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Temperature Scales

Degrees Fahrenheit, (developed in 1714

by G. Daniel Fahrenheit) are mainly used

by North American meteorologists. For

meteorological records the rest of the

world applies degrees Celsius (introduced

by him in 1742). The conversion from units

of degrees Fahrenheit (0F) to degrees

Celsius (0C): 0C= (0F – 32)/1.8
The third  temperature scale is by 

scientists, it is the Kelvin scale (1815), 

which begins at absolute zero (resulting 

in no negative temperature values). Its 

divisions  are the same as the Celsius 

scale. The equation to convert  degrees 

Celsius (0C) into Kelvin (K) is : 

K= 0C+ 273.16

These scales were developed by Fahrenheit(1714), Celsius (1742),

Kelvin(1815), respectively.

adapted from: Ahrens

http://ww2010.atmos.uiuc.edu/(Gh)/wwhlpr/ahrens.rxml?hret=/guides/maps/ctof.rxml
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Fourier equations (1822) can be applied for heat conduction
(there are three types of heat transport: conduction, convection,

radiation)

Kelvin (1863) observed that there was an increasing temperature

variation with depth in borehole and due to this temperature-depth

relationship he thought that heat was transported from greater

depth upward, to the surface.

Mussett&Khan, 2000

Radiation cannot be 

observed in geological 

situation.



4

Heat conduction- Fourier’ 1st law
In the crust it is the most common form of heat propagation. In this

case the transfer of heat can be observed due purely to a temperature

difference. It is a diffusive process, in which molecules and atoms

transmit kinetic energy to their neighbouring particles. The Fourier’s law of

heat conduction states:

where q is the heat flux vector, λ is the thermal conductivity (scalar or

tensor), and gradT is the temperature gradient. The minus sign indicates

that heat is transferred from higher temperature to lower temperature

regions.

If we assume a heat conduction only in vertical direction, then
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The unit of heat flux is W/m2 (the flow of heat energy 

per unit area and per unit time). It is often called heat

flow density or heat flow in geophysics. The unit of

temperature gradient is 0C/m or K/m. The unit of

thermal conductivity is W/m0C.
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We can present the heat transfer visually by 

heat flow and isothermal lines. 

The heat flow lines show the direction of heat flow and they

are perpendicular to the isothermal lines (lines with

constant temperature). The heat flux vector at an arbitrary

point also orthogonal to the isotherm at that point.

isotherm

heat flow line

isotherm

heat flow line
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Fourier’ 2nd law defines the temperature distribution in the function of time     

and space:

If 1D  heat transfer

is assumed

The  partial derivative of temperature with respect time is proportional to the    

second partial derivative of temperature with respect space co-ordinates. 
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Heat conduction- Fourier’ 2nd law

Here ρ denotes density,  c  stands for        

specific heat capacity, its unit is  J/kg 0C. 

In this diffusion equation                  

denotes thermal diffusivity  with 

dimensions  m2s-1 .

This equation can be applied to 

investigation on the penetration  of 

external heat into the ground etc. 
Mussett&Khan, 2000
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Heat convection

Transfer of heat by mass movement, by motion of the medium. 
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Fourier-Kirchhoff equation, all parameters refer to 

the

fluid transporting heat.

In porous, isotropic formation where 

the physical parameters without 

indices refer to the homogeneous rock, 

while f index refers to the fluid, D 

denotes Darcy seepage velocity and S 

stands for source term (more details 

Bobok, 1995)
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Global heatflow map  ( in dimensions of mW/m2 )

It is based upon 24774 data gained at 20201 observation points. The contours

show a degree and order 12 spherical harmonic representation. The regions

with higher heat flux coincide with oceanic ridge system, the heat flow over

average value is due to convection. There are low heat flow values over

ancient part of continental plates (Canadian Shield, Scandinavian Shield,

Angara Shield, African Shields, West Australia, etc.)

Pollack et.al. 

1993
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Average heat flux in Baltic Shield and Ukrainian Shield is between 30-50

mW/m2 , and it is greater than 60 mW/m2 in the Alps, Carpathians and

Caucasus. Apart from regions showing thermal changes at present, these

heat flow values have been developed due to the superposition of earlier

processes with thermal effects.
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New heat flow map of Europe is

based on updated

database of uncorrected heat

flow values to which

paleoclimatic correction was

applied for the continent.

Correction is depth dependent .

