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Abstract

Stresses in the lithosphere are one indication of processes in the Earth interior: here we present a calculation of large-
scale lithospheric stresses caused by global mantle circulation. The mantle flow field is calculated based on density
structures inferred from global seismic tomography. Predicted principal stress directions are compared to interpolations
based on observed stresses. Agreement between predictions and observations is often good in regions where lithospheric
stresses and mantle tomography are well constrained. Predicted magnitudes of scalar stress anomalies vary more
strongly than predicted stress directions for various tomographic models. Hotspots preferentially occur in regions where
calculated stress anomalies are tensile or slightly compressive. Results do not strongly depend on radial mantle viscosity
structure, lithospheric rheology (viscous or elastic) or plate motion model. The model also predicts the directions of
motion well for most plates; misfits in the predicted magnitudes can be explained qualitatively. Stress anomalies due to
causes within the lithosphere (oceanic cooling with age, variations in crustal thickness, topography isostatically
compensated at subcrustal levels) are also computed. Predicted stress directions in the absence of mantle flow can
explain observations almost as well as mantle flow. Nevertheless, current models of mantle flow are largely in accord
with interpolations of observed principal stress directions and the observed plate motions. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The dynamics of the Earth’s interior is reflected
in processes at the Earth’s surface: due to mantle
convection, lithospheric plates experience stresses
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and move in response. It has been known for
some time that the lithospheric stress field has a
significant large-scale component, leading to pref-
erential horizontal stress directions aligned over
entire continents. Causes inside the lithosphere,
such as variations in crustal and lithospheric
thickness and density, as well as ‘ridge push’
and ‘slab pull’ forces have received attention early
on, but more general models including the effects
of global mantle flow [1] have been put forward as
well [2,3]. The main idea that is formulated in
these models and that is essentially also used
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here can be stated as follows: (1) the solid Earth
(outside the core) can be rheologically divided
into lithosphere (=top 100 km) and the viscous
mantle beneath; the lithosphere is broken into
about 14 plates that are approximately rigid, i.e.
deform internally much less than the mantle be-
neath. (2) Internal density heterogeneities in the
viscous mantle cause convective flow. (3) Mantle
flow causes anomalies (formally defined below) of
normal stress 7, and tangential stresses 7.3 and
T, at the base of the lithosphere. Tangential
stresses can put the lithosphere under horizontal
tension, compression or shear; anomalies of nor-
mal stress 7., cause vertical displacements /g of
the lithosphere (dynamic topography) which in-
duce downhill forces (defined below) that also
cause tension or compression (Fig. 1).

For simplicity, we use a constant lithosphere
thickness 7 =100 km, and a constant density of
the lithosphere pp =3200 kg/m® when computing
stress anomalies caused by mantle flow. We al-
ways use py = 1020 kg/m? for the density of ocean
water, and g=10 m/s?> for gravity. The downhill
force per area is hence by definition:

fqg = Ap-g-tL-Vphg with

| pL—pw below water
A’D_{ oL otherwise (1)

where V), stands for the horizontal gradient.
‘Stress anomaly’ is defined as the tensor:

Trr Tro

T= Ty Too | = T—pI

Tro Tog

where T is the total (in-situ) stress, p is the pres-
sure of the reference Earth model which only de-
pends on elevation (relative to the geoid) and I is
the unity tensor. The tensor elements are given in
a coordinate system with basis vectors e;, es and
e, in radial (outward), southerly and easterly di-
rection. Since only density variations (not total
densities) enter our calculations, we directly ob-
tain stress anomalies; the relation between total
stress and density is formally the same as between
stress anomaly and density anomaly. We also de-

fine a ‘horizontal stress anomaly tensor’:
To9 Tog
Toe Top
With a horizontal rotation of the coordinate sys-

tem it can be diagonalized, i.e. brought into the
form:

T 10
07,

71 and 1, are the principal, maximum and mini-
mum horizontal stress anomalies, and for conven-
ience we will refer to 7+ as the ‘scalar stress
anomaly’; it shall be called ‘tensile’ if it has a
positive value in lithosphere regions ‘under ten-
sion’, and ‘compressive’, if negative, in regions
‘under compression’.

Previously, the prediction of lithospheric stress
anomaly based on mantle flow models was not
particularly successful. The situation has, how-
ever, improved considerably during recent years.
Because of an increased number of stress mea-
surements [4,5] and improved interpolation meth-
ods [6], the actual large-scale stress field is better
known. Also there has been progress in model-
ling: recent improvements in seismic tomography
have given a more accurate knowledge of the
Earth’s internal density heterogeneities and thus
enable us to model mantle flow more realistically.
In a recent paper [7] a mantle flow model based
on seismic tomography [8] has been applied to
predict dynamic topography in Africa, and it
has been shown that the high elevations in south-
ern Africa can be explained as dynamically sup-
ported. As dynamic topography and lithospheric
stress due to mantle flow are closely related, it can
be expected that a model that explains dynamic
topography also gives a reliable prediction of the
mantle flow contribution to lithospheric stresses.
We therefore mainly use essentially the same to-
mographic model [8] here.

