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The outermost layer of the solid Earth consists of relatively rigid plates whose horizontal motions are well de-
scribed by the rules of plate tectonics. Yet, the thickness of these plates is poorly constrained, with different
methods giving widely discrepant results. Here a recently developed procedure to derive lithospheric thickness
from seismic tomographywith a simple thermalmodel is discussed. Thickness is calibrated such that the average
as a function of seafloor age matches the theoretical curve for half-space cooling. Using several recent tomogra-
phymodels, predicted thickness agrees quitewell withwhat is expected fromhalf-space cooling inmany oceanic
areas younger than ≈110 Myr. Thickness increases less strongly with age for older oceanic lithosphere, and is
quite variable on continents, with thick lithosphere up to≈250 km inferred for many cratons. Results are highly
correlated for recent shear-wave tomographymodels. Also, comparison to previous approaches based on tomog-
raphy shows that results remain mostly similar in pattern, although somewhat more variable in the mean value
and amount of variation. Global correlations with and between lithosphere thicknesses inferred from receiver
functions or heat flow aremuch lower. However, results inferred from tomography and elastic thickness are cor-
related highly, giving additional confidence in these patterns of thickness variations, and implying that
tomographically inferred thickness may correlate with depth-integrated strength. Thermal scaling from seismic
velocities to temperatures yields radial profiles that agree with half-space cooling over large parts of their depth
range, in particular for averaged profiles for given lithosphere thickness ranges. However, strong deviations from
half-space cooling profiles are found in thick continental lithosphere above depth≈ 150 km, most likely due to
compositional differences.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The theory of plate tectonics gives a good description of the kinematic
behavior of the Earth's surface. Plate tectonics is the surface expression of
convection in the Earth'smantle, and in the last ~50 years since itwasfirst
formulated (e.g., McKenzie and Parker, 1967; Morgan, 1968) a great deal
of progress has been made in understanding how a set of plates that are
approximately rigid but move relative to each other can arise as a conse-
quence ofmantle dynamics, and how the tectonic plates interact with the
underlying mantle.

Plates can experience drag as they move over the mantle beneath –
which is assumed to behave like a viscous fluid over geologic time
scales. This is for example the case, if a plate is mainly pulled by a
subducted slab. But plates can also be driven by convection currents
in the underlying mantle (e.g., Becker and O'Connell, 2001; Conrad
and Lithgow-Bertelloni, 2002; Becker, 2006; van Summeren et al.,
2012). Both mechanisms of interaction strongly depend on the
for Geosciences, Telegrafenberg,
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thickness of the lithospheric plates: Thick lithospheric keels couple
the platesmore strongly to the underlyingmantle, in particular because
below the asthenosphere viscosity increases again with depth. Thicker
lithosphere may reach to depths where mantle viscosity is already
higher again (e.g., Gurnis and Torsvik, 1994; Zhong, 2001; Conrad and
Lithgow-Bertelloni, 2006).

Hence knowledge of lithosphere thickness helps the understanding
of plate-mantle interactions. Further, distinguishing thermal and compo-
sitional lithosphere is important for, e.g., understanding different contri-
butions to topography (isostatic and dynamic). More generally, an
understanding of lithosphere thickness (both thermal and composition-
al) is important to address many questions in continental geodynamics.

We envision here the lithosphere as the outermost layer of the Earth
thatmovesmore or less coherently as tectonic plates, due to its stronger
rheology, and higher viscosity in particular. Rheology relevant for litho-
sphere thickness may be influenced by thermal and compositional ef-
fects (e.g., Lee et al., 2005), and may change gradually with depth. The
thickness of lithospheric plates is therefore not sharply defined (with
any specific definition being somewhat arbitrary) and also rather poorly
known. Furthermore strain rate is a possible important contributor to
influencing the depth of the lithosphere-asthenosphere boundary
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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(LAB), as rheology may be strain rate dependent. Therefore, there may
be a strain rate gradient across the LAB, with important feedbacks be-
tween temperature, strain rate and rheology.

This current situation is not caused by a lack of information. There is
awealth of information fromwhich thickness can be indirectly inferred,
but some of these thickness estimates turn out to be rather different. In
contrast to the lateral extent of plates, which can be directly mapped
(for example, based on geodesy), there is no such direct way to deter-
mine their vertical extent.

Here, a new method of deriving radial mantle temperature profiles
from seismic tomography is introduced. Thismethod is then used to de-
rive lithosphere thickness by assigning the base of the lithosphere to a
temperature isosurface. The rationale behind this approach is that tem-
perature is probably the most important factor controlling lithosphere
rheology, in particular viscosity, although composition and strain rate
also has an effect. And rheology is what determines the long-term be-
havior of mantle materials, whether it is rigid enough to move as a co-
herent plate, or soft enough to be easily sheared. In other contexts,
other characteristics may be important, for example whether material
has elastic strength. This leads to a different definition of lithosphere
thickness, as material may be hot enough such that it has lost its elastic
strength, but it may still be rigid enough to not substantially deform on
geologic timescales. Here rather the latter is taken aswhat distinguishes
the lithosphere from the underlying mantle.

Deviations of the determined temperature profiles from those expect-
ed for lithospheric cooling further allow to infer compositional variations.
Then a systematic comparison with other thickness estimates is per-
formed. First, we briefly recapitulate the differentmethodswith their ad-
vantages and shortcomings. If two methods give different results, it does
not mean that one has to be wrong; it can also be that different methods
see different aspects of the lithosphere (e.g., Burov and Diament, 1995),
for which there is no unique definition (e.g., Eaton et al., 2009; Fischer
et al., 2010). We shall first strive to constrain the thermal lithosphere,
and then comment on possible complexities due to composition.

In the end, the aim in devising a new lithosphere thickness model is
obviously not to solve this issue. Rather, by comparing the newmodel to
a variety of other lithosphere thickness estimates, and comparing these
other estimates among each other, we would like to say something
about which features of thickness models can be regarded as robust,
and where the major uncertainties are.

1.1. Seismic tomography

Seismic tomography aims at determining vP and vS velocity distribu-
tions, and the latter are typically better constrained than the former for
the uppermostmantle because of the predominant sensitivity of surface
waves to vS. Typically, velocities are expressed in terms of anomalies, i.e.
deviations from a global, average reference model that depends on
depth only. These deviations in turn depend on temperature, pressure
(i.e. depth), and composition and can be linked readily to plate tectonics
for the upper mantle (e.g., Zhang and Tanimoto, 1991; Ritzwoller et al.,
2004; Priestley and McKenzie, 2006; Lekic and Romanowicz, 2011;
Burgos et al., 2014).

