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A compilation of ca. 4000 new and old geochemical data is used to produce a hitherto unique map of radiogenic heat production in Norwegian
bedrock. The data show that heat production generally varies more within than between different geological provinces, and is generally tied to
variation in lithology, which is well known from other studies. Mafic rocks yield the lowest heat-production rates with an average of 0.74 yW m?,
and granitic rocks yield the highest heat-production rates with an average of 2.95 yW m?. Granodioritic and metasedimentary rocks yield similar,
intermediate heat-production rates with averages of 1.54 and 1.55 uW m?, respectively. The variation in heat production of the magmatic rocks is
clearly attributable to processes related to the formation and evolution of their parent magmas, whereas the sedimentary rocks display variations
that can be ascribed to sedimentary processes. Age and metamorphic grade does not appear to affect heat production significantly, whereas tecto-
nic setting appears to have some effect in that extensional or within-plate rocks have higher heat production than lithologically similar rocks formed

along plate margins.
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Introduction

Internal radiogenic heat production is a major factor deter-
mining the thermal structure of continental crust (e.g.,
Turcotte & Schubert 1982) and variation in internal heat
production may have important implications for tempera-
ture-dependent crustal processes such as metamorphism,
magmatism and deformation (Bea et al. 2003; Andreoli et
al. 2006; Sandiford & McLaren 2006). Regional investiga-
tions of heat production at the surface, coupled with heat
flow data that provide information about heat produc-
tion at depth in the crust (e.g., Jaupart & Mareschal 2003),
are necessary for understanding the present-day thermal
structure of the crust, which in turn may be used to recon-
struct the thermal structure of the crust prior to, during
and after past tectonic events (Ranalli & Murphy 1987;
Karlstrom & Williams 1998). Numerical modelling shows
that insight into how heat-producing elements are distrib-
uted in pre-orogenic crust is vital for understanding how
orogens evolve (Beaumont et al. 2001).

Another, more practical aspect related to the thermal
structure of continental crust is the utilisation of geother-
mal energy as a zero-emission alternative energy source.
At present, geothermal energy is profitable in areas where
the geothermal gradients are exceptional (e.g., in volca-
nic areas); however, as drilling costs are reduced due to
improved technology and/or energy prices increase, geo-
thermal energy will become a viable source of energy in
thermally more quiescent regions. However, even in these
regions, some areas will be more favourable than others, to
a large extent reflecting variation in heat production. The
dataset presented herein represents a first step towards
targeting such areas in Norway.

In an effort to further our understanding of the thermal
and geological structure of Scandinavia and the conti-
nent-ocean transition of the western Baltic Shield, the
Geological Survey of Norway (NGU), in collaboration
with Statoil, have undertaken a project involving deter-
mination of radiogenic heat production, heat flow and
thermal conductivity in Norway. As part of this work,
ca. 2000 new chemical analyses and an equal number
of previously published analyses have been compiled to
produce the first heat-production map covering a major
part of Norway. The entire dataset is available as an elec-
tronic supplement to this paper, downloadable at http://
www.geologi.no/njg. Further sampling and analysis on
a national scale is continuously being carried out, mainly
through NGU’s LITO-project (ngu.no/lito).

Sources of heat-production data

More than 98% of present-day heat production is the
result of the decay series **U and **Th and the single-
step decay of K. The isotope ***U has a significantly
shorter half-life than **U (ca. 0.7 billion years and 4.5
billion years, respectively) and is now reduced to 0.7% of
the total naturally occurring uranium. Other, short-lived
radioactive isotopes may have made significant thermal
contributions in early stages of the Earth’s history, but
they are not detectable now. Other long-lived radioac-
tive isotopes also exist, but their decay rates are so slow
that they have never made any significant contribution to
the Earth’s heat (e.g., ¥Rb with a half-life of ca. 49 billion
years and 'Sm with a half-life of ca. 106 billion years).
The heat-production rate of a rock can thus be calculated
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based on the rocK’s K, U and Th concentrations and den-
sity (Rybach 1988), as shown in Equation 1. Cand C
represent U and Th concentrations in ppm, respectively,
C, represents K concentration in wt.%, and & is density.

-5
A=8%(9.52C_+2.56C, +3.48C,)*10 (1)

Table 1. Sources of heat-production data.
Source n Analytical method
LITO-project 1613 XRE, LA-ICP-MS
Various NGU samples 623 XRF, LA-ICP-MS
Killeen & Heier (1975) 629 y-ray spectrometry
Raade (1973) 967 y-ray spectrometry
Ormaasen (1976) 102 y-ray spectrometry

The chemical data used to calculate heat production
here come from various sources, summarised in Table
1. The majority of the samples have been analysed by
XRF (K) and LA-ICP-MS (U, Th), thus a complete set
of major and trace element data exists for each of these
samples. Flem et al. (2005) describe the procedures for
LA-ICP-MS analysis in detail. The remaining samples
have been analysed by y-ray spectrometry, and for these
samples only the concentrations of heat-producing ele-
ments are available. The analytical procedure, detection
limits, accuracy and precision of the y-ray spectrom-
etry method are described by Raade (1973) and Killeen
& Heier (1975). For several geological units, heat-pro-
duction estimates based on both XRF/LA-ICP-MS and
y-ray spectrometry exist. Average heat-production rates
for such units are similar regardless if they are based on
the older y-ray data or more modern XRF/LA-ICP-MS
data, suggesting that the quality of the former are good.
For the majority of the samples, densities have been
determined using Archimedes’ principle by weighing the
samples in air and immersed in water, or, if geometrically
simple samples are available (e.g., drill cores), weigh-
ing the samples and dividing by the calculated volume.
For samples where the original authors reported densi-
ties, these densities have been used. If density data are
unavailable, density was estimated based on lithology.

Geological evolution and heat produc-
tion of Archaean to Permian geological
units in Norway

A number of factors of which lithology, tectonic setting,
tectonometamorphic history and age are the most obvi-
ous, may influence the heat production of a geological
unit or province. The work presented here is part of a
larger effort to enhance our understanding of the geo-
logical and thermal structure of the continental mar-
gin of Norway (and the Baltic Shield). This means that
heat-production values must be assigned to geological
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units onshore that can be correlated offshore onto the
continental margin using seismic or potential field data.
With these objectives in mind, I present and discuss the
heat-production data with reference to specific geologi-
cal provinces, subdivided according to lithology, tectonic
setting, tectonometamorphic history and age. The subdi-
vision includes nine major and several minor provinces,
ranging in age from Archaean to Permian; however, geo-
chemical data are not presently available from all of these
provinces. Table 2 presents a summary of geological and
heat-production information. The numbers in parenthe-
ses below refer to provinces on the simplified geological
map (Fig. 1a) and Table 2. The heat-production data are
presented graphically in Figures 1b and c, and Figure 2
shows calculated average heat production for geological
units as defined by Sigmond (1996).

