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Abstract 

Lithospheric buoyancy, the product of lithospheric density and thickness, is an important physi­
cal property that influences both the long-term stability of continents and their state of stress. We 
have determined lithospheric buoyancy by applying the simple isostatic model of Lachenbruch and 
Morgan (1990). We determine the crustal portion of lithospheric buoyancy using the USGS global 
database of more than 1700 crustal structure determinations (Mooney et al., 2002), which demon­
strates that a simple relationship between crustal thickness and surface elevation does not exist. In 
fact, major regions of the crust at or near sea level (0–200 m elevation) have crustal thicknesses that 
vary between 25 and 55 km. Predicted elevations due to the crustal component of buoyancy in the 
model exceed observed elevations in nearly all cases (97% of the data), consistent with the existence 
of a cool lithospheric mantle lid that is denser than the asthenosphere on which it floats. The differ­
ence between the observed and predicted crustal elevation is assumed to be equal to the decrease in 
elevation produced by the negative buoyancy of the mantle lid. Mantle lid thickness was first esti­
mated from the mantle buoyancy and a mean lid density computed using a basal crust temperature 
determined from extrapolation of surface heat flow, assuming a linear thermal gradient in the mantle 
lid. The resulting values of total lithosphere thickness are in good agreement with thicknesses esti­
mated from seismic data, except beneath cratonic regions where they are only 40–60% of the typical 
estimates (200–350 km) derived from seismic data. This inconsistency is compatible with petrologic 
data and tomography and geoid analyses that have suggested that cratonic mantle lids are ~1% less 
dense than mantle lids elsewhere. By lowering the thermally determined mean mantle lid density in 
cratons by 1%, our model reproduces the observed 200–350+ km cratonic lithospheric thickness. 

We then computed gravitational potential energy by taking a vertical integral over the computed 
lithosphere density. Our computed values suggest that the thick roots beneath cratons lead to strong 
negative potential energy differences relative to surrounding regions, and hence exert compressive 
stresses superimposed on the intraplate stresses derived from plate boundary forces. Forces related 
to this lithosphere structure thus may explain the dominance of reverse-faulting earthquakes in cra­
tons. Areas of high elevation and a thin mantle lid (e.g., western U.S. Basin and Range, East African 
rift, and Baikal rift) are predicted to be in extension, consistent with the observed stress regime in 
these areas. 

Introduction 

THE CONCEPT OF ISOSTATIC EQUILIBRIUM in the 
Earth can be dated to the middle of the 19th century 
(Airy, 1855; Pratt, 1855), and was the consequence 
of modeling the deflection of geodetic plumb-lines 
in the vicinity of the Himalayan Mountains. The 
term “isostasy” was introduced by Dutton (1882) to 
describe “the floatation of the crust upon a liquid or 
highly plastic substratum.” The Airy model of com­
pensation invokes a layer of constant density and 
varying thickness to explain differences in eleva­
tion. The Pratt model was based on a constant thick-
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ness layer of laterally varying density. Support for 
the Airy model came from early crustal structure 
studies that indicated that most high mountain 
ranges have a thick root/crust. Extensive modern 
seismic refraction data indicate that elements of 
both models are valid—i.e., the crust has laterally 
varying density and thickness. Watts (2001) has pre­
sented a comprehensive review of the development 
of the concept of isostasy. 

With the advent of plate tectonics theory, the 
rigid outer shell of the Earth, broken into tectonic 
plates, was defined as the lithosphere. The litho­
sphere, which includes both the crust and an 
attached mantle lid, was envisioned as floating on a 
warmer, fluid-like asthenosphere. A simple thermal 
model involving cooling and thickening of the 

95 



------------------------------

---------------------- ----------------------

96 ZOBACK AND MOONEY 

FIG. 1. Mass columns depicting the lithosphere buoyancy model described in the text, after Lachenbruch and Morgan 
(1990). Columns are assumed to “float” on an asthenosphere of density ρa. On the left is a general lithospheric column 
of elevation ε, thickness L, and average density ρL and consisting of a crust and mantle lid component. The right-hand 
column is a mid-ocean ridge, where ocean crust is assumed to rest directly on asthenosphere. This column is taken as a 
reference column, used to calculate the constant, H0 (km), the height of the asthenosphere geoid (the height the astheno­
sphere would rise to without an overlying lithosphere; Turcotte et al., 1977). Definitions: ρw, ρc, d, and tc are, respec­
tively, the average density of seawater, the density of crust of a mid-ocean ridge, the depth of mid-ocean ridges, and the 
thickness of oceanic crust (see Table 1 for representative values). 

mantle lid of oceanic lithosphere successfully 
explains subsidence of the sea floor as it moves 
away from mid-ocean ridges (Parsons and Sclater, 
1977; Sclater et al., 1980). This model works well 
because the oceanic crustal portion of the litho­
sphere, once formed, is very uniform in both density 
and thickness. Numerous workers have suggested a 
similar buoyancy model can be applied to explain 
the elevation of continental lithosphere (Crough and 
Thompson, 1976; Haxby and Turcotte, 1978; 
Davies, 1979; Fleitout and Froidevaux, 1982; 
LeStunff and Ricard, 1995), taking into account 
thermo-tectonic age as well as variations in crustal 
density and thickness. 

Lachenbruch et al. (1985) and Lachenbruch and 
Morgan (1990) proposed a lithosphere buoyancy 
model to explain surface elevation in continental 
areas, and demonstrated the applicability of such a 
model based on province-wide averages and esti­
mates of crust and upper mantle (lid) thickness and 
density. The purpose of this paper is to apply the 
model of Lachenbruch and Morgan (1990) using a 
detailed global-crustal-structure database, and 
combine this with a simple thermal model of the 
mantle lid in order to determine continental litho­
spheric thickness and density. We then use the 
depth integral of the density distribution within the 
lithosphere to compute potential energy differences 
relative to a standard reference column. Forces 
arising from the potential energy differences are 

then compared to the state of stress in intraplate 
continental regions. We find that the cold, dense 
mantle lid exerts a negative buoyancy and hence 
compressive stress on the overlying crust, in accord 
with the dominance of strike-slip and reverse fault­
ing within continental interiors. 

