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A three-dimensional model of mantle convection in which the known history of plate 

tectonics is imposed predicts the anomalous Cretaceous vertical motion of Australia and 

the present-day distinctive geochemistry and geophysics of the Australian-Antarctic 

Discordance. The dynamic models infer that a subducted slab associated with the 

long-lived Gondwanaland-Pacific converging margin passed beneath Australia during 

the cretaceous, partially stagnated in the mantle transition zone, and is presently being 

drawn up by the Southeast Indian Ridge. 

T w o  perplexing features of plate tectonics 
are associated with the Australian plate 
(AUS):  the  complete subaerial exposure of 
Australia during the Cretaceous global sea- 
level maxiinurn and the  existence of a cold 
spot, possibly a convective down~velling, 
beneath the  Australian-Antarctic spreading 
center. Strati'graphic and paleogeographic 
data delnonstrate that broad reeions of Aus- - 
tralia underwent vertical lnotion without 
substantial folding or faulting during the 
Mesozoic and Cenozoic (1) .  Marine geo- 
physical and geochemical evidence (2,  3) 
p o ~ n t s  tolvard a cold convective dolvn- 
welling beneath the  Southeast Indian Ridge 
(SEIR) a t  the  position of the  Australian- 
Antarctic Discordance IAAD) .  which is 
the deepest portion of the  global mid-ocean 
ridge system. For the A A D ,  the regional 
lnechanisins causing the  low topography 
have been explored 14), but the  more fun- 
dalnental question as to why there is a cold 
spot, possibly a downwelling, beneath a 
spreading center has not  been addressed. 
Aside from geologic correlations made by 
Veevers (5 ) ,  the  relation between these two 
features has not been determined. 

During the  Cretaceous, the  marine in- 
undation of Australia and the  global (eu- 

u 

static) sea-level curves were out of phase 
(Flg. 1) .  Maxilnuin flooding of Australia 
occurred in  the  late Aptian to  early Albian, 
120 to  110 inillion years ago (Ma)  ( h ) ,  
when large regions of the craton, especially 
111 the  east, and continental inargins expe- 
rienced lnarine inundatioll (Fig. ? A ) .  Dur- 
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ing the  Late Cretaceous, Australia becalne 
progressively exposed, wit11 a flooding min- 
imum in the Campanian, 80 to 70 Ma, 
when eustatic sea level was inferred to be 
near a maxlinuin (1 ). These apparently in- 
congruous relative sea-level curves support 
the  hypothesis that Australia experienced 
several episodes of vertical motion, includ- 
ing a large-scale vertlcal translation of the 
entire contillent a i d  a localized subsidence 
event (1 ,  7, 8 ) .  During the Early Creta- 
ceous, the  vertical motion appears to  have 
been confined to  a sinaller area in  the east 
definecl by the Eroinanga and Surat basins 
(Fig. 2A,  red outline) (9). Near the  end of 
the  Cretaceous, Australia was about 250 rn 
higher than it is today (1 ,  7, 8 ) .  Some time 
during the  Cenozoic, Australia appears to 
have subsided, perhaps with little tilting 
( a ) ,  as the  co l~ t i i l e l~ t  lno~ied north\var~I af- 
ter it separated from Antarctica. 

Superimposed o n  this continent-wide 
motion were the  subsidence and subseouent 
uplift of the  Erolnanga Basin and lnost of 
the eastern marein. T h e  Erolnallga Basin " u 

experienced a rapid pulse of subsidence at 
100 Ma, amounting to  -500 m of tectonic 
subsidence in 10 inillion years (A,ly) (10) .  
Manv of the  sedilnents from the  Earlv Cre- 
taceous were inarine and associated with a 
general marine incursion. T h e  therlnal his- 
tory of sediinents inferred from apatlte fis- 
sion track analvsis suggests that the  Creta- 

UL, 

ceous section Lvas probably deposited and 
then eroded in the Surat Basin and the 
basins o n  the  eastern inargin (1 1 ) .  This 
suggestion is consistent with the  tilting up 
toward the east of inarine strata of areas 
that were at or below sea level d ~ r r i i ~ g  the 
Cretaceous (8 ,  11  ). 

