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ABSTRACT

Plate tectonic reconstructions for the Cretaceous have assumed that the major
continental blocks—Eurasia, Greenland, North America, South America, Africa, India,
Australia, and Antarctica—had separated from one another by the end of the Early
Cretaceous, and that deep ocean passages connected the Pacific, Tethyan, Atlantic, and
Indian Ocean basins. North America, Eurasia, and Africa were crossed by shallow
meridional seaways. This classic view of Cretaceous paleogeography may be incorrect.

The revised view of the Early Cretaceous is one of three large continental blocks—
North America—Eurasia, South America—Antarctica-India-Madagascar-Australia;
and Africa—with large contiguous land areas surrounded by shallow epicontinental
seas. There was a large open Pacific basin, a wide eastern Tethys, and a circum-
African Seaway extending from the western Tethys (“Mediterranean”) region
through the North and South Atlantic into the juvenile Indian Ocean between
Madagascar-India and Africa. During the Early Cretaceous the deep passage from
the Central Atlantic to the Pacific was blocked by blocks of northern Central America
and by the Caribbean plate. There were no deep-water passages to the Arctic. Until
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the Late Cretaceous the Atlantic-Indian Ocean complex was a long, narrow, sinuous
ocean basin extending off the Tethys and around Africa.

Deep passages connecting the western Tethys with the Central Atlantic, the
Central Atlantic with the Pacific, and the South Atlantic with the developing Indian
Ocean appeared in the Late Cretaceous. There were many island land areas sur-
rounded by shallow epicontinental seas at high sea-level stands.

BACKGROUND originally thought to be Turonian (Colbert, 1979) but more
recently determined to be Maastrichtian (Buffetaut, 1987), is
Until recently, plate tectonic reconstructions for the Cretaimilar to those of PatagoniéitanosaurusAntarctosaurusand
ceous have assumed that the major continental blocks—Eurdsaglatasauruccur in both areas. Chatterjee and Hotton (1986)
Greenland, North America, South America, Africa, India, Ausargued that because endemic faunas and floras did not develop in
tralia, and Antarctica—had separated from one another by thdia during the Cretaceous and early Cenozoic, it was never an
end of the Early Cretaceous, and that deep ocean passéggated island. Most paleogeographic reconstructions would
between them connected the Pacific, Tethyan, Atlantic, arejuire the dinosaurs to swim either the Drake Passage and South
Indian Ocean basins (Dietz and Holden, 1970; Smith et al., 19if®lian Ocean or the South Atlantic and then the Indian Ocean to
1981a, b; Briden et al., 1974, 1981; Smith and Briden, 197#@ach India. Although the reconstructions by Barron et al. (1981)
Zonenshain and Gorodnitskiy, 1977; Smith, 1981; Barron et ahowed a strait between South America and Antarctica to be open
1981; Ziegler et al., 1982; Zonenshain et al., 1984, 1985; Barronthe Mesozoic, closed in the early Cenozoic, and then reopened
1987; Scotese et al., 1988; Scotese, 1991). North America, Easthe Drake passage, Barker and Burrell (1977) believe that there
sia, Africa, and Australia were crossed by shallow meridionahs no deep passage between South America and Antarctica until
seaways (Kauffman, 1979, 1984; Vinogradov, 1968; Reymeahout 12 Ma. A shallow-water connection between the South
1980; Wilford, 1983). Figure 1 shows the reconstruction mo&tiantic and South Pacific, perhaps intermittently open, may have
often used for paleoclimate and paleocean circulation modeliegisted across southern South America or the Antarctic Peninsula
that for 100 Ma by Barron (1987). To make this reconstructionthe Late Cretaceous (Thomson, 1981, 1982a, b; Crame, 1982,
directly comparable with the others presented here, we used1t®@?; Kelley, 1992).
ATLAS™ Program Version 3.2 (Cambridge Paleomap Services There is other evidence from land animals and plants for
Limited, P. O. Box 246, Cambridge CB2 3DW, England, Unitecbnnections between the southern continents during the Late Cre-
Kingdom) to apply Barron’s rotations to the digitized 200-m istaceous. Ankylosaurid dinosaur remains in Campanian sediments
baths for the continents supplied with the program, and hawreJames Ross Island, Antarctica, suggest unimpeded terrestrial
sketched on the shorelines shown in Barron (1987). Major feammunication between South America and Antarctica, because
tures of this plate tectonic reconstruction are six continenitais unlikely that ankylosaurs crossed water barriers (Olivero
blocks—North America-Greenland, South America, Africagtal., 1991). A contiguous land connection between South Amer-
Antarctica-Australia, India-Madagascar, and Eurasia—separaia Antarctica, and Australia has also been implied as an expla-
by deep ocean passages. The paleogeographic features includatam for the dispersal of marsupials between these continents
open Norwegian Sea passage from the North Atlantic to the Adaring the Late Cretaceous and early Tertiary (Woodburne and
tic, a northern boundary of the deep Tethys at 35°N in Europ&iasmeister, 1984). Vegetational elements sucN@thofagus
deep-water passage from the Atlantic to the Pacific between Qeouthern hemisphere beech) may have originated in Antarctica
tral and South America, an open passage from the South Padifiing the Late Cretaceous (Dettman, 1989), dispersing by ter-
into the South Atlantic between South America and Antarctigastrial connections to South America, and Australia. Askin
and an isolated India-Madagascar island between Africa and A1$89) noted that extant speciesNuithofagusare incapable of
tralia. Reexamination of the data shows that this view of microssing all but the narrowest water gaps.
Cretaceous paleogeography as isolated, largely flooded Taken together, the observations from land and shallow-
continental islands in a world ocean is incorrect. marine faunas suggest that South America, Antarctica, and India
Impetus for a detailed reexamination of Cretaceous pal@eere often connected by land until near the end of the Cretaceous.
geographic reconstructions came from an attempt to answerBkeause the locations of South America, Africa, India, and Antarc-
objections by vertebrate paleontologists to the scenario of “isldia relative to each other are known from magnetic lineations on
continents” separated by deep ocean basins (Hallam, 1967, 187 sea floor (NUrnberg and Mdiller, 1991; Patriat and Segoufin,
1974, Charig, 1973; Colbert, 1975, 1976, 1979, 1980; ChatterfE#88, 1989; Royer et al., 1988, 1989; Besse and Courtillot, 1988),
and Hotton, 1986). Many of them have noted that reconstructidimsre must be other features that connected the continents.
with island continents are in conflict with the distribution of  Until recently, global plate tectonic models have been con-
Cretaceous dinosaurs that did not swim. In particular, the Latgned only with the major continental blocks and large fragments
Cretaceous dinosaur assemblage of the Lameta Beds of Imnafiyontinental crust; the resulting maps are most appropriately
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Figure 1. Paleogeographic map for 100 Ma, after Barron (1987). The original map is presented in cylindrical equidistamt\M@jestid Barron's rota-
tions and continental outlines supplied with the Atlas™ Program to plot positions of the continental blocks, and sketohelth#sestio the blocks.

termed paleocontinental reconstructions (Dietz and Holden, 19Z@rrecting for stretching of passive margins
Smith et al., 1973, 1981a, b; Briden et al., 1974, 1981; Smith and
Briden, 1977; Zonenshain and Gorodnitskiy, 1977; Smith, 1981; Initial fits of the continental blocks must be made using their
Zonenshain et al., 1984, 1985; Scotese et al., 1988). Some resbapes before stretching of the passive margins occurred. Most
structions have also included shorelines on the major blocks (Bafer reconstructions have adopted the practice introduced by
ron et al., 1981; Ziegler et al., 1982; Barron, 1987; Ronov et &uyllard et al. (1965) of fitting the 2,000-m isobaths. This has
1989; Smith et al., 1994). Most global plate tectonic models haeemed quite reasonable, because in many areas the 2,000-m iso-
neglected the smaller fragments, termed blocks or terranes,Hath is halfway down the continental slope from the shelf break
recent regional analyses, such as those for the Tethys by Derdottfie base of the continental rise. If the gradient of the continen-
et al. (1986, 1992), demonstrate that these smaller tectonic u@itslope and rise represents the collapse of an initially vertical
play a major role in oceanic circulation. Only the reconstructionspténe of separation between the continental blocks, fitting them
Scotese et al. (1987) and Golonka et al. (1994) have begun to thegther along the 2,000-m isobath would restore their original
with this complexity on a global scale. Internal deformation of tieenfiguration. However, it has become apparent that passive mar-
continental blocks, stretching of their margins during rifting, argins are usually stretched during separation, and sedimentation
the drift of terranes have been described in regional models (Hbas often caused the shelf break and continental slope and rise to
ell et al., 1985), but generally neglected in global models. migrate seaward since separation. In some areas, as along the
In order to produce a new paleogeography to serve asehstern margin of the United States, the history has been com-
base for paleoclimate and paleocean circulation models, we hatex. The initially stretched margin had a series of grabens and
made new reconstructions based on new digitization of the cohtrsts; in the Early Cretaceous these were supplanted by a reef
nental blocks and terranes. On the plate tectonic reconstructitimst, expanded the shelf, moving the shelf break seaward; by the
we have superposed shorelines and attempted to reconstrudt die Cretaceous the reef had died, and since then the shelf break
paleotopography. has been migrating shoreward (Folger et al., 1979; Sheridan,
1989). Austin and Uchupi (1982) noted that in many areas the
CONTINENTAL BLOCKS, TERRANES, AND PLATEAUS 2,000-m isobath coincides with the ocean-continent crustal
boundary (OCB). They have proposed that in the absence of
The starting point for any modern paleogeographic recanere detailed information, this isobath can be considered to mark
struction is a plate tectonic model reflecting the state of knowlte OCB. If the OCB lies beneath the 2,000-m isobath, the origi-
edge of the location of continental blocks, terranes, and ocearatcontinental margin must have been landward of it.
plateaus in the past. Le Pichon and Sibuet (1981) noted that the lithosphere of
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passive margins is stretched during the rifting process priorttie length of the Atlantic that are probably aulacogens, and Hay
separation. They described stretching along margins in termg1&81) showed how these later guide major rivers to the sea.
the “B factor” introduced by McKenzie (1978). The valu3ag§ McKenzie (1978) proposed that basin formation involves exten-
the original thickness of the lithosphere divided by the thicknessn, with stretching of the lithosphere. Warm asthenospheric
of the stretched lithosphere, and varies from 1 in unstretchmdterial may well up beneath the stretched lithosphere and cause
lithosphere toco at the continent-ocean crust transition (seritial uplift. Subsequent cooling causes the lithosphere to sub-
Einsele, 1992, p. 332-341, for discussion). For lithosphesiele creating accommodation space for the accumulation of sedi-
stretched to half its original thickness, the valup isf2. Assum- ments. The marginal basin formed by an aulacogen involves
ing that the upper part of the continental lithosphere, the cofithospheric stretching extending into the continent from the
nental crust, is not stretched preferentially relative to thple junction.
underlying lithospheric upper mantle, the relative thicknesses of The fit of South America to Africa requires bending of one
the crust, which can be determined from seismic studies, carob&oth continental margins. Bullard et al. (1965) used an inter-
used to estimate the value®fSavostin et al. (1986) suggestedhediate fit with the 2,000-m isobath, noting both offlaps and
that in the absence of more detailed information, the averagyerlaps. The problem is that when the northeastern Brazilian
value of3 can be considered to be 2, and the average widthnadirgin is fit to the Gulf of Guinea margin of Africa, the Brazilian
stretched crust between two plates to be 200 km. This impliesraargin south of Cabo Branco fits against the margin of Africa to
average width of stretched crust underlying passive continer@abo Frio, but farther to the south there is a widening gap
margin shelves of 100 km. between the southern parts of the continents. Burke and Dewey
Where possible, we used the stretching of the margins indi974) improved the fit by assuming that Africa behaves as two
cated by seismic profiling to determine the original position pfates, with the boundary being the Benoue Trough. This solu-
the edge of the continent (e.g., see papers in Burke and Dré#ke,is not entirely satisfactory because it results in overlap of the
1974; Watkins and Drake, 1982). This frequently turned out to Beazilian margin between Cabo Branco and the Torres Depres-
the present position of the 2,000-m isobath (Wold et al., 1994) séon with Africa and requires an ad hoc motion between the two
this isobath was generally used as marking the original edgeaits of Africa in order to close the gap farther to the south.
the continental block where the stretching factor is otherwise The fit of South America and Africa is greatly improved if
unknown. After examining the shapes of the continental margthe bending of the South American margin resulting from stretch-
having different stretching factors we realized that the stretching along three aulacogens—the Salado, Colorado, and San Jorge
can be estimated from the width of the continental slope, aBasins—is removed (Wold et al., 1994). These marginal basins
made corrections where appropriate. For example, along the emst- well depicted on thd@ectonic Map of South America
ern margin of the United States, the average val@3esohbout 2, (de Almeida et al., 1978). To correct for the bending of the conti-
estimated from the seismic profiles interpreted by Folger et éntal margin, Wold et al. (1994) determined the thickness of the
(1979). The distance from the shelf break (at a depth of aboomtinental crust using the method described by Hay et al.
150 m) to the base of the slope (3-km isobath) is about 100 K&989). The thickness of the continental crust can be estimated
so the slope is about 1/30. On the northern margin of the Bayrom the present-day topography or bathymetry, the gravity
Biscay the value of is about 1.1 (Chenet et al., 1983), and thenomaly, the sediment thickness, and knowledge of the age of
distance from the shelf break to the base of the slope (3 kmgtigtching. To determine the thickness of continental crust in the
about 30 km, so that the slope is about 1/10. The amountSotith American Basins, Wold et al. (1994) assumed an isobaric
stretching varies with the direction of motion of the separatisgrface at 100 km depth, then
plates. Because orthogonal motion typically produces a stretch-
ing factor with an average value of 2 and transcurrent motion pro- T, + T+ T+ T,=100+h, ()
duces a stretching factor approaching 1, it follows that the
stretching factof = sin8 + 1, wheref is the angle between thewhere T, is the depth of seawater, i§ the thickness of the sedi-

