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Introduction

The south-west Pacific Ocean is a region of isolated
islands and submerged plateaus and ridges (Figure 1).
The three main islands of New Zealand (North,
South, and Stewart) make up the largest landmass
group in the region. Schists, greywackes, and grani-
toids are exposed in islands on the Challenger Plateau
and Chatham Rise and have been sampled in dredges
on the Campbell Plateau and Norfolk Ridge, thus
demonstrating their continental geological character.
Abyssal Pacific oceanic-crustal floor typically lies at
water depths of about 5000m, and the boundary
between continental crust and oceanic crust is
marked by a generally pronounced slope break at
about 2500 m water depth. The wider area of contin-
ental crust in the New Zealand region (Figure 1) is
about one-third the area of on-land Australia and is
commonly referred to as Zealandia.

On-land New Zealand contains a wide variety of
Phanerozoic rocks (Figure 2), which preserve a
detailed record of the Cambrian to early Early Cret-
aceous convergent margin of southern Gondwana,
late Early Cretaceous rifting, a Late Cretaceous—
Palaeogene passive margin, and the Neogene-Holo-
cene active convergent and strike-slip margin. So
much of continental Zealandia is submerged be-
cause of the widespread Cretaceous extension and
rifting. It was only with the development of the
Neogene-Holocene convergent plate boundary that
about 10% of Zealandia emerged above sea-level.

A distinction is generally drawn in New Zealand
between pre-late Early Cretaceous (more than
105 Ma) ‘basement’ rocks, which are commonly
metamorphosed and generally highly deformed, and
‘cover’ rocks, which are younger than 105 Ma, poorly
indurated, well stratified, and less deformed.

Palaeogeographical Reconstructions

The shape of the continental crust of Zealandia has
changed throughout the Phanerozoic. From the Cam-
brian to the Early Cretaceous, the New Zealand part
of the Gondwanan margin grew by the magmatic and
tectonic addition of batholiths and terranes. In the
last 100 Ma this continental crust has been thinned,
rotated, and translated in response to multiple

tectonic events. Reconstructions (Figure 3) involve
subtracting the 480 km Neogene dextral strike-slip
movement on the Alpine Fault, the 45° Oligocene-
Miocene rotation between the Pacific and Australian
plates, and 4000 km of northwards drift. Small crustal
blocks within 100 km of the Alpine Fault (i.e. most of
on-land New Zealand) have undergone strong Ceno-
zoic deformation. In the pre-rift (100 Ma) palaeo-
geography (Figure 3A) Zealandia is in a near-polar
position and contiguous with Tasmania and Antarc-
tica. By 10 Ma, some movement on the Alpine Fault
had taken place and modern-day New Zealand had
been isolated by seafloor spreading.

Geological Basement

At a regional scale, the volcanic, sedimentary,
plutonic, and metamorphic basement rocks of New
Zealand can be described in terms of a number of
western and eastern tectonostratigraphic terranes,
composite regional batholiths intruding these ter-
ranes, and schist, gneiss, and mélange overprints on
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Figure 1 The outline of the area of continental crust in the New
Zealand region (Zealandia). Land and major islands are pale
brown; water less than 2500 m deep is pale blue. Deep ocean
floor is dark blue and Hikurangi plateau large igneous province
is intermediate blue. The present-day Pacific—-Australian plate
boundary is shown by the thick black line, with teeth on the over-
riding plate. Only about 10% of Zealandia is emergent above
sea-level as the North and South Islands. NR, Norfolk Ridge.
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Figure 2 Simplified present-day on-land geology of New Zealand. The black lines are faults. Many of the lakes and valleys of the
South Island are the result of Quaternary glacial erosion. G, locations of Devonian to Jurassic Gondwanan sequences; *, locations of

Cretaceous metamorphic core complexes.

the terranes and batholiths (Figure 4). Figure 5 shows
the names, age ranges, and mutual geometric relation-
ships of the constituent basement units on an Early
Cretaceous reconstruction (Figure 3A). No Precam-
brian rocks are exposed; New Zealand has been near a
continent-ocean margin throughout the Phanerozoic.

Western Province Terranes

The Western Province terranes lie west of the Median
Batholith and comprise the Early Palaeozoic Buller
and Takaka terranes. The Buller Terrane consists of
variably metamorphosed siliciclastic sandstones and
mudstones, of continental Gondwanan provenance,
and is the westernmost recognized terrane in New
Zealand (i.e. the terrane closest to the Gondwanan
cratonic core). Rare fossils are of Ordovician age, but

a Buller Terrane paragneiss contains detrital zircons
as old as 3400 Ma (Archean; New Zealand’s oldest
known geological material). Intercalated volcanics
are absent. The Takaka Terrane consists of siliciclas-
tic, carbonate, and volcanic rocks. Middle Cambrian
trilobites in the Takaka Terrane are New Zealand’s
oldest known fossils. The Takaka Terrane is generally
well stratified and lithologically diverse, and includes
Cambrian ultramafics and boninites, Ordovician lime-
stones, and Silurian orthoquartzites. The Buller and
Takaka Terranes were accreted to Gondwana by the
Devonian.

Eastern Province Terranes

The Eastern Province terranes lie east of the Median
Batholith and comprise the Brook Street, Murihiku,
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Figure 3 Palaeogeographical reconstructions of New Zealand at approximately (A) 100 Ma, (B) 65Ma, (C) 30 Ma, and (D) 10 Ma.
Brown, inferred land including schematic island-arc chains; black lines, present-day coastlines of North and South Islands and the
Alpine Fault. On these reconstructions, the Alpine fault divides the South Island into eastern and western parts. (Reproduced with
permission from Lee DE, Lee WG, and Mortimer N (2001) Where and why have all the flowers gone? Depletion and turnover in the New
Zealand Cenozoic angiosperm flora in relation to palaeogeography and climate. Australian Journal of Botany 49: 341-356.)

Maitai, Caples, Rakaia, and Pahau terranes. Carbon-
iferous conodonts are known from a limestone in
the Rakaia Terrane, but the age range of clastic
rocks in Eastern Province terranes is from Permian
to Early Cretaceous (Figure 5). The Eastern Province
terranes are thus entirely younger than the Western
Province terranes and represent accretion of material
to Gondwana in the Mesozoic.

The Brook Street Terrane is a Permian subduction-
related isotopically primitive pyroxene-rich basalt-
dominated volcanic pile and volcaniclastic apron, in
places up to 14 km thick, which is intruded by Per-
mian layered gabbros and trondhjemite plutons that
are now part of the Median Batholith. New Zealand’s
only known Glossopteris, a Gondwanan leaf fossil,
occurs in the Brook Street Terrane. The Murihiku
Terrane comprises a 9-13km Late Permian to Late
Jurassic volcaniclastic marine succession of sandstone
with lesser conglomerates, mudstones, and tuffs. It
has the simplest internal structure of all the Mesozoic
New Zealand terranes, a broad synclinorium that is

traceable for 450 km through the North and South
Islands.

The Maitai Terrane consists of the eastern Early
Permian (285-275Ma, according to uranium-lead
dating of zircon) Dun Mountain Ophiolite Belt,
which is unconformably overlain by 6 km of well-
stratified Late Permian to Middle Triassic volcani-
clastic sedimentary rocks. The ophiolite originated
in a near-arc setting. The Brook Street, Murihiku
and Maitai terranes are adjacent to each other as a
Permian—Triassic arc, fore-arc, and exhumed near-arc
ophiolite, respectively.

The Caples, Bay of Islands, and Rakaia terranes
contrast with the aforementioned Eastern Province
terranes in that their Permian—Jurassic clastic se-
quences are tectonically imbricated with ocean-floor
basalt, chert, and limestone associations; all three
terranes grade into the pumpellyite-actinolite to
amphibolite facies Haast Schist. Deposition occurred
as submarine-fan deposits in lower trench-slope
basins, before juxtaposition in an accretionary
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Figure 4 Basement geological subdivisions of New Zealand. Minor outliers of Permian Gondwanan sequences rest on Takaka
Terrane, and Devonian, Triassic and Jurassic Gondwanan sequences on Buller Terrane. DMOB, Dun Mountain Ophiolite Belt.
(Reproduced with permission from Mortimer N (2004) New Zealand’s geological foundations. Gondwana Research 7: 261-272. ©

International Association for Gondwana Research.)

prism. Compositional and provenance differences are
used to discriminate the three terranes: Rakaia sand-
stones are quartz rich, plutoniclastic, and of average
rhyodacitic composition and are thus composition-
ally distinct from the more dacitic to andesitic volca-
niclastic-dominated sandstones in Caples and the Bay
of Islands. The Pahau Terrane has a similar lithology

and structure to the Rakaia Terrane, but its depos-
itional ages extend into the Late Jurassic and Early
Cretaceous and it contains tuffs. Much of the Pahau
clastic detritus is probably recycled from Rakaia
rocks, but a volcanic input, probably from the
Median Batholith, is also required. The Pahau
Terrane probably represents trench deposits that



NEW ZEALAND 5

(I

Hikurangi
Plateau

Terrane

0
Cenozoic
7oe
o
N
@
— [}]
200 2
© -
=
=z o
2 5
— 7]
400 8
] @
= g5 |3E
==
— a g =2
Pre-
N Western
(A) 600 —Cambrian Province

Atary;
( B) arCt

Figure 5

—_—
lcg Arc Fore-arc

Eastern province

120Ma

Pacific
oceanic
crust

Hikurangi
Plateau

Accretionary
wedge

(A) Summary of the age ranges of New Zealand’s basement terranes (green, blue, brown, yellow), batholiths (red, orange),

and metamorphic rocks (overprint stripes). Gondwana Sequence rocks are shown by letters: K, Kirwans Dolerite; T, Topfer Formation;
P, Parapara Group; R, Reefton Group. The terranes can be grouped into Eastern and Western provinces. (B) One possible palaeogeo-
graphical reconstruction of south-eastern Gondwana at about 120 Ma (the end of the convergent-margin phase). The present-day New
Zealand coastlines are shown as white lines; the Alpine Fault and other faults are shown as white dotted lines. (Reproduced with
permission from Mortimer N (2004) New Zealand’s geological foundations. Gondwana Research 7: 261-272. © International Association

for Gondwana Research.)

were laid down and deformed towards the end of
Cretaceous subduction.

These nine terranes make up the bulk of the New
Zealand volcanosedimentary basement. Smaller tec-
tonostratigraphic units can be regarded as compon-
ents of the larger terranes. The Median Tectonic Zone
is still used by some New Zealand geologists to de-
scribe a zone of terrane shards and igneous complexes
of uncertain status and correlation that lies between
the Brook Street and Takaka terranes (see Plutonic
Rocks, below).

Overlap Sequences

Overlap sequences of varying ages can be recognized
by their lesser deformation and metamorphism and

distinctive petrofacies, as compared with older imme-
diately underlying rocks. Lateral correlatives are used
to constrain models of terrane amalgamation and
accretion. The only New Zealand rocks that have
been correlated with autochthonous Gondwanan se-
quences occur in two small outliers in northern South
Island (marked G in Figure 2). Four units — the Reef-
ton Group (marine Devonian), Parapara Group
(marine Permian-Triassic), Topfer Formation (non-
marine Triassic), and Kirwans Dolerite (a Middle
Jurassic low-titanium tholeiite sill intrusion) — indi-
cate that the Buller and Takaka terranes had been
accreted to Gondwana by the end of the Palaeozoic.
In North Island, a postulated Late Jurassic overlap
sequence — the Waipa Supergroup, possibly sourced
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from the Median Batholith — may indicate that most
of the basement terranes had accreted by this time.
The post-105 Ma cover sediments provide a firm min-
imum age for the mutual juxtaposition and accretion
of the basement terranes.

Plutonic Rocks

There are three composite regional batholith-sized
belts (more than 100km?) of plutons in New
Zealand, and numerous smaller isolated plutons.
The Median Batholith is a composite Cordilleran
batholith with intrusive contacts against the Brook
Street and Takaka terranes. It comprises dozens of
1-10 km Carboniferous to Early Cretaceous gabbroic
to granitic subalkaline I-type plutons. The eastern
half of the Median Batholith has also been called
the Median Tectonic Zone. The ages and average
compositions of the rocks change across the batholith
axis: Permian gabbroids dominate the eastern edge,
Triassic to early Early Cretaceous dioritoids dominate
the central part, and late Early Cretaceous adakitic
granitoids are found on the western margin. Roof
pendants of petrologically related volcanosedimen-
tary rocks occupy about 5% of the batholith area.
How much of the Median Batholith is allochthonous
is debatable.

The Karamea-Paparoa Batholith lies entirely within
the Buller Terrane. Its constituent plutons are domin-
ated by Devonian—Carboniferous I-type and S-type
granites. The Hohonu Batholith, also within the Buller
Terrane, represents 105-82 Ma plutonism associated
with the change from convergence to rifting.

Metamorphic Overprints

Regionally extensive metamorphic overprints in-
clude Devonian and Cretaceous polymetamorphic
amphibolite—granulite facies gneisses (formed from
Buller, Takaka, Median, and Karamea—Paparoa pro-
toliths). Some of the gneisses are confined to the
lower plates of two Cretaceous metamorphic core
complexes in the South Island (stars in Figure 2).
The Haast Schist of Jurassic—Cretaceous pumpel-
lyite-actinolite to amphibolite facies overprints the
Caples, Bay of Islands, and Rakaia terranes. Meta-
morphism probably took place in the deep parts of a
Jurassic—Early Cretaceous accretionary wedge. Ex-
humation of the Haast Schist belt was episodic,
with most of the schist being at the surface by
105 Ma and deeper levels being exhumed along the
Alpine Fault from 20 Ma to the present day. The third
major kind of regional tectonic overprint is the Early
Cretaceous mélange that is present as belts in and
between the Rakaia and Pahau terranes. In part this
mélange is probably coeval with the Haast Schist
mineral growth, but it formed in the shallower parts

of the accretionary wedge. The steep mélanges may
represent zones of strike-slip deformation.

Episodes of tectonic activity were previously de-
scribed as orogenies. In the early 1980s it was realized
that the Mesozoic Rangitata Orogeny was probably a
composite of an older subduction-related event and a
younger extension-related event. With the recogni-
tion that much of the intrusion, metamorphism, and
deformation in the Buller and Takaka terranes
(‘Tuhua Orogen’) occurred during the Cretaceous
(of ‘Rangitata’ age), the orogen terminology became
obsolete.

Cover Strata

Late Early Cretaceous to Holocene rocks rest uncon-
formably on all the older basement units. The last
100 Ma of New Zealand’s geological history can con-
veniently be divided into four periods, which are
discussed in the following sections.

Late Early Cretaceous Intracontinental Rifting

Estimates of the timing of the end of Palaeozoic—
Mesozoic subduction range from 125 Ma to 85 Ma.
The youngest clearly subduction-related plutonic
suites are 125 Ma old, and the oldest rift-related al-
kaline volcanics are about 100 Ma old. Detrital
zircon dates of about 100 Ma have been obtained
from sandstones imbricated in the accretionary
wedge of the Pahau Terrane, but ignimbrites that fill
extensional half-grabens are 105-100 Ma old. The
two metamorphic core complexes, Paparoa and
Fiordland, also attest to extreme local continental
extension at around 105Ma. Hypotheses about
the reason for the cessation of subduction in the
Cretaceous include migration of a spreading ridge
along the trench, stalling of spreading outboard of
the trench, and collision of the Hikurangi Plateau
large igneous province (Figure 1) with the Gondwa-
nan margin. Late Early Cretaceous sedimentary
rocks typically comprise synrift non-marine deposits
succeeded by passive-margin marine transgressive
strata.

Late Cretaceous-Palaeogene Passive Margin

The oldest oceanic crust adjacent to the Challenger
and Campbell Plateaus is about 85 Ma old. Spread-
ing in the Tasman Sea ceased at about 55 Ma. New
Zealand moved north (Figure 3) due to continuing
spreading on the Pacific-Antarctic Ridge. Marine
basins developed across Zealandia as a result of
post-rift thermal subsidence. The maximum marine
inundation of Zealandia, with widespread limestone
deposition, occurred in the Oligocene, but local
fluvial and coal deposits dating from throughout the
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Late Cretaceous—Cenozoic (albeit in different parts of
North and South islands) indicate that Zealandia was
never entirely submerged.

Miocene-Pliocene Active Margin Development

By earliest Miocene times, a new plate boundary (in
broadly the same place as the present-day boundary;
Figure 1) had propagated through Zealandia and cut
across the trend of the basement terranes. The devel-
opment of the Pacific—Australian plate boundary had
profound geological consequences. The Northland
and East Coast allochthons, consisting of Late Cret-
aceous—Palaeogene ophiolitic and sedimentary rocks,
were thrust onto North Island from the north-east
at the end of the Oligocene (ca. 25 Ma). Subduction-
related arc volcanism started at about 25 Ma and
became widespread in Northland and the Coro-
mandel between 15Ma and 5 Ma. On South Island,
intraplate stratovolcanoes developed along the east
coast. The Neogene succession is generally thick,
clastic-dominated, and regressive.

Quaternary

Although they are part of the continuing Neogene
volcanotectonic phase, Quaternary rocks are shown
separately in Figure 2 because of their wide areal
extent and strong association with present-day land-
forms. The subduction-related Quaternary volcanoes
of North Island have erupted extensive ignimbrite
sheets, which blanket the older rocks. In South Island
large fluvioglacial outwash plains issue from glacially
eroded valleys.

Conclusions

The Phanerozoic geological history of New Zealand
can be interpreted in terms of the progressive Pacific-
wards growth of Gondwana by terrane accretion
and batholith intrusion at an obliquely convergent
margin. Continental growth was terminated by wide-
spread extension in southern Gondwana from about
105 Ma and was followed by seafloor spreading from
about 85 Ma in the Tasman Sea and Southern Ocean.

The entire basement and its cover of passive-margin
Late Cretaceous to Palaeogene sediments were sub-
jected to renewed deformation in the Neogene with
the inception of the modern Australia—Pacific plate
margin.
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Introduction

North America is a large continent and much of it is
ancient (Figure 1). Fringed along several of its coast-
lines by younger mountain ranges, the broad interior
of the continent is underlain by crust that ranges
in age from >4.0Ga to <1Ga. This ancient crust
(Figure 2) formed and progressively amalgamated
during several broad ‘orogenic’ or mountain-building
cycles. Although recording net crustal growth, this
protracted history of orogenic cycles was far from
linear — it involved numerous crust-forming (e.g.,
growth of volcanic islands) and crust-destroying
(e.g., partial subduction) events, punctuated in time. It
also involved a complex choreography of tectonic col-
lisions between small lithospheric plates, subsequent
rifting and dispersal events, re-aggregation, associated
deformation, partial melting and metamorphism, and
large-scale rearrangements along faults. Ultimately, at
about 1 Ga, this protracted crustal evolution culmin-
ated in the growth of a large supercontinent known as
Rodinia. In essence, the ancient core of continental
North America, which is generally referred to as Laur-
entia, is a large fragment of this vast late Proterozoic
supercontinent (see Precambrian: Overview).

Between 800 and 600 Ma, supercontinent Rodinia
started to break up, resulting in the plate tectonic
dispersal of about a dozen large continental fragments.

This event liberated the large North American frag-
ment (Laurentia) out of the parental landmass of
Rodinia. Since this breakup, the west coast of Laurentia
(present coordinates) has been a long-lived active
margin facing oceanic plates and colliding island arcs,
whereas its eastern margin was modified by yet another
major collision and rifting cycle, first forming the Ap-
palachian-Caledonian Mountain (see North America:
Southern and Central Appalachians) Belt, and finally
rifting, starting at ca. 200 Ma, to form the present-day
Atlantic Ocean basin. (see North America: Atlantic
Margin) These events have modified the margins of
Laurentia and added marginal terranes of mostly
younger crust, such as the Coast Mountains of British
Columbia, large parts of Alaska (see North America:
Northern Cordillera), and Gondwana-derived ter-
ranes along the eastern seaboard. Nevertheless,
North America remains dominated by Precambrian
crust, with a mean isotopic age >2 Ga.

The ancient crustal core of the continent, parts of
which are exposed in the Canadian Shield (Figure 2),
is underlain by subcontinental mantle lithosphere
of above average thickness, which locally reaches
down to a depth of 200-300 km into the hotter, con-
vective mantle. This ‘mantle keel’ developed during
or shortly after the amalgamation events in the crust,
either by thermal growth (i.e., cooling from the top
downwards) or by lateral accretion of buoyant
slabs of depleted peridotite. The lithospheric keel is
currently a reservoir of diamonds, a high-pressure
polymorph of carbon. Transported to the surface by
exotic volcanic rocks known as kimberlites, these
valuable gemstones are now being produced from
several mines across northern Canada (Figure 3).
The mantle keel is mechanically coupled with
the overlying crust, forming a thick and somewhat
cooler lithosphere that enhances the strength and
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Figure 1 Simplified tectonic map of the Precambrian basement of North America, with Greenland in predrift position (modified after

Hoffman, 1988; and Ross et al., 1991).

long-term stability of the ancient continental core of
Laurentia.

Modern Plate Tectonic Context and
Extent of Laurentia

The continent of North America is an integral part of
the North American plate, one of about 12 large
lithospheric plates that presently form the segmented
outer mechanical and thermal boundary layer of the
Earth. These plates float on a solid but convecting
mantle. Due to forces acting on their bounding sur-
faces (e.g., ‘slab pull’, but also ‘ridge push’, ‘basal
drag’, and frictional forces), plates drift and interact

laterally. Typical absolute plate velocities on the
modern Earth are on the order of 1-10cm year,
with the North American plate moving in a west-
south-westerly direction at ca. 2cm year (centre of
the continent), around a rotation pole located in
north-western Equador.

Along its leading edge, the North American plate
overrides subducting oceanic plates (Juan de Fuca,
Cocos), which fuel arc volcanism along the Cascade
and Central American margins. Elsewhere, relative
plate motion, with respect to the main Pacific plate,
is oblique or sideways, resulting in a transform fault
boundary with right-lateral motion (the San Andreas
and related faults). Collectively, these processes cause
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Figure 2 Field photos of representative elements of the Precambrian geology of North America. (A) Earth’s oldest intact rocks, the
Acasta gneisses, along the western edge of the Slave Craton. Ca. 4.03 Ga gabbros and tonalitic gneisses cut by 3.6 Ga isoclinally
folded granite sheets and younger mafic dykes. (B) Ca. 2.8 Ga fuchsitic quartzites overlying ancient basement gneisses at the base of
the Neoarchaean Yellowknife Supergroup, Slave craton. (C) Ca. 2710 Ma variolitic pillow basalts of Fe-tholeiitic composition, a typical
component of Archaean greenstone belts; Yellowknife greenstone belt, Slave Craton. (D) Multiply deformed, ca. 2660 Ma metaturbidites
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Figure 3 North America’s first diamond mine, the Ekati Mine of the central Slave Craton. Main picture shows the flat barren lands of
the central Slave Craton, with several pipe-like kimberlite bodies being excavated. Inset (upper left) shows a close-up of one of the
partially excavated pipes. Several mm-size gem quality diamonds are shown on upper right (photos provided by David Snyder and

Grant Lockhart).

deformation and modification of the Precambrian
crust and lithosphere, which locally extends up to
1000 km inboard of the margin.

The eastern margin of the North American plate is
the slow-spreading mid-Atlantic ridge, which runs
north through Iceland and to the east of Greenland
into the Arctic basin. Hence, Greenland, almost en-
tirely underlain by Precambrian crust, is geologically
part of North America and, more specifically, part of
its Precambrian core, Laurentia. With progressive
northward opening of the North Atlantic rift, Green-
land started to rift apart from the main part of Laur-
entia at about 80 Ma, opening up the Labrador Sea.
This rifting was subsequently aborted in favour of
propagation of the mid-Atlantic ridge to east of
Greenland, along the present trace of the ridge. Here,
ridge propagation split off a fragment of Precambrian

crust from Laurentia, which remained attached to the
Eurasian plate and now underlies parts of Scotland,
Ireland, and the adjacent continental shelf. This Pre-
cambrian sliver, known as the Lewisian Gneiss Com-
plex, is equally part of Laurentia. Other Precambrian
crustal elements may have rifted and drifted off Laur-
entia with the opening of a proto-Arctic basin (i.e.,
prior to the Innutian Orogeny, see Figure 1), but here
relationships are presently less well understood.

The stable Precambrian lithosphere underlying
much of North America responds to far-field bound-
ary forces by gentle flexing and arching. As a conse-
quence, Precambrian crust in the north-central parts
of the continent is gently arched up, giving rise to the
physiographic province of the Canadian Shield. The
latter is characterized by scattered rocky outcrops of
generally low relief (Figure 2), although, locally, rift

of the Burwash Formation, Slave Craton. Turbidites such as these are typical for the uppermost units of Archaean greenstone belts.
Here they have been folded into regional mushroom interference patterns by two upright fold generations. (E) Shallow-dipping strata
of the ca. 2.0 Ga Coronation Supergroup onlapping onto peneplaned Archaean basement (flat foreground), western margin of Slave
Craton. These strata represent some of the first true passive margin sequences in the geological record. (F) Archaean-—
Palaeoproterozoic unconformity, metamorphosed to upper amphibolite facies, along the highly deformed western margin of the
Superior Craton. Archaean gneissic layering (right) truncated by primary layering and foliation in basal quartzitic schists of the ca.
2.0 Ga Ospwagan Group (left). (G) Thompson Mine, exploiting one of the largest komatiite-associated nickel deposits in the world,
hosted by the highly deformed Palaeoproterozoic Ospwagan Group, along the western margin of the Superior Craton. (H) Proterozoic
mafic dykes of the 1267 Ma giant radiating Mackenzie swarm, northern Canadian Shield. (I) Tilted strata of Proterozoic fluvial
sandstones overlying the ca. 1.8 Ga crustal collage of Laurentia; 100 m high cliffs along the Brock River, North-west Territories.
Deposits such as these form widespread overlap assemblages as early as 1.75Ga.
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flank uplift has created significant new relief, expos-
ing up to 1000 m-high sections through Precambrian
rocks, particularly along the coasts of Labrador,
Baffin Island, and Greenland. Minor rejuvenation of
relief is currently taking place along arctic coastlines
in response to post-glacial rebound. Elsewhere, pene-
planed Precambrian basement dips gently beneath a
thin Phanerozoic sedimentary cover, giving rise to
interior platforms (see North America: Continental
Interior). Presence or absence, and thickness, of this
sedimentary cover was, of course, further modulated
by changes in global sea-levels, either expanding or
shrinking the extent of interior seaways.

In a number of localities, subsidence of the Pre-
cambrian lithosphere has been more pronounced,
resulting in downwarped intra-continental basins
filled with thicker sedimentary successions. One ex-
ample is the Hudson Bay Basin in the middle of the
Canadian Shield, which has been subsiding intermit-
tently during the Phanerozoic. The processes respon-
sible for this intermittent subsidence are poorly
understood. Much better understood is the Western
Canada Basin, a broad foreland basin forming in
response to downflexing of Precambrian lithosphere
in advance of the marginal load of the North
American Cordillera.

In addition to the broad exposure of the Canadian
Shield, crust of Precambrian age is also exposed in
more restricted tectonic or plateau uplifts within the
Cordilleran and Appalachian-Alleghanian mountain
chains that fringe Laurentia. Important examples are
the Laramide uplifts in the western United States
(e.g., the Wind River Ranges in Wyoming) (see
North America: Southern Cordillera), thrust sheets
in the Rocky Mountains, and domal ‘core complexes’
throughout the internal Cordillera. Deep incision of
the Colorado River in the uplifted Colorado Plateau
also exposes an important window of Precambrian
crust. The Blue Ridge Mountains of the south-eastern
United States and the Long Range inlier of
Newfoundland are examples of major thrust-related
uplifts of Precambrian basement of Grenvillian age in
the Appalachians (see North America: Northern Ap-
palachians). In general, the subsurface edge of
Precambrian basement can be traced with isotopic
ratios of younger granitoids. An example is the
878r/8¢Sr-isotopic line of the Cordillera (Figure 1).

Precambrian Nucleus of North
America: General Structure
The basic architecture of the Precambrian nucleus of

North America is that of a ‘collage’ comprising
crustal elements of different ages (Figure 1). Many

of the crustal elements involved in this collage were
exotic with respect to each other, having originated in
different places around the globe before being amal-
gamated. Other elements represent crustal growth
along the margins of previously assembled continen-
tal crust. In places, the crustal collage is truncated by
younger rifted margins, providing evidence that, ori-
ginally, the collage must have extended well beyond
its currently preserved margins.

Although the internal structure of the collage is
complex, the complexity is far from random. In
some ways, the overall architecture can be compared
with the ‘nested’ structure of ‘Russian dolls’ (Figure 4):

® North America, in its present form, is a fragment of
the latest supercontinent in Earth history, Pangaea
(Figure 5) (see Pangaea), which existed from about
300 to 200 Ma and is currently still in the process
of progressive breakup and dispersal, although
a number of plates have already started their
collisional history (e.g., India with Eurasia).

® The North American fragment of Pangaea hosts
within itself a large fragment of the earlier super-
continent Rodinia (Figure 4), which was amalgam-
ated from 1200 to 980 Ma. As discussed earlier,
this fragment of Precambrian crust, several thou-
sand kilometres in diameter, is commonly referred
to as Laurentia.

® On a smaller scale, Laurentia hosts within itself
6-7 large fragments of Archaean (>2.5 Ga) crust,
the Archaean ‘cratons’ (see Precambrian: Overview).
Among these, the Superior, Wyoming, and Slave
cratons are some of the better-known examples.
These crustal fragments are called cratons because
they show long-term stability, having been affected
by younger deformation only around their edges.
The typical length scale of these Archaean cratons
is ca. 1000 km. The Superior Craton is the largest
preserved Archaean craton on Earth.

® Furthermore, the larger Archaean cratons are
typically composite, consisting of a number of
domains with disparate crust formation ages. In-
cluded among these domains are ancient crustal
fragments that are dominated by gneissic grani-
toids with ages of crystallization or inheritance of
>2.9-3.0 Ga. Such ancient gneiss domains (e.g.,
the Central Slave Basement Complex of the Slave
Craton; or the North Caribou Terrane of the Su-
perior Craton; see Figure 4) have typical length
scales of 100-300 km.

® Finally, these ancient gneiss domains are them-
selves heterogeneous. Embedded within them are
found Earth’s oldest rocks, including, for instance,
the 4.03 Ga Acasta gneisses of the Slave Craton
(Figures 2A and 4). Individual examples of these
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Figure 4

Laurentia
(Fragment of ca 1Ga Rodinia)

1000 km
(approx. scale)

Post-1.8 Ga crustal additions
along south-eastern active margin

(O Palaeoproterozoic crust and orogens
@ Archaean cratonic fragments (>2.5 Ga)

Ancient basement complexes (>3.0 Ga)
@ caviiost gneisses and greenstones (>3.5Ga)
O Localities with oldest intact rocks (>3.8 Ga)

(A) Cartoon illustrating the systematic fractal architecture of the Precambrian crust. The Precambrian record consists of a

collage of ‘nested’ fragments across a variety of scales. At the largest scale, Laurentia itself represents a rifted fragment of Rodinia, a
ca 1Ga supercontinent. Its margins formed between 780-600 Ma, when Rodinia started to break up. At the smallest scale, we find
individual gneiss complexes consisting of some the oldest intact rocks on Earth (e.g., Acasta, Isua), nested within larger Archaean
cratons. The overall fractal structure is one of preservation and reflects repeated cycles of fragmentation and re-aggregation, with
smaller older fragments preserved in larger younger fragments. Abbreviations: CSBC, Central Slave Basement Complex, Slave
Craton; NCT, North Caribou Terrane, Superior Craton; MRVT, Minnesota River Valley Terrane. (B) An identical fractal pattern of nested
fragments, but at smaller scales, is seen in this picture of the icy crust of Europa, one of Jupiter’s large moons (source: NASA, Galileo
Orbiter PIA01127). Linear features are ridges formed by upwelling and subsequent freezing of water along cracks.

Early Archaean gneiss complexes are typically pre-
served at the 1-10 km scale, in some cases ranging
up to ca. 100 km.

Hence, the structure of the Precambrian nucleus
of North America, and that of the geological record
in general, is self-similar (fractal) in nature, repeating
a basic motif across a variety of scales, ranging
from the size of modern plates to that of individual
ancient gneiss complexes or the greenstones belts
embedded within them. As plate tectonics is the dom-
inant process in shaping this pattern on the modern

Earth, it is tempting to conclude that plate tectonics
must have been equally dominant since at least
ca. 4.0 Ga, the time of the Earth’s oldest preserved
crust (Figure 6). One might also conclude that
plates have grown in size over time. These conclusions
seem reasonable but there are a number of important
caveats.

The similarity in basic pattern strongly suggests
repeated fragmentation and dispersal events of pre-
existing crust, with fragments becoming incorporated
in new crustal collages through time. However,
similarity in pattern and implied kinematic processes
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Figure 5 The history of crustal aggregation states (supercratons, supercontinents) through time (vertical axis; modified after
Bleeker, 2003). Mid-Proterozoic Nuna, including the large 1.8 Ga core of Laurentia, was probably the first true supercontinent in
Earth history. The Late Archaean may have been characterized by several discrete, transient, aggregations referred to as super-
cratons: Vaalbara, Superia, Sclavia and possibly others. The diachronous break-up of these supercratons, in the Palaeoproterozoic,
spawned the present ensemble of ca. 35 Archaean cratons, which now are variably incorporated into younger crustal collages. Since
the assembly of Nuna, the time gaps between successive crustal aggregation maxima appear to have become shorter. Note the
correlation of intervals of global glaciation with two periods of continental breakup and dispersal, and with possible minima in the
frequency of mafic magmatic events in the continental record (legend for the latter: red line, well-established mantle plume event;
black line, other mafic magmatic event; dashed line, poorly dated event; modified after Ernst and Buchan (2001).

does not necessitate similarity at a dynamic process
level. Modern lithospheric plates tend to be large and
relatively rigid, and negative buoyancy of subducting,
old and cold oceanic plates (‘slab pull’) is a major
component in the overall force balance driving plate
motions. At present, it is controversial whether in a
hotter Archaean Earth, with 2-4 times the present
heat production and a more substantial fraction of
the primordial heat budget still preserved inside
the Earth, thinner and smaller lithospheric ‘plates’
interacted the same way as their modern counter-
parts. A key question is whether the return flow of
oceanic mafic-ultramafic material was by rigid slab

subduction (i.e., ‘plate tectonics’) or whether resi-
dues, after tonalitic melt extraction, descended back
into the convecting mantle by more disorganized
gravitational sinking (‘drip tectonics’)?

Attempts to answer this question from the geo-
logical record, as preserved in Archaean cratons,
leaves little doubt that the cratons preserve a record
of interaction between different crustal fragments.
Nevertheless, Archaean cratons lack a fully dia-
gnostic set of criteria confirming modern plate be-
haviour (e.g., passive margins, flexural basins,
accretionary prisms, uncontested ophiolites, high
pressure-low temperature metamorphic rocks and
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Figure 6 Backscatter electron image of a ca. 4.0Ga zircon
crystal from the Acasta gneisses, Earth’s oldest intact rocks
(see also Figure 2A). Metamorphic rims formed at ca. 3.6 Ga.
Oval spots are scars from the ion probe beam (from Stern and
Bleeker, 1998).

paired metamorphic belts, etc.). Hence, it is useful to
consider alternative explanations. In doing so, it is
also instructive to consider other planetary bodies
and their unique pathways of lithospheric evolution.
For a comparison with the fractal pattern of repeated
fragmentation and amalgamation in the Earth’s crust,
the icy crust of Europa, one of Jupiter’s large moons
(Figure 4B), is of particular interest (see Solar System:
Jupiter, Saturn and Their Moons). Europa’s crust of
water-ice, overlying an interior ocean, shows a fractal
pattern that is essentially similar to that of Earth’s
crust, requiring repeated fragmentation events, up-
welling and freezing of water along cracks, and
lateral mobility of fragments. Yet it is not the product
of plate tectonics driven by rigid slab subduction of
dense silicate rocks.

Both on Europa and Earth, the fractal pattern of
smaller, older fragments embedded in younger crustal
collages, is an artefact of the process by which frag-
ments are created and preserved. With each repeated
breakup event, crustal fragments can only become
smaller, while their number will increase. On the
other hand, erosion, tectonic slivering, and partial
subduction will, over time, reduce the number of
fragments or hide them in the lower crust. Further-
more, a fragment of a certain size and age can only be
preserved in a younger fragment that is either the
same size or larger. Hence, the negative correlation
between fragment size and age, as illustrated in
Figure 4, is primarily a function of how continental
crust is preserved, and may not provide information
on whether continental plates have grown in average
size over geological time.

Nevertheless, it is intriguing that few of the Ar-
chaean cratons come close in size to even the smallest

of the major continental plates today. The Superior
Craton of North America, the largest extant Archae-
an Craton, with a surface area of ca. 1.57 x 10° km?,
is about half the size of the Arabian Plate. Indeed,
several independent lines of evidence suggest that
Archaean continental aggregations may have been
smaller and more transient than their modern
counterparts:

® A hotter Archaean Earth, with a substantially
higher radiogenic element budget, favours smaller
and faster plates to dissipate the increased heat
production and avoid catastrophic heating of the
planetary interior.

® The record of /Sr/®¢Sr isotopic compositions of
Precambrian seawater, as measured from marine
carbonates, shows that prior to 2.6-2.5 Ga, Sr
ratios were buffered by dominant interaction with
oceanic crust and young mantle-derived mafic
rocks. Only after ca. 2.5 Ga do we see a rapid rise
in the 37Sr/%°Sr ratios, reflecting more significant
input from weathering of aged continental crust.

® Much of the modern detrital sediment load to sedi-
mentary basins and continental shelf-slope systems
is provided by large river systems draining large
continental hinterlands. The fact that there are few
examples of large sedimentary basins of a shelf-
slope affinity preserved in the Archaean record,
suggests that river systems and their continental
hinterlands were smaller, and that large, emerged
continental plates were rare or absent.

® As attested by Laurentia, once large cratonic land-
masses have aggregated and become underlain by a
lithospheric keel, they tend to resist breakup. So, as
noted above, the observation that none of the
Archaean fragments, with their lithospheric keels,
approaches modern continents in size may be
significant after all.

® Characteristics of the supercontinent cycle
(Figure 5) suggest that the successive time lags be-
tween breakup and dispersal of one supercontinent
(e.g., Rodinia) and the re-aggregation of a subse-
quent supercontinent (e.g., Pangaea) have become
shorter over the last 2.5 billion years. The easiest
explanation for this observation is that, following
supercontinent breakup and dispersal, modern
continental plates, due to their large average size,
quickly run out of room and start colliding. More
substantial time lags in the past suggest smaller
continental plates.

® And finally, Earth’s present rate of heat loss is
about twice the rate of internal heat production,
while at the same time heat production (mainly
from K, Th, U) is undergoing slow exponential
decay. Thermal arguments predict therefore that,
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over time, the lithosphere will slowly thicken and
stiffen, evolving ultimately to a relatively immobile
‘one-plate’ state. This state has already been
reached by our closest sister planet, Venus, which
is only marginally smaller than Earth (Venus’
radius is 95% that of Earth).

Precambrian Nucleus of North
America: A Systematic Overview

From 2.0 Ga to 1.8 Ga, over a time-span of about 200
million years, the core of Laurentia formed by
progressive amalgamation of 6-7 large fragments of
Archaean crust and intervening island arcs into a
broad orogenic collage (Figure 1). Crustal shortening
and thickening accompanying the various accretion
and collision events led to uplift and exhumation and,
ultimately, stabilization of the newly formed crust, as
indicated by the initiation of widespread intraconti-
nental sedimentary basins that overstep the boundar-
ies between different crustal blocks as early as ca
1.75 Ga. Interestingly, the time-frame of relatively
rapid crustal aggregation and growth implied for
Laurentia is of a similar order to that for the progres-
sive development of the most recent supercontinent,
Pangaea, which started with assembly of the large
southern continent Gondwana in the latest Protero-
zoic and terminated with final collision of Gondwana
and Laurasia in the Carboniferous to Permian (i.e., an
overall time-frame of ca. 250 Ma).

The widespread 2.0-1.8 Ga orogenic events in
Laurentia, known in North America as the Hudso-
nian Orogeny, have counterparts in most other con-
tinents (e.g., the Amazonian Orogeny in Brazil; the
Svecofennian Orogeny of the Baltic Shield; the Capri-
corn Orogeny of Western Australia). Through the
collective amalgamation of a large number of dispar-
ate Archaean cratons or microcontinents into a global
collage, this first-order orogenic event may have led
to the first true supercontinent in Earth history at
about 1.75 Ga named Nuna (Figure 5). Through fur-
ther crustal growth along its external margins, and
final continent—continent collision to form the Gren-
ville Orogen along its southeastern margin (Figure 1),
Nuna evolved into ca. 1 Ga Rodinia.

Clearly, the Archaean cratons are the dominant
building blocks in the Palaeoproterozoic assembly of
Laurentia, and the core of Nuna. Hence, they form a
logical starting point for a brief systematic overview
of the Precambrian crust.

The Archaean Cratons

Individual Archaean cratons that constitute the core
of Laurentia are: the Superior, Slave, and Wyoming

cratons; the highly reworked Rae and Hearne cratons,
collectively known as the Churchill structural pro-
vince; the enigmatic Sask Craton, which underlies
much of the Palaeoproterozoic Trans-Hudson Orogen
in central Canada; and the Nain or North Atlantic
Craton underlying southern Greenland (Figure 1).
These cratons represent a subset out of a total en-
semble of about 35 large Archaean crustal fragments
preserved around the world.

The independent nature of some of the component
cratons of Laurentia is still a matter of debate.
Clearly, the well-studied Superior and Slave cratons
are two pieces of crust that are exotic relative to each
other and most likely originated from unrelated
ancestral landmasses — the Late Archaean super-
cratons Superia and Sclavia, respectively (Figure 5).
The ancestry of some of the other cratons is less clear.

A putative suture between the Hearne and Rae
cratons, the Snowbird Tectonic Zone (Figure 1),
remains controversial. Hence, it is possible that the
Hearne and Rae cratons represent a contiguous frag-
ment of Archaean crust. The Hearne Craton is locally
overlain by an Early Proterozoic cover sequence, the
ca. 2.4-2.1 Ga Hurwitz Group, which shows similar-
ities to the Huronian Supergroup overlying the south-
ern Superior Craton. Both sequences contain evidence
for ca. 2.3 Ga low-latitude glaciations. Futhermore,
both cratons are cross-cut by ca. 2450 Ma mafic
dykes. Palacomagnetic data from these dykes suggest
that the Hearne Craton may have originated, at
2450 Ma, from just south of the ‘Huronian margin’
of the Superior Craton (Figure 7). Thus, both cratons
likely originated from within supercraton Superia,
possibly along with others such as the Karelia, Nain
and Yilgarn cratons.

Whether the Wyoming Craton, underlying much of
the north-western United States, is truly distinct or
just a southern continuation of the Hearne Craton
also remains unclear. The proposed suture between
the Hearne and Wyoming cratons is buried under-
neath thick platform strata. The Sask Craton may
be an exotic piece of crust or, alternatively, a partially
detached piece of either the neighbouring Hearne or
Superior Craton, incorporated in the Trans-Hudson
Orogen. Interestingly, many of these fundamental
questions can be resolved, in principle, with detailed
palaeomagnetic studies and high-precision age dat-
ing of the Palaeoproterozoic mafic dyke swarms
that cut the cratons, in conjunction with stratigra-
phic comparisons of the Archaean cratons and the
Palaeoproterozoic cover sequences that overlie them.

The Slave Craton

As an example of the Archaean components of Laur-
entia, the Slave Craton is described in more detail.
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Figure 7 Possible reconstruction of the relative position of the
Superior and Hearne crustal fragments at ca. 2450 Ma, prior to the
inferred break-up of their ancestral supercraton, Superia. Both
cratons are cut by ca. 2450 Ma mafic dykes that are petrographi-
cally similar, the Kaminak dykes (K) of the northern Hearne and
the Matachewan dykes (M) of the southern Superior, respect-
ively. Palaeomagnetic data from both dyke swarms allow the
reconstruction shown here. Both dyke swarms and the inferred
break-up of Superia may have been consequences of the ca
2450 Ma Matachewan plume (black star). Karelia, another Ar-
chaean craton now embedded in the Baltic Shield, also hosts ca
2450 Ma mafic dykes and, thus, may have been part of Superia.
Also shown is a possible topology of intracontinental rift zones
along which supercraton Superia broke up, liberating individual
cratons. Plumes or hotspots along this rift zone (open stars) may
have had ages spreading out over a 100-200 million year interval,
similar to those along the mid-Atlantic rift during progressive
break up of Pangaea.

This well-exposed fragment of Archaean crust meas-
ures about 500 (E-W) by 700 (N-S) km and is sur-
rounded by orogens of Palaeoproterozoic or younger
age (Figures 1 and 8).

The west-central part of the craton is underlain by
an ancient gneiss complex that hosts some of the
oldest intact rocks in the world, the ca. 4.03 Ga Acasta
Gneisses (Figure 2A). This basement complex is over-
lain by a thin, ca. 2.8 Ga quartzite and banded iron
formation sequence (Figures 2B and 8), which in turn
is overlain by the main cycle of ca. 2.73-2.62 Ga
volcanic and sedimentary rocks (Figures 2C,D
and 8). Very similar stratigraphic relationships are
seen in other cratons of Laurentia and around the
world.

The Neoarchaean supracrustal rocks of the Slave
Craton, known as the Yellowknife Supergroup, were in-
truded by voluminous granitoid rocks that range in age
and affinity from ca. 2.71-2.67 Ga, synvolcanic, tona-
lite-granodiorite plutons to ca. 2.58 Ga, post-tectonic,
granite plutons. The supracrustal and pre-tectonic gran-
itoid rocks are deformed by several discrete folding
events, resulting in complex fold interference structures

(Figure 2D) and high-amplitude basement-cored
domes. The overall result is an archetypical Archaean
‘granite-greenstone terrane’.

The younger granites are part of a craton-wide, ca.
2.59-2.58 Ga ‘granite bloom’, which transported
heat, partial melt fractions, and aqueous fluids, as
well as most of the incompatible heat producing
elements (K, U, Th), from the hot lower crust to the
upper crust. This critical and irreversible step allowed
the lower crust to cool and to mechanically couple
with the mantle lithosphere. Shortly following this
terminal granite bloom, Slave crust stabilized and
became ‘cratonic’.

Following cratonization, from 2.58 Ga to 2.2-
2.0 Ga, Slave crust was gradually exhumed by ca.
10-15km (on average) through slow uplift and ero-
sion. This is indicated by the onlap of unconformably
overlying Palaeoproterozoic cover sequences onto ex-
humed Archaean basement (Figure 2E). Starting at
about 2230 Ma, the Slave Craton, still within the
larger context of its host supercraton Sclavia, was
intruded and weakened by numerous mafic dyke
swarms and anorogenic alkaline complexes. These
events eventually led to rifting and breakup of Sclavia
and independent drift of the Slave Craton as a small
microcontinent. In general, these Early Proterozoic
rifting and dispersal events resulted in some of the
first true sediment-rich passive margin sequences in
the geological record (e.g., the Coronation Super-
group overlying the western margin of the Slave
Craton, Figure 2E).

Proterozoic Orogens: the Glue of the
Laurentian Collage

The oldest Palaeoproterozoic orogen within Laurentia
is the Taltson-Thelon Orogen along the western
margin of the Rae Craton. It is marked by a ca.
2.02-1.95 Ga magmatic arc, with a conspicuous
aeromagnetic signature that allows it to be traced
for several thousand kilometres (Figure 1). This mag-
matic arc suggests significant consumption of oceanic
lithosphere below the western edge of the Rae
Craton, leading to collision and eventual suturing of
the Slave Craton to the Rae. Partial subduction of
Slave crust below the Rae led to flexural subsidence
of the Slave and its overlying platform sequence,
resulting in one of the best examples of a Palaeopro-
terozoic foreland trough—the Kilihigok Basin. The
short flexural wavelength of this basin suggests a
low flexural rigidity of Slave lithosphere at 1.9 Ga,
and hence argues against a thick lithospheric keel at
that time.

During the Slave-Rae collision, subduction is also
active on the western side of the Slave Craton, under-
neath an outboard Hottah Arc. This arc accreted to
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the Slave Craton, followed by a subduction polarity
flip and building of a new arc on the Hottah—Slave
Suture at ca. 1.88 to 1.86 Ga.

Elsewhere, the eastern margin of the Rae-Hearne
block (already assembled or always contiguous?)
started to interact with outboard island arcs,
representing the early stages of the Trans-Hudson
Orogen (Figure 1). Similar processes were occurring
around the margins of the other cratons, some still at
remote locations (e.g., the onset of arc accretion
along the southern margin of the Superior Craton,
initiating the Penokean Orogen). Then, in a spectacu-
lar climax of orogenic activity, between about
1850 Ma and 1800 Ma, the remaining cratons grad-
ually aggregated, collided, and amalgamated. This
final stage involved the putative closure of the wide
Manikewan Ocean between the Rae-Hearne and
Superior cratons to form the >3000 km-long Trans-
Hudson Orogen through the centre of the Canadian
Shield. Terminal collision in Trans-Hudson Orogen
(Figure 9) involved northward indentation of the
large Superior Craton into a northern hinterland of

Trans-Hudson Orogen

the Rae-Nain-Hearne-Slave Collage. This northward
indentation caused oroclinal bending of the hinter-
land and tectonic escape of crustal blocks along
large strike-slip faults. The northward movement
also caused late-stage transcurrent motion on the
lateral margins of the Superior indentor (Figure 1).

Post-1.8 Ga Growth and Modification of Laurentia

Following the climactic growth of Laurentia at ca.
1.8 Ga, orogenic activity transferred to the external
margins of Laurentia, in the west and the south-east.
A complete assessment of growth along the western
margin needs to involve a western landmass (most
likely a combined Australia-Antarctica continent and
its amalgamation history), which has since rifted off.

In the south-east, 1.8 Ga orogenic activity must
have left major tracts of oceanic lithosphere along
the ‘trailing edges’ of the plates that carried the
Archaean cratons into the Laurentian collage. This
oceanic lithosphere was subsequently consumed.
A number of successive arcs formed, either as outboard
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Figure 1 for location of profile). Early deformation imbricated the continental margin of the Superior Craton, including the ca. 2.0 Ga
Ospwagan Group (Figure 2F and G) into an E-vergent fold-thrust belt. During terminal collision, vergence changed and the buoyant
Superior margin started to override juvenile Palaeoproterozoic rocks of the internal zone of the Trans-Hudson Orogen. Oblique
convergence degenerated into late-stage sinistral strike-slip deformation along the steep Churchill-Superior Boundary Fault (modified

after White et al., 2002; see also Bleeker, 1990).
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island arcs or, at other times, as magmatic arcs on the
growing margin of Laurentia. These long-lived active
margin processes led to progressive outward growth of
and accretion to Laurentia, culminating with the final
collisional history of the ca. 1.19-0.98 Ga, high-grade,
Grenville Orogen (Figure 1).

Significant pulses of outward growth that can
be recognized along various parts of the margin are
the Yavapai (1.79-1.71 Ga) and Mazatzal (ca. 1.70-
1.62 Ga) belts of the south-western United States
(Figure 1). The latter is broadly coeval with the
Labradorian event of north-eastern Laurentia
(Figure 1), which involved accetion of a 1.70-
1.66 Ga outboard arc to the margin of Laurentia at
about 1655 Ma. The Labradorian Arc and a number
of younger arcs (e.g., the Pinwarian Arc) were se-
verely reworked during terminal Grenville collisions.
The latter involved final suturing of Laurentia to a
southeastern landmass (Amazonia?) to form Rodinia.

During its long-lived Proterozoic active margin
evolution, lasting from about 1.8 Ga to 1.0 Ga, Laur-
entia likely faced a ‘Pacific-type’ ocean to the south-
east (present coordinates). Inboard of this margin,
several major magmatic events suggest the upwelling
of hot mantle underneath the growing continent.
Similar processes ultimately led to the rifting and
breakup of Laurentia (as part of Rodinia), starting
at about 780 Ma. Important examples of mid-Pro-
terozoic igneous events are several pulses of granite-
rhyolite magmatism concentrated in south-eastern
Laurentia; the intrusion of the 1.3 Ga Nain plutonic
suite in Labrador; the 1267 Ma giant Mackenzie dyke
swarm; several more localised mafic dyke swarms;
and the basalt-rhyolite volcanism of the Keewanawan
event in the mid-continent rift (Figure 1).

Glossary

Nuna Earth’s first true supercontinent that formed
by progressive amalgamation of numerous micro-
plates and intervening island arc terranes towards
the end of the Palaeoproterozoic era, from about
1.9 Gato 1.7 Ga.

Sclavia Late Archaean ancestral landmass of the Slave
Craton and allied cratons. This landmass or super-
craton amalgamated during Late Archaean orogenic
activity, cratonized shortly after 2.6 Ga, and experi-
enced rifting and break-up between 2.2 Ga and 2.0
Ga, spawning several microplates, including its
type craton, the Slave Craton of the Canadian Shield.
Existence of this late Archaean supercraton is indi-
cated by the Slave Craton being a cratonic fragment
surrounded by rifted margins.

Superia Late Archaean ancestral landmass of the
Superior Craton and allied cratons. This landmass

or supercraton amalgamated during Late Archaean
orogenic activity, cratonized shortly between 2.68
Ga and 2.62 Ga, and experienced rifting and break-
up starting at 2.48 Ga, spawning numerous micro-
plates, including its type craton, the Superior
Craton of the Canadian Shield. Existence of this
Late Archaean supercraton is indicated by the Su-
perior craton being a cratonic fragment surrounded
by rifted margins.

Supercraton One of several Late Archaean cratonic
landmasses, not necessarily a single supercontin-
ent, that on Palaeoproterozoic break-up spawned
the present ensemble of ca. 35 Archaean cratons
with their rifted margins.
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PB King wrote “The [Continental] Interior Lowlands are
differentiated from the Laurentian [Canadian] Shield
mainly by their retention of a sedimentary cover, so
that the tectonic boundary between the two divisions is
arbitrary and the differences are not fundamental.”
(The Tectonics of Middle North America, 1951)

Introduction

The vast country of essentially flat-lying sediments
rimmed on three sides by the old Appalachian, Oua-
chita, and Rocky Mountain mountain chains and to
the north the poorly exposed, heavy glaciated, low-
lying Canadian Shield (nucleus) composed of Precam-
brian crystalline igneous and metamorphic rocks,
comprises the North American Continental Interior
(Figure 1). This immense area, also known as the Cen-
tral Stable Region, is drained by the mighty Mississippi
River and tributaries —and contains the large, relative-
ly shallow, freshwater Great Lakes. This physiography
accurately reflects the tectonic provinces (Figure 2).
Occasionally, bits of the basement poke through the
veneer of this essentially gently-dipping sedimentary
cover in the Black Hills of South Dakota, Wichita
Mountains of Oklahoma, Ozarks of Missouri, and
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Baraboo Range of Wisconsin. The shape and form
of the sedimentary rocks over the area conform well
to the shape and form of the Precambrian basement
foundation on which they lie.

Although the topography is subdued and the spec-
tacular scenery is formed for the most part, by ero-
sional remnants or incised valleys, it reflects geological
conditions of the region and thus the landforms are a
key to understanding recent developments. This part
of North America forms the physiographic provinces
of the Interior Lowlands and the Great Plains — the
bread basket of the continent.

The nucleus of the North American continent is the
Precambrian Canadian Shield — the craton, a stable
feature around and on which subsequent events took
place (see North America: Precambrian Continental
Nucleus). The craton itself had a long and complex
history but because of poor exposure and structural
complexities it has been difficult to decipher. With a
few notable exceptions, the craton is made up of
ancient igneous and metamorphic crystalline rocks.
The notable exception is the Midcontinent Rift
System (MRS), extending from Minnesota to Okla-
homa, which is an elongated, younger, faulted, and
down-dropped trough containing extrusive igneous
rocks interspersed with thick, locally derived,
immature sediments (Figure 3). Near the end of the
Precambrian, a prolonged period of erosion beveled
and smoothed the old fractured/faulted surface prior
to it being covered by the younger sedimentary rocks.
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Index map of North American physiographic provinces showing location of Interior Lowlands and Great Plains of

Continental Interior wedged in between the Appalachian Mountains on the east and the Rocky Mountains on the west. (From Kay

and Colbert (1965), John Wiley & Sons.)

This part of the Earth was relatively stable during
the next several hundred million years, and as the seas
advanced and retreated over the low relief surface,
they deposited fairly uniform marine sediments, layer
upon layer, over extensive areas. The type and distri-
bution of the sediments responded to the global
change in sea-level as well as to changes in local
conditions. All of these events were recorded in the
sedimentary section, which, as the history unfolded,
was sprinkled liberally with long intervals of no
record. Because of the sensitivity to conditions in the

accumulation of sediments in this type of envir-
onment, much of the history is not chronicled; in
fact, it has been estimated that as much as 85% of
time in any one place is not represented by the rock
record. This situation is aptly described as layer-cake

geology.

The Foundation

The foundation is the craton, which was formed by
adding on (accretion of) material to the original
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primaeval nucleus (Archaean age; 3600 to 2600 Ma)
so that the younger Precambrian crystallines (Pro-
terozoic age; 2500 to 900 Ma) rim the nucleus to
the south (Figure 3). The Midcontinent Rift System
(MRS; 1200 to 1000 Ma) cuts across the older Pre-
cambrian terrain. This foundation forms part of
the continental crust which ranges in thickness from
40 to 50 km (Figure 4).

In the Continental Interior south of the Canadian
Shield, the Precambrian basement complex is expos-
ed in only a few places. Thus, the knowledge of
this time period in the Earth’s history is known from
the thousands of wells drilled in the search for petrol-
eum, water, and mineral resources, plus, of course,
geophysical data.

The Sedimentary Veneer

Overlying the Precambrian foundation is the sedi-
mentary veneer, the composition and configuration
of these younger sedimentary deposits giving clues
to the conditions under which they were deposited
and accumulated. Thus, information is contained in
the rocks about the location of sea margins, climate,
and life at that time.

Figure 3 Proterozoic crustal provinces in North America. Archaean: Canadian Shield (>2500Ma); Proterozoic: Penokean Belt
(1900-1820 Ma), Interior Belt (1780-1690 Ma), South-western Belt (1680-1610Ma), St Francois Belt (1480-1380Ma), Greenville
Belt (1000-550 Ma). Midcontinent Rift System (MRS). (Compiled by Van Schmus and Bickford (eds.) (1993) GSA, The Geology of North
America, v. C-2.)
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The original major geological time divisions of
the rock sequence were established in Europe and
equivalents correlated to North America in the nine-
teenth Century (Figure 5). It was soon learned, how-
ever, that the classic classification of rock units did
not always coincide with the major divisions on the
craton; these divisions, separated by major gaps in

the record, became known as sequences. Sequences
(see Sequence Stratigraphy) are major cycles in the
Earth’s history recording events on and adjacent to
the craton. In a simplistic view, they are records of a
significant advance and retreat of the sea lapping on
the edge of the craton, ideally starting with a sequence
of nonmarine clastics, followed by marine sediments,
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Figure 5 Correlation chart showing relation of sequences and
subsequences to standard chronostratigraphic scheme for
Phanerozoic. (From Sloss (1988) GSA, The Geology of North
America, v. D-2.)

culminating with evaporites and clastics, and ending
with a hiatus (gap), then followed by another cycle
(Figure 6). All or parts of the sequence may or may
not be present at any one location, depending on local
conditions.

The craton was never very high above sea-level, a
few tens or a couple of hundred metres at most, so
that slight changes in sea-level brought inundations or
withdrawals of the sea over wide expanses. The seas
that spread over the craton, thus, were never very
deep, and as the craton gradually foundered, the sedi-
ments accumulated. In concert with the rise and fall
of sea-level, tectonic forces were busy forming and
shaping mountain belts around the edges of the
craton. On the craton, the tectonic forces were trans-
mitted through the rigid basement rocks, causing a
differential vertical movement of the fractured base-
ment blocks as they readjusted to the stress. A series
of uplifts and basins formed as a result of these struc-
tural movements and the sediments responded ac-
cordingly, filling in the low areas and either not
being deposited on the high areas, or deposited and
then stripped off. Most of the basins are shallow but
some on the margins, such as the Anadarko Basin of
Oklahoma and Denver Basin of Colorado, are deeper
structural troughs with corresponding thicker sections
of sedimentary rocks.

The Phanerozoic Geological Record

As the seas advanced over the low-lying craton,
sediments accumulated and thus preserved a record
of the history of that episode. The first Phanerozoic
sediments on the craton were detrital material deriv-
ed from erosion of the craton itself. In fact, the ex-
posed part of the craton contributed clastics to the
sequence during each episode. The Sauk sequence
(latest Proterozoic to Early Ordovician) saw a major
inundation as the seas advanced over the craton
(Figure 7). The Tippecanoe sequence (Middle Ordo-
vician to Early Devonian) was less widespread and
confined mostly to the eastern part of the craton
and distribution of the Kaskaskia sequence was
similar. However, the early part of the Absaroka se-
quence (latest Mississippian to Early Permian) was
more extensive, and represents a calumination of
events, as all but the most northern part of the craton
was affected.

Near the end of the Palaeozoic, major changes in
the sedimentation and structural history (see North
America: Southern Cordillera) of the central part of
North America took place as the result of the
Ancestral Rocky Mountain, Ouachita, and Alle-
ghany/Appalachian orogenies (see North America:
Southern and Central Appalachians). The next
major inundation of the continent took place in the
Zuni sequence, when Cretaceous seas covered much
of the craton. Again, major changes in the structural
history near the end of the Mesozoic, with the rise
of the Rocky Mountains to the west, mark the end to
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the sea incursions on the continent, so that the Tejas
sequence is represented only by terrigenous sediments
— material derived from the erosion of the newly-
formed Rocky Mountains. This is now the situation
remains today — the interior of the continent is high
and dry. The end of each episode was marked by
withdrawal of the seas and prolific erosion eradi-
cating parts or all of the recorded history of the
immediate and preceding chapters.

Several episodes of igneous intrusions into the sedi-
ments in the southern part of the Continental Interior
took place during the later Cretaceous and Early
Tertiary. These small igneous bodies were intruded
from the mantle at great depths rapidly along zones
of weakness in the continental crust into the sedi-
mentary section. They are of interest, not only for
their composition, time of emplacement, and implica-
tion for the tectonics, but because some of them, on
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Figure 7 Location of sedimentary sequences preserved on North American craton by sequence. (Modified from Sloss (1988) GSA,
The Geology of North America, v. D-2.) (A) Sauk sequence; (B) Tippecanoe sequence; (C) Kaskaskia sequence; (D) Absaroka

sequence; and (E) Zuni sequence.

their way up from the depths, incorporated bits and
pieces of mantle, continental crust, and Phanerozoic
sediments.

The beginning of the last chapter of the story is
concerned with the large continental glaciers that
covered much of the north-eastern and east-central
part of North America (see Tertiary To Present: Pleis-
tocene and The Ice Age). Numerous advances and
retreats of the glaciers are recorded in the remains

they left behind — glacial debris (outwash and till;
Figure 8A and B) and large erratics (out-of-place
foreign boulders; Figure 8C) with thick deposits of
loess (wind-blown glacial dust; Figure 8D). In places
this forms a cloak over the area, the icing on the layer
cake, so to speak.

The glaciers had disrupted the inplace drainage
from the end of the Tertiary so that with their
retreat, the drainage reoriented to its present
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Figure 8 Glacial debris. (A) Glacial outwash deposit, which
covers extensive areas of the Continental Interior; (B) glacial
gumbo till deposited directly from the glacier; (C) large glacial
erratic in Lawrence, Kansas; (D) thick loess deposit (glacial wind-
blown dust) in central Nebraska.

position. Drainage south of the southern extent of the
glaciers was profoundly affected with overloads of
water and material, and this latest episode of history
is evidenced by the underfit streams, stream piracy,
and extensive stream and river terrace development.
The final adjustments are taking place today as the
Continental Interior returns to ‘normal’.

The Sediments

The succession of stratigraphic units on the craton
could be and have been described as monotonous, but
they are anything but boring. Special features of these
unique sedimentary units are their; (i) lateral persist-
ence; (ii) extreme thinness, the tremendous ratio of
width to thickness; (iii) sharpness of boundaries; and
(iv) cyclic nature.

The contained micro- and macro-fauna and flora
(or lack thereof) in these sediments not only gives
information on conditions under which the sediments
formed, but provides information on relative age
for correlation from one area to another, where the
sediments are not continuous. Understanding life as it
occurred in ancient times is based mainly on under-
standing the occurrence and distribution of similar
forms today.

In addition to the usual sedimentary types, such
as sandstone, siltstone, shale, limestone, dolomite,
anhydrite, and gypsum, that occur in the Phanerozic
sequence, there are four rock types that are formed
under special circumstances: chalk, salt, black shale,
and coal. Chalk is made up of tiny micro-organisms
that accumulated in the open sea in warm water
(Figure 9A and B). Major chalk deposits throughout
the Earth are prominent in the Cretaceous (Zuni)
and the Kansas chalk is famous for its marine verte-
brate fauna. Salt is formed when and where marine
waters are restricted and evaporate (Figure 9C).
Salt is used here as an all-inclusive term for minerals
precipated from the evaporation of sea-water. The
Silurian (Tippecanoe) and Permian (Absaroka) are
two of those times in Earth history when vast
areas of salt were formed on the craton under these
conditions.

The black shale accumulates under confined condi-
tions at the bottom of the sea, where because of lack
of water circulation and reducing conditions, all
forms of carbonate and other soluble material are
dissolved (Figure 9D). Radioactive material is con-
centrated in the black shales, making them distinctive
subsurface marker beds on gamma-ray wireline logs
and easy to correlate. On the North American craton,
black shales are prevalent in the Late Devonian to
Early Mississippian (Kaskaskia) and numerous thin
but persistent ones in the Middle and Upper Penn-
sylvanian and Lower Permian (Absaroka). Lignite
and coal form near sea-level and are thus a good
palaeoenvironment indicator (Figure 10A and B). In
the Interior Province, several basins contain bitumin-
ous coal, mostly Pennsylvanian in age, whereas in the
Northern Great Plains it is mostly sub-bituminous
coal or lignite, and Cretaceous or Tertiary in age.
The plant material grew in the shallow water along
the shore, dying in place, accumulated, and was
buried, eventially forming peat. As the peat was
buried, the material compacted to coal and in doing
so created a handy indicator to determine the depth of
burial. However, it never has been buried deep
enough in the Continental Interior, or subjected to
tectonic forces, to create the highest grade of coal,
anthracite.
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Figure 9 Examples of special rock types in the Continental Interior. (A) Cretaceous chalk in western Kansas; (B same exhibiting
rhythmic layering of chalk and bentonite; (C) Permian salt in mine in central Kansas (note: rhythmic layering); and (D) Pennsylvanian

thin-bedded, fissile black shale.

Several other less widely distributed rock types are
distinctive and informative: volcanic ash (Figure 10C)
and its altered form bentonite, fossil soils (palaeosols),
and extensive thin-layered chert beds (Figure 10D).
Volcanic ash is recognised easily in the Tertiary and its
altered form of bentonite in the Cretaceous.

The bentonites occur in distinctive thin bands over
large areas and form instant time-lines. Multiple
fossil soils are widespread in the Upper Permian and
indicators of subareal exposure and climatic condi-
tions at the time. In the Lower Permian, thin but
persistent nodular chert beds occur and individual
beds can be traced for many miles, indicating uniform
conditions in the sea over a wide area. And lastly, the
mantle of Pleistocene glacial material (either de-
posited from the glaciers or derived from their action)
is an indicator of climatic conditions. These masses of

thick, heavy ice deformed the crust and modified the
landscape extensively.

Accumulation time of sediments can be estimated
by applying known sediment accumulation rates of
today to their thickness or using the relation of total
sediment thickness to the known time period. Because
of the limiting factors in both methods, the results are
only an indication.

Erosion, usually by water and wind, and the rates
at which it takes place, is of interest; generally the
rates are higher in young terrains and less in the older
ones, such as the Continental Interior. The obvious
exception to the erosion rate, of course, is in those
areas that are farmed and thus subject to the plough
and other forms of tillage that break the surface and
hasten the destruction of the land. Erosion rates gen-
erally are steady, but accelerated in times of crisis such
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Figure 10 Other distinctive rock types that occur in the Contin-
ental Interior. (A) Lignite from Cretaceous of central Kansas;
(B) thin bituminous coal (Upper Pennsylvanian); (C) Pliocene
volcanic ash, a distinctive geochemical signature makes it
an excellent marker bed for correlation; (D) layered chert in
limestone in the Flint Hills of central Kansas.

as floods or devastating wind storms. More ‘normal’
rates generally prevail in between catastrophic events.

Rates of denudation can be determined by measur-
ing the amount of material carried by streams and
rivers in a unit of time. This usually is reported as so
many centimetres reduction in the land surface per
millennium. Because of the relatively high elevation

of the North American Continent today, these rates
are high and probably are not representative of the
past. Another approach to denudation rates is to
determine how much material was present and now
evoded away and to divide that amount by the time
interval. Neither approach is totally satisfactory, but
both give a fair estimate.

The Sedimentary Sequence

With special conditions, unique rock sequences occur.
The North American Craton is one place where these
special sequences — rhythmites and cyclothems — are
preserved. Rhythmites are alternations of two sedi-
ment types, such as the chalk and bentonite that de-
veloped in the Cretaceous (Zuni), or siltstone and the
shales that are present in the Pennsylvanian (Absar-
oka). Cyclothems are repetitious sequences that occur
repeatedly in the Permo-Pennsylvanian (Absaroka).
The classic cyclothem records a single advance and
retreat of the sea in an area, giving rise to a symmet-
rical rock cycle of non-marine to marine to non-
marine sediments; however, the ideal seldom occurs.
Because the transgressive part of the cycle usually is
better represented (or better preserved) than the re-
gressive part, most cycles are asymmetrical and many
are incomplete or have components repeated.
Bundles of cyclothems have been termed megacy-
clothems and an example is given in Figure 11. Origin
of cyclothems has been proposed as being the result
of: (i) change of sea-level; (ii) tectonic movements; or
(iii) climatic factors; the truth is that all three are
probably responsible to some degree. In Kansas
alone, in just the Middle and Upper Pennsylvanian
(Absaroka) section, there are parts or all of about 40
cyclothems. Their formation probably was the result
of changes in sea-level as a result of the waxing and
waning of southern-hemisphere glaciers. Sediments
were accommodated spatially by the craton gradually
sinking in relation to sea-level, perhaps partially as a
result of the weight of the added sediments and the
glaciation was caused by changes in the climate.

Structural Development

The development of the structural elements on the
craton to their present disposition has not been spec-
tacular, but has been incremental and persistent. The
movement is recorded, not only by the sediments, but
by the gaps in the record — the unconformities. Much of
the regional structural development on the craton has
been by epeirogenesis; that is, up-and-down movement
and tilting of the area in response to orogenic (tectonic)
activity elsewhere. Four major unconformities indicate
four major changes in the structural regimen — the end
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Figure 11 Example of Pennsylvanian megacyclothem from
Kansas, showing individual cyclothems in the Oread Limestone
Formation (Virgilian, Pennsylvanian). (Adapted from Merriam
(1963) Kansas Geological Survey Bulletin 162.)

of the Precambrian, the Ouachita Orogeny (Mississip-
pian), the Allegheny or Appalachian Orogeny (Late
Palaeozoic), and the Laramide Orogeny (Cretaceous).

An important part of the story on the structural
development of the Continental Interior is knowing
how deep and when the sediments were buried. The
ups and downs of the craton at any location is
profiled by constructing a two-dimensional burial-
history diagram (Figure 12). Another question is
how much material was removed at an unconformity.
There are numerous ways in which this can be done,
but a combination of several approaches for any area is
the most satisfactory (Table 1). This information then
can be used together with the sediment distribution
to understand the history.

Cratonic Structures

The sediments are preserved more completely in the
basins than on the adjoining uplifts, as would be
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Figure 12 Burial-history diagram of the Salina Basin (central
Kansas; for location see Figure 13. Diagram shows amount of
sediment deposited and amount removed giving depth of burial
of sediments. (From Newell and Hatch (1997) Kansas Geological
Survey Bulletin 240.) The diagram illustrates that the basin sub-
sided and received sediments from Late Cambrian to end of the
Devonian when it was uplifted. Major subsidence commenced in
the Mississippian, with minor uplift near end of the Mississippian
and continued from then, with minor ups and downs until the
present.

Table 1 Different procedures used to determine overburden
removed. (Adapted from Merriam and Forster (2001) Kansas
Academy of Science Program and Abstracts.)

compaction-depth relations

vitrinite reflectance

oil field overpressure

maturation models

thermal modeling

mineralogy and rock textures of intrusives
fluid inclusions

L]
[ ]
L]
[ ]
L]
[ ]
L]
e geologic restoration

expected. The major basins, uplifts, and structural
discontinuities in the Continental Interior are
shown in Figure 13. A series of cross-sections of the
Continental Interior are shown in Figure 14. These
cross-sections give the best impression of the sub-
surface layer-cake nature and the relation of strati-
graphic units to one another. Most impressive is the
thinness of the sedimentary cover (when viewed in
perspective (Figure 15); indeed, the sediments are
but a facade over the Precambrian foundation. The
structures shown in Figure 13 are those that formed
near the end of the Mississippian and in the Early
Pennsylvanian during the Alleghany/Appalachian
orogenies and since have been slightly modified.
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Figure 13 Location of major structural features in the Continental Interior. A, New York-Alabama Lineament; B, Ouachita Foldbelt;
C, Wichita Uplift; D, Anadarko Basin; E, Ardmore Basin; F, Aricoma Basin; G, Nemaha Uplift. (From Hinze and Braile (1988).)