T h e  A A D ,  a seglnent of the  SEIR De- 
tween 120" and 12S0E, south of the Great 
Australian Bight (GAB) ,  is characterized by 
rugged ridge flank morphology, bathyinetry 
800 in deeper than normal, and a series of 

closely spaced fracture zones (2)  (Fig. 3 A ) .  
W h e n  the subsidence associated with con- 
ductive cooling of oceanic lithosphere is 
subtracted from hathymetry, the  r e s i d ~ ~ a l  
topography is characterized by a linear 
north-south-trending depression from the 
G A B  through the  A A D  (1 2) to the  Ant -  
arctic inargin (Fig. 3B). In  comparison with 
global residual oceanic topography, the 
A A D  is the  inost prolninel~t bathymetric 
anomaly not associated with present-day 
subduction (1 3 ) .  

Along the  SEIR, Sr,  Pb, and N d  isotope 
systematics of basalts reveal that there are 
two distinct isotopic provinces: one to the 
west of the A A D ,  \vlhich is characteristic of 
the Indian Ocean, and one to the  east, 
which is characteristic of the  Pacific Ocean 
(3 )  (Fig. 3 A ) .  T h e  two provinces together 
are nearly globally encoinpasslng (1 4 ) .  S ~ r c h  
an  isotopic boundary could be formed by 
do\vn\velling of inaterial flo~ving east-west, 
parallel to the trend of the SEIR, toward the  
A A D  (3 ) .  Froln a lilnited nulnber of drill 
holes, it appears that the  boundary between 
the  isotopic prol:inces has migrated toward 
the  west by a few centilneters per year since 
50 Ma (15)  (Fig. 3 A ) .  Furthermore, the  
large-scale Indian Oceail lsotope province 
(14) could be a reinnant of the  former 
Gond~vanaland supercontinent because the 
isotope systematics are consistent with sed- 
llnent subduction, aillong other processes, 
beneath the continental l~thosphere (3 ,  
16).  

Major element systematics indicate that 
1,asalts from the  A A D  are consistent with 
lower than norinal lnantle temperature and 
lower extent of melting than under norinal 
ridges (1 7).  As  expected, the crust n i th in  
the  A A D  is thinner (4.2 kin) than an  ad- 
jacent part of the  SEIR (7.2 km) (18) (Fig. 
3B). Only about half of the  800-111 depth 
anomaly (Fig. 3 6 )  can be accounted for by 
thinner crust (19) .  Consequently, there 
may be comparable con t r ib~~t ions  to topog- 
raphy from a thinner crust and the dynamic 
topography arising from a cold mantle 
anoinal\-. 

Fig. 1. Eustatic sea level (solid line) inferred from 
passive margins in the Atlantic Ocean (30) and the 
percentage area of Australia flooded (dotted line) 
1 7 ) .  
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Dynamic Models: 
Cretaceous to the Present 

To explain these two features, we developed 
a three-dimensional (3D) model of mantle 
convection with the motions of tectonic 
plates imposed. Up until the Early Creta- 
ceous, a converging margin between the 
Pacific plates and Gondwanaland was with- 
in a few hundred kilometers of the Austra- 
lian eastern margin and had existed for the 
previous 100 My (20). The active margin 
off eastern Australia ceased at 95 Ma (21 ). 
When we fix the Jurassic position of this 
converging margin in a reference frame 
fixed with respect to the hot spots (22, 23), 
we find that this former position of conver- 
gence passed under the eastern interior of 
Australia during the Late Cretaceous and is 
presently beneath the AAD. The hypothe- 
sis that a subducted slab is responsible for 
the vertical motion and AAD is tested by 
making comparisons between observed Cre- 
taceous inundation of Australia and 
presentday geochemical and geophysical 
observations of the southeast Indian Ocean 
and dynamic models. 