Compositional variations probably play an important role inside the
lithospheric mantle (e.g., Jordan, 1978; Forte and Perry, 2000;
Deschamps et al., 2002; Griffin et al., 2009; Cammarano et al., 2011).
In particular, continental mid-lithosphere discontinuities (MLDs)
(e.g., Selway et al., 2015; Rader et al., 2015)may represent composition-
al layering (e.g., Yuan andRomanowicz, 2010).Mid-lithospheric discon-
tinuities may be common in oceanic lithosphere as well (e.g., Beghein
Fig. 1. Published lithosphere thicknessmodels and some related quantities. a) lRF inferred from t
thickness from Artemieva (2006); c) Conrad and Lithgow-Bertelloni (2006), based on tomogra
et al. (2008) age grid; d) Priestley and McKenzie (2013), based on their own surface wave tom
Heijst, 2000) on continents and an older version of the Müller et al. (2008) age grid; f) lLITHO
h) Crustal thickness from CRUST 1.0 (Laske et al., 2013); j) Heat flow Davies, 2013); k) Seafloo
continents dark green. (For interpretation of the references to colour in this figure legend, the
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et al., 2014; Auer et al., 2015 and references therein). Beneath the litho-
sphere, seismic velocity anomalies can perhaps serve better as a proxy
for temperature anomalies. However, due to partial melting and
resulting variations in volatile content and chemical composition,
there could still be non-thermal seismic velocity variations in the as-
thenosphere (e.g., Goes and van der Lee, 2002).

If one knows the dependence of seismic velocity anomalies on tem-
perature anomalies anddepth, and the global average for the temperature
versus depth profile, one can in principle convert seismic anomalies to
temperature. After assigning a given temperature to the base of the litho-
sphere, it is then straightforward to derive a lithosphere thicknessmodel.

However, there are difficulties with this approach. Firstly, it is not
straightforward to derive the reference profile for temperature versus
depth. Mainly, the surface value is known, and approximately the
value it approaches at depths corresponding to the thickest lithosphere.
Secondly, any compositional anomalies inside the lithosphere will also
affect the (global average) reference profile of seismic anomalies.
Hence, for example, zero seismic velocity anomaly outside the litho-
sphere will not correspond to zero temperature anomaly and vice
versa. Determining this offset and its dependence on depth is not
straightforward either, but it probably overall decreases from a maxi-
mumvalue near the surface to zero at greater depth. Apart from this off-
set the relation of seismic velocity and temperature anomalies can in
principle be determined from mineral physics.

Besides the more principal problems already mentioned, there are
also more practical issues: Tomographic inversions often need to be reg-
ularized such that the amplitude of recovered seismic velocity anomalies
may be less than in reality. They are also affected by smearing: For exam-
ple, if there is a negative seismic anomaly due to a compositional anomaly
inside the lithosphere, and a negative anomaly due to high temperature
outside, they may appear as one anomaly due to smearing, hence it may
not be possible to determine lithosphere thickness properly. S-wave to-
mography models typically feature strongly positive anomalies to great
depth beneath cratons where thick lithosphere is expected (e.g., Gung
et al., 2003). Jordan and Paulson (2013) even suggest a thick tectosphere
extending below 350 km depth after applying a smearing correction.

Another, smearing-related problemmayoccur near subduction zones,
if there is a slab underlying the lithosphere but separated by a thin layer of
asthenosphere which is not seen by tomography. In this case, lithosphere
thickness may be over-estimated. Here, it is attempted to remove slab-
related structures approximately by setting tomographic anomalies to
zero near the slab contours of the RUM model (Gudmundsson and
Sambridge, 1998), and smoothing sharp edges that are introduced by
this procedure. This is a conservative estimate of the extent of subducted
slabs possibly masking as thick overriding lithosphere, since RUM is
based on major, seismically active regions only.

Additional factors that affect the different tomography models are
the frequency content of the information used, the varying vertical res-
olution arising from different parametrizations, and the geographic res-
olution associated with available path coverage.

Steinberger (2016) implemented an approach of determining litho-
sphere thickness, and here, for the first time, the procedure and results
will be discussed in detail. Essentially, the principal uncertainties are
treated by leaving two free parameters that describe themaximum offset
(due to compositional anomalies inside the lithosphere) and the length
scale over which temperature approaches the adiabat and composition
of sublithospheric mantle, and constrain these parameters by matching
lithosphere thicknesses determined in the oceans with thicknesses in-
ferred from seafloor ages. This match works quite well for some of the
newer tomography models, as will be illustrated in the methods section.
he nearest data point of Rychert et al. (2010) up to five arc-degrees distance; b) lT Thermal
phy model s20rtsb (Ritsema et al., 2004) on continents and an older version of the Müller
ographymodel; e) Bird et al. (2008) based on tomography model s20rts (Ritsema and van
1 from Pasyanos et al. (2014); g) Te elastic thickness from Audet and Bürgmann (2011);
r ages (Müller et al., 2008). Cratons from (Gubanov and Mooney (2009) in brown, other
reader is referred to the web version of this article.)
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The robustness of the new method will be shown by determining
and comparing lithosphere thickness for several recent tomography
models, by comparing with results where the lithosphere thickness is
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simply inferred from an isosurface of tomography, and by comparing
with other recent tomography-based lithosphere thickness models
(Fig. 1), and show that they are all highly correlated, despite different
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Table 1
Summary of model parameters. Model: names for tomography model used –gypsum
(Simmons et al., 2010), s40rts (Ritsema et al., 2011), savani (Auer et al., 2014), semum2
(French et al., 2013), sl2013 (Schaeffer and Lebedev, 2013). sl2013_dd uses depth-depen-
dent Fth and sl2013_nl a non-linear relation between seismic velocity and temperature
anomalies (both described in Section 2). sl2013_90 and sl2013_78 use values 0.9 and
0.78, respectively, instead of 0.843 in Eq. (2) for the base of the lithosphere. Ftot and z0
are parameters of the cutoff function Eq. (5), zmax ismaximum thickness, and zav±zstd av-
erage and standard deviation. For comparison, respective values for the other tomogra-
phy-based lithosphere thickness models in Fig. 1 are also given. Numbers in brackets for
zmax (323 and 320) indicate that lithosphere thickness found for these models exceeds
these values only in very small regions: For semum2 in eastern Tibet (within 92.5∘−95∘

E and 29∘−30∘ N), and around the Persian Gulf (within 47∘−53.5∘ E and 23.5∘−29∘ N),
for Pasyanos in Alaska (within 148.5∘−149∘ W and 64∘−64.5∘ N). Also see Table 2 for
breakdown by oceanic and continental tectonic regions.

