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Abstract

Gravitational potential stresses (GPSt) are known to play a first-order role in the state of stress of the Earth’s lithosphere.
Previous studies focussed mainly on crust elevation and structure and little attention has been paid to modelling GPSt using
realistic lithospheric structures. The aim of the present contribution is to quantify gravitational potential energies and stresses
associated with stable lithospheric domains. In order to model realistic lithosphere structures, a wide variety of data are considered:
surface heat flow, chemical depletion of mantle lithosphere, crustal thickness and elevation. A numerical method is presented which
involves classical steady-state heat equations to derive lithosphere thickness, geotherm and density distribution, but additionally
requires the studied lithosphere to be isostatically compensated at its base. The impact of varying surface and crustal heat flow,
topography, Moho depth and crust density on the signs and magnitudes of predicted GPSt is systematically explored. In clear
contrast with what is assumed in most previous studies, modelling results show that the density structure of the mantle lithosphere
has a significant impact on the value of the predicted GPSt, in particular in the case of thick lithospheres. Using independent
information from the literature, the method was applied to get insights in the state of stress of continental domains with contrasting
tectono-thermal ages. The modelling results suggest that in the absence of tectonic stresses Phanerozoic and Proterozoic
lithospheres are spontaneously submitted to compression whereas Archean lithospheres are in a neutral to slightly tensile stress
state. These findings are in general in good agreement with global stress measurements and observed geoid undulations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Gravitational potential energy and subsequent gravi-
tational potential stresses are the direct consequence of
lateral density heterogeneities existing both at lithospheric
(e.g. Artyushkov, 1973; Fleitout and Froidevaux, 1982)
and sublithospheric (e.g. Lithgow-Bertelloni and Guynn,
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2004) levels. The influence of gravitational potential
energy on the state of stress of the Earth’s lithosphere is
nowadays widely acknowledged. This concept has been
successful in explaining first-order (e.g. ridge-push,
Dahlen, 1981) and second-order stress patterns (e.g.
gravitational collapse of elevated landmasses, England
and Houseman, 1989) documented on the World Stress
Map (Fig. 1, Reinecker et al., 2005), as well as in ex-
plaining intraplate seismicity in North America (Thybo
et al., 2000). Although the concept has often been used to
predict the state of stress of the lithosphere (e.g.
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Fig. 1. Example of 1st and 2nd order stress patterns (i.e. ridge push and gravitational collapse stresses respectively) induced by lateral variations in
gravitational potential energy in the Earth’s lithosphere. After Reinecker et al. (2005).

Artyushkov, 1973; Fleitout and Froidevaux, 1982, 1983;
Coblentz et al., 1994; Jones et al., 1996; Zoback and
Mooney, 2003), previous works focused mainly on
surface and/or Moho topographies and used simplified
thermal and density structures for mantle lithosphere.
Examples are the use of constant mantle lithosphere
densities (Artyushkov, 1973; Fleitout and Froidevaux,
1982, 1983), no base lithosphere topography (Coblentz
et al., 1994), an empirical mantle lithosphere density
distribution (Jones et al., 1996) and a linear geotherm
(Zoback and Mooney, 2003). The goal of the present
study is to quantify the magnitude of potential stresses
affecting lithospheres in isostatic and thermal equilibrium,
using realistic ranges for mantle lithosphere reference
densities (e.g. Poudjom Djomani et al., 2001) and for
surface heat flow values (e.g. Pollack and Chapman,
1977, Artemieva and Mooney, 2001), and paying
attention to petrophysical properties of mantle peridotites
derived from laboratory experiments (Guyot et al., 1996;
Poudjom Djomani et al., 2001). The present contribution
focuses on thermally stable lithospheric domains with
typical dimensions exceeding various hundreds of kilo-
meters (i.e. most of the Earth’s lithosphere) and, therefore,
supported by local isostasy. Lithospheric domains under
active tectonic deformation are not considered here and
will be treated in a future study. Firstly a numerical
method, coupling local isostasy with steady-state heat

equations, is introduced. The impact of varying surface
and crustal heat flow, topography, Moho depth and
average crust density on potential stresses is shown in the
following section. Finally, using independent constraints
from the literature on surface heat flow, chemical
depletion of mantle lithosphere, average topography and
crustal thickness, the method is applied to lithospheres
with distinct tectono-thermal ages. Modelling results are
discussed and confronted to global stress measurements
and geoid anomalies.

2. Mathematical formulation

2.1. Coupling steady-state thermal equations and
isostatic compensation

In this section, a method is presented to compute
lithospheric gravitational potential energy (hereafter GPE)
and gravitational potential stresses (hereafter GPSt),
taking into account lithosphere structure and elevation
and lithosphere density distribution through depth. Com-
pared to more sophisticated numerical methods (e.g. finite
elements), the method presents two main advantages:
computations are fast and the results are easy to interpret.
Mantle lithosphere density depends primarily on the lith-
osphere geotherm and on chemical depletion of mantle
lithosphere with respect to ‘fertile’ asthenosphere (e.g.
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Jordan, 1988; Boyd, 1989). Also, the thermal state of the
lithosphere controls its thermal thickness. A steady-state
lithospheric thermal regime described by the conductive
heat equation (e.g. Pollack and Chapman, 1977; Chap-
man, 1986) is assumed. The general form of the 1D
conductive heat equation is written:

9*T(2)
22

A
. (1)

where 71 (z) is lithosphere temperature through depth,
depth is positive downwards and z=0 at the surface, 4 is
heat generation by radioactive decay and & is conductivity.
Eq. (1) is integrated with the following boundary
conditions:

7L.(0) =0 (2)

d TL(Z)
—k
Jz

qs (3)
where ¢s is heat flow measured at the surface. Contrasting
heat generations and conductivities are assumed between
crust and mantle lithosphere (Fig. 2 Table 1). It is also
assumed that crustal radioactive elements are mainly con-
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centrated at shallow depths inside a layer of characteristic
thickness D. The remaining crust below this layer has
lower heat production (i.e. one order less than the shallow
heat-producing layer, Chapman, 1986; Artemieva and
Mooney, 2001). The depth of the base of the lithosphere,
zy;, 18 defined by the temperature value 7~ 1300 °C
characterizing Moho temperatures below mid-oceanic
ridges. In the present computations zy, is constrained to
lie between Moho depth and the olivine—spinel phase
transition at 410 km depth (see also Rudnick et al., 1998).
This latter maximum depth has to be considered as an end-
member value that will be used in the synthetic models
presented in the third section of this paper.

