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side, in contrast to 16.7 cm/yr and 2.8 cm/yr for the case with 
zero shear stress. Trench depth to age relations are computed 
for the standard model with different shear stresses on the 
fault. Although trench depth changes with the shear stress. the 
slopes of trench depth versus age for diffe rent shear stresses 
are nearly identical (Pigure !!b). Plotted on Figure Hb arc the 
trench depths corrected for a/ and es and their linear regression 
(i.e., Figure 7b); the effects of elasticity were not considered 
in these corrected trench depths. We observe that the 30-MPa 
shear stress line is c lose to the linear regression line for the 
corrected trench depth. This leads us to conclude that shear 
stress on faults in subduction zones may be about 30 MPa. 
When the effects of elasticity are included, comparison 
between the corrected trench depths and those from standard 
models suggests a 15-MPa resisting shear stress (Figure 8c). 

It should be pointed out that a few corrected trench depths 
are either far below the 30-MPa line in Figure 8b or above the 
0-MPa line in Figure 8c. However, we find that the resisting 
shear stress cannot exceed 40 MPa; otherwise, for subduction 
zones younger than 60 m.y. , the tangential velocity on the 
fault on the overriding lithosphere side becomes larger than 
that on the subducting lithosphere side, which contradicts the 
original sign of the resisting shear stress. This implies that 
our models cannot-explain some corrected trench depths. Two 
possibilities may resolve this discrepancy: (1) some raw 
trench depths include significant fraction of nondynamic 
topography including sediments, as discussed by Hilde and 
Uyeda [1983], making trenches appear shallower, and (2) 
uncertainties in the measured fault and slab dips and 
uncertainties in model parameters including negative 
buoyancy and mantle viscosity, as discussed below. 

Tbe magnitude of the resisting shear s tress determined from 
our models depends on total buoyancy within the slab and 
viscosity structure. A smaller phase change buoyancy or a 
higher mantle viscosity would yield a smaller resisting shear 
stress. Phase change kinetics which were excluded in previous 
calculations of phase change buoyancy tend to reduce the 
negative buoyancy [Sung and Burns, 1976], and thus the 
estimated resisting shear stress. However, we find that even 
after the phase change buoyancy is excluded, a 20-MPa 
resisting shear stress is still needed in order to match the 
trench depths corrected for fault and slab dips without taking 
into account elasticity (Figure 8d). We have assumed a linear 
relationship between the amount of phase change buoyancy 
and age of lithosphere in computing trench depth to age 
relation (e.g., Figure 8b). To assume a constant phase change 
buoyancy for different ages of subducting slabs causes the 
slopes of trench depth to age relations to decrease by about 5 
m m.y.-1 (Figure 8e without the elasticity). This does not 
greatly change our estimate o f resisting shear stress (Figure 
8e). When calculating those corrected trench depths in Figures 
8d and 8e, trench depth to fault dip and slab dip relations for 
models with corresponding phase change buoyancy structures 
were used, respectively. A higher-viscosity mantle provides 
larger viscous resisting force to balance the negative 
buoyancy associated with slabs and causes Jess deformation on 
the surface, consequently, smaller res isting shear stress on 
fault plane is required in order to match observed trench 
depths. Our viscosity structure with high viscosities for the 
lower mantle and transition zone is basically the same as 
Hager's (1990]; this viscosity structure suggests a resisting 
s hear stress of about 15 -30 MPa o n convergent plate 
boundaries, which is smaller than the 100 MPa of Davies 

[1980]. but is in general consistent with the 14-40 MPa 
inferred from frictional heating models of subduction zones 
[TichellJllr and Ruff, 1993]. 

Conclusions 

We have developed a finite element method with 
constrained elements and Lagrange multipliers to study 
tectonic faults in a viscous medium. With this method, a fault 
which represents the interface between an overriding and a 
subducting plate has been incorporated into a viscous flow 
model of subduction zones. Surface dynamic topography from 
the model with typical subduction zone parameters is 
characterized by a narrow and deep trench and a broadly 
depressed back arc basin. This suggests that trenches and back 
arc basins may originate from the compensation of subducting 
s labs . 