Model Ftot[%] z0[km] zmax[km] zav±zstd[km]

gypsum 9 130 304 97 ± 55
s40rts 8 140 259 94 ± 50
savani 7 160 273 102 ± 60
semum2 6.6 165 373 (323) 100 ± 64
sl2013 6.2 150 347 96 ± 66
sl2013_dd 6.2 150 400 106 ± 61
sl2013_nl 6.2 150 391 114 ± 57
sl2013_90 6.2 150 400 117 ± 75
sl2013_78 6.2 150 300 76 ± 59
Conrad 270 108 ± 54
Priestley 294 117 ± 36
Bird 254 99 ± 46
Pasyanos 460 (320) 107 ± 66
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procedures. Conrad and Lithgow-Bertelloni (2006) (Fig. 1c), for exam-
ple, use a constant seismic velocity anomaly for depth on continents,
and infer thickness from seafloor age in the oceans. Bird et al. (2008)
(Fig. 1e) use the integrated anomaly over the top 400 km as a proxy
for lithosphere thickness on the continents, and again age-dependent
thickness in the oceans.

Priestley and McKenzie (2013) (Fig. 1d) use a procedure similar to
ours, but also constraints from mantle nodules in kimberlites on conti-
nents. The LITHO1.0 model of Pasyanos et al. (2014) (Fig. 1f) is created
by constructing an appropriate starting model and perturbing it to fit
high-resolution surface wave dispersion maps (Love and Rayleigh,
group and phase). Lithospheric thickness is then defined as the thick-
ness of the high-velocity mantle layer underlying the crust and overly-
ing a lower velocity layer (asthenosphere) that is required to fit the
surface wave data. Studies based solely on fundamental mode surface
waves start losing resolution around 250 km depth, so they are not op-
timally suited for determining the thickness of the lithosphere, as they
tend to smear images in the vertical direction. This issue is addressed
by models such as SAVANI (Auer et al., 2014) using both surface and
body waves, and not just fundamental mode data, but also overtones.
SL2013 (Schaeffer and Lebedev, 2013) also effectively uses overtones,
giving improved vertical resolution.

We note that there are a number of other thermal (and sometimes
also compositional) models inferred from seismic models or data in
the literature which allow to estimate the thickness of the thermal lith-
osphere (e.g., Deschamps et al., 2002; Shapiro and Ritzwoller, 2004;
Cammarano et al., 2011; Khan et al., 2011), but the aim here is to
focus only on a few observational techniques (e.g. tomography vs.
impedance-sensing receiver functions) and constraints (e.g. heat
flow), and not consider joint modeling approaches for clarity.

1.2. Receiver functions

Fig. 1a shows thickness from receiver functions, lRF, fromRychert et al.
(2010). Here the “cap version” is shown, where values are adopted from
thenearest data point up to five arc-degrees distance, but different inter-
polationwould yield similar results. The receiver function (RF)method is
based on the conversion from P- to S-waves or the other way round, and
therefore images rather sharp velocity contrasts. Hence what is
interpreted as the base of the lithosphere from RF is not necessarily the
same thing physically as what other methods such as tomography
would imply (see, e.g., Eaton et al., 2009; Fischer et al., 2010 for reviews).
Interpretation of receiver function results in terms of the bottom of the
lithosphere is complicated by possibly widespread mid-lithospheric dis-
continuities (e.g. Romanowicz, 2009; Selway et al., 2015).

1.3. Heat flow

Artemieva (2006) computed lithosphere thickness on continents
from geotherms constrained by reliable data on borehole heat flowmea-
surements (lT in Fig. 1b). For comparison, also an inference from a global
heat flow compilation (Davies, 2013) is shown in Fig. 1j. We here use the
inverse of heatflow q as a simple proxy, assuming that 1/q is proportional
to lithosphere thickness (as, e.g., for half-space cooling), for the sake of ar-
gument. The latter has not been corrected for radiogenic heat in the crust,
and we mainly show this simple model for comparison with the
Artemieva (2006) model, which tries to account for crustal heat produc-
tion, and for comparison with other models in the oceans, where the
Artemieva (2006) model is not defined. In the following we will,
among these two models, mainly focus on Artemieva (2006).

1.4. Elastic thickness

Audet and Bürgmann (2011) calculated estimates of the
lithosphere's effective elastic thickness over the continents from a com-
parison of the spectral coherence between topography and gravity
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
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anomalies and the flexural response of an equivalent elastic plate to
loading (TE in Fig. 1g). The thickness over which the plate reacts elasti-
cally is expected to be less that the thickness over which temperature
approaches the adiabat (i.e. thermal thickness) or holds equivalent vis-
cous “strength” (e.g., Burov and Diament, 1995; Watts, 2001). The esti-
mation of elastic thickness depends on fitting in the wavenumber
domain and the broad span of wavelengths needed is harder to achieve
near continental margins compared to interiors, for example.

In addition to thesemethods, changes in anisotropy can also give in-
formation on lithosphere thickness (e.g., Gung et al., 2003; Debayle and
Ricard, 2013; Burgos et al., 2014; Becker et al., 2014; Auer et al., 2015).
However, interpretation is complicated and no global lithosphere thick-
nessmaps based on anisotropic structure have been published in recent
years, although earlier studies (Babuška et al., 1998; Plomerová et al.,
2002) and oceanic-only approaches (e.g. Burgos et al., 2014) exist.
Hence the comparison will be limited to the four methods based on
seismic tomography, heat flow, receiver functions and elastic thickness.
Fig. 1 shows that these results are already quite different from each
other, and we proceed to assess these differences quantitatively.

2. Methods: determining lithosphere thickness from
seismic tomography

The base of the lithosphere is assigned to a given temperature TL. Its
depth is determined from five recent, shear wave tomography models
(see Table 1), whereby additional layers may be introduced such that
their spacing is atmost 25 km. Above theuppermost layer of the original
model, values are set equal to that layer; below they are interpolated.
We follow these steps:

1. Relative seismic velocity anomalies, δvS, are assumed to have a ther-
mal component δvS/vS |th that is proportional to deviations of the ac-
tual temperature profile T(z) from the reference profile T0(z)
representing the global average:

δνS=vSjth ¼ −Fth �
T zð Þ−T0 zð Þ
Tm−Ts

ð1Þ

where Ts is surface temperature and Tm (adiabatic) mantle tempera-
ture (Fig. 2). Fth can be determined from Tm−Ts (e.g., Herzberg et al.,
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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Fig. 2. a: Sketch of reference and actual temperature profile, lithosphere thickness zL and reference thickness z0. b: Corresponding sketch of seismic velocity anomaly and cutoff function.
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2007) and the sensitivity of seismic velocity to temperature (dvS/dT)/
vS (e.g., Steinberger and Calderwood, 2006). With Tm−Ts=1325 K,
which is the difference between the mean value of the range
1280−1400∘C (Herzberg et al., 2007) and Ts=15 °C, and (dvS/dT)/
vS=−1.5 ⋅10−4/K, it follows Fth = 19.9%. However, tomography
models could be affected by damping, resulting in lower values of
Fth. But thiswould also lead to an under-prediction ofmodel topogra-
phy amplitude (compared to residual topography), and since it is
rather over-predicted (Steinberger, 2016), lower values of Fth will
not be considered.

