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Abstract

The distribution of the heat producing elements within the lithosphere provides an important control on continental
thermal regimes and the mechanical strength of the lithosphere. Moreover, the strong temperature dependence of
lithospheric rheology suggests the possibility of an important feedback between deformation and the distribution of
heat producing elements. Simple models for lithospheric rheology are used to illustrate how such feedback might serve
as an important control on both the characteristic abundance of, and spatial variation in, the heat production
elements in the crust. These models also imply that the organisation of heat producing elements is essential for the
long-term tectonic stabilisation of the continental crust. This is particularly relevant to the evolution of cratons in
early Earth history, wherein lies the most dramatic evidence for the role played by tectonic processes in achieving a

stable ordering of the heat producing elements.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In terms of the bulk mechanical properties of
the lithosphere a key determinant is the temper-
ature of the uppermost mantle, with the temper-
ature of the Moho providing a useful proxy for
lithospheric strength (Fig. 1) [1,2]. In the steady
state, the Moho temperature is a function of
(1) the thickness of the crust, (2) the distribution
of the heat producing elements (HPEs) within the
lithosphere, (3) the heat supplied to the base of

* Corresponding author. Tel.: +61-3-5983-5605;
Fax: +61-3-8344-7761.
E-mail address: mikes@unimelb.edu.au (M. Sandiford).

the lithosphere by convection in the deeper man-
tle, and (4) the thermal conductivity structure of
the lithosphere [3,4]. Surface heat flow—heat pro-
duction relations imply that HPEs concentrated in
the upper 10-15 km of the lithosphere account for
50% or more of the measured surface heat flow of
the continents, implying that the continental lith-
osphere is strongly stratified with respect to the
HPEs [5,6]. The significance and origins of this
characteristic geochemical stratification of the
continental lithosphere, however, have remained
poorly understood [7].

Since the distribution of the HPEs impacts on
the Moho temperature, it must also impact on the
mechanical strength of the lithosphere, suggesting
the possibility of a feedback system that may
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modulate the distribution of HPEs in the litho-
sphere. If this is the case it implies that the geo-
chemical ordering of the continental lithosphere is
fundamentally linked to its long-term tectono-
thermal evolution. This paper investigates the
link between tectonic processes and the distribu-
tion of HPEs in the continental lithosphere.

2. The distribution of HPEs in the continental
crust

Several lines of evidence point to the strong
ordering of the HPEs in the continental litho-
sphere. Most importantly, the heat production
rates of typical upper crustal rocks cannot be rep-
resentative of the whole crust without violating
the observed surface heat flows. For example, a
crust of typical thickness (~40 km) with uniform
heat production of average granite (~2.5 uW
m~3; [8]) would contribute ~100 mW m~? to
the surface heat flow, well in excess of the average
continental surface heat flow of ~65 mW m™2
[9]. The view that the lower crust is strongly de-
pleted in HPEs with respect to the upper crust is
confirmed by analysis of crustal sections observed
in oblique profile (e.g. [10-12]) (Fig. 2), and by
analysis of xenoliths derived from the deep crust
[13].

It has been observed that many heat flow prov-
inces exhibit a quasi-linear relation between sur-
face heat flow, ¢;, and heat production, H;
[5,14,15]. Although the evidence for such a linear
relationship has become less compelling as more
data have been acquired (e.g. Fig. 3), a general
correlation between surface heat flow and near-
surface heat production is appealing because it
concurs with the observation that a significant
fraction of the surface heat flow derives from
sources in the upper half of the crust. Moreover,
much has been made of this relation because it
can be used as a constraint on the vertical distri-
bution of the HPEs [15] (Fig. 3b). For example,
the slope of the ¢,—H; regression has been inter-
preted in terms of the characteristic vertical length
scale of surface heat production, %,, while the in-
tercept has been interpreted as the reduced heat
flow, ¢, [5]. One interpretation of 4, is that it

provides a measure of the thickness of the upper
crustal layer that contains the source of the ob-
served variation in surface heat flow. The slopes
of such regressions for individual heat flow prov-
inces typically lie in the range 5-12 km [6].

Importantly, as well as containing information
about the vertical structure of HPE distributions,
surface heat flow-heat production relations also
contain information about the horizontal struc-
ture of heat production variation [16,17]. Lateral
heat transfer, due to horizontal temperature gra-
dients associated with variations in heat produc-
tion, effectively homogenises the heat flow mea-
sured at the surface, thereby reducing the slope of
the ¢,—H; regression, yielding an underestimate of
the true vertical length scale and an overestimate
of the deeper heat flow contribution (Fig. 4). For
example, for the classic dataset of Birch et al. [14]
lateral heat transfer may easily account for a re-
duction in the slope of the derived regression line
slope, /., by ~30%, with the corresponding over-
estimate of ¢, ~50% (Fig. 4b).

In view of the fuzziness of the primary datasets
(e.g. Fig. 3b) and the lack of quantitative infor-
mation about the nature of the horizontal varia-
tion of HPEs, the only robust conclusions war-
ranted by the general correlation between
surface heat flow and heat production are:
(1) that in excess of half the surface heat flow can
be attributed to sources in the upper half of the
crust, and (2) regression of ¢,—H; data is likely to
provide only a lower bound for the characteristic
thickness of this upper crustal heat producing re-
gion. The remainder of the surface heat flow (for
which an upper bound is provided by ¢,) can be
attributed to sources in the deeper crust, flux from
below the mantle lithosphere and, to a minor ex-
tent, sources within the mantle lithosphere [18].

