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Abstract 

This thesis is concerned with the development of the cross-hole seismic 
reflection surveying method with particular application to the shallow Coal 
Measures strata found in opencast coal mining prospects in the U.K. 

A field acquisition technique developed for shallow boreholes utiUsing 

explosive sources and hydrophone receivers is described. Data have been 

acquired from several test sites in northern England. 

Data-processing techniques including wavefield separation and waveshaping 

deconvolution have been developed for cross-hole data and the theories behind 

these techniques are discussed. 

Methods of imaging cross-hole reflection data including the 'VSP-CDF 
transformation and Generalised Kirchhoff migration are applied to computer-
generated synthetic data and to real data in order to yield a depth section of the 
seismic reflectivity between the boreholes. 

Finally, the data-processing and imaging techniques developed are applied to 

real data acquired at British Coal Opencast exploration sites in northern 

England between 1987 and 1990. 
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Chapter I 

Introduction 

1.1 Synopsis 

The purpose of this research work has been to develop the cross-hole 

reflection surveying method, and to consider its feasibility as an exploration technique 

for opencast coal prospects. The remainder of this chapter is concerned with opencast 

coal exploration in the U.K. in order to put the development of the cross-hole method 

into context. Chapter I I deals with the acquisition of c^oss-hole seismic survey data 

and the problems associated with it. Chapter I I I is an overview of the data processing 

which is required for these surveys and chapter IV concentrates on the migration 

methods which may be used to image the data. Some trial surveys which were 

conducted at opencast prospects in the north of England are discussed in chapter V, 

and a comparison of different cross-hole migration operators is included in chapter 

V I . Conclusions of this work are drawn in chapter VI I . 

1.2 Opencast coal mining in the U .K. 

In the modern era, opencast coal mining in the U.K. began in 1942, when it 

was introduced as a wartime measure to extract shallow coal reserves from the top 

few metres of the ground. Modern mines are now much deeper; a typical working 

site may be 100m deep. Pits are much smaller than in other parts of the world, simply 

because of the high population density in the U.K. Site boundaries are restricted by 



population centres and the communication networks between them as well as by 

natural boundaries. 

Current estimates of shallow coal reserves in the U.K. suggest that there are 

around 300 million tonnes of coal which could be extracted by opencast mining. 

Although the total annual output (-15 Mtonnes) from opencast mines is less than 20% 

of the total U.K. production, opencast coal is more economical to produce and is often 

of an higher quality than deep-mined coal. Deep-mined coal often has opencast coal 

blended with it to improve its calorific value and bring it up to the required standard 

for a marketable product. 

The responsibility for opencast coal developments lies with British Coal 

Opencast (BCO), which is a subsidiary of the British Coal Corporation. BCO 

provides a detailed specification of a prospect to civil engineering companies who 

tender for the contract to mine the site. BCO also uses the specification in applying 

for planning permission. As part of theit contract, the civil engineering companies 

must restore the pit area when the mining operation has been concluded. 

1.3 Opencast coal exploration 

Initial site assessments are based upon the currently available geological 

knowledge of the area. Additional information is also provided by the plans of old 

mineworkings (although these are usually too unreliable to help in site reserve 

estimates) as well as the data obtained from any nearby opencast sites. Once there is 

sufficient evidence to show that a proposed site may be profitable, the exploration 

stage begins. 



BCO's present exploration strategy involves the drilling of a dense grid of 

shallow (typically with total depths less than 100m) boreholes. The boreholes have 

14cm diameter steel casing from the surface down to rock head (typically 5-10 metres 

of casing), but below this depth they are left uncased. This drilling programme is a 

massive exploration effort with a total metreage of around 750,000m drilled each 

' year. These are drilled using an air-flush system in which compressed air forces rock 

chippings from the drill bit to the surface, where they are logged by the driller. Al l 

the boreholes are subsequently geophysically logged by using natural gamma and 

density tools. The density log gives excellent responses to coal seams, whilst the 

natural gamma log identifies dirt bands and is used in correlations between boreholes. 

Approximately 20% of the boreholes are also cored. An ideal drilling strategy is 

initially to drill holes on a grid pattern with 120m spacing. This would then be 

reduced to 60m and then to 30m, or even less, in areas of particular interest where 

faulting or old mineworkings are believed to exist. However, permit difficulries and 

time limitations often dictate that the initial reconnaissance stage is omitted, and in 

some parts of the country only a single phase of drilling on, say, 50m centres is 

carried out. The interpreted logs from the boreholes are used to determine the 

overburden lithologies as well as the location and thicknesses of coal seams and the 

presence of fault zones which may lead to problems in the excavation of coal. 

It is very important that BCO can provide as accurate an estimate as possible 

of the rippable coal reserves, since it will incur contractual penalties i f the excavating 

civil engineering contractor finds less readily extractable coal in the site than was 

predicted, and also because any profits from excess coal reserves will chiefly benefit 

the contractor. The site must also be shown to be of primary economic importance to 

the appropriate planning authorities. 



To date the drilling programme has proven to be an effective exploration 

strategy, but information coverage is disrupted where physical obstructions such as 

buildings and rivers are located. These gaps in the data might be filled by geophysical 

techniques which can provide information on the strata between the boreholes. It is 

barely possible to detect faults with throws of 2m or less from borehole levels, even if 

the boreholes were drilled only 2m apart. There is, therefore, great potential for a 

geophysical technique which can detect such small faults in critical areas such as site 

boundaries. In addition, suitable geophysical surveys combined with a 60m borehole 

spacing, might allow old workings and faults to be determined more accurately than 

would be possible by drilling boreholes with 30m separations. This could potentially 

eliminate the need for -75% of the boreholes in these areas. 

The pillar and stall type of old mineworkings are particularly prevalent in 

areas suitable for opencast mining because, naturally enough, the earliest old 

mineworkings were frequently located near outcrops. As many as five or six sets of 

old mineworkings may be present in different seams on the same site. Indeed, the 

greater part of the coal in an economically viable prospect may be in the form of 

pillars in the old mineworkings which were left behind to prevent collapse. 

1.4 Seismic exploration for coal 

Surface seismic reflection surveys have been used as an exploration tool for 

deep mines for almost twenty years. In these surveys target depths are of the order of 

hundreds of metres, and poor imaging is obtained in the upper 100m of the sections 

(see e.g. Ziolkowski, 1979). The surface reflection method has been applied 



specifically to opencast targets by Brabham (1986), but the results were poor with 

long wavelength (~20m) reflections being recorded, the higher frequencies having 

been absorbed by the weathered surface layers. A great problem for shallow seismic 

reflection surveys is interference from refracted waves and ground roll; this is very 

dependent on the shallow geology (Bredewout and Goulty, 1986). 

In-seam seismic methods have also been used successfully in deep mines 

(Buchanan, 1983; Jackson, 1985). Deep mine hole-to-hole seam wave transmission 

experiments were carried out by Jackson et al. (1989), who observed arrivals with the 

dispersive character which one would expect for a low-velocity SH channel wave 

between holes where the seam was continuous. When old mineworkings or faulting 

exist between the boreholes, no such wave should be detected. The method has been 

applied to shallow Coal Measures strata (Goulty et al., 1990), but without success 

because of the strong attenuation of high-frequency shear waves in shallow strata. 

Vertical seismic profiling (VSP) methods have been applied to deeper coal seams by 

Suprajitno and Greenhalgh (1985) and Jackson et al. (1989) and to shallow Coal 

Measures strata by Kragh (1990). 

It is hoped that cross-hole seismic reflection surveys may be used in 

conjunction with VSPs and borehole logs to provide a flexible, high-resolution tool 

for opencast coal exploration. In particular, they could fill in information where 

boreholes cannot be drilled and accurately determine the location of small faults and 

old mineworkings. 



Chapter II 

The cross-hole seismic reflection method 

2.1 Borehole seismic techniques 

The check shot survey is a long-established borehole seismic technique in the 

oil exploration industry which is used to calibrate velocity measurements obtained 

from borehole sonic logs. A natural progression from' this was the vertical seismic 

profile (VSP). The VSP involves repeatedly firing rig-source shots while a geophone 

is located at successive depth levels in the borehole; see Balch et al. (1982) for a 

review. The seismic data recorded can then be processed to obtain a vertical profile 

of the seismic reflection response of the strata at the borehole. VSPs are useful for 

correlating conventional surface seismic reflection sections with well-log information. 

Further developments in VSP data acquisition include offset VSPs, where the 

source is fired at a constant offset from the rig (see e.g. Dillon and Thomson, 1984) 

and walkaway VSPs, where the source is fired at several different offsets while the 

geophone position is kept constant (see e.g. Kohler and Koenig, 1986). These 

illuminate the geological structure over narrow cross-sections through the borehole in 

the azimuthal direction of the source locations. The most general case of such 

profiles utilises multiple geophone positions and source offsets in the same survey. 

When the source is fired within the borehole and surface receivers are used the 

survey is known as a hole-to-surface seismic profile (Kragh, 1990), a simpler 

terminology for what has also become known as the inverse multi-offset VSP 



(IMOVSP) (e.g. Jackson et al., 1989). These types of survey provide increased 

resolution of seismic reflectors compared with conventional surface seismic surveys 

because the acoustic signal only passes through the near-surface layer once, whereas 

two passes are needed for surface seismic reflection surveys. Thus the higher 

temporal frequencies in the signal are less attenuated by near-surface effects. 

2.2 Cross-hole seismic techniques 

Cross-hole seismic methods involve firing shots in one borehole and recording 

the transmitted and scattered wavefields on receivers positioned in a neighbouring 

borehole. By positioning both sources and receivers in the sub-surface, the frequency 

content of the data is higher than that of VSPs. The first applications of this recording 

geometry were in velocity surveys where the travel times of direct arrivals are used by 

tomographic inversion algorithms to generate a tomogram or slice of the velocity field 

between the boreholes (see e.g. Worthington, 1984; Dines and Lytle, 1979). The uses 

of this technique are principally in locating local velocity anomalies caused by 

intrusions and voids (e.g. Cottin et al., 1986; Bishop and Styles, 1990), and also in 

monitoring the changes in a velocity anomaly with time which may occur during 

fluid-injection enhanced oil recovery projects (Macrides et al., 1988 and Justice et al., 

1989). Kragh (1990) applied the technique in trying to locate shallow old 

mineworkings in Coal Measures strata by looking for velocity anomalies in the 

collapsed zones immediately above the old mineworkings, but concluded that any 

such velocity anomalies were too small to be detectable by this method. 



The basic type of tomographic survey uses only the direct arrival travelrime 

data. Obviously additional information is also present in the later scattered arrivals. 

Techniques to utilise scattered arrivals have been developed by Devaney (1984) and 

Pratt and Worthington (1988), amongst others. The diffraction tomography method 

may be applied to cross-hole data to provide velocity and attenuation tomograms. An 

alternative to this approach is to consider a cross-hole reflection survey as being 

composed of several offset VSPs where the sources and receivers are all below 

ground level. Data processing of the survey is then similar to, but more complicated 

than, processing a set of offset VSPs. This processing route has previously been 

applied to synthetic data by Hu et al. (1988) and to ultrasonic scale-model data by 

Zhu and McMechan (1988) and Balch et al. (1990). This is the processing method 

which has been adopted in this work. 

2.3 Cross-hole seismic data acquisition 

As in any type of seismic survey, the choice and deployment of acquisition 

equipment should be considered carefully. Of particular importance are the types of 

source and receiver and the recording device used. 

2.3.1 The source 

An explosive source was used in all the trial surveys of Chapter V. The 

explosive charge used consisted of an electrical (no.8 type) detonator which was 

sometimes boosted by 25g of dynamite. The dynamite was used to improve the 



signal-to-noise ratio in surveys where high background noise levels were observed, 

but it was generally avoided in order to minimise the risk of damage to the borehole 

walls. There was no noticeable change in the frequency content of data recorded 

using a dynamite source compared with that of data recorded using a detonator alone, 

suggesting that the charge scaUng law proposed by Ziolkowski et al. (1980) does not 

hold for small-sized charges fired in boreholes. 

