
Deeper	
  Structures	
  of	
  Con/nents	
  and	
  
Mountain	
  Belts	
  and	
  Eleva/ons	
  

Some	
  things	
  below	
  that	
  affect	
  things	
  above	
  
and	
  vice	
  versa:	
  	
  Delamina/on	
  will	
  be	
  

discussed	
  another	
  /me	
  

ESCI	
  555	
  



Average	
  con/nental	
  eleva/on	
  is	
  800m	
  

Eleva/ons	
  range	
  from	
  8800	
  m	
  to	
  -­‐11,900	
  m	
  



Hypsometry	
  of	
  Earth	
  

Wikipedia	
  



Orographic	
  Exhuma/on	
  
Affec/ng	
  Orogenesis	
  from	
  Above	
  

Willet	
  et	
  al,	
  Geology,	
  1993	
  	
  



Wind	
  direc/on	
  determines	
  
loci	
  of	
  exhuma/on	
  of	
  high	
  
pressure/	
  high	
  strain	
  rocks	
  
	
  
Observed	
  in	
  NZ	
  (west)	
  
Alps	
  (south)	
  
Himalayas	
  (south)	
  
Brooks	
  Range	
  (south)	
  



Glacial	
  Buzz	
  Saw:	
  Affec/ng	
  Orogenesis	
  From	
  Above	
  

Egholm	
  et	
  al,	
  2009,	
  Nature	
  

Glacial	
  Equilibrium	
  Line	
  
	
  Al/tude	
  
	
  
LGM	
  Last	
  Glacial	
  Maximum	
  



The	
  Free	
  Air	
  Gravity	
  
gFA	
  ~0:	
  The	
  earth	
  is	
  in	
  isosta/c	
  equilibrium	
  

Excep/ons:	
  Area	
  of	
  Lauren/de	
  ice	
  sheet	
  &	
  geoid	
  anomaly	
  in	
  Indian	
  Ocean	
  
	
  

Free Air Gravity is approximately 0 over isostatically compensated regions, 
excluding edge effects.  High	
  frequency	
  anomalies	
  are	
  edge	
  effects	
  between	
  
crust/lithosphere	
  	
  columns	
  of	
  different	
  thicknesses:	
  	
  Indicate	
  poten/al	
  energy	
  
gradients	
  in	
  lithosphere 



Crustal	
  Thickness	
  from	
  ESA	
  GOCE	
  Gravity	
  
GOCE=Gravity	
  Ocean	
  Climate	
  Experiment	
  

There	
  is	
  a	
  strong	
  correla/on	
  between	
  topography	
  and	
  crustal	
  thickness	
  



Isostasy	
  is	
  instantaneous	
  in	
  comparison	
  to	
  other	
  processes	
  

Molnar	
  and	
  Lyon-­‐Caen,	
  1988,	
  GSA	
  Special	
  Paper	
  

About	
  2/3	
  of	
  mountain	
  belts	
  are	
  in	
  Airy	
  Isostasy	
   ρcH = ρh (H + h)Airy Isostasy:    ρch = ρm − ρc( )ΔH
Pratt Isostasy:    ρcH = ρh (H + h)



Isosta/c	
  Modeling	
  including	
  the	
  lithospheric	
  mantle	
  &	
  asthenosphere	
  

0
10
20
30
40
50
60
70
80
90

D
ep

th
, k

m

0 500 1000 1500 2000 2500
Distance, km

2885

3300

3250

3300

2838

3100

3300

2838

3100

3300

2903

3300

Total to 100km 316.8 316.8 317.1 315.6
Mean Elev 2 km 1.8 km 1.2 km 0.5 km

Mass columns from Deep Probe Velocity Field

0
1
2
3
4

El
ev

., 
km

0 500 1000 1500 2000 2500

Crustal	
  varia/ons	
  are	
  10x	
  more	
  important	
  for	
  isosta/c	
  balance	
  than	
  mantle	
  
lithosphere	
  thickness	
  varia/ons.	
  	
