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Abstract: Reconstructions based on biogeography, palacomagnetism and facies distributions
indicate that, in later Palaeozoic time, there were no wide oceans separating the major
continents. During the Silurian and Early Devonian time, many oceans became narrower so
that only the less mobile animals and plants remained distinct. There were several continental
collisions: the Tornquist Sea (between Baltica and Avalonia) closed in Late Ordovician time,
the Iapetus Ocean (between Laurentia and the newly merged continents of Baltica and
Avalonia) closed in Silurian time, and the Rheic Ocean (between Avalonia and Gondwana
and the separate parts of the Armorican Terrane Assemblage) closed (at least partially)
towards the end of Early Devonian time. Each of these closures was reflected by migrations of
non-marine plants and animals as well as by contemporary deformation. New maps, based
on palacomagnetic and faunal data, indicate that Gondwana was close to Laurussia during
the Devonian and Carboniferous periods, with fragments of Bohemia and other parts of the
Armorican Terrane Assemblage interspersed between. It follows that, after Early Devonian
time, the Variscan oceans of central Europe can never have been very wide. The tectonic
evolution of Europe during Devonian and Carboniferous time was thus more comparable

with the present-day Mediterranean Sea than with the Pacific Ocean.

Palaeozoic palaeocontinents

During the Palaeozoic era, there were several
events when major continents rifted apart and
others when they collided. No continent
remained as a distinct entity throughout this
era; so each palaeocontinent can only be defined
after consideration of its history. The major
Palaeozoic continents that are represented in
Europe are Laurentia, Baltica, Avalonia and
Gondwana, with smaller continental fragments
of the Armorican Terrane Assemblage, including
Bohemia and Armorica.

Laurentia, the Palaeozoic continent based on
North America, did not include the Mesozoic
and Cenozoic additions to the Western
Cordillera, nor is it defined (Scotese &
McKerrow 1990) as including the terranes
accreted to the east coast in the Devonian and
Carboniferous periods. Much of the northern

Appalachians (eastern Newfoundland, New
Brunswick, Nova Scotia and coastal New
England) were parts of Avalonia until Silurian
time. The Piedmont and Florida were parts of
Gondwana until Carboniferous time. But
Laurentia did include (as indicated by their
Cambrian and Early Ordovician faunas) north-
west Ireland, Scotland, Greenland, much of
Svalbard, the North Slope of Alaska and the
Chukotsk Peninsula of eastern Siberia (Scotese &
McKerrow 1990). Palaecomagnetic data (Mac
Niocaill & Smethurst 1994) and the prevalence
of warm-water carbonate facies show that
Laurentia remained close to the Equator
throughout Palaeozoic time.

Baltica consists of Scandinavia and the East
European Platform, as far east as the Urals. Its
southern margin extends from the North Sea to
the Black Sea along the Trans-European Suture,
a line much complicated by later deformation. In
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Cambrian time, Baltica was at high southern
latitudes (Torsvik et al. 1996); its trilobite faunas
were similar to those of Laurentia but less
diverse. The faunas were also similar to those
of Avalonia, which were even less diverse, thus
indicating that, before Ordovician time, Baltica
was situated close to Avalonia in a position off
the Florida or Venezuelan margins of Gondwana
(McKerrow et al. 1992). Subsequently, Baltica
moved slowly northwards; eventually warm-
water carbonates appear in Late Ordovician
time, and Baltica straddles the equator in
Silurian and Devonian time.

Avalonia, consists of the eastern parts of the
Northern Appalachians (from Connecticut to
the Avalon Peninsula in Newfoundland),
southern Ireland, Wales, England, Belgium and
the Rheno-Hercynian belt of northern Germany
(Cocks et al. 1997). In eastern Germany,
Avalonian crust extends across the Elbe Line
(Finger & Steyrer 1995; contra Cocks et al. 1997);
an isolated fragment may also be present east of
Bohemia in the Moravo-Silesian terrane.
During Cambrian time, Avalonia was attached
to Gondwana not far from the South Pole. At
this time it had clastic sedimentary facies, which
suggest it was attached to the northern margin of
South America rather than to Morocco where
different Cambrian faunas are present in carbon-
ates (McKerrow et al. 1992; Torsvik et al. 1996).
Avalonia shows evidence of latest Precambrian
arc rocks assigned to Cadomian time; its base-
ment is thus not distinguishable from those parts
of northern Gondwana now seen in the
Armorican Terrane Assemblage of central and
southern Europe; similar arc rocks also occur in
Morocco (Piqué 1981). Avalonia became
detached from Gondwana in Early Ordovician
time and moved rapidly northwards to collide
with Baltica in latest Ordovician time and with
Laurentia in Silurian time (Cocks & Fortey 1982;
McKerrow er al. 1991; Trench et al. 1992).

Gondwana was a large continent that originated
in latest Precambrian time by amalgamation
of parts of Africa, South America, India,
Antarctica and Australia (Torsvik et al. 1996).
In Cambrian time, it included all of Europe
south of Avalonia and Baltica. In Late
Ordovician time the South Pole was in North
Africa and, although the terranes of southern
Europe had separated from Gondwana, they
were still far enough south to carry periglacial
deposits (Havlicek 1989). Palacomagnetic data
show that, while Gondwana moved northwards
during Silurian time, several south European
terranes (including parts of Bohemia and

Armorica) moved more rapidly (Tait er al.
1995; Torsvik et al. 1996).

The narrowing oceans

As two continents approach, it becomes progres-
sively more difficult to use palacomagnetic or
sedimentological data to distinguish between
them, but there are some organisms that remain
useful until there is a continuous shallow-water
or terrestrial connection (McKerrow & Cocks
1976; McKerrow 1978).

