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Abstract

New global maps of the depth to the boundary between the lithosphere and the as-
thenosphere are presented. The maps are based on updated global databases for
heat flow and crustal structure. For continental regions the estimates of lithospheric
thickness are based on determinations of subcrustal heat flow, after corrections for
contributions of radiogenic heat in crustal layers. For oceanic regions the estimates of
lithospheric thickness are based on the newly proposed finite half-space (FHS) model.
Unlike the half-space cooling (HSC) and the Plate models the FHS model takes into ac-
count effects of buffered solidification at the lower boundary of the lithosphere and as-
sumes that vertical domain for downward growth of boundary layer have an asymptotic
limit. Results of numerical simulations reveal that theoretical values derived from FHS
model provide vastly improved fits to observational data for heat flow and bathymetry
than can be achieved with HSC and Plate models. Also, the data fits are valid for the
entire age range of the oceanic lithosphere. Hence estimates of depths to lithosphere
— asthenosphere boundary (LAB) based on FHS model, are believed to provide more
reliable estimates than those reported in previous thermal models.

The global maps of depths to LAB derived in the present work reveal several features
in regional variations of lithosphere thicknesses that have not been identified in earlier
studies. For example, regions of ocean floor with ages less than 55Ma are charac-
terized by relatively rapid thickening of the lithosphere. Also there is better resolution
in mapping the transition from oceanic to continental lithosphere, as most of the latter
ones are characterized by lithospheric thickness greater than 150km. As expected
the plate spreading centers in oceanic regions as well as areas of recent magmatic
activity in continental regions are characterized by relatively thin lithosphere, with LAB
depths of less than 50 km. On the other hand, the areas of continental collisions and
Precambrian cratonic blocks and are found to have lithosphere thicknesses in excess
of 250 km. Regional variations of lithosphere thickness in the interiors of continents are
found to depend on the magnitude of subcrustal heat flux as well as the tectonic age
of crustal blocks.
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1 Introduction

The concepts of lithosphere and asthenosphere are fundamental components of plate
tectonic theory, according to which the lithosphere — asthenosphere boundary (LAB)
separates the upper rigid part from the underlying upper mantle in both oceanic and
continental regions. It is often considered as a first-order structural discontinuity that al-
lows for differential motion between tectonic plates and the underlying mantle. Mapping
the depth of LAB is important, since it is an essential constraint in models of formation
and evolution of oceanic and continental regions. Detailed models of mantle convection
depend on accurate knowledge of the depth variations of the LAB. In oceanic regions
regional variations in heat flow and bathymetry has often been interpreted as indicative
of systematic increase in the depth of LAB with distance from the spreading centers
(for example: Parsons and Sclater, 1977). In continental areas thick lithospheric roots
appear to exhibit large variations in thickness (Artemieva and Mooney, 2002; Eaton et
al., 2009) and are likely to represent areas where the plates are strongly coupled to
mantle flow (Conrad and Lithgow-Bertelloni, 2006). There are also evidences indicat-
ing that the lithosphere is thickest, strongest and most refractory within the cratonic
nuclei of continents (e.g. Jordan, 1981; Praus et al., 1990).

Attempts to map LAB directly using seismological techniques have not had success,
since the differential motion between lithosphere and asthenosphere is generally ac-
commodated by passive deformation. Global observations of the Earth’s gravity field
show that the lithosphere is approximately in large-scale isostatic equilibrium (Sclater et
al., 1975; Shapiro et al., 1999) and hence long-wavelength gravity inversion turns out to
be an ineffective mapping tool. Results of magnetotelluric observations have, for many
decades, been interpreted as indicative of an electrically conductive layer at depths
beneath the continents consistent with seismic low velocity zones. Indirect methods
have also been used in investigating the petrologic and geochemical characteristics
of the LAB and adjacent regions. Nevertheless, there are considerable shortcomings
in the methods employed in geologic studies and the results are plagued with large
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uncertainties. On the other hand, results of geothermal methods, based on observa-
tional data and thermal models, allow determination of temperatures in the lithosphere
and this information may easily be employed in mapping LAB.

The purpose of this paper is to provide a new look into the regional variations in the
depths of LAB based primarily on near surface heat flow data and knowledge of the
thermal structure of the lithosphere. The procedure employed allows determination of
the thickness of the layer in which temperatures lie below the mantle adiabat and where
the heat transport is mainly conductive. This part of the lithosphere is usually identified
as the thermal boundary layer (TBL) that overly the mantle convection system. We also
examine the differences in the processes that determine the regional variations in the
thickness of the TBL of oceanic and continental regions.

