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PREFACE

MARKES E. JOHNSON' AND ED LANDING*

'Department of Geosciences, Williams College, Williamstown, MA 01267, and
’New York State Museum, The State Education Department, Albany, NY 12230

This volume is the second installment of proceedings
from an international symposium on the Silurian System,
which was held at the University of Rochester in
Rochester, New York, on August 4-9, 1996. Convened
under the primary sponsorship of the Subcommission on
Silurian Stratigraphy, (or SSS; a subdivision of the Inter-
national Commission on Stratigraphy under the Inter-
national Union of Geological Sciences), the Rochester
conference attracted 75 participants from sixteen coun-
tries. These participants represented all of the continents
where Silurian strata are extensively exposed. The first
volume of the proceedings appeared in 1998, and
included 21 articles on “Silurian cycles,” most of which
were originally presented as posters at the Rochester con-
ference (Landing and Johnson, 1998).

The centerpiece of the 1996 meeting was the presen-
tation of seventeen keynote lectures in a symposium
titled “Silurian Lands and Shelf Margins.” These lectures
were designed to address the stratigraphic architecture
and basic paleogeography of the principal continents
affected by highstands in sea level during the Silurian.
Fundamental to the organization of the sessions was the
concept that good paleogeography cannot be accom-
plished outside a solid framework of biostratigraphy.
Furthermore, global paleogeography cannot be under-
taken without a reasonable system of global correlation.

Members of a special task force under the SSSlaid the
groundwork for the 1996 symposium by preparing a uni-
form graptolite zonal scheme that was especially
designed for global paleogeographic studies (Koren’ et
al., 1996). The parent Commission on Stratigraphy spon-
sors subcommissions that specialize in each of the geo-
logical systems and periods. Thus, the 1996 Rochester
conference was intended to demonstrate that the strati-
graphic subcommissions are more than debate clubs
where endless wrangling over series and epoch bound-
aries take place. Biostratigraphy, together with other
means of stratigraphic correlation, has a highly practical
application to paleogeographic reconstructions. The
work of any stratigraphic subcommission is not finished
until the hard field work and intellectual labor repre-

sented by such correlation schemes are put to the test of
paleogeographic synthesis. Thus, the 1996 Rochester con-
ference marked the first time that a subcommission mar-
shaled its efforts to attempt something approaching
global paleogeographic coverage.

This volume entails a collection of ten papers on
stratigraphic correlations and paleogeography for the Si-
lurian continents or microcontinents of Avalonia; Baltica;
western, central, and southern Europe (Perunica); Siberia
(two papers); Kazakhstan; China (with separate sections
on distinct microcontinents), and eastern and western
Gondwana. The latter mega-continent is represented by
separate papers on Australia, India, and North Africa.
South America is represented by the original abstract pro-
vided for the conference. The seven keynote addresses on
Laurentia, or “ancestral” North America, are being devel-
oped for inclusion in a future volume. None of the
keynote speakers were able to deliver manuscripts at the
time of the conference; hence the present collection repre-
sents the continuation of considerable research after the
Rochester conference, most of which culminated with a
review process in 1998 and final submission of revised
manuscripts in 1999. One of the original research teams
that made a presentation in Rochester was unable to meet
their commitment for a text, and a new team was consti-
tuted in 1999 to deliver a manuscript on the Baltica pale-
ocontinent (northern Europe).

Any mention of the Silurian System naturally brings
to mind the extraordinary efforts by Roderick I. Murchi-
son (1792-1871), who established the system based on a
type district in southern Wales and the Welsh Borderland
(Murchison, 1839). The First International Symposium on
the Silurian System was held in 1989 at the University of
Keele, Staffordshire, UK., to celebrate the 150th anniver-
sary of that important reference work. The Second Inter-
national Symposium on the Silurian System (1996) in
Rochester, New York, celebrated both the life and career
of James Hall (1811-1898). The meeting marked the 150th
anniversary of the submission to the governor of New
York State of Volume One of Hall’s encyclopedic Palaeon-
tology of New York. Hall's Palaeontology subsequently
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expanded year by year until it reached a monumental
size of thirteen quarto volumes, with thousands of pages
of taxonomic descriptions and hundreds of illustrated
plates. It was fitting that the papers presented at
Rochester on Silurian cycles were published on the cen-
tennial of Hall’s death (Landing and Johnson, 1998).

Both Hall and Murchison are rightfully identified
with major labors that were undertaken in separate
regions. However, both Hall and Murchison made their
field areas on both sides of the Atlantic famous for their
fossil content, and both used the fossils in biostrati-
graphic correlation. It is not generally recognized, how-
ever, that Hall carried out extensive studies beyond New
York State and that Murchison did the same outside the
British Isles.

Although the Silurian System is associated by name
with Wales and the Welsh Borderland, Silurian strata are
well represented in Scandinavia and the Baltic States,
where Murchison eventually conducted extensive field
studies. Outside of the British Isles, it may be said that
Scandinavia has the longest history of studies on Silurian
strata and fossils. The first tabulation of fossils from the
“Upper Silurian” strata of Scandinavia and the Baltic
States (Murchison, 1845, table 2) preceded comparable
work in England and America. Of course, Murchison’s
“Lower Silurian” is now the Ordovician System. In that
work, Murchison (1845, p. 11) revealed that the Rev.
William Bilton had repeatedly urged him to visit Norway.
Bilton was an English clergyman who, in 1840, authored
a fishing guide titled Two Summers in Norway. He was also
an amateur geologist who enthusiastically practiced his
creed that “the hammer often accompanies the fishing
rod.” It was Bilton (1840, v. 2, p. 180) who made the first
printed reference to the Silurian System of Norway:

“The numerous fossils contained in these deposits
prove that they belong to the ancient group of rocks,
lately named and admirably described by Mr.
Murchison, as Silurian. But it remains still to be
shown whether the order of succession observed in
South Wales obtains equally in the Norwegian beds.
... It is hoped that ere long, the Author of the Si-
lurian System will himself visit this interesting
locality, and decide the question by an examination
of the rocks and their contents on the spot.”

Well before he first traveled to Norway in 1844, how-
ever, Murchison was aware of the presence of Silurian
strata on the Swedish island of Gotland in the Baltic Sea.
The earliest descriptions of fossils from Gotland were
made by the great Swedish systemicist, Carolus Linnaeus
(1707-1778), who toured the islands of Oland and Got-
land in 1741 and kept a journal of his observations. A fac-

simile of a page from his original Oland and Gotland
journal, together with a full English-language translation
and commentary by Asberg and Stearn (1973), was pub-
lished by the Linnean Society of London. The following
passage records the naturalist’s discovery of fossil corals
on Gotland (Asberg and Stearn translation, 1973, p. 122):

“‘Coral shore’ [is what] I call that which lies to the
eastern side of Kappelshamn, which was very broad and
covered with white and grey stones; this greatly sur-
prised us, since each one stone was nothing but a coral,
called Madreporae, so that anyone who wants exquisite
corals for collections of natural history specimens need
try no other place but this; every man in the world could
probably get a cartload of his own of corals here. . . . The
Madreporae lying close to the water were clean and clear,
adorned with stars like the backs of playing cards or the
cells of a honeycomb.”

The village of Kappelshamn is located in a deep bay
at the northern end of the island of Gotland. Most of the
shoreline in the bay exposes strata belonging to the
Hogklint Beds, regarded as Lower Wenlock in position.
Farther along on his journey, Linnaeus visited a raised
area of limestone sea stacks at Kyllaj, located some 12 km
southeast of Kappelshamnsviken. These rocks belong to
the Slite Beds, also Wenlock in position but laying above
the Hogklint Beds. Linnaeus wrote the following descrip-
tion in his journal (Asberg and Stearn translation, 1973, p.
1136):

“We called the ‘Stone Giants,” as had the learned
bishop G. Wallin, that which we saw by the sea near
to Kyllej: between the customs officer’s house and
the lime kiln of Kyllej there was a slope towards the
sea where stood many high and thick limestone
rocks 4-6 fathoms [24-36 feet] high, arranged in a
row like the ruins of churches or castles, of which
those standing at a lower level of the slope were
taller than those higher up, so that the heads were
all at the same level. From a distance they looked
like statues, horses, torsos and I do not know what
kind of ghosts. Evidently, this had been formerly a
limestone mountain, the roots of which had been
ground, cut and formed by the heaving waves of
the sea, till it finally left those stones in their present
form.”

Linnaeus’ sketch of the Kyllej coast was rendered in
the margin of his journal (see half-title page). Linnaeus
observed that similar sea stacks occur along the shore as
far as the village of Slite. In fact, similar sea stacks also
occur on the southeastern end of Gotland, where they are
eroded in the Sundre Beds (upper Ludlow). A photo of
the Sundre sea stacks is printed on the front cover of this
volume, in tribute to the long history of Silurian studies
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in Scandinavia.

The 103 years that lapsed between the visit of Lin-
naeus to Gotland and the arrival of Murchison in Norway
bracketed a dramatic change in the sophistication of
knowledge involving geological history. During their
much-publicized travels in Russia, Murchison et al.
(1845) saw no more “Upper” Silurian strata after he left
the territory of Estonia. The paper by Baarli et al. (this vol-
ume) brings together the most complete analysis of Si-
lurian strata on the paleocontinent of Baltica, and includes
extensive areas of northwestern Russia. The editors are
grateful to her for taking on the coordination of this large
work as a substitute for previously promised materials.

All the authors who contributed to this volume are
experts on the Silurian geology and paleontology of their
assigned regions. Except for North America, which will
be treated separately, the present volume is the most com-
plete and current treatment of Silurian paleogeography of
its kind and should provide a standard reference work
for many years to come.
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ABBREVIATIONS

In many of the figures used in this publication, biostrati-
graphic zones and intervals named for conodonts and
graptolites are abbreviated, and only the trivial (species)
name is recorded. As detailed by the North American
Commission on Stratigraphic Nomenclature (1983, article
54.1), trivial names are not unique, and properly require
the genus name in a binomial or trinomial combination.
For this reason, we supply the current (2002) binomial
names for all of the biostratigraphic zones used in this
publication. The listing of the trivial (species) names used
is alphabetical. The binomial names used for graptolites
correspond to Melchin et alii's (1998, appendix 1) usage.

(GRAPTOLITES

acuminatus; Parakidograptus acuminatus

argenteus; Monograptus argenteus

bohernicus tenuis-kozlowskii; Bohemograptus bohemicus
tenuis-Nucucullograptus kozlowskii

bouceki-transgrediens; Monograptus bouceki-M.? transgrediens

branikensis-lochovensis; Monograptus branikensis-M.
lochovensis

centrifugus-murchisoni; Cyrtograptus centrifugus-C.
murchisoni

convolutus; Monograptus convolutus

cyphus; Parakidograptus (Coronograptus) cyphus

formosus; Monograptus (Formosograptus) formosus

fritschi linearis; Saetograptus fritschi linearis

griestoniensis-crenulata; Monoclimacis griestonensis-M.
crenulata

guerichi; Spirograptus guerichi

lapworthi-insectus; Cyrtograptus lapworthi-C. insectus

leintwardinensis; Saetograptus leintwardinensis

leudensis; Colonograptus ludensis

lundgreni; Cyrtograptus lundgreni

nilssoni; Neodiversograptus nilssoni

parultimus-ultimus; Monograptus parultimus-M. ultimus

parvus-nassa; Pristiograptus parvus-Gothograptus nassa

praedeubelli-deubelli; Colonograptus praedeubelli-C. deubelli

progenitor; Lobograptus progenitor

riccartonensis-belophorus; Monograptus riccartonensis-M.
belophorus

rigidus-perneri; Cyrtograptus rigidus-C. perneri

scanicus; Lobograptus scanicus

sedgwickii; Stimulograptus sedgwickii

spiralis; Oktavites spiralis

triangulatus-pectinatus; Demirastrites triangulatus-D.
pectinatus

turriculatus-crispus; Spirograptus turriculatus-Monograptus
crispus

ultimus; Monograptus? ultimus

vesiculosus; Cystograptus vesiculosus

CONODONTS

amorphognathoides; Pterospathodus amorphognathoides

bohemicus; Ozarkodina bohemicus

celloni; Pterospathodus celloni

crispa; Ozarkoding crispa

eosteinhornensis; Ozarkodina eosteinhornensis

kentuckyensis; Distamodus kentuckyensis

obesus; Spathognathodus obesus

parahassi-guizhouensis; Spathognathodus parahassi-S.
guizhouensis

ploeckensis; Ancoradella ploeckensis

ranuliformis; Kockelella ranuliformis

remscheidensis-eosteinhornensis; Ozarkodina remscheidensis-
O. eosteinhornensis

sagitta rhenana; Ozarkodina sagitta rhenana

sagita sagita; Ozarkodina sagitta sagitta

siluricus; Polygnathoides siluricus

snajdri; Ozarkodina snajdri

stauros; Kockelella stauros

tenuis-staurognathoides; Pterospathodus? tenuis-Distomodus
staurognathoides

variabilis; Kockella variabilis
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SILURIAN STRATIGRAPHY AND
PALEOGEOGRAPHY OF BALTICA

B. GUDVEIG BAARLI', MARKES E. JOHNSON'!, AND ANNA I. ANTOSHKINA?
"Department of Geosciences, Williams College, Williamstown, Massachusetts 01267, and
*Institute of Geology, Komi Science Centre, Uralian Divison of the Russian Academy of Sciences, Syktyvkar, Russia

ABSTRACT — The Silurian continent of Baltica was a
small- to-medium-sized craton (ca. 7.8 million km?). Si-
lurian outcrops cover only 1% of the area of this former
continent, although the extent of subsurface Silurian
strata is appreciable. Stratigraphic patterns influenced by
tectonic and eustatic cycles are documented from 25

lithologic and bathymetric profiles drawn from four prin-

cipal areas in the Central Scandinavian, East Baltic, Dni-
ester, and Timan-Pechora Depressions. Baltica was
bounded on its west flank by the developing Scandian
orogen, which resulted from the closure of the lapetus
Ocean. On its southwest flank, Baltica underwent a colli-
sion with the microcontinent of Avalonia. The remaining
continental margin was passive. Base maps for central
Scandinavia, the combined East Baltic region and Dni-
ester River area of Podolia, and the Timan-Pechora
region of northwestern Russia allow reconstruction of the
Silurian across approximately 35% of Baltica and its shelf
margins. Paleogeographic maps are provided for Baltica
through the Llandovery, Wenlock, and Ludlow Series,
but exclude the youngest Pridoli Series due to insufficient
or unavailable data. Primary control of continental and
marine sedimentation was exerted by tectonic factors, but
the secondary imprint of eustasy is preserved in the
stratigraphic record of Baltica’s mid-shelf sectors.

INTRODUCTION

The earliest general purview of Scandinavia with adja-
cent areas as part of a continent coincided with the devel-
opment of the plate tectonic theory (Wilson, 1966). The
first use of the name “Baltica” was probably on a map by
McKerrow and Ziegler (1972) that depicts a triangular-
shaped paleocontinent bounded on three sides by the
Proto-Atlantic (lapetus), Rheic, and Pleionic Oceans. A
subsequent treatment by Ziegler et al. (1977) adopted the
same orientation for Baltica in the context of a global
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reconstruction of Silurian continents in which the plate
boundaries were more rigorously defined. Baltica was
one of about ten Silurian continents and microcontinents.
It was an order of magnitude smaller than the supercon-
tinent of Gondwana, but approximately two-thirds the
size of neighboring Laurentia, the next-largest continent.

Silurian Baltica was a small- to medium-sized conti-
nent approximately 7.8 million km? in area. Its Precam-
brian basement exposures have received various regional
names. The Fennoscandian Shield takes its name from
Finland and Scandinavia. Another region of highly meta-
morphosed Precambrian rock exposure on this continent
is called the Sarmantian Shield, from the classical name
for the region between the Vistula and Volga Rivers in
Poland and adjacent areas of the Ukraine and Russia. Pre-
cambrian crystalline basement rocks crop out widely in
southern Norway, Sweden, and Finland, as well as in the
Ukraine. A single name, the Fennosarmatian Craton, is
preferred by Nikishin et al. (1996). “Baltica,” however,
has persisted as the name for the lands and marine
shelves of a Precambrian-Silurian continent inclusive of
and peripheral to the present-day Baltic Sea in northern
Europe.

