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ABSTRACT

A physical elastic model, based on pinch outs in the reservoir of the Peoria oil field 

was constructed and used to produce multi-mode cross-borehole seismic data. Data 

processing included mode-separation, signature deconvolution, multi mode reverse 

time migration (imaging) of common source gathers, and stacking.

The Lower Cretaceous J sandstone in the Denver-Julesberg basin of Colorado, 

southwestern Nebraska, and southeastern Wyoming contains approximately 600 mil

lion barrels of recoverable oil, Land and Wèimer (1978). Most of the oil occurs in 

channel sandstones. The Peoria field, approximately 40 miles east of Denver, produces 

from a complex of channels in the J-2 interval of the J sandstone. Rapid changes from 

porous, well-sorted sandstone (active fill) to impermeable, silty sandstone, siltstone 

and mudstone (abandonment fill) occur in the rocks constituting the channel fill. 

Precisely delineating these discontinuities is important for efficient production. The 

use of cross-borehole seismic methods can help delineate the channels and the dis

continuities. Laboratory physical modeling is an inexpensive process to test this new 

technique prior to field data acquisition. A two-dimensional scale physical model con

taining rapid facies changes was built from Lexan and Plexiglas, and a cross-borehole 

survey was undertaken.

Thirty-three common shot gathers, each with 256 two-component receivers, were

acquired. The raw data do not even remotely resemble to the geologic environment.

But migration of cross-borehole data produces high quality acoustic images of the

reflecting boundaries that can be interpreted geologically. The data were mode-

separated by using Dankbaar’s frequency domain mode-separation technique. Then

signature deconvolution was applied. Finally, reverse time migration of common shot
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gathers and stacking the migrated gathers was performed to create an image of the 

physical model. Migration was carried out for all four reflection modes; pp, sp, ss, and 

ps. Then these migrated wave modes were combined to use all the information coming 

with primary reflected waves in the input data. Curved ray tomography was used to 

define the migration velocities. Well log information was used as constraints in the 

tomographic inversion. Finally, an interactive method to find the correct velocities 

was proposed as future study.

The migrated cross-borehole data produced an excellent, high resolution image 

of the pinch outs and the producing reservoir. The horizontal surrounding beds were 

also well defined. We believe that these images are of sufficiently good quality to be 

the basis of drilling and other production decisions. We are not assured by the results 

that comparable images would be obtained in the field. But the input data match 

some field data in complexity, and we are sufficiently encouraged by these results to 

take this method to the field as a subject to further PhD study.

It is important to note that the high quality cross-borehole reflection images were 

obtained only when an accurate velocity distribution was used in migration. Velocity 

functions that differed but little from the true velocity produced grossly inferior re

sults. We believe that a sufficiently accurate velocity distribution for migration can 

be obtained, interactively, using any and all available velocity information: well logs, 

tomograms, and geologic knowledge.
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Chapter 1 

INTRODUCTION

1.1 The Purpose of the Investigation

One of the most important elements in increasing the predictability of oil and 

gas recovery, and improving the recovery itself, is detailed geologic knowledge of 

the reservoir, and the surrounding sediments. Efforts to understand the production 

process can only be successful within the context of knowledge of the reservoir. This 

knowledge includes the location, character, and extent of the reservoir, and knowledge 

of the media through which the petroleum and natural gas will flow during production.

Borehole seismology, the process of energizing a seismic source in a borehole and 

measuring the resulting wave field in an adjacent borehole, or at another location in 

the source borehole, is one of the most promising techniques for obtaining detailed, 

high-resolution subsurface geologic information. The technique requires significant 

development before it can be used routinely as an investigation method. Borehole 

seismic equipment is sufficiently developed to generate data for research purposes. 

Data taken with this hardware have pointed up the need for development of processing 

and interpretation methods.

Progress in borehole seismic data interpretation has been slow because 1. inves

tigators have had no means of determining the accuracy of the interpretation, i.e., 

they rarely, if ever, know with certainty what the correct reservoir geology is. 2. 

The observed seismic wave field is extremely complex, which makes processing and 

interpretation most difficult. 3. It is difficult, time consuming, and expensive with
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present hardware, to obtain good quality field borehole seismic data with which to 

work.

Plots of cross-borehole seismic data do not even remotely resemble the reflector 

geometry. This is in contrast to surface data where faults resemble faults, anticlines 

resemble anticlines, etc. While imaging of surface data is helpful, with cross-borehole 

data imaging is essential.

The purpose of the investigation was to develop a cross-borehole seismic pro

cessing technique that would image subsurface reflectors. Under this main purpose, 

several other goals were accomplished as follows (1) a seismic processing package was 

developed for cross-borehole geometry, (2) a physical modeling system for the cross

borehole geometry was developed for the laboratory acquisition of cross-borehole 

data, (3) a technique for signature deconvolution was established, (4) a stacking tech

nique for the cross-borehole geometry was developed, and (5) the importance of the 

migration velocity field was demonstrated.

1.2 M ethod of Investigation

We used an elastic physical model to create data that were comparable to real 

field data. Since the data contained ss-reflected and converted waves, sp- and ps- 

modes, besides pp-reflected waves, we wanted to use all the information that these 

different wave modes provide. First we created images from each reflected mode; pp-, 

sp-, ss-, and ps-modes. Then we combined these images to obtain a high resolution 

image of the “geologic” model. However, on the way to the final image, we faced many 

problems such as that of obtaining a source wave form for deconvolution, polarity 

reversals on the input and pre-stack migrated data, and deducing correct migration 

velocities.
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We observed the source wave form directly from a source location on the physi

cal model and carried out signature deconvolution. Polarity changes on the pre-stack 

migrated data resulted in destructive interference on the stacked migrated data. We 

devised a technique to handle these reversals before stack. Finally we used curved 

ray travel time tomographic inversion, combined with well logs and geologic interpre

tations, to create input migration velocities. We observed that an interactive velocity 

determination scheme could be followed to focus the final image.

Two-dimensional physical modeling has several advantages over real field data. 

Some of the advantages are as follows:

1. Physical modeling is inexpensive and faster than a field survey.

2. It is easy to make different source-receiver configurations.

3. Data from physical models are usually more realistic than computational mod

eling data.

4. Data from physical modeling include realistic background noise.

5. Realistic source wave forms are present, and must be deduced.

6. Arbitrary “geologic” shapes can be properly modeled.

7. A variety of source-receiver combinations can be tested conveniently and inex

pensively.

8. Physical modeling data contain all reflections, refractions, mode conversions, 

and amplitude losses due to spreading and attenuation.

9. When new processing steps require additional “field” data, the data can easily 

be obtained from the physical model without expensive re-mobilization.
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Besides its advantages, the physical modeling has some disadvantages too. Some 

of these are :

1. Two-dimensional physical model data do not contain out-of-plane waves unlike 

real data observed in the three-dimensional earth.

2. Some undesired events, e.g., reflections from boundaries or diffractions from 

corners of a model, are contained in the data. These artifacts appear as coherent 

noise.

3. Physical models are time consuming to build, and once built, they are difficult 

to change.

1.3 Summary of Results

We obtained 33 common-shot-gathers with 256 two-component receivers. First 

we mode-separated the gathers. Then we applied signature deconvolution to p- and 

s-waves separately. Later we migrated the data for four reflection modes, pp, sp, ss, 

and ps. Here we used reverse time migration. The data was migrated pre-stack. We 

stacked the processed data for each mode separately. At the stacking step we found 

that cross-borehole data have polarity problems, and we proposed a new stacking 

technique to combine pre-stack images. Then we further combined all reflected wave 

mode images to use all the information that has come with observed wave fields. 

Finally, we wanted to address the migration velocity problem, and we used curved 

raypath tomographic inversion to calculate the velocities. We used velocity logs as 

constraints in tomographic inversion. We also manually interpreted these tomograms 

to create the closest migration velocity distributions, p- and s-wave velocities.

We found that the imaging is critically dependent on velocities, and finding the
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correct (or very close) migration velocities may well be the most important problem 

in cross-borehole imaging. We think that sufficiently close approximations to the 

correct velocity distribution can be obtained by using interactive techniques and faster 

computers.

The results of our imaging technique provided us with an extremely high quality 

image of the physical model and this encourages us to apply this technique to real 

data. However, we know that real data will bring other additional problems that we 

haven’t faced with 2-D physical elastic model data.
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Chapter 2 

GEOLOGY

2.1 Introduction

Geologic background information helps researchers to build physical models that 

contain acoustic features similar to real geologic models. Better understanding of 

geology enables us to create better physical models. Processing techniques can be 

developed inexpensively, using measurements from these models.

In this thesis study we made a physical model based on the Peoria oil field, which 

is located 40 miles east of Denver, Colorado, Figure 2.1. The Peoria field produces 

from the Cretaceous J sandstone. The J sandstone has three units; J -l, J-2, and 

J-3. Unit J-2 is the pay zone, Land and Weimer (1978). The pay zone includes 

rapid facies changes from porous, well sorted sandstone (active fill) to impermeable, 

silty sandstone, siltstone, and mudstone (abandonment fill), Chapin (1989). Changes 

in the producing zone need to be determined and delineated for production and 

production related purposes.

In this chapter, first we discuss heterogeneities in fluvial systems. Second, the 

geology of the J sandstone will be outlined. Finally, we will discuss the geologic 

problem of interest.

