
3.0 Offset, Another Dimension 

Earlier chapters have assumed that  the shot and the geophone are 
located in the same place. The reality is that  there is often as much as a 3- 
km horizontal separation between them. The 3-km offset is comparable t o  the 
depth of many petroleum reservoirs. 

Offset is another dimension in the analysis of data. At  the time of writ- 
ing, this dimension is often represented in field operations by about 48 chan- 
nels. No one seems t o  believe, however, that  48 channels is enough. Record- 
ing systems with as many as 1024 channels are coming into use. 

The offset dimension adds three important aspects t o  reflection seismol- 

ogy. First, it enables us t o  routinely measure the velocity of seismic waves in 
rocks. This velocity has been assumed t o  be known in the previous chapters 
of this book. Second, it gives us data redundancy: it gives independent meas- 
urements of quantities that  should be the same. Superposition of the meas- 
urements (stacking) offers the potential for signal enhancement by destructive 
interference of noise. Third (a disadvantage), since the offset is nonzero, pro- 
cedures for migration take on another element of complexity. By the end of 
this chapter we will be trying t o  deal with three confusing subjects a t  the 
same time - dip, offset, and lateral velocity variation. 

Theoretically it seems that  offset should offer us the possibility of identi- 
fying rocks by observing the reflection coefficient as a function of angle, both 
for P waves and for P-to-S converted waves. The reality seems to  be 
that  neither measurement can be made reliably, if a t  all. See Section 1.4 for a 
fuller discussion of converted waves, an interesting subject for research, with a 
large potential for practical rewards. See also Ostrander [1984] and Tatham 
and Stoffa [1976]. The reasons for the difficulty in measurement, and the 
resolution of the difficulty, are, however, not the goal of this book. This goal 
is instead t o  enable us t o  deal effectively with that  which is routinely observ- 
able. 
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Stacking Diagrams 

First, define the midpoint y between the shot and geophone, and define 
h t o  be half the horizontal offset between the shot and geophone: 

The reason for using half the offset in the equations is t o  simplify and sym- 
metrize many later equations. Offset is defined with g - s rather than with 
s - g so that  positive offset means waves moving in the positive x direc- 
tion. In the marine case, this means the ship is presumed t o  sail negatively 
along the x-axis. In reality the ship may go either way, and shot points may 
either increase or decrease as the survey proceeds. In some situations you can 
clarify matters by setting the field observer's shot-point numbers t o  negative 
values. 

Data is defined experimentally in the space of ( s ,  g ). Equation ( I )  
represents a change of coordinates t o  the space of (y  , h ) .  Midpoint-offset 
coordinates are especially useful for interpretation and data processing. Since 
the data  is also a function of the travel time t ,  the full dataset lies in a 
volume. Because i t  is so difficult to  make a satisfactory display of such a 
volume, what is customarily done is t o  display slices. The names of slices 
vary slightly from one company to  the next. The following names seem to  be 
well known and clearly understood: 

( Y  , h =O, t ) 
( Y ,  h =h min 7 ) 
( y ,  h=const ,  t )  

( Y ,  h = h m a x ,  t )  
(y =const ,  h ,  t )  
(s =const,  g ,  t )  
( s ,  g =const,  t )  
( s ,  g ,  t =const)  
( h ,  y ,  t=cons t )  

zero-offset section 
near-trace section 

constant-offset section 
far-trace section 

common-midpoint gather 
field profile (or common-shot gather) 
common-geop hone gat her 
time slice 
time slice 

A diagram of slice names is in figure 1. Figure 2 shows three slices from 
t,he data volume. The first mode of display is "engineering drawing mode." 
The second mode of display is on the faces of a cube. But notice that  
although the data is displayed on the surface of a cube, the slices themselves 
are taken from the interior of the cube. The intersections of slices across one 
another are shown by dark lines. 
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FIG. 3.0-1. Top shows field recording of marine seismograms from a shot a t  
location s t o  geophones a t  locations labeled g . There is a horizontal 
reflecting layer to  aid interpretation. The lower diagram is called a stacking 
diagram. (It is not a perspective drawing). Each dot in this plane depicts a 
possible seismogram. Think of time running out from the plane. The center 
geophone above (circled) records the seismogram (circled) that  may be found 
in various geophysical displays. Labels in the diagram below give common 
names for the displays. 

