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Chapter 19

Global Cambrian trilobite palaeobiogeography assessed
using parsimony analysis of endemicity
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Abstract: Palaeobiogeographical data on Cambrian trilobites obtained during the twentieth century are combined in this paper to evalu-
ate palacoceanographic links through c¢. 30 myr, once these arthropods biomineralized. Worldwide major tectonostratigraphic units are
characterized at series intervals of Cambrian time and datasets of trilobite genera (629 for Cambrian Series 2, 965 for Cambrian Series 3,
and 866 for the Furongian Series) are analysed using parsimony analysis of endemicity. Special attention is given to the biogeographical
observations made in microcontinents and exotic terranes. The same is done for platform-basinal transects of well-known continental
margins. The parsimony analysis of endemicity analysis resulted in distinct palaeogeographical area groupings among the tectonostrati-
graphic units. With these groupings, several palacobiogeographical units are distinguished, which do not necessarily fit the previously
proposed biogeographical realms and provinces. Their development and spatial distributions are broadly controlled by Cambrian palaeo-
climates, palacogeographical conditions (e.g. carbonate productivity and anoxic conditions) and ocean current circulation.

Supplementary material: Global dataset of Cambrian Epoch 2 (A), Cambrian Epoch 3 (B) and the Furongian Epoch (C) trilobite genera
are provided at: http: //www.geolsoc.org.uk/SUP18669

The main goal of the International Subcommission on Cambrian correlation internationally. One of the major challenges is resol-
Stratigraphy (ISCS) is the development of an internationally appli- ving issues related to provincialism exhibited by fossil taxa,
cable and unambiguous global chronostratigraphic chart for the many of which have biostratigraphic utility. Among the minera-
Cambrian System. This chart will be useful for stratigraphic lized macrofauna, the trilobites have been, and continue to be,
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the most effective tool for large-scale chronostratigraphic and
palaeobiogeographical analyses through much of the Cambrian.
Only the lower series (Terreneuvian) and upper series (Furongian)
of the four-fold Cambrian System have been defined by the ISCS
and ratified by the International Union of Geological Sciences
(IUGS) (Peng et al. 2004; Landing et al. 2007a; Peng & Babcock
2008). The two series remaining to be defined are provisionally
termed Cambrian Series 2 and 3.

Once they biomineralized, close to the beginning of Cambrian
Epoch 2, the trilobites became an important and abundant group
of benthic and pelagic metazoans with a preserved worldwide
biogeographical distribution and distinct provinciality. Classical
biogeographical analyses led to the subsequent subdivision of
palaeocontinents into faunal realms, regions and provinces. These
syntheses have been useful for a better understanding of the occur-
rence and disappearance of biogeographical barriers (commonly
related to the rifting and drifting of major tectonostratigraphic
units; e.g. Burrett & Richardson 1980; Torsvik et al. 1996; Zhao
et al. 1996; Kirschvink et al. 1997) and latitude- or depth-related
thermal gradients (e.g. Palmer 1972; Cook & Taylor 1975;
Taylor & Cook 1976; Babcock 1994a, b). However, during
recent decades, a huge quantity of new trilobite data has been pub-
lished, and this has made delineation of biogeographical boundaries
increasingly difficult. Quantitative, computer-based methods for
analysing the spatial and temporal distribution of Cambrian trilo-
bites have taken on a larger role in recent biogeographical studies.

The aim of this paper is to provide an updated synthesis of the
biogeographical distribution of Cambrian trilobites according to
tectonostratigraphic units that have yielded biogeographically
significant faunas. The current revision is based on a global data-
base of Cambrian trilobites (up to September 2010), with genera
organized by family and the various palacogeographical units or
stations. The database employed in this paper was summarized
by the authors and is provided as Supplementary material. The con-
cepts of previously defined realms, regions, provinces and their
transitions are revised in light of this analysis.

Representative palaeogeographical units

The Cambrian palaeobiogeographical terminology has often been
used indiscriminately in publications concerning palaeogeo-
graphical reconstructions and plate-tectonic configurations. The
confusion of palaecogeographical and biogeographical terms has
commonly led to a mixing of terminology and palaeo(bio)-
geographical concepts, which are separated below. The different
tectonostratigraphic units in which the global dataset of Cambrian
trilobite genera (see Supplementary material) are grouped are dis-
cussed in this section.

Baltica

Baltica (BA in Fig. 19.1) consisted of a major part of northern
Europe. It was bounded on the west by the lapetus suture, on the
east by the Ural suture, on the south by the Variscan suture, and
on the SW by a suture located close to, but not quite along, the
Teisseyre—Tornquist Zone. According to Cocks & Torsvik (2002,
2005), Baltica included the southern Matopolska and northern
Lysogory terranes of the Holy Cross Mountains, Poland, as well
as Novaya Zemlya and the Ukraine. Palacomagnetic data
(Torsvik & Rehnstrom 2001) indicate that Baltica was geographi-
cally inverted (present-day southern Baltica formerly faced north,
towards the equator and NW Baltica the NW Gondwanan mar-
gin) and lay at temperate—subtropical palaeolatitudes (c. 30—
60°S) during Cambrian times. Laurentia and present-day western
Baltica, as well as Laurentia and West Gondwana, were separated
by the Iapetus Ocean, while the ZAgir Sea separated eastern Baltica

from the Taimyr region of Siberia. During the Cambrian, Baltica
probably moved eastwards along the Gondwanan margin, and
by c¢. 515-520 Ma subduction in the Agir Sea was initiated. A
major event is recognized in Furongian—Early Ordovician times
(c. 500—478 Ma) when Baltica must have undergone a 55° anti-
clockwise rotation within c¢. 22 myr, related to the early Caledo-
nian Finnmarkian Orogeny, which involved arc—continent col-
lision following subduction. In this paper, Baltica is subdivided
into two tectonostratigraphic domains, based on facies associa-
tions and the composition of the Cambrian trilobite faunas: (1)
an inner-platform sector located in southeastern Norway and
southern and central Sweden (e.g. Scania, Vistergotland, Ostergot-
land, Nérke, Oland and Jdmtland); and (2) an outer platform-
to-basin sector represented by the Holy Cross Mountains in
Poland and the Digermul Peninsula in northern Norway.

The successions predominantly consist of siliciclastic deposits,
which accumulated under generally shallow to moderately deep
conditions. Terreneuvian and Series 2 strata are largely represented
by sandstones and siltstones, whereas Series 3 and the Furongian
are dominated by mudstones and shales. In Scandinavia, these
argillaceous deposits form part of the Alum Shale Formation, a
succession of dark grey to black, organic-rich shales with concre-
tionary carbonate lenses (stinkstones or orsten) and a few lime-
stone beds. The Alum Shale Formation is highly condensed and
was formed under stable tectonic and poorly oxidized (dysoxic to
anoxic) conditions. To the east, the Alum Shale facies grades
into coarser siliciclastic deposits with several gaps in the succes-
sion (Nielsen & Schovsbo 2006).

Laurentia

Laurentia (LA) included major parts of the North American craton,
Greenland, NW Ireland, Scotland and the Chukotks Peninsula in
NE Russia (Fig. 19.1). Major areas of Cambrian outcrop along
the margins of modern North America that are excluded from the
Laurentian palaeocontinent are terranes in western Alaska and
Avalonian terranes in the Appalachian region. Regions exposing
fossiliferous Cambrian strata are widely distributed across the
Laurentian continent, and consist of two belts of siliciclastic
facies, the inner and outer detrital belts, which were separated by
an extensive carbonate platform. During highstand in the Furon-
gian, Cambrian oceans lapped far onto the cratonic interior. As a
result, most North American states and provinces have a record
of Cambrian rocks that are either exposed at the surface or
sampled in core.

The breakup of the Neoproterozoic supercontinents Rodinia
and later Pannotia at ¢. 570 Ma led to a rapid northward move-
ment of Laurentia from a high southerly latitude to an equatorial
position towards the end of the Ediacaran (c. 550 Ma), associated
with the opening of the Iapetus Ocean. During the Cambrian, Laur-
entia moved eastwards across the equator and was oriented about
90° clockwise from the present-day North American position,
with its Cordilleran margin at lower latitudes than its south-facing
Atlantic margin (Hodych et al. 2004). During intervals of the
Cambrian, the Laurentian craton was encircled by three lithofacies
belts (Palmer 1972; Robison 1976): (1) a siliciclastic-dominated,
open-ocean-facing outer platform; (2) a carbonate belt that
included reef buildups at times; and (3) a siliciclastic-dominated
inner shelf. Trilobite biofacies on the craton mirrored lithofacies
patterns, and the carbonate belt restricted marine circulation and
trilobite dispersal to various extents through Cambrian time. Many
polymerid trilobites that inhabited the Laurentian craton were
endemic, although most agnostoids present in open shelf facies
were intercontinentally distributed. As a tropically located con-
tinent, water masses in deep shelf areas were stratified by tempera-
ture or other factors that covaried with depth (Cook & Taylor 1975;
Taylor & Cook 1976; Babcock 1994a, b). For this reason, some
deep-shelf-dwelling trilobite genera were intercontinentally
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distributed, especially in inferred cool-water facies. The trilobite
database reported below corresponds to all of Laurentia and
ignores subtleties of intra-continent biofacies, as biogeographical
differences within the macrocontinent are nowhere near as signi-
ficant as those between Laurentia and other biogeographical
regions.

Siberia

We follow Rundqvist & Mitrofanov’s (1993) proposal, which
included in Siberia the Siberian Platform (SP) and most of the

Fig. 19.1. Tentative palacogeographical
reconstruction of the Cambrian
palaeocontinents, microcontinents

and terranes reported in the text,

showing the subtropical setting of
archaeocyathan-bearing reefs (grey area);
modified from Sdnchez-Zavala et al. (1999),
Torsvik et al. (2009), Alvaro et al. (2000,
2007) and Cocks & Torsvik (2002). AA,
Arctic Alaska/Chukotks; AF, Afghanistan;
AM, Armorican Massif; AN, Antarctica;
ANN, Annamia; AR, Arabia; AS, Altai-
Sayan foldbelt; AT, Alai terrane; AU,
Australia; AV, Avalonia; BA, Baltica; CA,
Cordillera Oriental (Argentina); CEL,
Cantabro—Ebroan land area; CIB,
Cantabro—Iberian basin; CU, Cuyania;
ENZ, Eastern New Zealand; FA, Famatina;
HC, Holy Cross Mountains; HI, Himalayan
terranes; IN, India; IR, Iran; IN, India; KA,
Kara terrane; KZ, Kazakhstan; LA,
Laurentia; MA, Madagascar; MN,
Montagne Noire; MO, Mongolia; MT,
Mauritanides; NC, North China
(Sino-Korean block); OX, Oaxaquia; OM,
Ossa—Morena; P/T, Pontides/Taurides
(Turkey); PY, Pyrenees; SA, Sardinia; SB,
Souss basin (Morocco); SC, South China
(Yangtze block); SI, Sibumasu; SP, Siberian
Platform; ST, Saxo—Thuringia; TA, Tarim;
TAC, Taconic Belt (in its Ordovician
position as its peri-Gondwanan provenance
is still under discussion); and WNZ, West
New Zealand.

Baikalides. The Baikalides accreted onto the main craton in Neo-
proterozoic times. Siberia was bounded on the west by the Urals
and the Irtysh foldbelts, on the south by the Amurian (Mongolian)
terranes and ophiolitic belts, and on the northeast by the Ver-
khoyansk foldbelt. The southern and southwestern boundaries of
the ancient Siberian craton (in contemporary coordinates) are at
present marked by large sutures; for example, the Baikal—Patom
terrane is separated from Siberia by one such suture, which
makes it difficult to determine its Cambrian palaeogeographical
position (Seslavinsky & Maidanskaya 2001). The Ediacaran—
Cambrian succession of the Kolyma Uplift is characterized by
fossils and facies typical of the Yudoma—Olenek Basin of the
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Siberian Platform (Tkachenko et al. 1987) Thus, Kolyma was
probably a part of Siberia at least during the Ediacaran—Cambrian.
At that time, the northern Taimyr was not yet part of Siberia, and
was separated from the Siberian craton by an oceanic basin of
unknown width (Khain & Seslavinsky 1995). Cambrian rocks
in present-day Siberia are exposed on the Siberian Platform
(East Siberia), the Altai—Sayan area (southern West Siberia)
and the Kara terrane.

Siberian Platform. The Siberian Platform (SP) is bordered on
the west by the Yenisei ridge, on the north by the Taimyr folded
zone, on the east by the Verkhoyansk folded system, and on
the south by the Baikal and Eastern Sayan mountain systems.
The Siberian Platform is characterized by a thick (>2 km) Cam-
brian succession, which displays a distinct facial zonation with
halogen—carbonate, carbonate and black shale—flyschoid com-
plexes substituting for one another from the southwest to the north-
east of the platform. During the Cambrian, Siberia was located in
tropical palaeolatitudes (oriented 180° from its present alignment)
with enduring and relatively slow basement subsidence, and irre-
gular sediment accumulation.