There is no apparent spatial pattern of the basins; they
seemingly formed wherever there was a weakness in the
foundation. Through time, several of these regional
structures were inverted, (that is, basins were uplifted
to become positive areas, or vice versa), and some
positive features foundered to form depressions.

The Precambrian basement also is the key to the
location of the minor structures of the region. These
secondary features show a preferential orientation: one
set north-east-south-west and the other north-west—
south-east, with a ancillary set north-south and east—
west. These structures were formed by the vertical
displacement of basement fault blocks in response to
outside tectonic forces in which the overlying sedi-
ments were draped over the offset blocks by differen-
tial compaction of the unconsolidated, soft sediments.
These anticlines (plains-type folds) are present in the
sedimentary cover on cratons worldwide (Table 2;
Figure 16). After initial formation of the structural
regimen in Late Mississippian to Early Pennsylvanian

time (Absaroka), continued movement of the base-
ment blocks accentuated the folds. This incremental
movement has continued from the Late Palaeozoic
until today.

The incremental movement of the fault blocks is
recorded in the Permo-Pennsylvanian (Absaroka)
sedimentary section by thinning of beds over the struc-
ture and by convolute features known as seismites
(Figure 17). The seismites, formed by dewatering of
soft sediments, were triggered by palaeoearthquakes.
By noting the geographic and stratigraphic occurrence
of the seismites, it is possible to determine the relative
intensity and size of the area affected by the palaeo-
quake. Earthquakes are the result of the adjustment of
the basement to stress and are recorded on the craton
today. In historic times, several large earthquakes
occurred — the New Madrid quake (1811-1812) in
Missouri and Manhattan quake (1867) in Kansas are
two examples; fortunately there was little to damage
at those early dates.
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Figure 14 Cross-sections of selected areas in the Continental Interior. A Michigan Basin; B lllinois Basin; C Williston Basin; D Ozark
Dome west to Great Plains; E Great Plains through Denver Basin to Rocky Mountains; F Ozark Dome south-west through the Anadarko
Basin to Wichita Mountains. Denver and Anadarko basins are two of the deepest troughs in the Continental Interior. (A, B, and C from
Bally (1989) Phanerozoic basins of North America, in The Geology of North America, v. A; E, F, and G from King (1951) The tectonics of

middle North America: Princeton University Press.)

Mineral Resources

The Continental Interior has long been known as a rich
source of metallic minerals, mostly produced from
Precambrian rocks. Gold has been produced from the

Precambrian at Lead, South Dakota and the Porcupine
and Kirkland Lake districts in Ontario, Canada. The
extensive Lake Superior (Michigan) copper deposits
occur in Precambrian rocks and have been known for
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Table 2 Feature of plains-type folds. (Modified from Powers
(1925) Geological Society of America Bulletin, v. 36.)

e Structural noses are dominant structure at shallow depth (ie
in surface units)

o Most folds are small in areal extent and amount of structural
closure

e Closure increases downward and structure becomes sharply
defined

e Amount of closure is proportional to size in many structures

centuries and were utilized by the Indians. Copper was
also produced at Ducktown, Tennessee from Cambrian
metamophosed sediments. The occurrences of lead and
zinc deposits in south-eastern Missouri were known

from the eighteenth century. The Tri-State District
centred on Joplin, Missouri, described as the greatest
zinc district on Earth, occurs in Mississippian car-
bonates. The rich Precambrian iron-ore deposits of
the Mesabi Range in Minnesota and in the adjacent
states of Wisconsin, and Michigan have been utilised
for a century. Sudbury, Ontario, Canada is a major
world source of nickel that occurs in a Precambrian
complex.

Extensive sub-bituminous and bituminous coal de-
posits occur in the Midcontinent area and is mined
both underground and in strip pits where shallow.
Petroleum seeps in Miami County, Kansas were used
by the Indians for medicinal purposes, and pioneers
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on the Santa Fe and Oregon trails on their way west 1859 in Pennsylvania. Natural gas was exploited for
used it for lubricating their wagon wheels. Petroleum  town lighting, starting in about 1870.

was discovered in a well drilled in 1860 near Paola, Gold discoveries in the Black Hills of South
Kansas, opening the large Midcontinent Oil and Gas Dakota and in the Rocky Mountains in Colorado
Province shortly after the Drake well was drilled in  spurred the gold rushes, with thousands of get-rich
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Figure 17 Sedimentary soft-sediment deformation indicating
incremental movement of Precambrian fault blocks. (A) Soft-
sediment deformation (seismite) in sandstone in Douglas Group
(Upper Pennsylvanian) in south-eastern Kansas; (B) seismite in
Upper Pennsylvanian Douglas Group clastic section in Montgomery
County, south-eastern Kansas.
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Introduction

The northern Cordillera extends some 3500km
north-westward from latitudes 47-48° N in Washing-
ton—-Montana, USA, through Canada, and westwards

gold seekers making their way across the plains to the
‘promised land’. As the area was populated, building
material and water were needed and many other
resources besides metals were exploited, including
gypsum, salt, fluorite, clay, lime, glass sand, sand
and gravel, building and crushed stone, and fertilizer
minerals.
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across Alaska to terminate physiographically, but
not geologically, at the Bering and Chukchi Seas
between Alaska and the Russian Far East. Its south-
ern boundary is delineated by the southern limits
of the Olympic Mountains and North Cascade
Ranges in north-western Washington, the northern
Columbia Plateau in central Washington, and a
system of west-north-west-trending faults in north-
ern Idaho and western Montana called the ‘Lewis and
Clark line’.

The northern Cordillera follows an ocean—continent
boundary created by about 540 Ma, emerged as a
mountain belt between 185 and 60Ma, and is still
growing. A noteworthy feature is that about three-
quarters of its surface, and all of Alaska, is underlain



NORTH AMERICA/Northern Cordillera 37

by an orogenic collage composed of allochthonous
rocks accreted to the ancient continental margin of
western North America.

Physiography

The northern Cordillera contains three major physio-
graphical divisions, the Rocky Mountains System, the
Intermontane Plateau System, and the Pacific Moun-
tains System, each comprising subsidiary ranges or
other physiographical features (Figure 1; Appendix A).
It is flanked on the east by the Interior Plains
System, and on the north by a continental shelf and
slope less than 200km wide that terminates in
water depths of about 2000 m in the Arctic Ocean.
The Rocky Mountains System contains many

Arctic Ocean

Interior
Plateaus
System

Pacific
Mts.
System

Pacific Ocean

Asz, Csz, TF
N Traces of Aleutian
and Cascade
subduction zones
and Transition Fault

Pacific Plate

QC-F

Queen Charlotte —
Fairweather
transform fault

48°N

W

140°W

summits that exceed 2000m in elevation, with
Mount Robson near latitude 53° N the highest peak
at 3955 m. Between latitudes 48° and 60° N, the great
valley called the Rocky Mountains Trench divides
the system longitudinally, but its continuation north
of this, called the Tintina Trench, extends into the
Intermontane Plateau System in east-central Alaska.
The Intermontane Plateau System has lower relief
than flanking systems, and is mostly between 1000
and 2000 m in height, but in Alaska includes ex-
tensive lowlands under 300 m. Summit elevations in
the Pacific Mountains System are mostly between
2000 and 3000 m, except for the Alaska Range in
southern Alaska and Saint FElias Mountains in
south-western Yukon where, respectively, Mount
McKinley (or Denali) at 6193 m and Mount Logan

CM Cascade Mountains
NCR North Cascade Ranges
OM Olympic Mountains

SP Seward Peninsula

*, CD Coastal Depressions
‘.‘ RMT Rocky Mountain Trench
+ TT Tintina Trench

Columbia-€Wis & Clark Line
Plateau

Ridge T

Figure 1 Major physiographical systems of the northern Cordillera, some subsidiary physiographical features, and plate

boundaries.
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at 6050m are the highest peaks on the continent.
The Pacific Mountains System contains a longitudinal
but discontinuous coastal depression, oceanward
of which are many islands and the Olympic Moun-
tains in the south and Saint Elias Mountains in
the north. The continental shelf and slope along
the Pacific Ocean are about 200 km wide; the base
of the continental slope is about 2000 m deep south
of latitude 60° N, but westwards across the northern
Gulf of Alaska its depth increases to 7000 m in the
Aleutian Trench off the western Aleutian Islands. The
Bering and Chukchi Seas are mostly less than 200 m
deep, except for a 3000 m deep basin north of the
western Aleutians.

The Cordilleran ice-sheet covered most of the re-
gion several times between 2 Ma and 12 Ka, was up to
2.5 km thick in places, and shaped local landforms.
Parts of central Alaska, the eastward extension of this
region into Yukon, and the Arctic coastal plain
remained largely ice-free. Today, ice cover is restricted
to mostly retreating glacier complexes mainly at
higher elevations, but which descend to sea-level in
parts of southern and south-eastern Alaska.

Neotectonics

The northern Cordillera occupies a ‘soft’ plate margin
up to 1200 km wide landward of an offshore conver-
gent-transform—convergent plate boundary (Figure 1).
Earthquakes are concentrated near most plate bound-
aries, but are scattered across the entire region. South
of latitude 51° N, the small, young (<9 Ma) Juan de
Fuca and Explorer oceanic plates converge with the
North American Plate at rates of 2—4.6cmyear '
along the currently aseismic, locked Cascadia subduc-
tion zone, 200-300 km landward of which is the active
Cascade magmatic arc. Between latitudes 51° and
60°N, the plate boundary is the dextral transform
Queen Charlotte-Fairweather Fault, west of which
the enormous Pacific Plate moves northwards to con-
verge with the North American Plate at rates ranging
from 5.7 cmyear ! near the transform to 8 cmyear
south of the western Aleutian Islands. The Pacific Plate
descends beneath Alaska along the Aleutian subduc-
tion zone, and above it the Aleutian—Wrangell mag-
matic arc extends eastwards some 3800 km from the
Komandorsky Islands near Kamchatka, along the
Aleutian Island chain, and into the mountains of south-
ern Alaska and south-westernmost Yukon. The North
American Plate continues for some 2000 km west of
the Bering Strait to terminate against the Eurasian
Plate near longitude 140° E.

There is widespread evidence for neotectonic activ-
ity in the northern Cordillera in addition to earth-
quakes and volcanoes. Seismically imaged folds and

thrust faults in Late Tertiary and Quaternary strata
are in the accretionary wedges above the Cascadia
and Aleutian subduction zones, and faults and folds
occur in the Arctic shelf-slope region off northern
Alaska and Canada. On-land surface evidence for latest
Tertiary to Holocene deformation is sparse, possibly
because erosion by ice eliminated the surface expres-
sion of many small-scale tectonic features. Segments of
the Denali Fault in southern Alaska and south-western
Yukon are active dextral strike-slip faults, as are other
fault segments in central Alaska. Glaciated valleys
crossing the Fairweather Fault in south-eastern Alaska
are dextrally offset, and neotectonic faults occur on
Vancouver Island in south-western British Columbia.
In western Washington, east-west-trending Holocene
folds and reverse faults in the coastal depression are
related to north—-south compression, as are structures
involving Late Miocene lava flows in the Columbia
Plateau, east of the Cascade arc.

On a larger scale, regional differential uplift of up
to several kilometres in the last 5-10 million years
in the Alaska Range, Saint Elias Mountains, Coast
Mountains, and Olympic Mountains is documented
by elevated Late Tertiary erosion surfaces, changes
from wet to dry floras in regions now in rain-shadows
inland of the coastal mountains, palaeodrainage pat-
terns, and fission track studies. Differential regional
uplift is not well documented elsewhere, but major
reversals of drainage in upper reaches of the Fraser
and Columbia Rivers in central and south-eastern
British Columbia, respectively, possibly reflect Neo-
gene differential uplift of parts of the Rocky Moun-
tains System, in addition to documented blockage by
temporary ice dams and landslides during waning
stages of Cordilleran glaciation. The late differential
uplift means that physiographical system boundaries
only approximately coincide with major bedrock
boundaries, many of which formed between the
Early Jurassic and the Neogene.

Crustal Thickness

Seismic refraction and reflection profiles across the
northern Cordillera show the crust to be nearly 50 km
thick under the south-eastern Canadian Cordillera and
parts of northern Alaska (Figure 2). Below the Inter-
montane Plateau System in Alaska and northern
Canada, itis about 35 km thick, and under the southern
Canadian Cordillera only 30 km thick. Above subduct-
ing lithosphere in southern Alaska and south-western
Canada, the crust is apparently underplated by mater-
ial detached from the lower plate and is over 50 km
thick, whereas landward of the Queen Charlotte—
Fairweather transform fault it is only about 25km

thick.
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Figure 2 Crustal thickness, crustal origins, and lithospheric structures interpreted from seismic reflection and refraction profiles
and surface geology across the northern Cordillera. Locations on map: (A) Trans-Alaska Crustal Transect; (B) Lithoprobe Northern
Canadian Cordillera Transect; (C) Lithoprobe Southern Canadian Cordillera Transect. CSZ, Cascadia subduction zone; QCFF, Queen

Charlotte-Fairweather Fault; SRMT southern Rocky Mountains
Further Reading).

Bedrock Features

Two fundamentally different divisions of older
rocks in the northern Cordillera are separated by a
boundary that snakes back and forth across the
physiographical boundary between the Rocky Moun-
tains and Intermontane Plateau Systems. In most of
the Rocky Mountains System, autochthonous or
parautochthonous rocks were deposited on or near
continental basement. Much of the remainder is an
orogenic collage of allochthonous terranes, many of
which show little geological or isotopic evidence
of continental influence. Superimposed on the older
rocks are features formed during the evolving

Trench. Modified from Clowes RM and Hammer PTC (2000) (see

Cordilleran mountain belt in Mesozoic and Tertiary
time (Figures 3 and 4).

Autochthonous and Parautochthonous Rocks

Rocks of the ancient continental margin, and deposited
on or near it, form five divisions based on age and the
tectonic setting in which they formed.

1. The continental basement that extends under the
eastern Cordillera from Montana-Idaho-eastern
Washington to north-western Yukon is a Palaeo-
proterozoic  orogenic collage composed of
fragments of Archaean (4.0-2.6 Ga) continental
crust embedded in metamorphosed remnants of
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Arc terranes terminally
accreted in:-

Accretionary complex
and back-arc basin terranes

Jurassic and older

AG, BR, CC, GN, SM
Jurassic and younger
CG, OL, PR, PW, YA

QN, ST
Jurassic-

- Cretaceous
KY, NY, TG
Cretaceous
CK, WR

Palaeoproterozoic (2.3-1.8 Ga) magmatic arcs and
accretionary wedges. Although mostly buried, it is
exposed locally in south-eastern British Columbia
(Monashee Complex) and northern Idaho (Priest
River Complex). The continental basement slopes
beneath the eastern Rocky Mountains System as a
layer about 35 km thick, but thins abruptly and
appears to be no more than a few kilometres
thick beneath the southern Intermontane Plateau
System, and is absent below the Pacific Mountains
System.

. Palaeoproterozoic (1.8-1.7 Ga) basinal to plat-
formal deposits (the Wernecke Supergroup) in
northern Canada and east-central Alaska (Tindir
Group) are rift-related and as much as 13 km
thick. However, it is uncertain whether they
formed in an intercontinental basin or during con-
tinental break-up. An angular unconformity be-
tween folded and slightly metamorphosed rocks
of the Wernecke Supergroup and younger (1.4-
1.0 Ga) Mesoproterozoic basinal to platformal
deposits brackets the age of the Racklan Orogeny.
Mesoproterozoic (1.5-1.4 Ga) strata (Belt-Purcell

Jurassic I\

7 Laurentian continental
margin and older deposits

Terranes derived from
continental margins

AA, CA, DL-MY, NX, YO

Metamorphosed terranes
CO, KO, RB, SD, YT

"« Major physiographic
=« boundaries

Figure 3 Distribution, origins, and times of accretion of terranes. Terrane names, abbreviated herein as AG, BR, etc., and brief
terrane descriptions are in Appendix B.

Supergroup) in Montana, Idaho, and adjoining
parts of British Columbia and Alberta form a
north-west-trending prism up to 20km thick.
The lower part consists of deep-water turbiditic
quartzite, siltstone and argillite, and voluminous
mafic sills; the upper part comprises shallow-
water siliciclastics and stromatolitic carbonates
deposited in intertidal and floodplain settings.
The rocks apparently accumulated within and
near an intracontinental rift basin.

. Neoproterozoic (780-550 Ma) strata are the oldest

rocks to occur more or less continuously along the
entire northern Cordillera. Glaciogenic deposits
(Sturtian?) at the base of the Windermere Super-
group contain mafic volcanic rocks with ages of
780-760 Ma. These date the initiation of rifting
that led eventually to dispersal of components of
the Neoproterozoic Rodinian supercontinent and
creation of what became the margin of Laurentia.
The overlying succession, up to 10 km thick, con-
sists of shale with intercalated quartz-and-feldspar
‘grit’ turbidites, and grades upwards into slope
deposits, carbonate, and evaporite shelf deposits.
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and associated sedimentary rocks

ARC-related volcanic, plutonic \

Clastic sedimentary basins

Middle Jurassic
to Early Tertiary

Thrust faults:barbs on upper plate
—M__ Jurassic

+P~4_ Cretaceous

£q  Tertiary

Strike-slip faults

Late Cretaceous and Tertiary

D, Denali; F, Fraser; NR, Northern
Rocky Mountain Trench;

T, Tintina; Yalakom

Normal faults:bar on down-dropped side
j Tertiary

) Late Eocene — Holocene
. (Al, Aleutian; Ca, Cascade;
B o]l Wanoah
Jurassic — Mid-Cretaceous — Middle Eocene
Holocene (line encloses arc-related rocks)

% physiographic
Middle Jurassic — Early Cretaceous a ", boundaries

1: arc emplaced across AX, WR

> 2: continental arc emplaced across
CC, QN, BR and North American margin rocks

KY, NY, TG: arc terranes of western Alaska

Figure 4 Features accompanying Cordilleran orogenesis: magmatic arcs and associated accretionary complexes; basins resulting
from contraction, crustal thickening, uplift, and erosion; and syn- and post-accretionary structures. Terrane names, abbreviated herein

as AX, WR etc; are in Appendix B.

Younger glaciogenic sediments (Varanger equiva-
lent?) occur locally in the upper Windermere. A
second major rifting episode at the top of the suc-
cession is recorded by an angular unconformity
beneath Cambrian rocks and by coarse siliciclastic
deposits and associated magmatic rocks dated at
550-600 Ma. Rifting culminated in complete super-
continental separation by about 540 Ma at latitudes
48-55° N, but took place earlier further north.

4. Early Cambrian to Late Jurassic (540-150Ma)
miogeoclinal strata were deposited along the newly
formed continental margin of Laurentia. In the
south, the continental shelf appears to have been
relatively narrow and contains abundant shallow-
water carbonates, but in the north it is broader and
deeper water sediments are more abundant, charac-
teristics that have been ascribed to asymmetric
rifting. Cambrian to Late Devonian carbonates
with locally interbedded shales exhibit lateral facies
changes from incomplete platform successions

about 2 km thick below the plains and in the eastern
mountains, to shallow-water accumulations up
to 10 km thick that were deposited on the former
continental shelf. Beyond the shelf, the strata
are replaced by calcareous shale and shale, and
further west by deep-water carbonaceous shale
with local intercalated mafic volcanic rocks and
coarse-grained siliciclastic deposits. Devonian—
Mississippian and Permian-Triassic siliciclastic
rocks, widespread along the Laurentian continen-
tal margin from northern Alaska to north-eastern
Washington, have distinctive detrital zircon and
geochemical signatures indicating their derivation
from northern source areas. The predominance
of latest Palaeozoic and Early Mesozoic siltstone
and shale over carbonate may reflect relocation
of this margin to higher latitudes as a result of
the northward drift and rotation of Laurentia.

. Latest Jurassic to Palaeogene (150-40 Ma) clastic

deposits were eroded from older rocks that
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were uplifted and exposed above sea-level during
folding and thrusting towards, and over, the edge
of the continental platform, and accumulated in
foreland basins along the margins of the advancing
fold and thrust belt. The sediments, up to 4km
thick, consist of deltaic and alluvial sandstone,
shale, conglomerate, and coal, as well as interton-
guing marine sediments deposited during three
transgressive—regressive cycles of latest Jurassic
and Early Cretaceous, mid-Cretaceous, and Late
Cretaceous and Palaeogene ages.

Rocks of the Orogenic Collage

Major components of the orogenic collage have been
called terranes. These are fault-bounded regions of
upper crustal rocks, detached from their lower crust
and mantle lithospheres, and with different geological
histories from one another. Many terranes contain
palaeomagnetic, palaeobiogeographical, and/or de-
trital zircon signatures very different from those of
neighbouring terranes and from the north-western
(in present co-ordinates) Laurentian margin. Most
terranes in the Pacific Mountains and Intermontane
Plateau Systems south of latitude 60° N are remnants
of arcs and accretionary complexes whose generally
low Sr; and positive &yg values indicate the mantle
origins of the magmatic rocks within them. Others,
mainly in the western Rocky Mountains System and
Intermontane Plateau System north of latitude 60° N,
are displaced former continental margin deposits
(Figure 3; Appendix B). Evidence of terrane proven-
ance and amounts of displacement can be gathered by
comparing these signatures with those in coeval rocks
of the ancient continental margin, which has been
oriented approximately longitudinally since the Late
Palaeozoic, and thereby provides latitudinal control.

Continental margin terranes mostly formed along
the Laurentian margin. The Arctic Alaska Terrane in
the northernmost Cordillera consists of Neoprotero-
zoic to Jurassic continental margin strata. The terrane
has affinities with parts of the Innuitian Orogen of
Arctic Canada in that it contains rocks deformed,
metamorphosed, and intruded during the Devonian
Ellesmerian Orogeny. However, there is disagreement
about whether or not it underwent large amounts
of counterclockwise rotation or translation relative
to the rest of North America during the Early
Cretaceous rifting and seafloor spreading that
created adjacent parts of the Arctic Ocean basin. The
Coldfoot, Kootenay, Seward, and Yukon-Tanana
terranes contain metamorphosed Neoproterozoic
and Palaeozoic strata formed in distal continental
margin settings, and some contain Middle Devonian
to Early Carboniferous arc magmatic rocks and

underwent latest Palaeozoic metamorphism. Possible
exceptions to a Laurentian provenance are the Dillin-
ger, Mystic, and Nixon Fork terranes in Intermontane
Alaska, whose Early and Middle Palaeozoic stratig-
raphy and faunas are similar to those of the Siberian
Craton, and possibly parts of the Kootenay Terrane,
for which a peri-Gondwanan provenance has been
suggested.

A key question, whose answer constrains the poten-
tial amount of displacement of magmatic arc terranes
relative to the former continental margin, is whether
subduction was beneath the continent or away from it.
Mid-Mesozoic and younger magmatic arcs evidently
faced away from the continent, because contemporary
accretionary complexes are located oceanward of them,
with the exception of the Koyukuk-Nyak-Togiak Arc
terranes in western Alaska, which are outboard of the
oceanic Angayucham terrane. The facing directions of
Early Mesozoic arc rocks in the Quesnel Terrane and of
the Middle Jurassic arc in the Stikine Terrane were also
away from the continent, but those of Early Mesozoic
and older arcs of the Stikine, Alexander, and Wrangel-
lia terranes are unknown. It has been suggested that the
facing direction of the Late Palaeozoic arc in the Ques-
nel Terrane in southern British Columbia was away
from the continent, but, conversely, that of a Late
Palaeozoic arc in the Yukon-Tanana Terrane, where
Carboniferous and Permian subduction evidently in-
volved the Slide Mountain Terrane, is thought to have
been towards it. Middle and Late Devonian arc rocks
extend into continental margin deposits in the south-
eastern Canadian Cordillera, suggesting that at that
time subduction was beneath the continent.

Terranes mainly in the Intermontane Plateau
System south of latitude 60° N have counterparts as
far south as central California and north-western
Nevada. Permian to earliest Jurassic faunas in the
Quesnel, Slide Mountain, and Stikine terranes differ
from those in rocks deposited on the ancient contin-
ental margin in Canada, but are comparable to coeval
faunas in the western conterminous USA and Mexico.
Middle Permian to Middle Triassic faunas in the
accretionary complex called the Cache Creek Ter-
rane, located between the Stikine and Quesnel ter-
ranes, are similar to faunas found in eastern Asia
and in rocks of Permian Tethys.

The Wrangellia and Alexander terranes in the
Pacific Mountains System of Canada and Alaska
contain Palaeozoic faunas most similar to those in
the Canadian Arctic and Siberia. Their Early Meso-
zoic faunas are more comparable to those further
south in the western Cordillera, although Wrangellia
also contains an Early Jurassic ammonite of a charac-
teristic Russian species unknown elsewhere from
North America. The Alexander Terrane features a
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distinctive record of Neoproterozoic and Early
Palaeozoic arc magmatism and orogeny; suggestions
have been made for its origin in regions as far apart
today as eastern Australia and the Barents Sea, with
the latter currently favoured.

Northern Cordilleran Mountain Building

The final accretion of terranes to the former contin-
ental margin started in the Early Jurassic and was
associated with the subduction of oceanic lithosphere
beneath the western North American Plate, accom-
panying arc magmatism, and the collapse of back-arc
basins. By the Late Cretaceous, almost the entire
region was above sea-level.

For much of its length, the northern Cordil-
lera features two tracts of Mesozoic and Palaeogene
high-grade metamorphic rocks that are loci of the
greatest amounts of burial, crustal thickening, differ-
ential uplift, and erosion and/or tectonic exhumation.
The metamorphic rocks are located in internal parts
of the Rocky Mountains and Pacific Mountains
Systems and are flanked on both sides by far less
metamorphosed rocks in much of the remainder of
the Cordillera (Appendix A). Some metamorphic
rocks in Intermontane Alaska and Yukon (in the
Ruby, Seward, and Yukon-Tanana terranes) are
older. Starting in the latest Early Jurassic (<185 Ma),
terranes (Cache Creek, Quesnel, Stikine, and Slide
Mountain) in the Intermontane Plateau System in
Canada were thrust towards the continent and deeply
buried former continental margin rocks that are ex-
posed today in internal parts of the Rocky Mountains
System. Metamorphism along the southern Arctic
Alaska Terrane and in parts of Intermontane Alaska
similarly appears to be related to Middle Jurassic—
Early Cretaceous thrusting of oceanic rocks and arc
terranes (Angayucham, Koyukuk, Nyac, and Togiak)
on to Arctic Alaska. Beginning in the mid-Cretaceous
(~95 Ma), the terranes (Alexander, Wrangellia) near
the present coast tectonically overlapped the previ-
ously accreted terranes, mainly preserved in the In-
termontane Plateau System, along a boundary located
in the internal part of the Pacific Mountains System.

Compressional structures in the remainder of the
northern Cordillera can be directly related to those
in the two tracts of high-grade metamorphic rocks
(Figure 4). External parts of the Rocky Mountains
System contain Cretaceous and Paleocene thrust
faults that carried miogeoclinal and older deposits
for distances of up to 200km over the continental
platform. In the Pacific Mountains System, Late Cret-
aceous to Holocene folds and thrust faults mostly
verge oceanward. In the Intermontane Plateau System
in Canada, oceanward-verging folds and thrust faults
are Jurassic, whereas those directed towards the

continental interior are mainly Cretaceous. Conver-
gent deformation is contemporaneous with uplift,
erosion, and deposition in marine to non-marine
basins that are both internal and external to the
Cordillera (Figure 4).

In western Alaska, Cretaceous and Palaeogene con-
vergence between the North American and Eurasian
Plates may have driven the 40-60° counterclockwise
rotation of south-western Alaska. Rotation, com-
bined with dextral displacement on major faults in
Intermontane Alaska, created the curvilinear grain
of the Alaskan Cordillera and its expanded western
termination.

Late Cretaceous, Tertiary, and Holocene dextral
strike-slip faults lace the northern Cordillera and
apparently reflect oblique subduction and partial
coupling of the western North American Plate mar-
gin to the northward-moving Pacific Plate and to
its precursor, the Kula Plate, which had been entirely
subducted by ~37Ma (Figure 4). The total amount
of displacement on these faults, as determined from
geological features offset across them, approaches
1000 km. In the north, there are displacement amounts
of 425 km on the Tintina Fault and up to 400 km on the
Denali Fault, and, in the south, about 300km on
combined Fraser and Yalakom Faults. A major unre-
solved discrepancy exists between the above numbers
and those arising from palaeomagnetic studies on Late
Cretaceous rocks (<85Ma), which suggest dextral
displacements of as much as 3500 km for parts of the
western Cordillera.

In addition to the above, a sparse record of Early
Cretaceous sinistral, Early to Middle Jurassic dextral,
and Triassic—Jurassic sinistral strike-slip faulting was
possibly responsible for the fragmentation, displace-
ment, and duplication of arc terranes in the collage
prior to their final accretion and further disruption
by dextral faulting. In the Pacific Mountains System,
a Middle Jurassic-Early Cretaceous island arc
founded on Wrangellia and Alexander terranes was
apparently displaced southward in Early Cretaceous
time. There is about 800 km of overlap between it and
the northern end of the contemporary continental arc
in the southern Intermontane Plateau and internal
Rocky Mountains Systems (Figure 4). In addition,
Early Mesozoic oroclinal bending, or left-lateral
strike-slip faulting, has been invoked to account for
apparent duplication of a Quesnel-Stikine Arc and
enclosure of the associated Cache Creek Accretionary
Complex (Figure 3).

Palaeogene (58-40Ma) normal faults are wide-
spread south of latitude 55° N in the Intermontane
System and in parts of the Pacific and Rocky Moun-
tains Systems. Many faults are oriented north-north-
easterly or north-easterly, at angles to the prevailing
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general grain of this part of the Cordillera, and some
clearly are associated with movement on dextral
strike-slip faults. Normal faults bound graben and
half-graben structures containing coeval clastic and
volcanic rocks, and many, especially in south-eastern
British Columbia and adjoining parts of Idaho and
Montana, contributed to the tectonic exhumation of
formerly deeply buried rocks in metamorphic
core complexes, in some of which Palaeoproterozoic
continental basement is exposed.

Economic Deposits

Hydrocarbon deposits occur mainly in the Rocky
Mountains System and include oil and gas originating
from Palaeozoic and Early Mesozoic strata, and coal
in foreland basins. Coal was formerly exploited in
Late Mesozoic and Early Tertiary basins in the west-
ern Cordillera, and oil and gas are known in rocks of
the Pacific continental shelf.

Metallic mineral deposits occur widely. Interior
parts of the Rocky Mountains System contain wide-
spread lead, zinc, and silver deposits, two of which,
the former Sullivan Mine in south-eastern British
Columbia and the active Red Dog mine in north-
western Alaska, are some of the largest known. The
Intermontane Plateau and Pacific Mountains Systems
contain several large copper and molybdenum de-
posits, with associated golds in porphyry systems
in arc-related plutons. Placer gold deposits were of
historical importance, but currently are less so.

Evolution of the Northern Cordillera

The origins of the northern Cordillera extend back
some 770Ma to rifting events that marked initial
stages in the break-up and dispersal of components
of the Rodinian supercontinent. By Early Cambrian
time (~540Ma), rifting had culminated in the sea-
floor spreading that opened the distant ancestor of
the Pacific Ocean basin and created the Laurentian
continent-ocean boundary that now is embedded in
the Rocky Mountains System.

The intraplate continent—ocean boundary persisted
until the Middle Devonian (~390 Ma), when it was
succeeded by a convergent plate boundary that initially
generated arc magmatic rocks within distal continental
margin strata in a belt that extends from California
to the Canadian Arctic. Arc magmatism has continued
until the present, but has varied greatly in character and
volume. From the Early Carboniferous until the Early
Mesozoic (355-185 Ma), the period spanning amal-
gamation and eventual break-up of the supercontinent
called Pangaea, the convergent plate boundary lay
well offshore and featured island arc chains (Quesnel,

Stikine) separated from the continental margin
by back-arc basins (Slide Mountain). The region off-
shore western Pangaea probably was similar to the
present western Pacific Ocean basin.

The accretion of arc, back-arc basin, and accretion-
ary prism rocks and former continental margin frag-
ments to the old continental margin started in the
Jurassic at about 185Ma. The accretion records the
initiation of Cordilleran mountain building and coin-
cided with the break-up of Pangaea and the advance of
the North American continent towards the trench on
its western margin. It resulted in the relocation of the
continental margin some 500 km oceanward of its ori-
ginal position by the Late Cretaceous (~90 Ma), when
the Cordillera probably resembled parts of the modern
Andes.

During and following accretion, the collage and
parts of the former continental margin were sliced and
shuffled by strike-slip faults associated with oblique
plate convergence, stretched and dismembered by
extension and, in Alaska, apparently rotated counter-
clockwise. Most of the major physiographical features
of at least the Pacific Mountains System, and probably
much of the remainder of the northern Cordillera,
probably emerged in the later Neogene (<12 Ma).

Appendix A: Northern Cordilleran
Physiographical Systems and
Underlying Bedrock Geology

The names Rocky Mountains, Intermontane
Plateau, and Pacific Mountains Systems, used for
the major physiographical divisions in Alaska, are
approximately, but not completely, equivalent to the
Eastern, Interior, and Western Systems used in British
Columbia.

Features east and north of the Northern Cordillera:
Interior Plains System, Arctic Coastal Plain, and
Arctic Ocean

Rocky Mountains System
External part

Some major physiographical units: Montana and
Canadian Rocky Mountains, Mackenzie Moun-
tains, northern Brooks Range.

Bedrock: (1) Archaean and Palaeoproterozoic con-
tinental basement; (2) Mesoproterozoic (locally
Palaeoproterozoic) clastic, carbonate, and minor
magmatic rock associated with rift-related basins;
(3) Neoproterozoic clastic, minor carbonate, and
mafic magmatic rocks formed during rifting of the
Rodinian supercontinent; (4) Cambrian to Jurassic
carbonate and shale deposited on platform, shelf,
and slope of Laurentian continental margin; and
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(5) latest Jurassic to Palaeogene marine to non-
marine clastics deposited in foreland basins con-
comitantly with folding and thrusting towards
and over the continental platform.

Rocky Mountains and (in part) Tintina Trenches
Internal part

Some major physiographical units: Columbia, Cas-
siar, and southern Brooks Range.

Bedrock: (1) local Palaeoproterozoic continental base-
ment; (2) Neoproterozoic rift-related clastic and
volcanic rocks; (3) Palaeozoic, mainly deep-water,
clastic rock, rift- and arc-related volcanic and plu-
tonic rocks; (4) local Late Palaeozoic to Early Juras-
sic magmatic and sedimentary rocks formed in island
arcs and marginal basins; (5) Middle Jurassic to
Paleocene plutonic rocks; and (6) local Palaeogene
magmatic and sedimentary rocks; rocks typically
metamorphosed up to high grades and complexly
deformed (mainly) during Middle Jurassic to earliest
Tertiary compression, and also (in the south) by
Palaeogene extension and (in the north) dextral
strike-slip faulting.

Intermontane Plateau System

Some major physiographical units: northernmost
Columbia Plateau, Interior Plateaus, Skeena Moun-
tains, Yukon Plateaus, Yukon-Tanana Upland,
Kuskowim Mountains, Coastal Lowlands, Seward
Peninsula.

Bedrock: (1) variably metamorphosed Neoprotero-
zoic and Palaeozoic continental margin deposits
in Alaska and Yukon; elsewhere (2) Devonian to
Early Jurassic sedimentary and magmatic rocks
formed in island arcs, accretionary complexes,
and back-arc basins; (3a) Middle Jurassic to
Palaeogene continental magmatic arc rocks, and
(3b) marine and non-marine clastic deposits eroded
from tectonically uplifted regions; (4) local Neo-
gene flood basalt; rocks deformed by compression
mainly in the Mesozoic and extension—transtension
in the Early Tertiary.

Pacific Mountains System
Internal part

Some major physiographical units: North Cascade
Ranges (in Washington) and Cascade Mountains
(in British Columbia), Coast Mountains, northern
Alaska Range.

Bedrock: (1) dominant (~80%) Middle Jurassic
to Palaeogene plutonic rocks (called the Coast
Plutonic Complex); (2) Palaeozoic to Holocene

volcanic and sedimentary rocks formed mainly
in magmatic arcs, but locally in accretionary
complexes; most rocks metamorphosed up to
high grades and complexly deformed mainly in
mid-Cretaceous to Palaeogene time.

Coastal depressions
External part

Some major physiographical units: Olympic Moun-
tains, Insular Mountains, Saint Elias Mountains,
Alaska Ranges, Aleutian Range, Aleutian Islands,
continental shelf and slope.

Bedrock: (1) latest Proterozoic to mid-Cretaceous
volcanic and sedimentary rock formed mainly in
island arc and (in Triassic) oceanic plateau sett-
ings; (2) mid-Cretaceous and younger clastics
eroded mainly from Coast and Cascade Mountains
region; (3) Early Palaeozoic to Palaeogene
plutons; (4) Early Jurassic to Holocene clastic-rich
accretionary complexes in part underlying contin-
ental shelf and slope; most rocks folded and thrust
oceanwards in Cretaceous to Holocene time.

Features west and south of the Northern Cordillera:
Pacific Ocean here underlain by Juan de Fuca and
Pacific oceanic plates

Appendix B: Summary Descriptions of
Northern Cordilleran Terranes

The abbreviations in parentheses are used in
Figure 3; most palaeogeographical references are
made with respect to the North American continental
interior.

Continental Margin Terranes

Displaced Neoproterozoic, Palaeozoic, and, locally,
Early Mesozoic sedimentary rocks.

Arctic Alaska (AA): former North American contin-
ental margin deposits, locally with Devonian
plutons, possibly rifted away by counterclockwise
rotation of ~70° from its former position near the
Canadian Arctic Islands in Early Cretaceous time
(<130 Ma).

Cassiar (CA): former North American continental
margin deposits, sliced off and translated north-
wards by 425-2000 km on right-lateral strike-slip
faults.

Coldfoot (CO), Kootenay (KO), Ruby (RB), Seward
(SD), and Yukon-Tanana (YT): derived mainly from
Neoproterozoic and Early Palaeozoic rift and lower
slope deposits, and Middle Devonian to Early Car-
boniferous continental margin arcs; metamorphosed
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and multiply deformed in Palaeozoic (?), Mesozoic,
and Palaeogene times.

Dillinger (DL), Mystic (MY), and Nixon Fork (NX):
small terranes in Intermontane Alaska whose stra-
tigraphy and Early and Middle Palaeozoic faunas
resemble those of the Siberian (or North Asian)
craton margin.

Accreted Terranes

Arc terranes terminally accreted in the Jurassic
Quesnel (QN) and Stikine (ST): Devonian to Permian
clastic rock and carbonate, arc-related volcanic, and
plutonic rocks; local Palaeozoic ultramafic rocks,
basalt, chert, pelite, and carbonate formed in mar-
ginal basins or ocean floor (=SM?); overlying Late
Triassic and Early Jurassic arc-related magmatic and
clastic rock and minor carbonate. Permian, Triassic,
and Early Jurassic faunas most similar to those fur-
ther south in the western conterminous USA and
north-western Mexico; contrarily, palaecomagnetic
data suggest little or no northward displacements.
ST apparently duplicated QN in the Early Mesozoic
by oroclinal bending or left-lateral strike-slip faulting
and enclosed the associated accretionary complex

(CQ).

Arc terranes terminally accreted in the Cretaceous

Alexander Terrane (AX): latest Proterozoic and Early
Palaeozoic magmatic arc and associated clastic
rock and carbonate, and Late Palaeozoic and
Early Mesozoic rift-related clastic and volcanic
rock and carbonate. AX and WR apparently linked
by Carboniferous plutons and overlapped by Middle
Jurassic—Early Cretaceous arc rocks. Palaecomag-
netic data suggest an Early Palaeozoic palacogeogra-
phical location either near eastern Australia or the
Barents Sea; Silurian and Devonian faunas favour
the latter location; Triassic palaeolatitudes of AX
comparable with those of Alaskan WR.

Cadwallader (CD) and Methow (MT): Upper Triassic
magmatic arc rocks and associated sedimentary rock
overlying Permian ocean floor rocks; unconformably
overlain by Early Jurassic to Early Cretaceous
marine arc-derived clastic and local volcanic rocks;
overlying Late Cretaceous continental arc volcanics
carry palaeomagnetic signatures indicating ~35° of
northward displacement.

Chilliwack (CK): Devonian to Early Jurassic arc-
related volcanic and clastic rocks and carbonate;
in general, stratigraphy and faunas resemble ST and
QN possibly a fragment of ST, sliced off and trans-
lated southwards by sinistral strike-slip faults in
the Early Cretaceous.

Koyukuk (KY), Nyac (NY), and Togiak (TG): Late
Jurassic—Early Cretaceous arc rocks in western
Alaska associated with the subduction of AG and
GN oceanic terranes.

Wrangellia (WR): Devonian to Middle Jurassic mag-
matic arc rocks, with associated clastic rock and
carbonate, and conspicuous Upper Triassic plume-
related (?) tholeiitic basalt overlain by carbonate;
Permian faunas comparable with some in Canadian
Arctic and Urals; Early Jurassic faunas compar-
able with those elsewhere in the western Cordillera;
palaeomagnetic data from Triassic strata on Van-
couver Island indicate little or no latitudinal dis-
placement, whereas those from southern Alaska
indicate about 20° northward translation; inter-
preted as due to Tertiary separation of the two
regions; WR linked to AX by Middle Jurassic and
possibly Carboniferous.

Accretionary complex and back-arc basin terranes;
ordered from continental interior to ocean Unless
noted otherwise, all are characteristically highly dis-
rupted and most contain melanges; pillow basalts,
local alpine-type ultramafic rocks, and rare blueschists,
in places associated with eclogite. Pre-Late Jurassic
accretionary complexes in the Cordillera typically
contain abundant radiolarian chert, whereas younger
ones contain abundant clastic rocks including
sandstone.

Angayucham (AG), Goodnews (GN), and Slide
Mountain (SM): remnants of oceanic and marginal
basins. SM is Carbonifereous to Triassic; AG and
GN range in age from Devonian to Late Jurassic
and appear to be accretionary complexes related to
KY, NY, and TG arc terranes in western Alaska;
SM in Yukon is associated with a Late Palaeozoic
arc in YT and contains blueschist; further south,
SM appears to be a back-arc basin, lacking mel-
anges, eclogites, and blueschists, and separating
QN from the former continental margin. The late
Palaeozoic palaecomagnetic record of SM suggests
northward displacement of ~20° with respect to
the craton, in accord with displacements indicated
by its Middle Permian fauna, which is similar to
that in the south-western USA and north-western
Mexico.

Cache Creek (CC) and Bridge River (BR): CC is Early
Carboniferous to Early Jurassic and contains dis-
tinctive large masses of Late Carboniferous to Late
Triassic shallow-water carbonate that probably
formed as atolls capping seamounts, as do several
similar complexes of this age in the circum-Pacific
region. Middle Permian to Middle Triassic faunas
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are similar to those in eastern Asia and the region
occupied by Permian Tethys. CC contains Triassic
blueschist and is interpreted as the accretionary
complex accompanying QN and ST magmatic
arcs. BR is similar to CC, but is of Early Carbon-
iferous to Late Jurassic age, lacks distinctive large
carbonate bodies, and was finally accreted in the
Cretaceous.

Chugach (CG) and Pacific Rim (PR): CG is a long-
lived Mesozoic accretionary complex. The inboard
part of CG is a chert-rich assemblage that, in one
locality, contains a limestone block with Permian
Tethyan fauna and Early Jurassic blueschist; it is
the accretionary complex associated with an Early
Mesozoic arc on WR. The outboard part of CG is
a Late Jurassic and Cretaceous clastic-rich
assemblage with local Cretaceous blueschist; PR
is similar but local; it is the accretionary com-
plex accompanying the Middle Jurassic—Early
Cretaceous arc founded on WR and AX.

Olympic (OL) and Prince of Wales (PW): Eocene to
Oligocene; OL contains the youngest Cordilleran
accretionary complex exposed on land; PW lies
outboard of CG.

Yakutat (YA): Late Mesozoic accretionary complex
overlain by Tertiary marine and continental clastic
rocks; probably displaced northwards along the
continental margin on the Queen Charlotte—
Fairweather transform fault.

See Also

North America: Southern Cordillera. Palaeomagnet-
ism. Plate Tectonics. Tectonics: Mountain Building
and Orogeny. Terranes, Overview.
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Introduction

The Spanish term ‘cordillera’ refers to a series of
parallel ranges or chains of mountains. The word
was first applied in the western hemisphere to the
mountain ranges of western South America, i.e., Las
Cordilleras de los Andes. In the western United
States, the Rocky Mountains and Coast Ranges and
mountains between are collectively called the
Cordillera. In Mexico, the cordillera includes the
Sierra Madre Occidental, Del Sur, and Oriental
systems, as well as the Sonoran Basin and Range
Province and the Baja California peninsula
(Figure 1). The focus in this article is on the southern
half of the western North American Cordillera, in-
cluding the mountain belt from ~47°N to ~16°N,
an area that extends >4500 km. Thus this region is
referred to as the ‘Southern Cordillera’.

Diverse physiographic provinces are included in the
Southern Cordillera. Where crossed by the Fortieth
Parallel, it includes, from east to west, the Rocky
Mountains, the Basin and Range Province, the Sierra
Nevada, the Great Valley, and the Coast Ranges
(Figure 1). Farther south, the Colorado Plateau is a
prominent physiographic province between the
Rocky Mountains and the Basin and Range Province,
whereas in the north-western United States the Ceno-
zoic volcanic provinces (Snake River Plain, Columbia
Plateau, and Cascade Range) are prominent. An im-
portant topographic feature in the Southern Cordil-
lera is the tract of high elevation that constitutes the
Rocky Mountains and adjacent Colorado Plateau
and Great Plains. Most of the 14 000-foot or greater
mountain peaks in the conterminous United States are
within the Southern Rocky Mountains, with the ex-
ception of Mt Whitney (14 494 ft; ~4421m) in the
Sierra Nevada and Mt Shasta (14162 ft; ~4319 m)
and Mt Rainier (14 410 ft; ~4395 m) in the Cascade
Range.

Crustal thickness in the Southern Cordillera is
strikingly variable. The Colorado Rocky Mountains
and Sierra Nevada both exceed 50 km in thickness.
The thinnest continental crust is in the north-western
and north-eastern parts of the Basin and Range
Province (~25-20km) and around the northern part

of the Gulf of California (Salton Trough), where the
crust of south-eastern California and south-western
Arizona has been rifted.

The fundamental nature of the Southern Cordillera
is a Mesozoic and Cenozoic history as a convergent
margin. The subduction of oceanic lithosphere along
the Pacific margin and partial subduction of contin-
ental lithosphere in the interior of the orogen led to
the development of accretionary complexes, mag-
matic belts, a mobile igneous and metamorphic core
zone, and a foreland belt of thin- and thick-skinned
contractional deformation. In contrast, the Late Ceno-
zoic history of this circum-Pacific orogen is character-
ized by partitioning of deformation and magmatism
into discrete magmatotectonic zones related to ongoing
subduction of oceanic lithosphere, evolution of the
San Andreas transform-fault system, north-westward
migration of the Mendocino triple junction, and
intraplate continental lithosphere extension.

Precambrian Framework

The nucleus of North America is the Precambrian
craton, commonly referred to as ‘Laurentia’. This
Precambrian craton consists of seven Archaean micro-
continents welded together along Palaeoproterozoic
collisional orogenic belts. The Archaean Wyoming pro-
vince is exposed in basement-involved, Laramide
(Late Cretaceous and Early Palaeogene) uplifts of the
Rocky Mountain foreland. The Wyoming province is
bordered by Proterozoic orogenic belts on its northern,
eastern, and southern margins, whereas its western
margin, which extends into north-eastern Nevada and
under the Snake River Plain, is a rifted margin formed
during Neoproterozoic and Early Cambrian breakup
of the Late Mesoproterozoic supercontinent ‘Rodinia’.
Along the southern margin of the Wyoming province, a
Palaeoproterozoic geosuture (Cheyenne belt) is well
exposed in the Medicine Bow Mountains of south-
eastern Wyoming, and is interpreted as a Palaeoproter-
ozoic collisional zone between a rifted continental
margin (Archaean Wyoming province and overlying
Palaeoproterozoic rocks) and a Palaeoproterozoic
oceanic supra-subduction complex. This collisional
orogenic event, the Medicine Bow Orogeny, developed
during the interval 1.78-1.74 billion years ago (Ga).
It was apparently the harbinger of a series of Palaeo-
proterozoic accretion events, which continued until
~1.65 Ga. This long history of lateral accretion of
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chiefly juvenile Palaeoproterozoic crust yielded a zone
of accretion at least 1200 km wide, now extensively
exposed in parts of Colorado, New Mexico, and Ari-
zona. In the south-western United States, these accre-
tion events have been traditionally referred to as the
Yavapai and Mazatzal orogenies.

By ~1.6 Ga, a supercontinent (i.e., ‘Nuna’, after
P F Hoffman) had been assembled that included
Laurentia and other ancient elements that are now
part of the Greenland and Baltic shields. This super-
continent experienced multiple magmatic and tec-
tonic events in the next 500 million years. In the first
event, a broad belt of Mesoproterozoic magmatism
and associated tectonism developed across much of
the supercontinent. In the Rocky Mountains, this
magmatism is well represented by ~1.4-billion-year-
old plutonic complexes that are widespread south
of the Cheyenne Belt. Plutons of similar age are
common in the Basin and Range Province of Arizona,
in the Mojave Desert of south-eastern California, and
in the subsurface of West Texas and eastern New
Mexico. Near the end of the Mesoproterozoic, the
North American Craton experienced both rifting
(manifested by the Mid-Continent Rift System) and
severe contraction, a product of the collisional Gren-
ville Orogeny (~1.1-0.9 Ga). That orogeny culmin-
ated in assembly of the Late Mesoproterozoic
supercontinent Rodinia, the reconstruction of which
remains controversial.

Breakup of Rodinia, and
Neoproterozoic to Mid-Palaeozoic
Sedimentation

The breakup of Rodinia was followed by development
of a thick wedge of Neoproterozoic through mid-
Palaeozoic continental terrace deposits along the
Cordilleran and Appalachian margins. In what is now
the Canadian Cordillera, rifting began ~750 Ma and
evolved into a Neoproterozoic passive margin where
the Windermere Supergroup was deposited. In the
Southern Cordillera, initial rifting was incomplete, and
only during a second rifting event was the rift-to-drift
transition achieved. Tectonic subsidence studies indicate
that the drift phase in the US Cordillera did not occur
until the latest Neoproterozoic or earliest Cambrian
(~600-555 Ma). Nevertheless, Neoproterozoic clastic
deposits, including glacial diamictite, can be traced
from the Mackenzie Mountains in the Canadian Cordil-
lera to the Death Valley region in southern California.
The Neoproterozoic rocks in the Southern Cordillera
are considered rift deposits that accumulated in isolated
basins, but by the Early Cambrian, a continuous, Atlan-
tic-type, passive margin existed virtually the length of
the western North American Cordillera.

The Neoproterozoic deposits were the initial strati-
graphic units of an enormous wedge of chiefly clastic
and carbonate rocks that accumulated along the
rifted, western margin of the Southern Cordillera
through Late Devonian time. This wedge of contin-
ental margin deposits is often referred to as the ‘Cor-
dilleran Miogeocline’, and it reached ~10000m in
total thickness. The miogeocline is separated from a
partially equivalent, but considerably thinner, cra-
tonic sequence by the ‘Wasatch Line’, interpreted as
a hinge line in the depositional framework of South-
ern Cordillera. This fundamental boundary is also
interpreted as the eastern limit of Neoproterozoic,
syndepositional faulting related to initial rifting of
Rodinia in the Southern Cordillera. The Phanerozoic
cratonic sedimentary sequence is characterized by
disconformities and in some cases complete periods
are unrepresented (e.g., the Silurian over most of
Wyoming). Subsequently, the Wasatch Line represents
an important boundary during Pennsylvanian—
Permian basin development (e.g., Oquirrh Basin),
coincides with a regional ramp during foreland
fold-and-thrust belt development, and is the approxi-
mate eastern margin of the Cenozoic Basin and Range
extensional province. Furthermore, a segment of the
Intermountain seismic belt follows the Wasatch Line.

Another fundamental boundary in the Southern
Cordillera is the Sr;=0.706 line, a boundary based
on the initial #’Sr/%¢Sr ratio in Mesozoic and Ceno-
zoic igneous rocks. This isotopic boundary has com-
monly been interpreted as the western extent of
Precambrian basement rocks (Figure 2) and therefore
also roughly correlates with the western extent of
miogeoclinal sedimentary rocks.

Palaeozoic Orogenies

Passive margin sedimentation ended in Late Devon-
ian time when Cambrian through Devonian oceanic
rocks of the Roberts Mountains allochthon were
thrust onto the continental shelf during the Antler
Orogeny, best documented in north—central Nevada.
Slope-and-rise sedimentary rocks and seafloor mafic
volcanic rocks were thrust upon coeval, shallow-
water shelf strata along a regional thrust fault
(Roberts Mountains Thrust). Detailed palaeonto-
logical and stratigraphic studies have shown that the
Roberts Mountains allochthon consists of fault-
bounded packets of oceanic-facies rocks imbricated
into a tectonic wedge. A great clastic wedge (Antler
Flysch) was shed eastward from the resulting high-
lands into a broad foredeep that included much
of eastern Nevada and extended into Utah. Upper
Pennsylvanian and Permian limestone and clastic
rocks unconformably overlie the Roberts Mountains
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Figure 2 A tectonic map of the United States Cordillera, showing selected geological/tectonic features.

allochthon. Similar relationships occur to the north-
east in the Pioneer Mountains of central Idaho and to
the south-west in roof pendants in the Sierra Nevada
batholith. Various plate tectonic models have been
suggested for the Antler Orogeny and considerable
debate has focused on the Antler Magmatic Arc that
plays a role in virtually all of them. Some have argued

that the Antler Arc subsided after collision with
the western North American continental margin and
was subsequently buried by younger rocks of later
orogenic cycles. Others have stated that Devonian
oceanic-arc rocks in the eastern Klamath Mountains
and northern Sierra Nevada are the magmatic
arc elements involved in the Antler Orogeny; however,
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there is debate about the facing direction of the arc.
One hypothesis is that the arc faced and migrated
south-eastward during progressive rollback of the sub-
ducted slab. Still another model suggests that the arc
faced westward, and the emplacement of the Roberts
Mountain allochthon was related to the collapse of a
back-arc basin.

Near the Permian-Triassic transition, a tectonic
event similar to the Late Devonian Antler Orogeny
occurred in the Southern Cordillera. The field relation-
ships for this event are known best in north-western
Nevada. The deep-water chert-argillite-limestone—
greenstone of the Havallah sequence was thrust
eastward onto autochthonous, shallow-water Upper
Palaeozoic strata along the Golconda Thrust. This Gol-
conda allochthon is composed of numerous fault-
bounded slices of rock, such as the Roberts Mountains
allochthon. This contractional orogeny is referred to as
the ‘Sonoma Orogeny’, and again there is debate over
the facing direction of the oceanic arc involved in this
orogenic event. One school of thought interprets the
tectonic setting for the Sonoma Orogeny as an oceanic
arc—continental margin collision involving incipient
subduction of continental crust beneath an east-facing
oceanic arc (i.e., subduction directed westward).
Others view the Sonoma Orogeny as another example
of the collapse of a back-arc basin developed behind a
west-facing oceanic arc (i.e., subduction directed
eastward), remnants of which are preserved in the
northern Sierra Nevada and eastern Klamath Moun-
tains. An anomaly of the Sonoma Orogeny, unex-
plained by any model, is the fact that it did not create
an extensive foreland basin.

Far to the east of the Antler and Sonoma orogenies,
and approximately between them in time of origin, are
structural and sedimentological effects related to the
amagmatic, Pennsylvanian-Permian, intraplate Ances-
tral Rocky Mountains Orogeny. Manifestations of the
Late Palaeozoic Ancestral Rockies are best demon-
strated in the present-day Colorado Rocky Mountains
and environs, but structural and sedimentological
effects related to the Ancestral Rockies Orogeny can
be traced from southern Oklahoma to northern
Nevada. The uplifts supplied salmon pink to red arkosic
sandstones, which grade into marine strata; these de-
posits are important components of the Late Palaeozoic
stratigraphic section of the central Rocky Mountain
region. The Ancestral Rockies Orogeny is commonly
interpreted as an intraplate orogeny related to the Late
Palaeozoic collision of the South American—African
plates of Gondwana with the southern margin of Laur-
entia during the development of the supercontinent
Pangaea. Orogenic effects of this continent—continent
collision are manifested in the Marathon—Ouachita
Orogeny in the south—central United States and are

part of an extensive Late Palaeozoic orogenic system
that can be traced from West Texas to central Europe.

Truncation of the Cordilleran
Miogeocline and Pre-Cenozoic
Strike-Slip Faulting along the
South-western Margin of the
Cordillera

In a 1969 synthesis of the plate tectonic evolution of
California and environs, Warren Hamilton noted the
apparent truncation of the south-west-striking Cor-
dilleran miogeocline in southern California and
north-western Mexico. Although Hamilton favoured
Late Palaeozoic to Triassic truncation, subsequent
studies have demonstrated that in Early to Middle
Pennsylvanian time, the depositional framework in
the Death Valley region experienced a fundamental
change in orientation from north-east/south-west
to north-west/south-east. This important change in
orientation of Late Palaeozoic depositional facies in
south-eastern California is interpreted as the result of
a sinistral transform fault zone that was initiated
during the Early or Middle Pennsylvanian and con-
tinued to be active into the Early Mesozoic. In Late
Triassic time (Norian), this north-west/south-east
strike was maintained during the initiation of the
Cordilleran continental-margin magmatic arc that
can be traced from southern Arizona into the eastern
Sierra Nevada. Late Palaeozoic magmatism is recog-
nized in eastern Mexico where it invades Gondwanan
crust; whereas scarce Late Permian plutonic rocks
occur in the western Mojave Desert and environs.
How these igneous rocks relate to the development
of the continental-margin magmatic arc is uncertain,
but the occurrences in the Mojave Desert area
suggest magmatism shortly after the establishment
of a newly formed continental margin bounded by a
transform-fault system.

Another widely cited tectonic hypothesis concerning
major strike-slip displacement along the south-western
margin of the Southern Cordillera postulates a major
Late Jurassic, sinistral, transform-fault boundary des-
ignated the ‘Mojave-Sonora Megashear’. This regional
fault zone has been considered to be significant in the
translation of part of northern Mexico (e.g., ‘Caborca
block’) into its present position in the Southern Cordil-
lera after the initial rifting and breakup of Pangaea and
during the development of the Gulf of Mexico. How-
ever, the recognition that Palaeozoic depositional and
structural trends were initially truncated in the South-
ern Cordillera in Late Palaeozoic time has dramatically
reduced the potential significance of the Mojave—
Sonora Megashear in reshaping the south-western
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margin of the Southern Cordillera. Furthermore,
detailed field studies in southern California have failed
to locate the trace of the Mojave-Sonora Megashear in
that region, although Late Jurassic (?) faults possibly
related to it have been identified in Sonora, Mexico.
Possibly significant Early Cretaceous, dextral
strike—slip faulting has been suggested in the wall
rocks of the Sierra Nevada batholith; and younger,
right-slip, crystal-plastic shear zones are known
from the Sierra Nevada batholith. In one speculative
model, a large-scale, Early Cretaceous dextral strike—
slip fault system is hypothesized to have extended
from the Mojave Desert region to the western margin
of the Idaho batholith, suggesting significant north-
ward translation of a large tract of the accreted ter-
ranes of the Western Cordillera. The region inferred
to have been displaced northward following its accre-
tion to western North America includes the Blue
Mountains (north-eastern Oregon), Klamath Moun-
tains (south-western Oregon and north-western
California), and northern Sierra Nevada (Figure 1).

Early Mesozoic Continental to
Oceanic Magmatic Arc

The Middle Pennsylvanian—-Middle Early Triassic ob-
lique truncation of the continental margin of the
Southern Cordillera was subsequently overprinted
by the development of a north-west/south-east-
trending magmatic arc. It can be traced from southern
Arizona, where it is built on continental (sialic) crust,
to the eastern Klamath Mountains, where it is built
on oceanic (ultramafic to mafic) crust. The transition
from continental to oceanic arc is inferred to occur at
about 39° N latitude in the Sierra Nevada. This Early
Mesozoic magmatic arc is thought to have been
west-facing with an eastward-dipping subduction
zone. Late Triassic (~220 Ma) blueschist-facies meta-
morphic rocks in the northern Sierra Nevada, Kla-
math Mountains, and near Mitchell, Oregon (inlier of
the Blue Mountains Province) are interpreted as the
innermost subducted rocks of an accretionary com-
plex that developed seaward of the magmatic arc. Its
development initiated a long-lived convergent plate
boundary zone along the Southern Cordillera. This
west-facing magmatic arc served as the ‘backstop’ for
the accretion of numerous tectonostratigraphic ter-
ranes that were added to the western North American
continental margin from mid-Jurassic through Early
Tertiary time.

Accreted Terranes

The ‘terrane concept’ was conceived and initially
applied by W Porter Irwin (United States Geological

Survey) to explain complex geologic relationships
in the south-eastern Klamath Mountains of Cali-
fornia. Subsequently, the concept has been utilized
throughout the western North American Cordillera
as well as in other orogens (e.g., the Appalachians and
the Caribbean region). A tectonostratigraphic (or
lithotectonic) terrane is an allochthonous, fault-
bounded assemblage of rocks with a different
geological history than that of adjacent rock units.
Tectonostratigraphic terranes can consist of contin-
ental-margin features such as a displaced continental
margin or part of an original fringing island arc
and/or its subduction complex. Oceanic features
such as plateaus, seamounts, or even back-arc basins
may occur as discrete terranes in accretionary oro-
gens. The tectonostratigraphic terranes in the western
North American Cordillera are tectonic slices of
such crustal elements and are not lithospheric or
even crustal sections. The juxtaposition and amal-
gamation of such slices produced the Cordilleran
‘collage’ of terranes that characterizes the western
part of the orogen.

In the Southern Cordillera, Phanerozoic tectono-
stratigraphic terranes are the basic ‘building-blocks’
of continental accretion west of the Sr;=0.706 line
(i.e., the inferred western margin of Laurentia in the
Southern Cordillera). Beginning in the late 1970s and
extending to the present, many geological studies
have focused on determining the affinity of various
tectonostratigraphic terranes that are part of the Cor-
dilleran Orogen. Clearly some of these terranes are
‘pericratonic’, having originated near the western
margin of Laurentia, whereas other terranes are
truly ‘exotic’ to the Cordillera. These far-traveled
terranes represent major additions to western North
America.

Ophiolites, sometimes dismembered, are an im-
portant component of some of the accreted, tectono-
stratigraphic terranes of the Southern Cordillera. In
the Klamath Mountains of north-western California
and south-western Oregon, well-preserved ophiolitic
sequences range in age from Early Palaeozoic through
Late Jurassic. The oldest are in the eastern parts of the
Klamath Mountains and younger sequences are to
the west. Some examples are the Trinity Subterrane,
North Fork, Rattlesnake Creek, and Western Kla-
math terranes. The Josephine Ophiolite of the Smith
River Subterrane (part of the Western Klamath Ter-
rane) is the best-studied ophiolite sequence in western
North America. To the north-east in the Blue Moun-
tains of north-east Oregon, the Baker Terrane in-
cludes important ophiolitic sequences. In east—central
California, ophiolitic sequences commonly occur as
tectonic slices along the Foothills fault system of
the western Sierra Nevada metamorphic belt. Many,
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if not all, of these Cordilleran ophiolites developed
in supra-subduction-zone settings, which indicate
origins by rifting and spreading within oceanic arcs.
This intra-arc extension may have been a result of
oblique subduction and broad-scale transtension
within the arc, similar to the present rifting and spread-
ing in the Andaman Sea north of Sumatra. In contrast,
the rifting and spreading may have been more orthog-
onal, such as the ongoing propagating rift and spread-
ing centre related to the opening of the Lau Basin
behind the Tofua (Tonga) Arc in the south-western
Pacific. This supra-subduction interpretation of
Cordilleran ophiolites implies proximity to, and tem-
poral overlap with, oceanic-arc deposits, and has been
demonstrated throughout the Cordillera by detailed
geological mapping coupled with geochemical and geo-
chronological studies. A particularly well-documented
example of this relationship is the deposition of the
Upper Jurassic Rogue and Galice formations and de-
velopment of the Late Jurassic Josephine Ophiolite—
all within the western Klamath Terrane. The Galice
Formation, consisting of slaty metashales and meta-
greywackes with subordinate metaconglomerate and
metavolcanic rocks, lies depositionally on both the
Rogue Formation and Josephine Ophiolite. This situ-
ation suggests a close proximity in space and time
between an oceanic arc (Rogue Formation), its adja-
cent sedimentary apron (Galice Formation), and the
development of a complete ophiolite sequence (i.e.,
Josephine Ophiolite).

Another type of tectonostratigraphic terrane
common in the western North American Cordillera
is the accretionary complex terrane. Some of these
terranes include ophiolitic components (e.g., the
Baker Terrane in north-eastern Oregon), but most
are either chert rich or clastic rich and are character-
ized by tectonic melange, broken formation, and/or
olistostromal deposits. Fossiliferous rocks in some
accretionary complex terranes provide some of the
most reliable palaeogeographic data obtainable
from tectonostratigraphic terranes. In the Cordillera,
limestone blocks (of tectonic or olistostromal origin)
yield fossils long recognized as ‘exotic’ to the western
North American Cordillera. For example, Permian
Tethyan fossils have been discovered in the Klamath
and Blue Mountain provinces (North Fork, Rattle-
snake Creek, and Baker terranes) and are especially
characteristic of the Cache Creek Terrane of British
Columbia, Canada. The significance of the Tethyan
fauna in the Cordillera is still debated by palaeontolo-
gists. However, the association of these exotic lime-
stones with blueschist-facies blocks strongly suggests
that these terranes represent accretionary complexes
that incorporated various rock types during the
subduction of Pacific Ocean crust along the margin

of western North America. The polarity of the ori-
ginal magmatic arcs related to these accretionary
complexes is commonly controversial. Some accre-
tionary complexes in the Southern Cordillera may
be composites produced by collision of oppositely
facing arcs. A possible example is the Baker Terrane
(north-east Oregon) that apparently developed
during Late Palaeozoic through Early Mesozoic time
between the partly coeval Olds Ferry and Wallowa
arcs. Such a situation is analogous to the arc—arc
collision presently ongoing in the Molucca Sea be-
tween the oppositely facing Sangihe and Halmahera
island-arc systems.

The largest accreted tectonostratigraphic terrane in
the Southern Cordillera is the Guerrero Superterrane
of western Mexico; its full geographic extent is still
poorly known. The Guerrero Superterrane includes
various volcanogenic terranes ranging in age from
Late Jurassic to Early Cretaceous. They yield geo-
chemical and isotopic data that suggest an intraocea-
nic arc setting. However, presence of a possible
basement unit (the Arteage Complex with negative
initial eng values) unconformably(?) overlain by the
volcanogenic units suggests a composite history for
the superterrane. In contrast, some tectonicists view
the Arteage Complex as an underthrusted subduction
complex overridden by the Guerrero Superterrane
Arc. In many recent tectonic models, the Guerrero
Superterrane is interpreted as an exotic, east-facing,
intraoceanic arc accreted to mainland Mexico in mid-
Cretaceous time. After collision with the Mexican
continental margin, a polarity reversal occurred,
with the development of a west-facing, continental-
margin magmatic arc. In effect, it is the southern
continuation of the Cretaceous arc of the Peninsular
Ranges of southern California and northern Baja
California. Some workers have argued that the Guer-
rero Superterrane arc is only part of an enormous,
east-facing intraoceanic arc that included the Great
Arc of the Caribbean. The latter is considered to
be the source of the numerous allochthonous, arc-
related terranes that rim the circum-Caribbean region
from Cuba to Tobago and along the northern margin
of South America.

Jurassic Magmatic and Tectonic
Events

The Jurassic history of the western North American
Cordillera is particularly complex and includes vari-
ous events along the continental margin as well as
orogenic effects within the interior of the continent.
How these Jurassic orogenic processes interrelate is a
major unresolved problem in Cordilleran tectonics.
A classic Late Jurassic orogeny of the continental
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margin is the Nevadan Orogeny originally defined by
Eliot Blackwelder in 1914. Recent studies have sug-
gested that the age of this orogeny can be tightly
bracketed in the Klamath Mountains, at ~150 Ma.
However, in light of the plate tectonic paradigm,
coupled with recognition that terrane accretion is
commonly progressive along a continental margin,
the regional significance of a tightly defined orogenic
event has been questioned. The classic definition of
the Nevadan Orogeny is based on rock relationships
in the western Sierra Nevada of California and the
Klamath Mountains of Oregon, in comparison to
the California Coast Ranges. These include folds
and associated cleavage in Kimmeridgian—Oxfordian
(Upper Jurassic) metasedimentary rocks of the Mar-
iposa and Galice formations and the nearby associ-
ation of relatively undeformed Tithonian (uppermost
Jurassic stage) sedimentary rocks of the Knoxville
Formation in the Coast Ranges. This classic defin-
ition was reinforced with the recognition that Early
Cretaceous granitic plutons cut these structural
features in the Sierra Nevada.

The plate tectonic setting of the Late Jurassic Neva-
dan Orogeny is especially controversial with respect
to the inferred geological evolution of the western
Sierra Nevada as compared to that of the Klamath
Mountains. Many tectonicists have favoured a colli-
sion between a west-facing Early Mesozoic arc (i.e.,
an eastern arc) and an exotic, east-facing oceanic arc
(i.e., a western arc) to explain the geological relations
manifested in the western Sierra Nevada meta-
morphic belt. The accreted western arc would be
separated from the eastern arc by a composite accre-
tionary complex, in part manifested by the Palacozoic
and Triassic Calaveras Complex east of the Sonora
fault. In the Klamath Mountains, structural relation-
ships involving west-directed regional thrusting pre-
clude the accretion of an exotic east-facing oceanic
arc. In this light, the most widely accepted tectonic
model for the Nevadan Orogeny in the Klamath

Sierra Nevada

Mountains is the collapse of a back-Arc basin behind
a west-facing oceanic arc (Rogue—Chetco Arc). In this
model, collapse could be related to increased coupling
across the subduction system (i.e., the arc became
contractional after an earlier extensional history).
Resolution of these two contrasting tectonic scenarios
has not been completely achieved, although some
favour a polarity reversal of the western arc from
east facing in the western Sierra Nevada to west
facing in the Klamath Mountains. Such polarity re-
versals do occur along the strike of modern intra-
oceanic arcs. However, this compromise requires
drastically different tectonic settings for the depos-
ition of the Galice and Mariposa formations, which
have been recognized as probable stratigraphic and
temporal equivalent units for over 100 years.

Cretaceous Palaeogeographic Belts
and Transition to an Andean-Type
Continental Margin

Late Cretaceous palaeogeography of western North
America was dominated by three tectonic belts that
extended virtually the length of the Cordillera: (1) an
Andean-type volcanic—plutonic magmatic arc on
the west (i.e., Cordilleran Magmatic Arc), (2) a thin-
skinned fold-and-thrust belt on the east (initiated
in mid-Cretaceous time), and (3) a hinterland (zone
of metamorphism, magmatism, and deformation)
(Figure 3). Another extensive feature of western
North America during the Cretaceous was the West-
ern Interior Basin. At its maximum development, the
Western Interior Basin extended from the Arctic
Ocean to the Gulf of Mexico.

Magmatism related to the development of the
Cordilleran Magmatic Arc began in the Middle Tri-
assic, but was only developed in the continental crust
of Mexico, Arizona, and south-eastern California.
From east—central California north, Late Triassic
through Middle Jurassic magmatism is recorded in
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Figure 3 Schematic Late Cretaceous cross-section of the western United States Cordillera, showing the relationship between the
Sevier fold-and-thrust belt and fractured Rocky Mountain foreland on the east, metamorphic and igneous rocks of the hinterland, and
Sierra Nevada batholith on the west. Reproduced (but modified) with permission from Miller EL and Gans PB (1989) Cretaceous crustal
structure and metamorphism in the hinterland of the Sevier thrust belt, western U.S. Cordillera. Geology 17: 59-62.
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tectonostratigraphic terranes not yet completely at-
tached to the continental margin. During the Middle
and Late Jurassic, magmatism spread eastward to in-
clude areas well within Laurentian crust (e.g., the Ruby
Mountains of north-eastern Nevada). Also, during this
time the Sundance Sea occupied an incipient foredeep
in the Western Interior Basin and important terrane
accretion took place in the western Sierra Nevada,
Klamath Mountains, and Blue Mountains.