2.2 H eterogeneities in Fluvial System s

Chapin (1989) categorized sandbodies based on their cross-section geometries 

for reservoir characterization purposes, Figure 2.2. The geometries are labeled as
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Nebraska
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Peoria Field
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FIG. 2.1. Map showing the Peoria Field within the Denver basin.
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A) Sheet sandstone

B) Isolated, lenticular sandbodies

C) Large, isolated sandbodies

FlG. 2.2. Fluvial sandbody geometries for reservoir characterization.
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sheet, isolated lenticular sandbodies, and large isolated sandbodies. The continu

ity of individual fluvial sandbodies causes large scale (megascopic) heterogeneity. 

Facies distributions within fluvial sandbodies are controlled by local sedimentologi- 

cal conditions within the stream system. Smaller-scale heterogeneities (mesoscopic 

and macroscopic) are determined by the architecture of facies and bounding surfaces 

within channel and bar deposits, and within the overbank/ channel margin deposits. 

Internal heterogeneities include features such as lateral accretion surfaces on point 

bars, downstream accretion surfaces on longitudinal or transverse bars, intrachannel 

scour, and facies patterns (such as fining up- or fining downstream). These internal 

heterogeneities include permeability anisotropies introduced by lamination patterns 

within stratification types.

Oil accumulation is controlled by these heterogeneities in sedimentary basins. 

Mapping these discontinuities becomes crucial in petroleum production. Conventional 

logging and surface seismic techniques do not enable us to discern the geometry 

of the heterogeneities with adequate detail; but VSP, or especially cross-borehole 

seismic techniques, has many advantages in obtaining high-resolution images of facies 

changes.

2.3 Geology of J Sandstone, Denver Basin

The stratigraphy of the J sandstone in the Denver basin can be described in 

different ways as summarized in Figure 2.3. An unconformity separates the J sand

stone into two members. The lower Fort Collins Member consists of shallow marine 

regressive sandstones transitional with the underlying marine Skull Creek shale. The 

upper Horsetooth Member of the J sandstone consists of fluvial through shallow ma

rine strata and occupies topographic valleys scoured into the Fort Collins Member
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Huntsman Shale

Mowry Shale

Ft. Collins 
Mbr

Skull Creek 
Shale

Channelbelt
sandstone

Laminated marine shale

Coarsening upward 
marine sandstone

Coastal plain 
mudstone

Splay sandstone

|jgg|g Bioturbated marine 
mudstone /  sandstone

FlG. 2.3. J sandstone stratigraphy in the Peoria field, Denver basin.
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and the Skull Creek shale, Weimer (1984).

The producing horizon, the J sandstone in the Peoria field, is divided into three 

large scale units which overlap the units cited above. The lower unit is called the 

J-3 and its base is transitional with the underlying marine Skull Creek Shale. The 

lower and upper parts of the J-3 are muddy, fine-grained sandstone. The sandstones 

coarsen upward and are interpreted to be delta front deposits capped by shales with 

5 to 30 feet thicknesses similar to the delta plain channel margin deposits of the J-2. 

The upper portion of J-3 is absent in some wells because of scour, but where present 

it consists of fine-grained, relatively well sorted sandstones.

The J-2 interval varies from about 15 feet to as much as 50 feet in thickness and 

includes the oil-producing sandstones. It consists of lenticular, channel sandstones 

and intervening fine-grained deposits.

The J -l interval is 25 to 35 feet thick and consists of largely of well laminated 

shales with interbeds of fine-grained sandstone. The J-l is overlain by marine shale, 

Land and Weimer (1978), and Chapin (1989).

2.4 Geologic Problem

One of the common problems for production and exploration purposes is pinch 

outs in the sedimentary basins. It is difficult, almost impossible, to have good cover

age on boundaries of pinch outs by means of conventional surface seismic methods. 

Detailed structural information of an oil or a gas reservoir caused by an abrupt ver

tical discontinuity can not be imaged adequately by the data from a surface seismic 

survey especially when the structure is at considerable depth. On the other hand, 

cross-borehole seismic methods can produce high resolution images of vertical strati

graphie or structural discontinuities. A portion of the Peoria oil field was chosen to
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represent typical producing sand pinch outs for this research study.

In Figure 2.4, the Peoria unit is shown. The unit consists of producing and dry 

wells. Core analyses were done for some of the wells in this unit. Figure 2.5 also 

shows the Peoria field structure, productive limits, Chapin (1989). We have well 

logs from well I (UPRR, 32-5, G. Davies), II (UPRR, 32-5, #  3, Davies), and III 

(UPRR, 44-5), Figure 2,4. Figure 2.6 shows composite well logs from wells I, II, and 

III. The distance between well I and II is 300 feet. Well logs start from 6,300 feet 

depth, and end at 6,600 feet. Approximate velocities from core analyses are 9,600 

feet /  sec. for Graneros shale, 14,200 feet /  sec. for the D sandstones, 9,600 feet/sec. for 

Huntsman shale, 14,200 feet/sec. for the J sandstone, and 9,600 feet/sec. for Skull 

creek shale. Interpretations are also shown on the same figure. We are indebted to 

Dr. R.J. Weimer for these interpretations. Well I is a dry hole, and wells II and 

III are producers. The stratigraphie sequence in the two wells is nearly identical. 

There have been two different explanations for the dry hole. The first interpretation 

asserts that there is a diastem scour at the base of the channels so that the J-2 ends 

between wells I and II as seen in Figure 2.6 arrow “A”. The second interpretation is 

that fine grained channel fill sandstone is replaced by non-reservoir facies. The second 

interpretation is also shown in Figure 2.6 arrow “B”. The J sandstone does not have 

the J-l unit in the wells. A regional unconformity splits the J-3 into two subunits. 

Pay zone is the J-2 member of the J sandstone.

The extent and the shape of the producing reservoir rock gain importance during 

exploration and production phases. A physical model of the medium that contains 

either possible shape of the pinch out may help a researcher to develop the technique 

to image both possibilities. In the next chapter we will show how we used this geologic 

information to create a physical model.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 8 0 4 0 1
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#  Dry well
#  Producing well

FlG. 2.4. Peoria field area. Core study wells are circled.
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#  Producing well

FlG. 2.5. Peoria field structure, and productive limits. Structure contours are on 
the top of the J-2 interval (elevations in feet, from Land and Weimer (1978) ).
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I
UPRR #3, G. Davies

II
UPRR #3, Davies

III
UPRR 44-5

6300 6.300

Graneros Shile

6.400.

6,500'
J-2

Skull Creek Shake

6,600 6,600

SP Resistivity SP ResistivitySP Resistivity

A : first interpretation (diastem scour) 
B : second interpretation

FlG. 2.6. Well logs and their interpretations from the wells I, II, and III.



T-3981 16

Chapter 3 

PHYSICAL MODELING

3.1 Introduction

The cross well seismic method is a promising means to delineate a producing 

reservoir. Cross well data are extremely complex, however. It is rarely possible to 

make an acceptable geologic interpretation of a set of cross well data by looking at 

the unprocessed data itself. Because of this complexity we are motivated to develop 

a computer process whereby the reflecting horizons are imaged. Then the geologic 

interpretation can be made based on images, or migrated data.

Physical elastic models based on a reservoir such as that from the Peoria field 

are most helpful in developing the computerized imaging technique. Some benefits of 

physical modeling and elements of realism are:

1. A physical source is used, so both compression al, p-, and shear, s-, mode body 

waves are generated.

2. The radiated p- and s-wave energy is directionally variable in amplitude, as 

they would be in the field.

3. The data can be acquired at a tiny fraction of the cost of a field study.

4. The source and/or receiver locations can be re-occupied later without re-mobilizing 

in the field.

5. New source-receiver combinations can be easily added to the data set.
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6. Reflections, refractions, diffractions, at discontinuities are similar to those occur

ring in nature: mode conversion takes place, and the amplitude of non-converted 

and converted waves vary with incidence angle, reflecting angle, densities, and 

elastic parameters.

7. Amplitude losses due to spreading, attenuation, and scattering are realistic.

8. Realistic background noise is present.

9. Realistic source wave forms are used.

10. Source wave forms, source coupling, and receiver coupling vary from location

to location and time to time in an unpredictable fashion.

11. The model itself can contain arbitrary shapes and boundaries.

12. The model structure itself is known; thus image results can be compared with

the model for accuracy.

For all the above reasons, we constructed a physical elastic model of the Peoria field 

in order to create a cross borehole data set for use in developing a cross borehole 

imaging technique,Figure 3.1. It is abstracted from the geologic model, Figure 2.6.

In order to show that it is possible to image both geologic interpretations, which 

were mentioned in the previous chapter, we included the two interpretations in the 

same physical model as if they were two different pinch outs. This configuration 

conforms to acoustic impedance contrast. For simplicity, the J-3 unit was omitted 

from the physical model.

Let us now consider scaling, the physical modeling laboratory set-up, and data 

acquisition.
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FlG. 3.1. Physical model. Selected source location is shown.
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3.2 Scaling

In order to build a realistic physical model, a geologic cross section is miniaturized 

by an appropriate scaling factor. To calculate the scaling factor, we expressed all 

dimensions in the geologic section and the model in wave lengths. The number of 

wave lengths between boreholes must be consistent in the real geologic section and in 

the physical model. A scaling factor is defined:

n  =  — , (3.1)

where Am is the dominant wave length of the physical model, and Ar is the dominant 

wave length of the real geologic environment. It is well known that A is a function of 

velocity and frequency:

A =  y ,  (3.2)

where V  is velocity and /  is frequency.