Since the classic studies of Birch et al. [14], Roy
et al. [15] and Lachenbruch [5], the vertical distri-
bution of HPEs has been characterised in terms of
both a characteristic volumetric heat production
value (H) and a characteristic length scale (/). The
most celebrated HPE distribution model is the
exponential model [5,19] (Fig. 5) where the heat
production at any depth z is given by:

H(z) = H, exp(—z/h,) (1)
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Fig. 1. Illustration of the dependence of the strength of the
continental lithosphere on the bulk temperature of the
Moho, using a Brace—Goetze rheological model in which the
lithosphere is assumed to fail by a combination of frictional
sliding and power-law creep. Strength is normalised against
the lithospheric strength at Tjp =500°C. A change in
Trono of 100°C leads to a change in bulk strength by a fac-
tor of 2-3. Material parameters from [33.34] (Table 2).

where /,, the characteristic length scale, is defined
as the depth at which heat production falls to 1/e
of the characteristic surface heat production, H;.
However, in view of the manifest geochemical het-
erogeneity of the crust, it seems more reasonable
to explore the thermal effects of a heat source
distribution without regard to the explicit form
of the distribution, as is implied by analytical de-
scriptions such as Eq. (1). Thus, we present a
general formulation of the characteristic length
scale (%), which makes no assumptions about the
form of the heat production distribution:

h :—/0 (H(z)z)dz (2)

where ¢, is the depth-integrated heat production,
given by:

de = /0 H(z)dz 3)

For any lithospheric geotherm we can distinguish
between the component of the temperature field
due to heat flowing from the deeper mantle, 7,
and the component due to radiogenic sources,
T,.. As shown in Fig. 5, T, attains a maximum
value (77,) at depths at which heat production
becomes negligible (i.e. at the base of the heat-
producing layer), where its magnitude is simply:

qch
T,qv = K 4)

where k is the thermal conductivity (strictly, Eq. 4
and the following apply only for temperature-in-
dependent conductivity).

This parameterisation emphasises the sensitivity
of crustal thermal regimes not only to the total
heat contributed by crustal sources (i.e. ¢g.) but
equally to its depth distribution as represented
by the parameter 4. An important consequence
is that processes that act to change the distribu-
tion of the HPEs (i.e. the parameters ¢, and/or /)
must induce long-term changes in lithospheric
thermal regimes, independently of any change in
the heat flux from the deeper mantle. Moreover,
the sensitivity of thermal regimes to these distri-
bution parameters raises the possibility of poten-
tial feedback mechanisms if the processes that
modify and control the distribution of HPEs are
themselves sensitive to the thermal structure of
the lithosphere. The remainder of this paper ex-
plores the connection between tectonic processes
that modify HPE distributions and the thermal
and mechanical state of the lithosphere.

3. Tectonic modification of HPE distributions

Changes in the distribution of HPEs within the
crust are effected by a range of tectonic processes
associated with reworking of the continental lith-
osphere. These processes include magmatism, de-
formation, sedimentation and erosion. Because we
can quantify the changes in the distribution pa-
rameters /1 and ¢, that result from these processes,
the i—¢, plane can be used to illustrate the change
in the distribution of HPEs and the consequent
long-term thermal effects.

Fig. 6a—c shows qualitatively how the major
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Fig. 2. Image of the distribution of HPEs in an oblique section of crust exposed in central Australia, in the vicinity of Ormiston
Gorge [35]. The crustal section comprises a ~7 km thick upper crustal sedimentary package of the Neoproterozoic to Phanero-
zoic Amadeus Basin in the south; a ~10-15 km thick mid-upper crustal complex of highly radiogenic, Mesoproterozoic granites
and metamorphic rocks; and in the north, remnants of a deep crustal, highly depleted, Palaecoproterozoic mafic granulite com-
plex. The various crustal segments were juxtaposed in the Carboniferous across the Redbank Shear Zone, a major crustal pene-
trating structure associated with one of the largest gravity anomalies known from the continental interiors (see [35]).

processes attendant on crustal reworking are
likely to change the HPE distribution using the
h—q. plane. For example, the ascent of granites
generated by crustal melting provides an effective
mode for moving HPEs upwards in the crust,
leading to a reduction in & without reducing ¢..
Thus, expressed in terms of relative changes in the
heat production parameters, intracrustal magma-
tism is characterised by A¢.=0 and A2<<0. In

contrast, deformation can change both the
amount and the distribution of crustal heat sour-
ces. Crustal shortening (i.e. f<<1, where f is the
ratio of the thickness of the crust prior to and
following deformation) increases the total comple-
ment of heat sources within the crust, due to
structural repetition or layer thickening, and at
the same time buries the heat production to deep-
er crustal levels (i.e. Ag.>0 and Ah>0). In con-
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Fig. 3. (a) Distribution of heat flow analyses from the north-
eastern USA including the Birch et al. [14] data and data
from the NGDC database [9]. (b) Surface heat flow (g,)-heat
production (Hj) relations for the data shown in panel a. The
regression of the Birch et al. [14] data is shown as the
dashed line with y-intercept (¢,)=30 mW m~2 and slope
(h,)=17 km.

trast, crustal extension (i.e. > 1) tends to atten-
uate the pre-existing heat production and move it
to shallower levels (i.e. Ag. <0 and Ah<0). Ero-
sion reduces ¢, (Ag.<0), particularly when the
HPEs are already strongly concentrated in the
upper crust. The impact of erosion on / is sensi-
tive to the general form of the initial HPE distri-
bution (Fig. 6c). For exponential distributions
erosion essentially preserves & [5], while for homo-
geneous distributions erosion reduces / in direct
proportion to the reduction in ¢.. The effects of
sediment deposition depend on the heat produc-