Archaean gneissic rocks (1)

Rocks of Archaean crystallisation or depositional age are
found in several areas in northern Norway. The most
intensely studied area is a chain of islands running from
southern Lofoten to the island Vanna in west Troms (Fig.
la). This area is underlain by intermediate metavolcanic
rocks, migmatised during the Late Archaean, tonalitic to
granitic gneisses, and greenstone remnants (Griffin et al.
1978; Zwaan 1995; Corfu et al. 2003). Pb-Pb whole rock
isochrons and Rb/Sr isotopic data from migmatite and
granite on Langeya and Hinneya yield ages of ca. 2700
Ma and ca. 2600 Ma, respectively (Griffin et al. 1978).
Magmatic activity in this area between 2700 and 2600 Ma
is corroborated by an interpreted U-Pb zircon crystalli-
sation age of 2689+6 Ma for a granite on Kvalgya (Corfu
et al. 2003). The rocks are typically in upper amphibo-
lite- to granulite-facies, and the tectonometamorphic
history includes a Late Archaean event responsible for
migmatisation of the metavolcanic rocks (Griffin et al.
1978), as well as a Late Palaeoproterozoic (1870-1790
Ma) granulite-facies event related to emplacement of the
Lofoten—Vesterdlen anorthosite-mangerite-charnockite-
granite suite (Corfu 2004a), discussed below.

Other areas underlain by Archaean rocks include Finn-
marksvidda, where rocks belonging to the Raiseatnu
and Jergol Complexes are exposed, and large tracts of
the Ser-Varanger area. Lithologically, the Raiseatnu
and Jergol Complexes are rather similar and composed
dominantly of medium- to high-grade orthogneisses of
tonalitic, granitic and dioritic composition (Siedlecka et
al. 1985), whereas the Ser-Varanger area is more varied
and comprises mica schists and mica gneisses in addition
to tonalitic to granitic orthogneisses (Levchenkov et al.
1993).

Ninety-five samples of Archaean gneisses from west
Troms yield a median heat production of 0.81 + 1.48 yW
m~ and an area-weighted heat production of 1.25 pyW
m~ (Fig. 2). No heat-production data are available for
Archaean gneisses in Finnmark.
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Table 2. Simplified geological history and heat-production rates of geological provinces in
Norway. See text for details and references.

Geological province | n Age Lithology Tectonic setting Tectonometamorphic Heat-production rate
(Ma) history (LW m?)
Areawtd. | Median
mean' *lo

1 | Archaean gneisses 95 3000- Dominantly tona- Early Proterozoic 1.25 0.81 %

2500 litic to granitic (c. 2.0-1.8 Ga) amphibo- 1.48
gneisses lite- to granulite-facies
metamorphism.

2 | Proterozoic gneissic
rocks

2a | Karasjok-Kauto- nd. | 2100- Tholeiitic meta- Continental rifting | Metamorphosed under n.d. n.d.
keino greenstone 2000 basalts, amphi- and oceanic sub- greenschist- to amphi-
belts, NE Norway bolites and inter- | duction bolite-facies conditions

layered metasedi- during obduction onto
mentary rocks the Karelian craton at c.
1.9 Ga.
2b | Palaeoproterozoic 17 2000- Garnet-quartz- Deposition in con- | High-grade metamorp- 1.42 0.54 +
gneisses 1900 feldspar tinental back-arc hism during continent- 1.44
paragneiss and basin continent collision at c.
hypersthene- 1900 Ma
plagioclase
orthogneiss
2c | Transscandinavian 571 | 1810- Alkali-calcic to Active continental | Deformation and 2.57 2.57 +
Igneous Belt (TIB) 1770 calc-alkaline margin, back-arc metamorphism at c. 2.03
quartz monzoni- | extension 1.46-1.42 and 1.0 Ga in
tes to granites SW Sweden.
Variable Caledonian
effects in NW Norway at
c. 420 Ma.
2d | Sveconorwegian 385 | 1500- Tholeiitic to calc- | Active continental | Local crustal reworking 1.76 1.73 £
Province, S Norway 1000 alkaline, inter- margin and conti- | at 1.26-1.16 Ga. 1.45
mediate to felsic, | nental back-arc. Continent-continent
metavolcanic and collision and associated
—plutonic suites medium- to high-grade
metamorphism at c. 1.0
Ga.
Very low-grade Caledo-
nian metamorphism at c.
400 Ma in western areas.
2e | Western Gneiss 332 1750- Dominantly tona- | Active continental | Sveconorwegian and 1.36 1.41 +
Region, W Norway 1000 litic to granitic margin Caledonian high-grade 0.82
gneisses metamorphism at c.
1000 and 400 Ma, respe-
ctively.

3 | Lofoten anortho- 130 | 1800- Mangerite, smal- | Related to TIB 1 Crystallised under 0.65 0.61 +
site-mangerite- 1790 ler volumes of magmatism low-P granulite-facies 0.32
charnockite-granite gabbro, anortho- conditions. No signifi-

(AMCG) complex site, charnockite cant later metamorphic
and granite events.

4 | Post-Sveconor- 473 | 930-920 | Dominantly gra- | Extensional, post- | Generally no significant 4.61 392+
wegian granites, S nite, locally gra- tectonic magma- metamorphic overprin- 2.54
Norway ding to diorite tism ting.

5 | Egersund anortho- 47 930 Massive anortho- | Extensional, post- | Very low-grade Caledo- 0.57 0.71 £
site-mangerite- site, lesser volu- tectonic magma- nian metamorphism at c. 0.42
charnockite (AMC) mes of leucono- tism 400 Ma.
complex rite, mangerite

and charnockite
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Geological province | n Age Lithology Tectonic setting Tectonometamorphic Heat-production rate
(Ma) history (LW m?)
Area wtd. | Median
mean' *lo
6 | Caledonian thrust-
sheets
6a | Late Proterozoic to 561 | 500-450 | Metagreywacke, | Passive margin Low- to high-grade 1.47 1.40 +
Palaeozoic meta- phyllite, mica sequences. metamorphism during 1.39
sedimentary and schist, lesser volu- the Caledonian orogeny
metamafic rocks mes of marble Greenstones for- at c. 450-400 Ma.
and greenstone. med in oceanic arc
/ back-arc.
6b | Caledonian intru- 167 | 480-430 | Dominantly calc- | Active continental | Variable overprinting 1.85 1.74 £
sive rocks alkaline diorite, margin. during the Caledonian 1.85
tonalite, granodi- orogeny at c. 430-410
orite and granite. Ma.
Minor trondhje-
mitic intrusions.
6¢ | Seiland igneous nd. |570-560 | Gabbro, les- Intracontinental Variable overprinting n.d. n.d.
province ser volumes of rift. during the Caledonian
ultramafic rocks orogeny at c. 420 Ma.
and intermediate
granitoid rocks.
6d | Precambrian 35 1690- Syenitic to mon- | Active continental | Late Sveconorwegian, 2.01 1.70 +
gneissic rocks 950 zonitic gneisses, | margin. AMCG high-grade metamorp- 1.78
anorthosite-man- | suite formed in hism at c. 930 Ma.
gerite-charnock- | intraplate setting Variable, but locally
ite-granite suites | (?) high-grade metamorp-
hism at c. 450 Ma.
6e | Neoproterozoic 48 1000- Quartzitic to Continental shelf | Variable high- to low- 1.35 1.31+
metasedimentary 500 arkosic sandstone, grade Scandian and 0.82
rocks mica schist, pelite pre-Scandian meta-
and volumetri- morphism in Finnmark.
cally subordinate Low-grade overprinting
carbonate in Lillehammer during
the Scandian phase at c.
430-400 Ma.
7 | Devonian sedimen- 15 400-390 | Fluvial sandsto- Post-orogenic No metamorphic over- 1.33 1.23 +
tary rocks nes, conglome- extension printing. 0.47
rate, breccia
8 | Cambro-Silurian 37 540-420 | Marine shales, Epicontinental Low-grade metamorp- 1.89 1.56 +
sedimentary rocks carbonates, basin, later fore- hism and deformation 1.45
sandstones land basin during the Caledonian
orogeny at c. 420 Ma;
local contact metamorp-
hism during formation
of Oslo rift at c. 300-280
Ma.
9 | Oslo Rift 1044 | 300-280 | Tholeiitic basalts, | Intracontinental No metamorphic over- 2.93 2.50 +
monzonite, sye- rift. printing. 1.64