margin and the spreading direction. ment, T, is the thickness of the crust,,Ts the thickness of the
upper mantle between the base of the crust and the 100-km iso-
Correcting for bending of passive margins bar, and h is the elevation of the land surface if no seawater is

present. Also,

Along their length, the shape of passive continental margins
has been changed by bending as a result of the stretching associ- Ty X Pyt TeXPst T X pe+ Ty X Py =K, (2)
ated with failed third arms of rifts (aulacogens). Burke and
Dewey (1973) noted that when plume-generated triple junctiomserep,, p,, P, andp,, are the densities of the seawater, sedi-
appear beneath a continent, two of the arms may remain aathent, crust, and mantle respectively. These densities are taken to
forming a new ocean basin while the third arm becomes laep,, = 1,027,p. = 2,750, ang,,, = 3,300 kg m3, and
aulacogen, forming a basin on the continental margin. Burke
(1976) showed that there are a number of marginal basins along Ps=S xpy+ P xp, (©))
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where S is the soliditpg is the grain density of the solid phase ofvas estimated from data on sediment thicknesses, gravity, and
the sediment, and P is the porosity, which is related to solidity lsgthymetry of the North Sea.
There is also no tight fit of the western Greenland margin
S=1-P. (4) against eastern Canada. To improve the fit, we assumed stretch-
ing of Greenland along a line connecting the east and west coast
Using the general relation for solidity to depth of Baldwin anthulean volcanic provinces, the Blosseville Coast south of
Butler (1985), Scoresby Sund, and the region of Disco Island. These areas
appear to be a continuation of the Greenland-Iceland-Shetland
S =1 —[0.49DB.7), (5) Ridge. Although the volcanism in Greenland is Eocene (Ziegler,
1988), we assume that the stretching preceded it in the Creta-
the density for the sediment can be determined. Thekavas ceous as the Labrador Sea opened. For this region there are no
determined to be 31.218 x¢1Ky, by assuming a reference secdata on geology or sediment thicknesses beneath the ice, so the
tion with the following characteristics; the depth of unloadesiretching was deduced from the fit.
200-Ma ocean crust = 6,268 m (using the Parsons and Sclater,In some places there is morphologic evidence for incipient
1977, subsidence equation), the thickness of the ocean crustfting in the form of a trough, for example, between the Baffin
6,500 m, its density to be 2,750 kg3rthe thickness of mantle Block and adjacent North America, and between the Elisabeth
above the 100-km isobaric surface = 87,232 m, and the densitisizinds and the rest of the Canadian Archipelago, as can be seen on
the 200-Ma mantle to be 3,300 kg3n General Bathymetric Chart of the Ocean (GEBCO, 1978-1982)
The thicknesses of the stretched continental crust bene@ltieets 5-04 and 5-17; these features have been previously noticed
the basin and the thickness of the adjacent unstretched coydBurke (1976) and Ziegler (1988). The incipient rifting stretched
define theB factor, which works out to be averages of 1.18, 1.2the continent internally but did not result in separation. When we
and 1.24, for the Salado, Colorado, and San Jorge basins, respade a correction for the Baffin Block, the fit of Greenland to Can-
tively. For each of these South American aulacogens, the stretata improved. Like aulacogens, incipient rifting changes the shape
ing is greatest at the continental margin and diminishes inlanfithe margin along its length, and the correction needs to be made
The greatest sediment thicknesses are at the margin, as arbedfme blocks are fitted together. We corrected for such incipient
widest part of the basins. The Euler pole of rotation, about whidfting where it could be easily recognized.
the stretching occurred, and the angle through which the sides of
the basin rotated were found from the taper of the basins towdedranes
the interior of the continent. When the shape of South America is
corrected by closing these basins and the Torres Trough east ofA very large number of terranes (now probably in excess of
the Parana, the bending of Africa at Benoue Trough is no longg00) have been described, ranging in size from subcontinents to
required, and southern South America wraps so tightly arowiiters having an area of a few tens of kilometers. Many of the
southern Africa that the two continents could not separate withtarranes described in the literature are fragments or composites
these movements taking place first. of other terranes, and there is no systematic standard nomen-
A problem analogous to the fit of South America and Africglature for them, so that there has been a proliferation of names.
exists between Eurasia and Greenland. It is impossible to fit Tee selection of blocks and terranes we use is that of Wilson
margin of western Europe and Scandinavia tightly to the eastér®89; most are also in Wilson et al., 1989a), with the addition of
margin of Greenland. The Scandinavian margin will fit tightlpome oceanic plateaus. The 324 continental blocks, terranes, and
against the eastern margin of Greenland north of Scoresby Sphateaus for North America, South America, Africa, Australia,
but then there is a gap between the southern margin of Gresnutheast Asia, Antarctica, Asia, and the Indian and Pacific
land and western Europe/Rockall-Hatton Bank when Rock@lteans are shown in Figures 2—8. Each block or terrane is indi-
Trough is closed. This problem can be solved by assumingated by a three-letter abbreviation (or four-letter abbreviation in
rotation of southeast Europe relative to the rest of Eurasia altimg case of terranes with parts that are required to move sepa-
an arc extending from the North Sea through Viking Graben amately). The key to abbreviations and list of names of fragments
along the north German basins to Hannover, parallel to the treiséd in the reconstructions are given in Tables 1-11. Fourteen
of the Tornquist Line (see plates with Jurassic and Cretaceblexks or terranes known to have formed during the Cenozoic
maps in Ziegler, 1988). The rotation required to make a tightviere not used in the Cretaceous reconstructions; these are indi-
of both the Scandinavian and western European-Rockall-Hattaed in Tables 1-11 by “X.”
margin to East Greenland is the same as the rotation that opensWe used the maps in ti&eological World AtlagChoubert
Rockall Trough. The motion along this arc was almost, but restd Faure-Muret, 1976) as basis for digitization of the continen-
quite, transcurrent. There was extension in the North Sea, traakblocks and terranes. Conversion of the digitized outlines to
pression and transtension in northeastern Germany, and ctatitude-longitude coordinates requires a reverse transformation
pression in the Harz (Hay and Wold, 1990). In this region, tf@ each projection. The maps in tBeological World Atlasre
direction of motion is defined by the basins and the stretchiog several different projections. The maps of North and South
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Figure 2. Continental blocks, terranes, and oceanic plateaus in the North American Central American and Caribbean regioms used in
plate tectonic model. Key to the abbreviations for the fragments is given in Tables 1-3.

America are on Miller's Bipolar Oblique Conic Conformal Prois indicated by the sinuosity of the lines of latitude and longitude.
jection. The forward and reverse transformations for this projdtie forward transformation for this projection has been pub-
tion have been published by Sprinsky and Snyder (1986). Tisbed by Sprinsky and Snyder (1986). Unfortunately, because of
maps of the polar regions are on Polar Stereographic Projectidss;omplexity, there can be no exact reverse transformation for
these are standard projections for which the reverse transforMaler's Oblated Oblique Stereographic Projection. However, the
tions can be found in a variety of sources, including Snydenctional equivalent of the reverse transformation was devel-
(1982) and Pearson (1990). The maps of Africa, Europe, Asiped by one of us (Wold, in preparation), and used to convert the
and Australia and the adjacent South Pacific are on Milledgitized data. The functional equivalent substitutes for the
Oblated Oblique Stereographic Projection. This projection h&serse transformation by using a series of iterations to calculate
the advantage that the maps of this entire region can be showin@sasingly exact approximations of latitude-longitude coordi-
a single unit without great distortion anywhere, but its complexityates that correspond to points digitized on the map sheets.
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Figure 3. Continental blocks and terranes in the South American recFigure 4. Continental blocks, terranes, and oceanic plateaus in the African
used in the plate tectonic model. Key to the abbreviations for the frand western Indian Ocean region used in the plate tectonic model. Key to
ments is given in Table 4. the abbreviations for the fragments is given in Tables 5 and 6.

Oceanic plateaus and some continental margin areas weeellt, a rift is more likely to propagate through continental crust
digitized from GEBCO (1978-1982) sheets, which are on eithgarallel to and near its contact with ocean crust. Steckler and ten
Mercator or Polar Stereographic projections for which the reveBsnk (1986) cited the failure of the Gulf of Suez rift to break
transformations are well known (Snyder, 1982; Pearson, 193@)yough into the Mediterranean, and the development of the Gulf

Figures 2 and 6, which are all on the same scale, show thatth@gaba—Dead Sea Rift as an example of this process. During
terranes active in the late Mesozoic and Cenozoic form a fringeled earlier Mesozoic this process occurred over and over again
roughly constant width along the western margin of North Ameriabbng the Gondwanan margin. By Cretaceous time most of the
and eastern margin of Asia. All of the terranes in this region atiwers had collided with or were approaching the Asian margin.
elongate parallel to the margin, although they are thought to have
been emplaced by two different processes. The terranes on the Magnetic lineations
gin of western North America are thought to have moved north-
ward along the continental margin from sites of origin to the south Sea floor magnetic lineations are the best clues used in the
(Wilson et al., 1991). In contrast, the terranes of eastern Asia f@eonstruction of the positions of continents and shapes of the
usually thought to have originated in the Pacific and been brougbéan basins in the Cenozoic. They are also very useful in recon-
to their present sites by motions more or less orthogonal to streicting the Mesozoic Atlantic. However, they tend to be of
present margin (Howell et al., 1985; Wilson et al., 1989a). lesser importance in the other oceans for the Mesozoic because of

The term “block” is more commonly used for the terrandle subduction of large tracts of ocean floor. The lineations used
forming the fringe of southern Asia, the Mediterranean regidn, our reconstructions are those from the map of Cande et al.
the Caribbean, and Central America. These blocks are m{889), digitized by Greg Cole of the Los Alamos National Lab-
equidimensional than the terranes of the northern Pacific maratory and included as a data set on the CD-ROM “Global
gins. Many blocks in the Eurasian region have an obvious coRelief Data” (available from the National Oceanic and Atmo-
nental origin along the northern margin of Gondwanaland. Tegheric Administration, NOAA, National Geophysical Data
reason why the margin of the Gondwanan continent shed I&enter, Boulder, Colorado).
slivers that drifted across the Tethys is related to the relative
strength of continental and oceanic lithosphere. Oceanic litl8horelines and paleotopography
sphere, in spite of its young age, is stronger that continental litho-
sphere, which tends to be softened by radiogenic heat generationFor most of the shorelines and paleotopographic features we
in the continental crust (Steckler and ten Brink, 1986). Asuaed the maps of Ronov et al. (1989; see Hay, 1992, for detailed
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Figure 5. Continental blocks, terranes, and oceanic plateaus in the western Eurasian region used in the plate tectonicaribdel. Key
abbreviations for the fragments is given in Tables 7 and 8.