tion character of the sediments (Hj) relative to the
pre-existing crust (Fig. 6¢). If Hy is much greater
than the mean heat production of the pre-existing
crust (~ ¢./h) then sedimentation will result in a
significant increase in ¢, and may reduce #
(Ag.>0 and Ah<O0). In contrast, if H,<gq./h
then sedimentation will lead to a significant in-
crease in h for a comparatively minor increase
in ¢, (Aq.>0 and Ah>0). These concepts are
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0 25 5
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Fig. 4. Illustration of the effect of lateral heat conduction on
the surface heat flow (g;)-surface heat production (H,) rela-
tion for various characteristic horizontal heat production
length scales. The variation in HPEs responsible for surface
heat flow variation is contained in an upper crustal layer 12
km thick (4%). In this layer, H, varies between 1 and 5 uW
m™3, with the horizontal variation following a sinsusoid with
a characteristic wavelength 4, (50-500 km). A reduced heat
flow, ¢/, of 20 mW m~2 is contributed by a mantle heat
flow of 15 mW m™2 applied at a depth of 150 km, and a
lower crustal HPE contribution equivalent of 5 mW m~2.
Circles show the apparent surface heat flow as a function of
surface heat production, computed by finite element solution
of the steady-state heat equation. The best-fit line to the ex-
pected observations is shown in the solid lines, together with
the values of ¢, and A, derived by regression of the data.
For comparison, the dashes show the line ¢, =¢’+h’ H; that
would apply in the absence of lateral heat flow. For low val-
ues of Ay, lateral heat flow produces extreme clockwise rota-
tion of the heat production-heat flow regression line. These
simulations show that if the characteristic horizontal length
scale for variation in crustal heat production is of the order
100 km (Fig. 4a.,b), then the reduced heat flow values derived
from natural datasets (such as shown in Fig. 3b) may be as
much as a factor of 2 higher than the characteristic deep
crustal heat flow, ¢;.
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Fig. 5. (a) Hypothetical heat production distribution approxi-
mating an exponentially decreasing distribution of the form
H(z) = Hyexp(—z/h,)). Additional ‘noise’ has been added to
simulate the heterogeneity of the continental lithosphere.
(b) The temperature field produced by such a distribution
illustrating the component due to the non-radiogenic heat
flow (the dashed line), and the component due to heat pro-
duction in the lithosphere (the shaded area). (c) The temper-
ature deviation, Ty, is defined as the additional component
of the temperature field due to heat production and corre-
sponds to the shaded region in Fig. Sb, with the maximum

’

value, T”., attained at the base of the heat-producing layer.

illustrated in a 1-D crustal section for the case of
crustal thinning and subsequent basin formation
(Fig. 6d-f).

In the long term, deformation, erosion and sed-
imentation are linked through the isostatic re-
sponse of the lithosphere, with the surface pro-
cesses tending to restore the long-term elevation
of the continents to near sea-level. Potentially,
this coupling may serve to order the distribution
of the HPEs. In the remainder of this section we
investigate quantitatively the way in which defor-
mation, erosion and sedimentation can modify
various heat source distributions and their conse-
quent impact on crustal thermal regimes. We use
two simple models for the distribution of heat
sources within the crust, the exponential and ho-
mogeneous models. These models and the assump-
tions on which they are based, are outlined in the
Appendix.

The results of these calculations for the case of
a vertical stretch of 10% (thinning or thickening)
combined with a surface response that restores the
initial surface elevation (sedimentation or ero-
sion), are summarised in Figs. 7 and 8. Fig. 7
shows the pattern of changes in the HPE distri-
bution parameters and Fig. 8 shows the associ-
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Fig. 6. (a—) Schematic illustration of the way tectonic pro-
cesses associated with reworking of the continental litho-
sphere modify the HPE distribution parameters, # and g¢..
The ascent of granites generated by crustal melting provides
a mode for redistributing HPEs upwards in the crust without
reducing ¢.. Crustal deformation will either attenuate and
shallow the HPE distribution (for crustal extension, i.e.
B>1) or concentrate and bury it (for crustal thickening, i.e.
B<1). Erosion will normally reduce ¢., when HPEs are al-
ready concentrated in the upper crust. The impact of erosion
on the length scale depends on the general form of the HPE
distribution in the crust. The length scale for approximating
an exponential distribution (see Appendix) is essentially pre-
served during erosion [5], while for homogeneous distribu-
tions the length scale is reduced in direct proportion to ¢..
Likewise, the effect of sedimentation depends on the heat
production character of the sediments (H,) relative to the
pre-existing crust. If Hy is much greater than the mean heat
production of the pre-existing crust (~ ¢./h) then sedimenta-
tion will result in a significant increase in ¢, and may reduce
h. In contrast, if H;<<q./h then sedimentation will lead to a
significant increase in 4 and a relatively minor increase in ¢..
(d—f) Illustration of the role of deformation coupled with an
isostatic response on heat production distributions in the
crust. Given an initial lithosphere (d), stretching (e) results in
attenuation of pre-existing heat production, while the surface
response of basin formation (f) moves it to deeper levels (i.e.
an increase in /). The final heat production distribution fol-
lowing restoration of the original surface elevation depends
on the heat production character of the basin-filling sedi-
ments (with ¢. either decreased or increased as shown in
panels f and f’).
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Fig. 7. Impact of small strain events on the HPE distribution
parameters, /& and ¢, for exponential (a,b) and homogeneous
HPE distributions (c,d) (see Appendix for HPE distribution
models). The deformation equates to a 10% thinning (f=1.1)
and a 10% thickening (f=0.9), where the f is used in its
conventional sense when applied to a 1-D lithospheric col-
umn, that is, as the ratio of the initial to deformed crustal
thickness. The circles indicate the initial # and ¢, values; the
arrows show the change in the HPE parameters, due to the
combined effect of thinning and basin formation (sedimenta-
tion) (a,c), and thickening and erosion (b,d). Diagrams are
contoured for 77.

ated long-term thermal response 7. Figs. 7a,b
and 8a,b show the case for an initially exponential
HPE distribution and Figs. 7c,d and 8c,d show
the case for a homogeneous distribution. As sum-
marised below, these figures illustrate a number of
important features concerning the way in which
the HPE distribution parameters evolve as a con-
sequence of the isostatic coupling between defor-
mation and surface processes.

The coupling of crustal thickening and erosion
provides an effective means for modifying HPE
parameters especially when crustal heat produc-
tion is already concentrated in the upper crust
(i.e. initially low #). Although crustal thickening
tends to increase ¢., erosion will reduce it. For
very low-h configurations the loss of heat produc-
tion during erosion is much greater than the in-
crease in heat production due to thickening (Fig.