We used a 3D finite element model of 
thermal convection in a viscously dominat- 
ed, infinite-Prandtl number fluid, appropri- 
ate for flow in Earth's mantle (24). Plate 

kinematics, including plate margins, were 
transformed from a spherical surface to a 
plane (25). From 130 Ma to the present, 
plate geometry was imposed as velocity 
boundary conditions that changed every 10 
MY. 

The initial condition consisted of a slab 
in its Early Cretaceous position. The Lord 
Howe Rise (LHR) was rotated back to its 
prerift position so that our model trench 
was located parallel to the continental mar- 
gin (Fig. 4). This model trench is a simpli- 
fication of the much more extensive Gond- 
wanaland-Pacific marein. where conver- 
gence may have extegded further toward 
New Guinea, encompassing West Antarc- 
tica and South America (26). Two chemi- 
cal provinces were created to explore the 
hypothesis that an initially sharp boundary 
between two large-scale geochemical prov- 
inces, delineated by subduction before 
Gondwanaland breakup, could be associat- 
ed with the present boundary observed at 
the AAD. The two provinces consisted of 
neutrally buoyant tracers, inserted through 
the mantle with one group to the west (left) 
of the slab (Gondwanaland tracers) and the 
other to the right (east) of the slab (Pacific 
tracers). 

Thd convection models can be tied to 
observations by fixing points to plates and 

Fig. 2. (A) Paleogeographic reconstructions of Australia during the Cretaceous (36); blue shading 
denotes marine inundation, and brown shading denotes those parts of the continent that are subaerially 
exposed. The age ranges to the left refer only to the inferred paleogeographic reconstructions. The red 
outline denotes the Eromanga and Surat basins. (B to E) Predicted marine inundation of Australia from 
convection models. Ages to the right refer only to models. Blue areas are those areas covered by shallow 
seas; brown shading denotes those parts of the continent predicted to be exposed. (B) Nominal case 
with sedimentation rate of 5 mNy. (C) The same as (A), except for 10 m/My. (D) The same as (A), except 
with the initial topography set to present observed values. Accommodation spaces of less than -500 m 
have been truncated in (D). (E) Slab with a 30° dip angle and 2400 km off the Australian margin with 5 
m/My. 

moving those points in time with the im- 
posed plate model. Points fixed to AUS 
were used as a reference frame for a sim~le 
sedimentation model. A synthetic li.&o- 
sphere was created from the modeled mar- 
gin between AUS and Antarctica (ANT); 
from 50 Ma forward, we created oceanic 
crust with a thickness depending on mantle 
temperature (27) below the ridge and a 
trace element chemistry by sampling the 
tracers. A crustal thickness and composi- 
tion were assigned to points and subse- 
quently moved according to the plate mod- 
el. We explored a variety of cases in which 
we varied parameters associated with uncer- 
tainties in the initial configuration of sub- 
duction and uncertainties intrinsic to the 
mantle. 

Plate kinematics and topography. We 
considered a nominal model (28) of a 100- 
Ma, 30" dipping slab in which the trench is 
on average 1400 km east of the present 
coastline of Queensland (Fig. 4). In the 
marginal area off the coast, there was a 
prominent linear topographic depression 
(Fig. 5A) that can be associated with an 
oceanic trench. Initially, the slab was at- 
tached to the oceanic lithosphere; if sub- 
duction continued, the spatial evolution of 
volcanism and rifting indicates that it did so 
further toward the east (20). From 130 Ma . , 

to the present, the slab descended under its 
own weight, was sheared by the shifting 
plates, and later partially drawn upward un- 
der a ridge. 