Elevation as a Function of 
Lithosphere Bouyancy 

In the lithosphere buoyancy model of Lachen­
bruch and Morgan (1990), a lithosphere of mean 
density ρL is assumed to float on an asthenosphere 
with a constant density of ρa (Fig. 1). These authors 
showed that: 

(ρa – ρL ) × L 
ε = -

ρa 
- – Ho ε ≥ 0 , (1) 

where ε is elevation above sea level, L is the thick­
ness of the lithosphere, and Ho is the buoyant height 
of sea level relative to the hypothetical free surface 
of the asthenosphere—that is, the “asthenosphere 
geoid” of Turcotte et al. (1977). For the case of litho­
sphere submerged beneath seawater of density ρw, 
the elevation is given by: 

ρa (ρa – ρL)  
ε = -

(ρa – ρw )
 ρa 

L Ho 
(2a)– 



----------------------

----

----

LITHOSPHERIC BUOYANCY AND CONTINENTAL INTRAPLATE STRESSES 97 

TABLE 1: Calculated Values for H0 Based on Physical Properties of Mid-Ocean Ridge Crests 

Average Asthenosphere Seawater Ridge 
Crustal crustal density, density, elevation, Calculated 
thickness, km density, kg/m3 kg/m3 kg/m3 kg/m3 References H0, km 

6.50 2,877 3,300 1,030 2.30 Weiland and 
MacDonald, 1976 

2.415 

5.95 2,694 3,300 1,030 2.85	 Stevenson and 
Hildenbrand, 1996 

3.053 

6.00 2,700 3,300 1,030 3.00 Madsen et al., 1984 3.154 

7.00 2,875 3,300 1,000 2.70 Doin et al., 1996 2.567 

7.00 2,875 3,200 1,000 2.70 Doin et al., 1996 2.783 

or: 

(ρa – ρL)
ε = 

( 
-
ρa – ρw )

L Ho ε < 0 . (2b)– 

Lachenbruch and Morgan (1990) calibrated their 
buoyancy model using a mid-ocean ridge as a refer­
ence density column, assuming that, at the ridge 
crest, oceanic crust rests directly on the asthenos­
phere (i.e., there is no mantle lid). In this case the 
elevation of the ridge crest and of the density and 
thickness of the oceanic crust can be substituted 
into equation (2) to determine the constant Ho, the 
buoyant height of sea level relative to the free sur­
face of the asthenosphere. Table 1 summarizes val­
ues for these parameters obtained from various 
bathymetry, gravity, geoid, and seismic studies at 
mid-ocean ridges. We use the mean of the values 
given in Table 1 as the best estimate for the constant 
Ho: 

Ho = 2.78 ± 0.35 km. (3) 

Elevation produced by lithospheric buoyancy 
can be broken down into crustal (Hc) and mantle lid 
(Hm) components. If we include the constant Ho in 
the crustal buoyancy elevation, then the equations 
for these two components are: 

1
Hc = - -(ρa – ρc ) × Lc – 2.78 ± 0.35(km) (4)

ρa 

Hm = 
ρ 
1 -
a 
-(ρa – ρm) × Lm( k µ) , (5) 

where ρc is the average crustal density, Lc is the 
crustal thickness, ρm is the density of the mantle lid, 
and Lm is the thickness of mantle lid. The elevation 
contribution due to crustal buoyancy is proportional 
to the thickness and average density of the crust. 
This buoyancy can be estimated in a straightforward 
manner if reliable data are available for crustal 
structure. 

Computing Crustal Buoyancy from 
Crustal Structure Information 

Crustal structure database 
We use the USGS global database of the seismic 

structure of the crust to determine the thickness and 
average density of the crust. This database consists 
of over 1700 site-specific seismic P-wave velocity 
models interpreted from continental seismic refrac­
tion studies (Mooney et al., 1998, 2002). Each data 
point includes latitude, longitude, elevation, a 
one-dimensional model of the P-wave velocity struc­
ture, tectonic province, thermo-tectonic age (the age 
of the last significant deformational or magmatic 
event to affect a region), and heat flow. More than 
90% of the crustal models were determined from 
seismic refraction surveys. The seismic velocity 
models are layered, and each layer consists of either 
a uniform velocity or a velocity gradient. The Moho 
was picked at the top of the layer where the P-wave 
velocity is greater than or equal to 7.6 km/sec (e.g., 
James and Steinhart, 1966). Elevations were deter-
mined from Etopo5 (National Geophysical Data 
Center, 1988) using a simple area average over a 
radius of 50 km around the data point. The tectonic 
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provinces and thermo-tectonic ages of the crust 
were determined from the summary of Goodwin 
(1996) and the Exxon Production Research Com­
pany (1985) tectonic map of the world. 

Figure 2 shows the distribution of data used in 
this study on a base map of tectonic provinces. The 
bulk of the data (91%, 1584 out of 1739 determina­
tions) was nearly evenly divided between three main 
tectonic regions: orogens (31%), extensional prov­
inces (27%), and shields and platforms (15.7% and 
18.7%, respectively). The remaining 9% of the data 
were measured in basins (4.7%), large igneous prov­
inces that include flood basalt provinces and the 
East African rift (2.9%), and oceanic plateaus 
(1.3%). Measured continental crustal thickness 
ranges from 18 to 80 km, with more than 90% of the 
determinations in the range between 24 and 56 km. 

Conversion of velocity information to density 
There have been many proposals to quantify the 

relationship between seismic velocity and density. 
For this study we have relied on two principal ones. 
Following Mooney et al. (1998), we consider that 
portion of the crust with seismic velocities less than 
4.5 km/s as sedimentary rock. For this portion of the 
crust, densities were determined using a widely 
accepted velocity-density relationship: 

ρ = 1741(VP 
0.23), (6) 

where VP is the P-wave velocity (km/sec) and ρ is 
the sedimentary rock density (kg/m3) (Gardner et 
al., 1974). The density of a water layer, assumed to 
be seawater, was set at ρ = 1050 kg/m3. 

Densities of non-sedimentary crustal rocks were 
determined using the linear velocity-density equa­
tions developed by Christensen and Mooney (1995) 
based on laboratory high-pressure measurements. 
For the crystalline crust, we have adopted the con­
stants for the suite of measurements that exclude 
volcanic and mono-mineralic rocks. Densities for 
each layer in the velocity-depth model were com­
puted using regression parameters applicable to the 
depth of the midpoint of the layer: 

ρ = A + B(VP), (7) 

where A and B are coefficients that vary as a func­
tion of depth (pressure) of the layer. 

The table of regression coefficients from Chris­
tensen and Mooney (1995) is repeated here as Table 
2 to correct two errors in their published tabulation 
(N. I. Christensen, 1998, pers. commun.). The A and 

TABLE 2. Regression Coefficients for Velocity-
Density Relationship in Crystalline Rocks1 

A B Applicable depth 

540.6 360.1 0–15 

444.1 375.4 16–25 

381.2 388.0 26–35 

333.4 398.8 36–45 

287.8 409.4 >45 

1Corrected from Christensen and Mooney, 1995. 

B values for depths >45 km they reported were 
incorrect, which resulted in a large overprediction of 
density for deep crustal depths. 

