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1. Some facts and data about

the Solar System



The Solar System has a central star (the Sun) and eight planets and a lot of

satellites. Based upon the composition and the geometry of its significant planets

the Solar System can be divided into two main regions. The inner region has four

planets as follows: Mercury, Venus, Earth and Mars. They are called rocky, or

terrestrial planets, because they are composed mainly of silicates and other rock-

forming minerals in their crusts and mantles. Their inner cores have to contain

metals such as iron and nickel. It is the asteroid belt consisting of a lot of small solid

bodies in orbit around the Sun which separates the region of the inner and outer

planets. The outer region consists of four giant planets and they are mainly

composed of gases such as helium and hydrogen. For this reason they are called

gaseous planets. They are as follows: Jupiter, Saturn, Uranus, and Neptune.

Beyond the orbit of Neptune two regions known as the Kuiper belt and the Oort cloud

can be found. The Kuiper belt composed of dwarf planets and very small, planet-like

bodies. The Oort cloud with its icy comets can be observed even farther out.







DATA ABOUT SUN (1)

www.swpc.noaa.gov/sites/default/files/images/u33/Chapter_2_.pdf



DATA ABOUT SUN (2)

www.swpc.noaa.gov/sites/default/files/images/u33/Chapter_2_.pdf



Interior Zones of the Sun 

Zone R/R(0)
Temperature ( 

K)

Density 

(g/cm3)

Energy 

Transport 

Core 0.0 - 0.25
~ 15,000,000 -

8,000,000
~ 160 - 10 Radiative 

Radiative ~ 0.25 - 0.85
~ 8,000,000 -

500,000
~ 10 - 0.01 Radiative 

Convective ~ 0.85 - 1.00
~ 500,000 -

10,000
< 0.01 Convective

Zones in the interior part of the Sun 

are determined by the assumed 

temperature and density, and by the way

of energy transport through them. 

1.The core is the hottest, very dense 

central region in which the nuclear 

reactions take place. The temperature is 

about 15,000,000 K, its  matter is plasma 

consisting of atomic nuclei (mainly

protons) and electrons moving at  high 

speeds. The 99% of the total energy of 

the Sun is produced here. It comprises 

about 25% of the interior radius. The 

density may be 160 times greater that of 

the water.

2. The radiative layer. There is no 

energy production here. This region has 

an insulating effect that helps maintain 

the high temperature of the core. It is 

named after the mode of energy 

transport, because the primary transport 

of energy is accomplieshed by EM 

radiation. 

Source:   http://www.swpc.noaa.gov/sites/default/files/images/u33/Chapter_2_.pdf
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2. The radiative layer. The gamma photons 

produced  in the core are absorbed and re-

emitted repeatedly by nuclei in the radiative 

region. The re-emitted photons can be 

characterized with gradually lower 

energies, consequently with longer 

wavelengths. By the time the photons leave 

the Sun, their wavelengths are mostly in the

visible range.

3. The tachocline  is the third, very thin  

layer, situated between the radiative and 

convective region and acts as a border 

between the two differently rotating zones.

4. Convection region starts at about 70-

85% of the  radius and extends to just below 

the surface of the Sun. The temperature 

gradient (with increasing radius) is the 

greatest here, hot regions at the bottom of 

this layer can be found they start to rise. 

Due to the cooler temperature at the surface  

the cooler material from the surface 

descends, and giant convective cells are 

formed.
Source:   http://www.swpc.noaa.gov/sites/default/files/images/u33/Chapter_2_.pdf



1. Two protons ( hydrogen nuclei ) 

collide and fuse. One proton turns

into a neutron by the emission of a 

positron. The positron immediately

encounters its anti-particle, the

electron; the pair then annihilates, 

releasing two gamma rays. The 

result of this proton fusion is a 

deuterium nucleus, denoted 2H.

2. A deuterium nucleus collides with a

proton, and they fuse to form light

helium, 3He.   Energy is released in

the form of another gamma ray.

3. Finally, two 3He nuclei collide and 

fuse into a nucleus of helium, 4He. 

Two protons are released in this

step.

Six protons are needed in the series of reactions 

and two protons are released back. Other products 

include the He-4 nucleus, two neutrinos, two high-

energy gamma photons and two positrons. Each of 

these products carries some of the energy released 

from the slight reduction in total mass of the system.

Source:http://www.atnf.csiro.au/outreach/education/senior/astrophysics/stellarevolution_mainsequence.html#mspp

Neutrinos are  produced by the various fusion but decay reactions as well. Neotrinos are 

travelling out from the core at almost the speed of light. They are effectively unimpeded by 

the dense matter in the core of the Sun. Neutrinos carry away about 2% of the total energy.



Relative energy production in the stars for the pp chain and CNO cycle.  At the 

temperature range characteristic of  the main sequence stars, the contribution due to 

the pp chain is propotional to T4 whereas that from the CNO cycle is T17. Above 18 

million K the CNO cycle dominates over pp chain. In the case of the Sun the  core 

temperature is about 15-16 million K, the CNO cycle accounts for only a very small 

fraction of the total energy released. 

Two other  pp chain contribute about 15% of the energy production in the Sun. In the 

ppII chain, a He-3 nucleus  (produced via the first stages of the ppI chain) and a He-4 

nucleus fuse to  form Be-7 and releasing a gamma photon. The Be-7 nucleus then 

collides with a positron, releasing a neutrino and forming Li-7. This in turn fuses with a 

proton, finally splitting to  two He-4 nuclei. A rarer event is the ppIII chain. Here Be-8 is 

formed, which is unstable and splits into two He-4 nuclei. 

http://www.atnf.csiro.au/outreach/education/senior/astrophysics/stellarevolution_mainsequence.html, Source: Mike Guidry, 

University of Tennessee.

http://www.atnf.csiro.au/outreach/education/senior/astrophysics/stellarevolution_mainsequence.html


Source: http://csillagaszat.uw.hu/nap.html; Kis K.(2007), 

http://hyperphysics.phy-astr.gsu.edu/hbase/astro/carbcyc.html

The main feature of the carbon cycle 
is the addition of (four) protons in

different steps:

1. Carbon-12 nucleus fuses with a 

proton to form Nitrogen-13

2. one of the protons decays with the 

emission of a positron and a 

neutrino to form Carbon -13. 

3. additional proton captures produce 

Nitrogen-14 

4. The next proton capturing results in

Oxygen-15. 

5. After a proton-neutron 

transformation unstable Nitrogen-15

forms . 

6. Another proton capture produces 

Oxygen-16 which emits an energetic 

alpha particle to return to Carbon-12 

to repeat the cycle. This last reaction 

is the main source of energy in the 

cycle for the fueling of the star. 

In stars with central temperatures greater

than 15 million Kelvin, carbon fusion is

thought to be more dominant role than

hydrogen fusion (Sirius v. Sun)

http://csillagaszat.uw.hu/nap.html


Differential rotation of the Sun
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Differential rotation is observed when different parts of a rotating object move with 

different angular velocities at different latitudes and depths of the body and in time. The 

simplest  way to calculate  the period of rotation of the Sun may be to select a sunspot 

and determine the time  until the sunpot  appaers (comes back) again at  the same 

place on the images. The observer is on the surface of the Earth, for this reason the 

time equals the synodic period of rotation of the Sun.  

In the case of the Sun it is due to its rotation and the giant convective cell flows. HMI 

investigations revealed that rotation is roughly constant within the whole radiative layer

and variable with both latitude and radius  within the convective region. The poles 

make one rotation every 34 days and the equator every 25 days,  (sidereal). The Sun 

has an equatorial rotation speed of ~2 km/s.



Differential rotation of the Sun

http://hmi.stanford.edu/hminuggets/?p=715

Giant cells (B) was mapped by tracking the motions of supergranules. Blue colour

denotes longitudinal velocities slower than the average rotation rate, red colour

indicates faster longitudinal velocities at that latitude, the vectors in (B) present the flow

direction. On the right Reynolds stress values associated with the giant cell flows are

plotted in the funtion of Sun’s latitude. Positive values indicate angular momentum

moving southward (on the North hemisphere) while negative values indicate angular

momentum moving northward (on the South hemisphere) . The superposition of the

southward transport in the north and the northward transport in the south at the equator

helps to maintain the Sun’s rapidly rotating equator.



The atmosphere of the Sun



The solar surface atmospheres are composed of the photosphere and the

chromosphere. The chromosphere can be found just above the photosphere. The

corona can be divided into two regions: the inner corona extending more than a

million kilometers out into space, that can be seen when the Sun is covered by the

Moon during a total eclipse. The cause of the high temperature of the corona - about

2,000,000 K- is not well understood. The corona is a large source of x-rays which do

not penetrate Earth’s atmosphere. The outer corona extends to Earth and beyond. Its

existence is not immediately obvious, since it cannot be seen directly.

The highest density plotted

here corresponds to the

Earth’s atmosphere at 90 km

up. The melting temperature

of silver is near the bottom of

the temperature scale (after A

New Sun: The Solar Results

from Skylab, John A. Eddy, NASA,

1979, p. 2.).

The atmosphere of the Sun



The emission and absorption lines produced by each element are characteristic of the emitting or absorbing 

element.  The  Fraunhofer lines of the solar spectrum yield detailed information on the Sun's   chemical 

composition. They van be interpreted as  there are 67 different elements in various stages of excitation and 

ionization in the lower solar atmosphere. The greater the intensity of the lines is the higher the concentration of 

the element has to be.



Photosphere (1)

The photosphere is about 3-400 km 

thick. Most of the Sun's visible light that 

we see originates from this region. It is 

one of the coolest layers of the Sun’s 

atmosphere with temperature about 

4,500- 6,000 K composed of gas. The 

Sun's photosphere consists of many 

granules.  These are  hot upwelling  cells 

of plasma with diameter of 500-1000km. 

The upward velocity is about 1-2km/s. 

Actially each granule forms the topmost 

part of a solar convection cell. The 

average lifespan of them is only about 

five-ten minutes. Cooler plasma is falling 

in the narrow darker spaces between 

them. The lifespan and diameter of super 

granules are greater (up to 24 hours, and 

30,000km).

http://staff.on.br/jlkm/astron2e/AT_MEDIA/CH16/CHAP16AT.HTM



Photosphere (2), Sunspots

Sunspots form on the surface of the Sun. They are always dark because they are much

cooler than the surrounding Sun’s surface. The temperature difference can be up

2,000°C . Sunspot pairs represent points where magnetic field lines come up from the

Sun's interior trough the solar surface (one spot) and re-enter into the Sun's interior

(the other spot). The magnetic fields in the sunspot areas are approximately 1000

times greater than the magnetic fields of neighbouring undisturbed parts of the

photosphere. All the sunspot pairs have the same magnetic polarity for the same

hemisphere and at the same time the sunspots in the other hemisphere can be

characterized with opposite magnetic polarity. http://hyperphysics.phy-astr.gsu.edu/hbase/solar/sunspot.html



Photosphere (3), Sunspots

Their measure is about 10,000 kilometers across. A sunspot consists of two parts: 

the dark, cooler part which is called umbra and the lighter part around the umbra, 

which is called  penumbra. Their lifespan is between 1 and 100 days. A large group 

of spots  lasts about 50 days. The Sun may have hundreds of sunspots, while at 

other times it may have almost none. Their lifespan is between 1 and 100 days. A 

large group of sunspots  lasts about 50 days. The phenomenon of solar flare is 

caused by  the groups of sunspots. It occurs when the magnetic energy  has built up 

in the solar atmosphere is suddenly released. Radiation is emitted across the entire 

electromagnetic spectrum, through optical emission, to x-rays and gamma rays.

http://hyperphysics.phy-astr.gsu.edu/hbase/solar/sunspot.html;  hesperia.gsfc.nasa.gov/sftheory/flare.htm

http://hyperphysics.phy-astr.gsu.edu/hbase/solar/sunspot.html


At the beginning of the 11-year cycle of the solar magnetic activity the magnetic field 

is polodial and at this time the number of sunspots is  minimum. When the magnetic 

fields become gradually torodial,  due to the stronger magnetic fields sunspot pairs 

appear. All sunspot pairs in the same hemisphere have the same magnetic polarity: 

leader and follower polarity parts can be distinguished, while in the opposite

hemisphere the situation is reversed.  Sunspot cycle has an 11-year time period, and 

the Sun has a 22-year magnetic cycle: the magnetic poles return to the same state 

after two reversals. It is called Hale cycle.