In nearly all cases explored, we noted 
two consistent features in the topography of 
the plates directly related to plate motions. 
During the first phase, there was a general 
motion toward the Pacific by the three 
plates making up Gondwanaland (AUS, 
LHR, and ANT) with velocities exceeding 
5 cm/year with respect to the hot spot ref- 
erence frame (Fig. 5, A to C). During this 
phase of plate motion, Australia migrated 
over the topographic depression generated 
by the slab. From 120 to 110 Ma, the east- 
em interior of Australia was over the former 
position of subduction, a downwelling (Fig. 
6A) with up to -350 m of overlying dy- 
namic topography (Fig. 5B). There was 
continued slow migration of the topograph- 
ic depression westward through the conti- 
nent while the amplitude of dynamic topog- 
raphy decayed; since the topography de- 
cayed, Australia uplifted by about 200 m 
from 110 to 60 Ma. The second ~hase  fol- 
lowed a period of relative quiescence (dur- 
ine which time AUS rifted from ANT but 
mived only slowly northward); Australia 
started moving awav from Antarctica at 
about 50 Ma with nearly constant velocity 
between 7 and 8 cm/year. During the sec- 
ond phase, while Australia started in a near- 
ly stationary position over a mild, about 
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-100 m, nearly continental-scale topo- 
graphic depression (Fig. 5D), the SEIR 
started to spread faster, and a concentrated, 
nearly circular depression formed at the 
ridge near the GAB (Fig. 5E). The ampli- 
tude of this concentrated depression in- 
creased from 45 Ma onward, and its magni- 
tude increased substantially over the past 20 
My (Fig. 5F). 

During the first phase of eastward mo- 
tion, the slab (Fig. 4) became partially 
stalled above the endothermic phase tran- 
sition (Fig. 6A). From 60 Ma (Fig. 6B) to 
the present, cold subducted material was 
drawn upward beneath the ridge (Fig. 6, C 
to D). Currently, the position of the ridge 
(R in Fig. 6 ~ )  is above the area wh&e 
mantle, a few tens of degrees cooler than 
normal, is being drawn upward in our mod- 
el. The circular topographic depression 
(Fig. 5F) is caused by a linear source of 
buoyancy orthogonal to the upwelling flow. 

Integration with sedimentation. We at- 
temvted to vredict the marine inundation 
of Australia: For each point fixed to Aus- 
tralia, sediment accumulates at a constant 
rate between the sea and solid surfaces, a 
difference referred to as accommodation 
space. The sea surface is maintained at a 
constant height (29) that is equal to the 
average global sea level (30). The solid 
surface is originally either a constant 
height, 150 m, or equal to present topogra- 
phy. Both models are simplifications, but 
topography within the continental interior, 
much of which existed in the Cretaceous, is 
substantial and affects marine inundation 
(1 ). We added dynamic topography at 130 
Ma, and subsequently the surface height 
changed as sediment accumulated and to- 
pography changed. Basement topography 
changed for a given point as that point 
moved with the plate over the evolving 
dynamic topography. Positive accommoda- 
tion spaces are those areas predicted to be 
inundated. For our nominal model with an 
initially flat surface and a sedimentation 
rate of 5 m/My (31 ), the eastern portion of 
Australia flooded at 120 Ma with a nearly 
uniform tilt downward toward the east (Fig. 
2B), related to the rapid eastward motion of 
Australia over the slab (Fig. 5, A to B). 
From 120 to 100 Ma, the inundation broad- 
ened westward with decreasing accommo- 
dation spaces. By 90 Ma, however, a smaller 
portion of the west was covered by a thin 
veneer of sediments such that, by 80 Ma, 
the continent had been completely ex- 
posed, despite the increasing height of glob- 
al sea level, which peaked at -70 Ma (Fig. 
1). From 80 Ma to the present, the model 
continent remained completely exposed. By 
increasing the sedimentation rate from 5 to 
10 m/My (Fig. 2C), the marine inundation 
became more confined to the east, with 

earlier exposure of the continent during the 
sea-level rise. The continent became ex- 
posed because with small sedimentation 
rates and increasing sea level, there was 
uplift on a continental scale as dynamic 
topography decayed. Unfortunately, both 
models had inundation and sediment accu- 
mulation in the western half of the platform 
from 100 to 70 Ma, when no such marine 
sedimentation occurred. With the use of an 
initial solid surface equal to the present 
continental topography and a sedimenta- 
tion rate of 5 m/My, a more acceptable 
pattern of inundation (Fig. 2D) and sedi- 
ment distribution emerged. 