The most significant factor in

the course of correction the

glacial– interglacial history was

due to its largest impact. It is

obvious that large part of the

uncorrected heat flow values in

the existing heat flow databases

from wells as shallow as few

hundreds of meters was

underestimated. This explains

some very low uncorrected heat

flow values 20–30 mW/m2 in the

shields and shallow basin areas

of the craton.

Ref: Majorowicz, Wybraniec : New

terrestrial heat flow map of Europe

after regional paleoclimatic

correction application , Int. Journal

of Earth Sciences, 2010

http://www.springerlink.com/content/?Author=Jacek+Majorowicz
http://www.springerlink.com/content/?Author=Stanislaw+Wybraniec
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The geothermal gradient in Pannonian Basin is 50-60 0C/km, the continental average  is 

30  0C/km. The heat flow (or heat flux) is 80-100mW/m2, elsewhere 62mW/m2. There are 

(must be) mainly low enthalpy geothermal reservoirs in Hungary.
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This heat flow map was approximated (and constructed)  by  T measurements in 1500 

boreholes.  There is a thinner lithosphere in the Great Plain, for this reason  elevated (80-

100mW/m2) heat flow can be observed. The presence of karst water  results in cooling 

effect.
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Convection is favoured over conduction 

in geothermal pojects (why?)

Make a (theoretical) comparison between the heat gained by conduction
assuming 

a   terrestrial heat flow of 90mW/m2 if the utilized surface  is 9km2 and the heat 

provided by a thermal well with flow rate of 400l/min if the temperature of the 

out  flowing water is 40 0C (average annual temperature is 10 0C, the specific 

heat capacity of the water is 4183J/kg K).

The heat output gained by conduction is

90 mW/m2 * 9km2= 0.81MW,

and the heat output gained by convection is

4183 J/(kg K) * 400kg/60sec * 30K= 0.837MW. 
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In the course of radioactive decays energetic particles and gamma rays are

emitted. The mass is converted to heat. Only abundant isotopes with

significant half-life - comparable to the age of the Earth – can be

considered as almost continuous heat source. The most relevant isotopes

that fulfil these conditions are 238U, 235U, 232Th, 40K. The most important

particles are helium nuclei (positively charged alpha particles) and

electrons (negatively charged beta particles). Negative beta decay can be

experienced most frequently (46%), and the ratio of electron capture is

also relatively high (25%). The occurrence of additional nuclear

disintegrations is relatively low: positive beta decay 11%, alpha decay 10%,

and spontaneous fission of heavy isotopes 8%. Despite the low

occurrence of alpha disintegration, 90 % of the total heat produced by

radioactivity is due to the alpha decays. In the case of same amount from
238U and 235U, the heat produced by the decay chain of 235U is greater than

that of 238U. The heat production of 40K is due to negative beta disintegration

and the gamma radiation of KEC.

For unit mass of these unstable isotopes heat generation rate can be

given. These values are 95.2*10-6 W/kg, 25.6*10-6 W/kg, 0,00348*10-6W/kg

for U, Th, K, respectively. In the knowledge of concentration ( C, in ppm),

the heat Qr produced by radioactivity in a rock can be calculated:

Radioactive heat production

KThUr CCCQ 00348.06.252.95 
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Radioactive heat production
For unit mass of these unstable isotopes heat generation rate can be given.

These values are 95.2*10-6 W/kg, 25.6*10-6 W/kg, 0,00348*10-6W/kg for U, Th,

K, respectively. In the knowledge of concentration ( C, in ppm), the heat Qr

produced by radioactivity in a rock can be calculated (Rybach,1976):

KThUr CCCQ 00348.06.252.95 

For a granite with 4.6ppm U, 18ppm Th, 33000ppm (3.3%) K  the 

heat produced by radioactivity is 1.01 10-9 W/kg
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The depth dependence of heat flow and 

temperature for an oceanic crust
At the bottom of the 

oceanic crust constant 

temperature -1300 0C- can 

be assumed. The 

temperature at the sea-

bottom is  0 0C, and for the 

oceanic crust a constant 

thermal conductivity value 

(λ) is assumed. There is no 

granite in the oceanic crust, 

for this reason there is no 

radioactive heat production. 

The heat flow originates 

from the mantle has to be 

constant in the function of 

depth, however it depends 

on the thickness of the 

oceanic lithosphere.  
The less the thickness of the oceanic lithosphere is, the 

greater the geothermal gradient and the heat flux must be. 

