithos in the Lower Cambrian Eriboll Sandstone in Scot-
land (figure 7.1C) (Peach and Horne 1884) and popularized by Hallam and Swett
(1966). Piperock is a classic Cambrian biofabric. Indeed, in the literature, workers
commonly describe post-Cambrian occurrences as “typical Cambrian piperock.”

Piperock first appears in the Early Cambrian and represents the advent of deep
bioturbation by marine metazoans (figures 7.1A,C). An analysis of the temporal dis-
tribution of piperock confirms previous observations that piperock is “typical” of the
Cambrian but also demonstrates that piperock occurs throughout the Paleozoic, de-
creasing in abundance after the Cambrian (Droser 1991).

The term piperock is commonly associated with Skolithos or Monocraterion, but sev-
eral other vertical trace fossils also form piperock. Diplocraterion, in particular, com-
monly forms piperock in Cambrian sandstones. For example, the base of the Para-
chilna Formation in Australia has a laterally continuous bed of densely packed (ii5)
Diplocraterion (figure 7.2B). In the Hardeberga cropping out in Sweden and Denmark,
Diplocraterion occurs in amalgamated sandstones with a wide range of ichnofabric in-
dices represented (figure 7.2E).

Teichichnus Ichnofabric

A common and well-developed Cambrian ichnofabric is produced by Teichichnus (fig-
ures 7.2D,F), a burrow that has been recorded from Lower Cambrian strata around
the world (see discussion by Bland and Goldring 1995). When it occurs, Teichichnus
commonly dominates the ichnofabric; ii4 and ii5 are locally common (Bland and
Goldring 1995: figure 3). The trace fossil occurs from shallow marine to outer shelf
settings. For example, in the Tommotian Petrosvet Formation that crops out along the
Lena River in Siberia, Teichichnus occurs in an argillaceous limestone with common
ripple lamination (figures 7.2D,F). Depth of bioturbation of up to 6 cm is common.
Burrows may be reburrowed by Chondrites. Ripple marks are commonly preserved
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on bedding tops, along with other discrete trace fossils that do not contribute to the
ichnofabric as recorded on vertical section.

“Mottled” Shallow Marine Limestones

Lower Paleozoic shallow marine carbonates are typically “mottled.” Terms such as
rubbley bedding, burrow mottled, and mottled limestone have been used to describe this
sedimentary fabric. In most cases, this mottling is due to bioturbation but is often en-
hanced by diagenesis (figures 7.1D,E).

Trace fossils that significantly contribute to the ichnofabric of pure carbonates
include Thalassinoides, Planolites, and Bergaureria. The Ophiomorpha-like trace fossil
Aulophycus has also been reported from shallow marine Cambrian carbonates of the
Siberian Platform (Astashkin 1983, 1985). For the most part, the result of Cambrian
bioturbation in this setting was not the complete destruction of original physical sed-
imentary structures. In subtrilobite Lower Cambrian strata of the Basin and Range,
ichnofabric indices 1 and 2 are most commonly recorded; bedding is preserved. For
the rest of the Cambrian, generally, although rocks may be completely bioturbated or,
in contrast, relatively unbioturbated, on average, ichnofabric index 3 is recorded (fig-
ures 7.1D,E). In studies of Cambrian carbonate strata from parts of the Appalachians
as well as Kazakhstan, typical carbonate shallow marine strata have mottled bedding
where ichnofabric indices from 1 to 5 are recorded but average at about ii3. In Ka-
zakhstan, for example, strata nearly identical to those in the Basin and Range occur.

Thus, until we have the advent of extensive boxwork Thalassinoides in the pure car-
bonates, we have simple tiering and shallow bioturbation. In this setting, complete
disruption of original sedimentary fabric occurs (Droser and Bottjer 1988), but on av-
erage, bedding is still discernible. Tiering is relatively shallow; mazelike Thalassinoides
and Bergaueria are the most common components. Chondrites may be locally common.

Ichnofabrics of Shallow Marine Terrigenous Clastics

Shallow marine terrigenous clastic settings are commonly represented by event beds.
In the high-energy end of this setting, amalgamated nearshore sandstones are common
with Skolithos and Diplocraterion piperock. Shallow marine terrigenous clastic strata
representing deposition below normal wave base are characterized by storm beds with
fining upward successions.

In the lowermost Cambrian, Treptichnus pedum ichnofabric characterizes this set-
ting (Droser et al. 1999a). Younger Lower Cambrian rocks show more-complex ichno-
fabrics. In the Lower Cambrian Mickwitzia Sandstone of Sweden, thin-bedded, inter-
bedded sandstones and mudstones that are centimeters in thickness are common.
The sandstones have abundant and diverse trace fossils, and the mudstones can be
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completely bioturbated, but the centimeter-scale bedding is commonly preserved
(Jensen 1997).

Goldring and Jensen (1996) examined a Neoproterozoic-Cambrian succession in
Mongolia. They describe four types of bed preservation from the Cambrian-aged
strata, two of which are similar to Phanerozoic beds deposited under equivalent con-
ditions. These include millimeter-to-centimeter-thick sand event beds with sharp
soles and bioturbated upper parts and thin units of heterolithic alternations of sand
and mud with Planolites and Palaeophycus (Goldring and Jensen 1996). The two that
are unmatched in younger Phanerozoic deposits include features such as intraforma-
tional conglomerates and the absence of gutters and tooled lower surfaces to “event”
beds. They suggest that organic binders (Seilacher and Pfluger 1994; Pfluger and
Gresse 1996) are the control of these and other unusual sedimentary features.

Mcllroy (1996) examined ichnofabric in a Lower Cambrian offshore shelf succes-
sion in Wales and documented sediments that were completely homogenized through
much of the succession. Data from the Lower Cambrian of the Digermul Peninsula
additionally show that, on average, the size of bioturbating organisms and the depth
of infaunal tiering both increase through time (Mcllroy 1996). Droser (1987) simi-
larly documented an increase in extent of bioturbation in shallow marine terrigenous
clastics through the Cambrian of the Basin and Range (western United States).

A heterolithic dolomicrite, siltstone, and sandstone facies representing deposition
below fair-weather wave base in the Upper Cambrian, the St. Lawrence Formation of
Wisconsin, USA, is dominated by horizontal burrows, including a number of unusual
forms such as Raaschichnus, a trace made by aglaspidid arthropods (Hughes and Hes-
selbo 1997). Extensive bioturbation occurs in the finer-grained sediments, and lami-
nation is commonly preserved in the sandstones (figures 7.2C,G). Complete homog-
enization occurs in some beds, but generally ichnofabric indices 1 to 4 are recorded.
Body fossils are found in beds that have not been extensively bioturbated (Hughes
and Hesselbo 1997).

In nearly all of these units, depth of bioturbation is relatively shallow; in fact, bur-
rows are generally horizontal and tiering is relatively simple. Thus, although biotur-
bation may be complete within an event bed, particularly in finer-grained facies, over-
all bedding is commonly preserved. In contrast, centimeter-thick event beds in the
Ordovician and Silurian are not commonly preserved (Sepkoski et al. 1991). Interest-
ingly, while the early record of bioturbation and trace fossils is best preserved in this
shallow subtidal terrigenous clastic facies, so too are the sedimentary structures (non-
actualistic) indicative of unique Precambrian and Cambrian conditions, such as flat
pebble conglomerates, wrinkle marks, and sand chips (e.g., Sepkoski et al. 1991; Sei-
lacher and Pfltiger 1994; Goldring and Jensen 1996; Hagadorn and Bottjer 1996; Pfli-
ger and Gresse 1996). And, indeed, these structures remain common throughout the
Cambrian (e.g., Hughes and Hesselbo 1997).

A particularly well-developed ichnofabric occurs in a succession of thick sand-
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stones, some with interbedded mudstones, in the Cambro-Ordovician Bynguano For-
mation examined by Droser et al. (1994), cropping out in the Mootwingee area of
western New South Wales, Australia. This deposit represents a higher-energy setting
than those described above. In these strata, Arenicolites, Skolithos, Trichichnus, Mono-
craterion, and Thalassinoides are most common. Thalassinoides have burrow diameters
of 1-2 mm, which are much smaller than those typical of this ichnogenus. Depth of
bioturbation for the Thalassinoides can be estimated to be at least 20—~30 c¢m. In the
Bynguano Formation some trace fossils are preserved in a “frozen tiered profile” that
can be generalized as follows. Three tiers are recognized: (1) the deepest tier is formed
by Thalassinoides; (2) an intermediate tier is characterized by Skolithos and Arenicolites
type A; and (3) a shallow tier is represented by Trichichnus, Arenicolites types B and C,
and bedding plane trace fossils. Ichnofabric indices (ii) (Droser and Bottjer 1986) in
these beds range from ii3 to ii5. Thus, by the Cambro-Ordovician, in this setting,
well-developed ichnofabrics occur that exhibit complex tiering patterns as well as
preserve extensive bioturbation.

Deep-Water Facies

Ichnofabrics of outer shelf and deep basin deposits have not received much attention.
However, analysis of outer shelf Cambrian carbonates of the Basin and Range of the
western United States suggests that ichnofabrics were not well developed and that
trace fossils are usually confined to bedding surfaces (Droser 1987). In general, extent
of bioturbation in these strata increased through the Cambrian (Droser 1987). The
Botoman lower Kutorgina Formation at Labaya on the Siberian Platform is likewise
relatively unbioturbated. This is consistent with the suggestions that extensive colo-
nization of the deep sea did not occur until the Early Ordovician (Crimes 1994; Crimes
and Fedonkin 1994). Deeper-water mudstones remain a fruitful area for research.

Ichnofabrics of Carbonates versus Terrigenous Clastics

Ichnofabrics record a differential paleoenvironmental history in the development of
the infaunal biological benthic boundary layer. The most significant environmental
trend is the difference between the record of shallow marine terrigenous clastics and
carbonates. This may be largely a taphonomic artifact. Neoproterozoic and lowermost
Cambrian trace fossils and ichnofabrics are best developed in terrigenous clastics.
Indeed, in successions where terrigenous clastics are interbedded with carbonates,
the terrigenous clastics show a record of bioturbation whereas the carbonates do not
(Droser 1987; Goldring and Jensen 1996). Droser (1987) noted a stepwise increase
in bioturbation in Lower Cambrian carbonates between subtrilobite and trilobite-
bearing strata but a gradual increase in the shallow marine terrigenous clastic setting.
Mcllroy (1996) similarly noted a gradual increase in terrigenous clastic shelfal de-
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posits. Goldring and Jensen (1996), examining an interbedded siliciclastic-carbonate
Precambrian-Cambrian succession in Mongolia, recorded ichnofabrics and trace fos-
sils in terrigenous clastics but noted that there was virtually no record in the carbon-
ates. This discrepancy may be due to diagenetic effects and the nature of bed-junction
preservation in pure carbonates versus terrigenous clastics. The best records in ter-
rigenous clastics come from heterolithic beds or event beds. The most consistently well
bioturbated strata are shallow-water fine-grained sediments. There are not equivalent-
type beds in shallow marine carbonate strata. In carbonates, it appears that, until there
is an infauna with a vertical dimension, there is little record. In the Basin and Range,
this is represented by the appearance of Thalassinoides in the Atdabanian (Droser and
Bottjer 1988).

However, it is not entirely a preservational artifact, in that the deep-tier burrows
that are common in terrigenous clastics such as Skolithos, Teichichnus, Diplocraterion,
Monocraterion, and tiny Thalassinoides are simply not present in carbonate strata. The
significance of facies control on all aspects of the Neoproterozoic-Cambrian record
has been discussed by Lindsay et al. (1996).

FOSSIL CONCENTRATIONS

Fossil concentrations represent another type of biofabric that is directly a result of the
radiation of marine animals. These fossil-rich accumulations not only are important
sources of paleontological and paleoenvironmental data but provide a natural link be-
tween biological and environmental processes (Brett and Baird 1986; Kidwell 1986,
1991; Parsons et al. 1988; Kidwell and Bosence 1991).

Precambrian Fossil Concentrations

Ediacaran fossils are known throughout the world. They are common and, in places,
abundant. Bedding planes can be covered with Pteridinium as figured by Seilacher
(1995 see also Crimes, this volume: figure 13.3A). These Precambrian deposits may
be analogous to some types of fossil concentrations that have been described from the
Phanerozoic. However, many of these biofabrics may be produced by baffling organ-
isms. In the terminal Proterozoic, thick shelfal siliciclastic buildups were enhanced by
microbial binding of sand, including baffling benthic organisms such as Ernietta, Bel-
tanelliformis, Aspidella, and Pteridinium (Droser et al. 1999b; Gehling 1999). The pres-
ervation of dense masses of these cup-shaped and winged forms, along with many an-
actualistic sedimentary structures, is a monument to the absence of benthic predators,
scavengers, and penetrative burrowing below the Precambrian-Cambrian boundary
(e.g., Seilacher 1995, 1999; Droser et al. 1999a; Gehling 1999). Likewise, weakly cal-
cified benthic metazoans, probably suspension feeders, such as Cloudina and goblet-
shaped forms, formed closely packed in situ monospecific communities with limited
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topographic relief in the Nama Group, Namibia (e.g., Germes 1983; Grotzinger et al.
1995; Droser et al. 1999b). These have been considered “reefs” (Germes 1983). Such
forms were probably able to bind sediment, but the complementary role of early
cements and microbial precipitates is not clear. Anabaritids also formed similar
mounded aggregations in the Nemakit-Daldynian (e.g., Droser et al. 1999b).

Cambrian Shell Concentrations
Introduction

Shell concentrations are relatively dense accumulations of biomineralized animal re-
mains (nonreefal skeletal deposits) with various amounts of sedimentary matrix and
cement, irrespective of taxonomic compositions and degree of postmortem modifica-
tion (Kidwell et al. 1986). Shell-rich accumulations have been part of the sedimen-
tary record since the beginning of Early Cambrian (Li and Droser 1997). However,
our current understanding of the development and distribution of shell concentra-
tions is primarily from shell accumulations in modern shallow-water environments
and from post-Paleozoic shell deposits (e.g., see review by Kidwell and Flessa 1995).
Questions related to the formation and distribution of Cambrian shell beds have only
recently been addressed (Li and Droser 1997), but occurrences of Cambrian shell
beds are reported in the literature. The development of shell beds is related to the evo-
lutionary changes in behavior, diversity, and environmental distribution of organisms
(Kidwell 1990, 1991). In that the Cambrian radiation is a critical event in the devel-
opment of metazoan history, with the advent of skeletonization and the establishment
of the Cambrian Evolutionary Fauna, it is an equally important time for the develop-
ment of fossil concentrations.

In this chapter, we use data primarily collected from the Basin and Range of west-
ern United States and west-central Wisconsin to discuss (1) the characteristics of
Cambrian shell beds, (2) the characteristics of shell beds from different depositional
regimes, and (3) the distribution of shell beds throughout the Cambrian. These rep-
resent only two areas but serve as a basis for future comparison.

Cambrian Shell Bed Types

Cambrian shell concentrations consist of skeletal grains and of nonskeletal allochems
such as intraclasts, peloids, ooids, oncoids, and sedimentary matrix. The sedimentary
matrix of Cambrian shell concentrations consists primarily of carbonate and silici-
clastic muds, silts, and sands. Carbonate intraclasts, including flat pebble clasts, are a
common component of the shell beds in various facies. In carbonate facies, ooids
and/or oncoids are commonly mixed with shell fragments to form thick compos-
ite/condensed shell beds (Li and Droser 1997).
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Table 7.1 Characteristic Features of Cambrian Shell Concentrations

COMPOSITION GEOMETRY THICKNESS/TRACEABILITY
Trilobite exclusively Pavement, lens, stringer, pod, Varies from mm to 10s of cm,
or bed usually not laterally traceable
Trilobite dominated Stringer, pod, lens, bed, or Varies from cm up to m, many
bedset beds are laterally persistent
Brachiopod exclusively Pavement, lens, or stringer Varies from mm up to cm, locally
traceable
Brachiopod dominated Lens, pod, or bed cm, usually not laterally traceable
Gastropod dominated Lens, stringer, or pod cm, usually not laterally traceable
Echinoderm dominated Usually lens, bed, or bedset Varies from cm up to m, many

beds are laterally persistent

Trilobite/echinoderm mixed Usually lens, bed, bedset Varies from ¢cm to m, many beds
are laterally persistent

Small tubular shells Lens and beds cm to 10s of cm

As expected, the skeletal grains represent typical elements of the Cambrian Fauna
(Sepkoski 1981a,b), that is, trilobites, lingulate brachiopod valves, hyoliths, and
“small shelly fossils,” as well as echinoderm debris and gastropod shells. Shell accu-
mulations composed of reef-building organisms deposited around the reefal buildups
are not typically included in the shell bed studies, because they commonly form a
component of complex reef fabrics (Kidwell 1990). However, archaeocyath debris is
locally common in the Cambrian and can form composite beds that are centimeters
to tens of centimeters in thickness. Archaeocyath debris beds in the Lower Cambrian
of California are well defined and densely packed beds intercalated in wackestones
and grainstones.

