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Global Wave Propagation in the Earth´s Interior

• Capital letters indicate the rays of depth phases, going downwards from the 
source, i.e. vertical angle lower than 90° (P,S)

• Lower case letters indicate the rays of depth phases, going upwards from 
the source, i.e. vertical angle greater than 90°. (p,s)

• Hypocenter near reflexions at the surface (pP,pS,sP,sS)
• Conversion waves travelling upwards (Ps,Sp)
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Global Wave Propagation in the Earth´s Interior

• P: P wave in the crust/mantle
• K: P wave in the outer core
• I: P wave in the inner core
• S: S wave in the crust/mantle
• J: S wave in the inner core
• c: reflection off the core–mantle boundary (CMB)
• i: reflection off the inner-core boundary (ICB)  

• Combination of different letters indicate the seismic phases along the ray 
path travelling through the Earth. 

• Repeating letters indicate reflection at the surface (PP, SS)



Localization of Earthquakes – Travel Time curves
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Navier-Cauchy equations in an elastic medium

• Linear elasticity is the mathematical study of how solid objects 
deform and become internally stressed due to prescribed 
loading conditions.

• The fundamental assumptions of linear elasticity are: 
infinitesimal strains or small deformations and linear 
relationships between the components of stress and strain.

• In continuum mechanics, the Lamé parameters are two material-dependent 
quantities denoted by λ and μ that arise in strain-stress relationships.

λ: Lamé's first parameter
μ: shear modulus (ratio of shear stress to the shear strain)



Elastic modulus

• stress is the force causing the deformation divided by the area to which the 
force is applied

• strain is the ratio of the change in some length parameter caused by the 
deformation to the original value of the length parameter

• a number that measures an object or substance's resistance to being 
deformed elastically

• The elastic modulus of an object is defined as the slope of its stress–strain 

curve in the elastic deformation region: λ=
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛















Seismic waves

• Slowness (s) is a quantity introduced in Seismology which is the reciprocal of 
velocity. Thus travel time of a wave is the distance that the wave travels times 
the slowness of the medium.

















Polarization

• is a parameter applying to transverse waves that specifies the geometrical 
orientation of the oscillations

• A simple example of a polarized transverse wave is vibrations traveling along a string. 
The vibrations can be at any angle perpendicular to the string. 

• Sound waves in solid materials exhibit polarization. Differential propagation of the 
three polarizations through the earth is a crucial in the field of seismology. 
Horizontally and vertically polarized seismic waves (shear waves) are termed SH and 
SV, while waves with longitudinal polarization are termed P-waves.



Polarization

• SH is parallel to the ground surface, while SV is oriented in a vertical plane coinciding with the 
propagation direction of the wave front
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Reflection and refraction seismics

Near-surface Geophysics
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A - VSP air gun

B - Air gun array

(source: IODP 2018)







Seismics

• device that converts ground movement into voltage and the deviation of 
this measured voltage from the base line is called the seismic response

• Construction
o passive analog devices that typically comprise a spring-mounted magnetic mass 

moving within a wire coil to generate an electrical signal
o microelectromechanical systems (MEMS) which generates an electrical response to 

ground motion through an active feedback circuit to maintain the position of a small 
piece of silicon

• waves passing through the earth have a three-dimensional nature, 
geophones are normally constrained to respond to single dimension - usually 
the vertical

• Analog geophones are very sensitive devices. Small signals can be drowned 
by larger signals from local sources. 

o to recover the small signals that are caused by large but distant events the signals 
from several geophones deployed in an array are correlated. It can be assumed that 
small signals that register uniformly at all geophones in an array can be attributed to 
a distant and therefore significant event.



Seismics
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De-Multiplexed Order





Data from: Burger er al., Introduction to Applied Geophysics

Arrival Times (ms)

Distance from 
shot (m)

Direct 
wave

Reflected 
wave Head wave Air wave

Ground 
roll

0 0,00 20,00 18,54 0,00 0,00

3 2,00 20,10 19,29 8,96 4,44

6 4,00 20,40 20,04 17,91 8,89

9 6,00 20,88 20,79 26,87 13,33

12 8,00 21,54 21,54 35,82 17,78

15 10,00 22,36 22,29 44,78 22,22

18 12,00 23,32 23,04 53,73 26,67

21 14,00 24,41 23,79 62,69 31,11

24 16,00 25,61 24,54 71,64 35,56

27 18,00 26,91 25,29 80,60 40,00

30 20,00 28,28 26,04 89,55 44,44

33 22,00 29,73 26,79 98,51 48,89

36 24,00 31,24 27,54 107,46 53,33

39 26,00 32,80 28,29 116,42 57,78

42 28,00 34,41 29,04 125,37 62,22

45 30,00 36,06 29,79 134,33 66,67

48 32,00 37,74 30,54 143,28 71,11

51 34,00 39,45 31,29 152,24 75,56

54 36,00 41,18 32,04 161,19 80,00

57 38,00 42,94 32,79 170,15 84,44

60 40,00 44,72 33,54 179,10 88,89
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Velocity 1-P (m/s) 1500