Our models indicate that trench depth in general increases 
with fault dip, slab dip, slab length, and age of lithos{>here 
prior to subduction. However, the fault dip angle and the age o f 
lithosphere are more important in controlling trench depth 
than the slab dip angle. The length of thermal slabs does not 
greatly effect trench depth, as long as they are long enough to 
experience the phase change from olivine to spinel at 410 km 
depth. These trench depth to subduction zone parameter 
relations explain well the statistics of observed trench depths 
[Jarrard, 1986]. Observed trench depths of ·subduction zo nes 
with oceanic lithosphere on both sides of trenches have been 
corrected for fault dip angles, slab dip angles, and length of 
Benioff zone, based on the relationships from o ur models. 
Trench depth corrected only for fault dip and slab dip displays 
a clear correlation with age of lithosphere prior to subduction 
with a slope of 32 m m.y.-l (27 m m.y.-1 when elasticity is 
considered), which is consis tent with that predicted by our 
models and is close to the seafloor subsidence rate of 36 m 
m.y.-1. Further correction of trench depth for length of Benioff 
zones not only degrades the correlation between trench depth 
and age but also gives rise to much smaller slope than 
predicted by our models; this s ugges ts that the length of 
Benioff zones used for the correction does not represent well 
the length of the thermal signal of slabs. Comparison be tween 
the trench depths corrected for dip angles of faults and s labs 
and those from models with different shear stresses on faults 
suggests that shear stress on faults in subduction zones may 
range from 15 MPa to 30 MPa, depending on model details. 

Ackaowledp..as. We thank L. Ruff and G. Houseman for 
constructive discussions and M. Parmentier, S. Willen, and the Associate 
Editor for their reviews. This work was funded by the David and Lucile 
Packard Foundation and NSF grant EAR-8957164. Contribution number 
5414, Division of Geological and Planetary Sciences, California Institute 
of Technology, Pasadena, California. 

References 

Barr, T. D., and G. A. Houseman, Distribution of deformation around a 
fault in a non-linear ductile medium, Geophys. Res. Lett., 19, 1145-
1148, 1992. 

Cazenave, A., A. Souriau, and K. Dominh, Global coupling of the earth 
surface topography with hotspots, geoid and mantle heterogeneity. 
NaJure, 340, 54, 1989. 

Christensen, U. R., Convection in a variable-viscosity fluid: Newtonian 
versus power-law rheology, Earth Sci. Lett. , 64, 153-162, 
1983. 



ZHONG AND GURNIS: 1RENCHES FROM SUBDUCTED SLAB MODELS 15,695 

Cook, R. D., Concepts and Application of Finite Element Analysis, 2nd 
ed., 537 pp., John Wiley, New York, 1981. 

Creager, K. C., and T. H. Jordan, Slab penetration into the lower mantle, 
J. Geophys. Res., 89.3031 • 3049, 1984. 

Davies, G. F., Regional compensation of subducted lithosphere: Effects 
on geoid, gravity and topography from a preliminary model, Earth 
Pkmet. Sci. Lett., 54, 431-441, 1981. 

Davies, G, F., Mechanics of subducted lithosphere, J. Geophys. Res., 
85, 6304-6318, 1980. 

Davies, G. F., and F. Pribac, Mesozoic seafloor subsidence and the 
Darwin rise, past and present, in The Mesozoic Pacific: Geology, 
Tectonics, and Volcanis"~ Geophys. Mono., Ser., vol. 77, edited by S. 
Pringle, W. V. Sliter, and S. Stern, pp 39-52, AGU, Washington, D. 
C.l993. 

De Bremaecker, I.-C., Is the oceanic lithosphere elastic or viscous?, J. 
Geophys. Res., 82.2001-2004, 1977. 

Grellet, C., and J. Dubois, The depth of trenches as a function of the 
subduction rate and age of lithosphere, Tectonophysics, 82, 45-56, 
1982. 