Cambrian shell beds are diverse, and each taxonomic type has a distinct strati-
graphic and taphonomic signature (table 7.1). The most common Cambrian shell
concentrations are trilobite-dominated shell beds (e.g., Li and Droser 1997). They
are found throughout many depositional facies and are usually lenticular to planar-
bedded deposits. Trilobites occur in different states of preservation that range from
highly fragmented sclerites to intact cranidia and pygidia, and they are generally mixed
with intraclasts (Westrop 1986; Kopaska-Merkel 1988; Liand Droser 1997). Shell con-
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INTERNAL
CLOSE-PACKING

COMPLEXITY

TAPHONOMIC FEATURES

Loosely-densely packed

Dispersed to densely packed,

usually loosely-densely

Dispersed to loosely packed

Dispersed to loosely packed
Dispersed to loosely packed
Loosely-densely, usually
densely packed
Loosely-densely, usually

densely packed

Loosely to densely packed

Simple to complex
fabric, usually simple

Simple to complex,
complex common

Simple fabric

Simple fabric
Simple fabric
Simple to complex,
complex is common
Simple to complex,

usually complex

Usually simple

Most trilobites are disarticulated, but
intact free cheeks, cranidia, and
pygidia are common

Intact trilobites are rare, many
fragmented parts, but intact cranidia
and pygidia are common

Disarticulated shells are common, most
shells are intact and concordant to
bedding

Disarticulate shells are common, low
abrasion and fragmentation

Many intact shells, low fragmentation,
internal molds are common

High fragmentation and disarticulation,
usually recrystallized

High disarticulation and fragmentation,
are rare, poor sorting, intact shell parts
usually recrystallized

Highly fragmented shells, usually

recrystallized

centrations composed exclusively of trilobites are also common in various lithofacies,
particularly in Lower and Middle Cambrian shale and mudstone (figure 7.3C). These
trilobite-only beds usually occur as pavements and thin lenticular beds with relatively
good preservation of trilobites. Trilobite sclerites in beds from thin-bedded interbed-
ded carbonate and shale successions are commonly fragmented; however, intact free
cheeks, genal spines, cranidia, and pygidia are common, and with their original cu-
ticles preserved (Li and Droser 1997).

Lingulate brachiopod shell accumulations are another common type of Cambrian
shell bed, particularly in shale, siltstone, or fine-grained sandstone (McGee 1978,
Hiller 1993; Li and Droser 1997). They usually occur as loosely to densely packed
pavements and lenses, and even beds (Ushatinskaya 1988; Popov et al. 1989; Li and
Droser 1997). Although most beds are thin, they are relatively laterally persistent.
Fragmentation is usually low, although most valves are disarticulated. Original shells
composed of calcium phosphate are well preserved, with fine growth lines on their
surfaces. A Botoman example comes from the Bystraya Formation of eastern Trans-
baikalia (Ushatinskaya 1988). An impressive example of Late Cambrian (not Early
Ordovician, as previously claimed) shell beds consisting of lingulate brachiopods are
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Figure 7.3 Examples of Cambrian fossil con-
centrations. A, A small-shell fossil accumula-
tion from the middle part of the pretrilobite
Lower Cambrian Deep Spring Formation
(Mount Dunfee, White-Inyo region, California,
USA); it occurs as a lenticular bed composed of
densely packed, whole and broken, small tu-
bular shells; note the homogenous internal fab-
ric and the sharp contacts with surrounding
strata; scale bar 1 cm. B, Cross-section of a
trilobite-gastropod shell bed from the Upper
Cambrian Whipple Cave Formation (central
Egan Range, Nevada, USA); note the taxo-
nomic variation within the bed; lower half is
composed primarily of trilobite fragments,
while the number of gastropod shells increases
in the upper half of the bed; scale bar 1 cm. C,
Bedding plane view of agnostid concentrations
from Member A of the Emigrant Springs Lime-
stone (Patterson Pass, southern Schell Creek
Range, Nevada, USA); shell bed is densely
packed with disarticulated agnostid cephala
and pygidia oriented either convex-down

or convex-up; this bed was deposited in an
outer shelf setting; scale bar 2.5 cm. D, Well-

developed condensed-composite shell bed
from Upper Cambrian Big Horse Limestone of
the Orr Formation, central House Range, Utah;
this bed is densely packed with trilobite re-
mains, rests on top of massive stromatolite-
thrombolite buildups, and is essentially a trilo-
bite grainstone; it is cross-stratified, and sand
waves are preserved on the upper surface.
Rock hammer for scale. E, Isolated lens of a
trilobite concentration from the Middle Cam-
brian Whirlwind Formation, Marjum Canyon,
central House Range, Utah; this lenticular de-
posit is intercalated with green shales and is
densely packed with the trilobite Ehmaniella;
these lenses result from starved ripple migra-
tion in shallow subtidal to intertidal settings;
field of view is approximately 32 cm across;
rock hammer for scale. F, Cross-section of a
trilobite-dominated shell bed from the Upper
Cambrian Orr Formation (central House
Range, Utah); the densely packed shell bed is
truncated by a hash bed composed of small
(<2mm) shell fragments overlain by a mud-
stone; scale bar 2.5 cm.

the Obolus Beds, which are best developed in eastern Europe but also extend into Swe-
den. They consist largely of Ungula ingrica. This occurrence is notable in that the con-
centration of brachiopods in places is so high that it forms economically exploitable
seams of phosphorite (Popov et al. 1989; Hiller 1993; Puura and Holmer 1993; S. Jen-
sen, pers. comm., 1996).

Echinoderm-dominated and trilobite-echinoderm mixed shell beds are very com-
mon, particularly in Upper Cambrian shallow marine carbonates (Li and Droser
1997). They usually form amalgamated composite to condensed beds with highly
disarticulated, fragmented, recrystallized trilobite sclerites and echinoderm debris.
These beds are commonly greater than 10 cm in thickness and have an extensive lat-
eral stratigraphic distribution (figures 7.3D,E).

Small shelly fossil concentrations (figure 7.3A) have been reported from lowermost
Cambrian strata throughout the world (Brasier and Hewitt 1979; McMenamin 1985;
Brasier 1986; Gevirtzman and Mount 1986; Landing 1988, 1989, 1991; Rozanov and
Zhegallo 1989; Brasier et al. 1996; Khomentovsky and Gibsher 1996, Li and Droser
1997). However, only a few of these beds have been described in detail (McMenamin
1985; Gevirtzman and Mount 1986; Li and Droser 1997). These shell accumulations
are primarily lenticular to tabular deposits intercalated in shallow marine sandstone
and limestone facies. The small shelly fossil concentrations found in the Deep Spring
Formation of the White-Inyo Mountains, Nevada, are composed of coleolids, hyoliths,
and Sinotubulites (most are millimeter-scale tubular to conical skeletons). (Sinotubu-
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lites has been synonymized tentatively with Cloudina [Grant 1990].) These beds have
been interpreted as storm-generated lag deposits (Gevirtzman and Mount 1986; Li
and Droser 1997).

Internal Fabric of Cambrian Shell Beds

Internal fabric includes the orientation, arrangement, packing, and sorting of the
skeletal elements in shell beds. The major components of Cambrian shell beds are
small and thin trilobite sclerites and fragmented echinoderm debris (Li and Droser
1997; figures 7.3B,D—F). Hence in cross-sectional view, they lack the typical “inter-
locking” fabric displayed in Mesozoic and Cenozoic shell beds that are composed
of relatively large, thick, bivalved or univalved shells (Norris 1986; Kidwell 1990).
Thus, in the field, Cambrian shell beds appear less conspicuous than the brachiopod-
dominated shell beds in the post-Cambrian Paleozoic (Li and Droser 1995) and
mollusk-dominated shell beds in the Mesozoic and Cenozoic. Although trilobite
and trilobite-echinoderm beds are abundant in different Cambrian lithologies (Li and
Droser 1997), they are easily overlooked because of the atypical internal fabric of
the beds.

In general, Cambrian shell concentrations are primarily loosely packed and loosely
to densely packed; the packing of the shell fragments varies vertically and laterally
within the composite shell beds (figure 7.3B) because of physical and probably also
biological reworking. Discrete shell concentrations commonly display either homo-
geneous fabric or fine upward. Amalgamated shell beds generally exhibit complex in-
ternal structure with lateral and vertical variations in close packing, shell orientation,
and sorting (figure 7.3B). In carbonate strata, composite/condensed shell beds usu-
ally display irregular bedding between accreted beds and stylolite seams.

Shell Beds from Different Depositional Regimes

Shell concentrations are found in almost all Cambrian shelf lithologies (Li and Droser
1997). The characteristics of shell beds vary across different lithofacies in terms of
taphonomic, paleontological, sedimentological, and stratigraphic features (Li and
Droser 1997). An instructive comparison can be made between data from the Basin
and Range and data from the Upper Mississippi Valley of west-central Wisconsin.
Both were passive margins during the Cambrian. However, the two regions were sit-
uated in different depositional regimes. The Basin and Range was dominated by car-
bonate facies, whereas west-central Wisconsin was dominated by siliciclastic facies.

The Big Horse Limestone of Orr Formation (Horse Range, Utah) and the Eau Claire
Formation (west-central Wisconsin) both range from the Late Cambrian Cedaria trilo-
bite zone into the Crepicephalus Zone, and both are interpreted as shallow marine inter-
tidal to subtidal deposits. The Big Horse Limestone consists primarily of thin-bedded
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to thick-bedded wackestones, packstones, and grainstones; ooids, oncoids, and intra-
clasts are also common, whereas the Eau Claire Formation consists mainly of thin-
bedded to medium-bedded laminated and cross-bedded siltstones and sandstones.

The primary types of shell beds in the Eau Claire Formation are lingulate brachio-
pod-dominated and trilobite-dominated shell beds. These are mainly event and com-
posite shell beds that formed under storm processes. The trilobite and hyolith re-
mains in the beds are preserved as molds, whereas the original calcareous-phosphatic
brachiopod shells are excellently preserved. Most of the concentrations are pave-
ments (millimeters to centimeters in thickness) and lenticular beds (usually less than
15 c¢m in thickness) with simple internal variations.

Shell beds in the Big Horse Limestone are mainly trilobite-dominated-event, com-
posite, and condensed beds. Many are well-developed deposits (ranging from centi-
meters to tens of centimeters in thickness) with complex internal fabric, usually show-
ing the features of amalgamation and accretion.

Shell beds in both units show similar taphonomic features such as relatively low
fragmentation, poor to moderate sorting, and high disarticulation. Moreover, many
shell beds in the Big Horse Limestone were formed at either the bases or tops of sed-
imentary cycles. In the Eau Claire Formation, shell beds are commonly formed at the
bases of thick sandstone beds, and shell fragments are concentrated at the bases of the
shell beds.

Shell beds in both units are relatively common. In general, shell beds in the Big
Horse Limestone are well developed and thicker than those in the Eau Claire Forma-
tion. However, because the shell beds in carbonate facies are not easily distinguished
from the nonbioclastic packstone and grainstone beds because of the weathering pat-
tern, they are not visually impressive in outcrop. Moreover, shell beds, particularly
trilobite-dominated and echinoderm-trilobite beds, do not split evenly along bedding
planes. In siliciclastic facies, although shell beds are relatively thin, they are more eas-
ily recognized in outcrop, because shell beds in shale and siltstones usually stand out
from the surrounding strata and split along bedding planes.

Temporal Distribution: Evidence from the Great Basin Changes in Types of Shell Beds.
Systematically collected Cambrian shell bed data are available only for the Basin and
Range (Li and Droser 1997). Although the data are from a single basin, they provide
a first look at the trends in the development of Cambrian shell beds.

The oldest shell concentrations in the Basin and Range are “small shelly fossil” ac-
cumulations (figure 7.3A) in the subtrilobite Lower Cambrian strata. They are not
common, although they are widely known throughout the world from other sub-
trilobite Cambrian deposits. These pretrilobite shell beds are loosely to densely packed
lenticular deposits that range from 4 to 13 cm in thickness (Li and Droser 1997). Simi-
lar types of shell beds have been reported from La Ciénega Formation, Caborca re-
gion, Sonora, Mexico, by McMenamin (1985). He noted that the small shell fossils
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Figure 7.4 Distribution of taxonomic type of shell beds through the Cambrian. n = the number
of shell beds described from each biostratigraphic interval; total is 449.

usually occur as shell beds in cross-bedded, sandy dolomitic limestones. They are dis-
continuous tabular and lenticular deposits that range in thickness from a few centi-
meters to more than a meter. Thus, they are much thicker than those in the White-
Inyo region.

Trilobite shell concentrations first appear within the earliest trilobites (Olenellid
biomere) in several stratigraphic units composed of pure carbonate and interbedded
carbonates and terrigenous clastics in southwestern Nevada and southeastern Cali-
fornia. However, most Lower Cambrian trilobite-rich beds are very thin (<5 ¢cm), and
some are just a single layer of trilobite remains on a bedding surface. Thereafter, shell
concentrations are a fairly common stratigraphic element in the Cambrian rocks of
the Basin and Range.

In the Olenellid and Corynexochid biomeres (upper Lower to Middle Cambrian),
about 70 percent of shell beds are composed exclusively of trilobites (figure 7.4),
and the others are trilobite-dominated and trilobite-echinoderm. In the rocks of
the Marjumiid and Pterocephaliid biomeres (Middle to Upper Cambrian), inarticu-
late brachiopod- and echinoderm-dominated shell beds occur, but more than 80 per-
cent of the shell beds counted are trilobite accumulations. Trilobite-dominated (as
opposed to trilobite-only) shell beds are the dominant type of shell beds in Up-
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per Cambrian Ptychaspid biomere strata (figure 7.4). Echinoderm-dominated and
echinoderm-trilobite mixed shell beds are very common in the Ptychaspid biomere,
along with rare gastropod- and hyolith-dominated shell beds. Thus, although echino-
derms, gastropods, hyoliths, and brachiopods were present in the Early Cambrian,
they did not become important components of shell beds in the Basin and Range
Cambrian until the late Middle and Late Cambrian, whereas trilobite beds are the
most important beds throughout the entire postsubtrilobite Cambrian.

Changes in Thickness and Abundance. In order to document the temporal patterns in
the distribution of Cambrian shell beds, thickness and abundance of the shell beds
were collected from comparable lithofacies and from comparable thicknesses of
stratigraphic intervals from the Early to Late Cambrian of the Basin and Range (Li and
Droser 1997).

Data used for examining temporal changes in thickness and abundance of shell
beds were collected from thinly bedded argillaceous wackestones and packstones in-
terbedded with shale and siltstone. These rocks represent deposition in shelf envi-
ronments below fair-weather wave base but above the maximum storm wave base.
However, this facies is rare in the upper Upper Cambrian Ptychaspid Biomere strata.
Thus, the data were collected from the carbonate strata in this interval that represent
similar depositional energies.

Most Cambrian shell concentrations are less than 10 cm thick. Single beds thicker
than 20 cm are rare and occur primarily in the Upper Cambrian. The thickness of
trilobite-dominated beds increases from the Early to Late Cambrian with a slight de-
crease in the Late Cambrian Pterocephaliid biomere (figure 7.5A). Shell beds collected
from Lower and lower Middle Cambrian strata are predominantly thin pavements,
lenses, and discontinuous thin beds. In contrast, many upper Middle and Upper
Cambrian shell concentrations are well-developed planar beds or bed sets, and some
are laterally persistent; they can be distinguished readily in the field. Overall, the
physical dimension of trilobite-dominated shell concentrations increases from the
Lower Cambrian to Upper Cambrian, with the major shift in the upper Middle Cam-
brian. Moreover, the abundance data (figure 7.5B) show that the frequency of occur-
rence of shell beds also increases from the Early to Late Cambrian with a decrease in
the latest Late Cambrian (Ptychaspid biomere).

Variations in the physical dimensions of shell beds through the Phanerozoic have
been discussed by Kidwell (1990) and Kidwell and Brenchly (1994), based on post-
Cambrian data. Their data show that thickness and abundance of shell beds increase
through the Phanerozoic; many shell beds from the post-Paleozoic are meters in thick-
ness. A similar temporal trend in development of Cambrian shell beds has been shown
above. However, data used in our study were collected from discrete beds and thus
do not reflect a combined thickness of composite beds. Particularly in Upper Cam-
brian carbonates, composite shell beds (formed by multiple events) form accumula-
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Figure 7.5 Temporal distribution of Cambrian shell concentrations. PT = pretrilobite Early
Cambrian, OB = Olenellid biomere, CB = Corynexochid biomere, MB = Marjumiid biomere,
PTEB = Pterocephaliid biomere, and PTYB = Ptychaspid biomere. The horizontal axis is arbitrar-
ily divided into six equal intervals. Most data were collected from thinly bedded argillaceous
wackestone/packstone interbedded with siltstone and shale. For the Upper Cambrian Ptychaspid
biomere, data were collected from pure carbonates. A, Distribution of maximum thickness of
Cambrian shell concentrations from each biomere; thickness was measured from discrete individ-
ual shell beds. B, Distribution of abundance of Cambrian shell concentrations; relative abundance
data were collected by counting the number of shell beds in a 10 m interval of stratigraphic sec-
tion considered to contain the most-abundant shell beds from each interval.

tions meters in thickness (Li and Droser 1997). These thick shell beds usually appear
as ledges in the outcrop in the Basin and Range. Because they are primarily composed
of trilobite and echinoderm fragments and lack typical interlocking fabric, they are
easily unnoticed as shell beds.

