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Figure 1. Locations of the three long seismic reflection profiles
in central Indian Ocean superimposed on satellite gravity field
(Sandwell and Smith, 1997). Seismic stratigraphic interpretation
of profiles A, B, and C are shown as line drawings in Figure 2.
Circles indicate locations of DSDP Sites 215 and 218 and ODP
Leg 116 sites.

ABSTRACT
Long-wavelength (100–300 km) folding in the central Indian

Ocean associated with the diffuse plate boundary separating the In-
dian, Australian, and Capricorn plates is Earth’s most convincing
example of organized large-scale lithospheric deformation. To test
the timing and mechanics of this deformation as implied by plate-
kinematic and deformation models, we present a new analysis of the
seismic stratigraphy of the Bengal Fan sediments. This analysis
shows that the folding of the oceanic lithosphere was multiphase,
with major events occurring in the Miocene (8.0–7.5 Ma), Pliocene
(5.0–4.0 Ma), and Pleistocene (0.8 Ma). The Miocene phase was the
most intense and involved deformation of an area south of 18S,
whereas in the Pliocene the activity shifted northward. In the final
phase (Pleistocene), the activity was focused in the equatorial region.
No evidence was found for deformation prior to 8.0–7.5 Ma. The
spatial extent of the Pleistocene folding event overlaps the Pliocene
and/or Miocene folding events and coincides with both the area of
most active faulting and the zone of greatest historical seismicity.
The seismic data show that the timing of reverse faulting, and thus
more significant shortening of the lithosphere, generally coincided
with the phases of folding, but there are examples of folding of the
oceanic lithosphere without associated reverse faulting.
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INTRODUCTION
The oceanic lithosphere in the central Indian Ocean has been de-

formed systematically by the concentration of compressional stresses
related to the plate-boundary configuration and the ongoing collision
of India with Asia. The deformation has occurred on two major spatial
scales: (1) long-wavelength (100–300 km) folding of the oceanic lith-
osphere and overlying sediments, and (2) reverse faulting of 5–20-km-
wide blocks (Weissel et al., 1980; Neprochnov et al., 1988; Bull, 1990;
Bull and Scrutton, 1990, 1992; Chamot-Rooke et al., 1993; Krishna et
al., 1998). A major structural unconformity resulting from the defor-
mation process was dated by the Ocean Drilling Program (ODP Leg
116 sites), indicating that significant deformation of the central Indian
Ocean lithosphere began at ca. 8.0–7.5 Ma (Leg 116 Shipboard Sci-
entific Party, 1987; Curray and Munasinghe, 1989; Cochran, 1990).
The location of this deformation has been placed in a plate kinematic
setting (Royer and Gordon, 1997; Gordon et al., 1998) by splitting the
traditionally defined Indo-Australian plate into the Indian, Australian,
and Capricorn plates, with multiple, diffuse plate boundaries. At pre-
sent, there is some difficulty in reconciling the plate kinematic analysis
(Gordon et al., 1998) with the observed seismic stratigraphy and avail-
able deep-sea drilling results.

In this paper we address in detail the nature of deformation in the
central Indian Ocean—whether it was sudden, continuous, or multi-
phase—and consider its timing. In addition, we look at evidence for
interaction of the long-wavelength folding and the reverse faults:
Which was initiated first, and does one drive the other? What are the
implications for tectonic models of the deformation? The spatial oc-

currence of the unconformities allowed us to understand the defor-
mation process in space and time. Analysis of fault throws at three
regional unconformities and of a sediment reflector immediately above
basement allows the determination of how the long-wavelength folding
and reverse faulting have interacted.

