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Abstract

This study uses information on composition, thermal state and petrological thickness to calculate the densities of
different types of subcontinental lithospheric mantle (SCLM). Data from mantle-derived peridotite xenoliths and
garnet^xenocryst suites document a secular evolution in the composition of SCLM: the mean composition of newly
formed SCLM has become progressively less depleted, in terms of Al, Ca, mg# and Fe/Al, from Archean, through
Proterozoic to Phanerozoic time. Thermobarometric analyses of xenolith and xenocryst suites worldwide show that the
mean lithospheric palaeogeotherms rise from low values (corresponding to surface heat flows of 35^40 mW/m2) beneath
Archean terranes, to higher values (s 50 mW/m2) beneath regions with Phanerozoic crust. The typical thickness of the
lithosphere (defined as a chemical boundary layer), ranges from about 250 to 180 km, 180^150 km and 140^60 km for
Archean, Proterozoic and Phanerozoic terranes respectively. The depth of this lithosphere^asthenosphere boundary
corresponds to a temperature of 1250^1300³C. Using the estimated compositions, average mineral compositions and
experimental data on the densities of mineral end-members (tables 1 and 2), we calculate mean densities at 20³C for
Primitive Mantle (3.39 Mg m33) and for SCLM of Archean (3.31 þ .016 Mg m33), Proterozoic (3.35 þ 0.02 Mg m33)
and Phanerozoic (3.36 þ 0.02 Mg m33) age. Curves of density and cumulative density versus depth, which take into
account variations in geotherm with tectonothermal age, have been constructed for each age type of lithospheric section
to assess the buoyancy of these columns relative to the asthenosphere, modelled as a Primitive Mantle composition. The
density curves show that Archean SCLM is significantly buoyant relative to the asthenosphere at depths greater than
about 60 km. Proterozoic sections deeper than about 100 km thick also are significantly buoyant. The buoyancy of
Archean and Proterozoic SCLM sections, combined with their refractory composition, leads to high viscosities and
explains the longevity and stability of old SCLM. Replacement of Archean lithosphere, as beneath the present-day
eastern Sino^Korean craton, probably involves mechanical dispersal by rifting, accompanied by the rise of hot, fertile
asthenospheric material. Fertile Phanerozoic lithosphere is buoyant when the geotherm is sufficiently high, as in many
Cenozoic volcanic provinces. However, as the geothermal gradient relaxes toward a stable conductive profile,
Phanerozoic SCLM sections thinner than about 100 km become denser than the asthenosphere, and hence
gravitationally unstable. This could help to induce delamination of the SCLM and upwelling of asthenospheric
material, beginning a new cycle. The tectonic consequences of such lithosphere replacement would include uplift and
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magmatism, and basin formation during subsequent thermal relaxation. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The subcontinental lithospheric mantle (SCLM)
carries a geochemical, thermal and chronological
record of large-scale tectonic events that have
shaped the Earth's crust. The SCLM is part of
the continental plate, and moves with the plate
over the weak asthenosphere. The idea that `old'
(cratonic) lithosphere is relatively thick, depleted
and cold has been long accepted by petrologists
([1] and references therein). Recognition that
`young' lithosphere is relatively thin, fertile and
hot is more recent; Jordan [2] observed that the
thermal boundary layer (TBL) beneath late-Pro-
terozoic and Phanerozoic mobile belts is more
similar to oceanic mantle than to cratonic mantle
in its geophysical characteristics.

Development of the 4-D Lithosphere Mapping
methodology [1] has allowed the construction of
realistic geological sections of the SCLM in a
wide variety of tectonic settings and at di¡erent
times. Xenoliths and garnet and chromite xeno-
crysts from mantle-derived volcanic rocks (e.g.
basalts, lamproites, kimberlites) provide samples
of the lithospheric mantle at the time of eruption.
Where su¤cient xenoliths and/or xenocrysts of
appropriate composition are available, determina-
tion of the palaeogeotherm, the depth to the
crust^mantle boundary, the detailed distribution
of rock types with depth within the SCLM, and
the depth to the petrological lithosphere^astheno-
sphere boundary (LAB) within the tectosphere is
possible [1]. Mantle sections constructed in this
way provide a basis for the calculation of physical
properties (such as density) of speci¢c lithosphere
domains.

2. Palaeogeotherms and lithosphere thickness

2.1. Construction of palaeogeotherms

The distribution of temperature with depth at
the time of a given volcanic eruption (the palaeo-
geotherm) is one of the key parameters that must
be determined to derive the density of a column
of SCLM. Empirical palaeogeotherms are derived
by geothermobarometric calculations based on
mineral chemistry, using methods with experimen-
tal or theoretical calibration relevant to the min-
eral assemblage, bulk composition and equilibra-
tion conditions of particular samples (e.g. [3,4]).
Where xenoliths with mineral assemblages appro-
priate for calculation of both pressure and tem-
perature of equilibration are available, several
geothermobarometers commonly give concordant
results for a xenolith suite, even though results
from the application of di¡erent techniques to a
single sample may show a high variance (e.g.
[5,6]).

The limited geographic and temporal distribu-
tion of xenolith suites is a major problem in this
approach, and in many suites (especially those
from basalts) only a small number of xenoliths
in a suite may have appropriate mineral assem-
blages. The situation has been improved by the
development of single-element thermometers (Ni
in garnet, Zn in chromite) based on partitioning
between these phases with mantle olivine, and a
methodology for derivation of geotherm parame-
ters from suites of garnet and spinel xenocrysts
[6]. Where suites of both xenoliths and xenocrysts
are available, the two approaches give concordant
results ([6,7]).

