
www.elsevier.com/locate/tecto
Tectonophysics 394 (
Crustal and mantle strengths in continental lithosphere:

is the jelly sandwich model obsolete?
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Abstract

The relative importance of the contribution of the lower crust and of the lithospheric mantle to the total strength of the

continental lithosphere is assessed systematically for realistic ranges of layer thickness, composition, and temperature. Results

are presented as relative strength maps, giving the ratio of the lower crust to upper mantle contribution in terms of crustal

thickness and surface heat flow. The lithosphere shows a bjelly sandwichQ rheological layering for low surface heat flow, thin to

average crustal thickness, and felsic or wet mafic lower crustal compositions. On the other hand, most of the total strength

resides in the seismogenic crust in regions of high surface heat flow, crust of any thickness, and dry mafic lower crustal

composition.
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1. Introduction

The strength of the lithosphere (i.e. the total force

per unit width necessary to deform a lithospheric

section at a given strain rate) is a function of

composition, crustal thickness, and geotherm. Rheo-

logical layering is a consequence of compositional

layering (Ranalli and Murphy, 1987). The prevailing

model (commonly referred to as the bjelly sandwich
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modelQ) to explain lithospheric features has been for

several years that of a strong upper crust overlying a

soft lower crust and a strong uppermost mantle (cf.,

among others, Ranalli and Murphy, 1987; Ranalli,

1995; Cloetingh and Burov, 1996; Watts and Burov,

2003). In this model, a significant part of the total

strength resides in the lithospheric mantle, except

when the geothermal gradient is very high, which

causes both lower crust and mantle to be soft.

Recently, however, Maggi et al. (2000a,b) and

Jackson (2002) have suggested that most of the

strength in many continental areas resides in the

upper seismogenic crust, and that in some places the

lower crust may be stronger than the upper mantle
2004) 221–232



Table 1

Creep parameters for lithospheric rocks

Lithology A [MPa�n s�1] n E [kJ mol�1] References

Quartzite (wet) 3.2�10�4 2.3 154 1

Felsic granulite 8.0�10�3 3.1 243 2

Mafic granulite 1.4�104 4.2 445 2

Maryland

diabase (dry)

8.0 4.7 485 3

bUndriedQ
diabase (wet)

2.0�10�4 3.4 260 4

Peridotite (dry) 2.5�104 3.5 532 5

Peridotite (wet) 2.0�103 4.0 471 5, 6

(1) Kirby and Kronenbrg (1987); (2) Wilks and Carter (1990); (3)

Mackwell et al. (1998); (4) Shelton and Tullis (1981); (5) Chopra

and Paterson (1984); (6) Chopra and Paterson (1981).
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(see also discussion in De Meer et al., 2002). These

conclusions are based on the scarcity of earthquakes

in the continental mantle, and on the correlation

between effective elastic thickness and seismogenic

thickness in several continental areas. This model

relies on water as a weakening agent in the upper

mantle, while the lower crust is simply assumed to be

hydrous or dry, depending on the lack or presence of

seismicity.

In this paper, we systematically explore the relative

total (integrated) strength of lower crust and upper

mantle as a function of composition, geotherm, and

thickness. We use a three-layer compositional litho-

spheric model (upper crust, lower crust, and litho-

spheric mantle), and type geotherms (parameterised in

terms of surface heat flow) obtained from an

analytical solution to the heat conduction equation.

The new concept of relative strength map is intro-

duced to represent the relative contribution of lower

crust and lithospheric mantle to total lithospheric

strength in terms of crustal thickness and surface heat

flow.
2. Mechanical behaviour of the lithosphere

It is commonly accepted that, to the first order, the

mechanical behaviour of the lithosphere can be

modelled using experimental constraints on rock

rheology (cf., e.g. Ranalli and Murphy, 1987; Kohl-

stedt et al., 1995; Ranalli, 2003), although there are

some dissenting voices (Burov, 2003).

