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Global	  Modeling	  of	  Lithosphere	  Stress	  
and	  Plate	  Mo>on	  

•  What	  is	  the	  total	  stress	  energy	  in	  the	  plate	  
tectonic	  system?	  

•  How	  much	  arises	  from	  GPE	  of	  the	  lithosphere	  
and	  how	  much	  from	  coupling	  with	  mantle?	  

•  What	  are	  the	  implica>ons	  for	  strength	  profiles	  
and	  possible	  role	  of	  weakening	  mechanisms?	  

•  Calibra>on	  of	  present-‐day	  forces	  places	  
important	  constraints	  on	  models	  that	  address	  
geologic	  >me	  scale	  evolu>on	  with	  feedbacks	  



Force	  Balance	  Equa>ons	  in	  spherical	  
coordinates	  



Ver>cally	  integra>ng	  (1)	  and	  (2)	  and	  subs>tu>ng:	  	  	  	  





Global	  Modeling	  of	  Lithosphere	  Stress	  
and	  Plate	  Mo>on	  

•  Lithosphere	  calcula>ons:	  
– Depth	  integrated	  3-‐D	  force	  balance	  equa>ons	  in	  a	  
lithosphere	  shell	  

– Solved	  using	  finite	  element	  global	  method	  
• Weak	  formula>on	  
•  Higher	  order	  elements	  in	  quadrilateral	  grid	  (Code	  
wriFen	  by	  A.J.	  Haines)	  

–  Internal	  body	  forces	  (GPE),	  and	  basal	  trac>on	  
boundary	  condi>ons	  (Mantle	  Convec>on)	  



Method	  Applied	  Regionally	  and	  
Globally	  

•  Applied	  to	  Western	  U.S.	  and	  Central	  Asia	  without	  basal	  trac8ons:	  

•  Flesch,	  L.	  M.,	  W.	  E.	  Holt,	  A.	  J.	  Haines,	  and	  B.	  Shen-‐Tu	  (2000),	  The	  dynamics	  of	  the	  Pacific-‐North	  America	  plate	  
boundary	  zone	  in	  the	  Western	  U.	  S.,	  Science,	  287,	  834-‐836,	  2000.	  

•  Flesch,	  L.M.,	  Haines,	  A.	  J.,	  and	  W.	  E.	  Holt	  (2001),	  The	  dynamics	  	  of	  the	  India-‐Eurasia	  Collision	  Zone,	  J.	  Geophys.	  Res.,	  
106,	  16,435-‐16,460,	  2001.	  

•  Applied	  globally	  with	  contribu8on	  from	  lithosphere	  only:	  

•  Ghosh,	  A.,	  W.	  E.	  Holt,	  and	  L.	  M.	  Flesch	  (2009),	  Contribu>on	  of	  Gravita>onal	  Poten>al	  Energy	  Differences	  to	  the	  
Global	  Stress	  Field,	  Geophys.	  Jour.	  Int.,	  doi:	  10.1111/j.1365-‐246X.2009.04326.x	  

•  Applied	  globally	  with	  mantle	  flow	  and	  lithosphere	  contribu8ons:	  

•  Ghosh,	  A.,	  W.	  E.	  Holt,	  L.	  Wen,	  A.	  J.	  Haines,	  and	  L.	  M.	  Flesch	  (2008),	  Joint	  modeling	  of	  lithosphere	  and	  mantle	  
dynamics	  elucida>ng	  lithosphere-‐mantle	  coupling,	  Geophys.	  Res.	  Le:.,	  35,	  L16309,	  doi:10.1029/2008GL034365	  	  

•  Ghosh,	  A.,	  and	  W.	  E.	  Holt	  (2012),	  Plate	  Mo>ons	  and	  Stresses	  from	  Global	  Dynamic	  Models	  (2012),	  Science,	  335,	  
doi:10.1126/science.1214209,	  	  

•  Ghosh,	  A.,	  W.	  E.	  Holt,	  and	  L.	  M.	  Wen	  (2013),	  Predic>ng	  the	  lithospheric	  stress	  field	  and	  plate	  mo>ons	  by	  joint	  
modeling	  of	  lithosphere	  and	  mantle	  dynamics,	  J.	  Geophys.	  Res:	  Solid	  Earth,	  118,	  doi:10.1029/2012JB009516.	  