SEISMIC STRATIGRAPHY OF THE BENGAL FAN
SEDIMENTS

An analysis of seismic stratigraphy was completed along three
regional north-south (81.58E, 83.78E, and 878E) profiles (Fig. 1). Seis-
mic reflection profiles described by Bull and Scrutton (1992) and
Krishna et al. (1998) were also used in this study. The lithosphere in
the central Indian Ocean is systematically folded as crests and troughs
(Fig. 2). Within our data set we identify 12 long-wavelength fold struc-
tures ranging from 75 to 300 km in wavelength and 1 to 2 km in relief.
More than 500 high-angle reverse faults and small-scale folds are ob-
served within the deformation zone. At some locations—for example,
near the ODP Leg 116 sites (Leg 116 Shipboard Scientific Party, 1987;
Cochran, 1990; Bull and Scrutton, 1992) and in the vicinity of 3.58S
east of the 868E Fracture Zone (Krishna et al., 1998)—faulting has
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Figure 2. Line drawings of interpreted seismic data along profiles A (81.58E), B (83.78E), and C (87.08E). Panels outlined and
numbered 1, 2, 3, and 4 are in Figure 3 and show how unconformities have recorded formation of long-wavelength folding
at different times. Panel 1 shows clear Pliocene and Pleistocene folding; panel 2 shows Miocene and Pliocene folding;
panel 3 shows only Miocene folding; panel 4 shows Miocene and Pleistocene folding. Some steep, isolated basement rises
north of 200 km along profile A act as barrier limiting western extent of Bengal Fan sediments. Southern extent of Bengal
Fan sediments is seen on both profiles B and C at about same latitude, 78409S. Major basement undulation covered with
thin upper Miocene sediments is observed along profile B. This was initially part of basement structure of Afanasy Nikitin
Seamount, but during late Miocene time, it was uplifted to form part of a long-wavelength fold structure. Positions of reverse
faults and their vertical throws are shown above each profile. Free-air gravity anomalies (FAA) for each profile show pres-
ence of 100–300-km-wavelength folding.

significantly modified the regular long-wavelength basement topogra-
phy (Fig. 2) to produce a ‘‘sharp-crest–broad-trough’’ profile.

Four seismic sequences are identified in the sediment column and
are separated by three regional structural unconformities (Fig. 2). They
are correlated to biostratigraphic and lithostratigraphic results of ODP
Leg 116 sites (Stow et al., 1990; Cochran, 1990) to define their ages.
The oldest and youngest unconformities have late Miocene (8.0–7.5
Ma) and late Pleistocene (0.8 Ma) ages and correspond to unconfor-
mities A and B, respectively, of Cochran (1990). The middle one ap-
pears to be earliest Pliocene in age (5.0–4.0 Ma), approximately cor-
related to the boundary between depositional units IVA and IVB (Stow
et al., 1990). The regional extent of at least one of the unconformities
(Pliocene) may be confirmed at DSDP (Deep Sea Drilling Project) Site
218 (Fig. 1), where a pulse of turbidite sediment deposited in early
Pliocene time has an unconformity immediately beneath it dated as
latest Miocene (5.0–6.0 Ma), the ‘‘upper unconformity’’ of Curray and
Moore (1971) and Moore et al. (1974). This event was interpreted as
marking the onset of deformation in the vicinity of DSDP Site 218.
Now that we can recognize three regional unconformities and observe
their stratigraphic relationships, it seems likely to us that the event at
DSDP Site 218 is the lateral equivalent of the earliest Pliocene uncon-

formity at the ODP Leg 116 sites and does indeed mark the onset of
deformation at Site 218.

The Miocene unconformity, well developed in a large region be-
tween 18S and 78S in the central Indian Ocean, is uniformly folded
(Figs. 2 and 3) and indicates the occurrence of the first phase of long-
wavelength lithospheric deformation. The Miocene deformation occu-
pies an area of about 0.7 3 106 km2 (Fig. 4). The Pliocene unconfor-
mity is particularly well recognized as long-wavelength fold structures
north of the ODP Leg 116 sites (Figs. 2 and 3). East of 848E, the
Pliocene unconformity has a somewhat smaller magnitude and is de-
veloped between 1.58S and 78N. This unconformity represents the sec-
ond major phase of long-wavelength fold formation at 5.0–4.0 Ma and
also has an areal coverage of about 0.7 3 106 km2. It occurs north of
the Miocene area, but with some overlap (Fig. 4). The Pleistocene
unconformity is developed near the equator in regions where the lith-
osphere had been previously folded in either Miocene or Pliocene time
and in a small zone of both Miocene and Pliocene folding (Figs. 2 and
4). The Pleistocene deformation is relatively mild. It is observed that,
since the Pliocene folding, deformation has been more continuous in
the northeast quadrant, whereas in other areas, the deformation has
been episodic, with a discrete folding event at 0.8 Ma.