Solar cycle



http://astro.ic.ac.uk/research/solar-basics

Differential rotation can be experienced in the convective zone in the function of 

latitude with respect the radiation zone. Along the equator  the convection zone 

rotates at a faster rate   than the radiative zone, while to the poles the ratio will be 

reversed.  Along the tachocline the two zones rotating at different speed are in 

contact. For this reason the  tachocline has a significant role in the magnetic fields’ 

generation. The solar dynamo is maintaned by the turbulent flow in the convection 

zone associated with  electric fields within the plasma producing magnetic fields 

which in turn further generate electric fields. Differential rotation aligns the 

magnetic field lines parallel to the equator, stretching and strengthening 

them in the process called omega effect. The main  result of this process is the  

conversion of polodial into toroidal fields and the increasement of the  magnetic 

fields.



http://astro.ic.ac.uk/research/solar-basics

Solar convections  cause  magnetic fields to rise to the direction of the photospere. 

Alpha effect is the influence of the Sun’s rotation  on the rising magnetic 

field. This solar Coriolis effect generates different phenomenon including sunspot.

The alpha effect contributes also to the rearrangement of torodial field into polodial 

field.



https://cbdakota.wordpress.com/2011/05/25/solar-cycle-24-and-the-sunspot-butterfly-diagram/

Maunder butterfly diagram is a plot of the positionof the sunspots  versus time

Spörer’s law states, that sunspots migrate from latitudes of <40° north/south of the

equator at one solar minimum, to close to the equator (<10o) at the next solar 

minimum. This occurs with an ~11-year periodicity.



http://www.tcd.ie/Physics/people/Peter.Gallagher/lectures/PY4020/lecture05_solar_activity.pdf



http://www.tcd.ie/Physics/people/Peter.Gallagher/lectures/PY4020/lecture05_solar_activity.pdf



Chromosphere is the region of the solar atmosphere that is located above the

photosphere and beneath the transition region and the corona. Its irregular layer-

thikness is about 2,000 kilometers. The chromosphere is hotter than the photosphere

and cooler than the transition zone and the corona are. The density of gas in the

chromosphere decreases in the funtion of distance from the photosphere. In the

course of a total solar eclipse the chromosphere can be observed as a red rim around

the Sun. The reason of the red color is that at these higher temperatures hydrogen

emits light resulting in a reddish color (H-alpha emission). It corresponds to the Hα-

spectral line in Balmer spectrum at wavelength of 656,3 nanometer. This colorful

emission can be seen in prominences during total solar eclipses. This color-sphere

gives the name of the chromosphere. Spectral investigations (for example . Hα-

monochromator) enable us to discover and investigate phenomena like plages, flares,

prominances, spicules.

http://legacy.jyi.org/volumes/volume9/

issue2/articles/sheung.html



Plages are bright regions of the chromosphere usually can be found around

sunspots. It received its name from the word of beach. It represents region of

higher temperature and density within the chromosphere. They have short lifetime,

some hours, however, sometimes it exceeds one month.

Prominences are structures that occur above the photosphere. They are

enormous dense clouds of material, a hot gas of electrically charged particles mainly

hydrogen and helium. There are two kinds of prominences. Quiescent

prominences have relatively stable forms. They have lifetime of some months. The

charged solar material of them is suspended by the twisted magnetic fields generated

by the sun's internal dynamo. Slow flowing up motion of their material and flowing

down along the local magnetic field lines can be experienced. They may have

different forms: https://www.astro.cf.ac.uk/observatory/solarobservatory/solarprominences/?page=types

In the course of an erupting prominence the prominance becomes unstable and

bursts outward, releasing the plasma that may penetrate highly into the corona.

Prominence on the solar 

limb (left), Prominences 

visible during a total solar 

eclipse (right). 

http://csep10.phys.utk.edu/astr12/

lect/sun/prominences.html

http://csep10.phys.utk.edu/astr162/lect/sun/image961003.jpg
http://csep10.phys.utk.edu/astr162/lect/sun/image961003.jpg


Spicules are  small, jet-like  gas eruptions with grass-like patterns.  They were 

discovered by Secchi (1875 ).  Their  lifetime from rising to falling is about 5-15 

minutes. They appear as short dark streaks in the H-alpha image. They are appr. 

vertical to the solar surface and several thousand kilometers ( 6-10 thousand km) 

long and about 1 kilometer thick. The gas is moving up  (20-30km/sec) following the 

magnetic field lines, after that is falling back to the bottom of chromospere. There 

are approximately 100 thousand active spicules at one time on the surface of the 

Sun.

http://staff.on.br/jlkm/astron2e/AT

_MEDIA/CH16/CHAP16AT.HTM

Transition Region - The transition layer is a very 

narrow (100 km) layer between the chromosphere 

and the corona where the temperature increases

abruptly from about 7700 to about 500,000 degrees 

C. Instead of hydrogen, the light emitted by the 

transition region is dominated by  ions as C IV, O IV, 

and Si IV (carbon, oxygen, and silicon each with 

three electrons stripped off). These ions emit light in 

the ultraviolet part of the spectrum that is only 

accessible from space. The Transition Region and 

Coronal Explorer (TRACE) mission is actively 

acquiring data on the structure and dynamics of the 

transition region and the inner corona .

Solar and Heliospheric Observatory (SOHO) 

http://solarscience.msfc.nasa.gov/t_region.shtml



Solar Corona

Image of the Sun by SOHO's 

Extreme ultraviolet Imaging 

Telescope showing the solar corona. 

(Source: SOHO/ NASA/ ESA)

The solar corona is the outermost region of the Sun's atmosphere. It 

begins at an altitude of ~2000 km above the solar photosphere and 

extends for many solar radii.  Like the chromosphere, usually we can 

not see it (because of the brightness of the photosphere). However, 

during a total solar eclipse, the corona becomes visible to the naked 

eye.  The density of the corona is very small : about 10 -10 times 

that of the Earth's sea-level atmosphere and  it is very hot:  some 

millions of Kelvin. In the corona thermal conduction occurs from the 

external hotter atmosphere towards the inner cooler regions. Due to 

the  high temperature, most of the the radiation emitted by the corona 

is at ultraviolet and X-ray wavelengths.

The corona’s light  comes from three  sources, which are called by K-, F-, E-corona. 

They occupy the same volume of the corona, however, they emit EM waves at 

different frequencies.  The K-corona (K for kontinuierlich, "continuous" in German) is 

created by scattering of the photospheric light incident on the rapidly moving free 

electrons in the solar corona. The free electrons are a result of the electrons stripped 

off the coronal gas elements because of the extremely high temperature. The F-corona 

(F as Fraunhofer) is developed  by sunlight bouncing off dust particles, and the  

Fraunhofer absorption lines can be observed. The E-corona (E as emission) is due to 

spectral emission lines produced by ions that are present in the coronal plasma; this 

emission spectrum yields the most important information on the  chemical composition. 

science.gsfc.nasa.gov/671/staff/bios/cs/Nelson_Reginald/Chapter1.pdf



Coronal loops, coronal holes, polar plumes and 

helmet streamers are the most important structures of 

the lower corona and transition region of the Sun. They 

can be  associated with closed magnetic loops (coronal 

loops, helmet streamers) which connect regions of 

opposite magnetic polarity or  with open magnetic field 

lines (polar plumes, coronal holes). The population of 

coronal loops can be directly linked with the solar cycle; 

their occurence is proportional to the number of sunspots.  

The population of the coronal holes is greater in the 

vicinity of the poles.

The solar wind is a  continuos stream of charged 

particles flowing outward from the Sun. The average 

velocity of solard wind is 400km/s,  its velocity  greater 

than 260km/s. The coronal holes can be considered the 

main source of the fast solar wind, the tips of the helmet 

streamers sometimes emit blobs of plasma  resulting in 

the slow component of the solar wind. Coronal holes are 

black areas in the X-ray photographs  and  they can last 

for some months or years. Solar wind consists of mainly 

ionized H (electrons and protons), appr. 8%  He nuclei

(alpha particles) and very small amounts of heavy ions of

C, N, O, Ne, Mg, Si, S, and Fe.

An enormous coronal hole seen with the 

SOHO, EIT instrument on January 8, 2002,  

source: NASA



Coronal Mass Ejection and solar flare ( solar eruptions)

A solar flare is a light-speed traveling burst of x-rays and energy, while a coronal mass ejection

(CME) is a giant cloud of particles emitted from the Sun. They can occur together as well. Both

are formed when the magnetic fields explosively realign, driving vast amounts of energy into

space. This phenomenon can produce a sudden flash of light especially at the X-ray band. It is

called solar flare. It can last minutes to hours. Traveling at the speed of light, it takes eight

minutes for the EM wave from the surface of the Sun to reach the Earth. The other part of the

energy released in the flare accelerates energetic electrically charged particles that can reach the

Earth within some ten minutes.

The magnetic contortions can also create a different kind of explosion that hurls solar matter into

space. These are the coronal mass ejections. The CME is an immense cloud of magnetized

particles hurled into space. The speed at which a CME leaves the Sun can vary, but in average the

material of CME reaches the Earth in 3 to 4 days. Helmet streamers can also create coronal mass

ejections if a large volume of plasma becomes disconnected near the tip of the streamer.

Both affect the Earth in different ways. CME: electrical power outages,  damaged satellites 

communication, electronic equipment damaging in satellites and in high-flying aircraft.  Solar 

flares have effect on  the ionosphere and radio communications at the Earth. 

http://www.space.com/27231-solar-flare-vs-cme-what-s-the-difference-video.html
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W. Gilbert (1540-1603) showed the Earth's 
magnetic field liked the field of a magnetic 
dipole which lying north-south direction.

The Earth's magnetic field is generated in the fluid of 

the outer core by a self-exciting dynamo process. 



Magnetosphere of the Earth

Illustration by K. Endo, Nikkei Science Inc. - Japan 

The external magnetic field has an assymetrical form. It is developed by the solar wind

(plasma) interacting with the magnetic field of the Earth. On the day side where the solar wind

collides with the upper atmosphere the shock front (blow shock) forms. In the magnetosheath

the solar wind has been slowed down and diverted around the Earth. The electrical currents due

to these charged particles produce interplanetary magnetic field which compresses the

geomagnetic field on the day side and stretches it out on the night side of the Earth. A

geomagnetic tail forms on the side opposite to the Sun. The magnetosheath plasma flows

around the magnetopause. The magnetopause is the layer that shields the Earth environment

from the solar wind. Source: Lowrie, 2007



Magnetic storms

 The most severe magnetic storm „in recent times” occurred in March

1989 and this had a number of serious impacts on technological

systems by generating damaging geomagnetically induced currents. 

For example the power transmission system in Quebec (Canada), was

shut down for over 9 hours. Other effects such as increased corrosion

in pipelines are also likely. 

 When a magnetic storm is underway the Earth's atmosphere expands

because of heating, and increases the atmospheric drag on satellites

at altitudes below about 1000 km. The orbit of the satellite can be 

changed and sometimes expensive manoeuvres have to be made to

compensate.