Shell bed data from the Basin and Range demonstrate an increase in abundance
and physical dimension of shell beds, as well as compositional shifts through Cam-
brian time (figures 7.4 and 7.5). By the Late Cambrian, shell beds are more abundant
and thicker, and thus, at least in this particular shallow marine facies, they form a
more significant part of the stratigraphic record. There is also an increase in the tax-
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onomic diversity of shell beds though the Cambrian (figure 7.4). However, more than
80 percent of the shell beds are dominated by trilobites. Through the Cambrian there
is an increase in diversity of trilobites. This diversification may have been accompa-
nied by an increase in abundance of trilobites that contribute to shell beds.

Controls on the Temporal Distribution of Cambrian Shell Beds. The distribution and strati-
graphic nature of shell beds are primarily a function of physical and biological con-
trols (Kidwell 1986, 1991). Diagenesis and other chemical controls may also be
important. However, workers have found that changing chemistries are not an over-
riding process for post-Cambrian shell beds (Kidwell and Brenchley 1994).

Analysis of data from the Basin and Range suggests that variations in thickness and
abundance of Late Cambrian shell beds may, in large part, result from the lithologi-
cal changes associated with a decrease in accommodation space in the Late Cambrian
(Li and Droser 1997). The trend of increasing thickness and abundance throughout
the rest of the Cambrian is most conservatively interpreted as a result of biological
factors, in particular, an increase in skeletonized material (see discussion in Li and
Droser 1997). In addition, workers have noted that Lower Cambrian cuticles appear
to be thinner and “weaker” than Upper Cambrian forms (Lochman 1947). Thus an
increase in cuticle thickness may also contribute to an increased thickness in Cam-
brian shell beds.

DISCUSSION

The Cambrian represents a critical point in the development of nearly all biofabrics.
Near the base of the Cambrian, there was a significant shift in the nature of sedimen-
tary fabrics. From then on, the nature and distribution of biofabrics continued to
change through the Phanerozoic but not necessarily in concert. Perhaps, then, the
Precambrian-Cambrian boundary represents the only time when there was a whole-
sale change in sedimentary fabrics.

Regardless of their origin, biofabrics are nevertheless a result of the interaction of
physical and biological processes. The development and distribution of biofabrics is
strongly controlled by sedimentary facies. This is particularly obvious with ichnofab-
rics but equally important with shell beds. Understanding these biases is critical to
being able to use biofabrics fully as a resource to tease apart ecological and environ-
mental relationships. However, initial studies indicate that Cambrian biofabrics have
significant paleoecological and stratigraphic utility (e.g., Li and Droser 1997). Only a
few studies (e.g., Droser and Bottjer 1988; Kidwell 1990; Kidwell and Brenchley
1994; Li and Droser 1997) have examined the long-term trends in biofabrics. How-
ever, with the increasing interest in, and appreciation of, the significance of biofabrics,
this field remains an exciting venue for future research. This is particularly true of
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the latest Precambrian and Cambrian, where biofabrics have been relatively under-
utilized in our exploration of the relationships between physical, chemical, and bio-
logical processes and the Cambrian explosion. Biofabrics provide a natural link be-
tween these processes.
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Biotic Diversity and Structure During the
Neoproterozoic-Ordovician Transition

Diversity of 4,122 metazoan genera, 31 calcimicrobial genera, and 470 acritarch
species are plotted for the Nemakit-Daldynian—early Tremadoc interval at zonal
level. Generally congruent plots of diversity of metazoan genera, acritarch species,
calcified cyanobacteria, and ichnofossils reflect Nemakit-Daldynian—early Botoman
diversification, middle Botoman crisis leading to further late Botoman—Toyonian
diversity decrease, and Middle-Late Cambrian low-diversity stabilization. All three
sources of overall diversity (alpha, beta, and gamma diversity) contributed to the
development of generic diversity at the beginning of the Cambrian. The apparent
niche partitioning and several levels of tiering, observed in reefal and level-bottom
communities, indicate that the biotic structure of these was already complex in the
late Tommotian. A wide spectrum of communities was established in the Atdabanian.
Ecologic, lithologic, and isotopic features are indicative of a nutrient-rich state of the
oceans at the beginning of the Cambrian. The radiation of benthic and planktic filter
and suspension feeders considerably refined the ocean waters and led to less nutrient-
rich conditions for later, more diverse, evolutionary faunas. The inherent structure
of the biota, expressed in relative number of specialists and degree of competition,
was responsible for its stability. Extrinsic factors could amplify crises but could
hardly initiate them.

AT THE END of the Neoproterozoic and beginning of the Phanerozoic, there was a
rapid succession of distinct faunas and a diversity increase that involved the brief
flourishing of the enigmatic Ediacaran fauna, subsequent expansion of the Tommo-
tian small shelly taxa, and finally replacement by the more standard Cambrian and
Ordovician groups. Discussions of Vendian to Cambrian diversification by Sepkoski
(1979, 1981) treated the fauna of this interval as homogeneous. Most of the impor-
tant Cambrian classes, including archaeocyaths, trilobites, inarticulate brachiopods
(mainly lingulates in the present sense), hyoliths, monoplacophorans (now, princi-
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pally, helcionelloids), stenothecoids, cribricyaths, volborthellids, eocrinoids and some
other echinoderm classes, sabelliditids, soft-bodied and lightly skeletonized animals,
and various Problematica, were assembled into the “Cambrian Evolutionary Fauna.”
This fauna dominated the early phase of metazoan diversification. It attained maxi-
mum diversity in the Cambrian and then began a long decline. Very few members of
the Cambrian fauna participated in the Ordovician radiation or persist today. The Pa-
leozoic Evolutionary Fauna began to radiate during the latest Cambrian and virtually
exploded in the Ordovician. The Modern Evolutionary Fauna originated during the
Cambrian Period but radiated in the Mesozoic.

The three great evolutionary faunas were identified through Q-mode factor analy-
sis of familial diversity through the Phanerozoic (Sepkoski 1981). The factors of fa-
milial data differed significantly from expectation for stochastic phylogenies and there-
fore reflected some underlying organization in the evolution of Phanerozoic marine
diversity (Sepkoski 1991a). Smith (1988), noted that several important classes in the
Cambrian Fauna—namely, Inarticulata, Monoplacophora, and Eocrinoidea—are
paraphyletic, and he therefore suggested that the distinction between the Cambrian
and Paleozoic faunas, and the apparently separate radiations of the Early Cambrian
and the Ordovician, might be an artifact of taxonomy coupled with a poor fossil rec-
ord in the Late Cambrian. He ably demonstrated that eocrinoids represent a poorly
defined stem group for later pelmatozoans and cystoids (but see Guensburg and
Sprinkle, this volume). In contrast, monoplacophorans and inarticulates are split into
several holophyletic clades (class Helcionelloida, class Lingulata) (Gorjansky and
Popov 1986; Peel 1991), the bulk of which further increase the distinction mentioned
above. Thus, although taxonomic practice may contribute scatter to the pattern, the
histories of Cambrian classes continue to remain distinct from members of the Paleo-
zoic and Modern faunas. In addition, the Monte Carlo simulations did not reveal a
significant bias produced by paraphyletic taxa (Sepkoski and Kendrick 1993). A dis-
tinct pattern is observed in the stratigraphic distribution of fossils treated as earliest
pelecypods, rostroconchs, and gastropods: their first representatives disappeared dur-
ing the middle Botoman extinction event, but the classes apparently diversified at the
very end of the Cambrian and Ordovician. Such a pattern emphasizes the distinction
between elements that contributed to the Cambrian and Ordovician radiations.

Further investigations by Q-mode factor analysis, performed on generic diversity
data, recognized at least three evolutionary faunas at the start of metazoan diversifica-
tion—the Ediacaran, Tommotian, and Cambrian sensu stricto faunas—and archaeo-
cyaths received their own factor (Sepkoski 1992). The Tommotian Evolutionary Fauna
factor received maximum loadings from the Nemakit-Daldynian, Tommotian, and
early Atdabanian, and the fauna included orthothecimorph hyoliths, helcionelloids,
paragastropods, sabelliditids, and a variety of short-ranging Problematica that origi-
nated during this time interval. Finally, the restricted Cambrian Evolutionary Fauna
factor received maximum loadings from the late Atdabanian through Sunwaptan; it
consisted of trilobites, bradoriids, and some other arthropods, lingulates, and echino-
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derm classes. This latter assemblage actually represents a mixture of members of the
Cambrian sensu stricto, Paleozoic, and Modern faunas.

Metazoans of all taxonomic levels from genus to class exhibit, in general, congru-
ent diversity patterns through the Cambrian-Ordovician (Sepkoski 1992). The major
Cambrian radiation of large metazoans with mineralized skeletons was accompanied
by a continued radiation of soft-bodied burrowing infauna in both nearshore silici-
clastic and carbonate shelf settings expressed in increased diversity of trace fossils and
intensity of bioturbation from the Vendian through Early Cambrian; thereafter there
was little change in the Early Paleozoic (Crimes 1992a,b, 1994; Droser and Bottjer
1988a,b).

The same pattern is repeated broadly by calcified cyanobacteria (Sepkoski 1992;
Zhuravlev 1996) and acritarchs (Rozanov 1992; Knoll 1994; Vidal and Moczydtow-
ska-Vidal 1997). Preliminary data on calcified cyanobacteria and algae allowed Chu-
vashov and Riding (1984) to establish three major marine Paleozoic floras—the
Cambrian, Ordovician, and Carboniferous floras. Quantitative and taxonomic analy-
ses of these entities are needed. However, the diversity pattern of their Cambrian
Flora is congruent with that of the Early Cambrian Biota, as has been shown by quan-
titative data (Zhuravlev 1996). This flora was dominated by calcified probable bac-
teria (e.g., Girvanella, Obruchevella, Epiphyton, Renalcis, Acanthina, Bija, Proaulopora), to
which a few problematic calcified algae were added during the Middle to Late Cam-
brian (see Riding, this volume). Some elements of this flora have a discontinuous
record to the Cretaceous. In contrast, the Ordovician Flora, which diversified in the
Middle Ordovician, contained a large variety of calcified green and red algae and new
groups of calcified cyanobacteria.

Thus, all patterns are remarkably similar as indicated in figure 8.1A-D.

DIVERSITY ANALYSIS

New and revised biostratigraphic data for the Cambrian permits quantitative analy-
sis of changes in biotic diversity, which I accept here as simple taxonomic diversity.
Global generic diversity data are calculated on the basis of my literature compilation
of stratigraphic ranges and paleogeographic distributions of genera from the Nemakit-
Daldynian to Tremadoc for all groups (4,122 genera), with the exception of spicular
sponges (figure 8.1A). These data are calibrated by Russian (Siberian) stage and zonal
scales for the Early and early Middle Cambrian, North American (Laurentian) stage
and zonal scales for the late Middle and Late Cambrian, and Australian Datsonian as
the terminal Cambrian interval (from the base of the proavus Zone to the base of the
lindstromi Zone). The global correlation of these stratigraphic units is given by Zhu-
ravlev (1995) for the Early Cambrian and by Shergold (1995) for the Middle and Late
Cambrian (Zhuravlev and Riding, this volume: tables 1.1 and 1.2).

Asisalready well known, the Neoproterozoic—Early Cambrian metazoan explosion
was relatively rapid, spanning a period of about 20 m.y. from the Nemakit-Daldynian
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Figure 8.1 Pattern of diversity through the phorite abundance curve (modified after Cook
Cambrian-Tremadoc. A, Diversity curve for 1992). F, ¥Sr/%°Sr plot (compiled from Don-
metazoan genera (stippled area shows archaeo-  nelly et al. 1990; Derry et al. 1994; Saltzman
cyath diversity). B, Diversity curve for calcimi- et al. 1995; Montariez et al. 1996; Nicholas
crobe genera. C, Diversity curve for acritarch 1996). NEM = Nemakit-Daldynian; D = Dat-
species. D, Plot of total trace fossil diversity sonian; T = Tremadoc.

(modified after Crimes 1992a, 1994). E, Phos-

to the early Botoman (Bowring et al. 1993; Shergold 1995; Landing and Westrop
1997). This is short relative to subsequent Phanerozoic radiations, and the per taxon
rate of diversification was much higher (Sepkoski 1992).

The general intensity of extinction in the oceans has declined through the Phan-
erozoic (Sepkoski 1994). Cambrian intensities are quite high. Detailed field biostra-
tigraphy resolves some of this into three extinction events during the Early Cambrian
and four extinction events during the Middle-Late Cambrian, including that at the
former Cambrian-Ordovician boundary (Saukia-Missisquoia boundary) (Palmer 1965,
1979; Stitt 1971, 1975; Brasier 1991, 1995a; Zhuravlev and Wood 1996). The latter
were recognized first by Palmer (1965, 1979), who called them biomere extinctions.

Quantitative analysis of global generic diversity reveals striking changes through
the Cambrian. If extinction rates are plotted separately, they exhibit no additional
characteristics (Zhuravlev and Wood 1996: figure 1). First, diversity decline occurs
in the mid-Tommotian (Brasier 1991). However, the scale of this extinction is likely,
in part, to reflect taxonomic oversplitting of scleritome taxa. More striking are two fur-
ther extinction events noted in the mid-Early Cambrian: in the middle and late Boto-
man. The later of these events was predicted by selected data (Bognibova and Shcheg-
lov 1970; Newell 1972; Burrett and Richardson 1978; Sepkoski 1992; Signor 1992a;
Brasier 1995a) and is related to the well-known Hawke Bay Regression (Palmer and
James 1979) or to the “Olenellid biomere event” that affected trilobites at about that
time (A. Palmer 1982). Ecologic Evolutionary Unit I of Boucot (1983) was terminated
by this extinction (Sheehan 1991). A more pronounced extinction occurred in the
middle Botoman (approximately at the micmacciformis/Erbiella—gurarii zone bound-
ary) and has been named the Sinsk event (Zhuravlev and Wood 1996). It was re-
sponsible for a major disturbance of the Early Cambrian Biota, after which many
groups composing the Tommotian Fauna either disappeared or became insignificant.
Metazoans attained their highest generic diversity of the Cambrian during the early
Botoman, and contrary to Sepkoski’s (1992) calculation, this was not exceeded until
the Arenig. Archaeocyaths were not the principal group contributing to this pattern
(figure 8.1A). At the generic level, they compose only 24 percent rather than about
50 percent (contra Sepkoski 1992) of total early Botoman generic diversity and 18 per-
cent of extinct genera. These differences in data may be explained by the coarser strati-
graphic scale and the smaller database that were used by Sepkoski (1992). In com-
parison, trilobite genera contribute 27 percent and 16 percent, respectively. This
decline is well expressed at the species level on all major continents and terranes of
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the Cambrian world (Zhuravlev and Wood 1996: figure 2). Calcified cyanobacteria
(31 genera) and acritarchs (470 species) show a similar decline in diversity (figures
8.1B,C). A slight fall in trace fossil diversity is observed during the Middle and Late
Cambrian (figure 8.1D), followed by a steady rise through the Ordovician, resulting
from an increase in deep-water trace fossil diversity (Crimes 1992a); the levels of
Early Cambrian diversity were not reached again until the Early Ordovician (Crimes
1994). In general outline, this pattern resembles the diversification of body fossils
across the same interval.

Four extinction events during the Middle-Late Cambrian are confirmed by global
data but are most pronounced among trilobites (figure 8.1A). However, the latest of
them affected cephalopods and rostroconchs too. Both rostroconchs and cephalopods
produced their first diversification peak in the Datsonian (Pojeta 1979; Chen and
Teichert 1983).

The dynamics of three additional indices is quantified for the Nemakit-Daldynian—
early Tremadoc interval. These are (1) average monotypic taxa index (MTI), (2) aver-
age geographic distribution index (AGI), and (3) average longevity index (ALIL). These
are calculated for genera in each zone (Zhuravlev and Riding, this volume: tables 1.1
and 1.2, Arabic numerals; and figures 8.2A—C herein). Initially, average indices were
determined for each taxonomic group separately. Then average indices were counted
for each of the following biotas: Tommotian Biota (anabaritids, sabelliditids, coelo-
scleritophorans, helcionelloids, orthothecimorph hyoliths, and minor problematic
sclerital groups); Early Cambrian Biota (archaeocyath sponges, radiocyaths, cribri-
cyaths, coralomorphs, paragastropods, hyolithomorph hyoliths, bradoriids, anomalo-
caridids, tommotiids, hyolithelminths, cambroclaves, mobergellans, coleolids, para-
carinachitiids, salterellids, and stenothecoids); Middle-Late Cambrian Biota (trilo-
bites, lingulates, calciates, echinoderms, and lightly skeletonized arthropods); and
combined Paleozoic-Modern Biota (rostroconchs, cephalopods, gastropods, tergo-
myans, polyplacophorans, pterobranchs, graptolites, paraconodonts, and eucono-
donts). These biotas display broadly congruent fluctuations of the indices for most
of the Cambrian. Principal deviations from this common pattern will be emphasized
below.