Gurnis, M., Depressed continental hypsometry behind oceanic trenches: 
A clue to subduction controls on sea-level change, Geology, 21, 29-
32, 1993. 

Hager, B. H., The viscosity profile of the mantle: A comparison of 
models on postglacial and convection time scales (abstract), Eos 
Trans. AGU, 71(43), Fall Meeting suppl., 1567, 1990. 

Hager, B. H., and R. J. O'Connell, A simple global model of plate 
dynamics and mantle convection, J. Geoplzys. Res .. 86, 4843-4867, 
1981. 

Hager, B. H., and R. J. O'Connell, Subduction zone dip angles and flow 
driven by plate motion, Tect01wphysics, 50, 111-133, 1978. 

Hager, B. H., R. W. Clayton, M.A. Richards, R. P. Comer, and A.M. 
Dz.iewouski, Lower mantle heterogeneity, dynamic topography and 
the geoid, Nature, 313, 541, 1985. 

Hetenyi, M., Beams on Elastic Fou1ulation, 255 pp., University of 
Michigan Press, Ann Arbor, 1946. 

Hilde, T. W. C., and S. Uyeda, Trench depth: Variation and 
significance, in Geodynamics of the lVestem Pacific-Indonesian 
Region, Geodyn. Ser., vol. 11, edited by T. W. C. Hilde and S. 
Uyeda, pp. 75-89, AGU, Washington, D. C., 1983. 

Hughes, T. J. R., The Finite Element Method. 631 pp., Prentice-Hall, 
Englewood Cliffs, N.J., 1987. 

Jarrard, R. D., Relations among subduction parameters, Rev. Geophys., 
24, 217-284, I986. 

Jungels, P. H., and G. A. Frazier, Finite element analysis of the residual 
displacements for an earthquake rupture: Source parameters for the 
San Fernando earthquake, J. Geoplzys. Res., 78, 5062·5083, 1973. 

Kanamori, H., The state of stress in the Earth's lithosphere, in Physics of 
the Earth's Interior, edited by A. Dziewonski and E. Boschi, 
Amsterdam, North-Holland, pp. 531-554, 1980. 

Karig, D. E., Origin and development of marginal basins in the western 
Pacific, J. Geoplzys. Res., 76, 2542-2561, 1971. 

King, S. D., The interaction of subducting slabs and the 670 kilometer 
discontinuity, Ph. D. thesis, Cali.Inst. of Techno!., Pasadena, 1991. 

King, S. D., and D. H. Hager, The relation.~hip between plate velocity 
and trench viscosity in Newtonian and power-law subduction 
calculations, Geophys. Res. Lett., 17, 2409-2412, 1990. 

King, S.D., A. Raefsky, and B. H. Hager, ConMan: Vectorizing a finite 
element code for incompressible two-dimensional convection in the 
Earth's mantle, Phys. Earth Planet. [Iller., 59, 195-207, 1990. 

Lachenbruch, A. H., and J. H. Sass, The stress heat-flow paradox and 
thermal results from Cajon Pass, Geophys. Res. Lett., 15. 981-984, 
1988. 

Lyzenga, G. A., A. Raefsky, and S. G. Mulligan, Models of recurrent 
strike-slip earthquake cycles and the state of crustal stress, J. 
Geophys. Res., 96,21,623-21,640, 1991. 

McKenzie, D. P., Speculation on the consequences and causes of plate 
motions, Geophys. J. R. Astron. Soc., 18, 1-23, 1969. 

Melosh, H. J., and A. Raefsky, The dynamical origin of subduction zone 
topography, Geophys. J. R. Astron. Soc., 60, 333-354, 1980. 

Melosh, H. J., and A. Raefsky, A simple and efficient method for 
introducing faults into finite element computations, Bull. Seismol. Soc. 
Am., 71, 1391-1400, 1981. 

