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Abstracts: The paper presents the detailed plate tectonic, paleogeographic, paleoenvironment and
plaeolithofacies maps for eight Early Paleozoic time intervals. Forty maps, generated using PLATES
and PALEOMAP programs, contain information about plate tectonics, paleoenvironment, and
plaeolithofacies during Cambrian, Ordovician and Silurian. Disintegration of supercontinent Pannotia
and origin of Gondwana, Laurentia and Baltica occur during Early Cambrian. Oceans spreading con-
tinued during Late Cambrian and Early Ordovician; vast platform flooded by shallow seas existed on
the continents. The plate tectonic reorganization happened during Middle Ordovician. Silurian was
a time of Caledonian orogeny, closing of Early Paleozoic oceans and origin of supercontinent
Laurussia as a result of Laurentia and Baltica collision. Information contained within global and re-
gional papers were posted on the maps and the detailed paleoenvironment and plaeolithofacies zones
were distinguished within the platforms, basins and ridges.

Keywords: Cambrian, Ordovician, Silurian, plate tectonics, paleogeography

Tresé: Artykul przedstawia szczegétowe mapy paleogeograficzne dla o$miu przedzialow czasowych
w obrgbie wczesnego paleozoiku. Czterdziesci map, skonstruowanych przy uzyciu programéw
PLATES i PALEOMAP, zawiera informacje dotyczace tektoniki ptyt, paleosrodowiska i paleo-
litofacji w czasie kambru, ordowiku i syluru. We wczesnym kambrze nastapit rozpad superkonty-
nentu Pannotia i utworzyly si¢ kontynenty: Gondwana, Laurencja, Baltyka i Syberia. W pdéznym
kambrze i wezesnym ordowiku w dalszym ciagu ma miejsce spreding oceandw, istnieja tez w tym
czasie rozlegle platformy zalane przez ptytkie morza na kontynentach. Reorganizacja plyt litosfery
nastgpita w §rodkowym ordowiku. Sylur byt okresem orogenezy kaledonskiej, zamknigciem wezesno-
paleozoicznych oceanéw i powstania superkontynentu Laurosji z polaczenia Laurencji i Battyki.
Informacje zawarte w szeregu globalnych i regionalnych prac zostaly naniesione na mapy, a w obrg-
bie platform, basendéw i grzbietow wydzielono poszczegdlne strefy paleosrodowiskowe i paleo-
litofacjalne.

Stowa kluczowe: kambr, ordowik, sylur, tektonika ptyt litosfery, paleogeografia
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INTRODUCTION

The aim of this paper is the presentation of Early Paleozoic paleographic maps of the
world, containing paleoenvironment and paleolithofacies details. In the previous papers
(Golonka 2007a, b, c), the author presented global paleogeographic maps for Late Paleozoic
and Mesozoic. Now, the author attempts to cover the entire Phanerozoic in four papers.
This paper is dealing with the Cambrian (three time slices), Ordovician (three time slices),
and Silurian (two time slices). The maps were constructed using a plate tectonic model,
which describes the relative motions between approximately 300 plates and terranes. The
detailed reconstruction methodology was described previously in Golonka et al. (2003) paper.
The rotation file was presented in Golonka’s (2007a) paper, online version, the appendix.
The facies were assembled according to rules established during the production of Pha-
nerozoic reefs map (Kiessling et al. 1999 2003) and also presented by Golonka et al.
(2006b, c) and Golonka (2007a, b, c).

MAP DISCUSSION

Early Cambrian

The Proterozoic paleogeographic history is defined by two major orogenies (Pisarevsky
et al. 2008). The Grenvillian orogeny around 1100 Ma is related to the formation of super-
continent Rodinia (Dalziel 1991, Hoffman 1991). The Cadomian/Pan-African orogeny is
related to the assembly of the supercontinent Pannotia (Dalziel ef al. 1994, Dalziel 1997,
Golonka 2000, Golonka ef al. 2006a, b) around the Precambrian-Cambrian boundary. More
than 500 hundred million years between these two events allows assuming two full Wilson
orogenic cycles during this time. It allows also many different, speculative paleogeographic
approaches, causing lively discussion. Pannotia supercontinent is not so badly constrained,
however it was short lived. Its history resembled somewhat the history of Pangea. Both
Gondwana and Baltica were included in the Pannotia supercontinent (Golonka et al. 2006b).
The continents forming the core of Gondwana include South America, Africa, Madagascar,
India, Antarctica and Australia. The location of numerous smaller continental blocks that
bordered Gondwana is less certain. The following were adjacent to Gondwana at some time
during the Paleozoic: Yucatan, Florida, Avalonia, central European (Cadomian) terranes be-
tween the Armorica and Bohemian Massif, Moesia, Iberia, Apulia and the smaller, southern
European terranes, central Asian terranes (Karakum and others), China (several separate
blocks), and the Cimmerian terranes of Turkey, Iran, Afghanistan, Tibet and Southeast Asia
(Fig. 1). Outside Gondwana three continental plates: Laurentia, Baltica and Siberia were
already distinguished during the Earliest Paleozoic (Scotese & McKerrow 1990, van der
Voo 1993, Golonka et al. 1994 2006b, Lewandowski 2003, Cocks & Torsvik 2005 2007,
McCausland et al. 2007) (Fig. 1).

The Laurentian continent included major parts of North America, northwest Ireland,
Scotland, Greenland, and Chukotka peninsula (Golonka 2000, 2002, Ford & Golonka 2003,
Golonka et al. 2003) (Figs 1, 2 on the interleaf).
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Fig. 2. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent Iapetus Ocean during Early Cambrian time. Explanations
to figures: 2-5, 7-10, 12-15,17-20, 22-25, 27-30, 32-35, 37-40. Qualifiers: B — bauxites/laterites, C — coals, E — evaporites, F — flysh, Fe — iron,
G — glauconite, M — marls, O — oolites, P — phosphates, R — red beds, Si — silica, T — tillites, V — volcanics

Fig. 2. Mapa tektoniki ptyt, paleosrodowiska i litofacji zachodniej Laurencji i1 przylegtego oceanu lapetus we wezesnym kambrze. Objasnienia do figur:
2-5, 7-10, 1215, 17-20, 22-25, 27-30, 32-35, 37-40. Oznaczenia literowe: B — boksyty/lateryty, C — wegle, E — ewaporyty, F — flisz, Fe — Zelazo,
G — glaukonit, M — margle, O — oolity, P — fosfaty, R — utwory czerwone, Si — krzemionka, T — tillity, V — utwory wulkaniczne
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Laurentia rifted away from Pannotia along future Iapetus Ocean during Vendian time
and along the Ouachita Ocean during Cambrian time (van der Voo 1993, Golonka et al.
2006c¢, Toelle & Sitchler 2008). At that time uplifts developed on the Laurentian craton and
low-land conditions dominated there. Sedimentary basins were located only in the marginal
zones (Ronov et al. 1984, Garzione et al. 1997, Dumoulin et al. 2000, Ford & Golonka 2003,
Geldon 2003, Golonka et al. 2003). The largest one was in the north, in the Peri-Innuitian
zone, where low-thick sandy deposits were formed at shallow conditions. Northwards they
changed to carbonate deposits of larger thickness 2000 m and more (Trettin & Balkwill
1979, Trettin 1987, 1989, 1994, 1998, Trettin et al. 1987, Long 1989, Estrada et al. 2003).
In the eastern regions of Greenland shelf carbonate deposits were accumulated (Harland
1979, Henriksen & Higgins 2000, Golonka et al. 2003, Smith et al. 2004). A large amount
of coarse-fragmented rocks is present in the Lower Cambrian rocks of the Peri-Cordilleran
zone (Stewart & Poole 1974, Mellen 1977, Chafetz 1980, Garzione et al. 1997, Golonka
et al. 2003). However, besides terrigeneous rocks thick layers of shelf carbonates are also
known there. The total thickness of deposits is usually large and exceeds 2—3 km. Litho-
logical data indicate that this marginal zone has undergone tectonic differentiation and rela-
tively high tectonic activity (Kluth & Coney 1981, Kluth 1986). Data on plateau basalts
which erupted in Utah and Nevada also support this idea (Larson ef al. 1985, Harper &
Link 1986, Keiner 1998, Geldon 2003). The thickness of amygdaloid basalts is tens to hun-
dreds meters. These data indicate that conditions of marginal-continental orogenesis existed
there. Subsidence as well as mafic and persilic volcanism were typical for the Peri-Appala-
chian zone in the Early Cambrian (Brett et al. 1990, Feiss et al. 1993, Keppie ef al. 1997,
Murphy & Keppie 2005, Murphy et al. 2008, Schulz et al. 2008). Sedimentary complex in
the southern part of the zone is formed by coarse-fragmented rocks of marginal marine and
continental facies, while in the northern part it includes marine sandstones and schists; bas-
alts and rhyolites of Macdonalds-Brook are also known there, it is likely that their forma-
tion was associated with rifting at the early stage of the lapetus paleoocean (Murphy et al.
1985, Cawood et al. 2001, Golonka 2002, Ford & Golonka 2003, Golonka et al. 2003
2006c, McCausland et al. 2007, Murphy & Nance 2008).

The paleocontinent of Siberia (Figs 1, 3) was bounded on the west by the Urals and
the Irtysh foldbelts, in the south by the Amurian (Mongolian) terranes and ophiolitic belts,
and on the northeast by the Verkhoyansk fold belt. The relative positions of Laurentia,
Baltica and Siberia are somewhat uncertain. Numerous small plates existed between
Baltica, Siberia and Gondwana in the Paleoasian Ocean (Zonenshain ef al. 1990, Pechersky
& Didenko 1995, Dobretsov et al. 2003, Safonova 2008). These plates were later accreted to
different continents. Drifting between Siberia and East Gondwana took place after 725 Ma.
The Baikalian and Cadomian-Timanian orogenies took place at the end of the previous
Vendian stage (Zonenshain et al. 1990, Dobretsov & Buslov 2004). The craton of Siberia
(Fig. 3) was almost entirely covered by sea and was the largest sedimentary basin of the
Early Cambrian, where carbonate sedimentation dominated (Ronov et al. 1984, Kobayashi
1987, Ford & Golonka 2003, Golonka ef al. 2003, Kiessling et al. 2003, Mel’nikov &
Konstantinova 2005, Peryt et al. 2005, Kouchinsky et al. 2007, Khomentovsky 2008).
Maximal thickness of the Lower Cambrian was formed in depressions which appeared at
continuations of the neighboring mobile belts (Khantay, Irkineyevo and Urin troughs), in
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zones of subsidence at the craton margins (Peri-Yenisei, Peri-Sayan, Peri-Baikal, Berezova,
Yudoma, Lena Troughs), as well as in the inner troughs (Central and Sukhana). Thickness
of the Lower Cambrian rocks in these depressions is as large as hundreds of meters. The
southern, south-western and central parts of the craton formed a giant, semi-closed salt-
-bearing basin with the maximal thickness of deposits up to 2 km. Potash salt was deposited
in the Irkutsk basin, which was bordered from the east by a band of barrier reefs oriented
north-north-westwards and cutting the middle coarse of the Lena River. Eastwards,
low-thick bituminiferous calcareo-argillaceous formations were deposited under the condi-
tions of non-compensated subsidence in relatively deep Sukhana and Yudoma troughs and
in the Taimyr peninsula (Bogdanov ef al. 1998, Sekretov 1999, Metelkin et al. 2005, Gee et
al. 2000).
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Fig. 3. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas during
Early Cambrian time

Fig. 3. Mapa tektoniki ptyt, paleosrodowiska i litofacji Syberii oraz obszaroéw sasiednich we wczesnym
kambrze

The Baltica 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/
Hercynian suture, and on the southwest by a suture located close, but not quite along the
Teisseyre—Tornquist line (Golonka 2000, 2002). The Cadomian orogeny in Europe caused
the deformation and magmatic events of terranes from Iberia through Armorica. The Baltica
(Eastern Europe) might have collided with the Cadomian part of Gondwana during the
Vendian time causing deformation in the Timan area and proto-Uralian area. The Pechora-
-Timan belt and fragments of Ural, Novaya Zemlya and Taimyr (Olovyanishnikov et al.
1997, Puchkov 1997, Roberts et al. 1997, Vernikhovsky 1997, Roberts & Siedlecka 2002,
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Gee et al. 2006) are equivalent of the Cadomian belt (Golonka 2000, 2002, Golonka ef al.
2003). The connection between Siberia, the Verhoyansk (Kolyma-Okhotsk-Chersky or
Kolyma-Omolon) terranes (northeastern Russia) and Barentsia (Svalbard and adjacent part
of the Barents Sea) remain very speculative. At the same time, rifting occurred along the
other Baltica border related perhaps to the opening of the lapetus Ocean (Poprawa et al.
1999, Poprawa 2006). In the Lower Cambrian time sedimentary basins often changed their
shapes (Ronov et al. 1984, Nikishin et al. 1996, Ford & Golonka 2003, Golonka et al.
2003). Vast territories were occupied by the Baltic-Moscow basin in the central part of the
craton and the Scandinavian basin in the north-western part of it; the map (Fig. 4) shows
the maximal size of their flooding by the sea. Argillaceous deposits with the total thickness
of first tens of meters, in rare cases up to 150-200 m, dominated in the first basin. It is
likely that at the beginning of the epoch the basin was connected with the Urals basin
(Puchkov 1996, 1997). Sandy rocks with the thickness up to 100 m dominated in the Scan-
dinavian basin (Mgller & Friis 1999, Giese & Koppen 2001, Ford & Golonka 2003,
Golonka et al. 2003).