A common-depth-point (CDP) gather is defined by the industry and by 
common usage t o  be the same thing as a common-midpoint (CMP) gather. 
But in this book a distinction will be made. A CDP gather wiil be considered 
t o  be a CMP gather with its time axis stretched according t o  some velocity 
model, say, 

 co con st, h ,  d t 2 - 4 h 2 / v 2 )  common-depth-pointgather 
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FIG. 3.0-2. Slices 
"engineering drawi 
shown as faces on 
movie program). 

from a cube of data from the Grand Banks. Left is 
ng" mode. A t  the right slices from within the cube are 
the cube. (Data from Amoco. Display via Rick Ottolini's 

This offset-dependent stretching makes the time axis of the gather become 
more like a depth  axis, thus providing the D in CDP. The stretching is 
called normal  moveou t  correction (NMO). Notice that  as the velocity goes to  
infinity, the amount of stretching goes t o  zero. 

In industrial practice the data is not routinely displayed as a function of 
offset. Instead, each CDP gather is summed over offset. The resulting sum is 
a single trace. Such a trace can be constructed a t  each midpoint. The collec- 
tion of such traces, a function of midpoint and time, is called a CDP stack. 
Roughly speaking, a CDP stack is like a zero-offset section, but it has a less 
noisy appearance. 

The construction of a CDP stack requires that  a numerical choice be 
made for the moveout-correction velocity. This choice is called the stacking 
velocity. The stacking velocity may be simply someone's guess of the earth's 
velocity. Or  the guess may be improved by stacking with some trial velocities 
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t o  see which gives the strongest and least noisy CDP stack. More on stacking 
in Section 3.5. 

Figure 3 shows typical land and marine profiles (common-shot gathers). 
The land data has geophones on both sides of the source. The arrangement 
shown is called an uneven split spread. The energy source was a vibrator. 
The marine data  happens t o  nicely illustrate two or three head waves (see 
Sections 3.5 and 5.2). The marine energy source was an air gun. These field 
profiles were each recorded with about 120 geophones. 

Offset (km) 
3 2 1 

FIG. 3.0-3. Field profiles. Left is a land profile from West Texas. Right is a 
marine profile off the Aleutian Islands. (Western Geophysical). 

What is "Poor Quality" Data? 

Vast regions of the world have good petroleum potential but are hard t o  
explore because of the difficulty of obtaining good quality reflection seismic 
data. The reasons are often unknown. What  is "poor quality" data? From 
an experimental view, almost all seismic data is good in the sense that  it is 
repeatable. The real problem is that  the data  makes no sense. 

Take as an earth model a random arrangement of point reflectors. Its 
migrated zero-offset section should look random too. Given the repeatability 
that  is experienced in data collection, data with a random appearance implies 
a random jumble of reflectors. With only zero-offset data little else can be 
deduced. But with the full range of offsets a t  our disposal, a more thoughtful 
analysis can be tried. This chapter provides some of the required techniques. 
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An interesting model of the earth is a random jumble of point scatterers 
in a constant-velocity medium. The data would be a random function of time 
and a random function of the horizontal location of the shot-geophone mid- 
point. But after suitable processing, for each midpoint, the data should be a 
perfectly hyperbolic function of shot-geophone offset. This would determine 
the earth velocity exactly, even if the random scatterers were distributed in 
three dimensions, and the survey were only along a surface line. 

This particular model could fail t o  explain the "poor quality" data. In 
that  case other models could be tried. The effects of random velocity varia- 
tions in the near surface or the effects of multiple reflections could be 
analyzed. Noise in seismology can usually be regarded as a failure of analysis 
rather than as something polluting the data. It is the offset dimension that 
gives us the redundancy we need to  try to figure out what is really happening. 

Texture of Horizontal Bedding, Marine Data 

Gravity is a strong force for the stratification of rocks, and in many 
places in the world rocks are laid down in horizontal beds. Yet even in the 
most ideal environment the bedding is not mirror smooth; it has some tex- 
ture.  We begin the study of offset with synthetic data that mimics the most 
ideal environment. Such an environment is almost certainly marine, where 
sedimentary deposition can be slow and uniform. The wave velocity will be 
taken to  be constant, and all rays will reflect as from horizontally lying mir- 
rors. Mathematically, texture is introduced by allowing the reflection 
coefficients of the beds to be laterally variable. The lateral variation is 
presumed to  be a random function, though not necessarily with a white spec- 
trum. Let us examine the appearance of the resulting field data. 

