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Abstract

Thermobarometric data for mantle xenoliths from a kimberlite pipe in the NWT, Canada are used to constrain the thermal
properties of the lithospheric mantle underlying the Slave craton. We derive an analytical expression for a steady-state
conductive mantle geotherm that is independent of the geometry and thermal properties of the crust. The model has an
upper boundary coincident with the MOHO at a depthZm and has temperatureTm and heat flowqm. The mantle is assumed
to have constant radiogenic heat production (A) and we allow for a temperature-dependent thermal conductivity [K(T ) =
Ko(1+ B(T − T m))]. Inverting the thermobarometric data through the model geotherm gives limiting values for mantle heat
production (A) and bounds on the temperature dependence ofK (e.g.B) that are consistent with the mantleP–T array. We
characterize the Slave lithospheric mantle in terms of three critical parametersqm (mW m−2), A (mW m−3), Tm (◦C). The
optimal solution has values [15.1, 0.012, 455]. This characterization of thermal state of the Slave mantle is based mainly on
petrological data and is not biased by assumptions about crustal thermal properties. Our analysis shows that a substantial
range of parameter values can be used to describe the data accurately and the two bounding solutions are [24.2, 0.088, 296]
and [12.3, 0, 534], respectively. However, model parameters are strongly correlated and this precludes the arbitrary selection
of values of [qm, A, Tm] from these ranges. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many of the fundamental chemical and physical
characteristics of cratonic mantle are established by
direct study of mantle xenoliths hosted by kimber-
lite magmas. Kimberlite magmas derive from depths
that allow for sampling of the entire mantle litho-
sphere and the uppermost asthenosphere (>200 km;
Bailey, 1980; Nixon et al., 1981; Boyd, 1987). They
also have high ascent rates that help preserve tex-
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tures, mineral assemblages and mineral compositions
indicative of deep mantle conditions. Such studies
have shown the lithological diversity of cratonic man-
tle, in general and have established the thermal state
and stratigraphy of lithospheric mantle beneath most
cratons (e.g. Harte and Hawkesworth, 1989; O’Reilly
and Griffin, 1996; Lee and Rudnick, 1999; Boyd et al.,
1997; Kopylova et al., 1999a, b; Kopylova and Russell,
2000).

Not all aspects of cratonic mantle can be addressed
by direct study of mantle xenoliths. The nature of ra-
diogenic heat production (HP) within the mantle litho-
sphere is, generally, poorly constrained (e.g. Rudnik
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et al., 1998; Russell and Kopylova, 1999) and
is unlikely to be resolved by direct analysis of
kimberlite-hosted xenoliths (see Rudnik et al., 1998
for review). Firstly, the two main rock types in cratonic
mantle, peridotite and eclogite, have substantially
different heat producing element (HPE) contents and
their proportions within the mantle are essentially un-
known (Schulze, 1989). Secondly, kimberlite-hosted
mantle xenoliths commonly show the chemical effects
of mantle metasomatism associated with the produc-
tion and transport of kimberlite magma (Bailey, 1980).
In general, the K, Th, U contents of the xenoliths
(Table 1, Appendix A) are not necessarily representa-
tive of the original, pre-kimberlite mantle (e.g. Rudnik
et al., 1998).

We have elected to use an inverse modeling ap-
proach to estimate several properties of the mantle
lithosphere underlying the Slave craton (Kopylova
et al., 1999a, b). Our approach is to fit an analyti-
cal expression for a steady-state, conductive mantle
geotherm toP–T data from peridotite xenoliths and,
thereby, constrain the values of model parameters
representing mantle thermal properties. Our model
geotherm describes the temperature distribution and
heat flow in the mantle, but is completely decoupled
from crustal considerations. Inversion of theP–T
data is used to explore the temperature dependence
of thermal conductivity of the mantle (e.g. Schatz
and Simmons, 1972; Ganguly et al., 1995; Jaupart
et al., 1998) and to provide upper and lower bounds
on mantle heat production. The main attribute of our
modeling is that we achieve an objective description
of the thermal state of the Slave mantle that is based
on petrological data and is not biased by assumptions
about crustal thermal properties (e.g. Pollack and
Chapman, 1977; Nyblade and Pollack, 1993; Russell
and Kopylova, 1999).

2. Lithospheric mantle to the Slave craton

The Slave craton is an Archean enclave within
the larger proterozoic North American craton and
situated within the northwest territories of Canada
(e.g. Padgham and Fyson, 1992). Our view of the
mantle underlying the Slave craton is based on the
petrology of mantle-derived xenoliths within kimber-
lite pipes (Kopylova et al., 1999a, b; Kopylova and

Russell, 2000; MacKenzie and Canil, 1999; Pearson
et al., 1999), on mapping studies involving mineral
chemistry (Griffin et al., 1999; Grutter et al., 1999)
and from seismic (Cook et al., 1997; Bostock, 1998;
Bank et al., 2000), magnetotelluric (Jones et al.,
2000) and heat flow (Hyndman and Lewis, 1999)
surveys. These works show the Slave mantle litho-
sphere to extend to depths of∼160–210 km (Kopy-
lova et al., 1999a; Griffin et al., 1999; Jones et al.,
2000) to be cool relative to the Kaapvaal lithosphere
(Kopylova et al., 1999b; Russell and Kopylova, 1999;
Pearson et al., 1999) and to show pronounced strat-
ification in modal mineralogy and chemical compo-
sition (Griffin et al., 1999; Kopylova and Russell,
2000). The Slave mantle also shows strong lateral
heterogeneity in both its geochemical and geophys-
ical character. Recent teleseismic results show that,
in the northern portion of the Slave, the MOHO is
situated at a depth of 35.4 km (Bank et al., 2000;
Fig. 1A).

The Jericho pipe is a diamondiferous, group Ia,
non-micaceous kimberlite. It is situated in the north
central Slave craton∼150 km NNW of the Lac de
Gras kimberlites (Cookenboo, 1998; Kopylova et al.,
1999a; Price et al., 2000). Kopylova et al. (1999a)
obtained mantleP–T conditions from 37 samples of
peridotite and pyroxenite (Table 1, Fig. 1). These
data define two populations of xenoliths (Fig. 1A):
(a) low-T peridotite representing the conductive man-
tle geotherm and (b) a high-T peridotite suite that
records a young, thermal disturbance indicative of as-
thenospheric influences (e.g. Boyd, 1987; Harte and
Hawkesworth, 1989; Kopylova et al., 1999a). The
low-T peridotite samples (N = 25) are used to model
the steady-state conductive geotherm (see Kopy-
lova et al., 1999a; Russell and Kopylova, 1999 for
discussion).