Cocks and Fortey (1998) discussed the margins of
Baltica. We follow their interpretations, with the excep-
tion of the margin on the far northeast. Cocks and Fortey
(1998) included parts of Taymyr and the islands of Pai-
Khoi and Severnaya Zemlya in Baltica. Zonenshain et al.
(1990) referred these areas to one separate paleoplate. As
long as the paleogeographic position of these areas is con-
troversial, we choose to exclude them from Baltica.

Earlier attempts at regional syntheses of the Silurian
paleogeography of Baltica were focused mainly on the
eastern Baltic states of Estonia, Latvia, and Lithuania and
the adjacent Swedish island of Gotland (Kaljo and Jiir-
genson, 1977; Kaljo and Rubel, 1982; Bassett et al., 1989).
In addition, two maps by Einasto et al. (1986) for the early
and late Wenlock show a broader paleogeographic recon-
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struction that reaches from the East Baltic region to
Podolia in the southern Ukraine. Less emphasis has been
placed on the Oslo Region of southern Norway (Worsley
et al., 1983).

The goals of this report are to: 1) provide an updated
tectonic review of the borderlands that defined Baltica as
a distinct Silurian paleocontinent, 2) summarize new data
on the stratigraphy and paleoecology of the Central Scan-
dinavian and Timan-Petchora Basins and allow compari-
son with the East Baltic Basin, and 3) critically assess the
influence of eustasy on cratonic marine deposits. Our
treatment does not include the Peri-Caspian Basin to the
southeast, which is still poorly understood from subsur-
face borings. During Silurian time, the microcontinent of
Avalonia probably was conjoined with Baltica. By design,
our coverage of Baltica excludes the paleogeography of
Avalonia, which is treated separately by Cocks et al. (this
volume).

LOCATION OF BALTICA AND
TECTONIC CONSTRAINTS

By the start of the Silurian, Baltica reached low equato-
rial latitudes and had approximately the same orientation
it has today, after drifting northward from more
southerly latitudes and rotating counterclockwise
through the Ordovician (Torsvik et al., 1996). On Baltica’s
present southwestern margin, the Tornquist Sea between
Baltica and eastern Avalonia closed toward the end of the
Ordovician, and eastern Avalonia may have docked with
Baltica in the latest Ordovician (Meissner et al., 1994).
Later dates and alternative models for the final closure
that spans the Silurian to Early Devonian were proposed
by Oliver et al. (1993), Tanner and Meissner (1996), and
McCann (1998), among others. The combined continents,
referred to as Balonia by Torsvik et al. (1993), eventually
collided with the Laurentian continent as the lapetus
Ocean closed in a scissors motion between these conti-
nents. The main collision between Baltica and Laurentia
occurred along the margins of Greenland-Scotland and
westernt Norway, and initiated the Scandian phase of the
Caledonian orogen during the Early Silurian. The Cale-
donian deformation front is traced into the western Bar-
ents Sea and east of Spitsbergen (Gee and Page, 1994). A
growing database indicates this was not a simple conti-
nent-to-continent collision, but probably involved Early
and Late Ordovician orogenic events (Andersen et al.,
1998), the main Silurian event, and a conclusion in the
Early Devonian.

To the north in the eastern Barents Sea area, there
appears to have been a broad depositional basin situated
between the Timan Ridge and the northern Ural orogen,

which is called the Timan-Petchora Basin. According to
Torsvik et al. (1995), this area was separated from an
inverted Siberian continent by a narrow, closing ocean.
The eastern margin of Baltica was passive, as seen in a
belt from the Timan-Petchora Basin to Novaya Zemlya in
the northeast (Nikishin et al., 1996; Malyshev, 2000). The
exact position of the margin along the Urals is not known,
but hydrothermal vent faunas from the south-central
Urals prove the presence of an ocean, and its margin must
lie west of these faunas (Cocks, 2000). The Lower Paleo-
zoic is known only from a few deep wells in the Peri-
Caspian Basin to the southeast, but that too was part of
the passive margin during the Silurian (Nikishin et al.,
1996). The Dniester Depression in the southern Ukraine,
however, is well explored (Koren’ et al., 1989). Both the
Peri-Caspian and Dniester Depressions are the results of
post-rift subsidence (Nikishin et al., 1996).

Thus the Early Silurian was a very active tectonic
interval along the western and southwestern margins of
Baltica, and this is well indicated by the sedimentary
record. There are five major basins where the Silurian is

- preserved: the Central Scandinavian, East Baltic,

Timan-Pechora, Dniester, and Peri-Caspian Depressions
(Fig. 1). A Middle Silurian tongue that extends across the
Baltic platform into the Moscow Basin (FEinasto et al.,
1986) constitutes the only other area with preserved Si-
lurian rocks with Baltic character. This bifurcation of
Baltica by a southeasterly-trending basin lends support to
the retention of two different names for the continent’s
cratonic shields.

In this paper, four basins are reconstructed on the
basis of their more widespread outcrop, superior record,
and accessibility of data. The Central Scandinavian and
East Baltic Basins are close geographically, but are iso-
lated on the opposite side of the Fennoscandian Shield
from the Timan-Pechora Basin. Similarly, the Dniester
and Peri-Caspian Depressions are isolated from all the
other basins on the southern flanks of the Sarmantian
Shield (Fig. 1).

METHODOLOGY

The paleogeographic approach of this report starts with
stratigraphic columns that relate lithology to changes in
bathymetry and community composition through time.
We recognize benthic assemblage zones 0-6 of Boucot
(1975), which are widely used in the analysis of global Si-
lurian fossil associations or communities (Boucot and
Lawson, 1999). According to this system, O represents
land; BA 1 corresponds to near-shore, shoal, or lagoonal
facies; BA 2 is the fore-shoal to inner shallow shelf; BA 3
and BA 4 relate to mid-shelf positions; and BA 5 and BA
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FIGURE 1 — Silurian Baltica showing principal shield areas and basins.

6 equate with the deeper parts of the outer shelf. The
bathymetric model assigns normal (fair-weather) wave
base to the boundary between BA 2 and BA 3, and gener-
ally fixes maximum storm base in the lower middle shelf
in BA 4. Application of this model to Baltica is based on
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two lines of evidence that are predicated on physical and
biological grounds. Proximality trend analysis assumes
that the sedimentological fabric of the marine shelf
responds to distance from shore and to water depth, as
related to the effects of storms. As tested in the Oslo
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FIGURE 2 — Silurian outcrops (in black) of the Central Scandinavian Basin.

Region (Baarli, 1988), proximality trends are found to be
coordirated with a wide range of well-defined marine
paleocommunities (Baarli et al., 1999). Similarly, a study
of shelly tempestites was made in southern Norway
(Johnscn, 1989), in which Pentamerus oblongus is inter-
preted to have lived in benthic environments in a range of

water depths affected by storm turbulence. Persistent
wave energy at the shallower end of the spectrum (BA 2)
frequently scattered and fragmented shells of this Si-
lurian brachiopod and generally prevented maximum
growth. As a result of sediment deposition and limited
physical agitation at the deeper end of the bathymetric
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spectrum (BA 3 to upper BA 4), populations of large-
shelled Pentamerus oblongus were more typically suffo-
cated and preserved in life position. It is our working
premise that similar conditions prevailed throughout the
flooded shelves of Baltica.

Paleogeographic maps are formulated through inter-
regional comparison of correlated horizons at specific
localities with relatively complete stratigraphic sections.
This report provides only limited space for reporting the
sampling through fully illustrated profiles. Many more
auxiliary sections were utilized in the construction of the
paleogeographic maps, the locations of which are indi-
cated by open dots as opposed to filled dots for illus-
trated sections (Figs. 2, 7, and 11). The maximum number
of time-successive maps generated for any one region is
eight. For the most part, the designated time planes from
the Llandovery Series correspond to the Coronograptus
cyphus, Stimulograptus sedgwickii, Spirograptus turriculatus,
and Cyrtograptus lapworthi Zones. Those adopted from
the Wenlock Series correlate with the Monograptus
belophorus and Cyrtograptus lundgreni Zones. Maps corre-
lated with the base and top of the Ludlow Series corre-
spond to the Neodiversograptus nilssoni and Monograp-
tus formosus Zones. Our reference to these zones con-
forms to the generalized graptolite zonal sequence for the
Silurian of Koren’ et al. (1996).

CENTRAL SCANDINAVIAN BASIN

The shallow Early Silurian basins in the Baltoscandina-
vian region (Fig. 2) are located along an old Middle Pro-
terozoic rift system that stretches from the East European
Craton through Baltoscandia to Greenland (Van Balen
and Heeremans, 1998). Along this system lay the East
Baltic Depression, with intracratonic basins that extend
into the Sea of Bothnia, and the Central Scandinavian
Basin with narrow basins like the Colonus Trough in
Skane and the Oslo graben. Closure of the Tornquist Sea
between eastern Avalonia and Baltica probably occurred
by subduction of the ocean floor beneath the Avalonian
plate, while the southwestern edge of Baltica was passive
(Mona Lisa Working Group, 1997). During Late Silurian
time, increased deposition rates are reflected by up to 2.6
km of strata in the Danish Basin (Michelsen and Nielsen,
1991) and synsedimentary tectonism. These indicate
development of a foredeep as the eastern part of the Aval-
onian plate thrust over the southern edge of Baltica
(Mona Lisa Working Group, 1997). The source for these
shaly sequences may have been mountains that rose in
the south at the onset of the collision between Baltica and
eastern Avalonia (Erlstrom et al., 1997). The Upper Si-
lurian sandstones that succeed those shales may be
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related to the renewal of Caledonian thrusting in the
south.

The western margin of Baltica extended at least 400
km west of the present thrust front of the orogen
(Stephens and Gee, 1989). The edges of the continent, as
shown in Fig. 1, are not the original ones, but are margins
defined by later tectonic events. A Late Ordovician phase
of orogenic activity may have led to uplift along this mar-
gin. Later erosion of these uplands provided a westerly
source for Early Silurian siliciclastics now in the Oslo
graben and the developing Jamtland Basin. During the
Early Silurian, there also seems to have been an easterly
source of sediments for parts of the Oslo Region (Braith-
waite et al., 1995). Manten (1971, p. 25-27) and Bassett et
al. (1989) inferred exposed land northwest of Gotland
from the early Wenlock onward. According to them, this
accounts for the lack of Wenlock and Ludlow sections in
central Sweden and the intermittent influx of siliciclastic
sediment into western Gotland. In their analysis of sedi-
mentary rocks from the intracratonic basin preserved in
the Sea of Bothnia, Van Balen and Heeremans (1998) pro-
posed that the bulls eye-shaped Bothnian Basin was for-
merly twice as wide as today:. If so, the exposed area must
have been much narrower than suggested by Bassett et al.
(1989, figs. 121-122). Thus the Early Silurian Baltoscandi-
navian areas featured an uneven topography with several
small intracratonic basins or shallow depressions.

In connection with the onset of the Scandian phase of
the Caledonian orogeny, southeasterly-directed nappe
displacement led to development of foreland basins
(Baarli, 1990a) and later deposition of continental sedi-
ments conformably above the marine deposits. The effect
of this orogeny was first manifested in the late Llan-
dovery to the northwest in Jamtland, and reached Skane
in southern Sweden by latest Ludlow to early Pridoli
time (Bassett, 1985). Allochthonous and parautochtho-
nous Silurian deposits are found within the Scandinavian
Caledonides and along the thrust front (Stephens and
Gee, 1989). Of these, only the parautochthonous deposits
are considered herein, along with the autochthonous
deposits. The parautochtohnous deposits have been sub-
ject to palinspatic reconstruction (Fig. 2), following Cocks
and Worsley (1993).

OsLo REGION AND JAMTLAND — Detailed stratigraphic
columns are provided from ten section localities in south-
ern Norway and Sweden (Figs. 3-5). The primary sources
of information on the Oslo Region are from the classic
treatment by Kizer (1908) and the overview of Worsley et
al. (1983). The latter’s contribution revised the region’s
stratigraphic nomenclature into a form compatible with
modern usage. The Llandovery succession of the Oslo
Region was updated by Baarli and Johnson (1988), Wors-
ley (1989), Baarli (1990b), and Johnson et al. (1991),
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FIGURE 3 — Silurian stratigraphy of localities 2, 6, 7, and 8 in the Central Scandinavian Basin (see Fig. 2). Lithologic key applies to all stratigraphic

sections in this report.

among others. Cocks and Worsley (1993) further refined
the Telychian succession and expanded the stratigraphic
and paleoecologic overview of the region through the
lower Wenlock. Heath and Owen (1991) and Braithwaite

et al. (1995) revised the Hadeland section (Fig. 4). The
youngest strata in the Silurian of the Oslo Region are not
well investigated, with the exception of a few local stud-
ies by Turner and Whitaker (1976), Olaussen (1985), and
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FIGURE 3 continued.

Dam and Andreasen (1990). The latter demonstrated a
western source for the youngest Silurian marine and con-
tinental deposits of the central Oslo Region, as opposed
to the eastern source for the central area proposed in ear-
lier studies (e.g., Turner and Whitaker, 1976; Worsley et
al., 1983). An overview of Silurian benthic marine com-
munities of the Oslo Region was conducted by Baarli et
al. (1999).

The locations of all localities are marked in Fig. 2, and
are distinguished as primary and auxiliary sections in
Figure 6a—h. Sources other than those mentioned above
for the auxiliary sections can be briefly summarized.
Smelror et al. (1997) described an offshore stratigraphic
core (location 1) drilled outside Kristiansand with Rhud-
danian and Aeronian deposits. Locations 3 and 4 (Fig. 2)
entail general information from Kieer (1908), Worsley et

Silurian Stratigraphy and Paleogeography of Baltica

al. (1983), and Cocks and Worsley (1993) that covers the
Silurian marine sequence to possible Ludlow continental
deposits. The lower Llandovery to the Monograptus cris-
pus Zone was described by Baarli (1988) for location 5, at
Modum (Fig. 2). Location 11 (Fig. 2) at Ringsaker is not
well known, but is included in general reports treating
the entire Oslo Region. These reports include Moller
(1989) on the upper Aeronian Rytteraker Formation,
while Cocks and Worsley (1993) provide additional infor-
mation on the succeeding Telychian.

The Jamtland section (Fig. 4) from west-central Swe-
den clearly is not traditionally part of the Oslo Region,
but includes parautochthonous nappes along the Cale-
donian mountain range much further north. When sec-
tions in the Oslo Region are palinspatically restored (Fig.
2), they lie along a trend that includes Jamtland. In this
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FIGURE 4 — Silurian stratigraphy of localities 9, 10, 12, and 15 in the Central Scandinavian Basin (see Fig. 2).

report, Jamtland has a position in relation to the Cale-
donian front that is similar to the Ringsaker, Toten, and
Hadeland areas of Norway. Jamtland experienced greater
post-depositional folding and metamorphism than the
other areas. This, in addition to an extensive cover of till,
makes stratigraphic data difficult to compile. The Upper
Ordovician and Ordovician-Silurian boundary sections
are described by Cherns and Karis (1995). Additional
information is from Thorslund and Jaanusson (1960), Bas-
sett et al. (1982), Stromberg (1986), and Grahn (1998).
There are fossiliferous Silurian shallow-water sediments
in several other places in the Caledonides of Norway and
Sweden, such as the Ofoten—Troms area of northern Nor-
way. These were deposited in basins developed off the
Baltic platform and emplaced onto the platform during
the final Caledonian thrust phase (Andresen and Stel-
tenpohl, 1994).