Marine organisms can be classified, according
to their mode of life, into the following groups:
(a) free-swimming and floating (or pelagic)
nekton and plankton, such as the Early
Palacozoic graptolites and the Late Palaeozoic
ammonoids and some fishes (including some
Palaeozoic  sharks). (b) Bottom-dwellers
(benthos) that had a pelagic larval stage, and
that include most marine invertebrates (e.g.
trilobites and brachiopods). Some fishes (includ-
ing placoderms and primitive lungfish) appear to
have been benthic in coastal waters (Janvier
1996), but as it is not known whether they had
pelagic larvae, they may or may not fall into this
category. (¢) A few marine organisms, such as
some ostracodes, which hatch out from eggs on
the sea floor and have no pelagic growth stage.
Benthic ostracodes cannot cross deep water.
(d) Aquatic organisms that are restricted to
non-marine (rivers and lakes) or brackish
environments. Many Devonian fish (for
example, holoptychiids, phyllolepids and the
more advanced lungfishes) are known only
from Old Red Sandstone sediments, which are
either non-marine or which have a limited
marine influence. They appear to have been
unable to cross narrow stretches of open sea. (e)
Terrestrial organisms (plants with large seeds;
post-Devonian tetrapods) that could only spas-
modically cross open water, and thus are
normally restricted in range until after (some-
times long after) continental collision.

In Cambrian and Early Ordovician time, when
many continents were isolated by wide oceans,
only the plankton (and a very few other forms)
could cross all oceans (Cocks & Fortey 1990;
Scotese & McKerrow 1990; McKerrow & Cocks
1995). Plankton normaily show a geographical
distribution related to climate, whereas most
other organisms serve to distinguish individual
continents (or groups of adjacent continents). In
Late Ordovician time, many brachiopods and
trilobites (benthos with pelagic larvae) start to
have global distributions as the major continents
become closer; until in Silurian time the only
common fossils to distinguish many continents
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are ostracodes and fish. By the end of Early
Devonian time, many ostracodes became widely
distributed (Berdan 1990). The Devonian fish
faunas show parallel changes: the fish of
Laurussia (the continent resulting from the
fusion of Laurentia, Avalonia and Baltica)
started to merge with those of Gondwana and
became increasingly similar through Mid- and
Late Devonian time (Young 1990). There is no
indication of any permanent barrier to migration
across the Variscan orogen after Early Devonian
time.

European suture zones

In central Europe sutures of five Palaeozoic
oceans have been recognized (Fig. 1).

The lapetus suture

The Iapetus suture in the British Isles extends
from the Shannon estuary in western Ireland to
the mouth of the River Tweed in northeast
England. The Tapetus Ocean opened between
Laurentia and Baltica at around 600 Ma.
Closure between Laurentia and Laurussia (the

fused Baltica—Avalonia) occurred in Mid-
Silurian time (McKerrow ez al. 1991; van Staal
et al. 1998), when turbidites derived from
Laurentia were deposited in a rapidly depressed
foreland basin covering central Ireland in
Wenlock time (Hutton & Murphy 1987) and
the English Lake District in Ludlow time
(Leggett et al. 1983). This foreland basin devel-
oped along the northwest margin of Avalonia as
the continent was subducted below the active
margin of Laurentia. It was persistent and
continuous enough to prevent the migration of
ostracodes across the lapetus suture until
Devonian time (Berdan 1990).

The Tornquist suture

The Tornquist suture (equivalent to the Trans-
European Suture Zone of some workers) extends
eastwards from the mouth of the Tweed, to the
north of Hamburg, and passes east of the Gorlitz
arca (in easternmost Germany) and Silesia (in
southern Poland) not far from the course of the
River Odra (Oder). It lies distinctly south of the
Tornquist Line, after which it was named (Cocks
& Fortey 1982).
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Fig. 1. Palaecozoic sutures in Europe (in part after Franke ez al. (1995) and Matte et al. (1990)). 1, Iapetus Ocean;
separating Avalonia from Laurentia. 2, Tornquist Sea; separating Avalonia from Baltica. 3, Rheic Ocean;
separating Avalonia from the Armorican Terrane Assemblage. 4, Ophiolites south of the Saxo-Thuringian
terrane. 5, Ligerian—Massif Centrale—Moldanubian ophiolites.
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The Tornquist Sea (between Avalonia and
Baltica) may have originated at the same time as
the Iapetus Ocean (c. 600 Ma); Baltica was
certainly separated from Gondwana (which
included Avalonia until Early Ordovician time)
throughout the Cambrian period (McKerrow
et al. 1992). The Tornquist Sea probably closed
in Late Ordovician time (Van Staal et al. 1998),
at the time of the Shelveian Orogeny of western
England (Toghill 1992); certainly the Early
Silurian benthic ostracode distributions (Berdan
1990) show that there was no continuous deep
water between Baltica and Avalonia.

The arc related to closure of the Tornquist Sea
is seen in the Ordovician igneous rocks of the
English Lake District (Kokelaar et al. 1984) and
eastern England (Pharaoh er al. 1993). The
Ordovician and Silurian volcanic series in eastern
England (Pharaoh et al. 1993), the Ardennes and
the Northern Phyllite Belt (Stillman 1988;
Franke 1989) erupted between the Tornquist
Sea and the Rheic Ocean; they may have been
related to the subduction of either ocean
(McKerrow et al., 1991; Franke et al., 1995).

The Rheic suture

The Rheic suture (Fig. 1) extends eastwards from
southwest England to the south of the Ardennes
and to the south of the Rheno-Hercynian terrane
and the Harz Mountains of northern Germany
(Franke er al. 1995; Cocks et al. 1997).

There is still some discussion about the
position of the Rheic suture east of Dresden
and in the Czech Republic and southern Poland
(Belka et al. this volume; Finger et al. this
volume). If the Mid-German Crystalline High
and the Saxo-Thuringian terrane continue to the
northeast of the Elbe line (Linnemann et al.
1998), then the Rheic suture (lying between
Avalonia and Baltica to the north and Barrandia
and other Armorican terranes to the south) may
extend northeast to the vicinity of the Odra Fault,
contrary to the conclusions of Cocks et al. (1997).
The Rheic suture clearly may then merge with the
Tornquist suture in Silesia. The eastward con-
tinuation of the Rheic suture is further compli-
cated by the possible presence of an isolated
remnant of Avalonia in Moravo-Silesia (Finger &
Steyrer 1995). As Avalonia, Bohemia and Saxo-
Thuringia were all originally parts of Gondwana,
latest Precambrian (600—550 Ma) Cadomian arc
rocks occur on many different terranes, and it is
not possible to recognize the Rheic suture unless
Palaeozoic sediments crop out.