The main objective of this paper is thus to show
that models of mantle flow are useful in explain-
ing lithospheric stress anomalies if only a suitable
density anomaly model is used. We intend to cor-
rect the impression left by previous work [3] that
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Fig. 1. Sketch illustrating in 2D cartesian geometry how
lithospheric stresses are caused by mantle flow. (a) The litho-
sphere integrates shear stresses 7,, acting on its base.
(b) Normal stresses 7., at the base of the lithosphere cause
‘dynamic topography’ with elevated regions under tension,
depressed regions under compression.

prediction of lithospheric stress based on mantle
density anomalies is not particularly successful.
Our modelling approach remains essentially the
same as previously developed [2,3]. This objective
is pursued through two lines of evidence: (1) the
large-scale lithospheric scalar stress anomaly, i.e.
the contribution due to mantle flow and due to
isostatically compensated topography is computed
and compared with the global distribution of hot-
spots. If magma ascent is only possible through a
lithosphere with tensile scalar stress anomaly, hot-
spots should be predominantly located in those
regions. (2) Directions of the minimum (i.e.
most compressive) horizontal stress anomaly are
computed and compared with an interpolated
global stress map [6].

The calculations are done in two steps. In the
first step, mantle flow and resulting sublithospher-
ic stress anomalies acting at the base of the litho-
sphere are determined. This step is done for given
surface velocity boundary conditions (such as a
fixed surface, or plate-like surface velocities). No

further assumptions about the lithosphere (such
as its thickness) are made. Here results on dynam-
ic topography and free plate motions will be
shown. This essentially repeats results from the
literature, but with a new viscosity structure and
(in the EPSL Online Background Dataset') for a
larger number of tomographic models, and com-
parison with the published results serves to verify
our own computations. With ‘free’ plate motions
we mean a set of plate rotation vectors such that
for a prescribed geometrical shape of the plates no
net torque acts on each plate (with plate bound-
ary forces not included). How this condition is
achieved will be discussed in Section 5. In the
second step, normal and tangential surface trac-
tions are used to predict stresses within the litho-
sphere. Additionally, stress anomalies due to iso-
statically compensated topography are also in-
cluded. In this step, the stresses of the previous
step are used as boundary conditions at the bot-
tom of the lithosphere which is modelled as either
elastic or highly viscous (i.e. viscosity is large
compared to the underlying mantle). The upper
boundary of the lithosphere is assumed shear
stress free. This second step is explained first, in
the following.

2. Calculation of stresses within the lithosphere due
to forces acting at its base

This section essentially expresses the mecha-
nism sketched in Fig. 1 in mathematical form in
3D spherical geometry: the stress anomaly is
computed assuming force balance everywhere in
the lithosphere, including stresses from the mantle
at its base, from the side and due to downhill
forces related to dynamic topography. How forces
due to other topography can also be included will
be introduced in Section 4. In the case of ‘freely’
moving plates we require per definition that the
basal tractions add up to zero torque on each
plate, and the force balance thus implies that
also the forces acting on each plate from neigh-

1 http://www.elsevier.nl/locate/epsl, mirror site: http://www.
elsevier.com/locate/epsl



78 B. Steinberger et al. | Earth and Planetary Science Letters 186 (2001) 75-91

boring plates add up to zero torque, but plate
boundaries are not stress-free locally in our mod-
el. In any other case, there will be a net torque
acting on each plate from neighboring plates. Ei-
ther an elastic or a highly viscous rheology is
assumed in the lithosphere, with no lateral varia-
tions except (implicitly, since plates are allowed to
move) at plate boundaries. This assumption im-
plies that yield stresses integrated over the depth
of the lithosphere are greater than the computed
scalar stress anomaly multiplied with the assumed
11, everywhere except on plate boundaries in the
case of non-zero plate motions. Comparison of
our results shown below with lithospheric strength
profiles [9] shows that this is probably the case for
most regions. In the case of moving plates, it is
also implied that plate boundaries behave per-
fectly plastic, with yield stresses integrated over
the depth of the lithosphere being equal to the
computed scalar stress anomaly times 7 at plate
boundaries. Our results will show that ridges tend
to be under tension and subduction zones under
compression, as should be expected, with stress
levels typically a few tens of MPa. Furthermore,
if plates are allowed to move in our model, stress
levels tend to drop at plate boundaries compared
to a model with fixed plates. This is at least in
qualitative agreement with what would be expected
from a more realistic treatment with weak plate
boundaries. Since a different approach, such as
prescribing yield stresses at plate boundaries,
would require a considerable modelling effort,
and lithospheric rheology, particularly at plate
boundaries, is still poorly known and an under-
standing of the plate-like behavior of the litho-
sphere is only beginning to emerge, we regard
our approach as justified under present conditions.
This subject has been previously discussed [1].