Ver>cally	  integra>ng	  (1)	  and	  (2)	  and	  subs>tu>ng:	  	  	  	  



Minimize	  Func>onal,	  I,	  with	  respect	  to	  
Lagrange	  mul>pliers	  



Rela>on	  between	  deviatoric	  stress	  and	  
Lagrange	  mul>pliers	  

Lagrange	  mul>pliers	  are	  zero	  along	  the	  boundaries	  (circular	  rings	  at	  88°	  N,	  88°	  S)	  

Rela>on	  with	  deviatoric	  stress	  and	  Lagrange	  mul>pliers	  is	  the	  same	  as	  the	  
rela>on	  between	  strain	  rate	  and	  veloci>es	  



Subs>tute	  expressions	  in	  for	  deviatoric	  stress	  and	  minimize	  J	  func>onal	  
with	  respect	  to	  	  Lagrange	  mul>pliers.	  This	  provides	  solu>on	  to	  force	  
balance	  equa>ons.	  

The	  poten>als	  are	  composed	  of	  horizontal	  integrals	  of	  the	  body	  force	  equivalents	  



  Density structure:  
 - Crust 2.0 in  
    lithosphere; also 
    cooling plate 
    model [Stein & 
    Stein, 1992]. 

Constraints for Effective Forces 
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- Mantle tomography and history of subduction models	  



Lekic	  and	  Romanowicz	  [2011]	  
Geophys.	  J.	  Int.	  	  

Farallon	  plate	  
subduc>on	  history	  
impacts	  North	  
America	  dynamics	  

Example	  of	  
tomography	  model	  



Tomography	  model	  from:	  Ritsema,	  Deuss,	  van	  Heijst,	  &	  Woodhouse	  [2011]	  Geophys.	  J.	  Int.	  	  
Computed	  using	  HC	  Code	  [Milner	  et	  al.,	  2009]	  Eos	  

Another	  Example	  



Benchmarking	  with	  3-‐D	  spherical	  convec>on	  	  

Thin	  Sheet	  
deviatoric	  stress	  
response	  to	  GPE	  
differences,	  created	  
by	  dynamic	  
Topography,	  created	  
in	  3-‐D	  global	  
convec>on	  model	  

Ghosh	  et	  al.	  [2008],	  GRL	  



Benchmarking	  with	  3-‐D	  spherical	  convec>on	  	  

Thin	  sheet	  deviatoric	  
stress	  response	  to	  
trac>ons	  applied	  at	  
base	  

Thin	  Sheet	  
deviatoric	  stress	  
response	  to	  GPE	  
differences,	  created	  
by	  dynamic	  
Topography	  

Ghosh	  et	  al.	  [2008],	  GRL	  



Comparison	  of	  thin	  sheet	  stresses	  with	  output	  
from	  full	  3-‐D	  model	  

Total	  thin	  sheet	  response	  
=	  	  trac>on	  solu>on	  +	  GPE	  
solu>on	  (lithosphere	  
finite	  element	  solu>on)	  

Ghosh	  et	  al.	  [2008],	  GRL	  



Comparison	  of	  thin	  sheet	  stresses	  with	  output	  
from	  full	  3-‐D	  model	  

Total	  thin	  sheet	  response	  
=	  	  trac>on	  solu>on	  +	  GPE	  
solu>on	  (lithosphere	  
finite	  element	  solu>on)	  

Deviatoric	  Stress	  output	  
from	  the	  full	  3-‐D	  
convec>on	  model	  	  

Ghosh	  et	  al.	  [2008],	  GRL	  



	  (Tthin	  sheet)/(T3-‐D)	   Correla>on	  between	  tensor	  field	  
from	  thin	  sheet	  with	  tensor	  field	  from	  
global	  3-‐D	  model	  =	  τ1τ2/T1T2	  Ghosh	  et	  al.	  [2008],	  GRL	  (see	  suppl.)	  

*Variable	  viscosity	  case	  	  benchmarked	  by	  
Klein	  et	  al.	  [2009],	  JGR	  

Agreement	  in	  magnitude	   Agreement	  in	  orienta>on	  and	  style	  



Summary	  from	  benchmarking	  

•  Can	  recover	  the	  deviatoric	  stress	  field	  given	  	  
accurate	  es>mates	  of	  (1)	  topography,	  crustal	  
and	  upper	  mantle	  structure,	  and	  (2)	  
knowledge	  of	  applied	  horizontal	  trac>ons	  
from	  mantle	  flow	  (reliable	  convec>on	  
models).	  

