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a  b  s  t  r  a  c  t

With  convergent  plate  boundaries  at some  distance,  the  sources  of  the  lithospheric  stress  field  of  the North
Atlantic  Realm  are  mainly  mantle  tractions  at the base  of  the  lithosphere,  lithospheric  density  structure
and topography.  Given  this,  we estimate  horizontal  deviatoric  stresses  using  a well-established  thin
sheet  model  in a  global  finite  element  representation.  We  adjust  the  lithospheric  thickness  and  the  sub-
lithospheric  pressure  iteratively,  comparing  modelled  in  plane  stress  with  the observations  of  the World
Stress  Map.  We  find  that  an  anomalous  mantle  pressure  associated  with  the  Iceland  and  Azores  melt
anomalies,  as well  as topography  are able  to  explain  the  general  pattern  of the  principle  horizontal  stress
directions.  The  Iceland  melt  anomaly  overprints  the classic  ridge  push  perpendicular  to  the  Mid  Atlantic
ridge  and  affects  the  conjugate  passive  margins  in  East  Greenland  more  than in western  Scandinavia.  The
dynamic  support  of topography  shows  a  distinct  maximum  of  c. 1000  m in Iceland  and  amounts  <150  m
along  the  coast  of  south-western  Norway  and  250–350  m  along  the coast  of  East  Greenland.  Considering
that  large  areas  of  the  North  Atlantic  Realm  have  been  estimated  to  be  sub-aerial  during  the  time  of

break-up,  two components  of  dynamic  topography  seem  to have  affected  the  area:  a short-lived,  which
affected  a wider  area  along  the  rift  system  and  quickly  dissipated  after  break-up,  and  a more  durable  in
the close  vicinity  of  Iceland.  This  is  consistent  with  the  appearance  of  a  buoyancy  anomaly  at  the  base  of
the North  Atlantic  lithosphere  at or slightly  before  continental  breakup,  relatively  fast  dissipation  of  the
fringes  of  this,  and  continued  melt  generation  below  Iceland.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

The geological evolution and the geodynamic state of North
tlantic Realm (NAR) has inspired some of the most fundamen-

al ideas and discussions in Earth Science such as plate and plume
ypotheses, continental break up mechanisms, supercontinent
ycles, dynamic topography, and erosion and isostasy.

Particularly conspicuous are the topographic and magmatic
nomalies associated with the Iceland melt anomaly. The main
oint of discussion is whether or not a mantle plume is the cause of
hese features or if the causative agent is of a more shallow nature
Morgan, 1971; Anderson, 2001; Meyer et al., 2007).
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

Different methods are used to test the proposed hypotheses in
he NAR. Seismic tomography methods map  seismic wave speed
nomalies in the crust, upper and lower mantle on different scales

∗ Corresponding author at: Department of Earth Sciences, Durham University,
outh Road, Durham DH1 3LE, United Kingdom

E-mail address: christian.schiffer@zoho.com (C. Schiffer).

ttp://dx.doi.org/10.1016/j.jog.2016.03.014
264-3707/© 2016 Elsevier Ltd. All rights reserved.
(Foulger et al., 2001; Darbyshire et al., 2004; Weidle and Maupin,
2008; Köhler et al., 2011; Medhus et al., 2012; Zhu et al., 2012;
Rickers et al., 2013; Schaeffer and Lebedev, 2013; Hejrani et al.,
2015). However, P- and S-wave velocities strongly depend on a
number of factors such as temperature, composition and the pres-
ence of volatiles (Cammarano et al., 2003; Hier-Majumder, 2008;
Xu et al., 2008) and often lack repeatability (Foulger et al., 2015),
and model resolution is limited by data coverage and processing
parameters (Foulger et al., 2013; Rawlinson et al., 2014). Receiver
functions (Darbyshire et al., 2000; Dahl-Jensen et al., 2003; Foulger
et al., 2003; Kumar et al., 2005, 2007; Svenningsen et al., 2007;
Kolstrup and Maupin, 2013; Schiffer et al., 2014, 2015a) and active
source seismic experiments, often in combination with gravity and
magmatic modelling (Fichler et al., 2011; Nirrengarten et al., 2014;
Gernigon et al., 2015) image the crustal and lithospheric struc-
ture and allow an interpretation of its evolution. Geochemistry and
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

petrology give insight into the orogenic and magmatic evolution
and origin of rocks and melts (Saunders et al., 1997; Tegner et al.,
1998; Korenaga and Kelemen, 2000; Brown and Lesher, 2014). In

dx.doi.org/10.1016/j.jog.2016.03.014
dx.doi.org/10.1016/j.jog.2016.03.014
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
mailto:christian.schiffer@zoho.com
dx.doi.org/10.1016/j.jog.2016.03.014
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pite of these efforts, the debate on the origin of the North Atlantic
gneous Province (NAIP) and distinct landforms is still ongoing.

Dynamic topography is the direct effect of sub-lithospheric
ressure anomalies related to mantle convection patterns acting
t the base of the lithosphere (e.g. Höink and Lenardic, 2010; Höink
t al., 2011). However, deriving estimates of dynamic topography
rom the available data is not trivial. Velocity anomalies in the upper

antle mapped by seismic tomography have been associated with
ynamic topography patterns (Conrad et al., 2004; Moucha and
orte, 2011; Flament et al., 2013; Rickers et al., 2013), but because
f the mentioned ambiguity of seismic velocities, tomography in

tself is usually insufficient to corroborate proposed cases for verti-
al movements. Dynamic topography is also often derived from the
esidual topography, the difference between the isostatic response
f a crustal or lithospheric density model and observed topogra-
hy. Molnar et al. (2015) emphasised that residual topography and
ynamic topography are not equivalent since the residual topogra-
hy includes also other isostatic effects.

In this study, we constrain dynamic topography by mod-
lling gravitational lithospheric stresses in the presence of
ub-lithospheric mantle pressure. Initial model realisations are
ased on the observed residual topography, but modified in terms
f amplitude and wavelength. These are tested and iteratively opti-
ised by comparing their stress predictions to the World Stress
ap  (WSM). The results give an independent estimate of absolute
agnitude and lateral extent of the mantle pressure anomaly and

he accompanying dynamic topography with focus on the NAR. The
AR is ideal for the approach because convergent plate boundaries
re far away and affect the region only by a relatively uniform far-
eld stress. This leaves the dominant stress sources to topography,

ithospheric density structure, and mantle tractions. Furthermore,
s relatively good global models of lithospheric thickness variations
nd crustal structure are available, the lithospheric stress field can
e considered a robust observable and measure of lithospheric and
pper mantle structure in the NAR.

. Geological setting

The tectonic evolution of the NAR includes at least two  com-
lete Wilson cycles. The most recent was initiated by the closure
f the Iapetus Ocean culminating in the Ordovician to Early Devo-
ian Caledonian orogeny (Roberts, 2003; Gee et al., 2008; Leslie
t al., 2008). The subsequent approximately 340 Myr  lasting period
f post-orogenic collapse and extension of the Caledonian moun-
ain range (Andersen et al., 1991; Dewey et al., 1993; Fossen, 2010)
ransitioned into active rifting and finally continental break-up and
ea-floor spreading in the early Cenozoic (Skogseid et al., 2000;
ielsen et al., 2007; Gernigon et al., 2015). North Atlantic break-up
as accompanied by a large magmatic outburst and the formation

f the North Atlantic Igneous Province (Saunders et al., 1997). This
agmatic event is commonly associated to a mantle plume (e.g.

itton et al., 1997; Tegner et al., 1998) but also shallower, plate tec-
onic origins are proposed (e.g. Korenaga, 2004; Foulger et al., 2005;
chiffer et al., 2015b)

This complex history shaped the NAR and its different tec-
onic domains (oceanic, transitional, orogenic, cratonic) (Fig. 1),
hich show significant variation in age, crustal and lithospheric

tructure, composition and thermal state (Darbyshire et al., 2004;
rtemieva et al., 2006; Gee and Stephenson, 2006; Grad et al., 2009;
rtemieva and Thybo, 2013). The magma-rich passive continental
argins form the transition from oceanic crust and lithosphere to
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

he North American and European continents, which have old Pre-
ambrian Cratons with thick crust and lithosphere as the stable
ore (Gee and Stephenson, 2006; Artemieva et al., 2006). Phanero-
oic Central and Western Europe comprises uniformly thin crust
 PRESS
odynamics xxx (2016) xxx–xxx

and lithosphere (Ziegler and Dèzes, 2006). Thickened crust under-
lies the active Alpine Orogen (Gee and Stephenson, 2006; Stamfli
and Kozur, 2006). The North Atlantic Ocean shows significant com-
plexity including anomalously high elevation and thick crust in
the vicinity of Iceland (Larsen and Saunders, 1998; Foulger et al.,
2000), rifted continental slivers, asymmetric continental shelfs and
an inactive spreading ridge (Lundin and Doré, 2011; Gernigon et al.,
2015).

