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Source of heat in the Earth 

• Two sources
o Earth‘s interior
o Sun

• Most of the heat fom the Sun is radiated back into space
o surface water cycle
o rainfall 
o erosion

• Heat from the Earth‘s interior governed its geological and geodynamical evolution
o Plate tectonic
o Igneous activity
o Core evolution
o Magnetic field of the Earth



• Knowledge of the present thermal state of the Earth is crucial for models of crustal and mantle evolution, mantle
dynamics, and processes of deep interior.

Thermal state of the lithosphere
(why do we want to know it?)

• Physical properties of crustal and mantle rocks are temperature dependant (density, seismic velocity, seismic attenuation, 
electrical conductivity, viscosity).

Temperature of the Earth is controlled by internal heat:

80% from the radiogenic heat production and 20 % comes from secular cooling of the Earth.  

Heat is transferred to the surface of the Earth through three mechanisms: conduction (in the lithosphere), convection
(below the lithosphere), and advection (hydrothermal circluation in sediments).

Knowledge of the thermal state of the lithosphere from more than 20000 heat flux measurements at the Earth’s surface



Heat flow and tectonic setting

Turcotte and Schubert (2001)



Heat flow density (HFD) determines the amount of heat per unit of area and per unit of time which is transmitted by heat
conduction from the Earth’s interior.

Fourier Law states that the rate of flow of heat is proportional to the temperature gradient:

Heat Flow

http://www.heatflow.und.edu

• minus sign shows that heat flows from points with high T to points with lower T
• l or K= thermal conductivity (rocks dependent), for an isotropic and homogeneous layer has only one value

For 1D:

Jaupart et al., 2016, Lithos 262

http://www.heatflow.und.edu/


Heat Flow data

Artemieva and Mooney, 2001, JGR, 106



Heat Flow data



Thermal Boundary layer at the top of the Earth’s convective mantle

h1= lower boundary of the conductive part (bottom of the thermal
lithosphere).
h2= intersection between the downward extrapolation of the conductive
geotherm and the temperature profile for the convective mantle.
h3= lower limit of the thermal boundary layer (transition between
lithospheric regime and fully convective mantle regime).
T0=temperature at the surface
Tb=temperature at the base of the lithosphere
TW=temperature of well-mixed convective interior

Qcrust = heat flux due to the contribution of heat sources in the crust
Qlith = heat flux due to contribution of heat sources in the lithosphere
Qb = heat flux at the base of the lithosphere

In the absence of heat sources: 

Similarly, across the convective boundary layer: B=heat transfer coefficient

For perfectly efficient heat transfer B        ∞ then TB TW

If convective mantle can mantain a fixed heat flux, QB is set to a constant



Geothermal gradient (𝛻𝑇)

o Change of temperature with depth

o 𝛻𝑇 ∝ [25 – 45] °C/km 

(continental average)

o Varies with tectonic setting



Measuring Temperature

thermometers

o Measure bottom hole T during each
logging run

o Drilling mud is pumped down the 
well to control pressure

o Drilling fluid cools the welbore



Measuring q

𝜕𝑇

𝜕𝑧

𝑧

𝑞

o Temperature readings are on the lithological
boundaries

o Geothermal gradient and heat flow calculation
values are placed at center-thickness of each unit

Measuring heat flow (q) is simply a matter of dropping a thermometer down a drill hole and logging the change in temperature with
depth



Thermal Gradient

Thermal gradient is a vector quantity dependent on the distribution of temperature in 3D, magnitude and
orientation of the max thermal gradient are given by:

T=temperature distribution function in 3D and I, j, and k are the unit vectors along the x, y, and z axes.



Thermal Gradient

If lateral temperature variation at depth are negligible in comparison with the vertical ones, all thermal
gradient problems reduce to 1D and magnitude of the temperature gradient is the derivative of T with
respect to depth:

which can be written as:

Since it is impossible to obtain two accurate measurements of T at zero distance (Dh 0), we can use finite difference methods:

We must find the value of the function in two different points:

Forward difference

Backward difference

Central difference

Using the central difference form, the value of the vertical and horizontal geothermal gradient at an arbitrary depth hi in a
borehole is: Vertical direction Horizontal direction



Vertical Thermal Gradient

The value of the geothermal gradient declines with depth with the sharpest drop usually at depths less than 2 km, possibly
because of water content and its circulation in the sedimentary cover.