The asthenosphere is assumed to be in an adiabatic
thermal state:

Ta(z) =T, + Fz (4)

The thermal equations and isostatic compensation are
coupled using the pressure and temperature dependence of
mantle density (Fig. 2). Crust composition is relatively
heterogeneous and its density is more dependent on SiO,
content than on P-T conditions (e.g. Christensen and
Mooney, 1995). For the sake of simplicity, crustal density
is therefore assumed constant. After integrating the thermo-
dynamic state equation appropriate to conductive media

Local isostasy
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Sea-level
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Fig. 2. Model set-up. The computed lithosphere geotherm is used to determine the depth to the base of the lithosphere and the density distribution within the
mantle lithosphere. Following Lachenbruch and Morgan (1990), local isostasy at the base of the lithosphere is assumed. See text and Table 1 for symbols.
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Table 1

List of parameters used in this study

Quantity Symbol Value Reference

Elevation h Variable

Mid-oceanic ridge depth hr 2500 m Parsons and Sclater (1977)
Oceanic crust thickness toc 7000 m Hager (1983)

Moho depth Zm Variable

Base lithosphere depth Zp) Computed

Surface temperature Ts 0°C Artemieva and Mooney (2001)
Surface heat flow qs Variable

Characteristic thickness D 10 km Artemieva and Mooney (2001)
Max. crustal heat production Ap Computed

Heat flow ratio Ry Computed

Min. crustal heat production Acmin 0.3 pW/m® Artemieva and Mooney (2001)
Crust thermal conductivity ke 2 Wm/K -

Water density Pw 1030 kg/m® Turcotte and Schubert (2002)
Continental crust density pc 2830 kg/m? Christensen and Mooney (1995)
Oceanic crust density pPoc 2850 kg/m® This study

Base lithosphere temperature Tl 1300 °C This study

Mantle lithosphere heat production Am 0.01 pW/m? Rudnick et al. (1998)

Mantle lithosphere thermal conductivity fem 4 W/m/K Artemieva and Mooney (2001)
Thermal expansion o Temp.-dependent K~

Thermal expansion parameter a 27-10°K™! Poudjom Djomani et al. (2001)
Thermal expansion parameter b 108K ? -

Thermal expansion parameter c 0.12 K -

Mantle lithosphere compressibility B 7.64 GPa ! -

Mantle lithosphere ref. density PMRef Computed

Buoyant height of sea level H, 2500 m This study

Asthenosphere potential temperature T 1300 °C Turcotte and Schubert (2002)
Mantle adiabat F 0.5 °C/km -

Asthenosphere compressibility Ba 6.651 GPa™! Dziewonski and Anderson (1981)
Asthenosphere ref. density PARef 3390 kg/m’ Ringwood (1975)
Acceleration of gravity g 10 m/s? Turcotte and Schubert (2002)
Gravitational constant G 6.67-10 " N m%/kg? -

(e.g. Turcotte and Schubert, 2002), mantle lithosphere
density as a function of depth is computed using:

Pm(z) = purer (17071 (2) + BLPL(2)) (5)

where pyrer is mantle lithosphere reference density (i.e. at
P-T'standard conditions), o is the volumetric coefficient of
expansion, and f; is isothermal compressibility. oo depends
on temperature following:

2=a+b TL@z) +c(TL(z) > (6)

a, b and ¢ are experimentally determined parameters (e.g.
Guyot et al., 1996; Poudjom Djomani et al., 2001) that are
weakly dependent on composition (Poudjom Djomani
et al., 2001). Averaged values from Poudjom Djomani et
al. (2001) are used here (Table 1).

Because mantle asthenosphere is seen as an adiabatic
convecting fluid, derivation of the thermodynamic
equations of state leads to a different equation linking

density to P-T conditions (Turcotte and Schubert,
2002):

Pa(2) = pap—o/(1=Pap—08&Baz) (7)

where g is gravity acceleration, 35 is adiabatic com-
pressibility and

PAP=0 = Parer (1707, Tp) (8)

where a7, is computed using Eq. (6) for z=0.

Isostatic compensation is computed following
Lachenbruch and Morgan (1990). Local isostasy as
well as 1D thermal models remain acceptable assump-
tions when studying domains with typical dimensions
exceeding various hundreds of kilometers (Turcotte and
Schubert, 2002). The approach assumes local isostatic
equilibrium between the studied lithosphere column and
an ideal reference asthenosphere column (Fig. 2). The
depth below sea level of the asthenosphere reference
column (i.e. Hy), or conversely the buoyant height of sea
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level, is calculated considering asthenosphere density
and crust thickness, density and elevation at ‘standard’
mid-oceanic ridges (Turcotte et al., 1977; Lachenbruch
and Morgan, 1990). In order to remain consistent with
the parameter values used here (Table 1), H, is assigned
a value of 2500 m. This value does not differ signif-
icantly from that proposed by Lachenbruch and Morgan
(1990) (i.e. 2400 m).

The condition for local isostasy at base lithosphere
depth is:

PL(zb1) = Pa(z01) )

where the second term of Eq. (9) represents the pressure
of the asthenosphere column at depth z,.