The highest velecity in the Peoria field is 14,200 feet/sec. and the assumed

dominant frequency is 600 Hz. Therefore, an approximate wave length for the Peoria

field is 24 feet. The source in the GSM acoustic laboratory has 30 kHz dominant 

frequency and the Plexiglas sheet, from which most of the physical model is fabricated, 

has a p- wave velocity of 7,300 feet/sec. Therefore the wave length for the model is 

about 0.24 feet. The ratio of wave lengths is approximately y^. This is our scaling 

factor for distance. Every real distance will be multiplied by this factor to create the 

physical model. For instance, a 300 foot distance between boreholes I and II measures 

3 feet after scaling. Since 600 Hz in the field corresponds to 30 kHz in the laboratory, 

a time scaling factor can be calculated by means of these frequency values. If 7 / is 

the period of a 600 Hz signal and Tl is the period of a 30 kHz signal, a time scaling
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Pre-amplifier

Two-eempenent 
Hceiver TransducerAmplifierIBM RS/6000 Source Transducer

M^delDigitizing Oscilloscope

PC Puiser

FlG. 3.2. Schematic of physical modeling laboratory setup.

factor can be expressed as a ratio between periods, This is ^  here. Table 3.1 

shows field parameters and their laboratory correspondents.

Table 3.1. Field parameters and their laboratory correspondents after scaling.

Parameters Field Physical Model
Frequency 600 Hz 30 kHz
Velocity 14,200 ft./sec 7,300 ft./sec

Unit distance 100 ft. 1 ft.
Time 0.1 msec. 2 fisec.

Shear Velocity 10,600 ft./sec 5,300 ft./sec
Transducer size 0.25 inch 2.083 ft.

3.3 Physical M odeling Laboratory

Figure 3.2 shows a schematic diagram of the physical modeling laboratory setup.

A pulse with repetition rate of 30 milliseconds is generated by a puiser and sent
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to a source transducer (Panametrics transducer model V133). The transducers used 

here have a cylindrical shape and they oscilate in one of two directions; axial or per

pendicular to the axis. The resultant motion is sensed by the transducer (Panametrics 

transducer model V I56).

These two-component data are passed through a series of amplifiers ( B & K 

model 2635, and Panametrics model 5055PR), and sent to a digitizing oscilloscope 

(Tektronix 11401). Since the left edge of the physical model was used as the source 

borehole, the transducer that oscilates in axial direction was used to create in-plane 

oscillations, Figure 3.2. The transducer that oscilates in a direction perpendicular 

to the axis was used to acquired these in-plane oscillations. Figure 3.3 shows how 

these transducers were mounted onto the physical model. The oscilloscope digitizes 

the analog signal with 2/zsec. sampling intervals and stacks or averages the signal. 

The puiser also sends a syncronization pulse to the digitizing, signal averaging, oscil

loscope. The number of stacks is at the option of the user. A large number of stacks 

will give high signal-to-noise ratio. Since the repetition rate is 30 milliseconds a many 

fold stack or signal average can be obtained in a short time. The data are stored on 

a floppy diskette using a desk top computer (Compaq 386). The data on diskette are 

ultimately uploaded to an IBM RS/6000 via an Ethernet connection.

3.4 Data Acquisition

The physical model corresponding to the geologic model of Figure 2.6 is shown 

in Figure 3.1. It was constructed of Lexan and Plexiglas, and is scaled approximately 

1:100. The left hand edge represents a seismic source borehole. It corresponds to the 

position of a dry hole in the Peoria field itself. The center line in the figure represents 

a seismic receiver borehole, corresponding to the position of a producing well in the
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Source Borehole Receiver Borehole

Sourci

Lexan  
V p=5400 ft/sec. 
Vs=3000 ft/sec.

FlG. 3.3. Possible ray paths between a source and a receiver locations.
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Peoria field. A total of 33 locations, or “levels” were occupied by the source. The 

resultant vector wave field was recorded at 256 locations in the receiver “borehole” . 

Thus, a total of 8,448 two component wave field observations were recorded for imag

ing. The first source and receiver locations were at a 4” depth from the top edge 

of the physical model. Source and receiver spacings were 2” for sources and for 

receivers. The distance between the source borehole and the receiver borehole is 3 

feet. These distances in field units are 16.6 feet for source spacing, 2.1 feet for receiver 

spacing and 300 feet, hole to hole.

Each trace was stacked 256 times to increase signal-to-noise ratio. The recording 

length was 2046 /zsec. and temporal sampling rate was 2 fisec.. The 2046 /zsec. record 

length corresponds to 102.3 milliseconds in the field. The 2 fisec. temporal sampling 

rate corresponds to 0.1 milliseconds in the field.

Figure 3.3 shows several possible ray paths in the physical model for a typical 

source-receiver configuration. In this figure, there are reflections from the top and 

the bottom edges as well as from layers in the model. Reflections from the right edge 

can be ignored because of their late arrival times on common shot gathers.

Figure 3.4 shows a two component common shot gather data set from source 

location 5, Figure 3.1. Events seen on Figure 3.4 include: p- and s- first arrivals, 

pp and ss-reflections from top, bottom, and layers, and ps- and sp-converted modes. 

Every other trace is plotted in these common shot gathers for clarity; i.e., 128 traces 

are shown.
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FlG. 3.4. Raw data from source location 5 which was at a 12 inch depth. Some of 
the more important coherent events are indicated.
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Chapter 4 

DATA PROCESSING, PRE-IM AGING  

4.1 Wave Mode Separation

4.1.1 Introduction

Nearly all real transducers, in the field and in the laboratory, generate both 

congressional (p-) and shear (s-) mode body waves. Our source is characterized by 

the manufacturer as a “p-wave source” . A better characterization would have been 

a source that produces a normal force on the surface to which it is attached. Such 

a device generates a substantial amount of shear wave energy, Heelan (1953), White 

(1983), and Balch and Lee (1984). The recorded data contain p- and s-waves arriving 

both directly from the source and reflected from “lithologie” interfaces. The presence 

of different propagating modes greatly increases the complexity of the data and brings 

about problems with most processing steps designed for a single wave mode. Our 

migration algorithm uses a solution to the scalar wave equation, therefore, a wave 

mode separation process is desired before any other process.

In this section, the frequency-wavenumber f  — k domain separation method, 

developed by Dankbaar (1985), Devaney and Oristaglio (1986), and Dankbaar (1987), 

will be briefly explained. This technique is applied to the real two-dimensional (2-D) 

physical model data. More details of the technique are given by Chang (1991).
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4.1.2 A Wave Mode Separation M ethod in f  — k Domain

If the vertical and in-line horizontal components of the wavefield, Uv and Uh are 

known, separation based on a plane wave decomposition can be applied. A solution 

to the wave equation can be chosen as F(x i)G (x2)H(xs)I(t )  by using separation of 

variables. Since a 2-D problem is considered, G(x2) can be omitted when Cartesian 

coordinates Zi =  z and x$ = z (depth) are used. Solutions for the displacement are 

given as linear combinations of orthogonal functions F(x)H(z)I( t )  in the form

e i {kxx + k z z - w i )  ( 4 - 1 )

in the 2-D case with the condition

+  =  (4-2)

where c is the velocity of the medium. Functions F{x)H(z)I( i )  in the form of equa

tion (4.1) define the transform between the x , z , t  and kx,k z,u) domains. fcx, kz are 

horizontal and vertical wavenumbers, respectively, and w is angular frequency. Equa

tion (4.2) shows the relation among &x, &z,o/. The transform function is then given 

by the functions H (z ) I ( t ) y and the wavefield can be expressed as

U (x ,z , t )  =  J  J  (4.3)

where

V {x ,k t ,w) = A{kz, u y k-*. (4.4)

Here A(fcz,cv) is a function of kz and uj.

Equation ( 4.3) shows that the proper transform between the z, t and the &z, w 

domains, or plane-wave decomposition, for VSP or crosshole data is given by the 2-D 

Fourier transform for 2-D case.
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Note that U (x ,kz,uj) in equation (4.3) is independent of kx because kx is given 

by condition equation (4.2). This is valid only where the velocity c(z) is constant. 

Therefore, a proper separation can be done by dividing VSP or crosshole data into 

constant velocity panels.

A two-dimensional (2-D) fast Fourier transform of crosshole data gives an output 

as a function of frequency /  and vertical wavenumber k. The energy at a given f  - k 

pair is associated with a plane wave velocity V  and angle of incidence 6, such that 

p = j  = , where p is the vertical slowness and 0 is the angle of incidence of the ray

to the horizontal plane. Velocities Vp and Vs are p- and s- wave velocities. Since the 

diameter of the borehole is small compared to the wavelengths of the seismic waves, 

the effect of a borehole on an incident wavefield is neglected. W ith a crosshole case 

there is no interference from the recording surface. This is in contrast to conventional 

seismics. The geophone reception characteristics are given simply by the vertical and 

horizontal components of the displacement vectors of the incident waves, Figure 4.1.

In the f  — k domain the vertical and horizontal displacements Uv( k , f )  and 

% (& , / )  can be expressed as incident p- and s-waves, P;n and Sin, Dankbaar (1985). 