2 Heat flow data and global heat flow maps

The determination of depth of LAB is a task that requires use of thermal models which
provide physically reasonable fits to observational data sets on heat flow and basal
temperatures and are at the same time compatible with the prevailing knowledge of
crustal structure (thickness, seismic velocity, radiogenic heat production and physical
properties of crustal layers as well as their geological characteristics). We present brief
descriptions of the heat flow maps derived from the updated world heat flow data set,
as an important prelude to the discussion of thermal models relevant for determination
of LAB depths in oceanic and continental regions.

2.1 Heat flow data set

The observational heat flow data set employed in the present work is derived from
an updated compilation carried out recently by Vieira and Hamza (2010). It makes
extensive use of data sets reported in earlier compilations of Pollack et al. (1993),
Hamza et al. (2008a), Davies and Davies (2010), but also includes updated data sets
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for the South American continent. At present the global data set consists of a total
41 386 heat flow measurements, of which 19775 are in continental regions and 21 611
in oceanic regions. A summary of the data in continental and oceanic areas is provided
in Table 1 and its global distribution illustrated in the map of Fig. 1.

This data set was employed in calculating mean heat flow for a regular grid system
composed of 1° x 1° area elements. Such a grid system has a total of 63800 cells, of
which 22 380 are in continental areas and 42420 are in oceanic areas. The results
reveal that heat flow measurements have been carried out in areas corresponding to
nearly 70 % of the grid cells. The remaining 30 % of the grid cells are devoid of observa-
tional data. Such inhomogeneous distributions of data are known to lead to problems
in deriving global maps. One of the convenient techniques employed in overcoming
such problems in data distribution is to make use of estimated values that are repre-
sentative of the tectonic context. Following the practice adopted in the earlier works,
we also have made use of the empirical predictor based on the well known heat flow
— age relation in estimating values for cells devoid of experimental data. The heat flow
values assigned for age provinces are based on a modified version of the results re-
ported by Hamza (1967), Polyak and Smirnov (1968) and Hamza and Verma (1969).
The modifications introduced takes into consideration advances obtained in determin-
ing the functional form of the relation between heat flow and age in North America,
Australia, Europe, South America, Africa and Asia. The only exception is the region of
Antarctica for which a constant heat flow value of 45 mWm~2 has been assigned.

The age values are derived from the geologic maps published by Mooney et
al. (1998) for continental areas and Muller et al. (2008) for oceanic areas. Modern GIS
(Geographic Information Science) techniques have been employed in deriving poly-
gons that delimit sub units of geologic and structural provinces and the tectonic age
pattern. These are superimposed on the reference grid system of 1° x 1° area ele-
ments which allowed determinations of the area segments of the geologic sub units
and the values of mean heat loss for the corresponding “tectonic polygons”.
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2.2 Global heat flow maps

In calculating weighted mean values of heat flow for intersecting “tectonic polygons”
we have assigned equal weights to both oceanic and continental data sets. Another
outstanding feature of the present work concerns the use of heat flow data sets for
ocean crust with ages less than 55 Ma. We have refrained from the practice (employed
in some earlier works) of using theoretical heat flow values, derived from half-space
cooling models, as substitutes for experimental data. The reason is the controversy
concerning the hypothesis of regional scale hydrothermal circulation in young ocean
crust. As pointed out by Hofmeister and Criss (2005) and Hamza et al. (2008) this
hypothesis, which implies down flow of cold water in hot crust and up flow of hot wa-
ter from cold crust, contradicts the basic principles of thermal convection in geologic
media. In addition, the half space cooling models assume conductive heat loss from
stagnant fluid bodies, a process unlikely to be representative of conditions in which
lateral mass movements take place (Hamza et al., 2010).

The global heat flow map derived from the observational data set and estimated val-
ues are presented in Fig. 2. It reveals several features related to regional variations
in both continental and oceanic regions. It is now possible to identify with much better
resolution thermal anomalies associated with mid ocean ridges, areas of magmatic ac-
tivity associated with subduction processes in back-arc regions and hot-spot localities
in both oceanic and continental regions. Also, the map allows identification of areas
of relatively low heat flow in the interiors of continents as distinct from areas of normal
heat flow in continental platform areas and ocean basins.