 Prediction of space weather (understanding of both CMEs and flares 

is required). 



Kepler’s laws

(3) The ratio of the square of a planet’s period T2  to the cube of the semi-major 

axis of its orbit (a3) is a constant for all the planets, including the Earth.





2. Magnetic field of the Earth



History 
•The Chinese are supposed to developed the mariner's compass 
some 4500 years ago.

•The Greeks found rocks contaning magnetite in the vicinity of     
Magnesia.

•W. Gilbert (1540-1603) showed the Earth's magnetic field liked the 
field of a magnet which lying north-south direction. He also 
discovered that heating resulted in the loss of induced magnetism.

•The variations of magnetic ores was first used for research by von 
Wrede in 1843, he located magnetic ore deposits.    

•The first use of magnetic methods was marked by Thalen in 1879.
•Thomson discovered the electron in 1897, the particle which is 
fundamental to the understanding of both electricity and       
magnetism.

•Until the 1940s, magnetic field measurements were made with a 
magnetic balance.      

•The fluxgate magnetometer was used during Word War II at first.                      
•Aeromagnetic measurements began to be made after this war. 
•Proton-precession magnetometer was developed in the mid-1950s 
(today this magnetometer is the most commonly used instrument).                                                     
•Alkali-vapour magnetometers are first used in 1962.                                              
•Airborne gradiometer measurements began in the late of 1960s.
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Isoclinic line  connects the points of equal 

magnetic inclination on a  magnetic map 



Earlier Declination Maps
Halley, 1702

The lines with equal declinations are called isogonic lines. The special case of them is the

agonic line which connects points with zero magnetic declination. This is the (isogonic)

line along which the magnetic north is the same as the geographic north.



The declination is positive when the 

magnetic north is east of true north.



Magnetization

external

magnetizing 

field  

Magnetization      is defined as the vectorial sum of magnetic moment per unit volume. 

Magnetic susceptibility is the degree of magnetization of a material in response to an applied magnetic field. 
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The rock can have induced and remanent magmatization. The remanent magnetization 

usually develops during the rock formation,  the induced one is determined by the 

present external  magnetizing field and the magnetic susceptibility of the minerals.

V

The ratio of the remanent 

magnetization and the 

induced magnetization is 

the Königsberger ratio 

denoted by Q.



Magnetic Induction

external

magnetizing 

field  

Magnetic susceptibility is the degree of magnetization of a material in response to an applied magnetic field. 
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Magnetic induction (in the material of magnetic susceptibility (κ). rock is defined as 

the vectorial sum of the earth’s magnetic induction and the magnetism induced  by the 

earth’s magnetic field in the rock.
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In the earth’s magnetic field rocks exhibit an

induced magnetic field (B) due to its

susceptibility (κ). The greater the magnetic

susceptibility and the inducing magnetizing field

are the higher the magnetic induction is.



Thermo Remanent Magnetization

As a volcanic rock cools, its 

temperature decreases past 

the Curie Temperature. At 

the Curie Temperature, the 

rock begins to produce an 

induced magnetic field. In 

this case, the inducing field 

is the actual Earth's 

magnetic field. As the 

Earth's magnetic field 

changes with time, a 

significant portion of the 

induced field in the rock 

does not change but 

remains fixed in a direction 

and strength reflective of 

the Earth's magnetic field at 

the time the rock cooled

through its Curie 

Temperature.



Thermo Remanent 

Magnetization

The duration of normal field 

and that of reversed field can 

be determined by radioactive 

dating (K-Ar) method.



Depositional Remanent Magnetization

During settling through still water these (sedimentary) grains are aligned like a

compass needle is oriented by the actual earth’s magnetic field. The reversal from

normal into reversed position takes a relatively „short” time. The DRM is fixed during

diagenesis. It is an oriented deposition of previously magnetized mineral grains. PDRM:

post DRM.



Chemical Remanent Magnetization

It occurs due to 

-oxidation of magnetite to hematite or maghemite or oxidation of titanomagnetite 

to titanomaghemite

-precipitation of ferromagnesian minerals

-recrystallisation of ferrimagnetic minerals

-dehydration of iron hydroxide to hematite



LIGHTNING-INDUCED REMANENT MAGNETIZATION
ON ARCHAEOLOGICAL SITES

Geoffrey Jones and David L. Maki (2005)

lightning strikes can also be as a possible cause of magnetization. 

The ratio of NRM to the magnetization 

induced in the presence of the earth's 

magnetic field (Königsberger ratio, Q) 

was greater than 10. Such a large Q 

ratio cannot be explained by other more 

common sources of remanence such as 

thermoremanent magnetization (TRM) 

or chemical remanent magnetization 

(CRM). However, here the reason of 

remanent magnetization was lightning 

strike.

Located in northeastern Wyoming.



Dia- and paramagnetism

Diamagnetism is  common form of magnetism  and  it is caused by the alignment of magnetic 

moments associated with orbital electrons in the presence of an external magnetic field. For 

those elements with no unpaired electrons in their outer electron shells, this is the only possible 

type of magnetism. Quartz, calcite and salt are diamagnetic minerals.

The susceptibilities of diamagnetic materials are relatively small and negative, because the 

electron spins precess and produce a magnetization opposite  to the applied magnetic field.

Paramagnetism This is a form of magnetism associated with elements that have an odd number

of electrons in their outer electron shells. Paramagnetism is associated with the alignment of

electron spin directions in the presence of an external magnetic field. It can only be observed at

relatively low temperatures. The temperature above which paramagnetism is no longer observed 

is called the Curie Temperature. The susceptibilities of paramagnetic substances are small and

positive. Paramagnetic minerals are olivine, biotite, amphibole, chlorite.



Typical Susceptibility Values
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Ferromagnetism
The three types of ferromagnetism is as follows: pure ferromagnetism, antiferromagnetism, and

ferrimagnetism. Common feature of them that there is an almost perfect alignment of electron spin 

directions within large portions of the material referred to as  Weiss-domains.

Like paramagnetism, ferromagnetism is observed only at temperatures below the Curie

temperature. Although pure ferromagnetic materials have the greatest magnetic susceptibility, in 

geophysical point of view ferrimagnetism is the most important among them.

Pure Ferromagnetism - The directions of electron spin alignment within each domain are

almost all parallel to the direction of the external inducing field. Pure ferromagnetic

substances have large positive susceptibilities. Ferrromagnetic minerals do

not exist.  Iron, cobalt, and nickel are examples of common ferromagnetic elements.

Antiferromagnetism - The directions of electron alignment within adjacent domains are

opposite and the relative abundance of domains with each spin direction is approximately

equal. The observed magnetic intensity for the material is almost zero. Thus, the

susceptibilities of antiferromagnetic materials are almost zero. Hematite is an

antiferromagnetic material.



Ferromagnetism
Ferrimagnetism - Like antiferromagnetic materials, adjacent domains produce magnetic

intensities in opposite directions. The intensities associated with domains polarized in a

direction opposite that of the external field, however, are weaker. The observed magnetic

intensity for the entire material is in the direction of the inducing field but is much weaker

than that observed for pure ferromagnetic materials. Thus, the susceptibilities for

ferromagnetic materials are small and positive. The most important magnetic minerals are

ferrimagnetic and include magnetite, titanomagnetite, ilmenite (iron-titanium oxides) and 

pyrrhotite (iron sulphides).

Schön 2007



- the Earth's main magnetic field generated in the 

conducting fluid outer core; 

- the crustal field genterated in Earth's crust and 

upper mantle; 

- the combined disturbance field from -

electrical currents flowing in the upper 

atmosphere and magnetosphere, which 

induce electrical currents in the sea and 

ground 

- anomalous magnetic field has to be 

determined in course of magnetic exploration



Magnetic field changes with time
The ionized molecules in the ionosphere 

release a great amount of electrons 

forming powerful, horizontal, ring-like 

electrical currents. These currents are the 

sources of external magnetic field and it 

can be measured  at the Earth’s surface. As 

the Earth rotates beneath the ionosphere 

the observed field strength fluctuates with 

a period of one day. Its measure depends 

on the latitude and the state of solar 

activity. In case of  normal days the diurnal 

or daily variation has a tendency like here 

(upper figure).

In order to compensate the daily variation 

we have to record the magnetic field at a 

fixed station and we assume that this 

variation is the same on the territory of 

interest.

The enhanced solar activity may result in 

magnetic storm(s) (see bottom). 



CHAMP (CHAllenging Mini-satellite-Payload)
The CHAMP satellite was launched on
July 15, 2000 into an almost circular,
near polar (i = 87°) orbit with an
initial altitude of 454 km (after 5
years it was 250-300km).The design
lifetime of the satellite system was 5
years. The reason for choosing an
almost circular and near-polar orbit is
the advantage of getting a
homogeneous and complete global
coverage. The initial altitude of about
454 km is chosen to guarantee a
multi-year mission duration even
under severe solar activity
conditions, and because 454 km is
the adequate altitude to observe the
Earth's magnetic main field as well.

It contained 3 FLUXGATE 

MAGNETOMETER&OVERHAUSER SCALAR 

MAGNETOMETER as well.



CHAMP magnetic measurements

Vertical magnetic field distribution 

over the Earth’surface at the 

height of 400km. The magnetic 

response can be correlated to 

the magnetic minerals in the 

lithosphere in general.

Plate boundaries are indicated as 

thin, dark green lines, subduction 

zones as thick, light green lines.

Maus et.al., 2006



CHAMP magnetic measurements

Vertical magnetic field distribution over the Earth’surface at  50km elevation. It could be determined 

by means of analytical downward-continuation (which is an application of Green’theorem) from the 

CHAMP magnetic measurements. Maus et.al, 2006



3. Global Gravimetry



Gravitational force, gravitational acceleration

vF


The vectorial sum of the attraction force and
-due to the rotation of the Earth- the centrifugal 

force        can be measured on the surface of 
the Earth, resulting in the gravitational force
(here tidal effect has been neglected). Instead 
of gravitational force gravitational acceleration 
is observed and investigated in gravimetry.
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In this figure Φ stands for geocentric latitude; p denotes the distance from 
the axis of rotation to the point of observation. The centrifugal force is 
perpendicular to the axis of rotation and it has the greatest amplitude at 
the equator. It acts counter to gravity except at either pole, where it 
amounts to zero.  This force has rendered the Earth’s shape oblate.



Gravitational potential
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Because the gravitational field is a conservative one, the gravitational 
potential – as the sum of the potential of the two forces – can be given:

If we assume Ug to be constant, the equipotential surface at the mean sea 
level would be a spheroid. However, from either a geographical or a 
geophysical point of view the use of a geocentral ellipsoid of revolution as a 
reference datum is more convenient, because fewer constants are involved. 
A geocentric reference ellipsoid  rfe can be given as:

where l is the flattening depending on the polar and equatorial radius ( re). 
The geocentric reference ellipsoid is a theorethical Earth’s shape,  the best 
mathematical approximation to the Earth. 

)sin*1( 2lrr efe 



Reference ellipsoid, geoid, geoid undulation, 

real and theoretical plumbline

The geoid is that equipotential surface of the Earth’s gravity field that 
would coincide with the mean sea surface at rest.  Being an equipotential 
surface, the gravity at every point of this virtual surface is perpendicular to 
it. The distance between the geoid and the reference ellipsoid is called 
geoid undulation (N): )(),(),(  fegeoid rrN 

The bulge over 
the mass is due 
to the mass 
excess,the geoid 
undulation is 
positive there. 



The short history of gravity exploration

The history of gravity exploration is based on the studies of Galileo, Kepler, 
and Newton (16th-17th century). Bouger investigated  gravity variations 
with elevation and latitude.