The charge is positioned at the end of a 4cm diameter hollow steel tube which 

is 40cm long. The purpose of the tubing is to provide to provide sufficient weight to 

allow the source to be lowered and raised easily in the borehole and also to prevent 

the explosion from damaging the firing or triggering leads with which the source is 

connected to the surface. This source was found to give an adequate frequency range 

for the purposes of the trial surveys and also gave good shot repeatability. 

2.3.2 The receivers 

It was decided that, for reasons of practicality and speed, a string of receivers 

would be needed. The simplicity of utilising a ready-built hydrophone string greatiy 

outweighed the complexity of constructing a string of (three-component) geophones. 

Hydrophones in a vertical fluid-filled borehole may be expected to detect SV body 

waves as well as P waves, but not SH waves (Schoenberg, 1986). However, the 

practical difficulties of accurately recording rock particle motion by a borehole 

geophone were recently demonstrated by Beattie (1990). She found that the 

geophone was much more sensitive to tube waves; a surprising result but explained by 

the effect of the pressure in the fluid due to the tube waves acting on the top and 

bottom of the geophone housing. 



Two 12-channel hydrophone strings were used; the first (used in survey A of 

chapter V) had hydrophone spaced at 4m intervals and the second (used in the 

remainder of the trial surveys) had a 2m hydrophone spacing. The hydrophones were 

streamlined by enclosing each one in heat-shrink plastic to prevent snagging on the 

borehole wall. A weight is fastened to the bottom end of the string to facilitate 

lowering in the borehole. The 4m-spacing string was supported by a steel cable fed 

past each hydrophone and attached to the weight at the bottom. In the 2m-spacing 

prototype a nylon rope was used instead in order to reduce the overall weight of the 

string and make it easier to handle. 

2.3.3 Recording equipment 

Two recording devices were used in the field trials. The first was an EG&G 

Geometries Nimbus 12-channel 10 bit'enhancement seismograph with a dynamic 

range of 66dB. This was used in survey A of chapter V. In the remainder of the 

surveys an EG&G Geometries ES-2401 24-channel enhancement seismograph was 

used. This equipment was a significant improvement on the earlier model with a 

much greater dynamic range and the additional benefit of storing data in SEG-DOS 

format on floppy disks instead of the tape reels (SEG-D format) used by the Nimbus. 

The advantage of 24-channel recording allowed the simultaneous acquisition of cross-

hole and hole-to-surface surveys, with 12 channels allocated to the downhole 

hydrophones and the other 12 to a surface geophone spread. This led to a greatly 

improved rate of data acquisition, and reduced the risk of losing a survey due to 

explosive damage instigating collapses in the borehole wall. 

10 



2.3.4 Field equipment set-up 

The typical equipment arrangement used in the field trials of chapter V is 

illustrated schematically in figure 2.1. The string of hydrophones is lowered into 

borehole B and the source is posidoned in hole A. Shots are repeated at the same 

depth levels for different positions of the hydrophone string in order to extend the 

coverage of the receiver array. One hydrophone position is kept in common between 

the repeated shots to allow amplitude scaUng and repeated shot deconvolution to be 

carried out (see section 3.2.1). In the trial surveys, the hydrophone string remained 

fixed while shots were fired successively at depth intervals of 2m (to make the 

coverage of reflectors between the boreholes as uniform as possible). The 

hydrophone string was then moved to a new position and the shot sequence was 

repeated. 

A sampling interval of 200}is was used in all the trials and a data length of 

1024 samples (204.8 ms) was recorded. 

The deepest shot and receiver locations were usually limited by collapses in 

the boreholes, rather than the total depth actually drilled, and the shallowest shot and 

receiver positions were restricted by the level of the water table in each borehole. A 

hydrophone will simply not respond i f it is not submerged, and there is insufficient 

coupling of the source energy to the surrounding rock unless the shot is also 

submerged. Shots fired l-2m below the water table resulted in a noticeably lower 

frequency content in the recorded data; the dominant frequencies being approximately 

half those of the deeper shots. This was presumably due to an insufficient confining 

hydrostatic pressure to restrict the expansion of the exploding gas bubble. 

11 
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Figure 2-1 Typical cross-hole survey field set-up. 



2.4 Data acquisition problems 

Three distinct types of problem were encountered during data acquisition: 

timing errors, noise and borehole blockages. 

2.4.1 Timing errors 

Initial trials with the acquisition system used a Huntex .shot box to fire the 

detonator and simultaneously send a trigger signal to the seismograph, but this was 

found to be insufficiently accurate, resulting in random timing errors of up to 1 ms in 

the recorded data. As an alternative to this, some wire was wrapped around the 

detonator and connected to a trigger lead above the steel tube of the source tool. The 

trigger lead ran up the borehole and was fed into the trigger input of the seismograph 

via a differentiating capacitor. The firing pulse was provided by a 12V car battery. 

When the detonator exploded, the wire around the detonator was broken causing a 

resistive change at the trigger input. This method was found to give very accurate 

timing breaks. Timing errors could be checked by inspecting the first break time of 

the common hydrophone channel between repeated shots. Occasionally random 

timing errors would still occur, and these were attributed to electrical pick-up between 

the firing and triggering lines. 

2.4.2 Noise 

There were two different categories of noise: shot-generated noise and 

background noise. The shot-generated noise consisted of tube-wave arrivals 

(equivalent to surface waves in conventional seismic surveys) which are low-velocity 

12 



events travelling along the borehole wall. These are discussed in section 3.3.4. No 

suitable acquisition technique could be used to suppress these arrivals. 

Background noise was both man-made and natural, including drilling-rig 

vibrations (because acquisition took place on active exploration sites), and factory-

generated noise at one site. Water dripping into the boreholes from above the water 

table caused noise events on shallow receivers and low-frequency („10 Hz) pipe 

resonances were detected in some surveys. Pipe resonances could be removed by the 

use of high-pass filters, but the presence of drilling crews frequentiy led to long 

delays between successive shots, until a lull in drilling operations took place. 

2.4.3 Borehole blockages 

Borehole blockages were the most serious problem encountered in data 

acquisition, and led to several trial surveys being abandoned. After drilling was 

finished, the borehole would gradually f i l l with mud and debris which fell from the 

borehole walls. This obviously reduced the maximum source and receiver depths as 

time passed. It was therefore essential for surface casing to be left in the boreholes so 

that the soft near-surface drift material would not simply fall down the boreholes. 

Ideally, surveys would also be carried out as soon as possible after the boreholes were 

drilled and logged. 

Unfortunately, where old mineworkings and faulting occur in the boreholes 

(i.e. those areas of particular interest), the borehole walls are particularly susceptible 

to collapse. It was frequently the case that a borehole would be blocked just above 

the level of old mineworkings. Surveys in available boreholes where not attempted 

13 



when the borehole walls were thought to be particularly unstable for fear of losing the 

hydrophone string. 

2.5 Uphole shots and verticality 

Two further sets of measurements were required to complete each survey: 

velocity readings within the boreholes and verticality readings. Unfortunately, in 

some cases these additional data were unobtainable due to borehole collapses. 

2.5.1 Uphole velocity estimates 

Interval velocity estimates are made in each borehole by firing a shot 2m 

below the hydrophone string. In this way approximate values of the vertical velocity 

field can be obtained. A sampling interval of l(X)|is is used and worst errors, Av, in 

the interval velocities, v, can be estimated using the following equation (Stewart, 

1984): 

Av = 2 v ^ (2.1) 

where Ar is the travel time between two receiver positions, and 6r is the timing error. 

To avoid the risk of losing the hydrophone string, it was sometimes necessary to 

estimate the interval velocities by recording the traveltimes to a surface geophone 

14 



from several shot positions, but this resulted in less accurate first break picks and thus 

greater errors in the interval velocity field estimates. 

2.5.2 Borehole verticality 

The deviation of the borehole from the vertical and the azimuth of this 

deviation were measured by using a pendulum-type inclinometer. This tool could be 

run down the borehole within its own casing in two perpendicular directions, but had 

a depth limit of 60m. The dip readings were converted to borehole displacements 

using the program of Howson and Sides (1986). On the whole, borehole deviations 

were slight, particularly at shallow depths, and were rarely more than 3.0 metres at the 

bottom source and receiver depths. Neighbouring boreholes usually deviated in a 

similar manner. 

15 



Chapter III 

Data processing 

3.1 Introduction 

The close resemblance of cross-hole seismic reflection common shot gathers 

to offset vertical seismic profiles (OVSPs) provides an obvious route for processing 

these surveys. Essentially, each common shot gather may be thought of as an 

individual OVSP, but with the additional complication of having some receiver 

positions at shallower depths than the level of the source. A typical data processing 

scheme for cross-hole data is shown in figure 3.1. The processing consists of several 

distinct stages: editing, wavefield separation, deconvolution, velocity field estimation 

and imaging. These are discussed below. 

3.2 Editing 

Following data acquisition, the field data are transferred from DOS-format 

floppy disks to the University of Durham Amdahl 470A'8 mainframe computer. Data 

from combined hole-to-surface and cross-hole surveys (see section 2.3.3) are then 

separated using utility software, and the cross-hole data are then sorted into common 

shot gathers. 

16 



Editing 

Sorting data 

Repeat Shot Deconvolution 

Direct arrival picking 

Direct Arrival Suppression 

Muting 

Wavefield Separation 

f-k filtering 

Waveshaping Deconvolution 

VSP-CDP Transform 

Velocity Analysis 

Imaging 

Migration 

Figure 3.1 Outline of cross-hole reflection data-processing scheme. 



3.2.1 Shot-matching deconvolution 

Usually each common shot gather comprises two (or more) positions of the 

hydrophone string with at least one hydrophone position kept in common between 

adjacent string positions for the repeated shots. This is used as a precautionary 

measure to ensure that there are no time break errors in the survey and also to check 

for the repeatability of the source waveform. In cases where the common shot traces 

do not correspond, a waveshaping Wiener filter may be designed and applied to one 

set of hydrophone positions so that a match will occur on the common trace. An 

example of such a deconvolution is shown in figures 3.2-3.5 . 

Figure 3.2 shows the raw recorded data for a particular common shot gather. 

In this case, data were recorded by firing a shot whilst the hydrophones were at depths 

(12-34 m) and then moving the hydrophones so that they lay at depths (34-56m) and 

firing a second shot at the same depth. Thus channels 12 and 13 correspond to the 

common channel for this common shot gather. There is a noticeable mismatch in the 

character of these traces and so a deconvolution operator was designed along the 

following lines. Firstly, a suitable time window (including the first arrivals and any 

dominant reflections) was chosen for the two traces and the segments of data within 

the window were tapered. A least-error-energy Wiener waveshaping filter was then 

calculated which, when convolved with the window from trace 13, would result in an 

output which approximated the window from trace 12. Figure 3.3 illustrates the 

windowed data, the deconvolution operator, and the filter output as time series. The 

respective amplitude spectra are plotted in figure 3.4. Figure 3.5 is a plot of the 

common shot gather following the application of the same waveshaping filter to traces 

13-24. 
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Figure 3.2 Unprocessed common shot gather. Channels 12 and 13 are repeal shot 
common receivers. 
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Figure 3.3 Repeat shot deconvolution: a) input signal, b) desired output 
signal, c) filter, d)lagged desired output signal, e) convolution of 
input signal and filter. 
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Figure 3.4 Repeal shot deconvolulion - amplitude spectra: a) input signal, 
b) desired output, c) filter, d) filtered input. 
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Figure 3.5 Common shot gather after repeat shot deconvolution. 



After this preliminary deconvolution, an amplitude scaling factor is applied to 

equalise the shot energies for the two hydrophone positions. This is taken to be the 

ratio of the rms amplitudes of the common receiver traces. 

3.2.2 First break estimation and direct arrival suppression 

In order to mute out the large-amplitude direct arrivals, it is first necessary to 

estimate the direct arrival times at each hydrophone position. An automatic first-

break picking program was found to give good results for cross-hole data provided the 

signal-to-noise ratio was sufficientiy high (as is usually the case with cross-hole data). 

First breaks are picked on a statistical basis, by simply locating the time sample where 

the recorded signal amplitude rises sufficientiy above the rms amplitude of the 

background noise. In addition, it was found to be necessary to check all first-break 

times manually to avoid the inclusion of "head wave" arrival picks. 