•  If	  you	  know	  surface	  mo>ons,	  then	  you	  can	  
also	  recover	  the	  absolute	  values	  of	  effec>ve	  
viscosity	  



Benchmarking	  with	  lateral	  viscosity	  
varia>ons	  

-‐	  	  lateral	  viscosity	  varia>ons	  of	  2	  order	  magnitude	  in	  
full	  3-‐D	  convec>on	  model	  

-‐  An	  approxima>on	  of	  the	  rela>ve	  viscosity	  
varia>ons	  (but	  not	  exact)	  was	  used	  in	  the	  thin	  
sheet	  model	  

-‐  Stresses	  were	  recovered	  in	  thin	  sheet	  model	  with	  
the	  worst	  misfits	  in	  magnitudes	  off	  by	  factor	  of	  2	  
in	  areas	  with	  significant	  lateral	  varia>on	  in	  
viscosity	  



Thin	  sheet	  output	  
=	  dynamic	  topo	  +	  
trac>on	  
contribu>ons	  +	  
using	  rela>ve	  
viscosity	  varia>ons	  

Output	  from	  
full	  3-‐D	  global	  
model	  with	  
lateral	  
viscosity	  
varia>ons	  



Correla>on	  
between	  tensor	  
field	  from	  thin	  
sheet	  with	  
tensor	  field	  from	  
global	  3-‐D	  model	  
=	  τ1τ2/T1T2	  

	  (Tthin	  sheet)/(T3-‐D)	  



Forward	  Dynamic	  Modeling:	  
Adjustable	  Parameters	  

•  Lateral	  viscosity	  structure	  of	  lithosphere	  
– Loca>on	  of	  keels,	  cratons,	  and	  plates	  
– Old	  vs.	  Young	  Ocean	  lithosphere	  
– Loca>on	  of	  plate	  boundary	  zones	  and	  their	  
viscosity	  distribu>on	  

•  Mantle	  Radial	  Viscosity	  Profile	  



Ghosh	  and	  Holt,	  2012	  	  	  Science	  

Lithosphere	  Viscosity	  

Global	  Modeling	  to	  Compute	  Stresses,	  Strain	  Rates,	  and	  
Surface	  Mo>ons:	  (1°x1°	  grid	  with	  over	  63,000	  elements)	  

Plates	  =	  1	  
Cratons	  =	  10	  
E	  =	  scalar	  second	  invariant	  of	  strain	  rate	  from	  
GSRM	  [Kreemer	  et	  al.,	  2003]	  
Eref	  =	  E	  value	  corresponding	  to	  area	  with	  μref	  
μref	  	  =	  viscosity	  for	  area	  with	  Eref	  	  

Rela>ve	  viscosity	  varia>on:	  



Ghosh	  and	  Holt,	  2012	  	  	  Science	  

Lithosphere	  Viscosity	  

Radial	  Viscosity	  Profiles	  

Global	  Modeling	  to	  Compute	  Stresses,	  Strain	  Rates,	  and	  
Surface	  Mo>ons	  

For	  Eref=	  3e-‐7/yr	  we	  tried	  	  μref=1/10;	  1/30;	  1/100;	  1/1000	  	  



Ghosh	  and	  Holt,	  2012	  	  	  Science	  

Lithosphere	  Viscosity	  

Radial	  Viscosity	  Profiles	  

Results	  from	  300	  forward	  models	  

Plates	  =	  1e23	  Pa-‐s	  
Cratons	  =	  1e24	  Pa-‐s	  
Deeper	  Con>nental	  Keels	  =	  1e21	  –	  1e22	  Pa-‐s	  
Asthenosphere	  =	  1e20	  Pa-‐s	  
Plate	  Boundary	  Zones	  =	  Variable	  Viscosity	  	  
Variety	  of	  published	  tomography	  models	  have	  been	  tried	  	  



Stresses	  from	  Topography	  and	  
Lithosphere	  Structure	  

Ghosh,	  Holt,	  Wen,	  2013,	  JGR	  



Dev.	  Stress	  from	  trac>ons	  associated	  with	  mantle	  flow	  	  	  
Ghosh	  et	  al.	  [2013]	  J.G.R	  