The P–T data define the relative vertical distri-
butions of peridotitic and pyroxenitic rock types,
thereby, providing a stratigraphy for the Slave litho-
sphere (Fig. 1B; after Kopylova et al., 1999b). The
relative distributions of eclogite (Fig. 1C) are inferred
from the intersections of the equilibrium tempera-
tures for eclogite (Ellis and Green, 1979) and the
P–T array defined by peridotite samples (Fig. 1A;
after Kopylova et al., 1999b). Eclogite appears to be
widespread throughout the Slave mantle lithosphere,
but is particularly abundant between 100 and 160 km.
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Table 1
Compilation of data on mantle xenoliths from Jericho kimberlite pipe used to model mantle geotherm, including geothermobarometry
results based on Brey and Kohler (1990) and values of heat production based on chemical compositions of xenoliths

No. T (◦C) P (kb) K (%) U (ppm) Th (ppm) HPa (mW m−3)

Coarse spinel peridotite (low-T)
N = 3b – – 0.08–0.17 0.9–1.8 0.2–0.3 0.15–0.27

Coarse spinel+ garnet peridotite (low-T)
36617 932 49.4
25-4 975 47.7
21-1 811 30.8 0.12 0.9 0.1 0.1253
36770 809 32.8 0.12 1.3 0.2 0.1922
22-5 951 42.9
41-4 648 25.2
22-1 690 26.7
22-4 833 36
40-7 967 44.8
26-11 944 42.7
26-3 833 35.9

Coarse garnet peridotite (low-T)
14-77 912 41.6
25-9 842 36.6
36618 921 42.2
14-107 1068 51.6
40-11 1104 52.1
21-6 1190 62.2
26-3 833 35.9
36648 918 41
21-4 1097 55.2

Porphyroclastic garnet peridotite (high-T)
21-2 1335 57.7
22-7 1187 53.4
23-5 1262 59.2 0.11 1.4 0.3 0.2308
40-9c 1297 56 0.07 0.9 b.d. 0.0963
41-1 1274 55.5
40-21 1273 54.7
40-36 1245 53.5
36738 1282 56.4
14-78 1300 59
21-3 1088 51.2 0.36 3.7 0.3 0.4614
40-38 1286 49.5
40-5 1300 54.4

Pyroxenite & megacrystal assemblages (high-T)
26-12 1246 65.1
36778 1214 62.9 0.17 0.8 0.3 0.1862
14-124 1230 64.2
14-105 1205 60
41-3 1281 60

a Radiogenic heat production is computed for a mean density of 3300 kg m−3.
b Equilibrium P–T conditions could not be estimated for these three samples of spinel peridotite.
c Sample was analyzed in duplicate.
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Fig. 1. Summary of Slave mantle properties based on studies of mantle xenoliths from Jericho kimberlite pipe (see Kopylova, et al., 1999a,
b). (A) P–T array for low-T (solid) and high-T (open) peridotite xenoliths and graphite (G)-diamond (D) stability fields. High-T peridotite
defines the transition from lithosphere to asthenosphere (L-A). (B) Stratigraphy of Slave mantle, including: spinel peridotite (vertical bars),
spinel+ garnet peridotite (solid grey), garnet peridotite (white) and porphyroclastic peridotite (light grey). Cross hatch pattern denotes
regions of overlap, solid black represents pyroxenitic and megacrystal assemblages. (C) Apparent depths of eclogite xenoliths within Slave
lithosphere.

3. Heat production considerations

Values of radiogenic heat production within cratonic
mantle lithosphere vary between 0 and 0.04mW m−3

and are largely based on the expected concentrations
of U, Th and K in depleted peridotite (Fig. 2; Cer-

Fig. 2. Heat producing properties of xenoliths from Slave mantle
(from measured K, U and Th contents; Table 1and Appendix A)
are compared to average values for continental crust (C), basalt
(B) and peridotite (P) (Cermak et al., 1982; Carmichael, 1984;
Rudnik et al., 1998). Dashed line marks limits on calculated HP
due to analytical detection limits (Appendix A).

mak et al., 1982; Carmichael, 1984; Rudnik et al.,
1998). The concentrations of U, Th and K implied
by these values of radiogenic heat production are
essentially at detection levels for many analytical
methods (cf. Fig. 2; Appendix A). Even at these low
concentrations of HPE, cratonic mantle lithosphere
contributes enough radiogenic heat to impact global
heat flow budgets because the volume of material
is large (e.g. >150 km thick). Furthermore, accurate
representation of cratonic mantle heat production is
important to the interpretation of both surface and
mantle heat flow. For example, HP values for man-
tle lithosphere of 0.02–0.04mW m−3 over a thick-
ness of 150 km contribute 3–6 mW m−2 to the re-
duced (heat flow at the MOHO) or surface heat flow
regime.

Estimating heat production in cratonic mantle is
complicated by the presence of diverse rock types,
including eclogite (Fig. 1C). Eclogite is common
in cratonic mantle lithosphere (e.g. Schulze, 1989)
and in the Jericho kimberlite, it comprises 75%
of the mantle-derived xenoliths (Kopylova et al.,
1999b). Many eclogite xenoliths probably derive from
oceanic (basaltic) crust (Helmstaedt and Schulze,
1989; Kopylova et al., 1999b) and thus, can have
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HP values 20 times, or more, in excess of de-
pleted mantle (e.g. 0.02–0.04mW m−3; see Rudnik
et al., 1998). If the mantle lithosphere contained
10 vol.% of eclogite, this would cause a two- to
three-fold increase in mantle heat production. For a
150 km thick mantle lithosphere, this is an additional
5–11 mW m−2 contribution to reduced or surface heat
flow.

