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| nt r oducti on

Thi s Pal eogeographic Atlas illustrates the plate
tectoni c devel opnent of the ocean basins and
continents as well as the changing distribution
of land and sea during the past 650 million
years. The maps in this atlas are based on the
pal eogeographi ¢ maps of Scotese and Gol onka
(1992), but have been rendered in an artistic
fashion to show the relief of mountain ranges
and continental margins, active plate boundaries
(blue = sea floor spreading, red=subduction
zones), and the extent of climatic belts (green
= wet, yellow =dry). The names of the ancient
oceans and continents are shown (e.g.
Pant hal assi ¢ Ccean, Laurentia, Cimreria) along
wi th nodern place nanmes (in italic). The
present-day coastlines, for reference, are
overlain in light gray. Acconpanying each full-
col or pal eogeographic map is a sinplified bl ack
& white map showing only the ancient |and areas
and the present-day coastlines.

The 20 tinme periods covered in this atlas are:
650 Ma (Late Proterozoic), 514 Ma (Late
Canbrian), 458 Ma (M ddle Ordovician), 425 Ma
(Mddle Silurian), 390 Ma (Early Devoni an), 356
Ma (Early Carboniferous), 306 Ma (Late

Car boni ferous), 255 Ma (Late Perm an), 237 M
(Barly Triassic), 195 Ma (Early Jurassic), 152
Ma (Late Jurassic), 94 Ma (Late Cretaceous),
69.5 Ma (latest Cretaceous), 50.2 Ma (Mddle
Eocene), 14.0 (M ddle M ocene), 18,000 years ago
(Pl ei stocene), Present-day, and three fanciful
maps for 50, 150 and 250 million years in the
future. A detailed description of the

i nformati on used to nmake each map, the key
features of each map, as well as sonme of the
uncertainties associated with each map are
described in the section that follows this

i ntroduction.

Hi story of the Atlas

Thi s Pal eogeographic Atlas, is just one of a
series of atlases, that | have produced since ny
days as an undergraduate at the University of
II'linois (Chicago). The first atlases were
published as mniature "flip books" (Scotese
1975; 1976; and nost recently, Scotese, 1997)
and conputer ani mations (Scotese and Baker,
1975; Scotese et al., 1981). Wil e a graduate
student in Fred Ziegler's lab at the University
of Chicago and Rob Van der Voo's pal eonagnetic
| aboratory at the University of M chigan, we
publ i shed a series of maps, which were a uni que
conbi nation of plate tectonics, pal eomagneti sm
and pal eogeography (Pal eozoi c maps, Scotese et
al ., 1979; Mesozoic and Cenozoi c maps, Ziegler
et al., 1983). Though other pal eogeographic
atl ases have been published (Smth et al., 1994;
Ziegler, 1989), as far as | am aware, these
early publications of the Pal eogeographic Atlas
Project were the first maps to illustrate the
pl ate tectoni c and pal eogeographi c evol ution of
the ocean basins and continents during the
Phaner ozoi c.

Though based on this early work, the

pal eogeogr aphy has been updated as nore recent
synt heses have becone available for the Jurassic
& Cretaceous (Scotese, 1995), Africa (Hulver,
1985), Europe (Ziegler, 1989, 1990), China
(Wang, 1985; Nie et al, 1990), Australia (Cook,
1990), SE Asia (Hutchison, 1989), Forner Sovi et
Uni on (Zonenshain et al., 1990), and globally
(Ronov et al., 1984, 1989).

It is inportant to note that in 1982, Judy
Parrish, who was a post-doc at Chicago at the
time, added her paleoclimatic interpretations to
these early reconstructions (Parrish, 1982;
Parrish et al., 1982). Judy's paleoclimtic
reconstructions are the basis of the climtic
zones shown in this atlas and were the



inspiration for the paranetric climte node
(PCM devel oped by Ml col m Ross and nysel f
(Scotese and Summrer hayes, 1986; Scotese and Ross
(1996) .

In 1984, at the invitation of John Sclater, |
joined the research staff at the Institute for
Geophysi cs and started the Pal eoceanographic
Mappi ng Project (POW) - now the PLATES Project.
The goal of POW was to assenble a gl obal
digital compilation of |inear magnetic anomaly
data and to map the tectonic features of the
ocean floor using data fromsatellite altimetry
(Gahagan et al., 1988) in order to construct a
conprehensi ve plate tectonic nodel describing
the devel opnent of the ocean basins during the
Mesozoi ¢ and Cenozoic. This work was carried on
in collaboration with Larry Lawer, John
Sclater, Dietmar Mieller, Christophe Heubeck,
Jean- Yves Royer, David Sandwel |, Lisa Gahagan,
and Mal col m Ross.