3 Thermal models of the oceanic lithosphere: implications for LAB depths

The difficulties in mapping LAB depths in oceanic regions are in part related to funda-
mental problems in the thermal models of the lithosphere. For example, the so-called
Half-Space Cooling (Turcotte and Oxburgh, 1967) and Plate models (McKenzie, 1967)
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have failed to provide satisfactory accounts of observational heat flow and bathymetry
data sets for the young ocean floor. This is also true of the hybrid version referred to as
the Global Depth-Heat Flow (GDH) model (Stein and Stein, 1992). We examine here
briefly the main limitations of the Half-Space Cooling (HSC), Plate and GDH models
and point out how these difficulties has been overcome in the newly proposed Finite
Half-Space (FHS) model (Cardoso and Hamza, 2011).

3.1 HSC model

In the HSC model the lithosphere is considered as the boundary layer of mantle con-
vection cells. The lithosphere grows in thickness continuously as it moves away from
the up-welling limb of the mantle convection system. The conductive cooling is as-
sumed to be one-dimensional. In other words, lateral variations in temperatures are
not permitted. Analytical expressions for variation of temperature (T) with time (¢) and
depth (z) in such a boundary layer may be obtained as solution to the one-dimensional
heat conduction equation:

orT  o°T
— R 1

ot K 022 M
where « is the thermal diffusivity. If the wavelength of the problem addressed in Eq. (1)

is assumed to be large (z — oo) its solution may be expressed in terms of the error
function (erf) as (Carslaw and Jaeger, 1959):

T(z,t)-T, _ erf( z )
(Tm =To) 2Vkt

The fit of HSC model curve (derived from Eq. 2) to observational heat flow data is

known to be poor. It overestimates heat flow in ocean crust with ages less than 60 Ma

and underestimates heat flow for crust with ages greater than 100 Ma. The main draw-

back of the half-space cooling model (HSC) is the assumption that the wavelength of

the problem domain is unbounded, which implies that the thickness of the material
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undergoing solidification beneath the boundary layer is large compared to the stable
thickness of the lithosphere at large distances from the ridge axis. As pointed out by
Hamza et al. (2010) this condition cannot be considered satisfactory for the physical
domain of the problem under consideration since the upwelling material beneath the
ridge axis has a finite width. Since this is the same magmatic material that moves
laterally away from the ridge zone, its thickness has to be finite.

3.2 GDH model

The Plate model proposed by McKenzie (1967) provided a better fit to heat flow data
from ocean crust with ages greater than 100 Ma but it also overestimates heat flow
for ocean crust with ages less than 55 Ma. In an attempt to overcome such difficulties
Stein and Stein (1992) proposed a hybrid version, referred to as the Global Depth Heat
Flow (GDH) Reference model. The GDH model has been successful in providing a
satisfactory explanation for regional variations in bathymetry but failed in accounting
for the low values of heat flow in ocean crust with ages less than 55 Ma. The problem
came to be known as the oceanic heat flow paradox. Stein and Stein (1992) and
Pollack et al. (1993) invoked the hypothesis of convective heat transport by regional
scale hydrothermal circulation in ocean crust as a possible mechanism responsible for
the appearance of this paradox.

However, Hofmeister and Criss (2005) and Hamza et al. (2006) drew attention to
some fundamental inconsistencies in the hypothesis of regional scale hydrothermal
circulation in ocean crust. In addition, Hamza et al. (2008b) pointed out that the GDH
model implies large scale discontinuities in the deep thermal fields of the oceanic litho-
sphere. More recently, Cardoso and Hamza (2011) argued that the physical basis of
the HSC, Plate and GDH models are deficient in the sense that these do not take
into account explicitly the effects of latent heat and the process of buffered solidifica-
tion at the asthenosphere-lithosphere boundary. In view of such difficulties estimates
of depths to LAB calculated on the basis of HSC, GDH and Plate models cannot be
considered as reliable.
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3.3 FHS model

It is clear that we need to look for a model that accounts for the effects of latent heat
of magma accretion and the process of buffered solidification at the base of the litho-
sphere. Hamza et al. (2010) presented a model that takes into consideration the ther-
mal consequences of variable rates of magma accretion at the lower boundary of the
lithosphere. According to this model (designated VBA) the variability in the rate of
magma accretion at the base of the lithosphere has a direct influence on surface heat
flux and bathymetry. More importantly, VBA model has been found to be capable of
accounting for the main features in observational data sets of heat flow and bathymetry,
without the need to invoke the hypothesis of regional scale hydrothermal circulation in
ocean crust. Nevertheless, VBA model does not address explicitly the thermal effects
of latent heat at the lithosphere — asthenosphere boundary.