2. TL is chosen such that

TL−TS

Tm−Ts
¼ erf 1ð Þ ¼ 0:843 or TL ¼ Ts þ 0:843 � Tm−Tsð Þ ð2Þ

following Sandwell (2001). This fraction 0.843 is arbitrary, since the
thermal lithosphere boundary is probably not sharp if viscosity de-
creases continuously with temperature. Therefore also some results
with fractions 0.9 and 0.78 will be shown to assess the variability
arising from the choice of this fraction.

3. TL can nowbe converted to a value δvS/vS |th ,L of δvS/vS |th at the base of
the lithosphere, using Eq. (1)

δvS=vSjth;L ¼ −Fth �
TL−T0 zð Þ
Tm−Ts

¼

¼ Fth �
Tm−TL

Tm−Ts
−Fth �

Tm−T0 zð Þ
Tm−Ts

¼ 3:1%−19:9% � Tm−T0 zð Þ
Tm−Ts

ð3Þ

where Eq. (2) has been used in the last equality.
However, the total relative seismic velocity anomaly at the base of
the lithosphere δvS/vS |L also has a compositional component, and
this is not due to compositional variations at the lithosphere bound-
ary (it shall be assumed that all compositional variations occur inside
the lithosphere, away from the boundary), but due to the (global av-
erage) reference value being affected by compositional variations in-
side the lithosphere. So Eq. (3) can be modified to

δvS=vSjL ¼ Fth �
Tm−TL

Tm−Ts
−Fth �

Tm−T0 zð Þ
Tm−Ts

þ FC � C0 zð Þ: ð4Þ

Introducing the term FC ⋅C0(z) implies that the reference temperature
profile does not correspond to the reference seismic profile, rather
there is a depth-dependent offset due to compositional variations.
The function on the right-hand side shall be called “cutoff function”,
and lithosphere thickness shall be assigned depending on the value
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
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of the relative seismic velocity anomaly δvS/vS in comparison to the
cutoff function. The exact shape of the cutoff function is unknown,
but some of its properties can be stated: The term (Tm−T0(z))/
(Tm−Ts) is unity at the surface and approaches zero for large
depth, and C0(z) should have the same properties, if FC is the surface
value of the compositional component. It therefore appears as a rea-
sonable choice to use

δvS=vSjL ¼ Fth �
Tm−TL

Tm−Ts
−Ftot � 1−erf

z
z0

� �� �
ð5Þ

as cutoff function, as 1−erf (z/z0) also has the value 1 for z=0 and
approaches zero for large z. This is for example the case if

Tm−T0 zð Þð Þ= Tm−Tsð Þ ¼ C0 zð Þ ¼ 1−erf z=z0ð Þ ð6Þ

and Fth−Fc=Ftot, but this is not a necessary condition. Eq. (6) does
not imply that temperature follows an error function profile at
every point. Rather, it is merely assumed that global mean tempera-
ture follows such a profile. z0 and Ftot are two parameter that will be
adjusted, as explained below. More generally, this corresponds out-
side the lithosphere to the equation

δvS=vS ¼ Fth �
Tm−T zð Þ
Tm−Ts

−Ftot � 1−erf
z
z0

� �� �
: ð7Þ

Solving this equation for T(z) apparent temperature profiles can
be computed. Clear deviations from what appears a reasonable
temperature profile can give indications on compositional varia-
tions, in particular if at other depth ranges the results agree with
expectations.

For simplicity, we have assumed here a linear relation between tem-
perature and velocity anomalies. However, the effect of temperature de-
pendent attenuation on seismic velocities makes this relation non-
linear (e.g. Cammarano et al., 2003; Cammarano and Romanowicz,
2007). To assess the effect of this nonlinearity, we therefore also consid-
er a case where a quadratic term b ⋅( erf (z/z0)−erf (1))2 has been
added to the cutoff function Eq. (5), corresponding to the next term in
the Taylor expansion.We choose a value b=21.9%, that approximately,
by visual comparison, corresponds to Fig. 3b of Cammarano et al.
(2003). Also, the cutoff function Eq. (5) does not consider depth-
dependence of Fth. To assess its effect, additionally a case is considered
where Fth ¼ 19:9%� ð1− 4

15
z−200 km
200 km Þ approximately corresponding

to Steinberger and Calderwood (2006), and Ftot has been modified ac-
cordingly, assuming Ftot=Fth−Fc and Fc unchanged. Lastly, also cases
are considered where 0.843 has been replaced by 0.9 and 0.78,
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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respectively, in Eq. (2) to assess the effect of assuming different temper-
atures for the base of the lithosphere.

Bounds for the maximum value of lithosphere thickness (usually
400 km) and its minimum (usually equal to crustal thickness from
CRUST 1.0 (Laske et al., 2013)) are prescribed. Our procedure then
yields a unique lithosphere thickness if there is exactly one depth
such that δvS/vS is greater than the cutoff function above, and less
below (see Fig. 2b). If there is more than one depth where this is
the case, then, for the oceanic regions, the shallowest one is chosen.
In this way, no detached slabs or blobs may be included as litho-
sphere, as long as they are clearly imaged. In continental regions,
cases of shallow low-velocity anomalies (presumably due to compo-
sitional variations) underlain by high-velocity anomalies, both with-
in the lithosphere, may be common (Lekic and Romanowicz, 2011)
and are presumably physically plausible: Therefore, if all options
for lithosphere thickness are b150 km, the largest one is assigned.
Only if at least one option is N150 km, the smallest one of these is
chosen. If δvS/vS is smaller (resp. larger) than the cutoff function at
all depths between minimum and maximum, lithosphere thickness
is set to the minimum (resp. maximum). Where the uppermost
layer of the tomography model is still in the mantle, anomalies are
set to taper linearly to zero from the uppermost layer at depth
25 km or less.

For larger values of z0, the cutoff function, Eq. (5) (Fig. 2b), is
stretched in the vertical direction and thus shifted towards more
negative values for a given depth, and vice versa. This means, more
points will be assigned to the lithosphere, resulting in thicker litho-
sphere values. For larger values of Ftot, the cutoff function is also
shifted to the left, but more so for shallower depths. This additionally
results in a flatter thickness versus age curve. For given z0 and Ftot the
average thickness for given ocean floor age intervals is computed. z0
and Ftot are varied until visually an optimal agreement with the
theoretical thickness vs. age curve for half-space cooling has been
found.

zL ¼ 2
ffiffiffiffiffi
κt

p
¼ 10 km

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
age Ma½ �

p
ð8Þ

with κ=8 ⋅10−7 m2 s−1 for ages less than approximately 100 Ma.
Best-fit values for Ftot and z0 vary between 6.2% and 10%, and 120
and 165 km, respectively (see Table 1). The best fits with the theoret-
ical curve are shown in Fig. 3. We regard these good fits as an
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
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indication that results are also reasonable on continents. However,
we have to caution that this calibration implies that the relation be-
tween seismic velocities and temperatures is the same for both con-
tinents and oceans. The value for κ was adopted from Sandwell
(2001). If a value 10−6 m2 s−1 was used, as is often done, ca. 10%
larger thicknesses would result for the theoretical curve. Thus an op-
timal match would require somewhat larger values for z0 and/or Ftot,
leading to somewhat increased lithosphere thickness predictions
also elsewhere.