During the late Terreneuvian and early Epoch 2 (Tommotian and
Atdabanian ages of traditional Siberian usage), the Siberian
Platform was covered by shallow epeiric seas subdivided into
an inner shelf (mainly the southwestern part) and an open, outer
shelf. Pioneer carbonate buildups and banks originated both at
shoals, confined to palaeohighs corresponding to the modern Nepo-
Botuoba and Baikit anticlines, within the inner salt-rich shelf, and
along the transitional area to the open shelf. Palacogeographically
widespread and thick carbonate platforms with reef-rim systems in
the inner part of the craton and starved basins (1 km or deeper)
along the craton margin were formed through the Cambrian
Epoch 2 (Botoman Age) till the early part of Epoch 3 (Amgan
Age). The carbonate platforms transformed into subaerial plains
at the beginning of the Drumian Age. In the Furongian, almost
the entire carbonate platform was covered by shallow seas, being
emergent at times. Distinctions of the lithological composition
and faunal characteristics of Cambrian strata from the southwestern
part of the craton and those from the eastern and northwestern parts
of the craton, as well as specific patterns of the so-called ‘transition
zone’ that separates these two areas were widely remarked (Kho-
mentovsky & Repina 1965; Savitsky et al. 1972; Kirkinskaya &
Trunov 1975; Pisarchik et al. 1975; Chechel et al. 1977; Savitsky
& Astashkin 1979; Anon. 1983; Astashkin et al. 1984, 1991;
Rozanov & Sokolov 1984; Kokoulin & Rudavskaya 1985; Mel’ni-
kov et al. 1989; Repina & Rozanov 1992; Pegel & Sukhov 1996).

Altai—Sayan area. The Altai-Sayan area (AS) is situated among
accretionary zones that were a part of the central Asian foldbelt,
nowadays located between the Siberian Platform and Cathaysia
(southeastern terranes of South China) and uniting Riphean, Salair-
ian, Caledonian, Variscan and Indo-Sinian zones. The accretionary
zones were formed in marginal parts of the Palaeoasian Ocean,
being gradually moved through time into its centre. It is most
evident at the southwestern edge of the Siberian palaeocontinent
to which the Neoproterozoic eastern-Sayan accretionary folded
zone was first accreted. Later, in Cambrian Epoch 2 to Furongian
(Salairian), the Cambrosayan accretionary folded area (western
Eastern Sayan), Kuznetsk Alatau, Tuva, western and northern
Mongolia, and Buryatiya were added; to which, during the Late
Ordovician, a vast accretionaty massif, incorportating Mountain
and Mongolian Altai, central and a part of southern Mongolia,
was attached. It was terminated by the formation of late Silurian
accretionary folded zones at the places of residual depressions of
Salair and Western Sayan (Mossakovsky et al. 1993). By the end
of Cambrian Epoch 3, accretion of the Altai—Sayan, Mongolia
and Baikal —Patom regions had mostly ended and the constituent
fragments were added to Siberia (Seslavinsky & Maidanskaya
2001). This collision led to formation of an elongate semicircular

orogenic belt around Siberia, from Salair to Transbaikalia. Rugged
mountain relief was formed there, and extensive molasse deposits
developed (Kremenetskiy & Dalmatov 1988; Astashkin et al.
1995; Kheraskova 1995). During Cambrian Epoch 2, the Altai—
Sayan area had stable biogeographical communications with the
Siberian Platform (58 trilobite genera in common) and central
Asia (30 trilobite genera in common). As a whole, wide connec-
tions were ensured by the shared presence of miomerid calodiscids,
hebediscids and weymouthiids, and polymeroid ellipsocephalids,
known also in Baltica and Gondwana. Antagmids, chengkouas-
pids, dorypygids, eodiscids and ptychopariids linked Siberia with
Laurentia and East Gondwana. The redlichiids were of importance
in biogeographical connections of the Altai—Sayan basin with East
Gondwana.

Tuva, located in the southeast Altai—Sayan area, was somewhat
isolated from neighbouring regions. Its trilobite assemblages
reflect intermittent biogeographical contacts: moderate in late
Atdabanian and middle Botoman when the proportion of
endemic Altai—Sayan species reached 47%, and extremely weak
in early Botoman and late Toyonian when Tuvinian species
made up more than 75% of the trilobite assemblages. Tuva
showed far less biogeographical connections with eastern Siberia.

During Cambrian Epoch 3, biogeographical communications of
Altai—Sayan expanded considerably. As before, the relationship
with the Siberian Platform was the closest (72 trilobite genera in
common). Links were considerably strengthened with Kazakhstan
and China (more than 30 genera shared among each of these
regions), Baltica (25 genera), Laurentia (24 genera, Australia (34
genera) and Antarctica (seven genera, compared to one genus in
Cambrian Epoch 2). Communications with central Asia and the
Mediterranean and Avalonian regions remained at the former
level. New links with the Precordillera, Himalaya and Iran arose.
The communications with the Baikal area and the Russian Far
East were somewhat reduced, and the contacts with the Taconic
Belt were interrupted. Assemblages of ceratopygids, diplagnostids,
eodiscids and ptychagnostids reflect communication of the Altai—
Sayan area with Baltica, Laurentia, and East and West Gondwana.
In addition, the link between Laurentia and Gondwana is
represented by common dolichometopids, oryctocephalids, pero-
nopsids, and ptychopariids. The clavagnostids, corynexochids
and solenopleurids had similar importance in contacts with
Baltica and Gondwana. The papyriaspidids, which occur in the
Altai—Sayan area, were typical of East Gondwana, as well as the
paradoxidids of Baltica and West Gondwana.

During the Furongian, free biogeographical communications
of Altai—Sayan and the Siberian Platform (49 trilobite genera in
common) remained. Contacts with Kazakhstan (32 genera),
China (26 genera), Antarctica (six genera) and the Mediterranean
region (six genera) kept approximately the same level. The
numbers of shared genera with Baltica (16), Laurentia (18), Precor-
dillera (seven), Australia (20) and Avalonia (12) became slightly
reduced. Contacts with central Asiaremained much weakened, with
only two shared trilobite genera (Homagnostus and Pseudagnos-
tus). Communications with the Russian Far East and the Baikal area
ceased. There were possible weak contacts between the Altai—
Sayan area and the Taconic Belt (Lotagnostus), Iran (Stigmatoa),
Afghanistan (Pseudagnostus) and the Himalaya (Damesella).

Communication of the Altai—Sayan area with the Siberian
Platform, Baltica, Laurentia and Gondwana was established by
agnostid, diplagnostid, elviniid, glyptagnostid and olenid taxa. In
addition, representatives of some other families represent other
biogeographical links: ammagnostids, aphelaspidids, catillicepha-
lids (connection with Laurentia and mainly East Gondwana), cer-
atopygids, clavagnostids (connection with Baltica and mainly
East Gondwana), damesellids and eulomids (main connection
with East Gondwana).

Kara terrane. Outboard of Siberia is the Kara terrane (KA), which
includes Severnaya Zemlya and northern Taimyr. Trilobites
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typical of northwestern Siberia have been recorded, together with
genera known from Baltica and South China (Lazarenko 1982;
Rushton et al. 2002).

West Gondwana

Following Vaughan & Pankhurst’s (2008) revision, West Gond-
wana is herein considered as part of the homonomous superconti-
nent represented today by South America, Arabia (AR), Africa, the
Mediterranean region and West Antarctica (Fig. 19.1). However,
this definition is over-simplified and reflects a subdivision based
on the breakup rather than the amalgamation and configura-
tion of the supercontinent. The boundary with East Gondwana con-
sists of a meandering zone of late Neoproterozoic—Terreneuvian
orogenic and mobile belts, termed the pan-African Belt, that
extended from and included the Arabian—Nubian shield in the
north down to Antarctica (AN) in the south. The oceanic sector
of West Gondwana is subdivided below into those margins that
contain Cambrian trilobite-bearing strata, which are, from south-
west to northeast: South America, some central American (e.g.
Oaxaquia; OX) and North American (Carolinia, Avalonia and
Meguma) terranes, the western and eastern Mediterranean
regions, and central Europe. During the Cambrian, West Gond-
wana drifted polewards, crossing subtropical and temperate
palaeolatitudes of the Southern Hemisphere, which directly influ-
enced the style of sedimentation and resulted in climate-sensitive
facies of palaeosols, limestones and evaporates (Scotese et al.
1999; Alvaro et al. 2000).

South America. Three major palaeogeographical units are dis-
tinguished in South America: the Cordillera Oriental (CA), the
Famatina System (FA) and the Precordillera (or Cuyania, CU)
terrane. The Cordillera Oriental of NW Argentina is an elongated
geomorphologic unit extending through Jujuy and Salta provinces.
It comprises a set of north—south-trending mountains (e.g. Santa
Victoria, Zenta, Aguilar, Tilcara and Chafii) separated by deep val-
leys, that constitute a prominent east-verging thrust system (e.g.
Astini 2008). Exposures of Neoproterozoic metasedimentary
rocks and lower Palaeozoic cover are most representative, fol-
lowed by Devonian—Carboniferous (glacifluvial and marine) and
Cretaceous—Neogene (mostly continental) deposits. The metase-
dimentary basement of the Cordillera Oriental consists of Neopro-
terozoic—Terreneuvian sandstones, shales and conglomerates
(Puncoviscana Formation s.1.), which have yielded a wide vari-
ety of ichnofossils. Overlying this basement, the Mesén Group
(Cambrian Series 3) is represented by quartzites and subordinate
shales with abundant shallow marine ichnotaxa. The oldest
trilobite-bearing strata are recognized in uppermost Furongian—
Ordovician siliciclastic units (e.g. Santa Victoria Group and
equivalents; Harrington & Leanza 1957; Benedetto 2003; Moya
2008), which record the infill of a retroarc basin (Buatois &
Mangano 2003; Buatois et al. 2006; Astini 2008).

The Famatina System of NW Argentina is another elongated
unit along the Catamarca, La Rioja and northern San Juan pro-
vinces, characterized by Ordovician volcanism. It comprises a
set of mainly north—south-trending ranges (e.g. Las Planchadas,
Narvaez, Famatina, Paiman, Safiogasta, Paganzo and Cerro
Blanco), which are delimited in the east and in the west by broad
valleys. The basement of the Famatina System is represented by
a passive margin sequence that was metamorphosed to low-grade
during Neoproterozoic—Cambrian Epoch 3 times. Overlying this
basement, latest Furongian trilobites are recorded in shelf marls
and shales of the lower Volcancito Formation. In the Floian
Stage, a voluminous series of fossiliferous deposits accumulated
contemporaneously with active volcanic episodes, and these
were subsequently cut by Middle—Upper Ordovician granitoids.
The volcanosedimentary complex is interpreted as related to sub-
duction, and the granitic and volcanic rocks together represent a

continental magmatic arc developed regionally during the Early
Ordovician. The stratigraphy of the Famatina Basin also comprises
upper Palaeozoic sedimentary strata with plutonism, and Cenozoic
synorogenic successions and volcanics (Astini 2003).

Finally, the Precordillera (Astini et al. 1995) or Cuyania terrane
(Ramos 2004) is a part of the Precordillera Range of western
Argentina. It consists of a north—south-trending mountainous
area, at least 300 km long and <100 km wide. The most significant
feature of the fossiliferous Cuyanian strata is a change from a Cam-
brian brachiopod and trilobite fauna of Laurentian affinity to a
Middle—Late Ordovician Gondwanan fauna (Astini et al. 2004;
Bordonaro et al. 2008). The Cuyania terrane has been interpreted
both as a rifted piece of Laurentia, which accreted to the proto-
Andean margin of Gondwana in the Middle—Late Ordovician,
and as a peri-Gondwanan margin (Finney 2007). Trilobites
erected and recognized by Rusconi, Leanza and Poulsen are
under revision.

Quite distinct is a small fauna from Colombia, which is repre-
sentative of the Cambrian Series 3 and includes a species of Parad-
oxides s.l. (Rushton 1963). This is compatible with the proximity
of Avalonia, as shown in Figure 19.1, or may represent part of
a small terrane outboard of South America, such as the Oaxaquia
terrane.

Central American terranes. In Mexico, peri-Gondwanan terranes
make up the Oaxaquia (OX) and the Maya terranes (the Yucatan
block), and include also the Chortis block of Honduras and Guate-
mala (Sanchez-Zavala er al. 1999; Nance ef al. 2008). In Sonora
(Oaxaquia; Ortega-Gutiérrez et al. 1995) the complex Proterozoic
basement of Mexico is unconformably overlain by Furongian—
Lower Ordovician strata that contain trilobites of Gondwanan affi-
nity (Robison & Pantoja-Alor 1968; Shergold 1975). Conodonts
indicate that the trilobite-bearing Yudachica Member of the Tifid
Formation is late Furongian in age (Landing et al. 2007b).

North American terranes. The peri-Gondwanan terranes of North
America now occupy much of the eastern flank of the Appalachian
Orogen, where they include West Avalonia, Ganderia, Meguma
and Carolina, and the Suwanee terrane of the Florida subsurface.
Although Cocks & Torsvik (2002) and Cocks & Fortey (2009)
suggested ignoring palaeogeographical differences between
eastern and western Avalonia (AV), this unit is still currently sub-
divided into West Avalonia (New England and Atlantic Canada)
and East Avalonia (southern Britain, the subsurface of the
Brabant Massif of Belgium, the Rhenish Massif of NW Germany
and, probably, the Moravo-Silesian Zone—Brunovistulian of the
Bohemian Massif). Some Cambrian palaeogeographical models
place Avalonia as attached to West Gondwana (and subsequently
detached during the Early Ordovician; Cocks & Torsvik 2002)
or as a separate microcontinent (Landing 2005).

Outboard of Avalonia in the northern Appalachians lies the
Meguma terrane, which is exposed only in Nova Scotia but
extends oceanwards to the edge of the continental shelf from
the Grand Banks to Cape Cod. It is separated from Avalonia
by the Minas fault zone, a major late Palaeozoic strike-slip bound-
ary. The oldest rocks are those of the Meguma Group, a thick
(>10 km)? Neoproterozoic—Lower Ordovician succession of tur-
biditic sandstones and overlying shales. A peri-Gondwanan affi-
nity of its sparse trilobite fauna was suggested by Pratt &
Waldron (1991).