description of the atlas). These maps were compiled from 68&ps of Gahagan et al. (1986). Two of the maps in each set are
references covering the paleogeographic literature for the Mefsn-the Cretaceous, one for the Early Cretaceous, in which most
zoic and Cenozoic from 1970 to 1985. The first series of 11 mapshe information is Aptian-Albian, and one for the Late Creta-

in the atlas is at a scale of 1:48,000,000, and shows lithologiesus, in which most of the information is Campanian. Both high
and paleogeography of the continents and ocean basins in #aitlow sea-level shorelines are indicated on the maps. The maps
present positions on a polyconic projection. These maps arew8&re constructed by plotting data on sediment type from many
by 71-cm foldouts. There are also corresponding maps of literature sources on a fine latitude-longitude grid with present
polar regions at a scale of 1:36,000,000, shown on a polar moAtinental outlines and rivers. For some areas there are maps
jection. There is a third set of maps at a scale of 1:167,000,@8@ show shorelines, but it is rarely indicated whether a high or
that show the lithologic and paleogeographic information ¢ow stand of sea level is represented. For many regions, the posi-
global palinspastic reconstructions based on the plate tectditin of the shoreline must be determined from the nature of the
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Figure 6. Continental blocks, terranes, and oceanic plateaus in the eastern Asian region used in the plate tectonic mtuel. Key to
abbreviations for the fragments is given in Tables 8 and 11.

sediment and descriptions of the fossils, which Ronov and his posed on the 0-age continental block-terrane map to determine
workers have painstakingly done. which segments of shoreline lie on a specific block or terrane,
The Ronov et al. (1989) 1:48,000,000 maps are on a variehd the digitized shoreline was then broken into pieces. The
of polyconic projections developed by the Central Scientifghoreline segments were then assigned to fragments so that they
Institute of Geodesy, Air Survey, and Cartography in Moscowould be rotated independently of one another, and stored in sep-
(TsNIIGAIK), and widely used in Soviet publications. To permiarate files. It might be questioned whether it would not be easier
shorelines and other features on the maps to be digitized and tmmgitize the original data sources rather than transform the
verted to latitude-longitude coordinates, programs for both tbemplex projection used for the Ronov et al. (1989) atlas. The
forward and reverse transformations were devised by Michagbst common problem in transferring geologic information from
Schulz and others of our group in cooperation with AlexandertBe literature to other maps is that authors only rarely identify the
Ronov (Schulz et al., 1995). The digitized shorelines were supaap projection used; two of the critical parameters required for
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Figure 7. Continental blocks, terranes, and oceanic plateaus in the Australasian and western Pacific regions used inthe plate tec
tonic model. Key to the abbreviations for the fragments is given in Tables 6, 8, 9, and 11.

digitization, center of the projection and earth radius, are almbises were transferred from literature sources onto plate tectonic
never given. The other problem in preparing paleogeographase maps (Smith, personal communication, 1995). However,
maps lies in stratigraphic correlation. The better the stratigraptiiey cannot be digitized without undoing all of the rotations of
resolution, the less the amount of data available. To producheblocks used in the reconstructions, a major task.

shoreline for a particular time interval requires careful evaluation

of the data used to establish chronostratigraphy. These time ¢¢ew seaways

suming tasks have already been performed in compiling the atlas.

Another potential source of global shoreline data is the set Some modifications were made to the shorelines of Ronov
of stage by stage maps of Cretaceous shorelines, publisheétsl. (1989). We added an arm of the Western Interior Seaway
Funnell (1990) and Tyson and Funnell (1987, 1988) as wellegending to the head of the Labrador Sea, following a suggestion
the related atlas of Smith et al. (1994). In these cases, the shoy&obban and Merewether (1983), and as indicted by Kauffman
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oceanic lithosphere to aseismic ridges and oceanic plateaus in the
absence of evidence for later tectonism or thermal rejuvenation of
the lithosphere. Parsons and Sclater (1977) had developed a

% oor” R simple thermal subsidence curve for sea floor produced at a mid-
\ Q\SGB . orRO ocean ridge assuming cooling of the lithosphere as a single unit:
S8 /! so g \VL
il H =-2,500 — 35012, (6)

ridge in meters, and 350 is an estimated global empirical subsi-
dence constant also expressed in meters.

To estimate subsidence of Kerguelen Plateau, Coffin (1992a)
used a modification of Equation 1:

EAN

'g ‘l\' w}
g \‘\ \ A where 2,500 is assumed to be the mean depth of the mid-ocean

Dy = D, 12, )

where ) is the elevation at the time of emplacementjdihe
present elevation of the igneous basement corrected for isostatic
response to the sediment load, C is an empirical subsidence con-
stant determined from known age-depth curves, and t is the age
of emplacement. D, and C are in meters and t is in millions
Figure 8. Continental blocks, terranes, and oceanic plateaus in dfigears.
Antarctic region used in the plate tectonic model. Key to the abbrevia- parsons and Sclater’s (1977) original global estimate of the
tions for the fragments is given in Tables 6 and 7. subsidence constant C = 350 m has been revised by Hayes (1988)
to a global value of C =300 m, and a regional value of C =290 m
for the southeast Indian Ocean. Coffin (1992a, b) used the latter
(1985). We also added a continuation, as a seaway in ¥a&ue for his calculations of subsidence of Kerguelen Plateau,
stretched region across Greenland, from Disco Island to Scorestwycluding, for example, that Site 749 had been emplaced
Sund and on to Europe. Stretching in this region is supportedlt§50 m above present sea level.
the track of the Iceland Hotspot from northern Ellesmere through Parsons and McKenzie (1978) recognized that the single
the Nares Strait to the vicinity of Disco Island and then acrosddger model of Parsons and Sclater (1977) overestimated the
Scoresby Sund. The center of the hotspot and the associateddegth of older ocean crust. They proposed a two-layer model, in
canism did not reach this region until the end of the Cretaceatsch both layers thicken with age, but the lower unit eventually
and persisted until the late Eocene (Lawver and Miiller, 199dfarts to convect, bringing heat to the base of the upper layer and
retarding its further thickening. This resulted in another thermal
New lands subsidence curve for the mid-ocean ridge:

Some added shorelines delineate previously unrecognized h =-6,400 + 3,200&628=—6,400 + 3,2006015%t  (8)
land areas, such as the Kerguelen Plateau—Broken Ridge—Ninety-
east Ridge complex. Stein and Stein (1992) proposed a better approximation of
The Atlantis conceptCoffin (1992a, b) recognized thatthe observed data. For the first 20 m.y. of subsidence of ocean
much of Kerguelen Plateau must have had a long subaerial tiisst, they suggested
tory. He backtracked five Ocean Drilling Program (ODP) sites on
the plateau and concluded that their elevations at the time of h =-2,600 — 3652, (9)
emplacement ranged between 490 and 1,850 m above present sea
level. His backtrack curves indicate that the sites were emergamd for older crust
for 10 to 40 m.y. after emplacement. He concluded that “many
large igneous provinces in the marine realm have experienced a h=5,651 + 2,4738-0278t (10)
significant portion of their development subaerially and in shal-
low water. . . . The progressive development . . . in response pri- Figure 9 shows a comparison of these subsidence curves
marily to thermal subsidence is what | coin ‘Atlantis’-typand gives an impression of the uncertainty in subsidence analy-
evolution.” (Coffin, 1992a, p. 949). To backtrack the elevatiorsis. The crossover between the depths of the Parsons and Sclater
depth history of the sites he followed the suggestion of Detrig@977) and Parsons and McKenzie (1978) curves is at 26.3 m.y.,
et al. (1977), that it is valid to apply age-depth relationships faut if the Hayes (1988) equations are substituted, the crossover
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TABLE 1. BLOCKS AND TERRANES IN THE NORTH AMERICAN SECTOR

Abbreviation Name Fixed to Abbreviation Name Fixed to
AAK Arctic Alaska Composite Terranes NXF Nixon Fork Terrane UAT
ALX Alexander Terrane STSs OLM Olympic Mountains X*
ALl Aleutian Island Arc ONK Orphan Knoll

BAF Baffin Island Block PEN Peninsular Terrane STSn
BAH Bahamas Block PWM Prince William Terrane STSs
BAJ Baja California QEI Queen Elizabeth Islands NAM
BER Bering Shelf ROS Rosalind Bank

BLP Blake Plateau RUBnN Northern Ruby Terrane UAT
BLU Blue Mountains RUBs Southern Ruby and Angayucham Terranes AAK
BOW Bowers Ridge SAL Salinian Block

CAC Cache Creek Terrane STSs SAN San Simeon Terrane SAL
CFH Calaveras-Foothills Terrane WNA Sbv Seven Devils Terrane

CHU Chugach Terrane STSn SJIN San Juan Terrane

COR Coastal Oregon SON Sonomia Composite Terrane WNA
CsB Cay Sal Bank NAM STK Stikinia Composite Terrane STSs
CTL Catalina Block BAJ ST™M Stanley Mountain Terrane SAL
CRZ Cortez Block BAJ STSn Superterranes I+ II, Alaskan Peninsular

DIR Diriangen Bank segment

ECQ Eastern Composite Terrane and Quesnellia  WNA STSs Superterranes I+ II, Southern Alaska-

EKL Eastern Klamaths WNA Western Canada WNA
ELS Ellesmere Island Block TRA Tracy Arm-Bridge River Terrane STSs
FGV Franciscan-Great Valley Terrane WNA TUJ Tujunga Terrane SAL
FLC Flemish Cap UAT Undifferentiated Alaskan Terranes

GOL Golconda Allochton WNA UMN Umnak Plateau

GRN Northern Greenland UNK Unknown

GRO Guerrero Block BAJ Viz Vizcaino Terrane

GRS Southern Greenland WKL Western Klamaths WNA
INK Innoko Terrane UAT WNA Western North America

LAN Lesser Antilles WRNn Wrangellia, northern segment STSs
MOJ Mojave Block WNA WRNs Wrangellia, southern segment STSs
NAM Central North America YAK Yakutat Block

NCA Northern Cascades Range X YKT, Yukon-Tanana Terrane, west WNA
NIC Nicolas Terrane YKTg Yukon-Tanana Terrane, east WNA
NSI Northern Sierra Nevada WNA

Note: See Figure 2.
*X = not used in Cretaceous reconstructions.

TABLE 2. BLOCKS AND TERRANES IN THE

CENTRAL AMERICAN SECTOR

Abbreviation Name Fixed to
CHC Choco Block

CHO Chortis Block

CTG Chorotega Block

MAY Maya Block NAM
MCC Meseta Central de Chiapas NAM
MNG Maritime Nicaragua-Guatemala Terrane

oGB Oaxaca-Guerrero Block WNA
YAQ Yaqui Block WNA

Note: See Figure 2.
NAM, Central North America; WNA, Western North America.

does not occur until about 140 to 150 m.y. Hence, the equations
used by Coffin (1992a) are valid even though emplacement of
Kerguelen Plateau took place between 101 and 114 Ma
(Whitechurch et al., 1992). According to Coffin’s calculations,
areas of the plateau where basement lies less than 1,200 m below
sea level would have been land at 70 Ma, but this does not take
into account any subsequent history of thermal rejuvenation or
the higher sea levels of the Cretaceous. Coffin estimated the
elevations of emplacement to have been 500-1,850 m above
present sea level, not taking subaerial erosion into account. The
Stein and Stein (1992) formulae result in slightly lower esti-
mates (50—-60 m) of the original elevations.

The Detrick et al. (1977) suggestion that aseismic ridges and
oceanic plateaus would subside in the same way as a mid-ocean
ridge assumed that after emplacement there is no subsequent addi-
tion of heat. It applies to aseismic ridges like Walvis Ridge and Rio
Grande Rise that formed at the Tristan da Cunha Hotspot that has



TABLE 3. BLOCKS AND TERRANES IN THE
CARIBBEAN SECTOR

Abbreviation Name Fixed to
AVE Aves Swell LNT
BRB Barbados Ridge

BTA Beata Ridge LNT
CLB Colombian Basin LNT
CTN Cayman Trough, north side NAM
CTS Cayman Trough, south side

cuB Cuba

DIR Diriangen Bank

GRT Grenada Trough LNT
HPN Hispaniola, northern part

HPS Hispaniola, southern part

JAM Jamaica

LAN Lesser Antilles Arc

PDB Pedro Bank JAM
PRV Puerto Rico-Virgin Islands Block

ROS Rosalind Bank

VNB Venezuelan Basin LNT

Note: See Figure 2.
NAM, Central North America.

TABLE 6. BLOCKS AND TERRANES IN THE
INDIAN OCEAN SECTOR
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Abbreviation Name Fixed to
AGH Agulhas Plateau NAF
AMI Amirante Bank

BRR Broken Ridge

CHA Chagos Bank IND, X*
CRO Crozet Island EAN, X*
DCR Del Cano Rise EAN, X*
KER Kerguelen Plateau EAN
MAD Madagascar Block

MAU Mauritius

MOz Mozambique Plateau NAF
NAZ Nazareth Bank SEY
NER Ninetyeast Ridge BRR
SEY Seychelles Bank

Note: See Figures 4, 7, and 8.
NAF, Northwest Africa; IND, India; EAN, East Antarctica
*X = not used in Cretaceous reconstructions.