From Figure 4.1 it is seen that for waves incident from above (downgoing waves):

Uv(k, f )  = Pin(k, f )  sin 9p +  Sin cos 6S, (4.5)

Unik, f )  = -Pin(k,  /.) cos 0P +  Sin sin 0S, (4.6)

where, for given &, / :  sin0p =  k-jr, sin 0S = fcy , cos 9p = y/l — sin2 9P, and cos 0S = 

y l  — sin2 9S. Here we assume that downgoing waves have positive vertical slowness.
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in

in

C _  r  \L
P-wave displacement S-wave displacement

FlG. 4.1. Particle displacement of a downgoing p- and s-wave. U% and are the 
vertical and horizontal components of the p-wave displacement, U* and %  those of 
the s-wave displacement.
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If the velocities Vp and are known, we have two equations with two unknowns, 

Pin and S'm, which can be solved straightforwardly, Appendix A:

Pin( k , f )  = Uv(k, f ) S~ ~  ~  (4.7)

S±(k, f )  =  Uv(k, + U„{k, (4.8)

where Q =  sin 0P sin Bs +  cos 9P cos 9s. Equations ( 4.7) and ( 4.8) give the operation of 

the p-s separation filter in pass-p and pass-s modes, respectively. After applying the 

filter it is found that Pin( k , f )  and Sin(k, f )  are the Fourier transforms of separated 

p- and s-waves in time-domain.
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4.1.3 Application

Dankbaar’s separation technique requires a constant velocity with which to work. 

In the real world, however, it is almost impossible to find a medium with a constant 

velocity. If velocities along the borehole are known, raw data may be divided into 

constant velocity data panels. For example, we have five layers in the physical model. 

From trace ^  1 to 102 p- and s-wave velocities are constant. These traces make the 

first constant velocity panel. Similarly, the rest of the data may be put into different 

panels. Table 4.1 gives limits of these panels and velocities used.

Table 4.1. Material used in the model and their p- and s-wave velocities.

Traces Material V^ft/sec.) ys(ft/sec.)
1-102 Lexan 5400 3000
103-109 Plexiglas 7300 4300
110-125 Lexan 5400 3000
126-142 Plexiglas 7300 4300
143-256 Lexan 5400 3000

The final separated section is a composition of all individualy mode separated 

panels. For instance, Figure 4.2 gives us p- and s- sections for the shot location 5 

(12 inch source depth). In the same figure, some converted waves are present. The 

sp-converted waves appear on the p-wave section and the ps-converted waves appear 

on the s-wave section. Since sp-converted and pp-reflected waves are both p-waves, 

they are treated equally by the wave mode separation algorithm. The separation was 

done for all 33 common shot gathers.
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FlG. 4.2. p- and s-wave sections from shot location 5 (12 inch depth).
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4.1.4 Conclusion

Unlike surface seismic data, the crosshole data contain many different types of 

waves with varying apparent velocities. Conventional velocity filters are not suitable 

for crosshole data, since crosshole data contain both up- and down-going waves. If 

a vector wave field is known from borehole data, Dankbaar’s technique successfully 

separates p- and s-waves. The technique is fast and not very sensitive to medium 

velocities. Although Dankbaar’s algorithm assumes a constant background velocity, 

the input data can be mode separated in the zones in which the velocity is constant 

or nearly so. Separated p- and s-wave sections include not only pure p- or s-waves 

but also converted waves such as sp-, and ps-waves. These mixed modes produce 

some noise after migration. If we could further separate the mixed modes (converted 

wave-modes), we would have a less noisy migrated image. This would help us obtain 

more accurate migrations and interpretations.

4.2 Deconvolution of Crosshole Data

4.2.1 Introduction

In order to obtain high-resolution images from a cross-borehole data set, the 

source wavelet in input data must of short time duration. However, real field sources 

(e.g., air gun or other downhole sources) have long and ringy signatures. Our source 

transducer creates a realistic signature in this sense, at least. The source wavelet 

obtained from our physical model is indeed long and ringy. A signature deconvolution 

which removes the source wave form effect is needed.

The critical element in signature deconvolution is an estimate of the source wave 

form. There are many techniques that do this. We chose to observe the source 

wave form from a source location in the source borehole to a receiver in the receiver
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borehole along a horizontal line. An average of first arrivals so obtained gave us an 

approximate p-wave source signature. These source wave form measurements were 

done many times at different places and the results were quite consistent. Deconvolu

tion of p-waves was done by using the average source wave form obtained from direct 

measurements.

It is difficult to isolate and pick s-waves by using the same technique because 

s-waves are interfered with by other events. We chose the s-wave signature from the 

input data set direct arrivals to perform the s-wave deconvolution.

4.2.2 Signature Deconvolution of P-Waves

It is critical to have the correct source wave form to perform signature deconvo

lution. An effective way to estimate the source wave form is to measure it along a line 

from a source to a receiver. Figure 4.3 shows the geometry for the line along which 

the source wave form was measured. Eight source observation lines were used in this 

survey. These are associated with source locations 6, 9, 12, 15, 18, 21, 24, and 27. 

Sources at numbers 6 and 27 were observed at 125 locations. The rest of the sources 

were observed at 32 locations. Only the x- component was acquired in source wave 

form measurements.

Traces measured along the horizontal line were aligned and their amplitudes 

were equalized. First arrivals were spatially median filtered to suppress some events 

interfering with the first arrivals. The resultant first arrivals are shown in Figure 4.4. 

The shapes of the first arrivals are consistent. An average wave form can represent 

the source wave form. The wavelet at the right hand side in the same figure shows 

the average wave form for shot point 24. These experiments were done for all the 

shot points. W ith a few exceptions, the average wave forms are almost identical. The
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Source Borehole Receiver Borehole
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FlG. 4.3. Geometry for the line where the source wave form is measured.
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reason for these exceptions is that some of horizontal lines are so close to reflecting 

interfaces and the first arrivals are partially obscured by reflections.
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FlG. 4.4. Aligned, amplitude equalized, and spatially median filtered first arrivals 
along a horizontal line connecting shot number 24 to a trace in the vertical receiver 
borehole and an average source wave form from these first arrivals.
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Before and After Decon
0

<DV)
9o
Ü 100-
<D
E
i-

1 50-

F ig . 4.5. Average source wave form before deconvolution (left) and wavelet after
deconvolution (right).

The next step was to test the signature deconvolution code, Chang (1991). Fig

ure 4.5 shows the input source wave form to the deconvolution and its output after 

being deconvolved. As seen in Figure 4.5, the ringy mixed phase long source wave 

form is shrunken into a minimum phase short duration wavelet.

We used the average source wave form to perform deconvolution on all the shot 

gathers. Figure 4.6 shows common shot gather 5 before and after deconvolution. 

A considerable improvement in data quality can be seen in a close up, Figure 4.7.
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Deconvolution has removed the long ringy mixed phase wave form. What we have 

are relatively sharp minimum phase wave forms after the signature deconvolution. 

In other words, signature deconvolution tends to remove the effect of the source 

wave form from the observed data. We performed signature deconvolution on all 33 

common shot gathers.

4.2.3 Deconvolution of S-Waves

Since we used a “p-wave source”, it is difficult to observe s- waves from a source 

to a receiver location along a horizontal line as we did to p- waves before. There

fore, an approximate s-wave form was obtained from a trace, which contains a good 

representation of s-wave form, in each s-wave common shot gather. Figure 4.8 shows 

the s-wave data from shot point 5 before and after deconvolution. Deconvolution 

sharpens the ringy wave forms and enhances resolution.
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FlG. 4.6. p-wave section before and after signature deconvolution, shot 5.
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FlG. 4.7. p-wave section before and after signature deconvolution within a time
window, shot 5.
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FlG. 4.8. s-wave section before and after signature deconvolution, shot 5.
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4.2.4 Conclusion

Signature deconvolution using a source wave form tends to remove the source 

wave form effects from the common shot gathers. It is crucial to have a good repre

sentation of a source wave form to obtain high quality deconvolved data. The source 

wave form can be obtained by direct measurements in the physical laboratory mod

eling studies. In real field surveys it is difficult to almost impossible to observe the 

source wave form directly. Correlation techniques can be used to extract the wave 

form from real field data. Our primary objective in this investigation was to image 

the reflectors. The source signature problem was not pursued further.
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Chapter 5 

DATA PROCESSING, IMAGING

5.1 Introduction

Since our main goal here is a detailed geologic picture of the subsurface, the data 

processing ends with imaging (migration). Our migration algorithm is based on a 

finite difference solution to the wave equation. The migration principle was described 

by Claerbout (1971). His paraxial approximation of the scalar wave equation is eco

nomical and widely used. However, migration of crosshole data is a more general 

problem than migration of conventional surface seismic data. It is difficult or impos

sible to reduce the data to common source-receiver equivalence. This precludes the 

use of the “exploding reflectors concept” described in Claerbout’s paper. A depth 

migration technique that solves the “two-way” hyperbolic scalar wave equation is 

needed. Migration can be done with the full wave equation (see Hémon (1978) and 

Kosloff and Bay sal (1983)).

We performed the migration in three steps; (1) backward extrapolation of input 

data, (2) forward extrapolation in time from each source location, and (3) applica

tion of an imaging condition. This technique is called “ reverse time migration”. The 

reverse time migration has been described by many authors, including Bay sal et al. 