Surface heat-£ow values and xenolith-derived
mantle geotherms are commonly linked through
assumptions such as those made in the downward
extrapolation of temperature from surface heat
£ow by Pollack and Chapman [8]. However, these
assumptions include poorly constrained models of
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the distributions of thermal conductivity and ra-
diogenic heat production with depth which are
laterally variable. In general, surface heat £ow is
a function of both the geotherm at depth and
upper crustal heat production, and the mantle
geotherm and surface heat £ow may be only
weakly linked. In the Pollack and Chapman mod-
el [8], the mantle geotherm is directly linked to the
surface heat £ow by assuming that 60% of the
surface heat £ow is derived from below the upper
crust. We use this model here to illustrate a rough
global average surface heat £ow equivalent to the
mantle geotherms that we model, not an attempt
to model any particular local geotherm. In most
cratonic areas, and in Phanerozoic regions with-
out active Neogene volcanism, palaeogeotherms
derived from both xenoliths and xenocrysts tend
to parallel theoretically constructed model con-
ductive geotherms such as those of Pollack and
Chapman [8]. These geotherms are strongly mod-
el-dependent, involving assumptions that include
the distribution of heat production and thermal
conductivity with depth and the variation of ther-

mal conductivity with temperature. The same sur-
face heat £ow can result from a range of heat-
production distributions, and similar lithospheric
mantle geotherms may give rise to di¡erent sur-
face heat £ows, depending on the structure and
composition of the crust (e.g. [9,10]). However,
the model geotherms of Pollack and Chapman
[8], which are parameterised in terms of the sur-
face heat £ow, provide a convenient reference
frame for comparison of the xenolith and xeno-
cryst data between di¡erent areas. We have con-
structed, or collected from the literature, xenolith/
xenocryst-based palaeogeotherms for more than
300 localities worldwide, and classi¢ed these by
their tectonothermal age (i.e. the age of the last
major thermal event in the crust [1]). These em-
pirically determined palaeogeotherms are typically
low beneath Archean cratonic areas, higher be-
neath Proterozoic regions, and still higher beneath
areas of Phanerozoic tectonic activity, corre-
sponding broadly to global variations in surface
heat £ow ([9] ; Fig. 1). Furthermore, the observed
di¡erences in lithospheric mantle temperature are

Fig. 1. (A) The range of P^T conditions commonly derived from xenolith and xenocryst suites in volcanic rocks that penetrate
crust of di¡erent tectonothermal age (crustal age domains modi¢ed from Janse [15]: Archean, v 2.5 Ga; Proterozoic, 2.5^1.0
Ga; Phanerozoic, 6 1 Ga). Also shown is the range of depths to the LAB typical of each group, as de¢ned by the maximum
depth of Y-depleted garnets beneath Archean and Proterozoic cratons (Ryan et al. [6]), and the maximum depth of sampling in
Phanerozoic regions. Reference geotherms are conductive models of Pollack and Chapman [8], labelled with corresponding sur-
face heat £ow in mW/m2, and the southeastern Australia advective geotherm (SEA) derived from xenoliths in basalts [12].
(B) Variation of surface heat £ow measurements with tectonothermal age of the crust (after Morgan [9]). The crosses at the centre
of the boxes represent the mean heat £ow for each age group; note the general correlation with the range of geotherms in (A).
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essentially those expected from a constant mantle
heat £ow, but variable crustal heat production
([9,11]). In areas of basaltic volcanism, such as
eastern Australia and eastern China, xenoliths
and xenocrysts in basalts generally record high,
strongly convex-upward geotherms, consistent
with advective heat transport by magmas and
underplating of basaltic magmas in the upper
part of the lithospheric mantle ([12]).

2.2. Estimation of lithosphere thickness

Once the palaeogeotherm has been estimated
from xenolith/xenocryst data or heat-£ow model-
ling, temperature estimates for individual samples
can be projected to this palaeogeotherm to deter-
mine their depth of origin. This approach has
proved especially fruitful for use with xenocryst
suites, because statistically meaningful numbers
of samples can be gathered for each section,
something which often is di¤cult to achieve
with xenoliths alone. By determining the Nickel
Temperature (TNi) of individual garnet grains in a
heavy-mineral concentrate, and the Zinc Temper-
ature (TZn) of individual chromites, the geochem-

ical information contained in each grain can be
placed in stratigraphic context, to map the vertical
distribution of rock types and geochemical pro-
cess signatures ([6,13]).

The resulting lithological/geochemical columns
(Fig. 2) provide 1-D maps, equivalent to drill hole
logs, through individual lithospheric sections.
Gri¤n and Ryan [13] and Ryan et al. [6] have
shown that beneath many volcanic provinces
there is a sharply de¢ned maximum depth at
which garnets depleted in yttrium (a lithosphere
signature) are common (Fig. 3). They have argued
that this depth represents the base of the petro-
logically de¢ned lithosphere, and thus corre-
sponds to the LAB. In most localities worldwide,
this petrologically de¢ned LAB corresponds to
temperatures of 1250^1300³C [6]. The depth of
the LAB mapped in this way varies broadly
with tectonic setting, being deepest (250^150 km)
beneath Archean terrains (e.g. [7,14]) and shallow-
est beneath Phanerozoic terrains (Fig. 1), as
would be expected from the observed variation
in the palaeogeotherms beneath terrains of di¡er-
ent age (Fig. 1a). Where high-quality deep seismic
data are available, this LAB commonly corre-

Fig. 2. Lithologic sections through the lithospheric mantle of several Archean cratons, constructed using the compositions and
calculated temperatures of garnet xenocrysts ([47,7,14]). The grey shading represents the asthenosphere. Note that for the Kaap-
vaal craton, the two time slices are shown representing mantle xenoliths sampled by kimberlites intruded before and after 90 Ma.
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sponds to the L (Lehman) discontinuity in craton-
ic areas (e.g. [1]). Various geophysical and geo-
chemical de¢nitions of the nature of the LAB
have been discussed in ([1] and references therein).
These di¡erent estimates converge at similar
depths and may indicate the interdependence of
thermal state, rheology and phase relationships in
determining the location of this boundary in dif-
ferent sections.

3. Secular variation of lithosphere composition

Isotopic studies, especially of the Re^Os sys-
tem, show that the lithospheric mantle beneath
Archean cratons ( = 2.5 Ga, as de¢ned by the
age of the last major tectonothermal event to af-
fect the crust; [15]) is largely Archean in age,
while that beneath Proterozoic crust is largely
Proterozoic in age ([16^19]). These studies provide
a priori evidence that the formation of the crust
and the SCLM are linked processes, and suggest
that a detailed analysis of the tectonothermal his-
tory of a crustal volume provides a basis for esti-
mating the formation age of the underlying
SCLM.