In detail, pressure at the base of the lithosphere is
computed through:

h

Pr(zv1) = f(h) /0 pwgdz + /] pcgdz

+ [ " pa(@)gdz (10)

where f{h)=0 if the crust surface is at or above sea level
(i.e. #<0) and f{h)=1 otherwise (i.e. #>0). The pres-
sure exerted by the asthenosphere reference column at
depth zy, is given by:

Pata) = [ " pa(2)gdz (1)

Hy

Depth-dependent (i.e. P—7-dependent) terms in (10)
and (11) are computed using (5) and (7) respectively.

The thermal state of the lithosphere, and consequent-
ly lithosphere mantle density, is strongly dependent on
measured surface heat flow and the ratio between heat
flow produced in the ‘D layer’ (Fig. 2) and surface heat
flow:

Rq :DAD/qS (12)

These two critical parameters (i.e. gs and R,) are
systematically explored here and a collection of possible
lithosphere geotherms is numerically computed (Fig. 3).
For each computed geotherm, the condition for local
isostasy is tested against the condition that the reference
density for mantle lithosphere ranges between 3300 and
3390 kg/m>. In other words, it is assumed that mantle
lithosphere can be depleted with respect to ‘primitive’
mantle asthenosphere (i.e. pyrolyte, Ringwood, 1975)
from 0 to ~2.65%. This range of values encompasses
most determinations for the reference density of mantle

lithosphere, based on petrologic studies of mantle xeno-
liths (e.g. Boyd and McCallister, 1976; Jordan, 1988;
Boyd, 1989; Boyd et al., 1999; Poudjom Djomani et al.,
2001; James et al., 2004). Although denser constituents
can be present in the lithosphere (i.e. eclogites), petro-
logical studies suggest that they represent less than 1%
of the volume of mantle lithosphere (Schulze, 1989).
The procedure described above allows for numerically
excluding lithosphere geotherms that imply that corres-
ponding lithospheres are not in isostatic equilibrium,
when reasonable values for mantle reference density are
considered (Fig. 3). In turn, base lithosphere depth being
also limited between Moho and 410 km depth, the initial
collection of possible geotherms is also constrained to
remain within reasonable limits.

2.2. Computing gravitational potential energy and
stresses

Once the thermal structure, the thickness and the
density structure of the lithosphere are determined, it is
possible to compute GPE and subsequent GPSt for this
lithospheric column. Gravitational potential stresses are
due to contrasting density distributions between the
studied lithosphere column and a given reference column
(e.g. Artyushkov, 1973; Fleitout and Froidevaux, 1982).

Input
heat flow, topo., Moho depth (z,)
+
parameters

Exit program l

Search for R, min

z,,> 410km .
with z < z,,< 410km

Increase R, l

Compute z,, * T

Search for pyge

with 3.30 € pyrer< 3.39
and
P (z,)=PA(Z.)

Fig. 3. Simplified program flow chart. The first program loop deter-
mines minimum R, values that are in agreement with base of litho-
sphere depths between Moho depth and the olivine—spinel phase
transition depth (i.e. 410 km). In the second loop, the program searches
for reference density values for the mantle lithosphere within a
reasonable range of values (see text) and accounting for local isostasy.
See text and Table 1 for symbols.
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Potential stresses are written as a function of lithospheric
thickness and the difference in gravitational potential
energy (AGPE) between the two columns:

AGPE

GPSt=0,, = — 13
> h_Zb1 ( )

AGPE is linked to the respective density distributions
inside the two columns through:

AGPE — /h " (0 (2) -0k (2))dz (14)

where lithostatic pressures for the studied lithospheric
column and the reference column are respectively given

by:

h z
02(2) = gf (h) / pudl + g / o (Dl (15)
and
e =g [ pow (16)

To compare the predicted differences in potential
energy to observed geoid undulations the following
equation will be used (Turcotte and Schubert, 2002):

AN = gAGPE (17)
g

The reference column is assumed to be in a zero
stress state in the absence of tectonic forces. Its choice is
critical because it directly influences the magnitude and
the sign of the predicted stresses. A ‘standard’ mid-
oceanic ridge was traditionally proposed as reference
column (e.g. England and Houseman, 1989). However,
as pointed out by Coblentz et al. (1994) this choice is
contradictive with the obvious role played by body
forces in the mechanism of spreading of mid-oceanic
ridges (Dahlen, 1981). In the present study, the astheno-
sphere reference column used to compute isostasy is
selected as reference column to compute potential
stresses also (Fig. 2). The reference column used in
this study is similar to the one selected by Jones et al.
(1996) and Zoback and Mooney (2003). But in contrast
with these previous studies more attention is paid here to
model realistic thermal and density structures for the
lithosphere. It will be shown in the following section
that the reference column chosen in the present study
results in realistic stress signs and magnitudes.

3. Interplay between heat flow, topography, Moho
topography and crustal density

Using the method described above it becomes possible
to jointly compute the lithospheric geotherm, mantle
density structure and gravitational potential energy and
stresses. The prime objective of this section is to show
how AGPE and GPSt for a thermally relaxed continental
lithosphere relate to surface heat flow, elevation, and
crustal thickness and density.

3.1. Impact of surface heat flow on AGPE and GPSt

Fig. 4 shows the values computed for the depth of the
base of the lithosphere, mantle density depletion, AGPE
and GPSt, as a function of surface heat flow and the ratio
between crustal heat flow from shallow sources (i.e.
from the ‘D-layer’, Fig. 2) and surface heat flow, for a
35-km-thick continental crust at sea level. This crustal
thickness represents an average thickness between the
different types of continental crust and not the average
thickness of continental crust, which is dominated by a
large proportion of shields and platforms (Christensen
and Mooney, 1995; Mooney et al., 1998). A wide range
of Ry values (see Eq. (12)) between 25% and 75% was
explored. Higher values result in unreasonably thick
lithospheres (i.e. zy,;>180 km) for surface heat flow
higher than 70 mW/m?, and lower values lead to exces-
sively low heat generation values for the ‘D-layer’ (i.e.
Ap<1 pW/m?). Typical continental heat flow values in
between 30 and 90 mW/m? were considered (Chapman,
1986), where the lowest values (i.e. gs<60 mW/m?) are
traditionally associated with Precambrian lithosphere
(e.g. Balling, 1995; Kukkonen and Peltonen, 1999;
Artemieva and Mooney, 2001).