In 1987, WII| Sager and | convened a synposi um
on Mesozoi c and Cenozoic plate tectonic
reconstructions at Texas A&M University. A
synposi um vol unme (Scotese and Sager, 1988)
docunented, on an ocean-by-ocean basis, the

pl ate tectonic constraints used to reassenble
the ocean basins and continents during the
Mesozoi ¢ and Cenozoic. The Mesozoic and
Cenozoi c devel opnment of the ocean basins shown
in this atlas are based on these plate tectonic
nodel s (Scotese et al., 1988). The wor k begun
at Texas has also born fruit in the formof the
gl obal hotspot nodels of Mieller et al., 1994,
and a digital age of the ocean floor database
(Mueller et al., 1996).

Though sea-fl oor spreading data are sufficient
to reconstruct the ocean basins, other
informati on nust be used to unlock the Mesozoic
and Cenozoic history of the conpl ex convergent
belts in China, S. E. Asia, the forner Sovi et

Uni on, and the North American Cordillera. The
nodel presented here for China grew largely from
i nformal discussions with David Row ey, Fred

Zi egler, N e Shangyou (Nie et al., 1990; Yin and
Ni e, 1996) and Cel al Sengor (Sengor and Natalin,
1996). The early pal eonagnetic syntheses of Lin
Jin Lu, were also very useful and thought
provoking. The treatnment of the terranes of the
forner Soviet Union is based on the nagnificent
synthesis of Lev Zonenshain and his coll eagues
(Zonenshain et al., 1990). The treatnent of
the exotic terranes of the North Anerican
Cordillera is derived largely fromthe work of
Fri edman (1983) and Row ey (1992).

The Mesozoi ¢ and Cenozoic history of the ocean
basi ns and continents is relatively well
under st ood when conpared with our know edge of
the Pal eozoic. |In the sunmer of 1988, a
synmposi um on Pal eozoi ¢ Pal aeogeography and

Pal aeo- bi ogeography was co-convened with Stuart
McKerrow at Oxford. The goal of that synposium
was to produce a new set of Pal eozoic
reconstructions (Scotese and MKerrow, 1990) and
test themwi th avail abl e bi ogeographi c,

pal eomagnetic and pal eoclimatic data. The

Pal eozoi ¢ maps shown in this atlas are based on
the results of that synposium (MKerrow and
Scotese, 1990; Scotese and Barrett, 1990).

It is interesting to note that the ol dest

pal eogeographi c reconstruction in this atlas
(Vendian Ice Age, 650 Ma) was the last nap to be
assenbl ed (Scotese et al., 1993; Scotese, 1997).
In the early-1990's, as a result of the

pi oneeri ng work of Modores (1991), Dal ziel
(1991), and Hoffman (1991), it becanme clear that
the late Proterozoic was a time of
supercontinent assenbly (Rodinia - 1100 m),
subsequent breakup (approximately 750 M),
reassenbly (Pannotia, 600 Ma), and breakup (550
Ma) (McKerrow et al., 1992). Prelimnary

pal eomagneti c syntheses (Powell et al., 1993;



Meert and Van der Voo, 1994) al so suggested that
nost of the Vendi an gl acial deposits were
deposited at high pal eo-latitudes. The Vendi an
pal eogeographic map presented here is based on a
nodel of late Proterozoic plate tectonics

devel oped by nyself, Damien Nance (COhio

Uni versity) and WS. MKerrow.

The Next Atlas: A Digital Version

Qur understandi ng of the plate tectonic,

pal eogeographi c, and pal eoclimatic devel opnent
of the Earth is an on-going project. Maps such
as these, are at best a nilestone, a progress
report, describing our current state of

knowl edge and prejudice. In many respects these
maps are already out-of-date. New pal eomagnetic
data summaries are avail able (Van der Voo, 1993;
Bocharova and Scotese, 1993), hot spot npodels
have been refined and debated (Mieller et al.
1994), satellite altinetry data has reveal ed the
ocean floor in unprecedented detail, plate
tectoni c nodel s have been updated for Asia
(Sengor and Natalin, 1996), China (Yin and N e,
1996), the Arctic & Circum Pacific (Mnger and
Nokl eberg, 1996), S.E. Asia (Rangin, 1990;
Bertrande and Scotese, 1993; Hall and Bl undell
1996), the Forner Soviet Union (Zonenshain, et
al ., 1990; Bocharova, 1993), the regions
surroundi ng Antarctica (Storey et al., 1996),
and the early Pal eozoic (Dalziel, 1997;

MacNi ocal | et al., 1997; Jurdy et al., 1995;
Cocks et al., 1997).

Det ai | ed pal eogeogr aphi c maps are now avail abl e
for many parts of the world: Mesozoic and
Cenozoic coastlines (Smth et al., 1994), North
Ameri ca (DNAG series; unpublished

pal eogeogr aphi ¢ maps of Cook and Bally, 1975),
Tethys (Dercourt et al 1994), Gondwana (Veevers
et al., 1996), the Perm an (Scotese and
Langford, 1995; Ziegler et al. 1996), and the K-
T boundary (Upchurch et al., in press).