earthquakes have been estimated using back projection
source imaging techniques [Meng et al., 2012; Yue et al.,
2012; Satriano et al., 2012]. The source zone appears to be
very complex with slip on several conjugate and en echelon
faults trending NNE-SSW and WNW-ESE. The slip was as
large as 30m, and the rupture extended up to a depth of at
least 40 km into the upper mantle. It radiated large-amplitude
Love waves which triggered global aftershocks [Pollitz et al.,
2012]. The earthquake occurred in the diffused plate bound-
ary region between the Indian and Australian plates rather
than the discrete plate boundary. The region experiences
northwest-southeast compression due to India-Eurasia colli-
sion in the north and approximately east-west extension due
to the enhanced slab pull force on the Australian plate in
the Sumatra subduction zone [Gordon et al., 1998; Yue
et al., 2012;Delescluse et al., 2012]. These forces are consid-
ered to be leading to the detachment of India from the
Australian plate in this region [Delescluse et al., 2012].
Focal mechanisms of earthquakes from the region are consis-
tent with it, in which left-lateral and right-lateral motion oc-
curs on the NNE-SSW- and WNW-ESE-oriented conjugate
planes, respectively, besides occasional reverse faulting on
the NE-SW-oriented planes [Gordon et al., 1998]. The re-
gion is marked by several north-south-trending fracture
zones. It hosts the approximately north-south trending 90!E
ridge which is a plume-fed aseismic ridge formed due to
the movement of the Indian plate over the Kerguelen hot spot

[Gordon et al., 1998; Vogt, 1973]. There are several fracture
zones and transform faults that were formed due to the open-
ing of the Wharton Basin which continued until about 45Ma
[Gordon et al., 1998]. These NNE-SSW-oriented planes as
well as the conjugate planes have been mapped using swath
bathymetry and magnetic anomalies (Figure 2) [Graindorge
et al., 2008; Deplus et al., 1998; Meng et al., 2012; Yue
et al., 2012].

3. GPS Measurements of Coseismic Offsets Due to
the 2012 Indian Ocean Earthquake

[4] The Andaman-Nicobar permanent GPS network in
India was established after the 2004 Sumatra-Andaman
earthquake. The sites on the Andaman and Nicobar Islands
are located about 500–1200 km north of the 2012 Indian
Ocean earthquake. The nearest site is at Campbell Bay on
Great Nicobar Island (CBAY), which is about 500 km north
from the earthquake epicenter. We processed daily files,
5 days before and 5 days after the 2012 earthquake, from
these sites using GAMIT/GLOBK software [Herring et al.,
2010a, 2010b]. We also included other IGS sites located
within 2500 km from the earthquake epicenter. We estimated
coordinates in International Terrestrial Reference Frame
2008 [Altamimi et al., 2011] by including several IGS sites.
The offsets reported here (Table 1) are the cumulative effect
of the two earthquakes (Mw 8.6 and 8.2). The maximum

Figure 1. The 11 April 2012 earthquakes and coseismic offsets derived from GPS measurements at various IGS sites and at
permanent GPS sites in the Andaman-Nicobar region (shown with black arrows with error bars). The bold gray arrows rep-
resent the compressional regime of the diffused plate boundary region (shaded with light gray color) between the Indian and
Australian plates [Gordon et al., 1998]. The yellow dashed lines denote the rupture planes of the 11 April 2012 earthquakes
[Yue et al., 2012]. Arrows with different colors show the simulated coseismic offsets due to the slip models by Yue et al.
[2012] using the layered spherical earth [Pollitz, 1997]. The purple stars are other earthquakes discussed in the text. The
north-south gray lines indicate the fracture planes in the Wharton and Central Indian basin.