The solution domains presented in Fig. 4 are also limited
according to the assumptions made in the previous section.
Upper left boundaries reflect the assumed maximum depth
for the base of the lithosphere (i.e. z,;=410 km) as shown in
Fig. 4a, whereas lower right boundaries are imposed by the
maximum reference density value allowed for mantle
lithosphere (i.e. pyrer=Parer=3390 kg/m® or Ap=0,
Fig. 4b). As a consequence, lithosphere thickness less than
~130 km are excluded from the domain of possible so-
lutions (Fig. 4a) and minimum lithosphere thickness values
are here associated with chemically undepleted lithospheric
mantle (i.e. Ap~0, Fig. 4b). It is equivalent to say that
lithosphere thinner than 130 km cannot be in isostatic
equilibrium for the parameters selected here and for mantle
reference densities lower or equal to the reference density
of the asthenosphere. It is also interesting to note that, in the
context of thermally relaxed lithosphere, relatively high
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Fig. 4. Computed (a) base lithosphere depths (zy,), (b) density depletion of mantle lithosphere with respect to asthenosphere (Ap), (c) AGPE and (d) GPSt
as a function of surface heat flow (¢s) and R,. The crust is assumed to be 35 km thick and its surface at sea level. Parameter values are given in Table 1.

surface heat flow values (i.e. gs>75 mW/m?) are possible
only if the proportion of heat coming from the ‘D-layer’
exceeds Ry=50% (Fig. 4). We also note that the degree of
depletion for mantle lithosphere reference density corre-
lates positively with surface heat flow and negatively with
lithosphere thickness in good agreement with previous
studies (e.g. Jordan, 1988; Poudjom Djomani et al., 2001).

Computed values for AGPE are in general negative
(Fig. 4c), resulting in compressive potential stresses
(Fig. 4d). The variation of AGPE as a function of surface
heat flow and for a constant R, is relatively complex:
when increasing heat flow, AGPE first decreases
significantly, becomes almost stationary and finally
increases slightly. Predicted GPSt vary from —14 to
0 MPa as a function of surface and crustal heat flow. In
detail, for R, constant (e.g. R;=40%, Fig. 4), potential
stresses vary inversely to heat flow (i.e. the higher the heat
flow the more compressive the stresses) or, alternatively,
vary positively with lithosphere thickness. Fig. 5 shows
that for lithospheres at sea level and with similar crustal
thickness, the sign of the computed lithostatic pressure
difference (i.e. 0..(z)— o X..(z)) switches from positive to
negative at ~20 km depth and, for lithospheres thicker
than ~ 150 km, switches again from negative to positive.
Furthermore, the “positive lobe” below 150 km becomes

larger when the base of the lithosphere deepens. Fol-
lowing Eq. (14) AGPE is equal to the algebraic sum of the
areas limited by the function ¢..(z)—o..(z) and Fig. 5
shows that the absolute values of AGPE and,

g, - GR“ (*10 MPa)
? -4 -2 0 2 4 6

0
Moho >
50+

100
1501
£ 2001
N 250
300 1
3504
400 -

Fig. 5. Lithostatic pressure variation with depth between lithospheric
columns and the asthenosphere reference column. Results for three
distinct lithospheric columns with R, ~40% but with contrasting
thickness and surface heat flow: (1) gs=60 mW/m?, (2) gs=>50 mW/m*
and (3) gs=40 mW/m?. For each lithosphere column (e.g. column 3),
AGPE is equal to the sum of the areas limited by the lithostatic pressure
function (i.e. dashed line) and the vertical axis at the centre of the graph
(see also Eq. (14)). The graph shows that as the base of the lithosphere
deepens, the algebraic sum of the individual areas (i.e. AGPE)
decreases. Crustal configuration and parameter values as in Fig. 4.
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consequently, GPSt values tend to be lower for thicker
lithospheres (i.e. zy>150 km). This result reflects the
increase with depth of (1) asthenosphere density (i.e. Eq.
(7)) and of (2) mantle lithosphere thermal expansivity (i.e.
Eq. (6)), but also reflects the fact that thick lithospheres
are associated with chemically depleted mantle roots
(Jordan, 1978 and Fig. 4a and b). In summary, body forces
for thick lithospheres tend to be more tensile, or less
compressive, than for thinner ones. This is also valid if g
is fixed and Ry is allowed to vary. For example, if
¢s=50 mW/m? and R varies between 30% and 60%, zy
deepens from ~140 km to ~390 km (Fig. 4a) and
potential stresses decrease by 13 MPa (Fig. 4d).

3.2. Interplay between surface heat flow, topography
and Moho topography

Topography is explored in the range of —500 to
1000 m, as topographies below —500 m are more typical
of thinned passive margins and topographies above

C. Pascal / Tectonophysics 425 (2006) 83-99

1000 m are more likely to be supported by dynamic
loads rather than by lithosphere buoyancy. Modelling
results shown in Fig. 6 are for 35-km-thick crust and
Ry=40%.

In agreement with previous studies (e.g. Coblentz
et al., 1994), submerged landmasses are, in general,
submitted to compressive gravitational potential stresses
whereas elevated ones are spontaneously under tension
(Fig. 6). However, this first-order correlation is dis-
turbed by the control that surface heat flow exerts on the
thickness (Fig. 6a) and the density (Fig. 6b) of mantle
lithosphere. The present results suggest that maximum
AGPE due to changes in surface heat flow can be on the
order of ~2-7-10"% N/m (Fig. 6¢), resulting in GPSt
variations up to ~ 16 MPa (Fig. 6d). Noteworthy, AGPE
and GPSt gradients are more pronounced for very low
heat flow values (i.e. gs<37 mW/m?), that are in the
present case associated with lithospheres thicker than
~300 km. Fig. 6d shows, however, that potential stress-
es are more sensitive to crust elevation than to surface
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Fig. 6. Computed (a) base lithosphere depths (zy), (b) density depletion of mantle lithosphere with respect to the asthenosphere (Ap), (¢) AGPE and (d) GPSt
as a function of surface topography and surface heat flow (¢s). The crust is assumed to be 35 km thick, and R;=40%. Parameter values are given in Table 1.
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heat flow. For example, for gs=50 mW/m? and for the
range of elevations selected here, computed potential
stresses vary from ~—18 to ~6 MPa. Even if the inter-
val of possible elevations sustained by lithospheric
buoyancy is reduced to the range [-500 m, +500 m],
stress magnitudes still vary significantly by ~ 15 MPa.