nite and granite

'"The area-weighted heat production of a geological province is calculated by first calculating the average heat production of all polygons on
Sigmond’s (1996) map from which heat-production data are available. The average value for each polygon is then multiplied by the area of the poly-

gon and divided by the total area of all polygons belonging to a particular geological province, giving the area-weighted heat production.
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Fig. 2: Heat-production statistics for geological units presented in Fig. 1. The area-weighted average heat production is calculated from the
averages of the different polygons that constitute a unit in the map in Fig. 1a, weighted according to areal extent.

Proterozoic gneissic rocks (2)

Karasjok-Kautokeino Greenstone Belts, northeast Norway
(2a)

The Karasjok and Kautokeino Greenstone Belts in east
Finnmark (Fig. la) consist of tholeiitic metabasalts,
tuffaceous greenstones and amphibolites interlayered
with metasedimentary rocks (Siedlecka et al. 1985). A
Sm-Nd whole-rock age of ca. 2100 Ma from komatiites
of the Karasjok Greenstone Belt was interpreted by Krill
et al. (1985) to date crystallisation of the komatiite. The
Greenstone Belts are believed to have formed as a result
of crustal extension and/or rifting at ca. 2100 Ma, pro-
ducing various mafic volcanic rocks, followed by sub-
duction and formation of arc-related magmatic rocks at
ca. 2000 Ma (Krill et al. 1985; Marker 1985). These oce-
anic provinces were thrust westwards onto the Archaean
Karelian craton at ca. 1.9 Ga (Krill et al. 1985; Braathen &
Davidsen 2000). The rocks were mostly metamorphosed
under low to medium conditions (sub-greenschist to
amphibolite-facies) (Siedlecka et al. 1985) during this
event.

Unfortunately, no heat-production data are available for
the Karasjok-Kautokeino Greenstone Belts at present;
however, judging from the lithological make up of this
province, relatively low heat production appears likely.

Levajok Granulite Complex (2b)

The Levajok Granulite Complex is sparsely exposed in
Norway, but widens towards the east and southeast into
Finland and Russia and forms a unit of regional extent; it
is therefore included here as a separate unit. The granu-
lite complex consists of two main lithologies (Marker
1985; Siedlecka et al. 1985) of which the oldest is a gar-
net-quartz-feldspar paragneiss that most likely represents
continental back-arc basin flysch deposits. Younger,
hypersthene-plagioclase orthogneisses probably repre-
sent intrusions into the paragneiss at ca. 2000-1900 Ma,
possibly coeval with granulite-facies metamorphism dur-
ing continent-continent collision (Bernard-Griffiths et al.
1984).

Seventeen samples of Palaeoproterozoic gneisses from a
small area on Andeya, west Troms, yield a median heat
production of 0.54 + 1.44 uW m™ and an area-weighted
heat production of 1.42 uW m™ (Fig. 2). Unfortunately,
no heat-production data are available from the Granu-
lite Complex in Finnmark; the heat production of this
province is therefore poorly constrained even though the
available data yield reasonable values.

Transscandinavian Igneous Belt (TIB) (2¢)

The Transscandinavian Igneous Belt (discussion limited
to TIB 1 as defined by Ahill & Larson 2000) forms a ca.



NORWEGIAN JOURNAL OF GEOLOGY

1400 km long and up to 200 km wide belt of ca. 1810-
1770 Ma magmatic rocks from southeastern Sweden to
northwestern Norway (Fig. 1a). The belt is composed
of alkali-calcic to calc-alkaline quartz monzonitic to
granitic plutons and associated volcanic rocks, and sub-
ordinate mafic and hybrid rocks (Ahall & Larson 2000).
These include juvenile crustal components as well as a
significant mantle contribution (Andersson 1991). Most
workers favour an active continental margin setting for
the TIB, involving eastward subduction beneath the west-
ern margin of Baltica and back-arc extension (e.g., Wil-
son 1980; Andersson 1991). In central Sweden, the TIB
rocks are generally undeformed and unmetamorphosed,
whereas in southwest Sweden they have a polymeta-
morphic history involving deformation and amphibo-
lite-facies metamorphism at ca. 1.46-1.42 Ga, during
the Hallandian orogeny, and during the Sveconorwegian
orogeny at ca. 1.0 Ga (Christoffel et al. 1999; Soderlund
et al. 2002; Moller et al. 2007). In northwestern parts of
the TIB (i.e. in northwest Norway), the TIB rocks display
variable Caledonian effects, locally with migmatisation at
ca. 420 Ma (Skar 2002).

Five hundred and seventy-one samples from the Transs-
candinavian Igneous Belt in southeast, central and north-
central Norway yield a median heat production of 2.57
+2.03 pW m™ and an area-weighted heat production of
2.57 uW m? (Fig. 2).

Sveconorwegian Province, south Norway (2d)

The Sveconorwegian Province in south Norway and
southwest Sweden is generally divided into four Palaeo-
proterozoic to Mesoproterozoic domains (Fig. 1a). The
easternmost domain (aptly referred to as the Eastern
Segment) consists mainly of reworked granitoid orthog-
neisses of TIB affinity and is included in the discus-
sion above. The remaining part of the Sveconorwegian
Province consists mainly of greenschist to amphibolite-
facies (locally granulite-facies) tholeiitic and calc-alka-
line, intermediate to felsic, metavolcanic and -plutonic
suites that formed at around 1.5 Ga (Bingen et al. 2005
and references therein). Most of these rocks probably
formed along an active continental margin at that time
(Bingen et al. 2005; Slagstad and Marker, unpublished
data). In addition, rhyolite-dominated, bimodal volcanic
suites underlie large tracts of south Norway. These rocks
formed at ca. 1.26-1.16 Ga and attest to crustal rework-
ing, possibly in a continental back-arc setting (Bingen et
al. 2002; Brewer et al. 2004). The last event to affect the
area was the Sveconorwegian orogeny, which is generally
ascribed to continent-continent collision at ca. 1.0 Ga. In
addition, western areas were affected by very low-grade
Caledonian overprinting at ca. 400 Ma (Verschure et al.
1980).

