4 Seismic reflection surveying

4.1 Introduction

Seismic reflection surveying is the most widely used and
well-known geophysical technique. The current state of
sophistication of the technique is largely a result of the
enormous investment in its development made by the
hydrocarbon industry, coupled with the development of
advanced electronic and computing technology. Seismic
sections can now be produced to reveal details of geo-
logical structures on scales from the top tens of metres
of drift to the whole lithosphere. Part of the spectacu-
lar success of the method lies in the fact that the raw data
are processed to produce a seismic section which is an
image of the subsurface structure. This also provides a
trap for the unwary, since the seismic section is similar to,
but fundamentally difterent from, a depth section of the
geology. Only by understanding how the reflection
method is used and seismic sections are created, can the
geologist make informed interpretations. This chapter
provides the essential knowledge and understanding to
supportinterpretation of seismic reflection data. It builds
up systematically from the basics of seismic wave re-
flection from rock layers, and refers back to relevant
material in Chapters 2 and 3.

4.2 Geometry of reflected ray paths

In seismic reflection surveys seismic energy pulses are
reflected from subsurface interfaces and recorded
at near-normal incidence at the surface. The travel
times are measured and can be converted into estimates
of depths to the interfaces. Reflection surveys are most
commonly carried out in areas of shallowly dipping
sedimentary sequences. In such situations, velocity
varies as a function of depth, due to the diftering
physical properties of the individual layers. Velocity
may also vary horizontally, due to lateral lithological
changes within the individual layers. As a first approxi-

mation, the horizontal variations of velocity may be
ignored.

Figure 4.1 shows a simple physical model of
horizontally-layered ground with vertical reflected
ray paths from the various layer boundaries. This model
assumes each layer to be characterized by an interval veloc-
ity v, which may correspond to the uniform velocity
within a homogeneous geological unit or the average
velocity over a depth interval containing more than one
unit. If z,is the thickness of such an interval and 7; is the
one-way travel time of a ray through it, the interval
velocity is given by

The interval velocity may be averaged over several depth
intervals to yield a time-average velocity or, simply, average
velocity V. Thus the average velocity of the top 1 layers in
Fig. 4.1 1s given by
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or, if Z is the total thickness of the top n layers and T is
the total one-way travel time through the n layers,
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4.2.1 Single horizontal reflector

The basic geometry of the reflected ray path is shown in
Fig. 4.2(a) for the simple case of a single horizontal re-
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Fig. 4.1 Vertical reflected ray paths in a horizontally-layered
ground.

flector lying at a depth 2z beneath a homogeneous top
layer of velocity V. The equation for the travel time ¢ of
the reflected ray from a shot point to a detector at a hori-
zontal offset, or shot—detector separation, x is given by
the ratio of the travel path length to the velocity

(= (2 +422) 2y (4.1)

In a reflection survey, reflection time f1s measured at an
offset distance x. These values can be applied to equation
(4.1), but still leave two unknown values which are re-
lated to the subsurface structure, z and V. If many reflec-
tion times t are measured at different offsets x, there will
be enough information to solve equation (4.1) for both
these unknown values. The graph of travel time of
reflected rays plotted against offset distance (the time—
distance curve) is a hyperbola whose axis of symmetry is
the time axis (Fig. 4.2(b)).

Substituting x = 0 in equation (4.1), the travel time ¢,
ofa vertically reflected ray is obtained:
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Fig. 4.2 (a) Section through a single horizontal layer showing the
geometry of reflected ray paths and (b) time—distance curve for
reflected rays from a horizontal reflector. AT = normal moveout

(NMO).

Thisis the intercept on the time axis of the time—distance
curve (see Fig. 4.2(b)). Equation (4.1) can be written
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ot X (4.3)
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This form of the travel-time equation (4.4) suggests the
simplest way of determining the velocity . If £ is plot-
ted against x%, the graph will produce a straight line of
slope 1/172. The intercept on the time axis will also give
the vertical two-way time, £, from which the depth to
the reflector can be found. In practice, however, this
method is unsatisfactory since the range of values of x is
restricted, and the slope of the best-fit straight line has
large uncertainty. A much better method of determining



velocity is by considering the increase of reflected
travel time with offset distance, the moveout, as discussed
below.
Equation (4.3) can also be rearranged
1/2
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This form of the equation is useful since it indicates