Randomness is introduced into the earth with a random function of mid- 
point y and depth z .  This randomness is impressed on some geological 
"layer cake" function of depth z .  For every point in (y  , 2)-space, a hyper- 
bola of the appropriate random amplitude must be superposed in the space of 
offset h and travel time t . 

What does the final data space look like? This question has little mean- 
ing until we decide how the three-dimensional data volume will be presented 
to  the eye. Let us view the data much as it is recorded in the field. For each 
shot point we see a frame in which the vertical axis is the travel time and the 
horizontal axis is the distance from the ship down the towed hydrophone 
cable. The next shot point gives us another frame. Repetition gives us a 
movie. And what does the movie show? 

A single frame shows hyperbolas with imposed texture. The movie shows 
the texture moving along each hyperbola to  increasing offsets. (I find that no 
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# Synthetic marine data  tape movie generation 
integer kbyte,it,nt,ih,nh,is,ns,iz,nz,itO,iy 
real p(512),b(512),refl(25116),z(25),geo1(25),random 
open(3,file=*plotn ,status='new',acce~=1direct',form='unformatted',recl=l) 
n t  = 512; nh = 48; ns = 10; nz = 25;kbyte = 1 
do iz=l,nz # Reflector depth 

z(iz) = nt*random() # random() is on the interval (O.,l.) 
do iz=l,nz # Reflector strength with depth. 

geol(iz) = 2.*random()-1. 
do is = 1,ns # Give texture t o  the Geology 

do iz = 1,nz 
refl(iz,is) = (I.+rand~m())*~eol(iz) 

do i t  = 1,nt # Prepare a wavelet 
b(it) = exp(-it*.08)*sin(.5*it-.5) 

do is = ns,l,-1 { # Shots. Run backwards. 
do ih = 1,nh { # down cable h = (g-s)/2 

iy = (is-l)+(ih-1) # y = midpoint 
iy = 1 + (iy-ns*(iy/ns)) # periodic with midpoint 
do i t  = 1,nt 

p(it) = 0. 
do iz  = 1,nz { # Add in a hyperbola for each layer 

it0 = sqrt( z(iz)**2 + 100.*(ih-1)**2 ) 
do i t  = 1,nt-it0 { # Add in the wavelet 

~ ( i t+ i t 0 )  = p(it+itO) + refl(iz,iy)*b(it) 

1 
1 

write(3,&c=kbyte) (p(it),it=l,nt); kbyte = kbyte+nt*4 
1 

1 
Stop; end 

FIG. 3.0-4. Computer program t o  make synthetic field tapes in an ideal ma- 
rine environment. 

sequence of still pictures can give the impression that  the movie gives). 
Really the ship is moving; the texture of the earth is remaining stationary 
under it. This is truly what most marine data looks like, and the computer 
program of figure 4 simulates it. Comparing the simulated data to  real 
marine-data movies, I am impressed by the large amount of random lateral 
variation required in the simulated data to  achieve resemblance t o  field data. 
The randomness seems too great to  represent lithologic variation. Apparently 
i t  is the result of something not modeled. Perhaps i t  results from our incom- 
plete understanding of the mechaLism of reflection from the quasi-random 
earth. Or perhaps it is an effect of the partial focusing of waves sometime 
after they reflect from minor topographic irregularities. A full explanation 
awaits more research. 



OFFSET 3.0 O$set, Another Dimension 

Texture of Land Data: Near-Surface Problems 

Reflection seismic data recorded on land frequently displays randomness 
because of the irregularity of the soil layer. Often it is so disruptive that  the 
seismic energy sources are deeply buried (at much cost). The geophones are 
too many for burial. For  most land reflection data, the texture caused by 
these near-surface irregularities exceeds the texture resulting from the 
reflecting layers. 

To  clarify our thinking, an ideal mathematical model will be proposed. 
Let the reflecting layers be flat with no texture. Let the geophones suffer ran- 
dom time delays of several time points. Time delays of this type are called 
statics. Let the shots have random strengths. For this movie, let the data 
frames be common-midpoint gathers, tha t  is, let each frame show data in 
( h  , t )-space a t  a fixed midpoint y . Successive frames will show successive 
midpoints. The study of figure 1 should convince you that  the travel-time 
irregularities associated with the geophones should move leftward, while the 
amplitude irregularities associated with the shots should move rightward. In 
real life, both amplitude and time anomalies are associated with both shots 
and geophones. 