  (Becker	
  et	
  al.,	
  2013,	
  EPSL)	
  

Henstock	
  et	
  al.,	
  1995,	
  GSA	
  Today	
  



Local	
  Isostasy	
  +Regional	
  Isostasy=	
  Plate	
  Flexure	
  

Molnar	
  and	
  Lyon-­‐Caen,	
  1988,	
  GSA	
  Special	
  Paper	
  

ρcgh = (ρm − ρc )gΔR + D∇4ΔR
h is elevation
ΔR = ΔR(x) is root depth
D is flexural rigidity
∇4 = ∇2∇2

D= ETe
3

12(1−σ 2 )
Te  is the elastic thickness

 

λ = 4D / gΔρ4

λ ∼ Te
3/4

When	
  orogenic	
  belts	
  exceed	
  the	
  strength	
  of	
  
rocks	
  the	
  orogen	
  grows	
  laterally	
  rather	
  than	
  
ver/cally	
  
	
  
Te	
  	
  	
  in	
  the	
  interior	
  of	
  broad	
  plateaus	
  is	
  small	
  
	
  



Fig. 12. Global thermal model for the continental lithosphere TC1 constrained on a 1°×1° grid: lithospheric thermal thickness interpolated with a low-pass filter. The values are based on typical
continental geotherms (Figs. 3–6) and tectonic age of the basement (Fig. 2).
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Fig. 2. Tectonic ages of the continents on a 1°×1° grid (based on Goodwin, 1996; Fitzgerald, 2002; Condie, 2005, and numerous regional publications). The map shows the ages of the major crust-
forming events (see Table 1), rather than ages of the juvenile crust, and forms the basis for the global thermal model for the continental lithosphere TC1.
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Age	
  of	
  	
  
Con/nental	
  Rocks	
  
	
  
	
  
	
  
	
  
	
  
	
  
Lithospheric	
  	
  
Thickness	
  base	
  on	
  
Thermal	
  model	
  
	
  
	
  
Artemieva,	
  2006,	
  
Tectonophysics	
  	
  



Con/nental	
  lithosphere	
  thickness	
  

Fig. 12. Global thermal model for the continental lithosphere TC1 constrained on a 1°×1° grid: lithospheric thermal thickness interpolated with a low-pass filter. The values are based on typical
continental geotherms (Figs. 3–6) and tectonic age of the basement (Fig. 2).
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Fig. 12. Global thermal model for the continental lithosphere TC1 constrained on a 1°×1° grid: lithospheric thermal thickness interpolated with a low-pass filter. The values are based on typical
continental geotherms (Figs. 3–6) and tectonic age of the basement (Fig. 2).
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Con/nental	
  Lithosphere	
  thickness	
  is	
  correlated	
  with	
  age	
  (although	
  func/onal	
  rela/onship	
  
is	
  not	
  as	
  clear	
  as	
  oceans)	
  
Te	
  <<	
  hlithosphere	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Canadian	
  shield	
  	
  40	
  <	
  Te	
  <	
  100	
  	
  (Audet	
  &	
  Mareschal,	
  2004,	
  EPSL)	
  



Artemieva,	
  2009,	
  Lithos	
  

Lithosphere	
  
thickness	
  based	
  
on	
  upper	
  mantle	
  
shear	
  velocity	
  



US	
  Cordillera	
  Lithospheric	
  Thickness	
  

Dashed	
  line	
  is	
  approximate	
  	
  
Cordillera	
  hingeline:	
  	
  Front	
  of	
  the	
  
Fold	
  and	
  thrust	
  belt	
  



Effec/ve	
  Elas/c	
  Thickness	
  of	
  Western	
  US	
  Lithosphere	
  
Elas/c	
  Thickness	
  is	
  less	
  than	
  crustal	
  thickness	
  in	
  high	
  heat	
  flow	
  regions	
  of	
  the	
  

west	
  

Also of interest is the residual of the gravity model (Fig. 4d). The
residual anomalies lend confidence to the inference that unmodelled
mass anomalies do not contaminate estimates of the bulk crustal com-
position, crustal thickness or thermal variation fields. Figure 4d shows
recognizable evidence of surficial mass (for example, low density of
sedimentary basins) aswell asmass variationwithin the asthenospheric
mantle. For example, residual buoyancy centred in the northern Basin
and Range is similar to a ‘dynamic elevation’ anomaly previously
derived from topography and crustal seismic refraction data, and inter-
preted as an asymmetric Yellowstone swell25. However, improved reso-
lution by this analysis suggests that return flow over seismically imaged
mantle drips26,27 may dominate the asthenospheric mass signal. Deep-
seated buoyancy anomalies such as these reflect relatively recent
changes in temperature towards the base of the thermal boundary layer,
and somay prove fruitful locations to look for evidence of the advective
transfer processes proposed here.
In initial stages of tectonism (when geotherms are more-or-less