Another terrane is represented in the Appalachian Belt by thin
(locally <600 m), Cambrian—Lower Ordovician successions in
New York and Quebec. The so-called Taconic Belt or allochthon
(TAC) includes Terreneuvian rift strata, overlain by passive-
margin slope deposits, and synorogenic rocks of the Middle—
Late Ordovician Taconic Orogeny.

The western margin of present-day North America is composed
of numerous terranes that are of diverse origins, ranging from
Laurentian-associated to extra-Laurentian. Some terranes contain
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Cambrian strata and trilobites. Perhaps most significant among
them is the Nixon Fork terrane of Alaska, which yields trilobites
with a predominantly Siberian biogeographical affinity (St John
& Babcock 1997).

Western Mediterranean region. The Variscan regions of southern
and central Europe (named below Cadomia, Iberia and Bohemia)
have been previously grouped in the so-called Armorican micro-
plate, which presumably detached from West Gondwana during
part of the Palaeozoic and apparently had an independent latitudi-
nal evolution. However, a critical review made by Robardet (2003)
has shown that the existence of this putative microplate cannot be
considered well established. Biogeographic, palacoclimatic and
facies arguments suggest that the southern and central European
regions remained in close connection with Gondwana. Robardet
(2003) argued cogently that the Armorican microplate did not
exist. For this reason, the concept of Armorica is not recognized
in this paper.

Cambrian strata of the Moroccan Atlas are present in the
Anti-Atlas and central High Atlas mountains. There are also scat-
tered inliers in the Jebilet, Rehamna and coastal Meseta regions.
The Souss Basin (SB) (Geyer et al. 1995) was filled with Edia-
caran—Carboniferous sediments throughout the Anti-Atlas and
southern High Atlas, the northern boundary of which is placed
along the South Atlas fault, whereas the northern limit of the
craton is situated along the Anti-Atlas major fault, where several
pan-African ophiolitic complexes are preserved (Ennih & Liég-
eois 2008). During the Cambrian, the Souss basin was a broad
shallow epeiric sea, influenced by a phase of intracratonic, multi-
stage rift. The rifting activity propagated from the intracratonic
Anti-Atlas to the turbiditic Coastal Meseta, where it progressively
aborted at the beginning of the Furongian (Alvaro et al. 2008).

The pre-Variscan exposures of Iberia are traditionally subdi-
vided into four tectonostratigraphic zones called the Cantabrian,
West Asturian—Leonese, Central Iberian and Ossa—Morena
zones. Their evolution has been interpreted in terms of two distinct
troughs: the Ossa—Morena (OM) and Cantabro—Iberian (CIB)
basins, the latter comprising some inliers, such as the Demanda
Sierra and the Iberian Chains. The Cantabro—Iberian basin was
limited to the northeast by the Cantabro—Ebroan land area (CEL),
to the north of which a mosaic of Cambrian platforms are pre-
served in the Pyrenees (PY), Montagne Noire (southern Central
Massif, France; MN) and Sardinia (Italy; SA). In the Ossa—
Morena Zone, rifting propagated diachronously across the Ossa—
Morena Zone from the Terreneuvian to the Late Ordovician, post-
dating an episode of Neoproterozoic—Terreneuvian accretion of a
continental arc (Cadomian orogeny; Sanchez-Garcia et al. 2003;
Etxebarria er al. 2006). Similar Ediacaran—Cambrian Series 2 suc-
cessions, recording Cadomian and pan-African orogenies suc-
ceeded by rifting, have been recorded in the North Armorican
Cadomian Belt, Saxo—Thuringia, and the Meseta and Atlas moun-
tains, all of which were seemingly situated in the same palaeogeo-
graphical West African peri-Gondwanan region of the Avalonian—
Cadomian active margin (Doré 1994; Pereira et al. 2006).

Saxo—Thuringia and Bohemia. According to Havlicek ef al. (1994),
the German and Barrandian (an area situated in the central part
of the Bohemian Massif), lower Palacozoic successions belong
to the Perunica terrane. This crustal segment is considered a
separate microplate occupying ‘the major part of the Bohemian
massif, and involving the Moldanubian, Barrandian and Saxo—
Thuringian (Saxothuringian—Lugian) zones’ (Havlicek et al.
1994). Subsequently, Linnemann et al. (2000) revised the
concept of Perunica, excluding Saxo—Thuringia; they distin-
guished the Brittany—Normandy, Perunica and Saxo—Thuringia
terranes, which would form the so-called ‘Armorican Terrane
collage’ (subsequently rejected by Robardet 2003). Two tectonos-
tratigraphic areas are considered below: the Bohemian (or Barran-
dian, BR) and Saxo—Thuringian (ST) units. The latter comprises a

fault-bounded crustal fragment with Cambrian outcrops in the
Doberlug Syncline, Thuringia and the Franconian Forest area.
The Barrandian area corresponds to the Pfibram—Jince Basin,
where a thick Terreneuvian—Cambrian Series 2 continental suc-
cession is covered by Series 3 transgressive marine fossiliferous
shales (the Jince Formation) and Furongian volcaniclastic com-
plexes. Laterally, the Jince Formation crops out in the Skryje—
Tyrovice area. Owing to close biogeographical affinities (Alvaro
et al. 1999, 2003a), Cambrian trilobites of the Skryje—Tyfovice
area and the Pribram—Jince Basin (both belonging to the Barran-
dian of Bohemia) will be reported in the same dataset as Saxo—
Thuringia.

Eastern Mediterranean region. The Pontides of Turkey are consi-
dered a Variscan terrane, separated from the Anatolide—Tauride
block and the Arabian Platform, by the Tethyan Izmir—Ankara—
Erzincan suture (Okay et al. 2008). The Anatolide—Tauride Plat-
form, unaffected by the Variscan Orogeny, formed a part of
the eastern Mediterranean region of West Gondwana. Cambrian
facies associations and trilobite faunas are close to those of the
Iberian Peninsula, Montagne Noire and Sardinia (Dean et al.
1981, 1993; Dean & Monod 1997; Alvaro et al. 1999, 2003a).
The Pontides are considered as a terrane located to the west of
the Taurides (Dean et al. 2000), although their Cambrian trilobite
faunas cannot be differentiated from those of the Taurides. Here,
they are treated together as Pontides/Taurides (P/T).

The Cambrian of the easternmost Mediterranean region is
known from a few exposures in Jordan and Israel, and constitutes
a palacogeographical link with the Arabian Platform. The Edia-
caran—Cambrian transition and the Cambrian are represented by
intracratonic syn-rift and post-rift successions. Graben and horst
structures produced by rifting through the extensional phase of
the pan-African Orogeny extend across West Gondwana and
North Africa to the Middle East (Amireh et al. 2008).

East Gondwana

Relics of East Gondwana containing Cambrian trilobite-bearing
strata are present in Iran, Afghanistan, central Asia, the Himalayan
region, Thailand, Vietnam, China, Australia, New Zealand and
Antarctica (Vaughan & Pankhurst 2008).

Iran. There is little doubt that Cambrian trilobite faunas presently
documented from Iran (IR) have distinct Gondwanan signatures,
but the country comprises several tectonostratigraphic terranes
and their position in relation to mainland Gondwana is not yet
certain. The only exception is the Zagros Mountains, which nowa-
days constitute a margin of the Arabian Platform (AR); therefore,
its location within the Gondwanan Cambrian margin is almost
certain (Cocks & Torsvik 2002). The position of central Iran in
relation to Gondwana was more obscure during the early Palaeo-
zoic, but general characters of the Ordovician faunas suggest
that it was also located along the Gondwanan margin (Ghobadi
Pour et al. 2006; Ghobadi Pour & Popov 2009a) and became a sep-
arate plate tectonic entity no earlier than the Silurian (Hairapetian
et al. 2008). As for the Alborz block, there is growing evidence
that, during the early Palaeozoic, it was located in a relative proxi-
mity of South China (Ghobadi Pour 2006; Ghobadi Pour et al.
2007) occupying an intermediate position between East and
West Gondwana (Lefebvre et al. 2005; Popov et al. 2009a, b).
Cambrian trilobite faunas from various parts of Iran were mostly
documented 30 or more years ago (King 1937; Wolfart 1974a,
b; Fortey & Rushton 1976; Kushan 1978; Wittke 1984) and only
Peng et al. (1999) offered an adequate modern representation of
the Epoch 3—Furongian trilobite faunas of the Alborz terrane.
The weak point of these studies is the inadequate information on
agnostoids. As a result, the correlation of local biostratigraphic
units with global Cambrian stages is poorly constrained and the
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position of the Furongian base has not yet been defined with
necessary precision. In Alborz, it can be placed tentati-
vely somewhere near the top of the Palaeodotes—Torifera Zone
(=‘Drepanura Zone’ of Kushan 1978), which is correlated with
the Kushanian of North China and the Mindyallan of Australia
(Shergold & Geyer 2003; for further discussion see Peng et al.
1999).

The generic affiliation of many taxa (e.g. Agnostus, Anomocare,
Briscoia, Idahoia and Saukia) described by King (1937) from the
Zagros Mountains requires revision and therefore they are not
included in the supplementary data set. As one example of a form
in need of re-evaluation, Saukia, which is illustrated by King (1937,
plate 1, fig. 3), most probably belongs to Alborsella. Another prob-
lem is that a significant part of the collection studied by King
(1937) came from xenoliths of Cambrian rocks in salt plugs and
their stratigraphic position cannot be defined.

Afghanistan. Afghanistan (AF) has been poorly studied since the
end of the 1970s and syntheses of the Cambrian (e.g. Wolfart &
Wittekindt 1980) generally portrayed Afghan geology within the
context of the geosynclinal model. This has been improved in
more recent syntheses, for example by Sengor (1984) and Boulin
(1988, 1991). Tectonically, Afghanistan is located within the col-
lision zone of Laurasia and Gondwana, and hence the tectonic
history is dominated by events preceding and leading to the final
Pliocene collision between the Indian Plate and the Afghan
block (a collage of blocks assembled during the Cimmeride
Orogeny, c¢. 210—180 Ma). For our purposes, the area is considered
a lateral prolongation of the Iranian and Indian margins of East
Gondwana. Cambrian trilobite-bearing strata are poorly known:
nearly all of them are situated in the Panjao region (Wolfart,
1974a, b; Wolfart & Kursten 1974), where trilobite-bearing lime-
stones are latest Epoch 3 and Furongian in age. Those strata
directly overlie dolostones presumed to be of Cambrian Epoch 3.

Central Asia (Uzbekistan, Tajikistan and southern Kyrgyzstan). A sig-
nificant part of central Asia, enclosed between the Kazakhstanian
Orogen and the Tethyside units of northern Iran, is a rather obscure
area, which has attracted little attention in recent analyses of the
early Palaeozoic palaeo(bio)geography. It comprises several
crustal blocks and Palaeozoic to Jurassic island arc fragments,
which have been outlined most recently by Natal’in & Sengor
(2005) and Burtman (2006). Almost all published data on Cam-
brian trilobite faunas within this region (e.g. Hajrullina & Yasko-
vich 1961; Hajrullina 1970, 1973; Yaskovich & Repina 1975;
Ghobadi Pour & Popov 2009b) are confined to a single Palaeozoic
tectonostratigraphic unit, which is known as the Alai terrane or
microplate. It is separated from the Karatau—Naryn terrane and
the Turan domain (as defined by Natal’in & Sengor 2005) by
late Carboniferous—early Permian sutures, and its early Palaeozoic
margins were destroyed by collisions (Burtman 2006). The Alai
terrane (AT) is commonly considered an extension of the Tarim
microcontinent (Natal’in & Sengor 2005; Burtman 2006), but
the evidence for close associations of these two terranes in the
early Palaeozoic is insufficient.

Cambrian to Early Ordovician fossils from the Alai terrane are
relatively well known, but the faunas are preserved mostly in lime-
stone olistoliths within Silurian slope-rise strata, suggesting the
former existence of a neighbouring carbonate shelf (Ghobadi
Pour & Popov 2009b). Trilobite-bearing semi-autochthonous sedi-
ments of the Altykol and Rabut formations, extending from the
upper part of Cambrian Series 2 to the Furongian, are locally pre-
served in the Turkestan Range (Hajrullina 1973). In these for-
mations, the succession of the trilobite assemblages is rather
evident, but the Furongian trilobites are rather poorly documented
and their application for biogeographical analysis is limited. The
Cambrian Series 3 trilobite fauna from the olistoliths is remarkably
diverse and can be subdivided into four different associations
(Repina et al., in Yaskovich & Repina 1975), but precise

correlation with the stages of the Series 3 is, however, rather uncer-
tain and the trilobite associations are treated herein together in a
single list.