The last two indices usually display a similar coherent pattern because the wider
the spectrum of conditions under which a genus is able to survive, the wider is its area
and the longer it exists (Markov and Naimark 1995; Markov and Solov’ev 1995). AGI
is calculated as follows. An appearance of a genus on a single craton is accepted arbi-
trarily as 1 unit; an appearance of genus in several regions of the same province is
scored as 5 units; a global distribution is scored as 10 units. (As has been shown by
Markov and Naimark [1995], the change of unit value does not influence the general
pattern of the geographic distribution.) The Early Cambrian provinces are confined
to Avalonia, Baltica, Laurentia (including Occidentalia), East Gondwana (Australia-
Antarctica, China, Mongolia-Tuva, Kazakhstan), West Gondwana (southern and cen-
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bution index. C, Average longevity index.

tral Europe, Morocco, and the Middle East), and Siberia (Siberian Platform, Altay
Sayan Foldbelt). The Middle and Late Cambrian paleobiogeographic subdivisions
adopted here are after Jell (1974) and Shergold (1988), respectively. AGI is low dur-
ing the Tommotian, early Botoman, and Toyonian (figure 8.2B). Thus, our data are
broadly similar to the generalization by Signor (1992b), who counted endemic gen-
era on major cratons for early Cambrian stages: more than 50 percent for the Tom-
motian, about 45 percent for the Atdabanian, almost 60 percent for the Botoman, and
60 percent for the Toyonian.
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PATTERN OF BIOTA DEVELOPMENT
Early Cambrian Radiation versus Middle Ordovician Radiation

Many comprehensive reviews discuss different aspects of the origin of the Cambrian
biotas (Axelrod 1958; Glaessner 1984; Conway Morris 1987; Valentine et al. 1991,
Signor and Lipps 1992; Erwin 1994; Kempe and Kazmierczak 1994; Vermeij 1995;
Marin et al. 1996). On the whole, biotic rather than abiotic explanations of this event
are preferred here. Among them, ideas about increased predator pressure first offered
by Evans (1912) and Hutchinson (1961) and cropper pressure introduced by Stan-
ley (1973) look more attractive in the light of recent observations (Miiller and Walos-
sek 1985; Vermeij 1990; Sepkoski 1992; Burzin 1994; Butterfield 1994, 1997; Chen
etal. 1994; Conway Morris and Bengtson 1994; Zhuravlev 1996; see also chapters by
Butterfield and Burzin et al., this volume). In addition to a direct influence, predator
pressure can promote local elimination of a stronger competitor and, respectively,
increase community diversity (Vermeij 1987). As the major Cambrian radiation of
skeletal metazoans was accompanied by a continued radiation of soft-bodied burrow-
ing organisms, skeletal mineralization was hardly a key innovation: the implied geo-
chemical triggers were not necessary for the radiation (Droser and Bottjer 1988a).
Penetration into substrate has several advantages, including the escape from predator
pressure. In such a case, the substrate itself plays the role of a hard shield.

The basic sigmoidal patterns of metazoan, phytoplanktic, calcimicrobial, and
ichnogeneric taxonomic diversity (see figures 8.1A-D) are consistent with the equi-
librium model of taxonomic diversification developed by Sepkoski (1992). This model
predicts that early phases of radiations into ecologically vacant environments should
be exponential and should be followed by declining diversification resulting from de-
creased origination and increased extinction as the environment fills with species.
The high AGI at the beginning of the Cambrian explosion (see figure 8.2B) is consis-
tent with the suggestion that empty adaptive space allowed extensive divergence and
low probability of extinction. This index shows that the diversification is related to ex-
tensive divergence (appearance of new genera during occupation of new areas in rela-
tively empty adaptive zones) rather than to a high degree of geographic isolation.

The Ordovician evolutionary radiation represents another major pivotal point in
the history of life, when the nature of marine faunas was almost completely changed
and both global and local taxonomic diversity increased two- to threefold (Sepkoski
and Sheehan 1983; Sepkoski 1995); ecological generalists were suggested to be re-
placed by specialists even within the same lineages (Fortey and Owens 1990; Leigh
1990; Sepkoski 1992). In addition, the appearance of new groups of predators (eu-
conodonts, cephalopods) and grazers (polyplacophorans, gastropods) and their rapid
diversification at the very end of the Cambrian might be among major factors that
predetermined the great Ordovician explosion. In contrast to the Cambrian, the Or-
dovician radiation resembles that of the Mesozoic. With the exception of the Bryozoa,
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no phyla first appear as part of the Ordovician radiation. This could be because eco-
space was sufficiently filled at the beginning of each subsequent radiation to preclude
survival of new body plans (cf. Erwin et al. 1987). During the Ordovician radiation
the Paleozoic Fauna proliferated while the Cambrian Fauna waned. We see a transi-
tion both ecological and taxonomic between the two faunas in the Early Ordovician.
Actually, the Ordovician radiation started soon after the Early Cambrian extinction,
from the Middle Cambrian onward, and was associated with changes to a new evolu-
tionary fauna that largely involved groups that appeared as unimportant classes dur-
ing the Cambrian. Nonetheless, euconodonts, graptolites, and new molluscan (ros-
troconchs, cephalopods, gastropods, polyplacophorans), brachiopod, and trilobite
groups entered Cambrian communities and became their most ubiquitous elements
by the end of the Cambrian period and even produced their first diversity peak in the
late Sunwaptan. A similar contrast pattern of temporal diversity trends is observed
among trilobites of the Ibex and Whiterock faunas (Adrain et al. 1998).

The sources of overall diversity are the richness of taxa in a single community
(alpha diversity), the taxonomic differentiation of fauna between communities (beta
diversity), and the geographic taxonomic differentiation (gamma diversity) (see Sep-
koski 1988 and references therein). All three contributed to the growth of generic di-
versity at the beginning of the Cambrian.

The apparent niche partitioning and several levels of tiering observed in reefal and
level-bottom communities (McBride 1976; Conway Morris 1986; Kruse et al. 1995;
Zhuravlev and Debrenne 1996; see also Burzin et al. and Debrenne and Reitner, this
volume), indicate that the biotic structure of these communities was already complex
by the late Tommotian. These complexities provided a basis for an increase in alpha
diversity. The Early Cambrian reefal communities contained 50 —80 species, whereas
their Middle and Late Cambrian counterparts have yielded only about 10 species
(Zhuravlev and Debrenne 1996; Pratt et al., this volume). Indeed, without archaeo-
cyaths (stippled on figure 8.1A), cribricyaths, coralomorphs, and other reef dwellers,
the entire plot of the Cambrian generic diversity would be a plateau, fluctuating
slightly around the level of about 400 genera per zone, since late Atdabanian time.

A wide spectrum of communities providing the basis for beta diversity increase
was established in the Atdabanian (see Burzin et al. and Pratt et al., this volume).

Faunal provinciality is estimated as very high since the Early Cambrian (Signor
1992b). Mean values of the Jaccard coefficient of similarity measured for generic sets
of major Early Cambrian provinces listed above vary from 0.08 to 0.11 for different
stage slices (Debrenne et al. 1999). This supports the suggestion of high endemicity
and thus reveals high gamma diversity for the Early Cambrian Biota.

Comparison with the Ordovician radiation indicates that the low magnitude of the
Cambrian radiation has to be attributed to comparatively low alpha and beta diver-
sity (Sepkoski 1988). Gamma diversity was hardly important in the Ordovician radi-
ation, because the mutual position of continents did not change much from Middle
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Cambrian (low overall diversity) to Middle Ordovician (high diversity) (see Seslavin-
sky and Maidanskaya, this volume: figures 3.3 and 3.6), and the provinciality of Cam-
brian faunas was already high (Jell 1974; Shergold 1988; Signor 1992b; Debrenne
et al. 1999; Hughes, this volume). On the contrary, the appearance of hardground
communities, bryozoan thickets, crinoid gardens, and, probably, offshore deep-water
communities, as well as the recovery of metazoan reefal communities (Fortey 1983;
Sepkoski and Sheehan 1983; Bambach 1986; Fortey and Owens 1987; Sepkoski 1988,
1991a; Crimes and Fedonkin 1994; see also Crimes, this volume), reveals that the Or-
dovician radiation was brought about by alpha and beta diversity rise (Sepkoski
1988). Hardground communities already appeared in the late Middle Cambrian
(Zhuravlev et al. 1996) but were not diverse until the Middle Ordovician (T. Palmer
1982; see also Rozhnov, this volume).

However, what factors limited the alpha and beta sources of overall diversity? The-
oretically, the Early Cambrian radiation might have been explosive because the num-
ber of “empty” niches was almost unlimited (Erwin et al. 1987), the morphological
plasticity of organisms was significant (Conway Morris and Fritz 1984; Hughes 1991),
and the radiation involved considerable morphological innovation (Erwin 1992).
Nonetheless, the diversity peak actually achieved by the Cambrian biota was much
lower than those for the Paleozoic and Modern biotas, despite the fact that these later
biotas were not developed in empty ecospace and thus were much more restricted
(Bambach 1983; Bottjer et al. 1996).

The beta diversity of a marine biota is to a certain extent related to cratonic flood-
ing (e.g., Burrett and Richardson 1978; see also Gravestock and Shergold, this vol-
ume). However, if a drop in sea level could reduce the shelf area flooded by the
oceans and cause a standing crop reduction, then sea level fluctuations would hardly
be responsible for the significant increase in Ordovician diversity, because areas
flooded during the largest Cambrian and Ordovician transgressions did not differ
much in size (see Seslavinsky and Maidanskaya, this volume: figures 3.2 and 3.6).

Brasier (1991) and Vermeij (1995) used increase in nutrient supply to explain both
the Cambrian and Ordovician radiations. The Early—early Middle Cambrian and
the Early Ordovician (Tremadoc) may be ascribed, indeed, to intervals of a great
phosphate availability (see figure 8.1E), but soon afterward, in the Middle Ordovi-
cian when major radiation actually commenced, phosphorite abundance drastically
decreased (Cook 1992). In addition, field observations reveal a reverse pattern: in
Iran a poor Nemakit-Daldynian Anabarites-Cambrotubulus assemblage is present in
phosphorite-rich sediments above a diverse Tommotian-Meshucunian fauna, and its
stratigraphic appearance may instead reflect persistence of conditions unfavorable for
the development of a richer shelly fossil assemblage (Zhuravlev et al. 1996). Thus,
contrary to a current view linking nutrient flux and evolutionary explosion, the Iran-
ian sedimentary record indicates a drastic diversity decrease during episodes of en-
hanced nutrient supply.

However, judging from overall phosphorite abundance, and high continental ero-
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sion rates indicated by 87Sr /89St ratios (Cook 1992; Derry et al. 1994; Nicholas 1996;
see also Brasier and Lindsay, this volume), general mesotrophic-eutrophic conditions
could have existed during the Early Cambrian. The same can be inferred from the fact
that at present all the oceans” waters are filtered by marine biota in only a half year,
and the upper 200 m of the water column is filtered in just a few weeks (Bogorov
1974; Karataev and Burlakova 1995). At the beginning of the Cambrian, in the ab-
sence of such active filter and suspension feeders as pelecypods, bryozoans, and stro-
matoporoid sponges, the ocean was hardly likely to resemble the mostly oligotrophic
modern ocean.

Although Signor and Vermeij (1994) suggested that the proportion of filter and
suspension feeders in Cambrian communities was small, this has been challenged by
many observations (Wood et al. 1993; Burzin 1994; Butterfield 1994, 1997; Kruse
etal. 1995; Logan et al. 1995; Savarese 1995; Debrenne and Zhuravlev 1997; see also
Butterfield, this volume). For example, Butterfield (1994) identified an elaborate and
essentially modern crustacean filter apparatus among Early Cambrian arthropods ex-
ploiting planktic habitats. The analysis of the contribution of trophic guilds to the
Early Cambrian radiation shows that the trophic nucleus of Early Cambrian com-
munities was sessile passive filter and suspension feeders (archaeocyaths and other
sponges, radiocyaths, chancelloriids, hyoliths, stenothecoids, brachiopods, many
tube-dwelling taxa, early mollusks and echinoderms, Skolithos- and Aulophycus-
producers, and many others) well-adapted to such conditions (Smith 1990; Droser
1991; Debrenne and Zhuravlev 1997; see also Burzin et al., this volume). The pro-
portion of suspension feeders increased from Nemakit-Daldynian to Botoman (Crimes
1992a; Lipps et al. 1992: figure 8.4.3). When observing such a feeding strategy ori-
entation of the Early Cambrian Biota, we should be not surprised that during the
Early Cambrian the diversity curve of metazoan genera shows some similarity to
acritarch diversity and phosphorite abundance as well as to ¥'Sr/*°Sr excursions plot-
ted by Derry et al. (1994) and Nicholas (1996) (see figure 8.1F). The latter curve re-
veals major positive shifts in %'Sr/®Sr, signifying high erosion rates (and, indirectly,
enhanced nutrient supply) during the early Tommotian and early Botoman, when the
Early Cambrian Biota, which consists of the groups listed above, achieved two diver-
sity peaks. Indeed, passive feeding requires an unlimited food supply. Reduced water
clarity would shift primary production toward phytoplankton, whereas secondary
production would be shifted to filter and suspension feeders at the expense of ben-
thic algae and deposit feeders and grazers (Brasier 1995b). This is exactly the pattern
observed among Early Cambrian communities. The bloom-prone spiny Early Cam-
brian phytoplankton contributed disproportionately to the direct export of cells to
benthic habitats through the rapid sinking of aggregates formed by simple adhesion
and collision (Butterfield 1997). Such aggregates are plentiful in Early and early Middle
Cambrian sediments (Butterfield and Nicholas 1996; Zhegallo et al. 1996; Zhuravlev
and Wood 1996).

If the proliferation of the Early Cambrian Biota may be explained to a certain extent
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in terms of its adaptation to mesotrophic-eutrophic conditions, the same is hardly ap-
plicable to the Paleozoic Biota that radiated in the Ordovician. The principal differ-
ence between Cambrian filter and suspension feeders and those of the Ordovician,
which are represented by crinoids, stromatoporoid and chaetetid sponges, pelecy-
pods, and bryozoans, is that the latter are active filtrators. Passive suspension feeders
rely mainly on ambient currents to bring food particles to sites of entrapment, whereas
active ones produce their own currents (LaBarbera 1984), allowing them to utilize
more dispersed resources. This may be attributed to decreased rather than increased
nutrient availability. The contemporary increase in tiering of epifaunal communities
(Ausich and Bottjer 1982) and a shift of the former benthic filtrators and microcarni-
vores (graptolites, some trilobites, radiolarians) to the pelagic realm (Fortey 1985;
Underwood 1993; Rigby and Milsom 1996) might also indicate increasing competi-
tion due to decreasing nutrient supply. The major increase in the amount of biotur-
bation that occurred between the Middle and Late Ordovician coincided with the
Ordovician radiation, when the average ichnofabric index jumped from 3.1 to 4.5
(Droser and Bottjer 1988b). This also reflects higher infaunal tiering achieved in
communities during this time interval. Increased utilization or finer subdivision of
ecospace should be manifested in increased alpha diversity (the richness of species in
local communities) that measures packing within a community and thus reflects how
finely species are dividing ecological resources. Indeed, Bambach’s (1977) data are
consistent with this.

Another problem created by non-nutrient-limited conditions is limited water trans-
parency. The Early Cambrian reefal fauna was, probably, not light limited (Wood
etal. 1992, 1993; Surge et al. 1997). Equally, the principal Early Cambrian primary
producers were calcified cyanobacteria adapted to dim conditions (Rowland and
Gangloff 1988; Zhuravlev and Wood 1995) and planktic acritarchs, which are rela-
tives of mesotrophic dinoflagellates (Moldowan et al. 1996). The acritarch species di-
versity plot (see figure 8.1C) fluctuates in some coordination with the relative phos-
phorite abundance curve (see figure 8.1E), which may reflect relative nutrient supply.
The Nemakit-Daldynian—Tommotian highest phosphorite peak corresponds to the
beginning of acritarch speciation, and the early Botoman moderate phosphorite peak
correlates with the highest acritarch species diversity. Both these curves show low
values during the Marjuman—early Sunwaptan interval. It is noteworthy that the tri-
aromatic dinosteroid record, which can be attributed either to dinoflagellates or to
acritarchs themselves, shows a hiatus during the same interval (see Moldowan et al.,
this volume: figure 21.3). On the contrary, better lighting would have been required
by the Middle and Late Ordovician reefal communities that consisted of true calcified
algae, and photosymbiont-bearing stromatoporoid—chaetetid sponges and tabulate
corals (Chuvashov and Riding 1984; Wood 1995 and references therein). However,
these are the non-light-limited conditions that allow longer trophic webs and, thus, a
higher species richness (Hallock 1987; Wood 1993), and the Modern Biota achieves
its highest diversity in well-illuminated oligotrophic environments.
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Thus, the major factor in alpha diversity growth in the Ordovician could have been
progressive oligotrophication of the world ocean, while Tommotian and Early Cam-
brian biotas had to be adapted to nutrient-rich conditions.

Ecological Properties of the Early Cambrian Biota

General adaptation of Tommotian and Early Cambrian biotas to nutrient-rich condi-
tions may explain the major features that distinguish them from later biotas. These
include (1) relatively low within-habitat species richness, (2) low trophic guild
diversity, (3) low ecological differentiation of communities, and (4) relatively low
diversity-disparity ratio.

