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Abstract

Chemical buoyancy within the lithosphere may be prevalent in certain depth regions. To con-
strain those depths, we follow an approach similar to Wang et al. (2023) and plot the difference
between residual topography—where only crustal isostatic topography has been removed—and dy-
namic topography—where only sub-lithospheric density anomalies are considered—against litho-
sphere thickness. In theory, this difference should be caused by density anomalies in the lithosphere,
and the slope of the fitting line versus lithosphere thickness should hence indicate depth-dependent
densityanomalies in the lithosphere. Whencomputingdynamic topography, lithosphere thicknessand
density anomalies outside the continental lithosphere are derived from tomography. Within the conti-
nental lithosphere, density anomalies are set to a reference value, for which we use either the global
mean, or the depth-dependentmean values belowmid-ocean ridges. With densities in the continental
lithosphere set to globalmean,we typically find a break in slope around 150 km thickness, fromnearly
zero above to a negative slope below. With densities set tomid-ocean ridge values, there is still a break
in slope but the slope above 150 km is also negative. This indicates that chemical density anomalies
that cause lithospheric buoyancy are concentrated in the upper ≈150 km. Whether or not there are
substantial density anomalies also above 150 kmmainly depends onwhether the globalmean, ormid-
ocean ridges are used for reference.

1 Introduction
In contrast to oceanic lithosphere which gets recycled into
themantleat subductionzones, continental lithosphereap-
pears to be quite old, in particular in cratons where rocks
more than a billion years are preserved. Such old litho-
sphere would be expected to be cold and dense. However,
if, based on expected density structure, isostatic topogra-
phy is computed and compared with actual topography, it
is found that continents have higher topography than ex-
pected. This has led to the isopycnic hypothesis of Jor-
dan (1978, 1988)—that the negative thermal buoyancy of
cold continental lithosphere is at least largely, if not com-
pletely, compensated by positive chemical buoyancy. More
recent work has shown that this compensation is not com-
plete, and there is still a remainingnegativebuoyancy (Forte
and Perry, 2000; Wang et al., 2022). Liu et al. (2025) pro-
vide a detailed discussion on this topic. Also, there are
sub-lithospheric contributions to topography due to the
convecting mantle—so-called dynamic topography, which
have to be taken into account.

To address the question of total density anomalies in the
lithosphere and at what depth these occur we take here
an approach similar to Wang et al. (2023) but with differ-
ent modeling assumptions and covering a wider range of
models: We plot the difference between residual and dy-
namic topography against lithosphere thickness. The slope
of this line at different lithosphere thickness values should
then tell something about lithosphere density anomalies
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at those depths: Residual topography is simply computed
by subtracting crustal isostatic topography, using a certain
crustal model, from observed topography. It therefore con-
tains the effect of density anomalies within the lithosphere.
Dynamic topography, on the other hand, is computed here
with a dynamic flow calculation based on density anoma-
lies that are inferred fromseismic tomography, using a ther-
mal scaling, below the lithosphereonly, i.e., density anoma-
lies are set to zero within the continental lithosphere.

At least in theory, the difference, residual minus dynamic
topography, should then be the result of density anoma-
lies within the lithosphere only. It also should not mat-
ter whether any age-dependent topography in the oceans
has been subtracted, as long as it is done exactly the same
way for both dynamic and residual topography. Since litho-
sphere thickness, as well as dynamic and residual topogra-
phy are all in units of kilometers, the slope is dimensionless
andcanbeexpressed inunits of per cent. Sincewecompute
(or convert to) all dynamic and residual topography “below
air” (with negligible density), it can be interpreted as per
cent density anomaly, but one needs to be clear about at
what depth and relative to what.

Seismic anomalies are relative to a global mean zero.
Hence, if we set density anomalies to zero within the litho-
sphere, for the computation of dynamic topography, their
globalmean is no longer zero. So, relative to the new global
mean, the density anomalies in continental lithosphere are
not zero. One can iteratively correct for that, and we will
present results for both cases where this correction has

1 | https://doi.org/10.5070/F3.49018 GEODYNAMICA | volume 1.1 | 2026

https://orcid.org/0000-0002-3643-3049
https://orcid.org/0009-0006-9135-3603
https://doi.org/10.5070/F3.49018


GEODYNAMICA | RESEARCH ARTICLE | Steinberger & Strobel, Lithosphere mantle density, thickness & dynamic topography

been done, and where it has not. It has also been proposed
that mid-ocean ridges, with essentially adiabatic temper-
atures all the way to the surface are a suitable reference:
Relative to this much hotter reference, the continents will
obviously be much more negatively buoyant than relative
to the global mean chosen here, and the fraction of ther-
mal anomalies that are compensated by chemical anoma-
lies will be much lower in this case. We will also present re-
sultswhere continental lithosphere densities are set to sub-
ridge values.

Dynamic topography is computed in a way such that the
global mean is zero by definition (as is for residual topogra-
phy), even if the density mean at lithospheric depths is not
zero. Whether or not this should be corrected for does not
matter for the purpose of this paper, wherewe are only con-
cerned about the slope of residual minus dynamic topog-
raphy versus lithosphere thickness, and any constant shift
does not matter.