Kazakhstanian island arcs and microplates. Following early plate-
tectonic reconstructions (e.g. Scotese & McKerrow 1990, 1991),
Kazakhstan is still illustrated in some publications as a single
plate located close to Siberia in the early Palaeozoic. However,
it is now evident that Kazakhstania did not form an individual
microplate until the late Silurian—Early Devonian (Windley
et al. 2007; Popov et al. 2009a). Identification of early Palaeozoic
tectonic units incorporated into the Kazakhstanian (KZ) or Altaid
Orogen also remains a matter of debate (Sengor & Natal’in 1996;
Burtman 2006; Windley et al. 2007; Popov et al. 2009a). Three
major tectonostratigraphic units can be recognized. In the south-
central Kazakhstan—northern Kyrgyzstan area, there are three
major crustal terranes (Karatau—Naryn, North Tien Shan and
Chu-Ili) amalgamated together sometime in Late Ordovician—
Silurian times (Popov et al. 2009a). They are all probably of peri-
Gondwanan origin, but Cambrian trilobite faunas are well docu-
mented only for the Karatau—Naryn terrane (Ergaliev & Pokrovs-
kaya 1977; Lisogor 1977; Ergaliev 1980, 1983; Apollonov &
Chugaeva 1983; Ergaliev & Ergaliev 2008; Ergaliev et al.
2008). There is also an extensive unpublished collection of Furon-
gian trilobites assembled by the late M. K. Apollonov, which is
currently under study. Data from that collection have been used
in part to characterize the generic diversity of Furongian trilobites
from the Karatau—Naryn terrane. According to the analysis of the
early Palaeozoic geological history and faunal affinities by Popov
et al. (2009a), the Karatau—Naryn terrane was probably united
with South China sometime during the Terreneuvian—Cambrian
Epoch 2 and rifted shortly before the beginning of Cambrian
Epoch 3. By the Furongian and later, it occupied a marginal pos-
ition in relation to other Kazakhstanian terranes. The biogeogra-
phical links of the Karatau—Naryn terrane with the South China
Plate remained strong until the Late Ordovician.

In north-central Kazakhstan, there is another cluster of early
Palaeozoic terranes representing one or more crustal microplates
and fragments of volcanic arcs accreted to them during the Cam-
brian—Middle Ordovician (Dobretsov et al. 2006; Degtyarev &
Ryazantsev 2007). In some plate tectonic reconstructions, the
crustal units are named the Kalmyk Kol-Kokchetav (Sengor &
Natal’in 1996) or the Shatsk and Kokchetav (Dobretsov et al.
2006) microplates. The documented early Palaeozoic geodynamic
history of the region, including polarity and time of accretion of the
surrounding Selety, Ishim and Stepnyak volcanic arcs, as well as
the timing of island arc volcanism (Dobretsov et al. 2006),
suggest that there was no close interaction between the north-
central and south-central clusters of Kazakhstanian terranes at
least until the Late Ordovician, but the Middle to Late Ordovician
faunas in both clusters bear distinct equatorial Gondwanan signa-
tures (Fortey & Cocks 2003; Popov et al. 2009a). The north-central
Kazakhstanian crustal terranes are usually considered to be of
Gondwanan origin. Sengér & Natal’in (1996), however, placed
them along the Siberian margin for the Ediacaran. The only
source of information about the Cambrian trilobite faunas from
that region are two publications by Ivshin (1962, 1979). These
faunas derive from the Selety volcanic arc, which was accreted
to the Kokchetav microplate margin sometime in the Middle Ordo-
vician (Dobretsov et al. 2006).

There is strong evidence for oceanic separation between the
central and eastern clusters of the Kazakhstanian terranes,
suggesting that the source and the early Palaeozoic history of the
terranes, situated east of the inferred oceanic suture, were different.
With the exception of the Atasu—Zhamshy crustal terrane of Apol-
lonov (2000), which is equivalent to the Atasu—Mointy unit of
Sengor & Natal’in (1996), this region represents a collage of
several lower Palaeozoic island arcs of uncertain origin, developed
either on oceanic crust or on a heterogenous basement (Windley
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et al. 2007; Popov et al. 2009a). Some of them have been originally
intra-oceanic domains, whereas others may represent a detached
active eastern Cambrian margin of Baltica, or were derived from
other sources. The presently known Cambrian trilobite faunas
documented by Ivshin (1953, 1956, 1957, 1962) and Lisogor
(2004) most probably derived from at least three island arc
domains named, in the data set, the Boshchekul, Agyrek and
Chingiz regions. Trilobite faunas from Cambrian Epochs 2 and 3
in Agyrek are derived from limestone olistoliths embedded in
Ordovician slope deposits (Koneva 1979). The original source of
these rocks is not present in the surrounding area. The Furongian
trilobite fauna of the Boshchekul terrane is only partly represented
in the analysis and the late Furongian trilobites still require formal
description.

Indian craton and Himalayan margin. The Proterozoic mosaic of
peninsular India (IN) comprises a collage of crustal blocks dis-
sected by Neoproterozoic—Cambrian crust-scale shear/suture
zones. Among these, the Palghat—Cauvery suture zone has been
identified as a trace of a Cambrian suture representing the
Mozambique Ocean closure. According to the model of Santosh
et al. (2009), an early rifting stage gave birth to the Mozambique
Ocean, followed by the initiation of southward subduction of the
oceanic plate beneath a thick tectosphere bearing the Archaean
Dhawar craton.

An extensive Neoproterozoic—Cambrian succession developed
in the area that now forms the Himalaya (HI). This was the sea-
ward margin of India that deepened northwards during that time
interval (present-day orientation; Jiang et al. 2003), although
ichnofossil-bearing Cambrian deposits are recorded on the Indian
craton in Rajasthan (Kumar & Pandey 2008). Despite claims that
the northern parts of the Himalaya represented a separate terrane
during the Cambrian (DeCelles er al. 2000), combined faunal
and detrital zircon analysis (Myrow et al. 2003, 2009, 2010) and
palacomagnetic data (Torsvik et al. 2009) suggest a continuous
margin between the Indian and northern Himalayan regions

during the Cambrian. Cambrian deposits dated by trilobites and
other shelly fauna are known from the Himalaya of Pakistan and
India (Jell & Hughes 1997; Peng et al. 2009), and also from
Bhutan (Hughes et al. 2011). Cambrian rocks occur extensively
in the more proximal Lesser Himalaya (Hughes er al. 2005) and
in the Salt Range of Pakistan, and also in the more basinward
deposits of the Tethyan Himalaya, particularly in Kashmir and in
the Zanskar—Spiti region of Himachal Pradesh (Hughes & Jell
1999; Peng et al. 2009). The Lesser Himalaya has a well-dated
Ediacaran—Cambrian boundary section that extends at least to the
uppermost part of Cambrian Series 2, and probably into Series
3. The Tethyan Himalaya in the Spiti—Zanskar region has Cam-
brian Series 3 rocks, as dated using trilobites (Jell & Hughes
1997; Peng et al. 2009). The Bhutanese sections include the only
Furongian trilobites known from the Himalaya (Hughes et al.
2011).

South China (or Yangtze block), North China (or Sino-Korean block)
and Tarim. China and its northeastern prolongation into Korea
consists of three large Proterozoic continental cratons, the Tarim
(TA), North China (NC) and South China (SC) blocks, which are
separated by Palacozoic and Mesozoic accretionary belts, as well
as several smaller blocks and terranes. In a recent palacogeogra-
phical revision Zhou & Zhen (2008) distinguished numerous Cam-
brian Chinese units, corresponding to different allochthonous
continental masses (plates and terranes), and divided them
largely on the basis of evidence from regional tectonics, palaco-
geography and stratigraphy (Fig. 19.2). These areas are, from
present-day northwest to southeast: (1—2) the northern Xinjiang
and Hinggan regions, considered as the mobile zones between
the Siberia/Tarim and the Siberia/North China plates; (3) the
middle Tianshan—Beishan region, considered as a part of Kazakh-
stania; (4) the Tarim plate; (5) North China; (6) the Kunlun—
Qinling region, a polycyclic orogenic belt composed of several
intervening terranes; (7) the northern Qiangtang—Simao region
considered as the northern extension of the Indochina or

Fig. 19.2. Cambrian tectonostratigraphic
units of China: 1, Northern Xinjiang region;
2, Hinggan region; 3, middle Tianshan—
Beishan region; 4, Tarim plate: 4.1, Bachu—
Kalpin area, 4.2, Southern Tianshan area; 5,
North China region: 5.1, Yellow River area,
5.2, Dunhuang—Alexa area, 5.3, Qaidam—
Qilian area; 6, Kunlun—Qinling region; 7,
Northern Qiangtang—Simao region; 8,
South China region: 8.1, Yangtze area, 8.2,
Jiangnan area, 8.3, Cathaysia area, 8.4,
Jiangbei area; 9, Baoshan—northern Tibet
region; 10, southern Tibet region; 11,
Hainan region: 11.1,Wuzhishan area, 11.2,
Sanya area; after Zhou & Zhen (2008).
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Annamia terrane (ANN); (8) South China; (9) the Baoshan—north-
ern Tibet region, reported as a northern extension of the Sibumasu
terrane; (10) the southern Tibet region, a prolongation of the Indian
Plate; and (11) the Hainan region.

Several studies favour the hypothesis that these continental
blocks and terranes were derived from Gondwana (Wang et al.
1999). A close biogeographical association of (i) Tarim and South
China and (ii) Australia—India has been recognized for the Cam-
brian, suggesting that both assemblages may have been part of
Gondwana in early Palacozoic times (Metcalfe 1996; Jell &
Hughes 1997; Peng et al. 2009). However, it is less clear
whether North China belonged to Gondwana or not during the
same time span, owing to the biogeographical relationships of
Cambrian Epoch 2 fossil faunas, which show links with Siberia
and Laurentia (Burrett er al. 1990), although new evidence
suggests a strong and specific link between the eastern Himalaya
of Bhutan and North China during the Furongian (Hughes et al.
2011). In any case, palacomagnetic data suggest that, during the
Terreneuvian—Cambrian Epoch 2, North China, South China
and Tarim were located adjacent to East Gondwana in low lati-
tudes of the Southern Hemisphere (Huang et al. 2000).

The Sino-Korean block is bounded on the north by the central
Asian fold belt. Its boundary with the southern Yangtze block is
situated along the Qinling—Dabie—Sulu belt (Zhao et al. 1996;
Li & Powell 2001). The Yangtze block consists of four major tec-
tonostratigraphic units that reflect a proximal-distal palaecogeogra-
phical trend: (1) the Yangtze Platform; (2-3) the Jiangnan
(southern) and Jiangbei (northern) shelf slopes; and (4) the Cathay-
sia/Pearl River deep basin (Zhou et al. 2008). In China, the Sino-
Korean block can be subdivided into three major tectonostrati-
graphic areas: (1) the Yellow River (or North China Platform);
(2) the Dunhuang—Alexa area; and (3) the Qaidam—Qilian (com-
prising two terranes) area. The block’s northeastern prolongation
into the Korean Peninsula has been a matter of debate. Chough
et al. (2000) considered the difference in faunal composition of
the Taebaek (bearing endemic trilobites of the Sino-Korean
block) and Yeongwol (bearing cosmopolitan and pelagic trilobite)
groups in Korea to be a consequence of their difference in deposi-
tional environments, the Taebaek representing inner-shelf and the
latter offshore, deeper-water environments. Recent geotectonic
considerations involving the Korean Peninsula (Cluzel et al.
1990, 1991; Yin & Nie 1993) suggested that the peninsula was
divided into three major parts in the early Palaeozoic, namely,
the Nangnim, the Yeongnam and the Gyeonggi massifs. The
Nangnim and Yeongnam areas were considered to occupy the mar-
ginal part of the Sino-Korean block, whereas the Gyeonggi area
was connected to the Yangtze block. Their boundary or suture
has been drawn along the Imjingang Belt (Cluzel et al. 1991;
Yin & Nie 1993; Ree et al. 1996). Cluzel et al. (1991) interpreted
the eastern half of the Taebaeksan Basin (Duwibong unit of
Cluzel et al. 1990; Taebaek Group) as a carbonate shelf fringing
the Sino-Korean block, whereas the western half of the basin
(Yeongwol unit of Cluzel et al. 1990; Yeongwol Group) was
part of the Yangtze block. By contrast, Chough et al. (2000) and
Choi et al. (2001), based on the palacobiogeographical features
derived from the Cambrian—Ordovician trilobites of the basin,
suggested that the entire Taebaeksan Basin belonged to the Sino-
Korean block and was a shallow marine, carbonate—siliciclastic
basin with progressively deeper water to the west (Yeongwol
area), a proposal that is followed here. As a result, the Cambrian
trilobite faunal contrast between the Taebaek and Yeongwol
groups can be attributed to differences in depositional settings
(Choi & Kim 2006).

Tarim is a rhomboidally shaped basin, and Cambrian strata are
today distributed mainly along the northern periphery. As a result
of the breakup of Rodinia (560-550 Ma; Veevers et al. 1997),
Tarim drifted from the Kimberley craton in Australia (Li &
Powell 2001; Chen et al. 2004). There is no clear early Palaeozoic
suture zone discovered to the south of the Tarim block that

separates it from the Sino-Korean block (Zhou & Zhen 2008).
Some authors once considered both domains to have formed a
rigid block since the Neoproterozoic because the two blocks are
connected by an almost continuous Neoproterozoic—Palaeozoic
sedimentary succession. However, this idea has been abandoned
because available palaeomagnetic data suggest that they did not
assemble their present configuration until sometime in the
Mesozoic.

Although traditionally the Cambrian trilobites have been bio-
geographically analysed according to only three units, named
North China, South China and Tarim (southern Xinjiang), we
follow recent palaeogeographical distinctions (Zhou & Zhen
2008; Zhou et al. 2008), in which shallow- and deeper-water
facies are distinguished.