7d), with the linked deformation—surface process
resulting in a dramatic decrease in ¢.. This can be
readily appreciated by the fact that the coupling
of crustal thickening and erosion essentially ef-
fects the removal of upper crustal material and
replaces it with lower crustal material. The con-
sequences for the length scale, /, depend on the
initial distribution of heat sources. For the homo-
geneous distribution, 4 will be reduced as a con-
sequence of thickening and erosion (Fig. 7d). For
the exponential distribution, providing h <z,
h will increase by the factor 1/f3, because erosion
preserves the exponential length scale established
by the deformation ([5], Fig. 7b). Fig. 8b,d shows
that the long-term changes in the thermal struc-
ture of the deep crust resulting from thickening
and erosion can be significant. For typical crustal
heat production parameters, a 10% thickening fol-
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Fig. 8. As for Fig. 7 showing the /s—g. plane contoured for
changes in 77, i.e. AT’;.. The change in Moho temperature
is given by AT’,,—AT., where AT is the temperature change
due to Moho shallowing (see text). In the case of stretching,
the depth of the Moho is reduced in the long term because
the density of sediments is less than that of the crust. Be-
cause of this reduction, the Moho is cooled (by ~13°C for
the parameters assumed here; g, =25 mW m~2). The dark
grey box shows the range in /¢, parameters typical of mod-
ern continental crust, derived from compilations in [6,28,29].
Light grey shaded areas show the combination of hA—g, pa-
rameters permitting long-term Moho heating.
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lowed by erosion will lead to a reduction in deep
crustal temperatures by 10-30°C. Because the
Moho will be returned to its original depth fol-
lowing erosion, the Moho will experience all of
this cooling.

For crustal thinning, the long-term thermal
consequences are dependent on whether basin for-
mation occurs and, if so, the heat production pa-
rameters of the basin-filling sediments. As out-
lined in the Appendix, in these models we
assume that the basin fill has a heat production
of 1.5 uW m—3 [20] and a thermal conductivity of
3 W m~! K!. Crustal thinning without basin
formation will result in a reduction in both ¢,
and / by the factor 1/8 for all heat source models.
Where the subsidence resulting from crustal thin-
ning is accompanied by sedimentation sufficient to
restore the original surface elevation, the resulting
changes in / and ¢. may lead to either an increase
or decrease in 77, [21]. As shown by Fig. 8a.c,
increases in 7", are expected when / is less than
about 10 km. In contrast, high /4 configurations
tend to lead to long-term reductions in 7" (up to
~10°C). We note, however, that all of these val-
ues are sensitive to both the assumed density and
heat production character of the basin filling sedi-
ments, with more dense and/or more radiogenic
sediments leading to increased values of 77, for a
given stretch [21].

For typical basin fill densities, the Moho will
not be returned to its original depth in the long
term. Consequently, the estimates for 77, as
shown in Fig. 8a,c will not equate with long-
term changes in the Moho temperature. The
amount of Moho shallowing is dependent on the
density contrast between the basin-fill and the
pre-existing crust, while the cooling of the Moho
resulting from this long-term shallowing depends
on the prevailing thermal gradient. For a deep
crustal thermal gradient of ~ 10°C/km, the long-
term shallowing of the Moho following a 10%
thinning leads to cooling, AT, of —13°C. The
actual long-term change in Moho temperatures
is a function of both the change due to the
Moho shallowing and any effect of the redistribu-
tion of the sources, thus, AT y0=AT " +AT-. For
the parameters used in our calculations, the char-
acteristic response to crustal thinning and basin

filling is Moho cooling; only extremely high ¢,
low & initial configurations lead to significant
long-term Moho heating (i.e. the shaded region
in the upper right of Fig. 8a,c).

The coupling of crustal thickening and erosion
is ineffective in changing the heat production pa-
rameters when the crust is largely undifferentiated
(i.e. large /), because the heat production charac-
ter of the lower crust is essentially the same as the
upper crust (Fig. 8b,d).

One context for understanding the potential
significance of these calculations is provided by
the widespread, low level tectonic activity indi-
cated by the intraplate seismicity and neotectonic
structures within modern continental interiors
such as Australia. This activity suggests that the
long-term evolution of continental interiors is
punctuated by many small magnitude deforma-
tion events ( < 10% stretches), associated with mi-
nor reworking and reactivation. Such events in-
volve both crustal shortening and extension, and
are typically associated with small amplitude
changes in surface elevation (of less than about
1-2 km). These processes, in turn, induce a sur-
face process response that tends, in the long term,
to keep the crustal thickness at the continental
average of ~ 35 km. The calculations summarised
in Figs. 7 and 8 suggest that the repeated impo-
sition of such deformation can significantly redis-
tribute the HPEs. For individual events involving
stretches of ~ 10% the redistribution of HPEs will
affect the steady-state temperature field in the
deep crust and upper mantle by up to ~30°C
(e.g. Fig. 8d). One implication of these results is
that the repeated ‘processing’ of continental crust
by the type of mild events that typify continental
interiors is likely to effect significant long-term
thermal structuring of the lithosphere and there-
fore should impact on its long-term mechanical
behaviour.

4. Mechanical consequences of the redistribution of
HPEs

The strong temperature dependence of litho-
spheric rheology [22,23] suggests that continental
regions characterised by elevated thermal regimes
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Fig. 9. (a) h—q. plane contoured for integrated lithospheric strength. (b) 4—¢,. plane contoured for rate of deformation subject to
an imposed tectonic load. The assumed rheology is that of the Brace-Goetze lithosphere, in which deformation is governed by a
combination of frictional sliding and temperature-dependent creep (rheological parameters from [33,34]; Table 2). The strength
parameters are shown normalised against a configuration characterised by g. =45 mW m~2 and h=7 km. The shaded area illus-
trates that, all other factors being equal, a 25% reduction in both /4 and g, will result in an increase in strength by a factor of 2
or a decrease in strain rate of an order of magnitude in response to an imposed load. Note that the calculations are sensitive to
a large number of assumed parameters, including thermal conductivity (here k=3 W m~! K7!) and mantle heat flux (here
¢m =30 mW m™2), as well as the material parameters constraining creep and frictional sliding of crustal and mantle rocks [33,34].

associated with high ¢. and/or /& values will gen-
erally be weaker than regions characterised with
low g, and /h values, and therefore more suscep-
tible to deformation in response to a given tecton-
ic load. In this section we attempt to quantify
how the variations in ¢, and /4 documented in
the previous section might affect the strength of
the lithosphere.