The North Atlantic passive margins are accompanied by distinct
high-elevation, low-relief topography in East Greenland and Scan-
dinavia, the origin of which is matter of debate (Anell et al., 2009;
Nielsen et al., 2009; Pascal and Olesen, 2009; Chalmers et al., 2010).
The occurrence of these landscapes has been explained by pene-
plains uplifted to their present elevation in the Neogene (Japsen
and Chalmers, 2000; Lidmar-Bergström and Näslund, 2002; Green
et al., 2013). Others have suggested that the landscapes are remains
of the Caledonian mountain range, modified by climatically con-
trolled erosion and not the least glacial and periglacial processes
(Egholm et al., 2009; Nielsen et al., 2009; Pedersen et al., 2010).

In western Scandinavia, the isostatic compensation of the crust
and lithosphere, as well as its age and composition, lend strong
support to the hypothesis of long lived topography (Balling, 1980;
Ebbing et al., 2012; Gradmann et al., 2013; Maupin et al., 2013).
Neogene uplift also has been proposed for East Greenland (Japsen
et al., 2010, 2013, 2014; Bonow et al., 2014) and, undoubtedly, south
and central East Greenland was heavily affected by early Cenozoic
break-up magmatism, especially in the Scoresbysund area, but this
was well before the Neogene. For other areas of the East Greenland
Caledonides, the available data suggest thick crust (Braun et al.,
2007; Artemieva and Thybo, 2013; Schiffer et al., 2014, 2015a and
references therein), which has provided support of the topography
since its creation by orogenisis. In Northeast Greenland, apatite fis-
sion track modelling suggest no extreme vertical motions for most
of the Mesozoic and Cenozoic, other than post-glacial flexural iso-
static uplift (Pedersen et al., 2012). Obviously, all margins have
been additionally affected by the glacial craving of fjords and asso-
ciated flexural isostatic uplift (Gilchrist and Summerfield, 1990;
Medvedev et al., 2008, 2013; Medvedev and Hartz, 2015).

3. The lithospheric stress field in the North Atlantic Realm

The lithospheric stress field is the consequence of a number of
stress sources including ridge push and slab pull, radial and hori-
zontal drag of the convecting mantle at the base of the lithosphere,
thermal stresses, pressure differences due to lateral variation in
the density structure of the lithosphere, as well as a number of
resistive forces (Ranalli, 1995; Bird et al., 2008; Naliboff et al.,
2012). The stresses most prominently manifest at convergent and
translational plate boundaries released by earthquakes. Dynamic
topography caused by vertical sub-lithospheric tractions has a
major effect on the geopotential stress field because of the larger
pressure of the elevated lithospheric column (Steinberger et al.,
2001; Lithgow-Bertelloni and Guynn, 2004). Therefore, the stress
field contains information on the extent and amplitude of dynamic
uplift, especially in regions where stress release at convergent plate
boundaries are absent, such as in the NAR.

The stress field in the NAR shows large variation between dif-
ferent regions (Müller et al., 1992). The closest convergent plate
boundary is the Alpine fold belt, the result of generally north-south
convergence of Africa and Europe (Rosenbaum et al., 2002). The
compression acts as a counterpart to the North Atlantic ridge push
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

(Grünthal and Stromeyer, 1992; Gölke and Coblentz, 1996), and this
system causes the relatively uniform NW-SE to NNW-SSE directed
far-field stress and also intraplate deformation in Central Europe
(Marotta et al., 2002; Kaiser et al., 2005; Jarosiński et al., 2006).

dx.doi.org/10.1016/j.jog.2016.03.014
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ig. 1. Tectonic Map of the North Atlantic Realm (modified from Roberts and Ball
ithosphere, basins, rifts, magmatic products and major tectonic lineaments. An e
ollowing maps, drawn with the MATLAB package M Map  (http://www.eos.ubc.ca/∼

The stress field of Northern Europe is further influenced by the
ast European Craton, the high topography of the Scandinavian
aledonides and ridge push from the North Atlantic. Post-glacial
plift causes significant low-magnitude seismicity and a distur-
ance of the regional stress field (Marquart, 1989; Müller et al.,
992; Wu et al., 1999; Bungum et al., 2010). Pascal and Cloetingh
2009) have illustrated that the geopotential effect of the litho-
pheric structure, especially of the Scandinavian Caledonides, has

 major effect on the stress field of the Norwegian continental
argin, concurrent with the ridge push. The thick oceanic crust

nd high topography beneath the Greenland-Scotland ridge and
celand causes perturbations of the ridge push force along the North
tlantic Ridge (Bott, 1991; Nielsen et al., 2014).

. Global modelling approach

This section describes the governing equations and the analyti-
al methods that allow constraining the lithospheric structure and
he mantle pressure anomaly by the World Stress Map. The mod-
lling is global, but we  only discuss results in the NAR. Models and
gures are, therefore, only shown for the NAR, although similar
hanges are made globally, but are not matter of discussion in the
aper.

.1. Thin sheet approximation and stress prediction

The horizontal gradient of the geopotential energy (GPE) is a
ource of deviatoric stress. The GPE itself is the first moment of
he vertically integrated density anomaly, ��,  with respect to a
eference lithosphere:

PE =
∫ L

−E
(L − z)�� × gdz (1)

n Eq. (1) L is a reference depth, E the topographic elevation and g
s the gravitational acceleration.

Vertical displacement of the lithosphere by a mantle pressure
nomaly changes the GPE. Assuming that horizontal gradients of
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

ithospheric structure are small leads to the thin sheet approx-
mation of the lithosphere (Bird and Piper, 1980; England and

cKenzie, 1982; England and Houseman, 1986), which shows how
orizontal GPE gradients are a source of deviatoric horizontal litho-
2 and Larsen and Saunders, 1998) showing the age of the basement and oceanic
rea Hammer-Aitoff projection is chosen for the visualisation of this as well as all
map.html).

spheric stress. The general approach is similar to that presented in
Neves et al. (2014) and the governing equations read:⎛
⎜⎜⎜⎝
∂�̄xx
∂x

+ ∂�̄xy
∂y

+ ∂�̄xz
∂z

− ∂�̄zz
∂x

= − 1
L

(
∂GPE
∂x

)

∂�̄yx
∂x

+ ∂�̄yy
∂y

+ ∂�̄yz
∂z

− ∂�̄zz
∂y

= − 1
L

(
∂GPE
∂y

)
⎞
⎟⎟⎟⎠ (2)

here, x and y are local horizontal coordinates, �̄ represents depth
integrated deviatoric stresses, �̄xx, �̄yy, �̄xy are horizontal deviatoric
stresses, and �̄zz is a sub-lithospheric pressure anomaly acting ver-
tically at the base of the lithosphere (radial tractions).