Australia—New Zealand—Antarctica. Shallow intracratonic basins
developed across a large area of the central Australian craton
(AU) during the Neoproterozoic and early Palaeozoic (a half-
billion-year sedimentary record). From west to east, these are the
Bonaparte, Ord, Daly, Wiso, McArthur, Georgina, Ngalia,
Amadeus, Officer, Warburton, Arrowie and Stansbury basins,
and the Adelaide foldbelt (Brock et al. 2000). In Tasmania, Vic-
toria and western New South Wales, Neoproterozoic and Terre-
neuvian—Series 2 sedimentary rocks were deposited along a
passive margin (Foden et al. 2006). On the (present) eastern
margin of the Australian craton, the entire subsurface Warburton
Basin comprises a mixture of Terreneuvian—Series 2 volcanic
rocks and Series 3 and Furongian shelf and outer shelf sediments
(Sun 1996). Series 3 and Furongian clastic sedimentary rocks
and associated volcanic rocks were deposited in the more tectoni-
cally active areas of Tasmania, Victoria, and New Zealand that
were associated with the Ross—Delamerian Orogeny.

Supercontinent breakup in NW Australia during the Neopro-
terozoic—Cambrian transition, resulting in the Tarim block separ-
ating from the Kimberley area, gave rise to the Antrim plateau
basalts and the Bonaparte Basin. As suggested by the poleward
drifting of West Gondwana, palacomagnetic results from Australia
also suggest that Gondwana rotated anti-clockwise around an axis
near northern Victoria Land, Antarctica, during the Cambrian, but
rotation stopped at the end of the Cambrian. This change in sense
of plate rotation coincides with the termination of the Ross—Dela-
merian Orogeny along the Transantarctic Mountains and south-
eastern Australia, which started during the Terreneuvian (or
possibly the latest Neoproterozoic) in the Transantarctic Moun-
tains, and in Cambrian Epoch 2 in South Australia. In Tasmania
and northern Victoria Land, obduction of an intra-oceanic island
arc during Epoch 3 and the oldest intrusion of granitoids in the
Kanmantoo flysch wedge (c. 516 Ma) are all related to the
Ross—Delamerian Orogeny (Miinker & Crawford 2000; Li &
Powell 2001; Jago et al. 2003; Foden et al. 2006). Westward sub-
duction of the Palaeo-Pacific Ocean along the eastern margin of
Australia—Antarctica commenced during the Terreneuvian in
northern Victoria Land and in Epoch 3 in South Australia and con-
tinued near the end of the Cambrian at about 490 Ma. Cambrian
Series 3 and Furongian rocks of the Takaka terrane of the South
Island of New Zealand were part of a volcanosedimentary arc
complex (Miinker & Cooper 1999).

Does trilobite-based biogeographical information
support terrane distinctions?

Traditionally, the distinction between continental margins, blocks,
terranes and basins has been mainly based on biogeographical
differences. Three subdivisions were usually recognized in biogeo-
graphical comparisons: realm, region and province. The realm was
distinguished by the presence or absence of endemic orders, super-
families or families; the region by families, subfamilies and
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genera; and the province by characteristic associations of gen-
era and species (e.g. Jell 1974; Kobayashi 1976; Theokritoff
1979; Lu 1981; Zhang 1989, 2006; Chang 1998). During the last
decade, cladistic analysis applied to phylogenetic biogeography
has provided an alternative way to assess faunal relationships.

From the earliest occurrence of trilobite faunas in Cambrian
Series 2 there is clear evidence of biogeographical differentiation
into two main provinces: the Olenellid Province, comprising much
of Baltica, Laurentia and Siberia, and the Redlichiid Province
of Gondwana (Kobayashi 1971, 1972). The overlap of both pro-
vinces in some peri-Gondwanan margins led Pillola (1991) to
erect the intermediate Bigotinid Province. Subsequent modifi-
cations of this three-fold biogeographical subdivision of Epoch 2
have increased the nomenclature of biogeographical units, which
is summarized in Figure 19.3.

For Epoch 3 and the Furongian Epoch, Palmer (1972) reported a
more complicated scheme involving four provinces for continental
seas, and three others for exposed shorelines. Terms such as
Pacific, Atlantic or Acado-Baltic were proposed to distinguish
some distinct biogeographical features. The Acado-Baltic bio-
geographical unit (initially described by Sdzuy 1972, although
subsequently modified by other authors), also known as Paradox-
idian or Paradoxides Realm or Province, is one of the more
robust Epoch 3 biogeographical provinces; it is based on the pres-
ence of the paradoxidid-solenopleurid—conocoryphid assem-
blage, which is spread throughout Avalonia, the Mediterranean
and central-European areas, and Baltica (Alvaro & Vizcaino 2003).
Babcock (1994a, b) pointed out that this assemblage of trilobites
was widely distributed in cool marine waters of various latitudes,
including deep-water settings surrounding tropical Laurentia.

The application of biogeographical concepts for the discrimi-
nation of Cambrian terranes or microcontinents has highlighted
new unresolved problems, which are still under debate. In this
paper, several terranes have received special attention: Avalonia,
Cuyania, Ossa—Morena, the Chinese domains, the Alai terrain
and the Kazakhstanian island arcs and microplates. Although
some authors have followed Havlicek er al.’s (1994) concept of
Perunica, which included the German and Barrandian (an area
situated in the central part of the Bohemian Massif) deposits,
Cambrian faunas from Perunica are not differentiable from those
of other Mediterranean areas. As a result, we consider Saxo-—
Thuringia and Bohemia as a part of West Gondwana during the
Cambrian. In addition, Babcock’s (1994a, b) works on a paradox-
idid—solenopleurid—conocoryphid assemblage from native Laur-
entian strata in North Greenland suggests that the finding of an
assemblage of this type in association with a markedly different
endemic tropical shelf fauna is not certain evidence of an exotic

terrane. Structural/tectonic and stratigraphic evidence must be
used to supplement biogeographical information to arrive at a con-
clusion as to a terrane’s provenance.

Avalonia

The Gondwanan affinity of the so-called maritime or Acadian ter-
ranes in North America and Britain is evident from faunal data
(Samson et al. 1990; Alvaro et al. 2003a; Cocks & Fortey 2009).
These authors called attention to a possible cool-water influence
on these Avalonian faunas related to their deep and basinal pos-
ition, and not necessarily to palaeolatitudinal settings. However,
Landing (1996, 2005) and Geyer & Landing (2001) pointed out
that important differences existed during the Cambrian between
the Avalonian terranes, which record a ‘cool, high-latitude fauna’,
and the western Mediterranean area, which records an evolution of
subtropical to temperate fauna.

Landing (1996) argued that no lithological, biotic or geologi-
cal evidence supports a conclusion that Avalon was contiguous
to West Gondwana in the Neoproterozoic and Cambrian. Three
arguments were posed by Landing (2005), leading to the con-
clusion that Avalon was an independent palaeocontinental block:
(1) lithostratigraphic distinctiveness of a persistently cool-water,
higher-latitude Avalonian microcontinent with successions domi-
nated by marine siliciclastics, as compared with coeval carbonate-
dominated, low-latitude successions in Morocco; (2) a Cambrian
Series 2 biotic distinctiveness of the archaeocyathan-free Avalo-
nia, which shares few faunal elements with the archaeocyathan-
bearing strata of Morocco and Spain; and (3) geological evidence
of early Palaeozoic separation. However, several workers have
offered arguments supporting the traditional Cambrian Avalo-
nian—Gondwanan link. Pouclet et al. (2007) criticized Landing’s
lithostratigraphic correlation with the shallower parts of the Mor-
occan margin, which largely ignored the deeper grabens exposed
in the westernmost side of the High Atlas and the Coastal
Meseta, where scattered areas of carbonate productivity were
associated with uplifted horst shoulders (Alvaro et al. 2008). The
absence of archaeocyathan-bearing carbonates is seemingly
related to the southern (temperate) boundary of their colonization
potential, as these reefs were dominantly within 30° of the equator
(Courjault-Radé er al. 1992; McKerrow et al. 1992), and absent
southwards, as in South America. McKerrow et al. (1992)
argued that the record of microbial and skeletal biomicrite depos-
its, with fenestral fabrics and acicular carbonate cements, do not
suggest a high palaeolatitudinal position for Avalonia. In addition,
Alvaro et al. (2003a) reported 17 trilobite genera in common
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between Cambrian Series 2 of Avalonia and the western Mediter-
ranean region. Some Epoch 3 Avalonian benthic communities
belong to the so-called conocoryphid biofacies (Alvaro & Viz-
caino 2003), a natural assemblage of trilobites with many blind
forms living alongside larger-eyed contemporaries, which can be
recognized as a part of the Menevian faunas (Cocks & Fortey
2009). Pouclet et al. (2007) also described a similar late Edia-
caran—Terreneuvian geodynamic evolution in Avalonia and
Morocco, characterized by the development of extensional tec-
tonics leading to the record of grabens containing the same conti-
nental tholeiites as in the Atlas.

Although Avalonia was an independent terrane throughout the
Ordovician, merging with Baltica at about the Ordovician—
Silurian transition time (443 Ma), the varied basement terranes
underlying Avalonia were aggregated to the margin of Gondwana
before 650 Ma. Some substantial transform movements occurred
along the Gondwanan margin between 610 and 530 Ma, but the
Avalonian area remained adjacent to Gondwana until about the
end of the Cambrian (490 Ma), when the rift-drift initiation of
the opening Rheic Ocean between Gondwana and Avalonia
began (Fletcher & Rushton 2007; Cocks & Fortey 2009).

Cuyania

The Laurentian affinity of Cuyania is supported by a variety of
lines of evidence including faunal biogeography, an Early—
Middle Ordovician magmatic arc development on the marginal
continental crust of Gondwana (the Famatinian Arc), and the
onset of Middle Ordovician metamorphism (equated with the col-
lision stage of the arc). However, some authors have proposed
an alternative origin for the terrane in another part of Gondwana,
with Ordovician emplacement by massive strike-slip movement
along the margin, based on the presence of Mesoproterozoic base-
ment rocks in Cuyania supported by zircon analysis. The record
of Cambrian—Middle Ordovician carbonate productivity in Cuy-
ania has often been cited as evidence of a Laurentian affinity.
For some authors, as discussed in the Avalonian case, the lack
of carbonate production can be associated with other processes
(such as terrigenous input and bathymetry), and the biogeogra-
phical affinity of Cuyania might also be explained as a result of
similar palaeolatitudes rather than a close palaeogeographical con-
nection to Laurentia (Ramos 2004; Finney 2007; Vaughan & Pan-
khurst 2008).

Ossa—Morena

The southern boundary of Ossa—Morena in the Iberian Peninsula is
usually considered as a suture because of the presence of Variscan
ophiolites. However, the interpretation of its northern boundary
(the Badajoz—Codrdoba shear zone) is still a matter of discus-
sion owing to the superposition of a Variscan ductile shear zone
with a contrasting metamorphic signature. Some authors interpret
this lineament as the suture of a terrane corresponding to oceanic
domains developed in connection with the early Palaeozoic
rifting event recorded inside Ossa—Morena (Simancas et al.
2009), whereas others (e.g. Abalos et al. 1991; Azor et al. 1994,
Ribeiro et al. 2007) consider its northern boundary as a simple
Variscan structure. In any case, the northern boundary of Ossa—
Morena could not represent a wide Cambrian oceanic domain,
in view of close trilobite similarities with Morocco and Iberia.
In addition, Alvaro et al. (2003a) reported a coeval occurrence
of archaeocyathan—microbial reefs in Morocco, Ossa—Morena
and Cadomia (the Armorican Massif) preceding the subsequent
spread of these features into the rest of the western Mediterranean
region. They also showed a preferential biogeographical link
with Avalonia and Morocco during Cambrian Epoch 2, a link
that disappeared during the following epoch.

Chinese domains

With the exception of northern Xinjiang and Tibet, Cambrian
trilobites are well recorded throughout the Chinese tectonostrati-
graphic units. China was first considered to be assignable to a
single biogeographical realm in the Cambrian, called the Oriental
Realm by Lu et al. (1974) and the Perigondwanan Realm by
Palmer & Repina (1993) and Zhang (2003). This realm was
erected on the basis of several endemic clades, such as the super-
families Redlichioidea and Dameselloidea, which flourished in
China. The distribution of most of their included genera was
largely restricted to SE, central and south Asia, the Middle
East, Australia and Antarctica. A similar view was presented by
Yang (1988), who suggested the existence of another biogeogra-
phical unit, called the Hinggan—Mongolia Province, located
to the north of the realm (then named the Asian—Australian
Realm). Recent work has shown evidence that both North and
South China shared strong faunal similarities with the Himalayan
margin.

A recent synthesis of Cambrian tectonostratigraphic units in
China (Zhou & Zhen 2008) has differentiated new terranes and
allochthonous units with East Gondwanan affinity, identifying
clear suture contacts and trilobite-based biogeographical proper-
ties. The authors have established four Chinese terranes: the
middle Tianshan—Beishan, Hainan, northern Qiangtang—Simao
and Baoshan—northern Tibet domains (the latter is discussed by
some authors because Baoshan is linked to the Lhasa block,
which is south of the Qiangtang block). The middle Tianshan—
Besihan terrane was referred to the Tarim Province by Yang
(1988), although the occurrences of Cambrian Epoch 2 trilobites
such as Calodiscus, Edelsteinaspis, Pagetides, Poliellina, Serro-
discus and Tannudiscus suggest a faunal link with Sayan—Altay
and Tuva of Russia. Affinities with Kazakhstan, Siberia and Laur-
entia rather than Tarim (Zhou et al. 1996) are also indicated.
During Epoch 2, this Chinese terrane, or even possibly the entire
Kazakhstan region, might have been located not far from
Siberia. By contrast, the lower part of Cambrian Series 3 is charac-
terized by the occurrence of trilobites (such as Galahetes and
Xystridura) that indicate close affinities with Australia and
Antarctica (Brock et al. 2000). The Cambrian Epoch 3—Furongian
transition has yielded shallow-water trilobite faunas (Lin et al.
1996) that include shared forms with North and South China,
such as Amphoton (also found in Australia) and Crepicephalina.
The Australian connection continued during the Furongian, as
illustrated by the presence of Atopasaphus, Golasaphus and
Lorretina (Lu et al. 1986). The Hainan terrane has yielded an
impoverished trilobite fauna, including Galahetes and Xystridura,
sharing the biogeographical affinities described for the middle
Tianshan—Beishan terrane. The northern Qiangtang—Simao
terrane has also yielded a few Cambrian taxa, such as the genera
Calvinella, Haniwa, Kunmingaspis and Mictosaukia (Zhou 1982;
Hughes et al. 2002), reflecting biogeographical links with Austra-
lia, North and South China, and Tarim. The ‘Baoshan—northern
Tibet’ domain, a palacogeographical concept that needs revision,
has yielded 38 Furongian trilobite genera and subgenera of trilo-
bites, 30 of which are shared with those of the slope belt of
South China suggesting a shallow, outer shelf setting.