Present-day geophysics and geochemis- 
trv. With this dvnamic model. we vredict , . 
the present-day structure of the oceanic 
lithosphere between Australia and Antarc- 
tica. At present, an abrupt change in chem- 
istry is delineated by the sampled passive 
tracers (Fig. 3C) just to the left (west) of 
the dynamic topography depression, at 
130°E. Moreover, the boundary between 
these two provinces has migrated to the 
west with an apparent velocity of -3 to 4 
crnlyear, as a consequence of the eastward 
component of AUS and ANT motion in 
the fixed hot spot reference (Fig. 5F). Fur- 
thermore, a 300-km-wide region of thinned 
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Fig. 3. Observed and predicted characteristics of the southeast Indian Ocean. (A) Observed bathym- 
etry, isotopic signature of the mid-ocean ridge basalts (3), and inferred migration of the isotopic 
boundary (15). (8) Bathymetry corrected for conductive cooling (predicted subsidence is 2600 + 220 x 
age1I2 in meters and age is in million years) and for sediment loading (13). (C to E) Predictions from 
nominal model (28). (C) Tracers sampled at the ridge and rotated to present positions. (D) Inferred crustal 
thickness based on mantle temperature. @Total topography on the top surface driven by viscous flow 
and crustal thickness. (F to H) Same quantities for an identical model, except with no phase changes. 
(F), (GI, and (H) correspond to (C), 0, and (El, respectively. 
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oceanic crust develops at the ridge such 
that the center of thinned crust is essential- 
ly aligned with the distinct discontinuity in 
chemistry (Fig. 3D). The thinned crust does 
not extend uniformly north-south from the 
ridge; rather, the thinned crust shows an 
apparent migration to the west. The cre- 
ation of thinner crust becomes more pro- 
nounced at about 20 Ma. from thicknesses 
only a few hundred meters less than normal 

10 My after rifting to 1 km thinner at the 
present time. The thinned crust is caused by 
the upwelling of a fraction of old slab that 
had partially stagnated in the transition 
zone beneath the ridge (Fig. 6). The onset 
of thinner crust corresponds to the time it 
takes the slab to be drawn up from the 
transition zone (Fig. 6, B to D) starting at 
-45 Ma when rifting between Australia 
and Antarctica accelerated (Fig. 5, D and 

Fig. 4. (Left) Initial condi- t . ,  

tion for nominal model 
(24 with plate stencils 

a' 

and imposed velocity 
vectors. The position of AUS 
the trench is shown by A 

the vertical line with the 
d crossing tick marks such 
d 

d * 
that the slab extends d 

from y = 1.2 to 3.2. Ma- 
jor tick marks on the box 
edges have a 2000-km 

m%-rl n o  fmo ,300 m 

I 
spacing. The domain is 1- (K) 
Cartesian with horizontal , -- 
dimensions 4.5 x 4.8 
and a depth of 1. All of the models are based on a box depth of 2000 km; this depth is less than that of 
the whole mantle but has avolume greater than the mantle under an equivalent area of Earth's surface. 
(Right) The initial configuration of the slab is shown for line a-a'; the center of the slab delineates the initial 
position of the 'Gondwanaland" tracers in red and the 'Pacific" tracers in yellow. 

Fig. 5. plate stencils and imposed plate velocity (left) and predicted dynamic topography at six times [(A) 
130 Ma, (B) 1 10 Ma, (C) 90 Ma, (D) 60 Ma, (E) 30 Ma, and (F) 0 Ma] for the nominal model (right) (28). 
The dynamic topography was computed for a no-slip top boundary condition. The black lines in (B), (D), 
and (F) denote the temperature cross sections shown in Fig. 6, A to C, respectively. In (A), topography 
greater than -350 m is shown in black and reaches a maximum value of - 1200 m. In (F), the maximum 
topography is -350 m. 
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E). Finally at present, dynamic stress and 
thinner crust give rise to a 500-m topo- 
graphic depression on the ridge in the vi- 
cinity of 125"E (Fig. 3E). 