	  Total	  Dev.	  Stress	  from	  GPE	  +	  trac>ons	  	  	  Ghosh	  et	  al.	  [2013]	  J.G.R	  
Compare	  with	  WSM	  in	  plates	  and	  GSRM	  in	  plate	  boundary	  zones	  



Mantle  
tractions 

Mantle  
tractions 
     + 
  GPE 

Ghosh and Holt,  
Science (2012) 

Results: 
Plate Motions	  
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We used global dynamic models to investi-
gate the influence of lateral viscosity variations
in the lithosphere and asthenosphere on both sur-
face motions and stresses within the plates and
plate boundary zones. Our models include in-
corporation of the effects of topography and
lithosphere structure and a lithosphere coupled
with whole-mantle convection, driven by densi-
ty buoyancies within the mantle. Our modeling
reveals the lateral viscosity variations that are
necessary for matching observations. The results
further emphasize the relative contributions of
(i) topography and lithosphere structure and (ii)
coupling with whole-mantle convection, both of
which vary over Earth’s surface.

We solved the three-dimensional (3D) force
balance equations after depth-integrating them
from a surface of variable elevation to a common
depth reference level (100 km below sea level)
to obtain deviatoric stresses, strain rates, and
horizontal velocities within the top 100 km of
the planet (9). The body forces in these equa-
tions were derived from two sources: (i) topog-
raphy and lithosphere density structure and (ii)
density-driven convection within the mantle con-
strained by tomography and history of subduc-
tion. Benchmarking tests have demonstrated that
despite the simplification used in this method,
we are able to recover the horizontal components

of stress, strain rate, and velocity in the upper
100 km of a full 3D whole-mantle convection
model with better than 99% accuracy (10). We
tested different radial and lateral viscosity varia-
tions in the lithosphere and asthenosphere, where
the lateral variations were assigned based on po-
sitions of cratons and weak plate boundary zones
(Fig. 1A). A relatively narrow range of viscosity
models gave acceptable fits to the observations.
Viscosity models that simultaneously gave a good
fit to both plate motions and stresses required
a stiff lithosphere (1023 Pa · s) with stiffer (1024

Pa · s) cratons (white regions in Fig. 1A) and
weaker plate boundary zones (1020 to 1022 Pa · s)
in the top 100 km and a moderately strong
asthenosphere (300-km thickness, 1020 Pa · s).
The successful models had keels beneath the cra-
tons with viscosities less than 1023 Pa · s between
depths of 100 to 200 km.

The velocity field predicted by our best-fit
dynamic model in a no-net-rotation (NNR) frame
shows a remarkably good fit to the NNR plate
motion model defined by Global Positioning Sys-
tem (GPS) (Fig. 1B) (11). The root mean square
misfit of the velocity field from our complete
dynamic model (mantle flow–associated trac-
tions plus lithosphere structure and topography)
compared at 63,000 spaced points (1° by 1°) with
the kinematic NNR model is ~1 cm/year. The

relative contribution of motions associated with
coupling with whole-mantle flow versus topog-
raphy and lithosphere structure can be under-
stood by inspection of Fig. 1C, which is based
on the contribution from mantle circulation trac-
tions only. The relative driving mechanisms of
topography and lithosphere structure versus
coupling with mantle flow varies from plate to
plate. The India and Nazca plates have a domi-
nant influence from coupling with mantle flow,
whereas other plates and regions approach pari-
ty in the relative contribution, with mantle-flow
tractions dominating slightly. It is obvious, how-
ever, that the contribution from coupling with
mantle circulation alone fails to predict surface
motions.

We calculated the poles of rotation (table S1)
for the angular velocities of the major tectonic
plates that were predicted by the dynamic model
and compared them with the latest NNR kine-
matic model, MORVEL (Fig. 1D) (12). The ve-
locity of any given patch on the surface of our
dynamic model was parameterized by an angular
velocity possessing a pole position. The small
scatter in the pole positions for these patches
(blue dots) shows that the plates are behaving
almost rigidly at the stress levels output by the
dynamic model and for an effective viscosity of
the plates of 1 × 1023 Pa · s. A comparison of the

Fig. 1. (A) Absolute viscosity model (top 100 km) that provided a best fit to
our observations. (B) Kinematic NNR model from (11) (blue arrows), along with
predicted velocities from our global dynamic model (red arrows) in an NNR
frame. The dynamic model includes contributions from both coupling with whole-
mantle convection and lithosphere structure and topography. (C) Same as in
(B), except the predicted velocities (red arrows) are from mantle tractions only.