YADAV ET AL.: MW 8.6 2012 INDIAN OCEAN EARTHQUAKE
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Figure 4. Deformation of oceanic lithosphere in space and time in
central Indian Ocean. Shading shows position of diffuse plate bound-
ary separating Capricorn, Indian, and Australian plates (Royer and
Gordon, 1997). Superimposed on this area are approximate spatial
extents of long-wavelength folding at three different times (8.0–7.5,
5.0–4.0, 0.8 Ma). Note that earliest folding event is concentrated in
south, whereas Pliocene event (5.0–4.0 Ma) extends farther northward.
Spatial distribution of Pleistocene folding event overlaps Pliocene
and/or Miocene folding event zones and coincides with area of most
active faulting and zone of greatest historical seismicity. Positions of
seismic reflection profiles: solid lines from Bull and Scrutton (1992);
dotted lines from Krishna et al. (1998). NER—Ninetyeast Ridge, CLR—
Chagos-Laccadive Ridge system, and ST—Sumatran Trench.

faulting (panel 1, Fig. 3). The observation that folding can take place
without reverse faulting is at variance with numerical models of the
deformation that utilize weaknesses within the crust as a prerequisite
for folding (Wallace and Melosh, 1994; Gerbault, 1999).

SUMMARY AND CONCLUSIONS
Analysis of the seismic stratigraphy has shown that major long-

wavelength folding occurred at 8.0–7.5, 5.0–4.0, and 0.8 Ma in over-
lapping regions (Fig. 4) within the central Indian Ocean. Deformation
and shortening has occurred since 8.0 Ma, but the style of deformation
has varied across the deformation zone. In the northeastern part (east
of 848E and north of the equator), the deformation appears to have
been quasi-continuous since the Pliocene. In the rest of the area, the
deformation has been more episodic; major events have occurred in
Miocene, Pliocene, and Pleistocene time, and some smaller events oc-
curred in between. Regional deformational events at 5.0–4.0 and 0.8
Ma in the central Indian Ocean were coincident with the early Pliocene
and late Pleistocene Bengal Fan turbidite pulses, which allows us to
understand the changes in deposition of fan sediments. With the ob-
servation that faulting terminates below the major fold-related uncon-

formities, we can infer that the locus of shortening has migrated with
the folding. Further work is needed to test whether the folding events
are simply linked to plate kinematics, or whether the similar period
(3.0–4.0 m.y.) between major folding episodes is linked to fundamental
lithospheric rheologic properties.
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Notes on BB

buckling problem



finite yield strength

Stress difference are linearly proportional 
to distance from the neutral axis in the 
elastic plate.

Real earth materials do have a finite 
strength.

The plate behaves elastically up to the 
yield stress, at which point the plate fails. 
Additional strain causes no increases in 
stress.



finite yield strength
Three zones of rock behavior:

1. Brittle zone
Upper cool lithosphere. Governed by brittle failure. Strength increases 
with overburden pressure but is insensitive to temperature, strain rate 
and rock type.

2. Semi-brittle zone
Both brittle and ductile processes occur, usually not included in the yield 
envelope.

3. Ductile zone
Lower hot lithosphere. Governed by ductile flow. Strength is insensitive 
to pressure effects but decreases with decreasing strain rate.
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Friction of Rocks

By J. BYERLEE

Abstract - Experimental results in the published literature show that at low normal stress the
shear stress required to slide one rock over another varies widely between experiments. This i s
because at low stress rock friction is strongly dependent on surface roughness. At high normal
stress that effect is diminished and the friction is nearly independent of rock type. If the sliding
surfaces are separated by gouge composed of montmorillonite or vermiculite the friction can be
very low.

Key words: Rock mechanics; Friction; Faulting surfaces.

