
Rapid Continental Subsidence Following the 
Initiation and Evolution of Subduction 

Dynamic topography resulting from initiation of slab subduction at  an ocean- 
continent margin causes the continental lithosphere to  subside rapidly. As subduction 
continues and the slab shallows, a basin depocenter and forebulge migrate in toward 
the continental interior. Finally, closure of the ocean basin leads to  regional uplift. 
These active margin processes have commonly been ascribed t o  supracrustal loading, 
but numerical modeling shows that dynamic subsidence rates can exceed 100 meters 
per million years and are similar to  rates of sediment accumulation along convergent 
North American plate margins over the Phanerozoic. 

F OLLOWING THE RECOGNITION NEAR- 

ly a century ago that kilometer-thick 
sedimentary deposits commonly lie 

interior to continental margins [later named 
geosynclines (I)], it was realized that crustal 
downwarping must have accompanied or 
preceded deposition. The origin of such 
subsidence was much debated (2), but it was 
also realized early on that because these 
basins are partly filled with coarse clastic 
sediments and volcanic rocks, their origins 
must be associated with orogenesis. A mod- 
el has become widely accepted in which 
orogenic and fold-thrust belts (3), which lie 
on top of the lithosphere, elastically bend 
the continent downward at converging plate 
boundaries. Such downwarping by these 
supracrustal loads may lead to the develop- 
ment of foreland basins that are infilled by 
sediments shed from the adjacent topo- 
graphic loads (4). 

At ocean-continent converging margins, 
oceanic lithosphere subducting under the 
continent is also a load. Viscous flow mod- 
els have shown that the presence of slabs, 
which are colder than average mantle, 
causes surface depressions (dynamic topog- 
raphy) of nearly 1 km (5, 6). Furthermore, 
any change in the characteristics of subduc- 
tion will lead to a change in buoyancy and 
hence to fluctuations in the magnitude and 
shape of dynamic topography (6, 7). I t  
therefore follows that changes in subduc- 
tion can lead directly to uplift or subsid- 
ence of an overriding continent. On the 
basis of the distribution of volcanic rocks 
[for example (8)], it has been suggested 
that a progressive decrease in the dip of the 
subducting oceanic crust (6, 9) caused ex- 
cessive (10) Late Cretaceous submergence 
of western North America and that subse- 
quent cessation of subduction led to broad- 
scale Cenozoic uplift (6, 11). In this report 
I show that the normal evolution of slabs, 
and especially the initiation of subduction, 
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can lead to high rates of subsidence over 
large length scales. 

New subduction zones probably must 
form where the oceanic lithosphere is old so 
that the strength of the lithosphere can be 
overcome (13). The oceanic lithosphere may 
even reach its greatest age and density just 
before the initiation of subduction. De- 
scending into the upper mantle, the new slab 
will cause the continental lithosphere to 
rapidly subside. On the basis of estimates of 
typical plate subsidence and age, an order of 
magnitude estimate of subsidence rate is 
readily derived. Oceanic lithosphere sub- 
sides about 3 km in 160 million years (m.y.) 
as it cools (14). If this dense lithosphere 
were now at depth in the viscous mantle, 
instead of lying isostatically near the Earth's 
surface, the dynamic topography resulting 
from this load would be attenuated. How- 
ever, for a load at a depth of 200 km, this 
attenuation would not be significant (15). 
For an oceanic plate subducting at 5 cm/ 
year, most of the change in dynamic topog- 
raphy occurs while the slab initially moves 
through the upper mantle, in less than about 
10 m.y. A 3-km dynamic subsidence in 10 
m.y., together with sediment loading, will 
give an apparent subsidence of about 500 m 
per million years-as large as the largest 
apparent subsidence observed on the North 
American craton during the Phanerozoic 
(16). This is a crude upper limit but clearly 
shows that the initiation of subduction must 
be a significant factor in controlling subsid- 
ence along continental margins. Because 
amounts of subsidence will depend on sub- 
duction geometry, age of the oceanic plate, 
and rheology of the mantle, a dynamic vis- 
cous model must be used to predict the 
dynamics of such convergent systems. 
Therefore, I developed models of the sub- 
duction environment with strong horizontal 
and vertical variations in viscosity that allow 
for the computation of synthetic stratigra- 
phy along a continental margin from the 
initiation of subduction through closure of 
an ocean basin. 

