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GG450 

May 4, 2010 
 

Final Exam Review 

First, make sure you have read the 
sections in the book that were 
assigned during the semester: 

p. 19-20 , 22-29, 32-33, 40-62,  
81-218, 501-541 

If any complicated formulas are 
needed, I will provide them. 

You should know the “easy” ones. 

 We talked mainly about seismic 
refraction and reflection. 

 You should know the basics of wave 
propagation as applied to seismics. 

Sound waves are Compressional waves 

 Since we’re dealing with waves, it 
would be a good idea to understand wave 
terminology: 

Time (sec) 

 You should understand  
Amplitude  
Frequency 
Period 
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 And wavelength 

Distance along the ground (km) 

 Frequency    =  cycles/ time 
 Wavelength  =  distance/ cycle 
 Velocity        =  distance/time 
 

(all of these are “easy”) 
 

DYNAMIC RANGE:   
  

 Since increasing the number of bits in a 
sample by one increases the largest number 
by a factor of two,  dynamic range increases 
by 6 dB/bit.   
 For example,  an 8-bit word has 48 dB of 
potential dynamic range (60 dB = 6 dB/bit *10 
bits), but a 16-bit word has 6*16 = 96 dB. 

   8  48 dB  
 16  96 dB. 

DATA RATE:  The number of samples of an 
analog signal taken per time unit.  The data 
rate is particularly critical in digital analysis.  
The data are only defined at the times when 
samples are taken.  How can we do this and 
not loose any information?  

Time (sec) 

Nyquist Theorem:   
 An analog signal sampled at a rate that 
is at least twice the frequency of the highest 
frequency present in the signal will contain all 
the information that was in the original signal.   

 You must have at least 2 samples for 
every cycle to retain all the information in a 
signal. 

 The highest frequency where information 
is available (1/2 the sampling frequency) is 
called the Nyquist frequency. 

You obtain a gravity profile like the one below. You want 
to digitize it for input into a computer.  How closely do 
you need to sample the data? 

Time (sec) 

Aliasing 
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ALIASING:   

 If we know that our signal has information at 
frequencies higher than our Nyquist frequency, 
what should we do? 

 We usually filter the data with an “anti-alias” 
filter that allows through (passes) all the low 
frequency energy, but filters out all the energy 
above the Nyquist frequency. 

What’s a “filter”? 

 A filter is a device or process that 
modifies the input process such that the 
output has different characteristics.  

Electronic filter, digital filter 

 

 Time domain vs frequency domain 

time frequency 0 

CONVOLUTION  

 The convolution operation is very 
important in seismology and geophysics in 
general because it mathematically describes 
how the earth filters the signals we put into it.   

  

Consider the seismic case: 

 The input to the ground is 
approximately an impulse: 
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  As usual, reality is more complicated,  
in that each refraction path and each 
reflector,  and each seismometer and source 
for that matter,  change our nice clean 
impulse into a train of waves,  and our 
hammer blow might actually look like: 

This is called 
the “source 
function” 

 Every time this train of waves hits 
another interface it gets changes by whatever 
"filter" that interface applies.   

 This looks more like a seismogram,   and 
the process that has been done is 
CONVOLUTION of the SOURCE function 
(hammer) with the RESPONSE function of the 
ground.  

Convolution involves: 
1) Multiplying each value of the input 

signal by the values of the filter 
IMPULSE RESPONSE 

2) adding the results together (this is the 
output for one  

3) stepping the signal one time step and 
repeating the operation. 

From your book (p. 193-194): 
 
 
 
 
 
 
 

 Wave fronts are much 
like equipotential surfaces in 
potential field geophysics, 
except wave fronts have equal 
phase, as opposed to equal 
potential. 

  Rays are perpendicular to wave fronts 
and point in the direction of the wave 
propagation.  Wave fronts move along rays at 
the phase velocity, or propagation velocity. 

wave fronts and rays Huygen’s Principle: 

 This principle states that each point 
along a wave front generates a sphere of 
energy whose radius is proportional to the 
propagation velocity.   

 If the time increment is the period of 
the wave, then the radius is the 
wavelength. 
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2 demonstrations of Huygen’s Principle We used Huygen’s 
principle to show 
how much a wave 
will refract as it 
crosses an 
interface from one 
velocity to another.  

This is Snell’s Law, one of the most important 
equations in geometrical optics.  

In words, it says that the angle a ray makes with the 
vertical divided by the velocity at that point on the path 
AT ANY POINT ALONG ITS PATH is CONSTANT.  

The constant is called the RAY PARAMETER, p. 