Melosh, H. J., and C. A. Williams, Jr., Mechanics of graben formation in 
crustal rocks: a finite element analysis, J. Geoplrys. Res., 94, 13,961-
13,973, 1989. 

Oxburgh, E. R., and E. M. Parmentier, Compositional and density 
stratification in oceanic lithosphere--Causes and consequences, J. 
Geol. Soc. London, 133, 343-355, 1977. 

Park, C.-H., K. Tamaki, and K. Kobayashi, Age-depth correlation of the 
Philippine Sea back-arc basins and other marginal basins in the 
world, Tecto1wphysics, 181, 351-371, 1990. 

Pribac, F. Superswe\ls Due to Mantle Convection, Ph. D. thesis, 174 pp., 
Australia Nat. Univ., Canberra, A.C.T., 1991. 

Richards, M. A., and B. H. Hager, Geoid anomalies in a dynamic Earth, 
J. Geophys. Res., 89, 5987-6002, 1984. 

Ringwood, A. E., Composition mul Petrology of the Ea11h's Mantle, 6\8 
pp., McGraw-Hill, New York, 1975. 

Schubert, G., D. A. Yuen, and D. L Turcotte, Role of phase transitions 
in a dynamic mantle, Geophys. J. R. Astron. Soc., 42,705-735, 1975. 

Sclater, J. G., Heat flow and elevation of the marginal basins of the 
western Pacific, J. Geophys. Res., 77, 5705-5719, 1972. 

Sclater, J. G., D. Karig, L. A. Lawver, and K. Louden, Heat flow, 
depth, and crustal thickness of the marginal basins of the South 
Philippine Sea, J. Geophys. Res., 81, 309-318, 1976. 

Sleep, N. H., Stress and flow beneath island arcs, Geophys. J. R. Astron. 
Soc., 42, 827-857, 1975. 

Sung, C. M., and R. G. Burns, Kinetics of high pressure phase 
transformations: Implications to the evolution of the olivine - spinel 
transformation in the downgoing lithosphere and its consequences on 
the dynamics of the mantle, Tectonophysics, 31, 165-170, 197 6. 

Tichelaar, B. W., and L. J. Ruff, Depth of seismic coupling along 
subduction zones, J. Geopllys. Res., 98, 2017-2037, 1993. 

Turcotte, D., and G. Schubert, Geodynamics, 450 pp., John Wiley, New 
York, 1982. 

Uyeda, S., and H. Kanamori, Back-arc opening and the mode of 
subduction, J. Geophys. Res., 84, 1049-1061, 1979. 

Vassiliou, M. S., and B. H. Hager, Subduction zone earthquakes and 
stress in slabs, Pure Appl. Geophys., 128, 547-624, 1988. 

Watts, A. B., and M. Talwani, Gravity anomalies seaward of deep-sea 
trenches and their tectonic implications, Geophys. J. R. Astron. Soc., 
36, 57-90, 1974. 

Watts, A. B., J. H. Bodine, and N. M. Ribe, Observations of flexure and 
the geological evolution of the Pacific Ocean basin, Nature, 283, 
532-537, 1980. 

Zhao, D., K. Aki, and N. Biswas, How deep does slab penetrate beneath 
Alaska? (abstract), EOS Trans. AGU, 74 (16) Spring Meeting suppl., 
312, 1993. 

Zhong, S., and M. Gurnis, Viscous flow model of a subduction zone with 
a faulted lithosphere: long and short wavelength topography, gravity 
and geoid, Geophys. Res. Lett., 19. 1891-1894, 1992. 

Zhong, S., M. Gurnis, and G. Hulbert, Accurate determination of 
surface normal stress in viscous flow from a consistent boundary flux 
method, Phys. Earth Planet. !liter., 78, 1-8, 1993. 

M. Gurnis, Seismological Laboratory, California Institute of 
Technology, Pasadena, CA 91125. 

S. Zhong, Department of Geological Sciences, University of 
Michigan, Ann Arbor, MI 48109-1063. 

(Received June 14, 1993; revised March 10, 1994; 
accepted March 21, 1994.) 