The two-dimensional numerical model 

(some details in Fig. 1)  has a total width of 
6000 krn and a depth of 1500 km. A trench 
is placed close to the center of the compu- 
tational domain, and the fluid interior has a 
high-viscosity lithosphere, a low-viscosity 
zone, an upper and lower mantle, and a 
high-viscosity slab. The thickness of the 
lithosphere jumps at the ocean-continent 
boundary. Overlying the continental litho- 
sphere is an elastic lid of uniform rigidity 
that is free at the continent boundary in 
order to simulate a fault in the elastic 
lithosphere. The descending slab has a 
uniform temperature equal to the average 
temperature of the lithosphere subducting 
with an age, T, (17). Only the equation of 
motion of a slow creeping fluid is solved 
(18); time dependence is simulated with a 
sequence of different slab configurations. 
Stress of the dense slab is transmitted by 
viscous flow to the surface. The total ver- 
tical stress on the top loads the elastic lid 
and results in dynamic topography (19). 
Space between dynamic topography and 
sea level (set to a constant value of zero) is 
filled with sediments, and a stratigraphic 
cross section is created by sequentially 
changing slab configurations. 

For a model with a slab at a depth of 600 
km, a dip of SO", and an age of 160 m.y., 
there is little difference between the raw 
topography from the viscous stress and the 
loading of the elastic lid at this relatively 
long wavelength. A prominent -25-m-high 
forebulge developed at 400 km from the 
ocean-continent boundary. This forebulge 
was controlled by viscous flow. The oblique- 
ly descending slab with a finite length result- 
ed in a counter flow with strong upwelling; 
in the presence of a low-viscosity zone and a 
high-viscosity lithosphere and slab, the to- 
pography bulged upward over the up- 
welling (20). Both deeper and shallower 
dipping slabs excite longer wavelength 
counter flows and thus cause the bulge to be 
pushed farther in toward the continental 
interior. 

A fundamental ambiguity in assessing ver- 
tical motions associated with subduction is 
our poor understanding of the time evolu- 
tion of slab structure, especially that just 
following the initiation of subduction. Dy- 
namic models of plates and convection in 
which slabs are entirely free to adjust to the 
dynamics of the system show that slabs 
descend vertically through the upper mantle 
following the initiation of subduction (21). 
However, slab dip shallows as a horizontal 
pressure gradient develops (24,  and it may 
take about 50 m.y. to bring a vertical slab to 
an asymptotic dip of about 45" (21). Slabs in 
the western Pacific approximate this trend 
(21): the two youngest slabs, Mariana and 
Kermadec, are nearly vertical, whereas the 
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oldest slab, Japan, has a shallow dip near 45" 
(23). To approximate this evolutionary trend, 
I modeled a slab that shallowed in 50 m.y. 

Three phases were evident in the evolu- 
tion of the ocean basin (Fig. 2) associated 
with (i) initiation of subduction, (ii) rapid 
shallowing of slab dip, and (iii) closure of 
the ocean basin. These three phases are 
distinguished not only by slab and litho- 

sphere geometry but also by time scale: the 
first phase occurred in -10 m.y., the second 
in -50 m.y., and the third in -150 m.y. 
During initiation of subduction (Fig. 2A), 
the rate of subsidence decreased as the lead- 
ing edge of the slab descended to greater 
depths and to greater distances from the 
continental surface. The resulting basin was 
some 200 km in width and had a well- 
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Fig. 1. Schematic of the 100- 
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of different viscosity: up- 
per right is continental 
lithosphere, qc; upper left 
is oceanic lithosphere, 
qoL; the slab, qs; the un- 
shaded region just below 
the lithosphere is the low- 
viscosity zone, qLVz; and 
below the LVZ is the up- 
per mantle, q U M  The 
thick horizontal line on 
top of the continental 
lithosphere is the elastic 
lid. Only every third veloc- 
ity vector is plotted. The mesh is most refined in the low-viscosity zone near the slab. The viscosities are 
qc = Pa-s, q, = 1021 Pa-s, qLvz = 1019 Pa-s, quM = 1021 Pa-s, and q, = loz3 Pa-s. The 
viscosity of the slab is lo2 times as large as adjacent layers in the LVZ, for example, q, = 10'' Pa-s). 
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Fig. 2. Plate and slab configuration during three stages of the evolution of a subduction zone (on the 
left) and the cumulative stratigraphy that results since the initiation of subduction (on the right). On 
the right, the thick solid lines are chronostratigraphic surfaces, the horizontal line is the sea level, and 
the line underlain by the stippling is the original land surface before subduction was initiated. During 
the first phase (A), chronostratigraphic surfaces are shown for a slab that successively deepens by 100 
!un. For a slab that descends at 5 cmlyear, these 100-!un slab depth intervals correspond to 2 m.y. 
chronostratigraphic surfaces. During the second phase (B), the vertical distance between chronostrati- 
graphic surfaces increases for each 10" decrease in slab dip. 