Alai terrane

Most of the publications focused on Cambrian Series 2—3 trilo-
bite faunas of the Alai terrane (AT), Turkestan, were completed
more than four decades ago by researchers familiar with Siberian
trilobite faunas, but without sufficient knowledge of Cambrian
faunas presently documented from China. Not surprisingly the
generic affiliations of a number of taxa (e.g. Kooteniella, Gaphur-
aspis, Jangudaspis, Metanomocarella, Pseudanomocarina and
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Shoriella) have a strong ‘Siberian accent’” and require consider-
able revision. At the same time, up to 18 Cambrian Epoch 3
genera are endemic to the Alai terrane. Gondwanan signatures of
the Alai terrane are mixed. Genera such as Amphoton, Corynexo-
china, Dorypyge, Glyphasphellus, Lisania and Pianaspis are also
known from South China and occur in some Kazakhstanian ter-
ranes. Jincella, Parasolenopleura, Ptychoparia and Skreiaspis
are characteristic of mid-latitude West Gondwanan faunas and
partly Baltica, but they are not documented from South China or
Tarim. In addition, the chengkouiid Acanthomicmacca (=
Jaskovitchella) is also known from the Cambrian of Avalonia,
which was an integral part of the North African sector of Gond-
wana in the Cambrian. The Gondwanan affinity of the Cambrian
faunas of the Alai terrane is also evinced by rhynchonelliform bra-
chiopods, including the occurrence of Chile and the protorthide
Glyptoria, which are otherwise known from Series 3 of the Rift
Valley (Bassett et al. 2002; Ghobadi Pour & Popov 2009b). It is
most probable that, during the Cambrian, the Alai terrane dis-
played peri-Gondwanan affinities and occupied intermediate pos-
itions between ‘West’ and ‘East” Gondwana. Abundance of local
endemic genera may also suggest its separation from mainland
Gondwana and it probably did not constitute a single entity with
the Tarim microcontinent.

Kazakhstanian island arcs and microplates: Karatau—Naryn,
Selety terrane and eastern Kazakhstanian terranes

Close affinities of the Cambrian Epoch 2 trilobite fauna from
Karatau—Naryn to those of South China are well established. In
particular, the trilobite assemblages of Malyi Karatau described
by Ergaliev & Pokrovskaya (1977) belong to the typical Redli-
chia fauna, which is characteristic also of South China and the
Australian sector of Gondwana (Pillola 1993). The list of
common taxa, sometimes down to species level, includes Redli-
chia chinensis, which is widespread in South China (Zhang et al.
1980) and Hebediscus orientalis, known also from the Shipai
Formation (Series 2) of western Hupei, South China. Ushbaspis
(=Metaredlichioides Chien & Yao, in Lu et al. 1974) is also
well represented in South China. In addition, the low-diversity
fauna of linguliformean brachiopods includes species that also
occur in South China (Holmer et al. 2001). The presence of trilo-
bites of the family Lisaniidae in the faunas of the Karatau—Naryn
terrane during Epoch 3 also implies a strong link to the faunas of
South China. The Furongian trilobite fauna from the Kokbulak
and Kamal formations of Bolshoi Karatau (Ergaliev 1983)
shows a distinct similarity to the marginal faunas characteristic
of outer shelf biofacies in South China, whereas Amzasskiella,
Charchagia, Lophosaukia and Promacropyge are also represented
in the Furongian trilobite fauna described by Troedsson (1937)
from eastern Tien Shan and South China (Lu & Lin 1989; Peng
1990, 1992). Trilobite associations from the Hedinaspis sulcata
and Lophosaukia beds (upper Furongian) of Malyi Karatau,
partly characterized by Apollonov & Chugaeva (1983) and Apol-
lonov et al. (1984), also show strong affinities to the contempora-
neous trilobite faunas of South China, including the co-occurrence
of Acrocephalaspina, Ivshinagnostus, Karataspis, Probilacunas-
pis and Taoyuania (=Batyraspis; Ergaliev 1980; Peng 1992).
The Cambrian Epoch 2 trilobite association from Selety is of
low diversity and, among five listed genera, only Erbiella shares
a Siberian signature, whereas Glaphuraspis is endemic. Most
important, however, is that the ‘Atdabanian’ bradoriid assemblage
of Selety (which contains Alutella, Indota, Tsunyiella and possible
cambriids; Williams et al. 2007) shows a distinct resemblance to
the bradoriid faunas from South China and Australia, suggesting
a subequatorial, peri-Gondwanan position of that terrane at least
during Cambrian Epoch 2. The Furongian trilobite fauna of
Selety includes a significant portion of endemic genera, which is
consistent with a possible intra-oceanic location of the island arc

during that time. However, most of the taxa described by Ivshin
(1962) are based on isolated cranidia and this fauna requires
considerable revision.

The Cambrian Epoch 2 trilobite fauna of Chingiz comprises
just three genera, two of them (Labradorina and Bajanaspis)
Kazakhstanian endemics (Ivshin 1979). Among them, Bajanaspis
is also present in the contemporaneous trilobite assemblage from
Agyrek. Epoch 3 trilobite faunas from eastern Kazakhstanian
terranes (Agyrek, Boshchekul, and Chingiz) show few similarities
to each other, and the few genera in common (e.g. Hypagnostus,
Kootenia, Kooteniella and Olenoides) are cosmopolitan. The
affinity of these faunas is also uncertain, but the occurrence of
Chondragraulos and Erbia in the Agyrek assemblage suggests a
link with Siberia. The Furongian trilobite fauna is documented
only for the Boshchekul terrane. It represents a mixture of cosmo-
politan genera and local endemics; some of them (Karagandoides,
Lunacephalus and Obrucheviaspis) have been also recorded from
the Selety terrane. Most probably, the eastern Kazakhstanian ter-
ranes represent fragments of Cambrian intra-oceanic volcanic arcs.
The occurrence of endemic genera shared with two or more ter-
ranes suggests some interactions between these faunas, which were
variable in time, but their affinity with contemporaneous faunas
inhabiting shelves of other Cambrian continents is uncertain.

Trilobite biogeography and the timing of the Cambrian
radiation

Fortey et al. (1996) were the first to use palacobiogeographical
patterns of the Cambrian Epoch 2 trilobites to make inferences
about the timing of the Cambrian radiation. There have been
other analytical attempts at gauging the timing of this radiation,
but these have primarily focused on extant taxa (e.g. Davidson
et al. 1995; Wray et al. 1996; Ayala et al. 1998; Bromham et al.
1998). The trilobites are ideal candidates for inferring the timing
of the Cambrian radiation owing to their abundance and diversity
across numerous palaeogeographical regions, and worldwide
occurrence of trilobite-related ichnofossils pre-dating the mineral-
ization of their trace-makers (Lieberman 1999). Fortey et al.
(1996) argued that biogeographical (and other) evidence indicated
that the evolutionary history of trilobites extended well back into
the Neoproterozoic. A cryptic (pre-Cambrian Epoch 2) evolution-
ary history has also been suggested for other Cambrian arthro-
pods, such as arachnomorph arthropods (Hendricks & Lieberman
2007) including nektaspids (Paterson et al. 2010). The earliest
trilobites were already differentiated into two biogeographically
distinct faunas, the Olenellid Province of Laurentia, Siberia and
Baltica, and the Redlichiid Province of Gondwana. Fortey et al.
(1996) argued that this biogeographical differentiation could best
be explained by a vicariance event associated with the breakup
of Rodinia, which occurred around 750 Ma; this date significantly
pre-dates the first appearance of trilobites in the fossil record,
which is approximately 521 Ma.

Fortey et al. (1996) provided another important step in the use
of Cambrian Epoch 2 trilobite biogeography to study the nature
and timing of the Cambrian radiation by defining biogeographi-
cal provinces largely corresponding to the distribution of the epon-
ymous trilobite suborders Olenellina and Redlichiina. At the time,
it was not possible for these authors to incorporate detailed phy-
logenetic information into their study. Subsequently, phylogene-
tic analysis by Lieberman (1998) revealed that not all of the
Olenellina, as traditionally defined, were monophyletic, as some
taxa assigned to the group were more closely related to taxa in
the suborder Redlichiina. Thus the ‘Olenellid’ biogeographical
province is paraphyletic. Lieberman (1997, 1998, 1999, 2001,
2002a, b, 2003a, b) and Meert & Lieberman (2004, 2008) pursued
additional phylogenetic and biogeographical studies of these
trilobites, partly to consider the issue of trilobite origins and the
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timing of the Cambrian radiation in greater detail. The biogeo-
graphical method used in these studies is a modified version of
Brooks Parsimony Analysis, which is described in detail in Lieber-
man & Eldredge (1996) and Lieberman (2000). This method
captures information about the evolution of clades across geogra-
phical space and how this evolution is associated with episodes of
vicariance and geodispersal.

Biogeographical analysis employing phylogenies of a large
sample of Cambrian Epoch 2 trilobites from all three biostrati-
graphical regions (Fallotaspis, Nevadella and Bonnia—Olenellus)
and all major Cambrian cratons revealed a well-resolved vicariance
tree and a poorly resolved geodispersal tree (Lieberman 2003a;
Meert & Lieberman 2004; Fig. 19.4). This provides evidence that
vicariance played the dominant role in influencing early trilobite
evolution, with episodes of geodispersal appearing more muted.
This makes sense given the tectonic regime of this time, which was
largely one of continental fragmentation. Furthermore, the vicar-
iance tree reveals close biogeographical relationships between:
(1) Siberia, marginal West Gondwana and present-day southwes-
tern North America; (2) Baltica and what was formerly the east-
ern margin of Laurentia; and (3) parts of East Gondwana. The
first region largely corresponds to the geometry of the Neoprotero-
zoic supercontinent Pannotia, which began to fracture at 550—
600 Ma (Meert & Lieberman 2004, 2008). Given the absence of
dispersal, this phylogenetic biogeographical topology suggests
that the origin of these trilobites may be constrained to have
occurred before the breakup of Pannotia. This implies that the
trilobite lineage extends back at least 10—60 myr before the start
of the Cambrian, which corresponds to a time of 30—80 myr
before the first appearance of trilobites in the fossil record. More-
over, the phylogenetic position of trilobites as derived metazoans
and euarthropods suggests that a significant amount of cladogene-
sis in many metazoan groups must have transpired before the
start of the Cambrian. This actually matches the results from palae-
ontological studies of other metazoan groups including cnidarians
(e.g. Cartwright et al. 2007). Finally, Meert & Lieberman (2004)
were also able to predict that the biogeographical origins of trilo-
bites may have been in modern-day Siberia, an origin shared
by archaeocyaths (Debrenne 1991; Rowland & Shapiro 2002).

Biogeographical links during Cambrian Epoch 2

Brock et al. (2000) summarized some of the biogeographical
links indicated by Cambrian faunas of Australia, such as: (1) rela-
tively strong ties between trilobites and other shelly faunas from
East Gondwana and Laurentia throughout the Cambrian; (2)
strong faunal ties with South China during the Cambrian Epoch
2 (see also Paterson & Brock 2007), followed by a rapid decrease
in shared taxa during the Epoch 3—Furongian; and (3) relative
faunal affinities with North China during Epoch 2, which

VICARIANCE

ANCESTOR

became stronger during Epoch 3 and the Furongian. This major
shift in biogeographical connections between Australian and
Chinese faunas suggests modification in oceanic circulation pat-
terns or a major change in the relative positions of the Chinese
crustal blocks with respect to East Gondwana during the
Cambrian.