In all our calculations we use a Brace-Goetze
model for lithospheric rheology that combines
both temperature-independent, frictional sliding
and temperature-dependent creep mechanisms
(e.g. [22]; Table 2). The application of the
strength-envelope approach implicit in this model
has become widespread in geodynamic problems.
Nevertheless, it is important to note that any cal-
culations of lithospheric strength are subject to
very large uncertainties. Basic uncertainty stems
from a number of sources [24], including: (1) the
extrapolation of rheological flow laws from labo-
ratory conditions and time scales to the geolog-
ical realm, (2) an imprecise understanding of
the compositional and mineralogical structure of
the lithosphere, which results in uncertainties in

knowing what particular flow laws to apply to
which part of the lithosphere, and (3) uncertain-
ties in the absolute thermal structure of the litho-
sphere due to imprecise knowledge of its thermal
property structure, particularly thermal conduc-
tivity. These problems make any calculation of
absolute strength subject to very large uncertain-
ties, and in the following section we emphasise the
role of temperature changes accompanying the
various tectonic processes to relative changes in
lithospheric strength. Although the absolute mag-
nitude of these relative changes will vary with the
composition and thermal structure of the refer-
ence frame, the relative changes are likely to be
far more robust than any absolute measure of
strength, because many of the uncertainties de-
scribed above will cancel.

Recognising that the A—¢, plane can be con-
toured for thermal structure (e.g. Fig. §) also al-
lows it to be contoured for lithospheric strength
(Fig. 9). Fig. 9a shows variations in the strength
of a Brace—Goetze lithosphere forced to deform at
a specified strain rate, while Fig. 9b shows varia-
tions in the effective strain rate for the lithosphere
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Fig. 10. Results of numerical simulations designed to explore the long-term changes in the HPE parameters caused by extremely
low-level tectonic deformation in response to time-varying tectonic loads that may be appropriate to the evolution of continental
interiors. Here the simulation runs for ~ 1200 million years. (a) This shows the variation in tectonic load; (b) shows the varia-
tion in strain rate. During periods of high tectonic load these low-strain rate deformations lead to small (1-2 km) changes in
crustal thickness, as shown in panel c. In the models, the associated isostatic response induces a surface process that restores the
initial crustal thickness over a characteristic time scale. Moho temperatures (d) evolve as a function of changes in crustal thick-
ness as well as the long-term changes in the HPE parameters due to deformation and the associated surface processes (see Fig.
11). The three paths (1-3) shown in panels ¢ and d correspond to different initial HPE configurations, as shown by the open

circles in Fig. 1lc.

when subject to an imposed tectonic load. For the
Brace-Goetze lithosphere, varying either / or g,
by a factor of 2 leads to a variation in effective
strength by a factor of 2-3, and effective strain
rate by one to two orders of magnitude. The sen-
sitivity of effective strain rates to the heat produc-
tion parameters highlights the inherent tempera-
ture sensitivity of the Brace-Goetze lithosphere
and raises the possibility of feedback between de-
formation processes and HPE distributions.
Although Fig. 9 illustrates the way in which
variations in HPE parameters may alter the
strength of the lithosphere, it is important to real-
ise that other factors also influence lithospheric
strength. In particular, long-term changes in the
depth of the Moho, as may be expected following
basin formation (as outlined in Section 3), will
also contribute to variations in lithospheric
strength. In the case of basin formation, the cool-
ing associated with long-term Moho shallowing
tends to increase the strength of the lithosphere,

while the changes in HPE parameters usually tend
to decrease its strength (e.g. Fig. 8a,c). Depending
on the initial HPE distribution parameters, basin
formation may either result in mild long-term
weakening or strengthening of the lithosphere
[21].

In order to explore how the distribution of
HPEs impacts on the mechanical response of the
lithosphere, and the way in which this response
might in turn change the HPE distribution (moti-
vated by the possibility of a feedback mechanism),
we have carried out a set of numerical simula-
tions. These simulations are designed to evaluate
the response of a lithosphere with temperature
sensitive rheology to long-term, time-dependent
loading (Figs. 10 and 11). We have chosen a
load history that varies from compressional to
extensional on time scales of around 300 million
years (Fig. 10a). This load history is also scaled to
provide a mean state that is mildly compressional
(as is suggested by the potential energy differences
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Fig. 11. The changes in HPE distribution parameters accruing for the models shown in Fig. 10. (a,c) The case for an initially ex-
ponential HPE distribution; (d,f) for an initially homogeneous HPE distribution. Panels a and d show the changes in /& with
time; panels b and e show the changes in ¢. with time. The initial HPE parameters for each of the models (1-3) are indicated by
the open circles in panels ¢ and f. These configurations give identical initial Moho temperatures (see Fig. 10d) and highlight the
fact that the evolving HPE distribution can lead to significant differences in the long-term evolution of the system. Contours in
panels ¢ and f show intervals of 7" of 20°C and imply long-term cooling of the deep crust of 10-40°C as a function of the or-
dering of the HPE parameters (see text for further discussion).

between mid-ocean ridges and normal continental
crust [25]), and such that the deformation rates
during the maximum loading intervals are suffi-
ciently low (<107'® s7!, Fig. 10b), particularly
when compared to plate margin deformation rates
(~1071% s71) that stretch increments during any
discrete ‘episode’ are only small (< ~5%). The
long-term behaviour of the model is mediated
by the isostatic response to the ongoing deforma-

tion. This elevates or depresses the surface induc-
ing a restorative surface process (sedimentation or
erosion).