1. A low within-habitat species richness in marine level-bottom communities for
the Cambrian, in comparison with that for the Paleozoic, was noted by Bambach
(1977; see also Sepkoski 1988). The same is evident in reefal communities. Early
Cambrian reefal communities contain 30—80 species, Paleozoic ones average 60—
400 species, and Modern ones may exceed 1,200 species (Fagerstrom 1987; Zhu-
ravlev and Debrenne 1996). In these examples, diversity might be controlled in part
by tiering, which is estimated as low. A relatively simple tiering of the Cambrian epi-
faunal and infaunal suspension-feeding communities on soft substrata (Ausich and
Bottjer 1982, 1991; Bottjer and Ausich 1986; see also Sepkoski 1982 for lithological
evidence) might thus be indicative of the absence of a motivation for food competi-
tion (unlimited resources) (cf. Valentine 1973).

On the other hand, Early Cambrian reefal communities were formed by relatively
small, non-phytosymbiont-bearing, solitary or low modular forms that anchored in
soft substrates (Wood et al. 1993: Kruse et al. 1995). Such soft-substrate reefal com-
munities were probably prone to the “bulldozing” effect (sensu Thayer 1983) because
they were not large, did not occur in dense populations, and were relatively short-
lived, ephemeral settlements in which often a single species, characterized by rapid
dispersal (e.g., by larval spats), dominated and produced almost homogeneous thick-
ets, which unevenly occupied the sea floor. As a result, such communities closely
resemble the pioneer communities of later epochs (sensu Ramenskiy 1971; Copper
1989).

2. Among the three great evolutionary faunas, differences in diversity can be re-
lated qualitatively to differences in basic ecological strategy. Bambach (1983, 1986)
made an extensive study of life modes among the commonly fossilized constituents
of the three faunas and argued that the amount of utilized ecospace increased with
each. He used a simple classificatory system with three dimensions: trophic guild, life
zone, and mode of mobility or attachment. He found that members of the Cambrian
faunas occupied fewer than half of the categories in this system (mostly epifaunal
guilds) (see also Burzin et al., this volume: tables 10.1 and 10.2). Members of the Pa-
leozoic fauna occupied all previously utilized categories plus about 50 percent more,
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and each succeeding evolutionary fauna was characterized by exploitation of more
ecospace than was typical of the preceding fauna.

3. Change from a few ecologically widely distributed communities to a large num-
ber of communities with narrower ecological ranges occurred after the Cambrian
(Sheehan 1991), indicating low community packing or low ecological differentiation
of communities (see also Sepkoski 1988). A steady increase in number of communi-
ties from the Early to Late Cambrian is observed (Zhuravlev and Debrenne 1996).
The Cambrian, especially Early Cambrian communities, occupied a restricted spec-
trum of conditions (see Burzin et al., this volume: figures 10.3 and 10.4).

4. Because disparity is a measure of the range of morphology in a given sample of
organisms—as opposed to diversity, which expresses the number of taxa (Wills et al.
1994)—the diversity/disparity ratio may reflect the taxonomic diversity/ecological
diversity ratio. A relatively low diversity/disparity ratio is established in the Cambrian
for trilobites, other arthropods, priapulids, and echinoderms (Runnegar 1987; Foote
1992, 1993; Foote and Gould 1992; Wills et al. 1994; Wills 1998). The very fact that
average morphological disparity remained constant for some groups since Cambrian
time, or grew more slowly than diversity, suggests an increase in the density of spe-
cies “packing” in the morphospace. The same probably follows from a uniquely high
ratio of phyla, classes, and orders to families during this time interval (which are qual-
itative impressions of disparity as determined historically by taxonomists), which
reflects a wide array of invertebrate body plans and subplans—a range of inverte-
brate types significantly broader than exists at present, despite the relative paucity of
species then (Valentine et al. 1991).

Cambrian Extinctions

Reduction of the Tommotian Biota (orthothecimorph hyoliths, helcionelloids, ana-
baritids, siphogonuchitids, paracarinachitiids, and some minor problematic groups)
is already observed at the beginning of Tommotian (see figure 8.1A). This has been
attributed to nutrient depletion based on contrasting stratigraphic distributions of
phosphatic skeletons and archaeocyaths, which are assumed to have been adapted to
oligotrophic conditions (Brasier 1991). The first relative cessation of nutrient supply
is reflected by a negative ¥'Sr/*°Sr isotope shift and a decline in phosphorite abun-
dance, which occurred during that time (figures 8.1E,F). (Nonetheless, the overall
distribution of phosphatic skeletal fossils, which included lingulates, is basically con-
gruent with that of archaeocyaths, with a maximum during the latest Atdabanian—
earliest Botoman [Zhuravlev and Wood 1996: figure 2], and archaeocyath sponges
can hardly be considered adapted to oligotrophic conditions by their ecological re-
sponses [Wood et al. 1992, 1993].) The increased rates of bioturbation in the late
Tommotian (Droser and Bottjer 1988a,b) indicate that deposit feeders had to expand
their field in a search for additional food sources.
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The substantial decline in genera and families during the late Early Cambrian rep-
resents an extinction event, following the early Botoman maximum (see figure 8.1A).
A similar sigmoidal pattern with the Botoman highstand and Toyonian lowstand is
seen in the relative sea level curve plotted by Gravestock and Shergold (this volume:
figure 6.2). Indirectly, this coincidence may confirm the conclusion of Zhuravlev and
Wood (1996) that two mid—Early Cambrian extinction events can be related to global
transgression-driven anoxia and subsequent regression. The first event occurred dur-
ing the early Botoman (Sinsk event) and is marked by a significant reduction in di-
versity of almost all groups. The global distribution of varved black shales containing
abundant monospecific acritarchs at low latitudes and pyritiferous green shales in
temperate regions, as well as features confined to these facies communities, suggest
that the Sinsk extinction event may have been caused by anoxia related to phyto-
plankton bloom and hypertrophy (Brasier 1995a; Zhuravlev and Wood 1996). The
well-established early Toyonian Hawke Bay event could have been due to a regression
and a restriction of shelf area (Palmer and James 1979; Zhuravlev 1986), as more evi-
dence for a global regression is known from South Europe, Morocco, Laurentia, Bal-
tica, Siberia, South China, and Australia (Seslavinsky and Maidanskaya, this volume).
A causal link might exist between anoxia and later regression as C,, production
might have decreased during eutrophic times, whereas C,,, burial rates might have
simultaneously increased, as expressed by the middle Botoman positive §'°C shift
(Brasier et al. 1994: figure 1). Such a temporal increase in the export and burial rates
of Corg + Cen for the biosphere and climate might have contributed to the promo-
tion of a more effective removal of atmospheric CO,, thereby exerting a negative feed-
back on climate warming (Follmi et al. 1994).

The repeating pattern of biomere extinctions is superimposed on a broad Middle-
Late Cambrian diversity plateau (see figure 8.1A). Various scenarios have been pro-
posed to explain the mass extinctions of biomere type (see Hughes, this volume). The
ultimate cause, however, might have been a global event, given that extinctions of this
type occurred in Australia and China as well (Henderson 1976; Rowell and Brady
1976; A. Palmer 1982; Loch et al. 1993) and are pronounced on the overall generic
diversity plot (see figure 8.1A). In addition, increased cladogenesis near the origin of
new major groups might elevate rates of taxonomic pseudoextinctions by virtue of
preponderance of paraphyletic taxa and produce the apparent pattern of a biomere
extinction close to the beginning of the Ordovician radiation on the Sunwaptan-
Datsonian boundary (Fortey 1989; Edgecombe 1992).

There are some general inconsistencies in the pure extrinsic explanations, includ-
ing poorly elaborated physical-chemical models. Often similar environmental factors
have been used to explain different biotic patterns. For instance, the Early Cambrian
Biota was highly vulnerable to a common anoxia-regression couplet, a factor that has
become nearly insignificant for the diverse Modern Evolutionary Fauna. The power
of a killing mechanism sufficient to destroy the biota (mass extinction) depends, prob-
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ably, on the stability (resilience and resistance) of the biota itself rather than on any
external event that may only enhance or weaken an extinction. The strength of an ex-
ternal “kick” (extrinsic factor) needed for the destruction of a system is indicative of
the stability of the system (Robertson 1993). Even if fluctuations of abiotic conditions
do not exceed the limits of vulnerability for a community, the community might be
disrupted as a result of the evolution of its own elements (Zherikhin 1987).

In order to understand the inherent dynamics of the biota, we have to use the in-
dices selected above. The AGI (average geographic distribution index) and ALI (aver-
age longevity index) may be used as approximations of the degree of specialization,
because specialists commonly are short-lived endemics (low AGI and ALI values) and
generalists usually are widespread eurybionts (high AGI and ALI values) (Markov and
Naimark 1995; Markov and Solov’ev 1995). The percentage of monotypic families
per time unit (MTI) correlates inversely with fluctuations of AGI and ALI (see figures
8.2A-C). If the fluctuations of MTT values merely reflected subjective taxonomy, they
would hardly display (1) a similar temporal pattern for different animal groups and
(2) inverse correlation with AGI and ALI plots. Thus, fluctuations of MTI values may
approximate the degree of competition in a biota, because the closer the phylogenetic
relatives, the higher the probability of niche overlap that leads to competitive rela-
tionships (Naimark and Zhuravlev 1995). Together these fluctuations may serve as an
approximation to the structure of the entire biota, which is expressed in the special-
ization and degree of competitive interaction. The values of these indices may indi-
cate relative stability of the biota. We may expect that, with high specialization load
(low AGI and ALI values and low MTT value), a biota would be unstable and prone to
mass extinction, and vice versa.

Each interval preceding an extinction event (Botoman 1, Toyonian 1, Steptoean 3,
Sunwaptan 3) was characterized by a similar fluctuation in indices: decreasing MTI,
AGI, and ALI values (see figure 8.2). The severest (Botoman 2) extinction was pre-
ceded by the lowest MTI, AGI and ALI values for the entire Cambrian. Thus, accu-
mulation of a certain nonadaptive load (increased degree of both specialization and
competition) expressed by low MTI, AGI, and ALI values precedes the extinction
event. In accordance, Stitt (1975) noted very short stratigraphic ranges for trilobites
that composed preextinction biomere communities. Thus, extinctions, including bio-
mere extinctions, were natural phenomena passed on to the existing biotic system,
which was slightly destabilized. Such a system could be overturned with relative ease
by an extrinsic trigger, such as an anoxia/transgression couplet followed by regres-
sion. Specialists (e.g., ajacicyathids) were affected, but generalists (e.g., archaeo-
cyathids, lingulates, echinoderms) went through the crisis almost unchanged (Wood
et al. 1992; Zhuravlev and Wood 1996). At the same time, the entire Middle—Late
Cambrian Biota possessed a higher reserve of stability because it was more resilient
and resistant than the Early Cambrian Biota: the biomere extinctions were not so se-
vere as Early Cambrian extinctions, and communities restored quickly. Resilience was
probably maintained by the replacement of the former community dominants by
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their close phylogenetic and trophic relatives, because each pioneer biomere com-
munity consisted of trilobites of similar appearance (Stitt 1975; Westrop 1989).

Progressive increase in biotic stability is reflected in reduction of turnover rates.
Cambrian invertebrates appear to have higher average turnover rates at family (Sep-
koski 1984) and generic (Raup and Boyajian 1988) levels than do later Phanerozoic
invertebrates. Furthermore, Valentine et al. (1991) recognized a general trend among
invertebrate families from fast-turnover taxa as dominants during the Cambrian to
intermediate-turnover taxa that dominate during the post-Cambrian. At the generic
level, this is expressed in an increase in average longevity: median generic longevity
for Cambrian trilobites is 2.1 m.y., 6.3 m.y. for those of the Ordovician, and 10.6 m.y.
for Paleozoic invertebrates as a whole (Foote 1988). The same pattern is displayed by
more-detailed trilobite data, revealing an average genus duration increase from 0.9 to
3.0 m.y. for the Marjuman-Sunwaptan interval to 16.4 to 22.1 m.y. for the Tremadoc-
Ashgill interval (Sloan 1991), and by steady ALI value increase through the Nemakit-
Daldynian-Tremadoc (see figure 8.2C).

At any time when there was a local extinction and a more specialized member of
the Paleozoic fauna happened to invade and repopulate, it might have been difficult
for Cambrian species to regain their preempted share of resources (Sepkoski 1991b).
For instance, rostroconch communities, which proliferated during the Datsonian,
were never restored following the rise of burrowing pelecypods, which could better
establish and maintain their position in the sediment and could burrow into a wider
variety of substrates than could rostroconchs (Pojeta 1979; Runnegar 1979).

DISCUSSION: EARLY CAMBRIAN WORLD
AND ANTHROPOGENIC LANDSCAPES

High nutrient supply due to both biotic factors (presence of highly cohesive plank-
ters and absence of active filter feeders) and abiotic factors (enhanced erosion rates)
might actually modify the character of ecospace occupation, much as occurs in an-
thropogenic landscapes. In anthropogenic landscapes, initial communities consist of
generalists with high niche overlap and are unsaturated in species, leading to a weak-
ening of biotic barriers with predators and competitors (Vakhrushev 1988). This
destabilization is accompanied by a sharp increase in interspecific variability, similar
to that observed in Cambrian organisms. Pronounced morphological plasticity, which
may express high interspecific variability, is observed among pelecypods (Runnegar
and Bentley 1983), tommotiids (Conway Morris and Fritz 1984), trilobites (McNa-
mara 1986; Foote 1990; Hughes 1991), and lingulates (Ushatinskaya 1995). It has
been interpreted either as arising from diffuse genetic control in the absence of an
adequate regulatory mechanism, or as a result of reduced levels of competition. The
array of findings on molecular bases of development, however, suggests that genome
hypotheses are unlikely to explain the restriction of evolutionary novelties (Valentine
1995). On the contrary, the initial populations would be in the unusual position of



190 Andrey Yu. Zhuravlev

occupying a competitive free ecospace that would allow not only a population explo-
sion but also the survival of highly abnormal individuals.

The relative stability of modern anthropogenic communities is supported by an
unlimited nutrient supply (provided by humanity) and by the weakness of biotic bar-
riers. The Cambrian communities survived in conditions of a nutrient-rich ocean.

Thus, cessation of nutrient input, coupled with the ecological properties of the
Early Cambrian Biota outlined above, would lead to destabilization, which would in-
tensify severe competition because of high niche overlap.

CONCLUSION

Certain problems arise in attempts to understand Cambrian biotic events in terms of
purely extrinsic forces. The major weakness of such hypotheses is in the explanation
of unique events by nonunique extrinsic factors. There are two possibilities for solv-
ing this paradox: either none of the environmental factors is strong enough to affect
a global biota, or the effect of an environmental factor influencing a global biota de-
pends on the inherent features of the biota itself. In the opinion of Sepkoski (1994),
if a hypothesized perturbation caused a specific extinction event, the perturbation
ought to have produced other extinction events every time it occurred through geo-
logic history. Thus, the cause of a biotic elimination has to be looked for in the eco-
logical properties of the biota, in its structure, and in the cumulative pattern of evo-
lutionary cycles of development of groups composing the biota (cf. Sepkoski 1989).
From study of Cambrian biotic events, it is possible to conclude that the structure of
the biota played the principal role in the apparent pattern and magnitude of radia-
tions and extinctions. Although extrinsic, mainly environmental conditions were sig-
nificant for rates of biotic development or elimination, the biota itself was responsible
for creation of new environmental qualities. Bioturbation of sediment resulted in bet-
ter aeration and also insertion of organic matter into sediment, which, in turn, allowed
progressive subsurface colonization of sediment by a wider variety of organisms. Bio-
mineralization allowed larger hard substrate surface areas, which are a limiting factor
for many organisms. Filtration of ocean waters by filter feeders and suspension feed-
ers, together with pelletization, radically changed the properties of the sediment and
water habitats, and the rise of these groups in the Early Cambrian should have made
ocean waters clearer and the photic zone deeper, providing additional opportunities
for photosynthetic organisms to occupy lower levels of the water column, and more
opportunities for further extension of adaptive space.

In accordance with the “principle of the essential diversity” of Ashby (1956), only
a diversity of selection possibilities may minimize the diversity of outcomes. In other
words, the progressive growth of biotic diversity increases biotic integration and,
thereby, biotic stability. From this principle, it is not difficult to draw a conclusion
concerning the basic features of biotic stability. Diversity is connected with the sta-
bility of a system through the duplication of intrasystem connections. “Narrow spe-
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cialists,” commonly being close relatives, represent such duplications (e.g., “biomere
speciation”). A replacement of a single species has an insignificant effect on the entire
community, because its former function continues to be provided by remaining du-
plicate species. As a result of such duplication, the total effectiveness of coenotic
structure noticeably increases (Zherikhin 1987). The more duplications that exist, the
less probable is breakage of the whole system. Because these duplications make it pos-
sible to pack the community more optimally (O'Neil et al. 1986), they are responsible
for unequal probability of the two strategies and, hence, for the numerical predomi-
nance of small genera over larger ones that provides higher biotic stability.
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CHAPTER NINE
Nicholas J. Butterfield

Ecology and Evolution
of Cambrian Plankton

Probable eukaryotic phytoplankton first appear in the fossil record in the Paleopro-
terozoic but undergo almost no morphologic change until the Early Cambrian. The
radiation of diverse acanthomorphic phytoplankton in exact parallel with the Cam-
brian explosion of large animals points to an ecologic linkage, probably effected by
the introduction of small herbivorous metazoans into the plankton. By establishing
the second tier of the Eltonian pyramid in the marine plankton, such mesozooplank-
ton might be considered a proximal and ecologic cause of the Cambrian explosion.