Recently Cardoso and Hamza (2011) proposed a model that incorporate the effects
of latent heat and buffered solidification and which at the same time provide a sat-
isfactory solution for large scale variations of bathymetry and heat flux in the ocean
floor. Designated as the Finite Half Space model — FHS, it introduces the assumption
that the wavelength of the solution of the relevant heat conduction equation is related
to the thickness of the stable lithosphere at large distances from the ridge axis. A
major consequence of such a condition is that it imposes an asymptotic limit for the
vertical growth of the lithosphere at the expense of the asthenosphere. Further, the
FHS model assumes that solidification process is buffered, taking place between the
liquidus and solidus temperatures (7, and Tg respectively) of asthenospheric material
at the base of the lithosphere. Under these conditions the solution for the temperature
(T) at depth (2) in the oceanic lithosphere of age (f) and of basal temperature (7,,) is
(Cardoso and Hamza, 2011):

)erf (z/z m)
erf (a/z m)
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where a is the asymptotic value for the thickness of the lithosphere in stable ocean
basins and k,,q may be considered as the modified thermal diffusivity, that takes into
account the role of latent heat:

« A @
mod =

In Eq. (4) A is the thermal conductivity of the lithosphere, pag and o, ;; the densities
of asthenosphere and lithosphere respectively and L the latent heat of solidification of
the asthenospheric material at the base of the lithosphere. The expression dV/dT in
Eq. (4) is the volumetric proportion of the solidification reaction assumed to be buffered
between the liquidus (7, ) and solidus (7g) temperatures. For unit change in temperature
the variation of V is defined as:

( e _ ebT3>
vir) = (et — bTs) ®)
In Eq. (5) b is a constant that determines partitioning between the liquid and solid
fractions in the buffered solidification process. Note that V in Eq. (5) has the unit of
percent and not cubic meters.

A careful examination of the Eq. (3) reveal that the solution provided by the FHS
model represents in fact the general case and the solutions derived in the HSC and
Plate models are particular end member cases. This can easily be verified by noting
that for small values of time (¢) and values of depth (z), much less than the thickness of
the stable lithosphere (a), the right hand side of Eq. (1) is nearly identical to that of the
fundamental solution for temperature in the HSC model, the only difference being the
modified form of thermal diffusivity. On the other hand, for depth values (z) nearly equal
to the stable thickness of the lithosphere (a) the right hand side of Eq. (1) approaches
unity, which is the condition employed in the Plate model of McKenzie (1967). In other
words, the FHS model behavior is similar to that of the HSC model for small times but
similar to that of the Plate model for larges times.

288

SED
4, 279-313, 2012

Global distribution of
the lithosphere-
asthenosphere

V. M. Hamza and
F. P. Vieira

L

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/279/2012/sed-4-279-2012-print.pdf
http://www.solid-earth-discuss.net/4/279/2012/sed-4-279-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

The equation for surface heat flux obtained from Eqg. (1) by Cardoso and
Hamza (2011) is:

(Tm - TO) 1

VK moq ) erf (a / 2 m)

Cardoso and Hamza (2011) also developed the following relation for bathymetry in FHS
model, following the isostatic compensation scheme discussed in earlier studies (e.g.
McKenzie, 1967; Sclater and Francheteau, 1970; Parsons and Sclater, 1977):

aaTl,,p, 1- e_(a/z\/m)z
VIL(0a=0w) (a/2m> erf(a/ZW)

The fits to the observational data sets for heat flow and ocean floor bathymetry, on the
basis of Egs. (6) and (7), are presented respectively in the upper and lower panels of
Fig. 3. Also illustrated in this figure are the fits provided by the GDH model of Stein
and Stein (1992). It is fairly simple to note that the fit of FHS model to observational
heat flow data is far superior to that which can be produced by HSC, GDH and Plate
models. More importantly, the fits obtained are valid for the entire age range of the
oceanic lithosphere, there being no need to invoke the hypothesis of regional scale
hydrothermal circulation in ocean crust. In the case of bathymetry GDH and FHS
model fits are almost identical. Nevertheless, the GDH model fit requires the hybrid
scheme, with changes in bathymetry calculations at the age value of 25Ma for the
ocean crust.

q(t);=0=14 (6)

e(t) =d, + (7)