The Rheic Ocean opened in Early Ordovician
(Arenig) time, when Avalonia split off from the
South American parts of Gondwana (Cocks &

Fortey 1982; Scotese & McKerrow 1990), and
closed (at least locally) in Emsian time (Van Staal
et al. 1998). The closure of the Tornquist Sea (in
Late Ordovician time) and of the Iapetus Ocean
(in Wenlock time) left the Rheic Ocean, separat-
ing Bohemia and Armorica from Laurussia, as
the principal surviving major long-lived ocean in
Late Palaeozoic time (Fig. 2).

The Giessen, Harz and Lizard ophiolites are
overlain in some sections by thin, condensed
Emsian—Eifelian cherts and shales. This Rheno-
Hercynian basin appears to have opened in late
Emsian time, very close to the line of the Rheic
suture (Franke, this volume). These sequences
have been thrust over the southern margins of
Avalonia in the Lizard (of SW England), Giessen
(north of Frankfurt) and the Harz Mountains
(Franke 1989, p.72, and this volume); they
appear to have originated from a line very close
to the Rheic suture. If the Rheic Ocean closed in
Emsian time, these ophiolites appear to have
developed in a recently opened ocean nearby.

The suture south of the Saxo-Thuringian
terrane

This suture has been inferred from allochthonous
Lower Palacozoic mid-ocean ridge basalt
(MORB) type rocks, which are now present
between the Saxo-Thuringian terrane and the
Tepla—Barrandian of Bohemia (Franke e al.
1995, pp.581-582; Linnemann et al. this
volume), and from palacomagnetic data showing
that Saxo-Thuringia and Bohemia rotated inde-
pendently during Silurian and Devonian time
(Tait et al. 1995, this volume). The Saxo-
Thuringian basin has thick clastic deposits and
bimodal volcanic rocks which indicate a
Cambro-Ordovician rift basin (Franke et al.
1995, p. 581); it is thus possible that the Saxo-
Thuringian terrane separated from Gondwana
around this time. Allochthonous latest Cambrian
(500 Ma) eclogites derived from MORB-type
rocks south of the Saxo-Thuringian terrane
may represent fragments of an ocean, which,
although long-lived, does not appear to have ever
been a barrier of biogeographical significance.

As the Saxo-Thuringian terrane dies out
towards the Rhine Valley, this suture merges
west with the Rheic suture (Fig. 1).

The Ligerian (south Brittany), Massif
Central, Moldanubian (south Bohemia)
suture

This suture marks the separation of several
distinct microcontinents (including Bohemia and
Brittany) from Gondwana during Ordovician
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Fig. 2. Continental dispositions in Early Devonian time (Lochkovian, 415 Ma) showing distribution of non-
marine (and ?coastal) fish (after Young 1990). It should be noted that different families occurred in Siberia,
Laurussia and in Gondwana, and that Armorica and Bohemia appear to be attached to Gondwana. The
boundary of the Appalachian and Rhenish (marine) brachiopod realms during Emsian time (after Boucot et al.
1969) is also shown; this now appears to be related to climate, as it lies parallel to latitude. Its position helps to

align Gondwana with the northern continents.

time. It should perhaps be distinguished as
several distinct sutures, but until we know just
bow many different terranes are present in
central and southern Europe, it is convenient to
consider them together (Matte er al. 1990;
Franke et al. 1995).

The northern edge of Gondwana extended
from South America (with Avalonia attached
before Ordovician time), through Florida, West
Africa and southern Europe to Turkey, Afghan-
istan to South China (McKerrow et al. 1992).
This margin was active until the completion of
Cadomian arc-related igneous activity around
550 Ma, close to the start of the Cambrian
period (Tucker & McKerrow 1995; Landing et al.
1998). Extension on this margin is recorded by
Cambrian  subsidence in Wales, central
Armorica, Saxo-Thuringia and Bohemia, but
the earliest evidence of separation from
Gondwana is seen in Avalonia, which probably
rifted in Early Ordovician time (Cocks & Fortey
1982; Van Staal ez al. 1998); subsequently there is
palaecomagnetic evidence that Bohemia had
separated from Gondwana by Late Ordovician
time (Tait ez al. 1995, this volume).

Biogeography

Ordovician and Silurian time

During Early Ordovician time, wide oceans
separated Laurentia, Baltica and Gondwana so
that the distribution of most benthic faunas
reflected geographical isolation (Cocks & Fortey
1990); it was only the pelagic forms (such as
graptolites and some conodont animals) that
were able to migrate freely around the world
(Berry & Wilde 1990). In the Early Palaeozoic
era, we estimate that the majority of animals with
pelagic larvae (such as trilobites and brachio-
pods) could traverse oceans up to 1000 km wide
(McKerrow & Cocks 1986). In Late Ordovician
time, trilobites and brachiopods have widespread
geographical distributions related to latitude
(Cocks & Fortey 1990). We conclude that, by
this time, there were no oceans wider than
1000 km that separated the major continents
without intermediate island stop-overs, such as,
for example, the various components of the
Armorican Terrane Assemblage situated
between Gondwana and Laurussia.
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During Silurian time, benthic animals with
pelagic larval stages (such as like brachiopods
and trilobites), could migrate freely between the
major continents such that only climatic factors,
rather than isolation, played a major role in their
biogeography (Cocks & Fortey 1990). Less
diverse high-latitude assemblages can be recog-
nized in some benthos. Geographical isolation
was present in only two groups of less mobile
animals, which remained distinct: benthic ostra-
codes, which had (and have) no pelagic larval
stage, and certain fish taxa, which were mainly
restricted to non-marine and coastal environ-
ments (Berdan 1990; Young, 1990). These less
mobile forms permit recognition of the Rheic
Ocean through much of Early Devonian time.

Early and Mid-Devonian time

The biogeographical evidence for a narrow Rheic
Ocean during Early Devonian time (Fig. 2) is
reinforced by palaeoclimatic and lithological
data (Scotese & Barrett 1990) and by palaeo-
magnetic data (Van der Voo 1993). Available
palaeomagnetic poles from Gondwana for Late
Silurian and Early Devonian time fall in South
America, and reconstruction of Gondwana
places the northern margins (north Africa and
Arabia) in the tropics. Hence the Rheic Ocean
cannot have been more than a few hundred
kilometres wide.