The brittle regime for most rocks can be

adequately described by the Coulomb frictional law,

which in the case of pre-existing faults of favourable

orientation and negligible cohesion can be written as

(Sibson, 1974)

r1 � r3 ¼ aqgz 1� kð Þ ð1Þ

where r1�r3 is the maximum stress difference; a is a

numerical factor depending on friction coefficient and

fault type; q is the average density of rocks above the

depth z, and k is the pore fluid factor (ratio of pore

fluid pressure to lithostatic pressure). The most

uncertain parameter is the pore fluid pressure,

although it has been shown that it is often near-

hydrostatic down to depths of ~12 km (Zoback and

Townend, 2001). In the absence of information
regarding specific regions, we take a=3.0 (thrust

faulting) and a typical (bhydrostaticQ) value k=0.4.
In the ductile regime, we assume power-law

dislocation creep, which results in a creep strength

given by (cf., e.g. Ranalli, 1995)

r1 � r3 ¼
�

ė
A

�1
n

exp

�
H

nRT

�
; H ¼ E þ PV ð2Þ

where ė is the steady-state strain rate, T temperature in

degrees Kelvin, P pressure, R the universal gas

constant, H the creep activation enthalpy, E the

activation energy, V the activation volume, and n

and A material creep parameters. When modelling

lithospheric behaviour, the pressure dependence of

creep can be neglected, as it is small at pressures

pertaining to the lithosphere (V~ 10�6 m3 mol�1). The

creep parameters for the various materials used to

derive relative strength maps are listed in Table 1.
3. Calculation of geotherms

The rheological behaviour and the total strength of

the lithosphere in a particular area are strongly

dependent on the assumed geotherm. Since we are

interested in exploring variations of rheology for a

range of general conditions, we assume here that heat

transfer by advection is negligible and that steady-

state conditions apply, which is reasonable for areas

where the latest tectonothermal episode occurred at

times k100 Ma. Hence, we estimate type geotherms

by solving the steady-state, 1-D heat conduction

equation with radiogenic heat production for three-



J.C. Afonso, G. Ranalli / Tectonophysics 394 (2004) 221–232 223
layer lithospheric models of different thickness and

composition, with surface boundary condition To=15

8C, and continuity of both temperature and gradient at

internal interfaces. The solution is

T zð Þ ¼ � A1z
2

2K1

þ ½Qm þ ðz2 � z1ÞA2 þ A1z1�
z

K1

þ To ; zob z b z1 ð3aÞ

T zð Þ ¼ � A2z
2

2K2

þ
�
z1A2

K2

þ Qm

K1

þ A2ðz2 � z1Þ
K1

�
z

þ z21
2

�
A1

K1

� A2

K2

�
þ To ; z1b zb z2 ð3bÞ

T zð Þ ¼ � A3z
2

2K3

þ
�
z2

�
A3

K3

� A2

K2

�
þ z1A2

K2

þ Qm

K1

þ A2ðz2 � z1Þ
K1

�
zþ Tðz2Þ þ z22

�
A2

K2

� A3

2K3

�

� z2

�
z1A2

K2

þ Qm

K1

þ A2ðz2 � z1Þ
K1

�
; z N z2

ð3cÞ

where A1, A2, A3 and K1, K2,, K3 are volumetric heat

production rates (HPR) and thermal conductivities in

the upper crust, lower crust, and lithospheric mantle,

respectively; Qm is the heat flowing across the Moho

(mantle heat flow), z1 and z2 are the depths to the

bottom of the upper crust and Moho, respectively; and

T(z2) is the temperature at the Moho given by Eq.

(3b). As expected, Eq. (3c) differs only slightly from a

straight line, due to the low radiogenic heat produc-

tion in the mantle.

In contrast to oceanic crust, where HPR and

compositional variations are negligible, continental
Table 2

Thermophysical parameters for different lithologies used in this work

Layer A [AW m�3] K [W m

Upper crust (wet quartzite) 1.4 2.5 at s

Lower crust (felsic granulite) 0.4–0.5 2.1

Lower crust (mafic granulite) 0.25–0.4 2.1

Lower crust (dry diabase) 0.4 2.1

Lower crust (wet diabase) 0.4 2.1

Lithospheric mantle (peridotite) 0.006 3.0

(1) Kukkonen and Lahtinen (2001); (2) Zoth and Haenel (1988); (3) Clause

(2003); (6) Louden et al. (2000); (7) Van Schmus (1989); (8) Hölttä et al
a K decreases in the upper crust following Eq. (5).
crust usually shows a considerable variation in

composition and enrichment in radiogenic elements.

The most important factors controlling the shape of

the geotherm in the continental crust are (i) tectono-

thermal age, (ii) HPR distribution at different levels,

(iii) thermal conductivity, and (iv) mantle heat flow

(i.e. heat flow across the Moho). However, (ii) and

(iii) are intimately related to rock composition and

they can be modelled as a function of the lithologies

assumed in the crustal section (Clauser and Huenges,

1995; Kukkonen and Lahtinen, 2001).