The torsion balance invited by Eötvös was the first one among  the earliest 
geophysical instruments and it was  used in the exploration for anticline 
structures and salt domes. This instrument  was called by him  
horizontal variometer because it measures not only the differential 
curvature, but also the  horizontal gradient of gravity. It is defined as the 
rate of change of gravity over a horizontal distance. 

After 1932 stable gravimeters were used. The zero length spring was 
introduced by LaCoste, (1934) and it was introduced into practice in 
1939. Gravimeters have been adapted on moving ship, aircraft  and 
gravity  observations from space began in 1983. 



Torsion balance invited by Eötvös

This torsion balance has a vertical torsion wire carrying a horizontal light bar. A 
platinum mass was attached to one end of the horizontal bar, while the other end 
carried a weight of equal mass suspended by a wire. The horizontal bar revolves 
around the torsion wire on a horizontal plane and is deflected from the torsionless 
position of the wire by the horizontal components of the gravity forces. The bar 
will come to rest if the resistance of the torsion wire to torsion is equivalent to the 
torque of rotation exerted by gravity. From five measurements carried out in 
different azimuths in one station the differential curvature and the horizontal 

gradients of the gravity field can be derived.
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The differential curvature (R, scalar) and the horizontal gradient 
(G, vector) of the gravity field can be derived from the second 
derivatives of grtavitational potential.

where Uxz and Uyz are the N−S and E−W components of the horizontal gradients of 

gravity.  In honour of Eötvös, a convenient unit for gradiometry (10-9 s-2) was named 

after him. One Eötvös is the unit of gradient of gravity acceleration, which is defined 

as a 10-6 mGal change of gravity over a horizontal distance of 1 centimetre. Both the 

gradient and the curvature values are expressed in Eötvös units, which are about 

10-12 part of the force of gravity change over 1 centimetre. 

After some test measurements geophysicists attempted to locate anticline 

structure (Egbell, 1916) and salt domes.  The latter  one  should be associated 

with minimum gravity. The first salt dome and oil-bearing structure that was 

discovered by the torsion balance was the Nash dome in Brazoria County 

(USA) in 1924.



Superconducting gravimeters Shiomi, 2008

These gravimeters have almost completely solved the problem of drift arising from the application of 
mechanical springs. The great accuracy and stability are resulted by the major superconducting 
elements: levitated mass (which is a hollow niobium sphere filled with fluid helium), two niobium wire 
coils (for adjusting levitation force and magnetic gradient), and a superconducting cylinder (providing 
primary shielding). The position of the proof mass is detected by three capacitor plates, two of which are 
hemispherical caps surrounding the top and bottom halves of the sphere. The third plate is a spherical 
ring in a horizontal plane around the center of the sphere.  By using a split transformer, the upper and 
lower hemispherical plates are driven by AC voltages that are 180 degrees out of phase. The sphere 
capacitively couples these voltages to the center plate of the bridge. In equilibrium the result signal on 
the center plate is zero. When the proof mass moves from its null position, it produces a signal that is 
linear for small displacements. From the amplified, demodulated and filtered center plate signal a DC 
voltage is produced which is proportional to the displacement resulting from gravity changes. The 
feedback current of the small superconducting coil is proportional to the center plate signal. 

In contrast to 
gravimeters using 
elastic forces of 
springs to return 

the proof mass into 
equilibrium, here it 

is the magnetic 
field which is used 

to balance the 
gravity changes. 
Superconducting 
gravimeters are 
used mainly in 

laboratories. They

can be 
characterized with 
the highest reading 
resolution, which is 

1nanoGal.



Gravity anomalies

 The Faye anomaly is defined by applying only normal, free-air, terrain (sometimes 
terrain correction is not applied, but Eötvös correction is taken into account) and 
tidal corrections to the measured gravity value. It is applied for oceanic gravity 
interpretation in general.

 The Bouguer anomaly is defined by applying normal, free-air, terrain,(sometimes 
Eötvös) and tidal corrections to the measured  gravity value. The difference 
between the Bouguer and the Faye anomaly arises from the Bouguer plate 
correction (i.e., the density of the rock between the station and the datum 
elevations is also taken into account for preparing Bouguer anomaly map). For 
practical exploration it is usually the Bouguer gravity anomaly map that is applied.

 Isostatic gravity anomaly is defined by applying isostatic correction to the 
Bouguer anomaly. It can be experienced that in regions of large elevation Bouguer 
anomalies are usually negative, while in oceanic regions they are mainly positive. 
Airy (1855) assumed that isostatic balance develops between crustal blocks (of 
lower density) and the asthenosphere (of higher density) for mountainous areas 
with deep crustal roots and for deep ocean basin areas with antiroots. 



Airy proposed a constant density for the crustal blocks of changing thickness. The

isostatic correction is made from elevation and seawater depth data with the

assumption of isostatic balance for all gravity stations. If this isostatic correction is

also applied to the observed gravity data, besides the corrections applied to Bouguer

anomaly, we obtain the isostatic anomaly. This tends to zero if there is an isostatic

balance for the area of interest, is negative when the block will have to rise to get

into balance, and is positive in the opposite case.
Δg

The relation between the sign of isostatic anomalies and the position of crustal blocks

Δg Δg

The red arrows shows the vertical direction of crustal block displacement.

2.8gcm-3 (crust)

3.3gcm-3 (upper mantle )



Isostatic gravity anomaly in Scandinavia

There were  6 glacial periods in 

Pleistocene. The last one finished  about 

10 000  years ago. Since that time the 

uplift of the region can be observed. It 

lasts till the isostatic balance develops.



Postglacial uplift

The area of the greatest 

uplift coincides with the 

area of  greatest gravity 

anomaly minimum. 



Space-gravimetry
Most of the man-made satellites are in a 

geostationary orbit or a low Earth orbit. Besides 
them there are GPS satellites. 

A satellite in a geostationary orbit moves around the 
Earth as fast as the Earth spins, so from the 
Earth’surface it looks like it is stationary (not 
moving). To move this way, the satellite must be 
above the equator, about 35,786 kilometers above 
the ground. Inclination is zero.

The GPS satellites are uniformly distributed in a total 
of six orbits such that there are four satellites per 
orbit. This number of satellites and spatial 
distribution of orbits insures that at least eight 
satellites can be simultaneously seen at any time 
from almost anywhere on Earth. The GPS 
satellites circle the Earth at an altitude of about 
20,000 km and complete two full orbits per day. 

Source: 
Wikipedia



SATELLITES

SOURCE  Földváry L. 
CHAMP

GRACE A&B

GOCE

Satellites in low Earth orbit (LEO) are usually  less than one thousand 
kilometers above the ground. Their altitudes are between 200 and 2000km. 
They move much faster. Many are in tilted orbits. They are used for space-
gravimetry as well. 



CHAMP (CHAllenging Mini-satellite-Payload)
The CHAMP satellite was launched on
July 15, 2000 into an almost circular,
near polar (i = 87°) orbit with an initial
altitude of 454 km (after 5 years it was
250-300km).The design lifetime of the
satellite system was 5 years. The reason
for choosing an almost circular and
near-polar orbit is the advantage of
getting a homogeneous and complete
global coverage. The initial altitude is
chosen to guarantee a multi-year
mission duration even under severe
solar activity conditions, and because
454 km is the adequate altitude to
observe the Earth's magnetic main field
as well (from the gravity field's point of
view an even lower initial altitude would
have been desirable). The key problem
is the accurate description of the
satellite’s orbit, it was realized by a low-
high continous Satellite- to-Satellite
Tracking with 12GPS satellites. CHAMP
had a three-axis accelerometer. By
means of that the gravity acceleration
vectors along the orbit could be
determined. Mission was completed in
2010.



EIGEN-2 Gravity Anomalies (a=6378136.46, 1/f=298.25765) 

in mgal

EIGEN-2 :  DERIVED from CHAMP orbit data ( GPS SST) and  accelerometer 

data gained in 2000 Jul-Dec,  2001, Sept- Dec. 



EIGEN-2 Geoid (a=6378136.46, 1/f=298.25765) in meter

EIGEN-2 :  DERIVED from CHAMP orbit data ( GPS SST) and 
accelerometer data gained in 2000 Jul-Dec,  2001, Sept- Dec. 



Effects on gravity measurements

Hase, H.: Theorie und Praxis globaler Bezugssysteme, Mitteilungen des BKG, Band 
13, Frankfurt a.M., 1999 

If one concentrates on one 
phenomena even  with 
significant signals in 

measurements, one has to get 
rid of the other effects in the 
course of space gravity data 

processing. 



Grace 2004

Groundwater 
level

monthly 
variation

-20cm +20cm

Dec 2004



CHAMP-only Earth Gravity Field Model 

derived from three years of CHAMP data

The accuracy of  EIGEN-3 is within  10 cm   and 0.5 mgal in the determination 

of geoid undulation and gravity, respectively.   



GRACE (Gravity recovery and Climate Experiment)
Two identical GRACE satellites fly in the 

same orbit ,one 220 km  ahead of the 
other. As the pair circles the Earth, areas 
of slightly stronger gravity will affect the 
lead satellite first, pulling it away from 
the trailing satellite. The uniquely 
designed Superstar Accelerometer is used 
to distinguish gravity influences from 
those of air drag. The K-band ranging 
instrument is capable of measuring the 
distance between the satellites with a 
precision better than the width of a 
human hair. By monitoring this distance, 
GRACE will be able to detect fluctuations 
in the gravitational field and, therefore, 
differences in the density of the Earth's 
surface beneath the satellites. The data 
will be combined with GPS data to 
produce a map of the gravity field 
approximately once a month. It is a low-
low SST system. The two satellites circle 
the globe 16 times a day, so 30 days are 
sufficient to cover the whole Earth. For 
this reason this system is a very efficient 
tool for gravity monitoring.



These detailed geophysical features are being detected by GRACE 

with no surface gravity measurements. (July 21, 2003)



GOCE( Gravity field and steady –state Ocean 

Circulation Explorer)
Gravity field and Ocean Circulation Explorer 
(GOCE) Earth Explorer orbits as close to Earth 
as possible - just 260 km up - to maximise its 
sensitivity to variations in Earth's gravity field.
Launched in 2009, GOCE's state-of-the-art 
gradiometer is mapping Earth's geoid to an 
unprecedented level of accuracy, opening a 
window into Earth's interior structure as well 
as the currents circulating within the depths of 
it's oceans.

There are three pairs of gradiometer 
(x,y,z), with distance of 0.5m between 
the accelerometers for each pair. They 
are perpendicular to each other.



GOCE(Gravity field and steady –state Ocean     

Circulation Explorer)

Its planned lifetime is 20 months, from
which calibration was 3 months. Its length
is 5m, diameter is 1m, its mass 1050kg.
Xenon gas is utilized by its engine. It is
applied to compensate the atmospheric
drag effect. The accuracy of gravitational
acceleration measurement is 1mGal, that of
geoid determination is 1-2cm with
horizontal resolution better than 100km.
The bottleneck is in the operation of the
Xenon gas fuel. If the satellite is out of
fuel, the expedition is over.

The mission was completed in 2013 
November (Falkland Islands).



GOCE geoid

http://www.universetoday.com/wp-content/uploads/2010/06/goce_gravity_field_786map.gif
http://www.universetoday.com/wp-content/uploads/2010/06/goce_gravity_field_786map.gif
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4. Global Geothermics
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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.



89

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

GgradTq
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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 is 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. 

SgradTvcT
t

T
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Fourier-Kirchhoff equation, all parameters refer to 

the fluid transporting heat.