Because only long wavelengths = 1300 km are
considered, we approximate vertical lithospheric
deflection to occur in the absence of flexural ri-
gidity, i.e. we set in Eq. 1:

hg = _Trr/(Ap'g) + hd,O (2)

and it hence follows from Eq. 1:
fo = VaTutL

hq, is chosen such that A4 has a zero global mean
value.

In the EPSL Online Background Dataset', we
estimate that flexural stresses can reach magni-
tudes similar to the stress anomalies calculated
here for the shortest wavelengths included,
but their relative magnitude gets smaller for
longer wavelengths. Since the calculated stress
pattern is predominantly very large-scale, we ne-
glect flexural stresses and disregard variations of
Tyo, Tope and Ty, with depth in the lithosphere.
With these approximations, we can express Tyy,
Ty and T,, within the lithosphere in terms of
Tr, T and 7, at its base, using thin shell theory
[10].

Firstly, stresses acting at the base of the litho-
sphere are expanded in spherical harmonics: fol-
lowing [1], we use hereby expansions:

ll’\TdX l _
T = § Trim Ylm

1=0 m=—1
Ima / ~ ~
s d Ylm 1 9 Ylm
Ty = Tp.im + Tt Im— (3>
= = % sind do
sy ! 1 371171 67/m

Trp =

T Y/ A _Tt]
p.im JIm
— =, sind d¢ v

where Y, are fully normalized spherical harmon-
ics, / and m are spherical harmonic degree and
order, U is co-latitude and ¢ is longitude. 7, 7,
and 7 are called radial, poloidal and toroidal ex-
pansion coefficients of the sublithospheric stress
anomaly tensor and are directly computed in the
flow calculations [1]. In analogy, horizontal dis-
placements or displacement rates (not including
the rigid plate motions) of the lithosphere are ex-
panded in terms of coefficients up, and u;, or v,
and v;. Then we can find equations that relate t,
7, and 7 with u, and wu;, or v, and v;:

(g EYE L
AT L s )2 @
_ TJE TE 1

T i+ )2

for a highly viscous lithosphere:
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for an elastic one; 1, pp =0.721x 10" Pa and
ki =1.134x 10" Pa are viscosity, rigidity and in-
compressibility (also called bulk modulus) of the
lithosphere, rg is the Earth radius. These equa-
tions are derived in the EPSL Online Background
Dataset'.

Indices /m are omitted in Eqgs. 4 and 5. Subse-
quently, lithospheric strains or strain rates are
computed from derivatives of displacements or
displacement rates and, with the respective rheol-
ogy, lithospheric stress components Tyg, Ty, and
Tee are calculated. Since we computed these three
steps sequentially, the equations relating =y, Tro
and 7, with Ty9, Ty, and 7y, were not explicitly
derived: However, because the factors 1 for vis-
cous rheology and yp for elastic rheology cancel
out, we know that the equations are (1) independ-
ent of viscosity for a viscous rheology and (2)
similar for elastic and viscous rheology. Hence
the calculated stress patterns for elastic and vis-
cous lithosphere are very similar: lithospheric
stress does not strongly depend on lithospheric
rheology, as long as the assumptions made (uni-
form thickness, no faults, isotropic) are valid. If
lithospheric rheology and thickness, and hence
how effective a stress guide the lithosphere is, is
not uniform, the stress pattern will change, how-
ever it is beyond the scope of this paper to inves-
tigate this effect.

3. Calculations of mantle flow and stresses acting
at the base of the lithosphere

3.1. Mantle density model

We use Grand’s latest s-wave model (similar to
[8]; the model and postscript figures are available
via anonymous ftp://amazon.geo.utexas.edu) to
infer density anomalies. We use a conversion fac-
tor (9p/p)/(Ovs/vs) =0.4 from seismic velocity to

density anomalies that is close to what is inferred
from both geodynamic models and laboratory
data [11]. The conversion factor may vary with
depth and given the different estimates proposed
by various authors, uncertainties are probably a
factor 2 or more [12]. Anomalies above 220 km
are not included, as velocity anomalies in conti-
nental roots may be partly compositional in ori-
gin, and effects of oceanic lithospheric cooling are
explicitly included, as explained in the EPSL On-
line Background Dataset!. Results for a number of
other tomography models are included in the
EPSL Online Background Dataset', in order to
enable a better judgement of which of our results
depend on using this specific model and which
ones do not.