• Horizontal geothermal gradients are generally low (<10% of the vertical geothermal gradient) their values do
not usually exceed 1 K/km.

• Horizontal geothermal gradients of one order less than vertical geothermal gradient are related to the
presence of fractures and hydrothermal water activity.

Horizontal and Vertical Thermal Gradient



heat flux [𝑊 ∙ 𝑚−2 ]

heat conductivity [𝑊 ∙ 𝑚−1∙ 𝐾−1]

Thermal gradient [𝐾 ∙ 𝑚−1]

Conductive Heat Flow

Transfer of heat by microscopic (molecular and/or atomic) diffusion and
collisions of particles within a body due to an existing temperature gradient

J. B. Fourier 1822 „Theorie analytique de la chaleur“

𝑞 = −𝜆 𝛻𝑇

𝛻𝑇 =

𝜆 =

𝑞 =



o Rate of heat conduction through a solid ∝ temperature gradient (𝛻𝑇)

o High heat flow (q) ∝ high temperature gradient (𝛻𝑇)

o Heat flows from a hot body to a cold body

o Conductive heat flow is related to a particular property of the material (𝜆)

q = −λ 𝛻T

Heat flow and thermal conductivities



o High λ ՜ Rapid Heat Transfer՜ Low thermal Gradient

Heat flow and thermal conductivities

o Low λ ՜ Slow Heat Transfer ՜ High thermal Gradient



Thermal conductivity or the thermal conductivity coefficient (l) of a material defines its ability to transfer heat

Thermal Conductivity

There are three mechanisms which contribute to thermal conductivity: (i) the diffusion of heat by phonon propagation
(lattice conductivity kl), (ii) the transfer of heat through emission and absorption of photons (radiative conductivity kr) and
(iii) the transport of energy by quasiparticles composed of electrons and positive holes (negligible in the lithosphere).

l (m-1 s-1 K-1 or W m-1 K-1) of rocks is dependent on T, P, porosity (f), composition, and properties of pore-filling fluids and gases.



Thermal Conductivity of Rocks
(sedimentary rocks)

The mean thermal conductivity (k) ranges from 1.5 to 4.6 W m-1 K-1 (gypsum and dolostone)
High conductivity: anhydrites, low conductivity: calcareous marls.
Porosity varies from about 3 % (radiolarite, gypsum, mudstone and anhydrite) to 30 % (calcarenite and calcareous marl)
and influences k.



Thermal Conductivity of Rocks
(Igneous and Metamorphic rocks)

K of homogeneous and macroscopically isotropic rocks ranges between 1.8 to 4.1 W m-1 K-1.



Rocks’ thermal conductivities

Thermal conductivity λ [W(m ∙ K)−1]
heat W transported over a distance [m] with a drop in Temperature [°C or K]

Bulk thermal conductivity

o Porosity and fluid content (commonly water)

o Function of Temperature

o Function of depth (porosity loss with burial - compaction)

o Mineralogy of the framework grains

o Type and amount of material in the matrix (clay minerals)



Thermal Conductivity
(Lattice Conductivity)

ai is the interatomic distance, K is the bulk modulus, T is the absolute temperature, r is the
density and g is the Grüneisen parameter (dimensionless)

Phonon or lattice conduction is visualized as vibrations propagating along interatomic bonds

lph= (v c l)/3 v is the mean phonon velocity, c is the specific heat, and l is the mean free path in the lattice

From elementary kinematic theory:

(Abeles, 1963)

Lawson, 1957

For an isotropic crystal and at temperatures above the Debye temperature (for silicates > 600 K):



cp and cV are the specific heat at constant pressure P and volume V, KS and KT are bulk moduli at constant entropy S and temperature T, and a

is the thermal expansion coefficient.

h = Planck constant (6.626 x 10-34 J s) and kB = Boltzmann constant (1.381 x 10-23 J K-1)

Debye temperature is directly related to the maximum frequency of vibration of the solid vm:

For silicate minerals (Horai and Simmons, 1970)

Debye Temperature and Grüneisen parameter

Grüneisen parameter g describes the effect that changing the volume of a crystal lattice has on its vibrational properties,
and, as a consequence, the effect that changing temperature has on the size or dynamics of the lattice.