Boyd ([20,21]) recognised a fundamental dis-
tinction between Archean cratonic SCLM, repre-
sented by xenoliths of peridotitic mantle from

African and Siberian kimberlites, and Phanero-
zoic circumcratonic mantle, represented by xeno-
liths of peridotitic mantle in intraplate basalts and
by orogenic lherzolite massifs. Compared to Pha-
nerozoic mantle, the peridotite xenoliths from on-
craton kimberlites are not only more depleted on
average, but have higher Si/Mg (higher opx/oli-
vine). This distinctive feature is common to both
lherzolites and harzburgites, and to rocks of both
garnet and spinel facies [22].

Analysis of a large database of xenolith compo-
sitions ([23,24]) also demonstrates that Archean
xenoliths have lower Ca/Al, Fe/Al and Cr/Al ra-
tios at equivalent mg# than xenoliths from Pro-
terozoic and Phanerozoic regions. Archean
SCLM is distinctive in another important respect:
subcalcic (clinopyroxene-free) harzburgites are
well represented in Archean xenolith and xeno-
cryst suites, but essentially absent in younger
ones ([23,24]). These data clearly indicate that
the SCLM beneath Archean cratons and younger
terranes is compositionally di¡erent. A larger da-
taset, covering a larger geographic range, is pro-
vided by geochemical analyses of garnet xeno-
crysts (disaggregated from peridotitic mantle
xenoliths) in volcanic rocks and derived alluvial
concentrations. Analysis of s 13 000 Cr^pyrope
garnet xenocrysts from volcanic rocks worldwide
shows a clear correlation of average garnet com-
position with the tectonothermal age of the crust
penetrated by the volcanic rocks [14].

3.1. Calculating the composition of lithospheric
mantle

If the composition of SCLM varies with tecto-
nothermal age, the interpretation of geophysical
data and understanding of tectonic processes re-
quires that we consider di¡erences in the mean
composition of the di¡erent types of SCLM be-
neath the major tectonic divisions noted above.
The great bulk of the existing analytical data for
Archean xenoliths comes from a small area of the
Kaapvaal craton in South Africa, and from a sin-
gle kimberlite pipe in Siberia (Udachnaya); there
are very few xenolith data for Proterozoic ter-
ranes. However, abundant data from garnet con-
centrates are available for many of the world's

Fig. 3. Y^TNi (Ni temperature; [6]) plot for garnets from
kimberlites of Shandong Province, eastern China, showing
the LAB de¢ned by the deepest occurrence of Y-depleted
garnets. After Gri¤n et al. [47].
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cratonic areas and these expand our picture of
SCLM variability.

In xenolith suites, the Cr2O3 content of garnet
correlates well with the Al2O3 content of the host
rock ([23,24]). These suites also show good corre-
lations between the content of Al2O3 and those of
other major and minor elements. Such correla-
tions make it feasible to calculate the bulk com-
position of a mantle section, given the median
Cr2O3 content of garnet xenocrysts from that sec-
tion; the technique gives good agreement with the
average compositions of xenolith suites, where
suitably large data sets are available (Table 1;
see other examples in Gri¤n et al. [24]).

The mean composition of SCLM beneath ter-
ranes of Archean, Proterozoic and Phanerozoic
tectonothermal age, calculated in this way, shows
a secular evolution in all measures of depletion,
such as Al, Ca, mg#, and Fe/Al (Table 2). The
existing database is not su¤cient to establish
whether this secular evolution is continuous or
discontinuous; for the purposes of this work we
adopt the broad divisions recognised by Gri¤n et
al. [25,26], who divide the datasets into Archean
(tectonothermal age = 2.5 Ga), Proterozoic (2.5^
1.0 Ga) and Phanerozoic ( = 1.0 Ga).

Unmodi¢ed Proterozoic SCLM is moderately
depleted, and intermediate in composition be-
tween Archean and Phanerozoic SCLM. Cenozoic

SCLM, exempli¢ed by the Zabargad peridotites
of the Red Sea and by garnet peridotite xenoliths
from young extensional areas of China, Siberia
and Australia, is only mildly depleted relative to
Primitive Upper Mantle (PUM: [3,23^25]).
SCLM beneath some Phanerozoic terrains, espe-
cially in Europe, is more depleted and may repre-
sent reworked Proterozoic SCLM (Table 2: pre-
ferred values). The correlation of SCLM
composition with crustal age is strong evidence
that crustal volumes and their underlying litho-
spheric mantle formed quasi-simultaneously, and
that syngenetic crust and mantle can, and in most
cases do, remain linked for periods of aeons.

4. Calculating the density of SCLM

For each of the mean SCLM compositions de-
¢ned above (Table 2), we have estimated mean
mineral compositions, based on broad correla-
tions between mineral and rock compositions in
xenoliths ([23]). These mineral compositions have
then been used to calculate the modal composi-
tions of the average Archean, Proterozoic and
Phanerozoic SCLM (Table 2). We have approxi-
mated the composition of the asthenosphere by
the Primitive Mantle composition of McDonough
and Sun [26], which is close to the pyrolite com-

Table 1
Comparison of mean mantle compositions calculated from garnets, with average compositions of xenolith suites (after Gri¤n et
al. [24])

Kaapvaal Kaapvaal Kaapvaal Kaapvaal Vitim Vitim
6 90 MA 6 90 MA
Garnet lherzolite Lherzolite

xenoliths
Garnet harzburgite Harzburgite

xenoliths
Garnet lherzolite Lherzolite

xenoliths
(Calculated from
Garnets)

(Median) (Calculated from
Garnets)

(Median) (Calculated from
Garnets)

(Median)

Wt%
SiO2 46.0 46.6 45.7 45.9 44.5 44.5
TiO2 0.07 0.06 0.04 0.05 0.15 0.16
Al2O3 1.7 1.4 0.9 1.2 3.7 4.0
Cr2O3 0.40 0.35 0.26 0.27 0.40 0.37
FeO 6.8 6.6 6.3 6.4 8.0 8.0
MnO 0.12 0.11 0.11 0.09 0.13 0.10
MgO 43.5 43.5 45.8 45.2 39.3 39.3
CaO 1.0 1.0 0.5 0.5 3.3 3.2
Na2O 0.12 0.10 0.06 0.09 0.26 0.32
NiO 0.27 0.28 0.30 0.27 0.25 0.25
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position of Ringwood [27]. The assumption that
the major-element composition of the modern as-
thenosphere is only slightly depleted relative to
PUM is supported by the common occurrence
of Phanerozoic xenoliths with near-PUM compo-
sitions, as noted above.