GgradTq


 

Mussett, Khan 2000
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The depth dependence of heat flow and 

temperature for a continental crust

The temperature-depth relationship

if the heat produced by radioactivity

is decreased exponentionally with

depth:

S=S0 exp (-z/zr), where zr denotes 

the depth at which the surface value 

decreased to 1/e.
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At the bottom of the continental

lithoshpere the average heat flux ( qm)

is 28-32 mW/m2. The average

continental heat flux (q0 at the

surface) is 65mW/m2. At the surface

the sum of the heat flow coming from

the mantle (qm) and the heat produced

by radioactive decays in the crust can

be measured:

00 Szqq rm 

Mussett, Khan 2000
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Assumed 

temperature 

distribution in the 

function of depth
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Convection in the mantle

Mantle can be considered to be rigid, because it supports both P and S waves

propagation. It has also high viscosity, however the time scale of geological processes

is so long that long-term flow may occur in it. This flow is a thermally driven

convection. It takes place in it, because the buoyancy force is significantly greater than

the diffusive-viscous force. The ratio of the two forces is expressed by the Rayleigh

number. If it exceeds a critical value, the convection develops. The thermal convection

of the mantle influenced by the position of thermal boundaries. Due to the relatively

small value of Re number there must be a laminar flow.

3D
Tg
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Convection in the mantle

Whole-mantle  and layered convection pattern can be seen above.              Source: Lowrie, 2000.
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Mantle plumes        

Convection is dominant over conduction in the mantle. Mantle plume is an upwelling, 

low viscosity hot magma which  penetrates into the mantle and it frequently reaches the 

surface. The plumes are assumed to have fixed position for a long time. They must have 

important role in plate tectonic motions.
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Mantle plumes

The same mantle plume with fixed position produced significant volcanic activity and 

the  hot spot in Hawaii. Its total energy is  2300GW  (Kis K. 2007), left. Seismic 

tomography proved that the source of the heat in the case of Island can be at the CMB, 

on the right.



24

Thermal conductivity measurement in lab

gradTq 

The core is sandwiched between two metal bars 

with temperature difference. The same amount of 

heat flows through the core as in the bars in 

vertical sense (because the system is insulated). In 

the knowledge of thermal conductivity of the metal 

and the temperature values (at least four values to 

measure the thermal gradient for the metal and the 

rock, respectively) the thermal conductivity of the 

core can be calculated.

Mussett and Khan, 2000
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ANYAG FAJLAGOS  HŐVEZETŐKÉPESSÉG λ    (W/m 0C)

Andezit 1.35-4.86  (2.26)

Bazalt 1.12-2.38 (1.69)

Diabáz 2.1-2.3 (2.2)

Gabbro 1.98-3.58 (2.57)

Diorit 2.02-3.33 (2.50)

Granodiorit 2.0-3.5 (2.63)

Gránit 2.3-3.6 (3.07)

Kősó 5.3-7.2 (5.7)

Száraz homok/agyag 0.2-0.4

Nedves agyag 0.8-1.5

Nedves homok 1.1-2.1

Megművelt talaj 0.2-1.2

Víz 0.6 (25 0C)

GgradTq  
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Geothermal energy provided by nature
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Geothermal energy

Enhanced geothermal system (EGS)

Developed from Deep Heat Mining 

(DHM) and Hot Dry Rock (HDR) 

technologies where hydraulic 

fracturing is applied.

Injection and producing wells.

200 0C

Mussett and Khan, 2000
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Schlumberger
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Temperature distribution in a vertical borehole

depth

temperature

before

during

Cooling 

effect

Heating effect

Neutral depth
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If we measure at least two times the bottomhole temperature after circulation, then we can 

determine the static BHT by extrapolation applied in a semilog  coordinate system. Here t 

denotes the circulation time of drilling mud,       t stands for the elapsed time after circulation, 

and the measured bottomhole temperature is plotted along the vertical axis (Fertl& Wichmann 

,1977).

static BHT
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Detection of cement top
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Questions
• What are the most important ways of heat transfer? 

• What do the heat flow lines and  the isothermal lines present?

• What do the Fourier-equations state? 

• What do you know about the heat convection?

• What is the essence of  radioactive heat production?

• Is there any difference between the depth dependence of heat flow and 

temperature for an oceanic crust and for a continental crust? If there is 

what is the reason of it?

• How can the thermal conductivity be determined in lab for a core sample?

• How can you make difference between gas and fluid entry into a tubing 

/casing if you measure both the flow rate and the temperature in the 

function of depth?

• How can we locate the cement top ( in the annulus) by temperature log?

• How can you determine the static BHT?