3.2. Method of flow calculation

Following a usual approach, a linear viscous
rheology is assumed in the mantle beneath the
lithosphere, with viscosity varying in radial direc-
tion only. With this assumption it is possible to
expand the equations of viscous flow in the man-
tle in spherical harmonics and thus reduce them
to a set of ordinary differential equations that are
solved separately for the poloidal and toroidal
part and for each degree and order [1]. The meth-
od of calculating flow is the same as described
previously [13]. In order to keep the model simple
and the number of parameters low, incompressi-
ble flow without phase boundaries is assumed.

The stresses 7, Ty and 7, acting at the base
of the lithosphere directly follow from the flow
calculations. Only spherical harmonics up to
Imax =31 (corresponding to =1300 km wave-
length) are considered. This is sufficient, as we
are only concerned with long-wavelength litho-
spheric stress anomalies. Moreover, the resolution
of tomographic models is lower than correspond-
ing to degree /.x =31 in many regions.

3.3. Plate motion boundary condition

At the upper boundary, the two limiting cases
considered are zero velocity, and free plate mo-
tions (discussed in Section 5). A third model, with
plates moving at half the speed of free plate mo-
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tions, is meant to represent an intermediate case;
the fraction 0.5 used hereby has no particular sig-
nificance. Which case is most appropriate depends
on how plates move and how they are coupled to
each other. If there is a lot of friction at the
boundaries and the plates move slowly compared
with the mantle beneath, the first case is more
appropriate, if they glide past, above and beneath
each other continuously and smoothly, the second
case is more applicable.

Using the actual plate motions instead as a sur-
face boundary condition is useful for calculating
mantle flow fields, however it would mean apply-
ing forces to the plates that do not arise from
mantle flow, and therefore would not give a
good representation of lithospheric stresses. Com-
parison of predicted free and actual plate motions
can however be used to assess how successful the
models are. This is done below.

3.4. Viscosity structure

Fig. 2 shows a number of viscosity structures.
Results shown in this paper were all computed for
the third structure, with a 100-fold increase of
viscosity with depth. Below the lithosphere and
above 870 km depth, this viscosity model has
been inferred from postglacial rebound [14]. A
factor 100 viscosity increase is consistent with
geodynamic models of the geoid and postglacial
rebound [14-17]. Stresses were also computed for
the other three viscosity structures, and it was
found that the calculated stress patterns do not
strongly depend on the viscosity structure used,
although the viscosity increase with depth varies
between a factor of 2 and around 700.

To illustrate the reason for this similarity, we
have computed radial and poloidal stress kernels
K;; and Kj,; and also display them in Fig. 2 for all
four viscosity structures: in the case of zero plate
motions, these stress kernels relate any density
anomaly at depth d of degree and order /m to

the stress at the base of the lithosphere in 100
km depth implicitly accounting for an induced
flow field of same degree and order:

Trim = g/ 6plm(V)Kr,l(d)dr

Tp,lm = g/ 5le(")Kp,l(d)dV

A constant gravity g is assumed and Jpy,(r) are
the spherical harmonic expansion coefficients of
the density difference to the average mantle den-
sity as a function of depth. The kernels remain
almost identical, if lithospheric viscosity is in-
creased.

In the case of plate-like boundary conditions,
as generally the case in this paper, stresses cannot
be computed in terms of kernels, and toroidal
stresses additionally arise. Nevertheless, the simi-
larity of kernels for all four viscosity structures
illustrates why computed stress patterns are rather
independent of assumed viscosity structure.

3.5. Relative importance of radial and poloidal
stresses

The stress kernels shown also illustrate and ex-
plain the relative importance of radial and poloi-
dal stresses acting on the lithosphere. From Egs. 4
and 5 we conclude that the relative magnitude of
lithospheric stresses caused by radial versus poloi-
dal stresses acting on its base can be approxi-
mated by the relative magnitudes of K, and
Kprelty. Therefore, poloidal stress kernels in
Fig. 2 have been multiplied by 63.71, correspond-
ing to ¢ =100 km. Except for the uppermost
mantle, radial and poloidal stress kernels have a
similar shape. For ¢, =100 km, we expect that the
effect of poloidal stress is about 2-4 times as large
as the effect of radial stress; for the viscosity
structure used in our further modelling (third
row) it is expected to be about 2.5 times as large,

«—

Fig. 2. Vertical and poloidal stress kernels K, and K, for a viscous incompressible mantle, for different viscosity structures and
different spherical harmonic degrees. These are indicated by numbers in the upper right panel. In all other panels, kernels are
plotted for the same degrees, with the same color scheme. In all four cases, a viscosity 6 10%2 Pa s above 100 km depth was
chosen, however kernels show very little dependence on assumed lithosphere viscosity.
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Fig. 3. Above: Predicted free plate motions and dynamic topography, calculated for plates moving at half the speed of free plate
motions (i.e. half the speed that is shown). Plate boundaries are also shown here and in some of the following figures. Below:
For comparison, NUVEL no-net-rotation [21] plate motions and residual topography are shown. In both panels topography is
expanded up to spherical harmonic degree 31, and the same color scheme is used; an arrow length 222 km (2° at the equator)
corresponds to 1 cm/year; plate motions are expanded up to spherical harmonic degree 127.