Fig. 4. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas during
Early Cambrian time

Fig. 4. Mapa tektoniki plyt, paleosrodowiska i litofacji Baltyki i obszarow sasiednich we wczesnym
kambrze

The South China plate (Fig. 5) includes southern part of China and northeastern frag-
ment of Vietnam. It is separated from North China by the Quingling-Dabie suture, from
Indochina by Song Ma suture, from Sibumasu terrane by the Ailaoshan suture, from
Songpan-Ganzi accretionary complex by the Longmenshan suture (Nie ef al. 1990, Met-
calfe 1998, Golonka et al. 2006b). The southeastern margin of South China is a passive
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margin connected to South China Sea by extended continental crust. To the east, South
China plate is bordered by the Taiwan foldbelt and the Okinawa trough passive margin.
According to Jishun (1996), the plate was finally formed between 1000-800 Ma with sig-
nificant tectonothermal events of 2600-24000 Ma and 1900—1700 Ma. According to Yin &
Nie (1996), the amalgamation of the western South China (the Yangtze plate) and eastern
South China (the Hunan plate) happened during the Latest Precambrian. According to
Charvet et al. (1996), these plates were welded during a Late Proterozoic orogeny of
collisional type. This collision was completed at about 770-800 Ma, earlier than the Pan-
-African Orogen.

Paleoasian Ocean

Fig. 5. Plate tectonic, paleoenvironment and lithofacies map of China, Indochina and adjacent areas
during Early Cambrian time

Fig. 5. Mapa tektoniki ptyt, paleosrodowiska i litofacji Chin, Indochin oraz obszarow sasiednich we
wcezesnym kambrze

Figure 5 depicts the position of Indochina, South China and adjacent areas within the
northeastern part of Gondwana north of Paleoequator. Mixed carbonate/clastics facies are
present in the margins, on Chinese and South-East Asian terranes and eastern Australia
(Ronov et al. 1984, Cook 1990, Shouxin & Yongyi 1991, Golonka 2000, 2002, Kiessling
et al. 2003, Veevers 2003, 2004, Collins & Pisarevsky 2005, Glen 2005, Golonka et al.
2006b, Mei et al. 2006, Wang et al. 2007, Ma et al. 2008). Almost all territory of the South
China craton was covered by the sea in the Early Cambrian; the only exception was the
Jangnan ridge which separated the inner basin from the trough of the south-eastern China.
Sedimentation of littoral and shelf limestones, dolomites and argillites dominated in the
upper Yangtze sedimentary basin. Phosphorite-bearing formation as well as the formation
of black shales were distinguished in the northern part of the basin (Tianfu e al. 1999, Shi
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& Hu 2005, Steiner et al. 2005, Jiang et al. 2007, Zhang et al. 2008). A fraction of terri-
genous rocks increased south-eastwards. Usually the total thickness of the Lower Cambrian
deposits is few hundreds meters, however in some depressions it can be as large as 1 km
and more. Subsidence and marine sedimentation are known during the Cambrian only in
northern India (Ronov et al. 1984, Garzanti 1999, Parcha 1999, Upreti 1999, Myrow et al.
2003, 2006, Steck 2003, Veevers 2004, Golonka et al. 2006b, McQuarrie et al. 2008). Sea
boundary gradually moved northwards and in the coastal zone marine facies changed to
continental. Thickness of marine terrigeneous and carbonate deposits of the Lower Cam-
brian in the Lesser Himalayas is 400—-500 m.

Middle Cambrian

Laurentia rapidly drifted northward and rotated counter-clockwise, reaching low lati-
tudes (Scotese & McKerrow 1990, Golonka et al. 1994, 2006¢c, Cocks & Torsvik 2005,
2007, McCausland et al. 2007) (Figs 6, 7). Subsidence progressed in the Peri-Appalachian
and Peri-Cordilleran zones, and marine basins became larger (Stewart & Poole 1974,
Mellen 1977, Chafetz 1980, Brett et al. 1990, Garzione et al. 1997, Keppie et al. 1997,
Ford & Golonka 2003, Golonka et al. 2003, Murphy & Keppie 2005, Murphy ef al. 2008,
Schulz et al. 2008). The most pronounced transgression was in the Peri-Cordilleran zone.
In that epoch, sea boundary migrated there many times and mainly sedimentary rocks were
deposited there in the wide coastal zone. Further to the west they changed to more thin ar-
gillaceous and carbonate deposits of an increased thickness, which was as large as 1 km
(Rowell et al. 1979). In the northern part of the zone, a basin with high-salinity waters ex-
isted; salt- and gypsum-bearing formation of Salinia River and Samgvin were deposited
there at the end of the Middle Cambrian. The similar pattern of facies and deposits thick-
ness was found for the Peri-Appalachian zone; however in this region volcanism was de-
veloped indicating that extension and rifting existed there being associated with a continu-
ing opening of the lapetus paleo-ocean (Murphy et al. 1985, Cawood et al. 2001, Golonka
2002, Ford & Golonka 2003, Golonka ef al. 2003, 2006¢c, McCausland et al. 2007, Murphy
& Nance 2008). In the northern and north-eastern parts of the craton, in the basins of the
Peri-Innuitian zone, sandy deposits changed to carbonate and terrigeneous-carbonate. Their
thickness is not large and exceeds 800 m only in the south-eastern part of Ellesmere Island
(Trettin & Balkwill 1979, Trettin 1987, 1989, 1994, 1998, Trettin et al. 1987, Long 1989,
Estrada et al. 2003).

General paleogeography of the Siberian craton was inherited from the previous epoch
(Figs 7, 8). The larger part of deposits of this huge basin consisted of carbonates (Ronov et
al. 1984, Kobayashi 1987, Zonenshain et al. 1990, Ford & Golonka 2003, Golonka et al.
2003, Kiessling et al. 2003, Mel’nikov & Konstantinova 2005, Kouchinsky et al. 2007,
Khomentovsky 2008). Sedimentation area became smaller. By the end of the Middle Cam-
brian, non-compensated Sukhansk and Yudomsk depressions were filled by sediments;
thickness of deposits did not exceed 1.5 km there. Regression was developed in the Aldan
shield.

In the Peri-Urals zone in Baltica, the Middle Cambrian deposits are unknown (Ronov
et al. 1984, Puchkov 1991, 1996, 1997). Regression developed there at that time (Fig. 9).
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Fig. 7. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent
Tapetus Ocean during Middle Cambrian time

Fig. 7. Mapa tektoniki plyt, paleosrodowiska i litofacji zachodniej Laurencji i i przylegtego oceanu
Iapetus w srodkowym kambrze
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Fig. 8. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas during
Middle Cambrian time

Fig. 8. Mapa tektoniki ptyt, paleosrodowiska i litofacji Syberii i obszaréow sasiednich w $rodkowym
kambrze
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Paleoasign

Fig. 9. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas during
Middle Cambrian time

Fig. 9. Mapa tektoniki ptyt, paleosrodowiska i litofacji Battyki i obszarow sasiednich w $rodkowym
kambrze

The Baltic-Moscow basin became smaller; at that time it was a shallow silted sea with
a very small subsidence rate, which changed to uplifts in the May time (Nikishin et al.
1996). Thickness of the Middle Cambrian argillaceous deposits (sandy deposits in the
coastal zones) never exceeds first tens of meters. In the sedimentary basin of the western
Scandinavia, low-thick argillaceous deposits also dominated (Giese & Koeppen 2001, Ford
& Golonka 2003, Golonka et al. 2003).

The Upper Yangtze sedimentary basin covered almost the entire South China craton
(Fig. 10), except its far west, where the Kham-Dian and Songpan uplifts existed (Ronov
et al. 1984, Shouxin & Yongyi 1991, Tianfu et al. 1999, Golonka 2000, 2002, Kiessling
et al. 2003, Shi & Hu 2005, Steiner et al. 2005, Golonka et al. 2006b, Mei et al. 2006, Bai
et al. 2007, Jiang et al. 2007, Wang et al. 2007, Ma et al. 2008, Zhang et al. 2008). It is
possible that in the south-east the chain of islands separated the basin from the active
Cathaysian belt. There, the typical carbonate shallow facies were replaced by terrigeneous
turbidites. Thickness of the Middle Cambrian rocks varies from 150-200 m to 600—800 in
local troughs, as for example in the southern part of the craton. Carbonates are formed by
both limestones and dolomites (sometimes with gypsum interlayers).

As earlier, in the India craton subsidence and sedimentation occurred only in the
northern part, in the High and Low Himalayas. Terrigeneous, in rare cases carbonate rocks
with the thickness of some hundreds of meters dominated among the deposits (Acharyya &
Sastry 1979, Jain et al. 1980, Ronov et al. 1984, Garzanti 1999, Parcha 1999, Upreti 1999,
Myrow et al. 2003, 2006, Steck 2003, Veevers 2004, Golonka et al. 2006b, McQuarrie
et al. 2008). Slow subsidence occurred almost everywhere in Arabia; sedimentation took
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place in the north under shallow lagoon conditions and in a vast continental area (Husseini
1989, 1990, McGillivray & Husseini 1992, Abu-Ali et al. 1999, Jones & Stump 1999,
Garfunkel 2003, Abu-Ali & Littke 2005, Haq & Al-Qahtani 2005). Thickness of carbon-
ate-terrigeneous complexes of Turkey, Iran and Afghanistan is not large and usually does
not exceed 500 m; thickness of sediments of the Middle Cambrian subcontinental Lalun
formation and its analogies is tens of meters (Ronov ez al. 1984, Kobayashi 1987, Husseini
1989, Cater & Tunbridge 1992, Hamedi et al. 1997, Dean et al. 1997, Dronov 1999,
Goncuoglu & Kozlu 2000, Kiessling et al. 2003, Goncuoglu et al. 2004, Ruban et al.
2007). It is likely that the regions of Trans-Caucasus and southern Turkestan were also
a part of the Arabia craton.
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Fig. 10. Plate tectonic, paleoenvironment and lithofacies map of China, India and adjacent areas
during Middle Cambrian time

Fig. 10. Mapa tektoniki plyt, paleosrodowiska i litofacji Chin, Indii oraz obszaréw sasiednich
w srodkowym kambrze