3. Results

3.1. Results based on tomography

Results for lithospheric thickness for this new procedure for differ-
ent tomography models are shown in Fig. 4. Slab related signals have
been approximately removed with the procedure as described. Also, a
mean thickness model is computed by averaging results for gypsum,
s40rts, savani, semum2, and sl2013. This involves mixing estimates
based on Voigt average vS, and on vSV (for models sl2013 and s40rts),
but results were not strongly affected by considering radial anisotropy
(also see below).

Results of all models shown agree that lithosphere is generally thin-
ner in the oceans and thicker on continents (see also Table 2). Within
the oceans, all models also agree on the trend of lithosphere thickness
increasingwith age. However, there are some differences as towhat ex-
tent this tendency of thickening continues to the very oldest lithosphere
in the western Pacific: Here, model semum2 (French et al., 2013) yields
somewhat larger thicknesses than the othermodels. This is also evident
in Fig. 3, where semum2 approximately follows the half-space cooling
trend including the very oldest ages, in contrast to the other models.

On the continents, all models agree on greater thickness than else-
where, up to ≈ 250–300 km, for most cratons (outlines e.g. from
Bleeker, 2003;Gubanov andMooney, 2009) including Laurentia, Baltica,
Siberia, Amazonia, West Africa, Congo, Kalahari and Australia. Thinner
lithosphere (thickness 100 km or less) is found in many regions near
ongoing or recent subduction and/or orogeny, including the western
United States, western Europe, and eastern Asia. For much of the
North China Craton where removal of a cratonic root has been sug-
gested (e.g., Gao et al., 2002), all models indeed predict thicknesses of
b100 km, in stark contrast to other cratons. However, all models except
for gypsum (Simmons et al., 2010) show thickened lithosphere for at
least part of the South China Block. b100 km thin lithosphere is also
found in northeastern Africa – thinnest around the Afar region, but ex-
tending over large regions thousands of km away from it, but also far
from any recent orogeny or subduction (see also McKenzie et al.,
2015). In general, models show different levels of detail, with whole-
mantle tomography models yielding smoother lithosphere structure
than upper mantle models. In particular sl2013 (Schaeffer and
Lebedev, 2013) yieldsmorefine-scale structure, also showing some fea-
tures only a few hundred km wide. A limit of resolution is imposed by
the choice of expanding tomography models in spherical harmonics,
up to a maximum degree and order of 63.

Without removing slabs (results not shown) the contamination of
slab structure is quite obvious for some models, particularly sl2013.
However, removing slabs also introduces features (e.g. west of the
Himalayas) that may not be real. On the other hand, the RUM model
does not have slabs in the Himalaya region, therefore most of our
models show thick lithosphere there which may not be real either.
In terms of global correlation, though, the removal of slabs hardly
matters.

Correlations among thicknesses derived from different, global to-
mography models are shown in Fig. 5 based on spherical harmonic
expansions up to degree ‘ ¼ 31 to focus on the commonly resolved
wavelengths. Correlations are generally high, as can also be seen from
Fig. 4. If a fraction 0.9 of the total temperature contrast between surface
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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Fig. 4.Map views of lithosphere thickness determined with our procedure for different tomography models: gypsum (Simmons et al., 2010), s40rts (Ritsema et al., 2011), savani (Auer
et al., 2014), semum2 (French et al., 2013), and sl2013 (Schaeffer and Lebedev, 2013). The mean model is an average of these five models. In all cases, slabs-associated anomalies have
been approximately corrected for, as described in the text.
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and adiabatic mantle is used to define the base of the lithosphere, in-
ferred lithosphere thickness somewhat increases (by ~20% on average;
Table 1). Conversely, it somewhat decreases (again by ~20% on average)
for a fraction 0.78, but it remains very highly correlated in both cases
(correlation 0.98 in Fig. 5).

In the case where the non-linearity of the relation between S-
wavespeed and temperature is considered in a simplified fashion, pre-
dictions for lithosphere thickness become somewhat larger for both
very thin lithosphere and very thick lithosphere, but stay similar around
the average thickness. In other words, predicted lithosphere thickness
variability somewhat increases for thicker lithospheres, and decreases
for thinner one. But again, results remain very highly correlated at
0.98. Introducing depth-dependent Fth modifies results in a similar
way as in the non-linear case, but less strongly so. Accordingly, results
Table 2
Lithosphere thickness (average and standard deviation in km) determined for the different GT

Model Oceanic Young oc. Intermed. oc. Old oc.

sl2013 73±37 38±21 75±32 104±33
gypsum 74±32 38±17 76±25 106±20
s40rts 74±31 42±18 75±25 107±20
savani 77±32 48±13 76±25 111±28
semum2 75±39 35±17 75±30 117±33
mean 75±31 40±13 75±24 109±22

Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
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are very highly correlated at 0.99 with both the original case and the
non-linear case.

For modification cases sl2013_dd, sl2013_nl, sl2013_90 and
sl2013_78 values of Ftot and z0 have not been adjusted to optimize the
fit (although that could easily be done), because that would complicate
assessing the effects of these modifications.

Our procedure relates seismic velocity anomalies (deviations from
the mean) to temperature anomalies and accordingly, the degree-zero
term (radially symmetric deviation from reference model) in the to-
mographymodels has been removed.We also tested how results are af-
fected, if the degree-zero term is kept, and found that inferred
lithosphere thickness changes are ~1 km.

Overall, these various modeling assumptions have very little effect
on the pattern of lithosphere thickness (correlations are very high)
R1 (Jordan, 1981) tectonic regimes. Tomography models as in Table 1.

Continental Orogenic Phanerozoic Precambrian

131±82 95±74 174±72 182±61
134±62 101±45 173±58 179±54
125±57 99±50 155±52 162±40
140±71 110±67 175±59 187±48
140±74 106±64 181±66 188±56
134±64 102±54 171±57 179±47

ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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but the thickness values themselves, and their variability (characterized
bymean and standard deviation in Table 1) are somewhatmore strong-
ly affected.

If simply an isosurface of the tomography models is used to define
the base of the lithosphere, results remain highly correlated to those re-
sults determined with our procedure, generally ~0.85. So the pattern of
lithosphere thickness determined from tomography is really rather ro-
bust, independent of tomography model or method used. Our method
is still somewhat heuristic but has more of a physical base, compared
to some of themethods used previously. We think that using ourmeth-
od is facilitated by a better vertical resolution of more recent tomogra-
phy models, which now even allows us to infer a compositional
layering of the lithosphere discussed in Section 3.3. Previously, lack of
vertical resolution supposedly prevented imaging the base of the litho-
sphere directly, such that other, more approximate procedures had to
be used (e.g., Bird et al., 2008).