3.4 LAB depths

We now examine the fit of FHS model to oceanic heat flow data as part of the attempt to

map regional variations in the depth of LAB in oceanic regions. In this task it is impor-

tant to set a value for basal temperature that is compatible with results of petrology and
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thermal models of the lithosphere. However, there is no universal agreement as to the
representative value of the basal temperature to be used in model studies of the litho-
sphere. According to Green et al. (2001) primary magmas in the Hawaiian region have
an average temperature of 1365 °C, but presence of even small amounts of volatiles
can lead to temperatures as low as 1000 °C. McKenzie and Bickl (1988) infer that as-
thenosphere have a potential temperature of 1280 °C. McNutt (1990) and Jaupart and
Mareschal (1999) assume that the thickness of the mechanical lithosphere is propor-
tional to the thickness of the conductive thermal boundary layer and defines the base of
the thermal lithosphere as the intersection of the geotherm with the mantle abiabat of
1300 °C. Parsons and Sclater (1977) and Sclater et al. (1980) used observational data
on bathymetry of various oceans to estimate the best fitting value of 1333°C for the
basal temperature. The same approach was used by Stein and Stein (1992) who ar-
gued that a basal temperature of 1450 °C at a depth of 95 km fit the data better than the
values estimated by Parsons and Sclater (1977). For purposes of the present work the
basal temperature of lithosphere is assumed to fall in the interval of 1250 to 1350 °C.
The time variation of LAB for oceanic lithosphere, derived from Eq. (3), is illustrated in
Fig. 4.

Figure 5 provides a comparison of the thickness variations of the lithosphere accord-
ing to the Finite Half Space (FHS) and Half-Space Cooling (HSC) models. The dashed
curves in this figure indicate depths of LAB derived from the HSC model, which plunge
to values of more than 90km, for ages greater than 55Ma. On the other hand, the
FHS model depths to LAB approach asymptotic values of no more than 90 km for age
values in excess of 80 Ma. This asymptotic limit is compatible with the thickness of the
stable lithosphere in ocean basins. Another remarkable feature of FHS model is that
regions of ocean floor with ages less than 25 Ma are characterized by relatively rapid
thickening of the lithosphere, when compared with the HSC model values. This is also
a consequence of the FHS model, which imposes a rapid decrease in magma accre-
tion rates at the base of the lithosphere, as it moves away from the ridge axis. The
most important conclusion is that the depth to LAB of oceanic lithosphere is controlled
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by processes of magmatic accretion and solidification occurring at its lower boundary.
As pointed out in the next section this is quite different from that of the continental
lithosphere.

4 LAB depths in continental regions

The thermal state of the continental lithosphere has been addressed in numerous pub-
lications. Most of the individual studies are focussed on Precambrian cratonic areas in
South America, South Africa, the Baltic Shield, the Indian Shield, Australia, and North
America. There are relatively few publications on the thermal state of the lithosphere
in younger continental areas, reactivated during Cenozoic, Mesozoic and Paleozoic
times. Comparison of results reported in such studies is a difficult task as there are
no consistent practices in setting thermal parameter values employed in model simula-
tions.

4.1 Crustal model

In an attempt to minimize problems of this type we have made use of, in the present
work, global compilations of data on thickness, density and seismic velocity of the
crustal layers by Mooney et al. (1998) and Bassin et al. (2000). In these data sets the
crust is assumed to be composed of five sequential layers, classified as soft (unconsol-
idated) sediments, hard (lithified) sediments, upper crust, middle crust and lower crust.
Soft sedimentary layers of significant thickness are generally present in areas of active
deposition of sediments (such as continental margins). The hard sedimentary layers
may reach thicknesses of up to tens of kilometers, in several different tectonic settings.
Nevertheless, hard sediment layers with thicknesses greater than five kilometers seem
to be practically absent in Precambrian cratonic areas, unaffected by tectonic folding
episodes. The crustal layers have thickness generally in the range of 30 to 40km in
the interior parts of the continents but may reach higher values in areas of collision
tectonics.
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A schematic representation of the crustal model adopted is illustrated in Fig. 6. The
compilation of Bassin et al. (2000) provides mean values of these parameters for a
2° x 2° grid system. The available data sets have been used in calculating mean values
of essential elements (thickness, density and seismic velocity) that characterize the
crustal structure. These in turn have been employed in deriving maps of crustal layers,
an example of which is illustrated in Fig. 7.