Once direct arrival times have been picked from the data, it is a simple matter 

to mute the direct arrival energy by specifying a window for a cosine taper on each 

trace. Some reflected energy is undoubtedly lost by removing the direct arrivals in 

this way. Unfortunately this means that reflector coverage will be lost near die 

receiver borehole, but this method was found to be the most suitable for the field 

datasets discussed in chapter V. 

An alternative scheme for direct arrival removal has been proposed by Pratt 

and Goulty (1991) who applied it to ultrasonic model data. This removes the direct 

arrival waveform of a particular trace by aligning the first breaks of those traces 

which correspond to nearest neighbour sources and receivers. These trace are then 

averaged to provide an estimate of the direct arrival waveform which may then be 
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subtracted from the original trace to yield the scattered wavefield. This method was 

found to be unsuitable for the cross-hole datasets discussed later, because the direct 

arrival waveform was not sufficientiy consistent between adjacent traces. This is 

probably due to peg-leg multiples which will be present in data acquired from the real 

earth with its small-scale layering, as opposed to that acquired from an ultrasonic 

modelling system where the model consists of relatively few homogeneous layers. 

Direct arrival muting may be carried out either before or after wavefield 

separation. Inclusion of the direct arrivals in the wavefield separation can lead to 

ringing problems when frequency-wavenumber filters are applied to the data (see 

section 3.3), but on traces where the direct arrivals are ^owngoing and the interesting 

reflections are upgoing, it is preferable to mute after separation in order to preserve as 

much of the scattered wavefield as possible. This is the final stage of the editing 

procedure, and the processing sequence then continues with the application of 

wavefield separation filters. 

3.3 Wavefield separation 

The scattered wavefield recorded for each common shot gather may be 

classified as consisting of upgoing and downgoing components. These refer to waves 

which travel upwards or downwards, respectively, across the receiver array. The 

upgoing and downgoing scattered energies must be imaged independently because of 

the net cancellation effect which would result in combining their respective 

reflectivity amplitudes. 
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Clearly, for a particular reflecting interface, the signals which are recorded 

fi-om shots above the interface on receivers above the interface (i.e. upgoing reflection 

events) w i l l be of opposite polarity to those which are recorded f rom shots below the 

interface on receivers also below the interface (i.e. downgoing reflected events). 

Since the apparent velocities of these upgoing and downgoing events are of opposite 

sign ( ^ > 0 for downgoing events; ^ < 0 for upgoing events) these events are readily 

separable by means o f velocity filters. 

For zero-offset VSP surveys, separation may be carried out by median filters 

which rely upon the linear moveout of reflection events (Hardage, 1983). When the 

source is offset f rom the receiver array, however, this n^oveout is non-linear and so i t 

is necessary to apply filters which can selectively pass or reject arrivals with a range 

of apparent velocities. One such filter type is the pie-slice filter (Embree et al., 1963), 

which is applied to data which have undergone a two-dimensional Fourier transform 

into the frequency-wavenumber {f-k) domain. 

The two-dimensional Fourier transform is implemented on digitally recorded 

data by means of the Fast Fourier Transform or FFT (Cooley and Tukey, 1965). This 

algorithm requires that the data consist of 2̂ ^ samples (n being an integer) and 

assumes that the data have a periodicity equal to this sample size. To carry out a two-

dimensional transform on a common shot gather the algorithm may be applied first in 

the time direction on all traces, and then in the spatial (depth or z) direction at all 

frequencies, although the sequence of these operations is immaterial. 

In dealing with digitally sampled data, there are some important factors to be 

considered which do not occur with analogue data. In particular, in discrete Fourier 

space, there may be problems due to the data being undersampled and thus not 

uniquely defined. 
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3.3.1 The Nyquist frequencies and aliasing 

I f the recorded data have a time sampling interval Af and the receivers are 

regularly spaced at intervals o f Az, then the temporal and spatial Nyquist frequencies 

are respectively defined as: 

•^NYQ 2Ar ' ^NYQ 2Az ^ ^ ' ^ ^ 

Only i f all {f,k) components in the recorded data lie within the range governed by the 

positive and negative Nyquist values w i l l the data be completely determined by the 

recorded samples. I f if,k) components outside the Nyquist range are present then they 

w i l l be aliased when they are recorded. This means that they w i l l wrap around in the 

discrete Fourier space because of the periodic nature of the transform and contaminate 

the unaliased {f,k) components. March and Bailey (1983) give an informative account 

of the f-k transform. 

3.3.2 Two-dimensional filter application 

Filter application in the f-k domain involves complex number multiplications 

of each component in f-k space with the corresponding component of the filter. This 

operation is equivalent to a convolution in the z-t domain of the original data with the 

impulse response o f the filter. 

One characteristic of the Fourier transform is that discontinuities or steep 

slopes which are present in a function in one domain lead to the Gibb's phenomenon, 

also known as ringing, in the transformed data. With cross-hole seismic data it is 
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common to f i nd that the data taper smoothly towards zero amplitude in the temporal 

direction but, because of the restriction imposed by the finite recording aperture of the 

receiver array, there are sharp discontinuities at the edges of the data in the spatial 

direction. Normally these would result in ringing in the wavenumber domain. It is 

thus necessary to apply a taper across the edge traces in the spatial direction, and a 

simple cosine taper over four traces is found to be adequate for this purpose. 

Another problem with the discrete Fourier transform is that the data, although 

recorded over a finite range of times and depths, are assumed to be periodic outside 

the recorded ranges. Hence, a multiplication in the f-k domain is equivalent to a 

cyclic convolution, and not a transient convolution. Convolution in the time domain 

results in an output which has a length equal to the length of the data plus the length 

of the filter. When the filter is applied in the f-k domain, the extra output length w i l l 

become wrapped around "noise" on the outer traces after the reverse transform is 

applied. This filter leakage can be avoided i f the data are padded out with blank 

traces before applying the FFT. The total number of traces is made up to the next 

power of two, since the FFT algorithm requires that the number of samples to be 

processed is a power o f two. 

3.3.3 Filter design 

In the case of pie-slice filters which are applied to common shot gathers of 

cross-hole seismic data, it is usually necessary to design the/-A: filter with steep slopes 

in order to separate the upgoing and downgoing events, whilst rejecting as little of the 

appropriate P-wave reflection energy as possible. In order to accomplish this, while 

at the same time keeping the ringing effects induced by the steep slopes to a 
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minimum, the edges of the velocity filters are selected so that they lie along low 

amplitude channels in the data; an approach advocated by Christie et al. (1983) and 

similar to the contour-slice filtering proposed by Suprajitno and Greenhalgh (1985). 

Filter edges are tapered by a smooth cosine taper which runs perpendicular to the 

bisector of two lines in f-k space which determine the tapering region (figure 3.6). 

Other considerations of filter design include the rejection of events other than 

P-wave reflections. Although the hydrophone receivers used in the cross-hole surveys 

discussed later are pressure sensitive devices, they w i l l also record SV energy when 

they are located in a borehole (Schoenberg, 1986). The apparent velocity of SV 

arrivals ranges f rom inf ini ty (wavefronts parallel to the borehole axis) down to the SV 

wave velocity in the rock medium (raypaths parallel to the borehole axis). Thus direct 

wave SV arrivals are di f f icul t to filter out but SV arrivals with apparent velocities less 

than the P-wave velocity in the rock may be readily removed. Generally, it would 

only be mode-converted P—>SV reflections which would arrive within the time 

window of interest in the surveys reported here. 

3.3.4 Tube waves and spatial aliasing 

Another type of coherent noise event, which is more significant in borehole 

seismic data, is the tube wave. The tube waves, which have been observed in the 

boreholes discussed in chapter V, typically have a larger amplitude and lower 

frequency than body waves and can be thought of as a type of surface wave (the 

Stoneley wave) which travels along the interface between the borehole wall and the 

borehole fluid with an elliptical particle motion. These waves sometimes emanate 

f rom the top (or water table) and bottom of the receiver borehole, and frequently 
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originate at seam level depths in shallow Coal Measures strata. One such tube wave is 

shown in figure 3.7 with its f-k spectrum in figure 3.8. 

Examination o f the moveout per trace of the tube wave arrival in figure 3.7 

reveals that this is greater than half the dominant period of the arrival and so it is 

spatially aliased. A n event with an apparent velocity w i l l be spatially aliased 

for temporal frequencies greater than / ^ ^ ^ = / k^^^. A spatially aliased event 

wraps round in the f-k domain (see figure 3.8) due to the periodicity of the discrete 

Fourier transform. Therefore, in order to remove spatially aliased noise f rom the 

data, i t is necessary to apply a rejection filter which itself w i l l wrap around in the f-k 

domain. Unfortunately, this type of filter w i l l also remove reflected P-wave energy 

f rom the quadrant in f-k space into which i t wraps round, thus reducing the 

information content of the data. In most cases where this was done it did not have a 

severe effect on the data. 

An alternative method of removing low velocity spatially aliased noise is to 

apply a linear moveout to the data before applying the two dimensional FFT and 

thereby alter the moveouts of all events so that the spatially aliased events are no 

longer aliased and can be removed with ease in f-k space. The artificial moveout is 

then removed fol lowing a transformation back to the z-t domain. This method can 

lead to events, which were not previously aliased, becoming aliased, and so the 

method is highly data-dependent and must be applied with care. In most cross-hole 

surveys where tube waves occurred they were both upgoing and downgoing which 

meant that this method could not be applied (de-aliasing of one tube wave type would 

mean even more severe aliasing of the other). 
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Figure3.9 A common shot gather from survey A of chapter V. 



The data processing software (Appendix A . l ) allows for several different filter 

design options, including the wrap around type of filter and trapezoidal-shaped filters 

as well as pie slice filters. A l l filters can be specified as pass or reject types. 

3.3.5 Examples of wavefield separation in the f-k domain 

A common shot gather f rom one particular survey (survey A in Chapter V) is 

illustrated in figure 3.9. In this case the shot was positioned at a depth of 30m and the 

hydrophones were positioned at 2m intervals over a depth range of 22-66m. The 

receiver borehole was at an offset of 56m from the source. The data consist of both 

upgoing and downgoing reflections with direct arrivals also being present. 

The data were transformed into f-k space to yield the amplitude spectrum of 

figure 3.10. This spectrum is plotted on a dB scale with the 6dB contour representing 

component amplitudes which are half the maximum amplitude. The principal features 

of this spectrum include: large direct arrival amplitudes around the k=Q axis and to the 

left o f i t ; upgoing scattered arrivals to the right of this axis; and downgoing arrivals to 

the left of this axis. A pie slice filter designed to pass only the upgoing energy is 

specified by the lines OA and OB. This filter w i l l pass all upgoing arrivals which 

travel with an apparent velocity of between 2000 m/s and 8000 mj% across the receiver 

array. Following application of the filter, the data were transformed back into z-t 

space (figure 3.11). The filter has successfully removed downgoing energy and 

enhanced the appearance of the upgoing reflected energy. Some of the direct arrival 

energy (on the upper traces) is also upgoing and so remains after the filter has been 

applied, but this may be removed by the application of a mute. 
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Figure 3.10 f-k amplitude spectrum of the common shot gather shown in figure 
3.9. Edges of a filler to extract the upgoing wavefield are 
indicated by the lines OA and OB. 
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Figure 3.11 Upgoing wavefield after the application of a wavefield separation 
filter to the data of figure 3.9. 
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Figure 3.12 Common shot gather from survey B of chapter V. 
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Figure 3.13 f-k amplitude spectrum of the common shot gather shown in figure 
3.12. Edges of a filler to extract the downgoing wavefield are 
indicated by the lines OA and OB. 
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Figure 3.14 Downgoing wavefield after the appUcation of a wavefield 
separation filter to the data of figure 3.12. 
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Figure 3.15 A common shot gather with lube waves indicated by TU (upgoing 
tube wave) and TD (downgoing tube wave). 



Figure 3.12 is another common shot gather acquired on survey B of chapter V. 

In this case the shot depth is 48m and the receiver borehole offset is 40.9m, with 23 

hydrophone positions covering a depth range of 16-60m. The two-dimensional 

amplitude spectrum is shown in figure 3.13. Again a filter has been defined by the 

lines OA and OB, in this case to pass velocities of between 1600 and 10000 m/s in the 

downgoing wavefield. Figure 3.14 shows the filtered common shot gather in z-t 

space. The downgoing reflected arrivals are now apparent, and the remaining direct 

arrival energy can again be muted out. 