Even where the stratigraphy of the mantle is well-
established (e.g. north central Slave; Fig. 1B), it is
difficult to compute an accurate weighted value
for mantle heat production. This is because, within
kimberlite, the proportion of eclogite to peridotite
xenoliths is heavily biased towards eclogite (Schulze,
1989) and does not represent mantle abundance.
Schulze (1989) estimated mantle eclogite abundance
to be 3–15% for several kimberlite pipes, even though
eclogite comprised up to 80% of the xenolith popula-
tions.

Lastly, almost all cratonic mantle xenoliths sampled
by kimberlite show effects of infiltration by metaso-
matic fluids enriched in K, U and Th. These fluids
must predate passage of the kimberlite but are young,
relative to the stabilization of the lithosphere (Bailey,
1980; Rudnik et al., 1998). Consequently, concen-
trations of HPE in peridotite and eclogite xenoliths
are not indicative of the concentrations in primary,

Fig. 3. Model for steady-state conductive mantle geotherm, showing: (A) geometry of model including an upper boundary (MOHO)
positioned at depthZm and having temperatureTm, and heat flowqm. (B) Thermal conductivity is allowed to vary linearly with temperature
and has a prescribed value ofKo at the MOHO. (C) Schematic distribution of ratio of mantle heat flowq(z) to qm for a lithosphere with
radiogenic heat sources (A) and variableK(T). (D) Schematic distribution of variableU representing transformed temperature (see text).

undisturbed mantle and cannot be used to compute
values of heat production for the lithospheric mantle.
Xenoliths from Jericho attest to infiltration of meta-
somatic fluids in two ways. X-ray maps for K, Na,
U and Th show these elements to be concentrated
along grain boundaries of primary minerals and in
secondary hydrous phases. Secondly, both peridotitic
and eclogitic samples have high HPE contents (Ta-
ble 1 and Appendix A). Calculated HP values for
peridotite range from 0.1 to 0.46mW m−3 and are
substantially higher than found in conventional de-
pleted mantle (Fig. 2). HP values for eclogite xeno-
liths range from 0.16 to 1.69mW m−3; some samples
have values equivalent to average continental crust
(Fig. 2).

4. Analytical expression for mantle geotherm

We begin by solving the one-dimensional boundary
value problem for steady-state conductive heat flow
in the lithospheric mantle. Our solution departs from
other models (e.g. Pollack and Chapman, 1977; Ny-
blade and Pollack, 1993; Rudnik et al., 1998; Rus-
sell and Kopylova, 1999) in that it decouples mantle
heat flow from the structure and composition of the
crust.
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The model has an upper boundary (Fig. 3A) de-
fined by the MOHO situated at a depthZm and char-
acterized by temperatureTm and heat flowqm. Our
results are based on a value of 35 km forZm derived
from Bank et al. (2000) for the northern Slave craton.
The mantle lithosphere is assumed to have a constant
and uniform value for radiogenic heat production (A).
Furthermore, we allow for thermal conductivity (K)
to vary with temperature (Fig. 3B). Consideration of
a temperature-dependent thermal conductivity creates
the non-linear boundary value problem.

∇[K(T )∇T ] = −A (1)

which is solved via the following boundary conditions:

T = Tm for z = Zm (2a)

K(T )
∂T

∂z
= qm for z = Zm (2b)

The Kirchoff transformation (cf. Ozisik, 1993) is used
to moveK outside of the differential operator. This
transformation employs the variable

U =
∫ T

T0

K(T ′)
Ko

dT ′ (3)

whereKo is a known value of mantle thermal conduc-
tivity at a specified temperatureT0. Eq. (3) is used to
transform the boundary value problem Eq. (1), (2a)
and (2b) to a new problem inU(z). Using the chain
rule to expand∇T in Eq. (1), we obtain

∂T

∂z
= ∂U

∂z

∂T

∂U
(4)

and using Eq. (3), we substitute the relationship

∂U

∂T
= K(T )

Ko
(5)

into the expanded form of Eq. (1) to obtain the new
linear differential equation inU(z)

∇2U = − A

Ko
(6)

This boundary value problem is valid for any form of
K(T) (e.g. Cermak et al., 1982; Ganguly et al., 1995;
Jaupart et al., 1998). However, the attendant boundary
conditions are dictated by the form of the temperature
dependence ofK(T).

The total thermal diffusivity of mantle minerals is
a composite of lattice (or phonon) versus radiative
thermal diffusivities (e.g. Katsura, 1995). Experi-
mental data show that lattice thermal diffusivity de-
creases with increasing temperature, whereas radiative
thermal diffusivity increases with temperature. This
produces non-linear variations in total thermal dif-
fusivity with temperature (e.g. Schatz and Simmons,
1972; Katsura, 1995). Mantle thermal properties are
complicated further by the effects of pressure; Kat-
sura (1995) showed that the thermal diffusivity of
olivine has a positive pressure dependence at lower
temperatures but may have a negative pressure de-
pendence at high temperature. Furthermore, the func-
tional form ofK(T) developed for individual minerals
(e.g. olivine) may not be applicable to the mantle
lithosphere because the values ofK are probably more
strongly controlled by variations in rock type and
texture.

We have adopted a linear model for the temperature
dependence ofK (Cermak et al., 1982; Carmichael,
1984; Ozisik, 1993)

K(T ) = Ko[1 + B(T − T0)] (7)

whereB is a coefficient relatingKo to thermal con-
ductivity at higher temperatures. This choice has
two main attributes. Firstly, the simple form of our
equation ensures that we do not introduce non-linear
behavior that is an artifact of a more complicated,
but poorly constrained, constitutive equation (Gan-
guly et al., 1995; Jaupart et al., 1998). Secondly,
experimental data on olivine show thermal conduc-
tivity (or diffusivity) to be linear at temperatures
>500◦C. Therefore, the linear approximation is ap-
propriate for most of the mantle lithosphere. In fact,
Katsura (1995) suggests that ambient upper mantle
has an almost constant value of thermal diffusivity
(7–8×10−7 m2 s−1). Eq. (7) requires the transformed
boundary conditions

U = (Tm − T0) + B

2
(Tm − T0)

2 for z = Zm (8a)

Ko
∂U

∂z
= qm for z = Zm (8b)

The variableKo is assigned to the base of the MOHO
(Fig. 3B) which equatesT0 with Tm and reduces the
boundary condition Eq. (8a) toU = 0 (Fig. 3D and
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Fig. 4. (A) VariablesU and T are related toB as shown graphically, atTm they are equivalent. (B) Schematic representation of how
transformed datasetU is used to solve for mantle geotherm.T–Z data are transformed into aU–Z coordinate system Eq. (10). The boundary
value problem is solved in this coordinate system and then mapped back toT–Z system Eq. (11).