Pal eoclimati c sinulati ons have been run form
numerous time periods (Barron et al., 1994;
Fawcett et al., 1994; Colonka et al., 1994,

Kut zbach and Ziegler, 1994; Oto-Bliesner et
al ., 1994; Val des and Sel |l wood, 1992;), and a

gl obal ; Phanerozoi c database of |ithologic

i ndi cators of climte has been assenbled to test
the results of the climatic simulations (Boucot
et al., 2001).

Al'l of these results, and nore, nust be
incorporated in the next version of the
Pal eogeographic Atlas. But how?

Though sonme aspect of the "next atlas" wll be
published as a series of maps such as these,
envision that the next atlas will be a "digital
atlas". G S technol ogy, especially prograns
such as ArcView', now allows users to view and
interact with the geographic data in a dynamc
and flexible way. Map information in the form
of points, |lines and polygons can be queried
based on attributes and replotted

i nstantaneously in a variety of map formats and
scal es.

An Earth System History GdS, (ESH A S), has been
devel oped by the PALEOVAP Project. The ESH A S
runs under ArcView 3.X and is an archive of
Phaner ozoi ¢ and Late Precanbrian plate tectonic
reconstructions in shapefile format. The ESH

G S is the foundation upon which the next

Pal eogeographic Atlas will be built.

The Pal eogeogr aphi ¢ Met hod

The study of pal eogeography has two principle
goals. The first goal is to map the past
positions of the continents. The second goal is



to illustrate the changing distribution of
nount ai ns, | ow ands, shall ow seas, and deep
ocean basins through tine.

Mappi ng the Past Positions of the Continents

The past positions of the continents can be
determ ned using the following nultiple Iines of
evi dence: pal eonmagnetism |inear magnetic
anomal i es, hot spots, pal eobi ogeography,

pal eocl i mat ol ogy, and geol ogi ¢ hi story.

Pal eonagneti sm By measuring the
remanent magnetic field often preserved in iron-
bearing rock formations, pal eomagnetic analysis
can determ ne whether a rock was magneti zed near
the Pole or near the Equator. Pal eomagnetism
provides direct evidence of a continent's N-S
(latitudinal) position, but does not constrain
its E-W (Il ongitudinal) position.

Li near Magnetic Anomalies. The Earth's
magnetic field has another inportant property.
Li ke the Sun's magnetic field, the Earth's
magnetic field "flips" or reverses polarity.

Fl uctuations, or "anomalies"”, in the intensity
of the magnetic field, occur at the boundaries
bet ween nornally magnetized sea floor, and sea
floor magnetized in the "reverse" direction.

The age of these linear magnetic anonalies can
be determ ned using fossil evidence and

radi onetric age determi nations. Because these
magnetic anomalies format the m d-ocean ridges,
they tend to be long, linear features (hence the
name "linear magnetic anomalies") that are
symretrically di sposed about the ridges axes.
The past positions of the continents during the
last 150 million years can be directly
reconstructed by superinposing |linear magnetic
anomal i es of the sanme age.

Hot Spot Tracks. Some of the world's
vol canoes are formed by jets of nolten rock that
probably rise at the boundary between the
Earth's core and mantl e (about 3000 km deep).
These rising plunmes, or hot spots, puncture the

I'ithosphere and as the plates nove across the

hot spot, a line of islands is generated (like
the Hawaiian islands). These hot spot tracks

are an accurate record of the notion of the

pl ates during the last 120 million years.

It is unlikely that all hot spots are
conpletely i mobile. The best evidence suggests
that the Indian Ccean and Atlantic Ccean hot
spots do not nove very much (only 1% as fast as
the plates). The Pacific hot spots, on-the-
ot her - hand, have been slowly drifting northward.
The nmotion of the plates relative to the hot
spots can be conpared with plate motions
predicted by sea floor spreading (see linear
magnetic anomal i es) and pal eonmagneti sm

Pal eobi ogeography. The past distribution
of plants and animals can give inportant clues
concerning the latitudinal position of the
continents as well as their relative positions.
Col d-wat er faunas can often be distinguished
from warm wat er faunas, and ancient floras both
refl ect pal eo-tenperature and pal eo-rainfall
The simlarity or dissimlarity of faunas and
floras on different continents can be used to
estimate their geographic proximty. In
addition, the evolutionary history of groups of
plants and aninmals on different continents can
reveal when these continents were connected or
i sol ated from each ot her

Pal eocl i mat ol ogy. The Earth's climate is
primarily a result of the redistribution of the
Sun's energy across the surface of the gl obe.