with the effects of poloidal and radial stresses low for plate-like surface motions, the relative im-
strongly correlated: this also implies that resulting portance of radial and poloidal stresses, their
stress patterns should be rather independent of strong correlation and the fact that the computed
the assumed value of 71, although obviously stress stress pattern does not strongly depend on 71, are
magnitudes will depend on it. essentially verified. Toroidal stresses are found to

In the actual stress calculations, which also al- play a less important role.
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4. Topography and stresses

Topography other than dynamic will also lead
to stresses in the lithosphere: hereby we regard
the actual topography /s (observed surface of
the solid Earth, including ice cover, relative to
its global mean value, not sea level), [18] as
consisting of four parts: (a) dynamic topography
hq, (b) topography Ay, due to cooling of the ocean
lithosphere with age [19], (c) topography /. iso-
statically compensated within the crust [20]
and (d) any other topography (assumed to be
isostatically compensated at subcrustal levels)
hse == hobs—hq—hyw—he. For the given or assumed
depths of isostatic compensation for parts (b), (c)
and (d), an ‘equivalent normal stress’ 7', is found,
which can be used to compute lithospheric stress-
€s Tpy, Toe and Ty, in analogy to Section 2. De-
tails are given in the EPSL Online Background
Dataset!. Effects of continental lithospheric thick-
ness variations on topography and stresses are not
included.

The dynamic topography that is predicted from
our model is shown in Fig. 3. Results do not
strongly depend on the plate motion model
used. How the specific plate motion model used
here was obtained will be described in Section 5.
In agreement with previous results [7], the predic-
tions have a maximum amplitude of somewhat
more than 1 km. The agreement between the var-
iations in predicted dynamic and actually ob-
served topography (or ‘residual topography’, as
shown in Fig. 3, defined as /ies = hobs—hn—he =
hg+hs) is quite good on the African continent.
Even such detail features as the Congo basin are
successfully predicted and in oceanic regions
south of it, the predicted dynamic topography
of >1000 m can help to explain the anomalously
high elevations of the ocean floor. Predicted high
elevations in the south central Pacific correspond
to the ‘Pacific superswell’, and predicted low ele-
vations between Australia and Antarctica corre-
spond to the Australian—Antarctic discordance. In
the North Atlantic around Iceland, a dynamic to-
pography of 500-1000 m is predicted, however
actual anomalous elevations in that region are
even more than that. Continents other than Afri-

ca are generally below normal in both maps, how-
ever in many details the two maps do not agree
well. The differences between the two maps may
indicate parts of the topography that are isostati-
cally compensated at subcrustal levels within
the lithosphere. If this compensation occurs at
great depth, which is especially possible within
the continental lithosphere, it may lead to an im-
portant stress contribution. Here we assume that
this compensation always occurs equally distrib-
uted in the mantle part of a 100 km thick litho-
sphere, because a more detailed treatment is be-
yond the scope of this paper. Further differences
between predicted dynamic and residual topogra-
phy occur because in some regions ocean floor
ages are not known. This may be partly respon-
sible for the anomalously high residual topogra-
phy east of Australia (white color in Fig. 3, lower
panel).

Although other topography may be larger than
dynamic topography, lithospheric stress compo-
nents Tyy, Toe and T, arising from topography
that is not dynamically maintained are generally
(except in regions of very high altitude, particu-
larly the Tibetan Plateau), comparatively small,
for two reasons. Firstly, it is assumed here that
the compensation depths of non-dynamic topog-
raphy are smaller than the assumed lithospheric
thickness. Thus, the equivalent normal stress
7, associated with a non-dynamic topography
is smaller than the normal stress 7, associated
with the same amount of dynamic topography,
i.e. arising from vertical displacements of the
entire lithosphere. Secondly, from Egs. 4 and
5 it follows that the horizontal lithospheric stress
components are related to 7+7,rg/tL, and based
on Fig. 2 we have estimated that the com-
bined effect of these two terms is several times
as large as the effect of dynamic topography
alone.

5. Free plate motions
The torque acting on plate i due to the forces

discussed (with plate boundary forces not in-
cluded) is:
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where integration goes over the entire area of the
plate. It is possible to find plate rotation vectors
®;, i=1, .., n such that the torque on each of the
n plates vanishes. We call these the ‘free’ plate
rotations. They can be computed by solving a

3nX3n matrix equation. Details are given in the
EPSL Online Background Dataset'.