TABLE 4. BLOCKS AND TERRANES IN THE
SOUTH AMERICAN SECTOR

TABLE 7. BLOCKS AND TERRANES IN THE
EUROPEAN SECTOR

Abbreviation Name Fixed to
BCH Biron-Chaucha Block SAM
cbC Cordillera Oriental, Central y de la Costa

CHC Chaco Block

coC Cordillera Occidental CDC
CcOL Colorado Block

CTG Chorotega Block

GLP Galapagos

MEB Maurice Ewing Bank VAL
NSA Northern South America

PAR Parana Block

SAM Central South America

SGB South Georgia Block

SLB Salado Block

STG Santiago Block SAM
THN Tahuin Block SAM
VAL Valdez Block

Note: See Figure 3.

TABLE 5. BLOCKS AND TERRANES IN THE

AFRICAN SECTOR
Abbreviation Name Fixed to
ARB Arabia
ATL Atlas Block NAF
KBY Kabylia
NAF Northwest Africa
SAF Southeastern Africa NAF
SOM Somalia Block

Abbreviation Name Fixed to
ALB Alboran Block

APL Apulian Promontory

BAL Balearic Block

CAL Calabrian Block

CSR Corso-Sardinian Block

EPO Eastern Pontides

ETR Eastern Taurides

EUR Western Europe Block

GAB Galicia Bank

GRN Northern Greenland

GRS Southern Greenland

HAB Hatton Bank

IBE Iberia

JAN Jan Mayen

KIR Kirsehir Block

KPD Kopet Dagh

LOM Lomonosov Ridge

MDT Menderes-Taurus Block

MOE Moesian Platform EUA
RHO Rhodope Block

ROC Rockali Bank

SKR Sakarya Continental Block

SIC Sicily NAF
VRZ Vardar Zone X*
WPO Western Pontides

Note: See Figure 5.
EUA, Eurasia; NAF, Northern Africa
*X = not used in Cretaceous reconstructions.

Note: See Figure 4.
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TABLE 8. BLOCKS AND TERRANES IN THE ASIAN SECTOR

Abbreviation Name Fixed to Abbreviation Name Fixed to
AAK Arctic Alaska Composite Terranes NCB North China Block EUA
ABZ Alborz Block NEM Nemuro Belt-Kuril Arc
AMTn Akiyoshi-Mino-Tamba Composite Terrane NER Ninety east Ridge
(north) NPB North Palawan Block
AMTw Akiyoshi-Mino-Tamba Composite Terrane oBl Obi-Bacan Terrane
(west) OKA Okhotsk Arch
ANY Anadyr Terrane oLo Oloi Terrane
ASJ Andaman-Sumatra-Java Arc X* oLy Olyutorsk Terrane
ASR Academy of Sciences Rise OMG Omgon Terrane KVK
BSA Banggai-Sula Terrane OoMO Omolon Massif EUA
BST Buru-Seram-Tanimbar Terrane PAM Pamir Block (Fixed to Karakorum) EUA
CAF Central Afghanistan PCB Paracel Islands Block EUA
CAT Cathaysia EUA PHL Philippine Terrane
CIR Central Iran Block PMD Panay-Mindoro Block PHL
CKB Central Kamchatka Basin PRB Pribrezhnaya Terrane
coT Cotobato Terrane PHL PRK Prikolymsk Block EUA
CPHn Central Phillipines, northern segment PHL QIN Qinling Belt EUA
CPHs Central Phillipines, southern segment PHL QTG Qiangtang Block EUA
CSK Cherskiy Terrane EUA RBB Reed Bank Block
CSW Central Sulawesi SLW RCSn Ryoke-Chichibu-Sakawa Terrane (north)
CcYC Cyclops Terrane RCSw Ryoke-Chichibu-Sakawa Terrane (west)
ECH East China Sea Shelf EUA RKU Ryukyu Arc
EHM East Halmahera OBl SAB South Armenian Block
EKO Ekonay Terrane X SAY South Anyui Terrane
ERK Eastern Ranges of Kamchatka SBA East Sabah
ESW East Sulawesi SLw SBS East Sarawak-Brunei-West Sabah Block SBA
EUA Central Eurasia SCB South China Block EUA
FAR Farah Block EUA SEM Southeast Maritime China EUA
HDA Hida-Abean Terrane SHM Shimanto Terrane
HID Hidaka-Tokoro Terrane SHR Sirshov Ridge
HIM Himalaya IND SiB Undifferentiated Siberia EUA
HMX Precollision Himalaya, expanded outline SIG Siglan-Visk.-Neyneg Terrane EUA
dotted IND SIR Sirjan Block
IBR Indo-Burman Ranges SKA Sikhote Alin Terrane EUA
ICB Indo-China Block EUA SKO Sino-Korea Block EUA
IND India SLW Sulawesi Block
ISH Ishikari Terrane SND Sanandaj Belt
JAP Japanese Terrane SOL Solomon Islands
JFD Jiangfudong Block EUA SPB South Palawan Block SBA
JMI Jiamusi-Bureya Block EUA SPG Songpan-Ganze Block EUA
KAV Kavir Block SRD Sredinniy Range
KMK Kamuikotan Terrane SRiI Sri Lanka
KNJ Kalimantan-N. Java EUA SSW Central and Southeast Sulawesi SLw
KOH Kohistan Arc SWK West Sarawak EUA
KOY Koryak Terrane X* TAL Talesh EUA
KPD Kopet Dagh EUA X Taixi Terrane EUA
KRO Kronotskiy Terrane TYY Tailuko-Yuli-Yagyama Terrane X*
KVK Kvakhon Terrane VAN Van Block
LAD Ladakh Arc WAZ Waziristan Block
LCA Lesser Caucasus WBB Western Burma Block EUA
LOM Lomonosov Ridge WHM West Halmahera oBl
LSA Lahsa Block EUA WSA Western Southeast Asia EUA
LSM Luzon-Saar-Mindanao Block PHL WSK Western Sakhalin
LUT Lut Block WSW West Sulawesi SLw
MAK Makran Block X* YAM Yamato Rise
MAL Malkinsk Terrane ZAM Zambales Terrane PHL
MBB Macclesfield Bank Block ZBS Zamboanga-Sui Block

Note: See Figures 5, 6, and 7.
*X = not used in Cretaceous reconstructions.
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TABLE 9. BLOCKS AND TERRANES IN THE TABLE 10. BLOCKS AND TERRANES IN THE
AUSTRALIAN AND SOUTHEAST ASIAN SECTORS ANTARCTIC SECTOR

Abbreviation Name Fixed to Abbreviation Name Fixed to

AUS Australia CRO Crozet Bank

BUT Buton-Tukang Terrane DCR Del Cano Rise

CAM Campbell Plateau EAN East Antarctica

CHR Chatham Rise-Torlesse-South Island GLB Graham Land Block PLB

New Zealand Block CAM KER Kerguelen Plateau

CYC Cyclops Terrane PLB Palmer Land Block

ENG East New Guinea CYC SGB South Georgia Island Block

GYM Gympie Terrane AUS SOl South Orkney Island Block

HJB Hunstein-Jimi-Bismark Terrane Ssi South Shetland Islands

LHR Lord Howe Rise WAB West Antarctic Block EAN

MURa Murihiku Terrane, northern segment

MURb Murihiku Terrane, central segment Note: See Figure 8.

MURc Murihiku Terrane, southern segment

NAT Naturaliste Plateau AUS

NER New Britain Arc TABLE 11. PLATEAUS AND ISLAND CHAINS

NNC North New Caledonia LHR IN THE PACIFIC

NFR Norfolk Ridge CAM

Oows Owen-Stanley Range Abbreviation Name Fixed to

PHL Philippine Terranes

QLD Queensland Plateau EMP Hawaiian-Emperor Seamounts PAC

SOL Solomon Istands EPK Eauripik Rise PAC

STP South Tasman Plateau HES Hess Rise PAC

SUM Sumba TiM oTJ Ontong-Java Plateau PAC

TAS Tasmania SHT Shatsky Rise PAC

TIM Timor

TKR Three Kings Ridge LHR

TOR, Torlesse-North IslandNew Zealand Note: See Figures 6 and 7.

Block, north CAM PAC, Pacific Plate.
TOR, Torlesse-North IslandNew Zealand
Block, south

wDL Woodlark island Block

WFL Western Foreland Block CAM . . .

WU West Irian Jaya Block Subsidence can also be the result of stretching. If stretching
occurs rapidly, the subsidence resulting from it might outpace

Note: See Figure 7. that resulting from contraction due to heat loss. However, stretch-

ing implies that deeper mantle material must upwell into the
remained on the crest of the Mid-Atlantic Ridge while they movepace created to maintain isostatic equilibrium. Depending on the
away from it. It applies roughly to the Hawaiian-Emperdahermal contrast between the cooler stretched lithosphere and the
Seamount Chain that formed at the Hawaii intraplate hot spotnasmer upwelling asthenospheric material, the subsidence due to
the Pacific plate moved over it, provided the age of the surrounditigetching can be much reduced or reversed.

ocean crust at the time of emplacement is taken into account. It Since its emplacement 114-101 Ma (Whitechurch et al.,
does not apply if the plateau remains over or near a hot spot #1&2), Kerguelen Plateau has experienced both thermal rejuve-
continues to be active for a long period of time (e.g., Icelandpation and stretching. Thermal rejuvenation of the northern part
Crough (1979) noted that there are large areas of ocean floor whérne plateau has occurred during the time of formation of
the depths do not conform to simple subsidence, and observedBhnakken Ridge about 88 Ma (Duncan, 1991), during the separa-
hotspots are a major source of bathymetric anomalies. Hotspiais of Broken Ridge from Kerguelen Plateau about 43 Ma
may create a thermal welt 1,000 km or more in diameter that ¢stunschy et al., 1992), and since 39 Ma (Giret and Lameyre,
reverse the expected subsidence of ocean crust. The subsidencE388). Stretching has occurred in the Ragatt Basin of the south-
tory of many of the atolls and guyots drilled on ODP Leg 143 didn part of the plateau at 88 Ma in the east and at 66 Ma in the
not follow the expected mid-ocean ridge analog (Sager et alest (Fritsch et al., 1992). Stretching of large areas of the
1993). Similarly, the sedimentary record of the Iceland-Scotlapthteau may have occurred during separation of Kerguelen
Ridge supports a complex history of initial formation in the midRlateau—Labuan Basin from the Broken Ridge—Diamantina
Cretaceous with thermal rejuvenation in the Paleocene (Wold etZine by sea-floor spreading at 45-42 Ma (Fritsch et al., 1992).
1993). Subsidence depending on thermal heat loss cannot proCaedrly, with all of these complications to its history, Kerguelen
faster than the curves in Figure 9 indicate, but it may be slowePtateau cannot have subsided as rapidly as Coffin suggested, and
reversed if there is additional or subsequent heat supply. must have been a large land area even longer than he proposed in
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Figure 9. Subsidence of ocean crust and oceanic plateaus with no reheating after formation. The curves are from theuliterstindicated.
t = age of emplacement in millions of years ago. The Parsons and Sclater (1977), Parsons and McKenzie (1978), and Hayess(1988)lsiv
dence of ocean crust assume the original depth of emplacement at the mid-ocean ridge crest to have been 2,500 m.r5{@892hdStaened the
original depth of emplacement at the mid-ocean ridge crest to have been 2,600 m. The two equations of Stein and Steint ar@@dliad scale
at the right side of the diagram can be used to estimate the depth or elevation of emplacement of oceanic plateaus, tiotlowirg. D¢1977)
assumption that it is parallel to normal ocean crust subsidence. The dotted curve is the Stein and Stein (1992) cumdgsaarhdty the original
depth of emplacement at the mid-ocean ridge crest to have been 2,500 m rather than 2,600 m) to make it directly comtra attlevsith

spite of the higher sea levels of the Late Cretaceous. The stRititeau from Prydz Bay, and how they would have reached India
graphic evidence from ODP drilling does not help determifiem Kerguelen Plateau. With present water depths of 3,600 m
how long large areas of the plateau were above sea levelaAd sediment thickness of 1.5 km (Heezen and Tharp, 1980), the
ODP Site 750, on the margin of the plateau in a present watepth of emplacement would have been about 1,500 m.
depth of 2,030 m, there is an hiatus between nonmarine Albian As mentioned above, large land animals find water a major
coal-bearing beds and upper Turonian chalk and marl. It is diffiarrier. The biogeographic boundary in Indonesia, “Wallace’s
cult to estimate the depth of deposition of Late CretacedLiise,” between Bali and Lombok and extending northward as the
chalks at high latitudes; their occurrence implies only that tMacassar Strait between Borneo and Celebes, has been recog-
sea floor was below the photic zone. At ODP Site 747, where thized as a major boundary between the faunas of southeast Asia
present water depth is 1,695 m, there is a hiatus between 106akid Australia. Other parts of the Indonesian archipelago were
basaltic basement and lower Santonian chalk and chert. At GidRnected to the southeast Asian mainland by land during the low
Site 749, on the southern part of the plateau in water 1,06%@a level stands of the late Quaternary, but there was water
deep, there is a hiatus between 110-Ma basaltic basementkatdeen Bali and Lombok. Similarly, the end of separation of the
early Eocene chalk and chert. North and South American mammals during most of the Ceno-
Even if Kerguelen were emergent for much of the Late Cranic has been linked to the closure of the Isthmus of Panama
taceous, the question remains how it would have been possiblarshall, 1985).
for large land tetrapods to reach Kerguelen Plateau from Antarc- The history of the Indian Ocean prior to 84 Ma (Anomaly
tica across the deeper ocean floor that separated Kergu8énis poorly constrained. Most of the earlier development took
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place during the Cetaceous magnetic quiet zone (84—118 Majvements; its subsidence history is obscure. Neither is it clear
According to Cande et al. (1989), the only magnetic anomaliesdfy some segments should be so shallow while others are deep.
the M series (118-165 Ma) that can guide plate tectonic rec@uould it at some time have been emergent, acting as a gangplank
struction in the Antarctic sector are along the Astrid Fracturem Africa to Madagascar?