(1983), Loewenthal and Mufti (1983), W hitmore (1983), and McMechan (1983), for 

stacked surface data. The single mode pre-stack reverse time migration for acous

tic waves has been developed for vertical seismic profiling (VSP) data, Chang and 

McMechan (1986), and Whitmore and Lines (1986) and for crosshole data, Hu et
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al. (1988). More recent development was accomplished by Hofland (1990). Holland 

performed multi-mode pre-stack reverse time migration of offset VSP data.

In this chapter, the pre-stack reverse time migration algorithm will be described, 

and its application to crosshole data discussed. Then stacking problems will be dis

cussed and a quick solution will be suggested.

5.2 Pre-stack Reverse Time Migration of Crosshole Data

5.2.1 Theory of Pre-stack Reverse Time Migration

The objective of pre-stack reverse time migration is to convert the data which 

are in the time-distance domain into a display of two spatial dimensions, x and z, for 

each source location separately by solving the two-way acoustic wave equation.

According to “Claerbout’s principle” ; reflections occur at points in space where 

the direct wave field and reflected wave field coincide, Claerbout (1971). Hence, if 

we extrapolate the source wave field forward in time and the reflected wave field 

backward in time, points where they are time coincident will be reflection points.

Implementation of the reverse time migration algorithm requires the following 

steps:

1. Travel times are calculated from the source position to each point in the image 

space to find the direct arrival times for these points.

2. The recorded data are extrapolated backwards in time into the image space.

3. The imaging condition is applied (i.e., determining positions in the image space 

where the direct arrival wave field and the backward extrapolated wave field 

are time coincident).
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5.2.2 Wavefield Extrapolation and Application of Imaging Condition

We are to extrapolate the source wave field from a source point, through the im

age space, forward in time. We extrapolate the reflected wave field from the receivers 

into the image space. A required preliminary step before extrapolations is to create 

a velocity grid file by dividing the image space into small cells and assigning velocity 

values to these cells. Then we calculate direct travel times from the source position 

to each cell in the image space. We use these values to apply the imaging condition.

The recorded data are backward extrapolated in time after the travel time file 

has been created. A finite difference approximation to the two-dimensional acoustic 

wave equation (equation 5.1) was used for backward extrapolation of the wavefield: 

^  i _  i d24>
d z 2 Sz2 c2(z ,z ) W  y ' ’

Second order time and Ath order space finite difference approximations were used to 

solve the scalar wave equation, Hofland (1990). Nonreflecting (absorbing) boundary 

conditions, Clayton and Engquist (1977), were used. Backward extrapolation is done 

by “feeding” the recorded data into the image space, backward in time. Starting from 

the end recording time, the extrapolation is done for each time step, in (x, z) domain; 

until time zero is reached.

The last step in the migration process is to apply an imaging condition to the 

extrapolated data. Imaging is performed as seen in Figure 5.1. The imaging condition 

of pre-stack migration is Claerbout's “U /D ” imaging condition, Claerbout (1971) and

(1985). This is also called “excitation-time” imaging condition, Chang and McMechan

(1986). When we backward extrapolate in time we create snapshots at each time 

step. The migration program overlays the isotime contours, which are from forward 

time extrapolations, on the corresponding snapshots. Then the migration program 

extracts the values along an isotime contour in each snapshot and places them into
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Receiver Borehole

Source Borehole

./l:

FlG. 5.1. Claerbout’s imaging condition for pre-stack reverse time migration. Re- 
Hector / diEractor exists at point (at time 8 in this figure) in space where the direct 
wavefield is time coincident with the scattered wavefield, Chang (1991).
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the image space. The final image is a stack of these extracted values on the image 

space. This procedure is called “application of imaging condition”. Figure 5.2 shows 

the application of imaging condition. Here we used a window around each isotime 

countour in time. This is called “the imaging condition window”.

Abrupt changes in the velocity field may cause pseudo-reflections during the 

backward extrapolation and these reflections degrade the quality of the final image. 

The input velocity field must first be smoothed. Smoothing over velocities may cause 

false imaging conditions. One way to handle this is to smooth over slownesses, which 

are the reciprocals of input velocity values.
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t=t,

isotime contour 
from forward time 

extrapolations
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finite differencing 
direction

t=t,max

FlG. 5.2. Snap shots from backward time extrapolation. The migration program 
overlays isotime contours, which were calculated by forward time extrapolation. Values 
along these contours are extracted and put into an image space. Final image is a stack 
of these extracted values on the image space.
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5.2.3 M ulti-mode Reverse Time Migration

In the data acquisition, we recorded all wave-modes: p- and s-direct arrivals, 

pp-, ss-reflections, and ps-, sp- converted reflections. Direct arrivals are muted be

fore migration, Balch and Lee (1984) and Chang (1991). All modes contain useful 

information about underground geology and they can be helpful in structural and 

stratigraphical interpretations.

Although we mode-separate raw data, the mode separation algorithm cannot 

distinguish and separate converted waves. For example, pp- and sp-reflections ap

pear in the same p-wave data set. As mentioned earlier, reverse time migration is 

carried out in three steps; calculating travel times from a source location to each cell 

in the image space by using a ray tracing algorithm, Ranzinger (1990), backward 

extrapolation of mode separated data, and application of imaging condition. To mi

grate pp-reflections, travel times are calculated with p-wave velocities, and backward 

extrapolations are also carried out with p-wave velocities. When ss-reflections are 

migrated, s-wave velocities are used in forward and backward extrapolations. Migra

tion of converted modes requires the use of the velocity of the incident wave mode in 

forward travel time calculations, and the velocity of reflected wave mode in backward 

extrapolations.

5.2.4 Application of Reverse Time Migration

The first step in the migration process is to obtain gross velocity information 

about the geological environment. We have a good control of velocities because we 

know the physical model and velocities of materials from which the model was built. 

The velocity distribution between the two boreholes is digitized and a velocity grid 

file is created. The grid dimensions, A z and Az, are important here because they
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must be a few times smaller than the thinnest layer. In this project A x  and A z  are

2.083 feet ,  which is equivalent to 0.25 inches in the model dimensions. Program 

“loadvel”, Ranzinger (1990), creates velocity grid files. Two velocity grid files are 

created as p- and s-wave velocity grid files.

The second step is to calculate travel times in the image space by using the p- 

and s-wave velocity grid files. Program “rtrc_noup” traces rays through the medium 

and calculates direct arrival times from a shot point to each cell in the image space. 

Two files are obtained by this way. These are the p- and s-wave forward travel time 

files.

The third step is to run the migration program with these velocity and travel time 

files. Many parameters must be selected to run the reverse time migration program. 

As an aid to parameter selection an answer file to the migration program is created 

interactively. It is displayed in Table 5.1.

In Table 5.1 the first line is the first answer to the migration code called “rtm- 

driver” . Here “g” shows that we want to use one of the local computers. The program 

can and has been run in remote machines, such as the Cray YMP-2 at UNLV, as well. 

Other answers are explained with comments in the same table. Parameters used here 

are the real parameters that have been used in this study.

In the reverse time migration process, there are critical parameters that require 

care in selection. These are grid sizes in the velocity grid file, A x  and Az ,  the size 

of velocity smoothing window and the first arrival mute window length. The Az and 

Az must be small enough to define the thinnest layer that we have in our physical 

model. In this study the thinnest layer is about 2 inches and Az and Az are chosen 

as ^inch. Since we have thin layers, we should use a small velocity smoothing window 

(6 cells were used here). The reason we use a small sized velocity smoothing window
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Table 5.1. Parameter file for the reverse time migration program.

g
1 ! # of files to be migrated
horst.01 ! input file

2046 ! end migration time
100 ! max freq in Hz
5 ! imaging condition length in msec.
1 ! first trace to migrate
256 ! the number of traces
1333.33 ! depth to the first geophone (feet)
20.83 ! distance between geophones (feet)
3000 ! distance of receiver hole from the\

left of the image space (feet) 
n ! snapshots?
n ! SEG-Y file after resampling?
1 ! 1. (P) or 2. (S)
1 ! 1. (P-P) 2. (S-P) 3. (Both)
40 ! p- mute window desired (msec)
horst.ttl ! p- travel time file
0 ! s- mute window desired (msec)
horst.vel ! p- velocity file
6 ! length of the velocity smoothing window
20.83 ! desired final grid spacing (feet)
n ! low-cut filter
horst1 ! migrated output file
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is to not smear velocity changes around the thin layers. Large size windows would 

smear out all the velocity information that we have.

When we extrapolate recorded data backward in time and apply the imaging con

dition using calculated forward travel times, the forward extrapolated direct arrival 

wave field, which is calculated by using the ray tracing program, will coincide with 

two different events, viz. backward extrapolated direct arrivals and reflected events. 