THE PLANKTON COMPRISES the majority of all modern marine biomass and me-
tabolism, is the ultimate source of most exported carbon, and plays an essential role
at the base of most marine ecosystems (Nienhuis 1981; Berger et al. 1989). Thus, it
is hardly surprising to find it figuring in broad-scale considerations of Early Cambrian
ecology (e.g., Burzin 1994; Signor and Vermeij 1994; Butterfield 1997), biogeochemi-
cal cycling (e.g., Logan et al. 1995), and evolutionary tempo and mode (e.g., Knoll
1994; Rigby and Milsom 1996). The Cambrian is of course of particular interest in that
it constitutes one side of the infamous Precambrian-Cambrian boundary, the pre-
eminent shift in ecosystem structure of the last 4 billion years. The question is, what
role, if any (cf. Signor and Vermeij 1994), did the plankton play in the Cambrian ex-
plosion of large animals? The answer entails a critical analysis of the fossil record, com-
bined with a consideration of indirect lines of evidence and a general examination of
plankton ecology and how it relates to large-animal metabolism. There is in fact a good
case to be made that developments in the plankton gave rise to both the evolutionary
and the biogeochemical perturbations that characterize the Proterozoic-Phanerozoic
transition.

THE FOSSIL RECORD AND AN ECOLOGIC HYPOTHESIS

The fossil record of Proterozoic-Cambrian protists has been most recently reviewed in
detail by Knoll (1992, 1994). Simple, small to moderately sized spheromorphic acri-
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Figure 9.1 Neoproterozoic and Lower Cam-
brian acritarchs; all except A are figured at the
same scale. Neoproterozoic examples include
silicified Trachyhystrichosphaera (A, D) and
Cymatiosphaeroides (C) from the ca. 750 Ma
Svanbergfjellet Formation, Spitsbergen; an un-
named form from the ca. 850 Ma Wynniatt
Formation, Victoria Island, Canada (B); and a
leiosphaerid from the ca. 1250 Ma Agu Bay
Formation, Balffin Island, Canada (H). Lower

Cambrian forms include an unidentified acan-
thomorph from the Mural Formation, Alberta,
Canada (E), and species of Skiagia from the
Tokammane Formation, Spitsbergen (EG).
A-D are inferred to have had a benthic habit,
because of their large size and/or obvious at-
tachment to the sediment; note the thin sheath
connecting the vesicle and substrate in A. E-H
are inferred to have been planktic. Scale bar in
D equals 13 pm for A and 50 pm for B-H.

tarchs (leiosphaerids) first appeared in the Paleoproterozoic around 1800 Ma and re-
mained the predominant constituent of shale-hosted microfossil assemblages for the
rest of the Proterozoic (figure 9.1H). Acritarch diversity began to rise in the late Meso-
proterozoic and accelerated substantially through the Neoproterozoic with the intro-
duction of various ornamented and acanthomorphic acritarchs (figures 9.1A-D), vase-
shaped microfossils, and “scale” microfossils reminiscent of certain chrysophyte or
prymnesiophyte algae (Allison and Hilgert 1986; Kaufman et al. 1992). This same in-
terval also witnessed a marked increase in the size and diversity of spheromorphic
acritarchs (Mendelson and Schopf 1992: figure 5.5.12), and the first appearance of
identifiable seaweeds (Hermann 1981; Butterfield et al. 1990, 1994). Following a ma-
jor extinction/disappearance during the Varanger ice age, acanthomorphic acritarchs
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recovered to reach their Proterozoic diversity maximum, only to be decimated in a
terminal Neoproterozoic extinction. Against a background of extinction-resistant leio-
sphaerids, a new class of small, rapidly diversifying acanthomorphic acritarchs ap-
peared in the Early Cambrian (figures 9.1E~G) (Knoll 1994).

At first glance there appears to be considerable evolutionary activity in the Protero-
zoic plankton. It is important to realize, however, that the acritarchs are an entirely
artificial group united only by their organic constitution and indeterminate taxonomic
affiliation. Although there is a good case for identifying most Paleozoic acritarchs as
the cysts of unicellular phytoplankton, such broad-brush categorization does not hold
for the Proterozoic. Notably, most of the increases in Proterozoic acritarch diversity
collated by Mendelson and Schopf (1992) and Knoll (1994) are contributed by forms
that are exceptionally large relative to their Paleozoic counterparts (several hundreds
or thousands of micrometers versus several tens of micrometers diameter; Knoll and
Butterfield 1989) (figure 9.1). Given the inverse exponential relationships of both
buoyancy and nutrient absorption with cell size, such forms are unlikely to have been
planktic (Kigrboe 1993; Butterfield 1997). Such a conclusion is supported by the
general restriction of these large acritarchs to conspicuously shallow-water environ-
ments (Butterfield and Chandler 1992) and/or a commonly clustered arrangement on
bedding planes (e.g., Chuaria-Tawuia assemblages; Butterfield 1997). A benthic in-
terpretation is unambiguous in instances where there is direct evidence of attachment
to sediment surfaces; e.g., the common Late Riphean taxa Trachyhystrichosphaera (fig-
ures 9.1A,D) and Cymatiosphaeroides (figure 9.1C) (Butterfield et al. 1994).

The record of Proterozoic-Cambrian plankton thus differs markedly from that of
acritarchs or protists as a whole: leiosphaerid plankters first appear in the Paleo-
proterozoic and persist more or less unchanged for 1300+ million years. Then, near
the base of the Tommotian, and in remarkable parallel with the Cambrian explosion
of large organisms, a whole range of complex new forms are introduced, and the
rate of evolutionary turnover increases by perhaps two orders of magnitude (cf. Knoll
1994; Zhuravlev, this volume: figures 8.1A,C). Certainly there was an earlier “big
bang of eukaryotic evolution” in the Neoproterozoic (Knoll 1992), but the exception-
ally large acritarchs, seaweeds, tawuiids, and Ediacara-type metazoans that defined it
were predominantly, if not entirely, benthic. The plankton appears to have remained
profoundly monotonous until the Early Cambrian.

The coincidence of the first important shift in plankton evolution with the Cam-
brian explosion of large animals points compellingly to a causal connection. Most
“large” animals, however, do not operate at a microscopic or unicellular level. In
modern aquatic ecosystems, the primary productivity of unicellular phytoplankton is
generally transmitted to large animals via small grazing planktic animals, the meso-
zooplankton (e.g., small crustaceans such as copepods and cladocerans). The size of
organisms increases incrementally along this food chain simply because most plank-
tic heterotrophs are whole-organism ingesters and typically larger than their prey.
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Figure 9.2 SEM micrographs of disarticulated filter-feeding mesozooplankton (cladoceran-type
branchiopods) from the Lower Cambrian (ca. Botoman) Mount Cap Formation, western North-
west Territory, Canada. Scale bar in A equals 14 pm for A, 10 pm for B, and 8 pm for C.

Given that the transfer efficiency between trophic levels is only about 10% (Pauly and
Christensen 1995), it is clear that the pathway between phytoplanktic primary pro-
duction and larger metazoans must be short and direct (in this context it is important
to recognize that optimum predator : prey size ratio is low for microzooplankton [1:1
to 3:1 for flagellates and 8:1 for ciliates] but high for mesozooplankton [18:1 for ro-
tifers and copepods and about 50: 1 for cladocerans and meroplanktic larvae [Hansen
etal. 1994]). The ability to convert microscopic particles to macroscopic ones rapidly
(i.e., in one step) places the mesozooplankton in a key position with respect to large-
animal marine ecology.

No mesozooplankton have been recognized among Proterozoic fossils, and in the
absence of obvious macrozooplankton or nekton at this time, this is perhaps not un-
expected. In the Cambrian, however, there are two occurrences of millimeter-sized
branchiopod crustaceans, one in the Upper Cambrian orsten deposits of Sweden
(Walossek 1993), and the other in the Lower Cambrian (ca. Botoman) Mount Cap
Formation of northwestern Canada (Butterfield 1994) (figure 9.2). Both exhibit un-
ambiguous specializations for small-particle filter feeding, and both are reasonably
interpreted as planktic, although Walossek (1993) prefers a demersal or epiplanktic
habit for the orsten assemblage. Here then is the direct evidence of an early Cambrian
mesozooplankton and a potentially causal link between the coincident radiation of
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unicellular phytoplankton and large animals. The sudden shift from a long, monoto-
nous record of leiosphaerid phytoplankton through the Proterozoic to the diverse,
rapidly evolving acanthomorphic phytoplankton of the Cambrian can be readily in-
terpreted as an evolutionary response to the introduction of mesozooplanktic grazing
(Burzin 1994; Butterfield 1997). By establishing the second tier of the Eltonian pyra-
mid in the pelagic realm, the Early Cambrian introduction of mesozooplankton would
have set off a cascade of ecological and evolutionary events, now recognized as the
Cambrian explosion (Butterfield 1997).

Previous hypotheses for the Cambrian explosion have also focused on the cascad-
ing ecological and evolutionary effects of herbivory (Stanley 1973, 1976) and/or pre-
dation (McMenamin 1986; Vermeij 1989; Bengtson and Zhao 1992). The “zooplank-
ton” hypothesis presented here falls broadly into this same category but differs in
recognizing the distinct evolutionary histories of the early plankton and benthos. In
his “cropping” hypothesis, Stanley (1973, 1976) characterized the whole of the Pro-
terozoic biosphere as profoundly monotonous, with the benthos limited to cyanobac-
terial mats and the plankton choked with simple unicellular eukaryotes. The rich di-
versity of Neoproterozoic fossils discovered over the past 20 years clearly belies such
a premise; certainly it is not the case that multicellular seaweeds appeared in concert
with the Cambrian radiation of metazoans (see review by Knoll 1992). Nevertheless,
a “cropping hypothesis” may still stand for the plankton, which did indeed remain
undistinguished until the Early Cambrian; to reiterate, Neoproterozoic diversity ap-
pears to have been centered overwhelmingly in the benthos.

THE PRACTICE OF EVOLUTIONARY PALEOECOLOGY

Evolutionary paleoecology presents the unique challenge of reconstructing ecosys-
tems occupied largely or entirely by extinct organisms. In the first instance, such analy-
sis will entail the interpretation of organism autecology from fossil form and phylog-
eny (Fryer 1985; Bryant and Russell 1992); e.g., the filter-feeding and planktic habit
of the Mount Cap branchiopods (Butterfield 1994). Synecological assessment, how-
ever, is a much more complex issue. Accurate reconstruction here is confounded not
only by a limited understanding of comparable modern ecosystems but also by the
fundamental loss of resolution through taphonomic processes. The problem of time
averaging, in particular, has attracted considerable recent attention (e.g., Kidwell and
Flessa 1995; Bambach and Bennington 1996; Jablonski and Sepkoski 1996); how-
ever, it is the taphonomic loss of “soft-bodied” constituents that stands as the over-
arching bias of the fossil record. These typically unfossilized forms comprise a ma-
jority of taxa and individuals in almost all communities and occupy a host of key
ecological positions (e.g., Stanton and Nelson 1980; McCall and Tevesz 1983; Con-
way Morris 1986; Butterfield 1990).

Given this preservational filter, the reconstruction of any ancient community will
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necessarily involve a range of more or less uniformitarian assumptions concerning its
unpreserved attributes (e.g., Stanton and Nelson 1980). These assumptions are un-
problematic when dealing with the relatively recent past, and it is undoubtedly the
case that the early Tertiary oceans operated in a manner broadly comparable to those
of today. Such uniformitarian reasoning, however, becomes progressively less certain
with age, and it is not at all clear that a pre-Mesozoic marine biosphere can be mod-
eled on the same basis. New production in the modern oceans, for instance, is domi-
nated by diatoms, dinoflagellates, and haptophytes, and secondary production by
calanoid copepods; each of these groups contributes uniquely to the overall ecology
and eventual fate of the modern plankton (Verity and Smetacek 1996), but none has
a significant body-fossil record prior to the Mesozoic.

Signor and Vermeij (1994) have further emphasized the sparse fossil record of
Cambrian plankton and suspension feeders, inferring profound differences between
the pre- and post-Late Cambrian biospheres, possibly to the non-uniformitarian ex-
tent of a decoupled plankton and benthos in the early Paleozoic. Certainly there is
some important information in this analysis, but it is not clear that the paleoecologi-
cal resolution of the data is sufficient to support their conclusions, at least at the scale
they propose. Notably, the conclusions are based largely on negative evidence—a
dearth of Cambrian plankton and suspension feeders—as recorded in the conven-
tional fossil record.

Taphonomic filters are not distributed evenly across communities or ecosystems.
The plankton, for example, can be seriously underrepresented because of the vertical
transport required before burial. Indeed, the most abundant constituents of the mod-
ern marine plankton—the 0.2-2.0 pm diameter picoplankton that dominate oligo-
trophic water masses (Azam et al. 1983)—are not registered in the fossil record, sim-
ply because they are too small to sink; their nonappearance does not imply an absence
of picoplankton in the Cambrian or even the Archean. By contrast, dinoflagellates
have a good Triassic to Recent fossil record, represented by relatively large (typically
several tens of micrometers in diameter) degradation-resistant cysts. Most dinoflagel-
lates, however, do not form cysts, and their tendency to do so appears to have shifted
over time; hence the approximately 70-million-year “disappearance” of Ceratium be-
tween the Cretaceous and Recent. Indeed, recent analyses of pre-Triassic acritarchs
and biomarker molecules point to a dinoflagellate record extending well back into the
Proterozoic (Summons et al. 1992; Moldowan et al. 1996, this volume; Butterfield
and Rainbird 1998; Moldowan and Talyzina 1998).

The record of fossil zooplankton is even patchier. The preservation potential of
nonloricate ciliates and amoebae (microzooplankton), for example, is vanishingly
small because of the insubstantial nature of their integument (but see Reid 1987 and
Poinar et al. 1993). And metazoan mesozooplankton and macrozooplankton fare
little better: copepods, for example, dominate modern marine animal biomass (Nien-
huis 1981, Verity and Smetacek 1996), but as fossils they are limited to localized oc-
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currences in Holocene marine sediments (van Waveren and Visscher 1994), a non-
marine assemblage in the Miocene (Palmer 1960), and parasitic forms on the gills of
two lower Cretaceous fish (Cressey and Boxshall 1989). Euphausiids (krill) and salps
are likewise of fundamental importance in the modern ocean but lack any fossil
record, and the record of cnidarian medusae is extremely sparse.

To some degree, this taphonomic screen can be lifted by recognizing the contri-
bution of fossil Lagerstatten, fossil mother lodes whose paleobiological importance
vastly outweighs their rare occurrence. With their exceptional preservation of non-
mineralizing organisms, occurrences such as the Chengjiang biota or the Burgess Shale
paint a picture of Cambrian diversity and paleoecology fundamentally different from
that of the conventional fossil record (Conway Morris 1986). Burgess Shale—type as-
semblages, for example, reveal an Early-Middle Cambrian abundance of carnivores
(priapulids, anomalocarids), relatively high-level suspension feeders (sponges, chan-
celloriids, pennatulaceans), filter-feeding mesozooplankton (branchiopods), macro-
zooplankton (ctenophores, eldoniids), and probable nekton (chordates, chaetognaths,
various arthropods) (Briggs and Whittington 1985; Conway Morris 1986; Rigby 1986;
Briggs et al. 1994; Butterfield 1994). These “adaptive strategies” are left largely un-
recorded by the conventional fossil record; hence the conventional view of Cambrian
ecology’s being dominated by detritivores and low-level suspension feeders (e.g.,
Bambach 1983; Signor and Vermeij 1994). Although not modern in detail, Burgess
Shale—type assemblages show the Early-Middle Cambrian biosphere to have been at
least qualitatively so (Briggs and Whittington 1985; Conway Morris 1986); in the ter-
minology of Droser et al. (1997), it included all marine ecosystems of the “first level,”
and a considerably greater range of second-level “adaptive strategies” than conven-
tionally appreciated.