4.2 Estimation of radiogenic heat in crustal layers

Determination of radiogenic heat production is usually carried out by measuring the rel-
ative amounts of the main heat producing elements Uranium, Thorium and Potassium,
in samples collected at the surface. In calculating the total contribution of radiogenic
heat for the crustal layers it is necessary to determine not only the near surface values
but also the vertical distribution of radiogenic heat with depth in the entire crust. Direct
determination of heat production of crustal layers is a strenuous task because of the
high degree of variability in the abundances of radioactive elements and the difficulties
in obtaining representative samples from deeper layers of the crust.

Such difficulties in direct determination of radiogenic heat have been discussed in
an earlier work by Smithson and Decker (1974). An alternative is to make use of the
empirical relations between seismic velocities and heat production. Rybach and Bun-
tebath (1984) proposed the following relation between seismic velocity (Vp in km 3‘1)
and heat production (A4 in qu'B):

In(4) = B - 2.17V}, (8)

The value of B is 12.5 for Precambrian regions and 13.7 for Phanerozoic regions.
Cermak and Bodri (1986) demonstrated the need to incorporate corrections for in-situ
velocities. This procedure was employed by Cull (1991) for estimating total radiogenic
heat production of the crust in Australia.
The globally averaged values of heat production adopted for purposes of the present
work are given in Table 2. The global crustal model of Mooney et al. (1998) was
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employed in determining mean crustal thickness and mean velocity values for a reg-
ular grid system of 2° x 2° cells. Calculations carried out for this system of cells has
allowed determination of regional variations of crustal heat production values in con-
tinental and oceanic regions. The results are employed in calculating the heat flux
produced by radioactive elements in the crust. The map of Fig. 8 illustrates the global
distribution of radiogenic heat flux. As expected contribution of radiogenic heat produc-
tion is significant mainly in areas of continental crust. Oceanic crust is practically free
of any significant quantities of radiogenic heat.

4.3 Thermal model of continental crust

The temperature in the continental lithosphere can be approximated by the steady state
solution of the one dimensional heat conduction equation. For a medium with depth
dependant thermal conductivity (1) and exponential decrease of heat production (A) in
the vertical direction (z) the solution for temperature (7)) may be expressed as (Hamza,
1982):

(Ao/a@)In(u/ug) = (qo - AgD)z + AgD? [1 _ e—z/o] ©)

where u=1+aT, a being the temperature coefficient of thermal conductivity and D is
the logarithmic decrease in heat production with depth. The terms with subscripts zero
(A9, g and Ag) represent values of the parameters (thermal conductivity, heat flux and
radiogenic heat production, respectively) at the surface (z = 0).

4.4 Mantle heat flow

The procedure outlined in the previous section has been employed in the present work

for determining vertical variations in heat flux for the 2° x 2° grid system. This work is

greatly facilitated by updated global databases for heat flow (Vieira and Hamza, 2010)

and crustal structure (Mooney et al., 1998). Heat flow values corrected for contributions

of radiogenic heat were calculated at depths corresponding to the base of sedimentary
293

SED
4, 279-313, 2012

Global distribution of
the lithosphere-
asthenosphere

V. M. Hamza and
F. P. Vieira

L

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/279/2012/sed-4-279-2012-print.pdf
http://www.solid-earth-discuss.net/4/279/2012/sed-4-279-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

strata, the upper crust and the lower crust. Note that the basal heat flux for the lower
crust is the same as the mantle heat flux.

Equation (6) permits calculation of temperatures, constrained primarily by surface
heat flow measurements and the vertical distribution of thermal parameters (thermal
conductivity and heat production), within the crust and in the lithospheric mantle. It also
allows determinations of vertical heat flux at any depth level in the crust. In other words,
we have a means of implementing a back-stripping process for determining deep heat
flux with progressive elimination of the contributions radiogenic heat in overlying layers.
The results obtained in such a back-stripping process are illustrated in the set of maps
of Fig. 9. The upper panel in this figure indicates global distribution of heat flow at the
base of sedimentary layer, which is nearly the same as surface heat flow. It is clear
that near surface heat flow provides very little clues as to the contrasts in the deep
thermal structures of continental and oceanic regions. The middle and lower panels
of Fig. 9 refer respectively to the cases where the contributions of radiogenic heat of
the upper and lower crust are removed by the back-stripping processes. It is clear that
progressive removal of the contributions of radiogenic heat of upper and lower crustal
layers bring into evidence the differences in deep heat flux. A remarkable feature in
the middle panel of Fig. 9 is the relatively narrow width of the transition zone of deep
heat flux, between continental and oceanic regions. It is a clear indication that the heat
producing sources are situated at shallow depths in the crust. Another outstanding
feature, evident in the lower panel of this figure, is the contrast in the global distribution
of mantle heat flux, which is less than 40 mWm™2 in most areas of continental crust.