Values of heat production, thermal conductivity,

and density used in the calculations are given in Table

2. Volumetric heat production rates, compatible with

the chosen lithology are estimated from the empirical

relation (Rybach, 1988)

A ¼ 10�5qð3:48CK þ 2:56CTh þ 9:52CUÞ ð4Þ

where CK is the potassium concentration in weight

percent, CTh and CU are the thorium and uranium

concentrations in ppm, respectively, and q is the

density in kg m�3. Concentrations of radio-elements

are obtained from several references included in

Table 2.

The relative effects of temperature and pressure on

the value of K depend on the particular geotherm and

depth; but usually the pressure effect can be ignored

within the lithosphere without introducing significant

errors (Chapman and Furlong, 1992). The temperature

dependence of thermal conductivity in the upper crust

is estimated from the relation (Zoth and Haenel, 1988)

K Tð Þ ¼ 0:7þ 770= 350þ T zð Þð Þ ð5Þ

where T is in 8C. In the lower layers, constant

values of thermal conductivity are chosen, as
�1 K�1] Density [kg m�3] References

urfacea 2640 1, 2, 3, 4

2750 1, 2, 3,4, 5, 6, 10

2880 1, 2, 3,4, 5, 8, 10

2850 2, 3, 4, 7, 10

2850 2, 3, 4, 7, 10

3320 1, 2, 4, 9

r and Huenges (1995); (4) Olhoeft and Johnson (1989); (5) Ray et al.

. (2000); (9) Ranalli (1995); (10) Christensen and Mooney (1995).
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conductivities of different rocks tend to converge at

T N 400 8C (e.g. Zoth and Haenel, 1988; Clauser

and Huenges, 1995).

The mantle heat flow Qm appearing in Eqs. (3a,b,c)

can be estimated from the relation

Qo ¼ Qm þ QR ; QR ¼
Xi¼n

i¼1

AiDzi ð6Þ

where Qo is the surface heat flow (SHF), Qm is the

mantle heat flow across the Moho, QR is the

radiogenic heat production in the crust, and Ai and

Dzi are HPR and thickness of the nth layer,

respectively. To avoid unrealistically high or low

mantle heat flow values, we have constrained Qm to

the range of values inferred in areas of similar

thickness and HPR. Generally, typical values of Qm

vary from ~20% to ~80% of surface heat flow (e.g.

Nyblade and Pollack, 1993; Jaupart and Mareschal,

1999; Artemieva and Mooney, 2001; Ray et al.,

2003). The mantle heat flow (Qm) is here restricted

to maximum values of ~35 mW m�2. Although the

latter is higher than most estimates for stable regions

(between ~11 and 18 mW m�2, e.g. Jaupart and

Mareschal, 1999; Kukkonen and Lahtinen, 2001), it

is in agreement with some estimates in Paleozoic

orogens and Precambrian provinces (Artemieva and

Mooney, 2001; Ray et al., 2003). For the range of
Fig. 1. Geotherms for two different SHF and given lithology (see

text), compared with xenolith data. Thermophysical parameters are

listed in Table 2.
thicknesses, SHF, and HPR considered in this work,

Eq. (6) can be used to parameterise Eq. (3a,b,c) as a

function of Qo and QR without assuming unrealistic

values for Qm.

As an example, two lithospheric geotherms,

calculated from Eq. (3a,b,c) for SHF of 50 and 70

mW m�2, are shown in Fig. 1. In both cases, a 20-km-

thick upper crust (wet quartzite) overlies a 25-km-

thick lower crust (felsic granulite) and a peridotitic

mantle (thermophysical parameters are listed in Table

2). For comparison, geotherms obtained by Chapman

and Furlong (1992) for the same SHF are also shown,

together with xenolith data from the Siberian, South

African, and Tanzanian cratons (SHF ~50 mW m�2;

Rudnick et al., 1998), and from a hotter palae-

ogeotherm (perhaps with an advective component)

from Southeastern Australia (O’Reilly and Griffin,

1996).
4. Effects of composition

Rheological models of the continental lithosphere

are strongly dependent on the assumed composition.