Fig. 4). Solution of the boundary value problem in
U(z) yields the following analytical expression:

U(z) = qm

Ko
(z − Zm) − A

2Ko
(z − Zm)2 (9)

which describes the steady-state geotherm in the man-
tle lithosphere withinU-space (Fig. 3D). The relation-
ship between the variableU and the original values of
T derives from integration of Eq. (3) after substitution
of the functional form ofK(T) Eq. (7)

U(z) = [T (z) − Tm] + B

2
[T (z) − Tm]2 (10)

The relationship betweenU and T is depicted in
Fig. 4A. Conversely, the inverse transformation from
U(z) to T(z) is

T (z) = (BTm − 1) ± √
1 + 2BU

B
(11)

5. The inversion

The thermobarometric data (Table 1) provide a set
of T–Z coordinates, whereas the analytical expression
for the geotherm Eq. (9) is in terms of the variable
U(z). The variableU(z) is related toT(z) by Eq. (10)
(Fig. 4A) and by equating Eq. (9) and (10),U(z) is
removed. Upon rearrangement we obtain the following

equation inT(z):

qm

Ko
(z − Zm) − A

2Ko
(z − Zm)2 − B

2
(T − Tm)2

= (T − Tm) (12)

This form of the equation is used to create a system
of equations: one for each of the 25 samples of low-T
peridotite. The equations are linear with respect to the
unknown parametersA, qm, andB and can be solved
by conventional methods (e.g. Press et al., 1986).
Specifically, we seek to minimize theχ2 function

χ2 =
n∑

i=1

〈(
T obs

i − f
(∑m

j=1Xj

)
i

)
σi

〉2

(13)

whereXj are model parameters and the summation is
over all observed temperatures (T obs

i ). The objective
function is weighted to the mean standard uncertainty
(σ i) on temperatures arising from analytical consid-
erations (±15◦C). The steps to obtaining this solution
are represented schematically in Fig. 4B. Conceptu-
ally, all T–Z data points are transformed to values of
U–Z (Fig. 4A,B). The optimization problem Eq. (13)
is solved to obtain the best model parameters; values
along the model geotherm are then mapped back to
T–Z space by Eq. (11) (Fig. 4B).
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Table 2
Summary of variables set (e.g.Ko, Tm and B) and model parameters (e.g.A, qm, B and Tm) derived by fittingP–T data to steady-state
conductive geotherm. All runs used a value ofZm = 35 km andT0 was assumed to equalTm (see text)

Model Ko (W m−1 K−1) Tm (◦C) qm (mW m−2) A (mW m−3) B (K−1) χ2

qm–A (B = 0) 3.2 400 18.2 0.0364 – 86.3
3.2 450 15.4 0.0138 – 82.3
3.2 350 21 0.059 – 97.0
3 400 17 0.0341 – 86.3
3.4 400 19.3 0.0386 – 86.3

qm–B (A = 0) 3.2 400 17.1 – 2.85E−04 133.9
3.2 450 14.3 – −2.73E−05 90.9
3.2 350 20.4 – 5.88E−04 202.0
3 400 16.1 – 2.85E−04 133.9
3.4 400 18.2 – 2.85E−04 133.9

qm–Tm–A (B = 0) 3.2 455 15.1 0.0117 – 82.7
qm–Tm–A 3.0 (3.4)a 461 13.8 0.00085 1.33E−04 73.9
qm–Tm–A 3.0 (4.0)a 473 13.2 −0.0151 3.33E−04 64.7

a Brackets enclose values ofK(T) at 1000◦C above modelTm.

6. Results

Below we fit Eq. (12) to aP–T array for peridotite
xenoliths and thereby, constrain a set of model pa-
rameters representing properties of the Slave mantle
lithosphere. In essence, we are investigating the extent
to which curvature of the model geotherm is sup-
ported by theP–T array. Curvature in the steady-state
mantle geotherm arises from non-zero values of man-
tle heat production, temperature-dependent thermal
conductivity, or both. The steady-state assumption is
clearly an approximation and as discussed by oth-
ers (i.e. Jaupart and Mareschal, 1999), temperatures
within thick mantle lithosphere are never in equi-
librium with the instantaneous values of heat pro-
duction. Consequently, the observedP–T array owes
its geometry to a time-integrated value of heat pro-
duction, rather, than being a direct measure of heat
production in the mantle lithosphere at the time of
kimberlite ascent. Similarly, the calculated thermal
properties of the MOHO (qm or Tm) must be ac-
cepted as estimates that reflect a time-integrated or
averaged value of heat production in the lithospheric
mantle.

6.1. Mantle heat production: A–qm modeling

Our initial result assumes constant thermal conduc-
tivity (B = 0); inversion of theP–T array constrains

mantle heat production (A) and heat flow at the MOHO
(qm). The solutions (Table 2) are shown graphically
(Fig. 5A) as ellipse-shaped regions representing 95%
confidence limits on the model parameters (e.g.qm
versus A). The shaded ellipse indicates the preferred
solution and is for a fixedTm of 400◦C and an interme-
diate value ofKo (3.2 W m−1 K−1). The optimal solu-
tion is qm = 18.2 mW m−2 andA = 0.036mW m−3

and there is strong positive correlation between
model parameters. The confidence envelope has 2σ

limiting values forqm and A of 16.2–20.1 mW m−2

and 0.009–0.063mW m−3, respectively. These are
maximum estimates ofA, because all curvature in
the geotherm is assigned to mantle heat production
(e.g.B = 0).