developed forebulge. As the slab descended 
through the upper mantle, the viscous fore- 
bulge migrated toward the continental inte- 
rior, and sediments progressively lapped 
onto previously uplifted regions. The maxi- 
mum rate of subsidence was about 200 m 
per million years and was dependent on the 
distance between the trench and the ocean- 
continent boundary. Here, the distance was 
a conservative 150 km, but if the trench and 
ocean-continent boundary overlap, then the 
maximum rate of subsidence would be 400 
m per million years for 160-million-year-old 
oceanic lithosphere. If the slab descends 
obliquely then the rate of subsidence can be 
even higher. 

During the second phase (Fig. 2B) the 
slab shallowed, and in the example shown 
the age of the oceanic lithosphere subduct- 
ing (7,) is 160 m.y. (24). As slab dip 
decreased, both the amplitude and width of 
the depression increased as the basin center 
migrated toward the continental interior. 
Although the second phase occurred over a 
much longer period of time (50 m.y.), the 
overall magnitude of subsidence was sub- 
stantially higher than that which occurred 
during the initial phase. Apparent subsid- 
ence rates of the order 100 m per million 
years were somewhat less than those found 
during the initiation of subduction and 
were directly proportional to the rate at 
which the slab dip angle decreased. As the 
center of dynamic topography migrated 
inward, the continental surface nearest the 
trench rebounded; as a result, sedimentary 
sequences were uplifted and tilted. Like the 
initiation phase, a shallowing dip phase 
also resulted in a forebulge that migrated 
toward the continental interior. Signifi- 
cantly, as the slab shallowed, continental 
crust, which previously bowed upward, 
became covered with sediment as the mag- 
nitude of the depression increased and the 
depocenter advanced toward the interior of 
the continent. 

During the third and final phase, the 
ocean basin closed. In so doing the age of 
the oceanic lithosphere decreased and, for a 
slab at both a constant depth and dip, there 
was a dramatic uplift of the continent in the 
model (6 ) .  The effect where T, decreased 
from 160 to 10 m.y. was to create a plateau 
800 km across, more than 1 km high, and 
with tilted stratigraphic horizons (Fig. 2C). 
The rate of uplift was directly proportional 
to the rate at which the oceanic ridge and 
trench converged. For an initial ridge to 
trench distance of 7000 km and a conver- 
gence of 5 cm/year, this uplift was only 10 
m per million years. 

The model of margin evolution just dis- 
cussed (Fig. 2) can be compared to the 
classic Wilson cycle, the Cambrian to Devo- 
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nian evolution of Iapetus. During the Cam- demise. The Cenozoic uplift of western America, Denver, CO, 198% pp. 25-51. 

brim and Early Ordovician, the northeast- North America is consistent with these 17' 2; ~ ~ ~ ~ e i s t ~ ~ ~ ~ ~ m ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ r ~ ' $  
ern Laurentia margin was passive, forming (Fig. 2C) and earlier models (6, 11). An and T,  are the surface and mantle temperatures 
perhaps after the breakup of an Eocambrian additional example occurs in the western (273 K and 1673 K), is the thermal 

difiivity m2 s-I), and L o  is the thickness of 
supercontinent (25). During the middle Or- Pacific where the age of the oceanic litho- the oceanic lithosphere km), 
dovician, nearly coeval with the initiation of sphere subducting has been increasing 18. S. D. King, A. Raefsky, B. H .  Hager, Phys. Earth 

subduction off the east coast of Laurentia since the late Mesozoic. The slab subduct- 
19, ~ ~ ~ , " ~ " , ' & ~ ~ , ( ~ ~ , " ) k n n U ,  Rrv Earthplawt, 