In accord with our earlier discussion, these sim-
ulations show that the response of the lithosphere
is sensitive to its thermal state, and that HPE dis-
tributions are significantly modified by repeated
small-scale tectonic reworking of the lithosphere
(Fig. 11). The simulations also show that initial
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configurations characterised by high ¢g. (> 35 mW
m™?) experience significant reductions in ¢, during
repeated tectonic reworking, even though the
scale of the reworking is very minor (Fig. 1lc,f).
For an initially exponential distribution, the ero-
sion-dominated reduction in ¢, (Fig. 11b) tends to
largely preserve the initial value of £ (Fig. 11a) in
accord with the results in Fig. 7. In contrast, ini-
tially homogeneous distributions can show signifi-
cant reduction in 4, as well as reduction in ¢, as a
result of tectonic working (Fig. 11d,e). Reductions
in ¢, of up to 20% equate to long-term Moho
cooling of ~20-40°C (Fig. 10d) and result in
an increase in crustal strength (Fig. 9).

Although these models are clearly very sensitive
to the input parameters, they do highlight the
potential role that tectonic reworking may play
in modulating HPE distributions in the continen-
tal crust. Crust initially configured with elevated
q. and/or h will, through the isostatic coupling of
deformation and surface processes, tend to both
redistribute, and shed, HPEs until it ceases to
respond to the normal fluctuation in the tectonic
load. In terms of the HPE distribution parame-
ters, this is expressed as a reduction in ¢. and,
depending on the form of the initial distribution,
a reduction in A.

5. Lateral heat transfer and the natural variation
in heat production

In addition to dramatic vertical differentiation,
the continental lithosphere also shows significant
lateral heterogeneity in HPE distributions (Figs. 2
and 3). As shown in Fig. 4, and pointed out by
Jaupart [16], such lateral variations in the distri-
bution of HPEs may significantly impact upon the
relationship between surface heat flow and mea-
sured upper crustal heat production. However,
despite recognition of the importance of lateral
heat flow, comparatively little is known about
the natural length scales for the horizontal varia-
tion in HPEs within the continents. This section
explores the possibility that the amplitudes and
length scales of horizontal variation in crustal
heat production are limited by the thermo-me-
chanical response of the lithosphere.

The continental heat flow record shows signifi-
cant variability [9]. Much of the observed varia-
tion can be attributed to transients associated
with active tectonism and/or magmatism. How-
ever, even in areas where there is no evidence
of such young activity there is substantial varia-
tion in surface heat flow, from as low as about 35
mW m~2 to at least 100 mW m~2. Much of this
variation can be attributed to the crustal comple-
ment of HPEs. For example, in South Australia,
heat flow in Proterozoic terranes varies from
~50 mW m2 to 90 mW m 2 and correlates
with a variation in the median heat production
rates of granitic rocks between 2.5 and 6 uW m 3
[26]. Variations in surface heat flow of this mag-
nitude would, if attributable to HPE in the upper
half of the crust, equate to variations in Moho
temperature of the order of 100°C (i.e. ~hAq k),
provided that the characteristic horizontal length
scale of this variation was sufficiently large to
prevent significant lateral heat flow. As implicit
in Fig. 1, such large variations in Moho temper-
ature imply variations in mechanical strength of
the lithosphere by a factor of 2-3 and would be
expected to lead to the selective exploitation of
the thermally weakened zones (i.e. high ¢. and/
or h) by intraplate tectonism. As discussed in
the previous section, the notion of tectonic feed-
back as proposed here suggests a long-term
tendency for the heat production parameters to
converge towards a region of 4—¢, space that im-
parts sufficient strength to the lithosphere to with-
stand the natural fluctuation in intraplate stress
levels associated with evolving plate configura-
tions.

Of course, this last statement can only be rele-
vant to domains sufficiently large such that the
lithosphere is able to accommodate significant
strain when subject to an in-plane stress. This
implies that the minimum horizontal dimension
relevant to heat production reorganisation is
likely to be at least the order of the thickness of
the lithosphere (i.e. 100-200 km). Consequently,
variations in the HPE parameters at smaller spa-
tial scales will be largely irrelevant to the mechan-
ical response of the lithosphere, allowing short-
wavelength, near-surface HPE enrichments to be
preserved. Moreover, for wavelengths of less than
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Fig. 12. Illustration of the variation in Moho temperature as
a function of different characteristic wavelengths (4,) of hori-
zontal variation in ¢.. See also Fig. 4. The amplitude in ¢,
variation is 48 mW m™2, (from 17 to 65 mW m™2), yielding
theoretical minimum and maximum Moho temperatures of
320 and 465°C for the modelled parameters (k=2.5 W m™!
K™1). The upper (solid) curve represents the Moho tempera-
ture beneath the most enriched parts of the crust, while the
lower (dashed) curve represents the Moho temperature be-
neath the most depleted parts of the crust. The amplitude in
the Moho temperature variation is given by the difference be-
tween the two curves at the appropriate value of 4. For &,
less than 100 km the amplitude in Moho temperature varia-
tion is extremely attenuated (< 30°C). Because the mechani-
cal strength of the lithosphere is sensitive to Moho tempera-
ture (see text for discussion), the horizontal length scale for
heat production variation therefore impacts on the interplay
between HPE distributions and the long-term mechanical re-
sponse of the lithosphere.

about 100 km, the effects of lateral thermal con-
duction substantially attenuate the variations in
temperature at Moho depths (Fig. 12), limiting
further any mechanical instability. In view of the
hypothesis that tectonic feedback is important in
organising the distribution of HPEs, these consid-
erations suggest that the natural length scale for
the horizontal variation of heat production pa-
rameters may be less than ~ 100 km.

6. HPE redistribution during craton formation

The correlation between the distribution of
HPEs and the strength of the continental litho-
sphere implies that the differentiation of HPEs is
essential for the long-term stability of the conti-
nental lithosphere. Our understanding of the sta-
bilisation of continental lithosphere is intimately
intertwined with the notion of craton develop-
ment. While craton formation is undoubtedly a
complex process, most probably involving long-
term changes in crust-mantle interaction, the
analysis of tectonic reworking presented in this
paper suggests that crustal-scale differentiation
of HPEs is a necessary and important part of
this process. Although cratons are manifest by
long-term tectonic stability, cratonisation is usu-
ally preceded by a lengthy history involving not
only crustal growth but also extensive crustal re-
working spanning many hundreds of millions of
years. In a thermal and mechanical sense such
reworking can be viewed in terms of the way it
redistributes the HPEs [27].