5 Global distribution of LAB depths

We now examine the global distribution of depths to LAB based on the results dis-
cussed in the previous Sects. 3 and 4. As in the case of oceanic regions it is important
to set a value for basal temperature that is compatible with studies of petrology and
thermal models of the continental lithosphere. Again, there is no universal agreement
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as to the representative value of the basal temperature to be used in model studies of
the continental lithosphere.

In continental regions estimates of basal temperatures of periods extending back to
Archean times have been made based on analysis of mantle xenoliths. For example,
P —T conditions inferred for xenoliths from Northern Lesotho is 1050 to 1250°C at
depths of 170km (O’Reilly and Griffin, 2006; Grutter et al., 2006). The xenolith data
for the Slave Province in Canada reported by Kopylova et al. (1999) indicate that the
conductive geotherm in the mantle extrapolates to the mantle adiabat with tempera-
tures of 1350 °C at depths of 200 km. Though there are considerable uncertainties in
the methodology it is fairly reasonable to conclude that the xenolith geotherms serve
as upper limits for present day basal temperatures of the continental lithosphere. Thus
a mantle adiabat of 1300°C is considered as representative of the Precambrian cra-
tons. However, as mantle convection depends on viscosity, which is itself temperature
dependent, the base of the thermal lithosphere is sometimes defined as 0.85 times
the solidus temperature. In this case basal temperatures would be somewhat lower,
around 1100°C for a mantle solidus of 1300°C (Pollack and Chapman, 1977). For
purposes of the present work the basal temperature of lithosphere is assumed to fall in
the interval of 1100 to 1300 °C.

As in the case of heat flow and radiogenic heat production data sets (discussed in
Sects. 2 and 4, respectively) a regular grid system of 2° x 2° cells was used in calcu-
lating mean values of depths to LAB. The data set generated in this procedure was
used in deriving maps of the global distribution of LAB depths. One of the convenient
forms of representing such gridded data sets is through the technique of spherical
harmonic representation. The main limitation of this technique is the elimination of
short wavelength variations resulting in loss of resolution. An alternative is to make
use of the numerical interpolation schemes which may be coupled with automatic con-
touring techniques. The maps of global distribution of LAB depths derived these two
approaches are presented in the two panels of Fig. 10. In this figure, the upper panel
refers to the map produced by spherical harmonic representation while the lower panel
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refers to the map by numerical interpolation. The maps obtained in both types of repre-
sentations reveal that LAB depths are less than 50 km in areas of sea floor spreading.
Examples are the approximately north — south trending mid-ocean ridge systems in the
Atlantic, Pacific and Indian Ocean areas. Other regions of relatively thin lithosphere are
the back-arc regions associated with subduction zones. In continental regions Ceno-
zoic rift zones and areas of recent magmatic activity stand out as areas of shallow
LAB.

On the other hand, the interior parts of continental regions are characterized by
thick lithosphere. The Archean cratons with relatively thick lithospheric roots includes
Siberian Platform, West Africa, Baltic Shield, South Africa, Western Australia, the In-
dian Shield, Cathaysian Craton, and the Sao Francisco Craton in South America. There
are some indications of progressive thickening of the lithosphere in areas of cratonic
nuclei.

6 Discussion and conclusions

The present work has allowed derivation of new global maps of the depth to the bound-
ary between the lithosphere and the asthenosphere. The maps are based on updated
global databases for heat flow (Vieira and Hamza, 2010) and crustal structure (Mooney
et al., 1998). For continental regions the estimates of lithospheric thickness are based
on determinations of subcrustal heat flow, after corrections for contributions of radio-
genic heat in crustal layers. For oceanic regions the estimates of lithospheric thickness
are based on the newly proposed finite half-space (FHS) model. Results of numeri-
cal simulations reveal that theoretical values derived from FHS model provide vastly
improved fits to observational data for heat flow and bathymetry than can be achieved
with HSC and Plate models. Hence estimates of depths to lithosphere — asthenosphere
boundary (LAB) based on FHS model, are believed to provide more reliable estimates
than those reported in previous thermal models.