Results—Crustal Buoyancy 

Surface elevation is plotted as a function of 
crustal thickness in Figure 3. For the vast majority 
of the data (crustal thickness between 20–55 km) no 
clear relationship is apparent between elevation and 
crustal thickness. An Airy-type correlation between 
elevation and crustal thickness (i.e., thicker crust 
associated with higher elevation), exists only at the 
extreme values (crustal thickness >55 km or <20 
km). In fact, large regions of continental crust at or 
near sea level (0–200 m elevation) have crustal 
thickness that range between ~25–55 km. The gen­
eral lack of correlation between crustal thickness 
and elevation indicates that mantle buoyancy may 
be a significant contributor to surface elevation, a 
suggestion made by George Thompson in 1964 
(Thompson and Talwani, 1964). These authors used 
gravity and seismic data from the western United 
States to show that regions of high elevation 
appeared to have thin crust underlain by a low-den­
sity (buoyant) uppermost mantle. Their general 
model of the Basin and Range crust and upper man­
tle structure was confirmed by later work (c.f., 
Thompson et al., 1989; Jones et al., 1996). 

A comparison of average continental crustal den­
sity as a function of crustal thickness (Fig. 4) reveals 
a rather unexpected result: on average, mean crustal 
density increases with increasing crustal thickness, 
except for the very thickest crust sampled (crustal 
thickness = 55 km). This result runs counter to com­
monly assumed single values for average continen-
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FIG. 3. Observed surface elevation versus crustal thickness from the Mooney et al. crustal structure database. Note 
that crust with a thickness of ca. 25–55 km show no systematic increase in elevation. 

tal crustal density applied in many studies. The 
relationship shown in Figure 4 suggests on average 
a 6.5% difference in the 2764 kg/m3 average density 
of 25 km thick crust, compared to a density of 2947 
kg/m3 for 50 km crust. The increase in crustal den­
sity as a function of increasing crustal thickness has 
important implications for the mechanism of crustal 
growth. It suggests that such growth is accomplished 
largely by: (1) preferential thickening of the lower 
crust, possibly by ductile flow; (2) mechanical 
thickening by overriding relatively dense oceanic or 
near oceanic crust/lithosphere; or (3) underplating 
and thickening of the lower crust by mafic intru­
sions. The breakdown of this relationship for the 
thickest crust (>~55 km) where average densities 
are comparatively low, probably indicates mechani­
cal thickening of the upper crust in active orogens. 

What role does the crust play in controlling sur­
face elevation? Figure 3 indicates that crustal thick­
ness is not a good predictor of surface elevation. 
Furthermore, Figure 4 indicates that thicker crust is 
also denser, which would tend to suppress an 
increase in elevation associated with increasing 
crustal thickness. Therefore, in this study, we 
assume that surface elevation is not related simply 
to crustal thickness but to lithosphere buoyancy— 
i.e., the product of thickness and average density of 
the entire lithosphere. 

Using the seismic refraction information on 
crustal velocities and thickness, it is straightforward 
to apply equation (4) to predict the portion of surface 
elevation that is due to crustal buoyancy (assuming 
ρa = 3300 kg/m3, see Table 1). The results, shown in 
Figure 5, indicate that the predicted elevations from 
equation (4) are almost always (for 97% of the data) 
higher than the observed elevation, regardless of 
thermo-tectonic age or province type. A significant 
result is that, on average, the “crustal buoyancy”— 
predicted elevations in Figure 5 are 1.73 ± 0.95 km 
higher than the observed elevations. This implies 
that a dense lithospheric mantle lid is required to 
“pull” the crust down. Thus, the difference between 
the observed and predicted elevations in Figure 5 
represents the mantle contribution to elevation in 
our lithosphere buoyancy model. 

Computing Mantle Lid Thickness 
from Mantle Buoyancy 

The 1.73 ± 0.95 km average difference between 
observed and predicted elevation from crustal buoy­
ancy is taken as direct measure of Hm (elevation pro­
duced by mantle buoyancy) as given in equation (5). 
The negative values for mantle buoyancy elevation 
are consistent with the Lachenbruch and Morgan 
(1990) model in which the mantle lid and asthenos-
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FIG. 4. Computed average crustal density versus crustal thickness. Crustal density increases for crust 20–50 km 
thick; for crust 50–80 km thick the average density is lower, and shows wide scatter and no clear trend. 

phere are considered to be the same material, and 
the “negative” buoyancy of the lid results from its 
cooler temperatures. 

Mantle buoyancy is proportional to the product of 
mantle lid thickness and density (equation 5). We 
can estimate mantle lid thickness from the mantle 
buoyancy elevation values needed to obtain the cor­
rect observed elevations, if we independently deter-
mine mantle lid density. Following Lachenbruch 
and Morgan (1990), we first assume a simple ther­
mal model of the mantle lithosphere to determine 
mean mantle density from thermal expansion: 

ρm = ρa[1 + α(Θa – Θm)]. (8) 

The mantle lid geotherm is assumed to pass lin­
early from the base of the crust to the base of the 
lithosphere, so the mean mantle lid temperature, 
Θm, is simply the average of the crust base (Moho) 
temperature Θc and an assumed temperature for the 
base of the lithosphere, Θa, of 1350°C (c.f., Boyd 
and McCallister, 1976; Anderson, 1989). Although 
the temperature gradient in tectonically active areas 
is probably not strictly linear, the linear extrapola­
tion is a reasonable approximation for the buoyancy 

analysis (Lachenbruch and Morgan, 1990) in all but 
the youngest, hottest regions. 

It is thus straightforward to calculate the mantle 
lid thickness Lm by combining equations (5) and (8): 

–2HmLm = -
( 

- , (9)
α Θa – Θc ) 

where α is the coefficient of thermal expansion, 
taken here as 3.5 × 10-5°K–1 (Lachenbruch and 
Morgan, 1990). The negative sign in the above equa­
tion is due to the fact, as noted above, that the man­
tle buoyancy elevation, Hm, is negative, because the 
mantle lid is denser than the asthenosphere it dis­
places. 

Heat-flow values were determined for each 
datapoint in the crustal-structure database using the 
compilation of Pollack et al. (1990, 1993) and 
updated with more recent studies (Artemieva and 
Mooney, 2001). The updated database of Pollock et 
al. (1993) was first interpolated and smoothed. 
Then, heat-flow values at seismic data points were 
extracted. This procedure is accurate where heat-
flow data are available with a spacing of ~100 km 
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FIG. 5. Elevation predicted from crustal buoyancy (eq. 4) versus observed elevation. The solid line corresponds to the 
predicted elevation equal to observed elevation. The vast majority (97%) of the data plot above this line, indicating that 
the elevation predicted from crustal buoyancy generally exceeds the observed elevation. This implies that, on average, 
the subcrustal lithosphere exerts a negative buoyancy force on the crust to produce observed elevations. The dashed lines 
indicate the 350 m uncertainty in constant H0. 

(such as for parts of North America and Europe) but 
can yield non-representative values where such data 
are sparser, and the closest measurement may come 
from a different tectonic regime. For this study, 
many anomalous, site-specific heat-flow values in 
the database were modified to represent province 
averages where these are well established (e.g., 
North America, Lachenbruch and Sass, 1977; Mor­
gan and Gosnold, 1989; and Europe, Cermak and 
Bodri, 1995). 