Since horizontal tractions at the surface by assumption are zero,
integration of �̄xz results in �xz (L) and �̄yz in �yz (L)
⎛
⎜⎜⎜⎝
∂�̄xx
∂x

+ ∂�̄xy
∂y

= 1
L

(
∂GPE
∂x

+ L
∂�̄zz
∂x

)
− �xz(L)

∂�̄yx
∂x

+ ∂�̄yy
∂y

= 1
L

(
∂GPE
∂y

+ L
∂�̄zz
∂y

)
− �yz(L)

⎞
⎟⎟⎟⎠ (3)

Horizontal tractions at the base of the lithosphere therefore
contribute to the source term on the right hand side of Eq. (3).
They are the result of dynamic processes and convection pat-
terns in the sub-lithospheric mantle and require the existence of a
mechanical coupling between lithosphere and the convective cur-
rents. Numerical simulations have shown that different flow modes
are active depending on lithospheric strength and lithosphere-
asthenosphere coupling. A flow driven by pressure gradient in the
asthenosphere with a stagnant lid acting at short wavelengths
(Poiseuille flow), contrasting a flow mode with an active, mov-
ing lid at longer wavelength (Couette flow) (Höink and Lenardic,
2010). In the NAR, pressure driven Poiseuille flow is more likely
to be in place, in the absence of a slab-pull component (Höink
et al., 2011). Estimates of horizontal mantle tractions must be based
on assumptions about mantle convection patterns, viscosity mod-
els and lithosphere-asthenosphere coupling (Ghosh et al., 2008;
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

Naliboff et al., 2009; Ghosh and Holt, 2012). Either of these quan-
tities is connected with considerable error bars and to minimise
the number of unknowns and potential error sources, we decide to
neglect horizontal mantle tractions at the base of the lithosphere

dx.doi.org/10.1016/j.jog.2016.03.014
http://www.eos.ubc.ca/~rich/map.html
http://www.eos.ubc.ca/~rich/map.html
http://www.eos.ubc.ca/~rich/map.html
http://www.eos.ubc.ca/~rich/map.html
http://www.eos.ubc.ca/~rich/map.html
http://www.eos.ubc.ca/~rich/map.html
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Fig. 2. Sixteen LAB depth starting models. All models are created based on the observed residual topography. Different model variations are created by limiting the maximum change of 10% (left) or 20% (right) of the reference
LAB  depth (x-direction). One set of 8 models are the original harmonic expansion models (described in the text) and another 8 models maintain partly the theoretical ocean-age based depth for the oceanic lithosphere, thereby
maintaining a steep continent-ocean transition. The models show also LAB depth changes of different wavelength, indicated by the maximum degree of the harmonic expansion (y-direction).

dx.doi.org/10.1016/j.jog.2016.03.014
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�xz (L) = 0, �yz (L) = 0), so that the simplified equations used in the
resent analysis read:

∂�̄xx
∂x

+ ∂�̄xy
∂y

= − 1
L

(
∂GPE
∂x

+ L
∂�̄zz
∂x

)

∂�̄yx
∂x

+ ∂�̄yy
∂y

= − 1
L

(
∂GPE
∂y

+ L
∂�̄zz
∂y

)
⎞
⎟⎟⎟⎠ (4)

Although the radial mantle tractions �̄zz explicitly appear in
q. (4), we follow here the discussion of Ghosh et al. (2008) and

nclude it into the lithospheric density model as a source for
ynamic topography of the lithospheric column. The calculated
ynamic geopotential energy, GPEdyn, is the geopotential energy
f an uplifted lithospheric columns and equivalent to the GPE of
n isostatically compensated lithosphere, plus a term representing
he pressure anomaly, �̄zz , that such that GPEdyn = GPE + �̄zz × L.

The GPEdyn is determined by integrating from the surface posi-
ion −E to a depth of L = 100 km (Eq. (4)), which is a common
pproach in a number of studies (Flesch et al., 2001; Ghosh et al.,
008, 2009). Bird et al. (2008) included plate boundary stresses
nd a number of other global and regional studies using slightly
ifferent approaches and assumptions have been published, many
f them during the last decade (Flesch and Kreemer, 2010; Ghosh
nd Holt, 2012; Ghosh et al., 2013).

The equations of equilibrium of stresses (Eq. (4)) with the
ssumptions and approximations of this study are solved using the
inite Element Method (FEM) in the following way  (Zienkiewicz,
977, Chap. 16): The spherical Earth is represented by a dense grid
f flat, thick, triangles with an elastic rheology. Each triangle has 15
egrees of freedom arising from the three corner nodes, each with
hree spatial coordinates (9 degrees of freedom), and the vertical
xis through each node, which has two angular degrees of freedom
6 degrees of freedom). This axis points initially toward the centre
f the sphere. After loading the axis can deviate slightly from the
ertical as measured by the (small) angles. Zienkiewicz (1977, chap.
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

6), specifies the relationship between strains and stresses for this
hick element. The material parameters of each element comprise
oung’s modulus, Poisson’s ratio and a uniform thickness, L. The
hickness of the elastic shell may  be discussed; however, current
 PRESS
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models of global laterally varying elastic thickness variation are
poorly constrained. In order to avoid additional and unpredictable
error sources, a globally constant elastic thickness is assumed. Fur-
ther, the absolute thickness of a uniform shell does not cause any
changes in the orientation of the stress field, only in amplitude.
Since the stress field is only compared to the WSM  by the orien-
tation, the thickness has no effect in the model. The finite element
approach is three-dimensional, and the stress equations are solved
in this global Cartesian three-dimensional coordinate system. After
solution the stresses are transformed to the local coordinate system
with locally horizontal coordinate axis and a vertical axis pointing
toward the centre of the sphere. The principle stress directions can
now be compared with the World Stress Map.

4.2. Description of modelling procedure

Calculation of GPE of Eq. (4) (or GPEdyn) calls for a model of litho-
spheric structure. Here we used model CRUST1.0 (Laske et al., 2013)
as an initial reference for the crustal structure, a seismologically
based LAB depth model for continental areas, and a standard ocean
age dependent plate model for oceanic lithosphere (Stein and Stein,
1992; Gung et al., 2003; Conrad and Lithgow-Bertelloni, 2006).
Using this reference lithospheric structure isostatically balanced
with a standard mid-ocean ridge (an adiabatic mantle beneath
2500 m of air, e.g. Lachenbruch and Morgan, 1990) resulted in a
topography misfit, termed the residual topography. Being aware
of the different definitions of residual and dynamic topography
(Molnar et al., 2015), this residual topography can have basically
three causes: First, a mantle pressure anomaly could be required;
second, the reference lithospheric model could be incorrect; third,
the assumption of local isostasy has failed because, for example,
flexural effects are important.

Initially discarding the second and third possibilities we used
this residual topography to define mantle pressure and LAB depth
changes that improved the agreement between observed and pre-
dicted topography. We  represented the mantle pressure anomaly
and the changes to the LAB by spherical harmonics and limited
them to be relatively long wavelength and of chosen maximum
amplitude (see Section 4.3). The remaining topographic residual
was accommodated by small, local changes of other parameters
that determine the lithospheric model (layer thickness, densities,
and thermal parameters in the crust). We  performed these local
adjustments of the given parameters using least squares inver-
sion (Tarantola and Valette, 1982) and forward thermal-isostatic
lithospheric modelling (see Section 4.3 below). Surface heat flow
was according to Pollack and Chapman (1977) and Chapman (pers.
comm.).

Once a lithospheric model fulfilled topographic elevation, it was
used for the calculation of the horizontal gradients of the thus
obtained lithospheric potential energy. The produced global stress
prediction was  compared with the World Stress Map. By iteratively
testing different model combinations of pressure and LAB depth,
the global stress prediction was  improved and the most suitable
model combination determined.

In summary, the modelling procedure involved the following
steps:

(1) Define residual topography by balancing the reference crustal
(CRUST 1.0) and LAB models isostatically against a standard mid
ocean ridge

(2) Use this residual topography to determine 16 LAB depth models
and 16 pressure models, P, each with a different combination
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

of maximum amplitude and wavelength (Section 4.3).
(3) These different models do not exactly reproduce topography

because they are relatively long wavelength. To achieve the
final topography prediction we  adjust for each of the LAB and P

dx.doi.org/10.1016/j.jog.2016.03.014
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combinations the remaining free parameters, which are mainly
densities and layer thicknesses of CRUST 1.0. The final topogra-
phy prediction is accurate within a few meters for each of the
LAB and P models (see Section 4.4 below on how to construct
the 16 starting models).