2 Methods
To determine to which density anomalies the slope corre-
sponds to, we consider an isostatic balance between topog-
raphy h with mantle surface density ρ0 (as crustal isostasy
has been removed) and lithospheric density anomalies
δρ(z, tl) (i.e., we assume those density anomalies depend
on depth and lithosphere thickness):

ρ0h =
tl∫

0

δρ(z, tl)dz. (1)

The lithospheric density anomalies consist of thermal
and compositional anomalies. If we further assume that
the chemical anomalies ρc only depend on depth (not
on lithosphere thickness) and the continental lithosphere
geotherm follows a complementary error function, equa-
tion (1) becomes

h =
tl∫

0

δρc(z)/ρ0dz + δρ0/ρ0

tl∫
0

erfc(z/tl)dz (2)

Here δρ0 is the thermal density anomaly that corresponds
to the difference between mantle potential temperature
and actual surface temperature, i.e., the reference temper-
ature for thermal density anomaly in equation (2) is the adi-
abatic temperature profile ofmid-ocean ridges. The second
integral is simply the product of lithosphere thickness and
the integral of the complementary error function from zero
to 1, which is C = 1 − erf(1) + (1 − e−1)/

√
π = 0.514.

According toMcKenzie et al. (2005) cratonic mantle temper-
ature instead follows nearly a straight line. In this case, C
would be one half and results would remain essentially the
same. The derivative of topography with respect to litho-
sphere thickness, which corresponds to the slope, then be-
comes

dh

dtl
= δρc(tl)

ρ0
+ C

δρ0

ρ0
(3)

Hence the first term is the chemical density anomaly at the
base of the lithosphere, but the second term is not the ther-
mal density anomaly at the base of the lithosphere, but
the average thermal density anomaly over the entire litho-
sphere, which is approximately half its value at the surface.

With a thermal expansivity 3.3 × 10−5/K, and a tempera-
ture contrast across the lithosphere of 1325 K, this means
that a purely thermal lithosphere would correspond to a
slope of −2.25%. This is relative to an adiabatic mantle,
i.e., if we take the global ridge system as reference. The
corresponding slope is less with the global mean density
or seismic velocity as reference, as this mean already cor-
responds to a depth-dependent temperature difference to
the adiabat which would have to be subtracted. The inter-
pretation of equation (3) depends on the assumption that
continents with different lithospheric thicknesses share the
same chemical density anomaly at the same depth. More
generally, if this is not the case, a steeper slope for thicker
lithosphere just means that thicker lithosphere is on aver-
age less buoyant, but our approach cannot distinguish at
what depth.

For lithosphere thickness models, we follow Steinberger
and Becker (2018), i.e., we test 5 different tomographymod-
els: (1) sl2013 (Schaeffer and Lebedev, 2013), (2) semum2
(French et al., 2013), (3) s40rts (Ritsema et al., 2011), (4) sa-
vani (Auer et al., 2014), (5) gypsum (Simmons et al., 2010).

Dynamic topography is computed from sub-lithospheric
density anomalies derived from the same models. How-
ever, since sl2013 and semum2donot cover thewholeman-
tle, they are merged with Grand10—the 2010model update
of Grand (2002)—in the deeper mantle, with a smooth tran-
sition between 150 km and 250 km. All tomographymodels
are interpolated on the same radial layers.

Dynamic topography computation follows Steinberger
(2016), with some differences: In most regions we con-
vert relative seismic velocity anomalies to relative density
anomalies with a factor that is somewhat depth-dependent
and around 0.22 in the upper 400 km, assuming the same
conversion coefficients to density for both slow and fast
seismic anomalies so that density anomalies follow the
same spatial distribution as that of seismic anomalies.
However, in a first step we set anomalies within the crust
to zero, in line with removing crustal isostasy in residual
topography, i.e., we aim at removing effects of the crust
as much as possible. In a second step, density anomalies
within the continental lithosphere are also modified, using
three options: In the first option, they are also set to zero
(i.e., the global mean). However, after this replacement the
mean is no longer zero (except in our uppermost layer at
depth 7 km, which is all within the crust and where hence
density anomalies have been set to zero globally), and the
lithosphere anomalies no longer corresponds to this new
mean. Hence, in our second approach, we replace them
by a depth-dependent different value that corresponds to
the new mean. This value is found by an iterative trial and
error procedure. We first compute global average density
at each model depth after replacing densities in the con-
tinental lithosphere by zero. Then we replace it by some-
thing near that average and re-compute the average at each
depth, and repeat that computation until the procedure
converges. In our third approach, we replace anomalies in
the continental lithosphere by the approximatemean value
below mid-ocean ridges. We compute that based on the
Müller et al. (2008) age grid version 3.6, available online at
https://www.earthbyte.org/webdav/ftp/earthbyte/agegrid
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/2008/Grids/ as the mean value below all sea floor with age
less than or equal to 5 Ma.