Information about the composition of continental

lithosphere comes essentially from three different

sources: (a) seismic data (e.g. Christensen and

Mooney, 1995; Kennett and van der Hilst, 1998;

Brown et al., 2003), (b) petrology of surface

exposures (e.g. Vissers et al., 1997; Kern et al.,

1999; Trommsdorff et al., 2000; Zhai et al., 2001),

and (c) xenolith data (e.g. Rudnick, 1992; O’Reilly

and Griffin, 1996; Zhang et al., 1998; Condie, 1999;

Schmitz and Bowring, 2003; Yu et al., 2003). Any

rheological model of the lithosphere must be

consistent with these fundamental observations.

The upper continental crust composition is usually

dominated by granitoids, quartz-rich sediments, and

quartz-bearing schists. Alkali feldspars can be major

constituents in granitic rocks as well as in some

gneisses. However, although dislocation creep is

effective in feldspars at temperatures z500 8C, these
minerals rarely form a stress-supporting framework

(Stöckhert and Renner, 1998), and quartz is gen-

erally the phase controlling the bulk rheology of the

upper continental crust. Since in most tectonic

environments the upper crust is hydrated, the creep

parameters of wet quartzite are probably the best
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approximation (rheological and thermophysical

parameters are listed in Tables 1 and 2). However,

the rheological properties of the upper crust do not

affect the arguments presented here.

The composition of the lower crust is less

constrained, being mainly controlled by observation

of seismic velocities and comparison with experi-

mental data. The expected dominant lithology

depends on several variables such as geothermal

gradient, thickness of the total crust, tectonic history,

and composition of the parental material. The bulk of

the continental lower crust generally has seismic

velocities compatible with mafic composition (mafic

granulite; Christensen and Mooney, 1995). However,

it has been shown that more felsic compositions

(commonly felsic granulites) may predominate in

particular regions (e.g. Christensen and Mooney,

1995; Gao et al., 1998; Stöckhert and Renner, 1998;

Brown et al., 2003). In order to cover a range of

possibilities, we model its rheological behaviour

using the creep parameters of both mafic and felsic

granulites, and also of wet and dry diabase. We do

not include the often assumed plagioclase rheology

(cf., e.g. Ranalli, 2000), since it is practically

undistinguishable from the wet diabase rheology

used here.

There is an extensive bibliography dealing with

the composition and rheology of the mantle (cf., e.g.

Karato and Wu, 1993; Jackson, 1998; Ranalli, 1998,

2001, and references therein). Geophysical, petro-

logical, and theoretical evidence support an ultra-

mafic upper mantle composed mainly of olivine,

pyroxenes, and garnet. Since olivine is by far the

volumetrically dominant phase (N50%), many exper-

imental studies have been performed on plasticity of

natural and synthetic olivine aggregates (see Ranalli,

2001 for references).

Two unresolved questions concern the predomi-

nant creep mechanism and the hydration state. The

creep mechanism has been discussed, among others,

by Karato and Wu (1993), Wu (1999), and Ranalli

(1998, 2001). In the stress range associated with plate

movements (1–100 MPa), power-law creep is likely to

be predominant. This conclusion is supported by the

occurrence of seismic anisotropy (Karato and Wu,

1993).

The problem regarding the fluid content in the

upper mantle is even more poorly understood. The
mantle composition includes fluids such as water

and carbon dioxide (cf., e.g. Yamamoto et al., 2002;

Xu et al., 2003). Various estimates for the average

water content of the mantle yield values ranging

from 40 to 1000 ppm (e.g. Bell and Rossman, 1992;

Thompson, 1992; Hegner and Vennemann, 1997),

while amounts of only about ~200 ppm are needed

to produce a significant reduction in the strength of

olivine aggregates (Chopra and Paterson, 1984).

However, the mechanisms of weakening (intra- or

intergranular) and the manner in which water resides

in mantle rocks are still unclear (cf., e.g. Mackwell

et al., 1985; Drury and Fitzgerald, 1998). The

occurrence of water expands the stress-grain size

field in which power-law creep predominates

(Karato et al., 1986). There are indications that a

wet rheology may be appropriate for continental

lithospheric mantle in zones recently affected by

subduction of oceanic lithosphere and post-Paleo-

zoic tectonothermal events, while a dry rheology

may be more relevant for older regions. For these

reasons, we use power-law creep parameters for

both dry and wet peridotite to model mantle

strength.
5. Relative strength maps

For the rheological modelling, we assume an upper

crust of constant thickness (20 km) overlying a lower

crust of variable thickness (from 10 to 40 km). The

total lithospheric thickness is not predetermined, but

given by the depth at which the creep strength of the

upper mantle falls below 5 MPa. SHF values in

continents typically vary between 40 and k80 mW

m�2, although lower and higher values have been

measured in some Precambrian shields and active

regions, respectively (e.g Jaupart and Mareschal,

1999; Artemieva and Mooney, 2001). Since we are

particularly interested in the transition where the

lower crust becomes bstrongerQ than the upper mantle,

we allow SHF to vary between 50 and 75 mW m�2.