4) For each of the models calculate GPEdyn
5) For each GPEdyn calculate stress directions
6) Compare the calculated stress directions with the WSM.  Some

models are better than others, and the final step is an iteration
in which:

7) New P and LAB models are produced by combinations of the
best of the 16 pressure and 16 LAB models. The best fitting mod-
els in different defined areas (45◦ longitudinal and latitudinal
areas) are combined and smoothed.

The stress field is recalculated and updated and step (4)–(7) are
epeated. This way of “testing”, “combining” and “optimising” is
erformed by three iterations for LAB and five for pressure until no

mprovements in the stress field predictions can be noticed.
Further details of the modelling procedure follow below.

.3. Thermo-isostatic lithospheric model

A layered, one-dimensional thermal model isostatically bal-
nced with a standard mid-ocean ridge was  used to predict
opography and surface heat flow for each lithospheric column. The
teady state geotherm for each layer of constant parameters from
he surface to LAB depth was calculated according to

(z) = − A

2�
z2 + q0

�
z + T0 (5)

The symbols are heat production rate A [Wkg−1], thermal
onductivity � [Wm−1 K−1], heat flow at the upper interface q0
Wm−2], as well as the temperature at the upper interface T0 [◦C] of
ach layer. The temperature at LAB depth, TLAB, and at the surface,
S, allow for solving the system of linear equations. The influence
f LAB depth on TLAB is accommodated by using a standard mantle
diabate of [∂T/∂z]a = 0.6 ◦C/km (McKenzie and Bickle, 1988), and

 reference potential temperature, TP = 1315 ◦C (McKenzie et al.,
005). The surface temperature TS is 0 ◦C. Literature values of ther-
al  conductivity and heat production were assigned for oceanic

nd continental crustal layers, sediments and mantle lithosphere
Turcotte and Schubert, 2002). The conductivity was  assumed to be
emperature dependent and adjusted accordingly (after Petrunin
nd Popov, 1995; McKenzie et al., 2005).

The density of the sub-crustal lithosphere between Moho and
AB was defined by thermal expansion of peridotite in the presence
f the estimated 1D steady state geotherm (McKenzie et al., 2005).
he equation of state for density

(�T) = �ref (1 − ˛�T) (6)

escribes the change of a reference density �ref = 3350 km/m3 with
egard to a temperature change �T  [◦C], which is dependent on
he thermal expansion coefficient � [K−1] (Turcotte and Schubert,
002). � was also considered temperature dependent (Bouhifd
t al., 1996). A priori values of sedimentary and crustal densi-
ies were based on CRUST1.0, and here no thermal expansion was
ssumed.

Isostatic compensation (including a dynamic component) with
egard to a reference density structure (Lachenbruch and Morgan,
990), defined by an adiabatic asthenosphere below a layer of
500 m of air (“free asthenosphere surface”), gave an estimate of the
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

opography in the presence of a sub-lithospheric pressure anomaly
¯zz (Eq. (4)). The near-surface temperature gradient and thermal
onductivity were used to calculate surface heat flow according to
s = �T/�z  × �.
Fig. 5. Best fitting sub-lithospheric pressure models after the first to third iteration.
The  fourth and fifth iteration did not result in a better fit.

Geochemical studies suggest that a higher mantle pressure
is associated with slightly elevated mantle temperatures (e.g.
Brown and Lesher, 2014). We therefore invoked a weak linear
coupling between pressure anomaly and potential temperature
of 50 ◦C per 25 MPa  and a negative relation, accordingly, such
that Tp = 1315 ◦C + 50 ◦C × �P/25 MPa. This roughly corresponds to
a thermal buyoancy anomaly, distributed in the upper mantle.

4.4. LAB depth and sub-lithospheric pressure adjustments

To explain the long wavelength components of the global resid-
ual topography we defined initial mantle pressure anomalies and
LAB depth changes, which were characterised by different wave-
lengths and amplitudes.

Lithospheric thickness is less well known and exhibits some
dependency on the method which has been used for the mapping
(receiver functions, seismic tomography, surface waves, mantle
Xenoliths, thermal and electromagnetic modelling, and elasticity)
(Fischer et al., 2010; Artemieva, 2009). These methods generally
resolve longer wavelength structures.

We wished to allow for this uncertainty in the LAB depth to
explain some of the initial residual topography. This was  done by
changing the LAB depth globally by applying observed change of
topography with LAB depth, �topo/�LAB for every point of the
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

model. Because all of the residual topography could in principle
be consumed by changes in the LAB depth, and because this end
member model is not realistic, we limited LAB depth changes to
a maximum change of either 10% or 20%. To obtain a long wave-

dx.doi.org/10.1016/j.jog.2016.03.014
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Fig. 6. Synthetic Geoid and corresponding GPE of the upper 100 km of the lithospheric model with superimposed principle horizontal stress directions.

F nt) of the computed stress field (black) and the World Stress Map  (red). Each red bar has
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Fig. 8. Topography and stress field misfit contour lines (degrees); dotted red lines:
major faults (JMFZ: Jan Mayen Fracture Zone; GGF: Great Glen Fault; WBZ: Walls
Boundary Fault; MTFC: Møre Trøndelag Fault Complex; CG: Central Graben from
ig. 7. Topography and Maximum horizontal stress directions (at each 4th grid poi
 black bar associated with it. In many cases the red bar entirely shadows the und
eader  is referred to the web version of this article.)

ength adjustment these changes were transformed by Legendre
unctions into least squares spherical harmonic models, with a
ut-off at different maximum degrees (18, 24, 30 and 36) (Fig. 2,
smooth”). Thereby, the longest wavelengths (degrees < 18) were
resent in all models, whereas the short wavelength content varies.
his approach resulted in eight new LAB depth models. Eight fur-
her models were created by taking the average of the estimated
ceanic lithosphere with a standard plate model (Stein and Stein,
992) using ocean age models (Müller et al., 2008), in order to main-
ain a steep gradient at continent-ocean boundaries (COB) (Fig. 2,
ot “smooth”).

These 16 initially defined models acted as individual start-
ng models for the lithospheric density modelling. The resulting
PE models were then used to calculate the synthetic geopoten-

ial stress field. Depending on the misfit to the World Stress Map
WSM), better fitting models were accepted in different regions
f the globe. Areas of 45◦ × 45◦ were defined in which each model
as evaluated. The best fitting models were kept in each region and

gain smoothed using the four previously used ranges of harmonic
egrees (cut-off at 18, 24, 30 or 36). Another set of models was pro-
uced by using defined areas, shifted by 22.5◦ as compared to the
revious ones. This successively improved the global fit of the stress
eld. After the second iteration, however, no further improvement
as noticed, so that after three iterations and a total of 72 tested
odels, the procedure was  terminated (see Fig. 3).

Mantle pressure anomalies were defined in a similar way  to con-
ume the remaining long-wavelength residual topography (using
P/�topo). Here slightly larger wavelengths, expressed by the sum

f harmonic degrees of the fundamental model up to a maximum
armonic degree of 12, 16, 20 and 24 were created and the ampli-
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

ude was limited to a maximum dynamic topography of 250, 500,
000 and 2000 m,  resulting in 16 individual models (Fig. 4). The
odels were analysed in terms of the agreement with the WSM  and
Fossen (2010), Digital Tectonic Activity Map  of the Earth; stippled red line: 5 mm/a
postglacial rebound isoline (Balling, 1980). (For interpretation of the references to
color in this figure legend, the reader is referred to the web  version of this article.)

recombined and averaged in the same areas as for the LAB models
(45◦ × 45◦ areas and a set of areas shifted by 22.5◦). Five itera-
tions were performed (with a total of 120 tested models); however,
already after the 3rd iteration no further improvement of the stress
field was  achieved, indicating a convergence to a unique solution
(Fig. 5), and the best fitting global model was  defined.