Zone north of Queen Maud Land (M0-M9, 118-129 Ma). These Fracture zones are known to have unusual subsidence histo-
lie in the zone of separation between Antarctica and Africa. Nei@s. The Romanche Fracture Zone in the Central Atlantic is
Africa, M anomalies have been recognized off southeasteapped by several carbonate platforms that are currently at depths
South Africa (M0O-M12, 118-135 Ma), in the Mozambiquef about 1 km. Dredged rocks suggest that these carbonate caps
Channel (M2-M22, 123-152 Ma), and in the Somali Basfarmed when the fracture zone was emergent or close to the sur-
(M0-M22, 118-152 Ma). Parts of the M series have also bdane sometime during the Neogene (Bonatti et al., 1977, 1994).
recognized off northwestern Australia (M0—M25, 118-155 MaJhe vertical tectonics are thought to be a function of transpres-
An anomaly has been noted along much of the Antarctic margion and transtension. Deformation of the sea floor as a result of
(shown in Lawver et al., 1992), but is probably related to thr@raplate stress is thought to be large enough to affect sea-level
ocean-continent crustal boundary. There are no anomalies inktb#h regionally and globally (Cloetingh, 1986). It has also
Enderby Basin, between Kerguelen Plateau and Enderby Lévetome apparent that intraplate stresses affect the interior of the

One possibility for connection to Antarctica is that Kerguelerontinents and are reflected in rifted basins (Janssen et al, 1995).
Plateau was originally adjacent to Antarctica and the separation In contrast to the Atlantic, the Indian Ocean has experienced
occurred during the Cretaceous Magnetic Quiet Intensdveral major episodes of plate reorganization, with new spread-
(120.4-83.5 Ma), possibly along a transform as the Endeiibyg ridges cutting across older ocean floor (Sclater et al., 1977).
Basin opened. Another possibility is that Kerguelen Plateau ori§his has resulted in intraplate stress that is recognized in the
nally formed in the space between Antarctica and India as #eegies of undulations of the ocean floor west of Ninetyeast Ridge
latter separated, and originally had an east-west orientatior{Cloetingh and Wortel, 1985). Transient intraplate stress might
could then have rotated to its present northwest-southeast ori@rve caused the Davie Fracture Zone to become emergent at
tation as the Enderby Basin opened during the Cretaceous Magre time in the past, and might be responsible for the great dif-
netic Quiet Interval. ferences in bathymetry along its length.

The connection from Kerguelen Plateau to India via Sri  There are a number of plateaus in the Pacific Basin that were
Lanka existed as late as 80 Ma. There may have also been apaoiohbly at least partly emergent at the time of their emplacement:
route along Ninetyeast Ridge, although Coffin's (1992b) esg8hatsky Rise, Hess Rise, Magellan Rise, Manihiki Plateau,
mates of its elevation at the time of emplacement are in the oi@atong Java Plateau, and Euaripik Rise. In addition to these, there
of 300 m. Subsiding at the rate of a mid-ocean ridge, the islaads a number of terranes in eastern Asia, the Bering Sea, and on
would have been above sea level for only about a million yedre Alaskan margin that were probably either plateaus or island

There exists a possibility that India remained connectedaies in the Pacific during the Cretaceous: the Philippine Arc,
Madagascar for some time after separation via the Mascarksiékari Terrane, Hidaka-Tokoro Terrane, the Siglan-Viskichun-
Plateau (Storey et al., 1992). The age of the oceanic pariNefyneg Terrane, Okhotsk Arch, Academy of Sciences Rise, the
Mascarene Plateau is usually cited as 64—-33 Ma (Duncan htednuro Belt, Kvakhon Terrane, Prikolymsk Block, Omgon Ter-
Hargraves, 1990; Meyerhoff and Kamen-Kaye, 1981), but thesme, the Sredinniy Range, the Eastern Ranges of Kamchatka,
dates reflect volcanism at the time of separation from India avidlkinsk Terrane, Olyutorsk Terrane, Kronotskiy Terrane, Koryak
later. These younger strata would have covered volcanic depoRgtsane, Ekonay Terrane, Shirshov Ridge, Bowers Ridge, Umnak
formed at the time of separation from Madagascar. Cofftlateau, Prince William Terrane, and the Yakutat Block. However,
(1992b) estimated the elevation of emplacement of Mascarenéke the features in the Indian Ocean, they were isolated from
Plateau to be in the order of 600 m above present sea level. éaish other and from other emergent areas and probably had only a
thought to be a product of the Reunion hotspot (Morgan, 19&iinor effect on surface ocean circulation.
and may have an anomalous subsidence history. It could have
formed a land bridge between Indian-Seychelles and MadadgasBMARINE RIDGES AND PLATEAUS
car as late as 75 Ma.

Could there have been a land connection from Madagascar In addition to the oceanic plateaus that were emergent after
to Africa? Today, Madagascar is separated from Africa by ttheeir emplacement, there are a larger number of areas of extensive
Mozambique Channel. The Davie Fracture Zone runs obliquéiiyod basalt volcanism that formed shallower areas of ocean floor
through the Mozambique Channel from southwestern Madagaken they were emplaced (Larson, 1991a, b; Coffin and Eldhom,
car to northern Mozambique. Davie Ridge, less than 200 m dekj93a, b). These include the East Mariana Basin flood basalts, the
is one of several elevated segments of the fracture zone. Interidauru Basin flood basalts, the Pigafetta Basin flood basalts, and
ing segments are deep (>2,900 m) and buried beneath thick dbdi-Caribbean flood basalts. If, since emplacement, they have
mentary fill. The Mozambique Strait is not a site of sea-floondergone normal subsidence, their present depths indicate that
spreading, but a region that has been characterized by transfiiey were about 2,000 m deep at the time of their origin. These
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extensive areas, shallower than most of the mid-ocean ridge ciestly Cretaceous with a “windshield wiper” motion of the Arctic
would have had a major influence on deep ocean circulatidiaska—Chukotka Block (Rowley and Lottes, 1988, 1989;
These features are not shown on the maps presented here. Lawver and Scotese, 1990; Lawver et al., 1990). However, this
block alone does not fill the space between North America and
Continental topography northern Asia, leaving room for an older ocean basin in the west-
ern Arctic. We included the terranes of central Alaska (“Undiffer-
The continental topography for the Campanian (80 Ma) wastiated Alaskan Terranes”) and the Bering Sea Shelf in this
reconstructed from the Late Cretaceous map of Ronov et al. (198®8tion; adding these blocks fills most of the space between
by assigning elevations to boundaries defining their “orogemiorth America and northern Asia, but leaves the possibility of a
areas” (1,000-3,000 m), their “intermontane basins” (500-1,08@aller Arctic Basin connected with the Pacific in the Jurassic
m), their “areas of continental erosion” (200-500 m), and thaind early Early Cretaceous. The collision of the Arctic blocks
“areas of continental deposition” (0—200 m). The boundaries werith the Superterranes off western North America is shown as
digitized and converted to the corresponding contour elevatiorausing the oroclinal bending that produced the Alaskan Penin-
The digitized contours were then superposed on the global tectsnia. The times for these motions are not well constrained, and
model and broken into segments, using the same procedure aarforguesses based on meager evidence and geometrical con-
shorelines. After being rotated to their Cretaceous positions, $fi@ints. We assume that the rotation opening the Canadian Basin
contours were reconnected to produce the paleotopographic staged at 134 Ma, the collision with the Superterranes began at
shown in Figure 10. The Cretaceous contours were then gridii2d Ma, and that the rotation ceased at 90 Ma. The Bering Sea
onto a 1° by 1° grid using the continuous splines in tension al@eck continued on, reaching its present position at 50 Ma.
rithm of Smith and Wessel (1990). The 1° by 1° grid was then aver- The formation of the Aleutian Arc, trapping a piece of the
aged to 2° by 2° to be used as a boundary condition for a GENBSI plate with Shrishov Ridge, Bowers Ridge, and Umnak
climate simulation (DeConto et al., this volume, Chapter 21). Plateau, is assumed to be synchronous with the initiation of open-
ing of the Norwegian-Greenland Sea at about 58 Ma. The reorga-
DISCUSSION nization of plate motions that caused spreading to jump from the
Labrador Sea to the Norwegian-Greenland Sea was a response to
Global reconstructions at 20-m.y. intervals from 140-80 M@mpression of the Pacific Arctic as a result of convergence
are shown in Figures 11-14. The rotations are discussed inkté®veen North America and Asia. The Labrador Sea had been
Appendix. The relative positions of the major continental blockpening like a fan, and the Norwegian-Greenland Sea opened as
are determined by sea-floor magnetic lineations. Most previaugransform motion, with the sides remaining parallel. This reor-
reconstructions for the Early and early Late Cretaceous showgsxization resulted in splitting the Lomonosov Ridge off from the
continental blocks—North America—Greenland, South Americgastern Eurasian margin, in development of the Eurasian
Africa, Antarctica-Australia, India-Madagascar, and EurasiatAmundsen-Nansen) Basin, and significant enlargement of the
separated by deep ocean passages. Our model has only #eé Basin.
continental blocks—North America—Greenland-Eurasia, South Removing the effects of stretching between the Baffin Block
America—Antarctica-Australia-(Kerguelen)-India-Seychelles-Madand North America makes a tighter fit of northern Greenland to
gascar, and Africa— throughout most of the Cretaceous. As disrth America, but when this fit is tight a space remains between
cussed above, the Kerguelen Plateau is mostly an oceaoicthern Greenland and North America. We divided Greenland
plateau but connected India-Madagascar to Antarctica until lat® a northern and southern part to achieve a tighter fit of south-
in the Late Cretaceous. The effect of this configuration is theah Greenland against North America and to ensure that magnetic
the North, Central, and South Atlantic, and the developitigeations younger than the Cretaceous Quiet Interval match
Indian Ocean form an isolated deep marginal sea off the Tetlpreperly. We assume that the stretching occurred between 116.5
connected to the Pacific across the relatively shallow Caribbead 83.5 Ma along a line connecting the sites of the younger large
plate until the Late Cretaceous. The areas in which our rec®hulean volcanic provinces (70—-40 Ma; Ziegler, 1988). The
structions differ most significantly from others are the Arctic, thEhulean volcanics are exposed on both the west and east coasts of
North Atlantic, the Caribbean, the South Atlantic, the India@reenland and formed as the Iceland hot spot moved beneath the

Ocean, and the Antarctic. continent (Lawver and Miuller, 1994). Because Eurasia is
attached to northern Greenland, the stretching we incorporated
Arctic into the model has effects throughout the Arctic. It enlarges the

Arctic Basin slightly, allowing the rotation of Arctic
Because of its potential as a site of deep water formation, &laska—Chukotka, Central Alaska, and the Bering Shelf to pro-
size of the Arctic Ocean basin and the depth of connectiaeed without overlap of these blocks on Eurasia. Motions for
between it and other ocean basins are critical to understandiogthern Greenland are defined by magnetic lineations in the
paleoceanography. Labrador Sea; the rotations we used are after several literature
The Canadian Basin of the Arctic Ocean opened during gaurces, following Wold (1995).
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Figure 11. Global plate tectonic reconstruction for 140 Ma.