Late Cambrian

This was a quiet time without any major collisions, but of a continuing sea-level rise.
The continents of Gondwana, Baltica, Laurentia and Siberia continued their existence. Si-
beria and Laurentia drifted northward coming close to the equator (Fig. 11). Advanced sea-
floor spreading occurred in the oceans between Laurentia and Baltica, between East Siberia
and Baltica and between Laurentia and Gondwana (Scotese & McKerrow 1990, McKerrow
et al. 1991, Golonka et al. 1994 2006¢, Torsvik et al. 1996, Dalziel 1997, Golonka 2000,
2002, Lewandowski 2003, Cocks & Torsvik 2005, 2006, 2007, McCausland et al. 2007).
Laurentia rapidly drifted northward and rotated counter-clockwise, reaching low latitudes.
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Subsidence and transgressions occurred on the large area of the Laurentian craton;
as the result almost one third of the craton was covered by marine sedimentary basins
(Stewart & Poole 1974, Mellen 1977, Chafetz 1980, Brett ef al. 1990, Garzione et al. 1997,
Keppie et al. 1997, Ford & Golonka 2003, Golonka et al. 2003, Kiessling et al. 2003,
Murphy & Keppie 2005, Murphy et al. 2008, Schulz et al. 2008). The map (Fig. 12) shows
the boundaries of these basins taking into account further partial washing out of the Upper
Cambrian deposits; their real size could have been even larger. In the Paleozoic, transgres-
sion for the first time took place on the large area of the Midcontinent; it resulted in junc-
tion of the Peri-Appalachian and Peri-Cordilleran basins. Stable tectonic regime and hot cli-
mate resulted in a deposition of mainly limestones and dolomites, especially in the southern
part of the Midcontinent and in the basins of the northern Canada (Trettin & Balkwill 1979,
Trettin 1987, 1989, 1994, 1998, Trettin et al. 1987, Long 1989, Estrada et al. 2003). How-
ever, sandy-argillaceous deposits dominated in the peripheral parts of sedimentary basins.
Thickness of the Upper Cambrian deposits in the vast areas of the inner basins is not large -
tens of meters. The exception is the Michigan-Illinois basin, in the southern part of which
thickness of carbonates exceeds 1 km. In the south, in the central Texas, carbonates and
gypsum were deposited in the basin with an increased salinity (Chafetz 1980). Large thick-
ness (more than 2 km) of carbonate and terrigeneous sediments was accumulated in the
wide marginal shelf zone in the Canadian Rocky Mountains. To the south the similar zone
is much more narrow and carbonate-terrigeneous complex with 1.5 km thickness was also
deposited there (Stewart & Pool 1974).

0

Fig. 12. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent
lapetus Ocean during Late Cambrian time

Fig. 12. Mapa tektoniki plyt, paleosrodowiska i litofacji zachodniej Laurencji oraz przylegtego oceanu
lapetus w p6znym kambrze
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Almost the entire Siberian craton (Fig. 13) was covered by the sea; on the whole, the
conditions of shallow carbonate sedimentation dominated in sedimentary basins (Ronov ef al.
1984, Zonenshain et al. 1990, Ford & Golonka 2003, Golonka et al. 2003, Kiessling et al.
2003, Mel'nikov & Konstantinova 2005, Kouchinsky et al. 2007, Khomentovsky 2008).
Evaporites were deposited as well in a wide lagoon in the central part of the craton. In the
north, the lagoon was separated from relatively more deep open basins by barrier reefs.
A fraction of terrigeneous rocks in the Upper Cambrian deposits is essential in the south and
south-west. Fragmented material came from the uplifts in the region of the Yenisei ridge.
Thickness of terrigeneous rocks in the southern basins is tens of meters; however, in some
depressions near the Yenisei orogen thickness of sandstones and conglomerates exceeds one
hundred meters. Thickness of lagoon carbonate-evaporite layers changes from 80—-100 m in the
south to 700—800 m in the north. Carbonates from the barrier reefs are 1000—1200 m thick.
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Fig. 13. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas during
Late Cambrian time

Fig. 13. Mapa tektoniki ptyt, paleosrodowiska i litofacji Syberii oraz obszaréw sasiednich w pdznym
kambrze

Subsidence of the large and extremely shallow Baltic-Moscow basin, which occupied
almost one third of the Baltica craton continued in the Late Cambrian (Ronov ef al. 1984,
Puchkov 1991, 1996, 1997, Nikishin et al. 1996, Golonka et al. 2003) (Fig. 14). Thickness
of argillaceous and sandy-argillaceous (in coastal zones) sediments was some meters and
rarely exceeded 10—15 m. Clayey sediments of a similar low thickness were in the sedimen-
tary basin which covered a large part of Scandinavia. Their thickness near Oslo graben was
about 45 m, and 100 m in the northern part of Poland (Olaussen 1981, Ro et al. 1990,
Ulmishek 1990, Jaworowski 2000, Sikorska 2000, Ford & Golonka 2003, Golonka et al.
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2003, Pedersen et al. 2007, Szymanski 2008). Subsidence of the marginal basin and accu-
mulation of mainly sandy deposits with the thickness of up to 300400 m started at the end
of the Late Cambrian in the Peri-Urals zone.

————— NEgam \ Eey: A s, e
\ \//Wleionic Ocean

Fig. 14. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas during
Late Cambrian time

Fig. 14. Mapa tektoniki ptyt, paleosrodowiska i litofacji Battyki oraz obszaréw sasiednich w pdznym
kambrze

A large carbonate platform with limestones, dolomites and mixed carbonate/clastic fa-
cies, existed in the southern and central parts of South China plate (Fig. 15) (Ronov ef al.
1984, Shouxin & Yongyi 1991, Tianfu ef al. 1999, Golonka 2000, 2002, Kiessling et al.
2003, Shi & Hu 2005, Steiner et al. 2005, Golonka et al. 2006b, Mei et al. 2006, Bai et al.
2007, Jiang et al. 2007, Wang et al. 2007, Ma et al. 2008, Zhang et al. 2008) and was con-
nected with the carbonate deposition area on the Arabia plate margin (Ronov ef al. 1984,
Golonka 2000). Clastic sedimentation prevailed in the northern part of the plate (Fig. 15).
Carbonates and mixed carbonate/clastic facies are present within terrigenous complexes in
the northern India-Himalayan area (Gupta & Brookfield 1991). Carbonate and mixed car-
bonate/clastic facies also occurred in eastern Australia (Cook 1990) and carbonate/clastic
facies in South-East Asia (Brookfield 1996). The Cambrian oolitic limestones of Dien Lu
Formation (Ding Ming Mong 1978, Tran van Tri 1979, Findlay 1997) are exposed in the
northwestern part of Vietnam. In Indostan, marine deposits of the Late Cambrian are
known only in the northern part of the peninsula, in the Low Himalayas. Subsidence of
a shelf marine basin continued there since the Middle Cambrian; terrigeneous complexes
were deposited in its coastal part, while northwards they changed to carbonate and
terrigeneous-carbonate deposits. Thickness of the Upper Cambrian rocks does not exceed
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300-400 m. Mountain massifs in the north-western part of the Low Himalayas were the
source of fragmented material (Acharyya & Sastry 1979, Jain et al. 1980, Ronov et al.
1984, Garzanti 1999, Parcha 1999, Upreti 1999, Myrow ez al. 2003, 2006, Steck 2003,
Veevers 2004, Golonka et al. 2006b, McQuarrie et al. 2008). Subcontinental sandstones of
the Lapun and similar formations, with a thickness of 10-20 m, were formed in the vast
area of the central Arabia (Husseini 1989, 1990, McGillivray & Husseini 1992, Abu-Ali et
al. 1999, Jones & Stump 1999, Garfunkel 2003, Abu-Ali & Littke 2005, Haq & Al-Qahtani
2005). A marine sedimentary basin was located north-eastwards on the place of the con-
temporary Persian Gulf, Iran and Iraq (Ronov ef al. 1984, Kobayashi 1987, Husseini 1989,
Cater & Tunbridge 1992, Dean ef al. 1997, Hamedi et al. 1997, Dronov 1999, Goncuoglu
& Kozlu 2000, Kiessling ef al. 2003, Goncuoglu et al. 2004, Ruban et al. 2007). Mainly
limestones and dolomites, sometimes sandy and argillaceous rocks of 300400 m (900 m in
Tebes region) thickness were deposited on a shallow shelf there.

Paleoasian Ogean
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Fig. 15. Plate tectonic, paleoenvironment and lithofacies map of China, India and adjacent areas dur-
ing Late Cambrian time

Fig. 15. Mapa tektoniki plyt, paleosrodowiska i litofacji Chin, Indii oraz obszaréw sasiednich w péznym
kambrze

Early Ordovician

This was the time of maximum dispersion of continents during the Paleozoic (Fig. 16).
The continents of Gondwana, Baltica, Laurentia and Siberia continued to exist. Baltica,
Laurentia and Siberia drifted further northward (Scotese & McKerrow 1990, McKerrow
et al. 1991, Golonka et al. 1994, 2006¢, Torsvik et al. 1996, Dalziel 1997, Golonka 2000,
2002, Lewandowski 2003, Cocks & Torsvik 2005, 2006, 2007, McCausland et al. 2007).
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The rapid northward drift of continents widened the oceanic systems (Dalziel 1997,
Golonka 2000, 2002). Laurentia was situated on equator at that time (Fig. 6). The distance
between Gondwana and Laurentia reached 5000 km (Kent & van der Voo 1990). The wide-
ning of the Paleoasian Ocean could also have happened at that time (Zonenshain et al.
1990).

On the whole, the carbonate sedimentation dominated in the basins of Laurentia craton
(Stewart & Poole 1974, Mellen 1977, Chafetz 1980, Ronov et al. 1984, McKerrow et al.
1991, Garzione ef al. 1997, Kolata et al. 2001, Ford & Golonka 2003, Kiessling et al. 2003,
Sharma et al. 2003, Dixon 2008) (Fig. 17). The Williston basin decreased in size, and only
there terrigeneous facies were deposited (Porter & Fuller 1959, Slind et al. 1994). Their
thickness did not exceed 120-130 m. The eastern part of Greenland has undergone trans-
gression, the thickness of carbonate and rare terrigeneous rocks reched there as much as
1000 m (Henriksen 1978, Harland 1979, Henriksen & Higgins 2000, Golonka et al. 2003,
Smith et al. 2004). In the basins of the northern Canada, carbonate sedimentation domi-
nated as well, evaporites (gypsum) also were deposited there (McGill 1974, Trettin &
Balkwill 1979, Trettin 1987, 1989, 1994, 1998, Trettin et al. 1987, Long 1989, Estrada
et al. 2003). Some of the Lower Ordovician sections are very thick, up to 2000 m (Surlyk
et al. 1980). Evaporites were deposited as well in the Michigan basin; compared to the Late
Cambrian time the role of carbonate sedimentation essentially increased (Barnes et al. 1996,
Howell & van der Pluijm 1990, 1999, Kolata et al. 2001, Sharma et al. 2003). The thickness
of the Lower Ordovician deposits in the central part of the basin is as much as 300-350 m.
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Fig. 17. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent
Iapetus Ocean during Early Ordovician time

Fig. 17. Mapa tektoniki ptyt, paleosrodowiska i litofacji zachodniej Laurencji oraz przyleglego
oceanu lapetus we wczesnym ordowiku
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The basin was connected with the Peri-Appalachian basin, where thickness of deposi-
tions increases to 600—700 m. In the western part of the continent, narrow epicraton basins
were located in the Peri-Cordilleran zone. Carbonates also dominated there; however, in
Nevada and some other regions almost a half of section is formed by shallow terrigeneous
complexes (Ross 1976). Sometimes their thickness exceeds 1000—-1500 m. The basin in the
north-western part of Canada covered a larger area and was filled by nearly solely carbonates,
with their maximal thickness being 600—700 m. Two different facies were developed in the
Early Paleozoic in south-western part of USA: a deep water passive margin facies in the
Ouachita orogenic belt, and a predominantly shallow water cratonic facies in the Ouachita
foreland (Ham 1959, 1969, Flawn et al. 1961, Lowe 1985, 1989, Golonka et al. 2006c).

