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What determines the elevations of the 
continents?



Airy, G. B., 1855: One of the most important scientific 
papers ever published in the Earth Sciences.



Airy, G. B., 1855: One of the most important scientific 
papers ever published in the Earth Sciences.
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Airy Isostasy

CRUST

MANTLE

Airy isostasy predicts linear relation between 
elevation and crustal thickness.

Moho

rc = 2850 kgm-3

rm = 3300 kgm-3

DH

DC - DH Depth of 
compensation

Flotational equilibrium between crust and mantle

Depends on density contrast between crust and mantle



Barton 1986

Seismic P wave velocities and crustal densities
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a = rm/(rm – rc)   (Dry)

a = (rm – rw)/(rm – rc)   (Wet)

For rc =- 2850 kgm-3, rm = 3300 kgm-3, rw = 1000 kgm-3

DH ~ DC/7.3  (Dry)  or a crustal increase of 7.3 km causes 1 km uplift

DH ~ DC/5.1  (Wet) or a crustal increase of 5.1 km causes 1 km uplift

Simple Airy Isostasy

DH = DC/a

Change in elevation Change in crustal thickness



Global Elevations (ETOPO1, 2011)



Global Crust (CRUST 1.0)

(Crust1.0)



CRUST 1.0

Crustal thickness of stable continental interiors



Elevation versus crustal thickness using CRUST1.0
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Elevation versus crustal thickness using updated crustal data 
(Stephenson et al. 2024)



Plate Tectonics!



Whole Lithosphere Isostasy

CRUST

ASTHENOSPHERE

Lithosphere LMoho

MANTLE

DH

DC - DH

DL - DH

rc ~ 2850 kgm-3

Rm ~ 3300 kgm-3

ra ~ 3250 kgm-3

Depth of 
compensation

Flotational equilibrium between lithosphere and asthenosphere
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Variation of mantle density with depth

Effect of temperature – reduces density
Effect of pressure – increases density

P + Tr = r0 ( 1 - aT + kP)

Note very small actual variation in density < 3% down to 200 km
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Variation of mantle density with depth

Lithospheric depletion reduces or removes Dr, stabilizing 
lithospheric roots and resulting in effectively Airy model?

Also compositional variation – Jordan 1975 isopycnal hypothesis

P + T

? ?
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a = ra / (rm – rc)

b = ra / (rm – ra)

Whole Lithosphere Isostasy

DH = DC/a - DL/b

Change in elevation
Change in 

crustal thickness
Change in 

lithospheric thickness

(Dry)

a = 6.5 – 8.5
b = 65 - 110

Defines average density contrasts 
for average asthenospheric density



1) Shear wave velocity Vs = F(T, P, material properties) 

3) Define base of lithosphere by potential 
temperature of 1315°C

Global lithospheric structure from seismology 
(Priestley & McKenzie 2006, 2013, 2018, 2024)

2) Use calibration from mantle nodules combined with thermal models to 
calculate mantle T from Vs, given P

Stacked oceanic lithosphere
1315°C

Depth
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Isentrope

Conductive 
Lithosphere

Convecting
Asthenosphere

Thermal model of lithosphere

Base of 
lithosphere



Priestley & McKenzie 2018
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Europe and Asia Lithosphere
(P & M 2018)

Lithospheric gradients
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Western North America 
Lithosphere
(P & M 2018)

Lithospheric gradients
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Australasian Lithosphere
(P & M 2018)



Lithospheric gradients

African Lithosphere
(P & M 2018)
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Antarctica
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CRUST

ASTHENOSPHERE

LithosphereMANTLE

Isostatic model

CRUST 1.0 Predicted Elevation

Global Whole Lithosphere Isostasy

+ Antarctica 
reference 
lithosphere 
and densities

Elevation Anomalies

Lithosphere (P&M 2018)

Search for values of 
a, b that minimizes 
anomaly



Priestley & McKenzie 2018



Global Crust (Crust1.0)



a = ra / (rm – rc)

b = ra / (rm – ra)

Whole Lithosphere Isostasy

DH = DC/a - DL/b

Change in elevation
Change in 

crustal thickness
Change in 

lithospheric thickness

(Dry)