20

120 Ma

.
8

.
S S
iy \QT\\Q\X\“\\\\\ ~

!

Figure 13. Global plate tectonic reconstruction for 100 Ma.
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Figure 15. High sea-level stand shorelines, mostly from the data of Ronov et al. (1989), for the Early Cretaceous supemppkatd tattbnic
reconstruction for 120 Ma. Shaded areas are land. Lakes are in black.
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100 Ma

Figure 16. High sea-level stand shorelines, mostly from the data of Ronov et al. (1989) for the Early Cretaceous supempiad tecthnic
reconstruction for 100 Ma. Shaded areas are land. Lakes are in black.

Figure 17. High sea-level stand shorelines, mostly from the data of Ronov et al. (1989), superposed on the plate tectamiboeé@n80 Ma.
Shaded areas are land. Lakes are in black.
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The Norwegian-Greenland Sea has been shown as partly dpemagnetic lineations. We followed the rotations of Roest and
since the late Paleozoic on several maps (e.g., Barron et al., 198i¥astava (1989) to Anomaly 31, but devised new rotations for
Ziegler, 1988). This was because the nature and age of Vgtimg older history. We assume that the Labrador Sea was closed
Plateau was not known, and overlap of such a large feature wightly at 116.5 Ma and that it opened as a rift propagated from
Greenland was unacceptable. Vgring Plateau is now known tesbaeth to north. The opening of the Labrador Sea may have
Eocene (Thiede, 1980), and it is recognized that there are lastppped because the propagating rift encountered the stronger
areas of early Cenozoic volcanics on the East Greenland and vigisbsphere of the Canadian Basin, analogous to the Red Sea rift
ern European margins (Coffin and Eldholm, 1993a, b). Srivastatapping before reaching the Mediterranean (Steckler and ten
and Tapscott (1986) showed a closed Norwegian-Greenland S&xiak, 1986). The fan-shaped opening of the Labrador Sea had
Anomaly 25 time (55.90 Ma), and this has been followed by swdnother significant effect in forcing compression on the far side
sequent reconstructions (Rowley and Lottes, 1988, 1989; Lawwéthe Arctic.
and Scotese, 1990; Lawver et al., 1990). We used the rotations of Early in the Cenozoic, the opening of the Labrador Sea
Wold (1995) for the opening of the Norwegian- Greenland Sglawed and sea-floor spreading changed to produce a transform
from 57.55 Ma (Anomaly 26), and assume that stretching of timetion between North America—Greenland and Eurasia, opening
margin occurred between then and about 80 Ma. both the Norwegian-Greenland Sea and the Eurasian Basin of the

Our reconstruction results in a deep Canadian Basin be#rgtic. In our model, stretching of the Norwegian and Greenland
formed during the Cretaceous, but there are no deep passagggins occurred from about 80 to 58 Ma. The separation of
leading from it to the North Atlantic. Geometric consideratiorGreenland from Scandinavia did not occur until the late Paleo-
indicate that if narrow deep passages existed between the Ceeae. Because of the Greenland-Iceland-Scotland Ridge (Bott,
dian Basin and the Pacific they were open only briefly. 1985; Wold et al., 1993), there has never been a deep-water con-

nection between the North Atlantic and the Arctic.
North Atlantic
Caribbean

The North Atlantic, the region between the Greenland-Ice-
land-Scotland Ridge in the north and the Oceanographer FractureThere have been many models of the evolution of the
Zone, has had a particularly complex history. Iberia cannot Garibbean. Pindell and Barrett (1990) reviewed 12 that had been
closed tightly to the Grand Banks with Flemish Cap and Galigaggested by earlier investigators and proposed a new one, which
Bank in their present positions. Anomaly MO (120.40 Ma) is theas subsequently slightly modified by Pindell (1993). The older
only guide to an Early Cretaceous location of Iberia relative reconstructions reflected belief that the Caribbean plate had been
the Grand Banks. No older anomalies have been identified tamnerated in situ, whereas most later reconstructions assumed it
would help constrain the fit of Iberia to the Grand Banks. On thad been formed as an oceanic platform in the Pacific. All of the
European margin, Porcupine Bight is a notch the size and shpeific entry models implied plastic deformation of the Carib-
of Flemish Cap (GEBCO sheet 5-04). Porcupine Bight is usudiigan plate proper (Venezuelan Basin, Beata Ridge, Colombian
considered to be an aulacogenlike feature formed by spreadiagin) as well as the smaller peripheral entities (Greater and
(Roberts et al., 1981b), but its dimensions and depth are not likesser Antilles, Chortis, Panama—Costa Rica, etc.), as shown in
other aulacogens. We included some arbitrary rotations that mthe figures of Pindell and Barrett (1990) and Pindell (1993).
Flemish Cap and Orphan Knoll into Porcupine Bight and fill iS5ome of the reconstructions suggesting entry of the Caribbean
the small space between Rockall Trough and the Grand Baplkde from the Pacific showed the Greater Antilles on what is now
with Galicia Bank (Fig. 11). These allow the Iberian and Gratite eastern edge of the plate, but did not explain how they came
Banks margins to be fitted tightly together at 130 Ma. Except tor be along the northern side today. Other reconstructions have
Anomaly 34 (83.5 Ma, shown in Fig. 14), magnetic lineatiorshown the Caribbean plate entering sideways, with the present
only allow the motions of Iberia to be determined relative twrthern margin being the leading edge, with the Lesser Antilles
North America, not to Europe. As Srivastava and Tapscott (198&)ngside the Greater Antilles, but did not explain the translation
discussed, reconstructions of magnetic lineation patterns requirthe Lesser Antilles to their present position on the eastern edge
an additional plate, which they named the “Porcupine platef the plate. The Pindell and Barrett (1990) reconstruction
between Iberia and the European margin. required Chortis to “back out” from its position in Central Amer-

The next motion in the North Atlantic region was the formaea into the Pacific to allow the Caribbean plate to enter, and then
tion of Rockall Trough, discussed above and shown in Figuresté2eturn to its present position, like a swinging door.
and 13. We assume that this motion occurred during the Early Montgomery et al. (1994) cited the presence of Early Juras-
Cretaceous, synchronous with stretching in the North Sea aitd(195 Ma) radiolaria on Hispaniola as proof of a Pacific origin
formation of basins in northern Germany. of the Caribbean plate. These fossils were deposited in deep

The next opening was the Labrador Sea, which started duaters before the separation of North America and Africa, and
ing the Cretaceous Magnetic Quiet Interval and ended by Andmefore there was any Proto-Caribbean Seaway between North
aly 13 (33.06 Ma); only its younger history is well constrainezhd South America.
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Hay and Wold (1996) found that the earliest time of passaiygantic receives the flow of two of the world’s largest rivers, the
through the gap between North and Central America and Sofithazon and Zaire (Congo). However, before the Miocene the
America is tightly constrained to be about 100 Ma, and showrfliow of these rivers was to the Pacific and Indian Oceans, respec-
Figure 13. They also noted that if the Caribbean plate is orientiggdly (Emery and Uchupi, 1984). This suggests that during
to fit through the gap when it first becomes wide enough for pasdch of its history the South Atlantic may have had higher than
sage, its eastern margin lies offshore South America and hasatherage salinities. This is especially likely to have been true dur-
same shape as the northern South American margin. They fomgdhe Cretaceous when the South Atlantic was much narrower
very tight fits between the present southern margin of ttiean it is today.

Caribbean plate and the Mesozoic rocks of the Cordillera Occi-

dental that formed the western margin of northern South Amerindian Ocean

in the Early Cretaceous, as shown in Figure 11. This suggested

that at least the south side of the Venezuelan and Colombian The Indian Ocean region has had a complex history. Its late
Basins might be thinned continental material, as had been $Tsnozoic development can be understood from magnetic lin-
pected from a seismic section in Aruba Gap showing dippiagtions but many models have been proposed for its earlier evo-
reflectors interpreted as sediments beneath horizontal badatisn (McKenzie and Sclater, 1971; Sclater et al,, 1977; Norton
(Hopkins, 1973), and from subsequent seismic investigaticansd Sclater, 1979; Besse and Couirtillot, 1988; Powell et al., 1988,
revealing an extensive area with layered rocks beneath the ba38B9; Royer et al., 1992). The few magnetic lineations in the
(Stoffa et al., 1981). Indian Ocean older than Anomaly 34 do little to constrain move-

The “Caribbean Plate” consisting of the Grenada Troughgnts during the Cretaceous.

Aves Swell, Venezuelan Basin, Beata Ridge, and Colombian In most reconstructions, Madagascar is assumed to have
Basin, is one of the largest anomalously shallow submarimeved almost due south from its home on the Somali margin to
regions. Hay and Wold (1996) suggest that its advance into itsgresent position, carrying India, Antarctica, and Australia with
Atlantic was stopped by collision with South Florida and the(Barron, 1987; Lawver et al., 1992). The north-south motion is
Bahama Platforms at the end of the Cretaceous. This causedsed on an interpretation of magnetic lineations and fracture
major reorganization of Atlantic plate motions, evident in thmones in the Somali Basin by Cochran (1988). There are five
change of strike of North Atlantic fracture zones from southeastrth-south ship tracks on which the magnetics of the Somali
northwest to nearly east-west, as shown on the map of CaBdsin were recorded. Cochran’s interpretation assumed that the

et al. (1989). magnetic lineations run east-west and are offset by fracture zones
between each of the ship tracks parallel to the Davie Fracture
South Atlantic Ocean Zone where it is well observed in the Mozambique Channel. The

alternative explanation is that the lineations are oriented north-

Most reconstructions have shown the South Atlantic to havast-southwest. We believe that the separation of Madagascar
opened like a fan, widest in the south and narrowing to the ndrthm Africa is linked to the opening of basins along the margin of
(Barron et al., 1981; Barron, 1987; Scotese et al., 1988, 1988uth America. We noticed that the poles for stretching in these
Scotese, 1991), although it must be noted that the effectidacogens are close to published poles for the motion of Mada-
enhanced on Mercator and Cylindrical Equidistant projectiomgmscar. In the rotation file, we attached Madagascar, India,
The fanlike opening results, in part, from not accounting for tietarctica, and Australia to the San Jorge Block of South Amer-
bending of the South American margin by the stretching the& from 160 to 132.07 Ma. As the San Jorge, Colorado, Salada,
formed the aulacogens of the southern Atlantic margin. It alsoed Parana Basins of South America open, that continent
results from making a smooth rotation from the separation of th@wraps” from Africa; the Falkland Plateau carries Madagascar
Brazilian margin south of Cabo Branco to Anomaly 34. With ogtockwise in an arc from Somalia to its present position, as
continental outlines this results in an overlap of South Amerishown in Figures 11 and 12. We move Madagascar with the San
and Africa during part of the Cretaceous Magnetic Quiet Intélerge Block of South America from its fit to its present position.
val. We assume that the initial motion of opening the equatofTdlis motion is an arc, not the southward motion shown by
and southern tropical parts of the South Atlantic was accoRabinowitz et al. (1983) and Coffin and Rabinowitz (1987). The
plished by a transform motion along the northeast Brazilian maretion would correspond to magnetic lineations having a north-
gin of South America and the conjugate Guinea margin of Afriegast-southwest orientation in the northern part of the Somali
This results in a parallel-sided South Atlantic during most of tBasin, acquiring a more east-west orientation north of modern
Cretaceous Magnetic Quiet Interval, as shown in Figure 12.Nfadagascar. However, the existing lineations are not violated by
our model, the early South Atlantic was similar to the modeonr proposed motion of Madagascatr.
Red Sea, but three times as long. The motion of India relative to East Antarctica is known only