The calculated modes (Table 2) illustrate the
increase in modal garnet+clinopyroxene and cli-
nopyroxene/garnet from Archean to Proterozoic
to Phanerozoic SCLM, and the relatively small
degree of depletion of Phanerozoic SCLM relative
to Primitive Mantle compositions. The mean den-
sity of each SCLM composition at surface tem-
perature (T) and pressure (P) has then been cal-
culated by combining the modes and mineral
compositions with the end-member mineral den-
sities of Smyth and McCormick [28].

The major controls on density are mg# and the
proportion of olivine to clinopyroxene+garnet,
and these are the parameters that probably are
best constrained in these calculations. A change
of 1% (s 1c) in the mg# of olivine results in a
change in density of 0.008 Mg m33. In Archean
rocks, a variation of 50% (1c ; [23]) in the abun-
dance of (cpx+gnt) also produces a variation in
density of þ 0.008 Mg m33. These uncertainties
will be correlated, because a more iron-rich oli-
vine is likely to be associated with a higher fertil-
ity, as expressed in higher (cpx+gnt). The total 1c
uncertainty in density therefore is on the order of
þ 0.016 Mg m33. In the average Proterozoic or
Phanerozoic compositions, where the mean
(cpx+gnt) is higher, a þ 50% variation in (cpx+
gnt) has a larger e¡ect, producing a 1c uncer-
tainty of 0.02 Mg m33.

Our calculations show a signi¢cant increase in
mean standard temperature and pressure (STP)
density from Archean (3.31 þ 0.016 Mg m33) to
Proterozoic (3.34 þ 0.02 Mg m33) to Phanerozoic
(3.36 þ 0.02 Mg m33) SCLM. The most depleted
Proterozoic SCLM overlaps only the most fertile
Archean SCLM at the 1c level, while the di¡er-
ence between Proterozoic and Phanerozoic SCLM
is much less. The average Archean SCLM is 2.5%
less dense than Primitive Mantle (3.39 Mg m33 ;
Table 2) at the same temperature and pressure;
for the less-depleted Phanerozoic mantle the dif-
ference is about 1%. If Cenozoic lithosphere is

assumed to be similar to the more fertile Zabar-
gad peridotites, or the Phanerozoic garnet perido-
tites (Garnet SCLM of Table 2), the di¡erence
drops to about 0.6%.

Jordan [2] used a suite of kimberlite-borne
xenoliths to derive a linear relation between nor-
mative (at STP) density and mg#, given by
b= 5.093^0.019 mg#. This equation reproduces
our derived densities to within 0.01 Mg m33 ; we
are encouraged by the agreement.

Boyd and McAllister [29] used modal estimates
and cell-volume data on separated minerals to
calculate room-T densities for a strongly depleted
Archean garnet lherzolite xenolith (sample
PHN1569; b= 3.30 þ 0.02 Mg m33) and a high-
T-sheared peridotite xenolith (sample PHN
1611; density = 3.39 þ 0.02 Mg m33). The density
estimate for PHN1569 agrees well with our calcu-
lated average for Archean SCLM (Table 1). The
density of the sheared xenolith PHN1611 is higher
than that of our average Archean lherzolite. How-
ever, the garnet and cpx content of PHN1611 has
been greatly increased (and its bulk mg# de-
creased) by high-T melt-related metasomatism
shortly prior to its entrainment in the host kim-
berlite [30]. This `refertilisation' has produced a
bulk composition similar to some `pyrolite' com-
positions, and the density of PHN1611 is identical
within error of our estimated density for Primitive
Mantle, and that of Jordan [31]. Jordan's [31]
higher estimated density (3.35 Mg m33) for `aver-
age continental garnet lherzolite' included many
high-T-sheared lherzolites like PHN1611. How-
ever, this class of xenolith appears to be signi¢-
cant only in the deepest parts of the SCLM, and
is excluded from the initial analysis given below.

4.1. Variation of density with depth

Density variations in the Earth depend on the
composition of the mantle section, and are also
a¡ected by temperature variations, which in turn
a¡ect the elasticity of the minerals ; the calculated
density at a given depth is a function of the tem-
perature, the bulk thermal expansion coe¤cient
and the bulk compressibility of rock, as deter-
mined by the relative proportions of mineral
end-members. In this section, we calculate the
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variation in density with depth for each average
mantle type, assuming a constant composition
with depth and using the range of geotherms
characteristic of Archean, Proterozoic and Pha-
nerozoic SCLM (Fig. 1).

As noted above, the palaeogeotherms (except
for the southeastern Australian `SEA' geotherm
(Fig. 1a)) derived from xenolith and xenocryst
data tend to parallel the model conductive geo-
therms of Pollack and Chapman [8]. In this sec-
tion of the paper, we therefore have used Pollack
and Chapman's conductive model geotherms for
calculating T-depth relations because these geo-
therms are easily parameterised.

For each lithosphere type, we assumed a two-
layer model with an average crustal thickness of
35 km and a total lithosphere thickness of up to
280 km. For the crust, we assume a constant ther-
mal conductivity of 2.5 W m31 K31. Following
Pollack and Chapman [8], we assumed that about
40% of the mean £ux arises from surface radio-
genic sources, and the rest comes from greater
depths. We used this assumption to de¢ne an em-
pirical equation relating the reduced heat £ow and
the mean heat £ow at depth, which then de¢nes
the distribution of heat production with depth. In
our models, we assumed a uniform characteristic
depth of heat source distribution, equal to 8 km
as de¢ned by Pollack and Chapman [8]. In the
case of the mantle, we assumed that there was
no heat production, and we used Schatz and Sim-
mons' method [32] to calculate the thermal con-
ductivity of olivine as a function of the temper-
ature and depth. We have parameterised the SEA
advective geotherm ([12]) using a spline function.
The resulting parameterised geotherms were used
to calculate the pressure and temperature-depen-
dent density variations for each mantle type.