Three hundred and eighty-five samples from the
Sveconorwegian Province in south Norway yield a
median heat production of 1.73 + 1.45 pW m™ and an
area-weighted heat production of 1.76 yW m~ (Fig. 2).
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Western Gneiss Region, west Norway (2e)

The Western Gneiss Region (Fig. 1a) represents the west-
ward continuation of the Sveconorwegian Province and
Transscandinavian Igneous Belt, metamorphosed under
low- to high-grade conditions, locally with the forma-
tion of eclogite, during the Caledonian orogeny (Milnes
etal. 1997). Lithologically, the Western Gneiss Region is
dominated by tonalitic to granitic gneisses, locally mig-
matitic, and augen gneisses. Most of the rocks formed
in the interval 1.75-1.5 Ga (Gaal & Gorbatschev 1987;
Tucker et al. 1990; Skéar & Pedersen 2003), probably along
the active margin of Baltica. In addition, some granitic
units formed during the Sveconorwegian orogeny (Skér
& Pedersen 2003). The rocks record both Sveconorwe-
gian and Caledonian high-grade metamorphism at ca.
1000 and 400 Ma, respectively (Tucker et al. 1990; Skar &
Pedersen 2003).

Three hundred and thirty-two samples from the Western
Gneiss Region yield a median heat production of 1.41 +
0.82 yW m? and an area-weighted heat production of
1.36 yW m™ (Fig. 2).

Lofoten AMCG complex (3)

More than half of the surface area in Lofoten-Vesterédlen
(Fig. 1a) is underlain by a distinct suite of rocks domi-
nated by mangerite and retrogressed equivalents that
intruded Archaean gneisses and Early Palaeoproterozoic
supracrustal rocks (Griffin et al. 1978). This suite of rocks
is typically referred to as the Lofoten anorthosite-man-
gerite-charnockite-granite (AMCG) complex. Detailed
U-Pb zircon geochronological work by Corfu (2004a)
shows that the AMCG complex was emplaced during two
distinct event. The first event at 1870-1860 Ma included
emplacement of the composite Hopen pluton, consisting
of gabbro, mangerite and charnockite, and the granitic
Lodingen pluton. The second, main event at 1800-1790
Ma also included a variety of rock types, ranging from
gabbro and anorthosite, through mangerite and char-
nockite, to granite. A subsequent period, lasting for 30—
40 million years, included intrusion of pegmatite dykes
and local hydration of the dry AMCG rocks. Formation
of the Lofoten AMCG complex was most likely linked to
prolonged and widespread tectonic and magmatic activ-
ity along the Baltic margin related to the first and major
phase of formation of the Transscandinavian Igneous
Belt between ca. 1810-1770 Ma (TIB 1 of Ahill & Lar-
son 2000), but the exact tectonic setting is poorly known.
Petrogenetic models suggest that the suite formed by
polybaric fractionation of tholeiitic basaltic magmas
combined with assimilation of country rocks (Wade
1985; Markl & Hohndorf 2003). Pressure estimates of ca.
400 MPa (Markl et al. 1998) suggest emplacement at mid-
crustal levels, which begs the question as to whether the
granulite-facies metamorphism of the Archaean country
rocks represents regional metamorphism (cf., Griffin et
al. 1978) or is a contact metamorphic effect. The Lofoten
AMCG complex and the surrounding Archaean gneissic
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rocks were only weakly affected by the Caledonian orog-
eny, and evidence of Caledonian effects is limited to local
resetting of titanite (Corfu 2004b) and mica (Steltenpohl
et al. 2004).

One hundred and thirty samples from the Lofoten
AMCG complex yield a median heat production of 0.61
+0.32 uW m™ and an area-weighted heat production of
0.65 uW m? (Fig. 2).

Post-Sveconorwegian granites, south Norway (4)

A distinct geological feature of south Norway is post-
Sveconorwegian granite forming subcircular intrusions
in older Mesoproterozoic crust (Fig. la). Several of
these granites are well known for having anomalously
high heat-production rates (Killeen & Heier 1975; Slag-
stad 2006), and include the Iddefjord and Fla granites.
Although granite is the dominant lithology, some plutons
grade into more intermediate to mafic (diorite) compo-
sitions (Pedersen & Maaloe 1990). U-Pb zircon dating
of some of these granites yields ages around 920-930
Ma (Eliasson & Schoberg 1991; Nordgulen et al. 1997).
The source characteristics, petrogenesis and tectonic set-
ting in which these granites formed is uncertain, though
most studies suggest they may have formed in an exten-
sional tectonic regime by partial melting of middle to
lower crustal source rocks with some input of mantle-
derived magmas (Eliasson 1992; Andersen et al. 2001).

Four hundred and seventy-three samples of post-
Sveconorwegian granites in south Norway yield a median
heat production of 3.92 + 2.54 yW m™ and an area-
weighted heat production of 4.61 pW m~ (Fig. 2).

Egersund AMCG complex (5)

The Egersund AMCG complex in southwest Norway
(Fig. 1a) formed at ca. 930 Ma (e.g., Schirer et al. 1996),
post-dating Sveconorwegian metamorphism and defor-
mation by ca. 60 million years. Formation of the Eger-
sund AMCG complex was contemporaneous with wide-
spread post-Sveconorwegian granitic magmatism else-
where in south Norway. The Egersund AMCG complex
consists of massive anorthosite and lesser volumes of
leuconorite, mangerite and charnockite (e.g., Bolle et al.
2003) and probably formed by partial melting of a lower
crustal gabbronoritic source (Schiellerup et al. 2000;
Vander Auwera et al. 2003). The rocks of the Egersund
AMCG complex are generally unmetamorphosed, pos-
sibly with the exception of local, very low-grade Caledo-
nian overprinting at ca. 400 Ma (Verschure et al. 1980).

Forty-seven samples from the Egersund AMCG complex
yield a median heat production of 0.71 £ 0.42 uW ™?*and
an area-weighted heat production of 0.57 yW m~ (Fig.
2), i.e., similar to that of the Lofoten AMCG complex.
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Caledonian thrust-sheets (6)

Late Proterozoic to Palaeozoic metasedimentary and

metamafic rocks (6a)

This group is by far the largest and diverse of the Caledo-
nian units discussed here and extends from Magereya in
the north to Bergen in the south (Fig. 1a). Lithologically,
the group is dominated by metagreywackes, phyllites and
mica schists, but also encompasses marbles and ophiolitic
greenstones (Sigmond et al. 1984). These metasedimen-
tary and metavolcanic rocks constitute nappes and nappe
complexes that also include a variety of Caledonian
granitoid rocks; the latter are discussed separately below
because they are lithologically distinct and are expected
to have different heat-production rates from the former.
Most of the rocks included in this group were deposited
in Cambro-Silurian time (ca. 500-450 Ma) and meta-
morphosed under greenschist- to upper amphibolite-
facies conditions, and locally eclogite-facies conditions
(Bryhni & Andréasson 1985) at ca. 450-400 Ma during
the Caledonian orogeny.