CENTRAL TO SOUTHERN SWEDEN AND DENMARK — The
stratigraphic information from central to southern Swe-
den and Denmark (Figs. 4 and 5) is much less detailed
than that from the Oslo Region. The chitinozoan bio-
stratigraphy of the Llandovery to middle Wenlock of

10

mainland Sweden was documented by Grahn (1998).
However, our estimations of sea-level changes inter-
preted from the limited lithological and paleontological
information are subject to emendation. There are four
main areas with Silurian exposures in central and south-
ern Sweden. The first, in the Skéne area of southern Swe-
den, is included with the Silurian sections from the
nearby Danish island of Bornholm. The Silurian sections
of Vistergétland and Ostergétland in the area near Lakes
Vittern and Vénern (Fig. 2) lie to the north. Farther north
are the Silurian sequences in Dalarna Province of central
Sweden. Gotland is treated as part of the East Baltic Basin
(described below), but is included on the paleogeo-
graphic maps (Figs. 6a-h).

With the exception of Gotland, the areas where Si-
lurian strata are best known from southern Scandinavia
are in Skdne and Bornholm. There are several review arti-
cles on Skane, but those by Regnéll (1960), Laufeld et al.
(1975), and Larsson (1979) are the primary sources. Grahn
(1996, 1998) has reviewed the biostratigraphy based on
chitinozoans. No single section reveals the entire Silurian
sequence, but a combination of cores and outcrops allow
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FIGURE 4 continued.

construction of a composite section from the Lund area
(Fig. 2, location 20) based on studies by Bergstrom et al.
(1999), Laufeld et al. (1975), and Jeppsson and Laufeld
(1986). Information from other wells, such as the long
Lovisenfred core (Fig. 2, location 21) is summarized by
Bergstrom et al. (1999). The Silurian sequence on Born-
holm (Fig. 2, location 22) is described in detail by Bjer-
reskov (1975, 1986) and Bjerreskov and Jergensen (1983).
More or less continuous sections extend into the Wenlock,
while the middle Wenlock Cyrtograptus lundgreni Zone is
represented by boulders on the southeastern coast of
Bornholm. The Terne-1 well (Fig. 2, location 19) in the
Danish waters of the Kattegat between Jylland and Skane
was described by Michelsen and Nielsen (1991).

The Lower Silurian of Vistergétland (Fig. 2, locations
15-17), Ostergc'itland (Fig. 2, location 18), and the Siljan
area in Dalarna (Fig. 2, locations 13-14) was described in
studies on the Ordovician-Silurian boundary and Si-
lurian bentonites (Bergstrom and Bergstrom, 1996;
Bergstrom et al.,, 1998), while the biostratigraphy was
described by Grahn (1998). Few other comprehensive
recent studies are available for this region, with the

Silurign Stratigraphy and Paleogeography of Baltica

exception of the description of a core at Kinnekulle (Fig.
2, location 15) in Vistergdtland (Waern et al., 1948). Addi-
tional data from locations 13-18 (Fig. 2) are available in
Thorslund and Jaanusson (1960) and Ramskold (1994).

EAST BALTIC AND DNIESTER BASINS

The base map for Silurian outcrops, sections, and core
localities on Gotland, Sweden; the Baltic States; Belarus;
and the Ukraine is shown in Fig. 7. The East Baltic Basin
featured a fairly large, shallow, intracratonic sea on the
western part of the East European Platform. The basin
developed on a Precambrian basement with very low
relief and had a gentle dip toward the present southeast.
This basin covered the Baltic states and northern Poland
in the south, and the island of Gotland, Sweden, to the
north and west. The southeastern edge of the basin is a
continuation of the Tornquist-Tesseyre lineament (Fig. 7).
Increased subsidence on the southwest margin of the East
Baltic Basin began in the Caradoc and the subsidence rate
increased through the Ordovician-Silurian (Poprawa et
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FIGURE 5 — Silurian stratigraphy of localities 13 and 20 in the Central Scandinavian Basin (see Fig. 2).

wedges derived from the North German-Polish Cale-
donides (Poprowa et al., 1999). Oliver et al. (1993) pro-
posed that the initial continent-to-continent collision
occurred in southwest Poland during the middle Silurian
with a later transpressional closure, although most other
models stipulate earlier contact further west. The East

al., 1999). The resulting accumulation of Silurian rocks
ranges from a few hundred meters in the northeast to
more than 3.0 km in the southeast, and was mainly
deposited during the Ludlow and Pridoli (Poprawa et al.,
1999). This was probably coeval with closure of the Torn-
quist Sea and the thrusting of eastern Avalonia over the

edge of Baltica (Mona Lisa Working Group, 1997). The Baltic Ba§in changed from .a passive platform to a fore-
overthrusts may have been comprised of accretionary land basin with lithospheric flexure shown by progres-
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sive movement of the depositional towards the east dur- Slite Group by Calner (1999). The Hemse Group was
ing the Silurian (Poprawa et al., 1999). This foreland basin treated by Sandstrom (1998) with emphasis on the reefal
was a sediment-starved “bay” with hemipelagic deposits ~ facies. The transition between the Hemse Group and Eke

formed in present western Latvia that extended to west- Formation was reviewed by Cherns (1983), and rocky-

ern Lithuania, through Kalingrad, and into northern  shore conditions within the Eke Formation were dis-

Poland (Nestor, 1990a). cussed by Cherns (1982). The Hamra and Sundre Beds
The Dniester Basin developed as a rift-related, peri-  were treated in Long (1993). Where no recent study was

continental depression in Volynia, Podolia, and Mol- available, the lithostratigraphy follows Laufeld (1974),

davia. After a Late Proterozoic rift phase involving mas- ~ who provided a description of each rock unit.

sive flood basalts, this basin commenced subsidence that Not reflected in our paleogeographic maps for this

lasted from the Cambrian through the Silurian (Nikishin  region is the arrival of subaerial siliciclastic deposits from
et al., 1996). The basin roughly parallels the southwest the Caledonian front. None of these are preserved on

margin of the Baltic continent, has a steep slope towards Gotland, but they occur in submarine outcrops south of
the Tornquist-Tesseyre lineament (Fig. 8), and features  the island and are at least partly of Pridoli age (Jeppsson
narrow facies belts. A carbonate-dominated shelf was et al., 1994). Subaerial siliciclastic deposits subsequently
developed during the Silurian, and features a shoaling- reached central Poland and adjacent regions by the early
up succession (Koren’ et al., 1989). Abundant bentonites Emsian (Bassett et al., 1989).

deposited from the late Wenlock to the end of the Silurian BALTIC STATES — Estonia features coastal Silurian
suggest a nearby active subduction zone, possibly an arc outcrops on its islands and an extensive network of core
in the Rheic Ocean to the southeast of Baltica (Huff et al., data from the mainland. The Ohesaare core from the
2000). island of Saaremaa (Fig. 9) shows most of the Silurian

GOTLAND — A composite section for western Gotland (Nestor, 1990b). An auxiliary section from Panga Cliff
is shown in Fig. 9. The island of Gotland features excel- (Fig. 7, locality 4) is Wenlock (Rubel and Einasto, 1990).
lent Silurian exposures, and the area has been intensely Additional sections in the Llandovery (Fig. 7, localities

studied since the mid-eighteenth century. The lithostrati- 5-8) come from the Eikla core on Saaremaa, as well as
graphic scheme is somewhat in flux, because only some from the Varbla, Kirikukula, and Tkla cores from main-
units are formally defined as formations; the rest are land Estonia (Johnson et al., 1991). The biostratigraphy of
referred to as “Beds.” The biostratigraphic correlation fol- Saaremaa was revised by Loydell et al. (1998) for the
lows Jeppsson (1994, 1997) and Kaljo et al. (1998). Our Lower Silurian and by Jeppsson et al. (1994) for the rest of
composite section comes from the area around Visby on the Silurian. The subsurface Silurian throughout Latvia
the west coast of Gotland (Fig. 9). The basal Llandovery ~ and Lithuania is well investigated, but there are no out-
is not exposed, but is known from several cores. Detailed crops. Two cores from Latvia (Fig. 7, localities 9 and 10)

information for this part of the sequence is lacking, except are from Kolka (Méannil, 1977; Mérss, 1986) and Ventspils
for discussion of the biostratigraphic horizon at the base (Madrss, 1986; Bassett et al., 1989). Both span the upper
of the Lower Visby Beds in the File Hadar and Visby cores Llandovery through Pridoli.

(Thorslund, 1968). Facies and lithostratigraphy for In Lithuania, Musteikis (1993) provided a detailed
exposed parts of the Lower and Upper Visby Beds and description of Silurian communities through the Pilvis-
the succeeding Hogklint Formation were defined and kiai core (Fig. 7, locality 13), which spans the upper Llan-
described by Riding and Watts (1991), although they dovery-Pridoli. We relied on Musteikis and Kaminskas
defined the upper parts of the Hogklint and the succeed- (1996) and Musteikis and Paskevicius (1999) for informa-

ing Tofta Formation as the Kopparsvik Formation. This tion on sections through the Silurian in western, central,
name was rejected by later workers (e.g., Jeppsson, 1997; and eastern Lithuania (Fig. 7, localities 11, 12, and 14).
Kaljo, 1998). The Upper Visby Beds and Hegklint Forma- BELARUS — Our data from southwestern Belarus

tion were previously detailed in the Vattenfallet Project comes from a core at Rataichitsy (Fig. 7, location 15).
(Jaanusson, 1979; Bassett 1979), and all major fossil Available information is available on communities from
groups were described and related to lithostratigraphy. the deeper parts of the shelf margin (Pushkin and Mod-
The Slite Group was studied by Jacobsson (1997) and Cal- zalevskaya, 1999). The Belarus succession ranges from
ner and Séll (1999). The latter authors also described the the upper Llandovery through the rest of the Silurian.

basal beds of the Halla Formation, where they included DNIESTER BASIN — On the basis of excellent exposures
the Mulde Beds as a member within this formation. The ~ on the Dniester River and its tributaries in the Skala area
Froyel Formation, between the Slite Group and the Halla (Fig. 7, locality 16), a composite stratigraphic section (Fig.
Formation, was defined and separated from the upper 10) is adapted from Tsegelnjuk et al. (1983), Gritsenko et
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FIGURE 6 — Paleogeographic maps for eight Silurian time intervals: a—d, Llandovery; e and f, Wenlock; g and h,

Ludlow. Benthic Assemblage Zone numbers 0-6 (Boucot, 1975) apply to all paleogeographic reconstructions in this
report.
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FIGURE 8 — Paleogeographic maps for four Silurian time intervals: a, late Llandovery; b and ¢, Wenlock; d, early Ludlow.
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FIGURE 9 — Silurian stratigraphy of Gotland, Sweden, and the Ohesaaer boring in Estonia (see Fig. 7).

al. (1983), Abushik et al. (1985), and Koren’ et al (1989). TIMAN—PECHORA BASIN

Benthic assemblage zones are recognized through this
sequence according to the interpretations of Gritsenko et
al. (1999). Correlation of the Lower Silurian, based on
conodonts, follows Jeppsson (1997).

The Novaya Zemlya terrane, possibly together with the
North Tamyr-Zevernaya terrane, appears to have been
accreted to the Petchora—Barentia Basin on the Baltic con-
tinent during the Cambrian. The collision may have ter-
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minated during the Late Cambrian-Early Ordovician
(Nikishin et al., 1996). The opening of the Uralian Ocean
to the east also began in the Late Cambrian—Early
Ordovician (Malyshev, 2000). A shallow marine carbon-
ate platform developed on a generally passive margin
during the Late Ordovician and Silurian. Weak exten-
sional tectonics in the Silurian led to pull-apart sub-
basins in the central area and resulted in irregular
isopachs (Martirosyan et al., 1998; Malyshev, 2000). There
was a general subsidence towards the east, with thin sed-
imentary sequences towards the Timan Ridge and very
thick sequences towards the Uralian Ocean in the east
(Malyshev, 2000). Possible loading with deposition of
sediments derived from the Caledonian front led to a

Silurian Stratigraphy and Paleogeography of Baltica

deepening of the basin in the north toward the end of the
Silurian (Nikishin et al., 1996). Simultaneously, renewed
passive rifting was initiated in the Late Silurian (Maly-
shev, 2000).

A base map for this region of northeastern Russia is
shown in Fig. 11. Detailed stratigraphic columns are pro-
vided from twelve localities in an area that extends from
the polar areas of Novaya Zemlya southward to the sub-
polar eastern side of the Ural Mountains (Figs. 12-14).
This entire region has been extensively studied, and pro-
vides a wealth of stratigraphic information generally
unavailable to non-Russian geologists. An updated strati-
graphic scheme for the region was published by Antsygin
et al. (1993). A biostratigraphic correlation of major strati-
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graphic boundaries within the Timan-northern Ural
regions into the East Baltic Basin is given by Antoshkina
et al. (2000). Excellent reviews of Silurian community
data from Vaygach and Novaya Zemlya, and the Polar to
Subpolar Urals, are found in Nekhorosheva and
Patrunov (1999) and Sapelnikov et al. (1999), respectively.

The Kanin Peninsula (Fig. 12, locations 1, 2) and the
northern Timan area (Fig. 12, localities 3, 4) do not have
extensive outcrops. Apart from the overview articles
cited above, there are only stratigraphic notes in Gercen
et al. (1975) and Valiukevicius et al. (1983). Novaya
Zemlya (Figs. 11 and 12, localities 5-11) and the Vaygach
Peninsula (Fig. 11, localities 12-14) have been more thor-
oughly investigated (Blinkov, 1981; Bondarev et al.,1985;
Cherkesova, 1970; Tsyganko et al., 2000). The lithostratig-
raphy of the northern Urals was treated by Antoshkina et
al. (1989), and a field guide treats the Subpolar Urals in
detail (Antoshkina et al., 2000). In compiling sections
from this area (Figs. 13 and 14, localities 17, 18, 26, and
27), the published reports were supplemented by unpub-
lished data collected by A.L. Antoshkina as part of her reef
facies studies (Antoshkina 1988, 1994). Locality 21 (Fig.
11) was discussed by Tsyganko and Chermnykh (1983,
1987). Most of the sections in the Timan-Pechora Basin
feature shallow-water carbonate deposits with limited
possibilities for precise correlation with the graptolite
zonation. Koren” (1964), however, studied the graptolites
from slope deposits (Fig. 11, locality 23) and correlated
them with faunas from elsewhere in the Polar Urals. A set
of four paleogeographic maps for the late Llandovery to
late Ludlow is compiled in Figs. 15a—d.

RECORD OF COORDINATED SEA-LLEVEL
CHANGES ON BALTICA

The evidence of Silurian eustasy has been reviewed by
Johnson (1996) and Johnson et al. (1998). Eight eustatic
highstands are identified through the Silurian. Four
major events occurred in the Llandovery Epoch, and they
correlate with: 1) the approximate boundary between the
Rhuddanian and Aeronian Ages, 2) the early part of the
late Aeronian Age Stimulograptus sedgwickii graptolite
Chron, 3) the earliest part of the Telychian, and 4) the lat-
est Telychian prior to or roughly equivalent with the
Llandovery-Wenlock boundary. A fifth event is a minor
highstand equated with the Monograptus riccartonensis
Chron within the Sheinwoodian of the Wenlock. Two
major events (6 and 7) are recognized in the Ludlow. One
is in the earliest Gorstian and corresponds to the Neodi-
versograptus nilssoni Chron, and the other is within the
late Ludfordian and approximately coeval with the Boke-
mogratpus bohemicus tenuis-Neocucullograptus kozlowskii

Silurian Stratigraphy and Paleogeography of Baltica

Chron. The Pridoli had a single eustatic highstand.

Loydell (1998) suggested modifications to this
scheme in the lower part of the Silurian. In particular, he
proposed a minor highstand correlated with the Mono-
graptus argenteus Zone in the middle Aeronian Stage. He
also distinguished separate highstands in the Spirograptus
querichi and S. turriculatus Zones in the lower Telychian
Stage, and proposed an additional minor event correlated
with the Gothograptus nassa Zone in the upper Wenlock.
Data from the graphic logs and attendant paleogeo-
graphic maps assembled in this report offer the opportu-
nity to test the applicability of the various schemes.