Influence of mantle rheology and phase 
transitions. To explore the sensitivity of 
results to assumed mantle characteristics. 
we varied the temperature dependence and 
radial variation in viscosity and strength of 
phase transitions at 410- and 660-km depth. 
With a model that incorporated a temper- 
ature-dependent viscosity (32), slab descent 
diminished to only a few millimeters per 
year in the upper mantle and stagnated 
within the lower mantle because the slab 
could not deform and bend at the bottom 
boundary-ot unlike the stagnation of the 
top thermal boundary layer in thermal con- 
vection with temperature-dependent vis- 
cosity (33). Studies of geoid anomalies over 
slabs also suggest that slabs are weak (24). 
The magnitude of dynamic topography in- 
creased by about .20% compared with the 
nominal case for all times. but more im~or- 
tantly, the decay of dynamic topogra~hy 
from 120 to 60 Ma and its subsequent re- 
appearance when Australia and Antarctic 
separated were not nearly as pronounced 
with strong as compared with weak slabs. 

The effect of the exothermic phase 
change at 410 km was minor, but that of the 
phase change and viscosity jump at 660 km 
was strong. When the viscosity contrast 
between the upper and lower mantle was 
held constant and both ~hase  transitions 
were elimhated, we found that a substantial 
,fraction of the slab could no longer be 
trapped above 660-km depth for substantial 
time periods compared with a case with 
both phase changes present. The trapping 
of the slab by positive buoyancy of an en- 
dothermic phase change at 660 km, espe- 
cially when the slab had been sheared out 
by the eastward motion of Gondwanaland 
from 130 to 90 Ma (for example, Fig. 5, A 
to C, and Fig. 6A), played a fundamental 
role in the appearance of a distinct topo- 
graphic depression and thin crust along an 
isolated part of the SEIR. This model not 
only predicted a mild undulation in topog- 
raphy (Fig. 3H) but was unable to reproduce 
the thinner crust near 130°E, especially the 
onset of thinner crust at 20 Ma (Fig. 3G). 

Influence of initial conditions. The sen- 
sitivity of model outcomes resulting from 
uncertainty in Early Cretaceous paleogeog- 
raphy was explored by varying the initial 
values of the following parameters: the po- 
sition of the trench, the initial dip angle of 
the slab, the amount of slab within the 
lower mantle, and the age of subducting 
lithosphere. Moving the trench an addi- 
tional 1000 km from the Australian margin 
while keeping slab dip constant at 30° de- 
layed the time of inundation such that 



there is no inundation in the eastem half of 
the platform at 120 to 100 Ma (Fig. 2E), as 
required by the observed distribution of sed- 
iments (Fig. 2A). Moreover, the position of 
the topographic and geochemical anomaly 
along the present-day ridge was shifted to- 
ward the east in comparison with the nom- 
inal model. Decreasing the age of the slab 
from 100 to 50 Ma had little effect, because 
with its reduced buoyancy the rate of slab 
descent decreased, so although the slab 
weighed less, the buoyancy source was clos- 
er to the surface at anv time and the net 
change on the dynamic topography was 
small. During the final 20 My of the model, 
when cold material was drawn up by the 
ridge, fluid in the transition zone was warm- 
er (compared with the case with an older 
slab) such that it was drawn up more effec- 
tively. Without slab extension into the low- 
er mantle, a larger fraction of cold fluid 
remained in the upper mantle to decrease 
the temperature beneath the ridge and dy- 
namically pull the topography downward. 
Crust was thinner and bathymetry deeper 
with smaller amounts of slabs initiallv in 
the lower mantle. 