The geological history of the Southern Cordillera
during the early part of the Cretaceous Period (i.e.,
Neocomian) is poorly understood. Exposures of
Neocomian magmatic and sedimentary rocks are
rare in the western North American Cordillera. The
time interval ~140-125 Ma is commonly referred to
as ‘the Early Cretaceous magmatic lull’. Global sea-
level was low during this time, and in the Rocky
Mountain region and environs a regional unconform-
ity exists between the chiefly fluvial deposits of the
Upper Jurassic Morrison Formation and overlying
mid-Cretaceous strata of the Western Interior Basin.
In contrast, widespread Late Cretaceous magmatism
in the Sierra Nevada and shortening in the foreland
fold-and-thrust belt (i.e., Sevier Orogenic Belt of
south-eastern Idaho, western Wyoming, and northern
Utah) were synchronous with the culmination of
seaway advancement. The fold-and-thrust belt is
characterized by sled-runner thrust faults that are
directed eastward and merge into a décollement
near the top of the crystalline Precambrian basement.
Major thrust systems are younger to the east, and the
shortening history extends from ~119 to ~52 Ma.
The Late Cretaceous culmination of magmatism in
the Cordilleran Magmatic Arc (~100-85Ma) coin-
cides with intense shortening in the fold-and-thrust
belt. One tectonic model argues for a close tie between
Cretaceous magmatism in the California arc and con-
tinental lithospheric underthrusting beneath the arc
(so-called A-type subduction). Although Sevier belt
thrusting was initiated in mid-Cretaceous time, earlier
(Jurassic) back-arc shortening is well documented
in central Nevada (e.g., the Luning-Fencemaker
fold-and-thrust belt).

While Late Cretaceous magmatism occurred in
the Cordilleran Arc and shortening took place in the
Sevier Orogenic Belt, regional metamorphism, large-
scale folding, and the generation of peraluminous
granitic rocks (commonly containing two micas,
garnet, +sillimanite) characterized the deep crust of
the hinterland (Figure 3). The regional thrust faults of
the Sevier Belt root into this igneous—-metamorphic
infrastructure, and remobilized Precambrian base-
ment rocks were involved in both the plastic deform-
ation and deep-crustal anatexis. Juvenile magmatic
additions from the mantle did not play a significant

role in the petrogenesis of the granitic rocks. Tectonic
thickening coupled with dehydration melting during
late decompression were the key processes respon-
sible for metamorphism and anatexis in the Sevier
hinterland. The deep-crustal rocks of the Sevier hin-
terland are exposed in windows developed during
Tertiary crustal extension.

Laramide Orogeny

Distribution of igneous activity in the Cordillera of
the western United States changed dramatically near
the end of the Cretaceous Period. At ~75 Ma, mag-
matism in the Sierra Nevada batholith ended, and
magmatism migrated eastward into the Rocky Moun-
tains and beyond. This change in the geographic dis-
tribution of igneous activity in the Southern
Cordillera is roughly synchronous with the Laramide
orogeny of the Rocky Mountains. In the Rocky
Mountain foreland, the Laramide Orogeny is charac-
terized by the development of basement-involved
uplifts and adjacent deep basins during Late Cret-
aceous through Early Eocene time (Figures 3 and 4).
This ‘thick-skinned’ tectonic style is dramatically dif-
ferent from the contemporaneous ‘thin-skinned’ style
of the Sevier fold-and-thrust belt. Although both de-
formations may be broadly related to plate tectonic
processes near the continental margin, the local de-
coupling levels for these foreland deformation belts
are different. The decoupling zone for the Sevier fold-
and-thrust belt lies above the Precambrian basement
except in the more interior (western) parts of the belt,
whereas seismic-reflection studies show the decoup-
ling zone for the basement-involved Laramide uplifts
to be rooted into the deep crust.

The typical plate tectonic explanation for both the
Late Cretaceous change in geographic distribution of
Cordilleran magmatism and development of a thick-
skinned tectonic style in the eastern Rocky Mountains
involves a change to a shallow-dipping subduction
mode. In this interpretation, subduction occurs at a
shallow depth beneath the overriding plate in a wide
segment of the orogen that extended from south-west-
ern Montana to central New Mexico (Figure 4). Why
such segmentation of the subduction system would
occur along the strike of the orogen is a major un-
answered question in Cordilleran tectonics. The
Andean orogenic system of South America is com-
monly proposed as a present-day analogue for the
Late Cretaceous—Early Tertiary orogen of western
North America. In the present Andean system, segmen-
tation of the subduction system may be related to the
character of the subducting plate; i.e., the presence of
an oceanic plateau or aseismic ridge. The age of the
subducted oceanic lithosphere may also be important
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in the segmentation process, because young lithosphere
is more buoyant than old, dense lithosphere. In the
southern Andes, the absence of Quaternary volcanic
centres in the western part of the orogen and develop-
ment of basement-involved uplifts (Sierras Pampeanas)
in the eastern part of the orogen coincide with
the subduction of the Juan Fernandez Ridge and an
eastward shift in subduction-related seismicity.

Additional evidence for a shallow-dipping subduc-
tion during Late Cretaceous—Early Palaeogene time in
the Southern Cordillera is provided by a series of
windows in southern California that expose oceanic
rocks (Pelona, Orocopia, and Rand schists) beneath
an upper plate of continental-affinity rocks. These
windows are the product of Cenozoic deformation
(both extensional and contractional) and provide
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exceptional exposures of underthrusted, Late Cret-
aceous-Early Tertiary oceanic rocks that apparently
underlie much of southern California and adjacent
south-western Arizona.

Post-Laramide, Early Cenozoic
Magmatic and Tectonic History

The post-Laramide Cenozoic history of the Southern
Cordillera is characterized by new patterns of mag-
matism and tectonic strain. The throughgoing tec-
tonic belts, which characterized Late Mesozoic time,
were replaced by domains of extension, contraction,
and strike-slip deformation. During mid-Eocene
time, a broad belt of magmatism extended from
southern British Columbia into central Idaho and
north-western Wyoming, and a roughly contempor-
aneous zone of magmatism existed in southernmost
Arizona and New Mexico and extended farther south
into Mexico (Sierra Madre Magmatic Zone). These
zones of Eocene magmatism were separated by a
broad amagmatic corridor in the west—central United
States that became the site of a large, Middle Eocene
lake system. Accompanying the mid-Eocene magma-
tism in the Pacific north-west, metamorphic core
complexes developed in areas of large-magnitude
crustal extension. Typical complexes are character-
ized by a hanging wall of upper crustal rocks, some-
times including syntectonic volcanic and sedimentary
deposits, separated from a footwall of mid-crustal
igneous and metamorphic rocks by a plastic-to-
brittle, normal-sense shear zone. Younger rocks are
commonly structurally emplaced on older rocks, and
brittle deformation features, including low-angle de-
tachment faults, are superposed on the crystal-plastic
deformation of the normal-sense, mylonitic shear
zone. This northern belt of magmatism and accom-
panying localized, large-magnitude crustal extension
migrated southward in Late Eocene and Early Oligo-
cene time. Initiation of core-complex development in
the eastern Great Basin was later than in the Pacific
north-west, and large-magnitude crustal extension
continued into the Early Miocene in the Ruby—East
Humboldt and Snake Range core complexes (eastern
Nevada). During the Late Eocene through Early Mio-
cene, enormous amounts of volcanic ejecta erupted as
ash-flow tuff sheets in the Great Basin (Nevada and
western Utah). This ‘ignimbrite flare-up’ has signifi-
cant implications for the crustal composition of the
Great Basin, including substantial mafic magmatic
intra- or underplating of the extended crust of the
region. Volcanic ash from these enormous eruptions
spread eastward in the upper atmosphere and formed a
conspicuous air-fall component in post-Laramide, Late
Eocene to Miocene strata of the Rocky Mountains

(especially in Wyoming and environs). By Early Mio-
cene time, the northern and southern magmatic zones
had merged, and a continuous Neogene magmatic arc
could be traced from the early Western Cascades
arc into the Mojave-Sonoran Volcanic Zone. Numer-
ous examples of Miocene core-complex development
are well documented from south-eastern California
across southern Arizona and into Sonora, Mexico.
Still younger examples of core-complex development
(Late Miocene to Pleistocene) are present in other areas
of large-magnitude extension in Southern Cordillera,
such as the ongoing rifting of continental crust in the
northern Gulf of California, Mexico, and in the Salton
Trough, California.

Elevations on the Colorado Plateau range from ap-
proximately 1.5 to 3.5 km, with the highest elevations
typically associated with igneous centres such as the
San Francisco volcanic field in northern Arizona. In
deep canyons (e.g., the Grand Canyon), the elevation
is considerably less than 1.5 km. The average eleva-
tion of the plateau is ~2 km, and the crustal thickness
is ~45 km. Stratified rocks exposed on the plateau
indicate that the area was near sea-level for much of
the Phanerozoic and that uplift occurred after the
deposition of Upper Cretaceous marine sedimentary
rocks. The western and southern margins of the plat-
eau are delineated by normal-fault systems related to
the Basin and Range Province, whereas its northern
and eastern margins merge into the eastern Rocky
Mountains. The south-eastern margin of the Colorado
Plateau in central New Mexico is delineated by normal
faults related to the Rio Grande rift. The processes that
facilitated uplift of the Colorado Plateau remain con-
troversial, as well as the age or ages of uplift. One
tectonic model relates the uplift of the plateau to east-
ward, intracrustal flow toward the Colorado Plateau
from the overthickened, Sevier hinterland (now part of
the Basin and Range Province). Another model argues
for uplift related to lithospheric attenuation as a by-
product of shallow-dipping subduction associated with
the Laramide Orogeny. Still other tectonic models
favour a polyphase uplift history: initially during
the Laramide Orogeny and subsequently in the Late
Cenozoic as part of a regional uplift, including the
Southern Rocky Mountains and Great Plains. Clearly,
the cause of the uplift of the Colorado Plateau remains
a major unresolved problem in Southern Cordilleran
tectonics.

As the San Andreas Fault (transform) system de-
veloped off the west coast of Mexico, and the triple
junction between the North American, Pacific, and
Juan de Fuca plates (Mendocino triple junction) mi-
grated north-westward, the Neogene magmatic arc
was shut off at its south end. In a broad area east of
the late Western Cascade Arc, the Columbia River



NORTH AMERICA/Southern Cordillera 59

80°

Pacific
Plate
e — __A_iu_r-r?!_ Fracture zone

——
i
———
———

30°
Pacific
we
e Mi i
== gl-oiia'f.'a_f'ﬂa_f"ns
oe Ocean
Plate
_____ Clarion Fracture Zone
3 Explanation
—;—6'* Strike—slip fault — showing slip vectors and rate (cm/yr)
_&_% S:&duc;l:lon zone — Slh?.!ning slip vectors and rate (cm/yr) of convergence;
sawteeth on upper pla

9 <5 B Spreading center — showing vectors and rate (cm/yr) of spreading
10° 8 ‘. Vector and rate (cm/yr) of absolute plate motion
<{—() Hot spot and vector of plate motion relative to it

9."’.509_ Fracture Zone
=== = — Fracture zone in Pacific Plate

—v—— |Iniraplate fault — Sawteeth on upper plate of thrust fault

) East
% Volcanic centre i Pacific
P e o = Clipperton Fracture Zone Risa
_________ =
500 0 =~ o
500 1000 1500 2000km —_____-_-—l COCOS > 407&
500 0 I e D o
e 500/ 1000 miles B K %
Scale qHB_!LO_s_ Fracture Zone__ - P|at8 "4,@/

Figure 5 Present-day plate tectonic setting of the southern segment of the Cordilleran Orogen of western North America
and adjacent north-eastern Pacific Basin. Reproduced (but modified) with permission from Drummond KJ, et al. (1982) Pacific

Basin sheet of plate-tectonic map of the circum-Pacific region (scale 1:20000000). Tulsa, OK: American Association of Petroleum
Geologists.



60 NORTH AMERICA/Southern Cordillera

flood basalt province developed between ~17 and
14 Ma. Basaltic dike swarms of this age are present in
north—central Nevada and indicate the initiation of
rifting in that area that eventually produced the Late
Cenozoic Basin and Range Province.

Late Cenozoic Tectonic/Volcanic
Systems and Seismicity

The Late Cenozoic tectonic evolution of the Southern
Cordillera is dominated by four large-scale, tectonic/
volcanic systems: (1) the San Andreas transform Fault
and north-westward migration of the Mendocino
triple junction, (2) the crustal extension in the Basin
and Range Province and Rio Grande rift, (3) the
north-east propagation of the Yellowstone hotspot
track and concurrent north-west-propagation of the
Newberry volcanic trend, and (4) the Cascadia sub-
duction zone and volcanic arc. The development of
these features was in part concurrent, and elements of
all four systems are presently active. A relationship
between the San Andreas transform-fault system and
crustal extension in the Basin and Range Province has
been suggested in several analyses of the Late Ceno-
zoic tectonic history of the Southern Cordillera.
However, effects associated with plate boundary slip
are significant only in the south-western Basin and
Range Province (e.g., eastern California shear zone).
Late Cenozoic, regional crustal extension character-
istic of the Basin and Range Province reflects the
removal of the Farallon slab and subsequent astheno-
spheric upwelling coupled with north-west retreat of
the Pacific Plate with respect to the interior of the
North American Plate. At ~5 Ma, the Baja California
peninsula was rifted from mainland Mexico when the
San Andreas fault system shifted inland from a former
position on the Pacific side of the peninsula. The
north-western separation of Baja California from
the mainland is an example of the interplate transfer
of continental lithosphere.

The present-day seismicity of the Southern Cordil-
lera is concentrated in belts at least partly related to
fundamental plate tectonic boundaries (Figure 5); these
boundaries are either strike-slip or convergent. Off the
western coast of Oregon, seismicity is related to the
Cascadia subduction zone and the Blanco Fracture
Zone. Farther south, in western California and off-
shore, the Mendocino triple junction and San Andreas
Fault system are the loci of present-day seismicity. Still
farther south along the western coast of Mexico, seis-
micity is related to convergence associated with the
Middle America Thrust.

Other prominent belts of seismicity are within
the North American Plate and include the eastern
California shear zone and its extensions into western

Nevada (e.g., Walker Lane). The seismicity associated
with this intraplate tectonic zone is interpreted as
distributed strain associated with the plate boundary
zone. Still another prominent zone of intraplate seis-
micity is the Intermountain seismic belt. It can be
traced from southern Utah into western Montana
and is particularly prominent in the Yellowstone
National Park area. This belt of seismicity reflects
a combination active normal faulting along the
eastern margin of the Basin and Range Province
(e.g., Wasatch front) as well as magmatism related
to the Yellowstone hotspot.
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Introduction

The Ouachita orogenic belt extends approximately
2100 km along the southern margin of North America
(Figure 1). These Palaeozoic sedimentary rocks are
associated with the rifted cratonic margin developed
during Late Proterozoic to Early Cambrian time. Two
promontories, Alabama and central Texas, and two
re-entrants, Arkansas/Oklahoma and West Texas,
characterized this margin. The Ouachita Mountains
of Arkansas/Oklahoma and the Marathon uplift
of West Texas developed in these re-entrants. While
stratigraphic evidence suggests some regional adjust-
ments coeval with the earlier stages of Appalachian
tectonics, the Early Palaeozoic succession of the Oua-
chita orogen primarily records a long period of stable
carbonate deposition along the continental shelf and
slow deep-water clastic sedimentation off the shelf.
This pre-orogenic phase ended abruptly in the Lower
Carboniferous. At that time, the Ouachita basin
began subsiding rapidly in response to closure of the
Tapetus Ocean and the assembly of Pangaea (see Pan-
gaea). A thick succession of mud-rich turbidites filled
the basin, beginning at various times during the Early
Carboniferous (Mississippian). The oldest deform-
ation of this sequence is inferred from the Mississip-
pian clastic wedge of the Black Warrior basin.
Additionally, some authors have suggested that early
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folding documented in the metasediments of the
uplifted Ouachita facies may correlate to early sub-
duction in the Quachita basin. The Late Carbonifer-
ous (Pennsylvanian) synorogenic sediments continued
filling the basin and were translated inboard over the
coeval shelf sequence, forming a generally north-
verging fold and thrust belt. Subsidence within the
associated foreland basins suggests a diachronous
character to this advancing thrust system, beginning
in the Late Mississippian in the east and in the Middle
Pennsylvanian in the foreland of Oklahoma. Strati-
graphic constraints indicate that thrusting ended in
the Late Pennsylvanian in Oklahoma while thrusting
continued in West Texas until the Lower Permian. The
classic Permian carbonate succession unconformably
overlies the deformed Marathon sequence. During the
later stages of the deformation, basement cored uplifts
developed in the Ouachita Mountains of Arkansas
and Oklahoma, creating large north-east-trending
uplifts. Timing of these uplifts is debateable, but sug-
gests post-thrust deformation and a significant shift in
regional shortening, possibly coincident with the later
stages of the Alleghanian orogen of the southern
Appalachian Mountains.

Unconformable Mesozoic units overlie approxi-
mately 80% of the Ouachita Orogenic Belt. Two
large exposures, the Ouachita Mountains of Okla-
homa and Arkansas and the Marathon uplift of
West Texas, provide the bulk of our knowledge
about the belt (Figure 1). Geophysical and well data
provide the remainder of the database. Two import-
ant references serve as the foundation for discuss-
ion about the Ouachita orogenic belt and the
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Figure 1 Tectonic elements of the Ouachita Orogen. Abbreviations (AM = Arbuckle Mountains, Atf=Appalachian Tectonic
Front, Bbu =Broken Bow Uplift, Bu= Benton Uplift, CBp = Central Basin Platform, Db =Delaware Basin, Dru =Devils River Uplift,
Tp = Texarkana Platform, Su= Sabine Uplift, WM = Wichita Mountains). (After Viele and Thomas, 1989.)

interested reader should consult these. The seminal
work of Flawn and his colleagues in 1961 provided a
complete review of the mountain belt and has been a
cornerstone for all subsequent work. 28 years later,
the Geological Society of America published a thor-
ough update of the Ouachita Orogen. This discussion
is synthesized from these sources.

Cambrian Continental Margin

The trace of the Ouachita Orogen is irregular (Figure 1)
and this spatial distribution is directly related to the
Late Proterozoic—Early Cambrian rifting of the North
American Craton. From central Alabama and the
junction with the Appalachian Mountains, the fold
and thrust belt extends WINW across the Mississippi
embayment into Arkansas and Oklahoma. There the
trend shifts to the SSW, extending from Oklahoma
into central Texas. At that point the trend shifts west-
erly continuing into West Texas, only to turn south
again near the Marathon Uplift. The mountain belt
extends a few hundred kilometers into Mexico before
it is obscured by a Mesozoic tectonic overprint. This

orthogonal pattern of recesses and salients reflects the
rifting geometry along the southern margin of North
America during the Late Precambrian and Early
Cambrian. The spreading ridge for this rifting is
inferred to be subparallel to the east coast of North
America and to the south-trending margin in Texas
(Figure 1). The connection between Alabama and
Oklahoma and between central and West Texas are
considered to have been transform boundaries. The
Southern Oklahoma aulacogen is coeval with this
rifting event and continues the WNW trend of the
transform boundary into the craton. Additional Late
Precambrian intracratonic rifting has been docu-
mented in the Mississippi Valley; the grabens trend
NNE from the Ouachita Front through eastern
Arkansas and western Tennessee. Igneous rocks ex-
posed in the southern Oklahoma aulacogen reveal a
570-525Ma bimodal volcanic package consistent
with the rift model. Approximately 1km of Cam-
brian clastic units in the Mississippi Valley graben
indicate additional regional extension. However, out-
side these rift zones, including the Ouachita Orogen,
there is little evidence of this rift sequence.
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Stratigraphy

A fairly consistent lithostratigraphic succession char-
acterizes the Palaeozoic sequence of the Ouachita
Orogen. These sediments were deposited in two dis-
tinct phases. A pre-orogenic package consists of
carbonate shelf sediments north and west of the
continental margin and a deep-water shale, sand-
stone, and chert sequence on the continental slope
or rise south and east. The second phase is domina-
ted by syn-orogenic turbidites filling the basin and
fluvial-deltaic sediments covering the shelf.

Pre-Orogenic Sequence

A classic carbonate shelf sequence accumulated on
the craton over the Precambrian basement during
the Early to Middle Palaeozoic (Figure 2). A thin
basal sandstone unit is in contact with the Precam-
brian basement. This sandstone is overlain by a trans-
gressive carbonate facies. In the Southern Oklahoma
aulacogen, this carbonate succession is approxi-
mately 3.5km thick and coeval sequences on the
craton is approximately 1 km thick (Figure 2). Within
the Arkoma Basin, this sequence is 1.2 km thick and
about 2 km thick in the Black Warrior Basin. In many
places, such as the Arkoma Basin, this pre-orogenic
package records nearly continuous deposition and
consistent thickness. The section in the Black Warrior
Basin records influences of the Taconic Orogeny
(Upper Ordovician) along the south-east margin of
the basin and reveals more rapid deposition of the
Devonian chert sequences along the south-west
margin.

Within the Ouachita Basin, south and east of the
rift margin, approximately 2-4km of ‘Ouachita
facies’ accumulated in generally deep marine settings
(Figure 2). These shale, sandstone, and chert units
currently form most of the exposures in the central
uplifts of the Ouachita Mountains. Basinal pre-
orogenic units have been subdivided into a lower
shale-dominated section with two sandstone units
followed by an upper black siliceous shale and chert
succession with one interbedded sandstone (Figure 2).
The change in lithology is interpreted as a function of
progressively slower depositional rate and a similar
subsidence history can be seen off the east coast of
North America on the Blake Plateau. Current direc-
tions for the turbidites in the pre-orogenic sequence
indicate that much of the deposition was coming from
the north, but that the Silurian Blaylock Sandstone
was sourced from the south-east: therefore the basin
may have been two-sided during the pre-orogenic
phase. The transition between shelf and deep water
deposits is missing in the Oklahoma salient, due
to subsequent shortening of the sequences. In the

Marathon Region, there is a thinner pre-orogenic
sequence that can also be described in two phases
(Figure 2). The early units, in contrast to the Ouachita
Mountains, include a lower turbidite, an overlying
deep-water carbonate sequence (Marathon Forma-
tion) with overlying deep-water shale, calcarenite,
conglomerates, and boulder beds. The upper phase
is a chert and limestone sequence, similar in character
to the chert sequence in the Ouachita Mountains.
There has been significant debate about whether
these cherts were deposited in shallow or deep-water
settings. There is little argument about the fact that
they record a long period of very slow sedimentation.

Syn-Orogenic Sequence

The tectonic picture changed dramatically in the
Lower Carboniferous and this is reflected in the strati-
graphic sequence. The subsidence rate and sediment
input increased. The result was a rapid change
up-section to deep-water shales and sandstones with
interbedded debris flows. Within the Ouachita Basin,
this contact appears to have been gradational, al-
though some chert breccias have been found near
the base of the section. These turbidite sequences
filled the basin from east to west throughout the
Carboniferous. Thickness estimates vary, but gener-
ally range from 12-14 km of section in the Ouachita
Mountains where four major units are identified:
Stanley and Jackfork Groups, Johns Valley, and
Atoka Formations. The Stanley Group is the oldest
of these flysch units, extending from the Middle to
Late Mississippian. The characteristic lithologies
include shale, sandstone, tuff, impure chert, and sili-
ceous shale. Olistostromal deposits are frequent and
several thin volcaniclastic units are found near the
base of the Stanley Group around the Broken Bow
Uplift. Gradationally overlying the Stanley Group,
the Jackfork Group is characterized by prominent
ridge-forming sandstone units. The Johns Valley For-
mation is distinguished from the underlying, grad-
ational Jackfork Group by the presence of abundant
exotic boulders and associated contorted shale. These
boulders are correlated to the shelf sequence along the
North American margin as well as the pre-orogenic
Ouachita facies. These boulder beds are concentrated
along the north-west margin of the thrust belt. The
overlying unit is the widely spread Atoka Formation.
Within the Ouachita Basin, the Atoka Formation is a
typical turbidite, with nearly equal proportions of
sandstone and shale. The maximum thickness of
8.5km is found in the frontal Ouachita Mountains,
but 2.5-4.9 km of coeval deltaic sandstones are found
across the Arkoma Basin. The Atoka Formation
thickens across regional, down-to-the-south normal
faults, generated by tectonic loading of the continental



64 NORTH AMERICA/Ouachitas

Arkoma Basin
(Ozark Facies)
(Johnson Co., AR)
Chattanooga Fa&z & ¢ Devonian

to Penters o Silurian
Lafferty
through —3,-".\”?\'7\‘5‘

Benton Uplift

Arkansas
Novaculite
= Missouri Mtn.
Blaylock
Polk Creek

IS
Gasconade- )3Yr</30%75 Oryg, Bi
SN ovin: igfork
Lamotte [7/1/350rq Pe Vicia,
— Womble
Ca
My, Do oca Blakel

b"/a” y

sl Mazarn

;.- S 92923 Crystal Mtn.

Collier
Arbuckle Mts. .
(S. OK Aulacogen) Broken Bow Uplift
Woodford Devonian s o o] jprkansasMovaculite
Hunton F=r0=a= Silurian = =1 Blaylock
Sylvan T Polk Creek
Viola 1 26 o o | Bigfork
Simpson Womble
- Blakely?
Ordovician Mazarn
Crystal Mtn.
Collier
Upper L1 i.
Arbuckle .I' -
I .
— 'I""‘]" Cambﬂa\'\
I T I
T I
Lower H—1r-—- — 5000
Arbuckle L r
Timbered Hills ::dEJ—EIt.—. SO .
Colbert~  [<X>53 7. Rnyolite Porphyry i
Carlton |[= 7 1% -"9 )
Wichita |@%*%xx»~| Granites ) L 4000
Intrusives [~ &6=aa=0 | Gabbro-Anorthosite
Basement fN7ZETNIT e
Diablo platform Marathon Uplift
(Subsurface) P | 2000
Woodford =—=—— Devonian =5 4.2 Caballos
Canutillo o] o ol o Maravillas
Fusselman 4 Siluri Woods Hollow
fs 7Y I oo ;tl Pena
1T T sate
Montoya L Ordovician Marathon — 2000
—'I: 3y I°— Dagger
Simpson L1 Flat
— 1 —
El Paso 1 I
Bliss o= —- 1000
[ _'\2\:7‘,'1
Basement  [IMGZTY pe
Platform Facies Ouachita
Foreland Facies L
0
Metres

Figure 2 Representative lithological columns of the pre-orogenic sequences at various settings along the Ouachita Orogen. (After
Arbenz, 1989.)



NORTH AMERICA/Ouachitas 65

margin. A northward migrating depositional centre
characterizes the syn-orogenic sequence. The Stanley
Group is 3.3 km thick just north of the Broken Bow
Uplift. The Jackfork Group reaches a maximum
thickness of 2.1km along the axis of the Ouachita
Mountains, and the Atoka Formation is thickest in
the frontal Ouachita Mountains. While the entire
section is allochthonous, these displaced depocentres
are believed to be in relative order. Within the thrust
belt, the Atoka Formation is the youngest deformed
unit, but in the Arkoma Basin the Atoka Formation is
overlain by additional deltaic deposits of Late Penn-
sylvanian Carboniferous age. The syn-orogenic se-
quence of the Marathon Uplift is also dominated by
turbidite deposition but the sequence is thinner
(Figure 3). The lower turbidite is 2.0 km thick in the
eastern portion of the basin and thins to approxi-
mately 100 metres of shale in the west. There are
abundant soft sediment deformational features in
the section and these indicate extension parallel to
the north-west trending palaeocurrents. The Tesnus
Formation extends through the Mississippian into the
Early Pennsylvanian and is overlain by the Dimple
Limestone. This thin carbonate turbidite contains a
clast assemblage of cratonic shelf rocks. The palaeo-
current data confirms a north-west source. The
Haymond Formation is a repetitive siliciclasitc
turbidite package that maintains a consistent 1.2 km
thickness across the Marathon Basin. In this case, the
palaeocurrents are trending WSW. The Haymond
Formation includes important boulder beds that
yield Early Palaeozoic rocks representing the pre-
orogenic sequence and a full range of exotic rock
types including various igneous clasts, some of
which are Siluro-Devonian. These exotic clasts are
commonly interpreted to have come from a southern
source. The youngest unit in the Marathon Basin is
Latest Pennsylvanian molasse type of sediments of the
Gaptank Formation.

Regional Subdivisions

The Ouachita Orogen can be subdivided into four
parts. The eastern section extends from central Mis-
sissippi north-westwards into Arkansas. This section
is entirely in the subsurface. North of the tectonic
front, a passive margin carbonate shelf of Cambrian
to Early Mississippian age is overlain by Late Missis-
sippian to Middle Pennsylvanian shallow marine to
deltaic sediments. This sequence dips beneath the
tectonic front which translates deep-water undiffer-
entiated mudstones, cherts, and sandstones of the
Ouachita facies.

The Ouachita Mountains represent the largest out-
crop area along this orogenic belt (Figure 1). Similar

to the pattern documented to the east, the carbonate
shelf and overlying Carboniferous clastic sequences
are structural below the allocthonous Ouachita
facies. A minimal estimate for this translation is in
the order of 100 km and maybe much greater. The
Ouachita Mountains are commonly subdivided into
the frontal imbrication zone between the Choctaw/
Y-City and Windingstair faults, the central zone
extending southward to the Broken Bow-Benton
Uplifts, and then the Athens Plateau south of the
uplifts. The imbrication zone is characterized by
closely spaced thrust sheets made up of the younger
Carboniferous units. The central zone, on the other
hand, contains older Carboniferous units folded into
a few long wavelength (8-16 km), north vergent syn-
clines each truncated by a large thrust fault. The uplift
areas trend ENE obliquely across the general east—
west structural fabric of the Ouachita Mountains.
These uplifts expose intensely deformed Ouachita
facies and the Lower Stanley Group. The deform-
ational history is more complicated than seen in the
overlying central zone with at least three folding
events and associated cleavage development recog-
nized. Two distinctive aspects of these older rocks
include a significant development of southerly
verging folds and a disharmonic relationship to the
large-scale folds of the central zone. The uplifts
are also the location of low-grade metamorphism as
reflected in recrystallized cherts (novaculite), chlorite
growth, vitrinite reflectance, and ubiquitous quartz
veins. The maximum temperature for these metasedi-
ments approach 300°C in the southern Broken Bow
and eastern Benton Uplifts (Figure 4). The Athens
Plateau has a structural style similar to the central
zone to the north-west, northerly verging faults-
truncating the Carboniferous sequence.

Within Texas, the Ouachita Orogen has been
traced almost 1000 km in the subsurface. The struc-
tural subdivisions of the Ouachita Mountains have
been extended (Figure 1). In this case, the ‘frontal
zone’ includes all of the unmetamorphosed northerly
verging structures inboard of the uplifts. The ‘inter-
ior’ zone is correlated to the uplifts of the Ouachita
Mountains and includes deformed metasediments
presumed to be equivalent to the pre-orogenic se-
quence. The Athens Plateau sequence is defined as
the ‘southern Carboniferous province’ in the subsur-
face, but is only documented immediately south of
the exposed Ouachita Mountains. The frontal zone
varies in width and can be followed south to central
Texas. The most distinctive structural element in the
frontal zone is the leading thrust as this boundary is
clearly proven by drilling. The interior zone extends
from the Broken Bow Uplift, but is not continuous
across north-east Texas (Figure 1). In general, the
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interior zone follows the frontal zone and together
they form an 80km wide belt. The frontal zone
appears to be cut out in south-central Texas only
to reappear east of the Marathon Uplift. Two notable
uplifts are documented along this subsurface
trend: the Waco Uplift along the south-trending
section and the Devils River Uplift along the
westerly-trending section. The first is interpreted to
be a segment of the North American Craton thrust
inboard carrying an overlying allocthonous section
of Ouachita facies. The second uplift is an app-
roximately 120km by 50km northwest-trending
Precambrian block juxtaposed to the Carboniferous
foreland basin.

The last segment of the Ouachita Orogen is located
in West Texas and includes the exposures of the
Marathon Uplift and two smaller outcrops to the
south-west (Figure 1). Similar to the Ouachita Moun-
tains, the entire outcrop belt of Marathon Uplift is
allochthonous. This area is correlated to subsurface
frontal zone. The stratigraphic sequence is similar to
that of the Ouachita Mountains. The folding style is
directly related to the nature of the lithologic pack-
age, long wavelength folds in the thick flysch se-
quence and complex, tight folding and faulting in
the pre-orogenic sequence. The measured shortening
has been utilised to restore this belt to a palaeogeo-
graphic position as much as 200 km to the south-east.

Five foreland basins are an integral part of the
Ouachita Orogen (Figure 1). From east to west,
these include the Black Warrior, Arkoma, Fort

Worth, Kerr, and Val Verde basins. The Black Warrior
Basin is critical in that it is bordered on two sides by
convergent zones; the Ouachita thrust faults cut the
southwest side of the basin and the Appalachian
thrust belt on the south-east intersects these faults.
The Black Warrior Basin is a homocline dipping
gently towards the tectonic front and extending be-
neath the front. This homocline rises up to a large
domal structure, the Nashville Dome, to the north.
The pre-orogenic sequence rests on Precambrian
basement and is dominated by carbonate shelf depos-
ition. The Upper Mississippian-Pennsylvanian syn-
orogenic clastic wedge progrades north-eastward.
This section thickens towards the tectonic front and
is consistent with tectonic loading at a convergent
margin. The other foreland basins have similar geom-
etries and pre-orogenic successions. They differ pri-
marily in the nature of the syn-orogenic sequence,
both in timing and depositional environments.

Regional Geophysics

The Bouguer anomaly map represents the most ex-
tensive geophysical data set for the region (Figure 5).
A positive anomaly associated with the interior
zone can be followed from central Arkansas through
Texas into the Marathon region. The extension of this
belt from Arkansas into Mississippi is more obscure.
While uplifted basement blocks, mafic intrusions, and
metamorphism contribute to the anomaly, the anom-
aly requires a major transition in crustal structure
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across this trend. In other words, it is proposed
that this anomaly represents the Early Palaecozoic
continental margin. Of similar amplitude is the north-
west-trending positive anomaly associated with the
Southern Oklahoma aulacogen (Figure 6). Allowing
for the uplifted Precrambrian blocks and mafic intru-
sions, this implies significant crustal modification
during rifting. The aulacogen trend is clearly
developed from the Panhandle area of Texas south-
eastward to the Ouachita Orogen where the two
trends form a distinctive X-pattern. Closed gravity
minima are observed for three of the foreland basins:
Arkoma, Fort Worth, and Kerr basins. Gravity lows
are noted in the Black Warrior and Val Verde basins,
but the pattern is more subdued. Of these Basins, the
Arkoma Basin is the most dramatic (~80 mgal). Inter-
estingly, the lowest values of this minimum are
located just north of the Broken Bow Uplift where a
steep gradient is also apparent. This pattern argues
for a thick sedimentary section in the central
Ouachita Mountains, some of it possibly below the
allocthonous Ouachita facies. The Benton, Broken
Bow, and Waco uplifts are actually located on the
gradient inboard of the interior zone anomaly. Thus,
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these uplifts have a similar density to the Ouachita
facies; that they are not deeply rooted in the basement
and have been translated significant distances. In
addition, the uplifts probably reflect late stage com-
pressional deformation along the transitional crust of
the continental margin. In contrast, the Devils River
Uplift does reveal a distinct positive anomaly related
to the large Precambrian block.

Regional seismic data is widely scattered. Early
refraction and surface wave studies document a
normal continental crust north and west of the
margin and an ambiguous noncratonal crust model
south of the margin. The COCORP line in south-
western Arkansas is the longest line across the fold
and thrust belt. Crustal models based on the
COCORP and additional data to the south show an
increase in velocities, which have been interpreted to
be interleaved granitic and basaltic crust. In this area,
the Early Palaeozoic transitional crust is thought to
be preserved; and the deformed Palaeozoic section is
detached and transported northward over the contin-
ental margin. Seismic reflection data support the
allocthonous, northerly verging geometry of this
fold and thrust belt. Additional features identified in
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Figure 6 Bouguer Anomaly Map of south-central North America. Contour Interval is 10 Milligals. (After Keller et al., 1989.)
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the COCORP line are the basement cored uplift,
Early Palaeozoic sections overlying a presumed Pre-
cambrian basement, allocthonous Quachita facies
structurally overlying the Early Palaeozoic section,
and a tectonically thickened section of Carboniferous
units south of the uplift. A final feature identified in
the subsurface is a successor basin of Late Pennsylva-
nian sediments in unconformable contact with the
deformed Carboniferous units south of the Ouachita
Mountains (Figure 1).

Tectonic Synthesis

Representative cross-sections provide a clear picture
of the structural style of the Ouachita Orogenic Belt
(Figure 6). Common to these sections is the dominant
thin skin style of deformation. The amount of trans-
lation is minimally 50 to 100 km; the greatest of these
displacements appear to be in the salients. The fore-
land basin reveals the tilt of the basement and the
pre-orogenic sequence towards the tectonic zone.
Also, the strongly asymmetric nature of the foreland
basin is outlined. In the Ouachita Mountains, the
extremely thick sedimentary succession north of the
Broken Bow Uplift is illustrated along with the large
folds of the central zone. The basal detachment
is above the shelf sequence, possibly with a Carbon-
iferous section also in the footwall. Commonly, the
detachment is interpreted to extend over the base-
ment uplift. The pattern is similar in the Waco Uplift,
although the basement block is much thinner. The
Marathon cross-section is limited to the exposed
uplift and reflects a style similar to the frontal zone
of the Ouachita Mountains, but well data has
extended the thrust further to the south where some
metamorphic rocks have been associated with the
‘interior zone’.

The Ouachita Orogen represents the imprint of the
collision of North America, South America, and pos-
sibly several small continental blocks and/or island
arcs. The specific nature of these blocks is debatable;
however, there is agreement about the general timing.
Initial subsidence is recorded by the shift from the
Devonian chert and siliceous shale deposition to the
Carboniferous turbidite sequence. In the Ouachita
Mountains, this transition is in the Lower Mississip-
pian. Similar timing is envisioned for the Caballos
Novaculite of the Marathon region. Coincident
with the change in the basin, the shelf areas of the
Black Warrior Basin experienced a change from
the Lower Mississippian shallow marine chert and
limestone to an Upper Mississippian clastic wedge.
This Mississippian clastic wedge prograded north-
eastward, reflecting a source to the south-west. In
the Arkoma Basin, however, the shelf was stable

with Mississippian shallow marine limestone grading
southward into mudstones. A second clastic wedge in
the Black Warrior Basin of Pennsylvanian age is more
extensive, and merges with a another wedge prograd-
ing from the Appalachian tectonic front. Within the
Arkoma Basin, deltaic sedimentation on a stable shelf
continued until Middle Pennsylvanian (Lower Ato-
kan). This was followed by the development of
down-to-south normal faults and syn-orogenic de-
position. Thrust faults truncate the Pennsylvanian
sediments in the foreland basins. The Arkoma Basin
is divided into a southern compressional zone and a
northern extensional zone related to plate loading
and normal fault development. The youngest units
of the Arkoma Basin involved with the Ouachita
Orogenesis are mid-Desmoinesian (Late Pennsylva-
nian). Coincident with this compression is the devel-
opment of a successor basin south of the exposed
Ouachita Mountains. Desmoinesian shallow marine
deposits rest unconformably on deformed Ouachita
Carboniferous units. In the Marathon area the com-
pressional deformation is subdivided into two phases.
The first phase corresponded with the folding of the
Dimple Limestone, formation of the Val Verde fore-
land Basin, and the transition syn- to post-orogenic
sediments (Gaptank Formation). The timing of this
phase is Middle to Upper Pennsylvanian. The younger
phase deformed these folded and faulted Pennsylva-
nian units as part of the development of the Dugout
Creek Thrust. This younger phase extended into the
Early Permian (Wolfcampian).

While initial subsidence appears to be nearly coin-
cident along the length of the Ouachita Basin, the
compressional events began earlier in the east (Mid-
dle Mississippian). It has been suggested that this
early phase was related to a collision with an island
arc along the south-east margin of North America.
The ‘two tier’ fold style developed in the Ouachita
Mountains is interpreted as reflecting deformation in
two distinctly different settings. The earliest deform-
ation involved Cambrian through to Early Mississip-
pian basinal sediments. Tight folds and faults
developed in a growing accretionary wedge above
the oceanic and transitional continental crust. The
remainder of the Carboniferous flysch sequence was
then deposited over these deformed units and the
entire accretionary prism was thrust onto the south-
ern margin of North America in the Late Pennsylva-
nian. As mentioned above, the final stages of thrust
faulting were Desmoinesian in the Ouachita Moun-
tains. The principal thrusting began about this time
in West Texas and continued into the Early Permian.
Therefore a diachronous model is commonly applied
to the Ouachita Mountains, closing from east to
west. Thrust faults of the Appalachian Alleghenian
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Orogeny truncate the Ouachita trends in the Black
Warrior Basin. The final stages of deformation in
the Ouachita Mountains are also documented in the
rotated folds and cleavages of the Broken Bow and
Benton uplifts. These basement cored structures trend
ENE and reflect a rotation of the principal shorten
direction. It has been proposed that these uplifts rep-
resent the far-field effects of the Alleghenian collision
to the south-east. Various microplates have been pro-
posed to account for the translation of the Ouachita
facies inboard over the coeval shelf sequences. Col-
lectively these have been identified as the Sabine Plate
and represent elements trapped between South and
North America during the assembly of Pangaea. Sub-
sequent Mesozoic rifting associated with the develop-
ment of the Gulf of Mexico have unfortunately
obscured these relationships.

See Also

North America: Northern Cordillera; Southern Cordil-
lera; Southern and Central Appalachians. Pangaea.
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The Appalachian Chain is the most elegant on Earth,
so regularly arranged that its belts of formations
and structures persist virtually from one end to the
other. ... But the apparent simplicity is deceiving; actu-
ally it is full of guile, and its geology has aroused contro-
versies as acrimonious as any of those in our science.
(Philip B King, 1970)

Introduction

The exposed Appalachians extend from Alabama
to Newfoundland, with buried components extend-
ing eastward and southward beneath the Gulf and
Atlantic coastal plains, and the Atlantic continental
shelf (Figure 1). The southern and central Appalach-
ians reach their greatest width in Tennessee, the
Carolinas, and Georgia. To the north, the chain
reaches its narrowest point at the latitude of New
York City, and from there it widens northward
again into New England. Physiographical provinces
from north-west to south-east include the Cumber-
land-Allegheny Plateau, Valley, and Ridge from
Pennsylvania southward, the Blue Ridge from South
Mountain in southern Pennsylvania to northern
Georgia, and the Piedmont from New Jersey to Ala-
bama. Basins filled with Late Triassic—Early Jurassic
sedimentary (and some volcanic) rocks that formed
prior to the opening of the present Atlantic Ocean
are superposed on the Piedmont from North Carolina
northward. Physiographical provinces to the west
correspond roughly to geological provinces, but
there is little correspondence with geological prov-
inces in the interior of the chain. The southern
Appalachians contain the highest mountains in the
entire chain. Though there is one mountain (Mt
Washington, New Hampshire) in New England with
an elevation greater than 6000 ft (~2000 m), and none
farther north, there are at least 39 named peaks in the
southern Appalachian Blue Ridge of western North
Carolina and eastern Tennessee with elevations
exceeding 6000 ft. Topographic relief here can exceed
5000 ft (1600 m).

The Appalachians were created following the rifting
of the Rodinia supercontinent during three or more
Palaeozoic orogenic events: the Ordovician—Silurian
Taconian, the Devonian Acadian and Devonian—
Mississippian Neoacadian, and the Pennsylvanian—

Permian Alleghanian orogenies (Figure 2). All orogenies
were diachronous. The character of the orogen
changes roughly at the latitude of New York City,
from one constructed largely from west to east to the
north, to an orogen built from the inside out to
the south, with the exception of the Alleghanian
Thrust Belt that extends up the Hudson River Valley
to just south of Albany, New York (Figure 3).

Philip King doubtlessly had the southern and cen-
tral Appalachians in mind when he made his ob-
servation about the Appalachians. These mountains
have been studied for over 150years, and several
fundamental concepts in geological science were de-
veloped in the process. The continentward segment
of the chain consists of a foreland fold—thrust belt
that changes style within; it is fold-dominated
from Pennsylvania to south-west Virginia, thrust-
dominated from south-west Virginia to Alabama,
and fold-dominated again in Alabama (Figure 3).
This along-strike change in character is related to
changes in mechanical stratigraphy, to relationships
of the shape of the original continental margin, and to
the shape of the Gondwanan indenter that collided
with Laurentia at the end of the Palaeozoic. The
internal parts of the chain to the east initially consist
of deformed rifted margin sedimentary rocks and re-
cycled Grenville basement. These give way eastward
to accreted terranes of distal Laurentian metasedi-
mentary oceanic and arc-affinity material (Tugaloo,
Chopawamsic, Potomac, and Baltimore terranes),
then a sequence of mid-Palaeozoic metasedimentary
rocks (Cat Square Terrane), and a truly exotic peri-
Gondwanan (Pan-African) Carolina—Avalon Super-
terrane of Neoproterozoic to Ordovician arc volcanic
and volcaniclastic rocks, including the Smith River
allochthon (Figure 3). The subsurface Suwannee Ter-
rane lies south of an east- and west-trending suture
zone in southern Georgia and Alabama (Figure 4), and
contains Gondwanan-affinity basement and cover
sedimentary rocks to the south. The Appalachian col-
lage records a complete Wilson Cycle of the opening
and closing of a series of Palaeozoic oceans, starting
with rifting of the supercontinent Rodinia and ending
with the assembly of the supercontinent Pangaea.

The reference frame used throughout this article is
the present geography. However, the equator trended
north-south (present geographic frame), bisecting
North America during the Early and Middle Palaeo-
zoic. Laurentia rotated counterclockwise during the
Middle to Late Palaeozoic, bringing the continent
into its present orientation, but still at equatorial
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Figure 1

Shaded relief map showing the physiographical provinces of the southern and central Appalachians. ALB, Albany, New

York; ATL, Atlanta, Georgia; BAL, Baltimore, Maryland; BIR, Birmingham, Alabama; CLT, Charlotte, North Carolina; COL, Columbia,
South Carolina; DC, Washington, DC; KNX, Knoxville, Tennessee; NAS, Nashville, Tennessee; NYC, New York City; PHI, Philadelphia,
Pennsylvania; PIT, Pittsburgh, Pennsylvania; RAL, Raleigh, North Carolina; RIC, Richmond, Virginia; ROA, Roanoke, Virginia; WS,
Winston-Salem, North Carolina. Image from the United States Geological Survey.

latitude. Most subsequent movement of Laurentia
during the Mesozoic and Cenozoic has been north-
ward to its present location north of the equator.

Neoproterozoic to Ordovician lapetan
Margin Development and Destruction

Rifting of Rodinia

Supercontinent Rodinia formed 1.2-1 billion years ago
(Ga) as a product of the worldwide Grenvillian Or-
ogeny. The continent remained intact for ~300 million
years (My) and then rifted apart at ~750Ma in
western and north-eastern North America, but failed
rifting occurred at ~735 Ma in the southern and cen-
tral Appalachians. Failed rifting, however, produced
the alkalic A-type Crossnore plutonic—volcanic suite;
the Grandfather Mountain and Mount Rogers For-
mation marine, non-marine, and glaciogenic sedi-
mentary and bimodal volcanic rocks in North
Carolina, Tennessee, and Virginia; and the Robertson
River igneous complex in central Virginia. Successful
rifting of Rodinia along the entire southern-central
Appalachian margin occurred at ~565Ma, with
basins that deposited the Ocoee Supergroup in
Tennessee, North Carolina, and Georgia, and the
Catoctin volcanic-sedimentary assemblage in Vir-
ginia. Neither of these assemblages is physically con-
nected, because initial rifting created an irregular
margin in south-eastern Laurentia, leaving basement
highs that separated rift basins.

Deposition of the Ocoee Supergroup locally
reached thicknesses exceeding 15 km, with most of
the thickness contained in the Great Smoky Group.
The Ocoee Supergroup contains three groups: (1) the
Snowbird Group, which rests unconformably on
Grenvillian basement, (2) the Great Smoky Group,
which nowhere has been observed in direct contact
with basement rocks and is faulted onto the Snowbird
Group rocks, and (3) the Walden Creek Group, which
conformably overlies both the Great Smoky Group
and the Snowbird Group, revealing an extraordinarily
complex relationship between the components of the
Ocoee Supergroup. The Snowbird Group consists of
immature basal sandstone overlain by much cleaner
quartz arenite to arkosic sandstone, then a pelitic unit.
The Great Smoky Group consists of a rapidly de-
posited deep-water sequence of immature greywacke
and pelite (some of which was deposited in an anoxic
environment), minor amounts of cleaner sedimentary
rocks, and polymictic vein quartz-dominated con-
glomerate that also contains quartzite, sandstone,
granitoid, black shale rip-ups, and variably textured
limestone and dolostone clasts. The Walden Creek
Group consists of banded chlorite-sericite slate that
contains minor amounts of limestone overlain by
shale, clean sandstone, and limestone. The latter unit
has yielded soft-bodied wormlike fossils, and possible
ostracodes and inarticulate brachiopods, indicating
a Cambrian (probably Tommotian) age. Coarse poly-
mictic vein quartz-dominated conglomerate facies
also occur within this unit, and again the clasts are
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Figure 2 Events distributed through time in the Appalachian Wilson Cycle. High points on the curves denoting orogenies indicate
locations of maxima in time and maximum pressure and temperature conditions. Compressional events and related activities are red;
arc and rifted margin volcanism is purple; clastic wedges are brown and orange; carbonate platforms are blue; rifting events are
green. Note that the horizontal scale is expanded between 500 and 200 Ma.

dominated by vein quartz; several textural and com-
positional variations of limestone and dolomite; and
quartzite, sandstone, and black shale rip-ups. Many of
the conglomerates clearly were deposited in channels;
armoured mudballs have been observed in at least
one palaeochannel. Though the Ocoee Supergroup
thins gradually southward to near Cartersville, Geor-
gia, its thickness rapidly decreases northward from
its maximum of 15 km in the Great Smoky Mountains
National Park, to zero south-east of Johnson City,
Tennessee.

In central Virginia, the Ocoee-equivalent ~565-
My-old Catoctin Formation consists of basalt and
rhyolite, with some interlayered clastic sedimentary
rocks that are locally underlain by an older suite
of immature rift-related sedimentary rocks (Snow-
bird Group equivalent?). East of the Blue Ridge
anticlinorium in northern North Carolina and Vir-
ginia is a sequence of distal, deeper water clastic
sedimentary and rift-related volcanic rocks, the
Ashe-Alligator Back-Lynchburg sequence. More

distal eastward and south-eastward equivalents of
these metasedimentary and metavolcanic rocks
(Ashe-Tallulah Falls—Sandy Springs) have been re-
cognized in the eastern Blue Ridge and Inner Pied-
mont from the Carolinas to Alabama. They are
overlain by Cambrian—Ordovician(?) metasedimen-
tary rocks (Candler, Chauga River), and by Middle
Ordovician(?) mid-oceanic ridge basalt-arc volcanic
rocks (Slippery Creek-Poor Mountain—-Ropes Creek).
Farther east in the Virginia Piedmont is a sequence
of felsic-mafic volcanic rocks from ~470 Ma (Cho-
pawamsic) that were intruded by plutons at
~455 Ma, then overlain by fossiliferous Late Ordovi-
cian (Ashgill) fine-grained clastic rocks comprising
the Chopawamsic Terrane.

The Lower Cambrian Chilhowee Group was
deposited on the Laurentian margin during the rift-
to-drift transition, and consists of upward-maturing
alternating sandstone and shale units. The lowest unit
consists of immature sandstone and greywacke with
some basalt. The upper part of the Chilhowee Group
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Figure 3 Tectonic map of the southern and central Appalachians. GMW, Grandfather Mountain window; SMW, Sauratown Mountains window; TFD, Tallulah Falls Dome; Cart. Terr.,
Cartoogechaye Terrane. Colour key: ultramafic rocks are black; Alleghanian clastic wedge is orange (to north-west); Acadian clastic wedge is light yellow (north-eastern and south-western
parts of map); Middle Ordovician (Sevier, Blountian) clastic wedge is lavender; Upper Ordovician—Silurian Martinsburg-Tuscarora (type Taconian) clastic wedge is wine; Cambro-
Ordovician platform rocks are dark blue; rifted Laurentian margin Neoproterozoic to Cambrian clastic and volcanic rocks are tan; Murphy syncline is olive green with lavender in centre
(imbedded in tan in Georgia and North Carolina); -1.1-Ga (Grenvillian) rocks are red; pre-Grenvillian 1.8-Ga Mars Hill Terrane is brown-orange (next to large red area in the Blue Ridge);
Cowrock Terrane is light blue (in Georgia and North Carolina); Cartoogechaye Terrane is light orange (in Georgia and North Carolina); Dahlonega gold belt is burnt orange (Georgia and
North Carolina); Hamburg Klippe is pink (north-eastern part of map); high-grade parts of Carolina Superterrane are dark green; low-grade parts of Carolina Superterrane are light green;
Neoproterozoic pluton is light grey (north-west of GMW); Neoproterozoic to Early Cambrian plutons (Carolina Superterrane) are dark blue-green; Ordovician plutons are dark purple; likely
Ordovician and Silurian plutons are medium purple; Devonian plutons dark gray-green; Carboniferous to Permian plutons are red-orange; Late Triassic—Jurassic sedimentary and volcanic
rocks are brown. Scale = 1:2500 000.
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Figure 4 Magnetic map of major crustal features in southern and central Appalachia. Magnetic anomalies are shown in spectral
colours, with red indicating highs and blue indicating magnetic lows. Image from the United States Geological Survey.

was probably deposited along the open-ocean margin,
because it grades upward into the first successful car-
bonate bank assemblage. Both the Chilhowee Group
and the overlying Shady (-~Tomstown-Dunham)
Dolomite are continuous throughout the Appalachian
margin.

Passive Margin Evolution

Once the first carbonate bank was established, the
south-eastern Laurentian margin continued to develop,
with pulses of clastic sediment derived from the eroding
Grenvillian mountains of progressively lower relief.
From Late Cambrian to earliest Middle Ordovician
time, carbonate deposition transgressed across the
entire margin into the central interior of North Amer-
ica, extending westward as far as present-day western-
most Texas, and northward into southern and eastern
Canada. This formed the first extensive carbonate plat-
form across much of interior Laurentia. Following this
great incursion of shallow-water marine carbonate de-
position into interior North America, the entire car-
bonate platform was uplifted and a karst surface
formed over all, except for an area in northern Virginia,
Maryland, and Pennsylvania. Carbonate deposition
resumed during the Middle Ordovician (Llanvirn).
Shortly afterwards, the eastern margin began rapidly
to subside as Ordovician volcanic arcs were obducted
onto the eastern Laurentian margin (Figure 5).
A foredeep formed in front of the arriving thrust sheets,
to the west of that a forebulge, and a back-bulge basin
formed ~200km to the west into the platform. This

Crustal load Forebulge

(peripheral
bulge)

Back-Bulge

Foreland basin ;
basin

Figure 5 Ordovician loading of the Laurentian margin by
obducted volcanic arcs, producing a foredeep basin, forebulge,
and a back-bulge basin farther into the continent.

back-bulge basin accumulated >3 km of clastic sedi-
ment in the southern Appalachians, forming the Sevier
clastic wedge that graded westward into the thin plat-
form limestone sequence. Potassium (K)-bentonite
beds (Late Llanvirn) from continuing volcanic activity
to the east were deposited throughout the southern and
central Appalachians and on the adjacent platform to
the west.

The younger (Caradocian) Martinsburg clastic
wedge formed a thin successor basin atop the Sevier
wedge in the southern Appalachians, but accumulated
~5 km of deep-water turbidic clastics in Pennsylvania,
probably in a true foredeep. The Martinsburg assem-
blage graded upward into the shallower water Ashgill
Juniata red-bed succession, and then into the Llando-
verian Clinch-Tuscarora quartz arenite and Shawan-
gunk Conglomerate (to the north-east). Though the
source of the clastic sedimentary assemblage in the
Sevier back-bulge and Martinsburg foredeep basins
was clearly to the east, detrital zircon suites contain
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no Palaeozoic components. All are dominated by
zircons derived from Grenvillian and older Laurentian
sources, suggesting provenance from exhumed and
cannibalized platform, and rifted margin sedimentary
and volcanic rocks. Clasts in Llanvirn polymictic con-
glomerates in the Sevier Basin sample platform
carbonate and older lithologies, but none are derived
from sources in the Taconian Orogen. Detrital zircon
suites from the rifted margin succession (Ocoee Super-
group, Ashe Formation, and equivalents) across the
southern Appalachian Blue Ridge and western Inner
Piedmont (Tugaloo Terrane) are all dominated by
zircons from ~1.1 Ga, with smaller components of zir-
cons from 1.3-1.5 Ga. Dahlonega gold belt detrital
zircons, though also dominated by 1.1- to 1.4-Gy-old
components, contain components from 2.7-2.9 Ga,
1.9-2.2 Ga, and 650-700 Ma. These rocks were trad-
itionally considered only a more distal facies of the
Ocoee Supergroup, but detrital zircons suggest they
may be more exotic. In addition, the Dahlonega gold
belt contains an arc complex from 460 and 480 Ma.

Taconic Events

The Taconic Orogeny is clearly diachronous in the
southern and central Appalachians, with earlier
pulses beginning in the Late Arenig in the southern
Appalachians and the younger event—the type Taco-
nic Orogeny—Dbeginning sometime in the Llandeilo or
Caradoc in the central Appalachians. Corresponding
suites of plutons, penetrative deformation, and meta-
morphism to conditions as high as granulite facies
were a product of subduction, obduction, and arc
accretion. The 455- to 460-My-old plutonic-volcanic
suite (Hillabee, Ropes Creek, Poor Mountain, Cho-
pawamsic, Baltimore) in the southern and cen-
tral Appalachians has a mid-oceanic ridge basalt
(MORB) to arc affinity. At that time, the Neopro-
terozoic to Cambrian rifted margin assemblage was
A-subducted beneath the arc, penetratively deformed,
and metamorphosed to mid-crustal metamorphic
assemblages.

During the Taconic events, the Laurentian margin
underwent A-subduction and several oceanic and arc
assemblages were obducted onto the margin, with
accompanying emplacement of the Cowrock, Car-
toogechaye, and Tugaloo Terranes in the southern
Appalachians, and the Chopawamsic, Potomac, and
Baltimore Terranes in the central Appalachians
(Figure 3). In New Jersey and eastern Pennsylvania,
Grenvillian basement was remobilized in the core of
the recumbent Musconnectong Nappe. Basement was
also remobilized to the north-east (Hudson-New
Jersey Highlands) and south-west, forming external
massifs in the core of the Blue Ridge from Virginia to
Georgia. Internal massifs in the eastern Virginia

Goochland Terrane, the Tugaloo Terrane west of the
Brevard fault zone in the Carolinas and north-eastern
Georgia, and possibly in the Pine Mountain window
in Georgia and Alabama were remobilized, although
remobilization of basement in the latter may be
younger (see later).

A suite of thrust sheets carrying deep-water sedi-
mentary rocks was emplaced onto the New England
and Canadian Maritimes margin at this time, locally
carrying oceanic crust and mantle in ophiolite sheets
(Quebec and Newfoundland). These extend into
the central Appalachians as the Hamburg Klippe in
New Jersey and the south-eastern Pennsylvania Pied-
mont. None has been identified farther south. Other
premetamorphic thrusts formed at this time from the
Pennsylvania Piedmont southward. Amalgamation of
old and new crust generated during the Taconian
events formed a superterrane along the south-eastern
Laurentian margin.

Cat Square Terrane

Deposition continued until post-430 Ma in the still-
open remnant of the Theic Ocean that lay between
south-eastern Laurentia and the approaching Caro-
lina Superterrane. Here a sequence of immature deep-
water sandstones (subgreywacke to greywacke) and
pelites that today consist of aluminous schist and bio-
tite gneiss were probably deposited on oceanic(?)
crust. Detrital zircons include the usual prominent
1.1- to 1.4-Ga suite, but with the addition of major
components of zircons from 600, 500, and 430 Ma,
along with small populations of zircons from 1.9-2.2
and 2.7-2.9 Ga. This diverse population suggests sedi-
ment was derived from both Laurentia and Carolina.
Presence of younger zircons precludes docking of the
Carolina Superterrane before the Late Devonian or
Early Carboniferous.

Pine Mountain Terrane

The Pine Mountain Terrane in west-central Georgia
and eastern Alabama is a complex window exposing
1.1-Gy-old Grenvillian basement and a thin cover
sequence of Early Palaeozoic(?) schist, quartzite—
dolomite, and a higher schist. The window is framed
by the dextral Towaliga and Goat Rock and Dean
Creek faults to the north and south, respectively, but
is closed by the Box Ankle Thrust at the east end. All
of these faults yield Alleghanian ages, but the Box
Ankle Fault was emplaced at sillimanite-grade pres-
sure and temperature (P-T) conditions, whereas the
Towaliga and Goat Rock(?) faults moved during
garnet-grade conditions, and the Dean Creek Fault
moved under chlorite-grade conditions (the same as
the Modoc, farther east). Detrital zircons from the



78 NORTH AMERICA/Southern and Central Appalachians

cover-sequence quartzite inside the window yield the
usual dominance of ages from 1.1 Ga, but a signifi-
cant component of zircons from 1.9-2.2 Ga occur
there, suggesting a Gondwanan provenance for this
sequence and basement. If this is a rifted block of
Gondwanan basement, the emplacement kinematics
would be very complex, because of the Late Palaeo-
zoic ages of all of the faults framing the window. This
basement block and its cover have traditionally been
considered Laurentian and the cover sequence is
thought to be metamorphosed platform rocks. It
remains a suspect terrane.

Peri-Gondwanan Carolina
Superterrane

Coeval with the rifting of Rodinia was the devel-
opment of a number of Peri-Gondwanan terranes
in the intervening oceans separating Laurentia from
Gondwana. All of these terranes developed proximal
to Gondwana, formed composite superterranes,
and were accreted to the Laurentian assemblage
during the mid-Palaeozoic. Peri-Gondwanan com-
ponents located in the southern and central Appa-
lachians consist of the Carolina Superterrane and
outlier Smith River allochthon (Figure 3). The Neo-
proterozoic component of the Carolina Terrane con-
sists of a mafic to felsic volcanic arc assemblage and
associated volcaniclastic sedimentary rocks. A num-
ber of plutons were generated in the range of
550-600Ma and intruded into the underpinning
of the arc complex. This assemblage was metamorph-
osed during the Cambrian because plutons from
530 Ma cut upper amphibolite to greenschist facies
metamorphic rocks. Neoproterozoic Ediacaran meta-
zoan fossils have been identified on bedding planes
in low-grade felsic volcanic rocks near Durham,
North Carolina.

Overlying the arc complex is a sequence of Cam-
brian and possible Ordovician clastic sedimentary
rocks. A Middle Cambrian Acado-Baltic (Paradox-
ides) fauna occurs in these sedimentary rocks in South
Carolina, and Ordovician conodonts have also been
reported in another part of the sequence in North
Carolina. The high-grade western Carolina Superter-
rane contains a 350- to 360-My-old metamorphic
overprint and numerous younger (Devonian to Car-
boniferous) granitoids probably related to the mid-
Palaeozoic to Late Palaeozoic docking of the Carolina
Terrane. The greenschist and lower grade central and
eastern Carolina Terrane consists mostly of volcanic
and volcaniclastic rocks interrupted by the Allegha-
nian Kiokee Belt metamorphic core. South-east of this
metamorphic core are more low-grade volcanic and
volcaniclastic rocks.

Mid-Palaeozoic Sedimentation and
Neoacadian Docking of the Carolina
Superterrane

Evidence for the Acadian Orogeny from 410-380 Ma
in the southern and central Appalachian internides is
mostly lacking. A suite of granitoid plutons from
374-382 Ma (Rabun, Pink Beds, Looking Glass, Mt
Airy, Stone Mountain) intruded the eastern Blue
Ridge of the Carolinas and Georgia, and a suite of
anatectic granitoids (Toluca) from 380 Ma exists in
the Cat Square Terrane. The Catskill delta spread
Middle and Upper Devonian sediment from
New England into New York and Pennsylvania, but
pinches to the south. Late Silurian—Early Devonian
sedimentary rocks comprise the Talladega Group
in Alabama. Deposition of the Upper Devonian—
earliest Carboniferous Chattanooga—Brallier (and
equivalents) black shale unconformably on folded
and faulted Silurian and older rocks on the platform
may be an indicator of the Neoacadian Orogeny
in the internal parts of the southern and central
Appalachians.

Detrital zircon ages require that the Cat Square
Terrane lying immediately east of the Tugaloo Ter-
rane and west of Carolina (Figure 3) be accreted
during the mid-Palaeozoic to Late Palaeozoic. Ana-
tectic granites formed at ~380 and 366 Ma. Meta-
morphic rims on zircons, not only in the Cat Square
Terrane, but also throughout the Tugaloo Terrane,
along with deformed 366-My-old plutons in the Cat
Square Terrane, indicate peak metamorphism oc-
curred from 360-350 Ma. U/Pb thermal ionization
mass spectroscopy (TIMS) ages on monazite yield
similar 360 (and 320) Ma ages. Metamorphism to
upper amphibolite and granulite facies conditions
probably corresponds to time of docking of the
Carolina Superterrane, whereby the previously assem-
bled superterrane plus the Cat Square Terrane were
A-subducted beneath Carolina, achieving the burial
depths necessary to produce wholesale migmatization
in the Inner Piedmont and eastern Blue Ridge.

The Inner Piedmont, which now consists of the Cat
Square and the eastern Tugaloo Terrane, records a
unique pattern of crustal flow that probably is the
key to the docking kinematics of the Carolina Ter-
rane. This flow pattern, from south-east to north-
west, consists of a north-west-directed suite of thrust
sheets that to the west became south-west directed as
they were buttressed against the eastern Blue Ridge
rocks along the Neoacadian Brevard fault zone. The
docking process was probably thus oblique transpres-
sional, beginning in the north and propagating south-
westward. As the Carolina Superterrane subducted
the components previously joined to Laurentia, the
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Inner Piedmont may have decoupled to form an oro-
genic channel through which the partially melted
plastic mass escaped and extruded south-westward.

The western boundary of the Tugaloo Terrane is
the Chattahoochee-Holland Mountain fault in the
eastern Blue Ridge, which truncates the 374-My-old
Rabun Granodiorite. This fault transported migmati-
tic kyanite to sillimanite-grade Tugaloo Terrane rocks
over staurolite—kyanite-sillimanite-grade rocks of the
Dahlonega gold belt in southern North Carolina and
northern Georgia, and was tightly folded after em-
placement. The Chattahoochee-Holland Mountain
must therefore be either a Neoacadian or an Allegha-
nian fault. Though the detrital zircon suites in the
Tugaloo Terrane have quite uniform ages and prob-
ably reflect a Laurentian source, both Ordovician and
Devonian plutons in the western Tugaloo Terrane
contain a wide range of inherited components, from
dominant 1.1-Gy-old to Archaean zircons. In con-
trast, almost none of the Ordovician (~466 Ma) and
Devonian (~380 Ma) plutons in the eastern Tugaloo
and Cat Square Terranes contain any inheritance. The
magmas in the western Tugaloo Terrane must have
passed through an appreciable thickness of old crust,
whereas the magmas crystallizing the plutons in
the Inner Piedmont east of the Brevard fault zone,
which were generated in more oceanic to arc environ-
ments, did not pass through older continental crust
on their way to crystallization. Inner Piedmont and
eastern Blue Ridge rocks cooled sufficiently to block
the metamorphic zircon rims and monazite from
360-350 Ma, and the western Carolina Superterrane
recorded *°Ar/*” Ar cooling from 350 to 360 Ma. Both
terranes were reheated at 325 Ma, probably marking
the initial collision of Gondwana with Laurentia. The
350- to 360-Ma event actually records the first ther-
mal connection between the Inner Piedmont and the
Carolina Superterrane.

Late Mississippian to Permian
Alleghanian Zippered Collision with
Gondwana and the Amalgamation of
Pangaea

Actual collision of Gondwana with crust amalgam-
ated during the Early to Middle Palaeozoic orogenies
began the final chapter in the formation of the Appa-
lachian Mountain chain. This collision was oblique,
transpressive, rotational, and involved north-to-south
collision zipper-like closing of Gondwana with the
previously assembled Laurentian—Peri-Gondwanan
collage. Initial collision produced a suite of largely
S-type granites. Additionally, the Brevard Fault
zone was reactivated dextrally under chlorite-grade

conditions, and additional dextral faults—the Hylas
and other components of the eastern Piedmont Fault
system (Roanoke Rapids, Nutbush Creek, Modoc,
Augusta, Towaliga, Goat Rock, Bartlett’s Ferry)—
formed as crustal blocks attempted to escape from
the collision zone by moving south-westward from
the vicinity of present-day northern Virginia—
Maryland-Pennsylvania-New Jersey. In addition to
the 325-My-old plutonic suite, a younger suite of
plutons from 300-265 Ma is largely confined to
the Carolina Terrane. These plutons were likewise
generated during various stages of collision. A fault-
bounded metamorphic belt, the Kiokee—Raleigh—
Goochland Terrane extending from Georgia to the
eastern Virginia Piedmont (Figure 3), was also
generated during the early and middle stages of
collision. Here low-grade Carolina Terrane rocks
were metamorphosed to middle to upper amphibolite
facies assemblages. In South Carolina and Georgia,
the north-west flank of this metamorphic belt
consists of the dextral Modoc Fault, whereas the
down-to-the-south Augusta fault comprises the
south-eastern flank. The Modoc Fault has been traced
south-westward to the south-eastern flank of the
Pine Mountain window in Georgia and Alabama,
where it joins the Dean Creek Fault.

The collision process with its accompanying
faulting and other indications of compression caused
the interior of the mountain chain to be uplifted
beginning in the Late Mississippian (about 325-
320Ma). The uplift process was complex and is
recorded by current indicators, variable sediment
thickness, and decreased maturity of sediments that
demonstrate the orogen was unroofed piecemeal
from Alabama to Pennsylvania. At that time, a near-
sea level delta formed on the western flank of the
chain on the Laurentian margin and the first sedi-
ments that contain Palaeozoic detrital zircons were
deposited from Alabama to Pennsylvania. The transi-
tion from marine to non-marine depositional condi-
tions took place from the Late Mississippian into the
Early Pennsylvanian, and abundant land plants
formed the coal and the associated sedimentary
rocks of the Appalachian Basin.

The final stage of the Alleghanian scenario in-
volved head-on collision of south-eastern Laurentia
with Gondwana (Figure 6). The major product of
head-on collision is the Blue Ridge-Piedmont mega-
thrust sheet that transported crust amalgamated
during all previous Palaeozoic events at least 350 km
onto the North American platform. The Brevard
Fault remained a suitably oriented weak fault and
was again reactivated, this time as an out-of-sequence
thrust in the interior of the megathrust sheet The
Late Mississippian to Permian clastic wedge was
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ultimately deformed as the Blue Ridge Piedmont
megathrust sheet pushed into the continent,
deforming the platform into a foreland fold—thrust
belt. In addition, the delta complex that had formed
to the west of the rising mountain chain was ultim-
ately deformed. Though final collision was head-on
and the megathrust sheet moved westward, uplift of
the interior of the chain was non-uniform. The oldest
parts of the delta complex are in the southern part of
the orogen, possibly related to uplift and erosion of
the earlier Ouachita Orogen. This part of the fore-
deep was superseded to the north by a younger delta
complex that fed south-westward along the trough of
the foredeep.

The collision was finished about 265 Ma, forming
Supercontinent Pangaea and completing the Palaeo-
zoic Wilson Cycle of opening and closing of oceans.
The subsurface Suwannee Terrane south of the almost
east- and west-trending suture in southern Georgia
and Alabama consists of Gondwanan basement and
cover Ordovician to Devonian sedimentary rocks of
West African affinity. These rocks were left on the
Laurentian side in the wake of the breakup of Pangaea.
The southern and central Appalachians constitute a
microcosm in the assembly of all existing continents
along the huge suture zone that extends from south-
eastern Laurentia through North-west Africa, western
Europe, and the Ural Mountains in Russia.

Breakup of the supercontinent began during the
Late Triassic, at ~50 My following the amalgamation
of Pangaea, beginning the initial stages of opening of
the present Atlantic Ocean. The assembly of Pangaea
took place over a span of at least 100 My, but ironic-
ally, its breakup occurred over a much shorter time-
span. This contrasts with the >200-My time-frame
for assembling Rodinia and the 300 My that it took
for it to break apart.

See Also
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Introduction

The Appalachian Orogen is a remarkably linear,
north-east-trending, Palaeozoic mountain belt that
generally follows the eastern seaboard of North
America, with the segment between Long Island
Sound and Newfoundland (Figure 1) being referred
to as the Northern Appalachians. Prior to the Meso-
zoic opening of the Atlantic Ocean, the Appala-
chians continued into the Caledonides of the British
Isles and Scandinavia, forming a long linear mountain
chain that was created by the closing of the
Iapetus (Cambrian-Early Devonian) and Rheic
(Devonian—Carboniferous) Oceans.

Iapetus started to open at the end of the Neoproter-
ozoic (about 570 Ma) as a result of the final breakup
of the supercontinent Rodinia, and had achieved a
width of about 5000 km by the end of the Cambrian
(500-490 Ma). The south-facing margin of ancient
North America (Laurentia), which was then situated
near the equator in a roughly east—west orientation,
defined the northern limit of Iapetus. The northern
margin of Gondwana, a large continent centred on
the south pole and comprising present-day Africa,
Australia, Antarctica, India, and large parts of South
America, represented the southern limit of Iapetus
(Figure 2). The large Gondwanan landmass was
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assembled as a result of late Neoproterozoic to
Early Cambrian collisions; thus the opening of
Iapetus overlapped in time with the final assembly
of Gondwana. The Rheic Ocean opened when the
Avalonian microcontinent rifted from Gondwana
during the Early to Middle Ordovician. The Rheic
Ocean was host to several small continental terranes,
including Meguma, which were accreted to Laurentia
before the final Carboniferous arrival of Gondwana
and the formation of the Pangaean supercontinent.