LLANDOVERY EUSTASY — The Central Scandinavian
Depression was subject to extensive tectonic movements
during the Silurian with loading of its southern margin
that resulted from docking of eastern Avalonia and the
advancing Caledonian front to the northwest. The paleo-
geographic model in Figs. 6a-h reveals, however, that
eustatic changes were superimposed on the dominant
tectonic regime. We provide sea-level curves for ten
stratigraphic sections in this region (Figs. 3-5).

The close of the Ordovician featured a strong regres-
sion, followed by a transgression, that began in the latest
Ordovician Glyptograptus persculptus Chron. A continu-
ous transition occurs between the Ordovician and Si-
lurian along the southern margin of the Baltic Platform
from Bornholm to Skédne, and probably further north in
the Kinnekulle section in Vastergétland (Figs. 4, 6 a—d).
There are stratigraphic gaps, however, and the boundary
interval is missing immediately to the east at localities
16-18 (Fig. 2) of Bergstrém and Bergstrom (1996). In the
Oslo Region, the Asker—Sandvika and Malmeya sections
(Fig. 3) include continuous boundary sequences (Baarli,
1988). A gradual transgression west and northward at
localities 1 through 5 and 8 through 10, through the
Coronograptus cyphus Chron (Fig. 6a) to Jamtland (Fig. 4),
allowed preservation of a continuous section across the
boundary. This is attributed to uplift and instability
towards the west in the Late Ordovician, with erosion
and deposition in a shallow basin that developed through
the latest Ordovician and Llandovery.

Four out of ten bathymetic curves (Figs. 3-5) record
the initial Silurian highstand that is coeval with the latest
Coronograptus cyphus Chron (Johnson et al., 1998).
Bergstrom and Bergstrom (1996) demonstrated that the
Motola Formation, which represents a brief shallowing
before the C. cyphus Chron deepening, can be traced
throughout Vistergotland and Ostergotland. The Skien
curve (Fig. 3, locality 2) picks up the subsequent Mono-
graptus argenteus Zone event of Loydell (1998). Also at
Kallholn (Fig. 5, locality 13) in Dalarna Province, lime-
stone is deposited on a mudmound and overlain by
shales with graptolites of the M. argenteus Zone. Two out
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FIGURE 12 — Silurian stratigraphy of localities 1-3, 5, 6, 10-13, 15, and 16 in the Timan-Petchora Basin (see Fig. 11).

of ten curves specifically register the highstand coeval
with the base of the Stimulograptus sedgwickii Chron
(Johnson et al. 1998), but the paleogeographic map in Fig.
6b shows a substantial drowning of paleotopography
after the start of the Aeronian. The poor record of the later
Aeronian highstand in the Oslo Region and Jamtland is
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attributed to the position and southeast advance of a
peripheral bulge and developing foreland basin in con-
nection with the approaching Caldonian front (Baarli,
1990a). The Swedish localities, during this time, all fea-
ture deep-water graptolite shales, where few details are
known and minor sea-level changes may go unnoticed.
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FIGURE 12 continued.

At Osmundsberget (Fig. 2, locality 14), the section com-
mences with shales in the S. sedgwickii Zone that overlie a
thin conglomeratic limestone (Thorslund and Jaanusson,
1960) as the mound was submerged. The Jamtland sec-
tion is very poorly described and has little stratigraphic
control, but the general deepening of the basin continued
through the S. sedgwickii Zone.

Silurian Stratigraphy and Paleogeography of Baltica

A sea-level highstand equated with the basal Tely-
chian Spirograptus guerichii Zone is well documented in
the Skien and Ringerike sections (Fig. 3, localities 2 and 8)
and the Hadeland, Toten, and Jamtland sections (Fig. 4,
localities 9, 10 and 12). The absence of a record of this
event in the Asker-Sandvika and Malmaya sections (Fig.
3, localities 7 and 8) may be due to these areas being sub-
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FIGURE 13 — Silurian stratigraphy of localities 17, 18, and 21-24 in the Timan-Petchora Basin (see Fig. 11).

jected to uplift with passage of a peripheral bulge that
locally negated a rise in sealevel. The same bulge passed
through Ringerike, and thus the eustatic fall in sea level
was probably accentuated. Hadeland and Jimtland were
on the margin of the approaching fordeep during the S.
guerichii Chron, while Toten was already in the foredeep

and, therefore, experienced a continuous deepening. The
Swedish sections (Figs. 4 and 5) are in deep-water grap-
tolite shales that reveal little about bathymetric changes
during the time interval.

Changes in sea level during the Spirograptus turricu-
latus Chron are better expressed. A sea-level low followed
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FIGURE 13 continued.

by renewed deepening is seen in all areas of the Oslo
Region, with the exception of Hadeland, Toten, and Jamt-
land (Figs. 3 and 4). For this time interval, these areas
exhibit deep-water graptolite shales. In Dalarna (Fig. 5), a
limestone-rich interval in the Kallholn Formation over-
lain by shales containing S. turriculatus (Grahn, 1998) may
record the same deepening.

Silurian Stratigraphy and Paleogeography of Baltica

The highstand at or near the Llandovery-Wenlock
boundary is well represented in five out of seven sections
that span this interval in the Central Scandinavian
Depression (Figs. 3-5). The Skane section (Fig. 5, locality
20) reflects long-term graptolite shale deposition before,
during, and after this interval, but water depth was too
great to register small-scale changes. Section 13 in
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FIGURE 14 — Silurian stratigraphy of localities 26 and 27 in the Tilmen-Petchora Basin (see Fig. 11).

Dalarna (Fig. 5) exhibits a shallowing at this time that Estonian mainland during the Rhuddanian. Locality 13 in

demonstrates advance of the peripheral bulge across cen- western Lithuania was first onlapped in the late Aeronian

tral Sweden. to early Telychian. Locality 15 in Belarus was flooded in
In the East Baltic and Dniester Basins, the initial Llan- the middle Telychian. Podolia, which is farthest east, was

dovery transgression first reached the islands west of the drowned during the late Llandovery (Fig. 7).
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Johnson et al. (1991) examined the Estonian Llan-
dovery for sea-level changes. There is general agreement
among auxiliary sections 5-8 and the Ohesaare sequence
(Fig. 9) for a Rhuddanian-Aeronian highstand. Berg-
strom and Bergstrdm (1996) documented the shallowing
of the Coronograptus cyphus Zone.

The latter zone is followed by the same deepening
into the Demirastrites triangulatus Zone in the subsurface
of Gotland. There is a major regional transgression in the
Spirograptus turriculatus Zone (Johnson et al. (1991) that is
picked up in all Estonian sections (Fig. 7). A minor shal-
lowing immediately followed in the Ohesaare section
(Figs. 8a, 9). The transgression of the Podolian section
occurred simultaneously with a small deepening in the
Oktavites spiralis Chron that is known in the Ohesaare sec-
tion (Figs. 9, 10). This is a minor eustatic high picked up
by the more detailed curve of Loydell (1998), as opposed
to that of Johnson et al. (1998). The same small highstand
is also expressed in the Asker-Sandvika and Skien dis-
tricts in the Oslo Region (Fig. 3), but in no other sections
there. A major transgression is found in the Ohesaare sec-
tion at the Llandovery-Wenlock boundary.

In contrast to central Scandinavia, the Timan-
Pechora Depression is generally considered to have
developed on the relatively passive northern margin of
Baltica in the Timan-Urals region. The Pechora Basin,
however, sits astride several zones of uplift or mega-
swells that strike at an oblique angle toward the pre-
Uralian foredeep on the outer shelf. On the Chernaya
River of the Kanin Peninsula in northern Timan, for
example (Fig. 12, localities 1-3), middle Aeronian carbon-
ates of the Chernaya Rechka Formation rest on the
eroded surface of the terrestrial Ustchernaya Rechka For-
mation, which is provisionally assigned to the basal
Aeronian. This area is situated on the Paj-Khoj uplift, and
probably experienced a delayed effect of the initial Llan-
dovery marine transgression.

Elsewhere, rather abrupt lithological changes occur
at the Ordovician-Silurian boundary. On the Kozhym
River in the Subpolar Urals, for example (Fig. 13, locality
18), Upper Ordovician, light-gray, dolomitized lime-
stones with the brachiopod Holorhynchus and the tabulate
coral Eocatenipora are overlain by black dolomitized lime-
stones with crinoid debris, rare Mesofavosites corals, and
interbeds dominated by radiolarians and sponge
spicules. At deep-water localities, the outer shelf margin
with BA 6 communities is a poor place to detect sea-level
changes, as shown by locality 23 in the Subpolar Urals
(Fig.13).

We provide bathymetric curves for twelve strati-
graphic sections in this latter region (Figs. 12-14). Five of
the nine bathymetic curves that cover the interval record
the initial Silurian highstand that is roughly coeval with

the lowest Coronograptus cyphus Chron (Johnson et al,,
1998). None of the Russian sections pick up the subse-
quent Monograptus argenteus event of Loydell (1998). Four
out of twelve curves specifically register the highstand
coeval with the lowest Stimulograptus sedgwickii Chron
(Johnson et al., 1998). It is noteworthy, however, that the
S. sedgwickii Chron featured a substantial expansion of
the mid-shelf region at the expense of more landward
environments (Fig. 15a). None of the Russian sections
picks up either of the two highstands attributed to the
early Telychian. The interval corresponds to conversion
of a sloping shelf margin to a rimmed shelf with exten-
sive reef growth that kept up with rising sea level. These
conditions are well represented at locality 22 in the Sub-
polar Urals (Fig. 13) and locality 27 in the northern Urals
(Fig. 14).

The Llandovery-Wenlock boundary is difficult to
pinpoint in the Timan—-Pechora Depression. Three out of
our twelve sections lack this interval. Only three sections
are suggestive of the highstand proposed for this prob-
lematic interval (Figs. 12 and 13).

WENLOCK EUSTASY — The middle to late Sheinwood-
ian eustatic highstands of Johnson (1996) and Johnson et
al. (1998) are recorded only in the Ringerike district (Fig.
3) of southern Norway. Malmeya and Asker (Fig. 3, local-
ities 6 and 7) preserve this part of the stratigraphic col-
umn, but these areas underwent transition from foredeep
to shallow-water facies as the Caledonian front
approached. On Gotland and in Estonia, the maximum
Wenlock highstand is noted in the Wenlock. The clearest
sea-level pattern recorded in central Scandinavia is a low-
stand near the top of the Cyrtograptus lundgreni Zone, fol-
lowed by a pronounced deepening approximately in the
Pristiograptus parvus-Gothograptus nassa Zone in the Skien,
Asker, Ringerike, Skane, and Gotland areas. The same
trend is more weakly represented in the Ohesaare area of
Estonia (Figs. 3, 5, and 9). Lloydell (1998) reported the
same event from the Ulst core in Latvia. This eustatic
trend was not registered by Johnson et al. (1998),
although the more detailed curve based on graptolite
data constructed by Loydell (1998) does show this event.
Based on a study of rocky shoreline submergence in Got-
land, Calner (1999) made a convincing argument for this
being a eustatic event.

The stratigraphy of the Oslo Region records exten-
sive terrestrial deposition that began in the late Wenlock.
The only place with marine stratigraphic sections in cen-
tral Scandinavia for this interval is in Skane. Laufeld et al.
(1975) described the fauna at the transition from the Kall-
holn Formation (formerly the Cyrtograptus Shale) to the
Colonus Shale as evidence of an eustatic lowstand in the
“Monograptus” ludensis Zone. This is followed by a recur-
rence of deeper graptolite shales at the base of the Lud-
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low. The same eustatic lowstand, followed by a deepen-
ing at the base of the Ludlow, occurs in the Gotland, Ohe-
saare, and Podolia areas. This pattern agrees with the
curve of Johnson et al. (1998).

None of the Russian sections in the Timan—-Pechora
Depression reflects the minor highstand assigned to the
middle to late Sheinwoodian by Johnson (1996) and John-
son et al. (1998). Only the Russian sections (Fig. 13, local-
ities 21 and 24) pick up the highstand advocated by Loy-
dell (1998) in the Pristiograptus parvus-Gothograptus nassa
Zone in the middle Homerian, although three of the
twelve available sections lack the interval. This interval is
also a time of renewed reef growth on the rim of the
Uralian foredeep (Fig. 13, locality 22; Fig. 14, locality 27).

LubLow custasy — The early Ludlow highstand of
Johnson (1996) appears both in Gotland and Estonia in
the Neodiversograptus nilssoni Zone (Fig. 9), as well as in
the Kolka core in Latvia (Fig. 7, locality 9). The early Lud-
low highstand peaks slightly later in Podolia (Fig. 10).
The late Ludlow highstand, approximately coeval with
the Bohemograptus bohemicus tenuis-Neocucullograptus
kozlowskii Chron, is picked up in the Hamra Beds of Got-
land (Fig. 9). A possible eustatic highstand recorded in the
Klinta Formation of Skane is also considered Ludfordian
(Jeppson and Laufeld, 1986). In general, the Klinta For-
mation was deposited in shallower waters than the
underlying Colonus Shale, but the middle Bjar Member
shows a recurrence of shale similar to the Colonus Shale.
We tentatively interpret the Bjar Member as evidence of a
brief deepening that corresponds to the middle Ludfor-
dian eustatic maximum advocated by Johnson (1996) and
Johnson et al. (1998).

None of the Russian sections in the Timan-Pechora
Depression records the prominent highstand correlated
with the Neodiversograptus nilssoni Zone at the base of the
Ludlow (Johnson, 1996; Johnson et al., 1998) that is evi-
dent in the East Baltic Basin. Again, this interval in the
Russian quarter of Baltica is dominated by extensive reef
growth on the rim of the Uralian foredeep (Fig. 13, local-
ities 18 and 22; Fig. 14, locality 27). It is surmised that vig-
orous reef growth kept pace with the global rise in sea
level at that time. Conversely, the Ludfordian highstand
that is considered approximately coeval with the Boke-
mogratpus bohemicus tenuis—Neocucullograptus kozlowskii
Chron (Johnson, 1996; Johnson et al., 1998), appears in
five of twelve Russian profiles that span the interval
(Figs. 12-14). Eight out of twelve Russian successions
indicate a drop in sea level through the end of the Lud-
low, and this is well illustrated by the paleogeographic
map for the Monograptus formosus Zone (Fig. 15d).

PRIDOLI EUSTASY — Information on Pridolian sea-lev-
els is sparse. Except for Skane in southern Sweden, none
of the successions in central Scandinavia reach into the

Silurian Stratigraphy and Paleogeography of Baltica

Pridoli. The Skéne area records a possible middle Prido-
lian highstand (Fig. 5, locality 20). Our sections from Esto-
nia and Podolia suggest either a continuous regression or
a continuous transgression across the Ludlow-Pridoli
boundary. The most extensive data on the Pridoli comes
from the Timan-Pechora Depression of Russia. Only two
of twelve sections fail to cross the Ludlow-Pridoli
boundary. Five of ten sections that preserve this interval
register a single transgressive-regressive cycle with a
middle Pridoli highstand in sea level (Figs. 12-14, locali-
ties 1-3, 12, 13, 15, 16, 21, 24, 27).

INFLUENCE OF
WENLOCK-LUDLOW TECTONICS

From the Wenlock on, eustatic changes are particularly
difficult to discern in the Central Scandinavian Depres-
sion. It is likely that movement on the Caledonian front
slowed down or halted, while the pronounced foredeep
filled to sea level with mostly siliciclastic material after
the beginning of Wenlock. The last indication of a fore-
deep in the Oslo Region (Fig. 6e) is suggested by the sud-
den occurrence of graptolite shales in the Cyrtograptus
centrifugus—C. murchisoni Zone that continued into the
next graptolite zone (Fig. 3, localties 6, 7). There is no
information on marine strata from central Sweden
between the Oslo Region and Skane after that time.