The temperatures at the base of the crust were 
computed for all points in the database by downward 
extrapolating surface heat flow after removing the 
upper-crustal radioactive contribution. If we assume 
a uniform thermal conductivity within the crust, k, 
the Moho temperature is obtained using the equa­
tion (Lachenbruch and Sass, 1978): 

–Θc = 
1 - (q DA0)Lc + D

2
A0(1  – e

Lc / D 
) , (10)

k 

where q is surface heat flow, D is the “characteristic 
depth” for the vertical distribution of heat produc­
tion, A0 is the radioactive heat production, and Lc is, 
as before, crustal thickness. This equation is valid if 
heat transfer in the crust is predominantly by 

steady-state conduction, which we assume for this 
global study, particularly inasmuch much as prov­
ince-average heat flows were generally used. Where 
the radioactive constants (D and A0) are known for 
specific provinces, they were used in equation (10) 
(Morgan and Gosnold, 1989, for the continental 
U.S.; Jessop et al., 1984; Mareschal, 1991; and 
Pinet et al., 1991, for Canada; Oxburgh, 1981 for 
Scotland and Norway; Cermak, 1993 for much of 
Europe; and Balling, 1995 and Kukkonen, 1993 for 
the Baltic shield). Otherwise, we used standard con­
tinental values of A0 = 2µWm–3, D = 10 km, and k = 
2.5 Wm–1°K–1 (Sass et al., 1981). In actively extend­
ing terrains where advection is important, this con­
ductive approach will underestimate the Moho 
temperature (Lachenbruch and Sass, 1977, 1978), 
which could lead to an overestimate of lithospheric 
thickness. 

Results—Lithospheric Thickness 

Thermal model of the mantle lid 
We sum the observed crustal thickness and the 

mantle lid thickness computed by applying the sim­
ple thermal buoyancy model described above to 
determine lithosphere thickness. A total of 1331 
data points in the crustal structure database pro-
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vided all the information needed to compute litho­
sphere thickness. The results are shown on the map 
of tectonic provinces in Figure 6A and the actual 
computed values of lithosphere thickness are given 
as a function of thermo-tectonic age in Figure 7. 
Most of the values of lithospheric thickness fall 
within the range of seismically and thermally deter-
mined thickness—i.e., between ~50 and 300 km. 
There is considerable scatter in all the computed 
lithosphere thicknesses, although the mean thick­
ness values (indicated by the arrows) for all but the 
Archean data are similar, between ~150 and 180 
km. In the next section we discuss uncertainties in 
this calculation. As the histogram plots in Figure 7 
indicate, the thinnest values of lithosphere thick­
ness generally correspond, as expected, to the tec­
tonically youngest lithosphere (Mesozoic–Cenozoic 
age). In particular, thin lithosphere is predicted in 
young, actively extending regions such as the Basin 
and Range province of the western United States, 
the East African rift, and also in Western Europe 
(Fig. 6A). Anomalously thin lithosphere thickness 
values (~50–130 km) are also predicted for some 
Proterozoic data points (Fig. 7); these thin 
lithosphere values correspond to the relatively high 
densities computed for Proterozoic lids discussed 
below. 

Close inspection of Figure 6a and the values in 
Figure 7 indicates that the thermal lid model also 
predicts relatively thin lithosphere (50–<180 km) 
for major portions of several Archean cratonic areas, 
including the Canadian and Baltic shields, where 
seismic studies have indicated thick, deep roots 
with lithosphere thickness of 200–350+ km (Grand, 
1994; van der Lee and Nolet, 1997; van der Hilst et 
al., 1998; Simons et al., 1999; Ritsema and van 
Heijst, 2000). This discrepancy suggests that a sim­
ple thermal model for the mantle lid may not be 
appropriate for these regions. This conclusion was 
reached years ago through numerous seismic, heat-
flow, geoid, and geochemical studies indicating a 
chemically distinct, relatively buoyant mantle lid 
beneath Archean cratons that may extend to depths 
of 400 km (Jordan, 1975, 1979, 1988; Boyd and 
McCallister, 1976; Boyd, 1989). These authors 
attribute the relatively low density of the Archean 
mantle to basalt depletion, associated with a high 
degree of melting of the uppermost mantle due to 
higher mantle temperatures during the Archean. 
The creation of a buoyant mantle lid has helped to 
stabilize these cores of Archean continental blocks 
(Jordan, 1975, 1978, 1981, 1988; Pollack, 1986). 

Tectosphere model of the mantle lid 

Doin et al. (1996) analyzed geoid anomalies 
related to lithospheric structure globally, and con­
cluded that the lack of marked geoid lows over old 
cratons (with seismically determined thick mantle 
lids) implied a negative petrologic density anomaly 
of ~1%, in good agreement with the values inferred 
from kimberlite samples. Accordingly, we reduced 
our thermally determined densities by 1% for all 
data points of Archean age. The lid densities com­
puted assuming the simple thermal model are shown 
in histograms in Figure 8 by thermo-tectonic age. 
The adjusted (reduced) densities for the Archean 
data points represent a distinct population indicated 
by the lighter shading. 

The thermal lid densities we determined range 
between 3304 and 3367 kg/m3; these values are 
nearly identical to the 3310–3370 kg/m3 range of lid 
densities calculated by O’Reilly et al. (2001) using 
mean mineral compositions inferred from xenoliths. 
However, although our densities show a great deal of 
scatter and no apparent correlation with thermo-tec­
tonic age, O’Reilly et al. (2001) concluded that the 
mean mantle lid density predicted from composition 
alone increases from the Archean to Phanerozoic. 
They found the most significant differences in com­
position and density between the Archean (3310±16 
kg/m3) and Proterozoic (3340±20 kg/m3) mantle 
lids. The 1% density reduction we made for 
Archean mantle lid densities (lighter shading on 
Fig. 8) results in Archean densities somewhat 
higher than, but much closer to, the 3310±16 kg/m3 

value they calculated. Our thermally computed 
mean lid densities for Proterozoic lithosphere are 
nearly all larger than O’Reilly et al.’s mean value of 
3340±20 kg/m3, whereas the Paleozoic and Meso­
zoic–Cenozoic lid densities are generally less than 
the O’Reilly et al. mean Phanerozoic value of 
3360±20 kg/m3. The large range of densities we 
compute for Mesozoic–Cenozoic mantle lid (Fig. 8) 
reflects the the limitations of the simple conductive 
geotherm assumed in these regions and thus the 
important role that heat and dynamics plays in 
determining what constitutes the lithosphere in 
these active terrains. 