This simple iterative optimisation approach to explore new LAB
and pressure models was  very effective and increased the agree-
ment between the computed stress field and the WSM.  It must be
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

emphasised that all models were based on the initially calculated
residual topography. Since the initial residual topography model
was based on the chosen isostatic forward model and reference
models for crust and lithosphere, it will include errors. We  assume

dx.doi.org/10.1016/j.jog.2016.03.014


ARTICLE ING Model
GEOD-1422; No. of Pages 17

C. Schiffer, S.B. Nielsen / Journal of Ge

Fig. 9. Moho depth and locations of four lithospheric cross sections (A–D).

Fig. 10. LAB depth and locations of four lithospheric cross sections (A–D).
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amplitudes. Thus, models with higher amplitudes and shorter
wavelengths were systematically producing a larger misfit, while
higher amplitudes and higher cut-off degrees of the harmonical
models produced better models, both for LAB and pressure models.
hat by modelling sub-lithospheric pressure to optimise the cal-
ulated stress field in comparison with the WSM,  we  are able to
etrieve a realistic image of dynamic topography variations as part
f the residual topography.

As a further refinement in the NAR, more localised pressure
nomalies of amplitudes −10, −5, 5 and 10 MPa were superim-
osed on the globally determined pressure model beneath the East
reenland margin, Iceland, the Scandinavian Caledonides and the
altic Shield. Small adjustments of up to 10 MPa  (and <500 m of
opographic response) are well within the error of the residual
opography and, hence, we believe that this additional modelling
tep is valid. This was combined with local LAB depth variations of
mplitudes of −20, −10, 10 and 20 km in order to reduce further
ocal stress misfits in the NAR. These local adjustments beneath the
orwegian margin, the Baltic Shield and the North Sea were able to

onsiderably improve the agreement between the modelled stress
irections and the WSM  observations (see Section 5.1).

The global model of both lithospheric thickness and man-
le pressure was entirely based on a set of starting models that
erived from observed residual topography, which were itera-
ively combined and averaged according to their respective fit in
efined regions and thereby optimised. Poorly-fitting models were
ejected; well-fitting models were retained, while new models
ere produced by combining and averaging the accepted models.

inally, the North Atlantic was targeted with similar local iterative
ptimisations.

During the iterative optimisation procedure the LAB depth
odel was changed with an average of approx. 18 km (15%) and

he crustal thickness with approx. 340 m (2.8%). The topography
as with a global average error of 2 m (0.08%) excellently recovered

nd the surface heat flow shows an average misfit of 10.3 mW/m2

14.4%), which is well within the global uncertainty.
It was important to retain a relatively abrupt LAB depth gradient

t the continent-ocean-boundary to explain the overall stress field
t passive margins. Uncertainty in the exact COB location can, how-
ver, explain rather large isostatic errors and misfits in the stress
eld. In case of Europe and Greenland these misfits could almost
e entirely eliminated.
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20
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4.5. The World Stress Map

The World Stress Map  (WSM)  was used as a direct validation of
the LAB and pressure models. The WSM,  therefore, is an observa-
tion which contributed to constraining the lithospheric and upper
mantle structure by comparison with the computed stress field.
The WSM  suffers from an uneven distribution of observations.
Some land areas like the Alps have a high density of observations,
whereas vast oceanic regions and remote areas in Greenland and
the Arctic are lacking data. In order to facilitate the comparison
between model results and observations, the WSM  observations
were transferred to the model grid points using averaging disks of
radii from 50 km to 250 km at every grid point. The value assigned
to a grid point was the average of all stress azimuths within the
disk, weighted with the inverse distance from the centre. This gave
a rather local (<50 km)  average in regions of high data density,
whereas the stress field measurements could in principle be extra-
and interpolated up to a distance of 250 km in regions without
many data points. The average value was only accepted if at least 3
stress measurements were available in the current disk and if the
standard deviation of the WSM  observation was less than 30◦. Many
grid points will, therefore, be without interpolated WSM  values.
This approach was similar to the method presented in Heidbach
et al. (2010). The difference to the approach by Lithgow-Bertelloni
and Guynn (2004) is the allowed uncertainty of the averaged stress
azimuths and the choice of averaging in disks with different radii.

5. Results

The predicted maximum horizontal stress directions were quan-
titatively compared to the WSM.  The study area was defined from
50 to 85◦ N and 45◦ W to 45◦ E. The initial global LAB depth adjust-
ments were able to improve the misfit of the computed stress field
from 40.06◦ to 36.57◦ (from 25.05◦ to 23.32◦ in the North Atlantic
region) and the residual topography from 1006 m to 646 m. The
global sub-lithospheric pressure adjustments improved the stress
field further to a global average of 36.40◦ (22.47◦ in the North
Atlantic) and the residual topography down to an average of 568 m.

Different pressure models were tested for the North Atlantic
region. Special focus was on additional positive and negative
pressure anomalies beneath the Greenland Caledonides, Iceland,
the Scandinavian Caledonides and the Baltic Shield. The model
clearly preferred a significant pressure difference between the
North Atlantic and the Scandinavian Caledonides. These small-scale
adjustments further reduced the misfit between calculated and
observed stress directions from 22.47◦ to 21.58◦ misfit. Similar local
adjustments of the LAB depth model further decreased the misfit
to 20.71◦. Since the small scale adjustments in the North Atlantic
region were not based on the residual topography but utilised the
residual topography uncertainty, a slightly higher topographic mis-
fit results as compared to the global models.

Our modelling procedure resulted in the best fitting and our
preferred model. The modelling procedure seems to be very robust,
with the first iteration outlining the general shape and amplitude of
the anomalies and the ensuing iterations contributing some minor
local complexity.

Considering the starting models, we believe that the param-
eter space was  realistically and sufficiently defined, including
both a wide spectrum of different wavelengths and different
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

dx.doi.org/10.1016/j.jog.2016.03.014
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.1. Stress field

The computed geopotential stress field in the NAR (Figs. 6 and 7)
s in very good agreement with the WSM  (Fig. 7, red). Generally, the

aximum horizontal stress direction is well aligned with observa-
ions in the entire study area. Contrary to this a large misfit exists in
outhern Europe, focussed along the Alpine fold belt. Here, the plate
oundary forces, which we do not consider, overprint the geopo-
ential stress field and cause the misfit, as also discussed by (Nielsen
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

t al., 2014).
The maximum deviatoric horizontal stresses are aligned with

he axes of the mid  ocean ridges, which are under extension perpen-
icular to the spreading axis. The Azores triple junction is clearly

Fig. 11. Lithospheric den

Fig. 12. Lithospheric tempe
 PRESS
odynamics xxx (2016) xxx–xxx

visible in the stress field, although some observed complexity could
not be recovered. The Iceland melt anomaly causes a disturbance
of the North Atlantic rift axis in the direction of the Greenland-
Scotland-Ridge. The deep ocean basins are under compression with
the most compressive stress directions generally pointing towards
the corresponding rift axis. Europe experiences generally NNW-
SSE directed compressive deviatoric stresses, caused by the high
geopotential energy in the Alpine fold belt and the high geopoten-
tial energy along the Mid  Atlantic Ridge system. Scandinavia shows
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

a similar tendency, while the stress field is aligned in a NWW-SEE
direction along the Norwegian margin, responding to the North
Atlantic ridge push and the topography of the Scandinavian Cale-
donides. In the northern North Sea the stress field shows a distinct

sity cross sections.

rature cross sections.

dx.doi.org/10.1016/j.jog.2016.03.014
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eparture from this elsewhere consistent stress field in W-E  direc-
ion (Pascal and Cloetingh, 2009). East Greenland shows mainly
oast parallel stresses. Only further inland of the coastal ranges, the
tress field in Greenland turns back to a NNW-SSE direction in the
orth and more NW-SE direction in the south, reflecting the high
opography in East Greenland. Some continental margins show
reas of misfit, especially the northern Labrador margin and the
ewfoundland margin as well as the western Barents Sea margin.
his might be attributed to uncertainty in the crustal and litho-
pheric structure, and especially the position of the COB. In Central
urope a larger region of misfit is observed in the south-eastern
olish Basin directly north of the Carpathians and the Pannonian
asin. The different orientation of the stress field here might also
e related to uncertainty in structure of the basin, but probably also
he vicinity to an active plate boundary (e.g. Jarosiński, 1998).