The plate motions calculated in this way, as
well as actual present-day plate motions [21] are
shown in Fig. 3, both of them in a no-net-rotation
reference frame. In most cases, predicted direc-
tions of plate motion agree well with observa-
tions. Differences in magnitude can be explained
qualitatively. For example, the slab that pulls the
Pacific plate is in nature attached to the plate, i.e.
not separated by a zone of low viscosity as in the
model; therefore ‘slab pull force’ and hence Pacif-
ic plate motion is underpredicted in our model. In
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our model, the Nazca slab pulls both the Nazca
and South American plate. Therefore our model
overpredicts South American plate motion. The
predictions, and the differences to actual plate
motions, are similar to previous results [22,23].

6. Results for forces acting on the lithosphere

The forces acting on plates due to various
causes are shown in Fig. 4 for a region mainly
covering the Nazca and South American plate.
This is a rather simple plate tectonic setting,
bounded by two ridges with a subduction zone
in the middle. Fig. 4a shows the basal shear
stresses acting for zero plate motions: our mantle
flow model features upwellings (corresponding to
areas of high dynamic topography shown in Fig.
3) under the Pacific and Africa, and a downwel-
ling under South America corresponding to a dy-
namic topography low. The latter is driven by
positive density anomalies that apparently corre-
spond to ancient subducted slabs. At the base of
the lithosphere, we therefore calculate a flow from
the upwellings to the downwelling that causes the
shear stresses shown. The magnitude of shear
stresses is typically a few MPa. Fig. 4b shows
the downhill force per area due to dynamic topog-
raphy. As expected from the stress kernels (Fig.
2), downhill forces generally have directions sim-
ilar to basal shear stresses, and the magnitude of
downhill force per area is on average somewhat
less than half the magnitude of shear stress. The
stresses shown in Fig. 4a,b correspond to what is
known as ‘slab pull’, however the mechanisms are
somewhat different. Because our model has no
lateral viscosity variations, the positive density
anomalies corresponding to subducted slabs do
not pull at the end of plates in our model; rather
the interaction comes about through basal trac-
tions and downhill forces due to induced dynamic
topography. These forces are distributed over the
entire plate, in contrast to the classical slab pull.
For that reason, a sharp distinction between slab
pull and basal drag is not possible in our model.

Fig. 4c shows the force per area due to other
topography: especially at the mid-Atlantic ridge,
the effect of thermal thickening of the lithosphere

(‘ridge push’) is evident. The force per area has a
magnitude similar to the downhill force per area,
and is hence less important than the combined
effect of mantle flow for the assumed viscosity
depth distribution. Mainly on the East Coast of
South America, the effect of the continent being
elevated above the ocean floor is visible. The
forces per area arising from this effect locally
reach magnitudes larger than ridge push. The ef-
fect of the high elevations on the Altiplano can
also be seen. Locally, this effect yields the highest
forces per area, but globally there are only few
areas with such high topography.

Fig. 4d shows the combined effect of all forces
(Fig. 4a—c), with plates moving such that these
forces act no net torque on the plate. In the clas-
sical notions this corresponds to including a basal
drag to balance slab pull and ridge push. Since
our analog to slab pull and ridge push also act
distributed over the entire plate like basal drag,
our model gives a good local force balance on the
Nazca plate. For the South American plate, where
our model features a strong downwelling beneath
the plate, we can still distinguish between the
mostly eastward forces to the west and the mostly
westward forces to the east of the downwelling.

7. Results for lithospheric stresses

Fig. 5 shows that the pattern for the scalar
stress anomaly is strongly dominated by long
wavelengths and consists essentially of two re-
gions in the Pacific and surrounding Africa under
tension, surrounded by regions under compres-
sion. This dominance of long-wavelength degree
two pattern arises, because (1) the tomographic
model used already has a strong degree two com-
ponent, (2) stress kernels are largest for the lowest
spherical harmonic degrees and (3) the lithosphere
integrates tangential stresses at its base, which
also explains the high predicted scalar stress
anomalies of about 100 MPa, substantially more
than the shear stresses acting at the base of the
lithosphere shown in Fig. 4, which were only a
few MPa. Anomalies of normal stress contribute
somewhat less than one third, i.e. around 30 MPa,
corresponding to about 1 km dynamic topogra-
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Fig. 5. Above: Calculated stress anomaly in the lithosphere: lines indicate the direction of the most compressive principal hori-
zontal stress; length of lines is proportional to difference between the two principal horizontal stresses. At the equator, 1° length
corresponds to 5 MPa difference, towards the poles correspondingly more, as the scale of the map, but not the scale for the
stresses changes. Colors indicate the scalar stress anomaly as defined in the text. Also shown as red dots are locations of hot-
spots, with area of dots proportional to estimates of anomalous mass flux, according to our previous compilation [24], and plate
boundaries. Calculation is done for an elastic lithosphere. Effects of mantle flow, cooling of the oceanic lithosphere and other to-
pography are all included. Plates are moving at half the speed of ‘free’ motion. Below: a published interpolation [6] of the World