Also, in all cases the same radial viscosity model, cor-
responding to the reference case of Steinberger (2016), is
used. A schematic illustration of the calculation procedure
is given in Figure 1. Apart from the crust and continental
lithosphere, we keep density anomalies from tomography
everywhere and not just up to a specific depth (e.g., 250
km) as has sometimes been done before. In this way, dy-
namic topography can match some smaller-scale features
of residual topography, which would not be the case other-
wise (Steinberger, 2016). Also note that tomography is rel-
ative to global average, i.e., including an (average) thermal
boundary layer. Relative to an adiabat, the lithosphere is al-
ways cold and thermally dense, contrary to the appearance
in tomography. However, whether or not a global average
thermal boundary layer is included or not does not affect
the dynamic topography computation where we always as-
sign zero mean by definition.

Following Steinberger (2016) we also removed the to-
pography signal related to sea floor age, and an ocean-
continent contrast by assigning continents an appropriate
“equivalent” sea floor age, because the same procedure is
also applied to residual topography. For the purpose of our
paper,whereweareonly concernedwith continents, this al-
mostdoesnotmatter. It onlyhasaslighteffectbecause, due
to the spherical harmonic expansion we use, the seafloor
age signal slightly “leaks” into the continents. Since the
globalmean remains at zero, it also shifts continental eleva-
tions by a constant value, but since we are only concerned
about the slopes, this does not matter either.

Residual topography model 1 was adopted from
Steinberger (2016), model 2 comes from a combina-
tion of Holdt et al. (2022) in the oceans and Stephenson
et al. (2024) on continents. Oceanic data are divided by
3330/(3330–1030)=1.447826, hence converted from “below
water” to “belowair” to correspond to dynamic topography
computations. Also, the way this model combination is
constructed corresponds to a different “equivalent” sea
floor age than in our dynamic topography computations.
Again, since here where we are only concerned with conti-
nents, this construction procedure almost does not matter
and this is essentially themodel of Stephenson et al. (2024),
again with slight changes due to spherical harmonic ex-
pansion and a possible constant shift in elevation. Model 3
was computed in the sameway as in Steinberger (2016) but
with a modification of Crust 1.0 (Laske et al., 2013) crustal
thickness (T.W. Becker, pers. comm., further developed
from Faccenna (2020)).

All models are evaluated on the same latitude-longitude
grid with 1 degree spacing in latitude. Longitudinally
the grid spacing is also about one degree of arc, i.e., the
points are 1/cos(latitude) degrees of longitude apart. In
this way, each grid point represents about the same sur-
face area which simplifies the best-fitting line computa-
tions, but, more importantly, leads to an improved visual
representation, where areas closer to the poles are not
over-represented. Each point is also characterized as ei-
ther 1-oceanic lithosphere or 2-weak plate boundaries or 3-
cratons or 4-other continental lithosphere (Cui et al., 2024).

Here we only consider cratons and other continental litho-
sphere, but we include also those plate boundary regions
that are on continents (using the -200m isobath to discrim-
inate, and explicitly excluding Iceland) in the latter. This
gives 6966 points on cratons, and 15522 points for the en-
tire continental lithosphere.

Combining five dynamic topography models with three
residual topography models gives 15 different combina-
tions for their difference. Among these, we choose the com-
bination of savani dynamic topography, and residual to-
pography model 3 as reference case, as this is the best-
fitting combination of Cui et al. (2024). Plotting the differ-
ence against lithosphere thickness gives a cloud of points
through which we fit either one or two straight lines. In or-
der to not give outliers toomuch weight, we use the sum of
the absolute differences between points and line as misfit
which we aim to minimize, using Numerical Recipes (Press
et al., 1986) routines amoeba.f and amebsa.f. The one-
line fit is determined with the downhill simplex method
amoeba.f. To increase chances for achieving a good result
for the two-line fit, we initiate the routine with what gives
visually a good fit. We then apply amoeba.fwhich will con-
verge to a local and not necessarily the globalminimum. To
further improve the results and if possible converge to the
global minimum, we subsequently apply the simulated an-
nealing method amebsa.f. We will use the two-line fit if it
corresponds to at least 1% improvement compared to the
one-line fit, which we will use otherwise.

To reduce spread from the cloud of points, we also
compute averages of topographies or their differences and
lithosphere thicknesses for points with similar lithosphere
thickness. For this, we first sort the points according to
lithosphere thickness, using the Numerical Recipes routine
hpsort.f. We then average over each 777 consecutive
points (slightly less for the final set), yielding 20 averaged
points for theentire continents andnineaveragedpoints for
the cratons.