In porous, isotropic formation.  In 

this case 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)



93

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.                                                                                      Dövényi et.al. (2006)
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In the course of radioactive decays energetic particles and gamma rays are

emitted. Their energies are converted to heat. Only primordial 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 ( mainly 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

Ra
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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.



5. Global radiometry



Short history of radioactivity

Roentgen discovered X-ray (1895)

Physical Noble price in 1901.

Becquerel and Pierre &Marie Curie 

observed natural radioactivity (1896).

Physical Noble price in 1903.

Thomson discovered electrons (1897).



M. Curie discovered Po and Ra IN
1898 (with his husband, P. Curie).
They stated that only some elements
may have unstable isotopes. She
received chemical Noble price in 1911.

Rutherford (1899) and Villard (1900)
made difference between ionizing
radiations on the basis of ionizing
power: the three types of radiations
were simply named alpha, beta and
gamma, for the first three letters of the
Greek alphabet. It was only later that
the radiation was shown to consist of:
helium nuclei (alpha decay), electrons
or positrons (beta decay) and high-
energy electromagnetic waves
(photons, gamma radiation).

Rutherford: exponential law of natural
radioactivity, 220Rn was discovered it
was called emanation



Fundamentals of radioactivy
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Alpha decay:

Beta decays:

Negative beta decay

Positive beta decay

Electron capturing

In course of alpha decay a new nucleus is formed by emitting a helium 

nucleus. The new nucleus has an atomic number (Z) decrease by two, and a 

mass number (A) decrease by four.

In course of negative beta decay one neutron of the unstable nucleus converts 

into a proton and an electron and an antineutrino are emitted (over).  The 

atomic number increases by one, but the mass number does not change. There 

are two types of positive beta decays: in both cases neutron is produced from 

proton. It can be either by positron emission (middle) or by electron capture 

(down). In the latter an orbital electron is absorbed by a nucleus, effectively 

converting a proton into a neutron. 



After alpha or beta decay, a

nucleus is often left in an excited

state, that is, with some extra

energy. It then "calms down" by

releasing this energy in the form of

electromagnetic wave, known as a

gamma ray. The energy of this

gamma ray is typical of the emitting

nucleus.

   AreK 40

18

40

19

The energy of gamma ray 

emitted by the metastable Ar 

equals 1.46MeV.

Lowrie 2007
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Fundamentals of radioactive disintegration

The rate of decay of N nuclei is linearly proportional 
to the number of unstable isotope N and the decay 
constant.

denotes the decay constant, N0 is the number of 
nuclei present at t=0.
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The larger the decay constant 
is, the faster the decay will be.



Fundamentals of radioactive disintegration

Relationship between decay constant and half-life T1/2
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The half life is the time taken to reduce the number of parent atoms by 
one-half.

There is an inverse relationship between decay constant and half-life 
and the factor is ln2.



Most important radioactive decays in nature

Sharma: Geophysical methods in Geology (1986)

Primordial isotopes are nuclides found in/on the Earth that have existed in 
their current form since before the Earth was formed. Cosmogenic isotopes 
are nuclides created when cosmic rays interact with the nuclei of the Solar 
System atoms. In the U and Th decay series the  secondary unstable 
isotopes are followed by the stable daughter element.



Instability of the nucleus

KSH ATLASZ

Excess in neutrons results
in negative beta decay,
Excess of protons leads to
positive beta decay
Surplus number of both
protons and neutrons may
cause alpha decay.



Binding energy in the function of nucleons number
The greater the average 

binding energy per nucleon is, 

the less the probability of 

disintegration for the nucleus 

will be.

The situation for large mass 

number:

With increasing proton (and 

mass) number the 

electrostatic repelling force 

will be greater resulting in 

decreasing binding energy.  

At relatively small mass 

number the nucleons are 

situated on the surface of the 

nucleus, the binding is less 

between them and nucleons in 

the interior. The exception is 
4He.



altitude of fly in kmAltitude of fly in km

Crustal (close to the surface) and cosmogenic (in the troposphere 
and strarosphere),  effect in the function of height.



137 Cs 137 Ba T1/2= 30év

90Sr 90Y 90 Zr

28.5y         64h

BERLIN  TOTAL  BETA ACTIVITY

Significant atmospheric nuclear test activity between 1952-1963. In 1963 Great

Britain, Sovietunion, USA signed the Partial Test Ban Treaty, PTBT. France and

China stopped the atmospheric attempts in 1980

30 y



131I 131Xe  T1/2= 8d

134 Cs 134 Ba T1/2= 2.1y 

137 Cs 137 Ba T1/2= 30y

90Sr 90Y 90 Zr

28.5y         64h

30 y



EGAMMA= 662KeV, 

137  Ba

Effect of radioisotope 

absorption
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Decay series of 238U (8 alpha, 6 beta disintegration)

The beta decay  of  214Bi is accompanied by a gamma 

radiation of 1.76 MeV.



Radiometric equilibrium
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The decrease in Nk-1 results in increase of Nk

The decrease in Nk

If the production rate is equals  to the 
decay rate then the unstable isotope 
of the decay series is in equilibrium.

It holds when the ore deposits are 
undisturbed. It is assumed when we 
determine the U   and/or Th concentration
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Decay series of 232Th (6 alpha, 4 beta disintegration)

The beta decay  of  208Tl is accompanied by a 

gamma radiation of 2.62 MeV.



JPL, NASA -
url=http://mars.jpl.nasa.gov/odyssey
/technology/grsradiation-image.html.

Schlumberger

http://mars.jpl.nasa.gov/odyssey/technology/grsradiation-image.html


Most imortant radioactive elements, minerals and their occurence

Telford,Geldart, Sheriff: Applied Geophysics,1993 



SUMMARY about RADON

Colourless, odourless gas, the only one which is radioactive
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Decay series of 238U (8 alpha, 6 beta disintegrations)

86Rn has a lot of isotopes, among which 222Rn is the 

most important one.

Some facts about Rn
Rn has an atomic number of 86. It is a radioactive, 
colourless, odourless, tasteless noble gas, occurring 
naturally as the decay product of uranium or thorium. 

http://en.wikipedia.org/wiki/Atomic_number
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Noble_gas
http://en.wikipedia.org/wiki/Uranium
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Decay series of 232Th (6 alpha, 4 beta disintegrations)

220Rn is produced by alpha decay of radium and decays 

into polonium. This decay is also alpha desintegration.



Percolating water in 
loose soil takes up 
Rn. When this Rn-

charged water 
reaches the cave, 

Rn outgases from it 
(tending to 

equilibrium). Rn is 
in air  free to 

migrate with the 
subsurface air and 

eventually is to 
enter a house.





Radiometric dating
Radiometric dating is a method to date materials containing unstable 
isotope(s).  It takes into account  the amount of the naturally occurring 
radioactive isotope and its decay products .

It can be applied for rocks or minerals.   In the knowlegde of the ratio and  the 
decay constant  the „age” can be determined.

Instead of the time for cooling and hardening from magma or lava, we can 
determine the time when the mineral used for dating cools down to the closure 
temperature. This is the temperature below which the atoms (especially the 
radiogenic daughter elements) in a mineral can no longer diffuse. This closure 
time depends on the types of atoms and of crystals.

Assumtion of closed system ( from which the rock sample was taken) has 
remained closed since the formation of the rock or mineral. This means that 
neither loss nor gain of either parent or daughter isotopes  have occurred since the 
time of rock formation 
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nonradiogenic atoms is denoted by D0
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Lowrie: Fundamentals of 
Geophysics (2007)

 eSrRb 87

38

87

37

Rubidium-Strontium method

Rubidium is vaporized, the ions enter an 
evacuated chamber and then accelerated  
by an electrical field (in ion gun); the ion 
beam is subjected to an uniform magnetic 
field. Its trajectory has a form of a 
circular arc of radius r.

Additional rad. dating method: U-Pb, Th-Pb, 
Ar-Ar, K-Ar. 
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Decay conctant of  87Rb is 1.42 *10-11 y-1 , so the approximation

can be used for very old rocks as well. 

te t  1

txy  71.0
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A line on an isotope ratio diagram denoting a suite of rock or mineral 
samples all formed at the same time is called isochrone. The slope of 
the line is related to the age of the rock or mineral suite.



K-Ar radiometric dating method 

K has three isotopes: two stable ones 39K (93.258%)   41K(6.73%) and it is 40K
(0,01167%) , which is unstable.  There are two  kinds of disintegration.
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It is assumed that some 40Ar is 
absorbed from the  air in the course 
of the solidification of lava.
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U-Pb dating
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If we express t from the two 
equations above, then we 
receive:
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Any point of this curve in the x-y 
system corresponds to the same date. 
For this reason the curve is called 
concordia curve.
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If the rock/minerals 

contain(s) both U and 
Th and the closed 
system assumtion 

fulfils, then the three 
dating data are the 
same. The dates are 

concordant.  
However, it 

frequently does not 
hold, because both U 
and Pb may leave the 
rock/minerals. It is 
not a widespread 

method, because only 
the dates of a few 

minerals (e. g. zircon 
can be determined. It 

is mainly the  Pb 
which may diffuse 
from the rock. By 

means of concordia 
diagram the 
radiometric 

discordant dates can 
be interpreted. 

T1: the age of the rock, T2: the time of the methamorphosis



CTBTO
International Monitoring System

The Comprehensive 
Nuclear-Test-Ban 
Treaty (CTBT) bans all 
nuclear weapon tests. 
The system is designed 
to detect nuclear 
explosions anywhere 
on the planet  (in the 
oceans, underground,
in the atmosphere) 
with four methods. 
Once complete, the 
IMS will consist of 337 
facilities (321 
monitoring stations and 
16 radionuclide labs) 
located in 89 countries 
around the globe. The 
IMS is nearing 
completion with around 
90% of its facilities 
already operational. 

Seismic:grey, hydroacoustic:blue, radionuclid:red, infrasound: green

2015 CTBTO Preparatory Commission 



Nuclear explosion in the atmosphere

Only the radiometric technology  can confirm the fact of nuclear explosion. 
Their methods may be  be applied for detection of atmospheric or 
underground near-surface  nuclear test. The 80-station radionuclide network 
enables a worldwide, continous observation of aerosol samples of 
radionuclides. The station consists of air sample unit, instrument (hyper pure 
germanium-HPGe- detector),evaluation facilities, satellite communication 
unit. Half of them are equipped with noble gas monitoring technology and  
there are 16 radionuclide labs as well. 



80 natural gamma spectr. stations

40 radioactive noble gas stations

16 radionuclide labs

Air sample has a filter and the air 

is forced through this filter. The 

filters are replaced every day. The 

evaluation of the radionuclides 

deposited on the filter takes 24 

hours.

Data are transmitted practically 

continuosly.



A lot of stations are needed because
the detection relies on air currents to
move the radionuclides to the
detection site. The larger the air
volume, the greater is the efficiency
of the detection (verification).

More radionuclide stations are needed
close to the Equator, due to the nearly
vertical wind fields in the vicinity of
the Equator opposite to higher
latitudes.



Xe-133   - beta decay- Cs-133,  T1/2 =5.1 d

On-site inspection (OSI)





Xe 133- negative beta decay - Cs 133. OSI : on-site inspection

2006. OKT. 9. Underground nuclear trest  NORTH-KOREA



RADIOACTIVITY of the ATMOSPHERE

Close to  the Earth’s surface the crustal from the middle part of the troposhere the 

cosmogenic effect is significant. The primary cosmic radiation at the boundary of upper 

atmosphere consists of protons (86%), alpha particles (13%) and heavy nuclei ( appr. 