Two areas of specifically large deviation between predictions
nd observations (Fig. 8A and B) are identified in the northern North
ea (A) and in Central Scandinavia (B). Here, the same potential
easons for this deviation might be valid: tectonic activity or an
nsufficient geopotential energy model as a consequence of a wrong
ithospheric density model or sub-lithospheric pressure. Area A is
ituated within the most active seismic zones in the region, south
f the Møre Trøndelag Fault Complex (MTFC), the Great Glen Fault
GGF) and the Walls Boundary Fault (WBF). Numerical modelling of
his complex setting shows a similar pattern of perturbations in the
tress field (Pascal and Gabrielsen, 2001). The sedimentary, crustal
nd lithospheric structure can be assumed to be complex in the area
nd possibly not resolved by the model. A wrong sub-lithospheric
ressure cannot be ruled out. Finally, an additional overprint of the
tress field might come from post-glacial uplift; however, the exact
ectonic impact is discussed (Wu et al., 1999; Bungum et al., 2010).

e,  therefore, suggest that it is highly likely that this fault system is
esponsible for the regional stress field perturbation, but probably
he superimposition of several sources for the stress field perturba-
ion. Area B in Central Scandinavia is far away from any active faults
nd seismicity why a tectonically caused stress misfit is unlikely.
he area is, however, located in the centre of the area affected by
ost-glacial rebound (Fig. 8, red stippled line). We  suggest that the
isfit in area B is at least partly caused by effects from post-glacial

plift, possibly enhanced by uncertainties in the lithospheric and
rustal structure in the western margin of the East European Craton.

.2. Lithospheric and sub-lithospheric pressure model

The global optimisation approach required some changes in
rustal structure (Fig. 9) and LAB depth (Fig. 10). Some physical
uantities used in the lithospheric forward model are poorly con-
trained and literature values were chosen to describe thermal
onductivity, thermal expansion coefficient and heat production.
lso the reference densities of the incorporated layers are proba-
ly poorly constrained. We  will, therefore, not evaluate any minor
hanges in these parameters. Moho depth and LAB depth, how-
ver, can be compared with observations. The LAB depth was
hanged by on average approx. 18 km (15%) and the crustal thick-
ess by approx. 340 m (2.8%), which is well within the resolution
f observations. Worth mentioning is that it was essential to retain

 relatively abrupt LAB gradient at the COB. A locally thicker litho-
phere beneath the Vøring margin and the North Sea was also
equired to improve the stress field, whereas the Jan Mayen area
equired a thinner lithospheric thickness as compared to other con-
inental areas. Four cross sections of the lithosphere density and
hermal structure are shown in Figs. 11 and 12, respectively.
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

The sub-lithospheric pressure anomaly in the NAR (Fig. 13)
hows a distinct localised anomaly that peaks beneath Iceland with
25 MPa  and terminates at the very south-eastern margin of East
reenland, the Faroe Islands and Jan Mayen. A similar but much less
 PRESS
odynamics xxx (2016) xxx–xxx 11

expressed pressure anomaly with a maximum of 15 MPa  is located
beneath the Azores triple junction. The continents seem to be much
less influenced by pressure anomalies; however, North America
and Greenland mostly show positive pressure of up to 10 MPa,
whereas Europe shows much lower pressure, with anomalies down
to −10 MPa.

In the dynamic topography model for the North Atlantic
(Fig. 14), corresponding to the final sub-lithospheric pressure
anomaly (Fig. 13), the Iceland melt anomaly stands out as an
area of significant dynamic support of circa 1000 m,  weakly con-
nected to the Azores melt anomaly with circa 600 m of support
and decreasing with distance. The North Atlantic conjugate mar-
gins seem to be affected quite differently by this dynamic support.
Along the European continental margin, the dynamic topogra-
phy increases smoothly from a minimum of c. −70 m in northern,
∼100 m in southern Norway to circa 300 m in northern Scotland.
The East Greenland margin shows more robust dynamic support
of 250–350 m.  This includes the King Oscar Fjord area, the Cen-
tral Fjord System, and significant support prevails until south of
Danmarkshavn.

6. Discussion

Iterative modelling of the sub-lithospheric pressure in the North
Atlantic regions revealed a distinct pattern that results in a supe-
rior fit of the observed stresses in the region. This pressure shows
low amplitudes beneath Norway and slightly higher beneath the
easternmost margin of Greenland and the northern cost of Britain
with a clear peak under Iceland. Other models, including higher
pressures in Scandinavia and/or lower pressure beneath Iceland
were rejected by the modelling. The global misfit of 36.54◦ of the
final stress model is comparable to previously published mod-
els, which used more sophisticated computations including more
sources of stress. For example, Steinberger et al. (2001) obtained
a global misfit of 30.37–31.19◦ and Lithgow-Bertelloni and Guynn
(2004) obtained 32◦ for the best model. The misfit of 20.71◦ in the
North Atlantic lies probably just above the uncertainty of the WSM,
which is estimated to be 10–15◦ for the best and more than 25◦

for the weakest contributing observations (Lithgow-Bertelloni and
Guynn, 2004). Given the good agreement of modelled and observed
stress directions, we  believe that our dynamic topography and
mantle pressure model of the NAR echoes a realistic snapshot of
the present-day situation.

6.1. Error sources and robustness

The present modelling approach relies on starting models of
crustal and lithospheric structure, the World Stress Map  and the
interpolation to the model grid, assumptions on the rheologi-
cal and elastic properties (e.g. constant thickness of the elastic
lithosphere) and approximations in the stress equations (e.g. no
sub-lithospheric basal drag). The question is whether these choices
were realistic and how much uncertainty might be produced by
this approach. We  avoided incorporating less well-constrained
quantities, which may  have added additional uncertainty. For
instance, we  neglected laterally varying elastic thickness, mantle
viscosity or sub-lithospheric basal stresses derived from man-
tle convection patters. Clearly, these quantities do have an effect
on the stress field, but are not trivial to quantify and matter
of research and discussion (Lithgow-Bertelloni and Guynn, 2004;
Naliboff et al., 2009; Höink et al., 2011; Ghosh and Holt, 2012).
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

The WSM  and the averaged data set probably has an uncer-
tainty of 15–20◦, which is quite large considering the ranges
of misfit we are dealing with (<35◦). Given this, the best fit-
ting model as presented in Figs. 13 and 14, which we  believe

dx.doi.org/10.1016/j.jog.2016.03.014
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Fig. 13. Final optimised mantle pressure anomaly in the NAR and the outline of Palaeocene-early Eocene break-up related magmatic products (red-white).
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ig. 14. Dynamic topography in the NAR, according to the final, optimised lithosph
ocene break-up related magmatic products (red-white).

o be realistic and representative, may  be bestowed with uncer-
ainty.

We aim to quantify the variation of the modelled quantities by
ssessing the mean and the standard deviation of all tested mod-
ls. This may  provide a representative estimate of the variation,
ncertainty and robustness of the models (Fig. 15). The regional
attern of pressure and dynamic topography appears to be robust.
he fact that we only model stress directions and not absolute val-
es of stress amplitude implies that the pressure amplitude may
e variable as well, while obtaining the same stress directions,
ecause the pressure gradients are still retained. This is generally
orrect, but slightly more complicated, since the stress field, in fact,
epends on the relative contribution of both the lithosphere and
ub-lithospheric pressure, although the clear weight in the mod-
lling is on the latter. Iceland shows a range from 750 to 1000 m
eak dynamic uplift and the Azores 500–750 m.  Dynamic support

n northern Norway has a range between 0 and 200 m and southern
orway between 100 and 350 m.  The northernmost tip of Britain
nd the Scoresby Sund area show the most substantial support in
he continental areas with 250 and 750 m.  Central East Greenland
anges between 250 and 500 m.