Modelling results in function of surface heat flow and
Moho topography for a crust exposed at sea level and
Rq=40% are shown in Fig. 7. Moho depth, or alternatively
crustal thickness, was allowed to vary between 25 and
55 km in agreement with the global crustal thickness
distribution compiled by Christensen and Mooney (1995).
Values falling outside this range are usually characteristic
of tectonically active regions which are not considered in
the present paper.

The most unexpected result of Fig. 7 resides in the
‘shark fin” shape of the solution domains. It suggests that
very thick crust (i.e. more than 50 km thick) can be
sustained by lithospheric buoyancy alone, only for a
window of relatively low heat flow values. Thinner crust

is associated with heat flow values outside this window
and, in particular, to extremely low heat flow values.
Although this result goes beyond the scope of the present
contribution, it is interesting to note that it presents close
similarities with the empirical relationship between
lithosphere age (or alternatively surface heat flow) and
crust thickness derived from a global seismic compila-
tion by Durrheim and Mooney (1991, 1994), where
Proterozoic crust was found to be extremely thick (i.e. 40
to 55 km) but Archean crust was found to be thinner (i.e.
27 to 40 km). We also note that extremely high heat flow
values (i.e. gs>75 mW/m?) are restricted to thin crust
and mantle lithosphere.

AGPE and GPSt (Fig. 7c and d) are predicted to be
far more sensitive to Moho topography than to surface
topography or heat flow. Maximum variations in GPSt
magnitudes as a function of Moho topography are in the
order of ~60 MPa (i.e. for gs=45 mW/m?). Therefore,
tensile stresses produced by elevated surface topography
can simply be cancelled out by the effect of deep Moho
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Fig. 7. Computed (a) base lithosphere depths (zy,), (b) density depletion of mantle lithosphere with respect to the asthenosphere (Ap), (c) AGPE and
(d) GPSt as a function of Moho depth and surface heat flow (¢s). Crustal surface at sea level and R;=40%. Parameter values are given in Table 1.
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topography as already noted by previous authors (Jones
et al., 1996).

3.3. Interplay between surface heat flow and crust
density

Since continental crust is heterogeneous in composi-
tion, its highly variable average density is prone to in-
fluence gravitational potential energy and stresses. In
order to explore this influence, and its interplay with
surface heat flow, different simulations were made
by varying crustal density and surface heat flow for a
35-km-thick continental crust at sea level and R,=40%
(Fig. 8). The solution pattern suggests that lithospheres
with relatively light crust (i.e. pc <2750 kg/m3 ) can be in
local isostatic equilibrium only for low surface heat flow
values (i.e. gs<55 mW/m?) and relatively thick litho-
spheres (i.e. z, > 150 km, Fig. 8a). In contrast, lithospheres
with a relatively dense crust (i.e. pc>2900 kg/m>) can be

00 4

490

in isostatic equilibrium for a much wider range of heat
flow values (Fig. 8). As shown previously, the solution
pattern is also dependent on surface elevation and Moho
depth, but elevating the crust would result in an upward
shift of the upper boundaries (i.e. the Ap=0 contour in
Fig. 8b) and the lower right boundaries (i.e. the
Ap=2.65% contour in Fig. 8b) of the solution domains,
whereas deepening the Moho would result in shifting
these boundaries downwards. Consequently, the overall
shape of the pattern of solutions remains when elevation
and Moho depth vary.

As expected, AGPE and GPSt increase with crust
density (Fig. 8c and d), resulting in tensional and com-
pressional stress states for lithospheres with dense and
light crusts, respectively. The present study suggests,
however, that AGPE and GPSt are more sensitive to
variations in crustal density than previously proposed by
Coblentz et al. (1994). On average, for a 35-km-thick
crust at sea level GPSt vary with 15 MPa for a pc

853
807
759
707
651
601

1851 D) ap (%)
_80_

559

qs (mW/m’)

501

457

407

35%
30

90

857
80
75
70
65
60
55
50
45
40
35
30

C) AGPE (10° N/m)

qs (mW/m?)

d) Gpst (MPa)

27 275 28 285 29 295
Pc (10" kg/m”)

27 275 28 285 29 295 3
P(:(loskg/ms)

Fig. 8. Computed (a) base lithosphere depths (zy,), (b) density depletion of mantle lithosphere with respect to the asthenosphere (Ap), (c) AGPE and
(d) GPSt as a function of average crustal density and surface heat flow (gs). The crust is assumed to be 35 km thick, its surface at sea level and

R,=40%. Parameter values are given in Table 1.
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variation of 100 kg/m® (Fig. 8d). For a given crustal
density value, potential stresses vary significantly by up
to 10—15 MPa for the examined range of heat flow
values (Fig. 8d). Noteworthy, for a constant pc value,
GPSt gradients are maximum when heat flow values are
extremely low (i.e. gs<35 mW/m?). Even if these heat
flow values that correspond to extremely thick litho-
spheres (i.e. zy;>350 km, Fig. 8a) are excluded, GPSt
still vary by 10 MPa.