It is warm near the Equator and cool near the
Pol es. Wet ness, or rainfall, also varies
systematically fromthe equator to the pole. It
is wet near the equator, dry in the subtropics,
wet in the tenperate belts and dry near the

pol es. Certain kinds of rocks form under
specific climatic conditions. For exanple coals
occur where it is wet, bauxite occurs where it
is warm and wet, evaporites and cal cretes occur
where it is warmand dry, and tillites occur
where it is wet and cool. The anci ent



distribution of these, and other, rock types can
tell us how the global climte has changed
through tinme and how the continents have
travel ed across climatic belts.

Geol ogi ¢ and Tectonic History. I n order
to reconstruct the past positions of the
continents it is necessary to understand the
devel opnent of the plate tectonic boundaries
that separate continents and bring them back
t oget her agai n. Only by understanding the
regi onal geol ogical and tectonic evolution of an
area can you determ ne the |location and timng
of rifting, subduction, continental collision
and other mmjor plate tectonic events.

Mappi ng the Changing Distribution of Muntains,
Low ands, Shall ow Seas and Deep Ocean Basi ns

Sonme pal eogeogr aphic features change very slowy
and are easy to map. O her pal eogeographic
features change very rapidly and, therefore, any
map, at best, is an approximation. In this
regard, the Earth, since the early Precanbrian,
has been divided into deep ocean basins (average
depth 3.5 km) and hi gh-standi ng continents
(average el evati on about 800 neters).

Continental |ithosphere, because it is |ess
dense, is nore buoyant and is not easily
subduct ed, or recycled back into the Earth's
interior. As aresult, continents are nade-up
of very old rocks, sonme dating back 3.8 billion
years. The ampunt of continental |ithosphere
has probably changed very little during the [ ast
2.6 billion years (possibly increasing 10-15%.
What have changed are the shape and the
distribution of continents across the gl obe.

The ocean basins, on the other hand, are al

| ess than 150 nmillion years old. GOceanic
lithosphere, because it is denser is continually
recycled back into the interior of the Earth.

In contrast to the continents and ocean basi ns,
whi ch are permanent geographic features, the
hei ght and | ocation of nountain belts and the
shape of the Earth's shorelines constantly
change. Muntain belts either form where
oceanic |ithosphere is subducted beneath the
margin of a continent, giving rise to a linear
range of mountains, |ike the Andes nountai ns of
western South America, or where continents
collide form ng, high nountains and broad

pl at eaus |i ke the Hi mal ayan nount ai ns and

Ti betan Pl ateau of central Asia. Less extensive
nmount ai ns can al so form when continents rift
apart (e.g. East African Rift), or where hot
spots formvolcanic uplifts.

In nbst cases mountain ranges take 10's of
mllions of years to form and depending on the
climte, may last for 100's of mllions of
years. Though the Appal achi an mountai ns of the
eastern United States were formed over 300

mllion years ago, due to the collision of North
Anerica and western Africa, remants of this
collisional mountain belt still reach heights of

over than 2000 neters. The Hi nmal ayan Munt ai ns,
the world's tallest nountain range, began to
rise fromthe sea nearly 50 million years ago
when northern India collided with Eurasia. On

t he pal eogeographic maps shown in this atl as,
the extent of the nountain ranges increases
during the collisional phase and is slowy
reduced, by erosion, in subsequent nmaps.

In conparison to topographic features such as
nountai n ranges, the Earth's shorelines are
ephenmeral. The fam liar shapes that
characterize today's shorelines such as Hudson's
Bay, the Florida peninsula, or the nunerous
fiords of Norway, are all |ess than 12,000 years
ol d. The shape of the nodern coastlines is the
result of a 70 nmeter rise in sea |evel that took
place in the last 12,000 years after the |ast



great ice sheet that covered nuch of North
Ameri ca and Europe had nelted.

It is inportant to note that the shoreline,

t hough the edge of land, is not the edge of the
continent. |In nost cases, the continent extends
seaward 100's of kilometers beyond the
shoreline. The actual edge of the continent is
mar ked by the transition fromthe continental
slope to the continental rise. This steep

bat hynmetric gradi ent marks the boundary between
continental lithosphere and oceanic |ithosphere
and is marked by the transition fromlight blue
(shall ow shelf) to dark blue (deep ocean).

The position of the shoreline is a function of
both continental topography and sea | evel.
Though topography changes slowy (10's of
mllions of years), global sea | evel can change
rapidly (10's of thousand of years). Several
factors can affect sea-l|evel change. As we have
seen, one of this factors in the anount of ice
on the continents. At tinmes when great ice
sheets covered the continents, sea |level was | ow
and the continents were exposed. The | ast

gl aci al maxi mum was 18, 000 years ago. For the
last 20 million years, the continents have been
| argely high and dry because there has been
extensive mountain building in Asia and there
has been significant ice on Antarctica. O her

i nportant gl obal episodes of glaciation occurred
300, 450 and 650 million years ago. The ol dest
known gl aci al epi sode occurred in the
Precanbrian, approximately 2.2 billion years
ago.