EXERCISES 

1. Note that  figure 1 is drawn for a shot interval A s  equal t o  half the geo- 
phone interval Ag . Redraw figure 1 for A s  = Ag . Common- 
midpoint gathers now come in two types. Suggest two possible 
definitions for "near-offset section." 

2. Modify the program of figure 4 t o  produce a movie of synthetic midpoint 
gathers with random shot amplitudes and random geophone time delays. 
Observing this movie you will note the perceptual problem of being able 
t o  see the leftward motion along with the rightward motion. Try to  
adjust anomaly strengths so that  both left-moving and right-moving pat- 
terns are visible. 

Your mind will often see only one, 
blocking out the other, similar t o  
the way you perceive a 3-D cube, 
from a 2-D projection of its edges. 

3. Define recursive dip filters t o  pass and reject the various textures of shot, 
geophone, and midpoint. 
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3.1 Absorption and a Little Focusing 

Sometimes the earth strata lie horizontally with little irregularity. There 
we may hope to  ignore the effects of migration. Seismic rays should fit a sim- 
ple model with large reflection angles occurring a t  wide o e e t s .  Such data 
should be ideal for the measurement of reflection coefficient as a function of 
angle, or for the measurement of the earth acoustic absorptivity I / & .  In his 
doctoral dissertation, Einar Kjartansson reported such a study. The results 
were so instructive that  the study will be thoroughly reviewed here. I don't 
know to  what extent the Grand Isle gas field (Pan [1983]) typifies the rest of 
the earth, but i t  is an excellent place t o  begin learning about the meaning of 
shot-geophone offset. 

The Grand Isle Gas Field: A Classic Bright Spot 

The dataset Kjartansson studied was a seismic line across the Grand Isle 
gas field, off the shore of Louisiana, and was supplied by the Gulf Oil Com- 

pany. The data  contain several classic "bright spots" (strong reflections) on 
some rather flat undisturbed bedding. Of interest are the lateral variations in 
amplitude on reflections a t  a time depth of about 2.3 seconds. (See figure 3). 
I t  is widely believed that  such bright spots arise from shallow gas-bearing 
sands. 

Theory predicts that  reflection coefficient should be a function of angle. 
For an anomalous physical situation like gas-saturated sands, the function 
should be distinctive. Evidence should be found on common-midpoint gathers 
like those shown in figure 1. Looking a t  any one of these gathers you will 
note that  the reflection strength versus offset seems to  be a smooth, sensibly 
behaved function, apparently quite measurable. Using layered media theory, 
however, it was determined that  only the most improbably bizarre medium 
could exhibit such strong variation of reflection coefficient with angle, particu- 
larly a t  small angles of incidence. (The reflection angle of the energy arriving 
at wide offset a t  time 2.5 seconds is not a large angle. Assuming constant ve- 
locity, arccos(2.3/2.6) = 28"). Compounding the puzzle, each common- 
midpoint gather shows a diflerent smooth, sensibly behaved, measurable 
function. Furthermore, these midpoints are near one another, ten shot points 
spanning a horizontal distance of 820 feet. 
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FIG. 3.1-1. Top left is shot point 220; top right is shot point 230. No pro- 
cessing has been applied to  the data  except for a display gain proportional to  
time. Bottom shows shot points 305 and 315. (Kjartansson, Gulf) 
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Kjartansson's Model for Lateral Variation in Amplitude 

The Grand Isle data is incomprehensible in terms of the model based on 
layered media theory. Kjartansson proposed an  alternative model. Figure 2 
illustrates a geometry in which rays travel in straight lines from any source t o  
a flat horizontal reflector, and thence to  the receivers. The only complications 
are "pods" of some material that  is presumed t o  disturb seismic rays in some 
anomalous way. Initially you may imagine that  the pods absorb wave energy. 
(In the end it will be unclear whether the disturbance results from energy 
focusing or absorbing). 

The model above produces the disturbed data space sketched below. 