1%). These primary  radiations interact with the atoms in the atmosphere in the form of 

radiochemical reactions and ionizations resulting in secondary particles and secondary 

electromagnetic radiations. The high energy part involves muons, protons and 

neutrons. Electrons, positrons and gamma photons represent the secondary EM 

radiation of  lower energy. The probability of these processes is greater at the height of 

20km from the surface, due to the larger occurance of atmospheric atoms. 

Radiocarbon and tricium are formed from N when it is bombarded  
by neutron.                                            

at lower neutron energy

negative beta decay
(basic equation for radiocarbon method)

14C is readily oxidised to 14CO2 and mixes with 12CO2 . It can coorporate 
into living organs or take part in the geochemical C cycle.
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If N is bombarded by secondary neutron with lower energy then tritium is

formed:

Tricium is readily oxidised into water ( 3H1HO), taking part in the water cycle. It 

is unstable: tricium decays through low-energy  beta ray emission with a half-

life of 12.43 years to  stable daughter product of He:

Thermonuclear weapons testing significantly increased the tricium 

concentration in rainfall. The first H-bomb test was in 1952. Concentration 

increase by up to three order of magnitude  in the northern and about one order 

in the southern hemishere was experienced in the latter 50’s and early 60’s. 

Before 1952 the average tricium concentration of rivers was 

in the magnitude of  3H/1H = 10 -18 and this ratio was defined 

as 1TU (0.12Bq/l). Before 1952 the tricium concentration of rainfall was 

between 3-7 TU (based upon investigation of wines with known age). The 

maximum was more than 2000TU in 1963 in Hungary. For  the early 2000’s 

anthropogenic tricium had practically  decayed.                                                              
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Source W.G.Mook:Introduction to Isotope Hydrology, 2006



Source 
W.G.Mook:Introduction 
to Isotope Hydrology, 
2006



Groundwater recharge
Groundwater tricium concentration reflects the atmospheric tricium 

concentration when the water was last in contact with the atmoshere.

TU values vary both temporally and spatially, reference points are needed. 

The effect of tricium „pulse” could be monitored (traced) through 

hydrological system having  connection with surface.

Is the underground water protected against surface pollution? If 3H 

contamination could be detected, then recharge from the ground-water can 

be assumed.  Question of waterbase vulnerability.

Estimation can be provided for the seepage velocity.

In the period of four half-lives ( 1963-2014) TU values decreased by a factor 

of 16. Present TU values are about 10, approaching the „original” TU 

values. The application of tricium method for age dating ug. water recharge 

is approaching an expiration date.
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6. Seismology



Short history

Hooke’s law (1660): linear proportionality between strees and stain

Navier and Cauchy (1821-22): equations for elasticity theory

Poisson (1830): proved that there are two fundamental types of waves 
propagate through the interior of homogeneous solids (P and S waves)

Rayleigh (1887): demonstrared the existance of elastic surface wave 
propagating along the (free) surface of the solid body

Love (1991): characterized another type of surface wave, its exitance 
assumes a layered half-space.



In case of homogeneous half-space when a seismic source is treated as a 
point source the wavefronts are hemispheres.

A wavefront is a surface over which the phase of the travelling wave 
disturbance is the same.

A raypath is a line which shows the direction that the seismic wave is 
propagating. In this situation a raypath could be any radial line drawn 
from the source. 

At any point of the wave propagation they are perpendicular to each other.

http://www.mines.edu/fs_home/tboyd/GP311/MODULES/SEIS/main.html



Basic terms of wave propagation

 The wavelength (λ) is the distance between two adjacent points on the wave
that have similar displacements. One wavelength can be presented by the
distance between two successive maxima. 

 Amplitude (A) of the wave is the maximum displacement of the particle
motions.

 Time period (T) is the time for a wave crest to transverse a distance equal to
one wavelength. 

 The cycle of the seismic waves can be characterized by frequency (f). There is 
a reciprocal relationship between frequency and  time period:  f = 1 / T [unit: 
hertz (Hz) or 1/s]

 The speed in which the wavefront travel can be determined if we know the time
the wavefront takes to reach a known distance. 

 If both the wavelength and time period are known, then the velocity can be 
expressed as:

 V= λ/T=  λf



Seismic body wave types (longitudinal and shear waves)
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Seismic body waves are elastic 
disturbances that are 
propagated   from point to point  
inside a medium. 

P-wave is an elastic body wave 
in which particle motion is in 
the direction of wave 
propagation. These pressure 
waves represent a change in 
volume.

S-wave is also a body wave in 
which the particles’ motion is 
perpendicular to the direction of 
wave propagation. 

A shear wave causes no volume 
change, because the dilatation, 
∇ · u(z, t), is zero. We can make 

difference between SH and SV 
waves.     



P and S wave velocities

Material               P wave Velocity (m/s)               S wave Velocity (m/s)

 Air                                   330

 Water                        1400-1500

 Petroleum                 1300-1400

 Steel                              6100                                                 3500

 Concrete                      3600                                                  2000

 Granite                      5500-5900                                      2800-3000

 Basalt                           6400                                                  3200

 Sandstone                 1400-4300                                        700-2800

 Limestone                  5900-6100                                      2800-3000

 Sand (unsaturated)   200-1000                                           80-400

 Sand (saturated)       800-2200                                         320-880

 Clay                            1000-2500                                        400-1000

 Glacial Till (sat.)       1500-2500                                        600-1000

Schön, 2004



Reflection and refraction

Snell’s law

icic
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An incident body wave generates two
reflected and two refracted waves. In
the figure there is a longitudinal
incident wave and the angle of the
reflected longitudinal and that of
refracted longitudinal wave can be
determined by Snell’s law. Increasing
the angle of incident wave there is a
situation when will be equal to 900.
This situation is realized in the case
when the elastic wave velocity in the
lower layer is greater than that of the
upper one. In case of critical refraction
the sin of the angle for the incident
wave equals v1/v2.
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Huygens’ principle

Huygens’ principle states that every point on a wavefront can be
regarded as a new source of waves (the fig. is modified from Sharma,
1997). The refracted wave travelling along the boundary (here along
the path of AB) is refracted back to the first layer at the same angle
as ic and re-emerges with a raypath such as BG. Here t=0 denotes the
instant when the incident ray strikes the boundary at point A.
Mohorovicic measued direct wave and refracted wave arrivals in 1909. He

crust

mantle



Definition of elastic moduli (Sharma,1997)
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For rocks Young’s ,shear, bulk modulus are between  

1010-1011N/m2, Poisson’s ratio has no dimension.
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The shear modulus (   )describes how difficult it is to deform a cube of the 
material under an applied shearing force (left).
The bulk modulus describes the ratio of the pressure applied to the sphere 
to the amount of volume change that the sphere undergoes. If K is very 
large, then the material is very stiff, meaning that it doesn't compress very 
much even under large pressures. If K is small, then a small pressure can 
compress the material by large amounts (right).






SV

In the knowlegde of density and 
elastic wave velocities we can 
determine the shear and bulk 

modulus(Sharma,1997)



In AD 132, Zhang Heng  invented the first seismoscope. Its  seismoscope, 
like a dragon jar, was made 1700 years before another seismoscope was 
created., see: www.youtube.com/watch?v=PG97kQCp5zM
Earthquake reports were made by  the Chines BD,  and since 1600’s by the 
Japanes.
The 1755 Lisbon earthquake in combination with subsequent fires and a 
tsunami almost totally destroyed Lisbon and adjoining areas. Seismologists 
today estimate the Lisbon earthquake had a magnitude in the range 8.5–
9.0 on the moment magnitude scale, with its epicentre in the Atlantic 
Ocean about 200 km  west-southwest of Cape St. Vincent. The death toll in 
Lisbon alone was between 10,000 and 100,000 people.

https://en.wikipedia.org/wiki/1755_Lisbon_earthquake

http://www.youtube.com/watch?v=PG97kQCp5zM


• The first seismograph was built by Cecci in 1875. It recorded the relative motion of

the pendulum with respect the Earth in the function of time. Two  pendulums- one 

vibrating in a north-south plane and the other  in an east-west plane- were used to

record the horizontal soil vibrations. The mass on a vertical spiral spring was used 

for detecting vertical motions.

• The result of the cooperation of three British professors Ewing, Milne and Gray in

Japan was the invention of horizontal seismometer (1880-84)  

• The first distant earthquake (from Japan) was recorded in Postdam, in 1889. The 

earthquake had been felt in Japan about an hour before it was recorded in Germany.

• Wiechert (1897): central part of the Earth must be metallic, he gives the name of 

mantle, (1898): developed seismographs with viscous dumping.

• Galtizen (1903) developed the first electromagnetic seismometer.

• Reid's elastic rebound theory after the great San Francisco EQ (1906)

• Kövesligethy (1907): focal depth determination ( Zsíros, 1997; Kis, 2007)

http://inventors.about.com/od/weirdmuseums/ig/History-of-Seismometry-/Cecchi-

Seismograph---1875.htm

http://earthquake.usgs.gov/learn/topics/seismology/history/part08.php

http://earthquake.usgs.gov/regional/nca/1906/18april/reid.php

http://inventors.about.com/od/weirdmuseums/ig/History-of-Seismometry-/Cecchi-Seismograph---1875.htm
http://earthquake.usgs.gov/learn/topics/seismology/history/part08.php


GEOPHONE
„The active element of the geophone

consists of a mass hanging on a
spring. When the ground moves, the
mass (due to its inertia) wants to
remain motionless. If you were
watching the seismometer as the
ground moved, it would look like the
mass itself was moving. But, in reality,
you are moving with the ground, and
the mass is remaining motionless.”

The induced voltage in the function of
time measured on coil is proportional
to the soil motion with respect time.
Usually vertical geophones are used
(today 2C,3C mesurements).

http://www.mines.edu/fs_home/tboyd/GP311/MODULES/SEIS/main.html

../Dokumente und Einstellungen/sb/Eigene Dateien/hd/geophone_china/gpchain2.jpg
../Dokumente und Einstellungen/sb/Eigene Dateien/hd/geophone_china/gpchain2.jpg


The interior of the Earth can be investigated based upon chemical 
(left) or physical properties (right). 



The discontinuity   between the 
crust and mantle was discovered in 

1909 by Andrija Mohorovicic , a 
Croatian seismologist. He 

experienced during the Kulpa 
Valley earthquake that the direct 
wave arrivals were preceded by 

seismic refraction wave arrivals  at 
greater epicentral distance of 
200km. He concluded that the 

upper part has an average velocity 
of 5.6km/s, the lower part 

7.9km/s. He calculeted how deep 
the crust thikness is (54km).

The map  illustrates the thickness 
of Earth's crust.  The thickest areas  
are beneath some great mountain 
ranges  as follows: Andes, Rockies 

Himalayas and Urals. 

average depth of MOHO is about 8 
km beneath the ocean basins and 
32 km beneath continental surfaces



Conrad discontinuity
In the course of investigation on 
earthquake records of Eastern Alpen 
Victor Conrad experienced that there is 
a border between the upper 
continental crust and the lower one. 
This boundary is not as pronounced as 
the Mohorovičić discontinuity and it is 
absent in some continental regions,
Lowrie (2007). Earlier the upper crust in 
continental regions was assumed to 
consist of felsic rocks such as granite 
(sial, for silica-aluminium), and the 
lower one to consist of  magnesium-rich 
mafic rocks like basalt (sima, for silica-
magnesium). Therefore, the 
seismologists of the 20th Century 
assumed that the Conrad discontinuity 
should correspond to a contact between 
the chemically different two layers. 

https://www.google.hu/search?q=Conrad+discontinuity&newwindow=1&tbm=isch&imgil=jqlM5PK7dWJElM%253A%253BK8B-
9_Ea8jVXGM%253Bhttp%25253A%25252F%25252Foldwww.mageof.hu%25252Fautumnmeeting%25252Fabstrang.htm&source=iu&pf
=m&fir=jqlM5PK7dWJElM%253A%252CK8B-
9_Ea8jVXGM%252C_&biw=1280&bih=913&usg=___Zg00NJWyaYBpz_SbzagZ72S5l4%3D&ved=0CC8QyjdqFQoTCOje7tuj4sYCFYqKLAo
di9kMhQ&ei=JASpVei8NYqVsgGLs7OoCA#imgrc=jqlM5PK7dWJElM%3A&usg=___Zg00NJWyaYBpz_SbzagZ72S5l4%3D



The interior of the Earth 
Oldham experienced that earthquake waves increased in speed as they 
moved deeper into the Earth, but only up to a certain depth. At that point they 
suddenly move much slower. He also noticed(1906) that both direct P and S 
wave arrivals were absent at epicentral distances greater than 100o and 
confirmed the existence of the Earth's core. He could estimate the size of the 
core.