The average lithosphere thickness and amount of variation is some-
what more dependent on which model and procedure are used. There-
fore the relative variations of lithospheric thickness are likely to be
better determined than the absolute values. For semum2 and savani,
where separate models for SH, SV and Voigt average velocities exist,
using identical values for Ftot and z0, the SVmodels give very similar thick-
ness to the Voigt average, as expected given thatv2SVoigt ¼ 1

3 ð2v2SV þ v2SHÞ for
unity ellipticity. The SHmodel yields somewhat larger thickness (up to
few tens of km, for savani, less for semum2) especially for some of the
thicker cratons, as expected for a trade-off with radial anisotropy in the
asthenosphere (Gung et al., 2003), but SH based patterns are very similar
to those for SV or Voigt velocities.

Also, results are generally similar to previous lithosphere thickness
models based on tomography, with much higher correlations than
with lithosphere thickness models based on other methods (Fig. 6).
Priestley and McKenzie (2006) obtain quite similar thickness on conti-
nents, but a less clear dependence on seafloor age in the oceans. The
models of Conrad and Lithgow-Bertelloni (2006) and Bird et al.
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
10.1016/j.tecto.2016.08.001
(2008) can only be compared on continents, where they are based on
older tomography models, and hence either show even less detail (in
the first case), or a less clear correlation with cratons (in the second).
The LITHO1.0 model of Pasyanos et al. (2014) (Fig. 1f) shows the
greatest similarities to our results, and even more detail structure. In
the Tibetan / Himalaya region, the LITHO1.0 has lithosphere less than
≈150 km thick, whereas many other tomography-based models show
thicker lithosphere there. If lithosphere thickness is computed with
our method based on s20rtsb (Ritsema et al., 2004), it becomes visually
even more similar to Conrad and Lithgow-Bertelloni (2006), which is
based on that tomography model, as expected. For all these and many
other models (e.g., Gung et al., 2003; Lekic and Romanowicz, 2011;
Jordan and Paulson, 2013), thick lithosphere appears for many cratons.

Mean and standard deviation values for GTR1 (Jordan, 1981) region-
alizations are shown in Table 2, for comparison with earlier work. Re-
sults are very consistent between models and as expected mirror
ocean floor age.

Similar to Pasyanos et al. (2014) and Priestley and McKenzie (2013)
but different from Bird et al. (2008) and Conrad and Lithgow-Bertelloni
(2006), our models tend to show a relatively large thickness for the old
lithosphere in the western Pacific, such that the seafloor age vs. litho-
sphere thickness curve matches the theoretical curve for half-space
cooling reasonably well even beyond 100 Ma (Fig. 3) (cf., Maggi et al.,
2006; Auer et al., 2015).

3.2. Comparison with results based on other methods

In Fig. 6 results for the mean, tomography derived thickness model
and sl2013 are compared with models derived in a variety of ways.
Mean thickness depends on which area is covered. Therefore lT, which
only covers continents, has greater mean thickness than lS. lRF, which
is also mainly determined on continents, however, has similar mean
thickness to lS, although in those regions, where it is determined, it is
usually smaller than lS. Correlations with the mean tomography model
are overall somewhat higher than with sl2013, which has been chosen
here among the individual models, because it gave the highest correla-
tions in Fig. 5.

Given the uneven geographic coverage, we compute the linear
(Pearson) correlation based on an equal area point sampling of the
globe and indicate the fraction of the surface sampled by both models
in Fig. 6. In general, lower correlations are found for those models not
based on tomography. A notable exception is themodel for elastic thick-
ness (Audet and Bürgmann, 2011), which is highly correlated to
tomography-based models, but with elastic thickness being less than
the thickness inferred from tomography by a factor≈ 2. For the Audet
and Bürgmann (2011)model, elastic thickness also tends to be compar-
atively high for most cratonic regions, but not for the North China Cra-
ton or the South China block. Elastic thickness is rather small (only
about 50 km) in the Himalaya/Tibetan region, whereas tomography-
based models often feature thicker lithosphere. In Africa, regions of
thin elastic lithosphere are mainly near the coasts and in the Afar/Red
Sea area. This contrasts to the rather thin lithosphere over wide areas
in northeastern Africa found seismologically. In fact, in some areas in
Africa, elastic thickness exceeds the thickness determined based on
many tomography models.

In the map of Artemieva (2006) based on heat flow, thick litho-
sphere exceeding ≈ 200 km is restricted to rather small areas within
cratons, leading to rather low correlations of only slightly above 0.5
with thickness based on tomography. Also, correlationswith the inverse
of heat flow from Davies (2013) is rather low, indicating that variations
of radiogenic element concentrations within the lithosphere, and other
compositional heterogeneities, contribute significantly, as expected.

To better understand these results, regional correlations and ratios
are plotted in Fig. 7. The regional r values are computed based on mov-
ing a cap of 1000 km radius with equal area point sampling across the
globe after filtering each input model first by a Gaussian smoothing
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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operation of 6σwidth of 500 km.We also compute best-fit, linear corre-
lation slopes, b, for regions where rN0.3 allowing for equal errors in
both comparison fields. Any such correlations will be dependent on pa-
rameter choices but results can give a rough impression of regional var-
iations in the match between patterns and the typical amplitude ratios.

Overall, the mean values of regional correlations based on the mov-
ing cap approach of Fig. 7 compare between models in a relative sense
that is consistent with what would be inferred from the global correla-
tions shown in Fig. 6. However, the absolute r values themselves are
somewhat lower for the regional estimates than for the global correla-
tions, which implies that the correlation between models is generally
higher at longer wavelengths.

Correlation between tomography and receiver functions is quite var-
iable spatially (Fig. 7), and receiver functions tend to give thinner litho-
sphere, especially in those regions, such as cratons, where thick
lithosphere based on tomography is found. This points to the complex-
ity of the interface structure within old continental lithosphere (e.g.
Yuan and Romanowicz, 2010; Lekic and Romanowicz, 2011; Fischer
et al., 2010; Selway et al., 2015).

Similarly, correlation between receiver functions and elastic litho-
sphere is rather variable. In general, thickness based on receiver func-
tions correlates better to elastic thickness in those regions where it
also correlates better with tomography-based thickness, and vice
versa. For example, correlation is relatively high in the western United
States and around the Afar Region, where the lithosphere is presumably
thin and therefore less complex.

Also, correlation of elastic, receiver-function based, or tomography-
based thickness with heat-flow based thickness is quite variable, but
with different patterns. Lastly, as expected from the good overall
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
10.1016/j.tecto.2016.08.001
correlation, the correlation between tomography-based and elastic
thickness is comparatively high in most regions. One region with rather
low correlation, as well as low ratio (b), between tomography-based
and elastic thickness, is in northern Africa. Another regionwith low cor-
relation, but high ratio is the Himalayas and Tibet. In general, the ratio
tends to be lower in continental interiors than along margins; elastic
thickness determined for continental margins tends to be lower than
in the interiors.