Thermal Conductivity
(Radiative Conductivity)

At the depth of the lower crust and upper mantle the contribution of radiative conductivity (kr) must be considered. 

kr depends on the mineral opacity e: 

where Io is the intensity of the incident radiation and I the intensity of the radiation transmitted by a medium of thickness x. 
If opacity is independent from wavelength, the radiative conductivity kr is:

n = refractive index 

with n = 1.74 (a typical value of ferromagnesian silicates): 

(Grey body law)

The governing function of the radiative conductivity derives from Stefan’s law: in a black body the total energy radiated per
unit time, ER, is expressed as: ER =ST4 S=sA A=surface

• Since e is not negligeble, kl remains dominant to at least 800 K

In the lithospheric mantle:
At temperature 1600 K, kr is 1.1 W m-1 K-1

s = Stefan constant (5.6705 x 10-8 W m-2 K-4)

Hasterock, 2010



Thermal Conductivity
(Lattice+Radiative Conductivity)

Hasterock and Chapman, 2011, EPSL, 307

λ0 = conductivity at 0 GPa and 298 K
KT and K′T = isothermal bulk modulus and its first pressure derivative
n = an empirically derived fitting constant.

λRmax = maximum radiative conductivity, 
ω = scaling factor 
TR = temperature at 0.5λRmax



Mean thermal conductivity of rocks
(mixing models)

Arithmetic Mean: Beds are parallel to the direction of heat flow

It is applicable in presence of faults,
igneous intrusions, and salt domes.

li= thermal conductivity of ith bed 
zi=thickness of the ith bed



Mean thermal conductivity of rocks
(mixing models)

Harmonic Mean: Beds are perpendicular to the direction of heat flow

li= thermal conductivity of ith bed 
fi=fractional proportion
zi=thickness of the ith bed
Z=total thickness of sequence

or



Mean thermal conductivity of rocks
(mixing models)

Geometric or Square-Root Mean: several components of known conductivity are randomly oriented and
distributed within a mixture

It is applicable to a rock composed of a mixture of minerals

li= thermal conductivity of ith bed 
fi=fractional proportion

Geometric Mean

Square-Root Mean

Difference between computed and estimated value of l is ± 5-10%



Thermal Conductivity and Porosity

where lm and lw are the matrix and water thermal conductivity, f is the porosity, b is the compaction factor and f0 is the
surface porosity.
For z in km, b is 0.180 and 0.396 km-1 in carbonate rocks, 0.298 and 0.461 km-1 in marls and silty marls, 0.284 and 0.216 km-1

in sandstones and calcarenites, and 0.293 and 0.379 km-1 in shales and siltstones.

ln(f)=ln(f0)-bz

Geometric Mean Square-Root Mean

f=f0e-bz

ss=sandstone

(Poelchau et al., 1997)



Thermal Conductivity and Porosity
(Compaction Model)

Water filled
Air filled

Zmax = depth at which all fluid is expelled 
C = compaction constant

ln(f)=ln(f0)-bz

For shale and limestone

For sandstone

(Sclater and Christie, 1980)

B = compaction constant

b = compaction constant and f0= porosity at the surface

(Falvey and Middleton, 1981)

(Baldwin and Butler, 1985)



Different lithologies compact at different rates, then the graph producing the most linear plot is the most realistic

Thermal Conductivity and Porosity
(Compaction Model)

(Sclater and Christie, 1980) (Falvey and Middleton, 1981) (Baldwin and Butler, 1985)

Linear decrease of porosity with depth
Compaction Model II Compaction Model III Compaction Model IV



Estimates of Thermal Conductivity
(Hashin and Shtrikman)

kmo = Thermal conductivity matrix
kU = Thermal conductivity upper bound
kL= Thermal conductivity Lower bound

kmax = maximum k of the mineral phases
amax = (3kmax)

-1

KHZ = computed thermal conductivity
r = ratio of thermal conductivity of the pore-filling water (kw) and the matrix thermal conductivity (km)
a = aspect ratio (the ratio of the length of the unequal axis to the length of one of the equal axes): pores have spherical, oblate, and prolate
shape for a = 1, a > 1 and a<1.

nj = volume fraction

Bulk thermal conductivity
(considering porosity)