Defines average density contrasts 
for average asthenospheric density



Best-fit values of a and b

Ratio of b/a
defined better 
than individual 
values



Using gravity edge anomalies to determine a and b

500 1000

Distance km

30

20
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0

Gravity mGals
0.6 g/cc (a = 5.4, b = 68)

0.4 g/cc (a = 8.1, b = 98)

0.2 g/cc (a = 16.3, b = 196)

Gravity Edge Anomaly

Assume WLI
Gravity anomaly is a 
function of geometry 
& crust-mantle 
density contrast 
(1/a)

Simple example of 
crustal and 
lithospheric step 
with no 
topographic 
expression

~125 km

Amplitude and 
gradient 
proportional to 1/a

b/a ~ 12.3



Constraining density contrast from gravity edge 
anomalies

Best-fit values of 
crust – mantle 
density contrast  = 
400 to 500 kgm-3

Crustal and lithospheric step

8 km 
crustal step

No topographic expression

Assume WLI



Best-fit value of crust – mantle 
density contrast  = 450 kgm-3

Best-fit value of Lithosphere –
asthenosphere density contrast  = +40 kgm-3



Bouguer edge anomaly across Transantarctic Mountains

Best fit mantle – crust density contrast = 400 – 500 kgm-3



b

a

b/a = 10 - 16



Definition: elevation that a continent would have for a specified 
lithospheric thickness Lstandard, given its actual elevation and 
lithospheric thickness L. 

Reduced Lithospheric Elevation in WLI

hL_reduced = hL_actual + (rm – ra)/ra . (L – Lstandard)

= hL_actual + (L - Lstandard)/b

Reveals the effect of crustal thickness on elevation



Elevation reduced to standard lithospheric thickness 
(100 km) versus crustal thickness for b = 93

Reveals positive  Airy correlation between elevation and crustal thickness



Definition: elevation that a continent would have for a specified 
crustal thickness Cstandard, given its actual elevation and crustal 
thickness C. 

Reduced Crustal Elevation in WLI

hC_reduced = hC_actual - (rm – rc)/ra . (C – Cstandard)

= hC_actual - (C - Cstandard)/a

Reveals the effect of lithospheric thickness on elevation
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Reveals negative WLI correlation between elevation and lithospheric thickness

Crustal thickness from Stephenson et al. 2024

a = 7.8
Reference crust = 31 km



WLI Elevation Anomalies = Observed - Predicted
(Negatively buoyant lithospheric mantle: rm – ra = 35 kgm3 or b = 93)

Lithosphere from Priestley et al. (2018)

CRUST 1.0



WLI Elevation Anomalies  = Observed - Predicted
(Negatively buoyant lithospheric mantle: rm – ra = 35 kgm3 or b = 93)

Priestley et al. 2024 Lithospheric Model

Lithosphere from Priestley et al. (2024)

CRUST 1.0



Misfit in WLI could be due to 
a number of factors:

• Errors in Crust 1.0 model (unknown, at least +/- 3 km)

• Errors in P + M lithospheric model (+/- 25 km)

• Heterogeneous mantle densities (+/- 30 kg/m-3)

• Heterogeneous crustal densities (+/- 100 kg/m-3)

• Dynamic topography (depends who you speak to)



Laskey et al. 2013

CRUST 1.0 seismic constraints

No data

No data

Sparse data Data quality?



Seven Crustal Models of Africa (Meijde et al. 2015)

CRUST 1.0



CRUST 1.0

Seven Crustal Models of South America (Meijde et al. 2015)
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CRUST 1.0

Required change in crustal thickness to fit WLI model



Required change in mantle thickness to fit WLI model

CRUST 1.0



Required change in mantle density to fit WLI model

CRUST 1.0



Required change in crustal density to fit WLI model

CRUST 1.0



CRUST 1.0

North American average Lithospheric mantle – asthenosphere 
density contrast

Low contrast 
correlates with 
Archean cratons

Approx
mantle 
density 
contrast 
(g/cc)