Such a view may be consistent with the obser-
vation that Archaean terranes are characterised
not only by lower surface heat flow (~40 mW
m~2), but also by lower values of / than most
younger geological provinces. The compilation
of Taylor and McLennan [6] (see also [28,29])
suggests that the mean (and standard deviation)
length scale for heat production in Archaean ter-
ranes is 6.9+ 1.7 km, compared to 10.1+3.6 km
in Proterozoic terranes. In part, the low surface
heat flow in Archaean cratons is due to the low
present-day abundance of HPEs, but also to the
presence of very thick mantle lithosphere, which
has the effect of diminishing the mantle contribu-
tion. For example, McLennan and Taylor [20]
have suggested that the mantle heat flow beneath
Archaean cratons is typically ~14 mW m™2, im-
plying that the HPEs contribute ~25 mW m™2.
Given that at 3 Ga heat production was more
than twice modern day rates, the characteristic
Archaean ¢, could conceivably have been as
high as 50 mW m™2 (i.e. some 50-66% greater
than typical of the modern continents).

One way to mechanically stabilise lithosphere
with such high values of crustal radiogenic heat
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production is to concentrate the HPEs at shallow
levels in the crust (i.e. low /). We note with inter-
est that in many Archaean cratons the crustal
complement of HPEs is carried in granites that
form the cores of large ‘diapiric’ domes [30,31].
Indeed the origin of the characteristic ‘dome and
basin’ geometry of these Archaean granite—green-
stone terranes has been the subject of much dis-
cussion and we speculate that such geometries
may reflect a distinctive ‘high-g.” mode of stabil-
ising continental crust by redistributing the HPEs
into the shallow crust [31].

7. Concluding remarks

The origin of the characteristic HPE distribu-
tion inferred from the analysis of surface heat
flow and heat production data is central to the
differentiation of the continental crust, not least
because the distribution of HPEs provides a fun-
damental control on the thermal and mechanical
state of the lithosphere. The available data imply
that HPEs are concentrated in the upper 10-15
km and contribute on average ~30-40 mW
m~? to the observed surface heat flow. An inevi-
table consequence of the lithophile nature of the
HPEs is that primary crustal growth processes
dominated by magmatism will lead to values of
h that are significantly less than the characteristic
crustal thickness. Nevertheless, no compelling rea-
son has emerged as to why these primary process-
es would naturally lead to such a narrow range of
characteristic length scale or characteristic abun-
dance of the HPEs.

However, the gross chemical and structural ar-
chitecture of the crust is not only a function of
primary crustal accretion, but also reflects com-
plex tectonic reworking in zones of continental
deformation, both at plate boundaries (e.g. colli-
sional orogens) and in intraplate settings. In both
cases the continental crust is subject to temporal
fluctuations in tectonic loads due to changing
plate configurations (e.g. [32]) as well as interac-
tions with the convective mantle. Hot, weak con-
tinental lithosphere will respond to relatively
small loads by deforming. Changes in the load
regime will lead to further changes in the defor-

mation with the isostatic response modulating the
nature and efficiency of the associated surface
processes. In contrast, cold strong continental
lithosphere will be able to withstand much greater
tectonic loads without appreciable deformation.
The simple parameterisation of crustal HPE dis-
tributions defined here provides a framework for
understanding how crustal-scale deformation as-
sociated with tectonic loading may effect long-
term changes in thermal regimes. Our models
show that deformation, when linked with a sur-
face process through an isostatic response, is ca-
pable of effecting significant change in heat pro-
duction parameters. Thus, such tectonic
reworking provides an additional mechanism for
the ordering of HPEs over long time scales, and
particularly in intraplate settings. However, the
greatest response is seen in crust that is already
strongly differentiated in the HPEs, concurring
with the notion that primary differentiation is
due largely to magmatic processes attendant on
primary crustal growth.

In summary, our analysis has shown that the
likelihood of deformation affecting the continen-
tal lithosphere is dependent on the thermal regime
and consequently on both the abundance and dis-
tribution of HPEs. This result is best summarised
in Fig. 9b, which shows the way in which the
HPE distribution influences the rate of deforma-
tion of a Brace-Goetze lithosphere in response to
an imposed tectonic load. This diagram, which
can be considered as representing the probability
of deformation in response to an imposed tectonic
load, shows that for a given complement of HPEs
(i.e. constant ¢.), relatively undifferentiated crust
(i.e. high &) is very much weaker than differenti-
ated crust (i.e. low 4). An important consequence
of the inherent weakness of high /—¢, configura-
tions is their susceptibility to tectonic reworking.
Even though high / distributions are expected to
show only relatively modest changes in /i—¢q. pa-
rameters per unit increment of deformation, this
susceptibility implies that tectonic loading will re-
sult in very much greater strains and thus may, in
the long term, effect significant redistribution of
HPEs, provided there is some primary differentia-
tion. Indeed, only once reworking has effectively
removed much of the heat production from the



M. Sandiford, S. McLaren/| Earth and Planetary Science Letters 204 (2002) 133—150 147

crust, or moved it to shallow levels, will such lith-
osphere be mechanically stabilised.
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Appendix. Model assumptions

The models designed to illustrate the effect of
deformation, deposition and erosion on the HPE
parameters /1 and ¢, rely on the following assump-
tions:

1. Deformation and surface processes are linked
through an isostatic response that tends, in the
long term, to restore the surface elevation to
some constant value (Fig. 6). Thus, when de-
formation results in crustal thickening the iso-
static response of surface uplift induces ero-
sion, while crustal thinning deformation is
coupled with subsidence and sedimentation
(i.e. basin formation). By ‘long term’ we imply
a time sufficient to dissipate the thermal tran-
sients accruing from the act of change itself
(i.e. time intervals greater than the character-
istic conductive response time of the litho-
sphere, > 50 million years). We treat the lith-
osphere as a 1-D column. This assumption
requires application of a local isostatic balance,
appropriate to first-order continental litho-
spheric dynamics, for processes that operate
on horizontal scales greater than the thickness
of the lithosphere (i.e. greater than several hun-
dred kilometres).