Five hundred and sixty-one samples from a major por-
tion of the Caledonian orogen yield a median heat pro-
duction of 1.40 £ 1.39 yW m™ and an area-weighted heat
production of 1.47 pyW m~ (Fig. 2).

Caledonian intrusive rocks (6b)

Rocks of this group are found mainly in central and
north-central Norway (Fig. 1a) and are dominated volu-
metrically by the Smela-Hitra and Bindal Batholiths
(Gautneb & Roberts 1989; Nordgulen et al. 1993). Litho-
logically, the two batholiths encompass dominantly calc-
alkaline diorite, tonalite, granodiorite and granite that
probably formed in a magmatic arc setting at ca. 480-430
Ma (Gautneb & Roberts 1989; Nordgulen et al. 1993;
2001). In addition, several smaller, dominantly trond-
hjemitic intrusions (Size 1985) dated at ca. 490-435 Ma
(Dunning & Grenne 2000; Roberts et al. 2002; Nilsen et
al. 2003) are included in this group. The rocks display
variable metamorphic and deformational overprinting
related to the Caledonian orogeny at ca. 430-410 Ma
(Tucker et al. 2004).

One hundred and sixty-seven samples of mainly granit-
oid intrusive rocks within the Caledonian orogen yield a
median heat production of 1.74 + 1.85 yW m™ and an
area-weighted heat production of 1.85 yW m~ (Fig. 2).

Seiland Igneous Province (6¢)

The Seiland Igneous Province in western Finnmark (Fig.
la) is dominated by tholeiitic, calc-alkaline and alkaline
gabbros and rarer monzonitic, dioritic and ultramafic
bodies (e.g., Robins & Often 1996). Recent dating of
the voluminous gabbros shows that they formed during
a comparatively short time interval, from ca. 570 to 560
Ma (Roberts et al. 2006), most likely in an intracontinen-
tal rift setting (Krill & Zwaan 1987; Roberts et al. 2006).
The province was subjected to Scandian deformation and
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medium- to high-grade metamorphism at ca. 420 Ma, and
evidence of a preceding tectonic event is lacking (Krill &
Zwaan 1987; Roberts et al. 2006; Slagstad et al. 2006).
Unfortunately, no heat-production data are available
from the Seiland Igneous Province; however, judging
from the lithological make up of this province, relatively
low heat production appears likely.

Precambrian gneissic rocks (6d)

The most prominent and well-studied units included in
this group are the Jotun, Lindas and Dalsfjord nappes in
southwestern Norway (Fig. 1a). These nappes are com-
monly regarded as erosional remnants of a once con-
tinuous nappe complex covering much of south Nor-
way (Hossack 1984; Norton 1986). The nappes consist
of syenitic to monzonitic gneisses that formed at ca.
1690 Ma (Schdrer 1980), synchronous with widespread
magmatism along the Baltic continental margin. These
gneissic rocks were intruded by gabbroic magmas at ca.
1450 Ma (Corfu & Emmet 1992) and anorthosite-char-
nockite-mangerite-granite suites at ca. 1250 and 950 Ma
(Bingen et al. 2001). The rocks underwent late Sveconor-
wegian amphibolite- to granulite-facies metamorphism
at ca. 930 Ma (Schirer 1980; Corfu & Emmet 1992; Bin-
gen et al. 2001), and locally high-grade (up to eclogite-
facies) metamorphism at ca. 450 Ma (Bingen et al. 2001)
during the Caledonian orogeny.

Thirty-five samples from small occurrences in southeast
and north-central Norway yield a median heat produc-
tion of 1.70 = 1.78 uW m™ and an area-weighted heat
production of 2.01 yW m™ (Fig. 2); however, no data
are available from either the Jotun, Lindés or Dalsfjord
nappes, and their heat production can only be regarded
as poorly constrained.

Late Mesoproterozoic to Neoproterozoic metasedimen-

tary rocks (6e)

Rocks belonging to this unit are widespread in Finnmark
and the Lillehammer area in southeast Norway (e.g.,
Nystuen 1981; Roberts 1985) (Fig. la). Lithologically,
the rocks range from quartzitic to arkosic sandstone,
mica schist, and pelite to volumetrically subordinate car-
bonate. Deposition mainly took place at various times
beginning in the Late Mesoproterozoic and continuing
through the Neoproterozoic, and in most cases the rocks
appear to represent continental or shelf deposits. The
rocks were deformed and metamorphosed during the
Scandian phase of the Caledonian orogeny at ca. 430-420
Ma (Siedlecka et al. 1987; Kirkland et al. 2006b; Slagstad
et al. 2006), and in Finnmark there is evidence of older
Neoproterozoic deformation (Kirkland et al. 2006a). The
grade of metamorphism varies from high to low in Finn-
mark, whereas it is generally low in the Lillehammer area.

Forty-eight samples of Neoproterozoic sedimentary rocks
in south Norway yield a median heat production of 1.35
+ 0.82 yW m™ and an area-weighted heat production
of 1.35 uW m~ (Fig. 2); however, considering the small
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number of samples and the lack of data from northern
Norway, I regard this unit as poorly constrained in terms
of heat production.

Devonian sedimentary rocks (7)

The Devonian basins along the west coast of Norway
between Bergen and Trondheim (Fig. 1a) consist domi-
nantly of fluvial sandstones, conglomerates and brec-
cias (Osmundsen & Andersen 2001). Most of the rocks
were deposited during a short time interval between 400
and 390 Ma and rest on the underlying Western Gneiss
Region basement with an extensional tectonic contact.
The basement locally preserves evidence of Caledonian
eclogite-facies metamorphism at ca. 400-420 Ma (Grif-
fin et al. 1985; Kullerud et al. 1986), i.e. just preceding
deposition of the overlying rocks. No significant post-
depositional metamorphic activity has affected the rocks.

Fifteen samples of Devonian sedimentary rocks yield a
median heat production of 1.23 + 0.47 uW m-3 and an
area-weighted heat production of 1.33 yW m-3 (Fig. 2).
The small number of samples makes this estimate highly
uncertain.

Cambro-Silurian sedimentary rocks within the Oslo Rift (8)

Metasedimentary rocks of Cambro-Silurian age are pre-
served within the downfaulted Oslo Rift (Fig. 1a). The
majority of the Cambro-Silurian rocks consist of marine
shales, carbonates and sandstones. The rocks were
deposited first in an epicontinental basin on the Bal-
tic Shield (Cambrian through much of the Ordovician),
later in the foreland basin to the Caledonian orogeny to
the west (Late Ordovician to Late Silurian) (Bjerlykke
1974). The rocks were deformed and metamorphosed
at low-grade during the Scandian phase of the Caledo-
nian orogeny at ca. 420 Ma, and underwent local contact
metamorphism during formation of the Oslo Rift at ca.
300-280 Ma (Goldschmidt 1911). Of particular interest
here is the presence of relatively thick layers of black alum
shale, well known for its high contents of U (Andersson
et al. 1985; Samuelsson & Middleton 1998), near the base
of the Cambro-Silurian sequence. The alum shales occur
extensively in Scandinavia, from Finnmark in northern-
most Norway to south Sweden and Denmark, and were
deposited along the Baltoscandian margin in Mid Cam-
brian to earliest Ordovician time, possibly in response to
early Caledonian subduction of the margin (Gee 1987).