The Gutenberg discontinuity is  at a depth of about 2,900 km below the 
surface, and it was B. Gutenberg who estimated this depth at first (1914). At 
this depth, primary seismic waves (P waves) decrease in velocity while 
secondary seismic waves (S waves) disappear completely. For this reason it 
can be assumed that the part above the discontinuity is solid, while the part 
below is in a liquid, or molten, form. The discontinuity has also been referred 
to as the Oldham-Gutenberg discontinuity, or the Gutenberg-Weichhert 
boundary.



Snell’s law

Sine rule for 
triangle OBC

The parameter of r*sini/v is constant for any 
raypath. If v increases, i also increases and 
the wave bands in the mantle.



Inge Lehmann (1936) concluded that Earth must have a solid inner 
core and a molten outer core to produce seismic records that 
matched the measurements. She noticed in the P wave shadow zone 
weak P wave arrivals. She concludes that the P wave velocity of the 
inner part should be greater than in the outer core. Lehmann’s belt : 
actually is a discontinuity between inner and outer core.



P-wave  incident on the mantle fluid outer core boundary is refracted towards the 
normal to the interface due to Snell’s law (velocity drop from 13km/s to about 8km/s). 
After the second refraction it emerges beyond the shadow zone, and it is called PKP 
wave ( the letter K stands for Kern, core). PKIKP is a P wave travels through mantle, 
fluid and inner  core (I), i denotes reflection from the inner core, c denotes reflection 
from the outer core.





Astenosphere – with a Low Velocity Zone (LVZ)

Astenosphere plays an important role in plate tectonics, because the  
asthenosphere-due to its low viscosity- supports a lithoshperic plate to move 
on it. It decouples the litosphere from the deeper mantle.

Between the lid and the Lehmann discontinuity the velocities decrease with 
depth, that zone is called LVZ (Gutenberg, 1959). The LVZ shows a reduction 
in velocity of 3–5% only, and this velocity decrease is more pronounced in 
the case of S-waves compared to P-waves. The astenosphere lies below the 
lithosphere, at depths about 80 and 200 km  below the surface (LAB). LAB is
at shallow depth with a sharp and large velocity drop (5-10%) for oceanic 
regions. At the mid-ocean ridges the LAB rises to within a few kilometers of 
the ocean floor. The base of the asthenosphere lies at a depth of about 
700 km.



Benioff’zone
Benioff observed (1954) that earthquakes 
with deep focus usually occur along a 
plane that is usually inclined between 30°
and 60° into the mantle. This zone is 
called Benioff zone. Benioff zones 
coincide with tectonically active island 
arcs such as Japan, Vanuatu, Tonga, etc. 
The occurance of earthquakes indicates 
the existance of the subducting 
lithosphere. The farther from the trench, 
the deeper the earthquakes must be. It
was  recognized by  Wadati in Japan in 
the 1920s.

Mussett, Khan, 2000



Arrival times and ray passes belonging to PKIKP, PKP1, PKP2

waves after Bormann 2002





Preliminary Reference Earth Model was constructed in 1981, acronym 
PREM. Densities, body wave velocities of PREM have been accepted.
Source: Lowrie, 2007
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http://volca
noes.usgs.g
ov/about/e
du/dynamic
planet/nuts
hell.php

Platetectonics

The rigid outer shell of the Earth is called the lithosphere consisting of the crust and 
the solid upper mantle. There are continental and oceanic lithosphere.  Oceanic 
lithosphere is denser than  continental  one, because the granitic „layer” is absent.  For 
this reason the oceanic lithosphere  is composed of heavier minerals (it is a decisive 
factor in the course of subduction)  The lithosphere is broken into a series of moving 
giant plates. A plate may be made up entirely of oceanic or continental lithosphere, 
but most are partly oceanic and partly continental. Because the plates are less dense 
than the asthenosphere beneath them, they are floating on the top of the 
asthenosphere which has a low value of viscosity. Due to the convection in the mantle  
hot material is transported from deeper within the mantle up toward the sea-bottom 
surface.  Slow convection currents diverge at the base of the lithosphere forming 
divergent plate boundary.  The space between these diverging plates is filled with 
molten magma. The basaltic magma quickly solidifies and is added to the inner sides 
of the oceanic lithospheres. This continuous process lasting over millions of years, 
builds a chain of submarine volcanoes and rift valleys called a mid-ocean ridge.

In the end 
of 60’ ies

http://volcanoes.usgs.gov/about/edu/dynamicplanet/nutshell.php




Convergent Boundaries
At convergent plate boundaries  the denser plate penetrates downward into 
the low density litospheric plate. This  process is  called subduction.
Continental crust is too thick and has lower density to sink, for this reason 
only oceanic plate may subduct. Subducting plate remains more rigid than its 
surrounding to depths of about 700 km. This is the greatest depth  where  
earthquakes may  occur in the rigid lithosphere.  Beneath this depth the 
intruding  plate gradually fade into the mantle.
At some convergent boundaries other oceanic plate meets interacts with 
oceanic plate. This results in an oceanic trench and a chain of volcanic 
islands known as an island arc (Japan, the Philippines  are examples of 
island arcs).
Other possibility is when oceanic plate meets continental plate (the west 
coast of southern Mexico, Central America and South America). An oceanic 
trench forms offshore, and a volcanic arc forms not very far from the 
coast. The boundary is an active continental margin.



In the third situation two continental litosphere collide. Neither can 
subduct, so the result is that both continents are crumpled and large 
mountain (orogenic) belts are formed. Due to the velocity 
difference the two plates not only collide and also push upwards to 
form great mountain ranges. The zones of collision are also called 
collision boundaries.

www.physicalgeography.net

http://www.physicalgeography.net/fundamentals/10k.html
https://www.google.hu/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0CAcQjRxqFQoTCIi-5J326cYCFeXzcgodub8CvA&url=http%3A%2F%2Fwww.physicalgeography.net%2Ffundamentals%2F10k.html&ei=MAatVYjmPOXnywO5_4rgCw&psig=AFQjCNE_tDwJUC8H70JfysbSCpuUBkbnOA&ust=1437489051925200
https://www.google.hu/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0CAcQjRxqFQoTCIi-5J326cYCFeXzcgodub8CvA&url=http%3A%2F%2Fwww.physicalgeography.net%2Ffundamentals%2F10k.html&ei=MAatVYjmPOXnywO5_4rgCw&psig=AFQjCNE_tDwJUC8H70JfysbSCpuUBkbnOA&ust=1437489051925200


http://www.geol.umd.edu/~piccoli/100/CH17.htm



http://www.geol.umd.edu/~piccoli/100/CH17.htm



The intensity is a number describing the strength of an earthquake in 
terms of its effects on the earth's surface and on humans and their 
structures for a given site. Mallet prepared the first intensity map (1959) 
showing 'isoseismal lines' that is, lines of equal seismic disturbance
(Naples, 1957). Several scales exist,  the first was the Rossi-Forel scale 
(1883) with 10 numbers on the intensity scale. Shindo scale was developed 
by Omori (1894) with 7 numbers on the intensity scale . The most 
commonly used int. scale is the Modified Mercalli scale (1931). The 
intensity scale consists of a series of certain key responses such as people 
awakening, movement of furniture, damage to chimneys, and last - total 
destruction, etc. These responses can be correlated to the horizontal 
acceleration of earth’s (soil) particles.
The modified Mercalli scale starts with scale number I (not felt except by a 
very few under especially favorable conditions),   the strongest one can be 
characterized with extreme shaking (some well-built wooden structures 
destroyed; most masonry and frame structures destroyed with foundations,
rails bent) and corresponds to scale X.
Intensity value has a more meaningful measure of severity of the 
earthquake to the nonscientist than the magnitude because intensity 
refers to the effects actually experienced at that certain place.

The measure of severity of an earthquake can be 
expressed on intensity scale

http://earthquake.usgs.gov/learn/topics/mercalli.php



Map showing isoseismal  line, the direction of the first shock  (Kitaibel and 

Tomtsányi 1814)



http://www.exploratorium.edu/faultline/basics/waves.html
Mussett&Khan 2000

Surface waves

http://www.exploratorium.edu/faultline/basics/waves.html


Charles Richter developed the local magnitude (ML) to quantify the 
medium-size earthquakes. This scale was based on the ground motion 
measured by a particular type of seismometer (a Wood-Anderson 
seismograph) at a distance of 100 kilometres  from the earthquake's 
epicenter. Surface waves (Rayleigh, Love) were mainly observed.
Modified Richter scale for the quantification of distant and deep EQ :  
The amplitude of the first arrival (A), usually from P wave,  B depends on 
the station,  C is the function of epicentral distance (Δ) and focal depth (h).   
T is the time period of the first arrival. 
( log E= 4+1.6×M)
M=3  E = 10 9 J,   M=5   E= 10 12 J

The moment magnitude scale (abbreviated as MMS; denoted as MW )is 
used by seismologists to measure the size of earthquakes in terms of the 
energy released. The magnitude is based on the seismic moment of the 
earthquake, which is equal to the rigidity of the Earth multiplied by the 
average amount of slip on the fault and the size of the area that slipped. 
The scale was developed in the 1970s. Even though the formulae are 
different, the new scale is very similar to the older one. The MMS is now 
the scale used to estimate magnitudes for all „modern” large earthquakes 
by the United States Geological Survey.     Source: Wikipedia

),()log( hCB
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Earthquake along a nonvertical normal fault striking N-S 
(divergent boundaries), FOCAL MECHANISM

Normal fault can be 
characterized by: 
steeply dipping fault 
plane, and the block 
moves downward on 
the upper side of the 
fault. Nodal planes: 
along them there are 
zero first motion 
amplitude. They are 
perpendicular to each 
other, one of them is 
the fault plane, the 
other one is the 
auxiliary plane.

Focal sphere is a spherical shell centered on the focus. It is sliced along the 
fault plane (bottom left), the  projection of its lower hemishpere (on the 
right) presents the focal mechanism of the earthquake. Solid circles and the 
shaded areas show compressional first arrivals, open circle and areas without 
shading represent dilatational first arrivals, S denotes the direction of slip.  
(Cox & Hart, 1986)



Lowrie, 2007



http://www.earth.northwestern.edu/people/
emile/PDF/EAO211.pdf 

http://geodynamics.usc.edu/~becker/p
reprints/bbbh09.pdf

Basic cases: strike-
slip faults, normal  
and reverse faults. 
Thrust fault is a 
reverse fault with 
low dip angle.

white regions indicate
the orientation of compression, 
colored regions indicate extension

Southern and Central California



The San Andreas fault (1100km long) is on the boundary between the Pacific plate 

and the North American plate. During the earthquake of 1906, the ground west of 

the fault  moved northward and, in the most extreme instance, a 6m shift was 

measured. The displacement of the two plates formed a fracture system. The red 

lines on the left show the fault system. The largest and the longest one is The San 

Andreas fault .