The combined thickness of the Colonus Shale and
subsequent Oved-Ramsasa Beds are estimated to be on
the order of 800 m in Skane. This indicates rapid basin
subsidence that started near the end of the Mornograptus
predeubeli-M. deubeli Chron and continued until the mid-
dle Ludlow. Simultaneously, thick terrestrial deposits
accumulated over the entire Oslo Region. We envision
that coeval, near-shore terrestrial deposits to deep-water
shales in Norway and Sweden were deposited, with
progradation of sediments supplied from the Caledonian
front to the northwest.

Cores from the Danish Basin indicate that syntectonic
deposition occurred on fault blocks during this time, and
there is much variation in sedimentary rock thickness
over short distances (Michelsen and Nielsen, 1991). Evi-
dently there was strong tectonic activity during the Late
Silurian in this region. Upper Silurian volcaniclastic sedi-
ments, as seen interbedded with shales in the Terne-1
well, are common. Basalts are found in the deep well at
Neovling on Jylland west of location 19. Volcanic tuff is
reported from Bornholm, where associated graptolites
indicate the Cyrtograptus lundgreni Zone (Bjerreskov and
Jorgensen, 1983). The source for these andesitic tuffs is
interpreted to lie to the south. Combined faulting and
volcanic activity may indicate renewed activity, with
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thrusting of Avalonia over the margin of Baltica to the
south. It is possible that an uplifted source to the south or
southwest was more important in deposition in the Skane
area than the approach of the Caledonian front from the
northwest. Cut-outs of sections and lack of data in central
Sweden may be due to crustal flexure in response to the
rapidly subsiding basin in the south, or to the approach-
ing foreland basin to the northwest. Through the Wen-
lock, there were several episodes of siliciclastic influx
from the east into Gotland. Long (1993) suggested that
the influx of detrital material, including metamorphic
rock fragments during the Cyrtogratpus lundgreni Chron,
implies a source from the Precambrian shield of eastern
Sweden. Whether or not uplift caused by a peripheral
bulge could account for this kind of crustal erosion is
debatable.

CONCLUSIONS

Approximately 7.8 million km? in total area, the paleo-
continent of Baltica retains only a miniscule record of its
former marine shelves and cratonic depressions in the
remaining exposures of fossil-rich Silurian strata. Com-
bined with a more extensive record of Silurian strata in
the subsurface, however, it is possible to convert paleon-
tologic and lithologic information from key sequences
into reliable bathymetric profiles. Backed by a wealth of
auxiliary information, 25 bathymetric logs from the Cen-
tral Scandinavian, East Baltic, Dniester River, and
Timan-Pechora regions of northern Europe; Belarus; the
Ukraine; and northwestern Russia allow the reconstruc-
tion of a series of paleogeographic maps that cover
approximately 35% of Silurian Baltica.

Maps for various time slices through the Llandovery,
Wenlock, and Ludlow Series show that sedimentation in
the Central Scandinavian Depression and adjacent East
Baltic Basin was strongly influenced by the Scandian
orogeny to the west and the docking of the microconti-
nent Avalonia on the southwest. Compilation and inter-
polation of map data for these sectors yield a more com-
prehensive model for tectonic influences on the evolution
of marine shelves and epicontinental basins. The major
tectonic signature of the region during the Early Silurian
(Llandovery) is a narrow foreland basin preceded by a
peripheral bulge that advanced southeast across Scandi-
navia. During later Wenlock and Ludlow time, central
Scandinavia was deluged with siliciclastics that pro-
graded into shallow water. Simultaneously, the down-
warping of the cratonic margin to the south from the
impingement of Avalonia brought about relatively deep-
water conditions that long persisted in Denmark and
Skane. A tongue of graptolitic shales prograded as far as
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Gotland in the Llandovery and remained somewhat
longer in western Estonia through the earliest Wenlock,
but accommodation space for thick accumulations of
shale never developed to the same degree as in southern
Scandinavia.

By contrast, the Timan-Petchora Depression in
northwest Russia developed on a comparatively passive
cratonic shelf. Two distinct phases of extensive reef
growth occurred behind a rimmed platform margin dur-
ing the late Llandovery and again from the middle Wen-
lock through earliest late Ludlow. These episodes are
roughly coeval with the record of at least two highstands
in sea level that are often recorded elsewhere in the upper
Llandovery, and with a highstand commonly recorded at
the Wenlock-Ludlow transition.

Against this regional background, the record of Si-
lurian eustasy is surprisingly robust. Four out of eight
eustatic peaks proposed by Johnson (1996) and Johnson
et al. (1998) are registered with some regularity in Baltica.
All shelf regions were affected by the initial rise in sea
level following the retreat of Late Ordovician glaciers in
the North African and South American sectors of Gond-
wana. The first prominent highstand in sea level at or
near the Rhuddanian-Aeronian boundary is well repre-
sented in fully half of the profiles illustrated in this report
that span the interval. A rapid rise in sea level that is par-
ticularly well exhibited in central Scandinavia and the
East Baltic Basin is correlated with the early Telychian
Spirograptus turriculatus Chron. We surmise that this
event was not recorded in the Timan-Petchora region due
to vigorous reef growth that kept up with rising sea level.
A subsequent highstand at or near the Llandovery-Wen-
lock boundary is well recognized along an axis that
extends from Skien, southern Norway, to Jimtland in
west-central Sweden, but is less well known in north-
western Russia. It is important to note that the late Wen-
lock eustatic draw-down is registered in more than half
the profiles for that interval illustrated in this report. It is
notable that half the cited Russian profiles show the late
Ludlow sea-level excursion, as do the profiles for Skane
and Gotland. Among the additional Silurian eustatic
peaks proposed by Loydell (1998), the most promising for
Baltica is that associated with the Pristiograptus parvus-
Gothograptus nassa Zone in the Homerian Stage of the
upper Wenlock.
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ABSTRACT — Seventeen sections—six in Wales, five in
England, two in Ireland, two in eastern Canada, and two
in Belgium — give lithological and thickness data for rep-
resentative sequences on the Silurian continent of Avalo-
nia, together with depth curves constructed from analy-
ses of the faunal assemblages. Avalonia was an inde-
pendent continent from the Early Ordovician, when it
detached from Gondwana, until the Early Silurian, when
it collided with Baltica and subsequently with Laurentia.
The relatively small size of Avalonia and the relatively
intense tectonic activity it was subjected to led to swiftly
changing lithologies and benthic communities through
space and time. The Llandovery, Wenlock, and Ludlow
Series all have type areas in or near the Welsh Basin in
Avalonia.

INTRODUCTION

Avalonia was originally part of Gondwana (Figs. 1, 2),
and adjacent to the northern margin of Amazonia. In the
Early Ordovician, perhaps in the Llanvirn, it rifted off
from Gondwana (Cocks et al., 1997; Prigmore et al., 1997;
Cocks, 2000; Woodcock, 2000) to leave a widening Rheic
Ocean to its south. During the Early Silurian, Avalonia
collided with Baltica, and by the Late Silurian this com-
bined continent moved further across a fast-vanishing
lapetus Ocean to collide and merge with Laurentia dur-
ing the Caledonian orogeny. This collision led to conti-
nental Old Red Sandstone deposition over much of the
continent by Pridoli time. Thus Avalonia probably existed
as a separate continent only during the Ordovician. At no
time was Avalonia faunally unique. In the Cambrian and
Early Ordovician, it had faunas similar to the southern
continent (including the polar regions) of Gondwana,
while from the Middle Ordovician most of its faunas
became increasingly similar to those of Baltica and Lau-
rentia (Cocks and Fortey, 1982, 1990). The faunal evidence
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for the northward movement of Avalonia across the lape-
tus Ocean during the Ordovician has been amply con-
firmed by paleomagnetic data (Torsvik et al., 1996). Silici-
clastic sedimentary rocks are dominant in Avalonia
through much of the Early Paleozoic, although a few shell
hash limestones occur locally. The earliest substantial
warm-water carbonates appeared in the Wenlock. The
faunal and climatic changes are reviewed later in this
paper.

Avalonia is comprised of a number of now-separate
regions which form much of New England (south to
Cape Cod), US.A., the Maritime Provinces of eastern
Canada, much of southern Ireland, all of Wales, England,
northernmost France, Belgium, the Netherlands, part of
northern Germany, and probably southern Portugal
(Cocks et al., 1997). However, to the south of what is
today Belgium, there are no relatively complete, well-
dated, or fossiliferous sections in Avalonia, and this latter
region is not considered further herein. [n a similar way,
only two sections are provided for North America: New
World Island (Newfoundland) and Arisaig (Nova Scotia),
even though Avalonia extended as far as Massachusetts.

CORRELATION PROGRAMS

The columns which follow are a small selection from the
many available. These sections may be found in reports
by Berry and Boucot (1970) for the United States, Norford
et al. (1997) for Canada, and Cocks et al. (1992) for the
British Isles, including Ireland. The seventeen columns
which follow have been selected for their relative strati-
graphic completeness and for the variation across the
paleocontinent which they demonstrate. Perhaps more
columns from North America might have been included
to achieve a more even geographical balance across the
terrane. For example, sections in southern New
Brunswick, western Nova Scotia, and the Avalon Plat-
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FIGURE 1 — Map of terranes assigned to Avalonia in Europe (after Cocks et al., 1997). Note that Avalonia is now considered to have extended north-
westward to the Tornquist-Tesseyre Zone (TTZ). Numbers indicate locations of Silurian sections discussed in text.

form represented in the offshore Grand Banks all contain
Silurian rocks. However, substantial lithological, faunal,
and community data were not available from these areas
at the time of our compilation. For the locations of the
columns, see Figs. 1 and 2. The Benthic Assemblage (BA)
zones of Boucot (1975), which range from BA 1 (shallow)
to BA 5 (deep), are used where possible. “BA 6” is used
for areas too deep for the appearance of abundant and
diverse benthic organisms in the Silurian, but from which
graptolites and other planktic or nektic fauna elements
have been recovered. “BA 0” is used for non-marine
assemblages.

MARLOES AND SKOMER — This column (Fig. 3, left) is
based on well-exposed rocks along the southwestern
Welsh coastline at Marloes Bay and nearby Skomer
Island. The Skomer Volcanic Group was long thought to
be Ordovician until the discovery of the Aeronian bra-
chiopod Eocoelia hemisphaerica in interbedded shales
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(Ziegler et al., 1969). The unconformable and overlying
Coralliferous Group of late Telychian age (and possibly
also early Wenlock age) includes BA 4 Costistricklandia
Community assemblages with C. lirata that shallow up
into a BA 2 Eocoelia Community. The succeeding Gray
Sandstone Group includes brachiopods of generalized
Wenlock age and bivalve-dominated assemblages that
represent a shallowing-up sequence (Walmsley and Bas-
sett, 1976; Hurst et al., 1978). The overlying Red Cliff and
Sandy Haven Formations are in terrestrial Old Red Sand-
stone facies and represent continental emergence. These
formations are the lowest within the Milford Haven
Group (Allen and Williams, 1978), which continues
upwards into the Devonian. Correlation within these
higher rocks is locally quite uncertain, although compa-
rable rocks 80 km east near Llandeilo yield Late Silurian
spores.

LLANDOVERY — The formal, international base of the
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FIGURE 2 — Map of terranes assigned to Avalonia in eastern North America (after Cocks et al., 1997). Numbers indicate locations of Silurian sections

discussed in text.

Llandovery Series (and that of its lowest Rhuddanian
Stage) is at Dob’s Linn, in the Southern Uplands of Scot-
land (Cocks et al.,, 1992). This local succession was
deposited in an ocean a long distance offshore from Aval-
onia and far from any source of coarse siliciclastic sedi-
ment. However, the basal stratotypes of the higher two
Llandovery Stages, the Aeronian and Telychian, are in the
Llandovery district in the county of Dyfed, south-central
Wales, an area made famous by the original detailed
work of Murchison (1839). The area has been revised sev-
eral times, most recently by Cocks et al. (1984), who for-
malized the stratigraphic nomenclature (Fig. 3, right) and
recorded large numbers of brachiopods, graptolites, and
other fossils from the area, including enough chitino-
zoans to base a zonal scheme on them. The base of the
Aeronian is within the sandy mudstones of the Trefawr
Formation in the north of the area and at the base of the
Monograptus triangulatus Zone. The base of the Telychian
Stage lies within the thin-bedded sandstones and mud-
stones of the Wormwood Formation to the south of Llan-
dovery, and coincides with the lowest appearance of
Eocoelia curtisi and Stricklandia laevis. Most of the Llan-
dovery succession around Llandovery is represented by
middle- to outer-shelf siliciclastics. The succeeding Upper
Silurian is best exposed in the Sawdde Gorge, 10 km
south-southwest of Llandovery, where the Wenlock is a
generally regressive sequence from deep to shallow shelf
(Hurst et al., 1978), followed by deep-shelf environments
in the basal Ludlow. A second regressive sequence shoals
to non-marine prior to the end of the Pridoli. The Wen-
lock of the Sawdde Gorge has three units (Hurst et al.,
1978): 1) the Sawdde Siltstone Formation, 325 m of silt-
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stones and shales with rotational slumps in the upper
half; 2) the Sawdde Sandstone Formation, which includes
interbedded sandstones, siltstones, and shales with an in-
situ BA 4 Isorthis Community; and 3) the shallower-water
Ffinnant Sandstone Formation, which shows a regressive
sequence from the BA 4 [sorthis Community through the
BA 3 Homoeospira Community and into a BA 2 Salopina
Community. The Wenlock succession culminates in a 10
m sandstone, interpreted as a barrier bar, overlain by 6 m
of siltstones with a BA 1 bivalve-Lingula Community
interpreted as a restricted lagoonal assemblage. The
uppermost bed of the formation is a 1 m ironstone oolite
with a BA 34 Gypidula Community that heralds the basal
Ludlow transgression within the Tresglen Beds and their
BA 5 Dicoelosia Community. The overlying Ludlow and
Pridoli beds are variable in character (Potter and Price,
1965). They consist of shelf deposits (the Tresglen and
Black Cock Formations) overlain by coarser-grained
sandstone deltaic deposits (Trichriig Beds). These are in
turn overlain by the Cwm Clid and Roman Camp Beds,
which carry mid-shelf faunas, are progressively regres-
sive, and terminate upwards with BA 2 Profochonetes-
Salopina Community faunas at the top of the Roman

~ Camp Beds. After a relatively brief period of non-deposi-

tion, the Long Quarry Beds were deposited in a shallow-
marine basin with a BA 1 Lingula-bivalve Community,
and this unit is followed by the non-marine Raglan Mud-
stones with a typical Old Red Sandstone, non-marine
facies.

Usk — The Usk Inlier in southeast Wales only has
exposures of middle Wenlock and later beds (Fig. 4, left),
although unpublished borehole data reveal the underly-
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FIGURE 3 — left, Locality 1, Marloes and Skomer Island, southwest Wales. For location see Fig. 1. Corallif Gp, Coralliferous Group; right, Locality 2,
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ing Wenlock and Llandovery (Butler et al., 1997). The rich
shelly succession in the Upper Silurian was described in
detail by Walmsley (1959). Bassett (1974) recorded Mono-
graptus flemingii flemingii near the exposed axis of the anti-
cline. The latter species indicates a post-Monograptus ric-
cartonensis Zone-age for that part of the Coalbrookdale

Mudstone. The British Geological Survey (Squirrel and
Downing, 1969) confirmed Walmsley’s (1959) work, but
employed the stratigraphical nomenclature from the type
Ludlow area, which we follow herein.