The problem is also solved for different values
of Tm (350–450◦C) and Ko (3.0–3.4 W m−1 K−1)
(Table 2). At lower values ofTm (Fig. 5A) the so-
lution moves to higher values ofqm and A. Lower
Tm implies a larger temperature gradient between
the MOHO and the peridotitic mantle and thus, a
higher heat flux. The increase in mantle-derived heat
flow requires support from higher radiogenic heat
production. Conversely, higher values ofTm imply
less heat flow at the MOHO and require lowerA. At
values ofT m > 450◦C, the solution encloses values
of A < 0 (Fig. 5A), implying zero heat production
in the mantle. This marks the high temperature limit
for Tm.
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Fig. 5. Model solutions are shown as 95% confidence limits in parameter space (A) optimum solution for constantK (B = 0) is shown as
shaded ellipse inqm vs. A diagram (B) optimum solution (shaded ellipse) for zero heat production is shown asqm vs. B. The effects of
the variablesTm andKo on these solutions are shown as unshaded solid and dashed ellipses, respectively, and are labeled by the changed
property (see text for discussion).

Varying Ko has little impact on the solution
(Fig. 5A; dashed ellipses). In fact, the optimum range
of values forA change by less than 1%. Changing the
values ofKo simply scales the model values ofqm by
a constant factor (e.g. Jaupart et al., 1998). In summary
the total range of allowedqm is from 13.5 to 23 mW
m−2. Heat production is less than 0.088mW m−3. In
general, all solutions require a positive value forA,
except at values ofT m > 450◦C or greater; these
values of Tm require, at best, zero heat produc-
tion in the lithosphere and, at worse, a mantle heat
sink.

The implications for model mantle geotherms are
summarized graphically in Fig. 6A,B. Coordinate
pairs [qm, Tm] on the confidence limits to the pre-
ferred solution (Fig. 5A; shaded ellipse) are used to
compute a family of model geotherms Eq. (9), (10)
and (11) and are plotted against the original data ar-
ray. We have done this inU–Z and T–Z coordinate
space (Fig. 6). For this particular problem, where
B = 0, the only difference betweenU and T is the
constantTm Eq. (10) and therefore, the patterns for
the two families of geotherms (Fig. 6A versus B) are
equivalent.

The model geotherms describe the originalP–T
array very well. Most importantly, the shaded fields

in Fig. 6A,B accurately portray the distribution of
geotherms that are consistent with the 95% con-
fidence limits on the model parametersqm and A
(Fig. 5A). The distribution and quality of the data (Ta-
ble 1) determine the bounds onqm andA (Fig. 5A).
Fig. 6A,B is simply the mapping of those bounds
into P–T space as a set of geotherms that is entirely
consistent with the originalP–T array. This analysis
clearly demonstrates that, for example, the data are
permissive of high values of heat production (e.g.
>0.06mW m−3; Fig. 5A) but would require corre-
spondingly high values of reduced heat flow (e.g. 20
mW m−2).

6.2. Temperature-dependent thermal conductivity:
B–qm modeling

Our other limiting case considers no heat production
(A = 0) in the mantle lithosphere; curvature of theP–T
array is attributed to a temperature-dependentK (e.g.
B 6= 0). ForT m = 400◦C andKo = 3.2 W m−1 K−1

(Fig. 5B, shaded ellipse), the optimal solution is
qm = 17.1 mW m−2 and B = 2.85E−4 K−1. The
value of B implies a 21% increase in thermal conduc-
tivity from the MOHO to the base of the lithosphere
(K ≈ 3.9). The solutions show a strong correlation
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Fig. 6. Model geotherms compared toP–T data array inU–Z and T–Z coordinate space. Shading shows set of geotherms generated from
coordinates on the confidence ellipses (Fig. 5). Dashed lines are geotherms from the two ends of the ellipses and do not necessarily form
the boundaries to the shaded regions. Solid line is optimal solution, (A, B) field of geotherms for theqm–A parameter model (cf. Fig. 5A)
(C, D) arrays calculated for theqm–B parameter model.

between the parametersqm and B and the 2σ limit-
ing values forqm andB are 14.8–19.5 mW m−2 and
−1.63E−4−7.34E−4 K−1, respectively.

The effects of varyingTm and Ko (Table 2) are
explored in Fig. 5B. Lower values ofTm generate so-
lutions with higher values ofqm andB. As discussed
previously, the higher values ofqm are consistent
with the larger temperature gradients between the
MOHO and the deep mantle. In addition, large posi-
tive values ofB are required to cause a concave-down
curvature in the geotherm. Changing values ofKo has
similar effects onqm–B solutions (Fig. 5B; dashed

ellipses) to those discussed for theqm–A results
(cf. Fig. 5A).

At values ofT m > 450◦C, most solutions involve
negative values ofB; positive values ofB are favored
by lower Tm. Negative values ofB causeK to de-
crease withT and imply a concave-up geotherm for
the mantle. We have elected to consider only solutions
whereB > 0, because most of the available data sug-
gest thatK should increase with temperature under
mantle conditions (e.g. Schatz and Simmons, 1972;
Katsura, 1995; Jaupart et al., 1998). Applying this
restriction limits the total 2σ range of values ofqm
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to 13.8 to 23.2 mW m−2 and values ofB from 0 to
1.1E−4
K−1.

The family of geotherms (Fig. 6C,D; shaded area)
for the confidence limits on parametersqm and B
(Fig. 5B) describe theP–T data well in bothU–Z and
T–Z space, but they have substantially different ge-
ometries. InU–Z space the model geotherms cover
a fan-shaped region (Fig. 6C); this reflects how the
variances in the variableT(z) are mapped to the new
variableU(z)

σ 2
U = [1 + B(T − Tm)]2σ 2

T (15)

At the MOHO (T = T m) the variance inU and T
is equal but at depth (e.g.T > 1000◦C), the corre-
sponding variance inU increases. Furthermore, the
U–Z model geotherms are linear, having a slope of
qm/Ko and are symmetrically distributed about the
optimal solution. In theT–Z domain, the geotherms
describe a set of cross-cutting and overlapping
curves that are dependent onB Eq. (11). Positive
values ofB generate concave down geotherms. Neg-
ative values ofB produce arrays that are concave-
up.