Discussion 

For a range of reasonable values, we are able 
to match observed inundation of Australia 
(Fig. 2A) with simple dynamic models of 
convection with imposed plate tectonics 
(Fig. 2D). The uplift of Australia is a nat- 
ural consequence of dynamic topography 
that decreases with the demise of subduc- 
tion on the Pacific margin of Australia dur- 
ing the Cretaceous. The most important 
limitation of the present models is the in- 
ability to explain the permanent subsidence 
of the Eromanga and Surat basins. Qualita- 
tively, about half of the Cretaceous subsi- 
dence of these basins was recovered during 
the Cenozoic, and half persists to the 
present (8, 1 1 ). By itself, dynamic topogra- 
phy is incapable of explaining permanent 
subsidence of sedimentary basins, because it 
is reversible. But it is the reversible nature 
of dynamic topography that allows us to 
explain the uplift and exposure of the east- 
em half of the continent, even as global sea 
level rises. 

The same dvnamic models are also able 
to match the present-day geochemistry and 
geophysics of the SEIR, including the prom- 
inent topography on the ridge (Fig. 3E), 
thin crust at - 130°E (Fig. 3D), the onset of 
anomalous tectonics over the past tens of 
millions of years (Fig. 3D), the sharp jump 
of an otherwise long wavelength isotopic 
signature along the ridge (Fig. 3C), and the 
apparent westward migration of the isotopic 
anomaly at a few centimeters per year (Fig. 
3C). The models show that the intensity of 

the dynamic stress (dynamic topography) 
increased over the past tens of million years, 
commensurate with the onset of formation 
of thin oceanic crust, as cold mantle was 
advected closer to the surface. This result is 
consistent with the increasing roughness of 
sea-floor topography and development of 
fracture zone offsets in the AAD over the 
Neogene (2). 

The primary control on the develop- 
ment of an anomalous ridge structure by an 
old slab is the presence of an endothermic 
phase change at 660-km depth along with a 
jump in effective viscosity between transi- 
tion zone and lower mantle that tends to 
trap a flat laying slab before being partially 
drawn upward by the new spreading center. 
Results from seismic tomography and dy- 
namic models have shown that trapping of 
slabs within the transition zone may be a 
common attribute of subduction dynamics. 
This trapping is best displayed beneath the 
Izu Bonin Arc south of Japan, where the 
slab is flat laying and trapped in the transi- 
tion zone over a horizontal distance of 
about 700 km (34), much like the structures 
displayed by the dynamic models (Fig. 6A). 
In both the mantle and dynamic models, 
these flat laying structures are best displayed 
in converging margins that are actively mi- 
grating oceanward (33,  probably identical 
to the tectonics of the Australian eastern 

Fig. 6. Vertical cross sections of temperature for 
nominal model (28). (A to C) Nearly east-west 
profiles. (D) A south-north section orthogonal to 
(C) with respective lines of intersection shown by 
white dashed vertical lines. Locations of cross 
sections are shown as black lines in Fig. 5, B, D, 
and F. The upper scale is for (A) only (representing 
a large temperature span), and the lower scale is 
for (B) to (D). R denotes the position of the ridge. 
The tick marks have a 500-km spacing. 

margin during the Cretaceous (20, 21 ). 
The model we are proposing for the for- 

mation of the AAD is different from other 
models based on isotope geochemistry (4); 
in these models, the source of the AAD is 
actively moving toward the west and driven 
by mantle flow from the Pacific to Indian 
oceans. During the opening of the SEIR, 
the trapped portion of the slab within the 
transition zone moves little horizontally, 
and the apparent migration is primarily due 
to the motion of the plates toward the east 
in the hot spot frame. Consequently, the 
AAD is much like a track of a hot spot, 
except that here we are dealing with the 
track of a cold spot. 