Sea | evel also changes nore slowy (10's of
mllions of years) due to changes in the vol une
of the ocean basins. Water fromthe interior
of the Earth, erupted as gas in volcanic
eruptions, condensed on the cooling surface of
the Earth to formthe world's oceans. However,
there has been no significant addition to the

vol unme of water on the Earth since early
Precanbrian tines.

Changes in sea |level, therefore, are not due to
changes in the amount of water on the Earth, but
rat her are due to changes in the shape and size
of the ocean basins.

Chronol ogi cal Review of Maps in this Atlas

The pal eogeographi c nmaps shown in this atlas
illustrate both the novenent of the continents
and the changing distribution of nmountains,

| and, shall ow sea, and deep sea during the |ast
650 mllion years. In the follow ng section is
a brief review of the tectonic, geologic, and
climtic events portrayed by these naps.

Late Precanbrian, 1100 - 545 nya. (Figure 1
Vendi an Period, 650 nya).

The absence of fossils of hard-shelled organi sns
and the paucity of reliable pal eomagnetic data
make it difficult to produce pal eogeographic
maps for nuch of the Precanbrian. Wth
avai l abl e data, 650 nmillion years is about as
far back as we can go with any accuracy.

However, the late Precanbrian is an especially
interesting tine because continents were
colliding to form anci ent supercontinents, and
because the Earth was | ocked in a major |Ice Age.
About 1100 million years ago, the supercontinent
of Rodinia was assenbl ed. Though its exact size
and configuration are not known, it appears that
North Anerica forned the core of this
supercontinent. At that time, the east coast of
North Anerica was adjacent to western South
America and the west coast of North Anmerica |ay
next to Australia and Antarctica. Rodi ni a
split into two hal ves approximately 750 mllion
years ago, opening the Panthal assic Ocean (see
Figure 2). North Anerica rotated sout hward



towards the South Pole. The other half of
Rodi ni a, conposed primarily of Antarctica
Australia, India, Arabia, and the continental
fragnents that woul d one day becone China
rotated counter-clockw se, northwards across the
North Pole. Between these two halves, lay a
third continent, the Congo craton, made up of
much of north-central Africa. The oceans

bet ween these three continents were conpletely
subducted by the end of the Precanbrian and
these three continents collided to forma new
supercontinent, called Pannoti a. Thi s maj or
continent-continent collision is known as the
Pan- Af ri can orogeny.

As nentioned previously, the climte was cold
during the Late Precanbrian. Evidence of
glaciation is found on nearly every continent.
Sonme researchers have proposed that it was so
cold that the Earth was conpletely frozen like a
gi ant snowball. Wy cold conditions were so

wi despread during the late Precanbrian has
puzzl ed geol ogi sts. Several hypotheses, now
known to be incorrect, have been proposed. One
expl anati on suggests that the Earth was tilted
si deways so that the North Pole faced away from
the Sun, and the South Pole faced towards the
Sun. This would create a situation where 1/2
the Earth would broil under the Sun for 6

nont hs, while the other 1/2 of the Earth would
face away fromthe Sun and conpletely freeze.
Though tantalizing, no nmechani smcan be found
that woul d produce such a drastic tilt in the
Earth's axis. A second, unlikely hypothesis
proposes that the Earth was encircled by a rocky
and icy ring, nuch like the rings of Saturn and
Uranus that cast a shadow on the Earth, cooling
the climte; however, no trace of this ring has
been found.

We now know that, though very cold, there was
probabl y not hi ng unusual going on during the
Late Precanbrian. These hypot heses were put

forward before accurate pal eogeographi c maps
were available. As Figure 1 illustrates,
nmystery of the Late Precanbrian |Ice Age can be
expl ained by the fact that during the late
Precanbrian nmany continents just happened to be
at high latitudes (except for Australia). Ice
rafted debris and gl acial deposits formed on
these continents as they travel ed across the
North and South Pol es.

Early and M ddl e Pal eozoic, 545 - 360 nya.
(Figure 2. Late Canbrian Period, Figure 3.

M ddl e Ordovician, Figure 4. Mddle Silurian,
Figure 5. Early Devonian) Pannotia, the
supercontinent that fornmed at the end of the
Precanbrian Era, approximately 600 nmillion years
ago, had already begun to break apart by the
begi nni ng of the Pal eozoic Era. A new ocean,
the | apetus COcean, wi dened between the ancient
continents of Laurentia (North America), Baltica
(Northern Europe), and Siberi a. Gondwana, the
supercontinent that was assenbled during the
Pan- Afri can orogeny, was the |argest continent
at this tine, stretching fromthe Equator to the
Sout h Pol e. During the Ordovician Period, warm
wat er deposits, such as |inestones and salt, are
found in the equatorial regions of Gondwana
(Australia, India, China, and Antarctica), while
gl aci al deposits and ice-rafted debris occur in
the south polar areas of Gondwana (Africa and
Sout h America).