Matrix thermal conductivity



k0=km at 20°C

Bulk Thermal Conductivity

km and kw are the matrix and water thermal conductivity, f is the porosity, b is the compaction factor and f0 is the surface
porosity.

for T≤ 137°C

for T> 137°C
(Deming and Chapman, 1988)

(Sekiguchi, 1984)



a = 0.33 m K W-1 and b = 0.33 x 10-3m W-1 for the upper crust
a = 0.42 m K W-1 and b = 0.29 x 10-3 m W-1 for the lower crustUp to T<=700 °C

Kl is between 1 and 7 W m-1 K-1 (in most of rocks). It decreases from 3.0 W m-1 K-1 at the surface to about 2.0 W m-1 K-1 at 400 °C,
and then decreases only very slightly at higher temperatures. In the lithospheric mantle, kl is 2.0–2.5 W m-1K-1.

Thermal Conductivity and Temperature



Thermal Conductivity and Temperature

Empirical constants A and B are determined from a least-squares
plot of measured data for different rock types.

where l0 is the thermal conductivity at 0°C and near-surface pressure
conditions, and c is a material constant (in the range of 0–0.003°C-1).

After Vosteen & Schellschmidt (2003)

a = 0.0030 ± 0.0015, b = 0.0042 ± 0.0006 for crystalline rocks, and
a = 0.0034 ± 0.0006, b = 0.0039 ± 0.0014 for sedimentary rocks.

k(0) = thermal conductivity at 0°C

(Cermak and Rybach, 1982) (Zoth and Hanel, 1988)

°C°C

• For sedimentary rocks at T of up to 573 K, there is a reduction of l of a factor of 2
• For vulcanic rocks l decreases to ~1173 K, at which point is ~50% of its value at ambient T (above this T the radiative component of l

starts to rise)



Thermal Conductivity and Temperature

For T<= 300 °C

where l20 is l at 20 °C in 10-3 cal s-1 cm-1 °C

Salt
Temperature effect on thermal conductivity in 10-3 cal s-1 cm-1 °C

Blesh et al., 1983

The reciprocal of thermal conductivity is a linear function of T:



Thermal Conductivity and Temperature

Correction applicable for a T range 0-300°C, independent on mineralogy, porosity and pore fluid

lm=1.05Wm-1K-1 (calibration coefficient)
lm=thermal conductivity at T0

T0=lab temperature (K)
Tm= 1473 K (calibration coefficient)

For individual lithology a different correction can be applied: with M=constant(lithology)

(Sekiguchi et al., 1984)

Correction applicable for a T range 300-500 K (depths 6-8 km)

For some lithologies (basalts, coal, and tuff) l increases



Thermal Conductivity of Rocks

(9) eclogite (10) dolerite (11)
pyroxene gabbro (12) hornblende
augite porphyrite (13) hornblende
pyroxene porphyrite (14) diabase
porphyrite (15) lherzolite.

There is not always a clear correlation between thermal conductivity and temperature

a and h granites; b dunite; c
limestone; d and g diabase; e and
f gabbro.

(1) leucocratic granite (2) diorite
(3) limestone (organogenic) (4)
harburgite (5) olivine (6) porhyrite
(7) pumice tuff (8) obsidian.

(after Dortman, 1976 and Yerofeyev et al., 2009).



Thermal Conductivity and Pressure

l0 = thermal conductivity coefficient at normal pressure and d = pressure coefficient of the thermal conductivity
• From experiments at pressures up to 10,000–12,000 kg cm-2 the calculated values of d are small: for rocksalt 3.6 x 10-5 kg-1 cm2; for dry

and wet limestone with a density of 2.31 g/cm3, 9.5x9 10-5 and 1.35 x 10-5 kg-1 cm2, and for dry and wet sandstone with a density of
2.64 g/cm3, 2.5 x 10-4 and 5.7 x 10-5 kg-1 cm2.

• The correction on l for igneous and metamorphic rocks at a pressure up to 100 MPa is positive (on average about 10 %). Under a higher
pressure, there is a slight increase of l, on average by 0.002 W m-1K-1per 100 MPa, due to the crystal lattice deformation up to the elastic
limit.

• For granite and metamorphic rocks, there is about a 10 % increase in l over the entire range of P from 0 to 500 MPa, but the increase is
the greatest over the first 50 MPa.