Values b50 mW m�2 always give lower crusts

bweakerQ than upper mantle, except in the extreme

case of dry diabase-wet peridotite combination (see

below), whereas values k70 mW m�2 are associated

with active regions where steady-state conditions do

not apply.
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The total strengths of lower crust (SLC) and of

lithospheric mantle (SLM) are obtained by integration

of Eqs. (1) and (2)

SLC ¼ aqlcg 1� kð Þ
2

ðz1V
2 � z1

2Þ

þ
� ė
A

�1
n

Z z2

z1V
exp

� E

nRT zð Þ
�
dz (7a)

SLM ¼ aqumg 1� kð Þ
2

ðz2V
2 � z2

2Þ

þ
� ė
A

�1
n

Z z3

z2V
exp

� E

nRT zð Þ
�
dz (7b)

where z1 is the depth to the top of the lower crust,

z1V is the depth to the brittle–ductile transition in the

lower crust (if present), z2 is the depth of the Moho,

z2V is the depth to the brittle–ductile transition in the

upper mantle (if present), z3 is the depth to the bottom

of the mechanical lithosphere, qlc and qum are the

densities of lower crustal and upper mantle rocks, and

T(z) is the temperature distribution (given by Eqs.

(3b) and (3c)).

The ratio SLC/SLM is plotted in Fig. 2 on relative

strength maps giving contour lines of the ratio as a

function of crustal thickness and SHF for various

crustal and mantle rheologies. For common ranges of

temperature and strain rate, the dependence of SLC/

SLM on the latter can be neglected (provided strain

rates are equal in lower crust and upper mantle), since

the decrease/increase in the creep strength due to a

decrease/increase in the strain rate is proportional in

both layers. For example, for mafic granulite, felsic

granulite, and wet diabase, a change in strain rate

from 10�15 to 10�13 s�1 only gives variations of

~0.07, 0.004, and 0.003, respectively, in the SLC/

SLM ratio. This allows strength-ratio maps to be

used, to the first order, for different strain rates. Only

in the case of an extremely strong lower crust (dry

diabase), the dependence on strain rate becomes more
Fig. 2. Relative strength maps for various lower crust and upper mantle

continuous lines. Rheology: (A) felsic granulite/dry peridotite; (B) felsic g

granulite/wet peridotite; (E) wet diabase/dry peridotite; (F) wet diabase/

peridotite. Rheological and thermophysical parameters are listed in Tables
important, especially at very low SHF and low crustal

thicknesses.

It should be noted that the SLC/SLM ratio

represents the relative importance of the lower crustal

and upper mantle contributions to total lithospheric

strength, which may not be directly related to the

strength ratio of lower crustal and upper mantle rocks

at the Moho. In other words, it is possible that the

local creep strength of crustal material is less than that

of mantle material at the Moho (for instance, for

quartz- or plagioclase-controlled rheologies; Ranalli,

2000), while the relative strength ratio defined in this

paper is N1. Also, a constant crustal composition

within a given map does not imply that an increase in

the SHF is due only to an increase in the mantle heat

flow, except for a constant crustal thickness, since the

radiogenic heat production in the crust also varies

with the thickness of the crust as indicated in Eq. (6).

If an upper crust with a constant thickness of 30

km is used instead of 20 km, the magnitude of the

contour lines decreases by about one order of

magnitude, but the general pattern remains. This is

an obvious consequence of reducing the thickness of

the lower crust in the model. A quartz-dominated

upper crust thicker than 30 km is unrealistic and

therefore not considered here.