uniform), one can reasonably expect strain focusing where crust is
silica-rich and hence weak. Laramide thick-skinned thrusting in the
middle Rocky Mountains of Wyoming (where modern Te exceeds
80 km) confirms that crustal strain focusing can occur even in the
presence of a thick, strong mantle lithosphere if tectonic forcing is

sufficiently robust (for example, during flat-slab subduction). One
can also reasonably expect that advective heat transfer processes asso-
ciated with strain will amplify lithospheric weakness. Comparisons of
crustal vP/vS to geothermal variations suggest that this dynamical feed-
back mechanism plays a significant role in defining spatial distribu-
tions of tectonic strain and uplift. Examining these in the context of
total lithospheric strengthmay improve our understanding of the roles
played by the crust and mantle. EarthScope will afford an important
test of the hypothesis as it moves further east and traverses the
Appalachian orogeny, whereWilson first postulated cyclical repetition
of tectonic events3.

METHODS SUMMARY
The analysis developed for this study introduces several innovations to the com-
bination of complementary geophysical data. The primary data set consisted of
EARS6 H–K parameter stacks of seismic receiver-function amplitudes. Structures
at crustal depths (that is, less than 50 km) are spatially aliased by near-vertical
arrivals to EarthScope’s transportable array, which samples at a nominal 70 km
spacing. Uncertainties inherent in a lack of redundant sampling of the crust were
mitigated using spatial statistics, by deriving likelihood filters at each site from
optimal interpolations (OI) of the crustal thickness and vP/vS estimates at neigh-
bouring sites. A second likelihood filter was derived by modelling the Bouguer
gravity field predicted by estimates at surrounding sites, allowing crustal thickness
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Figure 4 | Related fields. Dashed white lines are physiographic province
boundaries. a, Surface heat flow7; black circles are borehole measurement sites.
b, Crustal thickness. c, Effective elastic thickness from coherence analysis of
gravity and topography24. Grey lines approximate the eastern limits of Sevier
thin-skin contraction (solid) and Laramide foreland thick-skin contraction

(dashed). d, Residual of the gravity model. Black dashed lines outline potassic
volcanism associatedwith the SierraNevada drip26, deeper imaging of theGreat
Basin drip27, and the 500m contour of swell elevation modelled for
Yellowstone25.

RESEARCH LETTER

3 5 6 | N A T U R E | V O L 4 7 1 | 1 7 M A R C H 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011

Also of interest is the residual of the gravity model (Fig. 4d). The
residual anomalies lend confidence to the inference that unmodelled
mass anomalies do not contaminate estimates of the bulk crustal com-
position, crustal thickness or thermal variation fields. Figure 4d shows
recognizable evidence of surficial mass (for example, low density of
sedimentary basins) as well as mass variation within the asthenospheric
mantle. For example, residual buoyancy centred in the northern Basin
and Range is similar to a ‘dynamic elevation’ anomaly previously
derived from topography and crustal seismic refraction data, and inter-
preted as an asymmetric Yellowstone swell25. However, improved reso-
lution by this analysis suggests that return flow over seismically imaged
mantle drips26,27 may dominate the asthenospheric mass signal. Deep-
seated buoyancy anomalies such as these reflect relatively recent
changes in temperature towards the base of the thermal boundary layer,
and so may prove fruitful locations to look for evidence of the advective
transfer processes proposed here.

In initial stages of tectonism (when geotherms are more-or-less
uniform), one can reasonably expect strain focusing where crust is
silica-rich and hence weak. Laramide thick-skinned thrusting in the
middle Rocky Mountains of Wyoming (where modern Te exceeds
80 km) confirms that crustal strain focusing can occur even in the
presence of a thick, strong mantle lithosphere if tectonic forcing is

sufficiently robust (for example, during flat-slab subduction). One
can also reasonably expect that advective heat transfer processes asso-
ciated with strain will amplify lithospheric weakness. Comparisons of
crustal vP/vS to geothermal variations suggest that this dynamical feed-
back mechanism plays a significant role in defining spatial distribu-
tions of tectonic strain and uplift. Examining these in the context of
total lithospheric strength may improve our understanding of the roles
played by the crust and mantle. EarthScope will afford an important
test of the hypothesis as it moves further east and traverses the
Appalachian orogeny, where Wilson first postulated cyclical repetition
of tectonic events3.