An example of a low-frequency high-amplitude tube wave with an apparent 

velocity of 1100 m/s is presented in figure 3.15. The events (both upgoing and 

downgoing) originate from a depth of 44m which corresponds to a coal seam in the 

receiver borehole. The shot was fired at the seam level depth. Presumably energy 

from P-wave first arrivals has been focused as "diving rays" by the low velocity of the 

coal relative to its surrounding bedrock. This would result in a large amplitude arrival 

at the receiver borehole which has in some way triggered off a tube wave, perhaps 

because the receiver borehole is caved at the seam level. The wave is obviously 

spatially aliased (i.e. undersampled by the receiver array) with the moveout per trace 

being greater than half the dominant period of the wave. 

When the data are transformed into the f-k domain the amplitude spectrum 

(figure 3.16a) also shows the aliasing effect. The dominant downgoing tube wave 

wraps around in the ^-direction from -k^^^ to +k^yQ . In order to remove the tube 

wave noise from the data, it is necessary to apply a reject filter with parallel edges so 

that as much of the P-wave arrival energy is preserved as possible. The filter used is 

indicated by the lines AB, CD, EF and GH. On returning to z-t space (see figure 

3.16b), we can see that the downward-travelling aliased event has been suppressed, 
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Figure 3.16b Common shot gather after the application of a reject fitter to 
remove the downgoing tube wave. 



although this has been at the expense of some of the reflected arrival information in 

the data. Ringing has also been introduced into the traces because of the sharp filter 

edges required to remove the tube wave. 

3.4 Waveshaping deconvolution 

In order to enhance the higher frequencies present in the data before they are 

imaged, a band pass filter may be applied which can suppress the low frequency (in 

this case below 200 Hz) components. In addition, there are advantages in changing 

the phase of the source wavelet in the data. The recorded seismograms may be 

thought of as convoludons of a real (causal) source function with the reflectivity 

response of the earth. As such, the onset of each arrival corresponds to the traveltime 

along the reflected raypath. It is preferable to produce a section in which the central 

peak of the arrival waveform corresponds to this traveltime. Such a waveform may 

be thought of as a band-limited spike with zero phase. 

A least-squares energy Wiener waveshaping filter (see e.g. Robinson and 

Treitel, 1985) may be calculated to shape an estimate of the source wavelet into a 

zero-phase wavelet with a modified amplitude spectrum. This filter may then be 

convolved with the data to yield a zero-phase section. For the puiposes of this 

deconvolution, the upgoing and downgoing wavefields in each common shot gather 

are processed separately because of possible directivity effects in the source signature. 

An estimate of the source waveform is obtained by assuming that the source function 

is a minimum phase wavelet and then applying a specffal factorisation (Claerbout, 

1976) to a window of each trace in the common shot gather The estimate of the 
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gather. AJTOWS indicate direct arrival picks. 
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Figure 3.18a Waveshaping deconvolution: a) input wavelet, b) desired output 
zero-phase wavelet, c) waveshaping filter, d) lagged desired 
output, e) convolution of input wavelet and fUler. 
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Figure 3.18b Waveshaping deconvolution amplitude spectra: a) input, b) 
desired output, c) filter, d) filtered input 
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Figure 3.19 Common shot gather of figure 3.17 foUowing waveshaping 
decoQvolution. 



waveform is then assumed to be an average of the estimates from each trace. Figures 

3.17-3.19 illustrate the application of this method to the upgoing wavefield in a 

common shot gather. 

Figure 3.17 is a plot of the upgoing wavefield after direct arrival suppression. 

Figure 3.18a consists of four waveforms. The first is the estimate of the source 

function obtained in the manner described above. The second is the desired output, a 

zero-phase Butterworth wavelet, and the third is the calculated filter coefficients. The 

bottom trace is a convolution of the filter with the input wavelet. The respective 

amplitude spectra of these traces are plotted in figure 3.18b. Figure 3.19 is the same 

common shot gather after the application of the designed waveshaping filter to all the 

traces. A comparison with figure 3.17 shows that the lower frequencies have been 

suppressed, and that zero crossings in figure 3.17 now correspond to peaks in figure 

3.19. 

3.5 Velocity field estimation 

The direct arrival times, which are picked in the editing stage, can be used as 

the input to a Simultaneous Iterative Reconstmction Tomography (SIRT) velocity 

inversion program, written by Dyer (1988) and developed by Wye (1986), Findlay 

(1987) and Kragh (1990). Other P-wave velocity estimates can be obtained from 

uphole shots and by inspection of the near horizontal raypath traveltimes. 

The results of tomographic inversion of the direct arrival times were 

disappointing with significant artifacts appearing in the final image at the corners. 

The pitfalls of using a tomographic inversion method on the cross-hole survey 
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geometries which are available from shallow opencast exploration boreholes in the 

U.K. are discussed by Kragh (1990). Essentially, poor discrimination between 

headwave and direct arrival types and the lack of vertical raypaths provided by cross-

hole surveys results in poor imaging conditions. Figure 3.20 is typical of the types of 

tomographic inversion obtained from cross-hole surveys in shallow Coal Measures 

strata. It was found to be more useful to estimate the inter-hole velocity fields by 

using uphole shots and by inspection of the near-horizontal raypath travel times. 

Velocity models were assumed to have no lateral velocity variations between the 

boreholes (other than some overall dip) because of the evenly bedded nature of the 

strata, which is typical of Coal Measures sequences, and also because no data were 

available to justify including lateral variations. 

3.6 The reflection point mapping scheme or VSP-CDP transform 

In the general case of the cross-hole survey method, sources and receivers are 

located at different depths. Therefore, the image points of reflected arrivals in a time 

section (common shot gather) do not correspond to the simple common depth point 

(CDP) case used in surface seismic imaging (see figure 3.21). Instead of the vertical 

CDP locus, the locus of possible image points follows a curved path defined by the 

source and receiver positions and the velocity field between the boreholes. This locus 

has been applied by Dillon and Thomson (1984) to offset VSP data. It has been 

termed the 'VSP-CDP transform' as it provides a processing route which converts the 

data from VSP coordinates (depth of borehole receiver, or source, and traveltime) into 

the familiar coordinates of surface seismic sections (lateral position and depth or 
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Figure 3.21 A comparison of the common midpoint of surface seismics and the 
reflection pomt locus of the cross-hole reflection method. 
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Figure 3.22 Reflection point geometry assuming a uniform velocity field. 



vertical traveltime). The method involves considering each source and receiver pair 

independenUy. It is a single-channel process, not a true migration method, and 

therefore wi l l not collapse Fresnel zones. The locus may be calculated by raytracing 

reflection raypaths between the source and the receiver over a range of take-off 

angles. This simultaneously provides the reflected ray travelrime, for each point 

calculated on the locus. I f a constant, isotropic velocity field and vertical boreholes 

are assumed (figure 3.22), then this traveltime is given by 

VTJ. = > / A W (3.2) 

where V is the constant velocity, 

D is the borehole separation, 

and A is the total vertical distance travelled by the raypath. 

The next processing stage is to distribute the appropriate trace for this source-

receiver combination along the locus, by putting the signal amplitude recorded at a 

particular time T at the point on the locus which has the corresponding reflection 

time T=T^. Interpolation is carried out to ensure that the data are not undersampled 

in the imaging space. The mapping can then be applied to all the traces in a common 

shot gather, and to all the common shot gathers in a survey. 

Two programs are used to apply the VSP-CDP transform. REFLOC 

(Appendix A.2) calculates the reflection point loci from the given parameters of the 

source and receiver locations and the velocity model. The program allows velocity 

models which consist of plane parallel layers to be specified. It has been further 

modified by Kragh (1990) so that the layers may exhibit the elliptical approximation 

to transversely isotropic media. Raytracing is carried out by shooting a ray from the 

source towards the receiver borehole, and shooting a ray with the same ray parameter 
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Figure 3.24 The upgoing wavefield of a common shot gather from survey A of 
chapter V . 
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using the VSP-CDP transformation. 
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(i.e. sinB /V where 6 is the angle between the ray and the vertical, always taken as 

positive) from the receiver towards the source borehole. The point where these rays 

intersect wil l lie on the reflection point locus. 

The program XHRMAP (Appendix A.3) is a menu-driven program which 

distributes the reflection data on to the loci and samples the mapped section on to a 

regular grid. The sampling is done by spreading each amplitude on each locus into its 

four nearest grid points with a weighting factor proportional to (l-x- ) where is the 

normalised distance of the locus point from grid point i . With the data for all the 

common shot gathers binned on to a regular grid, the separate sections may be stacked 

together, with a normalisation factor which depends on the number traces contributing 

at a grid point. Other program options include the ability to mute out data 

contributions which correspond to near-horizontal raypaths, where a relatively small 

error in the velocity field would lead to a significant positioning error in the locus, 

and the option of previewing CDP gathers (i.e. the contributions of each shot to the 

stack at a particular offset). 

Examples of real data undergoing the VSP-CDP transform are illustrated in 

figures 3.23-3.26. The data form part of survey A in chapter V. Figure 3.23 

illustrates the field arrangement. The source was located at a depth of 30m and 23 

receivers were positioned at 2m intervals between 22m and 66m depth at an offset of 

56m. The upgoing wavefield of the common shot gather is shown in figure 3.24. 

This has been mapped on to reflection point loci in figure 3.25 and then resampled on 

to a regular grid in figure 3.26. 

The reflection point mapping technique also gives an indication of the type of 

subsurface coverage we might expect from a cross-hole reflection survey. Figure 3.27 

is a plot of all the (upgoing) reflection loci for a survey in which the boreholes 
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separation is 50m, and 13 sources and receivers are positioned at 4m intervals in the 

boreholes. This emphasises the funnel-shaped nature of the reflection point coverage 

obtained from cross-hole surveys, with no coverage at all immediately below the 

bottom source and the bottom receiver. The low density of reflection points near the 

boreholes means that the number of contributions to the stack is lower there and 

consequentiy the image quality wil l be poorer. Furthermore, muting direct arrivals 

will remove the corresponding earliest segment of each reflection point locus. 

3.7 Velocity analysis using the VSP-CDP transform 

Prior to stacking, the reflection point mapping technique may also be used as a 

velocity analysis tool by inspecting CD? gathers (i.e. stack contributions from each 

source position for a particular offset). It is not feasible to carry out a precise velocity 

analysis on real data in a single pass, due to the inability to perform a layer-stripping 

analysis when the source and receiver arrays are parallel to the direction of major 

velocity variations. Nevertheless, an estimate of velocity field corrections may be 

made by examining the moveout of reflections in CDP-space. 

Let us assume that the velocity field V is constant between the boreholes. For 

any particular source and receiver combination (see figure 3.22), the reflection point 

travel time is given by equation (3.2) 

i.e. VT^ =A^ + D^ (3.2) 

Let Z be the vertical separation of the source and the reflector, 
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Zj. be the vertical separation of the receiver and the reflector, 

be the offset of the reflection point from the source, 

and 9 be the angle which the raypath makes to the vertical. 

Therefore, 

^s D 
^ = ;^=tane (3.3) 

To estimate the vertical positioning ertor Az which would be caused by an ertor Av 

in the velocity field, equation (3.2) may be differentiated with respect to V, with 

and D held constant. 

VT^ = A -

but from (3.2) 

VT = 
^^r - V 

therefore 

Now AA = 2 Az, so we may rewrite the above expression as an approximation for 

small, but finite, Av 

1 A\D' Av 
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Substituting for A from (3.3) 

. I r . « D Av 
AzH5D (u ,„e + co ,9 )p - s — ( 3 . 6 ) 

Thus, the vertical positioning error Az is positive for Av > 0 and negative for Av < 0 

and the dependence on raypath angle is shown in figure 3.29. For a given velocity 

error, the positioning error is a minimum when the raypath makes an angle of 45° to 

the vertical and increases as this angle deviates from 45° . I f the velocity values are 

too large then one would expect to see the refiector depth increase as the source depth 

approaches that of the reflector; i f the velocity values are too small the reflector depth 

will decrease as the source approaches the reflector depth. This therefore provides a 

trial-and-error method of improving the velocity field estimate by firstly applying the 

VSP-CDP transform, inspecting the CDP gathers, modifying the velocity field and 

then re-applying the VSP-CDP transform with the new velocity field. 