The situation is made more complicated by the
fact that several oceanic sutures are present
between Gondwana and Baltica (Fig. 1). In
Early Devonian time (Lochkovian and Pragian
time) the ostracodes (which were marine but had
no pelagic larval stages) crossed from Laurussia
to Bohemia and Armorica, but did not reach
Africa (Berdan 1990). This palaeontological
evidence supports palacomagnetic data (Tait
et al. 1994, 1995) indicating that these micro-
continents had rifted from Gondwana before
Silurian time and were close to Laurussia at the
start of Devonian time.

Our new reconstruction, which incorporates
palacomagnetic data with climatic, lithological
and biogeographical data, now permits orienta-
tion of the the major continents so that new
explanations can now be postulated for certain
biogeographical observations. In particular, the
Emsian brachiopod distributions first described
30 years ago (Boucot et al. 1969) are now seen to
be related to latitude (Fig. 2). The Rhenish
province of North Africa and Europe (with a few
sporadic occurrences in Nova Scotia, Quebec
and Nevada) developed in low latitudes, whereas
the Appalachian province of the USA lies more
than 40° south of the Equator. The boundaries

between the two provinces on opposing margins
of Gondwana with Laurussia allow the two
continents to be matched with some confidence,
and suggest that Morocco was opposed to Nova
Scotia as the ocean closed.

Before Emsian or Givetian time, the Rheic
Ocean affected the distribution of only non-
marine (and coastal?) fish (Young 1990); after
this time, the main factors governing biogeogra-
phical distributions were increasingly related to
climate and to the disposition of suitable local
environments (lakes, rivers, deltas, etc.) rather
than to isolation by wide oceans.

Late Devonian time

In Late Devonian time, many non-marine and
marginal marine fishes developed world-wide
distributions (Fig. 3). Among the placoderm
fishes, for example, the antiarchs Bothriolepis
(mostly restricted to the Old Red Sandstone, but
with some marine occurrences) and Remigolepis
(entirely restricted to the Old Red Sandstone)
both originated in Gondwana, but spread across
Laurussia (Greenland, Scotland and Russia)
during Late Devonian time (Young 1984).
Similarly, the phyllolepid arthrodires first
appeared in Givetian time in Australia and
occur throughout much of Laurussia in Famen-
nian time (Long 1984).

Some groups of sarcopterygian fish also
became widespread in Late Devonian time. The
tristichopterids appeared first in Givetian time in
Laurussia, and soon spread to Gondwana, but
generic differences between the two continents
indicate that they did not migrate freely (Ahlberg
& Johanson 1997); they appear to have been
largely non-marine, although a marine occur-
rence is recorded in Morocco (Lelievre et al.
1993). The Late Devonian holoptychiid Holop-
tychius was widespread in Laurussia throughout
Frasnian and Famennian time, but crossed to
Gondwana (Australia) during Famennian time
{(Young 1993). The earliest rhizodont sarcop-
terygians occurred in Gondwana in Late Devo-
nian time (Johanson & Ahlberg 1998) and
reached North America in Famennian time
(Andrews & Westoll 1970); they spread to
Europe in the Early Carboniferous period. The
proximity of Laurentia and Gondwana during
Late Devonian time is further illustrated by the
lungfish Soederberghia, which had skeletal adap-
tations for air-breathing (cranial ribs, stalked
parasphenoid) and which is represented by a
single species in the Famennian succession of
Greenland, North America and Australia (Ahl-
berg et al. 2000).
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Fig. 3. Continental dispositions in Late Devonian time (Frasnian, 380 Ma) showing distribution of some non-
marine (?coastal) fish (after Young 1990). By this time many fish families freely cross the suture of the Rheic

Ocean, which was thus closed in places.

Tetrapods, which were initially more or
less aquatic and tied to Old Red Sandstone
environments, appear to have originated in late
Frasnian time in Laurussia, where closely related
(Givetian—early Frasnian) fish are also present
(Ahlberg & Clack 1998). These animals crossed
to Gondwana in Famennian time, when they
reached Australia (Campbell & Bell 1977; Young
1993; Ahlberg & Clack 1998).

Devonian vegetation consisted mainly of
spore-producing plants and shows little global
provincialism (Meyen 1987; Edwards & Berry, in
Cleal 1991). For example, the Devonian floras of
northern Venezuela (Berry et al. 1993) are
broadly similar to those of New York State
(Banks et al. 1985); and the tree Calloxylon,
previously known from the Late Devonian rocks
of North America, also occurs in Morocco
(Meyer-Berthaud et al. 1977) These examples
support the evidence for no great separation
across the Rheic suture.

Early Carboniferous time

In Early Carboniferous time, many plant
distributions were dominated by climate (Fig. 4),
but some floras in Venezuela (Pfefferkorn 1977)

and Morocco and Algeria (Lejal-Nicol, in
Wagner et al. 1985, p.387) include lycophytes
(e.g. Lepidodendron, Lepidodendropsis) and some
seed plants (Triphyllopteris, Sphenopteridium)
characteristic of the European Palaeoarea floras
(sensu Cleal & Thomas, in Cleal 1991). Such
floras are well known throughout southern
Laurentia and Avalonia; they include the classic
floras of the Price, Pocono and Mauch Chunk
Formations in the central Appalachians (Read
1955), the Horton Group in Nova Scotia (Bell
1960), Teilia in North Wales and the oil shales of
southern Scotland (Kidston 1923-1925). The
other European records of these floras (in
northern and eastern Germany and Silesia)
were reviewed by Meyen in Vakhrameev et al.
(1978).

While Latest Devonian miospores had cosmo-
politan distributions, those in Early Carbonifer-
ous (Viséan) time show strong latitudinal
correlation (Sullivan 1965, 1967; Clayton 1985,
1996). The Monilospora Microflora occurs in
northwest Canada, Svalbard and the northern
parts of Baltica. The Grandispora Microflora is
well documented from the South Portuguese
Zone, the British Isles, northern Germany
(Riigen), northern Poland (Pomerania) and
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Fig. 4. Continental dispositions in Early Carboniferous time (Viséan, 350 Ma) showing distribution of three floral
regions (after Sullivan 1965, 1967; Clayton 1985, 1996). They are associated with climatic belts. It should be noted
that Avalonia and the Armorican Terrane Assemblage share the Grandispora Microflora.