Stress Map [4].
-

phy. The most tensile scalar stress anomalies are
predicted in a region stretching north—south in
East Africa, in agreement with location and ori-
entation of where currently continental rifting oc-
curs, and in a region of the south Pacific where a
lot of intraplate volcanism occurs. Predicted stress
anomaly levels due to mantle flow are probably
too high in our model: because of strong vertical
strength variations of the lithosphere, the stresses
due to mantle flow that reach the surface are
probably considerably lower than what is pre-
dicted here. Also, in cratonic regions the stresses
will be distributed over a thicker lithosphere, lead-
ing to even lower stress anomalies. Principal stress
directions should be less affected by this. A more
detailed comparison of the scalar stress magni-
tudes predicted here with observations [4] is given
in the EPSL Online Background Dataset'.

Also shown are locations of hotspots. They can
be grouped in two clusters: in and around the
Pacific, and centering on Africa. The regions of
these clusters almost exactly agree with the two
regions where tensile scalar stress anomalies are
predicted: hotspots are completely absent from
regions under strong compression.

Furthermore, the computed directions of max-
imum compressive principal horizontal stress are
compared with an interpolation of observed
stresses [6]: agreement tends to be best in regions
where lithospheric stresses are well constrained
and the resolution of seismic tomography is high
(e.g. much of North America, Europe, East Asia).
The mean azimuth error, 31.41°, is computed in
the same way as in a previous, similar global
model [25], i.e. with the weight given to each
5% 5° tile where the interpolated stress direction
is shown in Fig. 5 only depending on its area, and
independent of the calculated magnitude of stress

difference. The predicted directions of maximum
compressive stress roughly form a radiating pat-
tern around the two large-scale regions where ten-
sile scalar stress anomalies are predicted in South-
ern Africa and the South Central Pacific, and a
roughly ring-shaped pattern around the region in
Eastern Europe where a compressive scalar stress
anomaly is predicted.

In some parts of Asia, the predictions of Fig. 5
give a poor match to the observations: For the
Tibetan region, the most compressive stress is in
the N-S direction, whereas our model predicts the
most tensile stress in that direction; in the Lake
Baikal region, the predicted scalar stress anomaly
is compressive whereas the observed stress anom-
aly is tensile. Disagreement is probably partly be-
cause the subducted lithosphere in East Asia pulls
mainly at the Pacific plate, thus associated stress
anomalies on the Asian continent are less com-
pressive than in our model. Also, part of the iso-
static compensation may occur at deeper levels
than assumed here.

8. Discussion and conclusions

We have shown here a simple model to calcu-
late stresses that are induced in the lithosphere by
flow in the underlying viscous mantle. The results
obtained are remarkably robust: they are similar
for a variety of viscosity structures, lithospheric
rheologies and plate motion models. The effects
of mantle compressibility and phase boundaries,
which were not included in the models shown
here, was found to be rather small. The left two
panels of Fig. 6 are meant to illustrate the robust-
ness of the results: here either zero or free plate
motions are assumed, and a viscous lithosphere
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Fig. 6. Calculated magnitudes and directions of lithospheric stresses, and locations of hotspots. Calculation is done for a viscous
lithosphere for free plate motions (top left) and zero plate motions (bottom left). Top right: Only stresses due to causes other
than mantle flow are included, for zero plate motions, and assuming all topography is isostatically compensated within the litho-
sphere. Bottom right: Only stresses due to mantle flow are included, with plates moving at half the speed of free motion. Other-
wise both models are the same as in Fig. 5. In the top right panel, the length of lines per stress difference is twice that of Fig. 5,
in order to account for the smaller amplitudes of this model. For all other panels, the length scale of lines is the same as in

Fig. 5.

rheology. Comparison with Fig. 5 shows that re-
sults do not critically depend on the assumed
plate motion model or lithospheric rheology (vis-
cous or elastic). The predicted patterns of both
scalar stress anomalies and principal stress direc-
tions remain largely similar in all three cases. In
the case of zero plate motions, absolute values of
scalar stress tend to be larger, particularly along
plate boundaries; in the case of free plate mo-
tions, they tend to be less, because the free plate
motions are such as to release strongly compres-

sive or tensile stress anomalies along the bounda-
ries. For example, in the top left panel of Fig. 6
the predicted scalar stress anomaly at the boun-
daries surrounding Africa tend to be of low mag-
nitude (yellow color). The mean azimuth error of
the predicted stress directions is 36.41° for free
plate motions and 29.98° for zero plate motions,
i.e. agreement is somewhat better if plates move at
a lower speed than free plate motions: near many
subduction zones, the observed directions tend to
be orthogonal to the subduction zone. However
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for free plate motions, the total force acting on
each plate from neighboring plates adds up to
zero, hence compressive stress anomalies orthog-
onal to subduction zones are, to a large part,
removed in the model, such that the agreement
with observed stress directions deteriorates. The
comparison between predicted and observed stress
directions is biased towards continents, whereas
for a comparison of plate motions, oceans are
most important; thus both kinds of data are com-
plementary.