A large Tunguska basin existed in the central part of the Siberian craton in the Early
Ordovician (Ronov ef al. 1984, Kanygin et al. 1988, Zonenshain et al. 1990, Torsvik et al.
1995, Ford & Golonka 2003, Golonka et al. 2003, Kiessling et al. 2003, Bogolepova et al.
2006, Artyushkov et al. 2008) (Fig. 18). Sandstones and argillites dominated in sediments
of the southern part of the basin, while terrigeneous-carbonate rocks with prevailing
dolomites were developed in its northern part. In the north, the Tunguska basin was con-
nected with the Southern-Taimyr basin, where dolomites, sandstones and argillites with the
thickness of the first hundreds of meters were deposited. Besides, in the central part of the
southern Taimyr basin, the Khambinsk formation of black bituminiferous schists and car-
bonates was formed (Ronov ef al. 1984, Bogdanov et al. 1998, Inger et al. 1999, Golonka
et al. 2003, Metelkin et al. 2005, Gee et al. 2006, Lorenz et al. 2008).
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Fig. 18. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas during
Early Ordovician time

Fig. 18. Mapa tektoniki plyt, paleosrodowiska i litofacji Syberii oraz obszaréw sasiednich we
wcezesnym ordowiku
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In the southern part of the craton, a rapid filling of the Irkutsk basin by thick
terrigeneous formations (up to 1400 m) occurred. In the southern Verkhoyansk region
(Sette-Daban ridge), only thick layers of carbonate formations were formed (Ronov et al.
1984, Zonenshain et al. 1990, Parfenov 1991, Prokopiev 2000, Golonka et al. 2003). More
than 1300 m of limestones and dolomites were accumulated there, in the depression located
far from regions of water erosion, under the conditions of normal marine basin. Collision
between microcontinents (Salairian orogeny) in the Mongolia-Tuwa area (Zonenshain et al.
1990) marked the onset of the formation of the Amuria (Mongolia) microcontinent.

Arc-continent collisions occurred along the margins of lapetus-Tornquist-Pleionic
oceanic system in Baltica and in Avalonia causing deformations of the Penobscottian,
Grampian, Finnmarkian, and Athollian orogenies (Neuman & Max 1989, Ziegler 1990).
The deformation events in Baltica might have been related to the transformation of a pas-
sive margin into a convergent one, due to the development of the subduction zone. Subsi-
dence and transgression on Baltica (Fig. 19) moved gradually from the west to the east, and
the Baltic-Moscow basin was formed in the Early Ordovician (Nikishin et al. 1996,
Golonka et al. 2003). It was a large but rather shallow basin where quartz and glauconitic
sand, graptolite ooze, and detrital limestone with the total thickness of few tens of meters
(no more than 100 m) were deposited. In the Baltic republics, in Estonia and Lithuania, the
formations of black diktyonite schists were found (Ronov et al. 1984, Kaljo et al. 1988,
Fortey et al. 1995, Zdanaviciuté¢ & Bojesen-Koefoed 1997, Puura et al. 1999, Modlinski et
al. 2007, Raudsep 2008).
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Fig. 19. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas during
Early Ordovician time

Fig. 19. Mapa tektoniki ptyt, paleosrodowiska i litofacji Baltyki oraz obszaréw sasiednich we
wcezesnym ordowiku
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Similar shallow marine conditions were in the north-western, Scandinavian, part of the
basin; however, sediments had another composition: they were more clayey and fine-
-grained in littoral zones, more carbonaceous in the central part, while in the Peri-Scandina-
vian zone a fraction of sandy rocks increased and thickness of sediments becomes as large
as 300-400 m. In the Ruegen-Pomorze depression the special conditions of a fast subsi-
dence existed; the complex of rocks of black-schist formation with the thickness of 800 m
was deposited there (Beier et al. 2000, Dadlez 2000, Beier & Katzung 2001, Wrona et al.
2001, Verniers et al. 2002, Winchester et al. 2002, Krzeminski & Poprawa 2006, Nawrocki
& Poprawa 2006, Podhalanska & Modlinski 2006). In the east, along the Urals belt, a narrow
zone of marginal basins existed (Ronov et al. 1984, Puchkov 1991, 1996, 1997, Nikishin
et al. 1996, Golonka ef al. 2003). There, from the west to the east, coarse alluvial deposi-
tions with the thickness of up to 1-2 km changed to shelf rhythmic sandy-argillaceous and
carbonate rocks of the same thickness, and farther eastwards to terrigeneous complexes of
continental slope.

Paleoasian Ocgan
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Fig. 20. Plate tectonic, paleoenvironment and lithofacies map of China, India and adjacent areas
during Early Ordovician time

Fig. 20. Mapa tektoniki plyt, paleosrodowiska i litofacji Chin, Indii oraz obszaréw sasiednich
we wezesnym ordowiku

A sedimentary basin occupied almost the entire South China plate (Fig. 20). It was
bordered by the Kham-Dian and Songpan uplifts from the west, and by the Liangnan islands
from the east (Ronov et al. 1984, Shouxin & Yongyi 1991, Chen et al. 1995, Golonka
2000, 2002, Cocks 2001, Feng et al. 2001, Kiessling et al. 2003, Golonka et al. 2006b).
Deposition of carbonates and magnesian carbonates dominated there. Evaporites were
formed in the western part of the basin. The amount of terrigenous material in the Upper
Cambrian deposits is very small. Carbonates changed to more deep-water complexes
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(sometimes to turbidites) only in the southeastern part of the plate, adjacent to the Cathay-
sian mobile belt. On the Shan Plateau within the Sibumasu plate, clastic sedimentation pre-
vailed within Cambro-Ordovician strata (Brookefield 1996). The Early Ordovician was
characterized by transgressions in Arabia, Afghanistan and Iran regions (Wolfart & Witte-
kindt 1980, Ronov ef al. 1984, Kobayashi 1987, Husseini 1989, 1990, Cater & Tunbridge
1992, McGillivray & Husseini 1992, Hamedi ef al. 1995, Dean et al. 1997, Abu-Ali et al.
1999, Dronov 1999, Jones & Stump 1999, Garfunkel 2003, Kiessling et al. 2003, Abu-Ali
& Littke 2005, Haq & Al-Qahtani 2005, Ruban et al. 2007 ) (Fig. 19). The marine basin in
the Arabian peninsula became larger. Contrary to the Upper Carboniferous, there are almost
no carbonates in the lower Ordovician depositions; sandy rocks with continental facies in
the coastal zone dominate among terrigencous rocks. Their thickness is 200400 m. In India,
a shallow marine basin existed only in the northern part of the peninsula, where continuous
accumulation of carbonate-terrigeneous deposits occurred in the east, and terrigeneous sed-
iments prevailed in the west (Acharyya & Sastry 1979, Jain ef al. 1980, Ronov et al. 1984,
Garzanti 1999, Parcha 1999, Upreti 1999, Myrow et al. 2003, 2006, Steck 2003, Veevers
2004, Golonka et al. 2006b, McQuarrie et al. 2008). Thickness of these deposits is
100-250 m. The Delamerian-Ross orogeny developed a fold and thrust belt with extensive
volcanism along the margin of western Gondwana in southeastern Australia, the Wilson
terrane, and from north Victoria Land to the Pensacola Mountains in Antarctica (Cook
1990, Findlay 1991, Findlay et al. 1991, Flottmann et al. 1993).

Middle Ordovician

This was a time of major plate reorganization (Scotese & McKerrow 1990, McKerrow
et al. 1991, Torsvik et al. 1996, Dalziel 1997, Golonka 2000, 2002, Lewandowski 2003,
Golonka et al. 1994, 2006b, ¢, Cocks & Torsvik 2005, 2006, 2007, McCausland et al. 2007).
The Cambrian oceans began to narrow. Laurentia reversed its northward drift (Fig. 21).
Baltica rotated counterclockwise while Gondwana rotated clockwise. New oceans and con-
tinents like Avalonia appeared. The emergence of the South Pole ice cap was related to this
plate reorganization.

Avalonia probably started to drift from Gondwana and move towards Baltica in the
Late Tremadocian and was in a drift stage by the Llanvirnian (McKerrow et al. 1991, Torsvik
et al. 1996, Golonka 2000, 2002). Between Gondwana, Baltica, Avalonia and Laurentia,
a large longitudinal oceanic unit, known as the Rheic Ocean (McKerrow et al. 1991,
Golonka 2000, 2002) was formed. Traditionally the continent of Avalonia consists of north-
western and possibly southern Poland, terranes in northern Germany, the Ardennes of Bel-
gium and northern France, England, Wales, southeastern Ireland, the Avalon Peninsula of
eastern Newfoundland, much of Nova Scotia, southern New Brunswick, and some coastal
parts of New England. The Brunovistulicum terrane, some accreted terranes in the basement
of the East Carpathians parts of the Scythian platform, parts of Kazakhstan, and southern
Mongolia terrane could constitute the eastern extension of the Avalonia (Paul et al. 2003a, b).
The Turkmen (Zonenshain ef al. 1990) and Solonker (Sengdr & Natalin 1996) oceans in
Asia could constitute the eastern parts of this Rheic Ocean. Relationship of eastern Peri-
-Gondwana terranes and Avalonia plates remain unknown and speculative. Presented maps
(Figs 21, 26) suggest the possibility of extension of the Rheic Ocean toward the eastern-
most part of Gondwana.
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During the Ordovician times, several island arcs were present off the eastern margin of
Laurentia. They can be readily recognized in the northern Appalachians, but are less certain
in the British Isles. These arcs appear to have collided with Laurentia progressively, start-
ing in the north, during the Early Ordovician (Athollian orogeny) and ending with the
Caradocian Taconian orogeny (McKerrow et al. 1991). The total size of marine basins on
Laurentia (Fig. 22) increased due to transgression in the south-east and north of Canada
(Stewart & Poole 1974, Mellen 1977, Chafetz 1980, Ronov et al. 1984, McKerrow et al.
1991, Garzione et al. 1997, Kolata et al. 2001, Ford & Golonka 2003, Kiessling et al. 2003,
Sharma et al. 2003, Dixon 2008). Erosion increased in the Middle Ordovician; as the result
an amount of terrigeneous rocks in sedimentary basins of the central and southern parts of
the craton increased, especially in the Williston basin, where sandstones prevailed (Porter
& Fuller 1959, Slind et al. 1994). However, carbonates dominated in the Michigan basin
and in the northern part of the craton. Thickness of the Middle Ordovician rocks is usually
tens of meters. High sedimentation rate existed in the peri-craton zones. In the Peri-Appala-
chian and Peri-Cordilleran zones, thickness of deposits gradually increases to 1000—1500 m
(Ross 1976, Brett et al. 1990). Thickness of the Middle Ordovician rocks in the Peri-
-Innuitian zone and the eastern part of Greenland is more than 1000 m (McGill 1974,
Henriksen 1978, Trettin & Balkwill 1979, Surlyk et al. 1980, Trettin 1987 1989, 1994,
1998, Trettin et al. 1987, Long 1989, Henriksen & Higgins 2000, Estrada et al. 2003,
Golonka et al. 2003, Smith et al. 2004).

anthalassa

0 1000
e .

lapetus Ocea

Fig. 22. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent
Iapetus Ocean during Middle Ordovician time

Fig. 22. Mapa tektoniki plyt, paleosrodowiska i litofacji zachodniej Laurencji oraz przyleglego
oceanu lapetus w srodkowym ordowiku
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In the Caradocian age, the sea in the northern part of the craton had increased salinity
and gypsum and anhydrides were deposited there. Similar paleogeographic conditions
existed in the south-west of the Michigan basin (Barnes et al. 1996, Howell & van der
Pluijm 1990, 1999, Kolata ef al. 2001, Sharma et al. 2003).