(D) Average poles of rotation of major tectonic plates (yellow stars) predicted
by the dynamic model on top of individually inferred poles from relatively
undeformed patches on the respective plates (blue dots). The NNR MORVEL poles
from (12) are shown as black dots within their respective 95% confidence level
error ellipses (in red). PAC, Pacific; NAM, North America; SAM, South America;
ARB, Arabia; NUB, Nubia; NAZ, Nazca; EUR, Eurasia; and AUS, Australia.
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RMS	  misfit	  <	  1	  cm/yr	  



Ghosh and Holt, Science (2012) 

We used global dynamic models to investi-
gate the influence of lateral viscosity variations
in the lithosphere and asthenosphere on both sur-
face motions and stresses within the plates and
plate boundary zones. Our models include in-
corporation of the effects of topography and
lithosphere structure and a lithosphere coupled
with whole-mantle convection, driven by densi-
ty buoyancies within the mantle. Our modeling
reveals the lateral viscosity variations that are
necessary for matching observations. The results
further emphasize the relative contributions of
(i) topography and lithosphere structure and (ii)
coupling with whole-mantle convection, both of
which vary over Earth’s surface.

We solved the three-dimensional (3D) force
balance equations after depth-integrating them
from a surface of variable elevation to a common
depth reference level (100 km below sea level)
to obtain deviatoric stresses, strain rates, and
horizontal velocities within the top 100 km of
the planet (9). The body forces in these equa-
tions were derived from two sources: (i) topog-
raphy and lithosphere density structure and (ii)
density-driven convection within the mantle con-
strained by tomography and history of subduc-
tion. Benchmarking tests have demonstrated that
despite the simplification used in this method,
we are able to recover the horizontal components

of stress, strain rate, and velocity in the upper
100 km of a full 3D whole-mantle convection
model with better than 99% accuracy (10). We
tested different radial and lateral viscosity varia-
tions in the lithosphere and asthenosphere, where
the lateral variations were assigned based on po-
sitions of cratons and weak plate boundary zones
(Fig. 1A). A relatively narrow range of viscosity
models gave acceptable fits to the observations.
Viscosity models that simultaneously gave a good
fit to both plate motions and stresses required
a stiff lithosphere (1023 Pa · s) with stiffer (1024

Pa · s) cratons (white regions in Fig. 1A) and
weaker plate boundary zones (1020 to 1022 Pa · s)
in the top 100 km and a moderately strong
asthenosphere (300-km thickness, 1020 Pa · s).
The successful models had keels beneath the cra-
tons with viscosities less than 1023 Pa · s between
depths of 100 to 200 km.

The velocity field predicted by our best-fit
dynamic model in a no-net-rotation (NNR) frame
shows a remarkably good fit to the NNR plate
motion model defined by Global Positioning Sys-
tem (GPS) (Fig. 1B) (11). The root mean square
misfit of the velocity field from our complete
dynamic model (mantle flow–associated trac-
tions plus lithosphere structure and topography)
compared at 63,000 spaced points (1° by 1°) with
the kinematic NNR model is ~1 cm/year. The

relative contribution of motions associated with
coupling with whole-mantle flow versus topog-
raphy and lithosphere structure can be under-
stood by inspection of Fig. 1C, which is based
on the contribution from mantle circulation trac-
tions only. The relative driving mechanisms of
topography and lithosphere structure versus
coupling with mantle flow varies from plate to
plate. The India and Nazca plates have a domi-
nant influence from coupling with mantle flow,
whereas other plates and regions approach pari-
ty in the relative contribution, with mantle-flow
tractions dominating slightly. It is obvious, how-
ever, that the contribution from coupling with
mantle circulation alone fails to predict surface
motions.

We calculated the poles of rotation (table S1)
for the angular velocities of the major tectonic
plates that were predicted by the dynamic model
and compared them with the latest NNR kine-
matic model, MORVEL (Fig. 1D) (12). The ve-
locity of any given patch on the surface of our
dynamic model was parameterized by an angular
velocity possessing a pole position. The small
scatter in the pole positions for these patches
(blue dots) shows that the plates are behaving
almost rigidly at the stress levels output by the
dynamic model and for an effective viscosity of
the plates of 1 × 1023 Pa · s. A comparison of the

Fig. 1. (A) Absolute viscosity model (top 100 km) that provided a best fit to
our observations. (B) Kinematic NNR model from (11) (blue arrows), along with
predicted velocities from our global dynamic model (red arrows) in an NNR
frame. The dynamic model includes contributions from both coupling with whole-
mantle convection and lithosphere structure and topography. (C) Same as in
(B), except the predicted velocities (red arrows) are from mantle tractions only.