4. Implications for the stress state of the Earth’s
lithosphere

In this section AGPE and GPSt are quantified for
three continental lithosphere types with distinct tectono-
thermal ages: Archean, Proterozoic and Phanerozoic.
The three continental lithosphere types are characterized
by contrasting crustal thickness and densities (Durrheim
and Mooney, 1991, 1994; Zoback and Mooney, 2003),
but also by contrasting surface heat flow values (Pollack
and Chapman, 1977; Nyblade and Pollack, 1993;
Nyblade, 1999; Artemieva and Mooney, 2001). For
comparison, results for oceanic lithosphere are also
included here.

4.1. Archean lithosphere

Archean crustal thickness is assumed to be equal to
35 km, in agreement with results from a compilation of
seismic experiments (Durrheim and Mooney, 1991, 1994).
An average elevation of 450 m, typical for Precambrian
cratons (Nyblade and Robinson, 1994), is selected. Surface

heat flow is explored in the range of values commonly
measured in Archean terrains, 30 to 50 mW/m? (Nyblade
and Pollack, 1993). Base of lithosphere depths are now
restricted to the range 190 to 370 km (Fig. 9a). This range
encompasses most of previous determinations made by
means of thermal modelling, seismic tomography, magne-
totelluric soundings, and mantle xenolith studies for
Archean cratons (see a review by Artemieva and Mooney,
2001). Furthermore, the deepest base of lithosphere value
selected here has to be consistent with the observation of a
flat and undisturbed 410 km discontinuity below cratons
(Lietal., 1998; Chevrot et al., 1999; Niu et al., 2004). This
observation implies that the base of the lithosphere has to be
a few tens of km above the 410 km discontinuity (Niu et al.,
2004). Finally, similar model runs not shown here for
extreme base of lithosphere depths from 370 km to 410 km
yielded unrealistically high mantle lithosphere depletion
values. An average crustal density of 2830 kg/m’
(Christensen and Mooney, 1995; Zoback and Mooney,
2003) is used. Other modelling parameters are listed in
Table 1.

The predicted degree of density depletion for Archean
mantle roots with respect to fertile asthenosphere ranges
from —2.4% to —1.6% (Fig. 9b), corresponding to density
values ranging from ~3309 to ~3336 kg/m>. The lowest
density values agree well with density determinations
based on mean mineral compositions of Archean mantle
xenoliths (i.e. 3310+16 kg/m’, Poudjom Djomani et al.,
2001; O’Reilly et al., 2001, and 3290 to 3310 kg/m3,
Pearson and Nowell, 2002), whereas the highest are in
better agreement with density values obtained from
coupled thermal-gravity models (Kaban et al., 2003).
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Fig. 9. Archean lithosphere. (a) Base lithosphere depths (zy), (b) density depletion of mantle lithosphere with respect to the asthenosphere (Ap),
(c) AGPE and (d) GPSt as a function of surface heat flow (¢s) and R,. Typical surface heat flow values for Archean terrains are explored here. Base
lithosphere depth is assumed to be in between 190 km and 370 km. Elevation is 450 m, crustal thickness 35 km and average crustal density 2830 kg/m”>.

Other parameters are given in Table 1.
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The modelling results suggest that although AGPE can
reach relatively high values, in particular for thick
Archean lithospheres (i.e. up to 3-10'* N/m in Fig. 9c),
predicted GPSt magnitudes remain low and GPSt are in
general tensile (Fig. 9d), in particular for z, >~ 230 km
(Fig. 9a).

4.2. Proterozoic lithosphere

In contrast to Archean crust, Proterozoic crust is in
general characterized by a high velocity layer at its base
(Durrheim and Mooney, 1991, 1994) resulting in a higher
thickness and higher average density (Zoback and
Mooney, 2003). For the calculations, an average thickness
of 45 km (Durrheim and Mooney, 1994) and an average
crustal density of 2880 kg/m® (Zoback and Mooney, 2003)
were selected. Elevation is assumed to be equal to 450 m
(i.e. average craton elevation, Nyblade and Robinson,
1994) and heat flow is allowed to vary between 40 and
60 mW/m? (Pollack and Chapman, 1977; Artemieva and
Mooney, 2001). In agreement with previous estimates (e.g.
Poudjom Djomani et al., 2001), modelled base of lithos-
phere depths are varied from 150 km to 250 km (Fig. 10a).

Proterozoic mantle lithosphere is predicted to be ~0.2%
(i.e. purer~ 3383 kg/m?) to ~ 1.4% (i.e. pyrer~ 3342 kg/
m®) lighter than asthenosphere (Fig. 10b). Although some
relatively low depletion values are predicted for litho-
spheres thinner than ~ 170 km, this range of values is in
good agreement with previous estimations based on
thermal modelling (~0.6—0.7%, Artemieva and Mooney,
2001), gravity studies (1.1-1.5%, Kaban et al., 2003) and
petrologic studies (~ 1.5%, Poudjom Djomani et al., 2001;
Pearson and Nowell, 2002). Predicted AGPE values are
negative (Fig. 10c) suggesting that Proterozoic lithosphere

is spontaneously in a compressive state of stress. GPSt
magnitudes are remarkably stable (i.e. vary less than
2 MPa, Fig. 10d) and relatively high throughout the
solution domain.

4.3. Phanerozoic (“extended”) lithosphere

Christensen and Mooney (1995) and Mooney et al.
(1998) use the term “extended” to define Precambrian
crust thinned in Phanerozoic times, regardless of poten-
tial reworking of the lithosphere by previous Phanerozoic
orogenies. Although crustal accretion occurred in the
Precambrian, it is commonly assumed that the last
Phanerozoic thermo-tectonic (i.e. rift) event rejuvenated
most of the lithosphere and in particular its mantle (e.g.
Cloetingh et al., 1995). Consequently, this type of
lithosphere is assumed to show similar characteristics
as lithospheres formed during the Phanerozoic and, in the
following, will be referred to as ‘Phanerozoic litho-
sphere’. Phanerozoic crust is 30.5 km thick on average
(Christensen and Mooney, 1995). Its average density is
certainly lower than for Precambrian crusts, at least
because its uppermost layer is made of a relatively thick
pile of sediments. The empirical relationship between
crustal thickness and average crustal density from Zoback
and Mooney (2003) is used here. This relationship yields
an average density of 2800 kg/m® for ~30-km-thick
crust. A conservative value of +200 m is assumed for the
elevation of Phanerozoic crust. Surface heat flow values
are explored in the range 50 to 90 mW/m? (Pollack and
Chapman, 1977; Chapman, 1986) and maximum base of
lithosphere depth is fixed to 150 km (Fig. 11a).