3 Results
In order to be able to assess what difference it makes to
set density anomalies in the continental lithosphere to ei-
ther zero, or to a value such that it is equal to the global
mean (after this replacement) for each depth, we first deter-
mine iteratively that value. Figure2 leftshows results forour
five tomography models (or combinations thereof), with
seismic anomalies converted to density anomalies. Given
that seismic anomalies in the lithosphere are mostly posi-
tive, replacing them by zero would shift the global mean to
negative values. If they are to remain equal to the global
mean, they need to be (even more) negative, and this is
what is shown. At crustal depths, offsets can be both pos-
itive and negative, as they are also influenced by negative
seismic velocity anomalies within the crust. Figure 2 right
shows the average density anomalies below ridges, which
are also negative but larger magnitude. If seismic veloc-
ity anomalies were only due to temperature anomalies, this
curve should approximately correspond to the difference
between the adiabatic temperature at a given depth and
the global average temperature at that same depth, multi-
plied with thermal expansivity, i.e., it should continuously
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FIGURE 1 – A schematic illustration of the calculation procedure for dynamic topography: Density anomalies are converted from seismic
velocity anomalies. However, they are excluded within the crust in a first step. Within the continental lithosphere we consider three cases
in a second step: density anomalies are either (1) set to zero or (2) iteratively set to the (depth-dependent) global average or (3) set to the
(depth-dependent) average beneath mid-ocean ridges. Negative density anomalies generally cause upward flow pushing the lithosphere
up, positive anomalies downward flow pulling it down. Note that this definition of dynamic topography does not account for density
anomalies in the lithosphere, and the difference to residual topography allows us to estimate these density anomalies, relative to the
lithospheric density chosen.

FIGURE 2 – A: Global average density offset introduced by setting density anomalies in the lithosphere to zero. B: Density anomalies
averaged belowmid-oceanic ridges. In case we use the ridges as reference, we set the continental anomalies to this value, instead of zero.

increase towards the surface, reaching a large value ofmore
than 4% there. However, the actual profiles only increase
up until a certain depth, which also differs among models,
and then decreases again. We can see at least two rea-
sons for the discrepancy betweenwhatwewould expect for
thermal anomalies only and what we actually see. The first
one is vertical smearing, which also gives rise to differences
among models. The second one is that seismic velocities
are also influenced by chemical differences—most impor-
tantly, velocities are lower in the crust, but there are also
the effects of chemical differences in the sub-crustal litho-
sphere. However, wedon’t expect that chemical differences
play amajor role beneath ridges, whichmakes them an ap-
propriate reference column, if we want to determine densi-
ties of continental lithosphere relative to an adiabaticman-

tle, and as long as the profiles are not affected by vertical
smearing.

In Figure 3 we use our reference case as an example to il-
lustrate our procedure. The top right panel shows the litho-
sphere thickness on continents determined in Steinberger
and Becker (2018) for tomographymodel savani (Auer et al.,
2014). It shows cratons typically having the thickest litho-
sphere up to around 250 km thick. Another region of very
thick lithosphere is around Tibet. Much of the remain-
ing continents have lithosphere thickness in excess of 100
km, but there are also continental regions with less than
50 km thick lithosphere, such as in western North Amer-
ica, East Asia, and a corridor stretching north from Ethiopia
to eastern Turkey. Lithosphere thickness on continents for
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FIGURE 3 – Residual topography, lithosphere thickness, dynamic topography with density anomalies in continental lithosphere either
set to zero, or the global mean value beneath mid-ocean ridges, and the difference between residual and dynamic topography for the two
cases for our reference model (residual topography 3 and based on savani (Auer et al., 2014) tomography). Cratons are outlined in brown.
Fields are only shown on continents, but residual and dynamic topographies and lithosphere thickness are provided globally in the online
repository. We also plot residual topography and two cases of dynamic topography versus lithosphere thickness. Small dots with different
colors are for individual cratons; small black dots for all other points on continents. Big black dots are averaged (seemethods) data points
for for all continents, big brown dots are averaged for cratons.

all models in Figure S1 show broadly similar patterns. See
Steinberger andBecker (2018) for the global pattern, includ-
ing oceans. The top center panel of Figure 3 shows that
many regions with thin lithosphere are also characterized
by high residual topography, including East Asia, western
North America and the Afar region. An obvious reason for
this relation could be that in regions of thin lithosphere, the
hot asthenosphere comes closer to the surface, giving rise
to high topography. In other continental regions there is no
immediatelyobvious relationbetween the twomaps; for ex-
ample there are cratons with both high and low residual to-
pography. However, if we plot residual topography point-
wise against lithosphere thickness (top left panel) we can
see a pattern: For lithosphere thickness above around 150
km, thicker lithosphere tends to be associated with lower
residual topography, which could indicate that lithosphere
below a depth of about 150 km is negatively buoyant—
something we will further investigate in the rest of the pa-
per. However, there is also quite a spread of about 2–3 km
for residual topography with the same lithosphere thick-
ness. When comparing individual cratons, indicated by dif-
ferent colors, we can for example see that African cratons
tend to have higher residual topography for the same litho-

sphere thickness than other cratons—something that can
be readily attributed to Africa sitting on a topographic swell
above a Large Low Shear Velocity Province (LLSVP). Brown
dots indicate that cratons, especially thinner ones, on aver-
age have higher residual topography than other continents,
which is also due to African cratons. The other models of
residual topography, and plots of residual topography ver-
sus lithosphere thickness for all 15 combinations are shown
in Figure S4, often showing a similar pattern—sometimes
clearer, sometimes less clear. Notably, residual topography
model 2, largely based on Stephenson et al. (2024) tends
to show less variation than the other two, which are based
on Crust 1.0 (Laske et al., 2013). In case their crustal thick-
ness is unmodified (model 1) resulting residual topography
is strongly negative in some continental regions, in partic-
ular Eurasia. The negative topography is less pronounced
in our model 3, where crustal thicknesses have been modi-
fied (courtesy of ThorstenBecker), except in East Antarctica,
where it is now strongly negative instead of positive.