Tectonostratigraphical Divisions

The tectonic architecture and the evolution of
the distinctive rock assemblages in the Northern
Appalachians are generally described within a frame-
work of tectonostratigraphical zones and subzones.
The concept of zonal divisions, based on sharp
contrasts in lithology, stratigraphy, fauna, structure,
geophysics, plutonism, and metallogeny of Early
Palaeozoic and older rocks, was first introduced
more than 30 years ago by Harold Williams,
following detailed studies of the well-exposed coastal
sections in Newfoundland. The identification of
these zonal divisions throughout the Northern
Appalachians implies a common geological evolution
within each zone and highlights the usefulness of
each in tectonic analysis.

From west to east, the Northern Appalachians have
been divided into the Humber, Dunnage, Gander,
Avalon, and Meguma zones (Figure 1). The Humber
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Laurentia

Figure 2 Early Cambrian (around 540 Ma) palaeogeography of the lapetus Ocean. Seafloor spreading that led to the opening of
lapetus started at around 570 Ma. Aval., Avalonia; Carol., Carolina; DA, Dashwoods; Gand., Ganderia; Hgl., Hélanda; Pc, Precordillera
Terrane. Meguma was probably situated further east, just outside the field of view, along the north African margin of Gondwana near
elements of Armorica. Hélanda and Precordillera are peri-Laurentian microcontinents like Dashwoods but ended up in Baltica and the
South American part of Gondwana, respectively, after the closure of lapetus. Made with the help of Conall MacNiocaill.

Zone represents the peripheral part of the Laurentian
Craton, which was involved in Appalachian orogen-
esis. The Gander, Avalon, and Meguma zones repre-
sent peri-Gondwanan microcontinents that accreted
to Laurentia during the Early to Middle Palaeozoic
(450-380 Ma). The Dunnage Zone contains the rem-
nants of oceanic terranes that formed within the
realm of the Tapetus Ocean, and is subdivided into
the Notre Dame and Exploits subzones.

Orogenesis (the combined effects of spatially
and temporally associated deformation, metamor-
phism, magmatism and sedimentation) was mainly
confined to the central portion of the Northern Appa-
lachians, often referred to as the Central Mobile Belt.

Humber Zone

The Humber Zone is mostly underlain by a Late
Neoproterozoic—Ordovician rifted passive margin
sequence deposited on Laurentian basement that
had experienced multiple orogenic events during the
Mesoproterozoic (around 1.5-0.95 Ga), culminating
in the Grenville orogeny (around 1.2-0.95 Ga). These

basement rocks are exposed in several windows from
Newfoundland to southern New York state. Its Late
Neoproterozoic—Palaeozoic cover preserves evidence
of rifting, development of a warm-water carbonate
shelf and slope, and conversion into a convergent
margin. Rift-related magmatism took place intermit-
tently during an approximately 70 Ma time-span
during the latest Neoproterozoic (620-550 Ma) and
was coeval with the deposition of consanguineous
clastic sedimentary rocks. Exactly when during this
time interval the opening of the Iapetus Ocean began
is at present unclear, but palaecomagnetic and
geological arguments suggest that it occurred at
around 570 Ma. Several lines of evidence suggest
that the final stage of rift magmatism (555-550 Ma)
and the subsequent Early Cambrian (around 540 Ma)
transition from rift to drift sedimentation preserved
in Newfoundland, Quebec, and New England
(Figure 3), relates to the departure of a small micro-
continent, referred to as Dashwoods. This event thus
postdates the seafloor spreading associated with
the earlier opening of Iapetus. Dashwoods equates
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to the Boundary Mountain Terrane in New England.
Spreading between Laurentia and the Dashwoods
microcontinent was either very slow or aborted
soon after formation, because faunal and palaecomag-
netic data suggest that the Dashwoods was separated
from Laurentia by only a narrow oceanic seaway (the
Humber Seaway). The along-strike extent of the
Dashwoods is uncertain. Isotopic evidence for the
involvement of Laurentian crust in the generation of
Early to Middle Ordovician magmatic rocks of the
Notre Dame Arc and Laurentian rift-related clastic
rocks positioned in an upper plate setting during the
Taconic Orogeny (Figures 1 and 3) suggests that
this microcontinent extended southward into New
England.

The conversion of the Humber passive margin into
a convergent margin is indicated by cratonward mi-
gration of a foreland basin formed in response to
tectonic loading of the margin by an overriding

ophiolite terrane (Figure 3). Foreland-basin develop-
ment was immediately preceded by uplift and local
karst erosion due to the passage of a peripheral bulge
across the margin. This process started in the Middle
to Late Arenig (around 474 Ma) and lasted at least
until the Late Caradoc (around 450 Ma) in New-
foundland. Loading of the margin started slightly
later in Quebec and New England (Figure 3) probably
owing to the presence of the Quebec Reentrant-St
Lawrence Promontory pair (Figure 1).

Dunnage Zone

Palaeomagnetic, fossil, and other geological evidence
indicates that the oceanic terranes of the Dunnage
zone (Figure 1) can be separated into peri-Laurentian
(Notre Dame Subzone) and peri-Gondwanan (Ex-
ploits Subzone). Detailed geochemical studies have
revealed that virtually all the preserved oceanic rocks
have compositions typical of suprasubduction zone



NORTH AMERICA/Northern Appalachians 85

settings (i.e. fore-arc, arc, and back-arc). True oceanic
lithosphere formed at mid-oceanic spreading centres,
far removed from continental margins and subduc-
tion zones, is either very rare or has been lost during
subduction.

Notre Dame Subzone The Notre Dame Subzone
(Figure 1) lies immediately east of the Humber Zone,
from which it is separated by a complex and long-
lived fault zone, the Baie Verte-Brompton—Camerons
Line. The Notre Dame Subzone comprises several
unrelated Middle Cambrian to Middle Ordovician
(507-462Ma) oceanic terranes and an important
continental magmatic arc (the Notre Dame Arc),
which was intermittently active between 488 and
433 Ma (Figure 3). Rocks of the Notre Dame Subzone
can be traced from south-western Connecticut
through western New England and Quebec into
Newfoundland (Figure 1), where they are best ex-
posed and studied. Rocks belonging to the Notre
Dame Arc are commonly referred to as the Shelburne
Falls Arc in New England. The eastern boundary of
the Notre Dame Subzone with the Exploits Subzone
is marked by a major suture (the Red Indian Line)
that juxtaposes rocks formed on opposite sides of the
lapetus Ocean (Figure 4).

The oldest oceanic rocks in the Notre Dame Sub-
zone occur in the Middle to Upper Cambrian (around
507-490 Ma) Baie Verte Oceanic Tract, which mainly
represents an infant arc terrane (wide zone of supra-
subduction-zone oceanic lithosphere created during
and shortly after the initiation of subduction, before
the establishment of a well-defined linear narrow arc
axis). The Baie Verte Oceanic Tract was obducted on
to the Dashwoods shortly after formation owing to
eastward-directed (present coordinates) subduction
initiated close to Laurentia. Stitching plutons of the
first phase of the Notre Dame Arc (around 488 Ma)
indicate that obduction in Newfoundland took place
during the latest Cambrian. Rare evidence of Late
Cambrian tectonometamorphic events and the age
range of Early Ordovician arc plutonism in New
England and Quebec suggest that there was little
diachroneity in this process along the length of the
Northern Appalachians. The first phase of Notre
Dame Arc magmatism resulted from the stepping
back of subduction into the Humber seaway, trans-
ferring the Dashwoods microcontinent from a lower-
plate to an upper-plate setting (Figure 3). Closure of
the Humber Seaway brought Dashwoods back to
Laurentia in the late Arenig (475-470Ma) and
started the Taconic orogeny. The Taconic Orogeny
was accompanied by the second phase of Notre
Dame Arc magmatism (469-458 Ma) and intense
deformation and Barrovian metamorphism of the

Dashwoods, including the rocks generated during
the first phase of the Notre Dame Arc development.

A younger, unrelated, oceanic terrane, the
Annieopsquotch accretionary tract, is situated along
the eastern margin of the Notre Dame Subzone, im-
mediately west of the Red Indian Line (Figure 4). The
Annieopsquotch accretionary tract comprises a tec-
tonic collage of Arenig-Llanvirn (480-462 Ma) infant
arc, arc, and back-arc terranes that formed as a result
of west-directed subduction outboard of the Dash-
woods. Ultramafic rocks are rarely preserved in the
Annieopsquotch accretionary tract, in contrast to the
Baie Verte Oceanic Tract, probably because their ac-
cretion to the Dashwoods involved underthrusting
and structural underplating rather than obduction.
Accretion of the Annieopsquotch accretionary tract
to Laurentia started at around 470 Ma, suggesting
a causal relationship to the Taconic, Laurentia—
Dashwoods, collision further west, and ended before
455-450 Ma, when the leading edge of the Exploits
subzone (Popelogan—Victoria Arc) started to accrete
to Laurentia. The Annieopsquotch accretionary tract
is poorly preserved in New England, mainly because
the Red Indian Line is here largely buried and/or
obscured by Mid-Palaeozoic cover sequences and tec-
tonism. The Red Indian Line approximately follows
the eastern boundary of the Connecticut—-Gaspé Belt
(Figure 1) and is locally marked in Maine by mélanges
and ophiolitic rocks.

The Notre Dame Subzone experienced both uplift
and subsidence during the Late Ordovician and Silur-
ian, and is locally overlain by a marine to terrestrial
Silurian volcanosedimentary sequence. Terrestrial
rocks are dominant in Newfoundland, while marine
deposits characterize New England and Quebec.

Notre Dame Arc magmatism had ended by the early
Silurian and was replaced by a phase of Early to Late
Silurian (433-424 Ma) bimodal within-plate volcan-
ism and plutonism; the latter has been ascribed to
breakoff of the west-dipping, down-going slab res-
ponsible for accretion of the Annieopsquotch accre-
tionary tract, the Exploits Subzone, and the Gander
Zone. Early Devonian (Acadian) orogenesis, very pene-
trative in the adjacent Exploits Subzone and Gander
Zone, is weak or absent, showing that the locus of
orogenesis had shifted to the south-east by Late Silur-
ian times. Mild orogenesis returned by the Middle
to Late Devonian (Neoacadian, 395-350 Ma).

Exploits Subzone The oldest known subduction-
related rocks preserved in the Exploits Subzone have
Lower Cambrian to Tremadoc (513-486 Ma) ages
and compositions typical of an arc or back-arc set-
ting. Some of the rocks have compositions and
stratigraphies typical of ophiolite complexes, while



Peri-Laurentia

Peri-Gondwana

A
Armorica?

Ganderia Avalonia
Dunnage Zone [ ] I ] [ ]
Notre Dame Subzone | : Exploits Subzone II | Gander Zone : ﬁl\valon ZoneI Mleguma Zonle
Gander margin
Dash Al tch A ti tract I Popelogan-Victoria Tetagouche—Exploits 9
ashwoods nneopsquoic ccretionary trac Arc (PVA) back arc basin (TEB)
| [ 1 ]
- To Do
e PG D S N Y N
C=d 1 i W G
|
890 1 Eifelian | ! 2 Q0
YD
- ; TS '
400 Emsian | I :
@0 ®I® 1
410 Pragian l %
418 _|_Lochkovian i
420 T Tudiow = a>» i I
Wenlock L .
429 APIAIRRARARANI IS L gl i S
Llandovery <& 1 (:)kf : NARARAT
443 Ashail I 1 AR
shgi -
449 '
Caradoec 1
459 y ) 4 ~ / I '
Llanvirn VUV Y A I N .
465 MV oI §¥§ l.--.nu = v~ ]
v@vv G EIEEEEE ~ ~ o v p— LA Pas, i
Arenig AULRY" AN ~ ~ o~ A A\ ey v 0O e}
480 0 Dunnage Fray | e & I 1
p P | S w P /] 1
Tremadoc Mélange | ; %" — 5 VN =
490 @ %J\L " Penobscot : 5 _"-_‘_:I I=a -
Gt < VDR complec RS 3 g
500 ~—2m0an & ad ) i 2 g1
Middle o 3533‘65 I 7 2l B 3l
511 JCambrian |4 (\\'9 vy »ﬂ . H 2 3|
: S WG B 4 o
520 Y . 2 17 8 'z
Early & MHIRG = 13
Cambrian I gl '8 ? 9 gl
3 5| 1° 5 1S
>
| 2l . Peri{Gondwanan ‘SI L
543 . A / AL '
Tectonism | 4 1 I?
+ o+ |+ I ' !
Neoproterozoic 4
+ F+ + + |+ '
+ + |+ 1
-+ + + o+ I
+ o+ o+ 4+l 1
b e ke -4 [ ]

570

suelyoejeddy uJayLON/YOIHIINY HLHON 98



NORTH AMERICA/Northern Appalachians 87

Postorogenic

volcanics and sediments

Mainly shale

Sandstone, shale

Trondhjemite

Sheeted dikes

Syn-to post-orogenic

Taconic or Penobscot

Unconformity

Ultramafic and
gabbroic rocks

sediments granite, gabbro
o} Ophiolite
Foreland basin @ Arc/back-arc plutons
deposits ~ r~n~  Mélange
. . . Limestone
y Synorogenic, terrestrial to marine . .
sediments and bimodal volcanics Arc/back-arc « . - ¥ Neoacadian
Arc-trench gap volcanics and sediments A 2 Acadian
sediments p >
_ Basalt N, _.» salinic
Rift-related -Ii

Figure 4 Tectonostratigraphic relationships pertinent to the closure of the main tract of the lapetus Ocean, the Tetagouche—Exploits
back-arc basin, and the oceanic crust that separated Ganderia from Avalonia and Avalonia from Meguma. The Red Indian Line marks
the site of the collision between the Notre Dame and Popelogan—Victoria arcs. The line patterns of the major structures correspond to
those in Figure 1. The arrows on the faults indicate the polarity of subduction and/or thrusting. Obliquity of collision and subsequent
strike-slip fault reactivation is indicated by the symbols on each side of the major faults: a point represents moving towards and a cross
moving away from the viewer. BBCL, Baie Verte-Brompton-Camerons Line. BVOT, Baie Verte Oceanic Tract. LP, La Poile Belt volcanic
rocks; M, Mascarene belt; PVA, Popelogan-Victoria Arc; TEB, Tetagouche-Exploits back-arc basin.

others have close spatial associations with felsic-arc
plutonic rocks that are at least as old as 565 Ma
(Figure 4). The latter probably represent ensialic
basement and suggest that at least some of these
rocks are not truly oceanic. Coeval and lithologically
similar Cambrian arc or back-arc volcanic rocks and
associated Neoproterozoic plutonic rocks also occur
in the Gander Zone (see below), particularly in
southern New Brunswick (e.g. Annidale and New
River Belts) and adjacent Maine (Ellsworth Belt)
(Figure 1). Collectively, these rocks have been inter-
preted as an arc-back-arc complex, the Penobscot
Complex, formed near the leading edge of the Gond-
wanan margin on which the arenites and shales of
the Gander Zone (see below) were deposited. Stitch-
ing plutons and isotopic evidence show that the Cam-
brian oceanic rocks of the Penobscot Complex were
obducted onto the continental-margin rocks of the
Gander Zone before 474 Ma, during the Penobscot
Orogeny (Figure 4).

The composite crust of the Penobscot Complex
and the Gander Zone sedimentary rocks are discon-
formably overlain by younger rocks related to the
Arenig-Llanvirn ensialic Popelogan—Victoria Arc/
Tetagouche—-Exploits back-arc system, which was
active between 478 and 454 Ma. The Popelogan—
Victoria Arc/Tetagouche-Exploits back-arc system
has been traced from Newfoundland through
central New Brunswick into Maine, mainly on the
basis of a remarkably consistent and distinct litho-
logical association of coeval plutonic, volcanic, and
sedimentary rocks. Correlations further to the south

into Massachusetts become progressively more diffi-
cult, owing to a lack of age control and the presence
of substantial cover sequences. The Popelogan—
Victoria Arc is probably continuous with the Bronson
Hill Arc, whereas most of the products of the Teta-
gouche-Exploits back-arc have been buried beneath
the Siluro-Devonian cover sequences of the Central
Maine and Merrimack Belts (Figure 1). The Popelo-
gan—Victoria Arc had migrated to a mid-Iapetus
position by at least the late Llanvirn (around
462 Ma), according to faunal and sparse palaecomag-
netic evidence, while the passive-margin side of the
Tetagouche-Exploits back-arc, which was deposited
on Gander-Zone rocks, was positioned further south
owing to subduction-zone retreat and concurrent
back-arc spreading. Rifting and seafloor spreading
in the Tetagouche-Exploits back-arc is necessary to
account for the formation of Llanvirn back-arc
oceanic crust (464-459 Ma), which is locally pre-
served as incomplete ophiolite complexes and large
structural slices of highly tectonized back-arc oceanic
basalt and gabbro in mélange belts in New Brunswick
and Newfoundland. Fossil and palaeomagnetic
evidence suggest that the Tetagouche-Exploits back-
arc nowhere achieved a width of more than about
1000 km (largely based on the assumption that the
pelagic larvae of animals such as brachiopods could
traverse oceans up to this width, but no further).

Gander Zone

The Gander Zone (Figures 1 and 4) is defined by a
distinct monotonous sequence of Lower Cambrian to
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Tremadoc (520-480Ma) arenites and shales,
capped by Tremadoc black shale. This sequence
can be traced from north-east Newfoundland into
New England and is generally accepted to represent
the outboard part (outer shelf to slope) of a passive
margin built on Gondwanan continental crust. This
inference is based on an extensive set of isotope,
geochemical, detrital mineral, palaecomagnetic, and
fossil data. The sedimentary source area has to be
cratonic and contain Archean, Palaeo-, Meso-, and
Neoproterozoic rocks. Based on a process of eli-
mination, this craton is generally inferred to be Ama-
zonia, although other Gondwanan sources cannot be
ruled out.

With the possible exception of a few outcrops in
southern New Brunswick, the basement on which this
sedimentary sequence was deposited is not exposed.
However, spatially associated Late Neoproterozoic to
Early Cambrian arc rocks sporadically exposed in the
Gander Zone are, on the basis of distinct isotope,
geochemical, and age data, inferred to represent base-
ment. The basement rocks show many similarities
in their Neoproterozoic history to coeval rocks of
the adjacent Avalon Zone, from which they are sep-
arated by a major long-lived ductile-brittle fault zone
(Dover—Caledonia-Bloody Bluff Fault), but have
experienced a very different Cambrian to Early
Devonian evolution. Avalon developed a shale-rich
platformal sedimentary succession during the Early
Palaeozoic and did not experience orogenesis until
the Latest Silurian—Early Devonian Acadian Orogeny.
Gander, on the other hand, experienced multiple
phases of arc magmatism and orogenesis from the
Cambrian to the Silurian (Figure 4). Furthermore,
Nd-isotope data indicate that their Precambrian base-
ments are strikingly different. Hence, the Gander and
Avalon zones are considered to represent two distinct
Gondwanan microcontinents during the Palaeozoic
(Ganderia and Avalonia, respectively). Ganderia was
accreted to Laurentia in two stages. The leading edge
of Ganderia, with the Popelogan—Victoria Arc supras-
tructure (Figure 4), accreted to Laurentia in the Late
Ordovician. Convergence between Ganderia and
Laurentia continued, leading to final closure of the
Tetagouche-Exploits back-arc by the late Early
Silurian (430-425Ma). During this collision with
Laurentia, a Late Ordovician to late Early Silurian
(445-425Ma) extensional arc-back-arc system
(coastal volcanic arc/Mascarene-La Poile back-arc
basin) was constructed on its southern margin
(Figures 1 and 4) owing to convergence between
Avalonia and Ganderia. This arc-back-arc system
forms a narrow volcanic—plutonic belt that roughly
follows the coastline of New England and maritime
Canada to southern Newfoundland.

Avalon Zone

The exposed rocks of the Avalon Zone mainly
represent the suprastructure of the microcontinent
Avalonia. Its distinctive rocks have been traced
from the British Isles into Massachusetts, and
mainly comprise Neoproterozoic dominantly juvenile
arc-related volcanosedimentary successions and
associated plutonic rocks, which experienced a com-
plicated and long-lived Neoproterozoic tectonic his-
tory that largely predates the opening of Iapetus.
Characteristic of the Avalon Zone is the deposition
of a Cambrian-Lower Ordovician shale-rich platfor-
mal sedimentary sequence that locally includes
rift-related volcanic rocks (Figure 4). Fossil and
palaeomagnetic data show a strong connection with
Gondwana during this period. However, starting in
the late Early Ordovician, the data indicate that
Avalon started to drift north independently across
Tapetus. Early to Middle Ordovician rift-related
volcanic rocks (479-460 Ma), preserved in the Ava-
lonian successions of Nova Scotia and New Bruns-
wick, support this assertion. The accretion of
Avalonia to Ganderia, and by implication Laurentia,
is poorly constrained, because the oldest preserved
sedimentary and magmatic (stitching plutons) link-
ages have Middle to Late Devonian ages. Palacomag-
netic and structural evidence, particularly relating to
the Late Silurian (422-418 Ma) start of the inversion
of the Mascarene-La Poile back-arc basin on the
southern edge of Ganderia and the ages of syntectonic
plutons, suggest however that collision started during
the latest Silurian and culminated in the mainly Early
Devonian (418-395 Ma) Acadian Orogeny.

Meguma Zone

The Meguma Zone represents the most outboard
terrane in the northern Appalachians. It is exposed
on land only in southern Nova Scotia, but its regional
extent is much larger. It has been traced offshore by
an impressive set of geophysical and well data from
the southernmost part of the Grand Banks south-east
of Newfoundland, across the Scotian Shelf and the
Gulf of Maine, to southernmost Cape Cod. The
basal part of the exposed Meguma zone comprises a
thick latest Neoproterozoic to Early Ordovician tur-
biditic sandstone-shale sequence of the Meguma
Supergroup, which was deposited on the continental
rise and/or slope to outer shelf of a Gondwanan
passive margin. A combination of detrital-zircon,
sedimentological, and sparse fossil data suggest a
north-west African provenance, but the dataset at
present is small and other parts of Gondwana cannot
be ruled out as source areas. The Meguma Super-
group is disconformably overlain by Late Ordovician
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to Early Devonian shallow-marine dominantly silici-
clastic sedimentary rocks, which are locally inter-
layered with rift-related bimodal Early Silurian
(442-438 Ma) volcanic rocks. The Meguma Zone
experienced intense orogenesis during the late Early
Devonian to Early Carboniferous (395-350 Ma;
Neoacadian orogenesis). Fossil evidence (fish and
crinoid) suggests that, during the Late Silurian,
Meguma was close to Avalonia and/or Baltica, and
separated from Gondwana. When combined with the
magmatic evidence for Late Ordovician rifting and
Neoacadian orogenesis, this suggests that Meguma
was a microcontinent or part thereof (perhaps Armor-
ica) during at least the Silurian and Devonian, as
Gondwana was not accreted to Meguma until the
Carboniferous—Permian Alleghanian Orogeny.

Overview and Summary of the
Tectonic Evolution of the Northern
Appalachians

The oldest orogenic events associated with the closure
of Tapetus are the Late Cambrian—Early Ordovician
(495-484 Ma) accretion of the Baie Verte Oceanic
Tract to the Dashwoods and the Penobscot complex
to Ganderia, with the Baie Verte Oceanic Tract and
the Penobscot complex both in upper-plate settings
(Figures 3 and 4). Exposed, inferred Ganderian, base-
ment locally contains evidence of older Early Cam-
brian orogenesis, but this is probably related to
peripheral subduction around the Gondwanan con-
tinent outside the realm of Iapetus. The accretions of
the Baie Verte Oceanic Tract and the Penobscot com-
plex were nearly coeval, but took place on opposite
sides of the Iapetus Ocean, when the ocean was at its
widest. Because these events took place shortly after
the initiation of subduction on either side of the
ocean, they signal a major plate reorganization that
changed Iapetus from an Atlantic-type ocean into a
Pacific-type ocean. Time constraints provided by
stitching plutons indicate that both accretionary
events were short-lived, forming mélanges and
ductile-brittle deformation, and did not lead to any
significant regional metamorphism.

The first major orogenic event recorded in the
Northern Appalachians was the Early to Middle
Ordovician (474-455 Ma) Taconic Orogeny, which
principally resulted from closure of the Humber
seaway and accretion of the Dashwoods microcon-
tinent to Laurentia. Closure of the Humber Seaway
initiated loading of the Humber margin, initially
by emplacement of oceanic terranes, some of
which are younger than the Baie Verte Oceanic
Tract (484-479 Ma). These younger oceanic terranes,
which include the Bay of Islands and Thetford Mines

ophiolites in Newfoundland and Quebec, respect-
ively, formed either during the initiation of subduc-
tion in the Humber Seaway or as a result of localized
pericratonic seafloor spreading in pull-aparts or
above embayments in the downgoing plate. The
Taconic Orogeny culminated in imbrication, fold-
ing, and locally intense Barrovian metamorphism,
mainly in upper-plate rocks associated with the Dash-
woods. Age constraints on Taconic metamorphism
(470-455Ma) are remarkably consistent along the
length of the orogen.

Docking of Dashwoods was rapidly followed by
accretion of the Annieopsquotch accretionary tract
between 470 and 460 Ma and the Popelogan—Victoria
Arc at 455-450 Ma to composite Laurentia along its
ocean-facing eastern margin. The effects of these
accretionary events, which are centred on the Red
Indian Line, are difficult to separate from those of
the orogenesis accompanying the Dashwoods—
Laurentia collision to the west. Since separation of
these events on the basis of kinematic arguments is
often impossible outside Newfoundland, these
events are included in the Taconic orogeny. Struc-
tural relationships and the presence of young supra-
subduction-zone oceanic rocks (480-464 Ma) in the
Annieopsquotch accretionary tract indicate that a
new west-dipping subduction zone had formed in
the Arenig to the east of Dashwoods. Accretion
involved south-east-verging duplex-style thrust com-
plexes, folding, mélange development, and a sinistral
oblique reverse shear zones.

The Popelogan—Victoria Arc was formed in the
Early Arenig (at about 478 Ma) on the leading edge
of Ganderia after the Penobscot orogeny. It was
active until the Late Caradoc and formed above an
east-dipping subduction zone. Upper-plate extension
and rifting as a result of slab rollback dispersed the
Popelogan—Victoria Arc into Iapetus and formed a
wide (up to 1000km) Japan Sea-style back-arc
basin (Tetagouche—-Exploits back-arc) that was partly
underlain by Llanvirn oceanic crust.

The opposite subduction polarities associated with
the Annieopsquotch accretionary tract (west-dipping)
and the Popelogan—Victoria Arc (east-dipping) require
that the Red Indian Line marks a collision between
two arc terranes (Figure 4). Structural and seismic-
reflection data in central Newfoundland indicate that
the Popelogan—Victoria Arc was partly subducted be-
neath the Annieopsquotch accretionary tract. Palaeo-
magnetic evidence suggests that between 480 and
450 Ma these two subduction zones consumed ap-
proximately 3000 km of ocean, implying a minimum
closure rate of around 10 cmyr™" in the main Iapetus
tract. The remaining tracts of Iapetus (Humber
Seaway, Tetagouche-Exploits back-arc, and the ocean
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basin separating Avalonia and Ganderia) had a
combined width in the order of 2000 km.

After accretion of the Popelogan—Victoria Arc to
Laurentia, the west-dipping subduction zone stepped
back into the Tetagouche-Exploits back-arc. Late
Ordovician-Early Silurian mélanges, blueschists,
and foredeep deposits leave little doubt that subduc-
tion continued. Closure of the Tetagouche-Exploits
back-arc in the Early Silurian (around 430 Ma) ac-
creted the bulk of Ganderia firmly to Laurentia along
the Dog Bay-Liberty—Orrington Line. This event, the
Salinic Orogeny, was contemporaneous in Newfound-
land, New Brunswick, and Maine. Although mainly
restricted to rocks east of the Red Indian Line, local-
ized Salinic-age deformation west of this suture is
probably related (Figure 5).

Sinistral oblique accretion of Avalonia to Laurentia
started at around 421 Ma, shortly after the docking of
Ganderia. This caused inversion of the Mascarene-La
Poile back-arc basin in southern New Brunswick,
Maine, and Newfoundland and led to penetrative
orogenesis of Ganderian, including its Siluro-Devon-
ian cover, and, to a much lesser extent, immediately
adjacent Avalonian rocks. This collision is the Aca-
dian Orogeny as defined in its type area along the
south coast of New Brunswick and neighbouring
Maine. It produced polyphase folding including an
early phase of large south-east-verging fold nappes
and thrusts, a north-west-verging retrowedge also
involving fold nappes and ductile thrusts, high-
temperature metamorphism, and extensive syntec-
tonic granitic plutonism with bimodal magmatism
developing later on. Acadian orogenesis finished
before the end of the Early Devonian and did not
extend west of the Red Indian Line, other than as
localized faulting and development of clastic wedges
in foreland basins. Subsequent late Early Devonian to
Early Carboniferous Neoacadian orogenesis is pre-
sent throughout most of the Northern Appalachians
(Figure 5) and is at least in part related to the docking
of Meguma to the Laurentian margin. The Neoaca-
dian Orogeny was accompanied by a westerly pro-
gradation of clastic wedges and granitic magmatism
in western New England and maritime Canada and
widespread dextral transpression.

The Carboniferous-Permian Alleghanian Orogeny
was due to tectonic processes related to the oblique
convergence and collision of Gondwana with Laur-
entia, which is in an upper-plate setting in the North-
ern Appalachians. Dextral strike-slip faulting and the
development of intermontane transtensional basins
prevailed during the Early Carboniferous. Transpres-
sional inversion of these basins involved several
stages during the late Early Carboniferous to Middle
Permian and was accompanied locally by intense

deformation and metamorphism near the boundary
between the Avalon and Meguma zones. Intense
late Alleghanian orogenesis accompanying renewed
north-directed underthrusting of Avalonian and Gan-
derian rocks beneath Laurentia occurred in southern
New England, but is absent elsewhere.

The temporal and spatial relationships of the tec-
tonic events discussed above indicate that the North-
ern Appalachians are an example of a Palaeozoic
accretionary orogen, punctuated by the accretion
of small suprasubduction-zone terranes and five
collisional events related to the arrival of four micro-
continents (Dashwoods, Ganderia, Avalonia, and
Meguma) and finally Gondwana at the Laurentian
margin. Laurentia was thus progressively expanding
oceanwards concurrent with an eastward shift of the
locus of orogenesis (Figure 5).

Glossary

Boundary Mountain Terrane Equivalent of Dash-
woods microcontinent in New England-Southern
Quebec. Is inferred to underlie most of the
Connecticut-Gaspé Belt

Ganderia Gondwanan-derived microcontinent. Ch-
aracterized by island arc and back-arc magmatism
during the Early Palaeozoic.

See Also

Europe: Caledonides of Britain and Ireland. North Amer-
ica: Southern and Central Appalachians. Plate Tecton-
ics. Sedimentary Environments: Depositional Systems
and Facies. Tectonics: Convergent Plate Boundaries
and Accretionary Wedges; Faults; Folding; Mountain
Building and Orogeny; Ocean Trenches.

Further Reading

Barr SM, White CE, and Miller BV (2002) The Kingston
Terrane, southern New Brunswick, Canada: evidence for
an Early Silurian volcanic arc. Geological Society of
America Bulletin 114: 964-982.

Dunning G, O’Brien SJ, Colman-Sadd SP, ez al. (1990)
Silurian orogeny in the Newfoundland Appalachians.
Journal of Geology 98: 895-913.

Fortey RA and Cocks LRM (2003) Palaeontological evi-
dence on global Ordovician-Silurian continental recon-
structions. Earth Science Reviews 61: 245-307.

Karabinos P, Samson SD, Hepburn JC, and Stoll HM
(1998) Taconian orogeny in the New England Appalach-
ians: collision between Laurentia and the Shelburne Falls
arc. Geology 26: 215-218.

Kerr A (1997) Space-time relationships among Appalachian-
cycle plutonic suites in Newfoundland. In: Sinha AK,
Whalen JB, and Hogan JP (eds.) The Nature of
Magmatism in the Appalachian Orogen, pp. 193-220.



92 NORTH AMERICA/Atlantic Margin

Geological Society of America Memoir 191, Boulder,
Colorado: Geological Society of America.

Kim J and Jacobi RD (2002) Boninites: characteristics and
Appalachian constraints, north-eastern Appalachians.
Physics and Chemistry of the Earth 27: 109-147.

Robinson P, Tucker RD, Bradley D, Berry HN IV, and
Osberg PH (1998) Paleozoic orogens in New England,
USA. Geologiska Foreningens Stockholm Forbandlingar
120: 119-148.

Swinden HS, Jenner GA, and Szybinski ZA (1997)
Magmatic and tectonic evolution of the Cambrian-
Ordovician Laurentian margin of Iapetus: Geochemical
and isotropic constraints from the Notre Dame Subzone,
Newfoundland. In: Sinha K, Whalen JB, and Hogan JP
(eds.) The nature of magmatism in the Appalachian
Orogen, pp. 337-365. Geological Society of America
Memoir 191, Boulder, Colorado: Geological Society of
America.

Van der Pluijm BA, Johnson RJE, and van der Voo R (1993)
Paleogeography, accretionary history, and tectonic scen-
ario: a working hypothesis for the Ordovician and Silur-
ian evolution of the northern Appalachians. In: Roy DC
and Skehan JW (eds.) The Acadian Orogeny, pp. 27-40.
Geological Society of America Special Paper 275,
Boulder, Colorado: Geological Society of America.

Van Staal CR, Sullivan RW, and Whalen JB (1996) Proven-
ance and tectonic history of the Gander Margin in the
Caledonian/Appalachian Orogen: implications for the
origin and assembly of Avalonia. In: Nance RD and
Thompson MD (eds.) Avalonian and Related Peri-
Gondwanan Terranes of the Circum-North Atlantic, pp.

Atlantic Margin

D R Hutchinson, US Geological Survey, Woods Hole,
MA, USA

Published by Elsevier Ltd.

Introduction

The North American Atlantic Continental Margin
stretches between Florida and Newfoundland and
extends from on land, near the exposed Mesozoic
Newark basins, to offshore, near the western limit of
the abyssal plain. It is a classic example of a passive
or trailing-edge continental margin, in which contin-
ental rifting followed by seafloor spreading, sedi-
mentation, and subsidence are the primary controls
on margin morphology, tectonics, and sedimentary
style. At almost 4500 km long, the margin considered
here spans climatic zones from subtropical off the
coast of Florida to subarctic off the coast of New-
foundland. During Mesozoic continental separation,
the rifting style changed from volcanic, during the
North America—Africa separation, to non-volcanic,
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during the North America—Europe separation. Sedi-
ments in the five major offshore basins contain vary-
ing volumes and ages of evaporite, carbonate, coarse
terrigenous, and fine siliciclastic deposits.

This margin is documented by one of the most
thorough high-quality publicly available geological
and geophysical datasets of any continental margin
in the world. Exploration began in the 1960s, when
the new theory of plate tectonics ignited an excite-
ment about Earth science and stimulated a new gen-
eration of enthusiastic scientists to rethink how the
Earth was formed. The Arab Oil embargo in the
1970s led to the initiation and funding of a sustained
period of continental-margin exploration aimed at
understanding energy resources in US domestic fron-
tier environments, such as the unexplored continental
margins. Finally, the adoption of the United Nations
Convention on the Law of the Sea in 1982 provided
the legal basis for nations to claim up to 200 nautical
miles (or more) for their exclusive economic use. To-
gether, these three events made exploration of the vast
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submerged portion of the North American Atlantic
Continental Margin possible. This article summarizes
the diverse geology of this passive margin discovered
during the last 40 years of scientific research.

Morphology of the Margin

The bathymetry of the North American Atlantic Con-
tinental Margin (Figure 1) shows a continental shelf
that dips gently seawards, an abrupt shelf-slope
break at a depth of about 100-200 m, a steep and
sometimes dissected continental slope, and, finally, a
gently sloping rise that merges with the abyssal
plains of the deep ocean. The Blake Plateau is an
exception to this morphology. It is a submerged plat-
form at a depth of about 800-1200 m, which ends
abruptly in a near-vertical escarpment that descends
to more than 5000 m. The morphology at the north
and south ends of the margin reflect modification by
climatic zonation. For example, between New Eng-
land and Newfoundland, the margin was shaped by

Laurentian Fan

Bermuda

Pleistocene glaciation (see Sedimentary Processes:
Glaciers): banks, channels, ridges, knolls, rocky out-
crops, and troughs are observed. In contrast, off the
coast of Florida, subtropical reef growth, carbon-
ate deposition, submarine carbonate lithification
(see Minerals: Carbonates), and carbonate solution
in deep water have led to oversteepened slopes.

Superimposed on the broad climatic effects are fea-
tures resulting from oceanographic, geological, and
tectonic modifications. The oceanographic processes
that modify the seafloor are primarily tides, waves,
and currents (for example, creating mobile sand bodies
atop Georges Bank and around Sable Island). In deeper
water, the Blake Outer Ridge (Figure 1) was formed
by a huge sediment drift deposited at the confluence
of southwards-flowing and northwards-flowing
deep currents.

Perhaps the most striking features of the North
American Atlantic Continental Margin are the many
submarine canyons that incise the continental slope
and rise between Cape Hatteras and Newfoundland.
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More than 200 canyons can be identified on the upper
slope off the US margin. Many of these canyons also
indent the shelf edge. The largest canyon system, the
Hudson Shelf Valley and Canyon, can be traced back
to the mouth of the Hudson River (Figure 2). Abun-
dant slumps, debris-flow deposits, and other evidence
of mass movement are seen on the sides of many
canyons. Fewer canyons exist on the lower slope
because the canyons coalesce there. The lower slope
and rise also contain large submarine fan deposits
(e.g. the Laurentian and Hudson Fans off Newfound-
land and New York, respectively).

New England

Hudson Shelf Valley and Canyon

Deeper-water geological processes are reflected
in the presence of three seamount (see Seamounts)
chains that impinge upon the margin: the New Eng-
land Seamounts off Georges Bank, the Fogo Sea-
mounts south of the Grand Banks, and the
Newfoundland Seamounts off Newfoundland.
A rifted continental fragment forms the submerged
circular platform of Flemish Cap.

Several large landslides (see Sedimentary Processes:
Landslides) also modify the margin morphology.
The undated Cape Fear slide (Figure 3), south of
Cape Hatteras, extends downslope for more than
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Figure 2 Perspective view of the canyons on the continental margin using bathymetric values from the NOAA coastal relief model

(90 m x 90 m grid).
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Figure 3 GLORIA side-scan sonar image of the continental slope along a segment of the south-eastern US margin, showing the
Cape Fear slide, an undated massive submarine landslide south-east of Cape Hatteras, NC. Dark grey areas are regions of low
backscatter signal, commonly from fine-grained deposits; light grey areas are regions of high backscatter signal, commonly from
coarse-grained deposits. The Cape Fear slide appears as a light grey region.
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300 km between about 1200m and 5500 m water
depth. Off Newfoundland, the slides, turbidites, and
other mass-flow bedforms resulting from the 1929
earthquake on the south-eastern Grand Banks can

be identified in water depths from about 500 m to
3000 m.

Tectonic Evolution

The North American Atlantic Continental Margin
is the product of continental rifting and seafloor
spreading (see Plate Tectonics), which began in the
Mesozoic between North America, Africa, and, even-
tually, Europe. Rifting is the phase of stretching and
fracturing of continental crust that culminates in sea-
floor spreading (drifting), which creates new oceanic
crust as the continental blocks move apart. These
tectonic processes are directly responsible for the
modern configuration of basins, platforms, magnetic
anomalies, and oceanic fracture zones along the
margin (Figure 4).

Early Triassic rifting began in an extensive interior
mountain range in the supercontinent of Pangaea (see
Pangaea) (Figure 5A). A series of rift basins formed
between what are now the Gulf of Mexico and the
Bay of Biscay. Rifting intensified in the Late Triassic
(Norian), and true seafloor spreading progressed
from the south at about 200 Ma to the north at
about 185Ma in what is now maritime Canada.
Spreading near Newfoundland initially did not con-
tinue north of the Gibraltar transform zone at the
northern edge of the African block. The Grand
Banks were located north of the Gibraltar transform
and, although extended during this time, behaved as a
unit with Gibraltar and the European Plate.

Rifting and drifting along the entire margin are
inferred to have overlapped during the Early Jurassic.
A major basaltic extrusion event is recorded in the rift
basins at about 200 Ma (Early Jurassic). Basalt flows
are exposed throughout the Newark Supergroup. Nu-
merous feeder dykes can be mapped in the exposed
rocks surrounding the rifts (e.g. Shelburne Dyke in
Nova Scotia, the Great Dyke in the Carolinas). These
dykes probably also exist beneath the submerged
continental margin, but are difficult to map beneath
large thicknesses of postrift sediments. Rifting ceased
during the Middle Jurassic.

The East Coast Magnetic Anomaly (ECMA;
Figure 4), marks the western edge of the oceanic
crust. The oldest oceanic crust near the ECMA was
created during the Jurassic magnetic quiet zone and,
therefore, is does not contain datable seafloor mag-
netic anomalies. The oldest seafloor-spreading iso-
chron that can be identified on both sides of the
Atlantic is M25 (about 156 Ma, Late Jurassic).

During the Middle and Late Jurassic, the contin-
ents dispersed and readjusted to tectonic events that
were occurring in other parts of the fragmenting rem-
nants of the Pangaean supercontinent. The initially
shallow and restricted ocean basins deepened and
widened as North America and Africa separated. In
the Late Jurassic, a major plate (see Plate Tectonics)
reorganization between North America and Europe
rejuvenated synrift basins that initially formed in the
Triassic on the Grand Banks of Canada (e.g. Jeanne
d’Arc Basin). This rifting ended when seafloor spread-
ing began between the Grand Banks and Iberia during
the early Barremian (126 Ma, Early Cretaceous), ini-
tiating the final separation of Europe from North
America (Figure 5B). Another plate reorganization
in the Early Cretaceous (middle Aptian, about
110 Ma) completed the separation of North America
from Europe when the northern part of Flemish Cap
(and Orphan Knoll) separated from the Rockall
region of the north-west European margin as seafloor
spreading began in the Labrador Sea.

Alkaline basaltic magmatism, not obviously as-
sociated with breakup, created the New England
Seamounts, (see Seamounts) which extend from the
continental slope (Bear Seamount) to the foothills of
the Mid-Atlantic Ridge. The age of the seamount
chain has been difficult to establish, but it is now
generally felt to have formed episodically between
the Early Jurassic (125Ma) and the middle Cret-
aceous (90-82Ma). A younger, middle Cretaceous
age for some of the White Mountain magma series
in New Hampshire indicates that this younger
magmatic pulse may have extended inland.

The Cenozoic has been a period of stable plate
configurations, in which the Atlantic Ocean has wi-
dened and deepened. There are two exceptions to this
otherwise stable tectonic regime. First, the Labrador
spreading centre was abandoned and the Norwegian
and Arctic Oceans began opening in the Late Paleo-
cene. This gave rise to the mid-ocean ridge configur-
ation that persists today between Newfoundland and
Florida (Figure 5C). Second, at least two large bolides
hit the margin (see Impact Structures). One excavated
a crater 85 km wide beneath Chesapeake Bay in the
late Eocene (35Ma; Figure 6). A second smaller
impact structure, 45 km wide, called the Montagnais
structure, was formed at about 51Ma near the
shelf-slope break off Nova Scotia.

Passive Margin Structure

During the last 200 Ma, three major tectonic processes
have affected the structure of the North American
Atlantic Continental Margin: rifting, which broke
apart Pangaea, thinned the continental crust by
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Figure 6 Three-dimensional perspective of the Chesapeake Bay impact crater, which was formed at about 35Ma on the North
American Atlantic Continental Margin. The inner and outer crater walls are shown superimposed on a map of the Virginia part of
Chesapeake Bay. (Reproduced from Poag CW, Koeberl C, and Reimold WU (2004) The Chesapeake Bay Crater: Geology and Geophysics of
a Late Eocene Submarine Impact Structure. New York: Springer-Verlag.)

variable amounts, and created numerous synrift
basins; drifting, which created hot new oceanic crust
initially adjacent to the rifted continent and now far
away along the Mid-Atlantic Ridge; and passive sub-
sidence, caused by cooling of the lithosphere and
loading of the crust by sediments, which resulted in
the development of large offshore sedimentary basins.
Superimposed on these first-order lithospheric events
are various oceanographic, magmatic, fluvial, eu-
static, sedimentary, diagenetic, and biological
processes that have also affected the final shape of
the margin. The resulting structure of the margin is an
alternating sequence of platforms, which have rela-
tively little sedimentary cover, and basins, which con-
tain enormous thicknesses of sediment (Figure 4).
Mesozoic rifting created the exposed basins of the
Newark Supergroup (Figure 4). These fault-bounded
basins and/or half-grabens form a linear chain along
the exposed part of the margin. The basins contain
deposits up to several kilometres thick. Similar synrift
basins have been detected seismically and drilled near
the coast and beneath the continental shelf. The best-
known of these offshore basins is the petroliferous

Jeanne d’Arc basin on the Grand Banks, in which
the thickness of sediment exceeds 14 km. Synrift de-
posits are inferred to underlie the deepest portions of
the margin, but have not yet been sampled. Synrift
basins are also known on the conjugate north-west
African continental margin.

A prominent margin-wide unconformity sepa-
rates the synrift basins from the overlying postrift
sedimentary units and is called the postrift or the
breakup unconformity (Figure 7). Consequently, sedi-
mentary-thickness maps of the margin often include
only those units above the postrift unconformity (i.e.
postrift deposits). The postrift unconformity may
become a conformable surface within the deepest
sediments in the centres of the postrift basins, but
evidence for this is ambiguous, because seismic im-
aging in these deeper regions is often of poor quality
and drilling data are lacking. Beneath the Grand
Banks, the postrift unconformity is termed the Avalon
unconformity.

Above the postrift unconformity, five major sedi-
mentary basins have been documented. From north to
south, they are the Scotian basin, Georges Bank basin,
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Baltimore Canyon trough, Carolina trough, and Blake
Plateau basin (Figure 4). In plan view, they range in
shape from nearly circular (Blake Plateau basin) to
extremely elongated (Carolina trough). In cross section
(Figure 7), the basin fill is roughly lens shaped, thinning
towards both the continent and the ocean. Maximum
sediment thickness also varies, from more than 15 km
in the Baltimore Canyon trough and Scotian basin to
less than 9 km in the Georges Bank basin. The compos-
ition of the basin fill is variable, and the sediment is
often distributed among several sub-depocentres that
together make up a basin complex.

The basins are bounded on their sides by structural
highs, which often coincide with major faults. These
faults both segmented the margin during rifting and
coincided with (and perhaps localized) fracture zones
in the newly forming oceanic crust. Most of the frac-
ture zones can be mapped continuously from mag-
netic-anomaly offsets to the present Mid-Atlantic
Ridge and are used as flow-lines of plate movement
in plate-tectonic and palaeoenvironmental recon-
structions of the ocean basin. Fracture-zone faults
near the margin are mostly deeply buried, but they
can be identified in the seafloor morphology near the
mid-ocean ridge (e.g. Kane Fracture Zone; Figure 1).

Landwards of the large postrift basins are struc-
tural platforms. These are, from north to south, the
Bonavista, LeHave, Long Island, Carolina, and Flor-
ida platforms. These regions may contain locally
thick synrift deposits (e.g. the Jeanne d’Arc basin)
but generally consist of prerift crystalline basement
at shallow depths. Postrift deposits are thin (less than
4km) and represent the onlapping edges of much
thicker offshore units. Coastal-plain deposits are the
exposed portions of these thinner younger Mesozoic
and Cenozoic units. A hinge zone frequently marks
the transition from a platform to a basin, i.e. where
sediment thickness changes abruptly. These platforms
are also affected by eustatic changes; hence, many
parts of the sedimentary section are missing. The
platforms are underlain by crystalline rocks from
older Palaeozoic orogenies that built the Appalach-
ian, Caledonian—Variscan, and Mauritanian moun-
tains of North America, Europe, and Africa,
respectively. The basin-bounding faults of the synrift
basins frequently reactivate deeper basement faults
and structures.

Variations in the amount of crustal stretching
can be seen in cross sections through different parts
of the North American Atlantic Continental Margin
(Figure 8). Three crustal types are shown: oceanic
crust, which is 5-6 km thick and similar to normal
oceanic crust; transitional crust, which is generally
less than 20-25 km thick, changes thickness rapidly,
and has seismic velocities intermediate between those

of oceanic and continental crust; and thinned contin-
ental crust, which is 30-35 km thick and may contain
synrift basins but otherwise appears to be continen-
tal in seismic-velocity character (i.e. the platforms).
(‘Seismic’ is used throughout this article to include
coincident reflection and refraction techniques, unless
otherwise noted.) A fourth type of crust, which is not
shown on these cross sections, is normal continental
crust, which would be 40-45 km thick, as found in
continental interiors. The change from one crustal
type to another may be abrupt or gradational and
depends on the geological, tectonic, magmatic, and
thermal history of the margin prior to and during
breakup.

The transform margin of the southern Grand Banks
basin (Figure 8) changes abruptly from continental
crust to oceanic crust across a 40km wide zone,
whereas most of the basins have transitional crust
that is 100-200 km wide (Scotian basin, Georges Bank
basin, Baltimore Canyon trough, Carolina trough).
The Blake Plateau basin is the most unusual, because
the transition from continental crust to oceanic crust
extends over nearly 400 km. Deep seismic data do
not exist for the Blake Plateau basin, so the interpret-
ation of crustal type is based primarily on poorly
constrained gravity models. The basement and crustal
structure in this southernmost basin are the least
understood of any part of the margin.

The nature of the transitional crust also varies along
the margin. For example, the southern part of the
margin, towards Florida, is considered to be strongly
volcanic, whereas the northern part, near Flemish
Cap, is considered to be non-volcanic. The EDGE
seismic experiment showed that a thick wedge of
high-velocity presumably mafic material exists and
coincides with rifting beneath the Carolina trough.
Thus, this part of the margin is classified as a volcanic
margin. Similar velocities have been interpreted from
beneath the Baltimore Canyon trough. In contrast,
a recent seismic experiment across Flemish Cap
revealed that both serpentinized mantle and unusually
thin oceanic crust lie adjacent to thinned continental
crust. These anomalous features are interpreted as
evidence of ultraslow seafloor spreading associated
with a non-volcanic margin. The conjugate Iberian
margin also has serpentinized rocks, which are
thought to indicate non-volcanic processes. These
have been drilled in the Ocean Drilling Program. The
deeper structures of the Scotian and Georges Bank
basins have not been well imaged using modern
seismic techniques. Therefore, the nature of the
deeper crust in these regions is uncertain, hindering
our understanding of both the transition from con-
tinent to ocean and the transition from volcanic to
non-volcanic parts of this margin.
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Figure 9 Seismic-reflection profile and interpretation across
the Carolina trough, showing the relationship between salt diapir-
ism and faulting. Salt movement, shown by the arrows, is inferred
to have caused growth faulting. PRU, postrift unconformity.

Numerous faults that offset postrift sediments
are secondary structures on the continental margin.
Beneath the Scotian basin and Carolina trough, faults
are attributed to salt tectonism (Figure 9). Numerous
small Cretaceous and younger north-east-trending
reverse faults (e.g. the Block Island and New York
Bight faults on the continental margin south of New
England) are part of growing evidence for regional
compression of the margin from Early Cretaceous
through to at least Pleistocene times. The stress field
east of the Rocky Mountains remains compressional
today. Most of the faulting associated with the
Chesapeake Bay bolide impact appears to be localized
to the region surrounding the crater.

Sedimentary History and
Palaeoenvironments

Interpretations of sedimentary history and palaeoen-
vironments are based on a combination of seis-
mostratigraphic interpretation and direct samples
from dredges, cores, drill cuttings, and submersible
observations.

Triassic rifting began in central Pangaea (see Pan-
gaea), where average elevations were probably more
than 1km above Mesozoic sea-level. Continental
clastic redbed sequences filled large lakes that occu-
pied subsiding rift basins, not unlike the large lakes of
the modern East African Rift valley. The region from
Florida to the Grand Banks spanned a latitudinal
range from about 5°S to 20°N and encompassed
equatorial rainforests to tropical savannahs. Evapor-
ites (see Sedimentary Rocks: Evaporites) accumulated
in shallower settings. Rift topography, and especially

uplifted rift shoulders, exerted a local control on
climatic processes (see Tectonics: Rift Valleys).

By the Late Triassic, shallow-marine conditions
had developed around the site of the future
continental margin. The initial marine incursion
began in the north, when hypersaline waters trans-
gressed the Grand Banks region, probably from
across the Newfoundland-Gibraltar fracture zone.
A 2000 m thick section of halite in the Osprey evap-
orites was deposited above redbeds of the Carson
sub-basin. More extensive flooding proceeded south-
wards, and additional evaporites accumulated along
the Nova Scotian margin (in a region now called
the slope diapiric province). The youngest salt was
deposited in the Carolina trough at the southern end
of the future continental margin. The marine flooding
marked a time when the sedimentary basins along the
future margin became interconnected. Isolated rift
basins still existed, however, on the distal edges of
the zone of extension (i.e. exposed basins of the
Newark Supergroup).

Evaporite deposition ended in the Early Jurassic
when normal marine conditions became established.
The ocean basin may have been as much as 350 km
wide, 900 km long, and less than 1 km deep, although
seafloor spreading did not become fully establ-
ished until the Middle Jurassic. Carbonate platforms
developed around the edges of the subsiding seaway,
and calcareous mudstones were deposited in the dee-
per central portions. The developing North Atlantic
Ocean was connected to the open ocean north of the
Grand Banks (via Greenland and Europe) and to the
developing Gulf of Mexico to the south. Uplift and
basaltic volcanism interrupted and contributed to the
Middle Mesozoic sedimentary record.

Between the Late Triassic and Middle Jurassic, the
North American continent drifted northwards by
about 10-15°, which created more arid conditions
in the basins of the Grand Banks, while maintaining
humid conditions in the south. The transition to
more grey siliciclastic sequences during this interval
indicates more humid palaeoenvironments.

The Middle Jurassic was a time of relative sealevel
rise, which flooded the continental margins and
started the transition from semi-closed to partially
open circulation. Final plate separation occurred dur-
ing the Middle Jurassic, and the ocean basin grew
significantly wider (600 km) and deeper (2000 m, per-
haps as much as 3000 m). All the large offshore sedi-
mentary basins had formed by this time (Figure 10)
and were accumulating enormous volumes of siliciclas-
tics. This influx of siliceous material may have contrib-
uted to extensive radiolarian blooms. By the middle
Middle Jurassic, local carbonate tracts were developing
along the margins; these prograded rapidly seawards
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Figure 10 Structural, depositional, and physiographic features of the proto-Atlantic seaway, reconstructed at the end of the
Jurassic. Landmass boundaries and palaeolatitudes are approximate. GBB, Georges Bank Basin, AD, Adirondack Mountains.
(Reproduced from Poag CW (1991) Rise and demise of the Bahama—-Grand Banks gigaplatform, northern margin of the Jurassic

proto-Atlantic seaway. Marine Geology 102: 63—130.)

in the latest Middle Jurassic and established carbonates
as the dominant sediment type.

By the Late Jurassic, a giant carbonate platform
extended for more than 5000 km from south of Flor-
ida to north of the Grand Banks (Figure 11). The
Atlantic Ocean had opened to about 1400 km wide,
and maximum seafloor depths reached nearly 4 km.
The margin stretched from the equator to about 25° N.
A very large carbonate bank formed across the entire
Blake Plateau shelf. A more linear semicontinuous
carbonate bank-reef system developed in the Balti-
more Canyon trough. Farther north, in the Georges
Bank and Scotian basins, the reef was more discon-
tinuous. The morphology of the North American
Atlantic Continental Margin at this time resembled
that of the modern Great Barrier Reef of Australia, in
which steep reef fronts mark the edge of the continen-
tal shelf and carbonate-rich aprons form on the con-
tinental rise seawards of the reef front. Gaps in the reef
system channelled siliciclastics into large submarine
fan complexes, which carried terrigenous material as
far as 300—400 km from the shelf edge. A series of coa-
lescing siliciclastic deltas also deposited terrigenous
material shorewards of the carbonate platforms.

Except around the Blake Plateau, the giant car-
bonate platform ceased to exist in the Early Cret-
aceous because of rising sea-level, which stressed the
carbonate-producing communities, and burial by sili-
ciclastic sediments, which finally filled the back-reef
basins and overflowed the bank-reef system. Overall,
siliciclastic sedimentation slowed in the major basins,
and the margins began to assume shapes similar to
their present morphology. Globally, the Cretaceous
was a period of poorly oxygenated marine waters,
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Figure 11 Carbonate tracts (stippled areas) associated with
the Late Jurassic Bahama—-Grand Banks giant carbonate plat-
form along the North American Atlantic Continental Margin. The
modern Great Barrier Reef system of Australia (rotated through
180°) is shown for comparison. (Reproduced from Poag CW
(1991) Rise and demise of the Bahama—-Grand Banks gigaplat-
form, northern margin of the Jurassic proto-Atlantic seaway.
Marine Geology 102: 63—-130.)

and studies of the dark carbon-rich Cretaceous de-
posits of the Hatteras Formation, on the rise and
abyssal plain off the coast of North America, have
contributed substantially to understanding black-
shale sequences. The Cretaceous was also a time
when the carbonate compensation depth cycled
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between shallow (2000m) and deep (more than
4000 m).

During the Cenozoic, continental-margin sedimen-
tation was increasingly affected by currents, espe-
cially contour-parallel currents (see Sedimentary
Environments: Contourites). Depocentres shifted sea-
wards, causing the continental rise to be built up
(Figure 12). The Paleocene and Eocene probably
saw the onset of a current-dominated regime (e.g.
the ancestral Gulf Stream) and the initiation of small
canyons, but much of this early record is thin or
missing because of subsequent erosion during the
Oligocene. Global temperatures began falling as the
Earth completed its transition from a ‘greenhouse’ in

the Cretaceous and Paleocene to an ‘icehouse’ in the
Oligocene. During the Middle Oligocene sea-level
lowstand, the Baltimore Canyon shelf retreated
by about 30km. Cold water in the North Atlantic
contributed to deep thermohaline circulation, and
contour currents became more vigorous in the Early
Miocene when cold Norwegian bottom waters over-
flowed the Norwegian—Greenland ridge and entered
the Atlantic, initiating the formation of both the
elongate Chesapeake and the Blake Outer Ridge
drift deposits. Glaciation of North America in the
Late Tertiary increased siliciclastic deposition, inten-
sified down-slope sedimentary processes (e.g. turbid-
ity currents, slumps, slides, and debris flows), and
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shifted sedimentary depocentres to deeper water on
the rise and abyssal plain. Many new canyons also
developed.

Energy, Mineral, and
Water Resources

The knowledge base about energy resources on the
North American continental margin varies by coun-
try: drilling off the US East Coast in the late 1970s
and early 1980s produced disappointing shows for
both oil and gas in the Baltimore Canyon trough
and Georges Bank basin. Neither the Carolina trough
nor the Blake Plateau basin have been drilled or tested
for petroleum maturation, although models suggest
that maturation in the Carolina trough should have
reached the oil window only in its deepest Early and
Middle Jurassic rocks. The petroleum potential in
the rift basins buried beneath the margin remains
unknown. Currently the USA has a moratorium on
leasing and drilling on its offshore Atlantic margin.

In contrast, Canada has had an active exploration
and production programme on the Scotian Shelf
and Grand Banks since the late 1970s. The Mesozoic
Jeanne d’Arc rift basin contains the most significant
discoveries on the Grand Banks (Hibernia, Terra
Nova, Hebron-Ben Nevis, and White Rose fields).
Both oil and gas have also been produced from
Upper Jurassic and Lower Cretaceous sandstones on
the Scotian Shelf in the vicinity of Sable Island. In the
25 years since exploration began, a robust offshore
technology and infrastructure has grown to support
the Canadian petroleum industry.

One of the best-known deposits of an unconven-
tional hydrocarbon, gas hydrate, exists on the Blake
Ridge off the coast of the south-eastern USA
(Figure 13). Gas hydrate is an ice-like solid that
holds high concentrations of methane in a crystalline
water matrix, which forms under pressures, tempera-
tures, and geochemical conditions that are often found
in sediments near the seafloor deeper than about
500 m water depth (see Petroleum Geology: Gas Hy-
drates). The first dedicated gas-hydrate drilling leg of
the Ocean Drilling Program occurred on the Blake
Ridge in 1995 (Leg 164). Estimates of the total volume
of methane in both hydrate and associated free-gas
deposits on the Blake Ridge vary from 60 to 100
trillion cubic metres.

Occurrences of offshore minerals are known along
the North American continental margin, but they have
not been as extensively developed or exploited as their
onshore equivalents, primarily because recovery and
transportation are more expensive in an offshore en-
vironment. Phosphates, used in agricultural fertilizers,
are successfully mined in coastal-plain (i.e. postrift)

deposits in Florida and North Carolina, but phos-
phate deposits on the continental shelf between
Georgia and North Carolina are largely unexploited.
Manganese nodules and ferromanganese crusts,
potential sources of manganese, nickel, cobalt,
copper, and platinum, have been sampled on the
Newfoundland and New England Seamounts, but
their distributions are largely unmapped. More
detailed studies of similar nodules and crusts have
been carried out on samples from the Blake Plateau.

Placer deposits also exist offshore, the most famous
being gold-bearing sands and alluvium along the
Nova Scotian inner shelf, which are presumed to
have a source in pre-Mesozoic basement rocks.
Mining for these intriguing finds has been largely
uneconomical. Placer deposits containing titanium
and iron have been mapped off Florida and are
inferred to exist on other parts of the margin. The
most plentiful mineral deposits are quartz sands,
which are dredged mainly from the inner shelf for
beach nourishment (for example, off the coasts of
most of the states between New Jersey and Florida).
Other resources that have been identified but not de-
veloped offshore include high-purity silica sand in the
Gulf of St Lawrence and on the Grand Banks (which
could be used for glass making), calcium carbonate
sand (which is a key ingredient of Portland cement),
clay deposits (which supply material for bricks, sewer
pipes, and other construction materials), and coarse
sand and gravel (which could be used in road build-
ing and maintenance). Quaternary glaciation (see
Sedimentary Processes: Glaciers) and modern depos-
itional processes have controlled much of the distri-
bution of unconsolidated sands and gravels on the
margin from New England to Newfoundland.

One offshore resource that has received little at-
tention is fresh groundwater within sediments of the
continental margin. Freshwater springs are known
along the Florida shelf. One of the most spectacular
is the Crescent Beach spring, about 3 km off the coast
of north-east Florida, in about 20 m water depth. This
spring produces a boil with a hydrogen sulphide
odour on the sea surface during times of high dis-
charge. Within the fractured and porous limestone
(see Sedimentary Rocks: Limestones) aquifer system
of the south-eastern USA, this offshore fresh ground-
water is derived from rainfall on land, and its pressure
is considered to be in equilibrium with sea-level. In
contrast, shallow wells drilled on the continental shelf
off New Jersey show a thin wedge of almost-fresh
water that extends more than 100km across the
margin at relatively shallow depths (less than 100 m
beneath the seafloor, Figure 14). This fossil freshwater
accumulated during the Pleistocene falls in sea-level
and has been protected from saltwater contamination
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Figure 13 Distribution of gas hydrate inferred from seismic-reflection data on the US Atlantic margin. Contours show the volume of
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by a low-permeability confining clay unit, which has  Current and Future Societal Issues
prevented it from reaching equilibrium with the pre-

sent saltwater hydrologic system. Freshwater is un-
known in the continental-margin sediments off the
coast of Canada.

As population growth has intensified in coastal
regions, interactions between humans and nature
have created an urgent need to understand surficial
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Figure 14 Schematic hydrological section through postrift sediments of the central Baltimore Canyon trough. Dashed contours
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geological processes that affect, for example, coastal
erosion, sediment contamination, and habitat
occurrence. Erosion from large storms results in loss
of and damage to property and sometimes life.
Beaches of the USA are among the most heavily
artificially replenished of any country in the world:
sand is often mined from the inner shelf. Three-
dimensional bathymetric and geological mapping
offshore has re-emphasized the importance of the
geological framework of the shallow continental
margin in understanding sediment transport, defining
fragile habitats, and predicting the ultimate fate
of industrial waste products in the oceans. Mapping
techniques that integrate bathymetry, shallow sub-
surface profiles, video, and sampling have helped
to determine which fishing grounds to open on
Georges Bank and to manage other offshore fisheries.
Many of these societal issues will increase in im-
portance as population growth continues in coastal
regions.

New technologies and high-speed computers are
yielding new ways to view the continental margin
and revealing new opportunities for fundamental sci-
entific research. High-resolution bathymetric maps of
the Hudson Shelf Valley reveal major bedforms and
debris-flow deposits on the outer shelf, which appear
to have been formed by a previously unrecognized
enormous flood event. Sampling, dating, and inter-
pretation of these deposits have not yet been achieved
but are likely to modify interpretations of the late
glacial and postglacial Quaternary history of the
northern Atlantic region. Likewise, three-dimensional
mapping of gas hydrates continues to challenge re-
searchers to understand the importance of geology in

controlling the occurrence of these highly dynamic
potential resource reservoirs.

Recent ratification of the United Nations Conven-
tion on the Law of the Sea by Canada and the immi-
nent ratification expected by the USA will create the
need to identify geodetically accurate positions of the
foot of the continental slope and to map accurately
the sediment thickness in deep water. Such data can
be used by nations to extend the legal boundary of
their continental margin. These circumstances pro-
vide opportunities in which fundamental science can
be integrated with practical needs.

Conclusions

The North American Atlantic Continental Margin is
the type example of an Atlantic passive continental
margin. For more than 200 million years, this margin
has evolved from its initial equatorial rift configur-
ation, accompanied by shallow oceanic flooding, to
its present mature mid-latitude position bounding a
deep ocean. The margin contains a rich record of
diverse geological and tectonic processes and features,
which include evaporite basins, extensive carbonate
banks and reefs, and the modern sand-dominated
partly glaciated sediment system. This margin pro-
vides sources of energy and minerals for human use
and may hold a potential reserve of freshwater. The
twentieth century was a time of great exploration,
discovery, and characterization of the margin. At the
start of the twenty-first century, new challenges con-
front researchers, in particular the need to understand
how to balance human demands (e.g. for resources,
stable coastlines, and waste disposal) with natural
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processes (e.g. coastal erosion, habitat maintenance,
and sediment and contaminant transport). Much
of the continental margin remains an unexplored
frontier area with regard to these new challenges.
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Introduction

The islands of the south-west Pacific extend for
5000km from New Guinea in the west to Fiji,
Tonga, and Samoa in the east, and include the Solomon
Islands, Vanuatu, and New Caledonia (Figure 1). The
early European explorers called the area Melanesia
because of the generally dark skin colour of the people.
Subsequently, the parallel island chains have sometimes
been referred to as the inner and outer Melanesian arcs.
New Guinea was colonized from the west more than
40000 years ago; New Britain, at least 35000 years
ago; New Ireland, at least 20000 years ago; and the
northern Solomon Islands, 28 000 years ago. The other
Melanesian islands, New Caledonia, Vanuatu, and Fiji,
were settled only 3000 years ago.

The islands have many similarities in their geology,
in that, for the most part, they have been constructed
on oceanic crust by one or more cycles of volcanic
activity. Exceptions are the island of New Guinea,
which is part of the Australian continent; the older
rocks of New Caledonia, which first formed at the
margin of the Australian continent; and the outer-
most Solomon Islands, which are elevated oceanic
crust. There are deep-sea trenches on either side of
the island chains. On the outer (north-eastern) side
are the Manus, Kilinailau, Solomons, and Vitiaz
trenches, which are only weakly active or are inactive,
and the Tonga—-Kermadec Trench east of Tonga
(Figure 1), which is active. On the inner (south-
western) side is an active system of trenches, the New
Britain-Makira—Vanuatu—Hunter-Kadavu trenches.
Other seafloor features include the massive Ontong
Java submarine plateau of thickened oceanic crust
(Figure 1), smaller oceanic plateaus of rifted continen-
tal lithosphere in the Coral Sea, and a number of small
ocean basins, some of which are actively spreading.

The islands occupy the boundary zone between the
north-moving Australian plate and the west-north-
west-moving Pacific Plate, and for this reason are

tectonically and volcanically active (Figure 2). The
plate boundary is not a simple one but, rather com-
prises a number of smaller plates that exhibit a variety
of plate interactions, from seafloor spreading to sub-
duction, transform faulting, and rotation. The lines of
earthquakes on the map (Figure 2) coincide with the
plate boundaries, and give an idea of the high level of
seismic activity in the region. The plot of depth-coded
hypocentres shows the trace of a subducted slab dip-
ping westward from the Tonga—Kermadec Trench, in
the east, and of a subducted slab dipping northward
from the New Britain Trench, in the north-west. The
area has evolved since the Cretaceous by repeated
episodes of crustal extension and crustal shortening.
Extension produced small ocean basins, and shorten-
ing resulted in subduction and thrust faulting. The
volcanic islands have grown through this time, ini-
tially (in the Eocene to Early Miocene) by volcanism
related to subduction of the Pacific Plate on the outer
trench system, and more recently (the past 10 mil-
lionyears) by volcanism related to subduction of
the Australian Plate on the inner trench system.

Papua New Guinea

Papua New Guinea (PNG) comprises the eastern half
of the island of New Guinea, the adjacent islands of
the Bismarck Archipelago, and the northernmost of
the Solomon Islands (Bougainville and Buka). The
geology of PNG can be described in terms of four
geological provinces (Figure 3): a stable platform in
the south-west, where the Australian craton extends
beneath the island of New Guinea; a collisional zone
in the centre and north of the island, where terranes
have been sutured to the Australian craton; a pro-
vince built by volcanic arc activity in the north-east;
and the Ontong Java submarine plateau.

Platform and Foldbelt

The stable platform comprises a continental base-
ment of Palaeozoic and partly Precambrian meta-
morphic and igneous rocks overlain by a 4-km-thick
paraconformable sequence of shelf facies Mesozoic
siliciclastic, and Cenozoic carbonate and siliciclas-
tic, sedimentary rocks (Figure 3). Rocks along the
northern margin of the platform are buckled and
faulted to form a basement-involved foreland fold-
and-thrust belt. Northward of the fold-and-thrust
belt, the Mesozoic sediments are transitional into a
kilometres-thick sequence of black mudstones. These
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Figure 1 Physiographic map of the south-west Pacific. Reproduced with permission from Smith WHF and Sandwell DT (1997) Global
seafloor topography from satellite altimetry and ship depth soundings. Science 277: 1957—1962. Available on the Internet at http://
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Figure 2 The map shows earthquakes with magnitude 6 or
greater, recorded during 1963-2002. Red indicates hypocentre
depth of 0-70km, green 70-300km, blue 300-500 km and black
>500km. Features of the map are the west-dipping seismic zone
beneath Tonga in the east, the north-dipping seismic zone be-
neath New Britain in the north-west, and the steeply dipping
seismic zone beneath Vanuatu. Shallow seismic zones (red
dots) mark the spreading ridges and transforms in the Bismarck
and Solomon seas and the North Fiji Basin. Map prepared by
Emile Okal.

in turn are transitional northwards into greenschist
facies graphitic schists. The sediments of the stable
platform and foldbelt comprise the Papuan Basin.
The foldbelt changes character east of the Aure
Fault (Figure 3). Beyond this point, the foldbelt com-
prises fault-bounded segments of Late Cretaceous,
Paleocene, and Eocene fine siliceous siliciclastic and
calcareous sedimentary rocks, associated with faulted
slivers of ultramafic rock; Oligocene and younger
coarser, partly volcanogenic, dominantly clastic

sediments; and locally extensive Oligocene gabbro.
There is no indication of a continental or cratonic
basement, though such may exist. The Paleocene
and much of the Eocene sediments were deposited
in a deep marine environment and probably have
been added to the mainland by accretion above a
north-dipping subduction system.

Collisional Zone

The western part of the central collisional zone com-
prises fault-bounded terranes of Jurassic to Eocene
sedimentary, igneous, metamorphic, and ultramafic
rock, and younger (Eocene to Miocene) dioritic in-
trusive bodies. The association of ultramafic rocks
with eclogite, blueschists, submarine volcanic rocks,
and volcanogenic sediments indicates a former vol-
canic arc environment. Sediments associated with
the volcanic rocks are of two ages, mid-Eocene and
Oligocene. This suggests a history of successive devel-
opment of volcanic arcs and successive collisions; the
Oligocene volcanic rocks are found only on the north
side of the northern ranges. Also included in the west-
ern part of the central collisional zone are two fault-
bounded blocks of Palaeozoic basement. One of these
lies on the border with Indonesian Papua and the
other extends northward from the Kubor Range, to
underlie the Jimi valley (Figure 3). These Palaeozoic
terranes lie outward (northward) of younger accreted
terranes and thus appear to be ‘out of sequence’.


http://topex.ucsd.edu/marine_topo/mar_topo.html
http://topex.ucsd.edu/marine_topo/mar_topo.html
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Possibly they are indications that the Palaeozoic
craton extends northward as a substrate beneath the
terranes of the collisional zone. Mesozoic amphibolite
facies metamorphics near the north coast (Prince
Alexander Range) and Oligocene metamorphics asso-
ciated with ultramafic rocks just beyond the border on
the north coast (near Jayapura) also are ‘out of se-
quence’ and may represent material ramped up from a
subjacent older stratum.