I. Introduction

It is generally accepted that crustal earthquakes are caused by sudden movement on
preexisting faults. Thus an understanding of frictional sliding between rocks is an
important pre-requisite to an understanding of earthquake mechanisms. In the past ten years
a number of papers on the friction of rocks have been published and in this paper we
review the results of the studies that pertain to the variation of friction with rock type at
various pressures.

2. General remarks on friction

Figure 1 is a schematic diagram of a typical friction experiment. A rider of mass m  is
free to slide on a rigid flat. The tangential force required to move the rider is applied
through  a  spring AB  by  moving   the point  B slowly  to   the right  at  a velocity V .
If  the  force  in  the spring is plotted as a function of the displacement of the point B then

Figure 1
Schematic diagram of a typical friction experiment. For explanation see text.

1
U.S. Geological Survey, Menlo Park, California 94025, USA.
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typically we would obtain a curve such as shown in Fig. 2. There will be an initial elastic
increase in force until the point C where the curve departs from a straight line. This
indicates that there is relative displacement between the rider and flat or that the rider or flat
is deforming nonelastically. At the point D a maximum is reached and the rider may
suddenly slip forward and the force in the spring will suddenly drop to the point E. The
force will increase again until sudden slip takes place once more at the point F. This
sudden jerky type of movement is known as stick-slip. An alternative mode is stable
sliding, in this case the movement between the rider and flat takes place smoothly and the
force displacement curve will be continuous as shown schematically by the dotted line in
Fig. 2.

Figure 2
Schematic diagram of the frictional force plotted as a function of displacement of the rider. See

text for explanations.

The force at the points C, D and G are known as the initial, maximum and residual
friction respectively. There are many different types of apparatus used to study friction
such as the direct shear WANG et al. (1975), biaxial (SCHOLZ et al., 1972), double shear
(DIETERICH, 1972), and trixial (BYERLEE, 1967). Fortunately all types of apparatus give
similar results although the structural members constituting the spring in each apparatus
is not always obvious.

There are a number of ways in which the force displacement curves may differ from
those in Fig. 2. For instance motion between the rider and flat may initially occur by
microslip (SIMKIN, 1967). In this case it is extremely difficult to determine the exact
point at which the force displacement curve becomes non-linear so that determination of
the initial friction is subject to considerable error.
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BYERLEE (1967) proposed that the asperities deform brittly and that for sliding to occur
the irregularities on the surfaces fail by brittle fracture. A theory was developed which
predicts that the friction of finely ground surfaces that only touch at the tips of the
asperities should be independent of the strength of the material. The theory however has
not been extended to the more general situation of interlocked surfaces, when the forces act
not only at the tips of the asperities, but are distributed over their sides. Further theoretical
studies of this important problem are required.

Figure 5
Shear stress plotted as a function of normal stress at the maximum friction for a variety of rock

types at normal stresses to 1000 bars.



Notes on BB

YSE overview
ductile deformation









ANRV341-EA36-17 ARI 26 March 2008 1:47

Rheology of the Lower
Crust and Upper Mantle:
Evidence from Rock
Mechanics, Geodesy,
and Field Observations
Roland Bürgmann1 and Georg Dresen2

1Department of Earth and Planetary Science, University of California, Berkeley,
California 94720; email: burgmann@seismo.berkeley.edu
2GeoForschungsZentrum Potsdam, D-14473 Potsdam, Germany;
email: dre@gfz-potsdam.de

Annu. Rev. Earth Planet. Sci. 2008. 36:531–67

First published online as a Review in Advance on
February 12, 2008

The Annual Review of Earth and Planetary Sciences is
online at earth.annualreviews.org

This article’s doi:
10.1146/annurev.earth.36.031207.124326

Copyright c⃝ 2008 by Annual Reviews.
All rights reserved

0084-6597/08/0530-0531$20.00

Key Words
brittle-ductile transition, deformation mechanisms, postseismic
relaxation, shear zones, viscosity