 
                                                  (Snell's law)   
 
 When  = 90° ,  the ray travels horizontally through the earth.  
The "critical" angle is a special case where the velocities are 
constant in the layers.  The critical angle is the angle in the 
upper layer where the ray becomes horizontal in the layer 
below: 
        
 v0 

v1 

v0 

v1 
 

Generally, a P-wave incident on a layer boundary 
generates both reflected and refracted P- and S-waves 

The critical reflection defines two domains: subcritical and 
supercritical, with the critical distance being the point along 
the surface that separates the two domains. 
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Direct Wave:  Travels at the 
p-wave velocity of the 
uppermost layer of the 
ground,  directly to the 
receiver.  Direct waves come 
in first close to the source, 
but often disappear at larger 
distances or are lost in 
earlier, faster arrivals. The 
direct wave arrival time is 
usually a straight line or 
curved slightly downward. 

Reflections:  
Reflections arrive from 
sharp changes in 
velocity (actually 
impedance, v)  below. 
When plotted on a x-t 
plot,  the first reflection 
arrival time is 
asymptotic to the direct 
arrival.  Reflections 
bend upwards on x-t 
plots. 

Refractions (head waves):  
Refractions are arrivals from 
faster deeper layers that 
arrive first at larger 
distances.  They are usually 
straight or bending slightly 
downwards with increasing 
distance on x-t plots.   
Refractions are often very 
small amplitude arrivals,  but 
often easy to see because 
they come in first. 

SLOWNESS: The slope of the arrival time vs 
distance curve = 1/velocity of the wave at its 
deepest point = RAY PARAMETER. 

 

distance from shot 

Slope = 1/V1 

Refraction - 2 Flat Layers 

V3 

V2 

V1 

θ1 

θ2 

θ1 

The angle of incidence on the layer 1-2 boundary 
needed for the ray to be critically refracted at the 
layer 2-3 boundary is easily determined since the 
ray parameter is constant: 

You should know these relations 

Refraction - 2 Flat Layers 

V3 

V2 

V1 

θ1 

θ2 

The SLOPE of the arrival refracted in layer i is 
equal to 1/Vi for that layer,  and thus equals the 
ray parameter of the critical ray in that layer: 

h1 

h2 

 The travel time from source to receiver 
for a refraction through a flat 2-layer model is: 

 If needed on the exam, I will give you this 
formula, but you should know how to apply it. 

 Since we can measure the y-intercept of the 
refraction (called the intercept time),  and the two 
velocities can be measured from the slopes of the 
direct and refracted arrival, we can solve the above 
equation for h1,  and obtain the depth to the layer: 

where ti  is the y intercept time of the refraction arrival. 
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Dipping layers 
 

Horizontal layers 
 

Seismic waves spread out from their origin 

Geometrical Spreading 

 As waves radiate away from the source, the 
energy spreads out.   
 The energy of a wave is proportional to the 
square of the amplitude, so as the energy spreads 
out, the amplitude decreases, although the total 
energy remains constant. 
 For body waves (P and S), the waves spread 
out in spherical shells.   
 Since the surface area of a sphere is 
proportional to the square of the radius, the energy 
per unit area (energy density) decreases as r2 ,  
E=E0/r2 , and the amplitude decreases as r,  A=A0/r 

(note:  the book uses H instead of A) 
   

Absorption 
 Attenuation is the result of absorption of 
energy.  A small amount of energy is lost from 
seismic waves to heat as the wave moves through 
a material. Absorption takes the form: 

                         where I is a measure of energy 
called the intensity, q is the absorption coefficient, 
and r is distance. q has units of dB/wavelength.  
 So, at a given frequency, the energy 
decreases with distance at a certain number of 
dB/wavelength. Note that even if q is constant, the 
energy in a high frequency wave will decrease 
faster than the energy in a low frequency wave.   

  An attenuation of 0.6 dB/implies that a signal 
with a ten km wavelength will decrease in size by a 
factor of 2 in 100 km.   

 Attenuation by a constant  dB/ implies that 
waves with short wavelengths will decrease in size 
faster than those with long wavelengths.  What does 
this imply about the frequencies of seismic waves as 
they travel into the earth? 

 What does this tell us if we want to use seismic 
waves to see deep into the earth? 

 V = λf 

                                λ = V/f      (“easy formulas) 
 

     So, if V generally increases with depth, and if f 
generally decreases with depth, what happens to 
seismic wavelengths with depth?  
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Energy Partitioning 
 

 When a seismic wave hits an interface, it splits into 
different waves, both reflected and refracted.  In the most 
general case an incident P wave will split into reflected P and 
S waves and refracted P and S waves. The energy of the 
incident wave is partitioned among the resulting waves. 