The geology of the eastern part of the collisional
zone, from Lae south-eastward, is much simpler and
essentially comprises two rock units: an inner core of
metamorphic rocks, flanked on the north-east side by
a major ophiolite complex. The protolith of the meta-
morphics was felsic and psammitic sediments and
some submarine basalts, partly of Cretaceous age,
and these were metamorphosed in the Paleocene.
The ophiolite comprises a 4- to 8-km thickness of
tectonite harzburgite, overlain by lenses of cumu-
late-textured ultramafic rocks, which are in turn over-
lain by 4 km of gabbro and 4 km of basalt. Paleocene
and Eocene volcanic rocks that overlie the ophiolite
may be arc related. Ocean floor basalts that form the
eastern end of the island are Late Cretaceous and
Middle Eocene and may be related to the ophiolite.
Miocene and younger, partly volcanogenic, domin-
antly siliciclastic sediments of the North New Guinea
Basin unconformably overlie basement in the western
part of the collision zone, and Miocene and younger
volcanics and sediments of the Cape Vogel Basin
unconformably overlie basement in the eastern part
of the collision zone.

North-Eastern Province

The north-eastern province, constructed by volcanic
arc activity, embraces the islands of the Bismarck
Archipelago and the mainland mountain ranges of
the Huon Peninsula. The oldest rocks are Eocene and
Oligocene volcanics with some dioritic intrusions.
These are partly overlain by Miocene limestone,
which is in turn partly overlain by volcanic rocks of
the present-day (Plio-Quaternary) volcanic cycle. Bou-
gainville, in the Solomon Islands chain (see later), has
similar geology. The land areas are separated by several
small ocean basins: the Bismarck Sea, Solomon Sea,
and Coral Sea (Figure 3). There are active spreading
ridges and transforms in the eastern Bismarck Sea
(Manus Basin) and southern Solomon Sea (Woodlark
Basin) and active trenches on the inner side of New
Britain and the Solomon Islands, on the outer side of the
Solomon Islands and extending westward to Manus,
and off the New Guinea coast west of Wewak. A trench
on the south side of the Solomon Sea, at the Trobriand
Trough, is masked by thick sediment. Volcanic activity
is associated with the New Britain Trench but not with

the trench west of Wewak (New Guinea Trench). The
Coral Sea opened by seafloor spreading in the Paleo-
cene (65-55Ma), the Solomon Sea in the Oligocene
(40-30Ma), and the eastern Bismarck Sea and
Woodlark Basin in the Plio-Quaternary (since 6 Ma).

Economic Minerals

The main mineral deposits of Papua New Guinea are
porphyry copper—gold deposits, disseminated and
vein gold deposits, and alluvial gold. Other less
common deposits include lateritic nickel-cobalt ore
over ultramafic rocks, minor manganese ore, and the
small copper—gold massive sulphide orebodies that
have been mined near Port Moresby. The Panguna
mine (now closed) on Bougainville Island and the Ok
Tedi mine in Western Province are classic porphyry
copper—gold deposits. In both locations, copper and
gold occur in Plio-Quaternary dioritic to granitic
rocks and in the adjacent country rocks. Similar min-
eralization is known at Frieda River (West Sepik),
Yandera (north-west of Goroka), and Wafi, 50 km
south-west of Lae.

Disseminated and vein gold deposits are mined at
Porgera; Ladolam on Lihir Island; Tolukuma, north
of Port Moresby; and, until recently, Misima Island.
Production is planned from Irumafimpa near Kai-
nantu and from Hidden Valley, near Wau. Production
from these mines, together with Ok Tedi, is sufficient
to place Papua New Guinea in the top five of gold-
producing nations, worldwide. The Panguna mine
also was a major producer of gold. At Porgera, gold
mineralization occurs in intrusive dioritic rocks and in
the adjacent, baked sedimentary rocks. At Ladolam,
the gold is in the floor of the caldera of an eroded
volcano, with hot springs nearby. At Tolukuma, Iru-
mafimpa, and Hidden Valley, the gold is in quartz
veins. Alluvial gold is mined on a small scale in many
parts of Papua New Guinea, notably near Amanab
and Maprik in the Sepik, in the Western and Eastern
Highlands, around Wau, and in Milne Bay Province.

From 1930 to 1965, with a break for the Second
World War, alluvial gold was mined by dredges in the
Bulolo valley. A total of about 65 tonnes of gold
was produced. Within the last few years, a rich allu-
vial field was found at Mount Kare, south-west of
Porgera. Where earlier gold rushes had been almost
exclusively managed by overseas miners, Mount Kare
was the first entirely Papua New Guinean gold rush.
As many as 8000 miners were on the field at any one
time and an estimated 15 tonnes of gold was taken
out in 2 years. The only other fields to have produced
more than a tonne of gold are the Lakekamu and
Sepik alluvial fields, and Misima and Muyua (Wood-
lark), both of which were mixed alluvial and lode
mining. Lateritic soils over ultramafic rocks south of
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Madang contain economic concentrations of nickel
and cobalt and await development.

Energy Resources

Oil currently is produced from several thrust-bounded
anticlines containing the Kutubu, Gobe, and Moran
oil fields, all of which are in the vicinity of Lake
Kutubu in the Southern Highlands Province. Pro-
duction from the South-east Mananda oil field with-
in the giant Mananda structure between the Kutubu
oil fields and the Hides gas field is planned. The oil
was derived from Jurassic black shales and has accu-
mulated in clean, shallow marine quartz sandstones
of Late Jurassic and Early Cretaceous age. At the time
of the initial discovery, in the Iagifu anticline, recov-
erable reserves were estimated at around 200 million
barrels of oil. By the beginning of 2004, 354 million
barrels had been produced from the various fields
and remaining recoverable oil reserves stood at 222
million barrels. Production, which began in June
1992, has declined from a peak of almost 150 000
barrels day " in 1993 to around 50 000 barrels day !
in 2004 as the fields have been depleted.

A small part of the large volume of gas in the Hides
anticline, south-west of Tari, provides electrical
power to the Porgera mine. The gas at Hides and in
other structures in the foldbelt is sufficient to be
developed commercially, provided that a market can
be found. A pipeline to Queensland, Australia is
planned, but the project awaits confirmed markets
before detailed engineering and design work and con-
struction can proceed. Large volumes of gas also have
been discovered offshore in the Gulf of Papua at
Pandora on the north-western corner of the Eastern
Plateau, about 150 km south-west of Kerema. This gas
occurs in a deeply buried cavernous Miocene lime-
stone reef. Oil and gas seeps are known in the North
New Guinea Basin and there are indications of petrol-
eum in the Cape Vogel Basin. A pilot program to utilize
geothermal energy at the Ladolam Mine on Lihir
Island has proved successful and is being expanded.
This is the first use of geothermal energy in PNG.

Natural Hazards

Papua New Guinea has 14 active and 22 dormant
volcanoes and these pose a potential danger to
204 000 people. Ten of the fourteen active volcanoes
and 12 of the 22 dormant volcanoes are in the Bis-
marck volcanic arc, from Bam, Manam, Karkar, and
Long Island in the west to Langila, Garbuna, Maka-
lia, Pago, Ulawun, and Rabaul in the east. Other
groupings of active volcanoes are in the Admiralty
Islands, on Bougainville Island, and in eastern Papua.
The agency charged with monitoring the PNG
volcanoes is the Rabaul Volcanological Observatory.

Rabaul volcano erupted in 1937, killing more than
500 people. When it erupted again in 1994, only five
people were killed, but much of Rabaul town was
devastated, leading to a decision to relocate govern-
ment and most business activity to Kokopo. The
worst volcanic disaster in historical time was the
explosive eruption of Lamington volcano in Oro Pro-
vince in 1951; 3000 people were killed. A major tsu-
nami generated by the collapse of the west flank of
Ritter Island volcano in 1888 caused untold loss of
life on New Britain and adjacent islands. More
recently, in 1998, the Aitape tsunami destroyed two
villages, damaged other villages, and caused more
than 1650 deaths.

Solomon Islands

The central and western Solomon Islands form a
double chain on either side of a central trough and are
bounded on both flanks by deep-sea trenches (Figure 4).
The islands comprise three geological provinces: a
north-eastern province of Cretaceous—Paleocene
oceanic basalts and pelagic sediments, a central pro-
vince of more complex geology that includes meta-
morphic and ultramafic rocks and Oligocene-Miocene
arc-related volcanics, and a south-western province
of Late Miocene to Quaternary volcanic activity. The
islands of the north-eastern province are Malaita, the
small island of Ulawa, and the north-eastern side of
Santa Isabel. On these islands, Cretaceous and Paleo-
cene submarine basalts with intercalated pelagic lime-
stone and mudstone are overlain by younger Cenozoic
marine sediments that contain terrigenous material.
The Cretaceous and Paleocene rocks originated as part
of the Ontong Java submarine volcanic plateau. On
Malaita, an intrusion of alnoite, a silica-poor mafic
rock, dating to 34 Ma, has attracted interest in the
past because of the occurrence of unusual xenoliths,
including garnet peridotite.

The islands of the central province are Choiseul,
the south-western side of Santa Isabel, the Florida
islands, Guadalcanal, and Makira (San Cristobal).
Basement on these islands comprises Cretaceous
basalt, greenschist and amphibolite facies, mafic
schists, and ultramafic rocks; the metamorphic rocks
have radiometric ages around 50 Ma, Early to mid-
Eocene. Volcanic rocks of Late Eocene(?), Oligocene,
and Early Miocene age unconformably overlie the
basement rocks, and volcano-related dioritic stocks
intrude basement. A thick sequence of Miocene to
Pliocene clastic sediments covers much of Guadal-
canal Island but is not strongly developed on the
other islands.

The south-west province comprises Late Miocene
to Holocene arc volcanic rocks and associated
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sediments and intrusive rocks. These extend from
Bougainville (PNG) and the Shortland Islands in
the north-west, to the near end of Guadalcanal in
the south-east. There is an outlier of Pliocene volcan-
ics and intrusive rocks in central Guadalcanal, at
Gold Ridge. Bougainville Island, politically a part of
Papua New Guinea, is the north-westernmost of
the Solomon Island chain and combines characteris-
tics of both the central and south-western geological
provinces. A basement of Eocene and Oligocene
arc-related volcanic rocks is partly overlain by
Miocene limestone and Plio-Quaternary volcanoes
and is intruded by Pliocene dioritic stocks. The Solo-
mon outer eastern islands are far removed from the
central and western islands and are shown on the
Vanuatu geological map (Figure 5). The islands of
the Santa Cruz Group comprise Miocene to Holocene
volcanic rocks and sediments. The Duff Islands, and
the islands of Anuta, Fatutaka, and Tikopia (not
shown on Figure 5) comprise Quaternary volcanic
rocks and sediments. Tinakula in the Santa Cruz
Group is the only active volcano.

Geological Evolution

The islands of the north-east province developed as a
result of continued convergence across the line of the

Kilinailau Trench (Figure 4), and resulting delamina-
tion and eastward overthrusting of an upper part of
the Ontong Java volcanic plateau. The rocks of the
lower part of the Ontong Java plateau continue to be
subducted steeply beneath the Solomon Islands. The
central province association of ultramafic rocks,
Cretaceous basalt, and Eocene metamorphic rocks is
thought to have developed as a result of subduction of
Pacific plate at the Kilinailau Trench in the Eocene,
but the apparently rapid exhumation of these rocks
(exhumed before the Oligocene) is not readily
explained. The same cycle of subduction yielded the
Oligocene to Early Miocene arc-type volcanic rocks
that overlie basement on the islands of the central
province. The Late Miocene to Holocene volcanic
rocks of the south-west province were generated by
subduction of the Australian plate at the Makira
(San Cristobal) Trench.

Economic Geology

Gold associated with Pliocene intrusives has been
mined at Gold Ridge on Guadalcanal Island, and
soils on ultramafic rocks on Santa Isabel Island
have been tested for lateritic concentrations of nickel
and cobalt.
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Vanuatu

The islands of the Vanuatu archipelago (Figure 5)
form a narrow chain that extends for more than
1200 km, from the Torres Islands in the north to
Matthew and Hunter islands in the south. The island
chain is bounded eastward by the North Fiji Basin

and westward by the Vanuatu Trench. The islands are,
with one exception, entirely volcanic in origin, with
associated sediments and intrusive rocks. The excep-
tion is on southern Pentecost Island, where ultramafic
rocks associated with blocks of schistose amphibolite,
metamorphosed pillow lava, and metagabbro are in
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fault contact with Pliocene sediments. The meta-
morphic minerals have a radiometric age of around
35Ma, and thus are older than any of the volcanic
rocks.

The geology of Vanuatu has been described in
terms of three volcanic provinces: a western province
of Late Oligocene to Middle Miocene age (27-14 Ma;
calc-alkaline volcanics), an eastern province of Late
Miocene to Pliocene age (7-4 Ma; tholeiitic volcan-
ics), and a central province of Miocene and Pliocene
to Holocene volcanic rocks (6 Ma to the present day;
Figure 5). The volcanic rocks of the western province
developed in response to westward subduction of the
Pacific plate at the Vitiaz Trench. The Vitiaz Trench,
at that time, lay immediately east of Vanuatu. The
trench moved away from Vanuatu (see Figure 1)
with the opening of the North Fiji Basin in the past
6 million years.

The volcanic rocks of the eastern province de-
veloped in response to eastward subduction of
Australian plate at the Vanuatu Trench. Magmatism
in the central chain began at 6 Ma and was initially
focused on Erromango, Tanna, and Anatom in the
south. Volcanism subsequently developed along the
entire length of the arc and shifted closer to the trench
because of a steepening of the subduction zone to its
present inclination of 70°.

The D’Entrecasteaux aseismic ridge, an Eocene—
Oligocene island-arc complex, collided with central
Vanuatu at 3-1.5 Ma, near Epi, and has migrated
northwards as a result of the obliquity of the ridge
relative to the trench. The collision has caused a
slowing of subduction that may in turn have caused
the development of back-arc thrust faults east of
Maewo and Pentecost Islands, and the elevation
of the ultramafic and metamorphic rocks on Pente-
cost. Five of the volcanoes of the central province are
potentially dangerous. These are Ambae, Gaua,
Ambrym, Tanna, and Lopevi. Only Yasur volcano
on Tanna Island is monitored.

Economic Geology

Manganese oxide has been mined on Efate, where
it typically is developed at contacts between tuff
and overlying limestone. Occurrences of copper, zinc,
molybdenum, and gold are known.

New Caledonia

The island of New Caledonia and the adjacent islands
(Belep Islands to the north and Isle of Pines to the south)
lie on the Norfolk Ridge. To the west, beyond the New
Caledonia Basin, is Lord Howe Rise, and to the east
are the Loyalty Ridge and Loyalty Islands (Figure 1).
The rock units of New Caledonia (Figure 6) do not

form a simple stratified sequence but, rather, comprise
a series of terranes, juxtaposed during a complex
history of convergent and extensional tectonic activity,
and successor basin sediments. Four terranes make up a
pre-Cretaceous basement. This is unconformably and
tectonically overlain by Late Cretaceous and younger
successor basin sediments and terranes.

Basement Terranes

The pre-Cretaceous basement is a complex amalgam
of ophiolite, volcanics, and sediments that developed
along the East Gondwana margin during the Permian
to Jurassic. Four distinct terranes are recognized. The
oldest, the Late Carboniferous Koh ophiolite, is a
dismembered fore-arc ophiolite that is probably the
basement on which two of the other three terranes,
the Teremba and Central Chain terranes, were de-
posited. The Teremba Terrane, of mid-Permian to
Late Jurassic age, has arc-related volcanics and volca-
niclastics at its base, but is dominantly composed
of a simply deformed thick sequence of diagenetically
altered, fossiliferous shallow water sediments. The
Central Chain Terrane, considered to be the distal
equivalent of the Teremba Terrane, is composed of
volcaniclastic sediments and minor arc-tholeiitic
basalts that all have been weakly metamorphosed.
The Boghen Terrane is a thick sequence of metagrey-
wackes and schists, with sedimentary compositions
ranging from pelitic to mafic, on a basal sequence of
tholeiitic pillow lavas and red and green radiolar-
ian cherts; detrital zircons in the sedimentary rocks
indicate the sediments are of Jurassic age and derived
from a south-east-Gondwana arc system and the
Antarctic continent. The Boghen Terrane is considered
to be a Jurassic accretionary complex, metamorphosed
in the Late Jurassic.

Successor Basin Sediments

A transgressive sequence of Late Cretaceous coal
measures and conglomerates rests unconformably
on all of the older terranes, and forms thick sequences
in the Nouméa—-Bourail region and in the northern
part of New Caledonia. Coarse carbonaceous sedi-
ments at the base of this sequence become finer up-
section and are overlain by Paleocene to mid-Eocene
siliceous shales and a pelagic chert and micrite se-
quence (pthanites). The coarser grained lower parts
of the Late Cretaceous—Paleocene sequence locally
contain shoshonitic basic volcanics, and there are
also felsic horizons of rhyolitic flows and pyroclastics
that appear to be younger than the basic volcanics.
Later Eocene sequences, unconformably overlying
the pelagic sediments, are carbonates. In the Bourail
region, these are overlain by an alternating sandstone
and siltstone flysch sequence. These are topped by an
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olistostrome that contains reworked components
of the successor basin sediments, including upper
Eocene bioclastic limestone and the flysch.

The Younger Terranes

The New Caledonian ophiolite, emplaced in the Late
Eocene, overlies all the older rocks on the island. It
consists of two units that appear to be geochemically
unrelated: an overlying mainly harzburgitic ultrama-
fic sheet (the ultramafic nappe) and the dominantly
basic volcanic Poya terrane. The Poya terrane is com-
posed of slices of geochemically variable submarine
mafic volcanic rocks, mainly pillow lavas, together
with dolerites and minor gabbros, and associated
abyssal sediments. The ophiolite was emplaced as
a result of Eocene convergence along the eastern
margin of New Caledonia. Convergence was driven
by the opening of the North Loyalty and South Fiji
basins. Eastward-dipping subduction associated with
the convergence consumed most of the South Loyalty
Basin and caused high-pressure metamorphism of

rawn by L Cotterall, Geology Department, Auckland University.

the Cretaceous—Eocene sediments of northern New
Caledonia. The Eocene Loyalty Island volcanic arc
formed above the subduction zone.

Miocene

Early Miocene coral reef and shallow-water marine
sediments containing material derived from the ultra-
mafic sheet are exposed at Nepoui. Small intrusions
of granodiorite of Miocene age intrude the ultramafic
sheet east of Nouméa, and north-east of Canala.
Buoyancy-driven uplift in the Miocene has exhumed
and exposed the high-pressure metamorphosed Cret-
aceous—Eocene sediments on the north-eastern coast
of New Caledonia.

Economic Minerals

Since the Miocene, New Caledonia has been emer-
gent and subjected to intensive tropical weathering,
with the result that thick lateritic soils developed on
the ultramafic rocks. The laterites have been mined
for nickel, cobalt, and iron since the late nineteenth
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century and still comprise the largest single reserve
of nickel worldwide. Chromite has been mined dir-
ectly from the ultramafic rock. Manganese deposits are
associated with the Poya terrane basalts. Copper, lead,
and zinc deposits have been mined from volcano-
sedimentary horizons in the metamorphic rocks of
the Diahot valley in northern New Caledonia. Gold-
bearing quartz veins have been mined in the Diahot
valley and gold and molybdenum deposits are
associated with the Miocene granodiorite intrusions.

Fiji

The Fiji archipelago (Figure 7) comprises 800 islands,
most of which lie between 16°and 19°south,
177° east, and 178° west. The Lau Group of islands
in the east extends to 21° south (Figure 1). The largest
islands are Viti Levu and Vanua Levu. The island of
Rotuma, 650 km north of Viti Levu, is also a part of
the Republic of Fiji. The islands are mainly volcanic
and of island-arc origin, of basaltic, basaltic andesite,
andesitic, and dacitic composition, and tholeiitic,
calc-alkaline, or shoshonitic affinities. The younger
volcanic rocks are mostly more alkaline and mainly
belong to the alkali-basalt suite, and are intraplate
rather than subduction related.

Viti Levu

The oldest rocks in the Fiji archipelago are exposed
on Viti Levu. These are the volcanic and plutonic
rocks of the Late Eocene to Early Oligocene Yavuna
arc, and of the Late Oligocene to Middle Miocene
(and possibly Late Miocene) Wainimala arc. The two
volcanic suites are separated by an unconformity. The
Yavuna arc rocks are exposed in western Viti Levu
and include basaltic pillow lavas and volcaniclastic
rocks, dacite, tonalite, and limestones of both Eocene
and Oligocene ages. The basalts are geochemically
primitive to arc like.

The Wainimala arc rocks are exposed throughout
southern and central Viti Levu and on the islands of
Malolo and Waya, immediately to the west. The
rocks include mainly dacites in the centre of the island
and basalts overlain by pelagic limestone and dacitic
and andesitic lavas and volcaniclastics in the south-
west. On Malolo and Waya, there are basaltic pillow
lavas and breccia, and swarms of basalt dykes, indi-
cating the local arc axis. Gabbro and tonalite of
the Colo Plutonic Suite are thought to be part of the
Wainimala arc activity and have mid- to Late Mio-
cene radiometric ages (12-7 Ma). They were exposed
to erosion in the Late Miocene. The Colo, Yavuna
and Wainimala rocks show the effects of some de-
formation and weak metamorphism. They are uncon-
formably overlain by latest Miocene to Early Pliocene

basaltic and andesitic volcanic rocks and associated
sediments (radiometric ages, 5.6—4 Ma). These cover
much of the northern half of the island. The centre of
the island was elevated at about 4 Ma. In the south-
east, sediments were deposited in relatively deep water
during the latest Miocene and through the Early Plio-
cene, the Messinian sea-level low being represented
by a subaerially eroded coral reef. Shallow-water
sediments were laid down in the latest Pliocene. In
the south-west, sandstone and siltstone, overlain by
limestone, were deposited in the Early Pliocene.

Vanua Levu

Vanua Levu comprises Late Miocene to Pliocene vol-
canic rocks (7-2.8 Ma). Volcanic activity appears to
have progressed with time from east-north-east to
west-south-west. The volcanic rocks are generally
tholeiitic to calc-alkaline and include basalt, andesite,
and some dacite, including a strong development of
dacite and rhyolite in the north-east. Boninitic basalts
were erupted on Cikobia to the north-east. Vanua
Levu was elevated at about 3.5 Ma and Seatura Vol-
cano began to form in western Vanua Levu not later
than 3.3 Ma. Clastic sediments were deposited along
the south-east coast.

Yasawa Group

The Yasawa and other islands north-west of Viti
Levu, other than those of the Wainimala arc, were
formed by volcanic arc activity (Yasawa arc) in the
Late Miocene, from around 8 Ma. Early submarine
dacites and basalts were succeeded by subaerial
basalts in the central Yasawa islands, and by varied
andesites. Strata generally dip towards Viti Levu, but
at the north-eastern and southern ends of the chain
have been strongly deformed with the development of
overturned folds and thrust faults.

Islands Immediately South of Viti Levu

Vatulele, Beqa, and Yanuca (Serua) are Early Pliocene
volcanoes south of Viti Levu. On Vatulele, shoshonitic
rocks were erupted through limestone.

Islands of the Koro Sea

The islands of the Koro Sea (Lomaiviti and the Moala
Group) mostly formed by volcanic activity in the
Early Pliocene. Exceptions are the island of Koro,
which formed in the Late Pliocene, and a Late Pleis-
tocene cone on Nairai. The rock types range from
tholeiitic through calc-alkaline to alkali basaltic and
shoshonitic, and are mostly basaltic, with some horn-
blende andesite, monzonite, olivine monzonite, and
tonalite. Olivine nodules occur in basalts on southern
Moala and the western Koro islands.
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Figure 7 Geological map of Fiji, excluding Lau Islands and smaller Islands. On Viti Levu, the main rock units are Late Eocene—Early Oligocene Yavuna volcanic and plutonic rocks, Late
Oligocene—Middle Miocene Wainimala volcanic rocks, Middle to Late Miocene Colo plutonic rocks, Late Miocene sediments, and Late Miocene to Pliocene volcanics and sediments. On
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from Mineral Resources Department, Fiji.
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Kadavu Islands

The Kadavu islands, south of Viti Levu, are a volcanic
island arc related to subduction at the Kadavu
Trench. Ages range from 3.2 Ma to Holocene. Com-
positions range from basaltic to dacitic and are
generally potassic.

Lau Islands

The islands on the Lau Ridge (Figure 1) formed in
several periods of volcanic activity, probably begin-
ning in the Eocene. The oldest exposed rocks, on
Yacata island, are Middle Miocene (14 Ma). Further
south, Late Oligocene rocks have been recovered by
dredging. The exposed volcanic rocks are of three
ages: Middle and Late Miocene, Middle Pliocene,
and Late Pliocene to Pleistocene. Eruptive rocks in
the two earlier episodes were tholeiitic to calc-
alkaline, and in the third episode were alkali basalt.
Limestone was deposited in the Middle to Late
Miocene, Late Miocene to Early Pliocene, and Late
Pliocene to Quaternary.

Quaternary Volcanic Activity

Quaternary volcanic activity of mainly alkali basalt
composition formed the island of Taveuni immedi-
ately south-east of Vanua Levu (where the most
recent dated eruption was at 340 4+ 70 years), and
the island of Rotuma, 650km north of Viti Levu.
Many small centres of Quaternary alkali-basalt vol-
canism are scattered around the archipelago in the
north-east, the north-west, in Lomaiviti, adjoining
Kadavu and in the Lau Group, but none is known
on the Viti Levu platform. High-K andesite to dacite
erupted at the western end of Kadavu island.

Economic Geology

Gold has been mined at Vatukoula on Viti Levu since
1933 and has been mined at other locations on Viti
Levu and at Mt Kasi on Vanua Levu at different
times. Manganese ore was mined from 1950 to
1971, most production being from Viti Levu in the
1950s. Magnetite was mined at Tuveriki in south-
west Viti Levu from 1957 to 1963. Deposits of gold,
polymetallic sulphides, and disseminated deposits are
being explored, notably the Waisoi and other por-
phyry—copper deposits at Namosi on Viti Levu. Baux-
ite deposits occur in western Vanua Levu, mainly
around Wainunu, and some islands of the Lau
Group have deposits of phosphatic clay.

Plate Tectonic Setting

The early volcanic arcs that now form the basement
of the Fiji platform developed above subducted Pa-
cific plate in the Eocene, Oligocene, and Miocene.

Initially the Yavuna arc and Lau-Tonga Ridge prob-
ably were parallel to, and close to, New Caledonia,
but were moved to the north-east by the opening
of the South Fiji Basin (36-25 Ma). By the Middle
Miocene, the Lau-Tonga arc, Fiji, and Vanuatu arcs
formed a single east-facing arc above subducted
Pacific plate. This simple arc, sometimes referred to
as the Vitiaz Arc, was disrupted in the Late Miocene
with the onset of back-arc extension in the North Fiji
Basin. This extension caused the clockwise rotation
of Vanuatu and the anticlockwise rotation of the Fiji
platform. In the Pliocene, spreading extended east
and then south, causing separation of the Lau and
Tonga ridges and the oblique subduction of South Fiji
Basin lithosphere at the Kadavu Trench. Rotation of
the Fiji platform caused local compression and exten-
sion. As Fiji moved away from sites of active sub-
duction, volcanism became mainly alkali basalt in
composition.

Tonga

The Tongan archipelago is a north-north-east-
trending double-island chain that straddles the north-
ern end of the active convergent plate boundary that
separates the Pacific and Australian plates. A well-
defined Benioff zone dips westward at 43-45° be-
neath Tonga and extends to a depth of 700 km. The
larger islands of the archipelago form the eastern
chain, 130-150km west of the Tonga—Kermadec
Trench. These are low-lying islands made up mainly
of coraline limestone. On Eua, the southernmost of
this eastern chain, the stratigraphic sequence has
been described as consisting of coraline limestone,
Miocene tuffs and tuffaceous limestones, Late Eocene
tuffaceous marlstone (thickness, 60-80m), Late
Eocene foraminiferal and algal limestone, and Middle
Eocene (46 Ma) basaltic and intermediate lava, vol-
canic breccia, and tuffs cut by dykes. Although the
Eocene and Miocene rocks are not exposed elsewhere
in Tonga, seismic profiles indicate that they form
the basement of the Tonga Ridge. The crust beneath
the ridge is 12-18km thick. Development of the
Tonga Trench and uplift of the frontal arc occurred
in Middle to Late Oligocene. The Miocene tuffs are
thought to represent the initial stages of arc vol-
canism. The islands of the western chain, which lie
150-200 km west of the trench, comprise the Tonga
or Tofua volcanic arc. The volcanoes have a history of
intense modern activity, with more than 35 eruptions
occurring during the past 200 years, including both
subaerial and submarine events. The volcanic prod-
ucts are mainly basalt and basaltic andesite with sub-
ordinate dacite, as is to be expected from an intra-
oceanic arc system. West of the Tonga or Tofua arc is
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the Lau basin, an area of attenuated crust and
high heat flow that is interpreted as an extensional
back-arc basin.

Samoa

The Samoan archipelago lies between latitudes 13°
and 15°S and longitudes 169° and 173°W and
extends for 500km on azimuth 288°, from Rose
Island in the east-south-east to Savaii Island in the
west—-north-west. The archipelago comprises a chain
of hotspot-related intraplate volcanoes made up of
the alkaline and tholeiitic basalts that are typical of
Pacific island chains. The two largest islands are
Savaii (1700km?) and Upolu (1115km?). These,
together with the small islands of Manono and
Apolima, comprise Western Samoa.

Savaii is the summit of a large basaltic volcano.
Many small parasitic cones occur about its flanks
and the lavas of the historical eruptions of 1760
and 1905-11 are widely distributed across the north-
ern part of the island. On Upolo Island, young
cones and lava flows overlie older, deeply eroded
volcanic sequences that form spectacular topography
on the eastern end of the island. Similar geology is
seen on Tutuila, the third largest island, where post-
erosional lavas overlie an older group of volcanics.
Further east, the volcano chain is reduced to subaerial
remnants in the Manu’a islands and the easternmost
Rose Atoll.

Pacific island chains typically increase in age west-
ward. Dating of Samoan lavas and dredged tholeiitic
samples from seamounts west of Savaii confirm that
this is the case in the older volcanic rocks of the
Samoan chain. For example, shield volcanics on
Upolu range in age from 2.8 Ma to 1.7 Ma and on
Tutuila, to the east, range from 1.54 to 1.28 Ma. The
post-erosional volcanic activity on Savaii, Upolu, and
Tutuila, from 700 000 years ago to the present, does
not fit the ‘older westward’ pattern. Possibly this
is a side effect of the sharp change in the orientation
of the Tonga—Kermadec Trench which, at a point
about 100 km south of the Samoan islands, swings
from a near north-south azimuth to near east-west
(Figure 1). Flexural bending of the Pacific plate at this
point presumably could cause rifting in the Samoan
archipelago and thus provide a conduit for renewed
volcanic activity.

See Also
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Introduction

Establishing the nature of the processes by which
life originated is one of the most fundamental un-
solved scientific problems. Fifty years of study have
enabled us to assemble many pieces of the puzzle but
have also left a number of critical gaps in our under-
standing. Even the issues of when and where life
originated are still poorly constrained, but life prob-
ably appeared on Earth between about 4.2 Ga and
3.5 Ga ago. There is good evidence that the current
DNA-RNA-protein basis for life developed from a
stage known as the ‘RNA world’ in which RNA
performed the information-storage and catalytic
roles currently performed by DNA and proteins.
Direct formation of the RNA world from prebiotic
chemistry seems unlikely, so much current research
focuses on possible precursors to the RNA world.
Various suggestions for pre-RNA worlds have been
made, but none has yet proved entirely satisfactory.
A number of terrestrial and extraterrestrial processes
can produce prebiotic organic molecules, but there
are still problems in obtaining the right molecules in
sufficient quantities.

Development of Ideas on the Origin
of Life

The idea that all life on Earth has a common origin
became well established only in the twentieth century.
Early ideas on the evolution of life were most clearly
expressed by Lamarck, who described the process as
one of progression from simpler to more complex and
advanced forms (see Evolution). The observation that
both simple and complex organisms are currently
present therefore required that simple organisms are
appearing even today from inorganic matter by a
process of ‘spontaneous generation’ (a concept that
has its origins in antiquity). Thus, the ideas of trans-
formism (evolution) and spontaneous generation
were closely linked in the early nineteenth century
and put Lamarck and his followers in conflict with
the religious and scientific establishment, who argued
for the immutability of species, which were divinely

created in their current forms. Lamarck’s ideas were
criticized by scientists such as Cuvier (see Famous
Geologists: Cuvier) (in a celebrated debate with
Geoffroy Saint-Hilaire in 1830) and later by Pasteur,
who carried out his famous ‘swan-necked flask’
experiments to discredit the idea of spontaneous
generation.

Darwin’s theory of evolution by natural selection
opened the way for the modern view of the origin of
life (see Famous Geologists: Darwin). In Darwin’s
theory there is not necessarily a ladder of progress
from simple to more complex forms. Simple organ-
isms can be as evolutionarily successful as complex
ones. This allowed the idea that all life, simple and
complex, had a single origin in the distant past. While
the subject of the origin of life is hardly mentioned in
Darwin’s published writings, the following quote
(from a letter to his botanist friend Joseph Hooker)
gives us an inkling of his thoughts on the subject at
that time:

If (and oh! what a big if!) we could conceive in some
warm little pond, with all sorts of ammonia and phos-
phoric salts, light, heat, electricity present, that a protein
compound was chemically formed, ready to undergo still
more complex changes....

Oparin and Haldane in the early twentieth century
developed the idea that chemical reactions on the
early Earth could have led to the production of a
range of organic compounds, forming a ‘primordial
soup’ in which the required building blocks for life
would have been present.

But it was not until 1953 that these ideas received
experimental support. Stanley Miller, then a graduate
student working in the laboratory of Harold Urey,
set up his famous experiment in which electrical
discharges were passed through a mixture of gases
(methane, ammonia, hydrogen, and water vapour)
simulating a thunderstorm on the primitive Earth.
The experiment produced a mixture of several amino
acids, the building blocks of proteins. Miller speculated
that this was how organic compounds had been made
on the early Earth. In the same year, Crick and Watson
published their structure for DNA, the first step in
elucidating the fundamental molecular basis of life.
These two discoveries meant that we had both a plaus-
ible way of generating simple organic building blocks
and an understanding of the macromolecules on which
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life depends. A detailed experimental and theoretical
study of the origin of life was now possible.

The Earliest Life

Sedimentary rocks of about 3.5 Ga old are found in
the Pilbara region of Western Australia and in the
Barberton Mountain Land in South Africa; these are
the oldest such rocks that are sufficiently well preserved
to contain fossils. These rocks contain structures that
are interpreted as fossil stromatolites (layered struc-
tures built by colonies of micro-organisms) as well as
filamentous microstructures interpreted to be micro-
fossils of bacteria (see Biosediments and Biofilms).
The biogenicity of many of these early fossils is con-
troversial, but, if accepted, their presence indicates
that life was well established on Earth at 3.5 Ga. It
is even more difficult to say much about the nature of
this early life. Some of the Pilbara microfossils have
been suggested to resemble present-day cyanobac-
teria, but recent reinterpretation of the stratigraphy
of the region suggests that the rocks originated in a
hydrothermal environment.

Evidence for life has also been claimed in rocks of
about 3.8 Ga from Greenland. These rocks are too
metamorphosed to preserve physical fossils, but they
contain carbon depleted in '*C, which is consistent
with the occurrence of biochemical reactions. These
claims are also controversial.

Translation
(Ribosomes, tRNAs)

Transcription

(enzymes)

Replication
(enzymes)

The Tree of Life

The early history of life can also be studied through
the techniques of molecular biology. It has been
found that all life on Earth shares the same funda-
mental chemical processes. All life uses DNA as its
basic genetic material. The DNA message is read by
copying it onto RNA (transcription), and this RNA
message is used to synthesize proteins (translation) by
means of an RNA-protein complex called the ribo-
some (Figure 1). The resulting proteins are most
frequently used as catalysts (enzymes) to drive the
many chemical processes in the cell. The genetic
code — which translates three-‘letter’ sequences of
the four DNA bases (A, C, G, and T) into the corres-
ponding amino acid to be added to a protein — is
almost universal (with a few minor variations).

The common chemical basis for life strongly sup-
ports the idea that all life on Earth is related and
descended from a single universal ancestor, some-
times known as LUCA (last universal common ances-
tor). Moreover, by comparing the sequences of genes
involved in these fundamental processes common
to all life, we can construct a ‘family tree’ showing
the relatedness of all groups of life. Such molecular
phylogenetic analysis has led to the ‘three domain’
taxonomy, in which life is divided into the domains
Bacteria, Archaea, and Eucarya (Figure 2).
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Figure 1 Summary of the key molecular processes common to all life. Genetic information is carried by DNA and can be
copied (replication) onto new DNA molecules. The genetic message is read by first copying onto RNA (transcription) and then using
the RNA message to synthesize a protein (translation). Three-letter sequences of the RNA bases (uracil (U), cytosine (C), adenine (A),
and guanine (G)) are translated into a corresponding amino acid to include in a protein according to the genetic code shown on

the right.
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Figure 2 The tree of life derived from analysis of the small subunit ribosomal RNA gene, showing the division of life into the three
domains Bacteria, Archaea, and Eucarya. Heavy lines indicate the branches containing hyperthermophilic organisms and illustrate
the hypothesis that LUCA (the last universal common ancestor) was a hyperthermophile.

One feature of this phylogenetic tree is that many
of the deepest branches closest to the ‘root’ of the tree
are found to contain the hyperthermophiles (organ-
isms adapted to very high temperatures). This has led
to the suggestions that LUCA itself was probably a
hyperthermophile and that perhaps life originated
in a high-temperature environment. However, the
interpretation of the tree is complicated by the likely
occurrence of horizontal gene transfer (transfer of
genes between different species), and there are pos-
sible interpretations of the tree that do not require
LUCA to be hyperthermophilic.

Even if LUCA was a hyperthermophile, this does
not necessarily tell us much about the environment
in which life originated, since we do not know how
much evolution occurred before LUCA. For example,
one scenario is that life had already adapted to a
wide range of environments before LUCA, but a
catastrophic event such as a major impact wiped out
everything except the hyperthermophiles.

LUCA is likely to have been similar to present-day
bacteria. While these are usually regarded as simple
organisms, even the simplest bacteria still contain
substantial complexity, having genome sequences of
several hundred thousand base pairs and using several
hundred enzymes to catalyse a wide range of meta-
bolic processes. The basic problem of the origin of
life is to understand how such complexity could arise
from a system simple enough to have assembled by
chance in a prebiotic environment.

The key process is likely to be evolution by
Darwinian natural selection. This process is capable

of developing increased complexity. We therefore
need to identify simpler systems that preceded the
current DNA-RNA-protein basis for life but retain
the basic requirements for natural selection to oper-
ate. While we have no fossil record to guide us in
studying this stage of life’s history, there are clues
in the molecular mechanisms of modern organisms.

The RNA World

The DNA-RNA-protein basis for life presents a
chicken-and-egg problem. DNA requires protein
enzymes to catalyse its replication and transcription.
However, these proteins can be made only by using the
DNA genes that code for them. Hence, DNA is depend-
ent on proteins and vice versa. A possible solution to the
problem of how such a system originated was provided
by the discovery by Cech and Altman that RNA can
exhibit catalytic activity. This means that RNA can per-
form the roles of both a replicating information store
(like DNA) and a catalyst (like protein enzymes).

This discovery led to the concept known as the RNA
world — the idea that there was a stage in the develop-
ment of life in which RNA acted as both the genome
and the catalyst. These roles were subsequently taken
over by DNA and proteins, leaving RNA in its modern
role as an intermediary between DNA and proteins.
The RNA-world concept is supported by a number
of features of the molecular structure and chemistry
of modern cells.
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First, the structure of the ribosome, which catalyses
protein synthesis, has recently been determined in
detail. Although the ribosome contains both RNA
and protein components, it has been found that the
important catalytic activity comes from the RNA
components, with the protein playing a peripheral
role. This shows that protein synthesis (translation) is
carried out almost exclusively by RNA and there-
fore probably originated at a time when only RNA
catalysts were available. By contrast, the replication
and transcription of DNA is carried out mostly by
enzymes. Second, the synthesis of the nucleotides of
DNA is carried out by building the corresponding
RNA nucleotides first and then converting them
to DNA nucleotides. Third, there are a number of
important biochemical processes that use RNA (but
not DNA) nucleotides or closely related molecules.
These include the use of ATP (adenosine triphos-
phate) as the main energy carrier, and the cofactors
used to assist a number of enzymes.

All these lines of evidence point to RNA being more
ancient than either DNA or proteins and suggest that
a pure RNA world ‘invented’ protein synthesis, giving
rise to an RNA-protein world; subsequently, DNA
was adopted as the primary genetic material.

For a pure RNA world (i.e. one in which proteins
play no role) there must have been an RNA catalyst
(or ribozyme) capable of catalysing the replication of
RNA. No such molecule exists in modern organisms
(although there are protein enzymes, known as
RNA-dependent RNA polymerases, that do this).
However, attempts have been made to synthesize
such an RNA polymerase ribozyme. This is done by
a process of ‘in-vitro evolution’, in which many copies
of an RNA strand are made with random variations
and then selected for appropriate catalytic activity.
After many cycles of selection, ribozymes have been
made that are capable of copying short sections of
RNA (up to 14 bases) but are too inefficient to copy
larger molecules.

The Origin of the RNA World

An RNA world is now widely accepted as being a
stage in the development of life. The RNA world
was either the first stage of life or preceded by an
earlier stage of life, the pre-RNA world.

If the RNA world was the first stage of life then
there must be a way of making a viable RNA world
through the random processes of prebiotic chemistry.
However, there are a number of difficulties with such
a process. RNA consists of a sugar—-phosphate back-
bone carrying four possible bases — guanine, adenine,
cytosine, and uracil. Prebiotic syntheses have been

suggested for the bases, but some require contrived
conditions. The ribose sugar can be produced by the
formose reaction but only in small quantities as part of
a complex mixture of other sugars. The assembly of a
complete ribonucleotide from these components
presents further difficulties.

The nucleotides would then need to be assembled
into RNA strands of sufficient length to show useful
catalytic activity. Experiments using montmorillonite
clay as a catalyst have led to RNA molecules of up to
about 40 nucleotides. However, for this to be possible
the nucleotides must be provided in their activated, or
energy-rich, triphosphate form.

A further difficulty with an RNA world is imposed
by the chirality of RNA. RNA replication (like many
processes in biological chemistry) depends on the
RNA nucleotides being based on the right-handed
version of the two mirror-image structures for the
sugar (i.e. D-ribose rather than L-ribose). However,
any prebiotic process would be expected to make
the sugar as a racemic mixture (i.e. equal quantities
of D-ribose and L-ribose).

Pre-RNA Worlds

The difficulties with the prebiotic synthesis of RNA
lead many researchers to conclude that direct produc-
tion of an RNA world is highly improbable, and there
must have been a preceding stage, or pre-RNA world,
that used some other genetic material. Many different
suggestions have been made.

The most obvious precursor to RNA is some other
organic polymer that carries information in the same
way as DNA and RNA. One suggestion is the peptide
nucleic acids (PNA) (Figure 3). These molecules use
the same set of bases as DNA and RNA but have a
much simpler backbone linked by peptide bonds. The
prebiotic synthesis of PNA seems to be more straight-
forward than that of RNA. Furthermore, PNA is
achiral, thereby avoiding the chirality problems
associated with RNA.

Another possible RNA precursor is TNA. This is a
nucleic acid in which the four-carbon sugar threose
replaces the five-carbon sugar ribose used in RNA.
TNA can base pair with RNA or DNA and is the
structurally simplest member of the RNA family.
The four-carbon sugar should be easier to make than
ribose in prebiotic conditions.

Some other suggestions for pre-RNA worlds involve
very different ideas. For example, it has been sug-
gested that inorganic clay crystals, rather than organic
polymers, provided the first genetic material. Another
suggestion is the ‘compositional genome’, in which the
genetic information is carried by a set of molecules
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Figure 3 The molecular structures of RNA and two molecules that have been suggested as possible precursors of RNA. PNA
(peptide nucleic acid) uses a simpler backbone based on peptide bonds, and TNA replaces the five-carbon sugar ribose with the four-
carbon sugar threose. All three molecules can use the same set of four bases (attached at the positions marked B) and can base-pair

with RNA or DNA.

enclosed by a membrane. Other models propose that
networks of reactions that are the forerunners of mo-
dern metabolic processes preceded the development of
genes. All such models present a number of problems,
not least in explaining how the transition to an RNA
world could occur (Figure 4).

Suffice it to say that no model of a pre-RNA world
has yet achieved any degree of consensus, and the
problem of how to build an RNA world out of the
available prebiotic material remains unsolved.

Sources of Prebiotic
Organic Molecules

The Miller experiment, described above, provided
the first demonstration of how organic molecules of
biological relevance might be produced in the atmos-
phere of the primitive Earth. Similar experiments
have produced a wide range of organic molecules in
this way. However, to achieve a substantial yield, a
strongly reducing atmosphere (i.e. one containing
gases such as hydrogen, methane, and ammonia) is

Eucarya

) Archaea
Bacteria

DNA-RNA-protein-based organisms
Adoption of DNA

Evolution of genetic code

Protein synthesis invented
RNA replication and catalysis

Unknown genetic material

Figure 4 Outline of a possible series of steps in the develop-
ment of life from prebiotic molecules up to the modern DNA-
RNA-protein basis for biological chemistry.

required. Current ideas suggest that the atmosphere
of the early Earth was instead composed mostly of
carbon dioxide and nitrogen (see Atmosphere Evolu-
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tion). There may have been a small amount of me-
thane (up to about 100 ppm), making the atmos-
phere, at best, weakly reducing and allowing the
production of small amounts of organic material in
this way.

A possible alternative source of organic molecules
is extraterrestrial delivery. We know from astronom-
ical observations that interstellar clouds contain at
least 100 species of simple organic molecule, while
experiments simulating interstellar conditions have
shown that more complex molecules, including
amino acids, might be produced by photochemistry in
ice-coated dust grains. The Murchison meteorite,
which fell in Murchison, Australia in 1969, has been
found to contain a huge range of organic compounds
including more than 70 different amino acids. During
the phase of heavy bombardment in the first few
hundred million years after the solar system was
formed, the Earth would have been subject to fre-
quent impacts of comets and asteroids (see Earth
Structure and Origins). While the heat produced by
the impacts of these large bodies may destroy much of
the organic material, recent experiments and simula-
tions suggest that at least some organic material may
be able to survive these major impacts. Organic ma-
terial can also be delivered to the Earth’s surface by
interplanetary dust particles. However, current esti-
mates of the amount of organic material that might
have been delivered to the early Earth vary widely.

One intriguing discovery is that at least some of the
amino acids in the Murchison meteorite show a small
excess of the L or left-handed form. This excess is
found in amino acids not known to be present in the
biosphere, so it cannot be due to contamination, and
suggests that a chiral imbalance existed in the organic
material of the early Solar System. This could be
relevant to the origin of biological chirality. A pos-
sible cause of the original excess of L-amino acids is
photolysis by circularly polarized light, which could
have occurred in the star-formation region in which
the Sun originated.

Another source that has been suggested for organic
compounds is reactions occurring in the superheated
water around deep-sea hydrothermal vents (see Tec-
tonics: Hydrothermal Vents At Mid-Ocean Ridges).
Reactions involving mineral catalysts could build
organic molecules from simple molecules such as
carbon dioxide. However, some workers argue that
the high temperatures in hydrothermal vents are more
likely to destroy organic molecules than create them.
It has been calculated that virtually all the water in
the oceans circulates through hydrothermal vents on
a timescale of about 107 years, and the temperatures
would be high enough to destroy molecules such as
amino acids. This limits the amount of organic

material that can build up in the oceans from any of
the above sources.

Thus, while there are a number of possible sources
of prebiotic organic compounds, we are still left with
two significant problems. First, the total amount of
organic material produced by any of these mechan-
isms seems to be enough to lead to only very weak
concentrations in the ocean. Second, the molecules
that are most easily made do not necessarily appear
to be the most relevant. For example, amino acids are
readily produced and are certainly important in
modern biology, but the adoption of proteins seems
to be a relatively late step in the development of life.
The building blocks needed for RNA (such as ribose)
are more difficult to make, although RNA appears to
be essential for early life.

Where did Life Originate?

Given that we do not yet understand the chemical
processes required for the early stages of life, it is
hard to say much about the likely location. However,
there are some general considerations that can be
applied. The early Earth would have been subject to
bombardment by asteroids at a high but rapidly redu-
cing rate, and some of the largest impacts would have
been ‘sterilizing impacts’ capable of vaporizing the
oceans and destroying any life. Clearly life must
have appeared after the last sterilizing impact, which
might have been around 4-4.2 Ga ago. (There could,
of course, have been one or more earlier origins of
life that were wiped out in the impacts.) However,
somewhat smaller impacts might have destroyed
life near the surface while allowing it to be preserved
deep in the oceans or within the Earth’s crust. This
suggests that life might have originated in a deep-
ocean location or even deep within the crust. Another
important consideration is that life requires an
energy source (for modern life this is normally solar
energy via photosynthesis). For a deep location the
likely energy source is geothermal energy. A location
on or near the surface would make available other
energy sources such as ultraviolet radiation and
lightning. A surface origin would, however, be much
more exposed to impacts, and life would therefore
have to have arisen somewhat later, towards the
end of the heavy bombardment. This leaves a rather
small time window between the end of the bombard-
ment and the first evidence of life on Earth. How-
ever, the timings of both these events are somewhat
uncertain.

Finally, the possibility must be considered that life
did not originate on Earth at all. More than 20 me-
teorites have been identified as coming from Mars.
The most famous is ALH84001, which has been sug-
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gested to contain fossil evidence of Martian life.
While many are unconvinced by these claims, the
meteorite does provide evidence that material can be
transferred from Mars to Earth with relatively good
preservation, and suggests that something like a
bacterial spore could seed life from one planet to
another. There is evidence that early Mars had liquid
water and may have been at least as favourable as
Earth as a site for the origin of life. During the heavy-
bombardment phase transfer of material from Mars
to Earth would have been much more frequent than
it is today.

Glossary

ALH84001 Martian meteorite discovered in the
Allan Hills ice-field in Antarctica in 1984. It has
been suggested that this meteorite contains evi-
dence of Martian microbial life.

Amino acid Simple organic molecule containing an
amino group (NH,) and a carboxyl group
(COOH). Amino acids link together in chains to
form proteins.

Archaea One of three domains of life, the other two
being the Bacteria and the Eucarya. The archaea
are prokaryotic organisms, which were shown to
be distinct from the bacteria by molecular phyl-
ogeny using 16S ribosomal RNA. The archaeal
domain includes many extremophilic organisms.

Bacteria One of three domains of life, the other two
being the Archaea and the Eucarya. The bacterial
domain includes all prokaryotic organisms not
classified as archaea.

Base pairing (Watson-Crick base pairing) The
pairing of the DNA and RNA bases through chem-
ical bonds, which link the double-helix structure
of DNA and allow the copying of information.
Adenine always pairs with thymine (or uracil),
and cytosine pairs with guanine.

Bases The components of DNA and RNA that carry
the genetic information in their sequence. DNA
uses adenine, guanine, cytosine, and thymine. In
RNA, thymine is replaced by uracil.

Chirality A chiral molecule is a molecule with an
asymmetric structure that can exist in two mirror-
image forms (or enantiomers). In living organisms
such molecules are usually found in only one of the
two possible enantiomers (homochirality). Thus,
amino acids are normally in the left-handed or
L-enantiomer, while sugars are in the right-handed
or D-enantiomer.

Cyanobacteria A class of bacteria that make use
of oxygen-producing photosynthesis; commonly
referred to as blue-green algae.

DNA Deoxyribonucleic acid; the molecule that
constitutes the genome of living cells. DNA mol-
ecules have a double-stranded helical structure
built from a sugar—phosphate backbone and a set
of four bases (adenine, guanine, cytosine, and thy-
mine). The sequence of bases specifies the genetic
information.

Domain The highest taxonomic division in the clas-
sification of living organisms. The three domains
are the Archaea, the Bacteria, and the Eucarya.
Domains are subdivided into kingdoms. While the
three-domain model is widely used in astrobiology,
some biologists prefer other schemes, such as the
five-kingdom system.

Enzyme A protein that acts as a catalyst. Most chem-
ical processes in living cells are enzyme catalysed.
Genetic code The set of rules by which three-letter
‘words’ in a DNA or RNA sequence describe an

amino acid to be incorporated in a protein.

Genome The complete set of genetic information for
a particular organism.

Heavy bombardment During the first few hundred
million years after the formation of the solar
system, the Earth and the other planets were sub-
ject to an intense bombardment by the debris left
over from the formation of the solar system. It is
during this phase of heavy bombardment that most
of the craters on the Moon were formed. The emer-
gence of life on Earth appears to coincide roughly
with the end of the heavy bombardment.

Hyperthermophile An organism adapted to life at
very high temperatures. Hyperthermophiles have
optimum growth temperatures above 80°C, and a
number can grow at temperatures above 100°C.

Interstellar molecule Molecules in interstellar space
are most commonly detected by means of radio-
frequency emission lines coming from the gas in
molecular clouds. Molecules can also be detected
from the infrared spectra emitted from dust. Well
over a hundred molecular species have been
detected by these methods. Some of the more com-
plex molecules found include acetic acid, acetone,
and ethanol.

Lateral gene transfer The transfer of genes between
different species. Lateral gene transfer may have
been widespread in the early stages of life on
Earth, and this complicates the interpretation of
the tree of life.

LUCA Last universal common ancestor; the last
common ancestor of all living organisms.

Martian meteorites Meteorites that originate from
Mars, also known as SNC meteorites. Their Martian
origin is demonstrated by bubbles of gas trapped
within them, which have identical composition to
the atmosphere of Mars.
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Miller-Urey experiment (or Miller experiment) An
experiment carried out by Stanley Miller and
Harold Urey in 1952, which demonstrated the
synthesis of amino acids in conditions simulating
a thunderstorm on the early Earth. The experi-
ment can be seen as marking the beginning of the
experimental study of the chemistry of life’s
origins.

Nucleic acid The molecules that carry genetic infor-
mation — DNA and RNA.

Phylogeny The evolutionary relationships between
different species of organism, represented in the
form of a phylogenetic tree. In molecular phylogeny
these relationships are determined by analysing the
differences in the sequences of genes common to
the various species.

Pre-RNA world A hypothetical early stage in the
development of life, which preceded the RNA
world and used some other genetic material in
place of RNA or DNA.

Ribosomal RNA The RNA components of a ribo-
some. One of these components, the small subunit
ribosomal RNA (also known as 16S ribosomal
RNA in prokaryotes or 18S ribosomal RNA in
eukaryotes), has been widely used to determine
the tree of life.

Ribosome A structure composed of protein and
RNA molecules that reads genetic information
from messenger RNA and synthesizes the corres-
ponding protein.

Ribozyme An RNA molecule that acts as a catalyst.
The discovery of RNA catalysis led to a Nobel
prize for Sidney Altman and Thomas Cech, and to
the concept of the RNA world.

RNA Ribonucleic acid; a molecule that can carry gen-
etic information in a similar way to DNA. In modern
cells, RNA molecules are important in the process of
protein synthesis, in the form of messenger RNA,
ribosomal RNA, and transfer RNA.

RNA world A hypothetical early stage in the de-
velopment of life, in which RNA molecules pro-
vided both the genome and the catalysts, roles
that were subsequently taken over by DNA and
proteins.

Stromatolites Layered structures built by colonies of
micro-organisms that are commonly found in the
Archaean and Proterozoic fossil records. Modern
examples can be found in sites such as Shark Bay in
Western Australia.

Tree of life A phylogenetic tree covering all groups of
life on Earth. The term is commonly used for the
tree derived by molecular phylogeny using small
subunit ribosomal RNA, as pioneered by Carl
Woese in the 1970s.

See Also

Atmosphere Evolution. Biosediments and Biofilms.
Earth Structure and Origins. Evolution. Famous
Geologists: Cuvier; Darwin. Precambrian: Eukaryote
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Vents At Mid-Ocean Ridges.
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Introduction

An evaluation of the climatic regime under which
sedimentary successions accumulated has often been
integral to their overall interpretation. It is an essen-
tially uniformitarian approach. Palaeoclimatology,
the understanding of past climatic regimes (palaeocli-
mates), has only relatively recently become a subject
in its own right and is currently undergoing a major
phase of expansion. One reason for this is the light
thrown by palaeoclimatic studies on the natural vari-
ability that exists in the Earth’s climate in the con-
text of future, anthropogenically influenced, climate
changes. Another is the realization that many of the
Earth’s sedimentary resources (e.g. coal, hydrocar-
bons, and other extractable minerals) formed under
particular types of climatic regime.

Through time, the climate of the Earth has under-
gone many changes — the most recent ice age ended a
mere 500 human generations ago. Astronomical data
suggest that the Sun is of a type that steadily increases
its heat output as it ages, increasing by about 1% per
100 Ma (see Solar System: The Sun). This presents a
problem (the ‘faint young sun paradox’). Simply stated,
in its early days the Sun would have emitted about 45%
less than its current heat output, so Earth should have
been frozen, but there is ample evidence from Earth’s
most ancient rocks (e.g. in Greenland, South Africa,
and Australia) to suggest that aqueous processes were
operating. This paradox can be overcome if it is
accepted that Earth’s atmosphere was much denser
and much richer in greenhouse gases (such as carbon
dioxide and methane) during its early history. The rock
record makes it clear that the Earth was periodically
affected by major freezes during its early history, and
controversy exists over the possibility that the Earth
periodically froze from the poles to the equator (the
‘snowball Earth hypothesis’) during Proterozoic and
older times (see Atmosphere Evolution).

Despite the possibility that the Sun was signifi-
cantly cooler 500 Ma ago, abundant and widespread
geological evidence suggests that through much of
the subsequent time the Earth has been significantly
warmer than at present. Since the Cambrian there
appear to have been only three episodes that were
cooler than now. One was in the Ordovician, when
glaciation was centred on the present Sahara (see

Palaeozoic: Ordovician), and one was in the Late Car-
boniferous (see Palaeozoic: Carboniferous) and Early
Permian, with glaciation centred on southern Gon-
dwana (see Gondwanaland and Gondwana). The latest
‘ice ages’ took place during the Quaternary (see Ter-
tiary To Present: Pleistocene and The Ice Age), from
about 1.67 Ma, but a growing body of evidence sug-
gests that this latest phase had its origins at around the
Eocene-Oligocene boundary (36 Ma), when ice began
to accumulate over eastern Antarctica. For around
250 Ma, since the Late Permian, there appears to have
been a period of extreme warmth, often referred to as
the ‘greenhouse world’. The Earth’s past climate
regimes can now be simulated using general circulation
models (GCMs) similar to those used in long-term
weather forecasting.

Orbital Forcing of Climate

In 1875, James Croll was the first to describe the cyclic
way in which the Earth’s orbit behaves. The eccentricity
varies from near-circular to elliptical over a cycle of
about 110Ka and affects the total amount of solar
radiation reaching the Earth. Changes in the tilt of the
Earth’s axis of rotation (obliquity; currently about
23.4° but varying between 21.8° and 24.4°), which
affect the latitudinal distribution of received solar radi-
ation, take around 40Ka. In addition, a rotational
wobble in the Earth’s axis of rotation (as if the poles
describe a circle against the background of the stars)
causes the precession of the equinoxes and takes
around 22 Ka to complete a cycle. In the 1930s and
1940s, Milutin Milankovitch, improving on Croll’s
work, realized that each of these cycles interacts with
the others to cause changes in the amount of insolation
received by the Earth that are sufficient to promote
climate changes (see Earth: Orbital Variation (Includ-
ing Milankovitch Cycles)). These cycles are now named
after Milankovitch and have been used to predict the
time-frame of glacial cycles in the Quaternary. Changes
in palaeoclimate have been recognized in Neogene
oceanic sediments, which provide a metronomic time
signal, synchronized with the Milankovitch time-
frame, and hence a means of short-term correlation
that was unavailable until recently.

Geological Proxies of Palaeoclimate
(Figures 1A and 1B)

Sedimentary facies and palaeontological data gener-
ally provide qualitative evidence of palaeoclimates
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and climate changes. These are palaeoclimate prox-
ies. The most climatically informative structures are
glaciogenic features (striated pavements, tills, and
tillites), distinctive soil types (e.g. laterites and baux-
ites), and indicators of aridity (e.g. evaporites and
aeolianites). Supplementary evidence of climate is
provided by a range of other features, such as other
types of palaeosol (e.g. calcretes, gypcretes, and ver-
tisols), clay mineralogy (reflecting weathering regime),
storm deposits, reefs and oolites, glendonites, and
fusain (from wildfires). Coals, often considered to
require moist tropical climates, are now known to
accumulate equally well in temperate mires. Critical
information on past climates (particularly quantita-
tive information on palaeotemperature) comes from
oxygen isotopic ('%0) data derived from carbonate
fossils, but such data have to be treated with care
because of problems associated with diagenetic reset-
ting. Palaeobotanical data, particularly regarding
plant appearance (physiognomy), are generally quali-
tative, and have also been claimed to provide quanti-
tative information. The density of leaf stomata may be
related to the concentration of atmospheric carbon
dioxide, and there is, today, a striking relationship
between mean annual temperature and leaf shape (per-
centage of entire-margined, as opposed to toothed-
margined, species) in a biome. Entire-margined leaves
dominate warm biomes.

Fossil reptiles such as crocodilians, like their
modern descendants, have global distributions that
are principally controlled by temperature. A coldest-
month mean temperature of 5.5°C marks the min-
imum thermal limit for the group (corresponding to
a modern mean annual temperature of ca. 14.2°C).
Such evaluations of temperature have been success-
fully applied globally for the Mesozoic and Cenozoic
and compared with GCM output on climate for
those times.

Marine Carbonates

Modern shelf seas are dominated by carbonate facies
in areas where organic productivity is high, generally
in low latitudes (between about 30°N and 30°S) with
strong insolation and warm normal-salinity sea-
waters (>20°C and 35%o salinity). Carbonate shelves
also occur in temperate waters, particularly where
rates of terrigenous run-off are low. However, rates
of productivity in these areas are much lower than
in warmer waters, and the biota is dominated by

different species. Nonetheless, dominance of carbon-
ates in a particular rock succession may not necessar-
ily indicate warm waters, particularly for more
ancient rocks in which the biota have only tenuous
links with modern forms (see Sedimentary Environ-
ments: Carbonate Shorelines and Shelves).

Present-day warm-water shelves unpolluted by
fine-grained terrigenous run-off have diverse com-
munities with hermatypic (reef-building) corals and
codiacian calcareous algae and may include ooids,
aggregates, and pellets; these latter grain types reflect
carbonate precipitation and early cementation. This
is known as the chlorozoan skeletal grain association
and can be recognized as far back as the Triassic.
Modern temperate-water carbonate factories are
dominated by benthic foraminiferans, molluscs, bryo-
zoans, barnacles, and calcareous red algae. This is
termed the foramol skeletal grain association and
can be recognized, albeit equivocally, into the Meso-
zoic Era. The polewards expansion of reef and car-
bonate facies (by about 10° latitude) in the Mesozoic
and Early Cenozoic, relative to today (30° today, ca.
40° in the Mesozoic and Palaeogene), suggests that
the Earth was more equable during these times.

The principles of palaeotemperature determination
from carbonates using oxygen isotope ratios are well
established, and for many years oxygen isotopic ratios
have been used to quantify sea-surface temperatures
and bottom-water temperatures. The technique has
most successfully been applied using the fossil shells
of organisms considered to be robust to diagenetic
changes (e.g. planktonic forams, coccolithic oozes).
Such data have shown that ocean waters have changed
their isotopic ratios in concert with the waxing and
waning of the ice-caps during Quaternary glacial
cycles, the oceans becoming relatively depleted in
180 during glacial episodes (shells therefore showing
180 enrichment) by comparison with interglacials. In
the longer term the 6'®0 trend for ocean waters sug-
gests that seawater has become progressively depleted
in '°O (leading to positive 6'*O values) since about
55 Ma. This has occurred in a series of steps, probably
reflecting, first, the cooling of deep waters, followed
by the onset of permanent ice on Antarctica at around
the Eocene-Oligocene boundary. Then followed a
series of significant more positive excursions, through
the Oligocene and Miocene, before a major and per-
manent swing in the Miocene (15 Ma), which is taken
to reflect the formation of the Antarctic ice-sheet. The
growth of the northern hemisphere ice-sheets is

evaporation). Under lignites and coals V, vitrinite; F, fusinite; I, illite; V, vermiculite; Sm, smectite; K, kaolinite; CL, chlorite; ppt,
precipitation; evap, evaporation; *, unaltered parent rock with fines under both arid and frigid terrains; , vermiculite can form under a

wide variety of conditions.
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marked by a further more positive excursion in the
Quaternary.

Evaporites

Evaporite salts may form anywhere on Earth where
evaporation exceeds rainfall (see Sedimentary Rocks:
Evaporites). Their preservation is controlled by the
nature of the post-depositional climate, the ingress
of groundwaters, and subsequent burial history.
Modern coastal evaporites accumulate between 15°
and 35° latitude, but intracontinental evaporites may
occur beyond 50°, sometimes being frozen for several
months in the year. So salts do not necessarily imply
permanent warmth. The formation and preservation
of the more soluble salts of potassium require low
atmospheric humidity (less than 50%). Salts may
form very rapidly under ideal conditions (100 m in
1Ka), so short-lived episodes of evaporation may
lead to great thickness of salts.

Glaciogenic and Cold Water Sediments

About 10% of the Earth is covered by ice today, but
this increased to 30% during the Quaternary glacials.
Ice and permafrost provide a series of erosional and
depositional fingerprints (e.g. striated pavements and
boulders, dropstones, ice wedges, and glacial tills
(diamicton)) (see Sedimentary Processes: Glaciers)
as well as a range of geomorphological features, such
as eskers, kames, etc., some of which have been recog-
nized in association with ancient glacial systems (e.g.
in the Lower Palaeozoic of the Sahara and the Late
Palaeozoic of Gondwana). However, boulders may be
dropped into deep water through mechanisms other
than ice rafting (e.g. from the roots of floating trees).
More cryptic evidence of cold-water precipitation
comes from glendonites — carbonate nodules pseudo-
morphing the mineral ikaite, the low-temperature
polymorph of calcium carbonate (CaCOj-6H,0). It
is today associated with clathrates in cold deep waters
and in shallow polar waters. Glendonites are reported
from Cretaceous localities in Australia and Canada
and from the Jurassic of Siberia.

Coals and Lignites

Coals and lignites are indicative of an excess of pre-
cipitation over evaporation: vegetation accumulates
in wetland mires, which, if rain occurs on most days of
the year, will grow upwards above the general level
of the regional water table. Preservation of peat re-
quires rapid burial and/or anoxic conditions. Frigid
conditions favour preservation, as do environments
in which rainfall is evenly spread throughout the
year. Today such conditions occur in equatorial
zones and in high mid-latitudes. In the Mesozoic

equatorial zones appear to have been more arid than
they are today.

Wildfires and Palaeosols

Fusain, almost pure carbon in sedimentary rocks, is a
product of wildfires. Natural fires, mostly triggered
by lightning strikes, are favoured in strongly seasonal
climates where vigorous plant growth is promoted by
a distinct wet season, followed by a dry season creating
tinder that becomes fire-prone during thunder storms
at the onset of the next wet season. Fusain-rich
sediments are frequently associated with other evi-
dence of strong seasonality (distinct wet—dry seasons)
such as vertisols (and associated smectite-rich clay
mineralogies) and calcretes.

Laterites (or ferricretes) reflect the relative accu-
mulation of haematite, goethite, aluminium hydrox-
ides (e.g. gibbsite), and kaolinite within soil profiles
(see Soils: Palaeosols). Pedogenic and groundwater
laterites form best in humid tropical climates with a
distinct dry season. Bauxites (aluminium-rich later-
ites) often occur in association with laterites. Some,
like those of the Cretaceous of the Tethyan region,
occur on karstic surfaces cut into carbonate platforms
(see Sedimentary Processes: Karst and Palaeokarst).
In such cases the detrital materials are likely to have
been brought into the system, probably by aeolian
activity.

Clay minerals in oceanic sediments reflect the
weathering processes in the adjacent continental
areas and the climatically controlled distribution of
soils. Differential settling causes some depositional
segregation of clay species (e.g. near-shore accumula-
tion of kaolinite); nonetheless, recognizable patterns
in the ancient can be preserved (see Clay Minerals).

Aeolianites

Although coastal dune complexes may form across a
range of latitudes, major sand seas occur predomin-
antly in arid environments. Such aeolianites provide
both local and regional palaeowind data, which may
be used to test palaeoclimate models generated
by GCMs (see below). (see Sedimentary Processes:
Aeolian Processes)

Palaeoclimate Models

A recent approach to understanding past climate
regimes on Earth has been through the application
of complex computer models, specifically atmos-
pheric general circulation models (AGCMs), ocean
general circulation models (OGCMs), and recently
even more complex coupled ocean—-atmosphere gen-
eral circulation models (OAGCMSs). There are now
many contributions in this field, the palaeoclimatic
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approach having been pioneered by John Kutzbach
and Eric Barron.

General Circulation Models

GCMs use the laws of physics and an understanding
of past geography to simulate climatic responses.
They are objective in character. They require power-
ful computers to handle vast numbers of calculations.
Nevertheless, it is now possible to compare the results
of different GCMs for a range of times and over a
wide range of parameterizations for the past, present,
and future (e.g. in terms of predictions of surface air
temperature, surface moisture, precipitation, etc.).
GCM s are currently producing simulated climate pre-
dictions for the Mesozoic and Cenozoic that compare
favourably with the distributions of the geological
climate proxies discussed above. They can be used
effectively to predict sites of oceanic upwelling and
the distribution of petroleum source rocks and phos-
phorites. Models also produce evaluations of param-
eters that do not leave a geological record (e.g. cloud
cover, snow cover) and quasi-parametric phenomena
such as storminess. Parameterization is the main weak-
ness of GCMs (e.g. palaeogeography, palaeobathy-
metry, sea-surface temperature, orography, cloud
behaviour), and model output for continental interiors
is still colder in winter than indicated by palaeonto-
logical data. The sedimentary and palaeontological
record provides an important way of evaluating
GCMs, and this is important because the same GCMs
are currently being used to predict possible changes
in future climate.

The outputs discussed below were generated by an
AGCM (HadAM3) and an OAGCM (HadCM3L),
which is currently state-of-the-art. The model was de-
veloped at the Hadley Centre for Climate Prediction
and Research, which is part of the UK Meteorological
Office. The GCM consists of a linked atmospheric
model, ocean model, and sea-ice model. The horizontal
resolution of the atmospheric model is 2.5° latitude and
3.75° longitude. This provides a grid spacing at the
equator of 278 km north-south and 417km east—
west. The atmospheric model consists of 19 layers. It
also includes a radiation scheme that can represent the
effects of minor trace gases. Its land-surface scheme
includes a representation of the freezing and melting
of soil moisture. The representation of evaporation
includes the dependence of stomatal resistance on tem-
perature, vapour pressure, and carbon dioxide concen-
tration. There is an adiabatic diffusion scheme, to
simulate the horizontal mixing of tracers.

The ocean model has the same spatial resolution as
the atmosphere model and 20 vertical layers, with a
time step of 30 min. This contrasts with HadCM3

(the standard version of the Hadley centre
OAGCM), which uses a horizontal resolution of
1.25° x 1.25°.

Palaeoclimate of the Mesozoic -
Model Output and Geological Data

The Mesozoic Earth was an alien world, as illustrated
here by reference to a Triassic GCM simulation and
geological data. Throughout the Mesozoic dense
forests grew close to both poles, experiencing months
of continual daylight in warm summers and months of
continual darkness in cold snowy winters. Neither
Triassic nor Jurassic oceanic sediments provide good
evidence, but in the Late Cretaceous, from ODP
(Ocean Dirilling Program)/DSDP (Deep Sea Drilling
Program) data, the ocean depths appear to have
been warm (8°C or more at the ocean floor), and
reefs grew 10° further north and south than at the
present time. During the era the whole Earth was
warmer than now by at least 6 °C, giving more atmos-
pheric humidity and a greatly enhanced hydrological
cycle. However, from modelling studies, it seems that
much of the rainfall could have been predominantly
convective in character, often focused over the
oceans. The model output might help to explain geo-
logical data suggesting that major desert expanses
extended across the continents in low latitudes.
From the model, polar ice sheets are unlikely to have
been present because of the high summer tempera-
tures. The model suggests the possibility of extensive
sea ice in the nearly enclosed Arctic seaway through
parts of the year, but there is as yet no proxy data
against which such predictions may be tested. The Tri-
assic world was a predominantly warm world; the
model outputs for evaporation and precipitation con-
form well to the known distributions of evaporites,
calcretes, and other climatically sensitive facies.

Triassic: Comparison of Model and Proxy
Data - A Case Study

Modelled temperatures (Figure 2) A significant fea-
ture of the Triassic Earth is that the landmasses were
almost symmetrically distributed in a broad arc about
the equator (see Mesozoic: Triassic). A major aspect of
the modelled Earth is its overall warmth. Despite tem-
peratures plunging to —20°C and below over Siberia in
the northern-hemisphere winter and to similarly low
values over southernmost Gondwana in the southern-
hemisphere winter, the annual average temperature is
subdued in these high-latitude areas because of the
high summer values achieved there (ca. 24°C). These
high summer values preclude the possibility of year-
round ice and snow.
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Figure 2 Model-simulated mean seasonal temperatures for the Norian for (A) December—February and (B) June—August. Units
are °C and the contour interval is every 4°C. The ocean sea-surface temperatures were prescribed. JJA, June, July, August; DJF,

December, January, February.