The size of the Siberian craton became larger in the south due to accretion of the
Selenga-Upper Vitim zone. Marine basins had the same locations but became a little bit
smaller (Fig. 23). A fraction of carbonates in the deposits decreased (in the Tunguska and
Southern Taimyr basins), while a fraction of terrigencous, often colored, sediments in-
creased (Ronov et al. 1984, Kanygin ef al. 1988, Zonenshain ef al. 1990, Torsvik et al.
1995, Ford & Golonka 2003, Golonka et al. 2003, Kiessling et al. 2003, Bogolepova et al.
2006, Artyushkov ef al. 2008). In the east of the Tunguska basin, the layers and lenses of
gypsum exist; it indicates that water had an increased salinity. In the northern part of
Taimyr, the terrigeneous-carbonate complexes changed abruptly to deep-marine black
schists of a small thickness (Ronov et al. 1984, Bogdanov et al. 1998, Inger et al. 1999,
Golonka et al. 2003, Metelkin et al. 2005, Gee et al. 2006, Lorenz et al. 2008). It is likely
that subsidence was not compensated by sediments there. On the whole, the thickness of
the Middle Ordovician rocks is not large and rarely exceeds 100 m. It increased from south
to north up to 100 m only in the southern Taimyr basin, however, the thickness of the Middle
Ordovician deposits decreased abruptly to tens of meters further to the north, in the zone of
a non-compensated subsidence.
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Fig. 23. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas during
Middle Ordovician time

Fig. 23. Mapa tektoniki plyt, paleosrodowiska i litofacji Syberii oraz obszaréw sasiednich w srodkowym
ordowiku
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Sections of the Middle Ordovician deposits in the Verkhoyansk area and Sette Daban
are formed mainly by carbonate rocks (Ronov et al. 1984, Zonenshain et al. 1990, Parfenov
1991, Prokopiev 2000, Golonka et al. 2003). Their thickness is often rather large — up to
2-3 km. General shape of these sedimentary basins and their paleogeography are not clear
because of a complex Late Paleozoic and Mesozoic tectonic deformations.

Subsidence and transgression were spreading to the east, and the shallow sea of the
Baltic-Moscow basin covered a large area in the central part of the craton (Nikishin ef al.
1996, Golonka et al. 2003) (Fig. 24). It is possible that this basin was connected with the
Urals ocean in the north-east (Zoneshain ef al. 1990, Puchkov 1991, 1996, 1997). Stratified
argillaceous and calcareous sediments with a thickness of tens of meters (maximal thick-
ness 180 m) were accumulated in the central part of the basin. Carbonates dominated in the
deposits of the Baltic republics and Scandinavia (Jaanusson 1973, Ronov ef al. 1984, Kaljo
et al. 1988, Fortey et al. 1995, Zdanaviciuté¢ & Bojesen-Koefoed 1997, Puura et al. 1999,
Tuuling & Flodén 2000, Lewandowski & Abrahamsen 2002, Golonka et al. 2003,
Kiessling et al. 2003, Ainsaar et al. 2004, Modlinski et al. 2007, Pedersen et al. 2007,
Raudsep 2008). A relatively fast subsidence continued in the Ruegen-Pomorze trough ac-
companied by sedimentation of thick layers of argillaceous sediments (Beier et al. 2000,
Dadlez 2000, Beier & Katzung 2001, Wrona ef al. 2001, Verniers et al. 2002, Winchester
et al. 2002, Krzeminski & Poprawa 2006, Nawrocki & Poprawa 2006, Podhalanska &
Modlinski 2006). In the south-western part, in the Peri-Carpathian zone, short-term uplifts
and regressions occurred in the Middle Ordovician (Bula & Jachowicz 1996, Moryc &
Nehring-Lefeld 1997, Maksym et al. 2003).
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Fig. 24. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas during
Middle Ordovician time

Fig. 24. Mapa tektoniki ptyt, paleosrodowiska 1 litofacji Baltyki oraz obszaréw sasiednich w srodkowym
ordowiku
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Subsidence of the Peri-Urals zone continued along the entire eastern margin of the
craton; a long belt of marginal basins existed there. The sea became essentially wider in the
north and the Pechora basin was formed (Ismail-Zadeh ez al. 1997, Martirosyan et al. 1998,
O’Leary et al. 2004). There, shallow marine and coastal mainly sandy rocks with a thick-
ness of up to 250-400 m were deposited (Zonenshain et al. 1990, Puchkov 1991, 1996,
1997, Nikishin et al. 1996). From the west to the east along the entire Peri-Urals zone, shal-
low marine coarse-fragmented deposits were changed to relatively more deep rocks, which
included limestones and dolomites with abundant and different marine fauna. Thickness of
deposits increased to 800 m in the same direction. In the southern Urals the Middle Ordovi-
cian is presented by quartz sandstones, which overlay more ancient rocks transgressively
and with a sharp angular unconformity. Marine basin was distinguished conventionally in
the Peri-Caspian and in the Scythian plate (Nikishin ef al. 1996, Vaida & Seghedi 1997,
Kostyuchenko et al. 2004, Sliaupa et al. 2006, van der Voo et al. 2006, Golonka et al.
2006b, Kleshchev 2007).

Fig. 25. Plate tectonic, paleoenvironment and lithofacies map of China, India and adjacent areas
during Middle Ordovician time

Fig. 25. Mapa tektoniki plyt, paleosrodowiska i litofacji Chin, Indii oraz obszaréw sasiednich
w srodkowym ordowiku

According to Shouxin & Yongyi (1991), the Ordovician conformably overlies the
Cambrian over most of the South China plate (Fig. 25). The northern part of the plate
(Yangzi Platform) was covered with carbonates and its eastern part with mixed carbon-
ate/clastic facies (Ronov ef al. 1984, Shouxin & Yongyi 1991, Chen ef al. 1995, Golonka
2000, 2002, Cocks 2001, Feng et al. 2001, Kiessling et al. 2003, Golonka et al. 2006b).
The southern part of the plate is partially uplifted and partially covered by deep water
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synorogenic clastic deposits — more than 4000 m of weakly metamorphosed flysch, sand-
stones and graptolitic shales. Similar rocks formed on the margins of the Indochina plate
(Golonka et al. 2006b). They are known as Pa Ham Formation (Ordovician-Silurian). The
Arabian basin became smaller and mainly terrigeneous sediments were deposited there
(Husseini 1989, 1990, McGillivray & Husseini 1992, Abu-Ali et al. 1999, Jones & Stump
1999, Garfunkel 2003, Abu-Ali & Littke 2005, Haq & Al-Qahtani 2005). A wide zone of
mixed continental and marine sandy facies was located along the southern margin of the
basin. Thickness of the Middle Ordovician rocks is 200400 m, however in the north-east-
ern part of Syria (the Palmire Trough) their thickness increased to 2000-3000 m (Ala &
Moss 1979, Beydoun 1991, Al-Saad et al. 1992, Best et al. 1993, Brew et al. 2001). The
development of the shelf marine basin continues in the northern part of Indostan peninsula
with an accumulation of carbonate-terrigeneous deposits, of the total thickness no more
than 100-200 m. Terrigeneous rocks prevailed in the western part of the basin; a thick com-
plex of alluvium deposits including conglomerates was accumulated there (Acharyya &
Sastry 1979, Jain et al. 1980, Ronov ef al. 1984, Garzanti 1999, Parcha 1999, Upreti 1999,
Myrow et al. 2003, 2006, Steck 2003, Veevers 2004, Golonka et al. 2006b, McQuarrie et al.
2008). Its formation was caused by orogenesis and erosion of the mountain region located
southwards.

Late Ordovician

The Rheic Ocean between Gondwana and Avalonia-Baltica widened significantly
Scotese & McKerrow 1990, McKerrow et al. 1991, Torsvik et al. 1996, Dalziel 1997,
Golonka 2000, 2002, Lewandowski 2003, Golonka et al. 1994, 2006¢c, Cocks & Torsvik
2005, 2006, 2007, McCausland et al. 2007). The large latitudinal ocean system began to
emerge (Fig. 26). The Taconian orogeny caused by arc collision with Laurentia continued
through the Caradocian (McKerrow et al. 1991). The collision of the Patagonia block with
Gondwana occurred during the Fammatinian orogeny, in the Ordovician time. It is quite
possible that the Patagonia terrane rifted away from Laurentia and then collided with
Gondwanian South America. An alternative reconstruction by Dalziel (1997, Dalziel et al.
1994) suggests that the Fammatinian orogen exposed as the basement of the Mesozoic-Ce-
nozoic Andes is broadly coeval with the Taconian orogeny. This implies that the collision
of Laurentia and Gondwanian South America occurred during Ordovician time.

Subsidence and transgressions occurred on the major part of the Laurentian craton
(Fig. 27). The size of marine basins in the Late Ordovician was maximal in the Paleozoic
time (Stewart & Poole 1974, Mellen 1977, Chafetz 1980, Ronov et al. 1984, McKerrow
et al. 1991, Garzione ef al. 1997, Kolata et al. 2001, Ford & Golonka 2003, Kiessling et al.
2003, Sharma et al. 2003, Dixon 2008). Low-lying peneplains formed the land areas; they
did not have fragmented rocks and carbonate sedimentation dominated almost everywhere
in the marine basins. Thickness of deposits is rather low and usually does not exceed the
first tens of meters. It increases to 30 m in the central parts of the Williston and Hudson
basins, to 600—700 m in the marginal parts of the craton and up to 1000 m in the Peri-
-Appalachian zone (Brett et al. 1990).
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Fig. 27. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent
Iapetus Ocean during Late Ordovician time

Fig. 27. Mapa tektoniki ptyt, paleosrodowiska i litofacji zachodniej Laurencji oraz przylegltego
oceanu lapetus w p6znym ordowiku

At the beginning of the Late Ordovician (in the Late Caradocian), carbonate accumu-
lation in the Williston and Hudson basins was under the conditions of an increased water
salinity; thin layers of gypsum and anhydrides are met there. A specific thin complex of
bituminiferous pelitomorphic limestones and flinty rocks was formed in the southern part
of the continent. The Hudson basin is likely to be characterized by an unstable tectonic re-
gime (Norris 1986, Norford 1988, Nelson & Johnson 2002, Hanne et al. 2002). It is the
only region where sandy facies dominated in sediments; their thickness does not exceed
100 m and a large part of them has continental origin. The basin in the east of Greenland
has undergone regression by the Late Ordovician time and its development was finished
(Henriksen 1978, Harland 1979, Henriksen & Higgins 2000, Golonka et al. 2003, Smith et
al. 2004). The movement of Laurentia positioned this plate in close proximity to the Verk-
hoyansk (Okhotsk-Kolyma) superterrane, at that time connected with Siberia (Golonka
et al. 2003). The northward movement of Siberia caused the collision of Siberia and
Laurentia. The tectonothermal event was recorded in the Svalbard as the Middle Ordovi-
cian M’Clintock orogeny (Ohta et al. 1989, 1996), also the transpression developed along
the strike slip along the margin of Barentsia. The Taconian orogeny caused by arc collision
with Laurentia continued through the Caradocian (McKerrow ef al. 1991). On the whole,
the area of the inner marine basins on Siberian plate (Fig. 28) became smaller (Ronov ef al.
1984, Kanygin et al. 1988, Zonenshain et al. 1990, Torsvik et al. 1995, Ford & Golonka
2003, Golonka et al. 2003, Kiessling et al. 2003, Bogolepova et al. 2006, Artyushkov et al.
2008). Terrigeneous marine and continental complexes dominated in the south of
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the Tunguska basin. Lenses and layers of gypsum indicating an increased water salinity
were found in some places there. To the north, sandy and clayey rocks changed to pure
limestones. This formation continued to the north to the southern Taimyr basin (Ronov
et al. 1984, Bogdanov et al. 1998, Inger et al. 1999, Golonka et al. 2003, Metelkin et al.
2005, Gee et al. 2006, Lorenz et al. 2008). In the northern part of the southern Taimyr basin,
carbonates changed abruptly to black clayey and flinty rocks of a rather low thickness.
Such sedimentation conditions existed in that region since the Early Ordovician. Clayey
and flinty deposits of the upper Ordovician have the thickness of the first tens of meters, how-
ever, in the axial part of the basin their thickness was as large as 50-700 m. Areas of the
erosion were smoothed peneplains at that time. The basins in the regions of Sette-Daban
and Verkhoyansk were of the special type. Shelf limestones dominated there among deposits;
however, their thickness was rather large and sometimes exceeded 1500 m. It is obvious
that these regions were epicratonic basins, but their paleogeography is not clear yet.
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Fig. 28. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas during
Late Ordovician time

Fig. 28. Mapa tektoniki ptyt, paleosrodowiska i litofacji Syberii oraz obszaréw sasiednich w péznym
ordowiku