Audet and Bürgmann (2011) pointed out the correlation of their Te
values with anomalies from seismic tomography, and Fig. 8 explores
this further. A good correlation of Te with all tomography models used
here is found – not only the lithosphere thicknesses based on them,
but also the tomography models themselves, above a depth ≈200 km.
Correlation tends to be somewhat reduced above ≈100 km. It reaches
a maximum at a depth≈100–200 km, and drops to much smaller and
even negative values at greater depth, indicating again that in most re-
gions, the lithosphere does not reach beyond a depth of ≈300 km.
Taken at face value, the depth-dependentmatch of tomographic anom-
alies with Te would imply that the strength that is sensed by Te (Burov
and Diament, 1995) resides in the lithosphere, not crust. Correlation of
elastic thickness with estimates based on heat flow and receiver func-
tions are much lower, as is also evident from Fig. 6.

3.3. Compositional stratification?

As a further indication that our procedure gives reasonable results,
the apparent temperature versus depth averaged for given lithosphere
thickness intervals is plotted in Fig. 9. These curves were constructed
by first converting profiles of seismic velocity versus depth on a
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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0.5∘×0.5∘ grid to apparent temperature versus depthwith Eq. (7). These
profiles are then averaged for given lithosphere thickness ranges but
separately for oceanic or continental lithosphere, according to where
the Müller et al. (2008) age grid is defined (Fig. 1k). For example, the
red curve for panel “220” is the average profile for all “continental”
grid points, where a lithosphere thickness between 210 and 230 km
has been determined. Individual profiles are weighted according to
the area represented (proportional to cosine of latitude). Since this
was computed assuming thermal scaling between temperature and
seismic velocity anomaly locally, but considering the effect of composi-
tionally different lithosphere on the global average, a deviation from
what is expected can give an indication for compositional differences.
For all except very thin lithospheres it is found that the profiles in
their lower parts agree quite well with the theoretical error function
profiles. But in particular continental profiles show strong deviations
in the upper part (cf. Lekic and Romanowicz, 2011).

We did the same analysis also for the Voigt velocity of radially aniso-
tropic models semum2 and savani (Auer et al., 2014), to avoid possible
trade-off with anisotropy in both oceanic and continental plates (e.g.,
Gung et al., 2003). Results remain overall similar. For savani, the conti-
nental profiles for lithosphere thickness N 80 km also show an apparent
temperature minimum at similar depths, but not themaximum at even
shallower depth. For semum2, profiles for thickness N 120 km show
again both maximum andminimum at similar depths, with continental
and oceanic profiles being very similar to each other for thickness be-
tween 180 and 120 km. Also, the overshoot towards inferred normal-
ized temperatures greater than unity is somewhat smaller for the
semum2 model. Comparison with the dashed line corresponding to
zero seismic anomaly indicates that the deviation from the theoretical
error function profiles, at least in the shallower parts of the continental
profiles, is most likely not due to damping.

Based on the radial profiles in Fig. 9 three differentmodels of a compo-
sitional lithosphere are created. Formodel sl2013_c a thickness 150 km is
assigned wherever total thickness exceeds 200 km on continents. Be-
tween total thickness 200 and 75 km, compositional thickness decreases
linearly from 150 to 75 km. Below thickness 75 km, and in oceanic re-
gions, values for total thickness are adopted. For models sl2013_c2 and
sl2013_c3 individual radial profiles instead of the averaged ones are
used at each location. In case c3, the maximum of the apparent
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
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temperature profile is taken (if there is a local maximum at depth less
than the total lithosphere thickness; if there is none total thickness is
adopted; if there are several the deepest one is used). In case c2, the aver-
age between the localmaximum (as in case c3) and the inflection point is
used (if there is one at depth less than the total lithosphere thickness and
greater than or equal to the maximum; otherwise the total thickness in-
stead of the inflection point is used). Because in many locations, individ-
ual radial profiles are similar to the averaged profiles in Fig. 9, the
different procedures of defining a compositional lithosphere give rather
similar and highly correlated results (see also Fig. 5).

Based on these compositionally modified models, generally some-
what lower correlations than for the unmodified models (Fig. 6) are
found. In particular correlationswith receiver functions are not improved,
but lithosphere thickness values become more similar to the generally
smaller thickness determined from receiver functions.

4. Discussion

In the oceanic regions, lithosphere thickness determined with a re-
cently developed procedure versus age matches quite well what is ex-
pected from half-space cooling, especially for ages less than about 110
Myr. If the conversion from seismic velocities to temperatures, which
is calibrated for the oceans, also holds for the continents, meaningful
lithosphere thickness estimates can be derived there. The fact that at
least the lower parts of the inferred apparent temperature-versus-
depth profiles, averaged for certain lithosphere thicknesses, mostly
agrees quite well with theoretical half-space cooling makes this as-
sumption at least plausible.

Deviations of apparent temperature from error function profiles in
the upper 100 to 150 km for lithosphere thickness larger than about
100 km in continental regions could be indicative of compositional var-
iations, and their depth range. The shape of this deviation makes it un-
likely that this is due to damping. The depth above which deviations
occur gets gradually deeper for thicker lithosphere. If lithosphere thick-
ness exceeds 200 km, these deviationsmainly occur above 150 km. This
is similar to the depths where Yuan and Romanowicz (2010) and Lekic
and Romanowicz (2011) propose a compositional layering. One may
therefore speculate that this likely compositional effect is linked to the
mid-lithospheric discontinuity. Kennett (2015) finds that in Australia
a band of P reflectivity commonly occurs close to the mid-lithosphere
discontinuity inferred from S wave receiver functions in the cratonic
areas.

Thybo (2006) finds a low-velocity zone below a relatively constant
depth of 100 km inmost continental parts of theworld, both in cratonic
areas with high average velocity and tectonically active areas with low
average velocity. It is hard to assess whether this is related to the
above-mentioned deviations of the apparent temperature from error
function profiles, which also occurs for most continental regions, be-
cause Thybo (2006) considers absolute velocities, whereas we are con-
cerned with velocity variations relative to a mean.

Profiles for very thin lithosphere – in particular oceanic ones – often
show a temperature maximum, which could be due to higher tempera-
tures in the asthenosphere. If non-linearities in the velocity-temperature
relation are considered (Cammarano et al., 2003), this maximum is re-
duced, but the increase in apparent temperature with decreasing depth
in continental lithosphere is not affected by considering non-linearity,
hence this appears to be a robust feature showing compositional varia-
tion. Also, the upper part of oceanic profiles deviates from the theoretical
error function profiles. However, the shape is less characteristic and the
deviation could at least partly be due to damping. A similar clustering
analysis of radial profiles has been performed by Lekic and Romanowicz
(2011) and Jordan and Paulson (2013). However, our analysis differs in
that we (1) group according to the lithosphere thickness of our model
and (2) we convert the seismic to apparent temperature profiles.