We  are confident that the large scale picture obtained in this
tudy is valid. We  expect that the most realistic model lies some-
here within the model variation (mean ± standard deviation)

nd that the obtained regional gradients are the most robust fea-
ure. The absolute amplitude, however, might be absolutely shifted
r relatively scaled. The here presented best fitting models were
bviously limited by the chosen parameter space (amplitude and
avelengths). Our modelling approach is straight-forward and pro-

ides a best model and a rough estimate of model uncertainty,
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

ithin the predefined parameter space. Compared to many other
pproaches, which rather test a number of deterministic model
ealisations of mantle convection patterns, elastic thicknesses or
nd pressure model and assuming local isostasy and the outline of Palaeocene-early

pressure, we believe that our approach represents a valid and
robust modelling scheme.

6.2. Geodynamic implications

Our snapshot model of the present day does not connect directly
to the North Atlantic evolution since continental break up at c.
56 Ma.  We  will, however, derive some literature backed inferences
regarding the vertical motions in the NAR during the last approx.
60 Ma.

Dynamic topography can in general be assumed not to exceed
some hundreds of meters and to be of large wavelength (Braun,
2010; Molnar et al., 2015). Furthermore, lithospheric modifica-
tions, delamination and deformation are unlikely in Central East
Greenland, since a basically intact fossil subduction zone is pre-
served within the lithospheric mantle to depths of 120 km (Schiffer
et al., 2014, 2015a). Iceland, clearly exceeding a dynamic uplift of
several hundreds of meters, forms a special case related to the still
active anomalous melt production. Despite the clear presence of
an upper mantle anomaly, large uncertainty in crustal (and upper
mantle) composition and structure and the transition to the upper
mantle (Gudmundsson, 2003) as well as possibly inherited conti-
nental fragments (Fedorova et al., 2005; Foulger, 2006) complicate
the isostatic assessment of Iceland and thereby that of residual
topography and dynamic support. The large dynamic uplift around
Iceland might, therefore, contain a contribution from an erroneous
crustal model.

Based on reliable dating and explicit evidence of subaerial pro-
cesses there is general consensus that many of the flood basalt
regions in the NAR were subaerial during rifting (Ziegler, 1990;
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

Larsen and Saunders, 1998; Torsvik et al., 2002; Maclennan and
Jones, 2006). This includes the Vøring margin (Skogseid et al., 1992,
2000; Skogseid, 1994; Roberts et al., 1997; Ren et al., 2003), Hatton
Bank, Rockall Plateau (Stoker et al., 2012) and the Faroe-Shetland

dx.doi.org/10.1016/j.jog.2016.03.014
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ig. 15. The average (middle panel) of all tested pressure (left) and dynamic topogra
f  all models (upper and lower panel, respectively). All models as well as the lower bo

celand.  Although these are not the best fitting models, these illustrate that the gen

latform (Tassone et al., 2014). The subaerial basalts of the Faeroe
slands overly marine sediments of Cretaceous age (Fliedner and

hite, 2003; Fletcher et al., 2013) and are interbedded with coals
ith subaerial micro-fauna (Lund, 1989).

Vitrinite reflectance (Ro) of middle Jurassic bituminous coals in
estern Germania Land in the range 0.49–0.53% (Bojesen-Koefoed

t al., 2012) and in Hochstetter Forland and Kuhn Ø (Ro (suppressed)
. 0.30%) indicate a previous deeper burial of the present surface
f East Greenland. However, the timing of the exhumation of the
urface is not known. East and West Greenland (Medvedev et al.,
008; Medvedev et al., 2013) and Scandinavia (Gołędowski et al.,
013; Medvedev and Hartz, 2015) have experienced deep glacial
rosion of fjords and also of the intervening flattish areas with an
nsuing km-scale flexural uplift of the rock column as a conse-
uence. Similar erosion rates are estimated for western Germania

and—Northeast Greenland (Pedersen et al., 2013).
Our analysis corroborates the inference that present-day

ynamic uplift in excess of 350 m in East Greenland is very unlikely
cf. Schiffer et al., 2015b), which is why the alleged Neogene
ulse of km-scale uplift in East Greenland and its postulated role

n preconditioning Greenland’s glaciation remains controversial
Steinberger et al., 2015 and references therein).
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

The evidence that many areas along the North Atlantic rift
ystem, especially along the Norwegian margin, have been sub-
erial before and during break-up and are several hundred meters
eneath sea-level at present day obviously implies that many of
odels (right) and the lower and the lower and upper limit of the 90% confidentiality
nd upper bound show a similar pattern, with a clear positive maximum surrounding
terpretation of the best fitting model are still valid for the end-member models.

these regions have experienced subsidence—some areas more than
others. East Greenland, the Faroe Islands, northern Britain and
Iceland are examples where flood basalts are still sub-aerial. The
exact timing of the vertical motions during the last ∼60 Myr  cannot
be constrained by our approach.

In view of the subsidence of previously subaerial areas the mag-
matic activity dissipated relatively quickly after breakup (Larsen
and Tegner, 2006; Brown and Lesher, 2014) until it almost entirely
diminished at ∼35 Ma  (Storey et al., 2007), and remained almost
exclusively along the MOR  and Iceland (Holbrook et al., 2001).

7. Conclusion

We have presented an iterative modelling approach to assess
the sub-lithospheric pressure globally and locally for the North
Atlantic. In the process, part of the topography was  explained by
adjusting the lithospheric thickness. Calculation of the stress field
resulting from the gradients of the potential energy allowed the use
of the WSM  as an observable to test the pressure and lithospheric
model. The modelling procedure focussed on the NAR with addi-
tional optimisation iterations. The resulting potential energy and
stress model agrees very well with the WSM  observations.
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

The WSM  data and the crustal and LAB models prefer a sub-
lithospheric pressure model that causes negligible dynamic uplift
(<150 m amplitude) in Scandinavia, whereas the East Greenland
margin and northern Britain show a slightly larger dynamic uplift

dx.doi.org/10.1016/j.jog.2016.03.014
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250–350 m),  which clearly is related to the main pressure anomaly
eneath Iceland of diameter 1200–1800 km.

The stress validated pressure and associated dynamic topogra-
hy model further allowed us to discuss the transient and spatial
haracter of the Iceland melt anomaly since its formation. Whereas
he Norwegian margin must have experienced a an almost entire
ecrease in dynamic support since early Cenozoic, central East
reenland and northernmost Scotland are still supported by an
nknown fraction of the initial amplitude of dynamic support. Also
he Faroe Islands still exhibit considerable dynamic support from a

antle anomaly, clearly related to the Iceland melt anomaly.
Our results support the impingement of a large scale buoy-

ncy anomaly on the base of the lithosphere and the relatively
apid dissipation of the fringes of this anomaly. The exact sources
or this buoyancy anomaly cannot be identified in this study but
he overall picture does neither exclude a mantle plume, nor any
ther potential mechanisms. This in turn points to a relatively sim-
le topography evolution: transient and more durable uplift was

nstalled during the Palaeocene-Eocene, followed by relaxation of
he transient uplift component, whereas a more durable anomaly
stablished in the closest vicinity of Iceland.
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ołędowski, B., Egholm, D.L., Nielsen, S.B., Clausen, O.R., McGregor, E.D., 2013.
Cenozoic erosion and flexural isostasy of Scandinavia. J. Geodyn. 70, 49–57,
http://dx.doi.org/10.1016/j.jog.2013.05.004.

rünthal, G., Stromeyer, D., 1992. The recent crustal stress field in central Europe:
trajectories and finite element modeling. J. Geophys. Res.: Solid Earth 97 (B8),
11805–11820, http://dx.doi.org/10.1029/91jb01963.