Baltica (Figs 26, 29) rotated counterclockwise, what caused strike-slip deformation in
the narrowing ocean between Baltica and Siberia (Torsvik et al. 1996). Avalonia was prob-
ably sutured to Baltica by the end of Ordovician or in the Early Silurian (Torsvik et al.
1996). The closure of the Tornquist Sea was dominated by a strike-slip suturing of the two
continents, rather than by full-scale continent-continent collision (Torsvik & Trench 1991).
According to Pozaryski (1988), the Polish part of Avalonia was sutured to Baltica, at
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the end of the Ordovician, along a strike-slip fault zone known as the Tornquist-Teisseyre
line. The two blocks formed one larger continent — Balonia. This represents the Early Cale-
donian orogeny. The Baltic-Moscow basin in the Late Ordovician became smaller because
of regression (Nikishin et al. 1996). Certainly it was not connected any more with the Ural
Ocean in the east. A fraction of argillaceous material in sediments increased, and carbon-
ates were mainly presented by reef facies. Argillaceous sediments dominated in the Scandi-
navian part of the basin. Their thickness does not exceed the first tens of meters there. In
the Late Ordovician, accumulation of sediments started in the Ruegen-Pomorze Trough
(Beier et al. 2000, Dadlez 2000, Beier & Katzung 2001, Wrona et al. 2001, Verniers et al.
2002, Winchester et al. 2002, Krzeminski & Poprawa 2006, Nawrocki & Poprawa 2006,
Podhalanska & Modlinski 2006). The thickness of argillaceous deposits exceeds 2600 m
there. Subsidence started in the Peri-Carpathian zone; in the marginal basin, in the coastal
shallow zone, mainly sandy rocks were deposited (Buta & Jachowicz 1996, Moryc &
Nehring-Lefeld 1997, Maksym et al. 2003). Compared to the Middle Ordovician, the tec-
tonic development of the Peri-Urals zone did not change (Zoneshain et al. 1990, Puchkov
1991, 1996, 1997, Nikishin ef al. 1996). This margin of the continent continued to subside
and fragmented material coming from the central regions was deposited there. To the east,
subcontinental alluvium-delta facies were replaced by rhythmic sandy-argillaceous and
carbonate-terrigencous deposits.

Paleoasian
Ocean

BoITico

lapetus Ocean

Ocean

Fig. 29. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas during
Late Ordovician time

Fig. 29. Mapa tektoniki plyt, paleosrodowiska i litofacji Baltyki oraz obszaréw sasiednich w p6znym
ordowiku
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The facies distribution on the South China and Indochina plates (Fig. 30) during this
time was similar to the previous one (Ronov ef al. 1984, Shouxin & Yongyi 1991, Chen
et al. 1995, Golonka 2000, 2002, Cocks 2001, Feng et al. 2001, Kiessling et al. 2003,
Golonka ef al. 2006b). The territory of the Yangtze basin became smaller in the south and
west, because upward movements became more intensive there and large land areas were
formed (Songpan and Dian-Qian). The Late Ordovician deposits are presented by shallow
argillaceous-carbonate associations with the thickness up to 100-150 m. In the northern
part of Indostan no changes occurred in the marginal basin compared to the Middle Ordovi-
cian time (Acharyya & Sastry 1979, Jain et al. 1980, Ronov et al. 1984, Garzanti 1999,
Parcha 1999, Upreti 1999, Myrow et al. 2003, 2006, Steck 2003, Veevers 2004, Golonka et
al. 2006b, McQuarrie et al. 2008). Monotonous sedimentation of carbonate-terrigeneous
deposits with the total thickness of 150-200 m continued there.

Paleoasian Ocea

0 1000
=

Fig. 30. Plate tectonic, paleoenvironment and lithofacies map of China, India and adjacent areas
during Late Ordovician time

Fig. 30. Mapa tektoniki plyt, paleosrodowiska i litofacji Chin, Indii oraz obszaréw sasiednich
w po6znym ordowiku

Early Silurian

Gondwana drifted across the South Pole, rotating clockwise and was separated from
the other continents by the rapidly spreading Rheic Ocean (Scotese & McKerrow 1990,
McKerrow et al. 1991, Golonka et al. 1994, 2006¢c, Torsvik et al. 1996, Dalziel 1997,
Golonka 2000, 2002, Lewandowski 2003, Cocks & Torsvik 2005, 2006, 2007, McCaus-
land et al. 2007). The main part of the Rheic Ocean had a latitudinal orientation between
30° and 60°S, and must have spanned 160 degrees of longitude (Fig. 31).
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The Rheic Ocean was connected in the north-east with the Paleoasian Ocean (Zonen-
shain ef al. 1990, Dobretsov et al. 2003).

The continent of Kazakhstan was formed in the Silurian and then grew during the Pa-
leozoic by the accretion. The relationship between Kazakhstan and other Asian plates re-
main uncertain and speculative. Baltica moved northwestward, relative to Laurentia, and
the Iapetus Ocean narrowed significantly (Fig. 31). The end of the time slice was marked
by the collision between Baltica and Laurentia — the Scandian orogeny (Golonka 2000,
2002, Gee et al. 2008). The continent of Kazakhstan was formed in the Silurian and then
grew during the Paleozoic by the accretion. The relationship between Kazakhstan and other
Asian plates remain uncertain and speculative (Zonenshain et al. 1990, Golonka et al.
1994, 2006b, Golonka 2000, 2002, Nikitin 2002, Levashova et al. 2003, Alexyutin et al.
2005, Golonka et al. 2006b, van der Voo et al. 2006).

After the Late Ordovician transgression, maximal in the Paleozoic time, a wide trans-
gression developed in the Early Silurian on the Laurentian plate (Fig. 32) and the total size
of marine basins became essentially smaller. Large land area formed by plains appeared,
especially in the Midcontinent region (Johnson 1980, Barrick 1997, Cocks 2001, Cramer
& Saltzman 2007). This feature as well as a warm climate resulted in dominating accumula-
tion of carbonates in all marine basins of the craton, often in reef facies. Thickness of the
Lower Silurian deposits usually does not exceed 200 m. In the Michigan basin subsidence
was not compensated by sediments (Howell & van der Pluijm 1990, 1999).

Panthalassa

Fig. 32. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent
Iapetus Ocean during Early Silurian time

Fig. 32. Mapa tektoniki ptyt, paleosrodowiska i litofacji zachodniej Laurencji oraz przylegltego
oceanu lapetus we wezesnym sylurze
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Almost no terrigeneous rocks were formed in the region, besides the Peri-Appalachian
zone, where sandy, argillaceous, and conglomerate strata removed from uplifts of the
southern Appalachian orogenic belt were accumulated in marine and continental facies
(Dickinson 1983, Brett et al. 1990). Their thickness is as much as 1 km. Increased thick-
ness of deposits was also found for the Peri-Innuitian and Peri-Cordilleran zones (de Freitas
et al. 1999). Tunguska and Taimyr basins were active in the Late Llandovery (Tesakov
et al. 1998, 2000, Artyushkov & Chekhovich 2002, 2004). All this vast region was the
open marine basin, where carbonates with benthic fauna dominated in sediments. Grapto-
litic schals were accumulated in more deep marginal parts. In the southern part of the
Tunguska basin in Siberia (Fig. 33) semi-closed, periodically dried, salted depression ex-
isted where red-colored sands, gypsum-bearing dolomites and gypsum were accumulated.
Thickness of carbonate layer in the Tunguska basin is up to 300400 m. The specific condi-
tions existed in the Taimyr basin (Metelkin ez al. 2005, Lorenz et al. 2008). Its central part
was characterized by a long stable regime of non-compensated subsidence; there a forma-
tion of graptolitic schales continued. Carbonate reef rocks were deposited to the south,
while carbonate-terrigeneous rocks with a thickness of some hundreds of meters — to the
north. In the eastern part of Siberia carbonates dominated in deposits of the Sette-Daban
and Yana-Kolyma basins. A fraction of terrigeneous rocks gradually increased in the
Sette-Daban basin; it is likely that filling of the depression came to the end at that time.
Thickness of deposits is rather high there, for example up to 1.6 km in the southern
Verkhoyansk area.
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Fig. 33. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas during
Early Silurian time

Fig. 33. Mapa tektoniki plyt, paleosrodowiska i litofacji Syberii oraz obszaréw sasiednich we
wczesnym sylurze
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The end of the time slice was marked by the collision between Baltica and Laurentia —
the Scandian orogeny. Sedimentary rocks affected by Scandian thrusting and isotopic age
data indicate an Early Silurian age for the onset of the orogeny (Soper et al. 1992). In the
Late Llandovery, west-verging nappes were emplaced in North-East Greenland. After the
first phase of the Scandian orogeny, the southern part of the Iapetus Ocean still remained
open between Avalonia and Laurentia. The Barentsia microcontinent, which included Sval-
bard, collided with northern Baltica (Ohta et al. 1996).

In the western and south-western parts of the East-European platform a regression was
developed in the Early Silurian time (Fig. 34); the Baltic-Moscow basin became wider and
it became connected with the Volhyn-Podolia basin (Nikishin et al. 1996). Shallow carbon-
ate mud enriched in remains of various fauna dominated in the deposits there. Their thick-
ness is 150-20 m and is as much as 700 m in the southern Scandinavia. This increase marks
entire filling of the Ruegen-Pomorze depression (Beier ef al. 2000, Dadlez 2000, Beier &
Katzung 2001, Wrona et al. 2001, Verniers et al. 2002, Winchester et al. 2002, Krzeminski
& Poprawa 2006, Nawrocki & Poprawa 2006, Podhalanska & Modlinski 2006). Small
transgression was also developed in the Pechora basin which extended in its size to the
Kanin peninsula (Ismail-Zadeh et al. 1997, Martirosyan et al. 1998, O’Leary et al. 2004).
Gypsum and lagoon carbonate-terrigeneous facies are present there in the Lower Silurian
rocks. The Peri-Urals zone continued to subside; terrigeneous sedimentation was replaced
there by nearly pure carbonate and in the coastal zone — by terrigeneous-carbonate with flints
(Zonenshain et al. 1990, Puchkov 1991, 1996, 1997, Nikishin et al. 1996). Reefogenous
facies were developed in the eastern part of the Peri-Urals zone.
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Fig. 34. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas during
Early Silurian time

Fig. 34. Mapa tektoniki plyt, paleosrodowiska i litofacji Baltyki oraz obszaréw sasiednich
we wezesnym sylurze
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Fig. 35. Plate tectonic, paleoenvironment and lithofacies map of China, India and adjacent areas
during Early Silurian time

Fig. 35. Mapa tektoniki plyt, paleosrodowiska i litofacji Chin, Indii oraz obszaréw sasiednich
we wezesnym sylurze

Indochina was located just north of the equator. The ongoing orogenic process within
South China and South-East Asia (Fig. 35) is marked by uplifts and synorogenic flysch de-
posits indicate ongoing orogenic processes. Similar Ordovician-Silurian flysch deposits of
the Pa Ham Formation are known from the Indochina plate. Mixed carbonate/clastic rocks
were deposited on the Sibumasu plate (Brookfield 1996). Semi-isolated marine basin cov-
ered a large part of the South China craton, where black graptolitic schists were deposited
(Ronov et al. 1984, Shouxin & Yongyi 1991, Chen et al. 1995, Golonka 2000, 2002, Cocks
2001, Feng et al. 2001, Kiessling et al. 2003, Golonka et al. 2006b). It was separated from
the Cathaysian belt by Jiangnan island; another land Dian-Qian-Gui bordered it from the
south, while the Kam-Yunnan meridional uplift was the barrier between the epicontinental
sea and the Paleo-Tethys Ocean. In the second half of the Early Silurian, deposition of ar-
gillaceous rocks changed to a formation of carbonates which included interlayers of
terrigeneous rocks in the north-western part of the craton. The total thickness of the Lower
Silurian rocks is 500-600 m and up to 1 km in some troughs. Minor continental rifting oc-
curred in the Gulf of Carpentaria region of Australia (Cook 1990). A small marine
Carnarvon basin existed only in the western part of Australia (Fig. 35), where terrigeneous
rocks were accumulated, sometimes in alluvial-deltaic facies (Cook 1990, Hocking & Pres-
ton 1998, El-Tabakh et al. 2004, Ghori et al. 2005). Their thickness is not large, 50—100 m,
but it exceeds 1.8 km in a small rift.