Figure 6B shows our final predicted lithosphere 
thicknesses, which are based on the thermal model 
of the mantle lid (thus, the same as Fig. 6A) except 
for the adjustment for compositional differences in 
the upper mantle beneath Archean terrains (out-
lined in black on both figures). The effect of the 1% 
reduction in the lid density in these regions is to 
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FIG. 7. Histograms of computed values of lithospheric 
thickness plotted as a function of thermo-tectonic age. Mean 
values for each age range indicated on each histogram by the 
arrows; n gives the number of determinations for each age 
range. For the Archean, lithosphere thicknesses from both the 
thermal and tectosphere models of the mantle lid are plotted; 
the mean values of these two distributions are indicated by the 
thin and thick arrows, respectively. 

FIG. 8. Histograms of computed values of mantle lid den­
sities as a function of thermotectonic age; n gives the number 
of determinations for each age range. Densities were deter-
mined assuming a linear mean mantle temperature (as 
described in the text). A petrologic density correction for 
Archean mantle lid results in reduced densities, as indicated 
by the shaded histogram. 
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increase lithosphere thicknesses to be more consis­
tent with seismic results, which generally yield 
thicknesses of 200 km and greater (as discussed in 
the next section). The contrast in lithospheric thick­
nesses obtained from the thermal and tectosphere 
mantle lid models for the Archean data points is 
well illustrated by the histograms in Figure 7. The 
thermal model predicts anomalously thin Archean 
lithosphere thicknesses, generally in the range of 
100–200 km, whereas, the tectosphere lid model 
predicts significantly greater thicknesses, generally 
in the range of 175–380 km. 

The effect of the 1% lid density reduction has on 
lithosphere thickness is perhaps best demonstrated 
by example, for a representative crustal structure 
data point from the Canadian Shield. In an area 
where the measured crustal thickness is 38 km, the 
mean crustal density was determined to be 2940 kg/ 
m3, yielding a predicted crustal buoyancy elevation 
of 1.43 km above sea level. The actual elevation is 
350 m, thus the mantle buoyancy elevation compo­
nent is -1.08 km. The thermal model for the density 
of the mantle lid (3351 kg/m3) resulted in a lid 
thickness of 71 km, and hence a total lithosphere 
thickness of 109 km, much shallower than the 200 
km+ thickness indicated by seismic studies (Grand, 
1994; van der Lee and Nolet, 1977). When the 1% 
petrologic density correction is made to the lid 
density, the density is reduced to 3320 kg/m3, and 
the resulting total lithosphere thickness is 248 km, 
much more consistent with the seismic results. 

It is important to point out that in terms of the 
buoyancy calculation, the two models of the mantle 
lid are equivalent. However, as we will see in a later 
section, because the potential energy depends on 
the vertical integral of the mass distribution, there 
can be dramatic differences in the computed poten­
tial energy differences, depending on the vertical 
distribution of mass. 

Comparison with seismological data 
on lithospheric thickness 

It is of interest to compare our estimates of litho­
spheric thickness with those derived from seismol­
ogy. For this comparison we use shear (S)-wave 
velocity models primarily obtained from the global 
inversion of seismic surface waves (Ritsema and 
Van Heijst, 2000). This choice is justified by the fact 
that surface-wave data provide better resolution of 
S-wave velocity in the upper mantle than body-wave 
data (Lay and Wallace, 1995). Also, since our buoy­
ancy approach for estimating lithospheric thickness 

was applied consistently and globally, we wanted to 
compare the results with a consistent global seismic 
analysis. We have adopted a conventional definition 
of the base of the continental lithosphere as the 
depth where the positive S-wave velocity anomaly 
decreases to a value of +1% (relative to the global 
mean). The uncertainty in this depth was estimated 
from the depth range spanned by +1.5% and +0.5% 
velocity anomalies (i.e., 1% ± 0.5%). We have 
selected 10 regions to make our comparison, 6 
cratonic and 4 non-cratonic (Table 3). Seismic data 
from Ritsema and Van Heijst (2000) (Ls, Table 3) 
indicates that Archean cratonic lithosphere ranges 
in thickness from 205 to 300 km, with an average 
value of 240 km. In contrast, noncratonic litho­
sphere ranges in thickness from 50 to 200 km, with 
an average value of ~100 km. The comparison of 
seismic estimates with buoyancy-determined esti­
mates (Lb*) shows excellent agreement (most values 
agree within 10–15%). The largest discrepancy is 
for the early Paleozoic West Siberian Platform, 
where the buoyancy-estimated lithospheric thick­
ness (185 km) for this noncratonic region appears to 
be more reasonable than the seismic value (245 
km). In this case, it appears that the buoyancy esti­
mate, which is based on point data, has higher reso­
lution than the estimate from long-wavelength 
surface waves. Nevertheless, Table 3 indicates that 
buoyancy and seismic estimates of lithospheric 
thickness are highly compatible. 

Discussion—Uncertainties in the 
Lithosphere Buoyancy Calculations 

Before using the lithospheric density and thick­
ness values to compute gravitational potential 
energy and evaluate its implications for continental 
stress state, it is useful to examine the multiple 
sources of uncertainty in the series of calculations 
presented above. The errors and uncertainties can 
be divided into three main categories: (1) model 
applicability—both the buoyancy model and the 
simple conductive thermal model for the mantle; 
(2) uncertainties in crustal thickness and velocities; 
(3) uncertainties in observed heat flow and radio-
active heat constants that constrain mantle lid 
temperatures. 

The buoyancy model used here assumes local 
isostasy over the scales of interest. Clearly, the flex­
ural strength of the lithosphere limits the wave-
length over which isostasy applies. In general, the 
assumption of “local isostasy” is probably valid only 
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TABLE 3. Comparison of Lithospheric Thickness Obtained from Buoyancy Calculations and Seismic Data1 

Region Lat. Long. Number Lb, km Lb*, km Ls, km 

Archean cratonic regions 

Aldan Shield 60°N 95°E 27 144 ± 23 285 ± 58 275 ± 35 

Baltic Shield 66°N 35°E 16 140 ± 32 266 ± 80 255 ± 20 

Superior Shield 50°N 95°W 20 118 ± 19 265 ± 62 235 ± 10 

Kaapvaal craton 29°S 29°E 9 133 ± 43 300 ± 121 250–3002 

W. Australia Shield 32°S 120°E 12 95 ± 19 172 ± 44 205 ± 10 

Non-cratonic regions 

West Siberian Platform 60°N 75°E 37 185 ± 30 245 ± 20 

E. Australia 35°S 140°E 20 235 ± 102 200 ± 25 

W. Europe 50°N 8°E 31 124 ± 28 90 ± 303 

Basin and Range 40°N 114°E 15 70 ± 33 64 ± 204 

province, 
W. United States 

1Two values are given for the buoyancy thickness; one assumes a thermal lid (Lb) the other assuming a thermal lid with a 1% 
lid density reduction for Archaen cratons( Lb*). Seismically determined lithosphere thicknesses (Ls) are from the global tomo­
graphic S-wave velocity model of Ritsema and Van Heijist (2000) except where more focused regional studies are available, 
as noted.