A few general conclusions can be drawn from the

maps. Low SHF and low values of crustal thickness

increase the relative importance of the mantle

contribution to total lithospheric strength. This is

partly a consequence of the fact that under these

conditions the uppermost mantle may be brittle

(although there are high uncertainties related to the

extrapolation of the frictional criterion to upper mantle

pressures; cf. Ranalli, 1995). The effects of compo-

sition are equally important. The combination of a

hard lower crust (mafic granulite or dry diabase) and a

soft mantle (wet peridotite) results in SLC/SLMN1 for

practically all conditions. However, if the mantle is

dry, this result is valid only for a limited range of

crustal thickness and SHF (z35–40 km and 55–65

mW m�2, respectively). On the other hand, a felsic or
compositions. Curves of constant SLC/SLM values are plotted as

ranulite/wet peridotite; (C) mafic granulite/dry peridotite; (D) mafic

wet peridotite; (G) dry diabase/dry peridotite; (H) dry diabase/wet

1 and 2.
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wet mafic lower crust results in SLC/SLMb1 for most

realistic values of SHF and crustal thickness, with

only small differences introduced by the state of the

mantle.

Composition, thickness, and temperature com-

bine in a complex way. The general btopographyQ
of relative strength maps is also affected by the

relative importance of frictional and power-law

terms in Eq. (7a). With increasing SHF, the brittle–

ductile transition migrates to shallower depths, and

the frictional term may vanish. Moreover, as a

consequence of varying creep parameters for each

particular lithology, the exponential terms in Eq. (7a)

and (7b) result in a complex non-linear behaviour of

the SLC/SLM ratio.

The lower crustal thickness plays an important role

in the relative strength in two different ways. The first

and most obvious one is that thicker layers have more

material with similar rheological properties to resist

stresses. The second effect is related to the displace-

ment of the Moho to deeper levels, and consequently

to higher temperatures. Lithospheric mantle becomes

relatively soft (e.g. strengths on the order of ~1010–
Fig. 3. Sections across relative strength maps for different crustal thic

horizontal line marks the value SLC/SLM=1; (B) mafic granulite/wet per
109 N m�1 for dry and wet peridotite, respectively) for

Moho depths of ~55 km and SHF of ~65–70 mW

m�2. Both of the above effects tend to increase the

SLC/SLM ratio by increasing and decreasing the

lower crust and upper mantle strengths, respectively.

Areas of thickened crust, such as continental colli-

sional zones, usually have relatively high SHF (e.g.

Himalayas; Zagros). Hence, it is expected that in these

zones, the lithospheric mantle does not contribute

significantly to the total strength of the lithosphere,

even if a bdryQ peridotite rheology is assumed. Fig. 3

illustrates some of these complications. It shows

bsectionsQ across relative strength maps, giving the

strength ratio as a function of SHF for selected crustal

thicknesses and two rheological end-member cases. It

can be seen that the dependence of the ratio on SHF is

non-linear and different in the two cases. Fig. 3A

shows a typical concave-upward bsectionQ across

relative strength-maps representative of the bjelly
sandwich modelQ, where exponential terms in Eq.

(7a) and (7b) control the value of the SLC/SLM ratio.

In contrast, for a strong lower crust/soft upper mantle

combination (Fig. 3B), the profile is commonly
knesses. Rheology: (A) felsic granulite/dry peridotite; the dashed

idotite; SLC/SLMN1 practically everywhere.
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slightly convex-upward, reflecting the relative impor-

tance of the linear term in Eq. (7a) and (7b) for low to

moderate SHF.

The ratio SLC/SLM is an indication of the relative

contributions of lower crust and upper mantle to total

lithospheric strength, but an assessment of the

resistance to deformation of the lithosphere requires

knowledge of the latter as well. Table 3 lists values of

total strengths for lower crust and lithospheric mantle

for the different lithologies utilized in this work.

Individual values are listed for several combinations

of SHF and crustal thickness to serve as a general
Table 3

Total strength values [N m�1] for lower crust and lithospheric mantle as a

upper crust is included in the first row for comparison

Crustal thickness (km) Surface heat flow (mW m�2)

50 60

Upper crust (wet quartzite)