By mi ddl e Pal eozoic tinme, approximtely 400
mllion years ago, the |lapetus Ocean had cl osed
bringing Laurentia and Baltica crashing
together. This continental collision, preceded
in many places by the obduction of nmargina
island arcs, resulted in the formation of the
Cal edoni de nmountai ns in Scandinavia, northern
Great Britain and Greenland, and the Northern
Appal achi an nountai ns al ong the eastern seaboard
of North America. It is also likely that by

m ddl e Pal eozoic times, North China and South



China had rifted away fromthe Indo-Australian
mar gi n of Gondwana, and were headed nort hwards
across the Pal eo- Tet hys Ccean.

Throughout the Early and M ddl e Pal eozoic, the
expansi ve Pant hal assi ¢ Ocean covered much of the
northern hem sphere. Surrounding this ocean was
a subduction zone, nuch |ike the nodern "ring-
of-fire" that surrounds the Pacific COcean.

Late Pal eozoic, 360 - 245 nya. (Figure 6. Early
Car boni ferous, Figure 7. Late Carboniferous,
Figure 8. Late Perm an). By the end of the

Pal eozoic Era, nost of the oceans that had
opened during the breakup of Pannotia were
consunmed as the continents collided to formthe
superconti nent of Pangea. Centered on the
Equat or, Pangea stretched fromthe South Pole to
the North Pole, and separated the Pal eo-Tet hys
Ocean to the east, fromthe Panthal assic Ccean
to the west. During the Late Carboniferous and
Early Perm an the southern regions of Pangea
(southern South Anerica and southern Africa,
Antarctica, India, southern India, and
Australia) were glaciated. There is evidence of
a north polar ice cap in eastern Siberia during
the Late Perm an. The broad Central Pangean
nount ai n range formed an equatorial highland
that during |late Carboniferous was the | ocus of
coal production in an equatorial rainy belt. By
the m d-Perm an, the Central Pangean nountain
range had noved northward into drier climtes
and the interior of North Anerica and Northern
Eur ope becane desert-like as the continued
uplift of the mountain range bl ocked npi sture-

| aden equatorial w nds.

The term "Pangea" neans, "all |and". Though we
call the supercontinent that formed at the end
of the Pal eozoic Era, "Pangea", this
supercontinent probably did not include all the
| andmasses that existed at that tinme. 1In the
eastern hem sphere, on either side of the Pal eo-

Tet hys Ccean, there were continents that were
separated fromthe supercontinent. These
continents were North and South China, and a

| ong "wi ndshi el d-wi per"-shaped continent known
as Cmreria. Cimeria consisted of parts of
Turkey, Iran, Afghanistan, Tibet, I|ndochina and
Mal aya. It appears to have rifted away fromthe
I ndo- Australian margi n of Gondwana during the
Late Carboniferous - Early Pernian. Together
with the Chinese continents, Ci nmeria noved

nort hwards towards Eurasia, ultimately colliding
al ong the southern nmargin of Siberia during the
late Triassic Period. It was only after the
collision of these Asian fragnments that all the
worl d's | andnasses were joined together in a
superconti nent deserving of the name "Pangea".

Early Mesozoic, 245 - 144 nya. (Figure 9. Early
Triassic, Figure 10. Early Jurassic, Figure 11
Late Jurassic) Pangea was assenbl ed piece-w se.
The continental collisions that lead to the
formati on of the supercontinent began in the
Devoni an and continued through the Late
Triassic. In a simlar fashion, the
supercontinent of Pangea did not rift apart al

at once, but rather was subdivided into smaller
continental blocks in three main episodes. The
first episode of rifting began in the mddle
Jurassic, about 180 nmillion years ago. After an
epi sode of igneous activity along the east coast
of North America and the northwest coast of
Africa, the Central Atlantic Ocean opened as
North Anerica noved to the northwest (See Figure
11). This novenent also gave rise to the Gulf
of Mexico as North Anerica noved away from South
Anerica. At the sanme tine, on the other side of
Africa, extensive volcanic eruptions along the
adj acent margi ns of east Africa, Antarctica, and
Madagascar heral ded the formation of the western
I ndi an Ccean.