In West Gondwana, the earliest trilobites from the Anti-Atlas
Mountains are among the oldest trilobites known so far on
global scale (Geyer et al. 1995). These faunas include several fal-
lotaspidids (Eofallotaspis) and bigotinids (Bigotinops and Hupe-
tina), which were subsequently replaced by other fallotaspidids,
redlichiids and bigotinids. Elsewhere, fallotaspidids s.l. occur in
Laurentia and Siberia. Redlichiid—saukiandid trilobites (such as
Marsaisia, Pararedlichia, and Resserops) suggest biogeographical
links with South China, whereas some bigotinids are also known
from Cadomia, Ossa—Morena and Siberia (Alvaro et al. 2003a).
Fallotaspidids were subsequently replaced by neltneriids, whilst
primordial ellipsocephaloids and eodiscoids (Delgadella, Hebe-
discus) appeared. Other ellipsocephalids (Berabichia, Issafeniella,
and Sectigena) have their counterparts in the Cantabro—Iberian
Basin, marginal Baltica (Holy Cross Mountains), Antarctica (for-
merly named Chorbusulina) and the Siberian genera Charaulaspis
and Chorbusulina, the latter, accompanied by Hebediscus and
Triangulaspis, are probably widespread. Acanthomicmacca, Calo-
discus, Hebediscus, Serrodiscus and Triangulaspis (Geyer &
Palmer 1995) are known from Avalonia, marginal Baltica (Holy
Cross Mountains) and the Siberian Platform. The end of the Cam-
brian Epoch 2 is characterized by new links between Avalonia and
West Gondwana, including some eodiscoids and species of Proto-
lenus, Strenuella and possibly Callavia. Another 12 genera known
are from Avalonia and the Taconic Belt. The succession from the
Holy Cross Mountains in Poland (marginal part of Baltica) also
shares a number of ellipsocephalid genera with the West Gondwa-
nan (Iberia, Morocco) and Avalonian faunas (Zylifiska & Szczepa-
nik 2009; Zyliriska 2013). Available information on trilobites of
central Iran and Zagros is far from perfect and cannot be applied
for detailed biogeographical analysis; however, the Cambrian
Epoch 2 trilobites described by King (1930) and Wolfart (1974a,
b) from southern Iran (central Iran and Zagros) include Redlichia,
and can be broadly considered as Gondwanan (Pillola 1993).

The trilobite assemblages of the Siberian Platform are domi-
nated by eodiscoids (Calodiscus, Delgadella, Hebediscus, and
Neopagetina), ellipsocephalids (Bergeroniellus, Lermontovia,
Paramicmacca and Triangulaspis), and fallotaspidoids (Judo-
mia), pointing to biogeographical communications with the Far
East, the Altai—Sayan foldbelt, Mongolia, Kazakhstan, China,
Avalonia, Baltica and West Gondwana (Morocco, Taconic Belt,
Ossa—Morena, and Germany). A relatively narrow belt-like zone
separates the inner shelf from the open basin, the former being
characterized by the abundance of microbial and archaeocyathan—
microbial reefs and fringing grainstone shoals (Savitsky &
Astashkin 1979; Astashkin et al. 1984; Rozanov & Sokolov

GEO-DISPERSAL

SIBERIA E—
| MOROCCO/ |
S EUROPE
1 ————————— SW LAURENTIA

AVALONIA

BALTICA

{ E LAURENTIA
NW LAURENTIA

I

Fig. 19.4. Vicariance and geo-dispersal
analysis for the beginning of Cambrian

E ANTARCTICA
—
| I AUSTRALIA

Epoch 2; from Lieberman (2003a) and

Meert & Lieberman (2004).


http://mem.lyellcollection.org/
http://mem.lyellcollection.org/

Downloaded from http://mem.lyellcollection.org/ by guest on November 27, 2013

286 J.J. ALVARO ET AL.

1984). The reef and reef slope areas displayed highly diverse
although rather endemic trilobite assemblages, composed of fallo-
taspidoids, ellipsocephaloids and eodiscoids. The characteristic
occurrence of Delgadella, Hebediscus, Nevadia and Triangulaspis
in this palaeogeographical sector indicates biogeographical con-
nections with Mongolia, the Altai—Sayan foldbelt, Kazakhstan,
Avalonia and Gondwana (Taconic Belt, Ossa—Morena and Moro-
cco). The trilobite assemblages of the upper part of Cambrian
Series 2 are dominated by endemic genera of aldonaiids, calodis-
cids, corynexochids, dinesids, dolichometopids, dorypygids, edel-
steinaspidids, granularaspidids, hebediscids, jakutids, judomiids,
namanoiids and ptychopariids. Representatives of the superfamily
Ellipsocephaloidea were characteristic trilobites in peri-reef areas.

Biogeographical links during Cambrian Epoch 3

During Cambrian Epoch 3, tropically located palaeocontinen-
tal masses developed two distinct trilobite faunas: (1) a largely
endemic set of polymerids that inhabited warm, shallow-water
environments; and (2) a more widespread assemblage of agnos-
toids, eodiscoids, oryctocephalids and some polymerids that
inhabited facies with open ocean access (Robison 1976; Babcock
et al. 2007). Many of the polymerids (including paradoxidids, sole-
nopleurids and conocoryphids) were distributed in deeper, presum-
ably cooler, water, shelf and slope facies (Babcock 1994a, b;
Robison 1994). A similar pattern continued through the Furongian
Epoch, at which time the more widespread trilobite faunas were
dominated by agnostoids, ceratopygids and olenids (Taylor &
Cook 1976; Palmer 2005).

Slope and/or cool-water facies of the circum-Pacific region
share many common taxa among the agnostoids, eodiscids and
oryctocephalids (Palmer 2005). In contrast to the slope and/or
cool-water faunas, the predominantly polymerid warmer-water
platform faunas show strong provinciality. Trilobites from the
Siberian Platform, such as Anomocarina, Chondranomocare,
Dinesus, Dorypyge, Kootenia, Ogygopsis, Olenoides and Pseuda-
nomocarina, show biogeographical relations between the Sibe-
rian Platform and the Far East, the Altai—Sayan foldbelt,
Mongolia, Turkestan, Kazakhstan, China, Avalonia, Precordillera,
Gondwana (Taconic Belt, Ossa—Morena, Morocco, Australia,
Germany, Antarctica, Montagne Noire, Turkey and Iran), Baltica
and Laurentia. Cambrian Series 3 strata of the Siberian platform
contain a wide diversity of trilobites, such as Acadagnostus, Doli-
chagnostus, Goniagnostus, Hypagnostus, Lejopyge, Linguagnos-
tus, Megagnostus, Paradoxides, Peronopsis, Ptychagnostus and
anomocarid and oryctocephalid genera. Anopolenus, Eodiscus,
Pagetia, Pagetides and Solenopleura are fairly common. Their
presence suggests relations with the Altai—Sayan foldbelt, the
Baikal area, Turkestan, Kazakhstan, China, Baltica, Laurentia,
Avalonia and Gondwana (Australia, Himalaya, Germany, Antarc-
tica, Turkey, and Montagne Noire).

On the SW part of the Siberian Platform, Cambrian Series 2 and
the lower half of Series 3 strata exhibit a prevalence of evapo-
rates. Scarce findings, monotony and endemism of trilobites are
associated with sedimentation in closed shelf and lagoonal
environments (Zharkov 1966, 1970; Yanshin & Zharkov 1974,
Pisarchik et al. 1975; Chechel et al. 1977). The overlying strata
(within Series 3 and the Furongian) are composed of argillac-
eous—carbonate rocks of the subaerial plain and shallow shelf
(Zharkov et al. 1982). Endemic redlichioids (Bulaiaspis, Elganel-
lus and Tungusella), ellipsocephalids (Bergeroniaspis) and ende-
mic species of Bathynotus occur in Cambrian Series 2 strata of
this zone. Bathynotus is known from coeval deposits in the Altai
Sayan foldbelt, China, Australia and Laurentia (Webster 2009).
The Toyonian— Amgan boundary, which approximates the bound-
ary between the Cambrian Series 2 and 3, marks a major change in
taxonomic composition of the trilobite faunas over the entire

Siberian Platform. This event coincides in time with the beginning
of an active sea-level rise and renewed reef building. On the SW
side of the Siberian Platform, Proasaphiscus appeared at that
time, being distributed also in the Baikal area, Altai—Sayan fold-
belt, Kazakhstan, Turkestan and China. Open-sea trilobite assem-
blages of the upper Guzhangian (upper Cambrian Series 3) and
Paibian stages (lower Furongian) show a predominance of agnos-
toids (Acmarhachis, Ammagnostus, Clavagnostus, Glyptagnostus,
Innitagnostus, Lisogoragnostus, Oidalagnostus, Proagnostus and
Tomagnostella), although some polymerids (such as Acroce-
phalites, Aplotaspis, Eugonocare, Onchonotellus, Palaeadotes,
Paradamesella and Proceratopyge) were rather common. Their
presence shows some biogeographical links with the Altai—
Sayan foldbelt, Kazakhstan, Turkestan, China, Laurentia, Avalo-
nia, Precordillera, Baltica and Gondwana (Australia, Antarctica,
Montagne Noire/Sardinia and Turkey).

Along the western Gondwanan margin, the onset of drastic
regressions during Cambrian Epoch 3 exerted control over trilo-
bite diversification and biogeographical connections. Two Epoch
3 trilobite diversifications are recognized: (1) a major migratory
radiation of trilobites (a putative recovery fauna following
extinction of the redlichiid and olenellid trilobites close to the
end of Epoch 2); and, following a major regression, (the middle-
Languedocian right: regression, Alvaro et al. 2007), (2) a second
trilobite diversification connected with transgressive episodes
and representing new migratory appearances of recurrent trilo-
bite genera. The earliest faunal immigration of Epoch 3 is char-
acterized by the stepwise appearance of relatively cosmopolitan
trilobites, such as the acrocephalitids, agraulids, conocoryphids,
corynexochids, paradoxidids, solenopleurids and agnostoids (con-
dylopygids, phalacromids and spinagnostids). The observed pat-
tern of diversification was not facies-controlled because trilobites
appeared in a wide diversity of facies and environments. Sub-
sequently, the western Mediterranean area apparently operated as
a centre of evolutionary radiation (or a site of speciation), from
which the species were able to spread outwards onto adjacent
platforms, in some cases by sympatric speciation (Alvaro & Viz-
caino 2001). A faunal turnover during a part of the Drumian
Stage coincided with a rapid prograding and shoaling (the mid-
dle Languedocian regression), which produced widespread areas
of coarse-grained sandstones and, therefore, seems to reflect geo-
graphically extensive environmental changes. In Baltica there is a
regression at the level of the Andrarum Limestone (Nielsen 1996;
Axheimer & Ahlberg 2003), and this is recognized in the south-
ern British Isles and Newfoundland as the ‘Andrarum Limestone
regression’. Regressive-phase deposits are succeeded by strata of
the Lejopyge laevigata Zone (Guzhangian Stage). The subsequent
late Languedocian trilobite diversification is well documented in
Montagne Noire /Sardinia and Saxo—Thuringia, where it is charac-
terized by an abrupt increase in genera and families. Episodically,
off-platform trilobite taxa migrated towards the inner platform.
The distributions of taxa were rather strongly controlled by lithofa-
cies differentiation at a time when muddy offshore substrates were
established. The level of diversification of new groups during this
radiation event was less than in the previous radiation. Dispersal
took place to some extent, but the presence of some provincialism
suggests that species exchange was selective, and that oceanic
areas served as partial barriers to migration. Late Epoch 3 (late
Guzhangian) trilobites include typical early Epoch 3 genera such
as the conocoryphids, paradoxidids and solenopleurids, which
characterize the Acado-Baltic Province (Sdzuy 1972), and new
East Gondwanan invaders, such as Abharella, Chelidonocepha-
lus, Derikaspis and Dorypyge (Alvaro et al. 1999).

Avalonian trilobites of Epoch 3 have their closest biogeo-
graphical affinities to trilobites of West Gondwana at the end of
Cambrian Epoch 2 (or earliest Epoch 3 according to the Moroc-
can chronostratigraphic chart), but the number of shared taxa
declines through Epoch 3 and the Furongian. Avalonian faunas
become progressively more similar to Baltic faunas during the
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last two epochs of the Cambrian. The resemblance of the Avalo-
nian and Baltic faunas rests largely on the similarity of their agnos-
toids and paradoxidoids, and doubtless the relative paucity of
peri-Gondwanan agnostoids is a hindrance to inter-regional cor-
relation. Avalonia and Baltica show agnostoid faunas intermediate
between those of Laurentia and parts of the Gondwanan margin
(Conway-Morris & Rushton 1988; Alvaro et al. 2003a).

Recent work on Cambrian Epoch 3 faunas of the Himalaya (Jell
& Hughes 1997; Peng et al. 2009) shows a wide variety of agnos-
toids with a generally cosmopolitan distribution, and polymerids
with more regionalized occurrence. Although genera such as Bhar-
gavia and Koldinia suggest links to Laurentia and Siberia, respect-
ively, the Himalayan faunas show the strongest similarity to those
of South China and North China, evinced by the shared occurrence
of genera such as Kaotaia, Solenoparia and Xingrenaspis. The
similarity to Australian faunas is somewhat less pronounced,
with many of the forms that occur in both Himalaya and Australia
occurring in other regions too. Overall, the Himalayan fauna shows
few endemic genera.

Furongian biogeographical links

A global transgression marks the beginning of the Furongian
Epoch. It coincides with the onset of SPICE carbon isotope excur-
sion and extinction of ptychopariid trilobites in Laurentia, as well
as some faunal turnovers in other areas such as North and South
China (such as the extinction of damasellids). Transgression led
to the deposition of dysaerobic to anoxic black shales across the
Epoch 3-Furongian transition in Avalonia, Baltica, and
Argentina.

In Baltica, biogeographical analysis of trilobites in FLysogory,
Holy Cross Mountains, shows a distinct change in composition
of assemblages during the Furongian. Near the beginning of the
epoch, faunas were of low diversity and dominated by Avalonian
forms. Later, more diversified assemblages appeared, and they are
characterized by an increasing number of Baltic elements. This
trend was associated with a gradual decrease in the number of
endemic species (Zyliﬁska 2001, 2002). It is not clear, however,
whether the appearance of non-olenid polymerid trilobites of
Avalonian affinity in the Holy Cross Mountains succession is
linked to wider-scale events, such as regressions causing extinc-
tions marking the boundaries of Laurentian biomeres. The Furon-
gian succession in Baltica is dominated by olenids and agnostoids,
but the series has several levels at which non-olenid polymerids
appear. These indicate links with Laurentia and/or Gondwana
(Terfelt 2006; Terfelt et al. 2008, 2011; Ahlberg et al. 2009;
Zylinska & Weidner 2012).