Abstract
Rock-mechanics experiments, geodetic observations of postloading
strain transients, and micro- and macrostructural studies of exhumed
ductile shear zones provide complementary views of the style and
rheology of deformation deep in Earth’s crust and upper mantle.
Overall, results obtained in small-scale laboratory experiments pro-
vide robust constraints on deformation mechanisms and viscosities
at the natural laboratory conditions. Geodetic inferences of the vis-
cous strength of the upper mantle are consistent with flow of mantle
rocks at temperatures and water contents determined from surface
heat-flow, seismic, and mantle xenolith studies. Laboratory results
show that deformation mechanisms and rheology strongly vary as a
function of stress, grain size, and fluids. Field studies reveal a strong
tendency for deformation in the lower crust and uppermost mantle
in and adjacent to fault zones to localize into systems of discrete shear
zones with strongly reduced grain size and strength. Deformation
mechanisms and rheology may vary over short spatial (shear zone)
and temporal (earthquake cycle) scales.
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Figure 3
Deformation mechanism maps for wet (nominally saturated in water) rheologies of (a) quartz
(Rutter & Brodie 2004a,b), (b) feldspar (Rybacki et al. 2006), (c) pyroxene [wet (Dimanov &
Dresen 2005), dry (Bystricky & Mackwell 2001)] and (d ) olivine (Hirth & Kohlstedt 2003).
For construction of the maps, a strain rate of 10−12 s−1, a geotherm corresponding to a heat
flow of 80 mW m−2, and a rock density of 2.8 g cm−3 were assumed. For these conditions,
diffusion-controlled creep dominates in rocks with a grain size smaller than ∼200 µm at
temperatures of approximately 500◦C to 900◦C except for quartz. For comparison, a dotted
line shows the anhydrous relationship at 900◦C. Viscosity estimates from geodetic
measurements between 1 × 1018 and 10 × 1019 Pa s are in good agreement with the rheology
of rocks containing at least trace amounts of H2O, but not with dry rocks.

important parameters such as grain size, water and impurity content, melt fraction,
and mineral phase content. Aided by a new generation of high-temperature defor-
mation apparatuses (Paterson-type) with much improved stress resolution and the
capability to achieve large strains, researchers can now constrain a broader range of
deformation mechanisms operating in silicates and more precise flow-law parameters
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Figure 7
Paleostress estimates from mylonite shear zones transecting lower crust (a) and upper mantle
(b). Each box represents stress-temperature estimates for a particular shear zone. A list with all
numbered references is provided in the Supplemental Appendix. Stress estimates are mostly
based on the inverse relation between recrystallized grain size and flow stress (Twiss 1977,
van der Wal et al. 1993). Graphs indicate extrapolated laboratory data for the dislocation creep
of rocks at hydrous conditions. The field data from lower-crustal shear zones are bracketed by
the flow strength of quartzite and pyroxenite. Paleostress estimates from upper-mantle shear
zones are bracketed by the flow strength of anorthosite and pyroxenite. The field estimates
cluster between approximately 10 and 50 MPa in lower-crustal and upper-mantle shear zones.
However, paleostresses could be severely overestimated if deformation in shear zones is
dominated by diffusion-controlled creep.

envisioned by the banana split model. For example, the fine-grained matrix in my-
lonite shear zones in the lower crust and upper mantle favors grain-size-sensitive
and possibly diffusion-controlled creep as the dominant deformation mechanisms
(Figure 3). This suggests that in major shear zones, low viscosities could prevail to
relatively low temperatures of ∼500◦C in the crust and ∼700◦C in the upper mantle.

www.annualreviews.org • Rheology of Crust and Mantle 557

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
08

.3
6:

53
1-

56
7.