Even so, there is good reason to doubt that the Burgess Shale, the Chengjiang, or
indeed any fossil Lagerstatte accurately documents a complete and functional paleo-
community. Although there is little likelihood of significant time-averaging in the case
of nonmineralizing macroorganisms, differential preservation is still very much in ef-
fect. Under Burgess Shale—type conditions, for example, the fossilization of organ-
isms lacking some sort of extracellular cuticle remains highly improbable; if Amiskwia
is correctly interpreted as a chaetognath (Butterfield 1990), it is probably the only
true soft-bodied organism in the Burgess Shale, and one of the rare nekton. By the
same token, body fossils of unshelled mollusks or lophophorates are not expected in
the Burgess Shale, nor are nemerteans, flatworms, mesozoans, or nonloricate ciliates
and amoebae. Other groups, such as rotifers, gastrotrichs, kinorhynchs, nematodes,
nematomorphs, gnathostomulids, entoprocts, loriciferans, sipunculans, echiurans,
and tardigrades, are known to produce organically preservable structures but, for
whatever reason, are not recognized in Burgess Shale—type biotas. Given the presence
of most larger-bodied phyla, the (admittedly uniformitarian) suspicion is that this ab-
sence is more likely a product of taphonomy than evolution.
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In other words, Lagerstétten are not a panacea. Apart from their obvious restric-
tion to certain environments (Conway Morris 1986), key ecologic constituents are
inevitably left unrepresented or undiscovered, thus preventing a uniformitarian-free
assessment of ancient community structure. Lagerstatten are also rare, leaving little
confidence as to the first appearance of key ecologic groups (e.g., Marshall 1990).
Moreover, these instances of exceptional preservation are not distributed evenly, or
even randomly, through time (Allison and Briggs 1993; Butterfield 1995). In the last
700 million years, for example, Burgess Shale—type preservation appears to have been
limited to a critical interval in the Lower and Middle Cambrian. Nonoccurrence of
this preservational mode in the Vendian would seem to preclude any definitive state-
ments about the rise of Burgess Shale—type organisms (and modern metazoan ecosys-
tems) other than that it occurred sometime between 750 and 550 million years ago
(Butterfield 1995). There is of course a trace fossil record documenting the introduc-
tion of a large energetic infauna beginning in the terminal Proterozoic, but this does
not rule out the possibility of sophisticated ecosystems comprised of small, nonmin-
eralizing and/or pelagic metazoans (Fortey et al. 1996). Such a possibility is of some
concern, given molecular clock arguments for a deep Proterozoic divergence of meta-
zoan phyla (Wray et al. 1996; Wang et al. 1999; but see Ayala et al. 1998).

Fortunately, paleoecologic inference is not limited solely to a capricious fossil rec-
ord. Large-scale structures, at least, are potentially detected by proxy. There is, for ex-
ample, clear biogeochemical evidence for a long-term large-scale continuity in marine
phytoplankton: the organic carbon content of an “average” sedimentary rock, which
today derives almost exclusively from planktic primary productivity, has remained
more or less constant from at least the Paleoproterozoic (Strauss et al. 1992). In the
absence of alternate sources and in view of the long-term record of leiosphaerid
acritarchs, it is clear that phytoplankton have been occupying the photic zone and ac-
cumulating in bottom sediments for at least the past two billion years.

At another level, Logan et al. (1995) have argued for a sudden introduction of her-
bivorous zooplankton in the Early Cambrian based on a shift in hydrocarbon signa-
tures across the Precambrian-Cambrian boundary: an improved preservation of algal-
lipid chemistry beginning in Cambrian is explained as a consequence of increased
vertical transport, brought on by the introduction of fecal pellet production. Although
there are some difficulties with these data and the proposed mechanism (Butterfield
1997), the conclusion is consistent with the zooplankton hypothesis outlined here.
More speculative are suggestions that secular shifts in "°C through the latest Protero-
zoic and Early Cambrian reflect major ecologic innovations (Margaritz et al. 1991;
Brasier et al. 1994), including the possibility that the evolution of herbivorous meso-
zooplankton was responsible for the marked fall in "°C at the base of the Tommotian
(Butterfield 1997).

Proxy evidence of underlying ecologic structures can also be drawn from the avail-
able body fossil record. Thus, the recognition of a broadly modern aspect to Early and
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Middle Cambrian marine ecosystems (Briggs and Whittington 1985; Conway Morris
1986) in and of itself argues for a modern-style Cambrian mesozooplankton. Such
“addition by inference” (Scott 1978) is justified simply on the basis of metabolic re-
quirements: a diverse and energetic metazoan ecology of modern aspect must have
had a direct link to the principal source of primary productivity, i.e., phytoplankton.
The general introduction of large-animal ecosystems in the Cambrian thus implies an
underlying superabundance of small animals, especially herbivorous zooplankton ca-
pable of efficiently exploiting and repackaging unicellular phytoplankton.

The coincidence of a fundamental increase in phytoplankton diversity and evolu-
tionary turnover with the Cambrian explosion of large animals offers further indirect
evidence for an involvement of mesozooplankton. The Early Cambrian radiation of
planktic acanthomorphic acritarchs is readily interpreted as a response to small her-
bivores, with the acquisition of spines and processes increasing effective cell size (an
effective strategy against whole-organism predation) without decreasing buoyancy or
capacity for nutrient absorption (Burzin 1994; Butterfield 1997). At the same time, it
is difficult to come up with an alternative mechanism for this burst of morphological
diversification in planktic primary producers: a long and successful Proterozoic his-
tory of leiosphaerid phytoplankton belies the suggestion that ornamentation was nec-
essary for or contributed significantly to flotation, and it is hard to see how it might
have been induced by enhanced nutrient availability as implied by the “nutrient stim-
ulus scenario” of Brasier (1992).

Neither metazoan herbivory nor predation is likely to have been limited to the
Phanerozoic, but any earlier occurrences may well have been limited to the benthos.
All Ediacaran body and trace fossils, for example, now appear to represent benthos,
and the declining diversity of stromatolites through the Vendian is reasonably inter-
preted as a consequence of increased benthic grazing (Grotzinger and Knoll 1999).
More speculatively, the early Neoproterozoic radiation of large acritarchs, “scale” mi-
crofossils, seaweeds, and tawuiids, all of which appear to be benthic, may be proxy
evidence for earlier metazoan activities in the benthos, possibly coincident with early
metazoan cladogenesis (cf. Wray et al. 1996; Wang et al. 1999).

ECOLOGIC MODELS AND SCALING

As with most hypotheses, the present one is inevitably simplistic, both in the ecologic
scenario presented and in the tacit assumption that such responses can be scaled up
to yield large-scale evolutionary effects. There is, however, a case to be made for both.
The long and monotonous history of Proterozoic plankton, for example, points clearly
to a highly simplified pelagic ecology, apparently devoid of metazoan herbivory or
predation. These activities, moreover, would presumably have been added in incre-
ments at the onset of the Phanerozoic, such that the early stages of the modern marine
biosphere would have followed a relatively simple, potentially reconstructible path.
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At its lowest level, plankton ecology is controlled by basic physics. Size, for ex-
ample, is of fundamental importance to buoyancy and nutrient uptake, with both of
these decreasing exponentially with increasing size (Kigrboe 1993). The next level of
complexity, although not so obvious from first principles, can also be appreciated ac-
tualistically. The most simple planktic ecosystems today occur in lakes, apparently
because of their limited phylogenetic diversity (Neill 1994) (perhaps not unlike an
Early Cambrian plankton). At the appropriate scale, many of the properties of lim-
netic communities can be successfully modeled on the basis of their relatively simple
size-class structure: a similarity of morphology, physiology, life history, and environ-
mental sensitivity within three or four basic size classes places strong constraints on
the community organization of lakes. A comparable situation is reasonably invoked
for the primitive planktic ecosystems of the Early Cambrian.

Two basic models have been promoted for explaining the structure and control of
limnetic ecology: “bottom-up” models argue that biomass and/or productivity at a par-
ticular trophic level are controlled by primary production: increased nutrients boost
primary production, which in turn boosts secondary consumers, and so on up the
food chain. “Top-down” models, by contrast, argue that the principal control comes
from consumers at the top of the food chain, a view that has given rise to the concept
of a “trophic cascade.” Here the addition of a new level of predation to the top of the
Eltonian pyramid translates to reduced productivity and biomass in the underlying
tier, which increases productivity and biomass in the next lower tier, and so on, even-
tually cascading down to affect the quantity and quality of primary productivity (Mc-
Queen et al. 1986; Carpenter and Kitchell 1993; Ramcharan et al. 1996; Brett and
Goldman 1997). Top-down and bottom-up effects of course both contribute impor-
tantly to plankton ecology, the contribution of each depending largely on local cir-
cumstances; for example, trophic cascades are not developed under extremely oligo-
trophic or extremely eutrophic conditions and may be disrupted by secondary effects
such as increased water clarity resulting from enhanced grazing (McQueen et al. 1986;
Verity and Smetacek 1996). Trophic cascades are not well developed in modern ma-
rine ecosystems, apparently because of the greater phylogenetic complexity and gen-
erally more oligotrophic conditions in the sea (Neill 1994; Verity and Smetacek 1996).

How might any of this apply to the Proterozoic-Phanerozoic transition? Brasier
(1992) notes the widespread occurrence of phosphorites, black shales, and carbon
isotope shifts associated with this interval and suggests a bottom-up increase of nu-
trients as the impetus for the Cambrian explosion. If, however, the terminal Protero-
zoic lacked a grazing mesozooplankton, as argued here, then it is difficult to see how
increased nutrients would do anything except induce eutrophication; in the plankton,
there would have been nothing to take advantage of the increased productivity. Thus
it appears that any increase in trophic complexity would have had to come from novel
additions to the top of the food chain. Both the direct and indirect evidence of fossil
record point to an early Cambrian introduction of herbivorous mesozooplankton.
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McQueen et al. (1986) and Brett and Goldman (1997) have shown that the trans-
missibility of both top-down and bottom-up effects in a pelagic food chain is affected
by the number of steps (trophic levels) through which it must pass, with each addi-
tional step substantially attenuating the signal. Thus the potential for top-down effects
to impinge on primary productivity and biogeochemical cycling in any pronounced
way is limited to situations in which the trophic structure is both simple and short.
This, I would argue, was the case during that unique interval in the earliest Cambrian
when the modern pelagic ecosystem was under construction. The direct, top-down
effect of a newly introduced mesozooplankton on primary productivity is powerfully
expressed both in the marked shift in phytoplankton evolution and in the fluctuating
biogeochemistry of the Proterozoic-Phanerozoic transition. Subsequent addition of
higher-level tiers to the Eltonian pyramid may have induced subsequent top-down
cascades, but these would have dissipated before impinging significantly on primary
producers. From this angle, then, the transition between the Proterozoic and Phanero-
zoic was uniquely susceptible to ecologic and biogeochemical perturbation, the ac-
companying sedimentary expressions (e.g., phosphorites, black shales, carbon iso-
tope shifts) are more likely to represent consequences than causes of the Cambrian
explosion.

All this is interesting, but do effects that register at the ecologic level translate into
evolutionary, particularly macroevolutionary, change? Gould (1985), for example,
has allowed that although ecology may be the principal evolutionary motor at one
level (the first tier), these effects are largely overprinted by higher-order selection at
the second tier (i.e., species selection), which is in turn subordinate to a third tier of
mass extinction. Be that as it may, a reasonable case has been made for biotic inter-
actions playing an important macroevolutionary role, albeit in a diffuse, protracted,
and not always obvious manner (Aronson 1992; Jablonski and Sepkoski 1996). The
best examples are perhaps those relating to the hypothesis of escalation presented by
Vermeij (1987), i.e., that increases in predation intensity through geologic time have
induced evolutionary counterresponses among prey.

In the present context, the introduction of herbivorous metazoans into a plankton
previously devoid of such organisms would have had a profound effect on contem-
porary plankton ecology, and the burst of phytoplankton diversification in the Early
Cambrian is readily interpreted as its evolutionary effect. There was nothing in-
herently special about metazoans entering the plankton, which was probably first
achieved by a small, possibly neotenic constituent of the benthos in the process of
evading (benthic) predation (Butterfield 1997). Nevertheless, this particular innova-
tion was a key innovation; it contributed to changes not only at the level of “commu-
nity” (i.e., a fourth-level change in the terminology of Droser et al. 1997) but also at

» o«

the levels of “community-type,” “adaptive strategy,” and ecosystem (third, second,

and first levels, respectively). By establishing a new ecosystem—pelagic metazoans—
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the simple ecologic derivation of the mesozooplankton scales up to a macroevolu-
tionary level, where it has survived the length of the Phanerozoic, including its series
of “third tier” mass extinctions.

DISCUSSION

Numerous hypotheses have been offered to explain the Cambrian explosion of large
animals, ranging from major intrinsic innovations in developmental programs (e.g.,
Erwin 1993) to extrinsic causes such as increased levels of oxygen (Knoll 1992) or
nutrients (Brasier 1992). By contrast, the zooplankton hypothesis presented here in-
vokes a relatively minor ecological shift in animal activity triggering cascades of inter-
connected effects at a number of scales, most importantly through the introduction of
anew ecosystem.

The method and purpose of assessing higher-level paleoecologic categories differ
considerably from those directed at reconstructing ancient “communities.” Time av-
eraging, for example, is not an issue at this scale, so the presence of an “adaptive strat-
egy” or ecosystem can be readily documented on the basis of a single Lagerstatten
occurrence of a key innovation; for example, the unique discovery of filter-feeding
mesozooplankton in the Early Cambrian (Butterfield 1994) establishes the signifi-
cant presence of pelagic metazoans in the earliest Phanerozoic. Because the effects of
higher-level categories tend to cascade down through lower levels (Droser et al. 1997),
the overall impact of a newly introduced zooplankton would have been profound.

Although a single fossil occurrence may document the minimum age of a particu-
lar habit, it suggests little about first appearance (Marshall 1990), particularly given
the narrow temporal distribution of Burgess Shale—type preservation (Butterfield
1995; Fortey et al. 1996). Certainly the phytoplankton record provides proxy evi-
dence in support of a first appearance of mesozooplankton in the Tommotian, but it
might still be argued that the evidence remains largely negative, i.e., a lack of observed
diversity among pre-Cambrian phytoplankton. The counterargument is that most
acritarchs—certainly those that represent phytoplankton cysts—do not require ex-
ceptional conditions for their preservation and extend more or less continually from
the Paleoproterozoic into the Paleozoic; unlike almost all other groups (including
metazoans), they show no fundamental change in preservation potential across the
Precambrian-Cambrian boundary. Combined with geochemical evidence (e.g., Lo-
gan et al. 1995), the acritarch record points to a true absence of pre-Cambrian meso-
zooplankton and the reality of a Cambrian “explosion,” albeit as an ecologic rather
than a deep-seated phylogenetic phenomenon.

With the case for an Early Cambrian introduction of mesozooplankton relatively
strong, it remains to be shown that the Phanerozoic plankton is closely coupled to the
benthos, that this was not the case prior to the Cambrian, and that the difference be-
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tween a coupled and a decoupled plankton-benthos is significant. Certainly it is pos-
sible to base a metazoan ecosystem solely on benthic primary productivity and detri-
tivory, but by not directly exploiting the phytoplankton, such ecosystems are liable
to be of limited diversity and activity; the terminal Proterozoic Ediacaran fauna and
associated simple trace fossils set the obvious example. Actualistic studies show that
the modern benthos is indeed closely coupled to the plankton, with benthic metazoan
communities responding to phytoplankton blooms in a matter of days (Graf 1989).
By extension, Levinton (1996) has argued that even a short-term cessation of phyto-
planktic productivity, such as is often invoked as a proximal cause for the Cretaceous-
Tertiary mass extinction, should (but notably did not) devastate deposit-feeding ben-
thos. That some vertical transport in the modern oceans is traveling via copepod fecal
pellets (e.g., Graf 1989) is consistent with the geochemical argument made by Logan
et al. (1995) for a pre-Cambrian absence of pellet-producing zooplankton. Fecal pel-
lets, however, are certainly not the only link (indeed, not even the principal link) be-
tween the plankton and benthos in the modern oceans, and it remains to be resolved
what particular role they may have played in the Cambrian explosion; Mcllroy and
Logan (1999) offer some interesting possibilities.

Signor and Vermeij (1994) have stressed the possible decoupling of an early Paleo-
zoic plankton and benthos, but they place the transition at the end of the Cambrian
rather than the beginning. Certainly the Cambro-Ordovician transition was of major
importance, but in ecologic terms it was simply not on the same scale as the Cam-
brian explosion. Whereas the Ordovician witnessed the appearance of numerous new
“adaptive strategies” and their cascading effects (Droser et al. 1997), it was the Cam-
brian that first introduced animals to the plankton, thereby establishing the two “first
level” ecosystems that arguably define the Phanerozoic: pelagic metazoans and ben-
thic metazoans coupled closely to the plankton.
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CHAPTER TEN
Mikhail B. Burzin, Francoise Debrenne, and Andrey Yu. Zhuravlev

Evolution of Shallow-Water
Level-Bottom Communities

Features of Cambrian level-bottom communities that inhabited carbonate and silici-
clastic substrates are outlined. A high diversity of level-bottom communities with
multiple trophic guilds was established in the Early Cambrian, replacing largely
microbial-dominated Vendian ecosystems. Taxonomic richness of Early Cambrian
communities contrasts with relative impoverishment of their Middle and Late Cam-
brian counterparts. Displacement of communities was common, and entire commu-
nities might migrate into areas with more favorable conditions if their original habi-
tats suffered a crisis.

CAMBRIAN DEPOSITIONAL SYSTEMS can be divided into clastic and carbonate re-
gimes, because substrate type strongly influences community composition. These as-
pects of sedimentation were in general controlled by climate and the size of the area
available for denudation. With few exceptions, environments of carbonate sedimen-
tation were restricted to low latitudes and siliciclastic-dominated settings occurred
mostly in temperate conditions. The Siberian Platform throughout the Cambrian ex-
emplified carbonate-dominated habitats. Baltica, Bohemia, and Avalonia represented
regions where siliciclastic sedimentation prevailed. Laurentia and Australia were char-
acterized by a mosaic of facies.