20a 2.6�1012 1.7�1012

Mafic granulite

35 1.3�1013 6.77�1012

45 1.44�1013 5.0�1012

60 1.5�1013 5.17�1012

35 3.6�1013 (1.6�1013) 1.7�1013

45 1.7�1013 (4.2�1012) 9.9�1011

60 3.1�1013 (4.2�1012) 2.3�1011

Felsic granulite

35 6.0�1011 2.4�1011

45 6.8�1011 1.8�1011

60 7.3�1011 1.9�1011

35 3.6�1013 (2.0�1013) 1.4�1013

45 4.8�1013 (5.7�1012) 1.2�1012

60 8.7�1013 (1.2�1013) 3.8�1011

Dry diabase

35 2.0�1013 1.6�1013

45 4.7�1013 2.0�1013

60 4.68�1013 2.0�1013

35 5.3�1013 (1.6�1013) 1.3�1013

45 5.1�1013 (6.7�1012) 2.8�1012

60 3.5�1013 (4.4�1012) 6.7�1011

Wet diabase

35 4.3�1012 1.2�1012

45 4.8�1012 1.3�1012

60 5.1�1012 1.3�1012

35 5.3�1013 (1.6�1013) 1.3�1013

45 5.1�1013 (6.7�1012) 2.8�1012

60 3.5�1013 (4.4�1012) 6.7�1011

a Thickness of upper crust for estimation of upper crustal rheology (f
guide in reading strength-ratio maps. For complete-

ness, the total strength of the upper crust is also

shown.
6. Conclusions

For many years, the accepted model to explain the

rheological behaviour of the continental lithosphere

has been that of a strong upper crust overlying a soft

lower crust and a stronger (under most conditions)

upper mantle. This model, based on experimental
function of SHF and crustal thickness. The integrated strength of the

70

1.3�1012

1.0�1012 Lower crust

7.0�1011

5.6�1011

(9.9�1011) 6.6�1011 (9.7�1010) Mantle ( ) wet

(2.0�1011) 4.5�1010 (1.8�1010)

(4.3�1010) 8.4�109 (3.2�109)

3.6�1010 Lower crust

3.8�1010

4.1�1010
(1.2�1012) 7.4�1011 (9.9�1010) Mantle ( ) wet

(2.4�1011) 5.3�1010 (2.1�1010)
(6.6�1010) 1.1�1010 (4.1�109)

7.17�1012 Lower crust

7.5�1012

7.6�1012

(1.7�1012) 6.5�1011 (1.4�1011) Mantle ( ) wet

(5.0�1011) 1.2�1011 (4.3�1010)

(1.7�1011) 2.4�1010 (1.3�1010)

2.6�1011 Lower crust

2.8�1011

2.9�1011

(1.7�1012) 6.5�1011 (1.4�1011) Mantle ( ) wet

(5.0�1011) 1.2�1011 (4.3�1010)

(1.7�1011) 2.4�1010 (1.3�1010)

irst row); total thickness of crust for all other cases.
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rheology, has proven to be quite useful in accounting

for various lithospheric processes (e.g. flexure; cf.

Burov and Diament, 1992; Ranalli, 1995; Watts,

2001). However, this bjelly sandwichQ picture has

been challenged, mainly on the basis of the depth

distribution of continental earthquakes, and it has

been proposed that most of the lithospheric strength

resides in the upper (seismogenic) crust, and that the

upper mantle may be softer than the lower crust

(Maggi et al., 2000a,b; Jackson, 2002, see also

discussion in De Meer et al., 2002).

In this paper, we have attempted to elucidate the

range of applicability of these two different models by

examining various theoretical scenarios in terms of

lithospheric structure, composition, and temperature

conditions. The results, presented in Fig. 2 as relative

strength maps, can be summarized as follows:

– A metasomatized, water-rich upper mantle under-

lying a mafic lower crust (especially if dry) results

in SLC/SLMN1; this outcome is emphasized by

large crustal thicknesses and high SHF.

– A volatile-depleted upper mantle underlying a

felsic lower crust results in SLC/SLMb1, espe-

cially for low-to-moderate crustal thicknesses and

SHF.

The first set of conditions may apply to some

Phanerozoic lithospheres recently affected by sub-

duction, mantle metasomatism, and/or collisional

events (e.g. Himalayas, Zagros). In these areas, the

upper mantle contribution to total lithospheric

strength should be low or negligible. The second set

of conditions may be more appropriate for older

orogens (Lower Paleozoic–Proterozoic) and Precam-

brian Shields.

Although the problem of a bjelly sandwichQ
model vs. a bseismogenic crust onlyQ model for the

continental lithosphere is far from being completely

solved, our main conclusion is that neither has

general applicability. Lithospheres with different

compositions and tectonothermal histories have

different rheological properties, and should be

modelled accordingly. Future studies taking into

account the tectonothermal evolution, local condi-

tions, and actual tectonic setting in diverse regions

are needed to obtain information about the spatial

and temporal variability of mechanical properties in
continental lithosphere. Perhaps we should begin

thinking in terms of a world map of lithopheric

strength.
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