To calculate the temperature-dependent density
variations, we used the relation:

bT � b 203�b 20TK � �1�

where b20 is the density of the section estimated at
a room temperature of 20³C (Table 2), bT is the
density of the section at a given temperature, and
K, is the bulk thermal expansion coe¤cient calcu-
lated from the relevant mineral end-members. A

polynomial expression of the thermal expansion
coe¤cient is given by [33] :

K � a0 � a1T � a2T32 �2�

where a0, a1 and a2 are constants which are esti-
mated from the mineralogical composition of
each mantle type.

The density variations with depth/pressure are
also a function of the bulk compressibility of the
rocks. A change in pressure will result in a frac-
tional change in the volume of a given mass of
material, and this is given by the thermal dilata-
tion or the compressibility L of the material,
which can be related to the density by the rela-
tion:

Nb � bT LP �3�

where bT is the density at a given temperature T
and pressure P (GPa).

Table 2 lists the mean composition, the con-
stants of the thermal expansion coe¤cients (a0,
a1, a2) and the bulk moduli (k = 1/L), calculated
from the mineral end-members (Table 2), of the
average Archean, Proterozoic, Phanerozoic and
Primitive Mantle compositions used in our den-
sity calculations.

As temperature changes with depth in the
Earth, the competing e¡ects of the compressibility
and thermal expansion of the solid phases have
signi¢cant e¡ects on the density variations with
depth [34]. Therefore, we used Eq. 1 to calculate
the temperature-dependent density variation with
depth, and Eq. 3 to compute the compressibility
e¡ect on the density variations with depth. These
two e¡ects are then combined to express the tem-
perature and pressure-dependent density variation
with depth for Archean, Proterozoic and Phaner-
ozoic mantle sections. In the Phanerozoic section,
we have shown the e¡ect on density of the spinel
peridotite^garnet peridotite transition at ca 55
km. In the more depleted Proterozoic and Arche-
an sections, the e¡ect of this phase transition is
very small (and a¡ects a narrower depth interval
of the section as the transition depth decreases
with decreasing temperature) and has been
ignored; the e¡ect is to give a maximum density

EPSL 5713 4-1-01

Y.H. Poudjom Djomani et al. / Earth and Planetary Science Letters 184 (2001) 605^621 613



for these sections. The density of the astheno-
sphere at the LAB has been calculated using a
Primitive Mantle composition (Table 2) (density
at 20³C and surface pressure = 3.288 Mg m33).
We represent the LAB by an adiabat with a po-
tential temperature of 1300³C, independent of the
di¡erent thicknesses of the lithospheric column
for SCLM of di¡erent types. The density of the
asthenospheric (Primitive Mantle) composition as
a function of depth is shown in Fig. 4 as a solid
heavy line. The density of the asthenosphere at
220 km depth, derived from two standard Earth
models based on seismic data (PEM and PREM;
B.L.N. Kennett, pers. commun., 1998) shows
good agreement with our calculated values (Fig.
4).

The results show that the density of typical Ar-
chean lithospheric mantle, within a typical range
of cratonic geotherms (35^40 mW m32 ; Fig. 1a,
increases with depth at a slower rate than that of
the asthenosphere (Fig. 4), becoming less dense
than asthenosphere at about 80^100 km. Typical
Proterozoic mantle is denser than the astheno-
sphere at depths shallower than 145^175 km (de-

pending on the geotherm), but buoyant relative to
asthenosphere at greater depths (Fig. 4). In areas
of active volcanism, where advective heat trans-
port by magmas raises the geotherm (e.g., the
SEA geotherm; [12]), Phanerozoic mantle actually
decreases in density with depth due to the over-
riding e¡ects of thermal expansion. Where the
geotherm approximates a steady-state conductive
model, and within the range typically observed in
older, tectonically inactive Phanerozoic terrains,
the density of Phanerozoic mantle increases with
depth in the shallow spinel lherzolite stability
¢eld, rises sharply at the spinel^garnet lherzolite
transition (ca 55^65 km) and then rises again with
depth in the garnet lherzolite stability ¢eld (below
ca 55 km). The density increase due to the phase
change is about 3%. At depths of 160^185 km in
areas with a typical Phanerozoic conductive geo-
therm, the density of Phanerozoic SCLM ap-
proaches that of the asthenosphere; in thinner
sections the lithosphere is denser than the subja-
cent asthenosphere.

To evaluate the stability of di¡erent lithospher-
ic sections relative to the asthenosphere, it is use-

Fig. 4. Plots of density versus depth for lithospheric mantle sections of di¡erent age, calculated using the preferred compositions
shown in Table 2 and the range of geotherms and LAB depth shown in Fig. 1. SEA, southeastern Australia xenolith-based geo-
therm, representing advective heat transport in active volcanic areas. This geotherm will decay toward the high conductive geo-
therms typical of Phanerozoic areas with a time constant of W10 Ma ([8]). PEM and PREM are the values for the density of
the asthenosphere at 220 km depth, based on seismic data and derived from these Earth models (B.L.N. Kennett, pers. commun.,
1998). The density of the asthenosphere as a function of depth has been calculated using a Primitive Mantle composition and an
adiabat of 0.5³C/km. The shaded areas for each mantle type and age correspond to the sections of the lithosphere that are unsta-
ble at any depth relative to the underlying asthenosphere. The rapid increase in density around 55 km on the Phanerozoic curves
corresponds to a change in composition from spinel lherzolite (for depths 6 55 km) to garnet lherzolite (for depths s 55 km).
The 1300³C point marking the asthenosphere temperature is shown with grey circles for each geotherm. The horizontal striped
area tracks the locus of thermal relaxation from the high advective geotherm.
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ful to calculate the cumulative density of each
column as a function of its thickness, and to com-
pare this density with that of a column of asthe-
nospheric mantle whose temperature follows the
1300³C adiabat (Fig. 5). These curves demon-
strate that sections of Archean lithospheric mantle
thicker than ca 60 km are buoyant relative to the
underlying asthenosphere. Typical Archean litho-
sphere is 150^250 km thick (Fig. 1) and therefore
these sections are signi¢cantly buoyant; a 200-km
section is 2.5% less dense than the asthenosphere
at the LAB. A Proterozoic SCLM section thicker
than ca 125 km is buoyant relative to the astheno-
sphere, but less so than Archean lithosphere; typ-
ical sections 160 km thick are ca 1% less dense
than the asthenosphere at the LAB. Phanerozoic
SCLM sections with advective geotherms decrease
in density with depth, and are strongly buoyant
relative to the asthenosphere. However, older sec-
tions that have cooled to steady-state conductive
geotherms are buoyant relative to the astheno-
sphere only if they are more than 110^120 km
thick.