Great care is needed in this process, because the shots and receivers are at 

different depths. The raypaths for contributions to the stack at a particular image 

point will thus be subject to different corrections when the layer velocities are 

modified. A change in a particular layer velocity will (in the case of upgoing 

reflections) affect only those CDP contributions from shots and receivers which are 

above or within the layer. 

It is also useful to appreciate the lateral positioning error /Sx which arises 

from a velocity field error. 

From equation (3.3) 
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^ s = 2 s t a n e = Z 3 f 

Differentiating with respect to V, 

^ DdA 
dV ~AdV ' ^ ^ d V (3.7) 

Applying 
^ s 

2dZ^=d4 and Z=-^ 

dX s 1 
dV ~A 2 

dA 
dV 

2 s usmg (3.4). 

For small, but finite Av we may write this as the following approximation using (3.3). 

Av 
sec'e (3.8) 

Thus Ax is zero at = "jD (i.e. no lateral moveout at the midpoint of the 

boreholes) and increases to ^ ^sec^9 (see figure 3.30) at the boreholes. One would 

thus expect that the image quality will be much better towards the centre of a cross-
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hole reflection survey than it is nearer the boreholes, because of the increased number 

of stack contributions as well as the lower sensitivity of these areas to lateral 

positioning errors. 

Once a sufficiently accurate velocity model has been obtained through the 

combination of experimental measurements and velocity analysis via the VSP-CDP 

transform, the imaging of the data can be carried out by applying migration 

techniques. These are discussed in chapter IV. 
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Chapter IV 

Migration of cross-hole reflection data 

4.1 Introduction 

The migration of seismic data is the means whereby reflection events are 

relocated to their true subsurface positions and diffraction events are collapsed 

towards a point. Surface seismic data are generally migrated post-stack. The stacked 

data are assumed to be the equivalent of a zero-offset (i.e. coincident sources and 

receivers) section. Data will not be migrated correctly when normal moveout 

corrections result in a section which is not truly zero-offset, such as when conflicting 

reflector dips are present at the same traveltime. To get around NMO problems pre-

stack migration may be used, but this is an expensive processing procedure because 

the data-volume is many times greater before stacking than it is after stacking. With 

cross-hole seismic surveys the data-volume is relatively small and so pre-stack 

migration methods can be more readily applied. 

Two different two-dimensional migration schemes have been implemented in 

this work: a finite-difference method and a Kirchhoff integral method. Both 

algorithms were implemented specifically for cross-hole recording geometries, but 

with subsurface sources and receivers being the most general case, the programs will 

also migrate VSP and surface seismic profile data. 
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4.2 Finite-difference migration 

A finite-difference modelling scheme for OVSP data has been developed in 

the ix,z,t) domain by McMechan (1985). Migration schemes based on this method 

have been applied to real OVSP data by Chang and McMechan (1986) and to 

synthetic and scale-model cross-hole data by Hu et al. (1988). In these cases the data 

were migrated prc-stack in common shot gathers and an acoustic migration scheme 

was used. Sun and McMechan (1986) have applied an elastic finite-difference 

algorithm to image synthetic OVSPs and Zhu and McMechan (1988) have migrated 

both acoustic synthetic and scale-model cross-hole data after stacking by assuming 

that the sources and receivers could be combined and treated as vertical planes lying 

perpendicular to the plane of the boreholes. 

The algorithm applied here takes the upgoing or downgoing reflection energy 

from each common shot gather and drives a two-dimensional wavefield on a regular 

grid by using the traces as boundary conditions to solve the two-dimensional acoustic 

wave equation. By repeatedly stepping backwards in time, the wavefield P{x,z,t) 

between the boreholes can be found for all image points at all relevant times. The 

relevant time at each image point is selected according to the imaging condition as 

defined by Claerbout (1971). Reflectors exist at points in the subsurface where the 

first arrival of the source-emitted wave is time-coincident with a scattered wave. Thus 

the time sample of interest at a particular image point {x[,Zi) corresponds to the 

excitation time of the point by a direct arrival wave emitted from the source 

position. The excitation time may be obtained by raytracing through a velocity model 

between the source position and the image point. When the wavefield is back-

propagated in time, it is a simple matter to extract the appropriate amplitude of the 

wavefield P{x[,z[,T^) and to store it in an array which represents the imaged data. 
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This technique is known as reverse-time finite-difference migration with the 

excitation-time imaging condition. 

4.3 Implementation of the finite-difference migration algorithm 

The migration method involves two separate stages. Firstly rays are traced 

from the source to each imaging point in order to obtain the excitation time of the 

image points. The excitation times are then used as input parameters to the finite-

difference migration program which back-propagates thq recorded wavefield. 

Two raytracing algorithms have been used. The first is the program TRACER 

(listed in Appendix A.4) which uses the ray-equation method of Lee and Stewart 

(1981) and which allows lateral velocity variations to be taken into account. This 

method was found to be too computationally expensive and so a faster two-point 

iterative algorithm was also developed (subroutine RAYTRA in Appendix A.5). 

RAYTRA ignores lateral velocity variations, but does allow transversely isotropic 

media to be modelled by means of an elliptical velocity approximation (Levin, 1978). 

The RAYTRA program was used in preference to TRACER because of its speed, 

particularly because lateral velocity variations between boreholes in a cross-hole 

survey could not be determined with sufficient confidence to justify using a laterally 

variant velocity structure. 

The excitation time for image reconstruction is obtained by raytracing from 

the source location to each point in the image space. The traveltimes along the 

appropriate raypaths are stored in a data file for future reference by the imaging 

algorithm. The reverse-time wavefield extrapolation program EXTRAPEiEV is listed 
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in Appendix A.6. A similar program EXTRAP is listed in Appendix A.7. EXTRAP 

is a forward modelling program which allows wavefields to be propagated from a 

source point with a given time-dependent signature and allows the wavefield at 

particular receiver positions to be recorded, thus generating synthetic seismograms. 

The EXTRAP programs use an algorithm which carries out a second order 

finite-difference formulation of the acoustic wave equation. This is a two-

dimensional (2-D) modelling algorithm which allows sources and receivers to be 

positioned at any subsurface (or surface) location in a 2-D velocity field. The finite-

difference algorithm corresponds to that of McMechan (1985) which was written for 

offset VSPs, but with the additional provision of a variety of absorbing boundary 

conditions as discussed by Renaut and Petersen (1989). The programs allow the user 

to specify a laterally variant isotropic velocity field sampled on a rectangular grid and 

then the pressure response of the medium to a change in pressure with time (such as 

from a point source or from boundary conditions provided by a receiver array) is 

obtained by solving the acoustic wave equation in the time domain. 

4.3.1 The finite-difference approximation 

The 2-D acoustic wave equation is (Claerbout, 1976) 

• ^ ^ ^ - V ' K x , z ) - ^ (4.1) 

where P is the acoustic response and V is the velocity of acoustic waves in the 

medium. The solution of equation (4.1) is achieved by a second order finite-

difference approximation with discretisation in time and space. A fourth order 
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approximation (Alford et al., 1974) was tried but resulted in no noticeable 

improvement in imaging results. Three wavefields are involved at any particular time 

step ti. These are 

P(x,z,ti) the wavefield at time rj-

P(x,z,t[.i) the wavefield at time t[.i , the previous step; and 

P{x,z,ti.2 ) the wavefield at time t{.2_ 

The acoustic response at any particular grid point (%,zj) may be defined as /'(%,zj,rj) 

where ( j : j c ,Zj ) is the intersection of the j ^ ^ horizontal grid line with the k^^ vertical 

grid line. 

The finite difference approximations to partial differentiations with respect to x 

are given by 

6x Ax ^ ^ 

(43) 
6x^- Ax^ ^ ' 
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where Ax is the grid spacing in the x-dircction. Thus equation (4.1) may be 

approximated by equations like (4.3) and rearranged to give a value of P(xif,zj,q) 

which depends solely on the values of /'(%,zj) calculated at times t[.i and t[.2. 

P{x„ z., t.) - 2(l-2A^) Pix„ z., t.J - P(x„ z., t.J + 

[P(x,,„ z., t.J + F(x,.„ z., t.J + P{x„ z.,„ r,,) + 

P{x„z.^,tJ] (4.4) 

where A = V(% ,zj)At/h, At is the time step { At = t[ - t\.i ) and h is the distance 

between both horizontal and venical grid lines. This algorithm has been shown to be 

stable (Mitchell, 1969) provided that the following condition is met. 

A . < ^ (4.5) 

4.3.2 Boundary conditions 

A computational problem occurs at the edges of the finite-difference grid. I f 

values of zero are used to define the acoustic response at the edges of the grid then a 

free surface boundary condition (zero pressure) has been created and outgoing 

wavefields will be reflected back into the grid. Methods of avoiding this problem 

include enlarging the grid size, a computationally expensive choice, or applying 

absorbing boundary conditions (Clayton and Engquist, 1977) at the edges of the grid. 

Absorbing boundary conditions are essentially a finite-difference approximation to the 

one-way or paraxial wave equation (Claerbout, 1976). A dispersion relation which 
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restricts the range of propagating rays to a cone around the z-axis is (Clayton and 

Engquist, 1977) 

CO ' 2 I 0) 
+ 0 

Vk 
CO 

which translates to the following differential form. 

6^P 1 5 ^ V 5 y 
5z6r V 5r^ ' 2 6x^~^ (4.6) 

The above equation is an approximation which would allow a wave to propagate in 

the positive z direction only. Renaut and Petersen (1989) have derived several 

different finite-difference approximations similar to (4.6) as follows : 

6^P Po6^P 
+ 6z6t ' V 6t^ 

6'P 
6x^ = 0 (4.7) 

where and are defined according to Table 4.1. 
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Approximation Fade Chebychev-Pade 

Po 1.000 2171/64 10/3K 

p, -0.5 -15K/64 -8/371 

Table 4.1 Finite difference approximations 

The program EXTRAP permits selective use of these boundary conditions and also 

allows the option of free-surface boundaries. The and /?, parameters may be 

chosen as appropriate to the survey geometry. Genej^lly, the approximation, 

which yields a least squares reflected amplitude over all incident angles, seemed 

to provide the best absorption for cross-hole data where waves may be striking 

the boundary at a wide range of incident angles. 

4.3.3 Grid dispersion 

One problem associated with the finite-difference approximation is that of grid 

dispersion (Alford et al., 1974). This manifests itself in the dispersion of the source 

waveform as it propagates through the discrete-model medium, with lower 

frequencies travelling faster than higher frequencies, the pulse becomes delayed, 

broadened and develops a ringing tail. The effect arises because of the discrete 

approximation to the differential wave equation by equation (4.4). Grid dispersion 

effects can be reduced by decreasing the grid spacing parameter h but, as well as 

increasing the data volume, this necessitates a reduction in the size of the time step Ar 

in order that the stability equation (4.5) remains satisfied. Reduction of the grid 

44 



spacing by a factor of two thus results in a four-fold increase in the data volume and 

an eight-fold increase in the computational time. Alford et al. (1974) have shown that 

dispersive effects are not significant for wavelengths greater than about 10 times the 

grid spacing, and this provides a useful benchmark in determining the optimal values 

of At and h to use for a given source function. 

4.3.4 Modelling seismic data with E X T R A P 

Two cross-hole synthetic datasets were constructed using the EXTRAP finite-

difference algorithm in order to test the Kirchhoff and reverse-time wavefield 

extrapolation finite-difference migration methods. These models are fully discussed 

in section 4.5. The required input parameters are: 

Source function specification 

Grid size 

Temporal sampling interval 

Source location 

Receiver locations 

Two-dimensional velocity model of medium 

Program output allows the pressure response of the medium to be viewed at any given 

time, as well as the generation of synthetic seismograms. These implementations of 

the finite-difference algorithm are for the acoustic (scalar) wave equation. It is hoped 

that future development work may be carried out to enhance this modelling method in 

order to include anisotropy and elastic wave propagation. 
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4.3.5 Migrating seismic data with E X T R A P R E V 

EXTRAPREV functions in a similar manner to EXTRAP, but instead of 

providing a source function to the algorithm, the data recorded at the receiver 

positions is time-reversed and then input to the finite-difference wavefield at all 

receiver grid points simultaneously at the appropriate time samples. The drawback of 

this approach is that it is necessary to match the receiver spacing to the grid size and 

so a certain amount of spatial interpolation is necessary to achieve this (since a 

relatively small grid spacing may be necessary in order to avoid grid dispersion 

effects). Reduction of the grid spacing may also force an interpolation in time in 

order that the stability requirement (4.5) is met. This results in a substantial increase 

in computing time. Examples of this migration on synthetic model data are discussed 

in section 4.5. 