In the northern part of Greater India almost continuous subsidence of marginal parts of
the craton occurred; terrigeneous and carbonate rocks were accumulated under shallow
conditions. Their thickness is 200-300 m in the Low Himalayas of India and up to 700 m in



628 J. Golonka

Nepal (Acharyya & Sastry 1979, Jain et al. 1980, Ronov et al. 1984, Garzanti 1999, Parcha
1999, Upreti 1999, Myrow et al. 2003, 2006, Steck 2003, Veevers 2004, Golonka et al.
2006b, McQuarrie et al. 2008). Most part of Arabia was covered by marine basins, where
terrigeneous rocks dominated in deposits (Abu-Ali et al. 1999, Jones & Stump 1999,
Garfunkel 2003, Abu-Ali & Littke 2005). Thickness of the Lower Silurian rocks exceeds
500 m in the central Arabia. Carbonate-terrigeneous deposits with 500-700 m thickness
were accumulated in the southern Afghanistan (Wolfart &Wittekind 1980).

Late Silurian

This was the time of the major development of the Caledonian orogeny and final clo-
sure of the lapetus (Fig. 36). After the complete closure of the Iapetus Ocean, the conti-
nents of Baltic, Avalonia, and Laurentia formed the continent of Laurussia (Ziegler 1989).
It is quite possible that at that time several microplates rifted away from the Gondwana
margin to arrive at Laurussia and Kazakhstan during the Devonian-Permian times (Golonka
2000, 2002, Golonka et al. 2006b).

General regression continued at the North America craton (Fig. 37); marine basins be-
came small, internal semi-closed seas. The sizes of all marginal seas became smaller. As
carlier, carbonates were dominating deposits; their thickness did not exceed the first tens of
meters (Isaacson et al. 2007). The exception is the Michigan basin where the epoch of
non-compensated subsidence was followed by intensive sedimentation of evaporites of the
Keyug series, which included carbonates, sulphates and salt. Thickness of the Upper Silu-
rian rocks there is about 1 km. A large thickness (up to 750 m) and essential role of terri-
geneous (partially continental) rocks is known for the Peri-Appalachian zone (Brett et al.
1990). The second region with an increased water salinity is the Hudson bay, where dolo-
mites, sands (sometimes at continental conditions) as well as gypsum and anhydrites (the
Kenogami-River Formation) were accumulated. An intensive accumulation of fragmented
material occurred in the central segment of the Peri-Cordilleran zone. It followed after the
formation of reef carbonate deposits, and as the result this sedimentary complex increased
westwards, as a sedimentary wedge, a size of the platform.

Regression developed in the Tunguska basin (Fig. 38). It became smaller, more shal-
low, and had a limited connection with an open sea (Ronov et al. 1984, Tesakov et al.
1998, 2000, Artyushkov & Chekhovich 2002, 2004, Golonka ez al. 2003, Kiesling et al.
2003). There, an accumulation of parti-colored dolomites, sometimes gypsum-bearing,
dominated. Northwards, the same as earlier normal marine conditions existed in the Taimyr
basin and argillaceous (graptolite) layers were formed in the central part of the Taimyr,
while carbonate complexes in its southern part (Metelkin et al. 2005, Lorenz et al. 2008).
Uplifts and regressions developed in the former Sette-Daban basin in the east of the craton.
Subsidence became less intensive and the size of the Yana-Kolyma basin became smaller;
there limestone-dolomite sediments were deposited, while evaporites and thin basalt layers
were formed in the north-east.

During the Late Silurian, the collision between Baltica and Greenland continued
(Fig. 39).
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Panthalassa

Fig. 37. Plate tectonic, paleoenvironment and lithofacies map of western Laurentia and adjacent
Rheic Ocean during Late Silurian time

Fig. 37. Mapa tektoniki plyt, paleosrodowiska i litofacji zachodniej Laurencji oraz przyleglego
oceanu Reik w poznym sylurze
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Fig. 38. Plate tectonic, paleoenvironment and lithofacies map of Siberia and adjacent areas
during Late Silurian time

Fig. 38. Mapa tektoniki plyt, paleosrodowiska i litofacji Syberii oraz obszaréw sasiednich
w poznym sylurze
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Fig. 39. Plate tectonic, paleoenvironment and lithofacies map of Baltica and adjacent areas
during Late Silurian time

Fig. 39. Mapa tektoniki plyt, paleosrodowiska i litofacji Baltyki oraz obszaroéw sasiednich
w péznym sylurze

This main phase of the Scandian orogeny is marked by nappes in Norway and Green-
land. Laurentian crust was thrust over Baltica, causing large crustal thickening in the Cal-
edonian belt (Dewey ef al. 1973, Torsvik et al. 1996). According to Soper et al. (1992), the
East Greenland and Scandinavian Caledonides display similar age and kinematic patterns,
indicating a change of convergence vector between Baltica and Greenland from sinistrally
oblique to nearly orthogonal. During the Middle Silurian, western Avalonia docked
sinistrally with New Foundland and eastern Avalonia rotated toward Scotland (Soper et al.
1992). After the complete closure of the lapetus Ocean, the continents of Baltica, Avalonia,
and Laurentia formed the continent of Laurussia (Ziegler 1989, Golonka 2000, 2002).

The accretion of several central and eastern European terranes to Baltica during Silu-
rian-Devonian time remains speculative. The Matopolska-High block, which encompasses
most of southern Poland, including the southern Holy-Cross Mountains, was perhaps in
close proximity to the Tornquist-Teisseyre line moving northwards (Lewandowski 1993
2003). According to Moczydtowska (1997), this block resembles the Cadomian-Avalonian
terranes and shows Caledonian (pre-Devonian) deformation. The Scythian platform (south-
ernmost Ukraine and SW Russia) comprises metamorphic sequences of age 470410 Ma,
covered by Devonian and Early Carboniferous rocks deformed during Carboniferous and
Permian times (Zonenshain et al. 1990). Ziegler (1989) has mapped an orogenic belt at the
southern border of Baltica, from Late Silurian to Permian time. Nikishin et al. (1996) dis-
played the Late Silurian accretion of terranes along the southeastern margin of Baltica. It is
possible that part of the Scythian platform was accreted to Baltica together with the
Avalonian terranes.
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The Franklinian orogeny, in the north-western Canada (Plafker & Berg 1994), could
be a result of collision of the Verkhoyanskian part of Siberia with the north Slope-
-Chukotkan part of Laurentia. According to Okulitch (1998), the suturing in the Canadian
Islands occurred during Ordovician-Silurian time. Zonenshain et al. (1990) postulate the
existence of an Arktida continent, which collided with Laurentia (see also Sengdr & Natalin
1996, Nikishin et al. 1996, Natalin et al. 1999). Paleomagnetic data (Smethurst et al. 1998)
support the latitudinal position of Siberia. A connection of Siberia and Laurentia, through
the Verkhoyansk-north Slope-Chukotka terranes, is quite possible and logical. The Barents
microcontinent, including Svalbard, collided with northern Baltica (Ohta et al. 1996). Thus,
the supercontinent Laurasia I was formed. This continent was rimmed by the subduction
zones on the southern and eastern margins. A scale of uplifts became larger in the Late Si-
lurian. The size of the Baltic-Moscow basin (Nikishin et al. 1996) became essentially
smaller; it became shallow and limestone-dolomitic mud was accumulated there (Fig. 39).
The Volhyn-Podolia basin had the same shape, carbonate and terrigeneous rocks were
formed there with layers of sulphate rocks in its eastern part. The specific complex of
coarse-fragmented molasse-type deposits was formed in the south of Scandinavia, in the
zone adjacent to the Scandinavian orogen. Thickness of the deposits did not exceed 1 km
there. In the north-eastern part of the craton, in the Pechora basin, almost total regression
occurred in the Late Silurian time; mainly carbonates with the total thickness of up to
200 m were accumulated in a small bay which remained there (Ismail-Zadeh et al. 1997,
Martirosyan et al. 1998, O’Leary et al. 2004). The Peri-Urals zone became wider (Zonen-
shain et al. 1990, Puchkov 1991 1996 1997, Nikishin et al. 1996). There, as earlier, mainly
limestone-dolomite sediments were formed; an exception was the coastal zone where terri-
geneous, sometimes alluvial-deltaic facies were deposited. The widest band of such coastal
complexes was formed in the southern Urals.

The orogenic processes known from the previous age slices continued within Asia.
Clastic sedimentation prevailed in the Indochina and Sibumasu plates (Fig. 40) (Brookfield
1996). According to Shouxin & Yongyi (1991), following orogenic movements (Guanxi
orogenic episodes), the Late Silurian was a time of regression within the South China plate.
Shallow argillaceous deposits were accumulated in small narrow troughs in the western and
northern parts of the craton. The rest of the craton developed as land.

The Carnarvon basin became shallow and salted in the Late Silurian (Cook 1990,
Hocking & Preston 1998, El-Tabakh et al. 2004, Ghori et al. 2005). Evaporites (gypsum)
together with dolomites, sandstones and argillaceous deposits were accumulated there.
A subsidence of the Amadeus trough reactivated at the same time (Cook 1990, Li et al.
1991, Hocking & Preston 1998). There, eolian and alluvium sandstones of Merini of thick-
ness more than 400 m were deposited in a large internal depression. Almost permanent sub-
sidence of the Lower Himalayas continued in the north of Indostan; deposition of terri-
geneous and carbonate rocks occurred in a shallow marine basin (Acharyya & Sastry 1979,
Jain et al. 1980, Ronov ef al. 1984, Garzanti 1999, Parcha 1999, Upreti 1999, Myrow et al.
2003, 2006, Steck 2003, Veevers 2004, Golonka et al. 2006b, McQuarrie et al. 2008). Thick-
ness of the Upper Silurian rocks is 100-200 m. In the east of Iran and in the south of Afgha-
nistan a carbonate-terrigeneous complex with the thickness of 200-300 m was formed
(Ronov et al. 1984, Kobayashi 1987, Husseini 1989, Cater & Tunbridge 1992, Dean et al.
1997, Hamedi et al. 1997, Dronov 1999, 2001, Kiessling et a/. 2003, Ruban et al. 2007).
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Fig. 40. Plate tectonic, paleoenvironment and lithofacies map of China, India and adjacent areas
during Late Silurian time

Fig. 40. Mapa tektoniki plyt, paleosrodowiska i litofacji Chin, Indii oraz obszaréw sasiednich
w péznym sylurze
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Streszczenie

We wczesnym kambrze (Fig. 1) nastapit rozpad superkontynentu Pannotia. Rozpad
ten nastapil wkrotce po serii wendyjskich wydarzen orogenicznych, takich jak orogenezy
kadomska, bajkalska i panafrykanska. W wyniku tych orogenez oraz rozpadu Pannotii
utworzyly si¢ kontynenty: Gondwana, Laurencja, Baltyka i Syberia. W sktad Gondwany
wchodzity: Ameryka Potudniowa, Afryka, Madagaskar, India, Antarktyka, Australia oraz
szereg mniejszych blokow kontynentalnych i teranéw, takich jak Jukatan, Awalonia, terany
potudniowoeuropejskie i srodkowoeuropejskie (kadomskie), terany $rodkowoazjatyckie,
chinskie i kimeryjskie (Turcja, Iran, Afganistan, Tybet, Azja poludniowo-wschodnia).
Kontynent laurentyjski obejmowat wigksza czes¢ Ameryki Poinocnej, pétnocna Irlandig,
Szkocj¢ 1 Czukotke. Battyka jest pdinocno-wschodnia Europa pomigdzy linia Teisseyre’a—
Tornquista a Uralem. Plyta Syberii obejmuje wicksza czg$¢ Syberii wspotczesne;.
Kontynenty byly oddzielone oceanami, takimi jak: Iapetus, Pleionic, Phoibic, Morze Torn-
quista i Ocean Paleoazjatycki.