Temperature-limited facies According to the model,
low temperatures would not have been a significant
barrier to coral reef development around the Tethys.
Reef systems developed and diversified through the
Triassic, extending their range from between 2°S and
25°N in the mid-Triassic to a maximum range of
35°S to 33°N in the Late Triassic. Range limits are
very close to the 20°C isotherm in the model.

Precipitation (Figure 3) Large tracts of Pangaea be-
tween about 40°N and 40°S are modelled to receive

very little rainfall. Much of the rainfall is over the
oceans, being convective in character, with the main
zone of rainfall migrating north and south through
the year with the movement of Intertropical conver-
gence zone (ITCZ). The equatorial lands surrounding
eastern and southern Tethys are modelled to receive
relatively little rainfall during December—April.
North-eastern Gondwana is modelled to have a mon-
soonal climate (winter wet). Northern and eastern
Siberia have some rainfall throughout the year, the
wettest period generally being through June and the
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Figure 3 Model-simulated mean seasonal precipitation for the Norian for (A) December—February and (B) June—August. Units are in
mm day” and the contour interval is not regular. JJA, June, July, August; DJF, December, January, February.

driest during the summer months of July and August
(also equivalent to a winter-wet biome). South-west-
ern Gondwana is also modelled to be winter wet; the
eastern parts of Gondwana are moister than the west-
ern parts. Nonetheless, large tracts of Pangaea, par-
ticularly in the tropics but extending to nearly 50°N
and 50°S, have a large excess of evaporation through-
out much of the year, as does a large part of western
Tethys. Southernmost Gondwana is also winter wet,
including the southern polar area during its months
of darkness.

In the Triassic (Figure 4), the following climate zones
have yet to be recognized from geological data: ice;
polar; cold temperate; and cold temperate arid
(steppe/desert). Tillites have not been reported. An
absence of both ice caps and several of these biomes
would be expected from the model simulations, but
with some caveats as the biomes are modelled by refer-
ence to modern equivalents (e.g. cold temperate).

In the Triassic the highest-latitude floras contain
a lycopod that has a worldwide distribution, reflect-
ing a global climate largely devoid of frost. From
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Figure 4 The Walter biome zones for the Triassic based on the model-predicted temperatures and precipitation.

geological proxy data the interior of Pangaea was hot
and dry, with warm temperate climates extending
to the poles. In Siberia the flora was deciduous
and displays well-defined annual growth bands; the
climate is interpreted to be cool temperate, with cool
winters and warm summers and a growing season of
four to eight months. For this biome to extend to 75°
in both hemispheres, as is observed, the poles must
have been far warmer than at present. This is consist-
ent with modelled output. The distribution of exten-
sive calcretes throughout Europe and the western
Tethyan margin is in agreement with the modelled
climate: hot and predominantly arid but with a
short wet season.

Relatively low-diversity communities of conifers
were confined to lower latitudes and are often found
in the proximity of evaporites (usually found in both
hemispheres between about 10° and 40° latitude).
They thus represent the subtropical dry environment,

and their distributions are closely in line with model
predictions in terms of the ratio between precipitation
and evaporation.

On the basis of facies and palaeobotanical data,
warm temperate climates existed between 5° and the
equator, with high-diversity floras of ferns, cycads,
and seed ferns, as well as conifers and ginkgoes. The
cool temperate zone extended to central Siberia and is
associated with the postulated uplands of the Central
Siberian Volcanic Traps.

During the Middle Triassic, abundant evaporites and
calcretes were deposited in Europe, whereas in north-
ern and southern China warm temperate and cool tem-
perate floras predominated. These observations are
fully in agreement with model output. Warm tem-
perate floras extended to about 70°N in north-eastern
Siberia, and the first northern-hemisphere coal
swamps since the end-Permian appear in this area.
Southern-hemisphere coal swamps are found in
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South America and Antarctica, again compatible with
modelled zones where precipitation exceeded evapor-
ation for much of the year. Biomes and facies suggest
that the equatorial zone is a predominantly arid belt,
again lending support to the validity of the model.
Exquisitely preserved fossil wood from the Middle
Triassic of Antarctica (70-75°S in the Triassic) indi-
cates forests with growth rates that were one to two
orders of magnitude greater than those seen at such
latitudes today.

In the Late Triassic the warm temperate biome was
dominant between 30° and 50° of latitude in both
hemispheres. The model generally supports this scen-
ario, but lack of precipitation typifies many regions
between these latitudes, especially away from the
coastal zones.

Thus, the model output shows a good correlation
with globally derived data, particularly for terrestrial
plant biomes, terrigenous proxy facies, and the distri-
bution of reefs. Terrestrial reptile distributions are
difficult to relate directly to palaeoclimate, but can
be interpreted to be broadly in line with model output.
This illustrates the sort of model-proxy correlation
that is currently possible.

Conclusions

Model simulations for the Mesozoic throw important
light on climatic processes and the behaviour of Earth
systems under greenhouse conditions. Model output
generally compares favourably with climate proxy
data, but discrepancies between data and models
reveal some serious modelling problems (or possibly
incorrect interpretation of the proxies). In continental
interiors, model simulations generate winter con-
ditions that are considered to be too cold (by 15°C
or more) according to the interpretation of some
palaeontological data.

Ocean temperatures could have been much warmer
than today, not only at the surface but also at great
depths. Such temperatures would have greatly re-
duced the oceanic storage capacity of both carbon
dioxide (in ocean waters) and methane hydrates (in
ocean-floor sediments) relative to the present day.
Model output is in close agreement with proxy climate
data in coastal and open-sea areas.

In its ‘greenhouse’ mode the Earth’s palaeoclimate
has greatly enhanced evaporation and precipitation, by
comparison with the present, but much of the rainfall
is convective in character, falling over the oceans. To
replicate climatic conditions similar to those indicated
by proxy facies throughout the Mesozoic a very large
increase in atmospheric carbon dioxide is required
(at least four times the present-day values).

Through the Phanerozoic, the Earth’s climate has
changed significantly, both on a variety of time-scales
and over a range of climatic states, usually baldly
referred to as ‘greenhouse’ and ‘icehouse’, although
these terms disguise more subtle states between these
extremes.
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Introduction

Ecology is the scientific study of the way in which
modern organisms interact with their environment. In
practice, ecologists study a very wide range of ques-
tions, but there are two main branches of study, aute-
cology and synecology. Autecology is concerned with
the ecology of an individual taxon, such as a chee-
tah, blue mussel, or vestimentiferan worm. Questions
tackled might concern mode of life, feeding and breed-
ing habits, and physical and chemical factors that
limit distribution. Synecology examines the complex
interactions between populations of a single species
or between communities of organisms; examples of
synecological studies might concern the relationships
between a variety of big cats and their prey on the
plains of Africa, the organisms associated with a mus-
sel patch on a rocky shore, or the chemosymbiotic
relationships within deep-sea vent communities, exa-
mining topics such as trophic structure and diversity.
Palaeoecologists seek to gain similar understandings
about fossilized organisms and ancient communities.

Palaeoecological studies may have relevance out-
side the sphere of palaeobiology. Organisms are not
randomly distributed and are adapted to particular
sets of environmental conditions (e.g., salinity, light
levels, substrate consistency, and temperature). Once
it has been established that a particular fossil taxon
had a particular set of habitat requirements, the pres-
ence or absence of that taxon may be used in a
broader geological context as a palaeoenvironmental
indicator. For example, stenohaline organisms such as
echinoderms and brachiopods, which have no ability
to excrete water gained by osmosis, are limited to
normal marine salinity, thus the presence of the body
fossils of these higher taxa has been widely used as an
indicator of prevailing normal salinity. For other
groups, a detailed knowledge of the palaeoecologies

of their component genera or species has been in-
valuable in finely subdividing palaeoenvironments.
For example, the relative proportions of milioline,
rotaliine, and textularine foraminifera in sediments
give important information concerning the salinity
of a depositional environment from brackish to hyper-
salinity. Brackish waters are dominated by rotaliinids
and textularinids, whereas miliolinids and rotalii-
nids make up the dominant species in areas of normal
or elevated salinity.

In terrestrial sediments, details of the palaeoecol-
ogy of plants, such as the relationship between leaf
shape and temperature and between concentration of
stomata and atmospheric carbon dioxide levels, may
be used in palaeoenvironmental reconstruction. Most
recently, there has been an added interest in palaeoe-
cology because the study of how the ecologies of dif-
ferent organismal groups and communities have
altered during periods of dramatic environmental
change (for example, during glacial periods or after
mass extinctions) may give useful clues to how life on
Earth may react to future climatic perturbations
linked to human activities.

Palaeoautecology

The palaeoautecology of an extinct organism may be
taken broadly to equate to its mode of life. Of course,
there are aspects of fossil palaeoautecologies for
which there is very little hope of being able to recon-
struct; for example, it is difficult to imagine that any-
thing will ever be known of mating dances in extinct
flies, but a remarkable amount can be gleaned. Argu-
ments made from homology with living relatives and
analogy from organisms with apparently similar
adaptations, from trace fossils or from models of
fossils, can be used. It is almost invariably preferable
to use a combination of approaches in order to allow
cross-referencing.

When fossil organisms belong to taxonomic groups
that still have extant representatives, much can be
learned by applying knowledge about living taxa,
using principles of homology. Clearly this is likely to
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be most successful in groups which are most closely
related, and as this relationship is stretched, any con-
clusions that extant and fossil groups may have lived
in the same way are tenuous. Interpretation of the
modes of life of most fossil bivalve molluscs is rela-
tively straightforward. Several features of bivalves
make these organisms ideal for palaeoecological re-
construction. First, modern bivalves are more di-
verse, both in terms of taxonomic units and in life
habits, than ever before in their 500-million-year
evolutionary history, meaning that interpretations
can be based on a wide range of possible models.
Second, a wide variety (for example, oysters, scallops,
mussels, and clams) are of great commercial interest
and consequently their biologies have been studied
intensively. Third, it is well demonstrated that bivalve
shell morphology and life habit are intimately related
(see Fossil Invertebrates: Bivalves).

An example of this methodology is illustrated in
Figure 1, which shows the right valve of Eopecten, a
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(©)

large bivalve known from Middle and Upper Jurassic
hardground faunas of Normandy (France) and Portu-
gal. Several aspects of its morphology can be used
to interpret the palaeoecology of this animal, based
on comparison with a living bivalve of the same
family. The oldest part of the shell, close to the
umbo, is a regular scallop shape and shows the mor-
phological features associated with attachment to
a hard substrate by byssal threads spun by the foot.
The surrounding section (later growth) of the shell is
highly irregular and its form varies among individ-
uals, because at this size the bivalve began to cement
to the seafloor and modified its shape to suit the sub-
strate. Experimental evidence has shown that cemen-
tation in bivalves is a good defence against predators.

Clearly some caution is required in using modern
organisms to interpret the palaeoecology of extinct
fossils, even when they are closely related. Some or-
ganisms have undergone a major shift in aspects of
their life habits over their evolutionary history. For

Byssal notch

Hard substratum

emerging through byssal notch

Ventral edge
lifts clear

~+—Hard substratum

Figure 1 Reconstruction of life habits of Jurassic Eopecten. (A) External view of the right valve. |, Juvenile phase (the byssal notch is
later filled with shell material); Il, later growth (attachment scar, no ribbed ornament); I, valve lifts clear of substrate, coarse-ribbed
ornament. (B) Juvenile stage byssally attached to hard substrate. (C) Cross-section through a mature animal, showing extensive

cementation scar and raising of ventral margins above substrate.
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example, monoplacophorans, a primitive caplike mol-
luscan class (see Fossil Invertebrates: Molluscs Over-
view), are known from a variety of shallow marine
sediments from the Lower Palaeozoic, apparently
living in communities alongside brachiopods and tri-
lobites. They then apparently disappear from the
fossil record during the Devonian and were presumed
extinct until the celebrated rediscovery of Neopilina
during dredging of deep water (>3500m) off the
coast of Mexico during the Danish-led Galathea ex-
pedition in 1952. However, it would clearly be in-
appropriate to reconstruct the palaeoecology of the
Palaeozoic forms based solely on our understanding
of the biology of Neopilina. Presumably during the
Upper Palaeozoic, monoplacophorans were forced,
perhaps by competition or predation pressure, into
deep-water refuges that are not represented in the
sedimentary record. Other Palaeozoic taxa that were
important and widespread in shelf communities, such
as brachiopods and stalked crinoids, are postulated
by some also to have been driven into refugia. These
examples clearly demonstrate the need to use several
lines of evidence when reconstructing palaeoecology
and, most importantly, not to divorce the study of
fossils from their lithological context.

What happens when there are no convenient living
homologues? In such cases, the palaeoecologists must
use more imaginative approaches. Trilobites (see
Fossil Invertebrates: Trilobites) became extinct by
the close of Palaeozoic, although much may be
gleaned of their palaeobiology by homology and by
analogy with other arthropod groups (such as under-
standing their moulting and likely internal anatomy).
It is believed that trilobites exploited a wide range of
life habits; although most were benthic, others were
pelagic or nektonic. Some (e.g., Calymene) are inter-
preted as having been voracious predators, whereas
others were thought to have been filter feeders or
deposit feeders. The lines of evidence used to elucidate
these different palaeoecological details are varied.
Much is reliant on detailed studies of functional
morphology, but evidence from trace fossils (including
some that show evidence of trilobites tracking worms)
and experimental modelling have also played a role.
An interesting example is the interpretation of the
Lower Palaeozoic olenellids as possible chemosym-
bionts in an elegant study by Richard Fortey. Using a
combination of evidence based on the functional
morphology of the family, principally the large
number and wide nature of the thoracic segments
and degenerate hypostome, the lithological evidence
that olenellids tended to inhabit sulphur-rich un-
bioturbated black shales, and by analogy with totally
unrelated modern chemosymbiotic organisms such as
lucinid bivalves, Fortey suggested that these trilobites

might well have harboured sulphate-reducing bacteria
on their gills, which allowed them to live in ‘difficult’
oXygen-poor environments.

When living relatives and even good analogues are
absent, more unconventional approaches can be taken
in the study of the fossil mode of life. Graptoloids
(see Fossil Invertebrates: Graptolites) were a signifi-
cant group of macrozooplankton living in the Ordo-
vician to mid-Devonian open seas. They have very
remote living relatives, the pterobranchs, but their
benthic, encrusting mode of life makes direct compari-
sons unrealistic. Instead, work has concentrated on
the response of graptoloid shapes to seawater, which
had the same properties in the Lower Palaeozoic as it
does now. Physical and computer-derived models
show that both the overall colony shape and its
detailed morphology would have had important con-
sequences for the behaviour of the species in water.
Colonies were designed to rotate during movement,
thereby increasing the volume of water that could be
sampled. Flow of water was directed into the thecal
apertures where the zooids lived by an arrangement of
spines, hoods, or hooks in many species. A standard
orientation relative to the dominant direction of water
flow was maintained by structures such as the virgella
and virgula, arrayed at the proximal and distal ends of
the colony (Figure 2). Understanding the physical
effects of adaptations shown by fossils allows infer-
ences about life habits to be made (for example, con-
cerning the likely feeding position of the zooids and
the sampling requirements that conditioned their
fitness and hence evolution).

Palaeosynecology

Ecologists define a community as a recurring group of
taxa (in fixed proportions) that live together in a
particular habitat. The focus of interest is in the way
in which populations of single species or different taxa
interact and the manner in which resources within
that habitat are shared between the different groups.
Ecological studies can be well founded on quantitative
analyses based on direct observations. Palaeoecolo-
gists, however, are faced with a number of problems
and must use less direct methods. First, a high propor-
tion of any community may be soft-bodied or weakly
skeletonized such that they are unlikely to be pre-
served in the fossil record. It is estimated that more
70% of modern taxa fall into this category and
the Middle Cambrian Burgess Shale lagerstitte (see
Lagerstitten) provides a salutary lesson, showing the
wealth of poorly or unskeletonized organisms (such as
worms and arthropods) not usually preserved in con-
temporary deposits. Second, relatively few organisms
are preserved in life position and many may have been
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Figure 2 Sketch of flow patterns of water over a monograptid
graptoloid model. The virgula and virgella maintain the colony in
a stable orientation relative to the main current. Spines at the
thecal openings produce local turbulence and direct flow over the
apertures, concentrating food particles conveniently for animals
living in the thecae.

transported far from their original habitats. As a
result, the palaeoecologist must consider whether the
group of fossils being studied is autochthonous (i.e.,
preserved in life position), parautochthonous (i.e.,
elements are disturbed and disarticulated, but the
fossils are not necessarily far removed from their
origins), or allochthonous (i.e., organisms from differ-
ent habitats have been swept together) before drawing
any conclusions. Third, even if a group of fossils is
considered autochthonous, it has to be recognized
that any bed, or even bedding plane assemblage, is
going to be time averaged, and it will thus contain a
sample of individuals that lived on that site over many
centuries or even thousands of years. In this way,
individuals of the same species but of very different
generations may be found next to one another, or taxa

that lived in successive communities on that site may
appear to have co-existed. As a result of these compli-
cations, palaeoecologists prefer to use the term ‘as-
semblage’ rather than ‘community’. In addition, the
soft-bodied components of the original communities
are seldom found fossilized. If similar assemblages are
found to occur widely, either geographically or tem-
porally, this provides a good indication that they are a
real ecological phenomenon, and these are given the
name ‘associations’.

Investigating Fossil Populations

Populations of organisms are sensitive to charac-
teristics of the environment and can be studied in
two main ways, by the examination of life strategy
and through survivorship analysis (Figure 3). Two
extreme life strategies, commonly termed r and K,
are derived from the logistic equation that states that
the number of individuals (N) in a population will be a
function of reproductive rate () modified by closeness
of the number of individuals to the total number that
can be supported by an environment (the carrying
capacity, or K):

dN/dt = rN[(K — N)/K]

The r-strategist species depend heavily on high rates of
reproduction, often breed early (at small size), and
may die after breeding. They generally invest little in
the care of their offspring, but have many offspring
at once. The strategy is characteristic of unstable en-
vironments in which the carrying capacity varies sig-
nificantly over short time-scales. The K-strategist
species breed late, often bearing single young over
whom care is expended. Individuals often live for a
considerable time, even after breeding has ceased.
This strategy is typical of stable environments in
which the carrying capacity is highly predictable. Al-
though these two descriptions are extremes, and most
organisms show a mixture of » and K features, the
generalizations have great use in making first-level
interpretations of population dynamics.

Survivorship analysis is a complementary tool for
use in the examination of fossil populations. The
number of survivors of each age group of a popula-
tion is plotted on a logarithmic scale as a function of
age. In fossil populations, the number of survivors
can be inferred if the bedding plane is time averaged,
or can be observed if mass mortality of a single group
produced the association. Most survivorship curves
fall into three distinct categories, though variations
exist, and organisms with very different life habits at
different stages of their lives may show composite
patterns. In cases in which high infant mortality
occurs, as might be seen, for example, in fish stocks,
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Figure 3 Key graphs for the interpretation of fossil populations. (A) A plot of the logistic equation, showing the rate of population
increase slowing as the population size approaches the carrying capacity of the local environment. (B) Survivorship curves for
populations with a high juvenile mortality (concave curve), an equal chance of mortality at any age (straight line), and a high gerontic

mortality (convex curve).

the survivorship curve will be concave. In environ-
ments in which there is an equal risk of mortality at
any age, the survivorship curve will be straight. The
classic example of this type of curve is that of garden
birds. Palaeontological examples are found, espe-
cially in extreme environments in which mortality is
generated by frequent, unpredictable, and unselective
events. In more stable environments, mortality rate
is low initially but increases with age after a certain
point, producing a convex survivorship curve. In
these cases, organisms can be fit enough to survive
the variation seen in their environment, but this char-
acteristic is reduced later in life through illness or
gerontic effects.

Investigating Interactions between Organisms

Organisms may interact in a number of different
ways. Most important among these are competition
for resources (e.g., for nutrients, space, light, or
mates), either intra- or interspecifically; predator—
prey interactions; and symbiosis, which runs through
a spectrum, from being beneficial to both partners
(commensalism) to parasitism, in which one partner’s
advantage is deleterious to the other. Ecologists have
found that these interactions play an important role in
controlling the fitness of modern organisms, and com-
petition and predation in particular are thought to be
extremely important driving forces in evolution. At
first sight it might seem that the fossil record is likely
to be virtually mute on the interactions between or-
ganisms; however, this is not the case. Clearly, individ-
ual cases must be carefully assessed, but it is possible
to generate quantitative data on interactions between
organisms from the fossil record.

Competition

The competitive exclusion principle suggests that two
species that have exactly the same requirements

cannot exist together within a habitat. Where two
species do appear to have the same requirements,
one will be prevented from maintaining a viable popu-
lation by the success of the other, or one will be forced
to adapt in order to use slightly different resources.
The latter strategy may involve character displace-
ment (e.g., modification of filter-feeding apparatus
to cope with particles of a different size).
Competition has often been invoked as a cause of
macroevolutionary change, although it is difficult to
demonstrate. For example, some have suggested that
the post-Palaeozoic decline in articulated brachiopods
was at least in part influenced by the superior com-
petitive advantages of bivalves that may occupy the
same niche, and a similar argument has been made to
link the success of dinosaurs with the decline of synap-
sids towards the end of the Triassic. One situation in
which it has been possible to collect high-quality data
concerns interactions between borers and skeleton-
ized encrusters (e.g., bryozoans, oyster-like bivalves,
and serpulid worms). These organisms have the ad-
vantage of having been preserved i situ and thus the
fossils maintain their spatial relationships to one an-
other and to the substratum. It must be remembered
that soft-bodied encrusters (e.g., anemones, sponges)
that may also have co-existed will be unrepresented,
although evidence of their existence may be revealed
by bioimmuration (preservation by the overgrowth of
a skeletonized organism). In these cases, it is also
possible to examine competitive overgrowth. It is
known that space on hard substrates is at a premium
in modern marine habitats, from which it may be
inferred that taxa that are able rapidly to colonize
space will be at an advantage over those that do so
less aggressively. Much of this type of research has
been centred on two clades of extant bryozoans, the
cyclostomes and cheilostomes (see Fossil Inverte-
brates: Bryozoans). Both evolved independently from
soft-bodied ctenostome ancestors, the cyclostomes in
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the Ordovician and the cheilostomes in the Cret-
aceous. The cheilostomes replaced the cyclostomes as
the dominant bryozoan clade and it has been argued
that the former were more successful competitors. An
analysis of competitive overgrowths between the two
groups from a range of localities (Cretaceous to
Recent) by McKinney has revealed that cheilostomes
consistently ‘won’ around 66% of all interactions
between the two clades, although interestingly this
figure appears to have remained constant over
geological time.

Predation

All organisms die, and a great many deaths are the
result of being eaten by predators, becoming part of
the food chain. The need to avoid predation is a very
important selection pressure, hence the battery of de-
fensive morphologies (e.g., spines and thick shells),
behaviours (such as leaping by cockles or swimming
by scallops), and life habits (such as deep burrowing)
that may be demonstrated in modern organisms. Very
rarely, predators may be fossilized in the act of preda-
tion, with prey remains preserved in their guts, for
example. But predator—prey interactions may be inter-
preted from the fossil record in a number of other
ways, such that palaeoecologists are not limited to
exceptional preservation to chart the evolution of dif-
ferent predatory groups and methods. Various aspects
of an organism’s functional morphology, such as pos-
session of teeth or claws, may suggest that it was a
predator. For example, the large, toothed chelicerae of
Palaeozoic eurypterids (large aquatic scorpions) have
been used to suggest that they may have been powerful
predators of the early fish. Most theropod dinosaurs
(see Fossil Vertebrates: Dinosaurs), including the well-
known Tyrannosaurus rex, have narrow, sharp-
pointed curved teeth, many with serrated edges,
which suggests that they were carnivores. The most
useful evidence, however, has come from the study of
prey remains. Although some predatory groups eat
their prey without leaving any evidence of damage
(for example, starfish that prise apart bivalve shells,
or fish that simply swallow their prey whole), there are
two important and widely used predatory methods on
shelled prey, crushing and drilling, that can be recog-
nized in the fossil record. A whole variety of arthropod
and vertebrate predatory groups feed by crushing
open the shells of their victims, many leaving very
diagnostic breakage patterns. Similarly, a number of
worms, gastropods, and octopods drill neat holes in
their victims, for either the extraction of tissue or the
injection of toxins (Figure 4). Where such damage is
evident, it is possible to undertake quantitative
surveys of the frequency of attack by a particular

Figure 4 (A) Repaired predator-induced breakage to gastro-
pod prey. Miocene, France (x1). (B) Predatory drill holes pro-
duced by naticid gastropods in bivalve prey. Pliocene, United
States (x1.5).

predatory group and the frequency of prey repair
(which provides a measure of the effectiveness of
their defences), and also some aspects of behaviour,
such as prey preference or stereotypic (predictable and
so diagnostic of the predator) attack strategy.

There is now a strong body of evidence to suggest
that levels of predation pressure have increased
during the Phanerozoic. In particular, it is evident
that there have been marked increases in the past
270 million years, especially during the Cretaceous
and Early Tertiary, during which time the numbers
of predator taxa increased and more specialized feed-
ing techniques evolved. This is part of the so-called
Mesozoic Marine Revolution, a major restructuring
of marine communities following the Permian—
Triassic extinctions and leading to ecosystems taking
on their ‘modern’ aspect. It can be argued that this
increase in predation pressure had a profound effect
on the evolution of individual taxa and changed the
ecological properties of communities. It has been
effectively shown that post-Palaeozoic gastropods
have become better armoured (thickening their shells,
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more taxa with slit-like apertures, and fewer taxa
with loose coiling) and therefore better able to resist
crushing predators, such as crabs. Many bivalve
taxa adopted ‘new’ life habits such as cementation
and deep burrowing, which can be shown to have
decreased the threat from predators, and stalked crin-
oids moved away from shallow water communities
into deeper habitats where there would have been
fewer predators.

Symbioses

If two different fossil taxa are frequently found to-
gether, this may be evidence of a symbiotic relation-
ship, but it may not be easy to demonstrate where the
benefits and the costs of the relationships lay. Upper
Palaeozoic platyceratid gastropods are frequently
preserved in close association with the calyces of a
variety of crinoids, in particular in a position close to
or over the anus. The margins of these snails mirror
closely the morphology of the calyx, implying that the
animals were in close proximity long-term and that
the gastropod literally grew to fit its location. The
relationship appears to have been detrimental to the
crinoid (i.e., a case of parasitism), because those with
platyceratids are usually smaller than those without.

Hermatypic scleractinian corals (see Fossil Inverte-
brates: Corals and Other Cnidaria) are involved in an
intimate symbiotic relationship with zooxanthellae
that live within their soft tissue. Theirs is a com-
mensal relationship of mutual benefit to both part-
ners: the photosynthetic zooxanthellae gain a living
site free from sediment cover, held aloft in the water
and protected from the stinging nematocysts of the
host, and the coral uses carbon fixed by the zoox-
anthellae to augment dramatically their own calcifi-
cation processes. It is a strong relationship and many
corals cannot survive without their zooxanthellae,
which explains the very stringent requirements of

Shell lag

scleractinian corals to inhabit clear water within the
photic zone.

Examples of Palaeosynecological
Studies

The Middle Cambrian Burgess Shale is one of the most
important lagerstitten to have been discovered. The
vast collection of material from the site has allowed a
detailed examination of the palaeosynecology of the
deposit. In a survey of more than 65000 specimens
collected from the Phyllopod Bed of the Burgess
Shale, Conway Morris was able to examine the life
habits of each of the taxonomic groups represented
and to make calculations of biomass. It was also pos-
sible to undertake a trophic analysis (i.e., examining
the feeding methodologies of different elements of the
fauna). Largely using evidence from functional mor-
phology, as well as some instances of preserved gut
contents, Morris demonstrated the presence of de-
posit and suspension feeders, predators, and scaven-
gers and allowed the tentative reconstruction of a
trophic web.

In another study, Fiirsich, Palmer, and Goodyear
examined the palaeosynecology of bivalve-dominated
patch reefs from the Upper Jurassic of the southern
UK. Their studies recognized a number of ‘guilds’, or
species that exploit a particular way of life or resource.
Primary framebuilders (mostly bivalves, solenopora-
cean algae, and bryozoans) accounted for 55-70% of
the volume of the reef, but there were also accessory
encrusters (other bivalves, bryozoans, serpulids, and
forams); a crevice-dwelling fauna (including byssate
bivalves, small terebratulid brachiopods, and worms)
that occupied cavities within the reef and borings
made by endoliths; borers on a variety of scales,
from large borings of bivalves to microscropic borings
made by a variety of taxa (including phoronids,

Major framebuilders

Minor framebuilders
and encrusters

Crevice dwellers

Borers

EEEEN

Strollers

Qolite shoal

Figure 5 A reconstruction of a patch reef from the Upper Jurassic Portland Beds of South England. The key shows the different
guilds of organisms, linking taxa by function within the reef, rather than by family tree.
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crustaceans, and bryozoans); and a small number of
vagile taxa, or strollers, largely gastropods, that
roamed the surfaces of the reefs. It is likely that this
latter guild is under-represented. These studies suggest
that the reefs built up after initially unstable oolitic
shoals had been stabilized by both infaunal and epi-
faunal bivalves, the shells of which then provided the
firm seafloor onto which the reef-forming organisms
were recruited (Figure 5).

See Also

Fossil Invertebrates: Trilobites; Bryozoans; Corals and
Other Cnidaria; Graptolites; Molluscs Overview; Bivalves;
Gastropods. Fossil Vertebrates: Dinosaurs. Lagerstét-
ten. Microfossils: Foraminifera. Palaeopathology.
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Introduction

Palaeomagnetism is the study of the Earth’s magnetic
field preserved in rocks. The discovery that some
minerals, at the time of their formation, can become
magnetized parallel to the Earth’s magnetic field was
made in the nineteenth century. Early in the twentieth
century, Bernard Brunhes made the startling discov-
ery that some rocks are magnetized in the opposite
orientation to the Earth’s present-day magnetic field.
This led him to propose that the Earth’s magnetic
field had reversed its polarity in the past. These rever-
sals have subsequently been shown to be non-periodic
and the Earth’s magnetic field reversal history is
now well known for the past 175 million years and
more sketchingly understood to the beginning of the
Palaeozoic (ca. 545 Ma).

Palaecomagnetism has a range of application po-
tential (see Magnetostratigraphy, Analytical Methods:

Geochronological Techniques), and the focus here is on
understanding the importance of palacomagnetism as
an investigative tool in assembling palaeogeographical
reconstructions.

Fundamentals

The Earth’s magnetic field is believed to originate
from the outer fluid core and, at the surface, the
field is described by its inclination (angle with respect
to the local horizontal plane), declination (angle
with respect to the Greenwich meridian), and field
strength (Figure 1). The inclination of the Earth’s
field varies systematically with latitude, which is of
prime importance for palacomagnetic reconstruc-
tions. At the north magnetic pole, the inclination of
the field is +90° (straight down), at the equator the
field inclination is zero (horizontal) pointing north,
and at the south magnetic pole the inclination is —90°
(straight up; Figure 2). The magnetic north and south
poles currently differ from the geographical north and
south poles by 11.5° because the magnetic axis is
inclined from the geographical (=rotation) axis. The
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Figure 1 The direction and intensity of the total field vector (F)
decomposed into declination from geographical north (D) and
inclination from the horizontal (/). The equations relate the hori-
zontal (Fy,) and vertical (F,) components of the total field (F) with
land D.

magnetic axis, however, is slowly rotating/precessing
around the geographical axis (known as secular vari-
ation) and, over a period of a few thousand years, it is
hypothesized that the averaged magnetic poles corres-
pond reasonably well with the geographical poles.
This is known as the geocentric axial dipole (GAD)
hypothesis. We can therefore imagine that a magnetic
dipole is placed at the centre of the Earth and aligned
with the Earth’s rotation axis (Figure 2). In palaeo-
magnetic studies, it is therefore important to sample
rocks whose ages range over more than a few thou-
sand years; a study of a single dyke or basalt flow, for
example, represents an instantaneous reading of the
Earth’s magnetic field (cools within a scale of days to
weeks) and will not accurately record the position of
the Earth’s rotation axis.

When rocks form on an ideal planet, they acquire
a remanent (permanent) magnetization parallel to
the Earth’s magnetic field at that location (Figures 2
and 3). There are a number of ways in which a rock
can acquire a remanent magnetization, but most
rocks are magnetized by one of the following pro-
cesses: (1) as magma solidifies and cools below the
Curie temperature (T, i.e., temperature above
which a magnetic material loses its magnetism
because of thermal agitation), magnetic minerals

North pole
&

Equator

South pole

Figure 2 Field lines at the Earth’s surface for a geocentric axial
dipole. At the equator, the inclination is flat (zero) and, at the
north and south poles, the inclination is vertical (+90° and —90°,
respectively). The inclination recorded in volcanoes formed
on the Earth’s surface is dependent on the latitude (see also
Figure 3). Declinations in a normal polarity field, such as today’s,
should point to the north.

acquire a thermoremanent magnetization aligned
with the Earth’s magnetic field at the time of cooling;
(2) during the deposition of sediments, magnetic min-
eral grains settle statistically in the direction of the
Earth’s magnetic field and a detrital remanent
magnetization is acquired; and (3) when magnetic
minerals are formed during chemical processes (dia-
genesis or metamorphism), the magnetic minerals
grow as magnetized crystals with their magnetization
in the direction of the external magnetic field; this
creates a chemical remanent magnetization. Most
magnetic minerals are iron-titanium oxides that
belong to two solid solution series (Figure 4): the
titanomagnetites (e.g., the end-member magnetite)
and the titanohaematites (e.g., haematite). In the tita-
nomagnetite series (Fe;_, Ti,Oy4), there is an approxi-
mately linear variation of spontaneous magnetization
(M) and Tc with composition (x). Other common
magnetic minerals include goethite and pyrrhotite
(Table 1).

As an example, we can consider the remanence
acquisition of a basaltic lava flow during cooling. The
most important magnetic mineral in basaltic rocks
is titanomagnetite. Low-titanium phases (e.g., pure
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Figure 3 Example of acquisition of a thermoremanent magnetization (TRM) at intermediate northerly latitudes (acquired in a normal
polarity field similar to today’s). A lava will acquire a TRM upon cooling below the Curie temperature (see text), and the inclination will
parallel the inclination of the external field and have declinations due north.
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Figure 4 Ternary diagram showing the magnetically important
iron oxide minerals in the titanomagnetite and titanohaematite
solid solution series.

Table 1 Magnetic properties of some common minerals in
rocks

Mineral (composition) MykA m™') Tc (°C)
Titanomagnetite (Fes 4Tig04) 125 150
Magnetite (Fe30y,) 480 580
Maghaemite (y-Fe,03) 380 590-675
Haematite («-Fe,03) ~2.5 675
Goethite (a-FeOOH) ~2 120
Pyrrhotite (Fe;Sg) ~80 320

magnetite; Table 1) have T¢ values close to 580°C,
whereas the presence of titanium lowers the Tc
value. During a basaltic volcanic eruption, the tem-
perature of a lava is approximately 1200°C; when a
lava flow cools below T, the Earth’s magnetic field is
recorded within the lava flow (Figure 3). The declin-
ation, inclination, and magnetization intensity, which

are proportional to the strength of the field, can today
be measured in the laboratory. The magnetization
intensity can vary by several orders of magnitude
between different rock types, and thus different la-
boratory instruments are required to measure the
magnetization precisely. Volcanic rocks normally
have high intensities and the magnetization can be
measured on standard spinner magnetometers. Con-
versely, sedimentary rocks can be extremely weakly
magnetized, and highly sensitive superconducting
magnetometers (superconducting quantum interfer-
ence devices, SQUIDs) are required to measure and
unravel their magnetization history.

Palaeomagnetic Analysis

In the early days of palaeomagnetic studies, it was
common to measure the magnetization in a rock
and assume that this magnetization, referred to as
the natural remanent magnetization (NRM), repre-
sented a primary magnetization that had survived
magnetic resetting from subsequent thermal or chem-
ical activity. However, during the 1970s, it became
more and more evident that rocks can undergo mag-
netic resetting, and it is therefore now standard
procedure to test the stability of the NRM by ther-
mal, alternating field, or chemical (rare) demag-
netization. With the former method, a sample is
measured following heating to higher and higher tem-
peratures in a ‘zero’ field oven. From the 1980s, it
became standard procedure to display the demagnet-
ization data in orthogonal vector plots, also referred
to as Zijderveld diagrams (Figure 5). These diagrams
portray directional and intensity changes on a single
diagram — magnetization components are identified
as linear segments in both the horizontal (‘declin-
ation’) and vertical (‘inclination’) planes. Compon-
ents and the degree of linearity can be computed
using least-squares algorithms. A single-component
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Figure 5 A Zijderveld plot illustrating vector components of magnetization during progressive thermal demagnetization, projected
onto orthogonal horizontal (declination; filled symbols) and vertical (inclination; open symbols) planes. For each demagnetization
step, the measured declination (D), inclination (/), and magnetization intensity (R) are decomposed to cartesian coordinates, x; y;, and
z;, using the formulae in the box in (a). N-S (+x,—x) is selected as the projection plane as the declination is closer to N-S than E-W. The
horizontal component is plotted as x,y;, whereas the vertical plane is plotted as x;z. This procedure is repeated for each demagnet-
ization step (in the example, natural remanent magnetization (NRM): 100°C, 200°C, etc.). Using this procedure, a magnetic component
is recognized as a linear vector segment. The declination for a component can be read directly from the diagram, normally numerically
computed by least-squares analysis, whereas the inclination is apparent (/,) and always larger than the real /; the ‘distortion’ of I,
depends on the projection plane. (A) Single-component magnetization decaying towards the centre of the diagram. (B) Two-compon-
ent magnetization with a low unblocking component (LB) identified below 400°C and a high unblocking component (HB) decaying
towards the centre of the diagram; the stability up to 570°C suggests pure magnetite as the remanence carrier. (C) Mean site
compilation of HB and LB components shown in a stereoplot. LB is a recent overprint, whereas HB should be considered to be a
Late Permian magnetization from the Oslo area (Baltica). The mean declination/inclination in this hypothetical study is 205°/—41° (95%
confidence circle around the mean, ags, is 2.3°). The calculated palaeomagnetic pole for the site (60° N, 10° E) is 49.3° N and 152.3° E.
In the stereoplot, open (filled) symbols denote negative (positive) inclinations.

magnetization is identified by single vector decay component has been partly overprinted by younger
towards the origin of the diagram as the sample components, can be recognized by the presence of
is progressively demagnetized (Figure 5A). Multi- two or more linear segments (Figure 5B). In the latter
component magnetizations, in which a primary example, a hypothetical Permian dyke magnetization
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from the Oslo region (Norway), with SSW declin-
ations and negative (upward-pointing) inclinations
(high unblocking component), is partially over-
printed by a younger magnetization of Holocene
origin, with NNW declinations and positive (down-
ward-pointing) inclinations (low unblocking com-
ponent). When the blocking temperatures overlap,
curved segments are observed.

In a typical palaecomagnetic study, 5-10 samples
are analysed from each site. Magnetization compon-
ents are computed by least-squares analysis, a mean
direction is computed for each site using Fisher stat-
istics, and, finally, a mean direction is calculated
from all the sites. In our example, we can imagine
that the stereoplot in Figure 5C represents the mean
directions from numerous individual dykes in the
Oslo region.

Palaeomagnetic Stability Tests

Magnetic overprinting or resetting presents a prob-
lem. However, there are four fundamental tests used
to check the stability and the potentially primary
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character of magnetizations: (1) the fold test; (2)
the reversal test; (3) the conglomerate test; and (4)
the contact test (Figure 6). The fold test determines
whether a magnetization was formed prior to or after
folding of a rock, and is therefore a relative test that
does not prove a primary origin of the remanence. If a
remanence is pre-fold, the site vectors should be dis-
persed after folding (Figure 6A); conversely, if a mag-
netization is post-fold, the site vectors should be
similar throughout the fold structure (Figure 6B).
The presence of antipodal stratigraphically linked
reversals in a sedimentary or basaltic sequence is the
best evidence for primary remanence (Figure 6A). The
conglomerate test is also a powerful test. If magnet-
izations are random between individual boulders
(Figure 6A), this is an indication for a primary mag-
netization in the host rock. Conversely, if boulder
magnetizations concur with those in the surrounding
rocks, magnetic overprinting is indicated (Figure 6B).
A contact test is employed to check whether an intru-
sion or a dyke carries a primary magnetization.
A dyke and its baked margin should coincide, whilst
non-baked samples should differ if significantly older

Figure 6

(A) Positive field tests. We assume that a sedimentary sequence was deposited at the equator (flat inclinations) and later

folded. Polarity is indicated by the arrows. As the inclinations follow the bedding (except in the conglomerate), this is a pre-fold
magnetization. Evidence for a primary magnetization is witnessed by layers with antipodal polarity, and we can therefore establish a
magnetostratigraphy (alternating normal and reversed magnetic fields). Further evidence for a primary magnetization is observed
from a layer with boulders that show random magnetization vectors. A dyke intruded the folded sequence later, and steeper
inclinations (indicating that the continent must have moved to higher latitudes) from the dyke and its baked/chilled margin indicate
a primary dyke magnetization. (B) Negative field tests. All layers, conglomerate boulders, and the dyke have similar magnetizations
and no reversals are observed. This indicates a regional secondary overprint after the folding and dyke intrusion.
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than the dyke (Figure 6A). Conversely, if the dyke
and all the surrounding rocks have a similar mag-
netization, the dyke records a younger overprint
(Figure 6B).

Palaeomagnetic Poles and
Reconstruction of a Continent

Based on the measurement of the remanent in-
clination, we can calculate the ancient latitude for
a continent when the rock formed from the for-
mula: tan(I ) = 2 x tan(latitude). In addition, the rem-
anent declination, which deviates from 0° or 180°
(depending on the polarity of the Earth’s magnetic
field), provides information about the rotation of a
continent.

The inclination and declination change with the
position of the sampled rock on the globe (Figure 2),
but the position of the magnetic pole of a geocentric
axial dipole is independent of the locality at which

the rock acquired its magnetization. Thus, it is prac-
tical to calculate pole positions in order to compare
results from various sites or to perform plate tectonic
reconstructions.

Ideally, as a time average, a palaeomagnetic pole
(calculated from the declination, inclination, and the
geographical site location) for a newly formed rock
will correspond with the geographical north or south
pole. If a continent moves later, the palaeomagnetic pole
must move with the continent. To perform a reconstruc-
tion with palaeomagnetic poles, we therefore have to
calculate the rotation (Euler) pole and angle which will
bring the palacomagnetic pole back to the geographical
north or south pole, and then rotate the continent by the
same amount (Figure 7A). In our example, a palaeo-
magnetic pole (latitude, 49.3° N; longitude, 152.3°E),
calculated from the situation depicted in Figure 5C, will
position the Baltica continent (most of northern Europe
eastward to the Urals) at latitudes between 15 and
50°N, causing the city of Oslo to have been located

180°
ao°N
Palaeomagnetic
60°N pole
(£749.3° N-152.3°E
North pole UL /
30°N /
Equator North pole 090°
\‘ ,
Baltica
South pole Euler
pole
. B 0°, 62.3°E
60°S ® 3 Angle = 40.7°

(A)

Baltica
250 Ma

7

000°

Figure 7

(A) The reconstruction of a continent, for example Baltica, is performed as follows. Determine the Euler pole needed to

rotate a palaeomagnetic pole (in our case 49.3° N, 152.3° E) to the geographical north pole (we calculate 0°, 62.3° E and a rotation of
40.7°). This Euler pole is then used to rotate the continent by the same amount. Thus, Baltica today is rotated back about this pole to the

position it occupied in Permian times. (B) In (A), we assumed that
pole, then the continent will be placed in the opposite hemisphere

the palaeomagnetic pole was a north pole. If we assume a south
and geographically inverted.
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at 24°N in the Late Permian (Figure 7A). Because
the current latitude of Oslo is 60°N, Baltica must
have drifted northwards since the Permian.
Palaeomagnetic data can only constrain latitude
(based on inclination) and the amount of angular
rotation (based on declination). Because the palaeo-
longitude is unknown, we can position Baltica at
any longitude we wish, subject to other geological
constraints. In addition to that uncertainty, we cannot
tell in old rocks whether a palaeomagnetic pole is a
south or north pole. In Figure 7A, we assumed that the
pole was a north pole, but if we used a south pole,
Baltica would plot in the southern hemisphere but
in a geographically inverted orientation (Figure 7B).
Hence, there is freedom to select north or south poles

Spherical spline fit
(smoothing =200)

Small-circle fit
(pole:56°N/305° E, Radius 96°)

Equator

(©€)

when producing reconstructions, placing the continent
in an opposite hemisphere and rotated by 180°.

Apparent Polar Wander Paths

Apparent polar wander (APW) paths represent a
convenient way of summarizing palaecomagnetic
data for a continent or terrane, instead of producing
palaeogeographical maps at each geological period.
APW paths represent the apparent motion of the
rotation axis relative to the continent, depending on
whether one plots the movement of the north or
south pole. APW paths can therefore be constructed
as north or south paths. To construct an APW path, a
set of palaecomagnetic poles of varying geological age

Equator

Running mean
(Window length =20 Ma)

(B)\ \

Figure 8 Examples of apparent polar wander (APW) paths for Baltica (include stable European data from Permo-Carboniferous
times). (A) Moderately smoothed spherical spline APW path from Early Ordovician to Early Tertiary times. Only Ordovician through
Silurian input poles are shown. (B) Running mean path using the same input poles as in (A) and a 20 million year window. Mean poles
are shown with 95% confidence ellipses (A95), except for the 440 Ma mean pole for which there was only one pole entry. The running
mean path is only shown for the Ordovician—Silurian section of the APW path. (C) Small circle path fitted to Ordovician—Silurian poles
as in (A). Input poles in (A) and (C) are shown with 95% confidence ovals (known as dp/dm).
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are presented in a single diagram, and a synthetic path
is fitted to the incrementing poles (Figure 8A). There
are three common methods for generating APW
paths: (1) spherical splines; (2) running mean (sliding
time window); and (3) the small circle method.

The spherical spline method of modelling
APW paths has been employed since the late 1980s.
In brief, a spline constrained to lie on the surface
of a sphere is fitted to the palaeomagnetic poles
(Figure 8A), themselves weighted according to the
precisions of the input palaeopoles. In the running
mean method, palacomagnetic poles from a continent
are assigned absolute ages, a time window is selected
(e.g., 20 million years), and all palaeomagnetic
poles with ages falling within the time window are
averaged. Using Fisher statistics, 95% confidence el-
lipses (known as A95 when averaging poles) can be
calculated for each mean pole (Figure 8B). Both the
spline method and the running mean technique are
effective in averaging out random noise and allowing
the basic pattern of APW paths to be determined.

The small circle method is based on the fact that
movements of continents, APW paths, hotspot trails,
ocean fracture zones, etc., must describe small circular
paths if the Euler pole is kept constant. It is reasonable
to assume that continents may drift around Euler poles
that are kept constant for, say, some tens of millions of
years. One can therefore fit APW segments along an
APW path. This is demonstrated in Figure 8C where we
can fit a small circle to Baltica poles from 475 to
421 Ma. However, after 421 Ma, the path changed
direction markedly and this resulted from the collision
of Baltica with Laurentia (North America, Greenland,
and the British Isles north of the Iapetus Suture),
which radically changed the plate tectonic boundary
conditions and the APW path for Baltica.

Palaeolatitudes and Drift Rates - Links
to Facies

Based on APW paths, we can calculate palaeolati-
tudes and plate velocities for a specific geographical
location. Plate velocities are minimum velocities as
the longitude is unconstrained; we only calculate
latitudinal velocities. Figure 9 shows an example of
such calculations based on the APW path in Figure 8A.
In this diagram, we have also separated the north-
ward and southward drift of Baltica. Drift velocities
are typically below 8 cm per year, but peak veloci-
ties of around 14 cm per year are seen after collision
of Baltica with Laurentia in Late Silurian-Early
Devonian times.

The calculation of latitudinal velocities is im-
portant in order to check whether drift rates are
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Figure 9 Latitude motion (A) and velocities (B) for Baltica (city
of Oslo) from Ordovician to present times based on palaesomag-
netic data (Figure 8A). Baltica was in the southern hemisphere
during Ordovician through Devonian times, crossed into the
northern hemisphere in the Early Carboniferous, and continued
a general northward drift throughout the Mesozoic and Cenozoic.
Northward and southward latitudinal translations throughout
the Early Palaeozoic were accompanied by velocity peaks in the
Early Silurian (northward) and the earliest Devonian (south-
ward). Cr, Cretaceous; J, Jurassic; Tr, Triassic; P, Permian; Ca,
Carboniferous; D, Devonian; S, Silurian; O, Ordovician.

compatible with ‘modern’ plate tectonic velocities.
A rate of 18 cm per year (India) is the highest reliable
value reported for the last 65 million years. When
values appear unrealistically high (e.g., more than
20-30cm per year), some authors have appealed to
true polar wander (TPW) as a plausible explanation.
TPW is a highly controversial subject that implies
rapid tilting of the Earth’s rotation axis, and is not
generally accepted.

The distribution of climatically sensitive sediments,
such as glacial deposits, coal, carbonates, and evap-
orites, is useful to check the palaeolatitudes derived
from palaeomagnetic data. Glacial deposits are usu-
ally confined to polar latitudes and, except during
the recent ice ages, there is no evidence for such
deposits in Southern Baltica, as predicted by the
palacomagnetic data (maximum 60°S in the Early
Ordovician). Carbonates, particularly in massive
build-ups, such as reefs, are more common in lower
latitudes. During Ordovician and Silurian times, Bal-
tica drifted to subtropical and tropical latitudes, as
witnessed by the presence of Bahamian-type reefs in
Southern Baltica. Evaporites typically record dry cli-
mates within the subtropics (20-30°). During the
Late Permian, Baltica was located at subtropical
northerly latitudes, and the Late Permian coincides
with large evaporite deposits in the North Sea area
that subsequently became important in hydrocarbon
trap development.
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Palaeomagnetism and
Palaeogeography: the Big Picture

Quantitative reconstructions are most commonly de-
rived from hotspot traces (Cretaceous—Tertiary times)
and ocean-floor magnetic anomalies, but prior to the
earliest in situ ocean floor preserved today (approxi-
mately 175 Ma), the positioning of continents can
only be quantitatively recognized by palacomagnet-
ism. As longitude is unknown from palaeomagnetic
data, the identification and discrimination of faunas

; Armonc 1
ST

and floras can indicate that continents with similar
faunas were in proximity to one another; conversely,
different faunas of the same age can indicate the
separation of the continents.

In order to construct a global palaeogeographical
map, palaecomagnetic data from individual continents
or terranes must be compiled and evaluated in terms
of reliability. At any given time, palacomagnetic data
may not exist for all continents and additional cri-
teria, such as fauna, flora, facies, and tectonic and
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Figure 10 Reconstruction for Early Ordovician times (490-470 Ma) with the major terranes and some key Arenig-Llanvirn trilobite
faunas. Laurentia (located at the equator) includes North America, Greenland, and the British Isles north of the lapetus Suture. Baltica
(intermediate southerly latitudes) includes most of Scandinavia and Russia eastwards to the Urals. The core of Gondwana consists of
Africa, Arabia, Madagascar, Greater India, most of Antarctica, most of Australia, Florida, and most of South America. Gondwana
formed at around 550 Ma and covered more than 90° of latitude in the Early Ordovician. Gondwanan dispersal history commenced with
the rifting off of Avalonia at ca. 465 Ma. Avalonia includes the British Isles and north-west Europe south of the lapetus Suture, eastern
Newfoundland, most of the Maritime Provinces of Canada, and parts of the eastern USA. Armorica includes the Armorican Massif of
Normandy and Brittany, the Massif Central, and the Montagne Noire areas of France, together with parts of the Iberian Peninsula.
Perunica comprises the area north of the Barrandian basin of Bohemia. The Taurides comprises most of central and southern Turkey.
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magmatic history, must be incorporated in order
to construct rational maps. Figure 10 illustrates an
Early Ordovician (490-470 Ma) reconstruction; it
does not show all the continents or terranes that
existed at this time, but some major players, such as
Gondwana, Baltica, Laurentia, and some selected
peri-Gondwanan terranes with palaeomagnetic and/
or faunal data (Avalonia, Armorica, Perunica, and
Taurides). Not all the Gondwanan continents have
reliable palacomagnetic data for this time. However,
Gondwana was amalgamated at around 550 Ma and
continental elements, such as South America and
India (no palaeomagnetic data), remained attached to
Africa until the breakup of the Pangea supercontinent
during the Mesozoic.

An integrated approach of palaeomagnetic and
faunal analysis is applicable for the entire Phanero-
zoic, but works best for the Early Palaeozoic and,
notably, the Early Ordovician (Figure 10). At this
time, Gondwana stretched from the south pole
(Africa) to the equator (Australia and East Antarctica),
Baltica occupied intermediate southerly latitudes,
separated by the Tornquist Sea, whereas Laurentia
straddled the equator. Laurentia was separated from
both Baltica and Gondwana by the Iapetus Ocean
that had opened in the Late Precambrian. The Iap-
etus Ocean (approximately 5000 km across the British
sector) and the Tornquist Sea (approximately 1100 km
between southern Baltica and Armorica—Perunica)
were at their widest. This is probably why benthic
trilobites from Laurentia (bathyurid) and north-west
Gondwana (calymenacean—dalmanitacean) are so
markedly different from those of Baltica (megalaspid).

In summary, palaecomagnetism can be seen to
be the best and only quantitative method to establish
the positions of old terranes and continents as they
drifted across the globe over geological time.
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Introduction

The word “fossil’ has no exact definition, but it is
loosely taken to mean any organism whose remains
or traces of remains are preserved in some kind of
sediment. The term is derived from the Latin fossare,
meaning ‘to dig’. The definition implies nothing about

age: fossils range from those that are about three
billion years old to those that are preserved in lime-
saturated water deposited only a few days or even
hours ago. The study of fossils is termed palaeon-
tology, which is a word derived from Greek that
literally means ‘knowledge of ancient things’; how-
ever, for more than two centuries the word ‘palaeon-
tology’ has been restricted to the study of formerly
living (organic) not inorganic remains or traces. The
word palaeobiology is sometimes used as an alterna-
tive. In this encyclopaedia there follow numerous
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articles on the various groups of fossils, and this
article is designed simply so that the enquiring reader
may find his or her own way through the ensuing
contributions.

The Preservation and Condition
of Fossils

Very few fossils are found that show no changes from
the original organism. There is a very approximate
correlation in many cases between the age of the fossil
and the degree of change, but age is in itself no guide.
For example, a fossil may be distorted by tectonic
activity within a few hundred thousand years of its
deposition, whilst other rocks and their contained
fossils undergo little tectonic change over long
periods. For example, the Lower Cambrian shale in
the St Petersburg area of Russia, which is some
430Ma old, is so soft that it can be dug with a
spade, and the marine shells preserved within it can
be washed out and look not dissimilar in preservation
from those found on a beach today. The term diagen-
esis (see Diagenesis, Overview) describes the changes
within both rocks and fossils as the sediments become
dewatered and chemical transformations occur.
Voids, from microscopic size upwards, present both
in the original organism and in the surrounding sedi-
ment, are usually filled during diagenesis as a result of
mineral-charged fluids circulating through the rock.
This may occur at any time from soon after the fossil
was deposited to many millions of years later, when
the entombing rock is subjected to sedimentary pres-
sure or tectonic events. Replacement of the chemicals
in the fossils themselves is widespread; for example,
the calcium carbonate (CaCQOj3) of a brachiopod shell
is often replaced by silica (SiO,) during diagenesis.

Fossils may also be hugely distorted from the ori-
ginal shape of the organisms by tectonic processes. In
addition the fossils may dissolve, and their chemical
contents may form other substances; for example all
“fossil fuels’, such as crude oil (see Petroleum Geol-
ogy: The Petroleum System) and natural gas, are
made up of the concentrated remains of fossil plank-
ton, and coal is formed from the now usually unrec-
ognizable remains of fossil plants.

Another process is termed disarticulation. Obvi-
ously, if an animal or plant has only a single hard
part, such as the shell of a snail, then that may become
weathered or broken, but there is still only the one
shell. However, if an organism has more than one hard
part (ranging from the two shells of a bivalved mollusc
or brachiopod to the several hundred bones found in a
mammal skeleton), then the process of transport from
its place of death to its final burial place, where it
will eventually form a fossil, will often cause the

organism to break up or disarticulate. The degree of
disarticulation often depends on how strong or weak
the original articulation was; for example, some bra-
chiopods have weak hinge structures, and others,
such as the common Silurian genus Atrypa, have
complex interlocking mechanisms between the two
valves and are thus very commonly found fossilized
with their two valves still closed together.

Classification of Organisms

Fossils and organisms living today are all included
within the same system of classification: whether an
organism is living or dead, or the species extinct, is
not relevant to its position in the classification. Of
course, all the various systems of classification, whilst
attempting to reflect truly natural relationships and
groupings, are actually man made and in the last
analysis subjective, although objective measurements
and methods of analysis have in many cases assisted
the systematists in their analyses and helped them
to reach their taxonomic conclusions. The term ‘sys-
tematics’ is used in a specialized sense by biolo-
gists and palaeontologists to describe the study and
arrangement of organisms into classifications and
hierarchies.

All organisms are classified within the binomial
method; in other words, each organism or taxon
is defined as a species within a genus. The bino-
mial system was invented by the eighteenth-century
Swedish naturalist Carl Linnaeus (or Linné). Lin-
naeus published many classificatory books and
papers, and subsequent systematists have agreed
that the 12th edition of his book Systema Naturae,
published in 1758, should be the technical starting
date for animal classification; however, there are sev-
eral different starting dates for plant names. All gen-
eric names start with capital letters, and all species
names are written in lower case: for example, our
own genus is named Homo and our species name is
sapiens. Although the generic and specific names are
the formal minimum for all distinctively named or-
ganisms, some genera are divided into subgenera
(which are therefore above the species level), and
some species are divided into subspecies. For
example, the English song thrush is the species Turdus
philomelos, and those birds in my garden in London
are the main subspecies Turdus philomelos philome-
los, whilst the subspecies occurring only in northwest
Scotland is Turdus philomelos hebridensis. Generic,
subgeneric, specific, and subspecific names are nor-
mally printed in italic. Above the genus level, organ-
isms are grouped within families, which may again be
divided into subfamilies or grouped together as super-
families. Above the family are the order, the class, the
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phylum, and the kingdom. Plants are one kingdom,
animals are another. Within the animal king-
dom, the phylum Mollusca (see Fossil Invertebrates:
Molluscs Overview), for example, is divided into the
class Bivalvia (see Fossil Invertebrates: Bivalves) (in-
cluding oysters), the class Cephalopoda (see Fossil
Invertebrates: Ammonites; Cephalopods (Other
Than Ammonites)) (which includes ammonites, nau-
tiloids, and squids), the class Gastropoda (see Fossil
Invertebrates: Gastropods) (snails), and various
smaller classes with few included orders and families.
Family names and above are not normally italicized in
print. Families, genera, and species are subject to the
Law of Priority, but orders and the higher taxa are not.
This means that if a genus is named but is subsequently
recognized as being within the same generic concept as
another genus named earlier (but after 1758), then the
later-named genus is placed within the synonymy of the
earlier-named one.

Organisms are also classified, but less formally,
according to their mode of life. They are obviously
divided into marine (living in the sea), freshwater,
and non-marine. Those that drift in the water without
substantial self-propulsion are termed plankton, those
that swim are termed nekton, and those that are
restricted to the ocean floor are termed benthos. Ben-
thic animals may be anchored to the seafloor (like
most corals), move around on it (like most gastropods
and trilobites), or burrow within the sediment (like
most bivalves).

Trace Fossils

As stated in the introduction, the term ‘fossil’ includes
not only the remains of an organism but also its traces
preserved in the rock. These traces fall into two main
groups. The first is when, for example, the shell of a
bivalve is preserved in a sediment that is subsequently
changed through diagenesis into a lithified rock, after
which the shell vanishes, usually through the action of
circulating fluids, leaving only the mould of the ori-
ginal creature’s hard parts (in that case the shell) in
the rock. That mould will, in favourable circum-
stances, faithfully reproduce the image of the shell
(Figure 1). The second group of trace fossils are the
burrows, tracks, feeding scrapes, and other biological
traces preserved in soft sediment that has eventually
hardened into rock. These are often found even
though all the remains of the organism that caused
the traces have entirely disappeared.

Human Understanding of Fossils

Fossils have been noticed by humans from time im-
memorial. Their use as grave goods dates back at least
to the Neolithic, and superstitions abounded; for
example, the incurved fossils of the bivalve Gryphaea
were identified as toenails of the Devil, and the Chi-
nese thought that dinosaur bones were the remains of
dragons. The naturalist Gilbert White described the
ammonites from the Cretaceous chalk of Selbourne in

Figure 1 The (A,B) ventral (x1.5) and (C,D) dorsal (x2.0) valves of the Late Silurian brachiopod Castelloarina fascifer from Argentina.
The views in (A) and (C) are natural internal moulds, as found in the geological outcrop, with the original carbonate shell entirely
dissolved by the action of circulating groundwater. The views in (B) and (D) are artificial latex casts of the moulds, faithfully

reproducing the topology of the original shell.
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Hampshire, England, and retold the legend of St
Keyna, of Keynsham near Bristol, who lived alone in
a wood full of snakes, which she turned into stone
(ammonites) by the power of prayer. It was usually
thought that fossils represented dead specimens of
living species of animals and plants, but it was not
until the eighteenth century that it was realized that in
many cases those animals and plants were now ex-
tinct. It was William Smith (see Famous Geologists:
Smith) who realized that rocks could be dated in a
relative way because different suites of fossils were
found in rocks of successive ages. In the past 200
years all Phanerozoic (Cambrian to Holocene) rocks
have been dated using fossils, and it is only since
about 1960 that relatively reliable radioisotopic ages
have been assigned to those zones. Even today, iso-
topic dates are not precise to within a million or so
years over most of the Phanerozoic, whilst by inter-
polation many fossil zones are understood to have
lasted for as little as 100000 years. Thus, fossils
have been extensively used to correlate rocks over
considerable distances, and this knowledge has been
of vast economic benefit in the exploration and dis-
covery of coal and hydrocarbons, as well as being
used to understand past Earth geographies.

Fossils in this Encyclopaedia

Animals are divided into those without backbones
(invertebrates) and those with backbones (verte-
brates). The chief Encyclopedia entries on fossils are
arranged under the major headings of “Fossil Inverte-
brates”, “Fossil Vertebrates”, “Fossil Plants” and
“Microfossils”. Invertebrates are the most varied
and commonest fossils. They are arranged here in
order of increasing biological complexity. For about
50 years, each genus of fossil invertebrate has been
illustrated and described in the 40 or so volumes of
The Treatise on Invertebrate Paleontology (published
jointly by the Geological Society of America and
Kansas University Press between 1953 and 2004,
and which is continuing), which is to be found in
most geological libraries and in which much more
detail on each group may be found; however, publi-
cation intervals between successive editions of the
various parts of the Treatise are usually substantial.
Despite the fact that fossils with original hard parts
only occur in Cambrian and later rocks, a very sub-
stantial amount is now known about Precambrian
fossils. In this Encyclopedia those are treated under
Origin of Life, Biosediments and Biofilms, and also in
the four articles within the Precambrian section,

namely Precambrian: Eukaryote Fossils; Prokaryote
Fossils; Vendian and Ediacaran.

There are also, at appropriate and separate
places, articles on more general palaeontological
and biological topics, namely Biodiversity, Biological
Radiations and Speciation, Creationism, Evolution,
Fake Fossils, Lagerstitten, Palaeoecology, Palaeo-
pathology, Pseudofossils and Trace Fossils. In add-
ition, the treatment of fossil specimens is considered
in Conservation of Geological Specimens and Micro-
palaeontological Techniques. Of course the names
of many fossil biozones are given in every one of
the main stratigraphical articles on systems, which
are grouped into Palaeozoic, Mesozoic, and Tertiary
to Present, and also in other articles, particularly
those on regional geology.
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Introduction

In 1913, the British scientist, Sir Armand Ruffer, ori-
ginally defined palaeopathology as “the science of
diseases which can be demonstrated in human and
animal remains of ancient times”. Palaeopathology
thus encompasses two distinct areas, one palaeoan-
thropological, in which ancient human remains are
examined, and the other more strictly palaeonto-
logical, in which non-human animal fossils are ex-
amined. Furthermore, not only disease, but also
evidence of injuries, is normally studied by palaeo-
pathologists. Moreover, pathological conditions are
not only known in fossil animal remains, but have
also been reported in fossil plants. Here, discussion
focuses on the strictly palaeontological aspects of
palaeopathology. Palacopathology is also used here
as a noun to refer to any evidence of disease or injury
in a fossil.

Assumptions and Methods

Palaeopathology relies on a straightforward unifor-
mitarian assumption, namely that the manifestations
of diseases have been relatively stable through time.
Thus, for example, a disease that produces a par-
ticular skeletal abnormality at present would have
done just the same millions of years ago. If this is the
case, then it will be possible to diagnose medically (de-
termine the underlying cause of) a palaeopathology.

Also critical to palaeopathology is the need to dis-
tinguish an abnormal structure in a fossil, caused by
disease or injury, from the effects of post-mortem
damage, the processes of rock formation and fossiliza-
tion, and of erosion and weathering. Abnormal struc-
tures in fossils are sometimes caused by these effects,
and have been mistakenly identified as manifestations
of pathology.

Once a pathological condition is identified in a
fossil, diagnosis is strictly by analogy. The palaeo-
pathology is compared with similar pathologies in ex-
tant plants and animals, and a match in pathologies
suggests identical underlying causes in the living or-
ganism (for which we know the cause) and the fossil
(for which we infer the cause). Bacteria and viruses
that cause disease are almost never preserved in fos-
sils, and so the ‘diagnosis by analogy’ method is the

principal way to determine the underlying causes of
palaeopathologies.

Palaeopathologies in Fossil Plants

Pathologies caused by diseases have been identified
in fossil leaves and wood. These include evidence of
bacterial and fungal infections of ancient plants (see
Fossil Plants: Fungi and Lichens). Most important,
however, in the study of fossil plant pathologies is
the fossil record of predation and infestation
of plants by insects.

This record of predation and infestation is seen
in damage of the fossil plant, and specific types of
damage include:

® [eaf mining — the extraction of living leaf tissue by
larvae or mites;

® galling — when an insect or mite inserts an egg into
or burrows into plant tissue, so that an abnormal,
three-dimensional expansion of the plant tissue
(a gall) is formed;

® wood boring — when insects burrow into wood;

® piercing and sucking — when insects penetrate plant
tissue to remove fluid;

® sporivory, pollinivory, and nectarivory — con-
sumption by insects of spores, pollen, and nectar,
respectively.

The most significant aspect of these palaeopathol-
ogies is that they provide direct evidence of plant—
insect interaction in the fossil record. This enables
palaeontologists to determine the history and inten-
sity of insect herbivory in the fossil record, and allows
inferences to be made about the evolution of plant
defences against such herbivory.

Palaeopathologies in Fossil
Invertebrates

Evidence of deformities and other abnormalities in
fossil shells is attributed to disease or genetic defects.
Evidence of parasitism on the shells of stationary
Palaeozoic animals, such as crinoids (sea lilies), is also
well documented. Amongst the fossil invertebrates,
there has been extensive study of healed injuries
due to predation, especially in fossil clams (bivalves)
and snails (gastropods). This evidence of predation
(Figure 1) is particularly significant as it allows palae-
ontologists to understand the history and evolution of
attack and defence behaviours in fossil invertebrates.
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Figure 1 Shell of a 100-million-year-old clam (Texigryphaea)
from eastern New Mexico covered with tiny holes, which are the
drill marks left by snails (gastropods) that attempted to prey on
the clam.

Palaeopathologies in Fossil
Vertebrates

The majority of palaeopathologies (and the vast ma-
jority of the literature on them) are found in the teeth
and bones of extinct vertebrates, especially reptiles
and mammals. The most commonly identified palaeo-
pathologies are: (1) so-called arthritic conditions,
although many are not demonstrably arthritis; (2)
mechanical injuries (Figure 2) and related infections,
and the healing of these injuries if the animal survived
them; (3) wounds due to predation or combat between
animals; (4) dental anomalies, including caries (tooth
decay); and (5) bone lesions caused by infections and/
or parasites.

A list of the most common skeletal pathologies of
fossil vertebrates includes:

® arthritis — joint diseases that can be caused by
infections or mechanical injuries;

® dental anomalies — rotated, misplaced, malformed,
or extra teeth (Figure 3);

® dental caries — cavities (decay) in the teeth;

exostosis — swellings on bone surfaces;

e fracture — broken bones which, when naturally
healed, leave a bone callus (a patch of healed
bone) (Figure 2);

® hypertrophy — increase in size of the bone or

portions of the bone;

necrosis — pitting and disintegration of dead bone;

osteomyelitis — bone infections;

osteoma — bone tumours;

osteoporosis — loss of bone density;

Figure 2 Anterior view of the left femur (thigh bone) of a Pleis-
tocene cave bear from Europe, showing a healed fracture of the
bone shaft. The pits above and below the fracture may also
indicate necrosis. From Moodie RL (1930), Fig. 5.

Figure 3 Left: crown view of a pathological molar of an Ameri-
can mastodon (Mammut americanum) from the Pleistocene of Okla-
homa. Right: normal mastodon molar for comparison. On the
pathological molar, there is a normal-shaped molar (left side)
covered by a second (right side), highly deformed molar. This
secondary (or supernumerary) tooth probably resulted from the
fusion of two tooth buds where, normally, only one tooth bud
would have been present.
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® synostosis — co-ossification (fusion) of normally
separate bones.

Dinosaur Palaeopathology

The study of palaeopathology in fossil vertebrates is
very active, with many new cases documented in the
technical literature each year. This is especially true of
dinosaur palaeopathology, which, during the last two
decades, has become the largest field of palaeopatho-
logical research on non-human fossils. Prior to this
interest, reports of palaeopathologies in dinosaurs go
back to the 1800s, but they were mostly of isolated
curiosities that often led to unfounded speculation.
A good example of this is the unsupported suggestion
that the frills (head shields) of horned dinosaurs (cer-
atopsians) grew so large because the dinosaur had too
much growth hormone.

More recent studies of dinosaur palaeopathology
have examined large samples (populations) using strin-
gent standards for disease recognition. They have been
accompanied by attempts to identify blood cells, DNA,
and disease pathogens in dinosaur bone. These studies
have identified a variety of common palaeopathologies
in dinosaur skeletons. Most obvious are broken and
healed bones (Figure 4), fused bones, and certain types
of bone tumour. These palacopathologies are well
known in horned dinosaurs (ceratopsians), duck-billed
dinosaurs (hadrosaurs), and tyrannosaurs. Indeed, the
famous skeleton of Tyramnosaurus rex nicknamed
‘Sue’, has many healed injuries in its bones. The new
studies of dinosaur palaeopathology demonstrate that

1cm

Figure 4 Toe bone (metatarsal) of a small, meat-eating dino-
saur from the Upper Cretaceous of New Mexico (about 73 million
years old) with a healed fracture (f) visible in the photograph (left)
and the X-ray (right). Courtesy of R. M. Sullivan.

dinosaur skeletons show much evidence of injury and
trauma, but little evidence of disease.

Application of Palaeopathology

As the above paragraphs make clear, the study of
palaeopathology provides important information
about more than just the history of disease. It also
provides direct evidence of interaction between plants
and animals, and between animals, mostly between
predators and prey. It is thus important to the under-
standing of the evolution of behaviour. Palaecopathol-
ogy can also contribute to an understanding of
palaeoecology. For example, leaf mining by insects
is extremely intense in today’s tropics, and the inten-
sity of fossil leaf mining has been used to infer the
presence of ancient tropical conditions. Palaeopathol-
ogy is thus an important subject in its own right, and
a valuable tool for inferring ancient behaviour and
ecology from the fossil record.

Although observations of palaeopathologies have
been made for nearly two centuries, it is fair to say
that the study of palaeopathology remains a rela-
tively understudied field. Disease-causing agents gen-
erally do not fossilize, and so their history, which
would be gleaned directly from the fossils of bacteria
and viruses, is still very poorly understood. New tech-
nologies promise the ability, at least in some cases,
to identify fossil bacteria and viruses associated with
palaeopathologies.