During the Mesozoic North America and Eurasia
were joined together in one | andmass, sonetinmes



call ed Laurasia. As the Central Atlantic Ccean
opened, Laurasia rotated cl ockw se, sending
North Anerica northward, and Eurasia sout hward.
Coal s, which were abundant in eastern Asia
during the early Jurassic, were replaced by
deserts and salt deposits during the Late
Jurassic as Asia noved fromthe wet tenperate
belt to the dry subtropics. This clockw se,
see-saw notion of Laurasia also lead to the

cl osure of the wi de V-shaped ocean, Tethys, that
separated Laurasia fromthe fragnenting southern
supercontinent, Gondwana.

Late Mesozoic, 144 - 66 nya. (Figure 12. Late
Cretaceous Period, Figure 13,

Cretaceous/ Tertiary boundary) The second phase
in the breakup of Pangea began in the early
Cretaceous, about 140 mllion years ago.
Gondwana continued to fragnent as South Anerica
separated from Afri ca openi ng the South
Atlantic, and India together with Madagascar
rifted away from Antarctica and the western
mar gi n of Australia opening the Eastern |ndian
Ccean (see Figure 7). The South Atlantic did
not open all at once, but rather progressively
"unzi pped” fromsouth to north. That is why the
South Atlantic is wider to the south.

O her inmportant plate tectonic events occurred
during the Cretaceous Period. These include:
the initiation of rifting between North Anerica
and Europe, the counter-clockw se rotation of

I beria from France, The separation of India from
Madagascar, the derivation of Cuba and

Hi spaniola fromthe Pacific, the uplift of the
Rocky mountains, and the arrival of exotic
terranes (Wangellia, Stikinia) along the
western margin of North Anerica.

G obally, the climate during the Cretaceous
Period, like the Jurassic and Triassic, was nuch
war mer than today. Dinosaurs and palmtrees
were present north of the Arctic Circle and in

Antarctica and southern Australia. Though there
may have been sonme at the poles during the Early
Cretaceous, there were no large ice caps at
anytime during the Mesozoic Era.

These mld climatic conditions were in part due
to the fact shall ow seaways covered the
continents during the Cretaceous. Warm water
fromthe equatorial regions was al so transported
northward, warm ng the polar regions. These
seaways al so tended to nmake | ocal climates

m | der, much |like the nodern Mediterranean Sea,
whi ch has an aneliorating effect on the clinmate
of Eur ope.

Shal | ow seaways covered the continents because
sea |l evel was 100 - 200 neters higher than
today. Higher sea |evel was due, in part, to
the creation of newrifts in the ocean basins
that, as discussed previously in this article,
di spl aced water onto the continents. The
Cretaceous was also a tinme of rapid sea-floor
spreadi ng. Because of their broad profile,
rapi dly spreadi ng m d-ocean ridges displace nore
wat er than do sl ow spreadi ng m d-ocean ridges.
Consequently, during tinmes of rapid sea-floor
spreading, sea level will tend to rise.

Cenozoic Era, 66 - 0 nmya. (Figure 14, Mddle
Eocene, Figure 15. Mddle Mocene) The third,
and final phase in the breakup of Pangea took
pl ace during the early Cenozoic. North America
and Greenland split away from Europe, and
Antarctica rel eased Australia, which like India
50 million years earlier, noved rapidly
northward on a collision course with Southeast
Asia. The nost recent rifting events, al
taking place within the last 20 mllion years
include: the rifting a Arabia away from Africa
openi ng the Red Sea, the creation of the east
African Rift System the opening of the Sea of
Japan as Japan noved eastward into the Pacific,
and the northward notion of California and



northern Mexico, opening of the Gulf of
Cal i forni a.

Though several new oceans have opened during the
Cenozoic, the last 66 mllion years of Earth

hi story are better characterized as a tinme of

i ntense continental collision. The nost
significant of these collisions has been the
collision between India and Eurasia, which began

about 50 mllion years ago. During the Late
Cretaceous, India approached Eurasia at rates of
15 - 20 cmyr - a plate tectonic speed record.

After colliding with margi nal island arcs in the
Late Cretaceous, the northern part of India,
Greater India, began to be subducted beneath
Eurasia raising the Tibetan Pl ateau.

Interesting, Asia, rather than India, has
sust ai ned nost of the deformation associ ated
with this collision. This is because India is a
solid piece of continental |ithosphere riding on
a plate that is primarily made up of stronger
oceanic lithosphere. Asia on the other hand, is
a loosely knit collage of continental fragments.
The collision zones, or sutures, between these
fragnents are still warm and hence, can be
easily reactivated. As India collided with
Asi a, these fragnents were squeezed nort hwards
and eastwards out of the way, along strike-slip
faults that foll owed ol der sutures. Earthquakes
al ong these faults continue to the present-day.

The collision of India with Asia is just one of
a series of continental collisions that has al
but cl osed the ocean great Tethys Ocean. From
east to west these continent-continent
collisions are: Spain with France formng the
Pyrenees nmountains, lItaly with France and
Switzerland form ng the Al ps, G eece and Turkey
with the Bal kan States formi ng the Hell enide and
Di nari de mountains, Arabia with Iran form ng the
Zagros mountains, India with Asia, and finally
the youngest collision, Australia with

I ndonesi a.