2James et al., 2001.

3Panza et al., 1980.

4Preistly and Brune, 1978. 


at wavelengths greater than flexural thicknesses, 
which can vary from less than 10 km in hot, active 
provinces, to more than 100 km in older, colder 
lithosphere (McNutt et al., 1988; Watts, 2001). This 
fact implies that the lithosphere density structure 
obtained from the buoyancy model is best viewed in 
terms of region or province averages, not individual 
point values. It is also consistent with the observed 
elevations assigned to each data point, which repre­
sent elevations averaged over a 50-km radius. 

Following Lachenbruch and Morgan, we used a 
simple linear conductive gradient to determine tem­
perature and corresponding density in the mantle 
lid. A quasi-stationary thermal state is approached 
in a layer one to three conductive time constants τ 
after a rapid change in basal temperature or heat 
flux at its base, where τ = z2/v4; z is the layer thick­
ness, and v = thermal diffusivity (Lachenbruch and 
Sass, 1978). The conductive time constant for an 
average lid thickness of 100–150 km is about 60– 
150 million years. We obtain this estimate from the 
definition of thermal diffusity, v = k/pcp, and using 

the following values: k = 4.0 W/m°K in the upper 
mantle (Artemieva and Mooney, 2001), our average 
lid density of 3335 kg/m3, and cp = 1.0 kJ/kgK 
(Fowler, 1990). Thus the steady-state assumption for 
the thermal regime in the mantle lid is probably jus­
tified for provinces that have been tectonically qui­
escent for the last several hundred million years 
(thermo-tectonic ages of Paleozoic or older, which 
represents about 55 percent of the data used to com­
pute lithospheric thickness). Furthermore, the lin­
ear gradient we have assumed probably is also a 
reasonable approximation for many young provinces 
with thin mantle lids. Note that the conductive time 
constant for a 50 km lid is only 15 m.y. 

The buoyancy model applied here relies on 
detailed knowledge of crustal structure, both layer 
thickness and velocity. In particular, it requires that 
the crustal thickness be well known, because the 
Moho is generally the largest density contrast within 
the lithosphere, typically 300–400 kg/m3. Fortu­
nately, this parameter is generally one of the best 
determined from seismic refraction studies. For the 
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more recent (post-1980) high-quality seismic data, 
we estimate an average uncertainty of 5% in the 
crustal thickness values in the database. This 
uncertainty corresponds to ±1.2 km and ±2.5 km for 
a 25 and a 50 km thick crust, respectively. The 
effect of this uncertainty in crustal thickness on the 
calculation of lithospheric buoyancy can be evalu­
ated by comparing the density contrast between: (1) 
the crust and the subcrustal lithosphere (Moho) ver­
sus (2) the mantle lid and the asthenosphere. As 
noted above, the average density contrast at the 
Moho is ~350 kg/m3, about an order of magnitude 
greater than the contrast at the bottom of the mantle 
lid. Thus, a 5% uncertainty in crustal thickness 
could give rise to an error in mantle lid thickness of 
12 to 25 km (corresponding to a 25 and 50 km thick 
crust, respectively). 

Average crustal density is obtained by convert­
ing the measured P-wave velocity structure to den­
sity. Modern (post-1980) measurements of crustal 
P-wave velocities have an average uncertainty of 
±3% (Mooney, 1989). However, older studies with 
more widely spaced receivers have an uncertainty 
closer to ±5%. The conversion of seismic velocity to 
density has an average uncertainty of ±50 kg/m3, 
which generally coincides with a density uncer­
tainty of about ±2% (Christensen and Mooney, 
1995). Thus the overall uncertainty of the average 
crustal density is about ±5–7%, similar to or per-
haps slightly greater than the percentage uncer­
tainty in crustal thickness. Uncertainties in average 
crustal density can produce uncertainties in the 
crustal buoyancy elevation (and hence uncertainties 
in lithospheric thickness) of 17–35 km for crust with 
thicknesses between 25 and 50 km. Thus, cumula­
tively, errors in crustal structure and computed den­
sities could contribute up to ±29–60 km of 
uncertainty in lithosphere thickness. However, the 
true range in uncertainties is probably significantly 
smaller because the crustal velocity and crustal 
thickness are inversely correlated—e.g., if the 
crustal velocity (hence density) used is high, then 
the resulting value of crustal thickness will be low. 

Another significant source of uncertainty in the 
determination of mantle lid thickness is the mean 
density assumed for the lid. As indicated by the 
example calculation in the preceding section for an 
Archean shield, a thermally determined 1% reduc­
tion in the mean lid density can result in a threefold 
increase in lid thickness. Because the thermal effect 
on mean lid density is determined directly from the 
difference between the assumed temperatures at the 

Moho and asthenosphere, our computed lid densi­
ties depend critically on the reliability of our heat 
flow/heat production values, and the applicability of 
the simple thermal conductive regimes assumed for 
both the crust and upper mantle. Where nearby 
heat-flow values were available and reasonably 
dense (roughly 35–40% of the database), prov­
ince-average values were used to avoid local heat-
flow perturbations, such as those due to hydrologic 
disturbances. Measured radioactive heat constants 
were available from regional studies for roughly 
30% of the data. For the remainder of the points, 
representative continental constants were used to 
remove the radioactive contribution to heat flow. 

The applicability of simple thermal conductive 
models was discussed above. These models will be 
poor approximations of the thermal regime for the 
youngest (thermotectonic age of less than ca. 15 mil-
lion years) and hottest regions. However, the uncer­
tainties in Moho temperature produce much smaller 
density variations than the 1% density reduction 
assumed due to depletion beneath Archaen cratons. 
A ±50°C uncertainty in the estimated temperature 
at the Moho can lead to an uncertainty in mean man­
tle lid density of only .01%. This same ±50°C 
uncertainty in Moho temperatures yields uncer­
tainty in lid thickness ranging between ±5.5% and 
±10% for Moho temperatures in the average range of 
450°C to 850°C, respectively. For the average value 
of mantle buoyancy elevation found in this study, 
1.73 ± 0.95 km, this ±50° uncertainty in Moho tem­
peratures results in lid thickness uncertainties of 
±6–20 km for the average value and up to ±30 km 
for the full range of mantle buoyancy elevation val­
ues. The largest uncertainty and scatter is to be 
expected in the thermally warmest areas, consistent 
with the wide range of computed lithosphere thick­
ness values for the Mesozoic–Cenozoic datapoints in 
Figure 7. 