TORTWORTH-TITES POINT — These two outcrop areas
are geographically separated; however, they are probably
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FIGURE 4 — left, Locality 3, Usk Inlier, Gwent, southeast Wales; DCS, Downton Castle Sandstone Formation; Leintw, Leintwardine Formation; C'brk-
dale Mudst, Coalbrookdale Mudstone Formation. center, Locality 4, Tortworth and Tites Point, Avon, western England. For location, see Fig. 1. Leintw,
Leintwardine Formation; Up Trap, Upper Trap (andesite); Lr Trap, Lower Trap (andesite). right, Locality 5, Malvern Hills, Hereford and Worcester,

western England. DCS, Downton Castle Sandstone.

connected at depth. The Tortworth Inlier north of Bristol
includes Telychian to Homerian horizons, and the Tites
Point and associated areas in Gloucestershire include
rocks of early Ludlow to early Pridoli age (Fig. 4, center).
Tortworth was investigated by Curtis (e.g. 1972), and the
Tites Point area was investigated by Cave and White
(1971); there is a further summary in Cave (1977). The
unconformity below the upper Llandovery Damery
Beds, within which are the Lower Trap volcanics, has
been proven by exposures in temporary excavations. The
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Damery Beds have BA 2 Eocoelin Community assem-
blages, and the Tortworth Beds have BA 4 Stricklandia
Community assemblages, although redeposited shell
horizons rich in Eocoelia lie within them (Ziegler et al.,
1968b). Ludlow rocks are present in the northern Tort-
worth Inlier, but the Wenlock is succeeded uncon-
formably further south by the Upper Old Red Sandstone
of Late Devonian age. At Tites Point itself, the Ludlow
Bone Bed indicates a conformable passage into the Pri-
doli, but the overlying non-marine Thornbury Beds of
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ity 8, Builth Wells area, Powys, eastern Wales.

Pridoli age are overlain unconformably by the Upper Old
Red Sandstone.

MALVERN HiLLS — The Precamibrian rocks of this area
mark a line of minimal subsidence through the Early
Paleozoic. At the start of the Silurian, the Malverns
formed part of a landmass that extended across much of
the English Midlands (Bassett et al., 1992). The sea did not
cover the area until the latest Aeronian, when the con-
glomerates, sandstones, and siltstones of the Cowleigh
Park Beds with a BA1l Lingula Community were
deposited (Ziegler et al., 1968b). The overlying rocks (Fig.
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5, right) are latest Telychian; they show a gradually deep-
ening sequence (from BA3 to BA5) of Pentameroides,
Stricklandia and Costistricklandia, and Clorinda Commu-
nity assemblages. As the assemblages above this early
Telychian hiatus are deeper-water than those below, it has
been suggested (Ziegler et al., 1968b, p. 776) that the sea
may have been present in the Malvern area during this
time, but that no sediments were deposited. The progres-
sive Llandovery deepening continued through the early
to middle Wenlock Woolhope Limestone and Coalbrook-
dale Formations (Hurst et al, 1978). A sequence
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deposited under shallower water is present in the upper
Wenlock; the shallower (BA 2, BA 3) faunal assemblages
present in the Malverns occur in the locally developed
Much Wenlock Limestone Formation (in contrast to the
Shropshire region further north). The Ludlow starts with
a sharp return to deeper (BA4, BA5) environments (Hurst
et al., 1978), but there was a gradual shallowing to non-
marine red mudstones and sandstones of the Ledbury
Formation after the Gorstian (Phipps and Reeve, 1967;
White et al., 1984). Overlying non-marine, Old Red Sand-
stone facies of Pridoli and later age are described in
Mitchell et al. (1961).

WENLOCK-LUDLOW — These two adjacent areas in
Shropshire include the type areas for the second and third
series of the Silurian System. They lie to the east of the
major Church Stretton tectonic lineament, where the Si-
lurian is not strongly deformed (in contrast to the cleaved
rocks of similar sedimentary facies to the west of the lin-
eament). The Llandovery rests unconformably on
Caradocian and older rocks, and the deposits contain a
BA 1 Lingula Community in the Kenley Grit (Fig. 5, left).
BA 2 Eocoelia and BA 3 Pentamerus Communities appear
in the succeeding siltstones and mudstones of the Pen-
tamerus Beds, and a BA 5 Clorinda Community appears in
the Hughley Shales (Ziegler et al., 1968a, 1968b). As else-
where in western England, the Llandovery progressively
deepens through time. The conformably overlying Build-
was and Coalbrookdale formations (Wenlock) carry
mostly deeper-water, BA 5 community faunas, with spo-
radic development of BA 4 shelly and BA 6 graptolite-
dominated faunas. Gradual shallowing through BA 4
shelly assemblages, with an increasing proportion of car-
bonate beds within the dominant shales, precedes the
Much Wenlock Limestone Formation, which generally
has BA 3 shelly assemblages and bioherms (Bassett et al.,
1975; Hurst et al., 1978). There is a dispute whether the
top of the Much Wenlock Limestone is diachronous, but
we follow Hurst (1975) in believing it to be diachronous.
In the Much Wenlock area, the Much Wenlock Limestone
is conformably overlain by the siltstones and fine sand-
stones of the Elton Formation, which can be traced south-
wards to the type Ludlow area (Holland et al., 1963;
White and Lawson, 1978). Above the Much Wenlock
Limestone, the basal siltstones of the Elton Formation
contain BA 2-3 assemblages. The sudden deepening that
is characteristic of the base of the Ludlow in many places
(McKerrow, 1979) occurs 5 to 10 m above the limestone.
Hurst (1975) gave cogent reasons why this widespread
deepening event is more likely to be synchronous than
diachronous and local in its switch from carbonate to sili-
ciclastic sedimentation. The Elton Formation includes BA
3 to BA 5 shelly faunas, and is succeeded by the Bringe-
wood Limestone, with horizons dominated by the large

The Silurian of Avalonia

pentamerid Kirkidium (BA 3). The overlying Whitcliffe
Formation has faunas that decrease in diversity upwards
and culminate in the remanié Ludlow Bone Bed at the
base of the Downton Castle Sandstone. The latter carries
sparse BA 1 ostracode and rare brachiopod faunas (Bas-
sett et al., 1982). Higher strata of the Downton Castle
Sandstone and Temeside Shales represent non-marine
and deltaic environments (Allen and Tarlo, 1963), fol-
lowed by the Old Red Sandstone facies of the fish-bear-
ing Ledbury Formation (White, 1950). More details are
given on Wenlock—Pridoli communities in this region by
Boucot and Lawson (1999).

SHELVE-BisHOP's CASTLE — West of the Church Stret-
ton tectonic lineament, the folded rocks of the Precam-
brian-Caradocian Shelve Inlier are unconformably over-
lain by middle Llandovery (Aeronian) rocks. These rocks
include the Bog Quartzite and the Venusbank Formation
(Fig. 5, center), which yield diverse BA 3 rocky bottom
and BA 4 Stricklandia Communities, respectively (Ziegler
etal., 1968b). Bridges (1975) described transgression over
a hard substrate in this area. Above these lower two units,
the Minsterley Formation yields chiefly BA 5 Clorinda
Community assemblages in facies that range from outer-
shelf siltstones to thin turbidites. The Coalbrookdale For-
mation (Wenlock) overlies the Minsterley Formation and
is relatively sparsely fossiliferous, with deeper-water
outer-shelf benthic assemblages interspersed with thin
turbidites and occasional horizons rich in graptolites. The
lenticular Edgton Limestone is a deeper-water limestone
with a high proportion of shale interbeds and relatively
few shells. The Aston Mudstone is also outer-shelf and
poor in fossils, and has been lithologically correlated with
the lower Ludlow Elton Formation in the type Ludlow
area. The higher beds shown in this column are closely
comparable to the Upper Silurian of the Knighton area
(Holland, 1959), and a very similar lithological classifica-
tion is followed, apart from the recognition of the Cefn
Einion Formation for the highest Ludlow unit (Cocks et
al., 1992). Three small igneous intrusions near Bishop’s
Castle apparently record local Silurian volcanism
(Sanderson and Cave, 1980). The Downtonian Formation
is usually divided into the lower Yellow Downtonian (ca.
10 m thick), the middle Green Downtonian (20-100 m)
and the upper Red Downtonian, which is over 700 m
thick and extends up to include a non-marine, fish-bear-
ing, Old Red Sandstone facies of Early Devonian age.

BuiLtTH — Ziegler et al. (1968b) reviewed the Llan-
dovery faunas of this area and reported a BA 34 Pen-
tamerus and Stricklandia assemblage from the Trecoed
Beds (Fig. 5, right). This assemblage includes Stricklandia
laevis, an early Telychian species. The Trecoed Beds are
unconformable on the Middle Ordovician. The overlying
Wenlock is represented by a continuous graptolitic
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sequence, and most of the Wenlock graptolite zones are
present up to the Cyrtograptus lundgreni Zone (Elles, 1900;
Wood, 1900; Hurst et al., 1978). There is no evidence of the
basal Wenlock unconformity suggested by Jones (1947).
Water depths became shallower in the latest Wenlock and
through the Ludlow, where the basinal siltstones have
yielded a variety of shelly faunas (Straw, 1937). These ear-
lier records have been translated into BA numbers on our
chart based on the communities described by Calef and
Hancock (1974). The overlying Pridolian Raglan Mud-
stone is a non-marine Old Red Sandstone facies.

RHAYADER-KNIGHTON — Rhayader is on the eastern
margin of the central Wales Basin. During all of the Llan-
dovery and early Wenlock, the Silurian of this region was
deposited well below the depth range of shelly faunas.
The graptolites recovered represent almost all the zones
known from this substantial time interval (Fig. 6, left). At
various periods (e.g., during deposition of the late Aeron-
ian Caban Conglomerate), very substantial olistostromes
filled canyons at the basin edge, and most of the other
deposits represent some kind of turbidite (Kelling and
Woodlands, 1969). BA 5 assemblages appear in the
Homerian. Later on, the basin was not as deep, and vari-
ous shelly assemblages are known in the Ludlow, partic-
ularly from the Knighton area (Holland, 1959), where the
succession is lithologically similar to the sequence north-
east near Bishop’s Castle. Above the Ludlow, the Pridoli
again represents the non-marine regime of the Old Red
Sandstone facies.

DENBIGH AND CONwAY — The Silurian rocks of this
area have been remapped by the British Geological Sur-
vey (Warren et al., 1984). The Llandovery consists of a rel-
atively narrow outcrop belt of mudstones and siltstones,
and nearly all of the Llandovery graptolite zones are
known. The Wenlock and Ludlow have much more sub-
stantial outcrops and include many slumps which carry
shelly faunas, in addition to the graptolites shown on the
column (Fig. 6, center). No deposits later than very early
Ludfordian are known below the unconformity with the
Carboniferous.

ENGLISH LAKE DISTRICT — A great deal of new work
has been carried out in the Ordovician and Silurian of this
area by the British Geological Survey and others. The
transition from the type Ashgillian into the Silurian
occurs within deep-water mudstones (Fig. 6, right), and
the whole of the Llandovery, Wenlock, and Ludlow is
represented by BA 6 graptolite assemblages (Kneller et
al.,, 1994). The mudstones were succeeded by coarse-
grained turbidites in the late Homerian (Rickards, 1978,
p- 140), when the rates of subsidence increased. Increased
subsidence suggests development of a foreland basin
(Kneller, 1991; King, 1994), perhaps related to the sub-
duction of English continental crust (then part of Avalo-
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nia) below Laurentian Scotland (Leggett et al., 1983; King,
1994). At the top of the Silurian, the Scout Hill Flags show
a slight shallowing, and have a sparse Pridoli fauna of
ostracodes and other forms. The Scout Hill Flags are
shown here as a separate formation above the Kirkby
Moor Flags, as suggested by most authors (see Cocks et
al., 1992), but others prefer to treat these beds as the Helm
Member within the Kirkby Moor Flags.

BALBRIGGAN, IRELAND — The Silurian of this inlier
north of Dublin (Fig. 1, locality 6) is entirely graptolitic
(Fig. 7, left) and is very similar to that of the Lake District,
although sand-grade turbidites occur in the Telychian as
well as the Homerian. The youngest exposed fossiliferous
beds are Homerian, though the coarse turbidites of the
Skerries Formation may extend up into the Ludlow
(Rickards et al., 1973). There has been some debate about
which areas of modern central Ireland formed part of
Avalonia (e.g., Harper and Parkes, 1989). The Silurian
deposits in central Ireland consist mainly of deeper-water
graptolite shales and turbidites, which are of little help in
resolving the problems. However, there is little doubt that
eastern inliers such as Balbriggan lay on the Avalonian
side of the Iapetus Ocean.

DINGLE — The oldest beds exposed in this area (Fig.
1, locality 13) are mainly siltstones of the Ferriters Cove
Formation (Fig. 7, center), which has Wenlock fossils
(Bassett et al., 1976; Holland, 1988). The lower beds con-
tain a Dolerorthis rustica Association, which can be inter-
preted as a mid-shelf environment (BA 3), and the major-
ity of the formation contains brachiopods and corals
indicative of shallower, storm-influenced environments
(Watkins, 1978). The overlying Clogher Head Formation
is dominantly volcanic, but contains some rhynchonel-
lides characteristic of BA 2 (Holland, 1988). It is overlain
successively by the unfossiliferous red and grey sands
and tuffs of the Mill Cove Formation and by the green
and gray siltstones of the Drom Point Formation. The lat-
ter formation contains the rhynchonellide Sphaerirhynchia
wilsoni, which probably indicates BA 2 (Watkins, 1978).
The Ludlow is represented by Croaghmarhin Formation
siltstones, which shows a return to deeper-water envi-
ronments, with BA 3 Rhipidium and coral faunas in the
lower part of the formation and BA 4-5 brachiopods
(Dayia, Isorthis, Shaleria) at higher levels. The topmost
marine beds show some shallowing and have rhyn-
chonellides typical of BA 2. The Croaghmarhin Forma-
tion is overlain, apparently conformably, by the non-
marine red sandstones of the Dingle Group, which are
probably late Ludlow or Pridoli based, on spores (Hol-
land, 1987, 1988).

NEw WORLD ISLAND, NEWFOUNDLAND — It has long
been known that the Avalon Peninsula in eastern New-
foundland contains Paradoxides and other Cambrian trilo-
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FIGURE 6 — Ieft, Locality 9, Rhayader area, east-central Wales. center, Locality 10, Denbigh and Conway area, North Wales. For location, see Fig. 1.

right, Locality 11, the Lake District, northwest England.

bites which show strong affinities with southern Britain
(then part of Gondwana). Similar faunas occur also in
Nova Scotia, coastal New Brunswick, and New England
(Conway Morris and Rushton, 1988; Nowlan and Neu-
man, 1995), where they are also interpreted as lying on
Avalonian (Gondwanan) crust (Rast, 1980; Rankin et al.,
1989, p. 79; van Staal et al., 1996). Cambrian faunas simi-
lar to these also occur in the southern Appalachians, but
they are geographically widespread and occur in beds
which were probably accreted from Gondwana to Lau-
rentia in the Alleghanian orogeny and were never part of
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Avalonia.

The “Central Mobile Belt” of Newfoundland (and its
equivalents in other parts of the northern Appalachians)
is now known to consist of many small terranes, some of
which collided with Laurentia in the Ordovician Taconic
orogeny. However, paleomagnetic data from Early
Ordovician rocks show that the terranes now lying east of
the Red Indian Line (in both Newfoundland and New
Brunswick) were then at high southern latitudes, as was
Avalonia, and substantially different from the Early
Ordovician equatorial latitudes of contemporary Lauren-
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tia (van der Voo et al., 1991; van Staal and van Roo, 1995;
Cocks et al., 1997). These terranes, which appear to have
migrated north from high southern latitudes during the
Ordovician, include the Summerford and Chanceport
Groups of New World Island. Although the lapetus
Ocean substantially narrowed in the Silurian, these Si-
lurian sequences are now thought to have developed on
Avalonia, and not on Laurentia, as previously suggested
(McKerrow and Cocks, 1977). The presence of the Llan-
deilian warm water Cobbs Arm Limestone, which yields
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brachiopods of Laurentian affinity on New World Island,
suggests at least intermediate latitudes. However, the
paleomagnetic data (van der Voo et al., 1991) shows that
these terranes were distinct from Laurentia until the con-
vergence of Avalonia and Laurentia in the Early Silurian.