Most diseases do not affect the fossilizable parts of
an animal (its skeleton), and so much about ancient
disease may never be extracted from the fossil record.
Most published records of palaeopathologies are of
isolated occurrences, often questionably diagnosed.
Surveys that provide an idea of the frequency of palaeo-
pathologies are almost unknown. Moreover, sweeping
claims about the role of disease in the past — such as the
idea that disease caused dinosaur extinction — lack
supporting evidence. What is needed, and what is
being pursued today, are more extensive efforts to iden-
tify palaeopathologies in all kinds of fossils, coupled
with more rigorous attempts at diagnosis.
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Introduction

The Cambrian period, the oldest division of the Pha-
nerozoic time-scale, encompasses several important
global-scale environmental and evolutionary transi-
tions. Recent advances in the understanding of Cam-
brian environments, faunas, and chronostratigraphy
have all provided an enriched view of this critical
interval in the history of the Earth — the time during
which life’s direct impact upon the rock record first
became explicit. The term ‘Cambrian’ was first ap-
plied by Sedgwick (see Famous Geologists: Sedgwick)
in 1835 to a series of sedimentary rocks well exposed
in north Wales. The Cambrian system, as defined
today, equates to only a portion of what Sedgwick

Tanke DH and Rothschild BM (2002) Dinosaurs: an anno-
tated bibliography of dinosaur paleopathology and
related topics — 1838-2001. New Mexico Museum of
Natural History and Science Bulletin 20: 1-96.
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Wilf P, Labandeira CC, Johnson KR, Coley PD, and
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6221-6226.

originally considered to be ‘Lower Cambrian’. Cam-
brian deposits are distributed widely, and a basic
stratigraphical and palaeogeographical framework
has been established for almost all regions. Neverthe-
less, a great deal of additional research will be neces-
sary to secure our understanding of the geological
framework in which the events of the Cambrian
were structured. This article presents an overview of
the defining temporal, geographical, and environ-
mental attributes of the Cambrian, and then considers
these in relation to the most striking aspect of the
Cambrian system — the diversification of abundant
metazoan life.

Chronostratigraphical Framework

The ratification of formal boundaries for the Cam-
brian system and improvements in the precision of
isotope geochronology have recently resulted in sub-
stantial adjustments to views concerning the absolute
age and duration of the Cambrian period. These
results have fundamentally changed perspectives
on the historical events encompassed within the
Cambrian.
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The Bounds of the Cambrian System

Formal definitions for both the base and the top of the
Cambrian system have been ratified within Global
Standard Stratotype Sections and Points (GSSPs) in
recent years, both with type sections in Newfound-
land, Canada. The base of the Cambrian system is
currently placed at the occurrence of the trace fossil,
Treptichnus pedum, 2.4 m above the base of Member
2 of the Chapel Island Formation at Fortune Head,
Newfoundland. The base of the subsequent geo-
logical system, the Ordovician system, is placed at
the first occurrence of the conodont, lapetognathus
fluctivagus, at a level of 101.8 m, within Bed 23, in
the measured section of the Lower Broom Point
Member, Green Point Formation at Green Point,
western Newfoundland.

Stratotype points are located at the occurrence of
diagnostic markers within particular stratotype
sections, and both the top and the base of the Cam-
brian system rely on the occurrence of fossils. Such
boundaries commonly relate to the stratigraphically
lowest occurrence of the diagnostic marker fossil in
the stratotype section. In the case of the base of the
Cambrian, this is not so, because unequivocal speci-
mens of Treptichnus pedum have recently been de-
scribed some 4 m below the GSSP at the stratotype
section. The occurrence of other Treptichnus speci-
mens still lower in this faulted section could com-
promise the utility of this section as a stratotype.
Nevertheless, the diversification of trace fossils during
the Precambrian-Cambrian boundary interval was a
significant evolutionary event, and offers the possibil-
ity of global correlations based on the impressions of
homologous morphological characteristics.

The absolute ages of both the base and the top of
the Cambrian system rely on recent U-Pb zircon
dating of volcanic deposits intercalated within sedi-
mentary successions. Suitable volcanic deposits are
not known from the critical intervals of either of the
stratotype sections. Hence, all absolute age estimates
of the boundaries of the Cambrian rely on radioiso-
topic dates obtained from other sections that have
been correlated with the stratotypes using alternative
criteria, such as fossils or geochemical signatures. The
base of the Cambrian system is commonly considered
to be at about 542 Ma. This view is based on a min-
imum date for the first appearance of Treptichnus
pedum of 539.44+1.0Ma in the Swartkloofberg
section of Namibia, and a maximum age of 543.3 £
1.0 Ma based on the occurrence of an assemblage of
Ediacaran fossils in the same section. An age of 542
Ma also corresponds with a sharp negative excursion
in carbon isotope ratios found in several parts of the
world. Nevertheless, Ediacaran fossils have recently

been recovered from rocks bearing Treptichnus
pedum in South Australia, and the exact correlation
of the Namibia section with the Newfoundland
stratotype awaits resolution. The maximum age of
the Cambrian—Ordovician boundary has recently
been estimated from latest Cambrian volcaniclastic
sandstone beds in north Wales to be 489 4+ 0.6 Ma.
The minimum age is 483 +1.0Ma based on a
Tremadocian ash from Nova Scotia.

Stratigraphical Subdivision of the
Cambrian System

Formal stratigraphical stages have been established
for Cambrian sequences around much of the globe.
These sequences are correlated using cosmopolitan
fossils, isotopic signatures, and correlative strati-
graphical surfaces. Certain key horizons, character-
ized by distinctive and widespread markers, can be
correlated with some accuracy around the globe.
Other portions of the Cambrian are less securely cor-
related due to such factors as faunal endemism (partly
real, partly the result of provincial biases in taxonomic
descriptions) or questionable alignments of isotopic
profiles. All global correlation schemes for Cambrian
stratigraphical sequences (e.g., Figures 1 and 2)
should be viewed as provisional.

The Cambrian period is commonly divided into
three portions (Figure 3), although the global utility
and bounds of these divisions have yet to be formal-
ized. The perception of the nature of the Cambrian
period has changed dramatically recently. The deci-
sion to place the base of the system near the first
occurrence of Treptichnus pedum has meant that
the first appearance of trilobites (and some other skel-
etonized macrofossils) occurs after about one-third of
Cambrian time had passed. Furthermore, the discov-
ery that the oldest trilobites date from around 520 Ma
has dramatically reduced the apparent duration of the
trilobite-bearing Cambrian to an interval of approxi-
mately 35 million years in duration. This suggests that
the biostratigraphical zones of trilobite-bearing por-
tions of the Cambrian are of a time resolution com-
parable to those of Mesozoic ammonites, on average
as short as 1 million years.

Cambrian Palaeogeography

Palaeogeographical reconstructions for the Cam-
brian, constructed by different earth scientists, gener-
ally agree in terms of the overall distribution of the
major landmasses, although doubts are commonly
expressed about the quality of the palaecomagnetic
database used to underpin such reconstructions.
The assembly of the core Gondwana components is
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generally considered to have been completed prior to
the onset of the Cambrian. The positions and move-
ments of many of the ‘outboard’ terranes that jostled
about the margins of Gondwana, however, remain
poorly constrained. This is particularly true of the
equatorial sector of Gondwana, where faunal provin-
ciality — commonly useful for regional demarcation —
was low. Overall, Cambrian palaeogeography was
characterized by open water in the northern polar
region, and dominated by the major landmass,
Gondwana, that stretched from the lowest latitudes
in the south, across the equator, and well into the
northern hemisphere. Other major landmasses, such
as Laurentia, Siberia, and Baltica, were equatorial or
lay within the southern hemisphere (Figure 4).

With the exception of the movements of minor
terranes, global palaeogeography remained broadly
consistent throughout the Cambrian period, with
most of the changes apparently related to the
rotation and dispersion of Laurentia, Siberia, and
perhaps Baltica relative to a stable Gondwana.
These movements, coupled with the patterns of sedi-
mentation, are consistent with the breakup of a late
Precambrian supercontinent that has been named
Pannotia. Details of late Neoproterozoic palacogeog-
raphy remain hotly debated and these debates have
important implications for interpreting secular
changes during Cambrian time.

Cambrian Environments
and Climates

The deposits of most major palaeocontinents record a
substantial transgression during much of the Cam-
brian. Such a pattern is clearly displayed in Laurentia,
where deposits encroached progressively further into
the interior of the continent. Cambrian sedimentation
patterns are consistent with relatively high rates of
thermal subsidence, perhaps related to the fragmen-
tation of Pannotia. In equatorial settings, particularly
within Gondwana, latest Neoproterozoic carbonate
platforms were drowned by relatively rapid flooding
events that were followed by the deposition of phos-
phorites and black shales. The shoreward spread of
oxygen-depleted and nutrient-enriched waters onto
the shelf was associated with the replacement of
fossils by secondary phosphates and within cherts.
Substantial evaporite deposits developed within inter-
ior basins. In the absence of evidence of persistent
glaciation, the Cambrian transgression is inferred to
have been related to high rates of seafloor spreading.

The analysis of secular changes in the stable iso-
topes of strontium and carbon provides supple-
mentary tools for correlation amongst sections,
together with insights into the evolution of Cambrian

environmental conditions (Figure 5). The striking rise
in Cambrian stable isotopic ratios is thought to reflect
enriched #’Sr values due to the uplift and erosion of
cratonic material. This rise in ®/Sr/%¢Sr ratios is com-
parable with that seen in the Neogene, associated
with the uplift of the Himalaya. Events associated
with the latest stages of the prolonged ‘Pan-African’
orogeny (see Africa: Pan-African Orogeny) and the
final consolidation of Gondwana may have been re-
sponsible, but the sequence and timing of these events
remain incompletely resolved.

Investigations of Cambrian seawater chemistry,
both directly from fluid inclusions and indirectly
from inorganic and organic precipitates, suggest that
Cambrian seawaters were generally characterized by
relatively low Mg/Ca ratios. This is consistent with the
deposition of calcitic, as opposed to aragonitic, bio-
mineralized metazoan skeletons. The late Proterozoic
to Cambrian interval witnessed the transition from an
‘aragonite sea’ to a ‘calcite sea’, corresponding to a
transition from ‘icehouse’ to ‘greenhouse’ climatic
conditions, and a change from MgSO, to KCI late-
stage salts in evaporites. When viewed in the context
of trends seen throughout the Phanerozoic, such tran-
sitions correspond with long-term changes in plate
tectonic regime. The rapid seafloor spreading associ-
ated with the breakup of Pannotia probably drove
changes in mid-ocean ridge brine fluxes, caused a
global sea-level rise, and increased global volcanism.

Marked fluctuations in Cambrian carbon isotopic
ratios over short time-scales have been noted in
association with the base of the Cambrian and the
Early-Middle Cambrian boundary. In these cases, the
excursions were towards lighter carbon isotopes.
A more prolonged, positive excursion towards the
heavier isotope, '°C, has been defined within the Late
Cambrian Steptoean stage within Laurentia, Kazakh-
stan, and portions of core and outboard Gondwana.
The determinants of such fluctuations are complex
because carbon isotopic ratios are influenced by mul-
tiple factors. Explanations commonly invoked include
alternations between periods of well-oxygenated,
warmer waters on continental shelves and periods in
which the shelves were flooded by cooler, oxygen-poor
waters. These explanations receive additional support
from marked periodic fluctuations in macrofaunal di-
versity that roughly parallel the excursions, at least in
some cases. Cambrian oceans were similar to oceans
throughout the Phanerozoic in that oxygen penetrated
the sediment-water interface even within deep ocean
basins. Recent models of atmospheric oxygen levels
throughout the Phanerozoic suggest that O, consti-
tuted between 10% and 20% of the composition of
the atmosphere. Although these estimates are subject to
considerable uncertainty, they suggest that Cambrian
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Figure 1 Correlation chart for the major regions of Lower Cambrian rocks. CG, Chengjiang fauna; EB, Emu Bay Shale; MC, Mount

Cap Formation; SB, Sinsk fauna; SP, Sirius Passet fauna; RW, Ruin Wash fauna. Modified with permission from Zhuravlev AY and
Riding R (2000) The Ecology of the Cambrian Radiation. New York: Columbia University Press. © Columbia University Press, 2000.

oxygen profiles and levels in both ocean and atmos-
phere were essentially modern in aspect.

As noted above, the Cambrian marked a transition
interval between ‘icehouse’ and ‘greenhouse’ climatic
conditions. The details of this transition are poorly
resolved, however. Direct evidence of warm condi-
tions in the later Cambrian, derived from oxygen
stable isotope ratios, is questioned by some author-
ities. Yet, the presence of widespread evaporites sug-

gests warm conditions, at least in the equatorial
Gondwana region. Broad, but indirect, climatic indi-
cators, such as the distributions of evaporites, iron-
stones, and carbonates, are consistent with climatic
gradients similar to those that characterized much of
the Palaeozoic. Recent suggestions of Early Cambrian
glacial deposits in West Africa are yet to be accepted
generally, but it is likely that the overall climatic
conditions warmed through the Cambrian.
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Figure 1 Continued

Information on Cambrian terrestrial conditions
is sparse, and the transition between marine and
terrestrial sedimentary rocks is difficult to determine
in many Cambrian sequences, partly because fine-
grained sedimentary particles were easily winnowed
in the absence of binding by macroflora. Definitive
non-marine sedimentary structures are relatively
rare within Cambrian sandstones. Nevertheless, the
common tacit assumption of an abiotic terrestrial

realm during the Cambrian is probably unrealistic.
A diverse microbiota may have existed in some
settings. Furthermore, there is abundant trace fossil
and sparse body fossil evidence of both diploblastic
and triploblastic metazoans active in marginal marine
environments, together with spores that are appar-
ently non-marine in origin.

Due to the decreasing rotation speed of the Earth, the
Cambrian year would have contained more days
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Figure 2 Correlation chart for the major regions of Middle and Upper Cambrian rocks. Global correlations for the top of the
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York: Columbia University Press. © Columbia University Press, 2000.
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Figure 3 A broad chronology of the Cambrian, and part of the
underlying Precambrian Vendian period, showing the major
stratigraphical divisions of the system that are commonly used,
an approximation of the diversity of metazoan order and classes,
and some radiometric dates. Modified with permission from
Bowring SA and Erwin DH (1998) A new look at evolutionary
rates in deep time: uniting paleontology and high-precision geo-
chronology. GSA Today 8: 1-7.
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than at present, and each day would have been shorter
than 24 h. The Cambrian year was likely to have been
about 420 days long. If the shorter distance between
the Earth and its moon resulted in a stronger tidal
action during the Cambrian, as might also be expected,
Cambrian epeiric seas may have been dominated by
tides. However, there is no observational support for
increased tidal dominance in the Cambrian relative to
comparable recent settings. Overall, Cambrian envir-
onmental conditions were apparently primarily con-
trolled by the global tectonic setting. The dispersion
of the continents, rates of thermal subsidence, and sea-
floor spreading strongly influenced both the accumula-
tion of sedimentary rocks and their preservation
potential. Cambrian environmental conditions were
similar to those seen at other parts of the Phanerozoic
and essentially modern in aspect. In marked contrast,
several aspects of ocean chemistry and stratification
during the Neoproterozoic apparently differed sig-
nificantly from the Phanerozoic conditions. Hence,
the Neoproterozoic-Cambrian interval remains a
fascinating and important time of environmental
transition, in addition to encompassing critical biotic
transitions.
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Figure 4 A reconstruction of Cambrian palaeogeography at approximately 514 Ma. Reproduced with permission from Chris Scotese

and the Paleomap project.
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The Neoproterozoic-Cambrian
Evolutionary Radiation

Cambrian Life

The morphological and taxic diversity of trace fossils
expanded markedly in association with the basal
Cambrian boundary. Surficial trails of simple morph-
ology present in Late Neoproterozoic Ediacaran
assemblages were joined by varied morphologies, sug-
gesting motile, triploblastic organisms that mined the
sediment infaunally and possessed complex anterior—
posterior body patterning. The first traces that can be
attributed to the scleritized appendages of arthropods
also occurred at about 530 Ma, significantly before
the appearance of arthropod body fossils, but after the
base of the Cambrian system.

Biomineralized skeletons were present in the latest
Neoproterozoic, but were uncommon there relative
to their abundance in the Early Cambrian. The
pre-trilobitic Cambrian contains a myriad of
relatively small biomineralized fossils, collectively
known as ‘small shelly fossils’. These were commonly
composed of calcium carbonate or calcium phosphate
and displayed shapes that ranged from simple conical
tubes to highly sculptured plates. The diversity of
these forms increased through the lowermost
Cambrian. Although the phylogenetic relationships
of many small shelly fossils remain obscure, in some
instances considerable progress has been made in
assessing their affinities. Whilst some small shelly
fossils represented protective skeletons surrounding
the bodies of a variety of diploblastic organisms,
others are known to be components of a sclerite
meshwork containing hundreds or thousands of

separate units that covered portions of the external
surface of triploblastic organisms (Figure 6). The syn-
chronous biomineralization of numerous separate
metazoan and protist lineages, together with the ap-
pearance of Foraminifera that agglutinated inorganic
minerals to their external surfaces, suggests that the
possession of a reinforced external surface conferred
a selective advantage in the Early Cambrian. This
pattern, together with evidence from body fossil size
and mouthpart anatomy of some Early Cambrian
arthropods, suggests that Cambrian marine ecologies
were structured with significant feedback between
higher and lower food chain levels.

The appearance of trilobites marked the start of the
traditional Cambrian fauna, as it has come to be
known following Jack Sepkoski’s static modelling
of Phanerozoic marine diversity. This assemblage of
fossils, based on the record of biomineralized fauna,
was dominated by certain basal trilobite, linguliform
brachiopod, echinoderm, and poriferan clades,
and persisted into the lower Ordovician. Although
the designations ‘Cambrian fauna’ and ‘Palaeozoic
fauna’ aptly describe the marked contrast in the com-
position of biomineralized faunas, dynamic model-
ling of diversity does not suggest that these two
faunas behaved as distinct ecological entities. More-
over, it is clear that basal representatives of many of
the clades that rose to dominance in the Ordovician
were also present in the Cambrian.

Cambrian benthic macrofossils were also charac-
terized by a periodic series of major evolutionary
radiations and extinctions. Several of these extinc-
tions (e.g., those associated with the Early to Middle
Cambrian transition) had a cosmopolitan effect,
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Figure 6 The Early Cambrian triploblastic metazoan Halkieria
evangelista. Note the external surface consisting of multiple skel-
etal elements. Each element individually constitutes a ‘small
shelly fossil’, many of which were combined on a single individ-
ual. Photograph: John S. Peel.

during which important groups, such as the archae-
ocyathid sponges and olenelloid trilobites, were
exterminated. Marked episodes of diversity expan-
sion were typically followed by stratigraphically
sharp extinctions. These striking cycles of diversity
fluctuation occurred repeatedly during the Cambrian,
and have been documented most clearly in the Late
Cambrian ‘biomeres’ of Laurentia. Although the
mechanisms responsible for the biomere pattern are
still debated, it appears that large-scale eustatic
changes of sea-level, probably coupled with fluctu-
ations in seawater temperature and oxygen levels,
were driving factors.

Cambrian Faunal Provinces

The distributions of Cambrian taxa can be used as tools
for both biostratigraphical correlation and palaeogeo-
graphical reconstruction. Geologically short-lived,
abundant, and cosmopolitan species (e.g., agnostoid
trilobites) have great utility for global correlations.

Other forms had more restricted distributions, with
their geographical ranges limited by barriers (e.g.,
temperature tolerances, the inability to cross deep
ocean basins; Figure 7). Distributions of fossils can
be used as independent criteria to constrain palaeo-
geographical reconstructions based on other data.
Laurentian shelf faunas were apparently the most
distinctive, which is consistent with the notion that
Laurentia was geographically isolated during
Cambrian times. A wide-ranging shelf fauna also oc-
curred about the peri-Gondwanan margin, although
restriction of some elements to specific regions sug-
gests some palaeolatitudinal limits on faunal distribu-
tion. In general, species adapted to cooler waters had
more widespread occurrences than those restricted
to equatorial shelf environments. Additionally, the
occurrence of Cambrian faunas diagnostic of one
province surrounded by rocks of another province
has proved key to the recognition of Cambrian
microcontinents.

The Neoproterozoic-Cambrian Biotic Transition

The traditional criterion for recognizing the base of
the Cambrian is the first appearance of macrofossils
in the stratigraphical record — the change from
‘hidden’ to ‘obvious’ life. Although it is certain that
Cambrian global tectonics favoured the accumula-
tion and preservation of fossils, and may even have
fuelled evolutionary radiation, the extent to which
Cambrian tectonic settings triggered the metazoan
radiation is less clear. Clarification of this depends
on a knowledge of the nature of biotic diversity and
structure prior to the base of the Cambrian. If the
clades that first appeared in the Cambrian had
phylogenetic origins significantly prior to the base of
the Cambrian and had also assumed their ‘modern’
ecological roles within Neoproterozoic ecosystems,
the appearance of abundant fossils in the Cambrian
may be related to conditions that favoured both
biomineralization and the preservation of shelfal
sediments. Alternatively, the Cambrian might chron-
icle the fundamental steps in metazoan phylogenetic
and ecological diversification, in which case clues
for the trigger might be sought within Cambrian
deposits.

It is now apparent that the base of the Cambrian
did not coincide with the phylogenetic appearance of
most of the clades, both metazoan and protist, that
became common in Cambrian rocks. Although meta-
zoan divergence patterns and times based on molecu-
lar data are fuzzy, they are consistent in several major
aspects, placing the origins of diploblastic organisms
before the triploblasts at least tens of millions of
years before the base of the Cambrian. Furthermore,
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Erixanium occurrence

Figure 7 Contrasting biogeographical distributions of two widespread Late Cambrian trilobite genera. The Erixanium distribution
was apparently constrained by factors related to latitude. In contrast, the Maladioidella distribution was apparently limited by open
ocean basins. Modified with permission from Zhuravlev AY and Riding R (2000) The Ecology of the Cambrian Radiation. New York:

Columbia University Press. © Columbia University Press, 2000.

direct fossil evidence of Neoproterozoic metazoans is
provided by phosphatized embryos aged about
575Ma from southern China, in addition to other
various late Neoproterozoic fossils such as definitive
sponges and possible cnidarians. Evidence for Neo-
proterozoic triploblasts is still being debated. The
phylogenetic affinities of the famous Ediacaran
fossil assemblages (see Precambrian: Vendian and
Ediacaran), consisting of large bodies commonly
constructed metamerically, also remain hotly con-
tested. Even for some of the best known forms, such
as Dickinsonia, recent interpretations range from
it being a member of an extinct kingdom, a multi-
cellular prokaryote, a lichen, a cnidarian, and a
basal triploblastic metazoan capable of movement.
Unequivocal Precambrian triploblasts pursuing
ecologies closely comparable to their roles in the
Phanerozoic have yet to be described, although the
Ediacaran Kimberella — which may be a mollusc
with an associated grazing trail — provides the most
plausible candidate.

The presence of likely Late Precambrian metazoans
that differed in gross morphology and ecology from
their Cambrian counterparts suggests that the transi-
tion into ‘obvious life’ was not merely an artefact
related to the advent of biomineralized skeletons
with high preservation potential (although biominer-
alization clearly did appear synchronously and inde-
pendently during Early Cambrian time in various

metazoan and protist clades). Such a suspicion is
confirmed by two other data sets that are arguably
free of strong preservational biases across the
Neoproterozoic—-Cambrian boundary. The first of
these is the record of trace fossils. Ediacaran fossils
are commonly found preserved in sandstones with
evidence of mat-like bedding surfaces bound by
algae. Finer grained substrates, such as mudstones,
were apparently quite firm throughout the Neopro-
terozoic to Cambrian transition interval. Such sub-
strates would have provided a suitable medium for
the preservation of surficial movement traces and
shallow, infaunal burrowing. Examination of the
trace fossil record shows that the diversity, complex-
ity, depth, and extent of bioturbation increased
progressively across the Neoproterozoic—Cambrian
boundary, with trends begun in the Neoproterozoic
continued into the Early Cambrian. These observa-
tions suggest that this interval witnessed important
evolutionary innovations in metazoan size, morph-
ology, and behaviour coincident with the establish-
ment of benthic ecologies of essentially modern
aspect. The second critical data set is the burst in
morphological diversity of pelagic microflora at the
onset of the Cambrian following marked conserva-
tism during the late Neoproterozoic. New morpholo-
gies found in the Cambrian are consistent with the
presence of active pelagic herbivores (mesozooplank-
ton) of which there is direct evidence from Lower
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Cambrian rocks. If mesozooplankton were essential
to the establishment and maintenance of the Cam-
brian benthic communities, as they are in modern
marine communities, it could be that innovations
in the zooplankton drove diversification of the
Cambrian macrobenthos.

It seems that the phylogenetic origins of the clades
that first appeared in the Cambrian probably pre-
dated the base of the Cambrian by at least 50 Ma
(and possibly far longer), as did most of the genetic
regulatory architecture required to organize large,
complex, body plans. This is indicated by the remark-
able extent to which body patterning mechanisms are
shared amongst disparate metazoan groups. For this
reason, it seems unlikely that the Cambrian radiation
was directly coupled to basic biological innovations
that made metazoan diversity mechanistically pos-
sible. Nonetheless, the Cambrian radiation was
more than a simple expansion of biotic diversity and
ecological structure present in the terminal Neopro-
terozoic triggered by favourable tectonics. Cambrian
ecologies, both pelagic and benthic, were different
from those of the Neoproterozoic in ways that sug-
gest enhanced trophic interactions and ecospace
utilization. Biotic innovations coincident with the
Neoproterozoic—Cambrian transition, both morpho-
logical and ecological, appear to have been critical to
the adaptive radiation that clearly took place during
Cambrian time.

Although there were marked differences between
late Neoproterozoic and Cambrian biotas, this does
not imply that the transition between the two was
sharp, even on a geological time-scale. Both the se-
quence and apparent spacing of events are consistent
with evolutionary processes and mechanisms opera-
tive today, although the rates of anatomical and be-
havioural innovations may have been elevated in
some lineages relative to later times. This pattern,
and the persistent compatibility of new data with
the expectations of the evolutionary model, belies
any basis for the idea that the Cambrian radiation
requires alternative, non-evolutionary explanations.
Furthermore, it can be argued that the types of evolu-
tionary transformation that took place during the
Precambrian-Cambrian boundary interval persisted
into the Cambrian.

Many Early Cambrian body fossils arguably belong
to stem group lineages of clades whose derived crown
group representatives only appeared later in the Cam-
brian or thereafter. According to this view, many
varieties of early arthropods present in Cambrian
Lagerstitten (see Lagerstitten) (e.g., Chengjiang
in Yunnan, China; the Burgess Shale in British

Figure 8 The Middle Cambrian trilobite, Xystridura templetonen-
sis, from Australia, a typical representative of the ‘Cambrian
fauna’. Photograph: Nigel C. Hughes.

Columbia, Canada) represent steps en route to de-
rived euarthropods, and scenarios for the evolution
of basic features of arthropod morphology, such as
rigid, metameric sclerites, can be postulated on the
basis of character state transformations seen amongst
Cambrian fossils. Although the specifics of such scen-
arios are subject to debate, the fact that they can be
reasonably postulated affirms that major aspects of
arthropod evolution were probably accomplished
subsequent to the appearance of the earliest arthropod
body fossils. Furthermore, the opportunity to explore
the connection between the ontogenetic and phylo-
genetic development of body patterning in early
Palaeozoic arthropods (e.g., Figure 8) suggests that
aspects of the basic control of body plan (e.g., the
numbers and varieties of segments) evolved during
the Early Palaeozoic. Although such opportunities
may offer a fascinating glimpse of the evolution of
developmental processes, they apparently concern
relatively minor adjustment of developmental systems
established prior to the base of the Cambrian.

See Also

Africa: Pan-African Orogeny. Analytical Methods: Geo-
chronological Techniques. Evolution. Famous Geolo-
gists: Sedgwick. Fossil Invertebrates: Trilobites.
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Vendian and Ediacaran. Trace Fossils.
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Introduction

The Ordovician System, which is radioisotopically
dated to have lasted from 495 Ma to 443 Ma, follows
the Cambrian in the geological time-scale and is over-
lain by the Silurian. The Ordovician comprises the
middle part of the Lower Palaeozoic, and has been
traditionally divided into six series, of which two
(Llanvirn and Llandeilo) have been combined to
give a five-fold subdivision. These series are currently
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line with the threefold division (Lower, Middle, and
Upper) used in other geological systems. It is still,
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terms of five classical subdivisions, which are in
ascending order: Tremadocian (489-483 Ma), Areni-
gian (483-463 Ma), Llanvirnian (463—ca. 455 Ma),
Caradocian (ca. 455-ca. 448 Ma), and Ashgillian
(ca. 448-443 Ma). Of these, the Tremadocian was
previously included in the topmost part of the Cam-
brian by some authorities, but has now been assigned
to the Ordovician by international agreement. The
top of the Ordovician is marked by a major ice age
and an important mass extinction of marine organ-
isms, which forms a natural boundary with the base of
the Silurian. Ordovician rocks are found on every
continent except the Indian Peninsula. During the
Ordovician the continental masses were widely dis-
persed, other than the Gondwana supercontinent. Or-
dovician geology, therefore, varies richly from one
area to another. The Ordovician saw the inception of
several marine ecosystems that are still with us today.
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Several important animal groups (e.g. corals and
nautiloid cephalopods) also underwent evolutionary
radiations during the Ordovician.

History

The Ordovician System was a comparative latecomer
to the geological column. It was born out of a historical
compromise between competing claims of what strata
should be included in the underlying Cambrian and
overlying Silurian systems. The seminal studies of this
part of the stratigraphical succession were carried out
in the British Isles. Cambrian rocks had been studied in
Wales by the Woodwardian Professor at the Univer-
sity of Cambridge, the Reverend Adam Sedgwick (see
Famous Geologists: Sedgwick) — a pioneering field
geologist whose classes had been attended by the
young Charles Darwin. Rocks comprising the Silurian
System were described in considerable detail by Sir
Roderick Murchison (see Famous Geologists: Murch-
ison) in one of the classics of geology, The Silurian
System (first published in 1839). Murchison was a
gentleman of private means and a dominant personal-
ity, who had studied rock successions in Shropshire
and across southern Wales, where inevitably he over-
lapped stratigraphically with Sedgwick’s ground.
Murchison’s attempts to ‘appropriate’ some of Sedg-
wick’s Cambrian rocks into the Silurian met with stern
opposition from the Cambridge cleric, and a vigorous
controversy ensued, which was still not resolved on
the death of both protagonists. A compromise solu-
tion to the problem was devised by Charles Lapworth,
a Professor in the Department of Geology at the new
University of Birmingham. This compromise involved
hiving off the disputed middle ground into a separate
System, the Ordovician. The name was derived — like
that of the Silurian — from the name of an ancient
British tribe. Although Lapworth’s proposal was
made in 1879, it was a long time before it was uni-
versally accepted. Indeed, one can find Murchison’s
‘Silurian’still in use in Russia more than 50 years later.
However, as with many of Lapworth’s innovations,
it came to be seen as a wise solution, and the Ordo-
vician has since been accepted as one of the more
natural divisions of geological time.

An outstanding confusion remained, however,
about whether to include the rocks around the north
Welsh town of Tremadoc in the Cambrian or in the
Ordovician. Lapworth had originally stated that the
base of the Ordovician should be drawn at the base of
the Arenigian rocks, thereby assigning the underlying
Tremadocian rocks to the Cambrian. To many obser-
vers at the close of the nineteenth century, the Trema-
docian seemed to show ‘intermediate’ features between
the two stratigraphical contenders. In Scandinavia, the

Tremadocian was incorporated in the Ordovician.
The situation was further complicated because in
much of North America — where fossil faunas are
very different from those in Europe — Tremadocian
rocks were not recognized as such, and a different set
of names (e.g. ‘Ozarkian’ and ‘Canadian’) were ap-
plied to rocks of Late Cambrian and Early Ordovi-
cian age. Only when correlation between these
separate continents improved did it become practic-
able to apply a standard series of names to the sub-
divisions of Ordovician time. As late as 1972, the
Tremadoc ‘series’ continued to be allocated to the
Cambrian by British scientists, although by then a
majority of other nations had settled on a horizon
for the base of the Ordovician that approximated
the base of the Tremadocian. Such problems lend
themselves to arbitration by the International Union
of Geological Sciences, and the Tremadocian was
eventually deemed to be the basal Ordovician subdiv-
ision, by general consensus, in 1988. The horizon
chosen to mark the base of the Ordovician also
marks the appearance of planktonic graptolites of
Rhabdinopora (formerly Dictyonema) flabelliformis
type, and thus respects the spirit of Lapworth, who
recognized the stratigraphical utility of these ubiqui-
tous fossils well over a century earlier.

Type Areas and Sections

Since Ordovician rocks are so varied, it has not
proved possible to define a single ‘type area’ for sub-
division of the System, although the Anglo-Welsh
area remains historically important. The base of the
Ordovician System has recently been defined by inter-
national agreement within the Cow Head Group at
Green Point, on the western coast of Newfoundland,
Canada. Here, graptolite and conodont fossils occur
together in a series of limestones and shales, permit-
ting ready international correlation. In some areas
(e.g. the western USA) conodonts are found in the
absence of graptolites, whereas the situation is re-
versed in Spain and northern Africa. The index fossil
is the first appearance of the conodont Iapetognathus
fluctivagus. The base of the Silurian is, by definition,
the top of the Ordovician System and has been simi-
larly defined by international agreement in one of
Lapworth’s classical sections at Dob’s Linn, near
Moffat, in Scotland. This horizon lies at the base of
the Akidograptus acuminatus biozone, which is char-
acterized by the eponymous graptolite.

Attempts to define Lower, Middle, and Upper Or-
dovician Series are in progress. The base of the Middle
Ordovician has been mooted, on the basis of cono-
donts, to lie at a horizon within the Arenig ‘Series’ of
traditional usage. Correlation remains a problem,
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however, and to date a type section has yet to be
chosen. A standard time division close to the Middle
Ordovician, the Darriwilian, has been recognized on
the basis of graptolites. The base of the Upper Ordo-
vician has been agreed to be the base of the widespread
Nemagraptus gracilis biozone. This horizon coincides
with the base of the Caradoc ‘Series’ as now defined.
A type section in the Fagelsang section, Sweden, has
been selected for its definition. Because this threefold
series subdivision has not yet achieved wide currency,
it is expedient to continue to use the fivefold subdiv-
ision in this chapter. Strictly speaking, these should
no longer be referred to formally as ‘Series’, as they are
effectively regional stages. The suffix ‘-ian’ is there-
fore employed below. Because of the high degree of
regional differences in Ordovician strata, several
widely separated areas have become important in de-
fining Ordovician temporal subdivisions on a regional
to global scale. Biozonal standards have been based on
graptolites, conodonts, and trilobites, but these are
found together in only a minority of rock sections
and they, too, show provinciality. Much effort has
accordingly been expended in tying together grapto-
litic and conodont-based zonal schemes.

Tremadocian

The small town of Tremadoc lies in North Wales at the
northern end of Cardigan Bay. A series of dark shales
and mudstones of the Dol cyn Afon Formation — often
cleaved and weakly metamorphosed — overlie rocks of
the Upper Cambrian. There is often a stratigraphical
break between the two, but in at least one section a
complete and conformable transition between the two
systems has been demonstrated. The Tremadocian is
recognized by the incoming of net-like rhabdosomes of
the widespread graptolite Rhabdinopora flabelliformis
subspecies, the oldest planktonic graptoloid species.
These rocks were deposited in comparatively open
shelf environmental conditions, and the graptolites
are accompanied by a variety of trilobites, of which
members of the Family Olenidae are a prominent com-
ponent, some species of which are also very wide-
spread. The genus Jujuyaspis, for example, is known
from North and South America, Scandinavia, and
China in earliest Ordovician strata. In North America,
the stage name Ibexian (approximately the same as
‘Canadian’ used by earlier authors) is employed for
Early Ordovician strata, based on well-exposed
sections in Utah in the Great Basin. The Ibexian em-
braces all of the Tremadocian and part of the Areni-
gian. Both the Tremadocian and Ibexian have been
further subdivided into chronostratigraphical subdiv-
isions of regional application. The graptolite and con-
odont succession is particularly well-known in the
Baltoscandian area and indicates the presence there

of an upper part of the Tremadocian (Hunnebergian)
that is not well-developed in Britain.

Arenigian

Arenigian rocks overlie the Tremadocian rocks in
North Wales, and were named after a mountain,
Arennig Fawr, where they are well exposed. However,
in North Wales there is an unconformity at the base of
the Arenigian, which is marked by a transgressive
sandstone, and so it is inadequate as a type area
(Figure 1). The Arenigian succession is better de-
veloped in South Wales and Shropshire, where thick
sequences of mudstones, shales, sandstones, and
turbidites have yielded diverse trilobite faunas of
shallow-to-deep shelf aspect with, more locally, grap-
tolites and brachiopods. Because of the disparate bio-
geography of the Early Ordovician, most of the
species are of relatively local occurrence, and correl-
ation of these strata internationally can be difficult.
For some years a de facto base of the Arenigian has
been recognized at the base of the widespread grapto-
lite Tetragraptus (Etagraptus) approximatus biozone,
which can be identified in North and South America,

Figure 1
over Cambrian rocks on the Llyn Peninsula, North Wales.

Ordovician (Arenigian) strata lying unconformably
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Scandinavia, Australia, and New Zealand. The most
varied succession of graptolite faunas is found in the
shales of the region of Bendigo, Victoria, Australia;
this has achieved the status of a global standard, and a
fine-scale division into biozones (and stages) has been
established, which has been widely applied elsewhere.
In south-western China sequences span facies from
inshore to deep-water, as do sequences in Scandinavia
and the Russian Platform. In North America, strata
equivalent to the Arenigian embrace the upper part of
the Ibexian and the lower part of the Whiterockian,
and have been documented in largely calcareous
successions in the Great Basin. In many limestone
sequences, conodonts have become the biostratigra-
phical standard. This disparity of stratigraphical cri-
teria together with regional differences have meant
that a plethora of stratigraphical subdivisions of Are-
nigian strata has grown up over the years, and differ-
ent regional names are used in, among others, China,
Scandinavia, Britain, Australia/New Zealand, and
North America. Correlation between these schemes
is difficult. However, certain horizons have proved to
have international utility. Near the top of the Areni-
gian, for example, the appearance of biserial grapto-
lites marking the austrodentatus biozone has been
recognized on most palaeocontinents, and this will
form one basis of future standardization.

Llanvirnian

The Llanvirn ‘Series’ was recognized in the nine-
teenth century in black slates exposed on the coast
in south-western Wales, where it takes its name from
an insignificant farmhouse. It is typified by a multi-
tude of ‘tuning fork’ graptolites (e.g. Didymograptus
artus, D. murchisoni, and related forms), appearing
in the Aber Mawr Formation, which have been rec-
ognized widely in continental Europe and Scandi-
navia. The type area is complicated by volcanics and
difficult structure, as is the area around Fishguard,
and the succession of strata in Britain is better in-
spected in Shropshire and central South Wales. In
Scandinavia, the Upper Didymograptus Shales and
their equivalents in limestone strata have enabled
comparisons to be made with a rich conodont fauna,
which provides an international basis for correlation.
The Llandeilan (the lower part of the original Llan-
deilo ‘Series’) has recently been incorporated into
the upper part of the Llanvirnian. The flaggy lime-
stones around the town of Llandilo in central South
Wales were already well known by Murchison’s time
and are among the most fossiliferous rocks of the
British Ordovician. Similar problems to those of
the Arenigian apply to the international correlation
of subdivisions of the Llanvirnian. The Whiterockian

of the North American standard includes the Llanvir-
nian but extends downwards into the Arenigian.
Across Europe and Asia the base of the Llanvirnian
is marked by a transgressive event, indicated by a
deepening in the biofacies and the appearance of
graptolites.

Caradocian

The type area of the Caradocian is in Shropshire, Eng-
land, and it takes its name from a prominent hill, Caer
Caradoc, in the vicinity of Church Stretton. In that
area the Caradoc is transgressive and its base is defined
by an unconformity at the base of the Hoar Edge Grit.
As the sequence deepens upwards into a varied succes-
sion of mudstones, sandstones, and siltstones (from
which several formations are mapped), a great variety
of trilobites and brachiopods appear, which were ori-
ginally studied in detail by B. B. Bancroft. He divided
the Caradocian into fine subdivisions (‘stages’) based
on faunal turnover, which, while useful at a local level,
are of limited service internationally. In the Shelve
Inlier, in South Wales, and near Builth the facies repre-
sent deeper water and the sections are without uncon-
formities. However, the effect of the Caradocian
transgression is to bring in many graptolite species of
stratigraphical utility, including Dicellograpius and
Nemagraptus, replacing the restricted fauna of the
Llandeilan teretiusculus biozone beneath. This event
is of worldwide significance, and the graptolite species
concerned can be widely employed for correlation
purposes.

The base of the Caradocian (and of the Upper
Ordovician) is defined as the base of the Nemagrap-
tus gracilis biozone, which can be traced into many
areas including the Laurentian platform edge, Bohe-
mia, continental Europe, and the standard graptolitic
sequences of Australia and New Zealand. Nemagrap-
tus gracilis itself is probably associated with relatively
‘oceanic’ conditions, and its appearance in basinal
successions is probably not entirely synchronous,
but the co-occurrence of some of its attendant species
of Dicellograptus usually places correlation on a
sound footing. This, together with the beginnings of
a breakdown of the faunal provinciality typifying the
earlier Ordovician, means that international correl-
ation of Caradocian strata is less of a problem than is
the case with Arenigian and Llanvirnian strata. None-
theless, there are still distinctive fossil faunas and
concomitant separate stratigraphical schemes in the
platform limestone successions (Trentonian and
Blackriverian) of North America and the Baltic
areas. In China, a distinctive diachronous red often
nautiloid-rich deep-water formation, the Pagoda
Limestone, appears in the Caradocian and continues
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into the Ashgillian. North African Gondwanan Car-
adocian successions include endemic genera adapted
to cool-water conditions close to the pole. In deep-
water sites, graptolitic successions are well-studied,
particularly in the Glenkiln and Hartfell Shales of the
Southern Uplands of Scotland, where Lapworth was a
pioneer in establishing the succession of faunas. In
Wales, the Caradocian was a time of intense volcanic
activity in the area around Snowdon, with several
kilometres of varied pyroclastic and eruptive rocks,
which are classics in the study of “fossil’ volcanoes.

Ashgillian

The youngest, and shortest, subdivision of the Ordo-
vician System (Figure 2) has a type section in the
English Lake District, at Ash Gill. A correlative sec-
tion at Foggy Gill shows continuous passage down-
wards into the Caradocian. The base of the Ashgillian
at the base of the Pusgillian local ‘stage’ is recognized
entirely on a shelly fauna of brachiopods and trilo-
bites. Conodonts and, until recently, graptolites were
unrecognized from this locality, and this has made it
difficult to locate the base of the Ashgillian in the

Figure 2 Late Ordovician
Conway Castle, North Wales.

(Ashgillian)

strata underlying

graptolitic (and conodont) schemes, although a hori-
zon within the Pleurograptus linearis biozone has
often been accepted. Fossil faunas are not strikingly
different from those of the underlying beds and are
diverse, but higher in the succession there is a decline
in the Rawtheyan local ‘stage’, presaging a much
more drastic reduction as the climate deteriorated at
the end of the Ordovician. Shallow-water tropical
strata in North America correlative with the Ashgil-
lian, the Cincinnatian limestones, are prodigiously
fossiliferous. The stratigraphy of Ashgillian strata in
Bohemia, Scandinavia, and China is known in equal
detail. There is, in general, a more cosmopolitan
fauna in this part of the Ordovician, but cool-water
high-latitude faunas still endured close to the pole in
northern Africa at the core of the Gondwana super-
continent. Graptolitic deposition continued in deep-
water sites distant from continental influences, as in
southern Scotland and Taimyr. The youngest subdiv-
ision of the Ashgillian, the Hirnantian, marked the
onset of the Ordovician glaciation, which is accom-
panied by drastic lithological and faunal changes in
most stratigraphical sections caused by a worldwide
regression. In many places there is an unconformity at
this horizon, while in all sections spanning the inter-
val there is a reduction in faunal diversity, often
accompanied by shallow-water clastic sedimentation.

Life in the Ordovician

The Ordovician is arguably the period of greatest
marine diversification in the fossil record. Groups of
animals that appeared in the Cambrian (e.g. bivalved
molluscs and gastropods) became much more diverse
and widespread. Other groups appeared and diversi-
fied for the first time. These included corals and
bryozoans, which, after a rare occurrence in the Tre-
madocian, formed diverse bioherms and even reefs
before the Caradocian. Cephalopod molluscs — the
nautiloids — achieved great size and variety of form,
and presumably were among the most effective
predators that served to structure the ecosystem.
The free-floating graptolites (see Fossil Invertebrates:
Graptolites) became widespread in the world’s oceans
and are often abundant macrofossils in off-shelf sites
where few Cambrian animals can be found. Trilobites
(see Fossil Invertebrates: Trilobites) continued to di-
versify from the Cambrian and included free-swim-
ming as well as benthic forms, which did not survive
into the Silurian. Filter-feeding trilobites were highly
characteristic of soft substrates; for example, trinu-
cleid trilobites are abundant in, and confined to, Or-
dovician strata. Among predatory trilobites, the
largest example known from the whole group (Iso-
telus) was discovered in Ordovician strata in Canada.
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Articulated brachiopods became numerous enough to
form shell beds and evolved into the orders that would
dominate the Palaeozoic shallower seas. Echinoderms
saw radiations in the starfish, sea lilies, and the earliest
sea urchins. By the mid-Ordovician vertebrates with
phosphatic external skeletons had become quite
varied. Conodonts (now considered to be related to
vertebrates) (see Microfossils: Conodonts) became
abundant, and showed a variety of feeding appar-
atuses. It is likely that the first land plants, allied to
liverworts, had appeared by Llanvirnian times, al-
though their fossil record is dominated by spores
alone. Moreover, because of the diverse palacogeog-
raphy of the time, various groups of animals evolved
differently on different palaeocontinents, adding to
the total biodiversity. Climatic zonation aided this
differentiation. If there was a watershed between
Cambrian-style faunas and those characterizing later
strata, it occurred at the base of the Whiterockian,
when taxa typical of younger strata increased at the
expense of those with an archaic history extending
back into the Cambrian. It has also been shown that
there was an increase in the complexity of trace fossils
and bioturbation through the period, with younger
Ordovician animals burrowing deeper in the sediment
and making ‘galleries’. The kind of tiering character-
istic of later infaunal assemblages had its origins in the
Ordovician. It is possible that increased predation
drove these innovations forwards. Allowing for fluc-
tuations in the fossil record, there was an increase in
global biodiversity through the Ordovician until the
Caradocian (Figure 3). The enrichment process
was interrupted by the extinction event at the end
of the Ordovician, but communities were able to
re-establish comparable complexity in the Silurian.

The End-Ordovician Extinction and
Glaciation

The mass extinction at the end of the Ordovician is
one of the major events in the fossil record, being
exceeded only by those at the end of the Palaeozoic
and at the Cretaceous—Tertiary boundary. While the
ultimate controls on the latter events are still a subject
of dispute, the end-Ordovician extinction coincided
closely with a short-lived but very extensive glaci-
ation, and it is natural to link the biological event
with the physical event. Exactly how the secondary
effects associated with the glaciation caused the
extinction is still the subject of research.

The ice age climaxed in the final subdivision of the
Ordovician, the Hirnantian ‘stage’. It was evidently
short-lived, and current evidence indicates that the
Hirnantian may have been as brief as 0.5 Ma.
There is good reason to suppose that the climate
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Figure 3 Changes in biodiversity through the Ordovician,
showing changes in the diversity of taxa belonging to the different
‘evolutionary faunas’ (EF) identified by JJ Sepkoski. Maximum
diversity is reached late in the Ordovician. The numbers 1a-d,
2a-c etc., refer to finer scale temporal subdivisions used in cali-
brating this diagram. Reproduced from Webby BDE, Paris F,
Droser ML, and Percival IG (eds.) (2004) The Great Ordovician
Biodiversification Event. New York: Columbia University Press.

was deteriorating before the glacial climax. Evidence
for glacial deposits is widespread near the Ordovician
south pole in North Africa, and they have also been
discovered in South America and the Arabian Penin-
sula. All these areas were part of the Gondwanan
continent in the Ordovician, and the scenario of an
extensive ice-sheet expanding outwards from a Gond-
wanan core is supported by evidence on the ground.
In Morocco, there are spectacular glacial pavements,
which are associated with tillites and finer-grained
diamictites. Evidence of ice movement away from
the polar centre has been obtained from striae, roches
moutonées, and the fining directions of glacial de-
posits (see Sedimentary Processes: Glaciers). The gla-
cial event does not seem to have involved multiple
advances and retreats, as in the Pleistocene, although
a double ice-advance pulse has been claimed. Correl-
ation within non-marine sediments is difficult at this
early time, however.

The effects of the glaciation extended well beyond
Gondwana. Oceanic water became tied up in the ice-
sheet, resulting in a general marine regression. This
event was accompanied by climatic cooling, such that
the tropical carbonate belt became extremely re-
stricted. This obviously affected the many organisms
adapted to warm carbonate environments, which
either died out or were pushed into small refugia.
Clastic deposits are typical of the Hirnantian, but in
many localities the interval was one of general
scouring and erosion. A striking faunal change occurs
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in the same interval. A low-diversity set of fossil
genera known as the Hirnantia Fauna is found almost
ubiquitously in strata deposited during the regression.
Hirnantia itself is a brachiopod, and brachiopods
are probably most characteristic, but a dalmanitoid
trilobite, Mucronaspis, is almost invariably found
alongside the other shelly fossils. Nearer the palaeoe-
quator a somewhat more diverse fossil fauna can be
collected, but there is little sign of the extraordinarily
diverse life of the Early Ashgillian. The fact that
most members of the Hirnantia fauna had a previous
Gondwanan pedigree supports the idea that it re-
presents an invasion of cool-water taxa into lower
latitudes — a ‘crisis’ fauna. It even appears in the
midst of graptolitic sequences in China, where
the sea-level must have dropped sufficiently to allow
the colonization of the seafloor by benthos.

This extinction event was much more profound
than one just affecting the shelf benthos. The diversity
of those animals inhabiting the open ocean was se-
verely reduced. The fossil record is probably better
for the planktonic graptolites than for anything else,
and they were extinguished to the extent that only
two or three species survived through the crisis. These
are thought to have given rise to all the Silurian
faunas. Oceanic trilobites such as agnostids and ole-
nids, which had endured for tens of millions of years,
disappeared completely, along with many of the typ-
ical Ordovician families of shelf trilobites (asaphids
and trinucleids among them). It has been suggested
that these trilobites had planktonic larvae, in which
case an oceanic event affecting graptolites and larvae
alike is implied. Such an event could have been exten-
sive anoxia. Some, at least, of the shelf faunas were
able to lurk in refugia through the crisis, and in some

cases they reappeared as Lazarus taxa as late as the
Wenlock (Silurian).

Ordovician Geography and Tectonics

The Ordovician was a period when major continents
were separated by wide oceans. At the edges of these
continents, microcontinents and islands arcs — many
of which were subsequently accreted to one continent
or another — produced a complex local geography,
which was an additional factor in the rich biotic
composition of the Ordovician.

The largest continent was Gondwana, which com-
prised Africa and the southern part of Europe, South
America, the Indian and Arabian Peninsulas, Antarc-
tica, and Australia (Figure 4). It extended from the
south pole in Africa to north of the palaeoequator in
Australia. Much of it, especially central Africa and
India, was land throughout the period and largely
lacks Ordovician strata. But shallow seas immersed
northern Africa, Arabia, and large parts of Australia,
and these areas preserve strata rich in fossils. South
China was close, if not actually attached, to Gon-
dwana through much of the Ordovician. The kinds
of rocks that accumulated reflect the Ordovician
palaeolatitudes: mostly clastic rocks near the pole,
and predominantly carbonate rocks as the palaeoe-
quator is approached. Spanning the palaeoequator,
but well removed from Gondwana, the Laurentian
palaeocontinent included what is now North America
and Greenland, plus some fragments that lie today on
the opposite side of the Atlantic Ocean. Throughout
most of the Ordovician, thick deposits of limestones
accumulated over platform Laurentia (Figure 5). The
Laurentian continent appears to have been stable in

\gv

Early Ordovician (Arenigian)

% Bathyurid trilobites

© Dikelokephalinid trilobites

* Ptychopygine/Megalaspid trilobites

@ Calymenacean-Dalmanitacean trilobites

Figure 4 World geography in the Early Ordovician. The distributions of some of the characteristic trilobites are shown.
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Figure 5 Limestone strata typical of Ordovician tropical
palaeolatitudes: the white limestones of the Meiklejohn Bioherm
(Middle Ordovician) near Beatty, Nevada, USA.

its palaeoequatorial position throughout the Ordovi-
cian. The Siberian continent lay between Laurentia
and Gondwana. Lying at an intermediate latitude
through much of the Ordovician, the continent of
Baltica comprised most of present-day Scandinavia
and the Russian platform as far east as the Urals.
Palaeomagnetic evidence suggests that it rotated
between the Middle Cambrian and the Middle
Ordovician to attain its current orientation. The
palaeocontinents were surrounded by continental
shelf and slope deposits or marginal basins related
to offshore island arcs. In these, graptolite-bearing
shales and mudstones accumulated, and benthic
animals different from those inhabiting the shallow
shelves were able to prosper. Further seawards again
there were oceans, direct evidence for which is pro-
vided by obducted ophiolites preserved in mountain
belts. These vanished oceans have been given several
names: lapetus separated Laurentia from Baltica
and Gondwana; the Tornquist Sea separated Baltica
from Gondwana. The oceans separated the major
continents sufficiently for each to evolve its own
endemic faunas in the earlier Ordovician.
Geography changed continually during the Ordo-
vician, as oceans waned. For example, the Tornquist
Sea closed, and Iapetus became much narrower. As
this happened, former ocean islands became added to
the edges of active continental margins along the
subduction zones. The changing geography also fa-
cilitated the migration of faunas from one continent
to another. Microcontinents migrated across the
oceans: Avalonia — comprising the Anglo-Welsh area
plus part of what is now eastern North America —
moved from Gondwana towards Laurentia, and a
new ocean (the Rheic Ocean) opened up behind it
(Figure 6). Simultaneously, part of Laurentia drifted
away to become accreted to what is now South
America before the end of the period. This crustal

Figure 6 A Caradocian world reconstruction showing the
migration of the Avalonian Terrane across lapetus in the middle
of the map.

mobility makes the Ordovician one of the more diffi-
cult geological periods for which to reconstruct the
geography in detail.

Mountain belts grew along the lines of the subduc-
tion zones. The Ordovician saw the early phases of
the growth of the Appalachian—Caledonian chain
along the western margin of Iapetus. Another moun-
tain belt (now partly buried beneath younger strata)
marks the suture between Baltica and continental
Europe. Another belt runs along eastern Australia.
Volcanic activity along island arcs and in connection
with subduction produced varied local rock se-
quences in different marginal terrains, in which vol-
canogenic and sedimentary rocks are interbedded.
Palaeogeographical (latitudinal) coordinates for
these contentious fragments can be determined from
palaeomagnetic data, which, combined with evidence
from lithology and faunas, contribute to a kinematic
description of the shifting palaeogeography. Some
mineralization of economic significance is associated
with the Ordovician mountain belts. Extensive lead
and silver deposits were mined in Wales and else-
where along the Caledonian chain. Gold is known
from many sites close to the main Iapetus oceanic
suture in, for example, Ireland and Newfoundland.

Vulcanicity and Geochronology

The high level of tectonic activity during Ordovician
times means that there is much evidence of explosive
volcanic eruptions that spread ash deposits widely
over the seafloor. These are recognized today as ben-
tonites, which usually appear as very soft pale clay
beds contrasting with the stratified deposits with
which they are associated. In some successions, such
as that of the eastern USA, bentonites occur more or
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Figure 7 Chronostratigraphy of the Ordovician, showing some of the radioisotopic dates on the right. The traditional series names
are employed without the ‘-ian’ suffix in this diagram. Taken from Fortey RA, Harper PAT, Ingham JK, Owen AW, Parks MA,
Rushton AWA and Woodcock NH (2000). A revised correlation of Ordovician Rocks in the British Isles. Geological Society. Special
Report No. 24, pp. 38.

recorded in historical times. Bentonites useful in geo-
chronology because they yield datable zircons and are
often interbedded with graptolitic deposits, enabling a
precise biostratigraphical tie-in (Figure 7). Other

less regularly through hundreds of metres of strata.
The Caradocian ‘Big Bentonite’ has been claimed to be
the product of the explosion of an enormous ‘super-
volcano’, an eruption greater than any that has been
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sources of zircons include ash beds and tuffs. Subdiv-
isions within the Ordovician are well-dated with
zircon ages, often to an accuracy of +1.0 Ma.

Biostratigraphy

Historically, biostratigraphical zonation using grap-
tolites was the first scheme to be applied to Ordo-
vician rocks for the purposes of international
correlation of strata. Graptolites underwent a succes-
sive series of easily recognizable evolutionary changes
through the Ordovician, which, even today, give a
rapid method of estimating geological age. The ‘stipe
reduction series’ — in which the graptolite fauna as a
whole changes from species with many (eight or more)
stipes to species with just two — still affords a ‘ready
reckoner’ to distinguish Tremadocian to Llanvirnian
strata in the field. Caradocian strata often include
numerous Y-shaped colonies of Dicranograptus.
However, finer zonal subdivision requires the accurate
determination of species. Currently, about 25 bio-
zones have been recognized. The solution of lime-
stones to vyield conodont fossils provided an
additional and refined biostratigraphical system.
This was especially useful because it could be applied
to the bulk sampling of otherwise unpromising car-
bonate rocks. Since the 1950s conodont stratigraphy
has complemented the graptolite-based schemes, with
only slightly lesser refinement. However, such work
requires dedicated laboratories. Recently, the strati-
graphic utility of organic-walled microfossils — acri-
tarchs and chitinozoa - has been appreciated,
especially for dating clastic rocks from which cono-
donts are difficult to extract. Laboratory facilities
capable of handling hydrofluoric acid are essential
for this kind of work. These microfossils have proved
exceptionally useful in dating rocks from high
palaeolatitudes in the Ordovician. Trilobites and

Silurian
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Introduction

The Silurian System, which is radioisotopically dated
to have extended from 443 Ma to 418 Ma (see Time
Scale), follows the Ordovician (see Palaeozoic: Ordo-
vician) in the geological time-scale and is immediately

brachiopods have been used in local stratigraphy, but
individual species are not usually of wide intercontin-
ental geographical distribution, the notable exception
being the Hirnantia Fauna. For international correl-
ation, sections that include more than one index group
are considered ideal: a combination of graptolites and
conodonts is especially useful.
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overlain by the Devonian (see Palaeozoic: Devonian).
The Silurian forms the latest part of the Lower Palaeo-
zoic and is divided into four standard series: the Llan-
dovery (from 443 Ma to 429 Ma), the Wenlock (from
429 Ma to 424 Ma), the Ludlow (from 424 Ma to
420 Ma), and the Pridoli (from 420 Ma to 418 Ma).
The type sections for the first three are in Great Britain
and the last in the Czech Republic. The base of the
Silurian is marked by an unconformity in many parts
of the world, since the glaciation that occurred near
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the Ordovician-Silurian boundary was responsible
for a global lowering of sea-level. The system is well
represented in most regions today, apart from Antarc-
tica and peninsular India, which both formed interior
parts of the immense supercontinent of Gondwana.

This article describes the history, type areas, other
key areas, palaeontology, tectonic activity, climate,
and palaeogeography of the Silurian.

History

The Silures were an ancient British tribe who occupied
southern Wales before the Roman occupation in the
first century AD. The name ‘Silurian’ was coined by
Roderick Impey Murchison (1792-1871) (see Famous
Geologists: Murchison) to denote a geological system
in a short paper in 1835. That paper was followed in
1839 by The Silurian System, a substantial book that
not only described the geology of the Silurian, par-
ticularly of Wales and the Welsh Borderland of Eng-
land, but also contained many illustrations and
descriptions of characteristic Silurian strata and
fossils. Successive editions, with the shortened title
Siluria, followed until just after Murchison’s death
in 1872, by which time the scope of both the book
and the system had been extended to cover the
whole world (Figures 1 and 2).

The Silurian System was originally envisaged as
encompassing the rocks between the Cambrian
below and the Devonian above. However, it became
increasingly clear that the ‘Lower Silurian’ of Murch-
ison included the same rocks and geological time as the
upper part of Adam Sedgwick’s underlying Cambrian
System. Sedgwick (see Famous Geologists: Sedgwick)
was originally a friend of Murchison’s (they named the
Devonian together), but as time progressed fierce ar-
guments broke out between the two men over the
scope and definition of both the Cambrian and the
Silurian. The matter was not resolved until after both
Sedgwick and Murchison had died, when, in 1879,
Charles Lapworth erected the Ordovician System to
encompass both the upper part of Sedgwick’s Cam-
brian and the lower part of Murchison’s Silurian,
which had at its base the Llandeilo Flags.

For many years the restricted Silurian was divided
into three parts: the lowest was termed the Llandov-
ery (or sometimes the Valentian from the graptolite-
dominated faunas in the southern Uplands of
Scotland), and this was followed by the Wenlock and
the Ludlow. At the type area in the Ludlow area of
Shropshire, marine Silurian rocks are conformably
overlain by the Old Red Sandstone. At the boundary
between the Ludlow and the non-marine Old Red
Sandstone is a remanié deposit rich in disarticulated
fish remains, known as the Ludlow Bone Bed. This thin

bed was, for many years, regarded by British geologists
as defining the top of the Silurian. However, in contin-
ental Europe, beds stratigraphically higher than the
Ludlow Bone Bed equivalent were regarded as Silurian
in age, largely because they contained graptolites. It
was not until the 1960s that the views of British and
continental geologists were reconciled by erecting the
Pridoli Series (type area in the Bohemian part of the
Czech Republic), which is now internationally accepted
as a separate series within the Silurian, above the
Ludlow Series and below the Devonian System.

Type Areas and Sections

The base of the Silurian System, which is also the top of
the Ordovician System, the base of the Llandovery
Series, and the base of the Rhuddanian Stage, has been
set by international agreement within the mudstones of
the Birkhill Shale Formation at the base of the Para-
kidograptus acuminatus graptolite Biozone (sensu
lato) at Dob’s Linn, near Moffat, Scotland. Some bios-
tratigraphers, however, now divide that zone into a
lower P. ascensus Biozone and an upper P. acuminatus
Biozone (sensu stricto). The Birkhill Shales, and most
of the southern Scottish Uplands in which they occur,
were deposited as deep-water ocean-floor deposits and
thus represent fairly continuous deposition of sedi-
ments, and faunas occurred without substantial break
over the Ordovician-Silurian boundary time interval.
At Dob’s Linn, the underlying latest Ordovician
complexus, extraordinarius, and persculptus grapto-
lite biozones are all represented by diagnostic grap-
tolite faunas, as are the Early Llandovery atavus,
acinaces, and cyphus graptolite biozones above the
acuminatus Biozone. Fossils other than the abundant
graptolites are less common in the Dob’s Linn section,
but include some inarticulated brachiopods, the blind
dalmanitid trilobite Songxites, and conodont, acri-
tarch, and chitinozoan microfossils, the last of which
are helpful in international correlation.

The Llandovery Series

Llandovery is a town standing on late Ordovician
rocks in the Twyi Valley, central Wales, but the low
hills to the east of the town are formed from rocks of
Early Silurian age. These form the type area of the
Llandovery Series (Figure 3). This series is formally
divided into three stages, which are, in ascending
order, the Rhuddanian, Aeronian, and Telychian.
The base of the Rhuddanian, which is synonymous
with the base of the Silurian, is formally defined at
Dob’s Linn, Scotland, some 300 km from Llandovery.
Nevertheless, Rhuddanian rocks are well exposed in
the type Llandovery area, consisting of up to 250 m of



186 PALAEOZOIC/Silurian

g|  Graptote Liardovery | Liandovery | Malverns Abberleys |Dudley-Walsall | Ludiow | Wenlock Edge
12}
Q| D
= | & ; -
o= (Overlying . . Upper Ditton
on|? beds) Ditton Group Ditton Group Carboniferous Group
i T T T T Ledbury Formati T T T T T T
= (No biozones | Faglan l\ggg_s;%%emFgrmatmn Ledbury Formation Ledbury Formation | Ledbury Formation
8 recorded in ’ 140m <460m o
= British |S|eS) _____________ Temeside Shale Formation  Ludiow | Temesid shale Fm7.5m | Temeside Shales Fm <37m |
a .
______ Long Quarry Beds 15-20m Downton Castle S/S Formation _Bone Bed |Pownion castle SSEm 2tm| ~ Downton Caste SIS Fm Ludlow ?/(I)[;]e Bed
c Clenches T mo Upper Whitclifle %
8 ) Whitcliffe Flags Upper ) ! Fomaton S0m see
Bl EE . — Mill * o o eyt Ludlow
é bohemicus élsl;i;eéoﬁ:""a" Cam| \tomber Member Ludiow : ommatons4m  * column
2 g j . . | " LowerRoman Camp Beds 55-122m __ __ | Woodbury Shale Mb  # | Formatior| . U.Leintwardine Fm 1.5-55m
% = | leintwardinensis Upper Cwm Cljd Beds 55-74m | 12m _ [“Mockiree Shale Mb  # J <106m Sedgle\;ém *| L Leintwardine Fm 30m %,
3 o [ Trichrug Beds ca. 200m _ L.Cwm Cijd Bedsiso-200m | Aymestry L/s Mb mesty_#1— — — — — — (U Bringewood Fm 12-46m |
c | Incipiens Ribury Siltstone Mb-Fm 18-60 m* ? 9 L Bringewood Fm 49-61m
o Black Cock Beds [U.Elton Fm 46-76m % |
g scanicus 265-300m 200m Lower Lﬁuéilg‘:lv 4F£rmatlon * Lower Ludlow Shales % M.Elton Fm 46-107m* =+
Sl -
nilssoni T T Tesgenbeds  _wezom _ | ] Birmingham SstFm [ L on Fm so4em ¥4,
—_ —10om__ __ _
§ | ludensis Ffinnant eimen_ | _Fmaisen s N pou
© Sandstone | @000 |——————|—————= Much Wenlock FLstFm29m
2 | nassa N Dudley) Lst +| + Farley Mb
£ Formation Y, tom
(<] - Fm 62m —_T
T | lundgreni 215m S 0 0 === + +
Sawda Wenlock Coalbrookdale | Coalbrookdale CoFaIbrootI_(daIe Coalbrookdale
x ellesae awade Shales' Formation Formation Coalbrookdale | (ea-ormation Formation +
8 - , Sandstone 200m 200-245m Formation | (8€ento250m) | 192-265m
<= | < linnarssoni Fm 295m ormation |- — — —— —
o| 8 ca. 600m 200m
= § rigidus + +
2 . +
£ | riccartonensis Sawdde  +
2 Siltsstorne | - Barr Lst9m
9 | murchisoni Formation Woolhope *| Woolhope * ¥ Buildwas
325m G Limestone Limestone
. wernfelen
centrifugus Fm + 21-61m 50m . Rubery Fm 27-40 m+
——————————— Shales
crenulata Wych Beds *| Wych Beds * 120m
*
*
& | griestoniensis Cerig Ceri Rubey M Hughley +
S Formation ol K Shales
2> crispus 270m Fo?:g:)atlon 0-150m
[ - m
turriculatus * + Not exposed o *
Fm70m * Fm70m * <o “\//
sedgwickii Rhydings Fm 400m | Rhydings Fm 200 m | Cowleigh Park Beds 91 m | Cowleigh Park Beds 100m Not exposed ?Q“\avxa’lau Realey
1
< | convolutus + 1
K]
2 S | argenteus
3 2 Trefawr
2 magnus * | Formation
= - 240m
- triangulatus Goleugoed +
Formation
cyphus 430m | crychan Fm2som *+
C
-8 | acinaces +
K Bronydd
g | atavus *| Formation
< ; 170m
o | acuminatus 0 +
——————————— MAANANIINANNANNN T =~ T T T T T T T MYV
(Underlying beds) Ashgill Hirnantian Cambrian Pre-Cambrian Not exposed Not exposed Caradoc

Figure 1 Correlation of key Silurian sections in the British Isles. (Reproduced from Cocks LRM, Holland CH, and Rickards RB (1992)
A Revised Correlation of Silurian Rocks in the British Isles. Special Report 21. London: Geological Society.)

clastic rocks varying from sandstone through siltstone
to shale. These sediments contain a wide variety of
fossils. Macrofossils are dominated by brachiopods,
including the early members of the Stricklandia lin-
eage, whose species are so important for correlating
Llandovery and Early Wenlock rocks internationally.
Over 35 brachiopod genera are recorded from the
Rhuddanian Bronydd, Crychan, and Lower Trefawr
formations and their lateral equivalents at Llandov-
ery, together with numerous trilobites, molluscs, and

echinoderms and rare corals, bryozoans, and dasyclad
algae. Microfossils are represented by conodonts of
the Icriodella discreta-I. deflecta Assemblage Bio-
zone, as well as by various acritarchs, chitinozoa,
and scolecodonts.

The Aeronian Stage has its ‘golden spike’ base in the
Forestry Commission Trefawr track near Cwm Coed
Aeron Farm, Llandovery, and its base lies within
the blocky mudstones of the Trefawr Formation at a
horizon corresponding to the base of the triangulatus
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Correlation of Silurian Rocks in the British Isles. Special Report 21. London: Geological Society.)

graptolite Biozone. The Aeronian is represented
at Llandovery by over 450 m of rocks carrying, once
again, an abundant macrofauna, microfauna, and
microflora, including two more Stricklandia brachio-
pod species. Also present for the first time are

two species of the rhynchonellide Eocoelia, a bra-
chiopod genus that, in the upper half of the Llandov-
ery, evolved even more quickly than Stricklandi
and whose species are therefore invaluable for
detailed correlation. The Aeronian formations at
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Figure 3 Schematic cross-section of the formations and their thicknesses in the type Llandovery area, Wales. (Reproduced from
Cocks LRM, Woodcock NH, Rickards RB, Temple JT, and Lane PD (1984) The Llandovery series of the type area. Bulletin of the British

Museum (Natural History) Geology 38: 131-182.)

Llandovery are the Upper Trefawr, Rhydings, and
Lower Wormwood Formations and their lateral
equivalents.

The Telychian Stage has its formal base within a
30cm sandstone in a small quarry near Pen-lan-
Telych Farm, east of Llandovery. This sandstone
occurs just below the top of the Wormwood Forma-
tion at a horizon that correlates with the base of the
turriculatus graptolite Biozone. It is also just above
the last occurrence of the brachiopod Eocoelia inter-
media and just below the earliest record of Eocoelia
curtisi. The higher levels of the Telychian in the type
Llandovery area, the Cerig Formation, consist of over
350 m of monotonous and rather poorly fossiliferous
purple mudstones. The thickness of this sequence,
along with the fact that the overlying Gwernfelen
Formation carries the basal Wenlock centrifugus Bio-
zone graptolites, suggests that the great majority
of Llandovery time is represented by rocks in the
type Llandovery area.

The Wenlock Series

The Wenlock has its type area near the town of Much
Wenlock in Shropshire, England, after which the
series is named. The Wenlock is divided into two
stages, a lower Sheinwoodian Stage and an upper
Homerian Stage. The base of the Wenlock Series
and the Sheinwoodian Stage is defined in Hughley
Brook, Shropshire, where the Llandovery Purple (or
Hughley) Shale Formation grades upwards into the

overlying Buildwas Formation. This horizon, which is
in an area of apparently continuous sedimentation,
correlates with the base of the centrifugus graptolite
Biozone and is accompanied by abundant and su-
perbly preserved microfossils as well as many macro-
fossils, chiefly brachiopods and molluscs. The
Buildwas Formation, which contains sporadic large
calcareous nodules, was deposited fairly deep on the
Silurian continental shelf and is about 35m thick.
This is followed conformably by the 192-265m
thick Coalbrookdale Mudstone Formation. The base
of the type Homerian Stage lies within the Coal-
brookdale Formation in a stream section at Whitwell
Coppice, Shropshire, at a horizon corresponding
to the base of the lundgreni graptolite Biozone. The
Coalbrookdale Formation becomes more limey near
its top, formally termed the Farley Member, and is
overlain by the famous Much Wenlock Limestone
Formation, which caps the escarpment of Wenlock
Edge for more than 30 km. The Wenlock Limestone
(as it is more commonly called) is only 29 m thick, but
contains massive bioherms exposed in the many quar-
ries along Wenlock Edge. The Wenlock Limestone is
very extensive laterally both to the south and east of
Shropshire and crops out substantially near Birming-
ham, where it is known locally as the Dudley Lime-
stone, in particular at a locality named Wren’s Nest.
The Coalbrookdale Formation carries an abundant
macrofauna, especially cephalopods and brachio-
pods, and varied microfossils, but the Wenlock Lime-
stone fossils are even more varied and are exquisitely
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preserved: the trilobites and corals are the best
known. The bioherms consist mostly of stromatopor-
oids and calcareous algae, with subsidiary tabulate
corals. Above the Wenlock Limestone on Wenlock
Edge the strata pass up without substantial break into
the overlying Elton Formation, which is of Ludlow
age and extends laterally into the type Ludlow area,
some 25 km away.

The Ludlow Series

The mediaeval town of Ludlow lies south-west of
Much Wenlock in Shropshire, England, and the low
cliffs to the south and west of the town form a shal-
lowly plunging anticline, which includes the type
rocks of the Ludlow Series and its two stages,
the lower Gorstian and the upper Ludfordian. The
formal base of the Ludlow Series and Gorstian Stage
is located in Pitch Coppice quarry, 4.5 km south-
west of Ludlow, where the Much Wenlock Limestone
Formation is succeeded conformably by the Elton
Formation. This boundary correlates with the base
of the Neodiversograptus nilssoni graptolite Biozone.
The 110-225m thick Elton Formation consists
largely of blocky fine siltstones, which were deposited
in the middle and deeper parts of the shelf and con-
tain many macrofossils, particularly brachiopods, tri-
lobites, and cephalopods, and a large variety of
microfossils, particularly conodonts, acritarchs, chit-
inozoa, and ostracods. Above the Elton Formation is
the 62-105m thick Bringewood Formation, which
includes the Aymestrey Limestone of Murchison,
famous for its banks of the large pentameride bra-
chiopod Kirkidium knightii. The formal base of the
Ludfordian Stage is at Sunnyhill Quarry, 2.5km
south-west of Ludlow, where the Bringewood Forma-
tion is overlain by the Leintwardine Formation.
The base of this unit is defined in beds correlating
with the base of the Saetograptus leintwardinensis
graptolite Biozone. The 35 m thick Leintwardine For-
mation and the overlying 55m thick Whitcliffe
Formation both consist of siltstones and mudstones
with, again, common brachiopods and cephalopods
and rich microfaunas and microfloras. At the top of
the Whitcliffe Formation is the Ludlow Bone Bed (see
above), which is overlain by the Downton Castle
Sandstone. The latter can be correlated indirectly
with beds of the Pridoli Series in its type section in
the Czech Republic.