This behavior is best exemplified by the “end-point”
geotherms (Fig. 6D, dashed lines) defined by the
highest and lowest pairs of parameter values (e.g.
qm–B; Fig. 5B). In T–Z space, the geotherm with
the highest coordinate pair starts with the highest
slope (qm) and shows the greatest concave-down
curvature (B > 0). The other geotherm begins
with a low slope but increases along a concave-up
(B < 0) curve. The two curves intersect and
cross-over at depth. The set of model geotherms
need not be symmetrically distributed about the
best-fit geotherm inT–Z space (Fig. 6D; solid line).
Furthermore, the “end-point” geotherms do not
necessarily enclose all of the permissibleT–Z co-
ordinates (compare shaded region to dashed lines;
Fig. 6D).

6.3. Thermal properties of the Slave mantle:
estimates of qm–A–Tm

Lastly, theP–T array has been inverted for simul-
taneous estimates of the mantle propertiesqm–A–Tm
using Eq. (12) and (13) in a slightly rearranged form.

Thermal conductivity can vary with temperature but
B is independently fixed at zero or set to an appropri-
ate positive value (Table 2). Results for the caseB =
0 provide a maximum estimate for mantle heat pro-
duction (A) (Figs. 7–9; Table 2). The optimal solution
has valuesqm = 15.1mW m−2, A = 0.012mW m−3,
T m = 455◦C.

Confidence limits on the solution describe a
three-dimensional (3-D) ellipsoid (Fig. 8) which is
shown as a set of 2-D projections in Fig. 7A,B,C
(e.g. Press et al., 1986). Each projection contains
two ellipses. The smaller ellipse (dashed) denotes the
2-D, confidence region for two parameters where the
3rd is fixed at the optimal solution. For example, in
Fig. 7A the dashed ellipse represents the intersec-
tion of the planeA = 0.012mW m−3 with the 3-D
ellipsoid. It shows the range of values ofqm andTm
permitted (and the apparent correlation) at this value
of A. The larger ellipse (solid line) is the shadow
cast by the entire 3-D confidence envelope onto
this two-dimensional plane. Axis parallel tangents
to these “shadow” ellipses establish the maximum
range of parameter values that are supported by the
data at the 95% confidence limits. These values, how-
ever, are strongly correlated and cannot be combined
arbitrarily.

The covariance between parameters at the solution
(small ellipse) is not indicative of the overall covari-
ance (large ellipse). For example, in Fig. 7B at a fixed
value ofqm (15.1), the confidence envelope forA and
Tm shows a weak positive correlation. Near the opti-
mal solution at fixedqm an increase inA (increased
curvature) requires an increase inTm. However, the
correlation is actually strongly negative over the en-
tire solution space (e.g.qm is not fixed). An increase
in A logically requires an increase inqm and is best
supported by lowerTm.

We have also modeled the effects of values ofB > 0
corresponding to a 13 and 33% rise inK from the
MOHO to the top of the asthenosphere (Fig. 7D,E,F;
Table 2). Positive values ofB mainly cause solutions
to include lower values ofA; the optimal values of
Tm andqm change only slightly. Apparent variations
in values ofqm mainly result from changes in the
median values ofK between simulations, rather than
the value ofB, becauseqm scales directly toK (e.g.
Jaupart et al., 1998). IncreasingB also causes the
solution region to enclose a larger range of negative
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Fig. 8. Optimum solution to mantle geotherm problem shown as 3-D representation of the 95% confidence ellipsoid, (A) full solution
space, (B) ellipsoid has been truncated to show only solutions with values ofA > 0. Vertical dashed line denotes point that lies off ellipse
but has parameters within “acceptable” range of values (see text).

values ofA. In this case, the curvature of the geotherm
is being attributed to combinations ofB>0 andA<0.
We have truncated the confidence ellipsoid to ex-
clude the physically unrealistic solutions (e.g.A < 0)
(Fig. 7D,E).

Fig. 8 shows a 3-D rendering of the ellipsoid that,
at the 95% confidence level, encloses the full set of
parameters that are consistent with theP–T data. The
ellipsoid has two extreme end-points described by
coordinates [qm–A–Tm]: [24, 0.083, 296] and [6.2,
−0.060, 613] (Fig. 8A). These values are not equiv-
alent to the 2σ bounding limits for each parameter
shown in Fig. 7 (e.g.qm: 5.98 to 24.2,A: −0.064 to
0.088,Tm: 612 to 296). Fig. 8A shows the nature of
correlations between parameters and reinforces the
idea that groups of parameters cannot be selected ar-
bitrarily without the risk of “falling off the surface of
the ellipsoid”. For example, although each of the val-
uesqm = 24, A = 0.083 andT m = 612 lies within
the 95% confidence limits, the geotherm described by
this combination of parameters lies well outside the
95% confidence limits of the solution. The solution
region is further reduced by limiting the solutions to
those withA ≥ 0 (Fig. 8B).

A set of model geotherms represented by the el-
lipsoid surface (Fig. 8A,B) are generated and plotted

in Fig. 9. This set of geotherms (shading) represents
the 95% confidence limits to the ideal geotherm given
the originalP–T data array. TheP–T data are clearly
well described by the 95% confidence limits on the
geotherm. What is also immediately apparent from
Figs. 8 and 9 is that, although the 3-D ellipse encom-
passes a wide range of values ofqm–A–Tm, the strong
correlations between the model parameters generates
a narrow family of geotherms.

The Slave mantle is best described by a reduced
heat flow (qm) of 15.1 mW m−2 and a MOHO tem-
perature (Tm) of 455◦C; the corresponding best value
for mantle heat production (A) is 0.012mW m−3.
The 95 % confidence limits on the solution, in con-
junction with the constraint thatA ≥ 0, restrict the
values of reduced heat flow to 12.3–24.2 mW m−2,
the range ofTm to 534 to 296◦C, and values of heat
production to between 0 and 0.088mW m−3. Our
analysis of the solution space elucidates the strong
correlation between model parameters and demon-
strates that low values ofTm are correlated with
high values ofqm and A and vice versa. For ex-
ample, the maximum model value ofTm (534◦C)
can only be supported by zero heat production in
the mantle and a low value of reduced heat flow
(12.3 mW m−2).
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Fig. 9. Geotherms permitted by 95% confidence limits onqm–Tm–A solution (Fig. 8) compared to theP–T array in (A) U–Z and (B)T–Z
coordinate space. Shading denotes field of geotherms consistent with confidence limits and the restrictionA ≥ 0. Dashed lines denote the
extreme solutions associated with the two ends of the ellipses; solid line is optimal solution.