Romania (Moesian Platform). A third micro-
flora (Aratrisporites saharaensis) is known from
North Africa (Morocco to Egypt), Niger, Syria
and Saudi Arabia. Whereas the Monilospora and
Grandispora Microfloras show some transitional
associations, no such gradations have yet been
described between these and the Aratrisporites
saharaensis Microflora, except possibly in South
America. During Early Carboniferous time, the
northern margin of Africa was apparently a
barrier to plant migration; perhaps some plants
were more sensitive to minor changes in climate
than others.

Carboniferous tetrapods are considerably
more advanced than those in the Devonian
period. They seem to be the product of a basal
Carboniferous monophyletic radiation, which is
widely represented in Laurussia, but only sporad-
ically in Gondwana (Thulborn et al. 1996).

Late Carboniferous time

During Late Carboniferous time, paralic coal-
fields extended across Laurussia from North
America across Britain and the Rheno-Hercy-
nian region of Germany, and thence to Silesia

and the Donetz area. This extensive region
suffered several marine incursions, and clearly
most of the Westphalian deposition (largely
non-marine) occurred close to sea level (Paproth
1991) on the northern (passive margin) side of
the Rheic suture; areas formerly composing
Avalonia and Baltica (compare Fig. 1 with True-
man (1946, fig. 7)). By contrast, the Stephanian
intermontane limnic basins developed mainly to
the south of the suture on the various com-
ponents of the Armorican Terrane Assemblage.

Coal-forming environments were present
south of the Rheic suture in the Saar—Lorraine
basin during late Westphalian time (possibly
carlier) and continued until early Stephanian
time (Weingart 1976); then after a short hiatus,
they returned in mid-Stephanian time (Germer
et al. 1968; Cleal 1984). In France, intermontane
basins appeared in early Stephanian time
(Bouroz et al. 1990), whereas in Spain, some
coalfields originated in early Westphalian time,
though they did not become widespread until late
Westphalian time (Wagner & Alvarez-Vazquez
1991). Some of these internal basins yield non-
marine bivalves that include species known in the
Appalachians and northern Europe (Eagar 1983,
1984, 1985, 1994). It is thus evident that, by latest
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Fig. 5. Continental dispositions in Late Carboniferous time (Westphalian, 320 Ma). Apart from climatic
influences, all the non-marine floras and faunas crossed freely from Gondwana to the northern continents.

Carboniferous time, non-marine mollusc faunas
had crossed all the Variscan sutures in central
Europe.

The Variscan orogen south of the Rheic suture
(Fig. 1) was sufficiently uplifted before West-
phalian D times, so that no Namurian or early
Westphalian plant remains are known. However,
well-documented late Westphalian floras occur in
the Djerada Basin of Morocco (Jongmans 1952)
and the Bechar Basin of Algeria (Jongmans &
Deleau 1951; Migier 1982), which are very
similar to the floras of the paralic basins in
Britain and the Ruhr; they include Paripteris
pseudogiganta, which Laveine et al. (1993) used
to argue for strong links between North Africa
and Europe during later Westphalian time.
Further west, in northern Venezuela, Odreman
& Wagner (1979) reported a fossil flora that is
very similar to Westphalian D floras of
Laurussia; these include material from the
Upper Allegheny Formation of the Appalachians
(Wagner & Lyons 1997), the Sydney coalfield of
Nova Scotia (Zodrow 1986) and the Pennant
Formation of Wales (Cleal 1997).

Late Carboniferous palynological data are not
as definite as those of the Early Carboniferous
period, but there is close similarity between
Westphalian miospore assemblages from Europe

and Africa, suggesting absence of the barrier to
migration postulated in Viséan time.

The Westphalian plant distributions indicate
that northern Gondwana was close to Laurasia
(Fig. 5). Some of the best indicators of this
proximity are the medullosalean pteridosperms,
whose seeds could reach lengths of 100 mm
(Gastaldo & Marten 1978) and can be trans-
ported by wind over only a few metres (Laveine
et al. 1999). Postulating a wide ocean between
these continents would require seed dispersal
mechanisms that are unknown in Palaeozoic
gymnosperms.

Conclusions

It can be demonstrated from both palaeonto-
logical and palacomagnetic evidence that, after
the Rheic Ocean closed in Emsian time, there
were no wide oceans associated with the sutures
in the European Variscides. In particular, the
distributions of plants and freshwater faunas
appear to be controlled by climate rather than by
isolation. We conclude that the Variscides of
Europe were more analogous to the present-day
Mediterranean Sea than to the modern western
Pacific.

We thank R. Feist and another referee for comments.



18 W. S. McCKERROW ET AL.

References

AHLBERG, P. E. & CLaAck, J. A. 1998. Lower jaws, lower
tetrapods—a review based on the Devonian
genus Acanthostega. Transactions of the Roval
Society of FEdinburgh: Earth Sciences, 89, 11-46.

—— & Jonanson, Z. 1997. Second tristichopterid
(Sarcopterygii, Osteolepiformes) from the Upper
Devonian of Canowindra, New South Wales,
Australia, and phylogeny of the Tristichopteridae.
Journal of Vertebrate Paleontology, 17 (4),
653-673.

_ & DaescHLer, E. B. 2000. The Late
Devonian lungfish Soederberghia (Sarcopterygii,
Dipnoi) from Australia and North America, and
its biogeographical implications. Journal of
Vertebrate Paleontology, in press.

ANDREWS, S. M. & WestoL, T. S. 1970. The post-
cranial skeleton of rhipidistian fishes excluding
Eusthenopteron. Transactions of the Royal
Society of Edinburgh, 68, 391-489.

Banks, H. P., GriErson, J. D. & Bonamo, P. M. 1985.
The flora of the Catskill clastic wedge. Inm:
Woobrow, D. L. & Sevon, W. D. (eds) The
Catskill Delta, Geological Society of America,
Special Paper, 201, 125-141.

NELKA, Z., AHRENDT, H., FRANKE, W. & WEMMER, K.
2000. The Baltica—Gondwana suture in central
Europe: evidence from K/Ar ages of detrital
muscovites and biogeographical data. This volume.

BerL, W. A. 1960. Mississippian Horton Group of type
Windsor—Horton District, Nova Scotia. Geo-
logical Survey of Canada, Memoir, 215.