At present, most of the South Atlantic lies in regions difack to Anomaly 34; earlier positions must be inferred from the
excess evaporation over precipitation. The loss of fresh wateage of Kerguelen Plateau. After moving with the San Jorge Block
evaporation is partially offset by runoff from land. The Soutimtil about 132 Ma, India began to rotate away from Antarctica
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and to move relative to Madagascar (Fig. 12). The separatioiPAf EOGEOGRAPHY
India from Madagascar is usually assumed to be pull apart, either
a fan-shaped opening widest in the north (Barron, 1987), or Major paleogeographic features of most earlier reconstruc-
orthogonal (Scotese et al., 1988, 1989; Lawver et al., 1992). Tioas are an open Norwegian Sea passage from the North Atlantic
straight margins of eastern Madagascar and western India sagArctic, a northern boundary of the deep Tethys at 35° N in
gest that transform motion occurred. In our model, the movemEntrope, a deep-water passage from Atlantic to Pacific between
of India away from Antarctica caused left-lateral transfor@entral and South America, an open passage from the South
motion relative to Madagascar, producing the straight margindRafcific into the South Atlantic between South America and
eastern Madagascar and western India (Figs. 11 and 12). TheArtarctica, and an isolated India-Madagascar island between
aration of Madagascar from India probably occurred in conjur&frica and Australia.
tion with an extensive short-lived episode of volcanism from the Figures 15 through 17 show paleocoastline maps for 120,
Marion Hotspot at 88 Ma (Storey et al., 1995). Figure 13 sho80, and 80 Ma. Figure 15 shows a generalized Early Cretaceous
the position of the two blocks 8 m.y. after separation. low sea-level coastline superimposed on the 120-Ma plate tec-
We assume the Seychelles to be a fragment of Africa, itonic reconstruction. Figure 16 shows a generalized Early Creta-
tially attached to Madagascar (Fig. 11). It was then transferredéous high sea-level stand coastline superimposed on the 100-Ma
India by the transform motion between India and Madagasgéate tectonic reconstruction. Figure 17 shows a Late Cretaceous
(Fig. 12), and subsequently transported with India to its preshkigh sea-level stand coastline superimposed on the 80-Ma plate
position (Figs. 13 and 14). The age of the basement rocks re¢egtonic reconstruction. The land areas are shaded. Because of the
ered on Mascarene Plateau is circa 64 Ma, about the time of sdjferent reference frame, the northern border of the deep Tethys
ration of Seychelles from India. We believe that the substructiseabout 5-10° farther south than in the Barron (1987) recon-
of the Mascarene Plateau may be older, because it fits well alstrgction (compare Figs. 1 and 16).
the Indian margin and fills the space between India and Mada- In the Early Cretaceous (Fig. 15) there are three large conti-
gascar on our 100 Ma reconstruction. Nazareth Bank basenmemttal blocks with shallow seas: North America—Eurasia; South
ages are not known, but we show that if it existed in the Late CAenerica-Antarctica—India-Madagascar-Australia; and Africa.
taceous, it could have served as a land bridge between IndiaHBmete is a large open Pacific Basin, a wide eastern Tethys, and a
Madagascar. Figure 13 shows Nazareth Bank to demonstratedinatim-African Seaway extending from the western Tethys
its initial formation might have been from the Marion Hotspot #9Viediterranean”) region through the North and South Atlantic

India moved away from Madagascar. into the juvenile Indian Ocean between Madagascar-India and
Separation of Broken Ridge from Kerguelen Plateafrica. The connection from the eastern Tethys through the west-
occurred during the Cenozoic (Munschy et al., 1992). ern Tethys into the Atlantic was partially blocked by terranes that

We assumed that the Indo-Burman Ranges had their origifmeimed shallow water banks. During much of the Early Creta-
home between India and Australia, and that they moved oneaus, the deep-water passage from the Central Atlantic west into
transform along the Indian Margin during most of the Cenozoibe Pacific was blocked first by the blocks of northern Central

America, and then by entry of the relatively shallow Caribbean
Antarctic Peninsula plate. There were no deep water passages from the Atlantic to the
Canadian Basin in the Arctic.

Early reconstructions fit the Antarctic Peninsula into the An Early Cretaceous Earth with a long, narrow, sinuous
space between South America and Africa (Smith and Hallanecean basin extending off the Tethys (Figs. 15 and 16) is more
1970). Harrison et al. (1979), Powell et al. (1980), and Barroompatible with the geologic data, but contrasts strongly with the
et al. (1981) showed that the Antarctic Peninsula fits well alotrgditional view of separated island continents. The new recon-
the Andean margin of South America. structions provide a markedly different and more realistic set of

As shown in Figures 11 through 14, our model does nmundary conditions for global climate model simulations.
require any of the major deformation of West Antarctica relative The new paleogeography suggests that the early Cretaceous
to East Antarctica, as suggested by Lawver et al. (1992). Thi&igntic became a site of deposition of organic carbon because it
because the shape of southern South America was changeddsyisolated from the Pacific by the entry of the Caribbean plate
closing the aulacogens. We have used the separate rotationthfough Central America, from the eastern Tethys by Apulia and
the two parts of Antarctica relative to southern Africa proposether shallow blocks, and separated from the South Atlantic by
by Royer et al. (1989; East Antarctica to southern Africa) atite Guinea-Brazil Straits.

Besse and Courtillot (1988; West Antarctica to southern Africa). During the Late Cretaceous (Fig. 17) the size of the land
Only a slight translation of the Palmer Land Block is required &meas became smaller, and deep passages appeared between the
keep the Antarctic Peninsula in contact with the southern Andesstern Tethys and Central Atlantic, between the Central Atlantic
throughout the Cretaceous. The required translation of the Palarat the Pacific, and between the South Atlantic and the forming
Land Block is even less if one assumes that East and Wadian Ocean. However, the eastern and western Indian Ocean
Antarctica were fixed to each other during the Cretaceous. were probably isolated. The Central Atlantic extended across
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8,000 km at latitude 25° N. The South Atlantic was narrowest in  The original Early Cretaceous “home” of the Caribbean
the equatorial region, and about 3,000 km wide in the arid zgslate is suggested to be along the western margin of northern
of the Southern Hemisphere. With the flow of equatorial riveBouth America. The earliest time it can pass between northern
directed away from it (Emery and Uchupi, 1984), the only part Gentral America and South America is about 100 Ma. Its
the Atlantic that may have received large amounts of fresh watdwance into the Atlantic was stopped by collision with South
was the southern South Atlantic, with a zonal extent of 5,500 kitorida and the Bahama Platforms at the end of the Creta-
at 60° S. The widest, deepest connection to the Pacific vea®us resulting in a major reorganization of Atlantic plate
between the Caribbean plate and South America, located alnmastions. During much of the Cretaceous the deep water pas-
directly on the equator. At this time the Atlantic was probably tsage from the Central Atlantic to the Pacific was blocked by
global source of ocean deep water. We suspect that it suppilieelCaribbean plate.

warm saline water that could be upwelled in the polar regions of The opening of the South Atlantic began with “unwrapping”
the Pacific as well as in the South Atlantic, and that this resultgfcthe San Jorge, Colorado, Salada, and Parana basins of South

in the warm equable climate of the Late Cretaceous. America from Africa. As these motions occurred, the Falkland
Plateau carried Madagascar-India-Antarctica-Australia with it in
SUMMARY AND CONCLUSIONS an arc. Subsequently, South America and Africa separated along

a transform fault between the northeastern margin of Brazil and

Most plate tectonic reconstructions for the Cretaceous halve Guinea Coast of Africa. Antarctica then moved south, but the
assumed that five major continental blocks—Eurasia, Normtarctic Peninsula remained in contact with the southern Andes,
America—Greenland, South America, Africa, India-Madagascéorming a continuous mountain chain that was not interrupted
and Australia-Antarctica—had either completely or partiallyntil the Oligocene.
separated from one another and were surrounded by deep oceaiin the Indian Ocean region, India first moved south with
passages. There were deep connections between the Pagifigrctica and Madagascar. Beginning in the Early Cretaceous,
Tethyan, Atlantic, and Indian Ocean basins. North Americimdia began to rotate away from Antarctica, moving along a trans-
Eurasia, and Africa were crossed by shallow meridional seawdgsm and sliding past Madagascar. However, it remained con-
This classic view of Cretaceous paleogeography applies onlynéxted to Antarctica by a land bridge formed by Kerguelen
the latest Late Cretaceous. Plateau, Sri Lanka, and possibly also by Ninetyeast Ridge until

In the north, the Canadian Basin formed by rotation of tfieal separation occurred in the Late Cretaceous. In the Late Cre-
Arctic Alaska—Chukotka Block, the terranes of central Alask&ceous, India separated from Madagascar.
and the Bering Sea Shelf Block during the Early Cretaceous. In summary, the view of the Early Cretaceous is one of
Stretching of northern from southern Greenland enlarged these large continental blocks: North America—Eurasia, South
Arctic, facilitating the rotation. The Labrador Sea formed asfamerica—Antarctica-India-Madagascar-Australia, and Africa; a
propagating rift, but did not break through into the Arctic Basitarge open Pacific Basin; a wide eastern Tethys; and a circum-
The formation of the Greenland-Iceland-Norwegian Sea propgdrican Seaway extending from the western Tethys (“Mediter-
did not occur until the Cenozoic. Although there may have bemmean”) region through the North and South Atlantic into the
ephemeral deep-water connections between the Pacific andukenile Indian Ocean between Madagascar-India and Africa.
Canadian Basin as it formed, there have never been deep-wHtere were no deep-water passages to the Arctic. An Early Cre-
connections from the Arctic to the northern Atlantic. taceous Earth with a long, narrow, sinuous ocean basin extend-

During the Late Cretaceous, an arm of the Western Intering off the Tethys, contrasts strongly with the traditional view of
Seaway extended across the site of Hudson Bay to the northerrseparated island continents and provides a markedly different
of the Labrador Sea and across Greenland to Europe. There seaypf boundary conditions for a climate model.
have been shallow water passages to the Arctic across Europe, oveDeep-water passages between the Tethys, the Atlantic, the
the site of the future Norwegian-Greenland Sea. There was a dPatific, and the developing Indian Ocean formed during the
low seaway from Tethys to the Arctic west of the Urals. Late Cretaceous. There were many isolated land areas in the

The Iberian and Grand Banks margins separated about 186 Cretaceous, but they were mostly separated by epiconti-
Ma. This motion was followed by the opening of Rockall Troughgntal seas.
which was synchronous with stretching in the North Sea and for-
mation of basins in northern Germany. ACKNOWLEDGMENTS

The Labrador Sea started to open during the Cretaceous
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APPENDIX NAM = Western North America with respect to Central North America).
The second column lists the age for the finite (or total) rotation, assum-
Rotations ing the present position at age 0 (e.g., 40.0 means that the rotation given