TROPHIC GUILDS

Although the entire set of trophic guilds existed from the beginning of the period,
Cambrian guilds were different even from their Ordovician successors and probably
had already changed significantly by the end of the Cambrian. Tables 10.1 and 10.2
display the ecospace utilization by Cambrian organisms that are preserved now as
body fossils.

Benthic primary producers were represented chiefly by probable calcified cyano-
bacteria (e.g., Obruchevella) and by carbonaceous algae (e.g., Margaretia) and possible
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Table 10.1 Ecospace Utilization by Animals of Level-Bottom
Communities During the Early Cambrian

Epifaunal Infaunal
Mobile Trilobites, nontrilobite Laterally compressed
arthropods, halkieriids, helcionelloids,
low conical helcionelloids, trilobites, priapulids,
paragastropods, fordillids, polychaetes,
orthothecimorphs, palaeoscolecidans?
“lobopodians,” polychaetes,
tommotiids
Sessile Demosponges, calcareans, Plalysolenites,
low chancelloriids, lingulates, lingulates
tier calciates, anabaritids,
(<10cm)| coleolids, hyolithelminths,
tianzhushanellids,
edrioasteroids, pterobranchs,
hyolithomorphs,
orthothecimorphs,
stenothecoids
Sessile Hexactinellids, heteractinids,
high cnidarians, eocrinoids,
fier helicoplacoids
(>10cm)

Table 10.2 Ecospace Utilization by Animals of Level-Bottom
Communities During the Middle and Late Cambrian

Epifaunal Infaunal
Mobile Trilobites, nontrilobite Rostroconchs,

arthropods, tergomyans, trilobites, priapulids?,
gastropods, orthothecimorphs, polychaetes?,
polychaetes, “lobopodians,” palaeoscolecidans?
cephalopods, homoisteleans,
stylophorans

Sessile Demosponges, calcareans, Lingulates

low lingulates, calciates,

tier edrioasteroids, pterobranchs,

(<10cm)| hyolithomorphs,
gastropods

Sessile Hexactinellids?,

high eocrinoids, crinoids,

fier grapftolites,

(>10cm)| branching hyolithelminths
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cyanobacteria (e.g., Morania). Noncalcified bacteria grew abundantly in the Cambrian
stromatolites and thrombolites and undoubtedly on most sediment surfaces, as they
do in modern marine environments. It has been suggested that bacteria are the main
producers of micritic carbonates (Riding 1991), which often possess a typical clotted
texture, and of phosphates (Gerasimenko et al. 1996), in the Cambrian. However,
planktic primary producers, including free-living and attached bacteria and phyto-
plankton (acritarchs and prasinophytes, at least), were the main food source for level-
bottom filter and suspension feeders. For instance, acritarchs are abundant in pelleted
carbonates (Zhegallo et al. 1994; Zhuravlev and Wood 1996). Acritarchs were prob-
able endocysts of polyphyletic origin; they possessed a sporopollenin-like wall, simi-
lar to that produced by photosynthetic eukaryotes (Martin 1993; see Moldowan et al.,
this volume, for biomarker data).

Feeding strategies are considered to be diverse among consumers (Debrenne and
Zhuravlev 1997) (figure 10.1).

1. Filtrators consisted of sponges (hexactinellids, heteractinids, demosponges,
and probable calcareans), calciate brachiopods, probably the majority of mollusks—
including helcionelloids, pelecypods, and rostroconchs—and piperock producers (in
this volume, see chapters by Debrenne and Reitner; Kouchinsky; and Ushatinskaya).

2. Suspension feeders were represented by lingulate brachiopods, echinoderms,
chancelloriids, hyolithomorph and some orthothecimorph hyoliths, stenothecoids,
and Late Cambrian trilobites (in this volume, see chapters by Guensburg and Sprinkle;
Hughes; Kouchinsky; and Ushatinskaya). Many of the tubicolous taxa (coleolides,
hyolithelminths, anabaritids), as well as brachiopod-like animals (Tianzhushanelli-
dae), were apparently semi-infaunal suspension feeders sensu lato (Bengtson and
Conway Morris 1992; Parkhaev 1998). By analogy with living polychaetes, some of
them could be pure filter feeders consuming bacterioplankton (Sorokin 1992), but
others, such as phosphatic hyolithelminths, with a metabolism probably similar to that
of lingulates, could be true suspension feeders. During the earliest Early Cambrian,
Platysolenites might have been an agglutinated foraminifer (MclIlroy et al. 1994), which
belonged to suspension feeders, according to the test morphology (Lipps 1983). Since
the Middle Cambrian, dendroid graptolites joined the group of sessile filter and sus-
pension feeders (Sdzuy 1974) for a short time before planktic forms were developed,
probably in response to the general shift of phytoplankton grazing from the sea floor
to the water column. Flow pattern modeling of sessile conical dendroid graptolites
shows that such colonies were well designed to use ambient currents to reduce the
energetic cost of suspension feeding (Melchin and Doucet 1996). This modeling also
supports the suggestion by Rickards et al. (1990) that different dendroid rhabdosomal
morphologies may have been adapted to different currents. The aperture of even large
graptolite thecae with simple openings rarely exceeded 2 mm, severely restricting the
maximum size for food particles; most graptolites had even smaller apertures, and in
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Figure 10.1 Approximate average share of dif-  pod; 10, archaeocyath sponge Coscinocyathus.
ferent trophic groups among Cambrian bodied ~ Deposit feeders: 11, helcionelloid mollusk Hel-

animals and their representatives. Suspension cionella; 12, arthropod Naraoia. Carnivores and
and filter feeders: 1, crustacean Skara; 2, hel- scavengers: 13, arthropod Sidneyia; 14, trilobite
cionelloid mollusk Yochelcionella; 3, arthropod Olenoides; 15, conodont-chordate; 16, “lobo-
Sarotrocercus; 4, graptolite Archaeolaphoea; 5, pod” Xenusion; 17, halkieriid Halkieria; 18,
radiocyath Girphanovella; 6, eocrinoid echino- priapulid Ottoia; 19, arthropod Sanctacaris;
derm Lepidocystis; 7, hyolithomorph hyolith; 8, 20, anomalocaridid Laggania. Browsers: 21,
chancelloriid Chancelloria; 9, lingulate brachio-  chitonlike mollusk Matthevia.

many species these are reduced by lobes, lappets, or spines, even further restricting
the maximum size of particle uptake (Underwood 1993). Pterobranchs were already
present in the Early Cambrian.

3. Predator and scavenger guilds consisted of a variety of cnidarians, trilobites, and
nontrilobite arthropods, “lobopodians,” and giant anomalocaridids, which were large
and mostly mobile carnivores (Fortey and Owens 1999; Nedin 1999; in this volume,
see chapters by Debrenne and Reitner; Hughes; and Budd). Some polychaetes, pria-
pulids, and their close relatives palaeoscolecidans exploited this feeding strategy
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(Conway Morris 1976, 1979; Hou and Bergstrom 1994). Protoconodonts may have
occupied a demersal predator niche by analogy with extant chaetognaths (Szaniawski
1982), as well as later euconodonts (Purnell 1995). Boreholes in shells and scars of
healed injuries in trilobite carapaces resulted from the action of unknown predators
and scavengers (Jago 1974; Conway Morris and Bengtson 1994; Pratt 1994).

4. Destructors, which attacked hard mineral and cellular substances, were com-
mon. Cambrian endolithic borings are known in ooids, echinoderm ossicles, brachio-
pod shells, archaeocyath cups, various small shelly fossils, and conodonts (Muller and
Nogami 1972; Kobluk and Kahle 1978; Li 1997). In some cases, tentative interpreta-
tion in favor of cyanobacterial and fungal borings has been provided (Kobluk and
Risk 1977). Saprophytes have been recognized in the Cambrian communities, in-
cluding phycomycetes and actinomycetes (Burzin 1993b).

5. Trace fossil data (Crimes 1992) indicate that the Cambrian biota includes 50%
(Nemakit-Daldynian) to 40% (Atdabanian) deposit feeders (feeding traces). Crimes
(1992) also suggests that grazing traces account for 10% to 20% of the total trace
fossil diversity. But given that these are recorded on soft substrates, in contrast to the
feeding strategy of true grazers, they should instead be considered as deposit feed-
ers, the percentage of which had thus increased to 60%. Chondrites and many other
branching traces exemplify deposit-feeding strategies, some of which were very pecu-
liar and restricted to the Cambrian. For instance, a vermiform Plagiogmus-producer
burrowed within the substrate but fed on surface detritus by means of a siphon (McIl-
roy and Heys 1997). Microburrowings may represent detritivorous meiofauna (Wood
etal. 1993). Body fossils, however, do not allow us to infer the true producers of these
traces. Deposit feeders on silty substrates are recognized among low-spired, widely
expanded helcionelloid mollusks, most orthothecimorph hyoliths, some trilobites,
and nontrilobite arthropods; small paragastropods were probable mobile epifaunal de-
posit feeders (in this volume, see chapters by Kouchinsky and by Hughes and Budd).

6. Possible Cambrian algal croppers have been noted by Edhorn (1977) from the
Bonavista Group of Avalon. These “croppers” are sessile orthothecimorph hyoliths
(“Ladatheca” of Landing 1993). However, Kobluk (1985) reported some possible
grazer scratches on calcimicrobes from the Upper Shady Dolomite.

7. Among parasites, pentastomes are established in the Cambrian (Walossek et al.
1994). Some borings and skeletal abnormalities may also be interpreted as parasite
traces (Conway Morris and Bengtson 1994; in this volume, see chapters by Hughes

and by Budd).

CARBONATE-DOMINATED SETTINGS
Evaporite Basins

Evaporite basins, containing carbonates and evaporites, are typified by low clastic in-
put and high evaporation rates. Their coastlines are characterized by chains of islands
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that shelter hypersaline lagoons with reduced tidal ranges, where microbial mats are
formed. They produced extensive stromatolite deposits; the best examples occurred
in the Toyonian Angara Formations of the Siberian Platform where stratiform and co-
lumnar stromatolites formed low but very wide buildups, up to several kilometers in
length, peripherally covered by ooidal grainstones (Korolyuk 1968). This stromatolite
community did not change during the Cambrian. However, various mollusks (ros-
troconchs and chitonlike forms) intruded into barrier complexes formed under gen-
erally higher salinities in Australia during the Datsonian (Druce et al. 1982).

On the periphery of evaporite basins, an oligotypic trilobite community occurred
locally (e.g., Olekma Formation, Siberian Platform) from the Atdabanian through the
remainder of the Cambrian. Rare hyoliths and brachiopods also were present (Repina
1977).

Peritidal Carbonate Environments

Peritidal carbonate environments include oolite shoals, carbonate sand shoals and
beaches, and intertidal to subtidal flat settings. Since Atdabanian time, Ophiomorpha-
like trace producers (Aulophycus) occupied shifting lime muds in shoal agitated back-
reef conditions. Ophiomorpha-type burrows represented innovative behavior, in their
ability to produce pellet-lined burrows, which prevent collapse in substrates of rela-
tively low cohesive strength (Crimes and Droser 1992). The Aulophycus community
persisted through the entire Cambrian: Atdabanian Nokhoroy Unit and Kyndyn For-
mation, Botoman upper Kutorgina and Toyonian Keteme formations of the Siberian
Platform, and Botoman Poleta Formation and Shady Dolomite of Laurentia (Balsam
1974; Zhuravleva et al. 1982; Astashkin 1985; Droser and Bottjer 1988).

In restricted nutrient-rich lagoons, cyanobacterial communities, chiefly oscillato-
riaceans, formed phosphatized mats of helically coiled and prostrate filaments (Roza-
nov and Zhegallo 1989; Sergeev and Ogurtsova 1989; Soudry and Southgate 1989).
Such communities were common during the Nemakit-Daldynian—Tommotian (e.g.,
Chulaktau Formation, Kazakhstan; Khesen Formation, Mongolia) but became rare
later in the Cambrian.

Peritidal limestones were deposited in Avalonia under temperate conditions (Bra-
sier and Hewitt 1979; Landing et al. 1989; Landing 1991, 1993). Here peritidal lime-
stones have stromatolitic, mud-cracked caps and include helcionelloid mollusks (Igo-
rella, Oelandiella), phosphatic sclerite-armored animals (Eccentrotheca, Lapworthella),
phosphatic tube dwellers (Torellella), and orthothecimorph hyoliths (Turcutheca, La-
ratheca) that are absent in subtidal shales. In the early Tommotian (Chapel Island For-
mation upper Member 3 through Member 4), the Watsonella crosbyi fauna existed, in-
cluding “Ladatheca” thickets overgrown by stromatolites. Later in the Atdabanian
(e.g., Home Farme Member), these thickets were ecologically displaced by Coleoloides
typicalis thickets of vertically oriented tubes (Brasier and Hewitt 1979). Atdabanian-
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Botoman peritidal limestones of the Weymouth Formation contain an especially rich
fauna, including coleolids, hyolithelminths, “lobopodians,” chancelloriids, halkieri-
ids, tommotiids, hyoliths, helcionelloids, paragastropods, lingulate brachiopods, and
eodiscid and olenelloid trilobites. The faunal enrichment of the shallowest envi-
ronments in Avalonia probably reflects its high latitudinal position and thus a high
thermocline.

Shallow Carbonate Seas

Shallow carbonate seas include several carbonate environments, all of which lay at or
below fair-weather wave base. A high range of communities inhabited this zone, in-
cluding level-bottom, reefal, and hardground communities. The latter two are scruti-
nized elsewhere (Pratt et al. and Rozhnov, both in this volume).

In terms of taxonomic composition and dominant feeding strategies, Early and
early Middle Cambrian level-bottom communities were similar to coeval reefal set-
tings but differed by absence of heavily calcified organisms. In both cases, filter and
suspension feeders dominated in both number and diversity (Zhuravleva et al. 1982,
1986; Wood et al. 1993; Kruse et al. 1995) (figures 10.2.1 and 10.2.2).

The shallow level-bottom community underwent significant changes during the
Cambrian (see tables 10.1 and 10.2). After the demise of the Tommotian Evolutionary
Fauna by the end of the Early Cambrian, communities were dominated by trilobites
and lingulate brachiopods until the Middle Ordovician in Laurentia and Siberia (Sep-
koski and Sheehan 1983; Sukhov and Pegel’ 1986; Varlamov and Pak 1993), as well
as in Australia, China, and Kazakhstan. During the Steptoean—Early Ordovician, com-
munity reorganization proceeded through the addition of new elements, especially
gastropods, rostroconchs, and, from the Datsonian, cephalopods (Chen and Teichert
1983). In the Marjuman, trilobites account for two-thirds of the species present, as-
sociated with inarticulate brachiopods and hyoliths (Westrop et al. 1995). By the
Datsonian—Early Ordovician interval, paleocommunity compositions were split more
or less evenly between trilobites and mollusks. Finally, during the Middle Ordovician,
trilobites were reduced to about one-third of the species composing communities
(Westrop et al. 1995).

The Dysaerobic Community

The dysaerobic community represents an unusual kind of level-bottom community
that usually exists in deep waters but, in case of hypertrophy, can also appear in shal-
low-water conditions.

A typical Early Cambrian example was recognized by Zhuravlev and Wood (1996)
from the Botoman Sinsk Formation of the Siberian Platform (figure 10.2.3). The Sinsk
biota is represented by the calcified cyanobacterium Obruchevella and the abundant
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Figure 10.2 Trophic webs in the principal
Early Cambrian benthic communities. I, Reefal
archaeocyath-coralomorph-hyolith commu-
nity; 2, level-bottom open marine priapulid-
nontrilobite arthropod-spicular sponge com-
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green fleshy alga Margaretia as primary producers; by spicular sponges as filter feed-
ers; by hyoliths, lingulate brachiopods, and probable cnidarians as suspension feed-
ers, and rare paragastropods as grazers; and by palaeoscolecidans and, possibly, pro-
tolenin trilobites as carnivores. Abundant miomeroid trilobites could feed on minute
organic particles, including algae (Fortey and Owens 1999). The absence of burrows
reveals extreme reduction of deposit-feeders. Polymeroid trilobites with a wide, thin
exoskeleton, a smooth carapace, multiple thoracic segments, and enlarged pleurae
were nektobenthic trilobites adapted to low oxygen tension (Repina and Zharkova
1974; Fortey and Wilmot 1991). In turn, two other common groups, lingulates and
palaeoscolecidans (closely related to priapulids), could survive dysaerobic conditions
because their respiration was maintained by hemerythrin (Runnegar and Curry 1992).
Volumetrically, trilobites and lingulates dominated. The latter might have fed on the
abundant but monotypic acritarch flora. Despite harsh conditions, a multilevel tier-
ing was developed by hexactinellids and demosponges that ranged in height from 4
to 60 cm (Ivantsov et al. 2000). A similar community occurred on the Siberian Plat-
form during the late Early—early Middle Cambrian (Pel'man 1982). Later, agnostids
and olenids replaced eodiscids and protolenins, respectively.

SILICICLASTIC SETTINGS
Deltas

Deltas are major depositional centers that produce thick sedimentary successions.
High nutrient input, high turbidity, and decreased salinity are typical of deltaic areas.

In the prograde delta-fro