rad, M.,  Tiira, T., Working Group, E.S.C., 2009. The Moho depth map  of the
European Plate. Geophys. J. Int. 176 (1), 279–292, http://dx.doi.org/10.1111/j.
1365-246X.2008.03919.x.

radmann, S., Ebbing, J., Fullea, J., 2013. Integrated geophysical modelling of a
lateral transition zone in the lithospheric mantle under Norway and Sweden.
Geophys. J. Int. 194 (3), 1358–1373, http://dx.doi.org/10.1093/gji/ggt213.

reen, P.F., Lidmar-Bergström, K., Japsen, P., Bonow, J.M., Chalmers, J.A., 2013.
tratigraphic landscape analysis, thermochronology and the episodic
development of elevated, passive continental margins and Greenland. Geol.
Survey Denmark Greenland Bull. 30 (150).

udmundsson, Ó., 2003. The dense root of the Iceland crust. Earth Planet. Sci. Lett.
206 (3–4), 427–440, http://dx.doi.org/10.1016/s0012-821x(02)01110-x.

ung, Y., Panning, M.,  Romanowicz, B., 2003. Global anisotropy and the thickness
of continents. Nature 422 (6933), 707–711, http://dx.doi.org/10.1038/
Please cite this article in press as: Schiffer, C., Nielsen, S.B., Implication
lithospheric stress patterns in the North Atlantic Realm. J. Geodyn. (20

nature01559.
öink, T., Lenardic, A., 2010. Long wavelength convection Poiseuille–Couette flow

in  the low-viscosity asthenosphere and the strength of plate margins. Geophys.
J.  Int. 180 (1), 23–33, http://dx.doi.org/10.1111/j.1365-246X.2009.04404.x.
 PRESS
odynamics xxx (2016) xxx–xxx 15

Höink, T., Jellinek, A.M., Lenardic, A., 2011. Viscous coupling at the
lithosphere-asthenosphere boundary. Geochem. Geophys. Geosyst. 12 (10),
http://dx.doi.org/10.1029/2011gc003698.

Heidbach, O., Tingay, M.,  Barth, A., Reinecker, J., Kurfeß, D., Müller, B., 2010. Global
crustal stress pattern based on the World Stress Map database release 2008.
Tectonophysics 482 (1–4), 3–15, http://dx.doi.org/10.1016/j.tecto.2009.07.023.

Hejrani, B., Balling, N., Jacobsen, B.H., Tilmann, F., 2015. Upper-mantle P- and
S-wave velocities across the Northern Tornquist Zone from traveltime
tomography. Geophys. J. Int. 203 (1), 437–458, http://dx.doi.org/10.1093/gji/
ggv291.

Hier-Majumder, S., 2008. Influence of contiguity on seismic velocities of partially
molten aggregates. J. Geophys. Res.: Solid Earth 113 (B12), B12205, http://dx.
doi.org/10.1029/2008jb005662.

Holbrook, W.S., Larsen, H.C., Korenaga, J., Dahl-Jensen, T., Reid, I.D., Kelemen, P.B.,
Hopper, J.R., Kent, G.M., Lizarralde, D., Bernstein, S., Detrick, R.S., 2001. Mantle
thermal structure and active upwelling during continental breakup in the
North Atlantic. Earth Planet. Sci. Lett. 190 (3–4), 251–266, http://dx.doi.org/10.
1016/s0012-821x(01)00392-2.

Japsen, P., Chalmers, J.A., 2000. Neogene uplift and tectonics around the North
Atlantic: overview. Global Planet. Change 24 (3–4), 165–173, http://dx.doi.org/
10.1016/s0921-8181(00)00006-0.

Japsen, P., Green, P.F., Bonow, J.M., Rasmussen, E.S., Chalmers, J.A., Kjennerud, T.,
2010. Episodic uplift and exhumation along North Atlantic passive margins:
implications for hydrocarbon prospectivity. Geol. Soc. Lond. Pet. Geol. Conf.
Series 7, 979–1004, http://dx.doi.org/10.1144/0070979.

Japsen, P., Green, P.F., Chalmers, J.A., 2013. The mountains of North-East Greenland
are not remnants of the Caledonian topography. A comment on Pedersen et al.
(2012): Tectonophysics vol. 530–531, p. 318–330. Tectonophysics 589,
234–238, http://dx.doi.org/10.1016/j.tecto.2012.07.026.

Japsen, P., Green, P.F., Bonow, J.M., Nielsen, T.F.D., Chalmers, J.A., 2014. From
volcanic plains to glaciated peaks: burial, uplift and exhumation history of
southern East Greenland after opening of the NE Atlantic. Global Planet.
Change 116, 91–114, http://dx.doi.org/10.1016/j.gloplacha.2014.01.012.
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Zhu, H., Bozdağ, E., Peter, D., Tromp, J., 2012. Structure of the European upper
mantle revealed by adjoint tomography. Nat. Geosci. 5 (7), 493–498, http://dx.
doi.org/10.1038/ngeo1501.

Ziegler, P.A., Dèzes, P., 2006. Crustal evolution of Western and Central Europe.
s for anomalous mantle pressure and dynamic topography from
16), http://dx.doi.org/10.1016/j.jog.2016.03.014

Geol. Soc. Lond. Mem.  32 (1), 43–56, http://dx.doi.org/10.1144/GSL.MEM.2006.
032.01.03.

Ziegler, P.A. (Ed.), 1990. Geological Society of London, The Hague.
Zienkiewicz, 1977. The Finite Element Method. McGraw-Hill, Maidenhead,

Berkshire, England.

dx.doi.org/10.1016/j.jog.2016.03.014
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.marpetgeo.2011.09.007
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1016/j.chemgeo.2007.01.016
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1111/j.1365-246X.2007.03402.x
dx.doi.org/10.1029/RG020i002p00219
dx.doi.org/10.1029/RG020i002p00219
dx.doi.org/10.1029/RG020i002p00219
dx.doi.org/10.1029/RG020i002p00219
dx.doi.org/10.1029/RG020i002p00219
dx.doi.org/10.1029/RG020i002p00219
dx.doi.org/10.1029/RG020i002p00219
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1111/bre.12052
dx.doi.org/10.1038/26956
dx.doi.org/10.1038/26956
dx.doi.org/10.1038/26956
dx.doi.org/10.1038/26956
dx.doi.org/10.1038/26956
dx.doi.org/10.1038/26956
dx.doi.org/10.1038/26956
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0740
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0745
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0745
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0745
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0745
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1111/j.1365-246X.2008.03957.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1046/j.1365-246x.1999.00963.x
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1016/j.epsl.2008.08.012
dx.doi.org/10.1038/ngeo1501
dx.doi.org/10.1038/ngeo1501
dx.doi.org/10.1038/ngeo1501
dx.doi.org/10.1038/ngeo1501
dx.doi.org/10.1038/ngeo1501
dx.doi.org/10.1038/ngeo1501
dx.doi.org/10.1038/ngeo1501
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
dx.doi.org/10.1144/GSL.MEM.2006.032.01.03
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0775
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0775
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0775
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0775
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0775
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0775
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780
http://refhub.elsevier.com/S0264-3707(16)30016-3/sbref0780

	Implications for anomalous mantle pressure and dynamic topography from lithospheric stress patterns in the North Atlantic ...
	1 Introduction
	2 Geological setting
	3 The lithospheric stress field in the North Atlantic Realm
	4 Global modelling approach
	4.1 Thin sheet approximation and stress prediction
	4.2 Description of modelling procedure
	4.3 Thermo-isostatic lithospheric model
	4.4 LAB depth and sub-lithospheric pressure adjustments
	4.5 The World Stress Map

	5 Results
	5.1 Stress field
	5.2 Lithospheric and sub-lithospheric pressure model

	6 Discussion
	6.1 Error sources and robustness
	6.2 Geodynamic implications

	7 Conclusion
	Acknowledgements
	References