(D) Average poles of rotation of major tectonic plates (yellow stars) predicted
by the dynamic model on top of individually inferred poles from relatively
undeformed patches on the respective plates (blue dots). The NNR MORVEL poles
from (12) are shown as black dots within their respective 95% confidence level
error ellipses (in red). PAC, Pacific; NAM, North America; SAM, South America;
ARB, Arabia; NUB, Nubia; NAZ, Nazca; EUR, Eurasia; and AUS, Australia.
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[36] The surface plate velocities from our best-fitting
model are presented here (red arrows in Figure 10) in an
NNR frame along with velocities from the NNR kinematic
model of Kreemer et al. [2006] (blue arrows). The modeled
dynamic velocities match the kinematic velocities extremely

well in most places. In Australia and in the southern Indian
Ocean, the modeled velocities are offset from the kinematic
by a few degrees. Also, we do not fit the motion of Cocos
plate very well; we predict an easterly motion for the plate
while the observed motion is northeasterly. The average
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Figure 9. Deviatoric stress prediction from model 47 in the (a) western US, (c) central Mediterranean,
and (d) India-Asia collision zone plotted on top of ETOPO1 topography. The most compressive principal
axes of the stress tensors for the above regions are shown in Figures (b), (e), and (f). The color coding for
Figures (b), (e), and (f) is the same as in Figure 8. Modified from Ghosh and Holt [2012].
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Results: Deviatoric Stresses	  



[33] The deviatoric stress tensors from the combined influ-
ence of lithospheric GPE and mantle circulation (Figure 5)
shows an improvement in fitting the strain rate tensors in the
plate boundary zones compared to stresses from mantle
circulation only. The improvement occurs in most areas,
especially in areas of continental deformation (Table 3 and
Figure 7). Areas such as the Andes, continental Africa,
Indo-Australian plate boundary zone, eastern Asia, and the
mid-oceanic ridges show an excellent fit to the strain rate
tensors. The fit, however, is poor in areas such as Baikal in
Asia, New Zealand, and also in a few areas in western
USA. The overall fit for the combined case is 0.85 for
model 47 (Table 3), with a confidence interval of 0.84–0.86
at 95% significance level.
[34] We compare the most compressive principal axes

directions and styles of our predicted deviatoric stresses
from our best fitting combined model and the horizontal
most compressive principal axes of stresses in the WSM
[Zoback, 1992; Reinecker et al., 2005]. WSM is a compi-
lation of measured principal stress directions based on
earthquake focal mechanisms, borehole breakout data and
Quaternary fault slip directions. We use the WSM data in-
terpolated on our 1!"1! grid (Figure 8a). This interpolated
dataset is compared with the most compressive principal
axes of deviatoric stress from GPE differences and tractions
combined (from model 47, Figure 8b). A qualitative com-
parison shows large swathes of regions which demonstrate
an excellent match. That is, in those areas, the difference in
most compressive principal axes directions between our
predicted stresses and those from WSM is less than 15! and
the style of stresses also match. We also compute correlation
coefficients between the combined deviatoric stresses from
model 47 and the WSM stress tensors (Figure 8c). The style
of stresses along the mid-ocean ridge (MOR) does not
everywhere match the WSM SHmax styles, which display
mostly strike-slip type of behavior in these regions. This
arises mainly because of the dominance of some big strike-
slip type earthquakes at the transform fault boundaries
connecting ridge segments, and a relative paucity of moment

release in normal fault earthquakes along the ridges them-
selves. The GSRM tensor field, on the other hand, possesses a
dominant signal associated with the spreading process at the
mid-oceanic ridges, in agreement with the dominant tension at
the mid-oceanic ridges. The other notable misfit between the
predicted stresses and the WSM occurs in many regions of the
outer rise of the trenches, where normal faulting associated
with slab bending occurs [Stern, 2002]. The methodology that
we employ does not include flexural stresses, thereby
explaining this systematic misfit along the outer rise regions.
[35] One of the goals of this study is to match stresses in