4.4 Kirchhoff migration 

A Kirchhoff migration technique was also developed. This is an extension of 

the diffraction stack migration approach which is readily understood from geometrical 

considerations. 

4,4.1 Diffraction stack migration 

The diffraction stack migration method was one of the first migration types to 

be applied to seismic data. It follows simple ray and wavefront theory. In the case of 
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Figure 4.1 Locus of possible reflector locations for an impulsive arrival al 
time T for a particular source and receiver combinatiocu 



zero-offset (or post-stack) surface seismic data, diffraction stack migration is 

implemented by summing along hyperbolic trajectories and placing the results at the 

apices of the hyperbolas. For cross-hole data, however, the summation operator is 

more complicated. 

Consider a particular source-receiver combination with a single impulsive 

arrival recorded at time and assume that the velocity of the medium is uniform and 

isotropic. The locus of possible reflection points for a particular traveltime must be 

the ellipse in image space as shown in figure 4.1 with the source and the receiver at 

the focal points. Migration may be accomplished by distributing the recorded 

amplitudes along the appropriate ellipses for each traqe in a common shot gather. 

Constructive imaging takes place where ellipses intersect at a diffracting point. 

Alternatively, each imaging point may be considered in turn. Raytracing from 

the source position to the point and from the receiver position to the point provides a 

total traveltime for scattering from the image point with the particular source-receiver 

combination. The amplitude corresponding to this traveltime is then summed into the 

imaging array together with similar contributions from other source-receiver pairings. 

This is the migration procedure utilised in this work. 

4.4.2 The Kirchhoff operator 

Kirchhoff wave equation migration is an extension of the diffraction stack 

imaging concept based upon Kirchhoffs integral (see French, 1975 and Schneider, 

1978). 
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Figure 4.2 Scattering angles and raypath lengths for equation 4.8. 



If we consider a wave incident on a scattering interface, then the wavefield 

U(ji,&,t) recorded at £ as a result of an impulsive source at 5 being scattered from the 

interface Sx is given by (Dillon, 1990 equation (1)): 

dS 
C(x,(t)s) COS(({)s) + cos{(\>^) 

4nV V (4.8) 

The scattering angles and <t)r and raypath lengths and R^ are illustrated in figure 

4.2. The reflectivity C(x,(l)s) is angle-dependent. Equation (4.8) is the three-

dimensional response recorded at a receiver. I f one'assumes that the geological 

structure is invariant perpendicular to the plane of the survey, then by integrating 

along one direction, the equivalent 2^D formula is obtained. Dillon (1990) has 

derived a 2^D migration integral which yields the reflectivity C(x). 

C(21)=- dLf- 2^^^ cos(8i-) M 
Rs+Rr 

(4.9) 

where M(r,T) is the source wavefield Uir,T) following the application of a Newman 
n half-differential filter. This filter has a spectrum with a ^ phase shift and a high 

frequency amplitude boost of and is implemented in the frequency domain. 

Equation (4.9) may be approximated by a summation over the receiver array Lj-. 
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r,- (4.10) 

Equation (4.10) is similar to a diffraction stack with the amplitude and phase 

corrections of the Newman filter and a wavefront spreading correction term being 

incorporated. Clearly this expression is inadequate for cross-hole geometries where 

we should obtain similar reflectivity responses across the survey. In equation (4.10) 

the reflectivity wil l be larger where Rs> Rt (i-^- nearer the receiver borehole) and an 

expression which is symmetrical with respect to an exchange of source and receiver 

arrays would be preferable. 

4.4.3 The Generalised Kirchhoff operator 

Dillon (1990) derived a Generalised Kirchhoff (GK) migration integral which 

is reciprocal with respect to sources and receivers and which is closely related to the 

Generalised Radon Transform (GRT) migration integral proposed by Miller et al. 

(1987). The 2-D form of the GK summation operator is given by 

iRs /^ r 
C(x) = ^ ^ \ j ' R r ''"'^^'•^ ^ ^ ^ ^ \ ] R s 

LrLs 

V r,- (4.11) 
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Figure 4.3 Model used to acquire synthetic dataset of point scatterer. 



There is an additional small error term to the above equation which is proportional to 

(cos(<{)s)-cos(<j)i-)) (Dillon, 1990), and (^j- being the scattering angles defined in 

figure 4.2. 

The program KIRCHMIG in appendix A.8 was written to carry out diffraction 

stack, Kirchhoff summation and Generalised Kirchhoff summation of cross-hole data 

with a variety of options being variable. Amongst these is the migration aperture by 

which the summation locus (equivalent to a hyperbola in surface seismic migration) is 

spatially restricted to realistic geological dips. A very small aperture is equivalent to 

specular reflections and corresponds to the reflection point mapping technique 

(Dillon, 1988, Van der Poel and Cassell, 1989). Comparisons of the impulse 

responses of different migration operators are included in chapter V I . 

4.5 Comparison of finite-difference and Kirchhoff migration 

Synthetic datasets were created by forward modelling using the EXTRAP 

finite-difference method. Mcxiels of point diffractors and planar reflectors were used 

to study the effectiveness of the two migration techniques. In these models, no 

allowance for density variations was made; the only variable parameter being the 

structure of the velocity field. 

4.5.1 Point diffractor model 

The following model (see figure 4.3) was used to simulate a point diffractor. 

A velocity of 2500 m/s was used. The grid size h was 0.5 m, and a time step At of 0.1 
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ms was used. Thus the stability relation of equation (4.5) was satisfied. A 

Butterworth zero-phase source wavelet was used (figure 4.4) with a bandwidth of 

150-500 Hz. The bandwidth was chosen to minimise the problem of grid dispersion 

which would occur for wavelengths greater than \0h=5m. A square diffractor of size 

2m X 2m and velocity lOOOm/s was posirioned at the coordinates (35,60). The source 

was positioned at coordinates (10,10) and 24 receivers were positioned at 2m 

intervals, ranging in depth from 10m to 56m, at an offset of 50m from the source. 

The zero time of the data was set to coincide with the central peak of the source 

wavelet. The model was run using the absorbing boundary conditions discussed in 

§4.3.2. These were applied to all sides (i.e. no free surface reflections were allowed 

at the top of the model). Figure 4.5 illustrates the progression of the source pulse 

through the medium at times of 10, 20, 30 and 40 ms. Signal amplitudes have been 

scaled by taking the square root and retaining the polarity of the signal to enhance the 

diffracted energy in the diagrams. The circle of energy diffracted from the diffractor 

point location can be seen clearly in figures 4.5c and d. Data were calculated up to a 

time of 40 ms. The data "recorded" at the receiver positions are illustrated in figure 

4.6. These data were then processed to remove the direct arrival. Since the data have 

been created by a 2-D modelling algorithm, no amplitude recovery is necessary in the 

preprocessing stage. The data were migrated by the finite-difference method resulting 

in the image of figure 4.7. This image is quite disappointing, with significant 

"smiles" around the diffraction point. The tilt of the migration smearing in this case is 

characteristic of the geometry of this survey. 

Generalised Kirchhoff migration of the same data results in the image shown 

in figure 4.8. In this case, a full aperture (i.e. allowing all possible structural dips) 
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Figure 4.12 Finite-difference migrated image of the reflection event 



was used and the Newman filter was also applied. Again, smiling of the data is 

apparent and the image is similar to that in figure 4.7. 

4.5.2 Horizontal reflecting interface model 

Another synthetic dataset was modelled using the EXTRAP program. This 

time the reflectivity of a horizontal reflector was considered. A two-layer model was 

used (figure 4.9). The top layer of velocity 2400ra/s was 50m thick and the bottom 

layer was assigned a velocity of 3000m/s. The source (again a Butterworth wavelet 

with a bandwidth of 150-500 Hz) was positioned at cooî dinates (10,20) and a vertical 

line of receivers were positioned at 2m intervals at depths from 10m to 56m at an 

offset of 50m from the source position. absorbing boundary conditions were 

applied on all sides of the model. The propagation of the source pulse has been 

plotted at times of 10, 20, 30 and 40 ms in figure 4.10, and the resultant seismogram 

following the application of an amplitude recovery ramp, linearly dependent on time, 

is shown in figure 4.11. The direct arrival and the primary reflected arrival are clearly 

visible. 

Finite difference migration of the data following direct arrival suppression 

resulted in the image of figure 4.12. Substantial trailing "smiles" are apparent beyond 

the area of illumination of the reflecting interface. Generalised Kirchhoff migration 

of the same synthetic data with a full imaging aperture (i.e. allowing all possible 

reflector dips to be imaged) led to a very similar image (figure 4.13). Subsequentiy, 

the migration aperture was reduced to allow geological dips of less than 22.5° and the 

data re-migrated (figure 4.14). This image is sharper defining the zone of 

illumination more clearly. The Generalised Kirchhoff approach is preferable to the 
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finite-difference approach in this case, because it is faster and also because of the 

extra control of image quality available during the migradon process by the use of an 

imaging aperture. 
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Chapter V 

Results from cross-hole surveys 

in Coal Measures strata 

5.1 Introduction 

Trial cross-hole surveys were carried out at three British Coal Opencast 

exploration sites in the North of England. These were Tinsley Park in South 

Yorkshire, Lowther South in West Yorkshire and Lostrigg in Cumbria. 

5.2 Tinsley Park 

Test survey A was carried out at Tinsley Park in 1988 in order to assess the 

feasibility of the acquisition technique. Preliminary tests had been carried out with 

sources and receivers positioned at depth intervals of 4m corresponding to those used 

in earlier cross-hole tomographic work (Findlay, 1987 and Kragh, 1990), but this 

resulted in spatial aliasing of the data, prohibiting the use of wavefield separation 

techniques. The survey presented in this section utilised 2m source and receiver 

intervals. 
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Figure 5.1 shows the interpreted stratigraphic logs and shot and receiver 

locations for survey A. The water table was at a depth of 22m and the boreholes were 

blocked at depths of 65m (source hole) and 66m (receiver hole). Repeated shots were 

fired at depths ranging from 22m to 64m and the hydrophone depths ranged from 22m 

to 66m. Seismic detonators were used as sources. The principal coal seams logged 

are listed in Table 5.1. 

Seam Depth to base (metres) Thickness (metres) 

Meltonfield 41.85 1.55 

Two Foot 57.00 0.90 

Winter 64.70 0.80 

Low Winter 70.30 0.15 

Kilnhurst 76.20 0.20 

Top Beamshaw 83.35 0.45 

Table 5.1 Principal coal seams in stratigraphic logs from 

survey A at Tinsley Park 

Of these seams, the Winter seam is known to have been worked with virtually 

total extracnon and the remaining seams are believed to be solid near these boreholes. 

The data from this survey were processed and imaged by means of the VSP-

CDP transform. A simple velocity field (see table 5.2), derived from a combination 

of cross-hole tomography and uphole shots, was used to map the data in to a depth 

section. 
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Depth range Interval Velocity 

(metres) (metres/sec) 

0-21 2100 

21-25 2850 

25-40 2950 

40-43 2300 

43-55 3250 

55-57 2450 

57-64 2800 

64-66 2400 

>66 3000 

Table 5.2 VSP-CDP velocity field used for survey A 

In the data processing stage the zero-phase waveshaping deconvolution was 

omitted and so reflection depths will correspond to the first break of a wavelet rather 

than to a peak or a trough. The depth section for the upgoing wavefield is presented 

in figure 5.2. An AGC of length 25m has been applied vertically down the section to 

compensate for variations in signal amplitude. The horizontal trace separation is 2m 

and the vertical sampling interval is 0.25m. Normal SEG polarity of reflection 

amplitudes (i.e. white amplitudes are compressive and black amplitudes are 

dilatational) has been used in this display and all subsequent sections. Clear 

reflections are observed from the two shallowest and thickest seams (the Meltonfield 
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and the Two Foot). The reflection event seen at a depth of around 65 metres from the 

worked Winter seam is disrupted probably as a result of collapses in the roof of the 

seam and the irregular nature of the room and pillar mineworkings. Signal 

penetration was poor below this seam and no shots or receivers were located below 

the seam depth because of borehole blockages. As a result the quality of the image 

below the Winter seam is poor. The seams are also thinner in this area and one would 

expect that the reflection response from these seams would be weaker as well. The 

vertical resolution in the data is indicated by the wavelength of the reflections from 

the seams. In this case, the wavelengths are around 4m and one would therefore 

expect to be able to resolve reflector discontinuities caused by faulting or old 

mineworkings on a scale of 2m or even better. The strength of the reflections from 

targeted coal seams in this initial survey was very encouraging for the development of 

this technique. 