San 

Andreas 

fault



JAPAN

http://www.hp1039.jishin.go.jp/eqchreng/eqchrfrm.htm.

Fukushima:  11.  March, 2011  

reactor blocks were planned for  

0.45g  and 0.46g, tsunami 5,7m. 

Measured max acceleration:  

0.517g (3.block)  and  0.44g (6. 

block).   PAKS nuc. power 

station is planned for 2.5m/s2 .

http://www.hp1039.jishin.go.jp/eqchreng/eqchrfrm.htm


Japan

http://www.hp1039.jishin.go.jp/eqchreng/eqchrfrm.htm.

http://www.hp1039.jishin.go.jp/eqchreng/eqchrfrm.htm


GPS Earth Observation Network System (GEONET)

It is GPS array and data analysis system of the Geographical Survey
Institute of Japan, founded in 1994. The main task is to monitor crustal
deformation of Japanese islands as quickly and accurately as possible.
Today, Japan has the densest GPS observation network in the world with
1,200 GPS based control stations and some other stations. In seismo
tectonics study, it provided the features of coseismic crustal deformation
as well as the steady state crustal deformations by plate motion. Five
interplate slow slip events were also found by it and has been playing
important role to the recent plate coupling studies. In volcanological study,
it provided the sequence of magma activity utilized for the estimation of
eruption. New methods (precise point positioning, PPP, taking into account
the atmospheric effect, new algorithms, expanded monitoring) have been
developed.

Journal of the Geodetic Society of Japan Vol. 50 (2004) No. 2 P 53-65
http://www.nature.com/srep/2013/130917/srep02682/full/srep02682.html 



http://www.nature.com/srep/2013/130917/srep02682/full/srep02682.html



NEPAL EARTHQUAKE(2015): 
inter-continental collision

http://article.sapub.org/10.5923.j.geo.20110101.01.html

Formation of the Himalaya 
Mountains. Compressional forces 
due to the collision of the Eurasian 
and Indian continental plates caused 
ocean sediments and continental 
rocks to be pushed upward in 
elevation. (Source: U.S. Geological 
Survey)



Thrust environment is dominant in the Western and Central Nepal region, 
whereas, in the Eastern Nepal, it is a amalgamation of thrust and strike-slip 
with large thrust mechanism. In western region the crustal shortening in 
north-south direction in which earthquakes is generated due to northward 
compression. The shortening was accommodated by development of various 
NW-SE trending structures like Himalayan Arc MCT (Main Central Thrust), 
MBT (Main Boundary Thrust); MFT (Main Frontal Thrust). The observed 
change in the faulting pattern in the eastern parts of the thrust zone may 
indicate substantial movement along the transverse faults, as compared to 
that of the western region with the changes in the deep crustal structure.



Bada et 
al., 2007



Movements happen mainly along two main faults, the North Anatolian 
fault and the East Anatolian fault. 



The Carpathian basin is located between the seismically active Mediterranean 
area and the nearly aseismic East European platform. Its tectonics is 
determined by the counterclockwise rotation of the Adria microplate and its  
northeast directed movement. Its seismicity is moderate. Distribution of the 
earthquakes in it is  inhomogeneous. The most active areas of the 
sorrounding region are  the Vrancea zone, the Southern Alps and the North-
West Dinarides. Seismicity is more than moderate at the Móri zone, Mur-
Mürz zone running from Mura valley to the W. Carpathians and in Banat. 

Georisk



Mur-Mürz line and Dráva line are situated  close to the  boundary.

Great earthquakes in Pannonian basin: Komárom (1763), M 6.2;
Érmellék(1834), M 6.2; Kecskemét (1911), M 5.6. Observations indicate
that magnitude 6.0-6.5 earthquakes are possible but not frequent in the
Pannonian basin (Tóth et al., 2002). Average focal depth is 3-15km,
however, in 1966 in Transylvania (Háromszék) 140km, with magnitude 4.7

Georisk



The  Earthquake Bulletin issued by 
Georisk is a united annual summary 
report of all Hungarian earthquake 
monitoring projects. The geographic 
region covered is determined by 
latitudes 45.5-49.0 and longitudes 
16.0-23.0.
1995 was a milestone in the history 
of Hungarian seismological 
observations. The Paks Nuclear 
Power Plant Ltd. installed a network 
of high quality digital seismographs, 
following the recommendations by 
the International Atomic Energy 
Agency (IAEA). For the first time, 
this network made it possible to 
detect and locate very small 
magnitude local seismic events as 
well.

http://www.georisk.hu/



Focal depth  determination (one possible appr. solution)

The angle of the seismic wave arrivals (from the hypocenter) is the 
function of the epicentral distance. Theoretically from the distance 
belonging to the greatest angle the focal depth can be calculated.   
Völgyesi, 2002 



Mussett&Khan, 2000



Elastic response spectrum determination(EUROCODE 8)

In areas with higher seismic activity  in the course of earthquake resistant 
designs different technologies (including base isolation devices, seismic 
dampers) are applied. The local effect of an earthquake depends on not only 
artifical factors, but mainly on the magnitude, the distance measured from 
the focal depth and the feature of the sediment above the bedrock. The 
knowlegde of the elastic response spectrum is indispensable for planning.
Based upon the map of seismic  zones for the country the Peak Ground 
Acceleration ag for the stiff bedrock can be determined.This refers to T=0sec.

S. zone      ag

1           0.08g
2           0.10g
3           0.12g
4           0.14g
5           0.15g

This map shows PGA in m/sec2

with 10% probability of excedance 
in 50 years, that is with a return 
period of 475 years.
GEORISK



The next step is the determination of the type of sediment covering
the bedrock. It can be classified by the average shear velocity of the
upper 30m of the layer.



Georisk

If the investigated site can be classified into one of the groups A, B, 
C, D, E then some coefficients can be read out from the EUROCODE 8
3.2. TABLE



Horizontal elastic response (horizontal acceleration) determination for 
different ground types.
If S=1, then we receive the
horizontal  elastic response for 
the rocktype A. 

Ground types S1 and S2 requiring 
special studies, extra geophysical 
measurements.
Vertical acceleration is usually less 
than the horizontal one.
Design ground acceleration is the 
product of reference peak ground 
acceleration and the Importance 
Factor γI .
E C Carvalho, Brussels,2008 



Induced („man-made”) seismicity

Gas is trapped in 
Rotliegend sandstone 
reservoirs beneath the 
Zechstein salt. Tops of 
fault planes are shown at 
base Zechstein. Vertical 
extent downwards and 
precise dip are not well 
known. The earthquakes 
are associated with 
differential compaction 
due to gas extraction and 
reactivation of the existing 
faults.(TNO, 2004)

(Gas) production, pore pressure depletion, 
compaction and surface subsidence ( max. 
50cm). Near to the faults, compaction induces 
shear stress changes in the blocks. Depending 
upon the magnitude of the  stress change and 
the friction blocks can slip along the existing 
faults resulting in seismic events. The 
strongest earthquake so far to hit Groningen 
measured 3.6 on the Richter (August 2012).
Further cut gas extraction from the Groningen 
fields in the second half of this year was 
announced, to avoid induced seismicity event 
of greater magnitude.



Induced  seismicity

An increase in the regional 
seismicity was observed since 
the beginning of the shale gas 
development (late 2006) in 
British Columbia. The main 
operation associated with 
seismic event was hydraulic 
fracturing.  Depending on the 
pressure and volume of the 
injected fluid and the geology
induced eartquakes with 
different occurence and 
magnitude may occur. Similar 
studies were presented for the 
case of EGS and wastewater 
disposal at depth (Farahbod et 
al., 2005, Leading Edge).



Induced  seismicity, effective stress model

Ellsworth et al., 2015
Leading Edge



CTBTO
International Monitoring System

The Comprehensive 
Nuclear-Test-Ban 
Treaty (CTBT) bans all 
nuclear weapon tests. 
The system is designed 
to detect nuclear 
explosions anywhere 
on the planet  (in the 
oceans, underground,
in the atmosphere) 
with four methods. 
Once complete, the 
IMS will consist of 337 
facilities (321 
monitoring stations and 
16 radionuclide labs) 
located in 89 countries 
around the globe. The 
IMS is nearing 
completion with around 
90% of its facilities 
already operational. 

Seismic:grey, hydroacoustic:blue, radionuclid:red, infrasound: green

2015 CTBTO Preparatory Commission 



Seismic networks of IMS
There are two global seismic monitoring networks supported by UN. The 
primary seismic network with 50 stations sends data continuously. The 
auxiliary seismic network with 120 stations  sends data only on request . 
Independent of the type of the network  stations can be either seismic 
arrays or three-component stations. About 60% of the primary seismic 
network (will) consist of seismic array stations, which are essentially sets of 
9 to 25 seismic sensors  arranged over a large area. Seismic arrays yield 
information on both the direction and speed of the incoming seismic waves 
making possible the identification of the source in the case of a particular 
event.Most of the stations of the auxiliary seismic network are three-
component stations. Three-component stations employ only one seismic 
sensor that measures the three spatial components of seismic waves– up-
down, East-West and North-South. These 3C sensors provide information on 
the depth and strength of an event.

https://www.ctbto.org/
verification-
regime/monitoring-
technologies-how-they-
work/seismic-
monitoring/#play/KGZh
9lB3Imc

Mussett&Khan,2000

https://www.ctbto.org/verification-regime/monitoring-technologies-how-they-work/seismic-monitoring/#play/KGZh9lB3Imc


Infrasound network of IMS was developed to detect 

atmospheric and shallow underground nuclear explosions generating
infrasound waves. Acoustic waves with  lower frequencies than waves of 
the frequency range audible to the human ear are called infrasound. 
Infrasound is produced by a variety of natural and man-made sources: 
communication of elephants, exploding volcanoes, earthquakes, meteors, 
storms and auroras in the natural world; different explosions,  aircraft and 
rocket launches etc. are artifical sources. Except nuclear explosions all of 
them are considered as noice.
The network consists of 60 infrasound stations. One station has four to 
eight infrasound array elements (windy location require more sensors). At 
each element microbarometer is used to measure the pressure changes in 
the air produced by infrasonic waves. 



CTBT, Hydroacoustic technology
The layer in the (sea) water where sound travel is slower but very efficient is called the

SOund Fixing And Ranging channel (SOFAR). It is relatively far from both the sea level

and the sea bottom (there is no seafloor topography effect on the channel propagation).

Its depth is about 1000 m. Hydroacoustic monitoring makes use of the phenomenon of

sound waves being trapped in this zone. Due to the efficient transmission of sound

through water, 11 stations are sufficient to monitor the Earth’s oceans. There are more

stations on the Southern Hemisphere because its larger coverage by sea water.

https://www.ctbto.org/?id=290



Two different sensing methods are applied. 
6 hydrophone stations use hydrophone sensors 
providing information on large ocean areas. These 
stations are very costly. Their hydrophone sensors
convert the changes in the water pressure -caused 
by sound waves- into electric signals. They consist 
of two sets of three hydrophones on opposite sides 
of an island to avoid shadow effect. The 
hydrophones are placed in the SOFAR layer at a 
depth of 600 to 1200m.
Five T-phase stations can be found on small, 
steep-sloped islands. T-phase stations are less 
effective, but also considerably simpler and not so
costly. They use seismic sensors to detect 
waterborne acoustic energy, which is converted to 
seismic waves (T-phases) when hitting the coast. 
These stations are mostly three-component 
stations.  

https://www.ctbto.org/?id=290

CTBT, Hydroacoustic technology