Cook & Taylor (1975) and Taylor & Cook (1976) presented
a palaeogeographical model to explain the occurrence of two
types of trilobite assemblages in the Furongian of the Great
Basin, USA: one is represented by an allochthonous assemblage
containing trilobite taxa typical of the Hungaia fauna, endemic
to Laurentia, and the other (Hedinaspis fauna) is characteri-
zed by intercontinentally distributed taxa associated with deep
water, slope to basinal environments. The Hedinaspis fauna is a
Furongian representative of the Jiangnan Province (Kobayashi
1967), but was widespread in latest Cambrian times. Cocks &
Fortey (1982) and Fortey & Cocks (1992) also emphasized that
the profound contrast in faunal composition alone does not indi-
cate geographical separation unless the depositional settings
are comparable, whereas the close faunal affinity does not neces-
sarily mean geographical proximity because planktonic and
deep-water benthic fauna are widely distributed by crossing the
ocean barriers and thus have little value for palaeogeographical
reconstruction.

Biogeographical connections between Laurentia and East
Gondwana are illustrated by the distribution of the missisquoids.

According to Lee et al. (2008), missisquoid trilobites occurred
both in Laurentia and East Gondwana (China, Korea, Thailand,
and Australia). Analysis suggests that the missisquoids originated
somewhere in Gondwana, most probably in the Sino-Korean
block, and expanded their distribution into other Gondwanan areas,
and finally into Laurentia during the latest Furongian. The earliest
Laurentian missisquoids in deeper-water facies (Ludvigsen &
Westrop 1983) may represent an example of successful initial
colonization.

A brief biogeographical summary on the Epoch 3 and Furon-
gian trilobite faunas of Alborz given by Peng et al. (1999) suggests
an ‘East’ Gondwanan affinity of the Iranian fauna, although they
also pointed to an inadequate knowledge of Cambrian trilobite
faunas. The occurrence of Taoyuania in the late Furongian rep-
resents a link with South China and the Karatau—Naryn terrane
of Kazakhstan. Late Furongian Mictosaukia is widespread in SW
Asia, Afghanistan and Turkey, whereas Alborsella is mostly
endemic to Iran and only reported from the Turkish Taurides
(Dean 1982).

In the Siberian trilobite assemblages of the Jiangshanian
Stage (mid-Furongian), the diplagnostids and olenids (e.g. Pseu-
dagnostus and Parabolina, Plicatolina and Protopeltura) were
the most characteristic; others such as Irvingella and Maladioi-
della are also typical of the stage. Genera such as Acerocare,
Lotagnostus, Parabolinites, Plicatolina, Promegalaspides and
Trilobagnostus dominated trilobite assemblages of Cambrian
Stage 10. The geographical distribution of the listed taxa shows
close relationships with Turkestan, Kazakhstan, China, Baltica,
Laurentia, Avalonia, the Precordillera and Gondwana (Australia,
Antarctica, Montagne Noire/Sardinia, Turkey, Afghanistan,
Argentina, Taconic Belt, Cantabro—Iberian basin, Oaxaca and
Germany) during the Furongian.

As a result of West Gondwana’s poleward drift, Furongian
trilobites are relatively rare in the western Mediterranean area.
Temperate-water faunas were more abundant and diverse in loca-
lized centres of carbonate productivity such as Montagne Noire
(Alvaro et al. 2003b), and more impoverished across siliciclastic-
dominated platforms. The Cantabro—Iberian Basin has yielded
Chuangia, Elegantaspis, Langyashania, Maladioidella, Pagodia
(Wittekindtia), Parachangshania and Prochuangia, suggesting
an East Gondwanan influence (Shergold et al. 1983; Shergold &
Sdzuy 1991). Similar genera have been found in Montagne
Noire and Sardinia. They include Abharella, Ammagnostus, Ber-
geronites, Macropyge, Maladioidella, Micragnostus, Niobella,
Onchonotellus, Olentella, Palaeadotes, Paraacidaspis, Probilacu-
naspis, Proceratopyge, Prochuangia, Shengia and Stigmatoa
(Feist & Courtessole 1984; Loi et al. 1995; Shergold et al. 2000;
Alvaro et al. 2007). Together, this assemblage suggests biogeogra-
phical relationships with China, Australia and Antarctica (for
further discussion of the biogeographical connections between
Antarctica, Australia and China, see Lieberman 2004). Finally,
only two trilobite genera, Olentella and Seletella, have been docu-
mented in Morocco (Destombes & Feist 1987). Trilobites of the
Furongian—Tremadocian transition have also been recorded
from the eastern Mediterraneanregion. In Turkey, Dean ez al. (1981,
1993), Shergold & Sdzuy (1984) and Dean & Monod (1997)
reported Chuangia, Homagnostus, Koldinioidia, Macropyge,
Maladioidella, Micragnostus, Niobella, Onchonotellus, Parakol-
dinioidia, Prochuangia and Pseudagnostus, suggesting biogeogra-
phical links with the Franconian Forest area (Germany), Montagne
Noire, Bohemia, southern Kazakhstan, southern Siberia, and North
and South China. Occurrences of some of these trilobites are suc-
ceeded by Alborsella, Pagodia (Wittekindtia) and Mictosaukia, all
of which indicate affinities with northern Iran.

The impoverished faunas reported from the Mediterranean
region contrast strongly with Avalonian faunas, which contain
more than 100 taxa. Of these, the olenids are widely distributed
where the appropriate dysaerobic facies are present, and others,
such as agnostoids, Cermatops, Proceratopyge (Hughes &
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Fig. 19.5. PAE analysis based on the distribution of Cambrian Epoch 2 (a), Cambrian Epoch 3 (b) and Furongian (c) trilobite genera.
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Rushton 1990), other ceratopygoids, Irvingella and Maladioidella
(Rushton & Hughes 1996), are widely distributed in a variety of
shelf environments.

A similar situation is reported for Argentina. The latest Furon-
gian trilobites in the Cordillera Oriental are mostly represented
by agnostoids and olenids of great biostratigraphical and palaeoe-
cologic significance (Tortello & Esteban 2003; Waisfeld &
Vaccari 2003; Zeballo & Tortello 2005; Buatois et al. 20006;
Esteban & Tortello 2007). Trilobite assemblages of the Cordillera
Oriental are closely related to those of Bolivia, supporting the
palaeogeographical continuity between these peri-Gondwanan
regions (Kobayashi 1937; Harrington & Leanza 1957; Benedetto
2003). Latest Furongian trilobites share strong affinities with
Baltica, and have major links with Bolivia, Famatina, Avalonia,
Korea and Australia. Harrington & Leanza (1957) pointed out
the faunal similarities between Famatina and the Cordillera Orien-
tal, suggesting that both regions were biogeographically con-
nected. Affinities of their latest Furongian trilobites support the
position of the Famatina basin on the margin of Gondwana (Tor-
tello & Esteban 2007), although they also share strong affinities
with Baltica; shared components are present in the Cordillera
Oriental, Avalonia, Mexico, Korea and Australia.

Analysis of the worldwide database

Biofacies patterns and platform—basinal transects have been con-
sidered in some margins, such as the Chinese domains (Fig. 19.2).
Endemic taxa, mainly based on Jell & Adrain’s (2003) list, were
maintained in the dataset. Doubtful generic assignments were
first considered and then deleted in successive analyses, and in
each analysis the results were similar. When trilobite genera
cross Cambrian series boundaries, the taxa are only considered
in the series where the oldest species occurred. Three datasets tabu-
lating all the trilobite genera known worldwide are available in the
data set. The data compiled by the authors were analysed using a
traditional search with TNT version 1.1 (Goloboff er al. 2008)
using 10 000 replicates with one random seed. The swapping
algorithm used a tree bisection reconstruction and 10 trees were
saved per replication. Parsimony Analysis of Endemicity (PAE)
for Cambrian Epoch 2 included 45 tectonostratigraphical regions
for 629 genera; for Cambrian Epoch 3 it included 45 tectonostrati-
graphical regions for 965 genera; and for the Furongian Epoch it
included 40 tectonostratigraphical regions for 866 genera. The
results are consensus trees for each for the three Cambrian
epochs under analysis. For Epoch 2, the consensus tree is based
on the 20 best trees, for Epoch 3 the consensus tree is based on
the three best trees, and for the Furongian the consensus tree is
based on 80 best trees.

PAE produced distinct area groupings that can be further subdi-
vided into smaller groups (Fig. 19.5):

(1) There is poor resolution associated with Cambrian Epoch 2,
where only parts of Siberia are biogeographically distinctive
and occur somewhat separated from other tectonostratigra-
phical units. Some secondary groupings are remarkable in
displaying connections between (a) Himalaya, South China
and Tarim; (b) Baltica, Avalonia, Morocco, and the dis-
tal part of the Mediterranean region (Saxo—Thuringia and
Bohemia); and (c) Laurentia, North China and three terranes
(Oaxaca, Taconic Belt and Precordillera).

(2) For Cambrian Epoch 3, PAE analysis shows a different con-
figuration: (a) parts of Siberia and the Alai terrane (Turke-
stan) are still biogeographically distinctive; (b) a second
group is formed by the Himalaya, Australia, Karatau—
Naryn and North and South China; (c) other dispersed
groups include the previous Laurentian assemblage without
Oaxaca, and an association of the remaining Siberian and
Kazakhstan units; (d) an assemblage of remaining East

Gondwanan and Siberian units; and (e) another distinct group
represented by the Acado-Baltic Province (Avalonia,
Mediterranean region and Baltica).

(3) Finally, the Furongian PAE analysis again shows a slightly
different configuration, in which parts of Siberia (Siberian
Platform and Altay—Sayan foldbelt) are still biogeographi-
cally differentiable from two distinct groups: (a) a Lauren-
tian—Baltic—East Gondwanan basal polytomy that includes
Antarctica, a Baltic—Avalonian group, and a collage of
Chinese units (including North and South China) associated
with Karatau—Naryn and Australia; and (b) the rest of the
Gondwanan, Siberian and Kazakhstan units where the wes-
ternmost Gondwanan margin is represented by Oaxaca,
Famatina and Cordillera Oriental. The Furongian record of
broad deposition of dysaerobic to anoxic black shales
(throughout Baltica, Avalonia, and the Argentine units)
directly affected the taphonomic features and wealth of trilo-
bite assemblages but not their links.

Taking whole faunas into account enables detection of areas of
greater similarity than previously assumed. The resulting area
groupings achieved with PAE are not consistently similar to bio-
geographical units previously described. For instance, (1) Siberia
shows a mosaic of biogeographical units throughout the Cambrian,
in which only the Siberian Platform/Altay-Sayan association is
persistent; (2) Karatau—Naryn is a biogeographical unit distinct
from the rest of Kazakhstania; (3) North and South China show
closer Furongian relationships with the collage formed by Lauren-
tia, Karatau-Naryn, Baltica and Avalonia; and (4) Avalonia offers
a gradual modification of West Gondwanan and Baltic affinities,
but links with the Furongian westernmost Gondwanan margin
(Oaxaca, Famatina and Cordillera Oriental) are not distinct. In
addition, the Acado-Baltic province sensu Sdzuy (1972), defined
by the presence of solenopleurids, paradoxidids and conocory-
phids (Alvaro & Vizcaino 2003), is clearly supported by PAE.

The PAE analysis reveals that the distribution of Cambrian
palacobiogeographical units is not primarily controlled by
latitude-related thermal gradients, such as Gondwanan subtropical
and temperate-water climatic belts. Other factors seem more
important, such as palaeogeographical conditions (e.g. migration
of centres of carbonate productivity and orogenies), palacogeogra-
phical distances and oceanic circulation patterns, which might
have functioned as biogeographical barriers or provided possible
migration routes for trilobite exchange between different areas.
The development of anoxic substrates and subsequent exceptional
preservation of distinct pelagic trilobite families do not show bio-
geographical implications. However, it is important to recognize
that there are various issues associated with the use of PAE, espec-
ially regarding the absence of phylogenetic information and the
inability to distinguish between vicariance and geodispersal.
Therefore, in the future it would be desirable when additional phy-
logenetic information becomes available to also subject palaeobio-
geographical patterns in Cambrian trilobites to other analytical
techniques, including modified Brooks parsimony analysis.

Conclusions

The distribution of 2460 Cambrian genera from c. 40 worldwide
tectonostratigraphical units was used for a quantitative palaeobio-
geographical analysis. The dataset was analysed using PAE
methods. The analysis resulted in distinct palaeogeographical
area groupings of the studied regions. Although there is poor res-
olution associated with Cambrian Epoch 2, both Epoch 3 and the
Furongian offer some distinctive results: (1) the persistence of
the Siberian Platform/Altai—Sayan group throughout the Cam-
brian; (2) a clear differentiation of Karatau—Naryn from other
Kazakhstan units, the former displaying biogeographical links
with Laurentia and North and South China; and (3) a significant
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change of Baltic/Avalonian affinities, from Mediterranean
(Acado-Baltic Province) to Laurentian/North and South
Chinese/Antarctic influences. The biogeographical groupings
cross equatorial, subtropical and temperate-water climatic belts,
as well as broadly distributed Furongian dysoxic-anoxic con-
ditions. Divergences in the distribution of palaeobiogeographical
units and Cambrian climatic belts may be due to other factors,
such as palaeogeographical conditions and distances, and ocean
circulation patterns.
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