Thirty-seven samples of Cambro-Silurian sedimentary
rocks yield a median heat production of 1.65 + 1.45 uW
m~ and an area-weighted heat production of 1.89 yW m"
(Fig. 2). The low number of samples makes the estimate
uncertain. Only 1 sample of alum shale is included in
the database; however, since this rock type by no means
dominates the Cambro-Silurian suite, this is unlikely to
affect the value significantly.
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Permian magmatic rocks of the Oslo Rift (9)

The Oslo Rift is an intracontinental rift that formed in the
Late Carboniferous—Early Permian as a result of regional
extensional strain in northern Europe at that time (Fig.
la). Peak magmatic activity was concentrated in a rather
narrow time interval from ca. 300 to 280 Ma (Neumann
et al. 2004 and references therein). The rifting and asso-
ciated magmatic activity took place in 5 stages, starting
with widespread basaltic volcanism of tholeiitic and alka-
line composition, intrusion of larvikite (monzonite) and
extrusion of trachytic rhomb porphyry lavas. The lat-
est stages of rift evolution were dominated by the intru-
sion of large batholiths of monzonitic, syenitic and gra-
nitic composition (Neumann et al. 2004 and references
therein). No post-magmatic metamorphic activity has
affected the rocks.

A large dataset consisting of 1044 analyses is available
from the magmatic rocks of the Oslo Rift, yielding a
median heat production of 2.50 + 1.64 yW m™ and an
area-weighted heat production of 2.93 yW m~ (Fig. 2).
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Discussion

The already extensive, and growing, geochemical data-
base from Norwegian bedrock allows for comprehensive
investigations into the factors that control the distribu-
tion of the heat-producing elements. Since the purpose
of this paper is to characterise the heat production of
the main geological provinces in Norway, a major part
of this discussion focuses on average heat-production
rates obtained from a variety of rock types that in some
cases formed at different times and in different tectonic
settings. However, in general the geological provinces
delineated here are dominated by a comparatively limited
number of lithologies that display rather modest geologi-
cal variation (i.e., composition, age, metamorphic grade,
tectonic setting) to make such a discussion meaningful.
Because granite (sensu lato) is the main host for the heat-
producing elements, the heat production of Norwegian
granites is discussed in particular, emphasising the rela-
tionship between the tectonic setting in which the gran-
ite formed and its heat-production rate.
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Fig. 3: Heat production vs. chemical composition for different rock types.
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Heat production vs. lithology and chemical composition

Lithological variation is the primary factor controlling
the distribution of heat production in the crust (Kuk-
konen & Lahtinen 2001). In general, granitic rocks have
relatively high heat production whereas intermediate
and mafic lithologies produce less heat, though in reality
heat production within the same lithology may vary by
an order of magnitude or more. To facilitate the discus-
sion of heat production and its dependence on lithology,
I have subdivided the samples for which we have a com-
plete geochemical data set (from XRF and LA-ICP-MS
analyses) into four lithological groups. ‘Metasedimen-
tary rocks’ encompass arkose, quartzite, mica schist,
phyllite and greywacke; ‘Metamafic rocks™ include gab-
bro, amphibolite, diorite and greenstone/-schist; ‘Granite
and granitic gneiss’ and ‘Granodiorite and granodioritic
gneiss’ are self-explanatory. As expected, the mafic rocks
yield the lowest heat production with an average of 0.74
(W m?, and the granitic rocks the highest heat produc-
tion with an average of 2.95 pyW m™. The granodioritic
and metasedimentary rocks yield similar, intermedi-
ate heat production with averages of 1.54 and 1.55 pyW
m~, respectively. These values are as expected, and the
variation within each lithological group in relation to
chemical composition is perhaps more interesting. Fig-
ure 3 shows heat production vs. SiO,, Fe,O, and total rare
earth element (REE) contents for the different lithologi-
cal groups. SiO, and Fe,O, represent the samples” major
element composition and reflect the mineralogical com-
position of the samples, whereas total REE represents
trace elements mainly hosted by accessory phases includ-
ing zircon and monazite, which are also the main hosts
of the heat-producing elements (e.g., Bea 1996). The
metasedimentary rocks show a small increase in heat
production with increasing SiO, at low SiO, levels, then a
gentle decrease at higher SiO, levels (Fig. 3a). The trend
is opposite with respect to Fe,O, (Fig. 3e). In contrast,
the other 3 groups, consisting of magmatic rocks and
orthogneisses, display increasing heat production with
increasing SiO, (Figs. 3b-d) and vice versa with respect
to Fe O, (Figs. 3f-h). These variations reflect different
mechanisms controlling the mineralogical and major
element composition of sedimentary and magmatic
rocks (Kukkonen & Lahtinen 2001). The composition
of sediments partly reflects their source, resulting in cor-
relations that are similar to those observed in magmatic
rocks, and partly sedimentary sorting due to variation in
the size and density of different minerals. The variation
in heat production with SiO, and Fe,O, in the metasedi-
mentary rocks reflects both these processes. Mica-rich
rocks such as schist and phyllite represent low degrees of
sedimentary sorting whereas quartz-rich rocks such as
arkose and quartzite represent high degrees of sorting.
Since U- and Th-bearing minerals are commonly hosted
by micas, sedimentary sorting results in an inverse cor-
relation between heat production and degree of sorting.
Between 45 and 60 wt.% SiO,, heat production increases
with increasing SiO,. The rocks in this range include
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mica schist and phyllite, representatives of poorly sorted
sediments, and the variation in heat production most
likely reflects that of the source. Rocks with >60 wt.%
SiO, consist of mica schist and phyllite at low SiO, levels
and arkose and quartzite at higher SiO, levels, represent-
ing increasing degrees of sorting, resulting in an inverse
correlation between SiO, and heat production. The other
lithological groups represent magmatic rocks of mafic to
intermediate (‘Metamafic rocks’), intermediate to felsic
(‘Granodioritic rocks’), and felsic (‘Granitic rocks’) com-
position. The increase in heat production with SiO, and
opposite for Fe,O, is consistent with magmatic processes
where low degrees of partial melting and/or high degrees
of fractionation result in high SiO /low Fe,O, melts with
high incompatible element (including U and Th) con-
tents. At very high SiO, and low Fe O, the relationship
breaks down due to crystallisation of accessory phases
that deplete the residual melt in incompatible elements;
thus, further fractionation and concomitant increase and
decrease in SiO, and Fe,O,, respectively, do not lead to
increased levels of elements which were incompatible
earlier in the fractionation process.