Fig. 6 summarises lithospheric density pro¢les
for each SCLM age type and the upper astheno-
sphere. The geotherm used for each SCLM sec-
tion is within the typical range shown in Figs. 4
and 5: the asthenosphere thermal state assumes a

potential temperature of 1300³C and an adiabat
of 0.5³C/km. This ¢gure emphasises the density
contrasts between lithospheric sections of di¡erent
ages and the relationship between the density of
each lithospheric section and that of the under-
lying asthenosphere.

5. Discussion

5.1. Comparison with other models

Jordan [2] showed that the elevation of the con-
tinents, and particularly of the cratonic areas re-
quires a chemical boundary layer beneath the con-
tinents that is buoyant relative to oceanic mantle.
He also gave a formulation for the condition for
marginal stability in a layer with such a lateral
variation in density, which gives a minimum value
for the compositional density contrast across the
layer. One pro¢le that satis¢es this condition for
Archean lithosphere is the isopycnic curve, in
which the density of the lithospheric column at
each depth is the same beneath oceans and con-
tinents [2]. The negative buoyancy produced by
the lower temperature gradient of continental
lithosphere is balanced by a positive buoyancy
due to a more depleted composition. This formu-

Fig. 5. Plots of cumulative density versus lithosphere thickness for lithospheric mantle sections of di¡erent age, calculated using
the preferred compositions shown in Table 2 and the range of geotherms and LAB depth shown in Fig. 1. The shaded areas for
each mantle type and age correspond to the integrated sections of the lithosphere that are unstable relative to the underlying as-
thenosphere. The thick line indicating the density of the asthenosphere as a function of depth assumes a Primitive Mantle compo-
sition (Table 2) and an adiabat of 0.5³C/km for the LAB. The striped line on the Archean plot shows the density of a hotter as-
thenosphere (1500³C) calculated with an adiabat of 0.5³C/km. Same abbreviations as in Fig. 4.
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lation requires that the normative density (at
STP) of the continental section increases with
depth. The isopycnic curve, corrected for the ef-
fects of T and P, would necessarily approximate
the density of the asthenosphere as shown on Fig.
5. This represents a minimum buoyancy; a con-
tinent with a lithospheric density pro¢le corre-
sponding to the isopycnic curve would have little
or no freeboard relative to the oceans.

Jordan [2] used xenolith data to argue that the
normative density of the Archean lithosphere in-
creases with depth as required by the isopycnic
hypothesis. A more detailed analysis based on
the study of garnet xenocrysts in volcanic rocks

from cratonic areas worldwide ([35]) con¢rms a
general decrease in mg# with depth, implying
that the density of the lower parts of Archean
and Proterozoic sections can approach that of
Phanerozoic lithosphere. However, this e¡ect is
most pronounced in the deeper parts of the litho-
sphere (s 180 km depth) and represents a rapid
increase in density over a short vertical distance;
a similar distribution of density with temperature
is seen in the data used by Jordan ([2], Fig. 3).

The cumulative density curves shown in Fig. 5,
which assume a constant normative density, prob-
ably give the maximum buoyancy contrast to be
expected for each type of lithospheric section. The
Archean lithosphere approximated in this way
shows signi¢cant buoyancy for sections with typ-
ical Archean lithosphere thicknesses of 180^
220 km, while Proterozoic sections with typical
thicknesses of 150^180 km are only moderately
buoyant, and Phanerozoic sections (100^130 km
thick) are neutrally buoyant. The low to moderate
buoyancy of Proterozoic and Phanerozoic litho-
sphere, relative to the asthenospheric mantle, sat-
is¢es the minimum requirements for marginal
stability in the plate. However, in contrast to
the isopycnic situation, the density^depth curves
derived here show lithospheric densities greater
than that of the asthenosphere at shallow depths,
and less than that of the asthenosphere at greater
depths. The very low normative densities at shal-
low depths implied by the isopycnic relation
would require Archean-type densities at Moho
depths beneath all sections, and there is no evi-
dence in the xenolith record for this except in
some Archean sections. The overall buoyancy of
Archean sections (Fig. 5) probably is a maximum
estimate, if the rapid decrease in mg# at depths of
180^220 km observed by Gaul et al. [35] is a gen-
eral feature of Archean lithosphere, but even with
this caveat, it appears that Archean lithosphere is
signi¢cantly positively buoyant with respect to the
underlying asthenosphere. Is such buoyancy com-
patible with observation?