Laurencja (Fig. 2) byta wyniesiona, baseny sedymentacyjne znajdowaty si¢ w brzez-
nych strefach kontynentu. Najwigkszy znajdowat si¢ na pdtnocy w tak zwanej strefie pery-
innuickiej. Weglanowe osady tworzyly si¢ na szelfie Grenlandii, a utwory klastyczne
w rejonie Apallachow i Goér Skalistych. Utworom osadowym towarzyszyly rowniez
wulkanity. Syberia (Fig. 3) byta pokryta gtownie przez osady weglanowe.
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Orogeneza kadomska miata miejsce w czgsciach Europy nalezacych do superkonty-
nentu Gondwana. Na kontynencie Battyka (Fig. 4) deformacje tektoniczne byly wynikiem
orogenezy w rejonie Peczora — Timan — podtnocny Ural. We wczesnym kambrze istniat
duzy basen na terenie europejskiej czesci Rosji i w Skandynawii, z osadami klastycznymi.

Figura 5 przedstawia Indochiny, poludniowe Chiny i obszary sasiednie pokryte
mieszanymi osadami wegglanowo-klastycznymi w obrgbie Gondwany. Charakterystyczna
facja ciemnych lupkéw z fosforytami wystgpowata w potudniowych Chinach.

W srodkowym kambrze nastgpuje szybki dryft Laurencji na péinoc, a baseny na tym
kontynencie powigkszaja si¢ w zwiazku ze zwigkszona subsydencja (Fig. 6, 7). Paleo-
geografia Syberii (Fig. 8) charakteryzuje si¢, podobniec jak w poprzednim okresie,
rozleglym basenem z osadami weglanowymi. Baseny sedymentacyjne Battyki (Fig. 9) sa
natomiast mniejsze niz we wczesnym kambrze. W potudniowych Chinach (Fig. 10) wy-
stepuja zarowno osady klastyczne, miejscami z turbidytami, jak i wgglany. Sedymentacja
klastyczna przewazata w poéinocnych Indiach, Afganistanie, Iranie i Turcji. Na terenie
Arabii przewazaty warunki lagunowe.

W pdéznym kambrze istnieja w dalszym ciagu kontynenty Gondwana, Laurencja,
Baltyka i Syberia, z zaawansowanym spredingiem oceanéw pomigdzy nimi (Fig. 11). Sub-
sydencja Laurencji spowodowata, Zze niemal caty kontynent byt pokryty basenami osado-
wymi (Fig. 12). Rowniez kraton syberyjski niemal catkowicie pokrywato morze (Fig. 13),
a sedymentacja weglanowa dominowata w basenach sedymentacyjnych. Klastyczne osady
dominowaty na obszarze Battyki (Fig. 14), w europejskiej czgsci Rosji, Skandynawii i pot-
nocnej Polsce. Rozlegta platforma weglanowa znajdowata si¢ na obszarze potudniowych
Chin (Fig. 15) i w Indochinach. W potocnych Indiach, Afganistanie, Iranie i Turcji i na
terenie péinocnej czgsci kratonu arabskiego przewazala sedymentacja morska z osadami
klastycznymi, wegglanowymi i mieszanymi.

Wecezesny ordowiku byt okresem najwigkszego rozproszenia kontynentdéw i istnienia
rozleglych oceanow pomigdzy kontynentami Gondwany, Laurencji, Baltyki i Syberii
(Fig. 16). Odlegto$¢ pomigdzy Gondwana a Laurencja osiagneta 5000 km. Sedymentacja
weglanowa, miejscami z ewaporytami przewazala na obszarem Laurencji (Fig. 17). Na
terenie dzisiejszych potudniowo-zachodnich Standw Zjednoczonych uksztattowaly sig dwa
odrgbne obszary facjalne: epikontynentalny z platforma wegglanowa i krawedzi pasywnej
z klastykami wystepujacymi w pdzniejszym pasmie orogenicznym Ouachita. Obszerny
basen tunguski z klastykami i osadami weglanowymi istnial na obszarze Syberii (Fig. 18).

Deformacje na krawedzi Battyki byty zwiazane z kolizjami lukow z ta ptyta w czasie
orogenez penobskockiej, grampianskiej, finmarkskiej i grampianskiej (Penobscottian,
Grampian, Finnmarkian, and Athollian), kiedy nastapita zmiana z krawedzi pasywnej
w aktywna. Powstat basen battycko-moskiewski, rozlegly, raczej ptytki, z osadami gtownie
klastycznymi (Fig. 19). Lupki dikcjonitowe osadzity si¢ w republikach baltyckich, drobno-
klastyczne osady przewazaty na terenie Skandynawii oraz Pomorza polskiego i niemie-
ckiego.

Baseny sedymentacyjne potudniowych Chin zawieraty gtéwnie weglany i ewaporaty
(Fig. 20). Transgresje wystapily na obszarze Arabii, Iranu i Afganistanu, klastyki wystgpo-
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waly w potnocnych Indiach. Faldowania i nasunigcia objely obszar potudniowo-wschod-
niej Australii i czgs¢ Antarktydy.

Reorganizacja ptyt litosfery nastgpita w srodkowym ordowiku. Oddzielenie sig tera-
néw awalonskich (cze$¢ Polski, potnocne Niemcy, Ardeny, Anglia, Walia, poludniowa
Irlandia, czg$¢ nadmorskich prowincji Kanady i Nowej Anglii) otwarto nowy ocean — Reik
(Fig. 21). Ryft i dryft Awalonii byl zwiazany ze strefa subdukcji, ktora rozwingta sig
wzdluz centralnej czgsci Gondwany. Kambryjsko-wczesnoordowickie oceany zaczely sig
zwezaé. Na przedtuzeniu Awalonii ku wschodowi znajdowat si¢ teran Brunovistulicum,
terany wewnatrz Karpat, czg¢$¢ platformy scytyjskiej, Kazachstanu i potudniowej Mongolii.
Wzajemne relacje pomigdzy ptytami perygondwanskimi i awalonskimi sugeruja wschodnie
przedtuzenie oceanu Reik (Fig. 21, 26).

Kolizje tukéw wysp ze wschodnia czg$cia kontynentu Laurencji mialy miejsce
w czasie orogenez atolskiej (Athollian) i takonskiej w Appalachach. Wypigtrzenia zwigk-
szyly ilo$¢ materiatu klastycznego w basenach Laurencji (Fig. 22). Sedymentacja morska
trwata na nieco zwigkszonym kratonie Syberii (Fig. 23). Wystgpowaty tam zaro6wno osady
klastyczne, jak i weglany i ewaporaty. Basen baltycko-moskiewski pokrywat znaczna czgs§é
ptyty Battyki (Fig. 24). Wystgpowaly tam osady drobnoklastyczne, miejscami z weglanami.
W s$rodkowym ordowiku utworzyl si¢ basen peczorski, morskie baseny powstaly tez na
obszarze przykaspijskim i platformy scytyjskie;j.

Poéinocna czgs$¢ plyty potudniowochinskiej byta pokryta weglanami, zas w potudnio-
wej osadzily si¢ osady synorogeniczne fliszowe (Fig. 25). Podobne, nalezace do formacji
Pa Ham osadzily si¢ w Indochinach. Na terenie Arabii przewazaly osady terygeniczne,
osiagajace znaczna miazszo$¢ w poinocnej czgsci kratonu.

W poznym ordowiku blok patagonski zderzyl si¢ z Ameryka Potudniowa w orogenezie
famatynskiej, a dryft Awalonii spowodowat znaczne rozszerzenie oceanu Reik (Fig. 26).
Transgresja objeta wigksza czg$¢ plyty Laurencji, w wyniku subsydencji wzrosta miazszo$¢
osadow w basenach (Fig. 27). Przewazata sedymentacja wgglanowa.

Ruch Syberii ku pdétnocy spowodowatl kolizje tej ptyty z Laurencja wzdhuz uskoku
przesuwczego w rejonie migdzy innymi archipelagu Svalbard i ptyty Barencji. Baseny
Syberii zmniejszyly si¢ (Fig. 28). Przewazala w nich sedymentacja morska i kontynentalna
z klastykami, rzadziej weglanami i ewaporatami.

Polska czg§¢ Awalonii polaczyla si¢ z Baltyka wzdluz szwu potoznego w strefie
Tornquista—Teisseyre’a (Fig. 26-29) we wczesnej fazie orogenezy kaledonskiej. Basen
battycko-moskiewski zmniejszyt si¢ na skutek regresji (Fig. 29). Zwigkszyt si¢ w nim
udzial frakcji drobniejszej w osadach klastycznych. Drobnoklastyczne osady dominowaty
tez w Skandynawii i na obszarze Pomorza.Rozktad facji w potudniowych Chinach, Indo-
chinach i w Indiach byt podobny jak w okresie poprzednim (Fig. 30).

We wcezesnym sylurze zwezil si¢ znacznie ocean Iapetus (Fig. 31), a pod koniec okresu
rozpoczeta sig¢ orogeneza kaledonska (skandyjska) wywotana kolizja Battyki i Laurencji.
Utworzyt sig Kazachstan, rosnac nastgpnie w ciagu paleozoiku w wyniku akrecji.

Obszar Laurencji zostal objety regresja, a morskie baseny zmniejszyly si¢ (Fig. 32).
Ciepty klimat stwarzal dobre warunki do rozwoju osadow weglanowych. Weglany domino-
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waly rowniez na obszarze Syberii (Fig. 33), a w centralnej czgsci basenu osadzaly sig
rowniez tupki graptolitowe. Transgresja objeta obszar Balttyki (Fig. 34), a basen battycko-
-moskiewski zwigkszyt si¢. Dominowata w nim sedymentacja weglanowa. Powigkszyt si¢
rowniez basen peczorski. Na terenie poludniowych Indochin trwala sedymentacja syno-
rogenicznego fliszu, a tupki graptolitowe osadzaty si¢ w potudniowych Chinach (Fig. 35).
Basen Carnarvon z osadami terygenicznymi istnial w zachodniej czgsci Australii. Sub-
sydencja trwata w potnocnej czesci Indii, gdzie osadzaty sig¢ zarowno osady terygeniczne,
jak 1 weglany. Wigkszo$¢ Arabii byta pokryta basenami morskimi z sedymentacja tery-
geniczna.

Pozny sylur byl okresem kulminacyjnego rozwoju orogenezy kaledonskiej. Wczesno-
paleozoiczny ocean lapetus zostal zamknigty (Fig. 36). Utworzyt si¢ kontynent Laurosji
z potaczenia Laurencji, Baltyki i Awalonii. Orogeneza franklinska (Franklinian) byla by¢
moze rezultatem kolizji Laurencji z Syberia. Regresja trwata na obszarze Ameryki Pot-
nocnej, bedacej teraz czgscia Laurosji (Fig. 37); morskie baseny zmniejszyly si¢. Podobnie
jak poprzednio dominowata sedymentacja weglanowa. W wyniku regresji zmniejszaty si¢
rowniez baseny syberyjskie z sedymentacja gtéwnie weglanow 1 ewaporatow (Fig. 38).

Kolizja Battyki i Laurencji spowodowata utworzenie ptaszczowin w Norwegii
i Grenlandii (Fig. 39). Kwestia akrecji matych ptyt, np. bloku matopolskiego do Battyki,
pozostaje sprawa dyskusyjna i otwarta. Metamorfizm osadow platformy scytyjskiej wska-
zuje ma mozliwos$¢ kolizji na tym obszarze. Basen battycko-moskiewski (Fig. 39) w dal-
szym ciagu si¢ zmniejszat. Weglany osadzaty si¢ w zmniejszonym basenie peczorskim.
Orogeniczne procesy miaty rowniez miejsce w Azji (Fig. 40). W potudniowych Chinach
ruchy orogenezy Guanxi wigzaly si¢ z regresja na tym obszarze. Ewaporaty dominowaty
w basenie Carnarvon w Australii. Terygeniczne i weglanowe osady tworzyty si¢ w potnoc-
nych Indiach, Afganistanie i Iranie.