You should know the formula for R 

Reflection Method 

How long does it take a ray to 
travel from E to A to G? 

Basic formula:  

The reflection path E-A-G,  is 
symmetric, thus the time it takes 
to travel from the surface to the 
reflector and back is: 

V1 

    The direct arrival (green) is exactly as in refraction, so the 
slope of the line is 1/V1.   

     The reflection (red) is a hyperbola with an asymptote (blue) that 
can be found by looking at the limit as x gets very large:  t=x/V1.  
Note that this is actually the same as the equation for the direct 
arrival.  
    T0 is the time at x = 0 (also called zero offset). 

T0 

This is a standard reflection 
plot, with time positive 
downwards, since the later 
arrivals are coming from 
deeper in the earth. 

Direct arrival 

Reflected arrivals 

This is called a split spread, 
with the shot in the middle 
and geophones spread out to 
either side.  It is typical for 
land acquisition. 

Graphical demonstration of NMO 
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where h1 is the layer depth, V1 is the 
layer velocity, and x is the distance 
from the source to the geophone.       

    The hyperolic shape is called 
Normal Move-Out (NMO) and is the 
time difference between the arrival 
at x=0 and the arrival at x.      

    Note that NMO decreases with 
depth.   

   2h1/V1 = T0 (time at zero offset).   

    The hyperolic shape is called 
Normal Move-Out (NMO) and is the 
time difference between the arrival 
at x=0 and the arrival at x.      

     Since 2h1/v1 is the time required for 
a normal incidence reflection, TNMO is 
the EXTRA time needed if the receiver 
is not directly over the reflection point.   
     If we subtract TNMO from each 
trace, the time of arrival at each 
distance should be the same at each 
geophone,  and is what it would be if 
each geophone were at the shot point. 

Without NMO With NMO What about dipping layers? 

 Previously we worked with a single layer over a 
half space.  Now we will look at many layers of 
different velocities.  Unlike refraction,  the velocities 
won’t be directly obtained from the slopes of travel 
time curves,  since we don’t have the advantage of 
head waves  and the knowledge that our ray is 
horizontal in the deepest layer. 
 

 We also need to deal with the fact that the rays 
aren’t straight as we go to deeper layers,  but they 
bend (refract) as velocities change at and (in 
between) each layer boundary.  We will have to make 
approximations to deal with these complexities.  

If we look at NMO again, we can re-write TNMO as: 

We can then define a Dip Move-Out (DMO) as: 

Where α is the dip of the reflecting horizon. 

 DMO is the difference in travel time between 
the plus and minus x (equal distances from the 
source).  

Eqn. 33, 34 

Seismic Velocities 
 

 There are many different kinds of seismic 
velocities: 
Interval velocity 
Stacking (NMO) velocity 
RMS velocity 
Average velocity 
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Multiple reflections 

Layer 1        

Layer 2        

Layer 3        

What is the characteristic of primary multiples that 
allows us to quickly recognize them? 

Primaries 
1st 

multiples 
Peg leg 
multiples 

Interbed 
multiples 

 

Seismic Reflection 
Data Processing 

Raw shot gather with lots of noise Shot gather filtered to eliminate low frequency noise 

Static Corrections for Land Data 
 

 "Static"  implies that the same identical 
correction is made to a trace at all times.  For 
example,  topographic corrections and weathering 
corrections add or subtract a fixed time from a trace 
depending on the elevation, thickness,  and velocity 
of the upper low velocity layer.   
 WHY?  So that reflectors that are actually flat 
will appear flat in the final profile. 
  

    In the section above, the “reflectors” are actually flat, but, 
because of changes in the elevation, they appear to be 
folded. The elevation static  correction fixes this.  

    A similar correction is applied to correct for changes in the 
thickness of any low-velocity surface (weathered) layer, since 
the extra travel time generated by changes in this thickness 
will distort the shape of reflections below: 
Thus,  static corrections correct the effects of variable surface 
layers so that the geometry of deep reflectors is correct. 
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Static Corrections 
for Land Data • Attenuation 

 
• Amplitude Decrease 
 
• Pulse Broadening 

Amplitude recovery 

Progressive change in the shape of an original spike pulse during 
its propagation through the earth, due to the effects of absorption 

Gain Recovery 

Convolution 

       G(t)                *           F(t)                     =        H(t)  
   
          Source                   Earth                   =        Seismogram  
         Wavelet                Ref. Coeff.  