There are several Silurian sequences on the north
coast of Newfoundland between the Red Indian Line and
Avalon sensu strictu. We illustrate them with the section in
New World Island (Fig. 2) exposed northwards from
Cobbs Arm (Fig. 7, right), where coarse deep-water tur-
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bidites in the upper Milliners Arm Formation continue
from the Ashgill into the Llandovery (Arnott et al., 1985;
Williams et al., 1993). Redeposited Aeronian brachiopods
occur locally in the Milliners Arm Formation (McKerrow
and Cocks, 1978). The succeeding Joey’s Cove Melange
contains blocks of various Ordovician rocks (including
the Cobbs Arm Limestone). Above this, the Goldson For-
mation consists of sandstones with Stricklandia lens pro-
gressa in growth position, which are overlain by sand-
stones with Eocoelia curtisi. This indicates a progressive
shallowing from BA 4 to BA 2 in the Telychian (Arnott et
al., 1985).

ARISAIG, Nova Scotia — Although the Silurian occurs
over much of the Avalonian northern Appalachians
(including Nova Scotia, southern New Brunswick,
coastal Maine and New Hampshire, eastern Massachu-
setts, and Rhode Island), most of these sequences are
much disturbed by faults and Acadian deformation. Only
at Arisaig on the north coast of Nova Scotia (Fig. 2) is
there a complete, largely continuous sequence from the
lower Llandovery to the Pridoli (Fig. 8, left). The majority
of the brachiopod-dominated assemblages are assigned
to BA2, but there are some relatively thin intervals that
represent deeper-water facies in the Aeronian, basal Wen-
lock, and basal Ludlow (Boucot et al., 1974; Watkins and
Boucot, 1975; McKerrow, 1979; Hurst and Pickerill, 1986).
The higher part of the succession includes thin, non-
marine facies at the end of the Wenlock, and shows a gen-
eral shallowing from BA 2 through BA 1 to BA 0 in the
Pridoli and basal Lochkovian.

NEw BRUNSWICK AND NEW ENGLAND — Silurian shelf
sandstones and shales occur in coastal New Brunswick,
coastal Maine, and eastern Massachusetts (Fig. 2) in
regions which are underlain by rocks with Cambrian and
Ordovician faunas of clear Avalonian affinities. Inland,
the boundaries of Avalonia with Laurentia have been
revised to include the Bronson Hill anticlinorium and
Popelogan arc rocks within Avalonia (Cocks et al., 1997).
The Silurian sedimentary rocks in these inland areas con-
tain greywackes of the Merrimack Trough, the Frederic-
ton Trough, and the Matapedia Basin (McKerrow and
Ziegler, 1971; Osberg et al., 1989; Williams, 1995). There
are also several volcanic sequences. Conditions were not
favorable for benthic faunas in most of these inland areas
of the northern Appalachians. However, scattered collec-
tions of Telychian brachiopods in northern New
Brunswick suggest shallower communities around the
Matapedia Basin, with deeper ones (up to BA 4) towards
the center (McKerrow and Ziegler, 1971). In the modern
Atlantic coastal areas, most of the shelf successions are
tectonically disturbed (van Staal, 1987, 1994). As a result,
there are no continuous measured sections through sev-
eral formations, and no section has been good enough to
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include as a separate column in this paper. Watkins and
Boucot (1975) indicated that the variety of shelf assem-
blages present in the Llandovery decreases upwards, so
that BA 2 assemblages with Protochonetes and Salopina
become dominant in the Pridoli.

SouTtHEAST ENGLAND — Correlation columns cannot
be shown for this region, as the known sections are too
incomplete and no formal formation names exist in the
area. However, Silurian rocks have been encountered in
many boreholes in southeast England (Cocks et al., 1992;
Woodcock and Pharoah, 1993). The four facies belts that
have been recognized probably represent a transition
from an anoxic basin slope or outer shelf in the northeast
to a storm-dominated inner-shelf area to the southwest.
Most of the Silurian rocks in the boreholes have been
dated by microfossils (Molyneux, 1991), though some
samples contain macrofossils. The boreholes have pene-
trated upper Llandovery to Pridoli rocks, and clearly rep-
resent the northeastern margin of Avalonia—a margin
which extends southeastward to north of the Brabant
Massif, Belgium.

BRABANT MASsSIF, BELGITUM — The Brabant Massif (Fig.
1), part of the larger Anglo-Brabant Fold belt, was folded,
cleaved in most places, and faulted by suspected thrust
faults during the Acadian orogeny, and is now metamor-
phosed from zeolite to greenschist facies. The Silurian of
the Brabant Massif was reviewed by Verniers and Van
Grootel (1991). The anticlinorial structure results in sev-
eral Silurian outcrop areas in the south and a poorly
known subcrop area in the north. At the southern margin,
the Silurian is present in the east and west. In the subsur-
face, it is present in a large area of southern Flanders that
continues under northern France to the Boulonnais area,
and in a central rim in the northwest. In the northern part
of the massif, three boreholes reach the Silurian in Bel-
gium, and only one in the Dutch sector of the North Sea
(Legrand, 1967; Verniers and Van Grootel, 1991). Grapto-
lites are often the only macrofaunal elements present and
have been studied from the Llandovery-lower Ludfor-
dian, and most of the older-known graptolite zones are
recognized. However, more work is necessary to locate
several horizons in the graptolite zonation used in this
report. Organic microfossils, such as acritarchs and chiti-
nozoans, are used to date thick units in the succession
that lack graptolites. The following chitinozoan zones
(Verniers et al., 1995) have been demonstrated: Belone-
chitina postrobusta, Spinachitina maennili, Eisenackitina
dolioliformis, Angochitina longicollis, Margachitina margari-
tana, Cingulochitina cingulata, Sphaerochitina lycoperdoides,
and Angochitina elongata (Martin, 1969; Verniers, 1983;
Van Grootel, 1990; Louwye et al., 1992). A local, more
refined chitinozoan zonation was proposed for the Wen-
lock of the Mehaigne area (Verniers, 1999). Several parts
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of the lithostratigraphy in outcrops and boreholes are still green, soft, Llandovery shales are grouped within the
not known in detail, especially much of the Llandovery, Grand-Manil Formation. As the overlying Wenlock, the

Ludfordian, and Pridoli. The Deerlijk and Lust Forma-  Llandovery Corroy and Vichenet Formations are poorly
tions are defined in the subsurface of southern Flanders. studied.

The first contains greenish and dark gray, compact or In the Mehaigne area (Fig. 8, center), an informal
laminated soft shale and clayey sandstone, with alternat- lithostratigraphy shows a thick green shaly MB3 forma-
ing deposits either of distal turbidites or (laminated) tion with several members at the top of the Telychian. A
hemipelagites. The rocks are often rich in graptolites, rapid increase in energy of the turbidites starting across

with rare orthocone nautiloids, sponge spicules, the Llandovery-Wenlock boundary culminated at the top
foraminiferans and benthic algae (Martin, 1974). The Lust of both members during MB4A (Monograptus riccartonen-
Formation is similar to the Deerlijk, but contains up to sis Zone) and MB4B (Cyrtograptus rigidus Zone). Within
45% of shaly fine sandstone. In the outcrop area, the =~ MB4A, the green color typical of the Llandovery and
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lower Wenlock units is replaced by the gray of middle
Wenlock to Pridoli units. Graptolites are regularly found
in both members, together with rare Conularia sp. In the
base of the Ronquieres Formation, Cardiola sp., Orthoceras
sp., and bioturbation are known. Thicker-bedded but less
energetic turbidites occur in formations MB5-8. They are
mostly fine silty slate, clayey siltstone, and (rarely) very
fine-grained sandstone, with more sandstone in MB6 and
very thick, slightly calcareous beds in MBS. The Mont
Godart and Ronquieres Formations in the Sennette Valley
contain turbidites with a smaller proportion of interca-
lated, laminated hemipelagites (LHP). This facies forms a
shallow-deep—shallow megacycle with some variations.
Unit B, near the base of the Ronquiéres Formation, dis-
plays 30 m of LHP with six metabentonite levels in the
deepest part of the megacycle, and the higher unit (K)
shows another deepening event. The Mont Godart has
now been included as a member of the Ronquieres For-
mation (Verniers et al., 2001). Ludfordian or Pridoli strati-
graphic units have not been defined, and are only found
in a few outcrops or boreholes as gray thin-bedded tur-
bidites, often with burrowed horizons and traces of the
archaeostracan Ceratiocaris sp. To produce the pre-Givet-
ian cleavage, some authors have suggested continuing
sedimentation in the Brabant Massif through the Silurian,
with another 3 to 6 km of post-Gorstian rock. Using
reworked palynomorphs in the Lower Devonian south of
the massif, Steemans (1989) postulated that sedimenta-
tion continued in the Brabant Massif until the early
Lochkovian. The Stratigraphic Commission of Belgium
has recently redefined Silurian stratigraphy, and has now
formalized many of the hitherto informal units in the
Mahaigne area (Verniers et al., 2001).

CONDROZ INLIER, BELGIUM — This inlier, also called
the Condroz Ridge or Sambre and Meuse Belt (or Strip),
was gently folded but not cleaved in the Pridoli to early
Lochkovian, and was later deformed by the Variscan
orogeny. An overview of the literature is given in Michot
(1954) and Martin (1969). The Condroz Inlier is a 69 km-
long, 0.5-2.0 km-wide, narrow strip located south of the
Sambre and the Meuse Rivers. It extends from east of
Charleroi to southwest of Liege. Its location and defor-
mation along the Variscan front between the Namur and
Dinant synclinoria are the cause of the discontinuous sec-
tions. In contrast to the Brabant Massif, the Llandovery to
Ludlow (Fig. 8, right) is much thinner, non-turbiditic, and
richer in macrofossils (mostly graptolites, with rare bra-
chiopods, trilobites, crinoids, ostracodes, conularids and
Orthoceras sp.). The graptolite studies all date from before
Maes et al. (1979). Most of the graptolite zones as defined
by Rickards (1976) have been found, except the Cys-
tograptus vesiculosus, Coronograptus cyphus, Gothographus
nassa, and Monograptus ludensis Zones, but a modern
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review is necessary. Acritarch studies have elucidated a
few of the previously undated sections (Martin, 1969),
and unpublished chitinozoan studies show the presence
of the Eisenackitina dolioliformis, Angochitina longicollis,
Margachitina margaritana, Cingulochitina cingulata, and
Angochitina elongata Zones. The rocks are mostly shales,
siltstones, and some fine-grained sandstones and calcare-
ous shales. The dark gray or greenish Dave Formation
contains silty shale with some sandstone and sandier
parts in the Monograptus convolutus and the Spirograptus
turriculatus Zones. Several purple-red intervals occur in
the Monoclimacis griestoniensis and Monoclimacis crenulata
Zones and in the lower Sheinwoodian. The Naninne For-
mation shows a rapid change to green or gray, laminated,
locally calcareous silty shales, fine sandstones, and shales
(Michot, 1954). The Jonquoi Formation marks the return
to laminated or compact grayish-brown or green shales
with some levels of calcareous nodules (Michot, 1954;
Maes et al., 1979). The Thimensart Formation contains
gray, laminated, fine-grained sandstone and olive-green
shale, and the poorly studied and supposedly thick Col-
ibeau Formation consists of dark shale with minor fine
sandstone beds. In the Telychian part of the Dave Forma-
tion and in the Naninne Formation, eleven acid volcanic
and volcano-sedimentary layers are present.

PATTERNS IN LATERAL AND
VERTICAL LITHOSTRATIGRAPHY

In contrast to Laurentia, Baltica, and above all Gond-
wana, Avalonia was a relatively small paleocontinent. It
also possessed active margins and, in addition, collided
progressively with both Baltica and Laurentia during the
Silurian and Early Devonian. Thus, with the possible
exception of the Avalon Peninsula of Newfoundland and
the Midlands Microcraton of England, the whole of Aval-
onia was subject to constant tectonic activity during the
Silurian. The result of this is that the patterns to be seen
in both lateral and vertical lithostratigraphy and bios-
tratigraphy are essentially brief and relatively local in
extent, in contrast to the widespread and relatively uni-
form distribution of rocks and biota on the larger paleo-
continents.

During most of the Llandovery, the lithofacies con-
sisted almost entirely of siliciclastic rather than calcareous
rocks. These siliciclastics varied from the shallower-shelf
lithologies around such land areas such as central Eng-
land to outer-shelf and slope deposits, which include sub-
marine canyon fills such as those found at Rhayader,
Wales (Kelling and Woollands, 1969). Intra-terrane basin
areas, such as west-central Wales, are known, where tur-
bidites from 3.0 m down to a few millimeters thick filled
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tectonically activated depressions to form rocks of very
substantial thickness. Woodcock (1990) has defined all
the Silurian deposits as a single supergroup within the
Lower Paleozoic succession of Wales. On the shallow
shelves of the Welsh Borderland and adjacent areas in
Wales and England, a transgression has been well known
since pioneer work by A. C. Ramsay and others in the
nineteenth century. The timing of the various pulses of
this transgression has been documented by Ziegler et al.
(1968b). The latter authors dated the shelly rocks that
encircle the shelf in a wide arc from Meifod and the Brei-
dden Hills in the north; through the Shelve-Longmynd
Inlier and Wenlock Edge areas (Cocks, 1989); and south-
wards through the Malvern Hills, the Woolhope Inlier,
and May Hill to the Tortworth Inlier near Bristol. Within
this central arc lie the outcrops at Presteigne, Old Radnor,
Builth Wells, Garth, and the type Llandovery area. Out-
side the arc are sporadic outcrops near Birmingham (Wal-
sall, Great Barr, and Rubery) and Coventry, as well as
Llandovery of the Lower Lemington borehole in Oxford-
shire. These disparate outcrops have yielded a wealth of
data which demonstrate ever-deepening water depths
with time in any particular area as the Llandovery trans-
gression progressed unconformably over Precambrian
to Ordovician rocks. This unconformity surface was a
seafloor with very variable topography. Bridges (1975)
has documented such a varied topography in Shropshire
and described the sedimentology of these shallow-water
siliciclastics. Woodcock et al. (1996) analyzed the Late
Ordovician and Early Silurian sequence stratigraphy of
the Welsh Basin, and concluded that the depositional
patterns reflect contemporary tectonic activity and not
proposed global patterns of eustatic shallowing and
deepening.

The oldest substantial deposits of Silurian carbonates
in Avalonia are lower Wenlock and include the Nash Scar
Limestone of east-central Wales. This is a thick develop-
ment of massive, dark gray to white, crystalline, algal and
bryozoan limestone that ranges in thickness from 24 m to
60 m (Bassett, 1974). In the Welsh Borderland, there are
more carbonate rocks of the same age, such as the Wool-
hope Limestone of the May Hill, Woolhope, and Malvern
areas, but these are not so massive, and represent rela-
tively thin limestones with siliciclastic interbeds. At the
end of the Wenlock, there was another development of
massive limestones, in particular the Much Wenlock
Limestone of Shropshire and the Dudley Limestone in
central England. This limestone development is known
as far east as the Ware borehole in Hertfordshire. Within
the Much Wenlock Limestone, substantial biotherms are
developed at intervals (Bassett et al., 1975). In the Lud-
low, the Welsh Borderland rocks are chiefly represented
by siltstones and shales, with sporadic local development
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of such carbonate rocks as the Aymestrey Limestone.
These represent a variety of shelf sedimentary regimes,
including storm deposits (Tyler and Woodcock, 1987).
Energy conditions varied from high to low, and the
inshore areas in particular were marked by intermittent
sedimentation that included erosional gaps and hard-
grounds. Tectonic controls are reflected by downslope
slumps and submarine channels and by low-energy basi-
nal environments (Cherns, 1988). At the top of the Lud-
low, faunas dwindle in both abundance and diversity and
indicate a progressive decrease in marine-influenced dep-
osition within the Welsh Borderland. These are succeeded
by the remanié deposits of the Ludlow Bone Beds and the
overlying deltaic deposits of the Downtonian and lower
Dittonian (Allen and Tarlo, 1963), which represent the
first phases of the non-marine Old Red Sandstone rocks
that continued into the Devonian. In the Welsh Basin, the
Upper Silurian still includes turbidites of varying thick-
ness and extent, although marine rocks later than Ludlow
are unknown and extensive slumping is present, particu-
larly in the Ludlow of North Wales (Warren et al., 1984).
In the Lake District, the Llandovery is represented by thin
turbidites and graptolitic black shales that total no more
than 70 m. Much thicker turbidites were deposited in the
Wenlock and Ludlow, with 3.7 km in the Ludlow of the
Windermere area, before deposition ceased near the end
of the Pridoli (Kneller et al., 1994).