The global maps of depths to LAB derived in the present work reveal several features
in regional variations of lithosphere thicknesses that have not been identified in earlier
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studies. For example, regions of ocean floor with ages less than 55Ma are charac-
terized by relatively rapid thickening of the lithosphere. Also there is better resolution
in mapping the transition from oceanic to continental lithosphere, as most of the latter
ones are characterized by lithospheric thickness greater than 150 km. As expected the
plate spreading centers in oceanic regions as well as areas of recent magmatic activity
in continental regions are characterized by relatively thin lithosphere, with LAB depths
of less than 50 km. Almost all of the continental areas are characterized by lithospheric
thickness greater than 150 km. Regional variations of lithosphere thickness in the inte-
riors of continents are found to depend on the magnitude of sub-crustal heat flux as well
as the tectonic age of crustal blocks. Areas of continental collisions and Precambrian
cratonic blocks and are found to have lithosphere thicknesses in excess of 250 km.

Another major conclusion arising from results of the present work is that the pro-
cesses which play dominant roles in controlling LAB depths in oceanic regions are
distinctly different from those that operate in continental regions. For example, magma
accretion at the base of the lithosphere plays a major role in determining depths of LAB
in oceanic regions. Rapid decrease in magma accretion is believed to be the mech-
anism for the accentuated increase in thickness of the lithosphere with distance from
the ridge axis. This implies that variations in depths of LAB are strongly related to the
age of the ocean crust. On the other hand, LAB depths in continental regions seem
to be determined to a large extent by the thermal structure of crustal blocks at the top
boundary. The role of basal magma accretion is much less subdued in continental re-
gions. This conclusion is different from the proposal of Artemieva and Mooney (2002)
that basal drag is a possible mechanism that may account for variations in depths of
continental LAB. Nevertheless, the results obtained in the present work are in general
agreement with those of seismic and magnetotelluric studies. Results of deep seismic
soundings reveal that the base of the seismic lithosphere is diffuse. But the general
conclusion that Achaean cratons have relatively thick lithospheric roots is in agreement
with results of the present work.
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Table 1. Summary of updated global heat flow data (derived from Vieira and Hamza, 2010).

Regions Number of Data Y%
Africa 859 2.1
Asia 4071 9.8
Europe 5967 14.4
Continental Oceania 697 1.7
North America 5008 12.1
South America 3173 7.7
Total Continents 19775 47.8
Atlantic 2400 5.9
Indian 2066 4.7
Oceanic PaC|f|c 10930 27.1
Mediterranean 1682 4.2
Inland seas and Gulfs 4533 11.2
Total Oceans 21611 52.2
Global Total 41386 100
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Table 2. Mean radiogenic heat production values adopted in the present work for the system

of layers constituting the structure of the lithosphere.

Layer Rock Type/Classification Heat Production

(107°wm™)
1 Soft Sediments 1.0
2 Hard Sediments 1.2
3 Felsic Upper Crust (Phanerozoic) 2.3
4 Upper Crust (Archean) 2.1
5 Intermediate Middle Crust 1.4
6 Mafic Lower Crust 0.5
7 Sub-crustal Lithosphere 0.1
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Fig. 1. Geographic distribution of heat flow measurements, as per the updated data base
reported by Vieira and Hamza (2010).
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Fig. 4. Variations in the thickness of the oceanic lithosphere with age, according to the Finite
Half Space (FHS) model, for the case of basal geotherms of 1250°CC and 1350°C.
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Fig. 6. Schematic representation of crustal structure proposed in the global crustal structure
data set of Mooney et al. (1998).
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Fig. 8. Global map of heat flux produced by radiogenic elements in the Earth’s crust, based
on the crustal structure data set of Mooney et al. (1998) and the empirical relation between
seismic velocity and heat production (Rybach and Buntebarth, 1984). Note the sharp contrast
in heat production between continental and oceanic regions.
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Fig. 9. Heat flow corrected for contributions of radiogenic heat at the base of sedimentary
layers (upper panel), base of upper crust (middle panel) and base of lower crust (lower panel).
Note that near surface heat flow (upper panel) provides very little clues as to the contrasts in the
deep thermal structures of continental and oceanic regions. As the contributions of radiogenic
heat of upper and lower crustal layers are progressively removed the differences in deep heat
flux between these regions becomes evident (middle and lower panels).
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Fig. 10. Global distributions of depth to LAB in spherical harmonic representation (upper panel)
and numerical interpolation methods (lower panel). Note that almost all of the continental areas Printer-friendly Version
are characterized by lithospheric thickness greater than 150 km.
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