2. In order to preserve surface elevation, several
assumptions are made about the densities of
the various components of the crust. First,
we assume that there is no significant density
difference between the upper and lower crust.
The important implication of this assumption,
for all the models presented here, is that fol-

lowing crustal thickening, the amount of ero-
sion required to restore the original surface
elevation will also, to a first approximation,
restore the original crustal thickness. Second,
we assume that the basin filling sediments are
significantly less dense than the crust. We ex-
press this density in terms of a ratio of the
differences in the density between the crust
(p.) and the basin-fill (p;) and the mantle
(pn) and the crust:

/ Pc—Ps _
P e 0.66 (A1)
For p’ =0.66, the crust shows significant long-
term thinning following extension, equivalent
to 2/3 the thickness of the basin. In terms of
the changes in the compositional structure, the
subsidence scales as:

o, = z(1=1/B) (A2)

1—p’

3. Deformation is assumed to operate homoge-
neously in the crustal column. Rather different
changes to the HPE distribution may result
when large-scale discontinuities in the defor-
mation pattern are allowed, such as crustal-
scale thrust faulting. Clearly, such discontinu-
ities are an important component of deforma-
tion in the continental crust when large strains
accumulate. They are less likely to be impor-
tant when finite strains are small, as is typical
of intracontinental (or intraplate) deformation.

4. In modelling the effects of sedimentation we
assume a typical upper crustal heat production
of 1.5 uW m™3 for the basin fill (e.g. [20]).

A summary of the parameters used in the text
and figures is given in Table 1. The rheological
model used in the Brace-Goetze lithosphere is
described in Table 2.

Definition of & and ¢, for various analytic heat
source distributions

It is commonly assumed that the heat produc-
tion within the crust can be described by some
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Table 1
Parameters used in text and figures

Symbol Description (unit) Default value
k Thermal conductivity (W m~! K1) 3Wm! K7!
qs Measured surface heat flow (mW m™2)
H, Characteristic surface heat production value (uW m~?)
hy Estimate for vertical length scale of heat production derived from the slope of
the regression of surface heat flow (¢g;)-heat production () data (km)
qr Estimate for the reduced heat flow (mantle and lower crustal contribution) derived from the
intercept of the regression of surface heat flow (g )-heat production (H,) data (mW m~2)
Gm Mantle heat flow (mW m~2) 25 mW m™2
h Characteristic length scale of HPE distribution formulated with no assumptions about
the form of the HPE distribution (km)
qc Depth-integrated heat production (mW m™2)
Ze Thickness of crust (km) 35 km
hy Wavelength of horizontal variation in the characteristic upper crustal heat production (km)
Tye Component of the lithospheric geotherm due to radiogenic sources (mW m™~2)
T4 Maximum value of T, occurring at the depth at which heat production becomes negligible
(assumed here to be the Moho)
Tym Component of the lithospheric geotherm due to the heat flowing from the deeper mantle
(mW m~2)
AT. Temperature effect due to changes in Moho depth (i.e. Moho shallowing due to lithospheric
extension)
AT vono long-term change in Moho temperatures; equal to the change in temperature due to changes

in Moho depth, as well as any change due to the redistribution of crustal heat sources

quasi-analytic function of depth. Although the
use of such analytic functions clearly defies our
geological experience (e.g. Fig. 2), there is some
pedagogical value in admitting simple analytical
expressions for the steady-state temperature field.
Assuming that there is no lateral variation in heat
production and that the thermal conductivity is
constant throughout the crust (and independent
of temperature), the steady-state temperature field
for the heat production distribution that shows
inverse exponential dependence on depth (the ex-
ponential model) is given by:

anz | HIZ(1=exp(=2/h))

where ¢, is the reduced heat flow that applies at
deep levels within the lithosphere, beneath all sig-
nificant heat production.

Another model for the vertical distribution of
heat production comprises a layer extending to
depth £, with constant heat production, Hj, be-
neath which heat production is negligible. In this
homogeneous model the temperature field in the
heat-producing layer is:

7 _nZ n Hz(h,—z/2)

== : (A%)

The first term on the right hand side of Eqgs. A3

T.— I A3

k k (A3) and A4 represents the component of the temper-
Table 2
Rheological parameters used in the mechanical models

Model rock type Flow parameter, 4 Power index, n Activation energy, Q Reference
(MPa™" s71) (kJmol ™)

Crust Adirondack granulite  7.93%x1073 3.1 243 [34]
Upper mantle Aheim dunite 398.11 4.5 535 [35]
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ature field due to the heat flow from beneath the
heat producing parts of the lithosphere (as indi-
cated by dashed line in Fig. 5b). The second term
on the right hand side of the equations represents
the contribution due to heat sources in the crust
(e.g. the shaded area in Fig. 5b). This second term
can be used to define the quantity 7., the temper-
ature contribution due to crustal heat production.
T,. reaches its maximum value, 77, at the depth
at which heat production becomes negligible (i.e.
at the base of the heat-producing layer; Fig. 5c).
The appropriate expressions for 77, for the ex-
ponential and homogeneous models are, respec-
tively:

_ Hh2(1—exp(—z./h,))

T/‘IC' k (AS)
and

! Hshlz
T gc — 2k (A6)

In Eq. AS, z. is the depth at which the exponen-
tial HPE distribution is terminated, which we ap-
proximate as the Moho. Note that, provided that
z.>h,, Eq. AS reduces to:

! ~H5h%
Tq(:~ k

(A7)

With regard to the homogeneous and exponential
HPE distribution models (Egs. A3 and A4) out-
lined above:

qc = h.H; for z.>h, (A8)

Consequently, & can be expressed in terms of £,
as:

h = h-(1—exp(—zc/h)) (A9)

For z.>h, Eq. A9 reduces to:
h=h, (A10)

For the homogeneous HPE distribution model:

h=h/2 (Al1)
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