The overall uncertainty of our calculations are 
reduced by virtue of having numerous measure­
ments of crustal structure, uncertainties of which 
are expected to scatter around the true value without 
systematic bias. Thus, our calculated values of litho­
spheric thickness should also scatter around the 
“true” values, subject to the validity of our modeling 
assumptions. Based on the error analysis above, any 
individual lithospheric thickness determination 
may have an uncertainty of up to ±40–60 km. Prob­
ably the best demonstration of the validity of the 
analysis used here is the fact that the vast majority of 
the computed lithosphere thicknesses (91%) fall 
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within the ~50–300 km range of seismically mea­
sured lithosphere thicknesses. Furthermore, 
because the buoyancy model restricts us to looking 
only at relatively long wavelength features (~100+ 
km), we feel our results can be used to represent 
province averages and regional differences in litho­
spheric structure between provinces. 

Potential Energy Differences Due to 
Variations in Lithospheric Structure and 

Implications for Intraplate Stress 

Lateral density variations in the lithosphere are 
associated with variations in lithospheric potential 
energy, which give rise to forces that can be an 
important source of intraplate stress (e.g., Frank, 
1972; Artyushkov, 1973; Lister, 1975; Molnar and 
Tapponier, 1978; Houseman et al, 1981; Fleitout 
and Froidevaux, 1982, 1983). These studies show 
that elevated and thickened continental crust has a 
tendency to spread, creating extensional stresses 
within the elevated mass. In contrast, a thickened 
mantle lid, denser than the asthenosphere surround­
ing it, has negative buoyancy and leads to compres­
sional stresses. The difference of the gravitational 
potential energy, ∆PE, of a lithospheric column rel­
ative to a reference lithosphere with which it is in 
isostatic balance (taken here as the asthenosphere 
geoid shown on Fig. 1 with no lithosphere or water 
above it) is given by: 

L L 

∆PE = ∫ ρagzdz – ∫ ρ  z( )gzdz , (11) 

Ho –ε 

where L is the depth of compensation (thickness of 
the lithosphere), H0 is the elevation of the asthenos­
pheric geoid (2.78 km below sea level; see Table 1), 
and ε is surface elevation (e.g., Fleitout and Froi­
devaux, 1982; Jones et al., 1996). The first term in 
equation (11) is the potential energy of the astheno­
spheric geoid reference column, the second term is 
the potential energy of the computed lithosphere 
density/thickness columns in this study. ∆PE repre­
sents an integrated vertical normal stress anomaly. 
Under the assumption of no boundary stresses 
except those induced by the reference column, ∆PE 
represents the integrated deviatoric stress (Jones et 
al., 1998). In this case, negative potential energy 
differences give rise to horizontal deviatoric com­
pression, whereas positive potential energy differ­
ences indicate that the column is in a state of 

horizontal deviatoric extension. Relative to the 
asthenosphere geoid, the mid-ocean ridge crust we 
used as the elevation reference has a positive 
(extensional) potential energy difference of 2.5 × 
1012 N/m, roughly equivalent to the computed 
ridge-push force generated by thickening oceanic 
lithosphere as it moves away from the ridge and 
cools (e.g., Parsons and Richter, 1980; Dahlen, 
1981). Absolute stress values are determined by the 
local gradient of the potential energy of the litho­
sphere. However, because our crustal structure data 
set does not represent a consistently and uniformly 
sampled grid, we have instead relied on potential 
energy  differences (relative to the reference 
asthenosphere geoid) to indicate regional variations 
in deviatoric stress values. 

We used the layered crustal density structure 
obtained from seismic refraction velocities and the 
thermally defined linearly decreasing density func­
tion in the upper mantle (eq. 8) to compute local 
potential energy differences according to equation 
(11). The density contrast of the mantle lid with the 
reference asthenospheric geoid column varies lin­
early from 2(ρm – ρa) at the top of the mantle lid to 
zero at the base of the lithosphere. Therefore, the 
potential energy differences computed are not 
strongly sensitive to the lowermost part of the litho­
sphere, and hence to the exact value of lithosphere 
thickness. However, distributing the same mass over 
a greater thickness of the mantle lid will increase 
the potential energy difference, which is propor­
tional to (depth)2. For example, in the previous sec­
tion we showed for a typical point in the Canadian 
Shield that a 1% reduction in lid density resulted in 
an increase in predicted lid thickness from 78 to 
210 km (corresponding to an increase in total litho­
spheric thickness from 109 to 249). Both lids have 
the same mass/cross-sectional area, but lowering the 
density contrast requires a thicker lid, resulting in a 
significantly more negative (compressional) poten­
tial energy difference, increasing from 2.24 to 3.98 
× 10–12 N/m. 

Our computed potential energy differences are 
shown in Figure 9 as a function of observed eleva­
tion. For reference, we have also included the poten­
tial energy differences derived from crustal 
buoyancy alone. These values are uniformly posi­
tive, but the net potential energy differences for the 
entire lithosphere, including the mantle lid, show a 
spread of values from minor extension to predomi­
nantly compression compared to the reference 
asthenosphere geoid. Despite the scatter, several 
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FIG. 9. Computed potential energy differences relative to the asthenosphere geoid (see text); values for the entire 
lithosphere are shown as open circles, values for the crust alone are indicated by small dots. The potential energy differ­
ences were computed from equation 11 using the lithosphere thickness and density model obtained from the buoyancy 
analysis. Negative values of ∆PE give rise to horizontal deviatoric compression, whereas positive ∆PE values indicate 
that the column is in a state of horizontal deviatoric extension. For reference, the mass column we used for mid-ocean 
ridges as the elevation reference has a positive potential energy difference (consistent with observed extension at the 
ridges) of 2.5 × 1012 N/m. 

generalizations can be made. First, continental 
areas with average elevations above 1.5–1.75 km 
are nearly always predicted to be in a state of devia­
toric extension. The higher the elevation, the greater 
the computed potential energy difference. In con­
trast, most low-lying continental regions (700 m and 
lower) have negative potential energy differences, 
and hence are predicted to be in a state of deviatoric 
compression. As noted above, the 1% density reduc­
tion in the Archean mantle lid produces thicker 
lithosphere and hence more negative values of 
potential energy differences, insofar as the lid mass 
is distributed deeper. 

The general deviatoric state of stress predicted 
from lithosphere buoyancy is compared with 
observed stress regime data from the World Stress 
Map (Zoback, 1992) in Figure 10. The stress regime 
data plotted in Figure 10B are a subset of the World 
Stress Map database and represent only those data 
points with stress regime information, primarily 
earthquake focal mechanisms and geologic stress 
indicators. In Figure 10A we have selected a color 
scheme for representing the potential energy differ­
ences that should generally correlate with the stress 
regime: positive potential energy differences giving 
rise to deviatoric extensional stresses are shown in 
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red and magenta, weak negative potential energy 
differences are shown in green to represent a possi­
ble strike-slip stress regime, whereas larger nega­
tive potential energy differences are shown in cyan 
and blue, and represent the largest deviatoric com­
pression values, hence implying a thrust/reverse 
faulting stress regime. These gravitationally derived 
deviatoric stresses are superimposed on plate driv­
ing forces (which are generally compressional 
within the continents, Richardson et al., 1978; 
Zoback, 1992) to produce the actual stress state. 