(26) but before the Taconic uplift on the ing from Indonesia to Japan is currently a i ,  9, 4.15 (1981). 
eastern margin, continental crust was tilted greater than 100 million years old, but 20. Because topography has not been investigated with 

downward in a broad lone 200 to 500 km during the Cretaceous the age of the oce- ~ ~ ~ ~ $ ~ t i ~ ~ ~ ~ ~ ~ a ~ ~ ; ~ ~ ~ ~ & ~ ~ ~  
wide (27, 28). Later, during the Late Or- anic lithosphere just before subduction plitude is dependent on all aspects of the viscosity 
dovician and Silurian, the Queenston clastic may have only been 40 to 80 million years it is primarily dependent On the finite 

length of the slab and the characteristics of the 
wedge was shed off of the Taconic uplift old (34). Consequently, we would expect ~ow.viscosity zone and lithosphere, It is negligibly 
(27, 28). But rapid drowning of the conti- active subsidence of continental crust just dependent on the boundary conditions of the side 

nent preceded deposition of this clastic above these slabs. Currently, continental 
21, ~7~~~~~ and B, H, Haper, Nature 335, 317 

wedge; in Quebec (29), eastern Pennsylva- crust behind western Pacific trenches from (1988). 
nia (30), and eastern Tennessee (30, 31) Indonesia to Alaska is submerged at shal- 22. The angle of subduction is ~ r o b a b l ~  controlled by a 

subsidence was so rapid that deposition low water depths (35). balance between the vertical buoyancy of the slab 
and the horizontal pressure gradient generated by 

could not keep up with rates of subsidence, Perhaps most importantly, these models obliquely dipping slabs [D. J. Stevenson and J. S. 

which exceeded 50 m per million years (16, have been created in isolation from the Turner> Nature 270, 334 (1977)l. During the hi- 
tial, nearly vertical descent through the upper man- 

30, 31). In order to explain such subsidence effects of supracrustal loads and eustatic sea tle, there is no substantial gradient, 
without a supracrustal load, it has been level fluctuations. Clearly, supracrustal 23. The age of the slab, defined as the time since 

suggested that tilting of the Laurentian mar- loads over the long term would act in :~~~~~~~~~ ~ ~ ~ L d _ ~ ~ ~ , " C ~ ~ ~ ~ ~ , " d T  
gin was driven by partial subduction of concert with the slab effects, although there R,,. ~ ~ ~ ~ h ~ ~ .  space phys. 24, 217 (1986)l; this 
continental crust into an eastward dipping may be an initial short-term phase offset. provides a lower limit to the age of the slab. 

24. It  is probably more realistic to decrease slab age subduction zone (30). Polarity of the post Moreover, change in rates of subduction is while the dip decreases, but the topographic eEea of 
mid-Ordovician subduction zone is uncer- ultimately caused by change in the rates of decreasing slab age is small in comparison to de- 

tain, but may well have been westward sea floor spreading, and the combination of creasing slab dip Over a 50 m.Y. pe r id  for l60- 
million-year-old lithosphere. 

dipping (32), as implied by the rapid pre- spreading and subduction can lead to com- 25, G, C, Bond, P, A, Nickelson, M, A, Kominz, Earth 
Taconic uplift. During this time, uplift and plex phase offsets between eustatic and Planet. Sci. Lett. 70, 325 (1984). 

the development of regional unconformities epeirogenic effects (7). Orogenic, epeiro- 2 6  {ti :$7;dJ, F. GeO1 A m  81, 

preceded subsidence of the margin (30, 33). genic, and eustatic processes are closely 27, P, B. King, Evolution o f ~ ~ r t h  America (Princeton 
Rapid subsidence is expected during the coupled (36), and these and other models U N ~ .  Press, Princeton, NJ, 1959). 

initiation of subduction (Fig. 2A) and such (7) allow better understanding of the ulti- 28. T. North D' and Cook Central and A' America W' Bally, (Princeton Stratkraphu Univ. Press, of 
uplift and development of unconformities mate dynamic interrelationships among the Princeton, NJ, 1975). 
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