5.3 Lowther South, West Yorkshire 

Four cross-hole surveys were acquired at the Lowther South exploration site in 

West Yorkshire in the autumn of 1989. The first three surveys were acquired using 

three collinear boreholes (1, 11 and 111) near to, but not within, a major fault zone 

known as the Methley-Saville fault. The line of the boreholes was selected to be 

perpendicular to the strike of the fault. The fourth survey was acquired between two 

boreholes (IV and V) located within the fault zone and lying approximately collinear 

57 



0 

10 

III 

Coal 
20 

30 

40 

50 

60 

70 

80 

90 

Coal-

Old Workings 

Sandstone 

Coal 

Figure 5.3 Interpreted stratigraphic log for the collinear boreholes I. H and m 
at Lowther South. West Yorkshire. Principal seams and their thicknesses 
are depicted. 



to the first three boreholes. The interpreted stratigraphic logs for the three collinear 

boreholes are shown in figure 5.3. The principal seams are listed in Table 5.3. 

Seam Depth to base (metres) Thickness (metres) 

Kents Thick 21.4 1.3 

l A Y 25.5 0.2 

Bamsley Top Softs 51.0 1.1 

Dunsil 80.2/84.5* 0.7 

Seam is shallower in borehole I than in boreholes II and III 

Table 5.3 Principal seams in boreholes I , I I and III 

The logs indicate that the strata lie horizontally between these boreholes with 

the exception of a small fault which must cut the Dunsil seam between boreholes I 

and I I . The seams are solid apart from the Barnsley Top Softs which is known to 

have been extensively worked in the area. The water table intersected these boreholes 

at a depth of 8m and the boreholes were blocked at depths of 62m, 57m and 52m, 

respectively. 

5.3.1 Survey B, illustrating the combination of up- and down- going sections 

Shots were fired from 27 depth levels at 2m intervals ranging from 10m to 

62m in borehole I and the data were recorded at 23 hydrophone depth levels at 2m 

intervals ranging from 16m to 60m in borehole I I (see figure 5.4). The borehole 
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separation was 40.9m at the surface. Both boreholes were blocked at a depth of 

around 62m. The data were processed as described in chapter I I I and imaged by 

means of the G-K migration algorithm. A migration dip aperture of +/- 22.5° was 

used. The migration velocity field is described in table 5.4. 

Depth range Migration interval 

(metres) velocity (metres/sec) 

0-10 1200 

10-22 2250 

22-54 2600 

54-100 2700 

Table 5.4 Migration velocity field used for survey B 

The depth sections are presented in figure 5.5. Figure 5.5a is the depth section 

imaged from the upgoing reflections and figure 5.5b is the depth section imaged from 

the downgoing reflections. Figure 5.5c is the depth section of the combined up- and 

down- going sections produced by melding the two sections together over a depth 

range of 40-50m. An AGC of length 25 metres has been applied vertically to balance 

up the amplitudes at all depths. Several clear reflectors are apparent corresponding to 

the coal seams at depths of 8m, 20m, 25m and 50m. The seams at 20m and 25m have 

a flat, continuous character as might be inferred from the stratigraphic logs. The 

Barnsley Top Softs seam at 50m depth has been worked right across the section, but 

still shows a strong, coherent reflection. The presence of a fault intersecting borehole 
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B at a depth of between 50m and 80m might be expected from interpretation of the 

borehole logs. Unfortunately, the fault is not apparent on the cross-hole survey either 

because it is located too close to the borehole where reflector coverage is very poor, 

or else because of the lack of penetration of the signal through the old mineworkings 

at 50m depth. The Dunsil seam (log depth 85m) may have been imaged closer to 90m 

due to errors in the velocity field below the bottom source and receiver depths. Image 

quality is poor in those regions of the image where specular reflecrion raypath 

coverage is of a low density. These regions are in the vicinity of the boreholes and in 

the areas near the boreholes above the top source and receiver positions and below the 

bottom source and receiver positions. 

5.3.2 Survey C ; between boreholes I I and III 

In this survey a total of 22 shot positions were used in borehole I I I at 2m depth 

intervals ranging from a depth of 10m to a depth of 51.9m (see figure 5.6). Electrical 

detonators were used as an explosive source. Hydrophone locations were at 2m depth 

intervals ranging from a depth of 12m to a depth of 56m in borehole I I . The borehole 

separation was 37.1m at the surface. The data were processed as described in chapter 

I I I and imaged by means of the G-K migration algorithm with a migration dip 

aperture of +1-22.5° The isotropic velocity model used to migrate the data is described 

in table 5.5. 
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Depth range Migration interval 

(metres) velocity (metres/sec) 

0-10 1200 

10-22 2400 

22-40 2600 

40-100 2700 

Table 5.5 Migration velocity field used for survey C 

The depth migrated section produced by combining th^ sections produced from the 

upgoing and downgoing wavefields from this survey are shown in figure 5.7. Again 

an AGC of length 25 metres has been applied in the vertical direction. The section is 

very similar to that produced for survey B (figure 5.5c) with clear reflections from the 

principal coal seams. The seams appear to be of a flat and continuous nature. 

5.3.3 Survey D; wider-spaced cross-hole reflection survey 

A further survey was acquired between boreholes I and I I I (at a separation of 

78.0m) for comparison purposes with surveys B and C and also in the expectation of 

imaging the strata near borehole I I , where the image quality is very poor for surveys 

B and C. When the fieldwork was carried out it was found that borehole I had 

collapsed still further since survey B and was blocked at a depth of 52m. The 

borehole collapse was probably aggravated by the detonation of the source charges for 

survey B in this borehole. A larger charge size (25g of dynamite) was used to 

improve the signal-to-noise ratio because of the greater borehole spacing in this 
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survey. The data were processed as discussed in chapter IB and the imaging was once 

more carried out by means of the Generalised Kirchhoff method with a dip aperture of 

+1-22.5°. The interval velocities used in the migration are listed in table 5.6. 

Depth range Migration interval 

(metres) velocity (metres/sec) 

0-10 1200 

10-22 2400 

22-50 2700 

50-54 2500 

54-100 2800 

Table 5.6 Migration velocity field used for survey D 

The combined upgoing and downgoing reflection sections are presented in figure 5.9. 

An AGC of length 25 metres has been applied to balance out the variations in signal 

amplitude down the section. The section possesses some similarities to the previous 

two surveys. In particular, the reflection from the old mineworkings at around 50m 

depth has a comparable character. The reflections from the shallower seams whose 

true depth is around 20m have been imaged shallower, presumably because the 

velocity field was too large for the migration of the downgoing wavefield. The 

quality of this image is generally much poorer than that obtained in surveys B and C. 

This illustrates that there is a maximum limit to the borehole spacing which can be 

used successfully for a given range of depths of the source and receiver positions. 
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The deterioration in the image quality is a consequence of the reflection raypaths 

becoming more horizontal as the borehole separation increases. This results in a 

problem in that a very accurate velocity model specification is needed to reduce 

positioning (and hence stack contribution) errors to an acceptable level (see section 

3.7). The processing of shallow dipping reflections is also made more difficult 

because of the problems in separating the reflected energy from the direct arrivals 

when the travel times and moveouts are very similar. 

5.3.4 Survey E ; cross-hole survey through major fault zone 

f 

Another survey was carried out at the Lowther South exploration site between 

boreholes IV and V in a field adjacent to boreholes I , I I and I I I . The boreholes were 

32.0m apart, located in the zone of the Methley-Saville fault and the line of the 

boreholes was approximately perpendicular to the strike of the fault. The principal 

seam depths taken from the stratigraphic logs are indicated in table 5.7. 
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Seam Hole IV HoleV Thickness 

Depth to base Depth to base (metres)IVA' 

(metres) (metres) 

Kents Thick 13.4 22.36 1.4/2.4 

l A Y ABSENT 27.84 - /0.2 

Bamsley Top Softs 28.46 53.32 0.86/1.2 

Dunsil 59.26 84.11 0.7/0.5 

Table 5.7 Principal seams in boreholes IV and V 

Shots were fired in borehole IV at 21 locations at 2m intervals in the depth 

range 10-50m. Electrical detonators werp used as a source. 23 hydrophone positions 

were used in borehole V at depths between 9.79m and 53.79m. The shot and receiver 

locations and summary strarigraphic logs are depicted in figure 5.10. 

The data were processed as described in chapter I I I and imaged by means of 

the G-K migration method with a migration dip aperture of +/-22.5°. The migration 

interval velocities are described in table 5.8. 
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Figure 5.10 Shot and receiver locations for survey E . 



Depth range Migration interval 

(metres) velocity (metres/sec) 

0-10 1200 

10-20 2200 

20-24 2250 

24-40 2330 

40-46 2210 

46-90 2400 

Table 5.8 Migration velocity field used for survey E 

The combination of the migrations of,the upgoing and downgoing wavefields is 

presented in figure 5.11. The quality of the section is good with clear reflections from 

the coal seams on the downthrown (right) side of the fault and from the Dunsil seam 

(around 60m) on the upthrown side. Errors in seam depths are a result of inaccuracies 

in the migration velocity model. 

Interpretation of the borehole logs suggested that the fault intersects borehole 

IV between the Kents Thick and Barnsley Top Softs seams. It was not known 

whether the difference in levels of the Kents Thick seam ("7 metres) between the two 

boreholes was due to dipping strata or a small fault. The cross-hole seismic survey 

removes this ambiguity since the reflection from the Kents Thick seam is near-

horizontal across the section. Therefore a small fault with a throw of 7 metres must 

intersect the Kents thick seam close to borehole IV where the image quality of the 

seismic section is poor. The location of the larger fault is clearly defined by the 
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truncations of reflections from the Bamsley Top Softs seam to the right and from the 

Dunsii seam to the left at the fault zone. 

5.4 Lostrigg, Cumbria 

The results of a further survey acquired at a British Coal opencast exploration 

site at Lostrigg in Cumbria are presented. 

5.4.1 Survey F; old mineworkings 

The target of this survey was the edge of a longwall panel in the Sixquarters 

seam. The boreholes (A and B) used were separated by 48.4m at the surface. The 

principal coal seams logged for the two boreholes are listed in table 5.9. The 

Sixquarters seam was worked in borehole A, but solid in borehole B. It was thought 

that the extent of the old mineworkings might be delimited by a small fault. 
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Seam Hole A HoleB Thickness 

Depth to base Depth to base (metres)A/B 

(metres) (metres) 

Yard 21.20 12.68 1.0/0.3 

Lower Yard 21.42 20.87 0.1/0.2 

Top Half Yard 34.41 33.40 0.2/0.2 

Btm Half Yard 36.26 absent 0.2/ -

Little Main 48.21 48.06 0.6/0.6 

Eighteen Inch 52.99 51.33 0.2/0.2 

Lickbank 58.58 57.99 0.4/0.4 

Sixquarters 68.12 67.75 0.3*/0.5 

Seam worked with some coal present 

Table 5.9 Principal seams in boreholes A and B 

There were several acquisition problems with this survey. Both boreholes were 

blocked at the level of the Sixquarters seam and the water tables were at quite 

different levels in the two boreholes (35m in borehole A and 19m in borehole B). 

There were also large amounts of tube wave noise generated on most of the shot 

records and this was difficult to remove successfully. 

Altogether 16 shot positions were used in the survey at 2m depth intervals in 

borehole A ranging from 36m-66m. The hydrophones were positioned at 23 positions 

at 2m intervals in borehole B ranging from 22.7m-66.7m. The shot positions and 

principal coal seams are shown in figure 5.12. The data were imaged using the G-K 
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migration method with a dip aperture of +1-15°. The migration velocity field is 

shown in table 5.10. 