Filtered shot gather without deconvolution Filtered shot gather with deconvolution 
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Common Mid Point (CMP)  
 
This is the standard for seismic reflection acquisition 

today.   
The idea is to "gather" all data that reflect from the 

same point below and use these data for moveout 
correction and stacking.   

While it requires considerable rearranging of traces,  
computers can do this quite easily.   

Common Mid Point 
(CMP) 

 
Many Source Receiver  

Offsets 
 

Sample Same  
Mid Point 

69 

NMO – Normal Moveout Correction 

G5     G4    G3    G2     G1  

Velocity Analysis 
T = tx-t0 
   

T ~ x2/2V2t0 
 

Know x & t0 
 

Select a variety of V’s 
to get best T 
 
Done by processing 
software – we will 
work with this in lab 

X 

Velocity Analysis 
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Velocity Offset 

T
W

T
T

 

NMO – Normal Moveout Correction 
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Stacking - Summing 

     Note that we 
increase our signal-
to-noise ratio by a 
factor of √ n, where  
n = # of channels 
 

Post-stack scaling 
 

In order to “see” deeper into the section, we 
need to boost up the amplitudes at long two-way 
travel time. 

The most popular way to do this is with 
Automatic Gain Control (AGC), which equalizes 
the amplitudes on a trace-by-trace basis by 
comparing the average amplitude in a window 
and increasing the gain at the mid-point sample 
if the average is lower than the average for the 
whole section, or decreasing the gain if the 
average in the window is greater than the overall 
average. 

Post-stack scaling 
 

Window size = 1000 msec 
 
Window slides down each trace 
 
If average value is large, values 
will be decreased 
 

If average value is small, values 
will be increased 

 

Y X 

A 

B 

A’ 

B’ 

Dipping Reflections 
   Move down dip and lengthen; dips become 
       shallower 
   We need to migrate reflections back to their 
        original locations 

Migration 

DEPTH SECTIONS 

V = 4000 m/s 

Distance Distance 

D
ep

th
 

T
im

e V = 1600 m/s 

V = 2500 m/s 

This is a homework problem 
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Seismic Resolution 
 Resolution defines your spacing (horizontal resolution) 
and dominant source frequency (vertical resolution).    
 

 What do we mean by resolution? 
 

 Suppose we are looking out a window and see an 
object in the distance.  We have detected the object, but we 
can’t tell what it is. 
 When we get our binoculars and look at the object, we 
see that it is actually not one thing, but it is two cars.  We 
can now say that we resolved the two objects. 

How thick does a bed 
have to be for us to be 
able to resolve the top 
and bottom of the bed? 

Or, how thin does a bed 
have to be before we can 
no longer resolve the top 
and bottom of the bed?  

Vertical Resolution 

How thin a layer can we resolve? 
Dependent on seismic wavelength 
Reflectors are barely resolved when their  
       separation = /4 
=v/f (velocity=frequency x wavelength) 
If v = 2000 m/s, and f = 30 Hz 

Separation = (66.67 m)/4 = 16.67 m 
If v = 8000 m/s and f = 20 Hz 

Separation = (400 m)/4 = 100 m 
If v = 2000 m/s and f = 3500 Hz 

Separation = (0.5714 m)/4 = 0.1428 m 

Seismic Resolution 

Horizontal resolution:  
 

 The reflection of interest comes from a region 
of the reflector determined by the frequency and the 
depth to the reflector, the Fresnel (pronounced 
“Fernel”) zone.  This is the zone on the reflector 
where the reflected signal comes back to the surface 
in phase and adds to the energy return at the 
receiver.  We can also call this the acquisition 
footprint. 

Fresnel Zone 
Radius 

Wavefronts & Fresnel Zones 

r2 ~ h/2 

r =  h
2  

r =  

(t = 2-way time) 

   The 1st Fresnel zone on a reflector at a depth h below 
the source of the spherical wave. 

I won’t ask you to calculate Fresnel Zones again 
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Resolution 
 Resolution decreases  rapidly with depth as 
more and more area on the reflection interface is 
"averaged" to form the reflection signal.  

 Resolution increases as frequency 
increases, since a smaller area will be in phase. 

 

Stratigraphic 
section 

Chrono-
stratigraphic 

section 

Relations of strata to boundaries of a depositional sequence 

Seismic stratigraphic reflection terminations 
within an idealized seismic sequence 

• Nuclear Logs 

• Sonic 

• Electrical/magnetic 

• Imaging 

• Vertical seismic profile (VSP) 

• Logging While Drilling (LWD) 

         Standard Logs 

Sonic logging is 
really just a mini-
refraction 
experiment  
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Vertical Seismic Profile (VSP) 