In contrast, if we plot dynamic topography in our refer-
ence case in Figure 3, we see a different pattern, which also
depends on what density anomalies we assign to the con-
tinental lithosphere: If we assign zero densities (i.e., the
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global mean) there does not appear much of a relation be-
tweendynamic topographyand lithosphere thicknessat all,
except that, again, veryhigh topographyappears tobeasso-
ciated with very thin lithosphere, as discussed above. Also,
African Cratons, and cratons on average, especially thinner
ones, tend to again be associated with higher topography,
which we also already discussed. In contrast, if continen-
tal lithosphere is assigned the same density as mid-ocean
ridges, the computeddynamic topographybecomeshigher,
and it also tends to increasewith lithosphere thickness. Re-
sults for allmodels shown in Figures S1 andS3, whereby dy-
namic topography is only plotted against lithosphere thick-
ness derived from the same tomographymodel, showover-
all similar patterns. Furthermore, comparison with Figure
S2 shows that results are not much affected by modifying
densities in the continental lithosphere such that they re-
main equal to the global mean.

The difference of residual and dynamic topography,
which is supposed to be caused by density anomalies in the
continental lithosphere again depends on whether we use
the globalmean (middle right panel of Figure 3 for our refer-
ence case) or mid-ocean ridges (lower right panel) as base-
line relative to which those anomalies are defined. In the
former case, the areal extent of regions with positive and
negativedifference is similar,whereby regionsof thick litho-
sphere and cratons in particular are more often associated
with a negative difference, again suggesting a negatively
buoyant lower lithosphere. In the latter case, therearemore
regions with negative difference, and regions of thick litho-
sphere and cratons are oftenassociatedwith a very strongly
negative difference, indicating that, relative to an adiabatic
mantle, many regions of continental lithosphere, in partic-
ular thick lithosphere, are negatively buoyant. Result for all
5 dynamic topographies, three residual topographies and
three different “baselines” for continental lithosphere den-
sities (i.e., a total of 45 combinations) are shown in Figures
S5, S6 and S7, and summarized in Tables 1 and S1.

As already for residual topography, we find that results
become clearer if we plot topography difference against
lithosphere thickness. In the case with zero (i.e., global
average) densities in the continental lithosphere (Figure 4)
in the reference case (combination of savani and residual
topography 3) the difference appears more or less inde-
pendent of lithosphere thickness up until around 100–150
km thickness, but above that, and in particular for cra-
tons, it tends to becomes more negative with thickness.
This pattern was also found for residual topography, and
can therefore be attributed to positive density anomalies
in the lithosphere—in particular below 100–150 kmdepth—
which affect residual but not dynamic topography. The
large spreadof results of around2 km (±1 km from thebest-
fit line) is probablydue touncertainties inbothdynamicand
residual topography models. They become also apparent
whencomparing the results for differentdynamicand resid-
ual topography models. The spread is smallest with resid-
ual topography 2, due to this model having the lowest am-
plitude. Despite the spread, we find the overall pattern of
topography difference being either independent of, or even
slightly increasing with lithosphere thickness, if the thick-
ness is smaller than a certain value, and becoming more
strongly negative with increasing thickness for thicknesses

larger than that. The correspondingbreak in slopeof a best-
fitting line tends to occur around thickness 150 km. Figure
S8 shows that results are notmuch affected if the continen-
tal lithospheredensity is adjusted such that it remainsequal
to the global mean after this adjustment.

However, Figure 5 shows that results are strongly af-
fected, if insteadcontinental lithospheredensity is set equal
to mid-ocean ridge density: In this case, the slopes tend to
bemore negative and differences become strongly negative
for thick lithosphere and cratons in particular, showing that
relative to an adiabatic mantle, the lithosphere has excess
density, i.e., is negatively buoyant overall. Also, although
it is less apparent than in Figure 4, there still tends to be
a break in slope at around 150 km in some cases, i.e., the
slope of the best-fitting line tends to be evenmore strongly
negative for higher thickness.