Yo 

FIG. 3.1-2. IC,jartansson's model. Anomalous material in pods A, B, and C 
may be detected by its effect on reflections from a deeper layer. 
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Pod A is near the surface. The seismic survey is affected by i t  twice - 
once when the pod is traversed by the shot and once when i t  is traversed by 
the geophone. Pod C is near the reflector and encompasses a small area of it. 
Pod C is seen a t  all offsets h but only a t  one midpoint, yo .  The raypath 

depicted on the top of figure 2 is one that  is affected by all pods. I t  is a t  mid- 
point y o  and a t  the widest offset h mm. Find the raypath on the lower 

diagram in figure 2. 

Pod B is part way between A and C. The slope of affected points in the 
( y  , h )-plane is part way between the slope of A and the slope of C. 

Figure 3 shows a common-offset section across the gas field. The offset 
shown is the fifth trace from the near offset, 1070 feet from the shot point. 
Don't be tricked into thinking the water was deep. The first break a t  about 
.33 seconds is wide-angle propagation. 

The power in each seismogram was computed in the interval from 1.5 t o  
3 seconds. The logarithm of the power is plotted in figure 4a as a function of 
midpoint and offset. Notice streaks of energy slicing across the ( y  , h )-plane 
a t  about a 45" angle. The strongest streak crosses a t  exactly 45" degrees 
through the near offset at  shot point 170. This is a missing shot, as is clearly 
visible in figure 3. Next, think about the gas sand described as pod C in the 
model. Any gas-sand effect in the data  should show up as a streak across all 
offsets a t  the midpoint of the gas sand - tha t  is, horizontally across the page. 
I don't see such streaks in figure 4a. Careful study of the figure shows that  
the rest of the many clearly visible streaks cut the plane a t  an angle notice- 
ably less than f 45". The explanation for the angle of the streaks in the 
figure is that  they are like pod B. They are part way between the surface and 
the reflector. The angle determines the depth. Being closer t o  45" than to  
On, the pods are closer t o  the surface than t o  the reflector. 

Figure 4b shows timing information in the same form that  figure 4a 
shows amplitude. A CDP stack was computed, and each field seismogram 
was compared to  it. A residual time shift for each trace was determined and 
plotted in figure 4b. The timing residuals on one of the common-midpoint 
gathers is shown in figure 5. 

The results resemble the amplitudes, except that  the results become noisy 
when the amplitude is low or where a "leg jump" has confounded the meas- 
urement. Figure 4b clearly shows that  the disturbing influence on timing 
occurs a t  the same depth as that  which disturbs amplitudes. 

The process of inverse slant stack, t o  be described in Section 5.2 enables 
us t o  determine the depth distribution of the pods. This distribution is 
displayed in figures 4c and 4d. 



OFFSET 3.1 Absorption and a Little Focusing 

9 - - Y 9 
Cv 

5 
hr 2 

time 



OFFSET 3.1 Absorption and a Little Focusing 



OFFSET 3.1 Absorpt ion and a Lit t le  Focusing 

FIG. 3.1-5. Midpoint gather 220 (same as in figure l b )  after moveout. Shown 
is a one-second window centered a t  2.3 seconds, time shifted according t o  an 
NMO for an event a t  2.3 seconds, using a velocity of 7000 feet/sec. (Kjar- 
t ansson) 

Rotten Alligators 

The sediments carried by the Mississippi River are dropped a t  the delta. 
There are sand bars, point bars, old river bows now silted in, a crow's foot of 
sandy distributary channels, and between channels, swampy flood plains are 
filled with decaying organic material. The landscape is clearly laterally vari- 
able, and eventually it will all sink of its own weight, aided by growth faults 
and the weight of later sedimentation. After it is buried and out  of sight the 
lateral variations will remain as pods that  will be observable by the seismolo- 
gists of the future. These seismologists may see something like figure 6. Fig- 
ure 6 shows a three dimensional seismic survey, that  is, the ship sails many 
parallel lines about 70 meters apart. The top plane, a slice a t  constant time, 
shows buried river meanders. The data shown in figure 6 is described more 
fully by its donors, Dahm and Graebner 119821. 

Focusing or Absorption? 

Highly absorptive rocks usually have low velocity. Behind a low velocity 
pod, waves should be weakened by absorption. They should also be 
strengthened by focusing. Which effect dominates? How does the 
phenomenon depend on spatial wavelength? A full reconstruction of the phy- 
sical model remains to  be done. Maybe you can figure i t  out knowing that  
black on figure 4c denotes low amplitude or high absorption, and black on 
















































































































