 D
ow

nl
oa

de
d 

fr
om

 a
rjo

ur
na

ls
.a

nn
ua

lre
vi

ew
s.o

rg
by

 U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
 - 

Sa
n 

D
ie

go
 o

n 
03

/2
4/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.

lower crust upper mantle



ANRV341-EA36-17 ARI 26 March 2008 1:47

layering. Earth’s upper crust is thought to be in a state of frictional equilibrium with
active faults limiting strength, consistent with Mohr-Coulomb theory and friction
coefficients ( f ) of 0.6–1.0 as derived from laboratory experiments [often referred to
as Byerlee’s law (Byerlee 1978)]. The pressure-dependent increase of the frictional
strength of rocks with depth is ultimately bound by thermally activated creep pro-
cesses reducing viscous strength with increasing temperature and depth (e.g., Brace
& Kohlstedt 1980, Goetze & Evans 1979). Across this brittle-ductile transition, the
deformation mode and dominant deformation mechanisms operating in continental
rocks gradually change over a broad range of temperatures between approximately
300◦C and 500◦C. More mafic rock types, and generally rocks with higher melting
temperatures, have higher viscosities at a given temperature. Resulting profiles for
continental lithosphere constitute the now classic strength paradigm with a weak
middle and lower crust sandwiched between strong upper crust and strong man-
tle lithosphere, appropriately dubbed the jelly sandwich model (Figure 1a). In this
model, much of the long-term strength of tectonic plates lies in the lithospheric
mantle.

Figure 1
Schematic view of alternative first-order models of strength through continental lithosphere.
In the upper crust, frictional strength increases with pressure and depth. In the two left panels
a coefficient of friction following Byerlee’s law and hydrostatic fluid pressure (ratio of pore
pressure to lithostatic pressure λ = 0.4) are assumed in a strike-slip tectonic regime. In the
right panel, low friction due to high pore fluid pressure (λ = 0.9) is assumed. (a) A jelly
sandwich strength envelope is characterized by a weak mid-to-lower crust and a strong mantle
composed dominantly of dry olivine (Hirth & Kohlstedt 2003). (b) The crème brûlée model
posits that the mantle is weak (in the case shown resulting from a higher geotherm, adding
water would produce a dramatic further strength reduction). The dry and brittle crust defines
the strength of the lithosphere. (c) The banana split model considers the weakness of major
crustal fault zones throughout the thickness of the lithosphere, caused by various strain
weakening and feedback processes. Owing to small grain size in shear zones, deformation in
the lower crust and upper mantle is assumed to be accommodated by linear diffusion creep
(grain size of 50 µm). Strength envelopes are based on flow law parameters presented in
Supplemental Table 1. For the crust, a quartz and feldspar rheology was used (Rutter &
Brodie 2004a,b; Rybacki et al. 2006). We assumed a geothermal gradient corresponding to
surface heat flow of 80 mW m−2 (90 mW m−2 for the crème brûlée model to avoid overly
strong, dry lower crust) and a uniform strain rate of 10−14 s−1.

www.annualreviews.org • Rheology of Crust and Mantle 533
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ABSTRACT
There has been much debate recently concern -

ing the long-term (i.e., >1 m.y.) strength of continen -

tal lithosphere. In one model, dubbed jelly sandwich, 

the strength resides in the crust and mantle, while in 

another, dubbed crème brûlée, the mantle is weak and 

the strength is limited to the crust. The different models 

have arisen because of conflicting results from elastic 

thickness and earthquake data. We address the problem 

here by first reviewing elastic thickness estimates and 

their relationship to the seismogenic layer thickness. We 

then explore, by numerical thermomechanical model -

ing, the implications of a weak and strong mantle for 

structural styles. We argue that, irrespective of the actual 

crustal strength, the crème-brûlée model is unable to 

explain either the persistence of mountain ranges or the 

integrity of the downgoing slab in collisional systems. 

We conclude that while the crème-brûlée model may 

apply in some tectonic settings, a more widely applica -

ble model is the jelly sandwich.