The lithosphere thickness models derived here are similar to other
recent tomography-based lithosphere models. The LITHO1.0 model of
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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Pasyanos et al. (2014), shown in their Fig. 8, and the model of Priestley
and McKenzie (2013) (Fig. 1) have thick lithosphere in very similar
(cratonic) regions. Also, maximum thickness is rather similar in the
LITHO1.0 model or semum2 as analyzed by Lekic and Romanowicz
(2011), reaching N250 km for some cratons. Gung et al. (2003) find
that maximal thickness under cratons is unlikely to exceed 250 km –
in agreement with the results obtained here, whereas they conclude,
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
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based on anisotropy, that deeper structures are a part of the
sublithospheric mantle. In accordance with the radial anisotropy
trade-off pointed out byGung et al. (2003), we obtain somewhat thicker
lithospherewith our procedure based on SHmodels, whereas SVmodels
are very similar to those based on Voigt average (also see Table 2).

Often, thick lithosphere is also inferred for the Tibetan Plateau /
Himalaya region (Priestley and McKenzie, 2006), in contrast to thinner
ospheric thickness models, Tectonophysics (2016), http://dx.doi.org/
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lithosphere in other regions of Phanerozoic orogeny. It does not become
clear from our work how thick Tibetan lithosphere really is. The tradi-
tional view is that this is a region of continental collision, which would
explain lithosphere thickening. However, even continental lithosphere
may get partially subducted or detach (e.g. Ducea, 2016). In this case,
it could be that the lithosphere is in fact not thickened, but due to lack
of vertical resolution, the tomography models do not distinguish be-
tween the Eurasian lithosphere on top and the subducted Indian litho-
sphere beneath, and image both as one thick layer (cf. Li et al., 2008).
In other regions of subduction, slab signatures have been excluded,
but the RUM model of Gudmundsson and Sambridge (1998) which is
used for this purpose, does not feature slabs in the Himalaya region, fol-
lowing the traditional view, and we chose not to make any ad hoc ad-
justments. The fact that elastic lithosphere thickness in the Tibetan /
Himalaya region is not higher than in surrounding regions, and that
this is the one region where the otherwise good correlation between
elastic and tomographic thickness most clearly breaks down (Fig. 7)
might indicate that indeed the Eurasian lithosphere is not thickened,
but underlain by a layer of Indian lithosphere.

Thin lithosphere, similar to orogenic regions, is also found over a
rather wide area in northeastern Africa. McKenzie et al. (2015) pointed
out that, when reconstructing Pangea, cratons are assembled to one
continuous arc of thick lithosphere, surrounding a region of thinner lith-
osphere that includes northeastern Africa, Arabia and western Europe.
Plate reconstructions (Steinberger and Torsvik, 2008; Torsvik et al.,
2014) show that northeastern Africa has been overlying the area or
margins of the present-day African Large Low Shear Velocity Province
in the lowermost mantle for ~ the past 320 Myrs. If this has been a re-
gion of upwelling of hot material, this may be a reason for thinner lith-
osphere. Also presently, material from the Afar plumemay be spreading
beneath large areas in northeastern Africa and thereby maintaining
rather thin lithosphere (e.g. (Ebinger and Sleep, 1998; Faccenna et al.,
2013)).

Lithosphere thickness derived from heat flow measurements
(Artemieva, 2006) and receiver functions (Li et al., 2007; Rychert
et al., 2010) shows quite a different pattern, with often considerably
smaller values. What is inferred to be the lithosphere-asthenosphere
boundary (LAB) from receiver functions is interpreted to be consider-
ably sharper than would be expected from only thermal effects, and
other explanations have been proposed to explain the sharp LAB
(Karato and Jung, 1998; Kawakatsu et al., 2009; Hirschmann, 2010;
Karato, 2012; Schmerr, 2012). The issue gets further complicated by
the frequent presence of a MLD: What is interpreted as the LAB by re-
ceiver function studies may be an MLD. It has been suggested that the
lithosphere is chemically distinct mainly above the MLD, whereas the
region below is a thermal boundary layer (Yuan and Romanowicz,
2010; Lekic and Romanowicz, 2011).

Our thermal lithosphere models based on tomography are well cor-
related with the elastic thickness estimates of Audet and Bürgmann
(2011). This probably indicates that the elastic thickness and by infer-
ence, mechanical strength, is also related to the temperature profile.
Elastic thicknesses are typically a factor of about two less than the thick-
ness derived here. This could mean that the lithosphere, on long time-
scales, behaves elastically only for temperatures up to about half the
difference between surface and asthenosphere.

Our lithosphere thickness estimates are meant to represent a tem-
perature isosurface and thus define the depth extent where the mantle
is rheologically strong and thusmoves coherently as tectonic plates. In a
geodynamic context, we regard this as the most appropriate definition,
because in this way, lithosphere thickness for example determines how
well plates couplewith the underlyingmantle, and towhat extentman-
tle convection can exert a driving or dragging force. Since temperature
increases gradually, strength probably also decreases gradually and lith-
osphere thickness therefore probably cannot be sharply defined, and
any temperature isosurface chosen to define lithosphere thickness is
to a certain degree arbitrary.
Please cite this article as: Steinberger, B., Becker, T.W., A comparison of lith
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5. Summary

We present models of lithosphere thickness based on a number of
recent tomography models, and a recently developed procedure. The
plausibility of these models is demonstrated, because (1) in oceanic re-
gions, they overall agree with thickness inferred from lithosphere age
and (2) the lower part of inferred radial temperature profiles, which
were used to construct these models agrees quite well with theoretical
profiles for half-space cooling, in particular if profiles are averaged for
given lithosphere thickness ranges. However, strong discrepancies
occur in the upper part of the profiles, in particular for thick continental
lithosphere, probably indicating compositional variations mainly in the
upper ≈150 km. This substantiates earlier results by Lekic and
Romanowicz (2011) based on physics-blind, statistical clustering.

Models based on tomography are highly correlated among each
other, as well as with other tomography-based lithosphere thickness
models. However, average thickness is more dependent on model and
procedure. Typically, our model yields lithosphere thickness of about
250 km for cratons, and less in other continental regions. Correlation
with thickness estimates based on heat flow and receiver functions
are lower. In the case of receiver functions, this could be due to different
features “seen” by different methods: The thermal gradients inferred
here from tomography is quite gradual, in particular for thick litho-
sphere, whereas the receiver function method requires sharper discon-
tinuities. Thickness determined here based on tomography is well-
correlated with elastic lithosphere thickness, which is typically about a
factor two lower.
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