Thi s phase of continental collision has raised
hi gh nountai ns by horizontally conpressing the
continental |ithosphere. Though the continents
occupy the sanme volune, their area has decreased
slightly. Consequently, on a global scale, the
area of the ocean basins has increased slightly
during the Cenozoic, at the expense of the
continents. Because the ocean basins are

| arger, they can hold nore water. As a result,
sea |l evel has fallen during the last 66 mllion
years. |In general, sea level is |ower during
times of continental collision (early Devoni an,
Late Carboniferous, Perm an, Triassic).

During tines of |ow sea | evel the continents are
emergent, land faunas flourish, nmigration routes
bet ween continents open up, the clinmte becones
nore seasonal, and probably npst inportantly,
the global climte tends to cool off. This is

| argely because |and tends to reflect the Sun's
energy back to space, while the oceans absorb
the Sun's energy. Also, |andmasses permt the
growt h of permanent ice sheets, which because
they are white reflect even nore energy back to
space. The fornmation of ice on the continents,
of course, lowers sea |l evel even further, which
results in nmore | and, which cools the Earth,
formng nore ice, and so on, and so on. The

| esson here is: once the Earth begins to cool

(or warmup) positive feedback nechani sns push
the Earth's climate systemto greater and
greater cooling (or heating). During the |ast
hal f of the Cenozoic the Earth began to cool

off. 1lce sheets formed first on Antarctica and
then spread to the northern hem sphere. For the
last 5 nmllion years the Earth has been in a
maj or |ce Age. There have been only a few tines
in Earth's history when it has been as cold as
it has been during the last 5 mllion years.

Modern World. (Figure 16. Last d acial Maxi num
Figure 17. Present-day) 18,000 years ago



gl aci ers and great sheets of ice covered all of
Antarctica, and rmuch of North Anmerica, northern
Eur ope, and the nountai nous regions of the
world. These ice sheets nelted approxi mately
10, 000 years ago giving rise to such famliar
geographic features as Hudson's Bay, the G eat
Lakes, the English Channel, and the fiords of
Nor way .

The continental rifting and collisions that
began in the |l ate Cenozoic are continuing today.
Most notable are: the opening of the Red Sea and
@ul f of Aden, the rifting of East Africa, the
opening of the Gulf of California and the
northward translation of California west of the
San Andreas Fault, and the incipient collision
of Australia with Indonesia giving rise to the
nount ai n ranges of New Gui nea.

Future World , 0 - 250 nyf. (Figure 18 100
mllion years in future; Figure 19, 150 mllion
years in future; Figure 20, 250 million years in
future). Though there is no way of know ng what
the future geography of the Earth will be, it is
possi ble to project current plate notions into
the future and make an educated guess. The
three maps presented here show the Earth at 100

million, 150 mllion and 250 million years in
the future. 1In general the Atlantic and Indi an
oceans continue to widen until new subduction

zones recycle the ocean floor in these ocean
basi ns and bring the continents back together in
a new Pangean configuration some 250 million
years in the future.

The reconstruction of the world 50 mllion years
in the future | ooks slightly askew (Figure 18).
On this map, North Anmerica is rotated counter-

cl ockwi se, while Eurasia is rotated cl ockw se
bri ngi ng Engl and cl oser to the North Pol e and

Si beria down to warm subtropical |atitudes.
Africa has collided with Europe and Arabia
closing the Mediterranean Sea and the Red Sea.

Simlarly, Australia has beached itself on the
door step of Southeast Asia and a new subduction
zone encircles Australia and extends westward

across the Central Indian Ccean. It is
interesting to note that plate trajectories
suggest that the East African Rift will not grow

into a wi de ocean.

Though the Atlantic Ccean has w dened,

ext ensi ons of the Puerto Rican Trough and the
Scotia Arc have started a new subduction zone
al ong the eastern edge of the Anericas. In
time, this subduction zone will consune the
North and South Atl antic oceans.

The map of the world at 150 million years in the
future shows the contraction of the Atlantic and
I ndi an Cceans. Antarctica has collided with
Australia, and the Md-Atlantic Ri dge has nearly
been subducted beneath the Eastern Anerican
subduction zone (Figure 19).

In the final reconstruction of future plate
notions (Figure 20), the Indo-Atlantic Ccean is
conpletely closed. North Anerica has collided
back against Africa, but in a nore southerly
position that juxtaposes Mani wth Cape Town.
South America waps around the southern tip of
Africa, with Patagonia in contact with |ndonesia
encl osing a remant of the Indian Ccean.
Antarctica is once again at the South Pole, and
a Pacific has grown wider, encircling half the
Eart h.
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