These coincidences result in two different images, a real reflection point (according to 

Claerbout’s principle) and a pseudo-image coming from backward extrapolated direct 

arrivals. This latter image needs to be eliminated. The simplest way to remove this 

artifact is to mute the first arrivals in the input data. Median filtering can also help 

remove the first arrivals. However, muting and median filtering may cause some prob

lems in the input data since some reflections may overlap the first arrivals. Another 

way to handle this problem is to use a high-pass filter, since the psuedo-image is a 

low wave number event in the x and z directions in image space. Here we have to 

be careful about the filtering direction. If we want to image a vertical geologic event, 

a spatial high-pass filter after migration in the z direction will remove this vertical 

event. The same thing happens to horizontal events when a high-pass filter is applied 

in z direction. If we have two kinds of geologic events, horizontal and vertical, an 

annular spatial filter can be used. The output migrated data set is called a “partial 

image” (since we have limited ray path coverage for a particular shot location, we can 

only image part of a reflector, so an image from a pre-stack reverse time migration 

is called a partial image) or pre-stack image. In this study a combination of m ut

ing and spatial high-pass filtering was used to remove the first arrival energy. First, 

most energetive part of the first arrivals was muted in a narrow time window (40 

msec.). Second, a high-pass filter was applied to the pre-stack images to remove the
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Table 5.2. Input data files for different types of migrations.

Type of 
Migration

Input Wave 
Mode

Forward Travel 
Time Data

Background 
Velocity Data

PP P P P
SS S S S
PS S P S
SP P S P

low frequency false images that were the results of residual first arrival energy.

To explain how the migration program runs, a flowchart is given in Figure 5.3. 

The only thing that has not been explained so far is resampling the data. Input 

seismic data, forward traveltime data, and background velocity data are resampled 

before reverse-time wavefield extrapolation and imaging steps to fulfill the stability 

conditions, Hofland (1990). The migration program calculates optimum grid spacings 

from input data and then resamples the data for these optimum spacings. Another 

resampling may be applied to migrated data to go back to original grid spacings before 

creating the final migrated image. Details about resampling and other processing 

steps are described in Hofland (1990), and Chang (1991).

There are three data files used in the migration program. These are mode sepa

rated input seismic data, forward traveltime data, and background velocity data files. 

There are two kinds of traveltime and background velocity files, p- and s-wave. To do 

pp-, ss-, ps-, and sp-migrations, input data files are changed according to Table 5.2.
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Input
Seismic
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Forward
Travellime

Data

Background
Velocity

Data

Reverse-Time 
W avefield  

Extrapolation and 
■Imaging

V
Post-Migration

Filtering
(Optional)

V
Final

Migrated

Data

FlG. 5.3. A flowchart for pre-stack reverse time migration. Forward travel times are 
calculated from the velocity grid file using ray tracing, and the first arrivals are muted 
based on this forward traveltime calculations, Chang (1991).
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By looking at this table we see for example that, p-wave data, p-traveltime, and 

p-background velocity files must be entered to the migration program to perform a 

pp-migration. In other words, mode separated p- waves are backward extrapolated in 

time by using p-wave background velocities and p-wave forward traveltimes are used 

for imaging condition. The same reasoning applies to the other mode migrations.

We migrated 33 common shot gathers for four different reflection modes; pp-, sp-, 

ss-, and ps-. Figure 5.4 shows pre-stack pp-migration of the physical model data from 

shot location 5. In this figure, we see pre-stack images of the top edge, reflectors, and 

the right hand side pinch-out. A comparison with Figure 5.5 (picture of the physical 

model) shows us that we could image some of the important elements of the model 

with even a pre-stack image. All migrations used the same parameters, e.g., sizes of 

imaging condition window, mute window, velocity smoothing window, and etc.

Figure 5.6 shows pre-stack ss-migration of the physical model data from shot 

location 5. Figure 5.7 shows pre-stack ps-migration of the physical model data from 

shot location 5. Figure 5.8 shows pre-stack sp-migration of the physical model data 

from shot location 5. In each migrated mode, there are similar features. Every mode 

and every source location carries information about the physical model. The next 

step is to stack pre-stack migrations for each wave mode.
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FlG. 5.4. Pre-stack pp-migration of real data from shot location 5, which is located
at 100 f e e t  depth in field dimensions.
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FlG. 5.5. A sketch of physical model.
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FlG. 5.6. Pre-stack ss-migration of real data from shot location 5, which is located
at 100 f e e t  depth in field dimensions.
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FlG. 5.7. Pre-stack ps-migration of real data from shot location 5, which is located
at 100 f e e t  depth in field dimensions.
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FlG. 5.8. Pre-stack sp-migration of real data from shot location 5, which is located
at 100 f e e t  depth in field dimensions.
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VSP

V,

Surface seismic

FlG. 5.9. Typical ray paths from a VSP and a surface seismic geometries.

5.3 Stacking Pre-Stack Cross-Borehole Images

In most of the VSP and conventional seismic acquisitions, we process only up- 

going p-waves in the imaging step. Figure 5.9 shows typical ray paths for VSP and 

surface seismic geometries. In cross-borehole surveys, however, reflections involve 

both up-going and down-going waves Figure 5.10. We see two reflections from the 

same point on a reflector horizon in Figure 5.10: up- and down-going. A sign change 

occurs depending on whether they are up-going or down-going waves. In Figure 5.10 

the same boundary has two reflection coefficients; one positive and one negative. A 

conventional stacking technique, which is a straight forward summation of pre-stack 

images, does not necesserily help to obtain a high resolution image of cross-borehole 

data. Figure 5.11 shows a straightforward stack of pp-pre-stack-images. The result
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Source borehole Receiver borehole

Source #1 Receiver #1

Source #2 Receiver #2

FlG. 5.10. A cross-borehole geometry containing two source locations and two re
ceivers. Reflections for two source locations are from a same point on the reflector 
horizon. Amplitudes of two reflections have opposite signs.
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is poor because signs have not been carefully considered.

Although there are many research studies to stack cross-borehole pre-stack im

ages to improve the final stacked data, a “quick-and-dirty” way to handle this problem 

is to use the absolute value in the imaging window during the prestack migration. 

But this procedure accumulates noise as well as signal. Also there are only positive 

values in the final stacked data. Here, we propose a similar, but new, method to 

stack pre-stack migrated images. First, we take the absolute value of each pre-stack 

migrated data set and subtract the mean value. Second, we stack all these mean 

value subtracted data sets. Taking the absolute value corrects for the sign change 

which comes from cross-borehole geometry. Unfortunately, we also take the absolute 

value of the noise. If we stack these absolute value data files, we will increase noise 

as well as reflections. But if we subtract the mean from the absolute values, we will 

have positive and negative values for the noise but the signal will keep its positive 

value. However, we introduce high-frequency noise at the zero-crossings. Stacking 

these resultants will improve the signal and reduce the noise. Figure 5.12 illustrates 

the principle.

5.3.1 Application of Stacking

After migrating 33 common shot gathers for each mode, i.e., pp-, ps-, ss-, and 

sp-, we calculated their absolute values and took out the means. Then, these data 

sets were summed for each mode, and high-pass filtered. Figures 5.13, 5.14, 5.15, 

and 5.16 show pp-, sp-, ss-, and ps-stacks, respectively. Removing the mean value 

from the data takes out the bias that the data have, but it does not remove the very 

low frequency/ wavenumber trends. A high-pass filter removes zero-crossing artifacts 

mentioned above. In this case the corner wave numbers of the bandpass filter were



T-3981

-100

Offset (feet)
100 200 300

a>a>

a .
0)

Q

1 0 0

200

300-

400

500

600
wmm

FlG. 5.11. Straight forward summation of 33 pp-pre-stack-images.
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FlG. 5.12. Schematic of how to stack cross-borehole pre-stack images. The first part 
at the left hand side shows input traces. These traces contain the signal as well as 
random noise. Traces on the second column from left show the traces we had on the 
first column but after their absolute values taken. The third column shows the traces 
that we have on the second column, but after the mean value is taken out. The stack 
of traces is shown under the each column. A comparison between stacks shows the 
improvement in signal-to-noise ratio.
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FlG. 5.13. Stack of 33 pp-pre-stack migrations using the technique explained in this
chapter.
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FlG. 5.14. Stack of 33 sp-pre-stack migrations using the technique explained in this
chapter.
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FlG. 5.15. Stack of 33 ss-pre-stack migrations using the technique explained in this
chapter.
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FlG. 5.16. Stack of 33 ps-pre-stack migrations using the technique explained in this
chapter.
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1.2.10-3 , 2.4.10-3 , 0.019, and 0.024/eet-1 . Since we have put a 100 foot  border at 

the top and the bottom of the model, the depth axis starts from -100 feet .  Zero on 

the depth axis shows the top of the model. A good quality image of the top edge of 

the model is shown in Figure 5.13. Similarly, the bottom edge of the physical model 

is shown at 600 fee t  depth. The imaging technique that we used here accomplished 

a successful image of the 2-D physical model. All interfaces were imaged, and pinch 

outs were delineated. Migrations of other modes are almost as good as the migrated 

pp-mode. On the other hand, every mode carries some characteristics of the medium 

and has some artifacts. These artifacts may be mismigrated pure or converted mode 

reflections depending on the type of the migration. Finally, a composite stack, which 

is a simple summation of all migrated modes, was created to use all the information 

in each mode migration, Figure 5.17. Figure 5.17 shows an extremely high quality 

image of the two-dimensional physical model. Most of the artifacts were suppressed.