Minimum base of lithosphere depth is limited to
~ 105 km by the imposed condition that Ap=0. Thinner
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Fig. 10. Proterozoic lithosphere. (a) Base lithosphere depths (zy,), (b) density depletion of mantle lithosphere with respect to the asthenosphere (Ap),
(c) AGPE and (d) GPSt as a function of surface heat flow (¢s) and R,. Typical surface heat flow values for Proterozoic terrains are explored here. Base
lithosphere depth is varied from 150 km to 250 km. Elevation is 450 m, crustal thickness 45 km and crustal average density 2880 kg/m’. Other

parameters are given in Table 1.
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Fig. 11. Phanerozoic lithosphere. (a) Base lithosphere depths (zy,), (b) density depletion of mantle lithosphere with respect to the asthenosphere (Ap),
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Maximum base of lithosphere depth is fixed to 150 km. Elevation is 200 m, crust thickness 30.5 km and crust average density 2800 kg/m>. Other

parameters are given in Table 1.

Phanerozoic lithospheres could exist in the models, but
only for mantle lithosphere reference density values
higher than 3390 kg/m>. Modelling results suggest that
Phanerozoic mantle lithosphere is generally less deplet-
ed than its Precambrian counterparts (i.e. less than 1%,
Fig. 11b). Noteworthy, depletion values corresponding
to base of lithosphere depths between ~ 120 and 150 km
(i.e. Ap~0.6—1%) are in good agreement with results
obtained from petrologic studies (Poudjom Djomani
et al., 2001). Predicted AGPE values are negative and
one order of magnitude less than AGPE values com-
puted for Precambrian lithospheres (e.g. compare Fig.
I1c with Fig. 10c). Integrated over the lithosphere
thickness these values result in a mild compressive state
(i.e. ~6 MPa, Fig. 11d) with a very constant magnitude
(i.e. variations less than 1 MPa) over the whole range of
parameter values explored here.

4.4. Oceanic lithosphere

In order to get a complete overview (Fig. 12), AGPE
and GPSt variations from mid-oceanic ridges to old (i.e.
>80 Ma) oceanic lithosphere are also computed. Elevation
and heat flow values from Stein and Stein (1992) are used,
assuming a 7-km-thick oceanic crust, poc=2850 kg/m*
and a water column of 2.5 km above mid-oceanic ridges.
Old oceanic lithosphere is predicted to be ~ 100 km thick,
in agreement with previous estimates (e.g. Parsons and
Sclater, 1977; Stein and Stein, 1992; Doin and Fleitout,
1996; McKenzie et al., 2005), and oceanic mantle
lithosphere is predicted to be ~0.5% lighter than
asthenosphere. This depletion value is probably the result
of the combined effects of density depletion of the mantle
due to melt extraction at mid-oceanic ridges (Oxburgh and
Parmentier, 1977) and addition of fertile asthenosphere to
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Fig. 12. Schematic cross-section of oceanic and continental lithospheres with distinct tectono-thermal ages, depicting conceptual relationships
between elevation, crust thickness, surface heat flow, lithosphere thickness, chemical depletion of mantle lithosphere and gravitational potential
energy (i.e. AGPE) and stresses (GPSt). Predicted geoid undulations originating in lateral changes in lithosphere structure (i.e. AN) were computed
using Eq. (16). The width of the arrows suggests the magnitude of predicted GPSt.

the lithospheric column by conductive cooling (Parsons
and Sclater, 1977). Variations in AGPE are shown in
Fig. 12. The modelling predicts that mid-oceanic ridges
are driven by tensional stresses with magnitudes by
16 MPa (i.e. AGPE=0.11-10""* N/m for 7-km-thick
lithosphere) whereas old oceanic basins are submitted to
compressional stresses by —24 MPa (i.e. AGPE=
—2.35-10" "2 N/m for 100-km-thick lithosphere). These
stress magnitudes in old oceanic basins compare well with
those proposed traditionally (e.g. Artyushkov, 1973;
Dahlen, 1981; Fleitout and Froidevaux, 1983).

5. Discussion

Variations in gravitational potential energy and stresses
for variations in lithosphere structure and age are shown in
Fig. 12. These results are by nature first-order general-
isations as they are derived from averaged relationships

linking lithosphere age to the different parameters used in
this study. As suggested by the analysis presented in the
third section, departures of lithosphere properties from
their inferred mean values can result in dramatic changes
in AGPE and GPSt. Nevertheless, it is interesting to note
that the predicted stress regimes are in good agreement
with stress measurements compiled in the World Stress
Map (Reinecker et al., 2005). This is especially true for
oceanic lithosphere but also for most of the continental
lithosphere where compressive stresses dominate (Rein-
ecker etal., 2005). In detail, the modelling suggests higher
compressive stresses in Proterozoic lithosphere than in
Phanerozoic lithosphere. Archean lithosphere is predicted
to be in slight extension. From existing stress measure-
ments it is difficult to reject or confirm this latter result. If
we exclude the anomalously elevated cratonic lithosphere
of southern Africa only very few stress measurements
from Archean terrains have been made public. It is worth
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noting, however, that the predicted tensional GPSt could
result from an underestimation of crustal thickness for
Archean terrains. Increasing average crustal thickness
values by 5 km would result in shifting GPSt values by
—10 MPa (Fig. 7), leading to a slightly compressive state.
We can, at least, conclude that Archean lithosphere is in a
close to neutral stress state as already suggested by Doin
et al. (1996).