Velocity 2-P (m/s) 4000

Depth (m) 15

Shot offset (m) 0

Geophone interval (m) 3

No head wave before: 12,14



V

Signal attenuation / absorption

Distance from shot (m) 3 6 9 12 12 24 36 48 48 96 144 192 240

Spherical spreading los 
(db) 9,5 15,6 19,1 21,6 21,6 27,6 31,1 33,6 33,6 39,6 43,2 45,7 47,6

Loss from previous point (db) 6,02 3,52 2,50 6,02 3,52 2,50 6,02 3,52 2,50 1,94
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V

Signal attenuation / absorption
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Shear Wave

5 Hz

10 Hz

30 Hz

100 Hz

200 Hz

300 Hz

P-wave velocity (m/s): 4000

S-wave velocity (m/s): 2000

Absorption coefficient = 0.55 db/l

Compressional Wave Distance (m) Shear Wave Distance (m)

Frequency

(Hz) 10 60 120 240 10 60 120 240

5 0,03 0,176 0,35 0,7 0,06 0,35 0,7 1,4

10 0,06 0,351 0,7 1,4 0,12 0,7 1,4 2,81

30 0,18 1,053 2,11 4,21 0,35 2,11 4,21 8,42

100 0,59 3,51 7,02 14 1,17 7,02 14 28,1

200 1,17 7,02 14 28,1 2,34 14 28,1 56,2

300 1,76 10,53 21,1 42,1 3,51 21,1 42,1 84,2









Reflection Seismics

• is the change in direction of a wavefront at an interface between two 
different media so that the wavefront returns into the medium from which it 
originated.

The laws of reflection are as follows:
• The incident ray, the reflected ray and the normal to the reflection 

surface at the point of the incidence lie in the same plane.
• The angle which the incident ray makes with the normal is equal to 

the angle which the reflected ray makes to the same normal.
• The reflected ray and the incident ray are on the opposite sides of 

the normal.

• These three laws can all be derived
from the Fresnel equations.















Noise:

• Air wave

• Rayleigh wave

• Ground roll

• Surface wave

• Refraction

• Head wave

• Multiple 
reflection

• Cultural noise

application of a high pass filter (above 380 MHz):



Seismic processing











Refraction

• At its most basic, the seismic reflection technique consists of generating 
seismic waves and measuring the time taken for the waves to travel from the 
source, reflect off an interface and be detected by a spread of receivers (or 
geophones) at the surface

• When a seismic wave travelling through the Earth encounters an interface 
between two materials with different acoustic impedances, some of the wave 
energy will reflect off the interface and some will refract through the 
interface.



Refraction

• is the change in direction of wave propagation due to a change in its 
transmission medium.

• explained by the conservation of energy and the conservation of 
momentum. Due to the change of medium, the phase velocity of the wave is 
changed but its frequency remains constant.

• Refraction is described by Snell's law 
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sin 𝜃1
sin 𝜃2

=
𝑣1
𝑣2

=
𝜆1
𝜆2

𝑣𝑟𝑒𝑓𝑙 = 𝑙 − (2 cos 𝜃1)𝑛 𝑣𝑟𝑒𝑓𝑟 =
𝑛1
𝑛2

𝑙 +
𝑛1
𝑛2

cos 𝜃1 ± cos 𝜃2 𝑛



Refraction

• Parallel to the boundary with the velocity of the layer beneath it, with:

sin 𝑖 =
𝑣0
𝑣1

• Is the wave that strikes at a critical angle on a boundary surface from a 
seismic medium to another medium with a higher seismic velocity and is 
refracted at a right angle. It runs along the boundary surface and 
continuously radiates wave energy below the critical angle.

Headwave















Travel time curves

• Propagating seismic waves (bottom) and related travel time diagram (top) of 
the direct (blue) and the first refracted phase (green)

Seismic Refraction Outlines

time

distance



Travel time curves

• blue: direct wave
o Slope reflects invert of velocity  1/𝑣0

• green: Head wave
• red: reflected wave, under critical
• brown: reflected wave, over critical

time

distance

critical point

crossover point






