in the next three columns will place the block in the position it occupied
Several terms are used to describe the poles and rotations us@t 40.0 Ma relative to the reference block). The MAS file will determine
plate tectonics: finite-difference poles and rotations, stage poles and rthe position of the fragment at any age by interpolating between the total
tions, total poles and rotations, reconstruction poles and rotations, rotations that bracket it. Thus, if a block has four consecutive total rota-
instantaneous poles and rotations. All poles and rotations are “finite-tions, for times 1, 2, 3, and 4, its position at time 3.5 will be midway
ference” in that they represent the pole and rotation between one tbetween its position at times 3 and 4. The next three columns, “Lat,”
and another. However, sometimes the terms finite-difference pole Long,” and “Rot,” define the rotation. The pole is defined by its latitude
rotation are used as synonymous with stage pole and rotation. Sand longitude relative to the reference block, and the rotation about the
poles and rotations describe the rotation from one age with a wpole is counterclockwise if positive, clockwise if negative, following the
located position to the next age with a well-located position (we‘right-hand” rule. The last column, “Magnetic Anomaly, Source, and
located usually means that the rotation will make magnetic lineations<Comment,” lists the magnetic anomaly on which the rotation is based,
equal age from two adjacent plates coincide). The intermediate positthe author(s) and date of the publication, and comments.
for stage poles and rotations are interpolations between known positi Whenever possible the rotation of one block relative to another is
Total and reconstruction poles and rotations are synonyms, meaningbased on superposing sea-floor magnetic anomalies. Except where
pole and rotation required to bring a point from its present locationnoted, we assumed that the literature sources used the youngest side of
the position it had in the past. Positions of the point at intermediate ethe magnetic anomaly for matching. The ages assigned to magnetic
are meaningless. Instantaneous poles and rotations are the pole poanomalies have changed as more information becomes available, so that
and rotation vector at a moment in the past. the ages given for rotations in the literature depend very much on when
The plate tectonic elements (blocks, terranes, and plateaus) vthe paper was written. We have corrected all of the ages for the anom-
rotated into their Cretaceous positions using the ATLAS™ Programalies of the Cenozoic and Late Cretaceous to the time scale of Berggren
Cambridge Paleoservices, Inc. The ATLAS Program is a commercizet al. (1995).
available descendant of the Supermap program written by R. L. Parke Magnetic anomalies provide no guidance for motions during the
1969, which had been used at Cambridge University for many years. Cretaceous Quiet Interval, from 83.5 to 120.4 Ma. Magnetic anomalies
rotation program is based on an “Assembly and Orientation” (*.A&Care also often indistinct along rifted margins and may not define a fit. In
file that contains all of the rotations for each fragment relative to soany case, fits of major blocks using the new digitized outlines will
other fragment. The rotations can be entered either as stage pole always be different from those previously published. Except in the west-
tions or as total rotations or intermixed in the A&O file. The stage pcern and northern Pacific, sea-floor magnetic anomalies are of little use in
rotations define the motion of a fragment from one time to the next. 1defining terrane motions because the critical lineations have been sub-
total rotation is the sum of all of the stage pole rotations and rotatesducted. Paleomagnetic data from a terrane may provide useful informa-
block to the position it had at a given time. The A&O file is then cotion about its latitude at a given time, but not about its longitude. Plate
verted into a binary “Master” rotation file (*.MAS) that includes all otectonics assumes that blocks, terranes, and oceanic plateaus are attached
the information necessary to calculate the position of any fragmento rigid plates. However, the motions of terranes described in the
any time. Because of the way in which the A&O file is converted intcregional literature are often ad hoc solutions based on paleomagnetic
MAS file, there is a limit to the number of ages that can be used indata. From these rotations alone one could come to the conclusion that
A&O file. For this reason, there are a number of ages of separatioreach terrane moves on its own plate. We have attempted to determine
blocks and intermediate positions that may not be well known but groups of terrane motions that can be accommodated by a single rota-
arbitrarily assigned to the age of a magnetic anomaly used elsewhetion; these are listed as terranes “Fixed to” other terranes or blocks in
the file. This gives an impression of precision of knowledge of the a(Tables 1-11.
that could be misleading. The rotation of each fragment is given with reference to some other
The A&O file used for our reconstruction is presented in abbrefragment previously listed in the table. For example, the position of
ated form in Table 12. We have eliminated two columns from the A&South America relative to North America is not known directly because
file to simplify the table; one that includes the numbers assigned to ethere are no intervening magnetic anomalies. However, the position of
fragment, and another column that lists the beginning age of each tAfrica relative to North America is known from the North Atlantic
rotation. Our total rotations are from the present (0 Ma). When rotati@nomalies, and the position of central South America (our Parana Block)
are based on matching of magnetic lineations, the number of the with respect to Africa is known from the South Atlantic anomalies. The
eation is given. If the age of a lineation is used, but no lineation numrotations for fragments are chained together, ultimately coming back to
cited, it means that the age is used as a “best guess.” To make it easthe reference frame rotations at the beginning of the file. Some of the
change docking times, we used stage pole rotations when blocks vchains of rotations are quite long and complex. The abbreviated version
moved on one of the Pacific plates. We have also omitted all lines A&O file is shown in Table 12. It is divided into segments for ease of
which the rotations of one element relative to another are from 0 bacdiscussion.
the beginning of the Cretaceous. Some 125 blocks terranes and plai
that are fixed relative to another element throughout the Cenozoic Reference frame
Cretaceous are indicated in the column “Fixed to” in Tables 1-]
“Fixed to” does not necessarily mean that the fragments are adjacer ~ The first set of rotations (REFERENCE FRAME) moves North
each other, but implies that they are on the same plate. RemovingAmerica relative to the reference frame. There are many possible refer-
130 fragments that are fixed to other fragments and the 14 fragmentsence frames, some based on paleomagnetics (McElhinney, 1973; Irving,
did not exist in the Cretaceous reduces the number of rotations in1979; Harrison and Lindh, 1982; Cox and Hart, 1986), others based on
A&O file to those of the remaining 194 fragments. The actual A&O fihotspots (Morgan, 1971, 1972, 1981, 1983; but see also Molnar and
used for the reconstructions shown here is 534 lines long (T25.A&Atwater, 1973; Molnar and Stock, 1987; Lawver and Muller, 1994),
The first column of the table lists the fragment being moved, fcothers based on “true polar wander” (Livermore et al., 1984; Andrews,
lowed by the fragment to which its motion is referred (e.g., WN/1985; Courtillot and Besse, 1987), and others based on “absolute plate
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motions” (Kaula, 1975). Hay et al. (1990) showed that differences in lat&lly important connection between Atlantic and Pacific.
tude of as much as to 25° can be produced by different reference frames.EURASIA TO NORTHERN GREENLAND rotations are the

We used the paleomagnetic reference frame for North Americasefjuence of previously published and new rotations used by Wold
Harrison and Lindh (1982). This paleomagnetic reference frame w&892) in his study of the opening of the northern North Atlantic and
originally considered best because at the time it was published the laiyestvegian-Greenland Sea.
number of reliable paleomagnetic pole positions were from North Amer- SOUTHWESTERN EUROPE TO EURASIA AND SOUTHERN
ica. Barron (1987) determined his reference frame by interpolati@REENLAND rotations open Rockall Trough, take the translation and
between the mean paleomagnetic poles for the Jurassic, Cretaceousstegtdhing out of the North Sea, and make a tight fit of southwestern
Paleogene from McElhinney (1973). We continue to use the Harrigburope against Greenland. The timing is taken to be Early Cretaceous
and Lindh (1982) reference frame because it places Triassic clim#teate Kimmerian”), following Megson (1987) and Ziegler (1990),
sensitive sediments at appropriate paleolatitudes (Wilson et al., 19¢ther than Late Cretaceous, as had been suggested by the interpretation

of weak magnetic lineations by Bott (1978) and Roberts et al. (1981a).
Fragment rotations SOUTHWESTERN EUROPEAN ROTATIONS move the smaller
continental fragments in the North Atlantic to their home positions and

In constructing the rotation file we applied Ockham’s “Principle akstore the effects of stretching.

Parsimony” (“Occam’s Razor”) whenever possible, using the simplest WESTERN TETHYAN ROTATIONS move the blocks in the west-
possible set of rotations required to describe the motions of fragmemts Tethys to the positions shown on the maps of Dercourt et al. (1986).
relative to each other. If the smaller fragments, blocks, and terranesTdrese are essentially the same positions given in the more recent Atlas of
being moved on plates, many of the fragments should have the samps of the Tethys published by Dercourt et al. (1992).

motion at any given time. We always try to use the same rotation for as EASTERN TETHYAN ROTATIONS move the blocks in the east-
many fragments as possible. A recurring theme described along active Tethys to the positions shown on the maps of Dercourt et al.
margins is rifting of a block from the margin, formation of a back-afd986). These are essentially the same positions given in the more
basin, and closure of the back-arc basin and collision of the block witlcent Atlas published by Dercourt et al. (1992). There are a number of
the margin from which it rifted (e.g., examples in the Tethys, describeakes in which fragments rift from Asia and then collide with it again:
by Dercourt et al., 1992). In constructing the rotation file we followatie Alborz, Sanandaj, Sirjan, Central Iran, and Lut Blocks during the
the descriptions of these motions as closely as possible. Early Cretaceous.

The NORTH AMERICAN ROTATIONS start with removal of the EASTERN ASIAN ROTATIONS follow the general evolutionary
general effects of the Laramide orogeny from 49.5 to 67.5 Ma, openinggétern for Asia proposed by Maruyama et al. (1989). The evolution of
space along the sinuous line separating western North America fithi South China Sea is after Hutchison (1989). The rotations for the
central and eastern North America. It is assumed that many of the terr&tesppines and Philippine Sea reproduce the paleomagnetic latitude
of northwestern North America had been assembled into a single Supesitions for the Philippines and nearby Deep Sea Drilling Project
terrane | + |l before the Cretaceous, and this large block collided Wilh'SDP) sites given by McCabe and Cole (1989). However, we close the
North America causing the Sevier orogeny from 135 to 120 Ma (Wilsdapan Sea by sliding the terranes of Japan northward. This is a simpler
et al., 1991). In this A&O file, the bending of the terranes of the Alaskaalution than the bending of the Japanese arc proposed by Taira et al.
Peninsula is considered to have occurred between 123 and 90 Ma(49&9). The formation of the Sea of Okhotsk and Kamchatka is after
result of the “windshield wiper” motion of the Arctic Alaska—Chukotk&Vatson and Fujita (1985).

Block opening the Canadian Basin is after Rowley and Lottes (1988, NORTHERN ASIAN ROTATIONS attempt to follow suggestions
1989), but the times are poorly constrained; we assumed the mobigrZzonenshain and Natapov (1989) and Zonenshain et al. (1990) for the
occurred between 134 and 90 Ma. Motions of the Ellesmere Blocknotions of the blocks of northeastern Siberia. The motions of
remove effects of the Innuitian orogeny are after Rowley and Lotlesmonosov Ridge are after Rowley and Lottes (1988, 1989).

(1988, 1989). More detailed rotations for individual faults have been pub- ANTARCTICA TO AFRICA AND SOUTH AMERICA gives the
lished by Lawver et al. (1990) but were not used here. position of East Antarctica relative to Africa for magnetic anomalies

Motions of AFRICA TO NORTH AMERICA are after severalback to 34, and uses an intermediate position in the Cretaceous Quiet
literature sources. Africa is considered a single block, although in piterval from Royer and Coffin (1992). It then attaches East Antarctica to
vious reconstructions we had used a separation along the BertbaeSan Jorge Block of South America at anomaly M11 time. The posi-
Trough and other rifts, shown as a line in Figures 9—14. Removing tioa of West Antarctica is relative to Africa for anomalies back to 34, and
Early Cretaceous bending of the margin of South America, as descrilmependent of East Antarctica. At 110 Ma, during the Cretaceous Mag-
above, provides a tight fit to Africa without appreciable stretching alongtic Quiet Interval, its position relative to East Antarctica is assumed to

Benoue Trough. be the same as at the present time. The fit of East Antarctica to Africa is
Fits and rotations of Somalia and Arabia to nuclear Africa (AFRIC@ssentially the same as that of Lawver et al. (1992). The problem of the
ROTATIONS) are new. A separate Socotra Block is not needed. overlap of the Antarctic Peninsula with South America is resolved by

Motions of SOUTH AMERICA TO AFRICA are after Nirnbergremoving the subsequent bending of southern South America caused by
and Mdller (1991) except for the fit and a new rotation at 120.40 Nfee aulacogens, as discussed above.
required to avoid an overlap of our continental outlines in the region of ANTARCTIC ROTATIONS are very limited in this model, follow-
the Guinea Plateau. The new rotation was chosen to produce a transfogridVilson et al. (1989b). They allow the Antarctic Peninsula to remain
motion along the Guinea Coast—Northeast South American marginsgn Itontact with the southern Andes, forming a continuous mountain
results in a parallel-sided South Atlantic during the late Early Cretaceatigin that was not interrupted until the Oligocene. There is a slow trans-
SOUTH AMERICAN ROTATIONS describe the internal deformaform motion of the Palmer Land Block so that it remains in contact with
tion of the continent as a result of stretching associated with the foritiee San Jorge Block during the Cretaceous. The motions of South
tion of aulacogens (Wold et al., 1994), as described above. Théskney Island Block and South Sandwich Islands take into account the
motions allow South America to “unwrap” from Africa during the Earlgeparation of these blocks from the Antarctic Peninsula.
Cretaceous. AUSTRALIA TO EAST ANTARCTICA rotations are a composite
CENTRAL AMERICAN AND CARIBBEAN ROTATIONS are of those in the literature with a new fit.
those used by Hay and Wold (1996) and reflect a new interpretation of AUSTRALIAN AND SOUTHWEST PACIFIC ROTATIONS
the origin and history of the Caribbean plate and the paleoclimatolagicount for the motions of the blocks to the south, east, and north of Aus-
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tralia, generally following Sporli and Ballance (1989) and using rotations  p. 1-6.

from the literature. They include stretching of Tasmania and the SoBtffiard, E. C., Everett, J. E., and Smith, A. G., 1965, The fit of the continents
Tasman Plateau from the Australian nuclear block, and the motions of the around the Atlanticin Symposium on Continental Drift: Philosophical
terranes in the New Guinea region, the Philippines, and effects of opening Transactions of the Royal Society of London, Series A, v. 258, p. 41-51.

of the South China Sea (McCabe and Cole, 1989; Hutchison, 1989). Organized by P. M. S. Blackett, Sir Edward Bullard, and S. K. Runcorn.
INDIAN OCEAN ROTATIONS describe the motions of blocksBurke, C. A., and Drake, C. L., eds., 1974, The geology of continental margins:
and plateaus in the Indian Ocean. Berlin, Springer Verlag, 1009 p.

PACIFIC OCEAN ROTATIONS describe the motion of the Pacifidurke, K., 1976, Development of graben associated with the initial ruptures of
Nazca, Coccos, Kula, Farallon, and I1zanagi plates and the terranes that trav- the Atlantic Ocean: Tectonophysics, v. 36, p. 93-112.
eled with them, following Engebretson et al. (1984, 1985, 1987), DebidBwke, K., and Dewey, J. F., 1973, Plume generated triple junctions: Key indica-

et al. (1987), Cox et al. (1989), and Nur and Ben-Avraham (1989). tors in applying plate tectonics to old rocks: Journal of Geology, v. 81,
p. 406-433.
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