complex orogenic zones. The principal deviatoric stresses
(Figure 9a) and their corresponding SHmax axes (Figure 9b) in
western North America shows opening of Basin & Range and
strike-slip along the San Andreas fault. There is compression
within the Juan de Fuca trench and the Cascadia forearc
exhibits N-S compression. However, within the region of
the Eastern Snake River Plain and Yellowstone, the
extensional directions of deviatoric stresses are different
from observed. This problem is associated with too much
coupling with mantle flow in this model. The higher
coupling produces too much compression across the
Yellowstone region, the central Rockies and Colorado
Plateau, thereby dominating the important signal from
topography and lithosphere structure in these regions. We
also examine the stress field in two other deformational
areas, the central Mediterranean region (Figures 9c and 9f)
and the India-Asia collision zone (Figures 9d and 9e). The
predicted stresses in Tibet show a predominantly strike-slip
style of deformation (also mixed with normal fault style
deviatoric stress) and a rotation of SHmax within Tibet
around the Eastern Himalayan Syntaxis region, similar to
what is observed there (Figure 8a). This dominant strike-
slip style of deformation is only obtained when mantle
traction contribution is added to the contribution from GPE
differences. The rotation of stresses within Eastern Tibet is
mainly associated with contribution from shallow structure. In
the Mediterranean region, the modeled stresses are compatible
with findings of the deformation field there [Kahle et al., 2000;
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Figure 7. Correlation coefficients between deviatoric stress tensors arising from combined GPE differences
and basal tractions (Figure 5) and observed strain rate tensors from the Global Strain Rate Map. Figure from
supplementary section of Ghosh and Holt [2012].
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Correlation between predicted deviatoric stresses and  
strain rates from GSRM	  
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Jenny et al., 2004;Kreemer and Chamot-Rooke, 2004;Ozeren
and Holt, 2010], although the global model presented here
does not produce enough extension within the southern Ae-
gean Sea region, which is almost certainly due to the fact that
the mantle flow component used here is long wavelength and
lacks the important effects of smaller scale convection in this

region (slab roll-back) [Faccenna and Becker, 2010;
Faccenna et al., 2007]. Elsewhere the global model does an
excellent job at predicting deformation within the Aegean and
Eastern Turkey. The Hellenic arc shows trench-perpendicular
compression whereas strike-slip deformation is seen along the
North Anatolian fault.
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Figure 8. (a) SHmax directions (maximum horizontal stress orientations) from theWorld StressMap averaged
within 1!"1! areas. Red indicates normal fault regime, blue indicates thrust regime, whereas green denotes
strike-slip regime. (b) Most compressive horizontal principal deviatoric stress axes from our best-fitting dy-
namic model (model 47). The colors indicate the strain environment predicted by the deviatoric stresses in
the dynamic model. Red indicates the maximum horizontal compression orientation in a normal fault regime,
blue indicates maximum horizontal compression in a thrust fault regime, and green denotes maximum horizon-
tal compressive stress direction in a strike-slip regime. (c) Correlation coefficients between the predicted stress
tensors from the above model and the WSM stresses. Modified from Ghosh and Holt [2012].
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as plate motions are leading mantle flow. This observation
addresses the controversy of whether mantle tractions are
driving or resistive. Tractions are resistive within the vicinity
of many oceanic ridge systems (Figure 13). Comparison
of Figures 2 and 4, however, indicates the importance of
tractions in producing extension along many of the ridge
systems. The extensional influence of the tractions along the
weak oceanic ridges in the Atlantic and much of the Indian
Ridge is associated with large-scale flow patterns (Figure 3).
These large-scale flow patterns reflect a primary influence of
downwelling associated with subducted lithosphere (Farallon
slab, subduction beneath South America, and subduction his-
tory beneath central and Southeast Asia). Such a large-scale
flow pattern has been argued by Becker and Faccenna [2011]
to be a major driving pattern for India and Arabian plates. That
these tractions are resistive in places near the ridges indicates
that, within these ridge-regions, the large-scale flow associated
with the major downwellings dominates over any smaller-scale
mantle flow involved with the sea-floor spreading process.
[42] We achieve the highest correlation coefficient of 0.85