INTRODUCTION



GRAVITY ANOMALIES AND Te
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Te Te
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TABLE 1. SUMMARY OF THERMAL AND MECHANICAL PARAMETERS USED IN MODEL 
CALCULATIONS 

Thermal Surface temperature (0 km depth) 0 °C 
Temperature at base of thermal lithosphere 1330 °C 
Thermal conductivity of crust 2.5 Wm–1 °C–1

Thermal conductivity of mantle 3.5 Wm–1 °C–1

Thermal diffusivity of mantle 10–6 m2 s–1

Radiogenic heat production at surface 9.5 × 10–10 W kg–1

Radiogenic heat production decay depth constant 10 km 
Thermo-tectonic age of the lithosphere 150 Ma (Fig. 1B); 500 Ma (Fig. 1C) 

Mechanical Density of upper crust 2700 kg m–3

Density of lower crust 2900 kg m–3

Density of mantle 3330 kg m–3

Density of asthenosphere 3310 kg m–3

Lamé elastic constants , (here,  = ) 30 GPa 
Byerleeʼs law—Friction angle 30° 
Byerleeʼs law—Cohesion 20 MPa 

TABLE 2. SUMMARY OF DUCTILE PARAMETERS ASSUMED IN MODEL CALCULATIONS* 
Composition Pre-exponential 

stress constant, A 
MPa–n s–1

Power law 
exponent,

n

Activation 
energy, Q
KJ mol–1

Figure 1 

Upper
crust 

Wet quartzite  1.1 × 10–4 4 223 B, C 

Lower
crust 

Dry Maryland 
diabase

8 ± 4 4.7 ± 0.6 485 ± 30 C 

 Undried Pikwitonei 
granulite

 1.4 × 104 4.2 445 B

Mantle Dry olivine 4.85 × 104  3.5 535 B, C (jelly sandwich) 
Wet olivine 417 4.48 498 B, C (crème brûlée) 

   *The failure envelopes in this paper match those in Jackson (2002); the Jackson (2002) envelopes are 
based on Figure 4 in Mackwell et al. (1998), who did not list all the parameters, referring instead to 
primary references. We therefore list here the parameters we have used. 

150 Ma 500 Ma
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Topography seaward of the Kuril Trench

Distance to bulge ~ 120-140 km
Te ~  30 km

[slides provided by Tony Watts]

trench
flexure: 

plastic hinge
zone



• The outer rise height can range from 0-1.3 km.

• The outer rise region contains two types of 
bending-induced faults

[Mofjeld et al., 2004]

outer trench wall fractures 



fractures

Tonga Trench 
[Massell – 2001]



yield strenth envelope

Watts & Burov (2003)

Oceans : earthquakes occur in the sub-oceanic mantle, but the mantle is also
involved in the support of long-term loads.

Continents : earthquakes are rare in the sub-continental mantle, but it is still 
involved in the support of long-term loads

[slides provided by Tony Watts]



Yield Strength Envelope
The Yield Strength Envelope (YSE) combines the brittle and ductile deformation laws of rock 

mechanics into a single strength profile for the lithosphere. 

e = Ap (s1 – s3)n e–
Qp
Rg T

The ductile flow law is given by:

where n is a positive integer, An is the power law stress constant, (s1-s3) is the stress difference, Qp is the
power law activation energy, Rg is the universal gas constant and T is temperature. 

[Olivine : n=3, An =7.0 x 10-14 and Qp =520 kJ mol-1]

The area under the YSE is a measure of the integrated strength of the lithosphere. The YSE shows that
the thickness of the strong zone is greater than the elastic core and increases linearly with the

square root of age.

.

[slides provided by Tony Watts]



Te and the Yield Strength Envelope

The elastic model implies that all stresses are supported 
elastically and that the maximum stresses accumulate in 
the uppermost and lowermost part of the plate.

Melastic = s x yf dyTe
2

–Te
2

1
r = K =

–Melastic 12 (1 – n2)
E Te3

In the YSE model, however, stresses are relieved by 
brittle failure in the uppermost part of the plate and by 
ductile flow in the lowermost part.

Te� of an inelastic plate (ie one that yields) can be computed from MYSE by assuming it to have the 
same curvature as an elastic plate.

MYSE = Mupper + Mcore + Mlower

[slides provided by Tony Watts]