BERDAN, J. M. 1990. The Silurian and Early Devonian
biogeography of ostracodes in North America. /n:
McKEerrow, W. S. & Scotesg, C. F. (eds) Palaeo-
zoic Palaeogeography and Biogeography. Geo-
logical Society, London, Memoir, 12, 223-231.

BerrY, C. M., Casas, J. E. & Mooby, J. M. 1993.
Diverse Devonian plant assemblages from
Venzuela. Documents du laboratoire de Geologie
de Lyon, 125, 29-42.

Berry, W. B. N. & Wipg, P. 1990. Graptolite
biogeography: implications for palaeogeography
and palaeoceanopgraphy. In: McKerrow, W. S.
& Scotese, C. R. (eds) Palaeozoic Palaeoge-
ography and Biogeography. Geological Society,
London, Memoir, 12, 129--137.

Boucor, A. J., Jounson, J. G. & TALenT, J. A. 1969.
Early Devonian Zoogeography. Geological Society
of America, Special Papers, 119.

Bouroz, A., Gras, H. & WaGNER, R. H. 1970. A
propos de la limite Westphalian—Stéphanian et du
Steéphanian inferieur. Les Congrés et Colloques de
I'Université de Liége, 55, 205-225.

CawmpBeLL, K. S. W. & BeLL, M. W. 1977. A primitive
amphibian from the Late Devonian of New South
Wales. Alcheringa, 1, 369-381.

CrLayTon, G. 1985. Dinantian miospores and inter-
continental correlation. Comptes Rendus Dixieme
Congres International de Stratigraphie et de
Géologie du Carbonifére, Madrid 1983, 4, 9-23.

—— 1996. Mississipian miospores. /n: JANsONIUS, J.
& McGREGOR, D. C. (eds) Palynology, Principles

and Applications. American Association of Strati-
graphic Palynologists Foundation, 2, 589-596.

CLEAL, C. J. 1984. The Westphalian D floral biostrati-

graphy of Saarland (Fed. Rep. Germany) and a

comparison with that of South Wales. Geological

Journal, 19, 327-351.

(ed.) 1991. Plant Fossils in Geological Investiga-
tion: the Palaeozoic. Ellis Horwood, Chichester.
——— 1997. The palaeobotany of the upper Westpha-

lian and Stephanian of southern Britain and its
geological significance. Review of Palaeobotany
and Palynology, 65, 882-890.

Cocks, L. R. M. & Fortey, R. A. 1982. Faunal
evidence for oceanic separations in the Palacozoic
of Britain. Journal of the Geological Society,
London, 139, 465-478.

— & 1990. Biogeography of Ordovician and
Silurian faunas. In: McKerrow, W. S. & SCOTESE,
C. F. (eds) Palaeozoic Palaeogeography and Bio-
geography. Geological Society, London, Memoir,
12, 97-104.

——— . McKerrow, W. S. & van StaaL, C. R. 1997.
The margins of Avalonia. Geological Magazine,
134, 627-636.

EAGAR, R. M. C. 1983. The non-marine bivalve fauna
of the Stephanian C of north Portugal. In: LEmos
pE Sousa, J. J., Ouiveira, J. T. (eds) The
Carboniferous of Portugal. Lisbon, 29, 179-185.

—— 1984. Late Carboniferous—Early Permian non-

marine bivalve faunas of northern Europe and

eastern North America. Neuvieme Congrés Inter-
national de Stratigraphie et de Géologie du

Carbonifére (Urbana 1979), 2, 559-576.

1985. The stratigraphical and palaeoecological
distribution of non-marine bivalves in the coal-
fields of north-west Spain. Dixiéme Congrés
International de Stratigraphie et de Géologie du
Carbonifere, Madrid, 2, 455-476.

FINGER, F. & STEYRER, H. P. 1995. A tectonic model for
the eastern Variscides: indications from a
chemical study of amphibolites in the south-
eastern Bohemian Massif. Geologica Carpathia,
Bratislava, 46(3), 137-150.

— . Hanzt, P., PN, Ch., voN QuaDT, A. & STEYRER,
H. P. 2000. The Brunovistulian: Avalonian Pre-
cambrian sequence at the eastern end of the
Central European Variscides? This volume.

Franke, W. 1989. Tectonostratigraphic units in the
Variscan belt of Central Europe. /n: DALLMEYER,
R. D. (ed.). Terranes in the Circum-Atlantic
Palaeozoic Orogens. Geological Society of Amer-
ica, Special Papers, 230, 67-90.

——— 2000. The mid-European Segment of the Var-
iscides: tectono-stratigraphic units, terranes,
boundaries and plate evolution. This volume.

——, DALLMEYER, R. D. & WEBER, K. 1995. Geody-
namic evolution. /n: DALLMEYER, R. D., FRANKE,
W. & WeBkeRr, K. (eds) Pre-Permian Geology of
Central and Eastern Europe. Springer, Berlin,
p.579-593.

GastaLbo, R. A. & Marten, L. C. 1978. Trigono-
carpus leeanus, a new species from the Middle
Pennsylvanian of southern Illinois. American
Journal of Botany, 65, 882-890.




RELATIONS BETWEEN GONDWANA AND LAURUSSIA 19

GERMER, R., KNEEUPER, G. & WAGNER, R. H. 1968. Zur
Westfal/Stefan-Grenze und zur Frage der astu-
rischen Faltungsphase im Saarbrucker Haupt-
sattel. Geologica et Palaeontologica, 2, 59-71.

HavLicek, V. 1989. Climatic changes and development
of benthic communities through the Mediterra-
nean Ordovician. Shornik Geologickych Ved,
Geologie, 44, 79-116.

Hutton, D. H. W. & Murpay, F. C. 1987. The Silurian
of the Southern Uplands and Ircland as a
successor basin to the end-Ordovician closure of
lapetus. Journal of the Geological Society,
London, 144, 765-772.

JANVIER, P. 1996. Early Vertebrates. Oxford Science,
Oxford.

JonansoN, Z. & AHLBERG, P. E. 1998. A complete
primitive rhizodont from Australia. Nature, 394,
569-572.