between our predicted deviatoric stresses and the deformation
indicators (Tables 1 and 3) and an RMS misfit of 1 cm/yr for
surface motions. There still exists some misfit between our
predictions and the observed plate motions and deformation
indicators. The remaining misfit for the deviatoric stress field
and the plate motions might arise from a number of different
factors. For example, although our lithosphere model is a high
resolution one (1! 1 degree), the convection model is of
much lower resolution (degree 31). The fit of the model to
observations could certainly be improved by taking into
account small-scale convection, which would require a higher
resolution mantle convection model. There occurs substantial
viscosity differences between the narrow weak plate bound-
aries and the more rigid plate interiors. These variations might
play an important role. Although, our thin sheet lithosphere
model takes into account these narrow weak zones, a degree
31 convection model may not be sufficient to handle these

structures. In order to consider these weak, narrow plate
boundaries, it is necessary to use a much higher resolution
convection model. The model could also likely be improved
through the use of a better structure model (within both the
lithosphere and the mantle). However, this potential improve-
ment is unlikely to change our conclusions about the relative
role of shallow versus deeper sources and about the need for a
dominance of driving tractions within many regions.
[43] One of the most important characteristics of the present

study is joint prediction of stresses and plate motions in one
self-consistent model. We have used both these constraints to
delineate possible viscosity structures for the upper 200 km of
the Earth. Second, we have incorporated the effects of
topography and lithosphere structure, in addition to the
contribution from mantle flow. We also quantify the relative
contribution of these two driving forces, which is a contro-
versial problem. We have shown that it is possible to fit both
the observations of plate velocities and deformation indicators
within the plates as well as in the plate boundary zones
accurately, taking into account contribution from topography
and lithosphere structure coupled with long-wavelength
mantle tractions. Third, we have addressed the controversy
regarding the relative contribution of driving versus resisting
tractions and how this varies over the Earth’s surface. Finally,
our convection model is fully self-consistent with radial and
lateral viscosity variations that are strong enough to generate
sufficient toroidal motion. In order to fine-tune our models,
additional constraints such as geoid and dynamic topography
could be used. An accepted model would be one that is
capable of matching all the four constraints of deviatoric
stress field, plate motions, geoid, and topography.

Appendix A: Benchmarking

[44] We have shown earlier ([Ghosh et al., 2008], online
Supporting Information) that the thin sheet approximation is
able to recover the depth integrals of deviatoric stresses in
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Figure 13. Plot of t! cosθ dA, where θ is the angular difference between tractions at the base of the
lithosphere and surface velocity vectors in an NNR frame, t are the traction magnitudes and dA are 1 x
1 degree areas, normalized by Earth’s radius squared. This gives a quantitative indication of whether
tractions are driving (positive) or resistive (negative). For example, at equatorial regions, a value of
2000 corresponds to a driving traction of about 6.5 MPa.
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Trac>ons	  are	  both	  resis>ve	  and	  driving	  



BoFom	  Line	  

•  Mantle	  leads	  the	  lithosphere	  (driving	  trac>ons)	  beneath	  
major	  orogenic	  zones	  (Andes/Nazca,	  India,	  Eastern	  U.S.)	  

•  Trac>ons	  integrate	  and	  provide	  important	  component	  to	  
global	  force-‐balance	  of	  stress	  

•  Observa>ons	  require	  trac>ons	  1-‐5	  MPa,	  which	  provides	  
trac>on-‐associated	  stresses	  that	  are	  of	  similar	  magnitude	  as	  
GPE-‐associated	  stresses	  (1-‐4	  TN/m).	  

•  History	  of	  subduc>on	  is	  key	  in	  the	  mantle	  flow	  picture	  
and	  therefore	  in	  global	  force	  balance	  

•  Slabs,	  however,	  provide	  no	  stress	  guide	  effect	  that	  impact	  
stresses	  within	  the	  plates	  



BoFom	  Line,	  Con>nued	  

•  Depth	  integrated	  deviatoric	  stress	  magnitudes	  
of	  1-‐4	  TN/m	  for	  plate	  boundary	  zones	  implies	  
that	  weakening	  mechanisms	  (weak	  faults,	  
presence	  of	  water	  in	  upper	  mantle,	  etc.)	  are	  
required	  for	  strain	  accommoda>on	  within	  
plate	  boundary	  zones.	  

•  Rapidly	  deforming	  plate	  boundary	  zones	  are	  
weaker	  than	  the	  more	  slowly	  deforming	  plate	  
boundary	  zones	  