Dependence of Thermal Conductivity on Temperature, Pressure, and Density

(1) dry siltstone (2) dry argillite (3) dry sandstone (4) water-
saturated siltstone (5) water-saturated argillite (6) water-
saturated sandstone.

s=density with a correlation coefficient of 0.74

• Thermal conductivity of most rocks at crustal conditions varies
inversely with temperature and directly with pressure (or depth)
according to the relation.

b =1.5 x 10 -3 K –1 for the upper crust and b = 1.0 x 10 -4 for the lower crust.
c (pressure coefficient) = 1.5 x 10 -3 km-1 for the entire crust
k0 = 3.0 and 2.6 W m -1 K -1 for the upper and lower crust, respectively.



Thermal Conductivity of Rocks
(empirical relationships)

Thermal conductivity can be derived for crystalline rocks from other well-log parameters:
Density(RHOB, g/cm3), photoelectric capture cross section (PEF, barns/electron, b/e), 
full-waveform sonic (vp and vs, m/s) and temperature (T,K).

V=acustic velocity (km/s)     T=temperature (°C)

Williams and Anderson, 1990

For siliciclastic rocks with water-filles pores

Houbolt and Wells, 1980



Thermal conductivity remains constant or decreases with depth in anisotropic rocks, since during compaction there is:
• Water expulsion (e.g., porosity decreases from 75% to 60%  in 50 m), then l>>
• Progressive rotation of clay sheets to a preferred horizontal orientation, then matrix thermal conductivity, lm <<

Thermal Conductivity of Anisotropic Rocks
Thermal conductivity parallel to the mineral sheets >> Thermal conductivity perpendicular to the sheets 

For a shale (anisotropic rock): Since anisotropy decreases with increasing conductivity: 
lz=exp[(ln(lag)-0.6267/0.5480]

lz= Thermal conductivity perpendicular  to the sheet lag= Thermal conductivity of the aggregate

Verical matrix thermal conductivity of the clay and mica during burial is: lm=2.899-0.251z



Effect of thermal anisotropy

In case of two-component medium consisting of interbedding of alternation with a thickness h1 and h2 and thermal
conductivity l1 and l2.

lT=longitudinal thermal conductivity
ln=trasversal thermal conductivity k (coefficient of thermal anisotropy)= kmax when m=0.5



• The specific heat defines the amount of energy required to raise the temperature of a unit of the mass of a substance by
1°C.

• The thermal (heat) capacity (c) indicates the capability of the formations to store heat (J/K).
• For a reversible transformation the change in internal energy U is the sum of the heat stored in the system Q and of the

work done by the system:

Specific Heat Capacity

• The specific heat at constant volume Cv relates the internal energy
U to changes in T and is:

S=entropy

• The specific heat at constant pressure CP relates the enthalpy (H=U+PV) to 
changes in T and is :

In an object with a large 𝑐𝑝, the temperature rise is smaller than in one with a smaller 𝑐𝑝

SPECIFIC HEAT CAPACITY 𝑐𝑝 SI [
𝐽

𝑘𝑔∙𝐾
]

Under high P and T:  CP/CV=1+agT



For Fosterite

For Fayalite

The average specific heat capacity at constant pressure (Cp) for magmatic, metamorphic, and sedimentary rocks depends on T
and increases from ~760, 770, and 810 J kg-1 K-1 at 273 K, to ~970, 970, and 1,010 J kg-1 K-1 at 573 K

Cp is in KJmol-1 and T in Kelvin

Specific Heat Capacity



Volumetric heat capacity

Volumetric heat capacity (rc)= product between density and specific heat

Volumetric heat capacity of a dry rock (rc)r can be computed as the weighted average of the volumetric heat capacity of the 
matrix (rc)m and of the air (rc)a in the voids.

Where f is porosity, vj, rj and cj are the volume fraction, density and specific heat of the jth mineral and n is the number of mineral
components.

Specific Heat of matrix and water depends on temperature:

where (rc)m20 is the volumetric heat capacity of the rock matrix at 20 °C

where (rw)20 the water density at 20 ° C, and
aw thermal expansion coefficient of water.