Jordan [36] argued that cratons are neutrally
buoyant relative to oceanic mantle because they
are not observable in the long-wavelength gravity
¢eld. Richards and Hager [37] and Forte et al.
[38] found that in fact there is a weak association

Fig. 6. Density pro¢les for each lithospheric mantle age type
and for the upper asthenosphere: Primitive Mantle composi-
tion from Table 2 is used for the asthenosphere composition
with an adiabat of 0.5³C/km. The representative average (la-
belled) geotherm for each lithosphere section is within the
typical geotherm range shown in Figs. 3 and 5. The stars
show where the geotherms for each lithosphere section cross
the LAB. The average LABs taken from Figs. 4 and 5 are
200, 150 and 100 km for the Archean, Proterozoic and Pha-
nerozoic lithosphere, respectively.
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between geoid perturbations and the continental
shields, while Shapiro et al. [39] argued that this
di¡erence is not signi¢cant at the 2c level. How-
ever, the wavelengths used (of necessity) in these
studies may be too long to recognise the signi¢-
cant buoyancy of Archean domains. The param-
eterisations have grouped Archean and Protero-
zoic shield areas, which will tend to combine large
areas of neutrally to slightly buoyant Proterozoic
shields with smaller areas underlain by more
buoyant Archean keels, leading to a small total
signal at such long wavelengths. On a smaller (re-
gional) scale, analysis of upward-continued grav-
ity data indicates a signi¢cant density de¢cit be-
neath Archean cratons, but not beneath the
surrounding Proterozoic mobile belts (Poudjom
Djomani et al., in prep.).

5.2. Can continental lithosphere `delaminate'?

The cumulative density curves in Fig. 5 provide
some constraints on tectonic and geochemical
models that invoke the gravity-driven detachment
(`delamination') of SCLM and its recycling into
the deep mantle. Our results show that a typical
section of Archean lithospheric mantle is signi¢-
cantly buoyant relative to the asthenosphere.
Lowering the geotherm below the 35 mW/m2 con-
ductive model could increase the density of the
column, but even if the geotherm were greatly
depressed, such a section of Archean SCLM is
unlikely to become negatively buoyant if it is
thicker than 100 km. Tectonic stacking, often in-
voked as a mechanism for delamination, will sim-
ply increase the buoyancy of the Archean SCLM
section relative to the asthenosphere, as the den-
sity of the asthenosphere at the depressed LAB
increases faster than that of the thickened litho-
sphere, assuming constant composition. This type
of lithospheric mantle therefore cannot be delami-
nated through gravitational forces alone.

The compositional buoyancy of Archean
SCLM also acts to stabilise the TBL against con-
vective disruption by reducing the stress, which
leads in turn to a reduction in viscosity and an
increase in strength. Such compositional buoy-
ancy appears to be required by £ow models that
invoke activation energies less than those required

for the £ow of olivine [40]. Finally, the refractory
nature and low heat production of the Archean
lithosphere reduces the probability of its being
weakened by partial melting, even when subjected
to relatively large temperature perturbations. The
combined e¡ects of their highly depleted compo-
sitions on buoyancy, strength and resistance to
melting provide a simple explanation for the
thickness and apparent long-term stability of Ar-
chean lithospheric roots.

Proterozoic SCLM, while denser than Archean
SCLM at the same temperature because of its less
depleted composition, also typically has some-
what higher geotherms (Fig. 1). Any Proterozoic
section more than about 150^180 km thick is
moderately buoyant (Fig. 5), consistent with the
observed preservation of lithosphere with Prote-
rozoic Re^Os ages beneath Proterozoic cratons
(e.g. [16^19]) and beneath some areas where Pha-
nerozoic tectonic (but not magmatic) activity has
reworked Proterozoic crust, such as the Caledo-
nides of western Norway ([41]) and parts of west-
ern Europe ([23]). Because the density contrast
between asthenosphere and Proterozoic SCLM
at the LAB is less than for Archean SCLM, it is
possible that a decrease in the geotherm below
those modelled here could destabilise a section
as thick as 150 km.

Phanerozoic terranes have a wide range of geo-
therms (Fig. 1). With the high advective geo-
therms, typical of areas of active or recent basaltic
volcanism (e.g. [12,42]), Phanerozoic SCLM is ex-
tremely buoyant. Some Phanerozoic SCLM sec-
tions may sustain relatively high conductive geo-
therms because they have high internal heat
production. However, with lower geotherms ob-
served in older Phanerozoic areas (45^50 mW/m2

conductive models ; Figs. 1, 4 and 5), a section of
Phanerozoic SCLM thinner than about 110 km is
denser than the asthenosphere at the LAB, and
hence is gravitationally unstable. This is a mini-
mum estimate: if the denser Cenozoic lithospheric
mantle found as garnet peridotites in some re-
gions (e.g. eastern China; [3]) is considered, sec-
tions up to about 150 km thick are unstable even
on the higher conductive geotherms characteristic
of many Phanerozoic terranes.

Lithosphere delamination, accompanied by the
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upwelling of the asthenosphere to shallow depths,
is widely invoked to explain tectonic uplift and
crustal magmatism and metamorphism. The data
presented here suggest that this mechanism is un-
likely to have been relevant during the growth of
Archean cratons, unless the lithospheric roots of
these cratons formed after the major magmatic/
metamorphic episodes. However, available Re^
Os data suggest that such roots are at least as
old as the overlying crust ([16] and references
therein).

On the other hand, the density^depth system-
atics of Phanerozoic SCLM suggest that such de-
lamination is highly likely as a result of cooling
following crustal formation.

5.3. `Lithosphere erosion' ^ mechanisms and e¡ects

The data presented here suggest that tectonic or
magmatic events that lead to the replacement of
old SCLM by younger material will cause changes
in the density and geothermal pro¢le of the litho-
spheric column, with major e¡ects at the surface.
These e¡ects will include regional uplift due to the
lower density of material on an elevated geotherm
[43], followed by subsidence as the elevated geo-
therm relaxes [44] and the overall density of the
section increases due to the replacement of older
buoyant mantle with younger, denser mantle.

Several studies have documented situations in
which thick, depleted (Archean) lithospheric man-
tle has been wholly or partially removed and re-
placed by thinner, hotter and more fertile SCLM.
Eggler et al. [45] showed that beneath the Wyom-
ing craton, an original Archean lithosphere about
200 km thick, with a low conductive geotherm,
has been largely replaced by fertile Cenozoic
SCLM with a thickness of about 120 km. In the
Kaapvaal Craton, Brown et al. [46] used ¢ssion
track dating and xenolithic material from kimber-
lites of di¡erent ages to show that the removal of
ca 40 km of old, depleted lithospheric mantle and
its replacement by hotter and chemically re-
charged (metasomatised) lithosphere around 90
Ma ago, is correlated with signi¢cant uplift and
erosion of the craton. In the eastern Sino^Korean
craton, China, the removal of about 100 km of
Archean lithosphere during the late Mesozoic was

accompanied by uplift, basin formation and wide-
spread magmatism [47].