5.4 Conclusion

Clean and well pre-processed cross-borehole data result in good quality migrated 

images. Pre-stack migrated data contain many artifacts besides the signal. There are 

(1) mismigrated events, (2) migration smiles, and (3) a source smearing effect. These 

artifacts can also be called noise. Locations and characteristics of these artifacts 

change from one shot point to another after the migration. The stacking, which 

we have proposed here, suppresses much of the incoherent noise. In other words, 

an excellent image of the underground can be obtained by means of careful pre

processing, i.e., mode separation, signature deconvolution, the reverse time migration, 

and the stacking. We are convinced that this technique will succeed with real field 

data.
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FlG. 5.17. Composite stack, sum of all migrated modes. The physical model is
overlapped with the image.
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Chapter 6 

VELOCITY ANALYSES IN CROSS-BOREHOLE SURVEYS 

6.1 Introduction

All migration (imaging) algorithms are critically dependent on the velocities of 

the medium used in the wave field extrapolations; i.e., the background or gross veloc

ities. In physical modeling studies the velocity field is known. In field applications of 

this technology the background field is known with much less accuracy. Some approx

imations or educated guesses can be made. Approximations are mostly made with 

the aid of local geological and acoustic well logs. Here two velocity estimation tech

niques, velocity extrapolation from the boreholes, the travel time tomography, will 

be discussed and one interactive velocity interpretation technique will be proposed as 

a future study.

6.2 Borehole Extrapolation

In layer-cake geology a simple velocity distribution approximation may be started 

by connecting layer interfaces in two boreholes with straight lines and assigning ve

locities to those layers. These assigned velocities can be obtained from core analyses, 

sonic logs, and surface seismics. Migrating data with this first-guess velocity distri

bution may give us mismigrated images. These images can be improved by means of 

comparisons of estimated velocity distributions and the expected geology. This can be 

done interactively until the most accurate image is obtained. The best approximation 

to the real velocity distribution gives us the perfectly focused reflecting horizons.
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To demonstrate the importance of having the correct velocity distribution we 

assumed that the layers do not contain the pinch outs. This yields the velocity grid 

shown in Figure 6.1. The entire data sets were migrated for PP- and S$- reflections 

using this background. Figure 6.2 and Figure 6.3 show migrated and stacked images 

for PP- and SS- reflections.

Where we formerly had the pinch outs there is now just a “sag” in the J horizon. 

This is essentially a velocity “pull down” . That is, the assumed velocity in the J 

sandstone is higher than the actual velocity, in the channel margin deposit zone. 

This causes the reflecting boundary to sag. Next we assumed the channel margin 

is located where we see the sag, or pull down. As a result we created the velocity 

distribution shown in Figure 6.4. PP- and SS- migrations using this distribution are 

shown in Figures 6.5 and 6.6. In these last figures we see the pinch outs. They are 

not nearly as well defined here as they were in Figures 5.13 and 5.15. Final figures 

(Figure 6.7, Figure 6.8, and Figure 6.9) show the actual velocity distribution and 

PP- and SS- migration using the actual velocity distribution. We think that future 

velocity analyses must be focused on more sophisticated algorithms in order to solve 

real field problems. The travel time tomography method is treated in the next section.
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FlG. 6.1. Migration velocity section, pinch outs are ignored. In other words pinch 
outs will be migrated with higher velocities. Black shows high velocity, and white 
shows low velocity, for P-wave migrations black represents 7,300 ft/sec. and white 
represents 5,400 ft/sec. For the S-wave migrations these velocities change into 4,300 
f t/ sec. and 3,000 ft/ sec.
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FlG. 6.2. Full stack PP-mode migration. Data were migrated with the velocities
shown in Figure 6.1. Compare this with Figure 5.13.



T-3981 76

-100

Offset (feet)
0 100 200 300

CD
CD

Q_
0)

o

1 0 0

200

300-

400

500

600

FlG. 6.3. Full stack SS-mode migration. Data were migrated with the velocities
shown in Figure 6.1. Compare this with Figure 5.15.
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FlG. 6.4. Migration velocity section, the second approximation.
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FlG. 6.5. Full stack PP-mode migration. Data were migrated with the velocities
shown in Figure 6.4.
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FlG. 6.6. Full stack SS-mode migration. Data were migrated with the velocities
shown in Figure 6.4.
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FlG. 6.7. Migration velocity section, the actual velocity distribution.
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FlG. 6.8. Full stack PP-mode migration. Data were migrated with the actual
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FlG. 6.9. Full stack SS-mode migration. Data were migrated with the actual
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6.3 C urved  R ay  p a th  T om ographic  Inversion  to  C alcu la te  B ackground  Ve

locities

Curved-raypath tomographic inversion is a powerful tool that may be applied 

to cross-borehole data or a combination of cross-borehole and surface to borehole 

data to construct the background velocity field It may be thought of as a type of 2-D 

“boundary value” problem, where measurements are made at the medium boundaries 

(two boreholes, earth’s surface) and then properties of the interior medium are ap

proximated. First arrival times can be inverted for velocity. The technique that was 

used here was developed by Schneider, Jr. (1990).

Geophysical tomographic traveltime inversion is a technique by which we con

struct an earth model whose velocities are consistent with a large set of first arrival 

traveltime observations. The inversion will iteratively construct a slowness (inverse 

of velocity) model such that ray tracing through this slowness model results in a set 

of model traveltimes that match the observed travel times. Then the slowness model 

will be taken as an approximation of the true earth slowness distribution.

In the application, all available P- and/or S-wave first arrivals are picked and 

then the cross-borehole medium (between source and receiver boreholes) is divided 

into slowness cells. The slowness in each cell is constant. An initial slowness field is 

required to start tomographic inversion iterations. The choice of the initial slowness 

field may be made by, for example, using the velocities along the source and the 

receiver boreholes. Iteration continues until a good fit is produced.

We picked all P-wave first arrivals (8448 picks) and constructed the initial velocity 

(or slowness) distribution shown in Figure 6.1. Here we assumed that we knew the 

velocities along our ’’boreholes” (along both edges of the physical model). This also 

can be regarded as the velocity information from sonic logs in real boreholes. Since
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the geologic environment is approximately plane layered, we started with parallel 

layers as the first approximation to the real field. After several iterations we found 

another approximation to the actual velocity field, Figure 6.10. In this figure the 

tomogram actually delineated the pinch outs. This background doesn’t look realistic 

but, as we will see, it afforded a worthwhile migration.

The next step in our application was to use the velocity values from the to

mographic travel time inversion to perform the imaging (migration). We migrated 

thirty-three common shot gathers with the tomographic velocities and stacked all 

partially migrated data to obtain fully migrated P-wave data, Figure 6.11. The re

sult is not as good as the migration done by using exact velocity values, Figure 6.8, 

but the extent of the pinch outs is still visible. Tomograms (velocity panels) can be 

interpreted “manually” and velocities along boreholes can be assigned to manually 

interpreted zones in order to get better migrations. We are still working on this. 

Figure 6.12 shows manually interpreted tomogram. The velocity distribution of the 

interpreted tomogram can be used in re-migrating our data and better focused image 

can be obtained. Figure 6.13 shows the pp-migration using these interpreted tomo

graphic velocities. These results encourage us to apply this technique to the held 

data.
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Here we propose a recipe to focus velocities in cross-borehole imaging; (1) to

mographic inversion with all available well information, (2) geologic interpretation 

of tomograms, and (3) re-migration with the velocities from interpreted tomograms. 

Re-migrations must be done interactively until the image is focused. An interac

tive scheme for the image focusing is given in Figure 6.14. This technique requires 

extensive uses of the computer memory and the CPU. It needs high speed vectorel 

computers and dynamic, interactive programming.
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FlG. 6.10. P-wave velocity distribution obtained from traveltime tomographic inver
sion. The tomographic inversion was done based on curved rays. Eight thousand four 
hundred and fourty eight p-wave first arrival were picked from 33 shot gathers at 256 
receivers. Darkness indicates high velocity. .
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FlG. 6.11. PP-migration, using the velocity distribution obtained from traveltime 
tomographic inversion shown in Figure 6.10. The pinch outs appear.
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FlG. 6.12. Tomogram interpreted using on velocities along the boreholes. Here the
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FlG. 6.13. PP-migration, using the manualy interpreted tomogram, Figure 6.12.
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Chapter 7 

CONCLUSION

7.1 Summary

We developed a cross-borehole imaging technique using a 2-D physical elastic 

model which represents a real geologic problem. Our investigation started with de

signing an elastic physical model and continued with data acquisition, wave-mode 

separation, deconvolution, obtaining correct migration velocities, pre-stack reverse 

time migration, and polarity correction and ended with stacking the pre-stack images 

for each reflection mode and also stacking these fully migrated images from each re

flection mode to obtain the final stacked image. We also proposed an interactive way 

to determine correct migration velocities.

Although we have many steps to our main goal, the image of the geologic model, 

we see the problem as one and pay equal attention to each step. Two important 

elements of a physical model design are (1) having a realistic geologic problem, and 

(2) finding the right materials with which to build the model. Data acquisition re

quires extensive dedication, experience, and consistency. Pre-imaging data processing 

steps starts with wave-mode separation. Here we used Dankbaar’s algorithm. The 

algorithm assumes that the medium has constant velocity. We divided our data into 

separate constant velocity panels for the wave-mode separation. Then we gathered 

individually mode separated panels to obtain a mode separated common shot gather. 