Depth range Migration interval 

(metres) velocity (metres/sec) 

0-20 1580 

20-36 2470 

36-80 3000 

Table 5.10 Migration velocity field used for survey F 

The migrated upgoing wavefield is shown in figure 5.13. The results are 

disappointing, but not surprising given the problems of reduced shot position 

coverage, probable significant lateral velocity variations produced by the variation in 

the water table, and the tube wave noise. A strong reflection is visible from the 

Lickbank seam, but the quality of the section is too poor to determine whether the old 

mineworkings were indeed terminated by a small fault. 
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Chapter VI 

A comparison of different migration operators 

for cross-hole seismic data 

6.1 Introduction 

A comparison of the effectiveness of different migration techniques for cross-

hole data is discussed in this chapter. The migration operators of a variety of 

techniques were considered: Finite difference migration in the ix,z,t) domain, 

diffraction stack summation, Kirchhoff migration. Generalised Kirchhoff (GK) 

Migration and Generalised Radon Transform (GRT) migration. 

6.2 Migration operators 

The migration operators for the various techniques are presented in figures 

6.1-6.5. The operators were calculated assuming a single source-receiver pairing in a 

homogeneous, isotropic medium. The source and receiver were both located at a 

depth of 20 metres with an offset of 40 metres. The velocity field was assumed to be 

3000m/s and a band-limited spike with a travel time of 20 ms was used as input to a 

single trace migration operation. In all cases a regular grid with sampling at 0.5m 

intervals in the x and z directions was employed and the source and receiver were 

assumed to be elements in vertical source and receiver arrays. 
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The finite difference migration is shown in figure 6.1. Absorbing boundary 

conditions were used at the grid edges. The impulse response is an ellipse with the 

source and receiver at the focal points and is symmetrical with respect to the source 

and receiver. This ellipse may be thought of as the locus of possible locations for a 

diffracting point to produce an arrival corresponding to the input spike at 20 ms. 

Reverberations within the ellipse are caused by grid dispersion effects (see chapter 

IV). The finite difference method does not implicitly differentiate between upgoing 

and downgoing events and so a complete ellipse has been generated. 

The result of diffi-action stack migration (i.e. without an amplitude and phase 

correction) is shown in figure 6.2. Again, the impulse response is an ellipse (in this 

case a half-ellipse as only upgoing wavefields have been considered by the operator) 

and it is also symmetrical with respect to exchange of the source and receiver. There 

are fewer reverberations than were obtained by the finite-difference method, although 

the wavelet of the ellipse is less smooth. 

The Kirchhoff migration operator is shown in figure 6.3. In this case the 

Newman phase and amplitude correction has been applied, but the ellipse is not 

symmetrical to the exchange of source and receiver positions because of a term 

proportional to (S^^ equation 4.10 of chapter IV) which magnifies the 

reflectivity near the receiver position. 

The Generalised Kirchhoff migration operator is shown in figure 6.4. This 

operator is similar to the Kirchhoff operator but is symmetrical to the exchange of 

source and receiver positions because it contains the term A / p~ for integration over 

the receiver array as well as the term A / ^ for integration over the source array 
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(see equation 4.11 of chapter IV). The high amplitudes to the left of the source and to 

the right of the receiver may be removed by a migration dip aperture taper in areas 

where the geology is known to be reasonably horizontal. 

The Generalised Radon Transform (GRT) migration operator (Miller et al., 

1987) is shown in figure 6.5. The integral is similar to that of the G-K operator but 

includes an additional term which depends on the scattering angle <)) between the 
d) 

source and receiver raypaths at the scattering point. The term is proportional to coŝ  2 

which results in an almost constant amplitude in the part of the ellipse which lies 

between the source and the receiver. Again there are high reflectivities for the steeply 

dipping events beyond the source and receiver positions.' 

6.2.1 Suitability of impulse response functions for cross-hole data 

Clearly the Kirchhoff migration method is unsuitable for the migration of 

cross-hole data due to the large variations in reflectivity produced between the source 

and receiver boreholes. The finite difference method is very slow and results in 

reverberations caused by grid dispersion effects. The diffraction stack operator does 

not include the theoretically correct amplitude and phase corrections provided by 

Kirchhoff migration. There is litde to choose between the G-K and GRT migration 

operators. Both produce near-uniform reflectivities in the region of interest between 

the source and the receiver. In this work the G-K migradon operator was used along 

with suitable controls for the dip aperture to enhance reflections from shallow-dipping 

strata. 
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Chapter VII 

Conclusions and suggestions for future work 

A field method for acquiring cross-hole seismic reflection data in shallow 

strata has been developed. The technique as it stands allows two or three cross-hole 

surveys to be acquired by a field crew of two or three personnel in one day. Further 

improvements in acquisition rates may be obtained by the use of a borehole sparker or 

piezoelectric source instead of a dynamite source. 

Cross-hole direct arrival data may be processed using tomographic imaging 

software as a supplement to the cross-hole reflection method. The velocity field 

obtained by a tomographic survey, whilst not being successful at imaging faults or old 

mineworkings between boreholes (Kragh, 1990), is useful in providing a starting 

model for migration of the cross-hole seismic reflection data. 

The cross-hole reflection method provides high-resolution seismic reflecdon 

sections of shallow Coal Measures strata. The processing of several trial surveys 

acquired at British Coal Opencast's exploration sites in the north of England has 

shown that wavelengths less than 4m are typical for these surveys with recorded 

reflection data frequencies lying in the bandwidth 100-500 Hz. The most pronounced 

reflections come from the coal seams. 

It is envisaged that, for a practical exploration technique, the cross-hole 

reflection method should be used in conjunction with hole-to-surface surveys (Kragh, 

1990). The zones of reflector coverage of the two types of survey are complementary 

(see figure 7.1). The cross-hole method provides better imaging in the region 
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Figure 7.1 Zones of coverage of cross-hole and hoie-to-surface reflection 
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located near the water table. 



between the boreholes, but the image quality deteriorates towards the boreholes. The 

hole-to-surface method provides lower resolution sections (wavelengths are around 

double that of the cross-hole method) but better imaging near the boreholes. The 

cross-hole image quality nearer the boreholes should be improved by the inclusion of 

a near-field correction term to the Kirchhoff integral (Dillon, 1988). 

Possible uses of the cross-hole reflection method include the detailed imaging 

of regions of particular interest such as small-scale faulting at reservoir depths where 

borehole logging, conventional seismic and VSP methods cannot provide sufficient 

resolution. It should also be possible to acquire data from surveys beneath 

obstructions such as buildings, roads and water courses where surface sources and 

receivers cannot be used. 

In addition to imaging "conventional" upgoing reflections, the cross-hole 

method also gives reflector coverage above the top source and receiver positions. An 

important characteristic of the cross-hole method is that the ft-equency content of the 

data is not effected by the depth of the region of interest as is the case with surface 

surveys and VSPs, but rather by the separation of the boreholes and therefore we 

might expect images of deeper strata to be every bit as good as those of the shallow 

strata included in this work. In fact the greater compaction of rocks at depth should 

result in better quality data. 

Further important development work could include the use of elastic imaging 

by means of a downhole three-component geophone string. The 24-channel 

seismograph in use at Durham University would allow a string of eight such geophone 

units to be employed. This would necessitate further software development in order 

to implement elastic wave Generalised Kirchhoff migration. The consequential 

increase in computing costs would be offset by an improvement in imaging, 
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particularly as tube wave arrivals and other noise events should be more easily 

suppressed. Beattie's (1990) comparative study showed that tube waves are a bigger 

problem for geophones than for hydrophones. However, this might be overcome by 

modifying the geophone design. Also, with a string of downhoie geophones, the top 

and bottom geophones might act as baffles, thus reducing the amplitudes of tube 

waves on the other geophones. 

Borehole blockages restrict the coverage of sources and receivers, especially 

in those areas of particular interest where small faults and old mineworkings exist. 

This problem may best be solved by the use of a plastic casing along the full length of 

the borehole. Plastic is most suitable for ease of use and because the casing must be 

expendable since there is a high probability that the casing will become stuck in the 

borehole. However, it is also essential that the tubing is of sufficient strength to 

withstand borehole collapses and explosions from small seismic sources and also 

flexible enough to follow the curvature of the borehole. 

The restriction in source and receiver coverage imposed by the depth of the 

water table might be removed by the development of a borehole "packer" which could 

block the borehole at a shallow depth and allow water to be poured in to f i l l the 

borehole. 

Finally, more test surveys will be needed to evaluate the above suggestions 

and, in particular to obtain images of old mineworkings and small faults. 
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Appendix A 

Computer software 

A number of computer programs were written during the course of this research. 

These include software for data-processing, migration and plotting. 

The programs are all written in IBM-Fortran77 to run on the University of Durham 

Amdahl 470A'̂ 8 mainframe computer. Program listings are included in the 

following pages of this appendix. Extemal subroutines used include the Culham 

Laboratory GHOST*80 graphical subroutine library as well as a library of time 

series analysis subroutines (TSAR4_L in user-identifier GLK4) taken from a 

variety of different sources. Michigan Terminal System (MTS) routines are used 

for handling data stored on magnetic tape. 



Appendix A . l 

Data processing software 

The data processing program is menu driven with a main menu providing access to 

a series of submenus which carry out operations such as data input/output, data 

plotting, Fourier transforms, filtering, 2D Fourier transforms, waveshaping 

deconvolution, first break picking and direct arrival muting. Data may be plotted 

interactively on screen or sent to plotfiles. 
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Appendix A.2 

The reflection point loci program 

R E F L O C 

The program R E F L O C takes a given model with layer velocities and source and 

receiver coordinates and calculates the locus of reflection points for each source and 

receiver pairing. The loci are output to a file which is attached as unit 7 at run-time 

and these loci are then used by the VSP-CDP mapping program XHRMAP in 

Appendix A.3. 

III 
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Appendix A.3 

The VSP-CDP transform program 

XHRMAP 

The program XHRMAP takes upgoing or downgoing reflection data and transforms 
it on to reflection point loci calculated by the program REFLOC. Mapped data are 
subsequently binned on to a rectangular grid and then plotted. 
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Appendix A.4 

The raytracing program 

T R A C E R 

The program TRACER carries out two-point raytracing within a velocity model 
defined at points on a rectangular grid. The algorithm presented by Chang and 
McMechan (1986) is used. The program traces rays from each source point to each 
each grid point and then fi-om each receiver point to each grid point, thus providing 
an image time for all the grid points for each combination of source and receiver 
positions. The image times can then be used by the reverse-time finite difference 
migration program. 
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Appendix A.5 

The raytracing subroutine 

R A Y T R A 

The subroutine RAYTRA is another two-point raytracing program. It uses a 
simple, laterally invariant velocity model, resulting in very fast raytracing. The 
subroutine is called from the Kirchhoff migration program in appendix A.8 and 
returns the travel time between any two points in the velocity model. 
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Appendix A.6 

The finite-difference migration program 

E X T R A P R E V 

The program EXTRAPREV carries out finite-difference migration in the ( x , z , t ) 

domain. A file of imaging times generated for each grid point by raytracing is 
attached to unit 11 at run time. The wavefield may be plotted at particular time steps 
as it regresses from the receivers, and the final migrated section is plotted. 

VII 
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Appendix A.7 

The forward modelling program 

E X T R A P 

The program EXTRAP is a forward modelling finite-difference program which 

generates synthetic seismograms for a given velocity model and source and receiver 

geometry. A tapered zero-phase wavelet is used as the source function and the 

wavefield may be plotted as it expands in time. The final seismograms recorded at 

the receiver positions are also plotted. 
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Appendix A.8 

The migration program 

KIRCHMIG 

The program KIRCHMIG carries out Kirchhoff-type migrations by raytracing 
firom each image point to each source and receiver using the subroutine RAYTRA 
(appendix A.5). The image time calculated for each source receiver pairing is then 
used to extract the contribution to the image from the appropriate sample in the 
seismic data. The migrated image is then output to a file for later viewing. The 
program include several processing options such as the choice of migration operator 
and the range of reflector dips aUowed. 

IX 
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