The Pridoli Series

The Pridoli (technically spelt Pfidoli, but the Czech
accents are often omitted) Series was of much shorter
duration than the other three series of the Silurian and
as a result is not subdivided into stages. Its type

section is in the disused Pozary Quarry at Reporyje,
in the western suburbs of Prague, Czech Republic.
There the Pozary Formation is a uniform facies of
dark platy limestones with intercalations of calcar-
eous shale. Brachiopods occur commonly through-
out, with abundant cephalopods at certain horizons
and rich microfossil floras and faunas. The base of the
Pridoli Series is defined at the first appearance of
the graptolite Monograptus parultimus, a key con-
stituent of the Monograptus ultimus graptolite Bio-
zone. This horizon is close to the gradational
boundary between the underlying Kopanina Forma-
tion and the overlying Pozary Formation. The Pridoli
Series lies entirely within one conodont biozone, that
of Ozarkodina eosteinhornensis, whose first and last
appearances fall below and above the Pridoli rocks.
The upper limit of the series is about 8 m above the
base of the Lochkov Formation, which overlies the
Pozary Formation. The top of the Pridoli Series is
defined by the internationally agreed base of the Dev-
onian System and its basal Lochkovian Stage, which is
taken at the base of the Monograptus uniformis grap-
tolite Biozone, whose ‘golden spike’ is at Klonk, also in
the Czech Republic and about 23 km south-west of
Pozary.

Other Key Silurian Areas
New York

Niagara Falls, in New York State, USA, and border-
ing Ontario, Canada, runs over a Silurian escarpment
of relatively flat-lying rocks. There the Medina
Group, consisting of the Whirlpool Sandstone, the
Power Glen Shale, the Grimsby Formation, and the
Thorold Sandstone, is of Llandovery age and is over-
lain paraconformably by the Clinton Group, which is
of Wenlock age. The latter unit includes the very
fossiliferous Rochester Shale, famous for its trilobites
and other invertebrate fossils, and other formations
(Figure 4). Above this lie the Lockport Group, of late
Wenlock and Ludlow age, and the Salina Group,
which includes many anhydrites of latest Ludlow
and Pridoli age. Much of the sequence is relatively
unfossiliferous, since the limestones have been largely
replaced by dolomites.

Norway and Sweden

The graben running north-south through the Oslo
region of Norway includes a rich succession of Silur-
ian rocks. The Solvik, Rytteraker, and Vik formations
form a Llandovery sequence that conformably over-
lies the latest Ordovician rocks and underlies the
Wenlock rocks. The latter include the Skinnerbukta,
Malmeya, and Steinsfjorden formations. The Solvik
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Figure 4 Section through most of the Silurian in southern On-
tario, Canada, near Niagara Falls. The lower limestones are Late
Llandovery and Early Wenlock; they are overlain by the Late
Wenlock Rochester Shale Formation, which is in turn overlain
by Ludlow, Pridoli and earliest Devonian limestones.

to the Steinsfjorden formations were all deposited in
shallow-marine environments on the continental
shelf and include abundant brachiopods and other
macrofossils and microfossils. Above these, the Late
Wenlock and Ludlow Sundvollen and Stubdal forma-
tions were deposited under freshwater or continental
non-marine conditions. The Pridoli is not known in
this region. On the Baltic island of Gotland, Sweden,
there are flat-lying outcrops of Late Llandovery to
Ludlow rocks, in many cases forming imposing sea
cliffs and containing notable bioherms. The visible
sequence starts with the Visby Marl, which spans the
Llandovery—Wenlock boundary, and this is succeeded
by the bioherms of the Hogklint Formation. Ten fur-
ther Wenlock and Ludlow formations follow, includ-
ing the Klinteberg Formation, which spans the
Wenlock-Ludlow boundary and is famous for its
reefs of the pentameride brachiopod Conchidium, ori-
ginally described by Linnaeus in the early eighteenth
century.

Anticosti

Anticosti Island lies near the mouth of the
St Lawrence River, Canada, and is nearly 100 km

long, with a relatively flat-lying Late Ordovician
and Early Silurian succession. The Silurian follows
the latest Ordovician with only a minor break within
the Ellis Bay Formation, which is followed by the
Becscie, Gun River, Jupiter, and Chicotte formations,
all of which are of Llandovery age. These rocks con-
sist of alternating limestones and shales, all deposited
on a shallow-marine continental shelf and yielding
excellently preserved macrofossils (particularly bra-
chiopods, corals, and bryozoans) and microfossils
(particularly condonts, ostracods, acritarchs, and
chitinozoans). Since graptolites are poorly repre-
sented, the principal correlations have been achieved
by using conodont biozones.

Podolia

The area bordering the Dnestr River has been part of
both Poland and the USSR in the past and is now in
the west of Ukraine. A very thin band of Middle
Llandovery rocks lies unconformably on Middle Or-
dovician rocks and is followed paraconformably by
the Wenlock Kitaigorod Formation, the Bagovitsa
Formation, which spans the Wenlock-Ludlow
boundary, the Ludlow Malmovtsy Formation, and
the Pridoli Rashkov and Dzwinogorod formations,
which are themselves followed conformably by earli-
est Devonian strata. All are marine, with many lime-
stones but much clastic fine-grained input, and have
yielded very abundant macrofossils and microfossils.
The latest Silurian rocks, locally termed the Skala
Stage, were a strong candidate for the stratotype of
the latest formal series of the Silurian, but the vote
went to the Pridoli area of the Czech Republic.

Methods of Dating and Correlation

The system is well-constrained by radioisotopic ages
down to the level of the series (see above for the dates
in Ma), but within the series the dating and correl-
ation are achieved by using quickly evolving fossils.
The best of these are the graptolites, upon which
more than 30 biozones have been based, covering
the entire Silurian. Because of their planktonic mode
of life, these quickly evolving lineages dispersed very
rapidly, enabling correlation across all continents and
terranes. However, graptolites are often uncommon
or even absent in rocks deposited under very shallow-
water conditions, and, in these rocks, microfossils,
particularly conodonts, are used. However, there are
often four or five successive graptolite biozones
during the period of a single Silurian conodont bio-
zone. Conodonts, acritarchs, chitinozoans, and sp-
ores can often be recovered from small samples, for
example the rock chips produced through boring by
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the hydrocarbon industry. In the Early Silurian (Llan-
dovery and Early Wenlock), quickly evolving brachio-
pods, such as Stricklandia and Eocoelia (mentioned
above), are also used for local and international
correlation.

Life in the Silurian

Within the marine realm, invertebrates were abun-
dant and diverse throughout the Silurian. The benthos
was dominated by brachiopods, bivalves, gastropods,
corals, stromatoporoids, bryozoans, various echino-
derms (particularly crinoids), calcareous algae, and
trilobites. The plankton included cephalopods (most
of which swam), graptolites, and a variety of micro-
plankton, particularly acritarchs, chitinozoans, and
spores. Ostracods and conodonts were certainly
mobile and in some cases dispersed quickly, but
their detailed ecologies and modes of life are less
certain. Fishes became progressively more abundant
during the period. There is debate as to whether all
Silurian fishes were marine or whether some were

A Edgewood fauna
® Hirnantia fauna
& Glacial deposits in North Africa
% Glacial dropstones, tillite, etc.
X Glacial deposits with ice directions

entirely freshwater: some fish fossils are to be found
in apparently non-marine rocks. Fossils of land-living
creatures are very rare, and the land was clearly not
yet much colonized. Various groups of arthropods
probably lived onshore at the time, as did some
algae whose remains are equivocally preserved.
Judging by the occurrence of fossil spores in marine
rocks, some land plants probably lived as early as the
Ordovician, but the oldest land plants yet represented
by convincing body fossils are from rocks of Middle
Silurian (Wenlock) age.

Tectonic Activity

The Silurian was considerably shorter than either the
Ordovician or the Devonian, and thus there was a
smaller variety of tectonic activity during the dur-
ation of the System. The docking between Avalonia
and Baltica at the start of the period was relatively
mild tectonically, since the collision was oblique and
therefore relatively ‘soft’ in tectonic terms. Subse-
quently, during most if not all of Silurian time, there

Figure 5 Palaeogeography at the Ordovician-Silurian boundary (approximately 440 Ma), showing the distribution of the latest
Ordovician glacial deposits and the Hirnantia brachiopod fauna. (Reproduced from Cocks LRM and Torsvik TH (2002) Earth geography
from 500 to 400 million years ago: a faunal and palaeomagnetic review. Journal of the Geological Society, London 159: 631-644.)
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was a major collision between Avalonia—Baltica and
Laurentia, resulting in a major tectonic event termed
the Caledonian Orogeny (see Europe: Caledonides of
Britain and Ireland; Scandinavian Caledonides (with
Greenland)), which led to mountain building and
metamorphism along a belt that today embraces all
of the North Atlantic rim from the eastern USA (Car-
olina) to Norway, including eastern North America,
Ireland and Britain, and the Scandinavian Caledo-
nides of Norway and Sweden. Away from this area,
there appears to have been less tectonism, apart from
in today’s central Asia, where a number of small
terranes and their marginal island arcs were breaking
up and regrouping, particularly in Kazakhstan and
adjacent countries. Around the vast Gondwanan
margin there were also island arcs and tectonic activ-
ity in south-east Australia (Victoria and New South
Wales) and New Zealand.

m Gondwanan
% osteostracans
A Angaran

Palaeogeography and Climate

Silurian geography was dominated by the vast super-
continent of Gondwana (see Gondwanaland and
Gondwana), which included today’s South America,
Africa, peninsular India, Antarctica, and Australasia,
as well as adjacent terranes in southern Europe and
the Middle and Far East, which may or may not
have been physically attached to the supercontinent
(Figure 5). Other substantial terranes were Lauren-
tia (which included most of North America, Green-
land, and the easternmost part of Siberia), Siberia
(which was only part of today’s political entity), and
Baltica—Avalonia. Baltica, which today comprises
most of northern Europe eastwards to the Ural
Mountains, had been an independent terrane until
about the Ordovician-Silurian boundary (443 Ma),
when it collided with Avalonia, whose long narrow

Figure 6 Palaeogeography at the Silurian—-Devonian boundary (approximately 420 Ma), showing the distribution of the earliest
Devonian fishes. (Reproduced from Cocks LRM and Torsvik TH (2002) Earth geography from 500 to 400 million years ago: a faunal and
palaeomagnetic review. Journal of the Geological Society, London 159: 631-644.)
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area today includes the Maritime States of Canada
and the USA as far south as Cape Cod, Massachu-
setts, eastern Newfoundland, southern Ireland, Eng-
land, Wales, Belgium, Holland, and parts of north-
western Germany. North and South China were also
independent terranes, as was Sibumasu, which
stretched from Burma through Thailand and western
Malaysia to Sumatra in Indonesia. There were also
many smaller terranes, including Perunica (Bohemia,
Czech Republic).

The oceans were dominated by the vast Panthalas-
sic Ocean, which was comparable in size to today’s
Pacific. The Iapetus Ocean between Laurentia and
Avalonia—Baltica, which had been very substantial in
Cambrian and Ordovician times, was steadily closing.
During the Late Ordovician some of the island arcs
within Iapetus collided with and accreted to the east-
ern margin of Laurentia or the western margin of
Avalonia—Baltica. The Silurian saw the major contin-
ent—continent collision between Laurentia and Avalo-
nia—Baltica, which resulted in the closure of Iapetus
and the Caledonian Orogeny (see above). This or-
ogeny caused considerable uplift and formed the
land supporting the Old Red Sandstone Continent in
the Late Silurian and Devonian (Figure 6). The com-
bined terrane that resulted from the Laurentia—
Avalonia—Baltica collision is termed Laurussia. To
the south of the Avalonian part of Laurussia the
widening ocean between it and Gondwana is termed
the Rheic Ocean.

Over a vast area of the continental shelf of Gon-
dwana, today including France, Bohemia, the Iberian
Peninsula, Italy, and much of northern Africa, anoxic
conditions prevailed, precluding the colonization by
benthos. The fossils preserved in the black shales
deposited there consist largely of plankton, including
graptolites and cephalopods. It was not until Late
Silurian times in some of these areas, for example
Bohemia, that the seafloor became oxygenated,
enabling its colonization by brachiopods, crinoids,
and other benthos.

The climate of the Silurian started cold. The latest
Ordovician (Hirnantian) ice-cap was very wide-
spread, but gradually receded in Llandovery times;
the latest known Silurian glacial sediments are in
the early Wenlock of Brazil, which was near the
then south pole. It is not until the Late Llandovery
(Telychian) that warmer-water carbonate deposits
become common, but from then on into the Wenlock,

Ludlow, and Pridoli the global temperature was obvi-
ously warm to hot. This can be deduced from the
carbonate build-ups and bioherms present in the Wen-
lock type area of England and in Gotland and else-
where and also from the Late Silurian evaporite
deposits, which are widespread but best known from
New York State, USA.

See Also

Europe: Caledonides of Britain and Ireland; Scandi-
navian Caledonides (with Greenland). Famous Geolo-
gists: Murchison; Sedgwick. Fossil Invertebrates:
Brachiopods; Graptolites. Gondwanaland and Gon-
dwana. Palaeozoic: Ordovician; Devonian. Time Scale.
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Introduction

The Devonian Period of the Palaeozoic Era was
only slightly shorter than the entire Cenozoic Era
(63 million years as opposed to 65) and was a time
of many “firsts’ in Earth history. The Devonian saw
the explosive diversification of vertebrate life (e.g.,
new fish species that proliferated in both marine and
freshwater environments) including the evolution of
the first terrestrial vertebrates, the amphibians. In the
oceans, the Devonian saw the evolution of the largest
reef ecosystems in Earth history. Both plant and
animal groups were rapidly evolving and invading
the terrestrial realm, and in the Devonian the Earth’s
first forests evolved with trees that towered some 30
metres high. Yet it is also in the Devonian that the
Earth suffered one of its greatest biodiversity crises,
one of the ‘Big Five’ mass extinctions of life, and it is
in the Devonian that the entire climate of the planet
switched from a hot greenhouse state to a cold ice-
house phase.

The Devonian System is named after fossiliferous
marine strata exposed in Devonshire, southwest
England. The English palaeontologists Adam Sedgwick
(see Famous Geologists: Sedgwick) and Roderick
Murchinson (see Famous Geologists: Murchison) first
proposed that the fossils in Devon were younger than
Silurian fossils, yet older than Carboniferous, in 1839.
Subsequent stratigraphic work demonstrated that the
Old Red Sandstone of Scotland and Wales, long
thought to lie in the basal Carboniferous, was the
non-marine facies equivalent of Devonian marine
strata. The Devonian Period is divided into seven
Ages, from oldest to youngest: the Lochkovian, Pra-
gian, and Emsian (constituting the Early Devonian),
the Eifelian and Givetian (Middle Devonian), and the
Frasnian and Famennian (Late Devonian). Lochkovian
and Pragian are in the Czech Republic, Emsian and
Eifelian in Germany, and Givetian, Frasnian and
Famennian in Belgium.

Life in the Sea

The Devonian was a time of major evolutionary in-
novation in the marine realm. The Devonian has been
called the ‘Age of Fishes’, as it is in this period that the
evolution of the major fish groups of today’s oceans

occurred (see Fossil Vertebrates: Fish). The explosive
diversification of bony, ray-finned fishes (the Actinop-
terygii) took place in the Devonian, as did the origin-
ation of the first true sharks. Of particular note is the
origination of the first lobe-finned fishes (the Sarcop-
terygii) as this group later gave rise to the amphibians,
also in the Devonian. The ammonoids — externally
shelled, swimming cephalopods distantly related to
the modern-day chambered nautilus — first evolved
in Devonian seas (see Fossil Invertebrates: Cephalo-
pods (Other Than Ammonites)). These animals were
active swimmers with widespread geographic ranges
and possessed a characteristic high rate of speciation,
two traits that made them valuable for biostrati-
graphic dating of sedimentary rocks for over 300
million years before their lineage perished in the Cret-
aceous—Tertiary mass extinction.

The largest development of reefal ecosystems in
Earth history occurred in the Devonian. The great
Devonian reefs are estimated to have covered over
5000000 square kilometres of seafloor at their max-
imum development, almost ten times the areal extent
of reefal ecosystems seen in modern oceans. The Dev-
onian was also the ‘Golden Age of Biconvex Brachio-
pods’ (see Fossil Invertebrates: Brachiopods), the
period of maximum diversification of these ‘shellfish
of the Palaeozoic’, an ecological role that is dominated
by the bivalve molluscs today.

We are terrestrial animals, and we tend to think of
life in terms of life on land, rather than in the seas. It
was during the Devonian that life staged its dramatic
invasion of the land, and that the origination of the
first complex terrestrial ecosystems occurred.

The Invasion of the Land
The Plant Invasion

Life existed in the Earth’s oceans for over three billion
years before finally venturing out onto the harsh en-
vironments of dry land. The biological invasion of
the land has deep roots, beginning with terrestrial
autotrophic microbes in the Cambrian and progress-
ing to simple mosses and liverworts in the Ordovician
and Silurian. It was only in the Late Silurian to
Early Devonian, however, that life’s invasion of the
land dramatically accelerated with the evolution of
vascular land plants.

In the Lochkovian vascular land plants were con-
fined mostly to lowland floodplains and stream
margins. These plants were simple in structure,
many with short vertical stems sometimes covered
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with scale-like leaves (resembling asparagus spears),
others with short vertical stems that branched into
progressively smaller forks towards the top of the
plant. The tallest of these plants was less than half a
metre high, and they would remain the tallest terres-
trial organisms on Earth for the first 17 million years
of the Devonian (Figure 1).

By the time of the Emsian, competition for sunlight
and space resulted in the development of woody
tissues by several plant groups. Such support
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Figure 1 Palaeobotanical and palaeoecological reconstruc-
tions of Early Devonian (A), Middle Devonian (B), and Late Dev-
onian (C) upland floodplains. (Adapted from Algeo, Scheckler
and Maynard (2001), used with permission.)

structures enabled plants that possessed them to
grow taller than their neighbours. These included
very primitive ferns and small tree-like lycopods (rela-
tives of modern club mosses) that could reach two to
three metres in height, and they were the tallest plants
on Earth for the next 20 million years (Figure 1).

Vegetative height increased dramatically again in
the Late Eifelian to Early Givetian with the evolution
of arborescent plants that are characterized by sec-
ondary wood. The Earth’s first forests evolved in the
Givetian, and rapidly spread across the continents in
the hot climates of the Frasnian, from tropical to
almost subpolar regions. In the Early Frasnian the
first true woody trees appeared, the progymnosperms
of the genus Archaeopteris (ancient relatives of mo-
dern nonflowering evergreens). Archaeopteris trees
towered from 10 to 30 metres high in Late Devonian
forest landscapes (see Fossil Plants: Gymnosperms).
These were accompanied by strange sphenopsid trees
(which looked like gigantic reeds) and lycopsid trees
10 to 20 metres tall.

The last major Devonian advance in plant evolution
was the evolution of seed plants in the Late Famen-
nian. Reproduction by seeds (rather than spores) freed
land plants from their confinement to moist lowland
areas and allowed them to spread into much drier
inland areas and into the harsher climates of highlands
(Figure 1).

The evolution of increasing vertical height in land
plants during the Devonian is mirrored in the evolu-
tion of deeper and deeper root penetration into the
ground below, and the progressive formation and
spread of new soil types. In the Late Pragian some of
the herbaceous lycopods penetrated just a single centi-
metre into the ground. Root penetration increased to
20 centimetres with the evolution of arborescence in
the Givetian, and in the Frasnian Archaeopteris trees
had roots that penetrated to depths of over 100 centi-
metres. Both the evolution of land plants themselves,
and their effects on soil formation (see Soils: Modern)
and rock weathering on the land, were to have a
profound impact on both the Earth’s atmosphere
(see Atmosphere Evolution) and hydrosphere, and
precipitated the global climatic shift from the Early
Devonian ‘greenhouse’ climate to the Late Devonian
‘icehouse’ climate.

The Animal Invasion

Plants are autotrophic organisms, producing their
own food by photosynthesis. Plants are used as a
food source by animals, and it is no coincidence that
the evolution of land plants was quickly followed by
the appearance of land animals.

Although millipedes may have made the transition
to land as early as the Ordovician, it is in the Late
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Silurian and Early Devonian that the animal invasion
of the land began in earnest. Millipedes, centipedes,
and extinct spider-like arachnids were present on land
in the Late Silurian, and became much more numer-
ous in the Early Devonian. Scorpions successfully
invaded freshwater streams in the Late Silurian, and
emerged onto dry land in the Early Devonian. The
earliest known insect-like hexapods appeared in the
Pragian, ancient ancestors of the insects that today
comprise over 70% of all animal species.

Larger vertebrates were soon to follow, as many
of these used the smaller arthropods (see Fossil Inver-
tebrates: Arthropods) as a food source. The Devonian
is justly called the ‘Age of Fishes’ due to the rapid
diversification of numerous fish species that occurred
during this period. Many of these species invaded
freshwater habitats on land. The most important of
these is Eusthenopteron, a lobe-finned fish that is
anatomically very similar to — and has been cited as
the direct ancestor of — the well-known Famennian
amphibian Ichthyostega. Fossil trackways and frag-
mentary skeletal material suggests that the evolution
of amphibians, the ancestors of all land dwelling ver-
tebrates today, probably took place in the Frasnian.

The Devonian Global Climatic Shift

The Devonian is a critical period in the Earth’s climate
history. During this period the global climate switched
from the hot greenhouse phase of the earlier Palaeo-
zoic to the cold icehouse phase of the later Palaeozoic,
a phase that would lead to continental glaciations in
the succeeding Carboniferous and Permian.

The Devonian cooling trend was driven by a sharp
decline in the partial pressure of carbon dioxide in
the atmosphere from the Givetian to the Early Car-
boniferous (Figure 2), a decline driven by the estab-
lishment of extensive terrestrial land plant cover
(discussed in the previous section) and associated
soil weathering. Land plants themselves fixed atmos-
pheric carbon in their tissues (see Carbon Cycle), and
nutrient run-off produced by their activity on land
triggered blooms of phytoplankton growth in the
Devonian shallow seas. This, in turn, led to further
atmospheric carbon fixing and organic carbon burial
in extensive Middle and Late Devonian black-shale
deposits. Chemical weathering of rocks by land
plants also produced massive run-off of calcium and
magnesium-rich minerals which precipitated as car-
bonates in the oceans, further drawing down the
carbon dioxide partial pressure of the atmosphere.

From the Lochkovian through to the Eifelian the
carbon dioxide concentration in the Earth’s atmos-
phere was some 12 to 14 times greater than that of
the modern atmosphere (Figure 2). By the end of the
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Figure 2 Atmospheric carbon dioxide concentrations during
the Devonian, where the amount of carbon dioxide in the atmos-
phere is measured in factors of the carbon dioxide concentration
in the atmosphere at the present (taken as the preindustrial level
of 300 ppm). Timescale is in million of years before the present.
Abbreviations: S=Silurian, LOK =Lochkovian, PRA =Pragian,
EMS =Emsian, GIV = Givetian, FRA =Frasnian, FAM = Famen-
nian. Data from Berner (2001), timescale after Gradstein and
Ogg (1996).

Givetian the carbon dioxide concentration had
dropped to a little over seven times as great as the
present, and in the Early Carboniferous the carbon
dioxide content of the atmosphere was only about
twice that of the modern atmosphere (Figure 2).
Carbon dioxide is the most well-known of the green-
house gasses, gasses that promote heat retention in the
Earth’s atmosphere. It is clear that the dramatic de-
cline of carbon dioxide partial pressures in the atmos-
phere during the 40 million years from the Givetian
to the Early Carboniferous must have made the at-
mosphere more transparent to heat loss, and it is no
coincidence that glacial ice-caps formed and spread
on the Earth’s southern continent of Gondwana in the
latest Devonian (Figure 2).

Late Devonian Biodiversity Crises

Life diversified and proliferated in the world’s oceans
during the first 30 million years or so of the Devonian
(Figure 3). Then the trend reversed. Marine biodiver-
sity began to decline in the Emsian and continued
to decline, first slowly and then very abruptly, from
the Fifelian through the Frasnian. Life rediversified
briefly during the Famennian, but then marine bio-
diversity declined to a very substantial low at the
close of the Devonian (Figure 3).
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Figure 3 Marine biodiversity during the Devonian, where bio-
diversity is measured as the number of genera of marine organ-
isms that are well preserved in the fossil record. (Data from
Sepkoski (1996).)

The factors controlling the Devonian pattern of
biodiversity gain and loss are complex, and not all
factors are agreed upon to the present day. In general,
the biodiversity gain seen in the Lochkovian was a
recovery of biodiversity lost in extinctions that oc-
curred in the Late Silurian. The Pragian saw the evo-
lution of many new taxa, pushing Devonian marine
biodiversity to levels higher than any that had existed
previously in the Palaeozoic, but many of these new
taxa were endemic, however, and having restricted
geographic distributions and confined to local re-
gions. Global sea-level began to rise in the Emsian
and continued to rise through the Frasnian (perhaps
due to the initiation of continental rifting in the
Ukraine region of Europe), gradually breaking down
barriers between marine regions and facilitating
species migration. With the progress of rising sea-
levels and increased species migration in the oceans,
endemic local faunas successively became extinct and
were replaced by more cosmopolitan migrants. By the
Early Frasnian, biodiversity in the Devonian seas had
dropped to levels comparable to those seen at the
beginning of the Devonian (Figure 3), but these seas
were now populated by cosmopolitan species with
wide geographic distributions.

The gradual decline in marine biodiversity from the
Emsian through to the Givetian was mirrored in the
gradual increase in extinction intensity within marine
faunas during this same interval (Figure 4). Extinction
intensity reached a peak in the Late Givetian, with the
elimination of most of the previously existing endemic
faunas, and then fell to levels comparable with those
seen in the Lochkovian and Pragian and within the
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Figure 4 Extinction intensities during the Devonian, where
intensity is measured as the percent of marine genera that go
extinct per time interval. Positions of the Late Devonian (F/F) and
end-Devonian (D/C) extinction peaks are marked with arrows.
(Data from Sepkoski (1996).)

cosmopolitan faunas of the Frasnian (Figure 4). Very
abruptly, extinction intensity within these same
cosmopolitan faunas jumped to a level seen only five
times in Earth history, and precipitated an equally
abrupt loss of marine biodiversity (Figure 3). This
is the Late Devonian mass extinction, also termed
the Frasnian/Famennian (F/F) mass extinction or the
Kellwasser bioevent, and was the first of the Late
Devonian biodiversity crises.

The second Late Devonian biodiversity crisis
occurred at the very end of the Devonian, and is
variously termed the end-Devonian extinction, the
Devonian/Carboniferous (D/C) extinction, or the
Hangenberg bioevent. The extinction intensity of
the end-Devonian extinction was only slightly more
severe than that seen in the Late Givetian (Figure 4),
but was markedly different in that it was an abrupt
jump in extinction, rather than the culmination of
a long trend of increasing extinction magnitudes
(Figure 4).

Causes of the Late Devonian
Biodiversity Crises?

The End-Devonian Biodiversity Crisis

It is generally agreed that the end-Devonian biodiver-
sity crisis, or Hangenberg bioevent, was triggered by
global cooling and associated continental glaciation.
In the very latest Famennian, just before the end of the
Devonian, extensive glacial ice-caps formed in regions
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of Gondwana (present day South America), ice-caps
that extended to sea-level. Global sea level had begun
to fall earlier in the Famennian, and continued to
fall throughout the Famennian, indicating the prob-
able formation of high-altitude mountain glaciers
considerably before the end of the Famennian.

The end-Devonian extinctions began slightly earlier
in the marine realm than the terrestrial, but the entire
period of extinctions appears to have spanned only
100 000 years. Although the observed extinctions of
marine animals were not as great as those in the Late
Devonian mass extinction (Figure 4), the effect of the
end-Devonian extinction on land plants and on
phytoplankton in the sea was much more severe. In
particular, the towering Archaeopteris trees that had
been so widespread and characteristic of Late Dev-
onian forests rapidly declined in abundance during
the Late Famennian climatic cooling, barely surviving
into the Early Carboniferous before dying out.

The end-Devonian ice caps were clearly the result
of global cooling, which itself was most likely trig-
gered by the dramatic decrease in atmospheric carbon
dioxide throughout the latter half of the Devonian
(Figure 2). By the end-Devonian, carbon dioxide con-
centrations in the atmosphere were only three to four
times higher than those at present (Figure 2).

The Late Devonian Biodiversity Crisis

The principal cause of the Late Devonian extinction
also appears to have been global cooling, but the pat-
tern of cooling has a very different signature than that
seen at the end of the Devonian, and the cause of
the cooling remains controversial. Palaeobotanical
evidence shows that the Frasnian world was quite
warm, with extensive shallow seas covering much of
the continental landmasses. In these warm seas the
great Devonian reefs (see Fossil Invertebrates: Corals
and Other Cnidaria), and other high-diversity marine
ecosystems, proliferated. In contrast to Frasnian cli-
mates, the Early Famennian world appears to have
been cold and arid. The great forests shrank in their
areal extent, and were confined to low-latitude equa-
torial regions. The uplands and high-latitude regions
of the Earth supported only very sparse vegetation in
conditions that were not only very cold but were also
very dry, without perennial snow. In the oceans, huge
reef tracts died out all over the world during the latest
Frasnian. The few reef organisms that managed to
survive into the Famennian were confined to what
few warm waters still existed on the Earth, in restricted
regions along the equator.

It is still not clear what triggered the collapse of the
Frasnian hot climates, and the rapid fall of global
temperature into the cold Famennian world. The

rapidity of the Late Frasnian cooling is particularly
noteworthy, and quite different from the gradual pat-
tern of cooling seen at the end of the Devonian that
culminated in continental glaciation. Geochemical
evidence indicates that tropical sea-surface tempera-
tures fell by as much as 5° to 7°C in two abrupt
pulses, separated by about 300000 years, in the
Late Frasnian to Early Famennian interval.

Three competing hypotheses are at present being
debated concerning the ultimate cause of the Late
Devonian biodiversity crisis. The ‘Devonian plant
hypothesis’ proposes that both the Late Devonian
and end-Devonian biodiversity crises were triggered
by the evolution and spread of extensive land plant
cover (Figure 1), and the effects of that new terrestrial
plant biomass on the atmosphere (Figure 2) and on
the oceans (particularly the massive increase in nutri-
ent input to marine ecosystems). However, the Late
Devonian biodiversity crisis occurred some 10 million
years before the end of the Devonian (Figure 4). All
attempts to find geologic evidence of glaciation in the
Late Frasnian to Early Famennian interval to date
have failed. Global sea-level was at an all-time high
for the Devonian, indicating there was no major build-
up of glacial ice in this time interval (although appar-
ently rapid oscillations in sea-level during the Late
Frasnian and Early Famennian may indicate the for-
mation of small, high-altitude alpine-type glaciers).
Atmospheric carbon dioxide concentrations were six
times higher than at the present day (Figure 2), and
approximately twice as high as those present during the
formation of the end-Devonian glacial ice-caps. Many
argue that these facts, particularly the rapidity of the
temperature drops during the Late Devonian biodiver-
sity crisis, indicate a substantially different trigger-
ing mechanism than that seen for the end-Devonian
extinctions.

The ‘volcanic winter hypothesis’ proposes that an
interval of catastrophic flood-basalt volcanism oc-
curred during the Late Frasnian. One of the climatic
effects of such extensive volcanism is hypothesized to
have been rapid global cooling, due to the vast amount
of debris, ash, and gasses injected into the Earth’s at-
mosphere. A volcanic-produced global dust and gas
cloud would have blocked light from the sun, from
reaching the Earth’s surface, triggering planet-wide
lethally cold temperatures even at the equator.

The catastrophic volcanism scenario is based upon
the recognition that there have been other flood-basalt
episodes in Earth history, during which enormous
amounts of lava, gasses, and volcanic dust have been
produced in volcanic eruptions of almost unimagin-
able magnitude. These flood-basalt fissure eruptions
are produced by gigantic plumes of molten rock that
originate deep in the Earth’s mantle, which then
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slowly rise to produce paroxysms of volcanic erup-
tions over huge geographic areas when they intersect
the Earth’s surface. Several flood-basalt episodes are
known to have occurred at other times of biotic crisis,
such as the eruption of the Siberian flood basalts
during the Permo-Triassic mass extinction and the
Deccan flood basalts during the Cretaceous—Tertiary
mass extinction.

Vast regions of the bottoms of the Earth’s oceans
were depleted in oxygen during the Late Devonian. It
has been argued that the great geographic extent of
these anoxic water masses were produced in part by
extensive submarine volcanism, and hence might be
evidence for catastrophic volcanic episodes during the
Late Devonian. In addition, a major continental rift-
system is now known to have been active in the
Ukraine region of Europe during the Late Devonian
(the Pripyat-Dnieper—Donet rift), and many of the
Earth’s flood-basalt fissure eruptions are associated
with rifting and spreading of the Earth’s tectonic
plates.

However, the volume of volcanic material erupted
in the Pripyat-Dnieper-Donet rift appears to be rela-
tively small (less than 10000 cubic kilometres), and
thus the intensity of the volcanism associated with the
rift was not near the magnitude associated with
the Siberian or Deccan flood basalt fissure eruptions
(both of which produced well over a million cubic
kilometres of volcanic material). Likewise, the exten-
sive spread of anoxic bottom waters in the Late Dev-
onian seas, and the characteristic black-shale deposits
within these seas, has been argued to have been due
more likely to greatly enhanced organic productivity
in the phytoplankton. The greatly increased influx of
nutrients into the oceans, produced by the effects of
extensive land plant cover on the land (Figure 1), is
believed to have produced widespread eutrophication
in Devonian shallow seas. Bacterial degradation of
phytoplankton rain and burial of the massive amounts
of organic carbon fixed by eutrophication is a more
probable cause of the Late Devonian black-shale
deposits than submarine volcanism.

Another hypothetical way to produce a rapid drop
in global temperature would be to impact the Earth
with a large asteroid or comet, in essence to produce
an ‘impact winter’ instead of a ‘volcanic winter’. As in
the case of the hypothesised Late Frasnian glaci-
ations, extensive searches for geologic evidence of
major impact events in the Late Frasnian have pro-
duced very few hard data. In contrast, considerable
evidence exists for several impact events in the Early
Frasnian, but about three million years before the
biodiversity crisis in the Late Frasnian. In particular,
three impact events are currently dated to have oc-
curred between 369 to 367 million years ago: the

Alamo impactor, which produced ejecta debris that
covers over 19000 square kilometres of southern
Nevada (USA) and which is estimated to have pro-
duced a crater 70 kilometres in diameter, the Siljan
impactor, which produced a 52-kilometre-diameter
crater in Sweden, and the Flynn Creek impactor,
which produced a 3.5-kilometre-diameter crater in
Tennessee (USA). These impacts all occurred on the
Earth’s continents; however, an unknown number of
additional impacts may also have occurred in the
Earth’s oceans, for which we have no geologic record.

The ‘lag-time multiple impacts hypothesis’ pro-
poses that these Early Frasnian impacts produced an
abrupt increase in global temperature rather than a
decrease. The Alamo impactor in particular struck
carbonate target rock, and would have produced a
massive injection of carbon dioxide into the atmos-
phere. The climatic effect of these known Early Fras-
nian impactors, and of other impacts as yet poorly
dated but known to have occurred during the span of
the Late Devonian, is argued to have produced an
anomalous greenhouse interval that interrupted the
Givetian to Carboniferous gradual decline in global
temperatures (Figure 5). The collapse of this anomal-
ous greenhouse interval, and the rapid drop in global
temperatures produced by the resumption of the pre-
existing global cooling trend, is proposed to have
produced the observed rapidity of temperature fall
seen during the Late Devonian biodiversity crisis
(Figure 5). This hypothesis would also account for
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Figure 5 A proposed temperature curve for the Late Devonian,
based upon the lag-time multiple impacts hypothesis. Several
known impacts that occurred in the Early Frasnian are proposed
to have produced an anomalous greenhouse interval, interrupt-
ing the gradual cooling trend from the Givetian to the Carbonifer-
ous. Positions of the Late Devonian (F/F) and end-Devonian (D/C)
biodiversity crises are marked with arrows.
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the apparent anomaly of hot Frasnian climates im-
mediately preceding cold Famennian ones, indicated
by the palaeobotanical evidence, whereas a gradual
cooling trend produced by gradually decreasing at-
mospheric carbon dioxide levels (Figure 2) would
predict Late Frasnian climates only slightly warmer,
and different, from the Early Famennian.

The ultimate test of any of the proposed causal scen-
arios for the Late Devonian biodiversity crisis rests
upon the construction of an accurate and detailed
temperature curve for the entire Late Devonian period
of time. Such a task will be laborious, but it is now
technically feasible with oxygen-isotope analyses and
laser-based sampling of conodont elements.
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and carbon dioxide), the development of an icehouse
world, the formation of vast tropical peat (coal) de-
posits, and the radiation of plants and animals on
land. In particular, vertebrates got a major foothold
on land and the air was conquered by the insects. The
vast supercontinent of Pangaea was also formed
during this period. The significance of the Carbonifer-
ous can be demonstrated by the fact that it was one of
the first geological periods to be recognized. Despite
this and the fact that Carboniferous rocks and fossils
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have been amongst the most widely studied, very few
formal definitions of the units of the Carboniferous
have been internationally ratified.

Historical Setting

The Carboniferous was named by William Conybeare
and William Phillips in 1822, based upon their work
in northern England. From their studies, particu-
larly in Yorkshire, they recognized a distinctive coal-
bearing sequence, which had an important limestone
sequence below. The frequent coals, which were eco-
nomically important, are reflected in the name. The
lower limestone unit became known as the Mountain
Limestone, and the coal series became known as the
Coal Measures.

This sequence of rocks was found across much of
Western Europe, and the Carboniferous was divided
into the Lower Carboniferous, comprising predomin-
antly marine limestones, and the Upper Carbonifer-
ous, comprising clastic and coal-bearing strata. In
continental Europe these two major divisions were
termed the Dinantian and Silesian. In North America,
however, whilst a similar sequence of limestones and
coals was found, the divisions were named the
Mississippian by Winchell and the Pennsylvanian
by Williams. Unfortunately, the boundary between
them did not coincide with the boundary defined in
western Europe. To complicate matters even fur-
ther, a three-fold division of the Carboniferous was
recognized in Russia.

Chronostratigraphy and
Biostratigraphy

Through the Heerlen congresses, and later the Inter-
national Carboniferous Congress, held in Europe,
North America, South America, and China through
the twentieth century, a number of attempts to divide
the Carboniferous into stages and to correlate local
stages worldwide were made. Local stages were
erected with formal boundary stratotypes, but there
is often confusion as to usage in the literature. Cur-
rently, whilst the Carboniferous stage nomenclature
has been agreed, few boundaries have yet been defined
by the International Commission on Stratigraphy
(ICS) (Figure 1).

Devonian-Carboniferous Boundary

The base of the Carboniferous System (also the base
of the Tournaisian Stage) has now been formally de-
fined as the first appearance of the conodont Sipho-
nodella sulcata within the evolutionary lineage from
Siphonodella praesulcata to Siphonodella sulcata.
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Figure 1 Current statigraphical nomenclature for the Car-

boniferous. Reproduced from the International Commission on
Stratigraphy. Taken from ICS website.

The Global Standard Section and Point is at the base
of Bed 89 in Trench E’ at La Serre in southern France.
The rocks in the La Serre sequence are marine,
belonging to the ‘klippen of cabriéres’, comprising
biodetrital oolitic limestones within a pelagic matrix
of shale and cephalopod-bearing calcilutites. The
fauna is varied and includes trilobites.

Carboniferous-Permian Boundary

The base of the Permian System (and hence the top
of the Carboniferous System) is defined as the first
occurrence of the ‘isolated-nodular’ morphotype of
Streptognathodus ‘wabaunsensis’ conodont chrono-
cline, 27m above the base of Bed 19, Aidarabsh
Creek, northern Kazakhstan, which is in the southern
Ural Mountains. The strata comprise hemipelagic silt
and clay, with occasional lenses of sand and very
course sand. The marine fauna, in addition to con-
odonts, includes ammonoids and fusilinid benthic
foraminifera.

Mississippian-Pennsylvanian Boundary

Following considerable debate, the division of the
Carboniferous System into two subsystems has been
agreed. These two subsystems have been named the
Mississippian and Pennsylvanian, although their
usage may not always correspond with previous
usage. The mid-Carboniferous boundary does not co-
incide with the boundary between either the Lower
and Upper Carboniferous or the Dinantian and Sile-
sian of previous schemes. In Europe the boundary is
within the Namurian of older usage (Figure 2).

The base of the Pennsylvanian is also the base of the
Bashkirian stage. The Global Standard Section and
Point has been located at the lowest occurrence of the
conodont Declinognathodus nodiliferus s.l., 82.9 m
above the top of Battleship Wash Formation, Arrow
Canyon, southern Nevada, USA.
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Carboniferous Subdivisions

The Mississippian is now formally divided into three
Stages (although these may become Series): Tournai-
sian, Viséan, and Serpukhovian. The Tournaisian—

Viséan and Serpukhovian—Viséan boundaries have still
to be formally placed. The Pennsylvanian is now for-
mally divided into four: Bashkirian, Moscovian, Kasi-
movian, and Gzhelian. The Bashkirian-Moscovian,
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Moscovian-Kasimovian, and Kasimovian—Gzhelian
boundaries have yet to be decided. The division of
the Carboniferous into formally internationally agreed
series and stages may take a considerable time.

Absolute Ages

There is currently considerable debate over the abso-
lute ages of Carboniferous sequences. Traditionally,
most dates have been obtained from tonsteins (vol-
canic ash deposits) within coal seams. The ICS cur-
rently provide a number of dates. The base of the
Carboniferous is stated by the ICS as 359 Ma and
the top of the Carboniferous as 299 Ma, making the
Carboniferous 60 Ma long. The mid-Carboniferous
boundary is given as 318 Ma, making the Mississippian
41Ma and the Pennsylvanian 19 Ma long. Menning,
in his review of Carboniferous absolute time-scales,
showed that there is a significant discrepancy between
different radiometric-dating techniques (Figure 2).
Traditional dates using uranium-lead dating techniques
are in conflict with those obtained using argon—argon
techniques. In scale A of Figure 2 the dates are from a
series of techniques using uranium-lead, rubidium-—
strontium, and potassium-argon. A number of these
involve the use of uranium-lead dates of zircons.
Here the mid-Carboniferous boundary is placed at
approximately 313.5Ma. In contrast, scale B uses
mainly argon-argon dates and the mid-Carboniferous
boundary is placed at 320 Ma. The current trend is to
place more reliance on the argon-argon dates, but it
must be made clear that there are relatively few data
points.

Biostratigraphy

Many groups of fossils have been used for biostrati-
graphical zonation and correlation. In the predomin-
antly marine strata of the Mississippian, corals and
brachiopods were widely used in Europe. Goniatites
(cephalopods) have also been extensively used, par-
ticularly in North America. On land both vascular
plants and non-marine bivalves have been widely
used since the end of the nineteenth century. Ad-
vances in micropalaeontology in the mid-twentieth
century brought the use of microfossils to the fore.
Both foraminifera and conodonts became widely used
in the later part of the twentieth century. Conodonts
have, in marine strata, become the zonal fossils of
choice, being used to define major chronostratigra-
phical boundaries. On land macrofossil plants and,
more recently, pollen and spores (palynomorphs)
have been widely used. Palynomorphs were first
used to help correlate Pennsylvanian coal seams,
and subsequent work on their distribution in clastic

sediments has allowed them to be used to establish
zones that can be correlated across continents. The
use of pollen and spores for zonation and correl-
ation was extended into the Mississippian, and they
have the advantage not only of being found in non-
marine strata but also of being washed or blown
into marine rocks. This has allowed correlation
between marine and non-marine sequences.

Lithologies and Environments

Within the Carboniferous equatorial belt, warm shal-
low-water carbonates dominate Mississippian se-
quences. This is what Derek Ager termed the
‘persistence of facies.” Mississippian facies differ
markedly in temperate and higher latitudes. Carbon-
iferous sequences in South America, Australia, and
South Africa are characterized by cold-water and
often glacial deposits. In Europe, later Mississippian
and Early Pennsylvanian deposits are commonly clas-
tic shales and sandstones, which were lain down
in thick deltaic sequences. By the later part of the
Mississippian, commercial coals are found, such as
in the Viséan of the Moscow Basin.

Widespread regression, possibly related to the
onset of a major glaciation, allowed extensive mires
to form throughout the tropics (Europe and North
America) (Figure 3). Later Carboniferous deposits in
Euramerica are characterized in many places by coal-
bearing sequences. It was during the Pennsylvanian
that many of the world’s economic bituminous coals
were formed. Some of these seams are several metres
thick, taking tens of thousands of years to form. Many
of the larger coal basins show evidence of regular
marine influxes. The resulting marine bands, often
containing goniatites, have been widely used for basi-
nal and even intercontinental correlation. The regular
sequences of non-marine rocks, in some cases with
associated marine bands, have, on various scales,
been called cyclothems and mesothems. The regular
transgressive-regressive cycles, so well displayed in
the mid-west of the USA, are thought to be the result
of eustatic changes caused by the waxing and waning
of the southern ice-sheet.

The later part of the Pennsylvanian is characterized
by increasing aridity. Coal-forming mires shrank and
peat-forming plants became extinct. In China, how-
ever, some of these environments and vegetation con-
tinued into the Permian. The drier environments
supported very different vegetation from that which
characterized the wet lowland habitats. Interbasin
correlation, therefore, becomes difficult in some of
these areas.
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Figure 3 Lithological indicators of palaeoclimate in the Pennsylvanian. Reproduced from Scotese 2000 Paleomap project.

The Carboniferous World
Plate Reconstructions

The Carboniferous saw the gradual accretion of
many continental landmasses. At the beginning of
the Mississippian, two or three major continents
had formed (Figure 4A). Europe and North America
had collided to form Euramerica, which has also been
termed Laurussia or Laurasia. Accretion was still
active, with collision and uplift of the Appalachian
mountain belt, which may have been a response to
the northward migration of Africa. The Rheic Ocean,
south of Britain, continued to close. The far-east Asian
plate assemblies were more complex. Siberia was in
the temperate northern hemisphere and is also known
as Angara. China, comprising a northern block and a
southern block, was also north of the equator, but
there is dispute as to whether these two blocks had
collided by the Carboniferous. This area is known as
Cathaysia.

Many of the southern continents formed the
supercontinent of Gondwana (see Gondwanaland
and Gondwana). In the Carboniferous there continued
to be continental accretion, for example in South
America. Through the Carboniferous the northern
and southern continents continued to amalgamate
(Figure 4B) so that by the Permian the giant supercon-
tinent of Pangaea (see Pangaea) had formed.

Palaeobiogeography

There have been several recent attempts to assess the
palaeobiogeography of early Carboniferous vegetation
using data from either macrofossils or pollen and spores.

Taking the Mississippian as a whole, it is generally
considered that the world’s floras were predominantly
cosmopolitan, characterized by assemblages includ-
ing the lycopod genus Lepidodendropsis (Figure 5A),
which was a widespread arborescent form that did
not shed its leaves. The only regionally separate flora
that has been recognized is the Angaran flora, which
comprises mainly endemic genera. However, an add-
itional temperate floral belt has recently been sug-
gested. A larger number of regional floras have been
recognized using mathematical techniques, but these
analyses suffer from many problems, not least con-
cerning the identity and age of the plants in question,
some of which were first studied in the nineteenth
century. These attempts of course have taken into
consideration only compression plant genera, and
there has been much recent work on anatomically
preserved taxa, which can rarely be correlated with
compression taxa. In addition, as might be expected,
within any given region floras may vary because of
ecological or preservational controls.

By the end of the Carboniferous, clear regional floras
can be recognized (Figure 5B). The best-studied flora is
that of Euramerica. This region comprised Europe (in-
cluding eastern Europe) and North America and was,
during this period, equatorial with a warm humid cli-
mate. The floras comprise diverse taxa typified by the
species preserved in the Pennsylvanian Coal Measures,
in particular the lycopods Lepidodendron, Sigillaria,
and Lepidopbloios, the sphenopsid Calamites, the
ferns Corynepteris, Renaultia, and Pecopteris, the
seed-ferns Neuropteris, Alethopteris, and Mariopteris,
the cordiate Cordaites, and the conifer Lebachia
(Walchia).
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Figure 4 Plate reconstructions for (A) the Mississippian (Viséan) and (B) the Pennsylvanian (Moscovian). Reproduced from Scotese
CR and McKerrow WS (1990) Revised world maps and introduction. In: McKerrow WS and Scotese CR (eds.) Palaeozoic Palaeogeography

and Biogeography, pp. 1-21. Memoir 12. London: Geological Society.

The Gondwanan flora, characterized by the seed-
fern Glossopteris and its relatives, is found during the
Early Permian in Australia, Brazil, Africa, Antarctica,
and India.

The Late Carboniferous flora from Australia is pro-
blematic. It comprises several genera with fern-like
foliage, which have been linked to Early Carbonifer-
ous northern genera. There are two possible explan-
ations for these occurrences: either they represent
a relict population, which migrated southwards
during the Carboniferous and survived in Australia
after becoming extinct elsewhere, or, more likely,
they belong to different plants with a similar leaf
morphology. These plants include Rhacopteris and
Triphyllopteris.

This regionalization of floras may partly reflect lati-
tude — the Glossopteris flora is found in the high-
latitude southern hemisphere, the Euramerican flora
is found in equatorial areas, and the Angaran flora is
found at high latitudes in the northern hemisphere —

and may also reflect different climatic regimes
(Figure 5C). This is supported by the fact that strata
bearing the Glossopteris flora of Gondwana often
overlie tillite horizons. The Cathaysian flora is also
problematic, with the main regionalization in China
occurring in the Permian.

The Carboniferous Atmosphere

The atmospheric composition changed markedly
through the Carboniferous, and this period was one
of the most unusual in Phanerozoic history (Figure 6).

Models of atmospheric oxygen for the Carbonifer-
ous by Berner and others show that the present
atmospheric level of oxygen, 21%, was probably
reached by the end of the Devonian. Oxygen levels
are thought to have risen considerably during the
Carboniferous, reaching a peak well above 30% by
the Pennsylvanian. This rise in atmospheric oxygen
may have been a result of the occurrence of
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Figure 5 Palaeobiogeographical reconstructions of the Late Carboniferous showing (A) the floral provinces of the Mississippian
(reproduced from Chaloner WG and Lacey WS (1973) The Distribution of Late Palaeozoic Floras. Special papers in Palaeontology 12. pp.
271-289), (B) the floral provinces of the Carboniferous—Permian transition (adapted from Chaloner WG and Lacey WS (1973) The
Distribution of Late Palaeozoic Floras. Special papers in Palaeontology 12. pp. 271-289.), and (C) Pennsylvanian biomes (reproduced from
Willis KJ and McElwain JC (2002) The Evolution of Plants. Oxford: Oxford University Press).
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Figure 6 Changes in atmospheric composition over the Late
Proterozoic and Phanerozoic, showing falling carbon dioxide and
rising oxygen levels during the Carboniferous (360-300 Ma).
Reproduced from Berner RA (2003) The long-term carbon cycle,
fossil fuels and atmospheric composition. Nature 426: 323-326.

widespread lowland tropical rainforest. The later
postulated rapid fall in oxygen may have been a result
of the demise of these extensive tropical coal-forming
forests. The oxygen-rich atmosphere may have had a
significant effect on animal evolution, allowing
the growth of giant arthropods including insects. In
addition, fires may have been more widespread and
intense.

In contrast, levels of carbon dioxide fell rapidly at
the end of the Devonian and during the Early Car-
boniferous. This coincided both with the evolution
and initial spread of trees and with the onset of ex-
tensive peat formation and, hence, burial of carbon,
in addition to the burial of extensive shallow-water
carbonates. All of these factors combined to cause a
major drawdown of carbon dioxide. The major cli-
matic changes in the Late Carboniferous—Early
Permian may be linked to increasing levels of car-
bon dioxide. The impact of these low levels of carbon
dioxide on the Carboniferous world was severe,
plunging it into a major icehouse phase, as evidenced
by the spread of the polar ice-cap in the southern
continents.

The Carboniferous Climate:
Icehouse Conditions

One of the major glaciations in Phanerozoic history
occurred in the Late Palaeozoic, beginning in the
Carboniferous and ending in the Permian (Figure 7).
The world, therefore, went from greenhouse condi-
tions to icehouse conditions and back to greenhouse
conditions. Striated pavements and glacial tillites both
indicate the presence of a southern polar ice-cap across

the Gondwanan continents (Figure 8). All other as-
pects of this glacial episode, however, are open to at
least some debate.

® Onset. The onset of glacial conditions has been
difficult to date. Palynological dating of South
African sequences suggests that glaciation may
have begun as early as the Devonian—Carboniferous
boundary. Unequivocal evidence from tillites and
inferences from carbon isotope excursions indicate
that a significant ice-cap existed by Late Mississip-
pian times. It is believed that the earliest glacial
deposits are those of South America.

® Spread and extent. It has been shown that the onset
of glaciation spread to South Africa and Antarctica
and thence to Australia and India. Typically glacial
tillites (e.g. Dwyka of South Africa) overlie striated
pavements and are overlain by temperate coal-
bearing strata. Whilst on palaeogeographical
maps a large polar ice-cap is often shown across
much of southern Gondwana, it is not clear
whether this was the case or whether a smaller
ice-sheet moved as the continents moved.

® Demise. Just as the bases of the glacial deposits
across Gondwana are diachronous, so too are the
overlying non-glacial deposits. Remnant ice-caps
may have been present in upland areas, but Per-
mian coal-bearing strata are found in South Amer-
ica, South Africa, Antartica, India, and Australia.
The cessation of glaciation also appears to be di-
achronous, being older in South America and
younger in Australia.

® Causes. Whilst a number of key facts about the
Gondwanan glaciation and the Carboniferous
world have been established, there is little agree-
ment about cause and effect.

Climate change can be seen over several different
time-scales, all of which have been well documented
for the Carboniferous. The longest cycle, causing a
change from greenhouse to icehouse cycles, may have
been caused by the combination of plate movements,
atmospheric change, orbital cycles, and the evolution
of land plants. These factors continued to act through-
out the Carboniferous. There are changes in both local
and global climate through the Carboniferous. The
occurrence of evaporates in some Mississippian de-
posits indicates a drier environment than that seen in
the Pennsylvanian. Widespread wetland systems oc-
curred in tropical regions during the Pennsylvanian
(Figure 9).

Orbital-eccentricity cycles and axial-tilt and pre-
cession cycles have intermediate- and short-term cli-
matic effects. However, these effects may be modified
by local tectonic or orographic conditions. Studies
of coals and vegetation show major wet—dry cycles
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Figure 7 Timing of glaciation in the Late Palaeozoic across Gondwana. Reproduced from Eyles N (1993) Earth’s glacial record and

its tectonic setting. Earth Science Reviews 35: 1-248.

during the Pennsylvanian of Illinois. These changes in
rainfall had a dramatic effect on vegetation and
on peat (coal) formation. In particular, a major dry-
ing phase at the Westphalian-Stephanian boundary
caused the extinction of a number of peat-forming
lycophytes (Figure 9). Increasing aridity towards the
end of the Carboniferous is also widely documented.
The broad wet—dry cycles seen in Illinois are not
always seen in other Euramerican basins, although
the broad picture is confirmed (Figure 10).

Milankovitch cycles have been proposed to have
caused waxing and waning of the ice-sheet over the
southern continents, leading to rises and falls in sea-
level (see Earth: Orbital Variation (Including Milanko-
vitch Cycles)). It has been suggested that these sea-level
changes may have been responsible for the cyclothemic
and mesothemic units that are seen particularly well in
the Pennsylvanian.

E:a Ice cover

A Icebergs

Figure 8 Maximum glaciation of Gondwana in the Carbonifer-
ous and Permian. Reproduced from Eyles N (1993) Earth’s
glacial record and its tectonic setting. Earth Science Reviews 35:
1-248.
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Vegetational change through the Late Palaeozoic
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in relation to climate change.
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icehouse into the greenhouse: a Late Paleozoic analogue for modern global vegetational change. GSA Today 10: 1-7.

The Nature and Influence of Fire in
Carboniferous Ecosystems

Fires may range from commonly seasonal to rare and
catastrophic. Climate may play a significant role in
controlling the frequency of fires. It is possible that, in
addition to large-scale climatic changes, smaller-scale
changes in climate may play a significant role in the
occurrence of fires. It is possible that in some ever-wet
environments fires are unusual. Disturbance of the
normal climatic regime (e.g. El Nifio events) may
cause temporary changes in the rainfall pattern, for
example, leading to a dry period when a catastrophic
fire may occur. This may be the reason for the Great
Fire of Borneo in 1982-1983. Small fluctuations in
rainfall pattern may allow frequent small fires in a
mire-forming environment. Storms may follow a
major fire, and the increased erosion may give rise
to the transportation and deposition of a sediment—
charcoal mix at several sites. The occurrence of fusain
(fossil charcoal) layers in the fossil record may be
used to distinguish between events of different time-
scales.

The effects of large-scale fires are illustrated by the
Lower Carboniferous marginal-marine fusain de-
posits at Shalwy Point, Donegal, Ireland. Here, there
is no doubt that the fire was catastrophic. The

widespread nature of the fire not only yielded signifi-
cant amounts of charcoal but also would have led
directly to increased soil erosion, which in turn
would have led to a major increase in bed load in the
alluvial system.

Life on Land

There were many major changes in the terrestrial
biota during the Carboniferous.

Plants

The Early Carboniferous saw a major radiation in
many groups of vascular land plants. Amongst
spore-bearing plants, lycopsids underwent a major
radiation into several new ecological niches. Exten-
sive peat mires were developed for the first time. At
this time sphenopsids also became abundant, with
forms such as Archaeocalamites being particularly
widespread. There was a dramatic diversification of
ferns during the Mississippian, with zygopterid ferns
being particularly abundant. It has been proposed
that these plants were the primary colonizers of
volcanic terrains throughout Europe.

The most important plant radiation at this time
was in the seed plants. In particular, pteridosperms
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Interpreted palaeoclimatic trends for the Euramerican coal basins during the Pennsylvanian. Reproduced from Calder JH

and Gibling MR (1994) The Euramerican Coal Province: controls on Late Paleozoic peat accumulation. Palaeogeography, Palaeoclimat-

ology, Palaeoecology 106: 1-21.

underwent a rapid radiation into a variety of low-
land habitats. The abundance of anatomically pre-
served specimens in the Mississippian of Scotland has
allowed detailed phylogenetic studies of these plants.

Several plant groups diversified during the Pennsyl-
vanian. The lycopods are the main coal-forming
plants of the Carboniferous. They are also known as
club mosses but are, of course, true vascular plants.
Today only a few genera of herbaceous forms survive,
but in the Carboniferous they showed a vast array of
life habits from small herbaceous forms to large
arboresent (tree) forms. Much of our recent data on
these important plants has come from the study of
coal balls — anatomically preserved fossils where the
internal anatomy can be elucidated. As with the lyco-
pods, Carboniferous sphenopsids are represented by
both arborescent and herbaceous forms.

Ferns are plants with well-developed megaphyllous
leaves. All the Carboniferous forms are homosporous.
Fern-like foliage is abundant in the Pennsylvanian
Coal Measures but most belongs to the pteridosperms
(seed-ferns). The identification of true ferns in the
compression fossil record requires fertile specimens.
The Carboniferous was once known as the age of ferns

because of the abundance of fern-like foliage amongst
the compression fossils. It was shown, however, that
most of this foliage belongs to an extinct group of
plants that bore seeds and pollen organs, known as
the pteridosperms or seed-ferns. Three major families
are known from the Upper Carboniferous: Lyginop-
teridales, Medullosales, and Callistophytales. These
were either shrubs or climbers in the vegetation.

The most advanced plants of the late Carbonifer-
ous were the closely related cordaites and conifers. It
is still unclear whether the cordaites gave rise to the
conifers or whether they had a common ancestor.
Both, however, are gymnospermous and are repre-
sented by both trees and shrubs. The conifers were
probably major elements in drier upland floras.

Terrestrial Invertebrates

The East Kirkton terrestrial Mississippian Lager-
stitten has opened a major window on a terrestrial
ecosystem. Several invertebrate groups are first found
here or there is evidence of their terrestrial nature.
The fauna includes eurypterids, scorpions, myria-
pods, and a spider, in addition to aquatic arthropods
such as ostracods. The eurypterids were large and
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include Hibbertopterus. The scorpions show un-
equivocal evidence of terrestrial adaptations and spe-
cimens over 30 cm long have been found; they may
have reached up to 1m in length and been a top
predator. Other arthropods include millipedes and
an opilionid or Harvestman spider.

No fossil insects are known from East Kirkton; the
first unequivocal evidence of true insects (Hexa-
poda: Pterygota) does not occur until the Early Penn-
sylvanian, although there are recent claims of early
Devonian insects. Insects of the Pennsylvanian had
wings.

The terrestrial fauna of the Pennsylvanian Coal
Measure forests included many carnivorous animals.
Centipedes (Myriapoda: Chilopoda) were common,
especially in the Mazon Creek fauna of Illinois, as
were many spiders (Arachnida: Aranae), some of
which had inward-striking (dianial) fangs, indicating
an ability to kill insects and other groups of spiders
that possessed downward-striking (paraxial) jaws for
attacking prey on a firm substrate, either on the
ground or on tree trunks.

The first insects, which make an appearance in the
Namurian, were members of the extinct order Palaeo-
dictyoptera. Together with five other orders they
comprise the Palaeoptera, and all have their origins
in the Pennsylvanian. Two orders, the Ephemeroptera
(mayflies) and Odonata (dragonflies and damselflies)
are extant.

The other Carboniferous orders are, like the
Palaeodictyoptera, extinct, surviving only until the
end of the Permian. The Protodonata were very simi-
lar to the first dragonflies except for a variation in
wing venation and their great size. The Megasecop-
tera and Diaphanopterodea were very similar to the
Palaeodictyoptera.

Five orders of exopterygote neopteran insects also
appear in the Pennsylvanian. Three of these orders
became extinct at the end of the Palacozoic. These
were the Protorthoptera, which was the most diverse
of all the extinct orders, the Caloneurodea, which
some workers place in the Endopterygota, and the
Miomoptera, which were very small insects, per-
haps related to the Protorthoptera. The other two
orders, the Blattodea (cockroaches) and Orthoptera
(grasshoppers, katydids, and crickets), are extant.
The Blattodea were apparently the commonest
group of insects during the Pennsylvanian. There is
increasing evidence of plant—insect interactions in the
Carboniferous.

Vertebrates

The Carboniferous saw the diversification and spread
of vertebrates onto land. Earliest Mississippian de-
posits contain relatively few tetrapod fossils. Some

late Tournasian deposits in Scotland and Canada
have yielded a few isolated fragments. The later
Viséan rocks, mainly of Scotland, have yielded many
important new skeletons. A single small specimen of
tetrapod, named Casineria kiddi, has been described
from mid-Viséan deposits in eastern Scotland. The
anatomical features of the specimen indicate that it
was fully terrestrial. The most spectacular finds in
recent years have come from the Late Viséan deposits
of East Kirkton. Amongst a wide range of taxa, all less
than 1 m long, are the temnospondyls. Other forms
include early anthrocosaurs. This group is better
known from Pennsylvanian strata. Westlothiana liz-
ziae (Lizzie the lizard) is a species of particular note
as it shows many of the characteristics of reptiles.

Several tetrapod groups show evidence of major
diversification in the late Mississippian and early
Pennsylvanian (see Fossil Vertebrates: Palacozoic
Non-Amniote Tetrapods). Most of the important
tetrapod sites are found in tropical Euramerica and
include the North American sites of Linton (Ohio),
Mazon Creek (Illinois), and Joggins (Nova Scotia),
several British and Irish sites, including Jarrow and
Newsham, and continental European sites, such as
Nyrany (Czech Republic).

The temnospondyls underwent a major radiation
in the early Pennsylvanian and were the largest group
of ‘amphibians.” The most important of these was the
small Dendrerpeton, which was first found in the tree
stumps at Joggins. Amongst the temnospondyls were
several aquatic forms. The anthracosaurs were an-
other important group of tetrapods, also with a Mis-
sissippian origin. They included the crocodile-like
embolomeres such as Eoberpeton. The most fearsome
predator in this group was Anthracosaurus, which is
known only from its skull.

Microsaurs also have a Mississippian origin; they
include several important genera and have been con-
fused with true amniotes. Other related groups include
the lysorophids and aiistopods. Amniotes (includ-
ing the reptiles for some authors) are first found in
the Mississippian but radiated in the Pennsylvanian.
Whilst several reptiles are known from the Pennsylva-
nian, it is clear that terrestrial tetrapod faunas were
dominated by amphibians. It is significant to note that,
with the possible exception of Scincosaurus, all the
major Upper Carboniferous tetrapods were probably
carnivores or insectivores.

The first true amniote (as opposed to ancestral
group) was also found at Joggins. Hylonomus was
amongst the animals found within the Joggins tree
stumps. Other forms include Captorbinus, but it
was not until the latest Carboniferous that herbivory
evolved in larger forms, such as Edaphosaurus. In the
Early Permian of Gondwana there is evidence of the
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first aquatic amniote, Mesosaurus, which is found on
several continents. It is in the Permian that the first
major radiation of amniotes occurred.

Life in the Sea

Much of our knowledge about Carboniferous marine
life comes from the extensive tropical shallow-water
carbonates of the Mississippian. These warm shallow
seas supported a rich benthos dominated by filter-
feeding brachiopods and crinoids. Plankton diversity
appears, however, to have been low, with the fauna
dominated by only a few groups of acritarchs (marine
aquatic algae). In some areas reefs dominated by
rugose and tabulate corals together with sponges,
bryozoans, and calcareous algae were important.
Fusiline foraminifera became important for the first
time. Nektonic animals included goniatites and such
vertebrates as conodonts, which are important for
biostratigraphical correlation. Undisputed conodont
animals were discovered in the Mississippian rocks of
Eastern Scotland associated with various aquatic
arthropods. Fishes are also found in many marine
and non-marine environments. A variety of sharks
are known from Carboniferous deposits, and some of
the best examples (such as Stethacanthus from Bears-
den in Scotland) are from brackish marine deposits.
Ray-finned and lobe-finned fishes also diversified in
the oceans at this time.

The structure of Pennsylvanian marine communities
was similar to that in the Mississippian. However,
Pennsylvanian marine strata are not as widespread.
In Europe the spread of marine facies across low-
lying mires is well documented. The marine rocks
are predominantly muddy and yield goniatites, bi-
valves, and conodonts, in contrast to the limestones
that yield corals and brachiopods in addition to the
goniatites and conodonts known from North America
and Ukraine. Fusiline foraminifera became increas-
ingly abundant through the Pennsylvanian in these
carbonate environments.

The End of the Carboniferous and
Mass Extinctions

Major changes took place at the end of the Carbon-
iferous. Plate movements resulted in the continued
collision of Laurasia and Gondwana to form the
supercontinent Pangaea. The formation of Pangaea
led to major climatic change, with tropical drying
and the spread of continental red beds. The decrease
in rainfall prevented peat formation in more trop-
ical areas and was accompanied by the apparent

extinctions of many terrestrial plant and animal
groups. The floras of dryer upland habitats began to
spread towards the lowlands. These floras were
dominated by the newly evolved conifers. In the
southern latitudes, the floras that had been typical
of the Carboniferous, composed of progymnosperms,
pteridosperms, spenopsids, and dwarf lycopsids, gave
way to the glossopterid-dominated floras of the
Permian. Recent research in China has shown that
many of the extinctions in Euramerica at the end of
the Carboniferous were local and not global. Several
Carboniferous plant and animal groups are found in
the Permian of China and become extinct only at the
end of the Permian.

In the oceans there was continued faunal turnover,
with some groups becoming extinct and others, such
as the fusiline foraminifera, diversifying and becom-
ing more important and widespread — they are par-
ticularly useful for defining the base of the Permian
and for correlating subsequent Permian stages. There
is no evidence, however, of a mass extinction at the
end of the Carboniferous.
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Introduction

The Permian Period, spanning the 43 Ma interval be-
tween 294 Ma and 251 Ma, witnessed several major
turning points in Earth’s history. Pangaea, the greatest
supercontinent of all time, finally amalgamated in
the Permian, and began to break up again almost
immediately in a prolonged disintegration that would
finally finish in the Cretaceous. Climate also changed
markedly: the extensive southern-hemisphere glaci-
ation that had begun in the Carboniferous concluded
in the Middle Permian, to be replaced by a warming
trend that was to peak in the earliest Triassic with
some of the warmest conditions the world has ever
experienced. The Permian was also a time of extremes
in the fortunes of plants and animals. The Early to
Middle Permian was generally a successful time for
life, with low extinction rates and the evolution of the
first large land animals and of plant communities that
invaded the continental interiors. In contrast, the end
of the Middle Permian was marked by an extinction
crisis that primarily affected the inhabitants of shal-
low tropical seas. This was the first such crisis since the
end of the Devonian, 100 Ma previously, and it brou-
ght to an end one of the most benign intervals of Earth
history. Much worse was to follow with the end-
Permian mass extinction, by far the biggest disaster
in the history of life.

Subdivisions of Permian Time

Dividing the Permian into smaller time units has
always proved surprisingly controversial. Whereas
the subdivision of other intervals, such as the Jurassic
and Cretaceous, has been stable and established for
many decades, the current chronostratigraphical
scheme for the Permian (Table 1) is only a few years
old, and numerous other schemes can be found in the
older literature. The problem stems principally from
the lack of useful fossils available to correlate Per-
mian strata in different regions of the world. In con-
trast, Ordovician stratigraphers can easily subdivide
time using a succession of extremely widespread
graptolite fossils, and Jurassic stratigraphers similarly
use ammonites for subdivision and global correlation.
For a long time Permian stratigraphers used ammo-
noids to define biozones, but these tend to be re-
stricted to specific regions and in many areas are

absent altogether. For example, there are extensive
exposures of Permian rocks in western and Arctic
Canada, but ammonoids are extremely rare in these
deposits. In particular, since there are no ammonoids
diagnostic of Late Permian time in this region, it
was thought that Late Permian rocks were not pre-
sent there. It now appears more likely that such
rocks are present but the diagnostic fossils are not —
a crucial distinction. Much Permian correlation is
now achieved using conodonts (see Microfossils:
Conodonts), a group of microfossils that are wide-
spread in marine sediments of this age and therefore
more useful than the ammonoids in establishing
global time units.

Despite recent advances, there are still problems
with correlating Permian rocks, primarily because
different intervals of time are defined in different
regions. Thus, the Early Permian (Cisuralian) is
based on sections from Russia, the country where
the period was originally defined; the Middle Permian
(Guadalupian) is based on US sections, mostly in
Texas; and the Upper Permian (Lopingian) is based
on excellent marine sections in South China. Two
Russian names, the Dzhulfian and the Dorashamian,
were commonly used for the Late Permian interval,
but these proved very difficult to identify outside the
region, once again because of problems with the lo-
calized occurrences of ammonoids. As a result, the
Dorashamian Stage — identified using ammonoids —
was thought to be absent in most regions, but the
essentially equivalent Changxingian Stage — identified
using conodonts — is known to be widespread.

Tectonics

For nearly 200Ma, from the Ordovician to the
Permian, the Earth’s continents gradually coalesced
until eventually most continental crust had been
amalgamated to form the supercontinent of Pangaea
(Figure 1) (see Pangaea). The final stage of closure
occurred during the Permian with collision of the
Siberian continent with the Laurussian portion of
northern Pangaea, the Eurasian Orogeny. This pro-
duced the Urals, a narrow and very long mountain
belt that extends from the Volga region of southern
Russia to Novaya Zemlya in the Arctic Ocean.
During the Permian this newly forming mountain
range shed vast quantities of sediment to the west of
the advancing deformation front, into a deep-water
basin in the eastern Barents Sea area, to the north of
Norway, and into a series of terrestrial molasse
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basins: the Volga-Urals and Timan-Pechora basins.
To the east of the Urals the vast West Siberian Basin
was also receiving large quantities of sediment and for
much of the Late Permian sediment influx and sub-
sidence kept pace so that the region remained around
sea-level. In the latest Permian this area was the site of
eruption of one of the largest volcanic provinces ever
to form: the Siberian Traps. Subsidence rates con-
tinued to be high and the region remained around
sea-level despite the eruption of several kilometres
thickness of lava.

By the Middle Permian the areal extent of Pangaea
was at its zenith, and it stretched in a giant arcuate
shape from the north pole, which lay in eastern
Siberia, to the south pole, which then, as now, lay in
Antarctica (Figure 1). Pangaea was narrow at its waist
owing to the presence of Tethys, an equatorially
centred ocean that separated the northern and south-
ern arms of the supercontinent. The eastern opening
of Tethys was partially closed by the presence of
some of the few continental masses that were not

Table 1 Subdivisions of Permian time (names in br