If, as argued above, Archean SCLM cannot be
`delaminated' and is too refractory to be melted
signi¢cantly, how does such lithosphere replace-
ment occur? A detailed discussion of possible sce-
narios is outside the scope of this paper. However,
at least one mechanism is suggested by geological
and geophysical studies of the Sino^Korean cra-
ton. Detailed seismic tomography of part of the
eastern Sino^Korean craton, an area of very high
heat £ow, shows a lithospheric mantle made up of
vertically and laterally extensive blocks of high-
velocity (probably Archean) mantle embedded in
a matrix of lower-velocity (presumably Cenozoic)
mantle [48]. Yuan [48] suggests that this heteroge-
neity re£ects the disruption of the Archean litho-
sphere due to rifting processes that allowed up-
welling of young fertile mantle along breaks in the
Archean root. This mechanism has resulted in
mechanical dispersal, heating and `dilution' of
the Archean root, rather than its removal. We
suggest that the prolongation of this process
would involve heating and metasomatism of the
relict Archean blocks by asthenospheric material,
leading to a progressive increase in normative
density and decrease in their buoyancy and vis-
cosity, to the point where they would be di¤cult
to distinguish from young lithosphere, except pos-
sibly by isotopic techniques.

5.4. Implications for lithosphere generation
processes

The material of Archean SCLM is so buoyant
relative to asthenosphere that even relatively small
volumes would rise and accumulate, especially if
they were generated in high-temperature events
[49] so that their density would be lower than
modelled in Figs. 4 and 5. Fig. 5 shows the e¡ect
of a hotter asthenosphere in the Archean, mod-
elled as an adiabat with a potential temperature
of 1500³C. Even in this situation, Archean litho-
sphere thicker than ca 75 km would be signi¢-
cantly buoyant. This buoyancy o¡ers a mecha-
nism for generating Archean protocontinents
from the depleted residues of small-scale events.
Indeed, it would be di¤cult not to accumulate
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such material, and the current lack of Re^Os de-
pletion ages greater than ca 3.5 Ga for mantle
materials may imply that these lithosphere-form-
ing processes did not begin earlier.

The relatively low density of a hotter astheno-
sphere could have led to the preferential preserva-
tion of only the least dense lithosphere sections,
thus exaggerating the apparent contrast in norma-
tive density between Archean and younger litho-
sphere. However, if this density-sorting mecha-
nism was the primary cause, we would expect to
¢nd Archean-type material in younger lithosphere
sections, and this has not been identi¢ed to date
([24]). Thus even if only the most buoyant parts of
the Archean lithosphere have survived, the di¡er-
ences between Archean and younger SCLM argue
for a secular change in the processes that have
generated SCLM through time. Discussions of
the nature of these processes are given elsewhere
[25,26,49].

Proterozoic lithospheric sections are typically
150^180 km thick, but are only gravitationally
stable if they are 130 km thick. These thick sec-
tions would have to have accumulated either rap-
idly, or at high enough temperatures to remain
buoyant until they have thickened to the point
where thermal relaxation would not make them
unstable. This accumulation would be assisted
by secular cooling of the Earth, as the cooler as-
thenosphere became more dense. The processes
that produced these relatively thick stable roots
appear to be largely con¢ned Archean and Prote-
rozoic time, though present-day analogues may
exist under regions such as the Sierra Nevada of
California.

A section of Phanerozoic SCLM cooling from a
high advective geotherm (such as the SEA geo-
therm (Figs. 4 and 5) toward a typical high con-
ductive geotherm undergoes a dramatic change in
density (s 2% for a section 100 km deep). While
this section is very buoyant on the high advective
geotherm it is gravitationally unstable and subject
to delamination (Rayleigh^Taylor instability ; [50]
and references therein) on lower geotherms. The
removal of such a section, and its replacement by
upwelling asthenospheric material, would produce
a new advective geotherm, starting the cycle over
again. This instability may be a common feature

of Phanerozoic orogenic belts, and could explain
the apparent scarcity of oceanic or island^arc de-
pleted mantle components in xenolith suites from
young mobile belts such as eastern China and
eastern Australia, as documented by Gri¤n et
al. [23,24].

6. Conclusions

Di¡erences in SCLM composition and geo-
therms between Archean, Proterozoic and Pha-
nerozoic regions result in marked, age-related dif-
ferences in mean lithospheric density and in the
density^depth relationship within the SCLM.

Archean SCLM sections (depth to base of
lithosphere 180^240 km) are signi¢cantly buoyant
relative to asthenosphere under any reasonable
geological scenario, and this buoyancy reduces
both stress and viscosity. Therefore Archean
SCLM cannot be delaminated by gravitational
processes alone, and will tend to be preserved.
Tectonic processes such as rifting may allow its
disruption and replacement by upwelling, more
fertile asthenospheric (or plume) material.

Proterozoic SCLM is less depleted and there-
fore denser (at the same T) than Archean
SCLM. Thin Proterozoic SCLM (less than about
120 km thick) is denser than asthenosphere and
would be gravitationally unstable. However, Pro-
terozoic lithospheric sections are typically 150^
180 km thick; such SCLM columns are moder-
ately buoyant and, like Archean SCLM, are un-
likely to be delaminated.

Phanerozoic lithospheric sections are com-
monly less than about 100 km thick. These sec-
tions are stable under the elevated geotherms as-
sociated with volcanic activity, but gravitationally
unstable once they have cooled to typical steady-
state conductive geotherms. This instability sug-
gests that lithospheric delamination may be a
common feature of the history of Phanerozoic
mobile belts. Replacement of such a section by
upwelling asthenospheric material will start an-
other cycle of cooling, instability and delamina-
tion. This process may explain the common oc-
currence of highly fertile SCLM beneath
Phanerozoic mobile belts, where we might instead
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expect to ¢nd depleted oceanic and arc-related
peridotites.
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