JonGgmaNns, W. J. 1952. Note sur la flore du terrain
Carbonifére de Djerada (Maroc oriental ). Notes
et Mémoires du Service Géologique du Maroc, 91.

—— & Dereau, P. C. 1951. Les bassins houillers du
Sud-Oronais. Livre IT. Contribution a I'&{ fa]acu-
te,etude paléontologique. Bulletin du Service de la
Carte Géologique de I'Algérie, 1re Série, Paléon-
tologie, 13.

Kipston, R. 1923-1925. Fossil Plants of the Carbon-
iferous Rocks of Great Britain. Memoir of the
Geological Survey of Great Britain, Palaeontol-
ogy, 2, 1-670.

KokeLaar, B. P., Howerrs, M. F., Bevins, R. E.,
RoacH, R. A. & Dunkey, P. N. 1984. The
Ordovician marginal basin of Wales. /n: KokE-
LAAR, B. P. & HoweLis, M. F. (eds) Marginal
Basin Geology. Geological Society, London,
Special Publications, 16, 245-269.

Lanoing, E., BowrinG, S. A., Davibek, K. L.,
WEsTROP, S. R., GEYER, G. & HELDMAIER, W.
1998. Duration of the early Cambrian: U-Pb ages
of volcanic ashes from Avalon and Gondwana.
Canadian Journal of Earth Sciences, 35, 329-338.

Lavemg, J.-P., LemoiGNE, Y. & ZuanG, S. 1993.
General characteristics and paleobiogeography
of the Parispermaceae (genera Paripteris Gothan
and Linopteris Presl), pteridosperms from the
Carboniferous. Palaeontographica, Abteilung B,
230, 81-139.

LAveINE, J.-P., ZHANG, S., LEMOIGNE, Y. & RATA-
NASTHIEN, B. 1999. Paleogeography of east and
south-east Asia during Carboniferous times on
the basis of paleobotanical information; some
methodological comments and additional results.
In: RATANASTHIEN, B. & Rieb, S. L. (eds) Proceed-
ings of the International Symposium on Shallow
Tethys (ST) 5, Chiang Mai, Thailand. Chiang
Mai University, Thailand, 55-72.

LecaerT, J. K., McKerrROW, W. S. & Soper, N. J. 1983.
A model for the crustal evolution of southern
Scotland. Tectonics, 2, 187-210.

LeLievrE, H., JANVIER, P. & BLiECK, A. 1993. Silurian—
Devonian vertebrate biostratigraphy of western
Gondwana and related terranes (South
America, Africa, Armorica—Bohemia, Middle
East). In: Long, J. A. (ed.) Palaeozoic Vertebrate

Biostratigraphy and Biogeography. Belhaven,
London, 139-173.

LinnEMaN, U., GeumricH, M., Tichomirowa, M. &
BuscuMmanN, B. 1998. Introduction to the Pre-
symposium  Excursion (part I): the Peri-
Gondwanan basement of the Saxo-Thuringian
Composite Terrane. Schr. Staatl. Mus. Min.
Geol., Dresden, 9, 7-13.

R R , et al. 2000. From Cadonian sub-
duction to Early Palaeozoic rifting: the evolution
of Saxo-Thuringia at the Margin of Gondwana in
the olight of single ziron geochronology and basin
development  (Central FEuropean Variscides,
Germany}. This volume.

LonG, J. A. 1984. New phyllolepids from Victoria and

the relationships of the group. Proceedings of the

Linnaean Society of New South Wales, 107,

263-308.

NiocaiLL, C. & SMeTHURST, M. A. 199%4.
Palaeozoic palacogeography of Laurentia and its
margins: a reassessment of palacomagnetic data.
Geophysical Journal International, 116, 715-725.
MaATTE, Ph., MaLuski, H., RajLicH, P. & FRANKE, W.

1990. Terrane boundaries in the Bohemian
Massif: results of large scale Variscan shearing.
Tectonophysics, 177, 151-170.

McKerrow, W. S. 1978. The Ecology of Fossils.
Duckworth, London.

—— & Cocks, L. R. M. 1976. Progressive faunal
migration across the lapetus Ocean. Nature, 263,
304-306.

— & 1986. Oceans, island arcs and olistos-
tromes: the use of fossils in distinguishing sutures,
terranes and environments around the Iapetus
Ocean. Journal of the Geological Society, London,
143, 185-191.

— & 1995. The use of biogeography in the
terrane assembly of the Variscan Belt of Europe.
Studia Geophysica et Geodetica, Prague, 39,
269-275.

——, Dewey, J. F. & Scotesg, C. F. 1991. The
Ordovician and Silurian development of the
lapetus Ocean. In: Bassert, M. G., LaANE, P. &
Epwarps, D. (eds) The Murchison Symposium.
Special Paper in Palaeontology, 44, 165-178.

——, Scotesg, C. R. & Brasier, M. D. 1992. Early
Cambrian reconstructions. Journal of the Geo-
logical Society, London, 149, 599—-606.

MEeven, S. V. 1987. Fundamentals of Palaeobotany.
Chapman & and Hall, London.

MEYER-BERTHAUD, B., WENDT, J. & GALTIER, J. 1977.
First record of a large Callixylon trunk from
the late Devonian of Gondwana. Geological
Magazine, 134, 847-853.

MiGiER, T. 1982. Profil utworéw Westfalu C—D Basenu
Mezarif w Algierii. Biuletyn Instytutu Geologicz-
nego, 338, 23-70.

OpremaN, R. O. & Wagner, R. H. 1979. Precisiones
sobre alguanas floras Carboniferas y pérmicas de
los Andes Venezolanos. Boletin de Geologia,
Caracas, 13.25, 77-79.

ParroTH, E. 1991. Carboniferous palacogeographic
development in Central Europe. Comptes Rendus
Onzieme Congrés International de Stratigraphie et

Mac




20 W. S. MCKERROW ET AL.

de la Géologie Carbonifére (Beijing 1987), 1,
177-186.

PrerrFerkORN, H. W. 1977. Plant megafossils in
Venzuela and their use in geology. Memoria V
Congresso Geologico Venzeolano, 1, 407-414.

PaaraoH, T. C., BREWER, T. S. & WEess, P. C. 1993.
Subduction-related magmatism of late Ordovi-
cian age in eastern England. Geological Magazine,
130, 647-656.