Individuallv. the corres~ondence be- , , 
tween a predicted and an observed quantity 
is not ~erfect-the immrtance of our re- 
sults is h e  ability to prkdict the wide suite 
of disparate observations. These observa- 
tions include the subsidence and uplift of 
Australia during the Cretaceous; the west- 
ward migration of an isotopic boundary in 
the ocean basin; a distinct crustal thickness, 
isotopic structure, and topographic struc- 
ture at the approximate position of the 
present AAD; and the disruption of the 
oceanic crust since the start of the Neo- 
gene. By following the evolution of the 
global ridge system with respect to long- 
lived Mesozoic subduction in a hot spot 
reference frame (22, 23, 25), we find that 
the SEIR was the only ridge to override an 
old subduction zone. This overriding is 
probably the reason why the AAD is a 
unique feature of the global system of ridges. 
We have not attempted to adjust mantle or 
paleogeographic parameters to improve the 
fit with observed quantities. Clearly, there 
are substantial opportunities to adjust pa- 
rameters, and in fact we believe that by 
findine the best match with observations. - 
fundamental constraints can be placed on 
mantle and slab rheoloev and the Mesozoic 
paleogeography of thev~ondwanaland-pa- 
cific margin. 
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Topoisomerases I promote the relaxation of DNA superhelical tension by introducing a 
transient single-stranded break in duplex DNA and are vital for the processes of repli- 
cation, transcription, and recombination. The crystal structures at 2.1 and 2.5 angstrom 
resolution of reconstituted human topoisomerase I comprising the core and carboxyl- 
terminal domains in covalent and noncovalent complexes with 22-base pair DNA du- 
plexes reveal an enzyme that "clamps" around essentially 6-form DNA. The core domain 
and the first eight residues of the carboxyl-terminal domain of the enzyme, including the 
active-site nucleophile tyrosine-723, share significant structural similarity with the bac- 
teriophage family of DNA integrases. A binding mode for the anticancer drug campto- 
thecin is proposed on the basis of chemical and biochemical information combined with 
these three-dimensional structures of topoisomerase I-DNA complexes. 

Topoisomerases are ubiquitous enzymes 
that solve topological problems generated 
by key nuclear processes s ~ i c h  as DKA 
replication, transcription, recornblnatlon, 
repair, chromatin assembly, and chromo- 
some segregation ( 1 ) .  There are two types 
of topoisomerases. Type I enzymes are mo- 
nomeric and transiently break one strand 
of duplex DNA, allowing for single-step 
changes in the linking number of circular 
DNAs ( the  number of tlrnes one strand of 
DNA crosses the other).  Type I1 enzymes 
are dilneric and break both strands of a 
duplex to generate a gate through which 
another region of DNA can be passed, 
resulting in linking number changes in 
steps of two. Type I and type I1 enzymes 
are f~~ndamental ly  different in both mech- 
anism and cellular f ~ ~ n c t i o n  ( 2 4 ) .  The  
medical Importance of these enzymes is 
underscored by the fact that they are the 
specific targets of Inany promising anti- 
cancer drugs (5). 

Eukaryotic type I topoisomerases differ 
significantly from their prokaryotic coun- 
terparts. Prokaryotic enzymes require mag- 
nesium and a slngle-stranded segment of 
DNA; additlonally, they form a covalent 
intermediate with the 5 '  end of the broken 
DNA strand and relax only negatively su- 
percoiled DNA. Eukaryotic topolsomerase I 
enzymes, in contrast, do not require any 
metal cofactor, need no single-stranded 
stretch of DNA, form a covalent interme- 
&ate with the 3 '  end of the broken strand, 
and are able to relax both positive and 
negative supercoils. All available evidence 
indicates that prokaryotic and eukaryotic 
type I enzymes share no sequence or struc- 
tural similarity. Vaccinia vlrus topoisomer- 
ase (6), ho\vever, shares several mechanistic 
and sequence features with eukaryotic type 
I topoisomerases but is much smaller (36 
kD) than all known cellular topoisolnerases 
I ( 7 ) ,  which range from 80 to 110 kD (8). 
So far, no structure of a eukaryotic topo- 
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