7. Discussion

7.1. Comparative thermal properties of the Slave
mantle

Our goal is to recover objective measures of the ther-
mal state of the mantle from the petrology of mantle
xenoliths. At the optimal value ofA (0.012mW m−3)
the ranges inqm and Tm values are 14–16 mW m−2

and 400–500◦C, respectively.
Temperatures at the MOHO (Tm) are constrained

by measurements of compressional wave velocities at
the MOHO. Specifically, Black and Braile (1982) ar-
gue that Pn velocities are negatively correlated with
MOHO temperature. Pn velocities for the southern
Slave vary between 8.05 and 8.15 km s−1 suggesting
Tm values of 680 and 543◦C, respectively (e.g. Hyn-
dman and Lewis, 1999). Further north on the Slave
craton and closer to the Jericho kimberlite, the ob-
served Pn velocities increase to values of 8.2 km s−1

(Mooney and Brocher, 1987) which corresponds to an
equivalent MOHO temperature of 475◦C.

We consider our optimal value (455◦C) and our
range of values (534–296◦C) for Tm to be fully con-
sistent with these geophysical observations, given that
the uncertainties in the Pn–Tm relationship represent
≈150◦C (Black and Braile, 1982). We also expect
values ofTm predicted from the Pn velocity to be

somewhat high because the constitutive relationship
between Pn velocity andTm is developed mainly for
post-Archean mantle and assumes a uniform composi-
tion (Black and Braile, 1982). Younger, less depleted
mantle lithosphere tends to be more enriched in Fe
and olivine and thus, is seismically faster than older,
depleted mantle underlying cratons. This implies that
the Black and Braile (1982) model to cratonic mantle
provides a maximum estimate forTm.

Our modeling restricts values of reduced heat flow
(qm) between 12.3 and 24 mW m−2. This range of val-
ues agrees broadly with other estimates of reduced
and mantle heat flow for Precambrian terrains in gen-
eral (e.g. Pinet and Jaupart, 1987; Jaupart et al., 1998;
Rudnik et al., 1998). Specifically, our range of reduced
heat flow, after correcting for mantle heat production,
predicts a mantle heat flux of 13.3 ± 2.5 mW m−2 at
depths below 150 km; this value compares well with
other estimates of mantle heat flux 10–15 mW m−2

(Pinet and Jaupart, 1987; Rudnik et al., 1998) and with
the 12 mW m−2 mantle heat flux recently estimated
for the Canadian shield (Jaupart et al., 1998; Jaupart
and Mareschal, 1999).

7.2. Implications of A for eclogite abundance

Our results restrict mantle heat production in
the Slave mantle lithosphere to values between
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0 and 0.088 mW m−3 with an optimal value of
0.012mW m−3. These values ofA can be used to
constrain the proportions of eclogite within the Slave
craton mantle.

The model estimates ofA are substantially lower
than the HP values calculated for Jericho xenoliths
(Table 1, Appendix A) because Jericho xenoliths have
been enriched in alkalies and incompatible elements
such as Th and U by late mantle-derived metasomatic
fluids (Russell and Kopylova, 1999). However, sev-
eral eclogite samples (Appendix A) may be less af-
fected by metasomatic fluids. They contain<3 vol.%
late-stage, volatile-rich minerals indicative of man-
tle metasomatism (e.g. phlogopite) and they have
lower calculated values of HP (0.16–0.29mW m−3).
Adopting the optimal value ofA (0.012mW m−3) and
assuming an HP value of 0.01mW m−3 for mantle
peridotite, this range of HP values for eclogite permit
between 1.5 and 0.7 vol.% eclogite in the Slave mantle
lithosphere.

These eclogite abundances are considerably less
than the 3–15 vol.% estimated by Schulze (1989)
for other cratonic mantle. However, Slave man-
tle eclogite abundances could be much higher
(e.g. 20–10 vol.%) if we accept higher values of
A (e.g. 0.04mW m−3) from within the 95% con-
fidence limits (Fig. 7; Table 2) or if we consider
peridotite to have lower HP (e.g.<0.01mWm−3).
Conversely, if we accept Schulze’s (1989) values
for eclogite abundance, then our model value ofA
(0.012mW m−3) requires Slave mantle eclogite to
have lower HP values (0.077 to 0.023mW m−3). At
higher values ofA (e.g. 0.08mW m−3), Schulze’s
(1989) proportions require eclogite to have HP val-
ues of 2.3–0.48mW m−3. These values overlap the
HP values calculated for Jericho eclogite samples
(Appendix A).

7.3. Implications of qm for surface heat flow (qo)

The model presented above has the attribute that
we obtain estimates of mantle thermal properties with-
out considering the structure and composition of the
overlying crust. In this regard, we have improved on
the work of Russell and Kopylova (1999) who in-
verted the sameP–T array data for crustal and man-
tle properties, including the depth of radiogenic heat

production in crustal rocks (D) and surface heat flow
(qo). They assumed a surface crustal HP (Ao) value of
2.16mW m−3, a value of 0.04mW m−3 for mantle HP
and an exponential decrease in crustal HPE with depth.
They estimatedqo and D to be 54.1 mW m−2 and
25.8 km, respectively, which corresponds well with di-
rect measurements of surface heat flow and the crustal
structure of the north-central Slave craton (cf. Russell
and Kopylova, 1999). They also calculated values of
reduced heat flow (e.g. 18.9 mW m−2) that are higher
than our optimal range of values (14–16 mW m−2)
but predicted similar values of mantle heat flow (13.9
versus 13.3 ± 2.5 mW m−2).

Our model for the mantle geotherm has implications
for surface heat flow in the Slave craton. Specifically,
our estimate of reduced heat flow (qm; Table 2) can be
used to predictqo as a function of crustal properties.
Lines of equal surface heat flow (40, 50, 60 mW m−2)
have been drawn as a function ofAo andD (Fig. 10)
for model values ofqm (14–16 mW m−2). The con-
tours are drawn for two different distributions of HPE
(Fig. 10A,B). Our estimates ofqm strongly support the
Slave craton having a relatively high (>50 mW m−2)
surface heat flow, given the observed crustal thickness
(35 km) and high concentrations of HPE in surface
crustal rocks (>2 uW m−3) (Bank et al., 2000; Russell
and Kopylova, 1999).