This conclusion is in clear contradiction with results
obtained by Zoback and Mooney (2003) who claim that
lithospheres with thick and cold roots are dominated by
very low AGPE values (i.e. down to —15-10'* N/m) and
high compressive stresses. Although their work represents
a substantial methodological improvement in the sense
that realistic base lithosphere topographies were intro-
duced in the modelling, these authors use too simplified
mantle density distributions (i.e. constant densities) lead-
ing to unrealistic AGPE values, in particular in the case of
thick lithospheres. The very low AGPE values computed
by Zoback and Mooney (2003) would theoretically imply
compressional stresses with magnitudes up to ~75 MPa
and geoid lows with respect to mid-oceanic ridges down
to —70 m. Such a strong correlation between geoid
anomalies and cratons finds no support from gravity
measurements (Jordan, 1988; Shapiro et al., 1999).

Published geoid analyses can be used to test the
validity of the present results. Eq. (17) was used to com-
pute geoid undulations caused by changes in lithosphere
structure (Fig. 12). Geoid heights and lows are here
referred to the chosen reference column (Fig. 2), but
because variations in gravitational potential energy and in
geoid height between this reference column and mid-
oceanic ridges are small (i.e. AGPE=+0.11-10"* N/m
and AN=+0.5 m, respectively), geoid undulations
computed here can also be considered as referred to
mid-oceanic ridges. Predicted geoid anomalies (i.e. AN=
—10 m for older than 80 Ma oceanic basins, Fig. 12) are in
good agreement with observed anomalies (e.g. Haxby and
Turcotte, 1978; Turcotte and McAdoo, 1979; Hager,
1983). Furthermore, computed geoid/age slopes (i.e.
increasing from —0.17 m/Myr at 0-20 Ma to —0.04 at
80—100 Ma) fit reasonably well geoid slope data deter-
mined across transform faults (Richardson et al., 1995).
Across passive margins, the geoid is predicted to jump
with 6-7 m (Fig. 12) in agreement with values proposed
by previous authors (Haxby and Turcotte, 1978; Doin
et al.,, 1996). However, geoid variations across passive
margins are expected to be very sensitive to variations in
surface elevation and Moho depth in the continental
domain (i.e. as sensitive as AGPE values are).

Geoid anomalies related to the density structure of
the continental lithosphere are more difficult to extract.

Doin et al. (1996) estimated differences in geoid height
from —4 to +1 m for “stable” continental areas (i.e.
Phanerozoic and Proterozoic platforms) and from — 10
to 0 m for shields (i.e. Archean to Proterozoic) with
respect to mid-ocean ridges. Shapiro et al. (1999) con-
cluded that shield and platforms grouped together show
geoid anomalies of —11+4 m. Despite the fact that the
regionalisations made by Doin et al. (1996) and Shapiro
et al. (1999) do not correspond strictly to those made in
the present study, geoid anomalies computed here agree
with these previous studies in (1) the amplitude of the
signal (i.e. in the order of —1 to —10 m, Fig. 12) and
(2) in the geoid/tectono-thermal age trend (i.e. the geoid
drops with age). This latter rule is, however, predicted to
break down in the case of Archean lithosphere (Fig. 12).
Because available geoid analyses consider broad regions
where the signals from Proterozoic and Archean litho-
spheres are mixed, as it is the case for predicted GPSt, it
remains difficult to confirm or reject this modelling
result.

The present study represents a step forward in quan-
tifying gravitational potential energy using as much as
possible realistic thermal and density structures for the
lithosphere. However, further improvements of the
method are still needed. These could involve, for
example, the well-known temperature dependency of
thermal conductivities but based on the recent study by
McKenzie et al. (2005), we can anticipate that the present
results will not be significantly affected by this latter
refinement. Much care has to be taken when dealing with
the assumption of simplified distribution of radioactive
elements in the crust as it has been shown that more
complex distributions might indeed characterize a large
number of continental sections (Mareschal and Jaupart,
2004; Brady et al., 2006). Also, because the thermal
adjustment time of thick lithospheres is similar to the
timescale of radioactive decay, Michaut and Jaupart
(2004) have recently questioned the thermal steady-state
assumption for thick lithospheres. These authors ad-
vance cratonic mantle lithosphere temperatures up to
150 °C higher than those derived using a steady-state
assumption. This implies mantle roots ~0.5% lighter
than proposed here but does not affect significantly the
results of the present paper.

Finally, it is worth noting that the simplified lithos-
pheric model used here with a sharp lithosphere—astheno-
sphere boundary is an oversimplification of a system
whose physics are still poorly known. The base of the
lithosphere is merely not a sharp discontinuity but most
probably a transition zone where small-scale convection
occurs as suggested by Parsons and McKenzie (1978).
Instabilities in this transition zone, caused for example by
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drastic changes in lithosphere thickness (King and
Anderson, 1998), would alter the steady-state thermal
structure of the lithosphere (Cooper et al., 2004). Further
and more advanced finite-element modelling work is
required to test the influence of this eventual mechanism
on the GPE state of the lithosphere.

6. Conclusions

In this study, it is shown that not only surface topo-
graphy and crust density, but also surface heat flow,
crustal heat flow and Moho depth have a significant
impact on the net gravitational potential energy and
potential stresses of the lithosphere. In particular, vari-
ations in the thickness of mantle roots, not taken into
account in most previous studies, can result in dramatic
changes in predicted potential stresses. The results pre-
sented here demonstrate that any attempt to estimate
potential stresses from topography alone leads in most
cases to erroneous results.

The present study also suggests that most of the stable
continental lithosphere is, in general, in a spontancous
compressive stress state. Magnitudes associated with
these compressive stresses are predicted to be higher in
Proterozoic (i.e. ~12 MPa) than in Phanerozoic litho-
sphere (i.e. ~6 MPa). Archean lithosphere is found to be
in a quasi neutral to slightly tensile stress state.
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