Thermal Diffusivity (a or k): how fast the temperature field of a solid changes with time

Thermal Diffusivity

For many rocks a ranges between 0.8 and 2.5 ~10-6 m2/s

cm2/s

Thermal diffusivity (a or k) is a physical property that controls the rate at which heat dissipates through a material

or



Thermal Diffusivity

a gabbro; b diabase; c granite; d granite-gneiss
(1) (3) and (4) sandstone (2) water-
saturated sandstone (5) and (8)
limestone (6) siltstone (7) dolomite.

• For magmatic, metamorphic, and sedimentary rocks within a T interval of 273–573 K, the thermal conductivity, l, decreases by 25–44 %
and thermal diffusivity, a, decreases by 42–54 %.

• Thermal diffusivity for all the rocks drops from 1.8–2.2 mm2/s at 298 K to 0.3–0.5 mm2/s at 1,200–1,250 K and from 1.5–2.5 mm2/s at
ambient conditions to about 0.5 mm2/s at mid-crustal temperatures (middle-lower crust is a very effective thermal insulator).

• Results showing that the substitution of ~10 % Fe for Mg in forsterite lowers the thermal diffusivity by ~ 50 %.
• At ambient temperature rocks saturated with water have their thermal diffusivity increased by as much as 24 %.

10-7m2 s-1



Melting Point

• The melting point of a substance is the T at which the solid and liquid phases exist in equilibrium and the substance can be
transformed from solidus to liquidus and viceversa.

• The amount of energy absorbed (released) by a substance during a change of state from a solid (liquid) to a liquid (solid) is
named latent heat of fusion (crystallization).

• The melting point of rocks and minerals drops significantly with increases in H2O, CO2, and Fe content.



• At a standard pressure, peridotites melt at temperatures of ~1,400 K in the absence of water and other volatiles, and their

solidus increases with pressure to around 1,700 K at ~ 3 GPa.

• Concentrations of H2O of only 0.1 % reduce the standard pressure melting point to ~ 1,340 K and decreases with pressure,
reaching a minimum near 1,270 K at ~ 3 GPa.

• At higher pressures and greater water content, the melting point of peridotite can drop by about 300–400 K.
• In the presence of CO2, the peridotite solidus T decreases by ~ 200 K at a depth of about 70 km, while at larger depths the 

CO2 can reduce the initial melting temperatures of a carbonated peridotite ~ 450–600 K.

Melting Point and Pressure



Radioactive Decay
• Radioactive decay generally results in releasing of energy through the emission of alpha (a), beta (b) particles from the nucleus, and by the

emission of gamma (g) rays.

235U         207Pb+7a+4b-+4n-+g

• On a geological time scale, more than 98 % of the heat now being produced in rocks is yielded by the radioactive decay of unstable
isotopes 238U, 235U, 232Th, and 40K

40K          40Ar+v +g

40K          40Ca + b-+v-+g

232Th          208Pb+6a +4b-+4n-+g

(11 steps)

(14 steps)

(7 steps)

(electron capture)
(one step)

(one step)

238U 206Pb+8a+6b- +6n-+g



Radiogenic Heat Generation
(Heat Producing Elements)

• Heat generation by radioactive decay may significantly affect the heat flow in sedimentary basins (up to 60% of surface
heat flow).

• The energy radiated during the decay process is converted into heat by absorption. The radiogenic heat, A, can be
calculated from the concentration of uranium, thorium and potassium.



r is the rock density, P the abundance and As the rate of heat generation per kg of isotope and c the concentration.

A is in mW m-3, r in kg m-3, the U and Th concentrations (cU and cTh) in ppm (or mg kg-1) and K (cK) in %

Radiogenic Heat Generation

Originally, A was measured in HGU: 1HGU = 10-13cal/cm3s = 0.4184 mWm-3

Radiogenic heat production A [mW𝐦−𝟑] is the product of:

o Isotopic abundance in a rock of HPEs [ppm or %]

o Energy release per unit mass of HPEs [mW/𝐤𝐠 ]

o Density of the rock [kg/𝐦𝟑]



Radiogenic Heat Generation

ct = concentration of an isotope at time t
t=ln2/l = half life with l decay costant

t is in 109 years



Radiogenic Heat Generation of rocks

Basalts and andesites have typically low radiogenic heat values (0.6–1.3 mW m-3)
Trachytic and Rhyolitic rocks have larger values (6.6–7.1 mW m-3)
Basaltic trachyandesites are characterized by an intermediate value (4.2 mW m-3)

Rock type U [ppm] Th [ppm] K [%]

Granite 4.7 20 4.2

Shale 3.7 12 2.7

Average
continental

crust

1.42 3.6 1.43

Reference 
mantle

0.031 0.124 0.031



Radiogenic Heat Generation of rocks



Radiogenic Heat Generation
(correlation with age)

• Relative content of long-lived
radioactive isotopes was ~4 times >
at the time of accretion than it is
currently and the energy released by
them was ~5 times > than it is now.