4 Discussion
Our main results are based on plots of residual minus dy-
namic topography versus lithosphere thickness, but all of
these quantities have considerable uncertainties. To at
least partly account for uncertainties, we use various mod-
els: We use five different lithosphere thickness models,
but all of them are derived from seismic tomography, us-
ing the same method. There are other methods as well,
based on heat flow (Artemieva, 2006), elastic thickness (Au-
det and Bürgmann, 2011) and receiver functions (Rychert
et al., 2010). A comparison of lithosphere thickness models
is given by Steinberger and Becker (2018). It is not neces-
sarily expected that these different models for lithosphere
thickness agree, as material may lose its elastic strength at
a different (lower) temperature as its rheological strength,
and receiver functions could indicate a boundarywithin the
lithosphere rather than the base of the lithosphere (Selway
et al., 2015; Rader et al., 2015). In particular Yuan and Ro-
manowicz (2010) propose a boundary between a top chem-
ical layer andabottomthermal layer at adepthof about 150
km in regions of thick lithosphere, which agrees well with
the break in slope we find around that depth. Regarding
determining total lithosphere thickness, our tomography-
basedmethodshouldworkwell as longas seismicvelocities
below (not necessarilywithin) the lithosphere are related to
temperature, and viscosity is a function of temperature.

Uncertainties in residual topography are caused by un-
certainties in crustal density and thickness. For example,
if the assumed crustal density is wrong by only 1%, a sim-
ple calculationof isostasy yields several hundredmetersdif-
ference in residual topography. These uncertainties illus-
trate what is probably the main reason that our plots of to-
pography difference versus lithosphere thickness are rather
clouds of points, with a spread of about ± 1 km around the
best-fitting lines we determine. Nevertheless, both visually
and computationally this “break in slope” of the cloud of
points can be found formost of themodel computations in-
vestigated. That is why we regard our results as robust.

Left of the break in slope, which occurs around 150 km,
the slope tends to be close to zero, if lithosphere den-
sity anomalies are set to the global mean. Hence depth-
integratedcontinental lithosphericdensity anomaly is close
to the global mean for lithosphere of less than around 150
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TABLE 1 – Slopes and intersection points of fitting lines. First column: tomography model used to compute dynamic topography and
lithosphere thickness. Second column: residual topography model. 3rd column: Density anomalies of continental lithosphere equal to
zero (global mean) or the (depth-dependent) mean value beneath the mid-ocean ridge system, 4th - 7th column: Slope of left / right fitting
line and coordinates (horizontal, vertical) of intersection point for black lines (all continents). 5th - 8th column: Slope of left / right fitting
line and coordinates (horizontal, vertical) of intersection point for brown lines (cratons only). In case of a one-line fit, the y-coordinate of
the interception point with the y-axis is given instead.

dt rt den a1,co[%] a2,co[%] x0,co[km] y0,co[km] a1,cr[%] a2,cr[%] x0,cr[km] y0,cr[km]
sl2013 1 zero -0.04 -0.91 215 -0.40 0.16 -1.36 210 -0.23
sl2013 2 zero 0.70 -0.26 122 0.02 0.32 -0.49 175 -0.01
sl2013 3 zero 0.34 -0.50 127 0.12 0.34 -0.85 162 0.14
semum2 1 zero 0.11 -0.60 142 -0.06 0.33 -0.84 172 -0.03
semum2 2 zero 0.47 -0.28 139 0.06 0.19 -0.48 187 0.00
semum2 3 zero 0.16 -0.55 137 0.16 0.20 -0.86 172 0.17
s40rts 1 zero 0.19 -1.54 150 0.16 0.63 -1.73 154 0.40
s40rts 2 zero 0.34 -0.87 166 0.25 0.70 -0.94 164 0.32
s40rts 3 zero 0.01 -1.47 169 0.21 0.50 -1.27 170 0.27
savani 1 zero 0.04 -1.00 140 0.08 -0.76 0.91
savani 2 zero 0.34 -0.67 141 0.14 -0.62 0.94
savani 3 zero 0.35 -0.86 118 0.37 -0.99 1.61
gypsum 1 zero -0.34 0.28 0.45 -0.87 157 0.16
gypsum 2 zero 0.86 -0.25 117 0.15 0.09 -0.81 212 0.12
gypsum 3 zero -0.26 0.40 -0.40 -1.30 257 -0.30
sl2013 1 ridge -0.72 0.03 -0.30 -1.26 205 -1.32
sl2013 2 ridge -0.44 -0.27 -0.51 -0.20
sl2013 3 ridge -0.70 0.1 -0.82 0.37
semum2 1 ridge -0.85 0.36 -0.34 -1.15 181 -1.00
semum2 2 ridge -0.53 0.01 -0.60 0.11
semum2 3 ridge -0.82 0.52 -0.89 0.66
s40rts 1 ridge -0.40 -2.10 156 -0.40 0.51 -2.18 153 -0.10
s40rts 2 ridge -0.19 -1.07 159 -0.31 0.28 -1.23 164 -0.28
s40rts 3 ridge -0.53 -1.77 168 -0.39 0.00 -1.48 170 -0.39
savani 1 ridge -0.72 -1.46 126 -0.49 -1.11 0.55
savani 2 ridge -0.49 -1.19 143 -0.61 -0.86 0.34
savani 3 ridge -0.62 -1.61 135 -0.31 -1.29 1.14
gypsum 1 ridge -0.98 0.61 -0.25 -1.24 156 -0.62
gypsum 2 ridge 0.24 -0.71 100 -0.27 -0.26 -0.78 161 -0.64
gypsum 3 ridge -0.89 0.70 -0.92 0.81

km thickness. Since this global mean includes both young
and old seafloor, we expect that this is close to mid-aged
seafloor, however, a more definite statement would re-
quire further analysis. Since mid-age ocean lithosphere is
less than 150 km thick, this means continental lithosphere
is chemically buoyant. This is consistent with Artemieva
(2009)who finds that velocity anomalies of non-thermal ori-
gin contribute significantly to seismic velocity anomalies
in the lithosphere, and discusses the causes of these non-
thermal anomalies.