Figures 3i-1 show how heat production varies with total
REE content. In most rocks, REE are hosted by acces-
sory phases and REE content may therefore be used as a
proxy for the amount of accessory phases in a rock. All
rock types show a relatively well-defined positive corre-
lation between total REE content and heat production,
supporting the general consensus that the heat-produc-
ing elements are hosted dominantly by accessory phases
(e.g., Fountain 1986; Kukkonen & Lahtinen 2001)

Heat production vs. tectonic setting

Differences in chemical composition have long been
used to discriminate between different tectonic settings
(e.g., Pearce & Cann 1973). From the above discussion
on heat production and chemical composition, one may
therefore expect similarly consistent differences in heat
production. Since the purpose of this contribution is
to characterise the heat production of different geologi-
cal units or provinces, there is a certain lumping of dif-
ferent lithologies formed in different tectonic settings.
I therefore base this discussion on 3 provinces that dis-
play rather narrow lithological variation and where the
tectonic setting is relatively well defined. The Palaeo-
proterozoic Transscandinavian Igneous Belt consists of
granitic rocks formed along the active margin of Bal-
tica in a subduction setting, and yields a median heat
production of 2.57 pyW m~. The post-Sveconorwegian
granites formed during the Early Neoproterozoic, and
followed the Sveconorwegian orogeny. Although the
process(es) leading to their formation are uncertain,
they clearly formed in an intracontinental setting. The
post-Sveconorwegian granites yield a median heat pro-
duction of 3.92 yW m~. The Permian Oslo Rift repre-
sents magmatic rocks formed in an intracontinental rift
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and yields a median heat production of 2.50 yW m™.
However, the Oslo Rift consists of a variety of rock types
including syenites and other intermediate rocks, as well
as basalts. When including only Permian granites in the
calculation, a median heat production of 3.23 yW m?
is obtained. These results compare well with numerous
investigations showing that rocks formed in continental,
extensional settings, be it continental back-arcs, conti-
nental rifts, or post-orogenic extension, are enriched in
incompatible elements (Frost et al. 1999; Slagstad et al.
2004; Anderson & Morrison 2005). There are probably
a number of reasons for the difference in composition
between rocks formed in intraplate and plate margin
settings. The most obvious difference is that most plate
margin magmas form by partial melting in the mantle
wedge overlying a subduction zone, whereas intraplate
magmas commonly form in areas where upwelling of hot
asthenospheric melts induces partial melting of lower
crustal rocks. Lower crustal rocks, although generally
depleted in heat-producing and other incompatible ele-
ments relative to upper crustal rocks, are significantly
more enriched in these elements than the mantle wedge,
thus providing a source for relatively enriched magmas.
Tectonic setting can therefore be used as a rough guide to
a province’s heat production.

Heat production vs. age

In some areas, radiogenic heat production is found to
decrease with increasing age (e.g., McLaren et al. 2003),
although other studies fail to find such a correlation
(e.g., Kukkonen & Lahtinen 2001). Figure 2 shows the
heat-production rates of the various geological prov-
inces considered here, broadly arranged in chronological
order. Figure 2 shows that there is no clear-cut relation-
ship between geological age and heat production, despite
the fact that the Archaean gneisses display relatively low
heat-production rates, with a median of 0.81 + 1.48 pW
m~. This is similar to that of Archaean gneisses in Fin-
land (0.79 + 1.33 uW m~) (Kukkonen & Lahtinen 2001).
However, both the Palaeoproterozoic Lofoten and the
Early Neoproterozoic Egersund AMCG complexes dis-
play significantly lower heat-production rates. Notably,
the two AMCG complexes display similar heat-pro-
duction rates despite an age difference of ca. 900 mil-
lion years. This shows that lithological variation exerts
a first-order control on heat production. It is therefore
more relevant to compare the Archaean gneisses with
younger provinces with a similar lithological make up,
in particular the Sveconorwegian province in south Nor-
way and the Western Gneiss Region. These provinces
consist mainly of Mesoproterozoic intermediate to fel-
sic gneisses, not unlike the Archaean gneisses, but have
heat-production rates that are somewhat higher (Table
2, Figure 2). The available data indicate that a correla-
tion between heat production and geological age may
exist, but that this correlation is weak and in most cases
obscured by lithological variation. This conclusion is
further supported by data from the Palacoproterozoic
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Transscandinavian Igneous Belt and the Permian Oslo
Rift, which both consist largely of granitoid rocks and
display virtually identical heat production despite an age
difference of nearly 1.5 billion years. Thus, predicting
heat-production rates based on geological age clearly is
not feasible, a conclusion which is in agreement with that
proposed by Kukkonen & Lathinen (2001).

Heat production vs. metamorphic grade/crustal depth

Relationship to metamorphic grade

Many workers assume that heat production decreases
with increasing metamorphic grade or crustal depth
because during orogenesis, partial melting at lower to
middle crustal levels commonly forms melts rich in
incompatible elements, including the heat-producing
elements, that may migrate to higher structural levels
(Heier 1965) (see Slagstad et al. 2005 for a discussion of
this process). This should lead to a depletion of heat-
producing elements at deep crustal levels, and concomi-
tant enrichment at higher crustal levels where the melts
are emplaced as plutons (e.g., Sandiford & McLaren
2002; Sandiford et al. 2002). However, exceptions to this
‘rule’ have also been found. For example, Andreoli et al.
(2006) reported that radiogenic heat production in the
Western Namaqualand Belt, South Africa, increases with
increasing metamorphic grade and suggested that the
introduction of CO,-rich fluids (cf., Frost & Frost 1987),
rather than removal of H,O-rich melts, was the cause of
granulite-facies metamorphism and possibly enrichment
in heat-producing elements. Thus, granulite-facies meta-
morphism may be brought about in different ways that
may have widely different impacts on the composition
and thus heat production of the affected rocks.

Although the concept of a rather homogeneous, low heat-
producing lower crust is clearly oversimplified (cf., Flow-
ers et al. 2006), it has long been recognised that the mid-
dle and lower crust must be depleted in heat-producing
elements relative to the upper crust to avoid impossibly
high temperatures at depth within the crust (e.g., Morgan
& Sass 1984). Unfortunately, true lower crustal rocks are
exposed in only a few locations in the world, but several
studies investigating the variation in heat production in
vertical cross sections through the middle to upper crust
have been undertaken. Ashwal et al. (1987) investigated
a ca. 25 km vertical section through amphibolite- to
granulite-facies Archaean rocks in the Kapuskasing area,
Superior Province, Ontario. Their work showed no rela-
tionship between vertical depth/metamorphic grade and
heat production, which they suggested could be a typi-
cal feature of rather ‘mafic’ geological provinces, whereas
more ‘granitic’ provinces are more likely to display such a
relationship. Brady et al. (2006) presented heat-produc-
tion data from the Sierra Nevada Batholith, California,
and showed that it increased from ca. 2 to 3 yW m~ in
the uppermost 5 km, then dropped to 0.5-1 pW m™ at
15 km depth and remained constant at that level to the
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Moho. These studies show that heat production does not
vary continuously or predictably with crustal depth, but
that abrupt changes related to lithological variation is the
norm.