Values of the relative concentration of the radioisotopes are normalized to the abundance of total U: U:Th:K = 1:4:(1.27 x 104),
where 238U/U = 0.9927, 235U/U = 0.0072, and 40K/K = 1.28 x 10-4, and 232Th/Th=1.



Why do the Archean rocks have a lower heat generation than Proterozoic and Paleozoic rocks?
(1) The depth of the magma is increased with time and the magma passing through several lithospheric layers would be more
highly enriched in radioactive elements, and could deliver them to the surface.
(2) The heat generation age-trend is related to differences not in the heat generation within the crust of these areas, but to
mantle heat flow which is greater in younger regions.
(3) An unusual heat generation age-trend may be related to the formation of sediments (the second highest source of heat
generation after granitic rocks).

Radiogenic Heat Generation
(correlation with age)



Radiogenic Heat Generation in Depth

A0 (in mW m-3) = radiogenic heat at the surface and D (km) = rate of heat decrease (5-15 km), q0 = heat flowing out from the Earth’ surface,
and qa is a constant component of heat flow from the mantle (the HF if there are no radiogenic heat sources)

For magmatic and metamorphic rocks A=2.5–3.5 mW m-3

A = 2.5 mW/m3 through a depth of 10 km produce a surface heat flux of 25 mWm-2 (about half of typical continetnal heat fluxes)

For the lower crust, xenolith lead to a global average of 0.28 mWm-3

Measurements in boreholes have shown that A does not systematically decrease with depth, since tectonics can modify the distribution

If the thickness of D-layer is much smaller than the scale of horizontal fluctuation in radioactivity, the effect of lateral heat production
variation on Q is negligible.

The linear relationship supposes an exponential variation of A



Radiogenic Heat Generation of igneous rocks

Hasterok and Webb, 2017, Geoscience Frontiers, 8

Heat production estimates range from a maximum of 14,000 mWm3

to a minimum of 0.001 mWm3, but the vast majority of the data fall
between 0.01 and 30 mWm3.



Radiogenic Heat Generation, density, and P-wave velocity: dependency on SIO2

(first order compositional variations)

• Density and seismic velocity generally increase as composition
ranges from felsic to mafic, while heat production decreases from
felsic to mafic compositions.

• Density and seismic velocity distributions show a more complex
behaviour for SIO2 <65 wt.%, while heat production distribution for
SiO2 <55 wt.%, due to the presence of other oxides in the rocks.

Hasterok and Webb, 2017, Geoscience Frontiers, 8



R= it measures how effectively it retards the flow of heat (m2KW-1)

At any depth d heat flow is equal to the gradient of temperature with respect to the thermal resistance

Thermal Inertia and Thermal Resistance

For individual formation of layers:

If thermal conductivity is derived from well logs Dz is constant

It is a measure of the rock responsiveness to temperature variations:

If k = 2.3 W m-1 K-1 and k= 0.8 x 10-6 m2 s-1, the thermal inertia is: ~2.6 kJ m-2 K-1 s-1/2

Thermal Inertia

Thermal Resistance (R)



Bullard Plot

• Points on a Bullard plot should lie on a straight line for a section supporting a constant heat flow.
• Errors in thermal conductivity and temperature data cause points on a Bullard plot to be scattered (linear

regression required).

: linear relationship between temperature and thermal resistance with depth

Non-linear Bullard plots are related to:
• Systematic errors in estimating thermal conductivity (e.g.,

sediment compaction is under/overestimated) produce convex-up
or converse shape of the curve.

• High heat generation results in a decrease in heat flow with
depth.

• Introduction/removal of heat from the system cause variation of
heat flow from the depth (e.g., fluid migration,
diagenetic/metamorphic processes).
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