8. Parameterization of lithospheric mantle

Our approach to constraining the thermal properties
of the lithospheric mantle offers several advantages.
Firstly, our method provides an objective estimate of
the model parameters (qm, A andTm) that is based on
petrological data and a small number of assumptions
concerning the mantle. Specifically, our model is de-
coupled from any decisions about the thermal prop-
erties of the crust (e.g. crustal heat production). The
only linkage between our model mantle geotherm and
crustal heat flow is the parameterqm, which is the re-
duced heat flow entering the crust. We argue that this
estimate ofqm is less biased than are values that derive
from measurements of surface heat flow or from mod-
els that incorporate crustal thermal parameters. Our
mantle heat flow estimate, also, is a product only of
mantle heat production and primary mantle heat flow.
On this basis, we argue that our results provide a more
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Fig. 10. Implications of the model mantle geotherm for surface heat
flow. A range of reduced heat flow values (qm = 14–16 mW m2)
is used to draw contours of surface heat flow (40, 50 60 mW m−2)
as a flinction of thickness of the heat producing crustal layer and
radiogenic heat production of surface crustal rocks (Ao). Distri-
bution of heat producing elements in the crust is assumed to be:
(A) constant, or (B) decreasing exponentially with depth.

objective characterization of the Slave mantle litho-
sphere than do results derived from models that cou-
ple crustal thermal properties to the mantle thermal
regime (e.g. Russell and Kopylova, 1999; MacKenzie
and Canil, 1999).

Solving for the steady-state geotherm as an over
determined system of equations Eq. (9) also facili-
tates a statistical analysis of the model parameters. For
example the magnitude and nature of correlations be-
tween fit parameters can be clearly illustrated. Further-
more, because the problem is generally linear in the fit
parameters, we are able explicitly to calculate the sta-
tistical uncertainties on the model parameters. These
estimates are critical in our quest to constrain the maxi-
mum and minimum bounds on lithospheric mantle
heat production and the temperature dependence ofK.

We have shown that the mantleP–T array is permis-
sive of a large range of model parameters: reduced heat
flow (qm), MOHO temperatures (Tm) and mantle heat
production (A). However, these properties are strongly
correlated. Therefore, even though we are obliged to
consider a wide range of model mantle properties, the
strong correlations between parameters create a very
narrow band of model geotherms that are consistent
with the data at the 95% confidence limit. This point
cannot be emphasized enough; values of model pa-
rameters cannot be combined arbitrarily to generate
valid geotherms.

This analysis has implications for our attempts to
characterize the thermal structure of cratonic mantle
lithosphere. Our conclusion is that description of the
mantle lithosphere with a single parameter is highly
misleading and cannot possibly lead to a unique
or meaningful description of the thermal regime of
the mantle. Rather, differences between the thermal
states of different mantle lithospheres can only be
recognized by considering several thermal properties
simultaneously. We suggest that mantle lithosphere
can be uniquely described by three parameters:
qm–A–Tm if the covariances between these properties
are also considered. These parameters represent spe-
cific mantle properties and they are fundamental to
the mathematical description of theP–T array (e.g.
mantle geotherm). Essentially they represent the in-
tercept value (Tm) of the P–T array, the slope of the
array at that point (qm) and the curvature (A) of the
array.
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Appendix A. Major and trace element composi-
tions of eclogite xenoliths from Jericho kimberlite
pipe and values of heat production
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Label 20-7 16-4 55-4 F6n-Ec13 52-5 47-2 42-3 47-8 21-8 06-11a D.L.

SiO2 43.69 43.6 42.83 46.34 47.41 41.02 41.21 44.45 43.64 45.74
TiO2 0.241 0.287 0.885 1.151 0.34 0.46 2.802 1.994 0.342 1.678
Al2O3 15.84 12.16 15.11 10.35 12.6 14.26 12.1 12.67 13.78 9.43
FeO 9.35 6.23 6.69 5.34 5.44 7.59 8.13 8.87 5.28 7.37
Fe2O3 3.53 4.13 3.29 4.23 1.46 4.51 6.48 3.75 2.14 5.65
MnO 0.22 0.19 0.20 0.14 0.13 0.19 0.22 0.19 0.29 0.23
MgO 13.84 19.68 14.73 15.12 16.95 16.07 11.75 11.58 19.4 14.61
CaO 9.79 9.02 10.6 11.29 10.56 8.86 11.82 10.73 10.09 11.56
Na2O 1.35 0.65 1.95 2.61 2.09 1.54 1.68 2.3 0.69 1.02
K2O 0.37 0.34 0.2 0.07 0.65 0.37 0.28 0.79 1.36 0.75
P2O5 0.04 0.04 0.04 0.03 0.06 0.05 0.24 0.10 0.07 0.04

LOI 1.41 3.31 3.2 3.09 2.02 4.78 2.88 2.25 2.32 1.4

Total 99.64 99.63 99.73 99.76 99.7 99.7 99.6 99.68 99.41 99.48
Fe2O3(T) 13.92 11.06 10.73 10.16 7.51 12.95 15.52 13.61 8.01 13.84

K2O 0.34 0.29 0.2 0.07 0.58 0.28 0.22 0.8 1.43 0.64–0.74 0.01
K (%) 0.28 0.24 0.17 0.06 0.48 0.23 0.18 0.66 1.19 0.53–0.61 0.01
K (ppm) 2823 2407 1660 581 4815 2324 1826 6641 11871 5312–6143 83
Th (ppm) 2 2.6 1.3 1.6 5.5 2 2.3 2.2 5.4 2.5–2.9 0.1
U (ppm) 0.3 0.7 0.1 5 0.5 0.4 0.4 0.7 0.5 0.3–0.4 0.1
mW m−3 0.2947 0.4644 0.1602 1.6879 0.6761 0.3199 0.3396 0.479 0.7485 0.365–0.44 0.04

a Concentrations of heat producing elements were measured twice.
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