In the right two panels of Fig. 6 we compare
results for lithospheric stress anomalies (1) com-
puted with the assumption that all topography is
isostatically compensated within the lithosphere
(i.e. zero dynamic topography) and (2) arising
from mantle flow only. Details of the first model
are explained in the EPSL Online Background
Dataset!. As expected based on Fig. 4, calculated
scalar stress anomalies due to mantle flow (mag-
nitudes about 100 MPa) tend to be larger than
those computed under the second assumption
(magnitudes about 30 MPa) for the assumed vis-
cosity stratification. The stress anomalies calcu-
lated from mantle flow alone are hence similar
to those calculated including all sources; the
mean azimuth error, 31.19°, remains almost the
same. On the other hand, if only other sources
are included, the mean azimuth error is 30.37°,
i.e. again almost the same as for the model shown
in Fig. 5, but hotspots appear both in regions
with tensile and with compressive stress anomalies
calculated. Scalar stress magnitude predictions of
this model are also compared to observations [4]
in the EPSL Online Background Dataset'. Iso-
static compensation may locally occur at greater
depth than assumed here and stress levels due to
mantle flow are likely overpredicted in our model,
as was already discussed. Therefore stress anoma-
lies due to topography isostatically compensated
within the lithosphere likely play a greater role in
reality than in our model shown in Fig. 5.

Results for predictions of lithospheric stress,
free plate motions and dynamic topography for
a number of other tomographic models are in-
cluded in the EPSL Online Background Dataset!
in order to allow a better assessment of the var-
iations of results for different tomographic mod-

els. Directions of maximum compressive stress are
similar for different tomographic models con-
verted to mantle density, and the inferred stress
patterns bear some resemblance to the interpo-
lated principal stress directions [6]. On the other
hand, predicted scalar stress anomalies show
greater differences among various tomography
models. For none of the other models is the agree-
ment between areas where tensile stress anomalies
are predicted and areas where hotspots cluster as
good as for the Grand model, which yields tensile
stresses of similar magnitude and areal extent for
both the Pacific and Africa.

The predictions of ‘free’ plate motions (accord-
ing to our definition in Section 5) and dynamic
topography shown in Fig. 3, and in the EPSL
Online Background Dataset! for other tomo-
graphic models, are similar to results that were
obtained previously by other authors [7,22,23].
If there are forces acting on plate boundaries
that would resist relative plate motions, actual
plate motions should be smaller than predicted
here. Our results in fact indicate that, if plate
motions slower than calculated here are used,
i.e. if such boundary forces are implied, the pre-
dicted stress directions match observations better
than if we use the free plate motions calculated
here. The reason why, despite this effect, the pre-
dicted plate motions are not generally faster than
observed might be related to the fact that the
Grand model has rather low amplitudes com-
pared to other tomographic models.

One possible explanation for the relation be-
tween hotspot and stress distribution would be
that magma ascent can only happen where the
lithosphere is under tension, or slightly under
compression. In other regions (such as under Lab-
rador, where a plume has been suggested as the
cause of anomalously high elevations [26] or
under Baffin Bay and Kasachstan, where seismo-
logical observations may indicate the presence of
a mantle plume; W. Spakman, personal commu-
nication) they may be present but not lead to sur-
face volcanism. The absence of hotspots in most
regions where past subduction took place and
where stresses tend to be compressive may, how-
ever, also be caused by the disruption of plume
conduits in the strong downward flow associated
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with subduction [13], and by slabs cooling the
core—mantle boundary.

At present, the understanding of relevant litho-
spheric rheology has not yet reached a stage of
maturity; models of mantle convection with self-
consistently generated plate tectonics are only be-
ginning to emerge, as is evident from a number of
papers in a recent monograph [27]. Therefore, we
consider our simplifying assumptions appropriate.
More realistic models remain future goals: in par-
ticular, improved models could feature lateral var-
iations of mantle viscosity which may be several
orders of magnitude, a more realistic treatment of
plate boundaries, vertical layering of lithospheric
strength and continental lithospheric thickness
variations, including a possibly chemically distinct
lithospheric root. Above all, such models could
improve estimates of stress magnitude. We hope
that our simple model can serve as kind of a
‘benchmark’ for such more sophisticated models.
The results shown here are encouraging, given the
simplicity of the model, and they clearly show
that mantle flow is a viable explanation for a sig-
nificant part of the large-scale lithospheric stress.
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