There is qualitatively good agreement between 
the deviatoric stress state predicted from litho­
sphere buoyancy (Fig. 10A) with the observed stress 
regime data (Fig. 10B). An extensional stress state is 
correctly predicted in several regions of active rift­
ing: the Basin and Range province of the western 
United States, the East African rift system, and the 
Baikal rift. Western Europe shows a mix of mildly 
positive and negative potential energy differences, 
consistent with the observed combined normal/ 
strike-slip stress regime. The potential energy dif­
ferences computed for the central and eastern 
United States are scattered, and generally range 
from mildly to strongly positive, but are consistent 
with the combination of strike-slip and thrust/ 
reverse faulting observed there. The buoyancy 
model also predicts large deviatoric compression 
within the Precambrian shield and platforms, con­
sistent with the thrust and reverse faulting com­
monly observed in these areas, particularly in the 
Canadian, Baltic, and Indian shields. Most of the 
Russian platform and, in particular, the Siberian 
platform are also computed to be in a state of strong 
deviatoric compression. However, there is no 
observed stress regime data (no earthquakes large 
enough for reliable focal mechanisms) from this 
region to confirm this. This lack of earthquakes sug­
gests that, although buoyancy-related potential 
energy differences are strongly compressional, the 
corresponding lithospheric strength must also be 
high, thus inhibiting deformation in this region (see 
Zoback et al., 2002; Thatcher, 2003). 

Conclusions 

Of all geophysical observations, the topography 
of the Earth’s surface is by far its most accurately 
known parameter. This fact, together with the large 
range in elevations, from the deep-sea floor to the 
highest mountain peaks, has made topographic 
modeling attractive to Earth scientists for more than 

200 years. Our view of the Earth was dramatically 
refined by plate tectonics theory in the 1960s. A 
central concept of plate tectonics is a rigid litho­
sphere floating on a warmer, fluid-like asthenos­
phere. In this study we reexamine the problem of 
explaining Earth’s topography in terms of “litho­
spheric buoyancy” using recently available data on 
global heat flow and the structure of the Earth’s 
crust, as well as well as by recent insights into the 
physical properties of the mantle lid (i.e., that part of 
the uppermost mantle that is part of the lithosphere) 
from xenolith studies. Buoyancy is determined by 
the structure and density distribution within the 
lithosphere. Lateral variations in lithospheric den­
sity and thickness give rise to potential energy dif­
ferences that generate deviatoric stresses. Thus, in 
addition to explaining topography, our results also 
help illuminate some of the primary sources of intra­
plate stress within the lithosphere. 

We used global topographic data and a database 
of more than 1700 crustal structure determinations 
to evaluate a relatively simple model of lithospheric 
buoyancy proposed by Lachenbruch and Morgan 
(1990). The crustal structure compilation indicates 
that there is no simple relationship between crustal 
thickness and surface elevation for most continental 
crust (thicknesses less than 60 km). In fact, major 
regions of the crust at, or near, sea level (0–200 m 
elevation) have crustal thicknesses that vary 
between ~20–50 km. Seismic velocities in the 
global database were converted layer-by-layer to 
pressure-corrected densities based on laboratory-
determined velocity-density relationships. The 
results indicate that the mean density of the crust 
increases regularly with thickness, suggesting that 
mechanisms of crustal thickening probably involve 
lower crustal thickening or incorporation of oceanic 
crust and lithosphere in collisions. 

When we attempt to predict topography consid­
ering only the crustal contribution to lithospheric 
buoyancy, we systematically predict elevations that 
are too high. This implies that the continental crust 
elevations are generally “pulled down” by a cold 
lithospheric root that is denser than the astheno­
sphere on which it floats. To calculate this effect, we 
must estimate the thickness and density of the man­
tle lid. To do this, we calculate simple conductive 
geotherms using measured heat flow values and 
commonly accepted heat production and conductiv­
ity values. These geotherms permit us to estimate 
the effect of temperature on the density of the man­
tle lid. The lithospheric thicknesses derived from 
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the simple buoyancy model of Lachenbruch and 
Morgan (1990) are in generally good agreement with 
the 50–300 km thicknesses estimated from seismol­
ogy, with the important exception of cratonic regions 
where predicted thicknesses are roughly half those 
observed seismically. However, if we lower the mean 
density of the mantle lids beneath Archean cratons 
by 1% (as previously suggested on the basis of 
petrologic and geoid studies), we obtain lithospheric 
thicknesses in those regions of 200–350 km, in 
accord with seismic estimates. 

The negative buoyancy of the mantle lid beneath 
cratons gives rise to large positive potential energy 
differences that exert a compressive stress on the 
overlying crust that is superimposed on the intra­
plate stresses derived from plate boundary forces. 
This observation is consistent with the dominance of 
compressional forces in most continental areas, and 
specifically the reverse faulting that is often found 
in cratonic regions. Conversely, positive buoyancy 
forces (potential energy differences) are found in 
regions underlain by a thin mantle lid and with high 
elevation, such as the Basin and Range province of 
the western United States, the east African rift 
system, and the Baikal rift. In these areas, unusually 
low densities in the upper mantle are probably the 
primary force driving extension in these regions. 

The value of our analysis lies not in the precise 
values calculated for lithospheric thickness (or 
potential energy differences), but in the trends that 
can be discerned at both global and regional scale 
from analysis of very large data sets that sample dif­
ferent crust and tectonic regimes. Our results dem­
onstrate that, globally, surface elevation cannot be 
simply or reliably predicted from crustal thickness 
or even the product of crustal thickness and density. 
Surface topography is suppressed by a cold, dense 
lithospheric root of variable thickness. 

With respect to intraplate stress, our results sug­
gest that calculations of stresses derived from poten­
t i a l  en e r g y  d i f f e r e n ce s  u s i n g  a  s i m p l e ,  
constant-thickness model for the mantle lid will 
underpredict deviatoric compressional stresses in 
cratonic regions. The reason for this is that the 
potential energy difference arises from the density 
moment, that is, the product of density contrast 
times depth squared. As we have argued that the 
mantle lids underlaying cratons are thicker and less 
dense than average continental mantle lid, this 
results in higher deviatoric compressional stresses 
than are observed in other continental areas. 

We conclude that Lachenbruch and Morgan’s 
lithospheric buoyancy model defining the mantle lid 
simply as a thermal boundary layer works quite well 
to predict elevation, except in Archean lithosphere, 
which is less dense than its thermal regime would 
imply. A 1% reduction of the density of Archean 
mantle lids, consistent with chemical depletion sug­
gested by a variety of geologic and geophysical data 
observations, allows the buoyancy model to be 
applied in those regions and produces lithospheric 
thicknesses consistent with seismic observations. 
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