Silurian igneous activity is marked by the Skomer
Group volcanics in southwest Wales (Ziegler et al., 1969),
which are middle Llandovery, and by equally substantial
Wenlock volcanics in the East Mendips area southeast of
Bristol (Hancock, 1982). There was volcanic activity in the
Brabant Massif in the Llandovery, and from the Telychian
to the Sheinwoodian in the Condroz Inlier. Throughout
Wales, the Welsh Borderland, central England, the Eng-
lish Lake District, and Belgium, there is further evidence
of volcanism shown by the many bentonites throughout
the Llandovery, Wenlock, Ludlow, and Pridoli, of which
many have been used for radiometric dating.

Throughout the Silurian, the sediment accumulation
rate in the Brabant Massif increased drastically. The distal
turbiditic sedimentation with minor pelagic intervals was
moderate in the Llandovery, with a rather thick upper
Telychian (about 624 m), and slowed in the shallower,
lower Sheinwoodian, with fossils indicating BA 4 to BA 6
assemblages that were transported by turbidites into the
basin. The sedimentary rocks change from green and
clay-rich to gray and more quartz-rich in the Monograptus
riccartonensis Zone. Sudden increases of sedimentation
rate and depth started in the Cyrtograptus rigidus Chron,
with thick but still mostly clay/silt-dominated turbidites,
and continued up to the Gothograptus nassa Zone (lycoper-
doides Zone). Above a poorly known, upper Homerian
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interval, a thick shallow-deep-shallow cycle is present at
Ronquieres near the Wenlock-Ludlow boundary to the
top of the Gorstian. The supposedly very thick Ludfor-
dian and Pridoli turbidites there are thin-bedded, often
bioturbated, and very rich in leiospherid acritarchs.

Deposition in the Condroz Inlier was almost all in the
graptolitic shale environment (BA 6), except at the top of
the Colibeau Formation where such brachiopods as
Delthyris elevatus, Plethorhyncha percostata, and Stro-
pheodonta simulans indicate BA 3 to BA 5. Coarser-grained,
laminated, and slightly calcareous intervals, such as in
the Monograptus convolutus, Spirograptus turriculatus, and
Coronograptus cyphus Zones in the Dave, Naninne, and
Thimensart Formations, point to shallower but still deep-
shelf environments. However, the lateral variability in
lithofacies and faunas has not been studied enough for
firm conclusions.

Thus the relatively coherent picture in the eastern
part of Avalonia is that of a stable Midlands Microcraton
with fringing and variably developed basins that sur-
rounded it in the Welsh Borderland, English Lake Dis-
trict, eastern England, and Belgium. Southwards, thick
Mesozoic cover and Variscan tectonics hide the true situ-
ation during Silurian times, but some authors have pos-
tulated a now-vanished land mass in that area. In western
Awvalonia, the picture is less coherent, and the land areas
from which the Silurian sediments of Nova Scotia, New-
foundland, and elsewhere were derived are not well con-
strained.

PATTERNS IN LATERAL
AND VERTICAL BIOFACIES

Most of the Silurian rocks on the paleocontinent of
Avalonia were deposited in water depths too deep to
support shelly benthic communities. The substantial
exceptions to this were the rocks deposited to the east and
south of the Welsh Basin. It was here that Ziegler et al.
(1968a) defined what has become the classic sequence of
Lingula, Eocoelia, Pentamerus, Stricklandia, and Clorinda
Communities, which were taken by Boucot (1975) as the
blueprints for the definition of his benthic assemblages
BA 1 to BA 5. Analysis of the distribution of these com-
munities allowed the chronology of the Llandovery
transgressions of the Welsh Borderland to be documented
in detail (Ziegler et al., 1968b). Comparable Wenlock and
Ludlow communities were defined by Calef and Han-
cock (1974), and their distributions were charted in the
Wenlock by Hurst et al. (1978). The distribution of benthic
animal communities in the Ludlow was complicated by
the gradual diminution in open-ocean access to the Welsh
Borderland as time progressed, but Watkins (1979) docu-
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mented their diachronous and sometimes lithofacies-spe-
cific distribution in key sections in Shropshire and Here-
fordshire. There has been much discussion on the rela-
tionship of these communities to water depth and to such
other factors as the composition and nature of the sub-
strate, temperature, salinity, and exposure to bottom cur-
rents. However, the marked parallelism seen in many Si-
lurian sequences from different terranes (McKerrow,
1979, and data in this report) strongly suggest that sea-
level changes affected the distribution of the communi-
ties, and their relationship to water depth seems to be
very strong. These sea-level changes were in turn caused
by variable combinations of eustasy and local tectonics.

CLIMATIC INDICATORS
AND CLIMATIC VARIATIONS

Avalonia was characterized by the presence of cold fau-
nas related to northwestern Gondwana in the Early
Ordovician (in contrast to the progressive change
towards warmer-water equatorial faunas in the eastern
part of Gondwana at the same time [Cocks and Fortey,
1988]). This changed to a progressive climatic warming as
Gondwana moved over the South Pole (and the north-
western part moved towards the equator) and Avalonia
moved even faster to the north throughout the later
Ordovician and Early Silurian (Cocks and Fortey, 1982).
These latitudinal changes are also recorded in the paleo-
magnetic data (Torsvik et al., 1996), and are reflected in
the changing sedimentary facies. During the Early Si-
lurian, there were few carbonates in Avalonia. However,
by the early Wenlock, a few massive carbonates were
deposited, for example at Old Radnor, Wales, and sub-
tropical climates are indicated by the sedimentology. In
contrast, most of the environments present in Belgium
were in water too deep to record the contemporary cli-
mate, and Silurian carbonates are largely absent from the
North American part of the paleocontinent. The change
in climate in Avalonia was probably due entirely to its
northward migration toward lower latitudes. However,
there is also a suggestion that warm climates were gener-
ally more prevalent in the Silurian than in the Ordovician
(Scotese and McKerrow 1990, fig. 22).

CHRONOLOGICAL SUMMARY

During the Silurian, Avalonia collided sequentially with
Baltica to the northeast and Laurentia to the northwest.
The timing is reflected in sediment distribution, for
example in the English Lake District (McCaffrey and
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Kneller, 1996), where the thin Upper Ordovician to lower
Llandovery is characterized by a progressive rise in the
proportion of hemipelagic material derived from rocks to
the south. From the late Llandovery on, petrographic and
geochemical data indicate sediment supply from a recy-
cled orogenic source and probably reflect the collision
with Baltica. No conclusive evidence is recorded of Lau-
rentian input until the late Wenlock. By the end of the
Ludlow, an abrupt reversal in provenance records basin
inversion and occlusion of most of the lapetus Ocean.
This pattern has been proposed for the whole paleoconti-
nent by Soper and Woodcock (1990). That the paleoconti-
nent was tectonically unstable is demonstrated by the
extensive slumping to be seen in some areas, for example
in the Ludlow of North Wales (Warren et al., 1984). Island
arcs on the margins of Avalonia are better known in
Ordovician rather than Silurian times. However, there is
some Silurian volcanism, as seen in the Llandovery of
Pembrokeshire (Ziegler et al., 1969) and Tortworth (Cur-
tis, 1972); the Wenlock of the East Mendips area near Bris-
tol (Hancock, 1982); and the many bentonite horizons in
the Llandovery, Wenlock, and Ludlow of Wales, the
Welsh Borderland and the English Lake District. The Tort-
worth volcanics may be part of a more extensive
sequence of mainly intermediate-composition tuffs that
are seen in boreholes and seismic profiles. The geochem-
istry of these tuffs suggests intra-plate rifting rather than
a subduction zone (Woodcock, 2000). Rankin et al. (1989,
p- 74) mentioned “Ordovician- to Devonian-aged alkalic
plutonic rocks plus associated volcanic and volcaniclastic
rocks” as forming part of the Avalonian rocks of New
England, but there is as yet no consensus as to the precise
pattern of igneous activity in the area. In particular, the
volcanics of the Bronson Hill and Popelogan arcs at the
margin of Silurian Avalonia represent island arcs accreted
to Avalonia in the Caradocian (Cocks et al., 1997). The
subsequent Silurian volcanics and plutons in the north-
ern Appalachians are products of these arc-continent col-
lisions and the later collision of Avalonia and Laurentia.
The latter collision was accompanied by as yet uncon-
strained amounts of large-scale lateral movement along
the sutures. Rankin et al. (1989, fig. 28) showed Silurian
volcanicastics in the Boston area. In a comparable way,
the lateral and vertical extent of the sedimentary basins in
which the Nova Scotia Silurian rocks (including Arisaig,
Locality 25), New Brunswick, and Newfoundland
(including New World Island, Locality 14) were
deposited are not well known.

As Avalonia moved northwards, its brachiopods,
trilobites, and other taxa with pelagic larval stages
became progressively more like those of Laurentia and
Baltica (Cocks and Fortey, 1990, figs. 4, 5). By the late
Llandovery, the only faunal distinctions between Avalo-

nia and the northern continents (Laurentia and Baltica)
was in the distribution of ostracodes (Berdan, 1990) that
had no pelagic spat and in fish distribution (McKerrow
and Cocks, 1976). By the late Llandovery, the ostracodes
in Avalonia and Baltica became similar (Berdan, 1990),
but they remained distinct from Laurentia until the
Devonian. These differences appear to be related to local
tectonic developments. The collision between Avalonia
and Laurentia appears to have produced an extensive,
elongate foreland basin that acted as a barrier to ostra-
code migration until the Middle Devonian (Berdan,
1990). This foreland basin is reflected in the thick Wenlock
turbidite sequences of central Ireland, and in the even
thicker Ludlow of northern England (Kneller, 1991; King,
1994; McCaffrey and Kneller, 1996).

As Avalonia approached and collided with Baltica,
Tornquist’s Sea was subducted below England. Unlike
the margins of Laurentia, a long foreland basin did not
develop on the southern margins of Baltica, and thus the
migration of ostracodes across the suture was unaffected.
In southern Poland, the Silurian and Devonian sediments
appear to have been deposited in a succession of small
basins (Ksiazkiewicz et al., 1977, pp. 180-183, 260-266,
346). The exact timing of the collision between Avalonia
and Baltica is uncertain, but it had to be before the late
Llandovery, when the ostracodes crossed the suture; part
of it might have coincided with the early Ashgillian Shel-
vian orogeny in western England (Toghill, 1992).

The collision of Gondwana with Avalonia (by then a
part of Laurussia) did not occur until the Devonian. Final
closure of the Rheic Ocean did not occur until the Emsian,
when the Baltic—British ostracodes reached Morocco
(Berdan, 1990).
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SILURIAN GLACIAL

PALEOGEOGRAPHY IN SOUTH AMERICA

MARIO V. CAPUTO

Departamento de Geologia, Centro de Geociencias, Universidade Federal do Pard, Campus Universitdrio do Guamd,

Beléem CEP 66075-970, Pard, Brazil

ABSTRACT — In the northern intra-cratonic basins of
South America, continental sedimentation succeeded the
deposition of shallow marine strata in response to sea-
level falls brought about by the Hirnantian glaciation in
north-central Africa. Meltwater from the Hirnantian ice
caps in Central Africa carried coarse siliciclastics into the
Accra (Africa), Parnaiba, and Parand Basins. Alternating
glacial and interglacial conditions persisted until the
early Wenlock, when migration of intermittent ice caps
from Africa towards central South America caused the
deposition of diamictites in continental and marine envi-
ronments. Evidence of Silurian glaciations is found in the
Amazon and Parana Basins of Brazil, as well as in the
Andean basins of Argentina, Bolivia, and Peru (Caputo,
1998). Although no direct evidence of glaciation is cur-
rently known in the Silurian of Paraguay, conglomeratic
units of this age may be related to glaciation in nearby
regions. In the Amazon Basin, three glacial episodes of
Silurian age (early Aeronian, latest Aeronian—early Tely-
chian, and late Telychian) led to deposition of diamictites
and associated fluvial sandstones, which replaced littoral
and shoreface sediments in the Nhamundéd Formation.
Subglacial deposits in this area consist of quartzose sub-
graywackes, which often display deformational features
induced by ice-push and -shear.

In the Parana Basin, a shale interval immediately
overlying basal diamictites of the Vila Maria Formation
probably records a transgressive peak synchronous with

Silurian Glacial Paleogeography in South America

the latest Aeronian—early Telychian deglaciation. There-
fore, this interval can be correlated with the Vargas Pefia
Shale in Paraguay. On the other hand, the basal Vila
Maria diamictites are probably of the same Hirnantian
age as those in the Cape Basin (Pakhuis tillite) and in
Argentina (Don Braulio Formation).

In Bolivia, the Cancaniri Formation has yielded fos-
sils from a few sites in the Cochabamba area that contain
glacial sediments. The age of the Cancaniri Formation has
been regarded as latest Llandoverian—eariest Wenlockian
based on chitinozoans and acritarchs. Therefore, two
glaciations may be recorded in the Andean area:
Ashgillian (Argentina) and latest Llandoverian—earliest
Wenlockian (Peru, Bolivia, and Argentina).

Ice movements during the Silurian were probably
from upland shield areas down to basinal margins in
Brazil and southeastern Andean areas, and from the Pam-
pean and Arequipa massifs to the Andean basins.
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SILURIAN STRATIGRAPHY AND PALEOGEOGRAPHY OF
THE NORTHERN AFRICAN MARGIN OF GONDWANA

PHILIPPE LEGRAND

"Tauzia,” 216 cours Général de Gaulle, 33170, Gradignan, France

ABSTRACT — The Silurian of the northern African mar-
gin of Gondwana is geographically widespread and typ-
ically exhibits very uniform facies, considerable thick-
ness, and dominantly graptolitic faunas. It is often a
petroleum source-rock. The Silurian of each northern
African country is described. Twenty-six representative
sections are figured, and over 100 localities have been
considered in this synthesis. The paleogeography of the
northern African Silurian is figured in nine successive
maps for the Akidograptus ascensus-Parakidograptius acunti-
natus, Cystograptus wvesiculosus-Coronograptus cyphus,
Coronograptus gregarius-“Monograptus” convolutus, and
“M.” sedgwickii and equivalent Zones; the “M.”
guerichi-"M."” turriculatus—"M.” crispus—"M." griestonien-
sis Zones; the lower, upper, and uppermost Wenlock; and
the Pridoli. Four conclusions on the Silurian of northern
African Gondwana are emphasized: 1) Several paleogeo-
graphic zones can be distinguished. 2) The Late Ordovi-
cian glaciation was a very complex event. The effect of the
Taconic orogeny during this glaciation has been inade-
quately considered in earlier syntheses. The Late Ordovi-
cian ice cap melted before the end of the Ordovician, and
its local role in Silurian transgression is unclear because
glacial rebound caused regression during deglaciation.
The position of the poles is very hypothetical and cannot
be used to explain the differences in facies and subsi-
dence of the Ahaggar Basin. Glacial rebound followed by
uplift of the Egypto-Sudanese High caused regression
northward and westward in a scheme different from the
classic transgression model. It must be noted that expla-
nations that link the presumed extinction and re-radia-
tion of many groups to the beginning and end of this
glaciation are hypothetical. 3) An important event
occurred in the late Wenlock. 4) The Pridoli is sometimes
thick and well developed but incomplete at its base and
eroded at the top as a result of later epir