The Lofoten—Vesteralen area in north Norway, includ-
ing the Lofoten AMCG complex, is sometimes cited as
an example of lower crustal rocks having undergone
depletion in incompatible elements due to regional
metamorphism (Heier & Adams 1965). However, more
recent work suggests that the amphibolite- to granulite-
facies transition in this area, interpreted by Heier (1960)
to be a gradual metamorphic transition, could be a con-
tact metamorphic effect (Corfu 2004a). It is notable that
the Lofoten AMCG complex has a heat production that
is nearly identical to the unmetamorphosed Egersund
AMCG complex, suggesting that the low heat produc-
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tion of the former is lithologically/tectonically controlled
rather than determined by metamorphic grade.

Relationship to density

Knowledge of heat production is crucial for interpreting
terrestrial heat-flow patterns and for developing thermal
models of the continental crust. Since there is no direct
method for measuring heat production at depths greater
than those penetrated by boreholes (typically only the
uppermost few hundred metres), several attempts have
been made at determining a relationship between heat
production and other petrophysical parameters, such as
density and seismic velocity, which can be determined
with some accuracy even at great crustal depths (e.g.,
Rybach & Buntebarth 1982; Kukkonen & Peltoniemi
1998).
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Figure 4 shows a log-normal plot of density vs. heat pro-
duction for those samples where density has been deter-
mined (i.e., samples with assumed densities have been
omitted). Figure 4a shows an overall decrease in heat
production with increasing density for magmatic rocks,
but that the scatter in heat production for a given density
is large. Rocks with densities lower than ca. 2800 kg m™
vary by about an order of magnitude, whereas rocks with
higher densities vary by about two orders of magnitude.
The heat production in metasedimentary rocks (Fig. 4b)
increases slightly from low to intermediate densities,
before decreasing at higher densities. Metasedimen-
tary rocks display somewhat less scatter in heat produc-
tion than magmatic rocks (around one order of magni-
tude). However, this is at least in part a result of a more
restricted range in density. A similarly scattered relation-
ship was observed from rocks from Finland (Kukkonen
& Peltoniemi 1998; Kukkonen & Lahtinen 2001).

Fountain (1986) argued, based on observations from the
Superior Province, Canada, that although a relationship
exists between heat production and other petrophysical
parameters, the scatter is too great for this relationship to
be of any use in constraining thermal models of the crust.
The same is true for the data presented here—a thermal
model that employed such a relationship would only be
accurate to within one to two orders of magnitude. The
reason that the heat production-density relationship
is so poorly defined is that density is controlled by the
major phases in a rock, whereas the heat-producing ele-
ments tend to reside within accessory phases that do not
influence density significantly (cf., Fountain 1986). This
explanation fits the observed relationship between heat
production and chemical composition discussed above.

Insight from the Sognefjorden transect?

The above discussion shows that considerations of the
impact of metamorphic grade/crustal depth on heat pro-
duction are hampered by the strong effect of lithologi-
cal variation. This means that comparing lithologically
different high- and low-grade rocks is useless, and even
comparing lithologically similar high- and low-grade
rocks may be meaningless due to the large variation
observed among similar rock types. These complexi-
ties imply that meaningful investigations into the distri-
bution of heat-producing elements and the controlling
processes can only be undertaken in areas where the
geological setting is particularly favourable. One such
area is the Sognefjorden transect in southwest Norway,
where Caledonian folding and thrusting has resulted in
the exposure of a ca. 30 km vertical cross section through
Sveconorwegian crust (Milnes et al. 1997). The cross
section includes Sveconorwegian granulites (source?),
migmatites (melt transfer zone?) and granites (shal-
low crustal sinks of heat-producing elements?) (Skar &
Pedersen 2003), that may preserve evidence of processes
related to crustal differentiation. Syn-orogenic granites
are also found elsewhere in southwest Norway (Slags-
tad and Marker, unpub. data, 2006), suggesting that the
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middle to lower crust underwent relatively widespread
melting during Sveconorwegian orogenesis. This evolu-
tion would have had a major impact on the distribution
of heat-producing elements and thus the thermal struc-
ture of the Sveconorwegian crust, which in turn may
have affected its behaviour during subsequent Caledo-
nian orogenesis. The Sognefjorden transect is therefore
an obvious candidate for further investigation into the
‘hows, ‘whys’ and ‘whens’ regarding distribution of heat-
producing elements in the crust, and would provide sig-
nificant new knowledge on the thermal structure of the
continental crust in southwest Norway in particular.

Crustal differentiation in Norway

The distribution and redistribution of heat-producing
elements may be strongly coupled to tectonic processes
such as magmatism, metamorphism and deformation.
This ordering of heat-producing elements may take
place in close relation to crustal formation, for example
in evolving magmatic arcs (e.g., Lee et al. 2007), or sig-
nificantly later, for example in zones of intraplate defor-
mation (e.g., Sandiford et al. 2001; Sandiford & McLaren
2002), magmatism (e.g., Sandiford et al. 2002; Bea et al.
2003), and fluid flux (e.g., Andreoli et al. 2006). Regard-
less of timing, processes related to crustal differentiation
and redistribution of heat-producing elements may be
fundamental to cratonisation by producing an overall
cooling of the crust.

Although a discussion regarding a coupling between heat
production and tectonic processes in Norway is con-
sidered outside the scope of this paper, one particular
region in Norway may retain evidence of relatively large-
scale redistribution of heat-producing elements. The
Sveconorwegian Province in south Norway is riddled
with post-tectonic granites dated at 960-920 Ma (e.g.,
Pasteels et al. 1979; Eliasson & Schoberg 1991), many
of which contain anomalously high concentrations of
heat-producing elements (Killeen & Heier 1975; Slagstad
2006). Although the petrogenesis and sources of these
granites is uncertain, isotopic studies have shown that
they contain a significant crustal component (Andersen
et al. 2001). The large volumes of granite involved and
their geographical spreading imply that the lower/middle
crust in south Norway was significantly depleted in heat-
producing elements as a result of this magmatic event.
This implication also leads to another, namely that the
crust was significantly warmer during and just after the
Sveconorwegian orogeny, which in turn would have
affected the crust’s strength and thus style of deforma-
tion/metamorphism.

This situation may have a direct analogue in Central
Iberia, where Bea et al. (2003) found that post-Variscan
granites, post-dating orogenesis by ca. 50 million years,
formed at mid-crustal depths by partial melting of cer-
tain high heat-producing and fertile metasedimentary
rocks. In their view, the mid-crustal partial melting
was responsible for the observed post-tectonic orogenic
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extension (collapse) of the Central Iberian Zone of the
Variscides.

The timing of granitic magmatism (and implied lower-
/mid-crustal partial melting) coincides with proposed
post-tectonic orogenic extension of the Sveconorwegian
orogeny (Bingen et al. 2006). However, the style of oro-
genesis both during and after the peak-Sveconorwegian
event is rather poorly known, and evidence for post-oro-
genic extension has not yet been substantiated by field
observations. Thus, although post-Sveconorwegian mag-
matism was probably significant in redistributing heat-
producing elements in the crust, the tectonic significance
of this redistribution as well as the significance of the
prior distribution remainspeculative.
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