PiQuEk, A. 1981. Northwestern Africa and the Avalo-
nian plate: relations during late Precambrian and
late Paleozoic time. Geology, 9, 319-322.

REaD, C. B. 1955. Floras of the Pocono Formation and
Price Sandstone in parts of Pennsylvania, Mary-
land and West Virginia. US Geological Survey,
Professional Papers, 263.

ScoTese, C. R. & BaRrrerT, S. F. 1990. Gondwana’s
movement over the South Pole during the
Palaeozoic: evidence from lithological indicators
of climate. In: McKerrow, W. S. & Scotesg, C. R.
(eds) Palaeozoic Palaeogeography and Biogeo-
graphy. Geological Society, London, Memoir,

12, 75-85.

& McKEerrow, W. S. 1990. Revised world maps
and introduction. /n: McKEerrow, W. S. &
Scotesg, C. R. (eds) Palaeozoic Palaeogeography
and Biogeography. Geological Society, London,
Memoir, 12, 1-21.

StiLLMAN, C. J. 1988. Ordovician to Silurian volcanism
in the Appalachian-Caledonian Orogen. In:

Harris, A. L. & Fertes, D. J. (eds) The
Caledonian—Appalachian ~ Orogen.  Geological
Society, London, Special Publications, 38,
275-290.

SurLivan, H. J. 1965. Palynological evidence concern-
ing the regional differentiation of Upper Missis-
sipian floras. Pollen et Spores, 7, 539-563.

—— 1967. Regional differences in Mississipian spore
assemblages. Review of Palaeobotany and Palyn-
ology, 1, 185-192.

Tarrt, J., BACHTADSE, V. & SoFreL, H. C. 1994. Silurian

paleogeography of Armorica: new paleomagnetic
data from Central Bohemia. Journal of Geophy-
sical Research, 99, 2897-2907.
, & 1995. Upper Ordovician paleo-
geography of the Bohemian Massif: implications
for Armorica. Geophysical Journal International,
211-218.

——, SCHATZ, M., BACHTADSE, V. & SorrEeL, H. 2000.
Palacomagnetism and Palaeozoic palaeogeo-
graphy of Gondwana and European terranes.
This volume.

TuuLBorN, T., WARREN, A., TURNER, S. & HamiEy, T.
1996. Early Carboniferous tetrapods in Australia.
Nature, 381, 777-780.

ToGHILL, P. 1992. The Shelveian event, a late Ordovi-
cian tectonic episode in southern Britain (Eastern
Avalonia). Proceedings of the Geologists’ Associa-
tion, 103, 31-35.

Torsvik, T. H., SMETHURST, M. A., MEErT, J. G. et al.
1996. Continental break-up and collision in
the Neoproterozoic and Palacozoic—a tale of
Baltica and Laurentia. Earth-Science Reviews, 40,
229-258.

TrENcH, A., Torsvik, T. H. & McKEerrow, W. S.
1992. The palaeogeographic evolution of
Southern Britain during early Palaeozoic times:
a reconciliation of palacomagnetic and bio-
geographic evidence. Tectonophysics, 201, 75-82.

TrUEMAN, A. E. 1946. Stratigraphical problems in the
Coal Measures of Europe and North America.
Quarterly Journal of the Geological Society,
London, 102, li—xciii.

Tucker, R. D. & McKEerrow, W. S, 1995. Early Paleo-
zoic chronology: a review in light of new U-Pb
zircon ages from Newfoundland and Britain.
Canadian Journal of Earth Sciences, 32, 368-379.

VAKHRAMEEV, V. A, DOBRUSKINA, [. A., MYEN, S. V. &

ZAKLINSATA, E. D. 1978. Paldozoische und meso-

zosche Floren Eurasiens und die Phytogeographie

dieser Zeit. Fischer, Jena.

DER Voo, R. 1993. Palaecomagnetism of the

Atlantic, Tethys and Iapetus Oceans. Cambridge

University Press, Cambridge.

Van StaaL, C. R., Dewey, J. F., Mac Niocant, C. &
McKEerrow, W. S. 1998. Cambrian-Silurian tec-
tonic evolution of the northern Appalachians and
British Caledonides: history of a complex, west
and southwest Pacific-type segment of [apetus. In:
BLunpELL, D. J. & Scott, A. C. (eds) Lyell; the
Past is the Key to the Present. Geological Society,
London, Special Publications, 143, 199-242.

WAGNER, R. H. & ALvAREZ-VAZQUEZ, C. 1991. Floral
characterisation and biozones of the Westphalian
D Stage in NW Spain. Neues Jahrbuch fiir
Geologie und Paldontologie, Abhandlungen, 183,
171-202.

—— & Lyons, P. C. 1997. A critical analysis of the
higher Pennsylvanian megafloras of the Appala-
chian region. Review of Palaeobotany and Paly-
nology, 95, 255-283.

———, WINKLER PrINs, C. F. & MartiNez Diaz, C.
(eds) 1985. The Carboniferous of the World II.
Australia, Indian subcontinent, South Africa, South
America and North Africa. IUGS Publication 20.

WEINGART, H. W. 1976. Das Oberkarbon in der
Tiefbohrung Saar 1. Geologisches Jahrbuch, A27,
399-408.

Young, G. C. 1984. Comments on the phylogeny and
biogeography of antiarchs (Devonian placoderm
fishes) and the use of fossils in biogeography.
Proceedings of the Linnean Society of New South
Wales, 107, 443-473.

—— 1990. Devonian vertebrate distribution patterns
and cladistic analysis of palacogeographic hypo-
theses. In: McKErrow, W. S. & Scortesg, C. F.
(eds) Palaeozoic Palaeogeography and Biogeo-
graphy. Geological Society, London, Memoir,
12, 243-255.

—— 1993. Middle Devonian macrovertebrate bios-
tratigraphy of eastern Gondwana. /n: Long, J. A.
(ed.) Palaeozoic Vertebrate Biostratigraphy and
Biogeography. Belhaven, London, 208-251.

Zoprow, E. L. 1986. Succession of paleobotanical
events: evidence for mid-Westphalian D floral
changes, Morien Group (Late Pennsylvanian,
Nova Scotia). Review of Palaeobotany and Paly-
nology, 47, 292-326.

VAN