Deconvolution improved the image quality. Although the deconvolution sounds like 

easy step in data processing, it needs to be tuned very carefully. We chose signature
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deconvolution, but other statistical methods can be applied. In signature deconvo

lution when a good representation of a source wave form is used, the ringy source 

wave form can be compressed substantially. After deconvolution, spherical divergence 

correction or AGC, one or the other or both, can be applied. These processes correct 

amplitudes.

If we start with well pre-processed data, the imaging step can be carried out suc

cessfully. First we reverse time migrated our common shot gathers for each reflected 

wave mode; pp-, sp-, ss-, and ps-modes. Then we encountered polarity reversals in 

pre-stack migrated data. This caused problems when we stacked the pre-stack im

ages. We proposed a process that corrects this problem. These stacked migrated 

(imaged) data sets, imaged for each reflected mode, could be our last step but we 

further stacked the images to combine all the information we could get from each 

mode. The “final stack” gave us extremely high resolution image of the physical 

elastic model.

When we migrated our data with correct velocity distribution we pretended that 

we knew the correct migration velocities. However, when we process field data, we 

can only guess what the distribution is. The migration algorithm is very sensitive 

to velocities. Differences in the velocity field can cause mismigrated events. After 

stacking pre-stack images we can destroy the final image. This can be thought of as 

a focusing problem. We proposed an interactive scheme to focus our image in the 

previous chapter.

7.2 Conclusions

W hat is new about this investigation? First of all, we wanted to establish a tech

nique that could change the hard-to-understand cross-borehole data to an extremely
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high quality image of the “geologic” environment and we proved that, with the ex

penditure of large amounts of human and computer time, we could do it. Second, 

we found a partial solution to the polarity problem in the pre-stack migrated data. 

Then we combined all the information from each reflected mode. In other words, 

we used all the information that comes with each reflected wave mode. The final 

stack, Figure 5.17, shows how much improvement we made when we combined all the 

modes. Finally we showed how the correct velocity field could be obtained. Also we 

proposed an interactive technique to solve the velocity problem. We have not applied 

the interactive technique yet but this will take place in the future.

At this step we think we are ready to do a real field cross-borehole survey. We 

are aware that we will face additional problems with real data.
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Appendix A 

EQUIVALENCE OF SEPARATION FILTER BY DEVANEY ET AL. 

AND DA NK BAAR

Devaney and Oristaglio (1986) described a wavemode separation method for 

two-dimensional offset VSP data in the f-k  domain. They annihilated S-waves by 

applying a Fourier transform of the divergence operator to the elastic waveheld in 

the f-k  domain and annihilated P-waves by applying a Fourier transform of the curl 

operator to the wavefield.

The separation formulae by Devaney and Oristaglio, equations (4.7) and (4.8)can 

be rewritten as:

(A .l)
1 Px^x Px$Z " u h( k , f )  '

pxsx 4" Pz$z Pz^X Pz$z . u v( k , f )  _

and

1 SzPz — SzPx ’ u x( k , f )  '

Px^x 4“ Pz$z —sxpz $xPx . u v( k , f )  _
(A.2)

Here Px(k, / ) ,  Pz(Zc, / )  are the horizontal and vertical components of the P-waveheld 

and Sx( k , f ) ,  Sz( k , f )  are the horizontal and vertical components of the S-wavefield 

respectively. In both equations, pz, pz are the horizontal and vertical components of 

the P-wave propagation vector p, and sz, sz are the horizontal and vertical component 

of the S-wave propagation vector s respectively. Using the relations

/  sin 9Pf  cos 6P
p* = I T " ’ * v„ (A.3)
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and

f  cos 05 /  sin 9s
=  — —— , sz =

equations (A .l) and (A.2) can be expressed as:

cos 9P cos 9S cos 9P sin 0$ 

sin 9P cos 0S sin 0P sin 9S

' p . ( k , f ) ' 1
_ Pz{k, f ) ~ Q

and

'  S ^ k ,  /) " 1
. s z( k , f )  _ ~ Q

sin 6S sin 9% 

cos 6S sin 9,

u h( k , f )

Uv{ k J )

sin 0S cos Of 

cos 0, cos 0T

Uh(k, f )

Uv(k, f )

(A.4)

(A.5)

(A.6)

These are just a projections of Pin( k , f )  and 5in(fc, / )  in Dankbaar separation equa

tions (4.7) and (4.8) onto its horizontal and vertical axis.
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Appendix B

DERIVATION OF FINITE DIFFERENCE OPERATORS

Finite differencing is the basic method for solving differential equations in a com

puter. The hnite-differencing operator for the wave equation and absorbing boundary 

conditions of any order can be derived through the use of the power series, Dablain 

(1985):

<=-•>

and

tn-i in <^n A, , d 2<f)n A t 2 d3<t>n A t 3 t d4<f>n A t 4
r ~ -  ~  ~ d t A t  +  ~  W I T  + ’ (B'2)

where »̂n =  (j>{nAx). After summing equations (B .l) and (B.2), we have:

= ^  ( r ’ 1 - 2ÿn + ^n+1 "  ■■■■)• (B '3) 

The first three terms in the right-hand side of equation (B.3) form a central finite

difference approximation to the second time derivative:

= À  -  u n  +  ^n+1) • (B'4)

To derive the second order time, forth order space accurate (0 (A t2, Ax4)) finite 

difference operator, some estimate for must be introduced. By realizing

■ £ - £ ( & ) ■  <B5>
and by substituting with its second order approximation in equation (B.4),

Holland (1990):

^ 2  _  _ i_  _  o f f  f f f " i  m  ^
a 4̂ A ^  w  +  w  y ' (
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By substituting the space derivative with the forth order approximation in equa

tion (B.6) and by substituting the time derivative with the second order formula in 

equation (B.4), the 2-D scalar wave equation

1 5V* _ dV" d 2<t>n ,R 7s
c2 d i2 dx2 dz2 ^

can be rewritten as:
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1
Ax2

1
Â I 2

+ 3C-1,, -  2^> + 3^+iJ _  Ï 2 ^ +Sj') +

( ~ Ï 2 ^ -Î  +  "" 2 %  +  3 ^ j +i _  Ï 2 ^ + 2)  ’ (B.8)

where - =  <f)(nAt, iAx, jAz).  Solving equation (B.8) for with the assumption 

of a square spatial grid (i.e., (Az =  Az)) yields:

t i j 1 = [Wl {$-2,3 +  $+2,3 +  $3-2  +  $ ,3+2) +

W2 {$-1,3 +  $+\,j +  $ , 3 -I  +  $,j+l) +  WZ$,3^ +

(B9)

where tvi =  — tü2 =  | ,  and tug =  —5. The finite differencing star from this equation 

is shown in Figure B .l. The weighting factors for the usual 0 ( A t 2, A x 2) scheme are: 

Wi = 0, u>2 = 1, and w^ = —4.

The finite difference formulae for the 15° Clayton and Enquist absorbing bound

ary conditions for scalar waves, Clayton and Enquist (1977), are:

Top (j = 0):

-  ( 1 )  D‘+D‘_ (<j>l0 + + g )  D i m  (C+1 + Co"1) = 0 (B.10)

Bottom (j =  J):

# 1 % + ( ^ )  2+21 (C j + C j- i) -  ( 3  2121 (C îl, + C71) = 0(B+1)

Left (i =  0):

2 1 2 ‘C ,  -  ( ^ )  D ‘+D l (4Sj  +  C „ )  +  (I) 2 1 0 1  ( C l 1 +  C " 1) =  o (B .12)
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FlG. B .l. Finite differencing star for second-order time, fourth-order space accurate 
approximations to two-dimensional acoustic wave equation. The wave field at current 
time is determined by the wavefields at two previous time steps.
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Right (i =  /):

D l D ^ l J+ ( 1 )  + 4>U,})  ~  ( j )  D%Dl  +  t f j 1) =  0(B.13)

Here D+, D l, and Dq are, respectively, the forward, backward, and centered finite

difference operators, with respect to the variable q. For example,

^ j ) - (B.14)

By incorporating equation (B.14) into the boundary condition equations listed above 

and solving <pn+1 for each boundary leaves:

Top (j = 0)

^o+1 =  w li$ {$ï+i,i — 2 ^ î 1 +  +  $ï+î,o — 2 ^ o 1 +  $i-\,o) +

w 2 i,o  { $ x ^ 1 ~  2 < ^ ” o  —  ^ $ i , \  +  $ i , o 1 +  $ t , \ 1 )  +

+ (B.15)

Bottom {j — J):

C j 1 = (C-H.J-l _  2^ J -1  + $ i - i , j - i  + $ i+ \ ,J  ~  ^$%,Jl + $ t - \ , j )  +

^2i,j ( ^ j l i  -  2<^j -  20”J_1 + ^ j 1 + ^ j l i )  +

+  (B.16)

Left side (z = 0):

C 1 =  ( ^ l j +1 -  +  ^Oj+l ~  2C 1 +  +

^ 20,; ( ^ I j 1 -  2(^0,; ~  ^$\,3 +  $ 0 ^  +  ^ i j 1) +

(B .l?)
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Right side (i =  I):

= (Vj-i.j+i -  2̂ ?-L + Æîj-i + ?̂,ï+i -  2̂ /J1 + 4>r}~\ 

w ^i,j + ^ /j1 + 4>lzl,j) +

^3o,; -  ^ :L )

Here tyl^j — 2Ax ^ 2iii := , w2>itj — and Ditj —

A x)"1.

i) + 

(B.18)

(ci.j-At +