METHODS SUMMARY
The analysis developed for this study introduces several innovations to the com-
bination of complementary geophysical data. The primary data set consisted of
EARS6 H–K parameter stacks of seismic receiver-function amplitudes. Structures
at crustal depths (that is, less than 50 km) are spatially aliased by near-vertical
arrivals to EarthScope’s transportable array, which samples at a nominal 70 km
spacing. Uncertainties inherent in a lack of redundant sampling of the crust were
mitigated using spatial statistics, by deriving likelihood filters at each site from
optimal interpolations (OI) of the crustal thickness and vP/vS estimates at neigh-
bouring sites. A second likelihood filter was derived by modelling the Bouguer
gravity field predicted by estimates at surrounding sites, allowing crustal thickness
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Figure 4 | Related fields. Dashed white lines are physiographic province
boundaries. a, Surface heat flow7; black circles are borehole measurement sites.
b, Crustal thickness. c, Effective elastic thickness from coherence analysis of
gravity and topography24. Grey lines approximate the eastern limits of Sevier
thin-skin contraction (solid) and Laramide foreland thick-skin contraction

(dashed). d, Residual of the gravity model. Black dashed lines outline potassic
volcanism associated with the Sierra Nevada drip26, deeper imaging of the Great
Basin drip27, and the 500 m contour of swell elevation modelled for
Yellowstone25.
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Lowry	
  and	
  Perez-­‐Gussinye,	
  2011,	
  Nature	
  

Te	
  	
  under	
  orogenic	
  plateaus	
  is	
  ogen	
  near	
  0	
  



Artemieva,	
  2009,	
  Lithos	
  

Lithosphere	
  
thickness	
  based	
  
on	
  upper	
  mantle	
  
shear	
  velocity	
  



The Andes from below 

Lithosphere-­‐Astenosphere	
  
Boundary	
  

Con/nental	
  
Moho	
  

Tassara	
  et	
  al.,	
  2006	
  

Topography	
  

Lithosphere	
  Thickness	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Crustal	
  Thickness	
  	
  	
  	
  

Lithosphere	
  thickness	
  under	
  	
  Al/plano	
  is	
  ~	
  crustal	
  thickness	
  



Artemieva,	
  2009,	
  Lithos	
  

Lithosphere	
  
thickness	
  based	
  
on	
  upper	
  mantle	
  
shear	
  velocity	
  



Nelson	
  et	
  al	
  



Himalyan	
  Front:	
  	
  Erosion	
  redirects	
  channel	
  flow	
  



Himalayan	
  Support	
  from	
  Plate	
  Flexure	
  

Results	
  from	
  flexural	
  support	
  



Lithosphere	
  under	
  
Southern	
  Tibetan	
  
Plateau	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Chang	
  et	
  al,	
  2008	
  EPSL	
  



DL Egholm et al. Nature 460, 884-887 (2009) doi:10.1038/nature08263 

Global	
  prevalence	
  of	
  the	
  glacial	
  buzzsaw.	
  





Geoid anomalies calculated wrt  
best fitting ellipsoid of revolution 



GOCE	
  Geoid	
  Anomaly	
  Map	
  in	
  meters	
  

slide	
  27	
  



Geoid	
  turned	
  into	
  gravity	
  anomalies	
  in	
  
mgals	
  from	
  GRACE	
  

slide	
  28	
  



US	
  Geoid:	
  	
  NASA/NOAA/National	
  Geodetic	
  Survey	
  
	
  

Notice	
  the	
  large	
  positive	
  anomaly	
  in	
  NW	
  
Wyoming.	
  	
  This	
  is	
  Yellowstone,	
  a	
  hotspot/plume.	
  
	
  
What	
  does	
  this	
  tell	
  you	
  about	
  color	
  bars?	
  