Another problem with our approach is that, although it
should work in theory, there are well-known discrepancies
between dynamic and residual topographymodels that are
probably unrelated to the lithosphere. In particular, dy-
namic topography tends to be larger than residual topog-
raphy, with the largest discrepancy in amplitude at spheri-
cal harmonic degree two (Steinberger et al., 2019). Richards
et al. (2023) suggested a solution for this discrepancy due
to chemical anomalies in the lowermost mantle that im-
ply that one cannot simply convert from seismic to density
anomalies—something which we do not consider here. It
can, however, be hoped that, since the predominant wave-
lengthof dynamic topography from the lower(most)mantle

ismuch larger than craton size, that this discrepancymainly
causes a spreadof thedatapoints in theplots of residualmi-
nus dynamic topography versus lithosphere thickness, and
does not so much affect the slope.

Our results are also in broad agreement with compo-
sitional stratification inferred by Steinberger and Becker
(2018). In their Figure 6, they plot the apparent tempera-
ture (inferred from tomography) versus depth for different
ranges of lithosphere thickness. Deviations of this curve
fromwhat is expected (i.e., temperatures getting lower and
temperature gradient increasing for shallower depth) may
indicate compositional effects: For lithosphere of more
than200 km thickness, thesedeviationsbecomeprominent
above about 150 km, for thinner lithosphere the deviations
occur above a somewhat shallower depth. Similarly, Lekic
andRomanowicz (2011) find fromacluster analysis of upper
mantle tomography that shear wave velocity versus depth
profiles of stable platforms and shields consistently exhibit
a mid-lithospheric low velocity zone (LVZ) between 80 and
130 km depth, while the asthenosphere is found at depths
greater than 250 km in both regions. A layering is also in-
dicated by anisotropic structure with mostly Vsh > Vsv at
depth 70 km overlying Vsh < Vsv at depth 150 km espe-
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FIGURE 4 – Difference residual minus dynamic topography versus lithosphere thickness for five different dynamic topography and three
different residual topography models, with best-fitting lines to cratons (brown) and all continental lithosphere (black). Two-line fits are
plotted, if the misfit is reduced by at least 1% compared to the one-line fit. Data for individual cratons are plotted with different colors, for
all other points on continents in black. Large black (all continents) or brown (cratons only) dots are averaged values (seemethods). Density
anomalies in continental lithosphere are set to zero (i.e., global mean).

cially in cratons, as shown by Wang et al. (2023) based on
data by Ho et al. (2016).

Liu et al. (2025) argue that cratonic roots are notably
denser than the ambient mantle. This result comes from
using mid-oceanic ridges, i.e. with adiabatic temperatures
all the way to the surface, as reference. This contrast to the
isopycnic hypothesis of Jordan (1978, 1988) may be due to
using a different reference column: For example, in our pre-
vious work (Steinberger, 2016) we use the global average,
and relative to that,we found that continental lithosphere is
denser, although a lot less than it was purely thermal. Sim-
ilarly, Forte and Perry (2000) found that chemical buoyancy

compensates for 80% of (but not all of) thermal buoyancy.
The percentage of compensation will be a lot less if mid-
ocean ridges instead of global mean is used as reference.
Here we address this apparent controversy by computing
and comparing results with both reference columns, and a
third onewhere densities in the continental lithosphere are
adjusted such that they stay equal to the global mean after
adjustment.

Our results imply that positive total density anomalies
are prevalent in the lower, and hence hotter and less vis-
cous parts of thick lithosphere. Thismay, especially in com-
bination with other causes lead to lithospheric dripping of
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FIGURE 5 – Same as Figure 4 but with densities in continental lithosphere set to depth-dependent global mean belowmid-ocean ridges.

parts with higher density (Hua et al., 2025). Such delamina-
tionshappening throughEarthhistory should lead toevents
of uplift of the overlying lithosphere, which should be de-
tectable in the geologic record (Wang et al., 2023; Liu et al.,
2025).