+0.05

+0.025

Mooney & Kaban 2010

Mantle gravity anomaly



CRUST 1.0

Average Lithospheric mantle – asthenosphere density contrast

Australia
Low contrast 
correlates with 
Archean cratons



Approximate mantle density contrast (g/cc)

Europe and Asian mantle gravity anomaly 
(Kaban 2001)

+0.05+0.025 +0.0750

mGals



Western North America crustal density anomalies

LA

SF

Basin & 
Range

Colorado Plateau

CRUST 1.0

Seismic:



Africa anomalies

CRUST 1.0



Europe lithospheric thickness anomalies

CRUST 1.0



Total contribution of WLI uncertainties to predicted elevation

Crustal thickness uncertainty ±350 m

Crustal density uncertainty  ±1.2 km

Lithospheric thickness uncertainty ±350 m

Lithospheric density uncertainty ±0.9 km

If uncorrelated, will cause a total elevation uncertainty of ±0.7 km

However, if correlated, uncertainty could be >> 1 km

Therefore, evidence for dynamic topography requires high 
precision estimates of crustal and lithospheric parameters



Using WLI to calculate crustal thickness in 
regions of sparse data – an example from 
Antarctica



Bedrock elevation of Antarctica

Bedmap2
(Fretwell et al. 2013)
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Antarctica 



Lref DC - DH

DL - DH

DH

C = Cref + a x (DH + DL/b)

Cref

Calculating crustal structure using Whole Lithosphere Isostasy

For arbitrary Lref, assume Cref, a, b, 
then for DH and DL:

Use global average zero elevation lithosphere (Cref = 32 km, Lref = 100 km) and 
typical crustal, mantle and asthenospheric densities (e.g. a = 6.5, b = 65), 
searching for best fit to seismic data.

Reference 
Lithosphere



Reference crust for continent at sea level, 
and 100 km lithosphere



Antarctic crustal model from Whole Lithosphere Isostasy
km

km



km

km



Antarctic crustal model shows excellent fit (+/- 3 km) 
to surface wave tomography (Shen et al. 2018)

Seismic data

Lithosphere 
Isostasy



Comparison of crustal structure from WLI and surface wave 
tomography (Shen et al. 2018)

Misfit with crust from Shen et al. 2018

Bouguer gravity model using WLI 
compared with observed Bouguer 
anomaly 

Lamb et al. 2020



Elastic thickness from gravity anomalies Lithospheric scaling Te = 0.35L

Lithospheric and Elastic thickness of the continents



Ratio of elastic thickness to lithospheric thickness

Probability density

Global average Te = 34 km Watts and Moore (2017)

Global average Lithosphere = ~100 km



Reduced elevation versus crustal thickness for b = 93

East Antarctica is an outlier craton in terms of crustal thickness



PANGEA Reconstruction, McKenzie et al. 2015

EAST ANTARCTICA

Polar circle

~250 Ma

Antarctica has been close to the South Pole for much of Phanerozoic.



PANGEA Reconstruction, McKenzie et al. 2015

Polar circle

Break-up of Gondwana

Antarctica
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Reduction in long term erosion due to persistent cold conditions



Conclusions

1) The concept of a negatively buoyant (more dense) mantle 
lithosphere of variable thickness floating on a lighter 
asthenosphere (Whole Lithosphere Isostasy or WLI), that 
works so well in the oceans, is essential to understanding 
the elevation of the continents.

2) The important tectonic difference between the oceanic 
and continental plates is that the latter are generally 
thicker and contain thicker crust.

3) WLI provides a way to assess the role of dynamic 
topography, and test global models of both crustal and 
lithospheric thickness.

4) Lithospheric thickness is the key parameters in 
understanding the variation in elastic thickness of the 
tectonic plates. 



See Lamb et al. 2020 for details



Now, try the practical!
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European Transect
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Answers



Canadian Transect

Crust_Mantle density contrast 
= 0.1 g/cc
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European Transect

Crust_Mantle density contrast = 0.35 g/cc, 
Mantle_Asthenosphere = 0.035

Crust_Mantle density contrast = 0.05 g/cc
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