5 Conclusions
Here we explored a method for determining continental
lithosphere densities from the difference between com-
puted dynamic topography and observation-based resid-
ual topography. If only density anomalies below the litho-
sphere are included in the computation of dynamic topog-
raphy, this difference should indicate density anomalies
within the lithosphere. Our results depend on which den-
sity structure is chosen for reference. If we choose the

global mean, we find close to zero difference for continen-
tal lithosphere thickness less than about 150 km, meaning
that above that depth, any thermal anomalies are nearly
compensated by chemical anomalies. For more than 150
km thickness, there is a difference that increaseswith thick-
ness, implying that below that depth, density anomalies are
either purely thermal or at least negative chemical density
anomalies are a lot less pronounced. If, on the other hand,
we choose the presumably nearly adiabatic temperatures
belowmid-ocean ridges for referencewe finddifferences in-
creasing with lithosphere thickness in the entire thickness
range, but the increase becomes stronger below approxi-
mately 150 kmdepth. Hence, relative to adiabatic tempera-
tures, lithosphere is negatively buoyant at all depth, but at
least above 150 km, this is partially compensated by posi-
tive chemical buoyancy. Our results have implications for
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lithosphere stability, in particular they may be compatible
with instability and dripping of a lower lithosphere layer
that isdenser than theasthenosphereat thesamedepthbut
hotter and less viscous than the lithosphere above.
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Supplementary Materials
Supplementary materials contain figures that are supplementary in the sense that they illustrate intermediate steps in the
computation and results for all model combinations, whereas in the main text only exemplary figures conveying the main
conclusions are shown: In particular, here maps of lithosphere thickness and dynamic topography, and plots of lithosphere
thickness vs. dynamic topography are shown for all combinations of five tomographymodels considered and three assump-
tions of lithosphere density anomalies. Residual topography and plots of lithosphere thickness vs. residual topography are
shown for all possible combinations. Likewise, maps of residual minus dynamic topography are shown for all 45 combina-
tions, and plots of topography difference vs. lithosphere thickness for the 15 combinations not yet shown in themain paper.

FIGURE S1 – Lithosphere thickness and dynamic topography with density anomalies in continental lithosphere set to zero for all five
tomography-based density models. Also shown are plots of dynamic topography versus lithosphere thickness. Cratons are outlined in
brown. Fields are only shown on continents, but provided globally in the online repository. Dots with different colors are for individual
cratons; black dots for all other points on continents. Large black (all continents) or brown (cratons only) dots are averaged values (see
methods).
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FIGURE S2 – Lithosphere thickness and dynamic topography with densities in continental lithosphere adjusted such that they stay equal
to the global mean after that adjustment. Otherwise same as Figure S1.
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FIGURES3– Lithosphere thicknessanddynamic topographywithdensities in continental lithosphere set to theglobalmeanvaluebeneath
mid-ocean ridges. Otherwise same as Figure S1.
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FIGURES4 – Three residual topographymodels, andplots of residual topography versus lithosphere thickness for allmodel combinations.
Cratons are outlined in brown. Fields are only shown on continents, but provided globally in the online repository. Dots with different
colors are for individual cratons; black dots for all other points on continents. Large black (all continents) or brown (cratons only) dots are
averaged values (see methods).
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FIGURE S5 – Difference between residual and dynamic topography with density anomalies in continental lithosphere set to zero for all
model combinations. Cratons are outlined in brown.

TABLE S1 – Slopes and intersection points of fitting lines in the cases where density of continental lithosphere is adjusted such that it
remains equal to the global mean at that depth after the adjustment (3rd column: den = offset). Otherwise same as Table 1.

dt rt den a1,co[%] a2,co[%] x0,co[km] y0,co[km] a1,cr[%] a2,cr[%] x0,cr[km] y0,cr[km]
sl2013 1 offset -0.26 -0.14 0.01 -1.06 204 -0.47
sl2013 2 offset 0.61 -0.36 114 -0.06 0.00 -0.87 207 -0.28
sl2013 3 offset 0.21 -0.65 127 0.05 0.26 -0.93 158 0.01
semum2 1 offset -0.10 -0.71 137 -0.22 0.24 -0.86 167 -0.26
semum2 2 offset 0.30 -0.39 130 -0.10 0.00 -0.54 188 -0.27
semum2 3 offset -0.06 -0.66 133 0.00 0.08 -0.88 164 -0.05
s40rts 1 offset 0.04 -1.62 150 0.03 0.76 -1.96 154 0.32
s40rts 2 offset 0.20 -0.95 166 0.11 0.59 -0.96 163 0.17
s40rts 3 offset -0.14 -1.40 168 0.05 0.41 -1.60 174 0.14
savani 1 offset -0.11 -1.00 129 -0.03 -0.87 0.90
savani 2 offset 0.22 -0.81 137 0.03 -0.71 0.89
savani 3 offset -0.04 -1.27 142 0.19 -1.09 1.57
gypsum 1 offset -0.47 0.33 0.14 -0.72 153 -0.12
gypsum 2 offset 0.74 -0.32 111 0.02 0.01 -0.80 211 -0.10
gypsum 3 offset -0.40 0.45 -0.55 0.79
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FIGURE S6 – Difference between residual and dynamic topography with densities in continental lithosphere adjusted such that they stay
equal to the global mean after that adjustment. Cratons are outlined in brown.
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FIGURE S7 – Difference between residual and dynamic topography with densities in continental lithosphere set to the global mean value
beneath mid-ocean ridges, for all model combinations. Cratons are outlined in brown.
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FIGURE S8 – Same as Figure 4 but with densities in continental lithosphere adjusted such that they stay equal to the global mean after
that adjustment.
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