1/2

clearly that the travel time at any offset x will be the
vertical travel time plus an additional amount which
increases as x increases, I and f, being constants.
This relationship can be reduced to an even simpler form
with a little more rearrangement. Using the standard
binomial expansion of equation (4.5) gives
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Remembering that t,=2z/V, the term x/ 1, can be
written as x/2z. If x = z, the second term in this series
becomes 1/8 of (1/2)*, i.e. 0.0078, which is less than a
1% change in the value of t. For small oftset/depth ratios
(i.e. x/z << 1), the normal case in reflection surveying,
this equation may be truncated after the first term to
obtain the approximation

t~t 1+l(i)2 p b 4.6
2\, O, *+6)

This is the most convenient form of the time—distance
equation for reflected rays and it is used extensively in the
processing and interpretation of reflection data.
Moveout is defined as the difference between the
travel times ¢, and t, of reflected-ray arrivals recorded at
two offset distances x; and x,. Substituting ¢, x, and t,, x,
in equation (4.6), and subtracting the resulting equations

gives
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Normal moveout (NMO) at an offset distance x is the
difference in travel time AT between reflected arrivals at
x and at zero offset (see Fig. 4.2)

x2

AT T
0

(4.7)
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Note that NMO is a function of offset, velocity and re-
flector depth 2 (since z = 1'1,/2). The concept of move-
out is fundamental to the recognition, correlation and
enhancement of reflection events, and to the calculation
of velocities using reflection data. It is used explicitly or
implicitly at many stages in the processing and interpre-
tation of reflection data.

As an important example of its use, consider the
T—AT method of velocity analysis. Rearranging the
terms of equation (4.7) yields
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Using this relationship, the velocity I7above the reflector
can be computed from knowledge of the zero-offset
reflection time (7)) and the NMO (AT) at a particular
offset x. In practice, such velocity values are obtained by
computer analysis which produces a statistical estimate
based upon many such calculations using large numbers
of reflected ray paths (see Section 4.7). Once the
velocity has been derived, it can be used in conjunction
with #, to compute the depth z to the reflector using
== Viy/2.

4.2.2 Sequence of horizontal reflectors

In a multilayered ground, inclined rays reflected from
the nth interface undergo refraction at all higher inter-
faces to produce a complex travel path (Fig. 4.3(a)). At
offset distances that are small compared to reflector
depths, the travel-time curve is still essentially hyper-
bolic but the homogeneous top layer velocity IVin equa-
tions (4.1) and (4.7) is replaced by the average velocity V or,
to a closer approximation (Dix 1955), the root-mean-
squarevelocity V. ofthe layers overlying the reflector. As
the offset increases, the departure of the actual travel-
time curve from a hyperbola becomes more marked
(Fig. 4.3(b)).

The root-mean-square velocity of the section of
ground down to the nth interface is given by
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where v;is the interval velocity of the ith layer and 7.is the
one-way travel time of the reflected ray through the
ith layer.
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Fig. 4.3 (a) The complex travel path of a reflected ray through a multilayered ground, showing refraction at layer boundaries. (b) The

time—distance curve for reflected rays following such a travel path. Note that the divergence from the hyperbolic travel-time curve fora

homogeneous overburden of velocity V. increases with offset.

rms

Thus at small offsets x (x << z), the total travel time ¢,
of the ray reflected from the nth interface at depth z is
given to a close approximation by

/ rms

and the NMO for the nth reflector is given by

t, (x2 +422) cf. equation (4.1)

x2

AT, = ZVZ— cf. equation (4.7)

rms,n
The individual NMO value associated with each reflec-
tion event may therefore be used to derive a root-mean-
square velocity value for the layers above the reflector.
Values of I/,

rms
be used to compute interval velocities using the Dix

down to different reflectors can then

Jformula. To compute the interval velocity v, for the nth

interval
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where Vrms 1> L_q and Vrmw, t, are, respectively, the

root-mean-square velocity and reflected ray travel times
to the (n — 1)th and nth reflectors (Dix 1955).

4.2.3 Dipping reflector

In the case of a dipping reflector (Fig. 4.4(a)) the value of
dip 8 enters the time—distance equation as an additional
unknown. The equation is derived similarly to that for
horizontal layers by considering the ray path length
divided by the velocity:

_ (x? +42% +4xzsin 6)1/2
14

cf. equation (4.1)

The equation still has the form of a hyperbola, as for
the horizontal reflector, but the axis of symmetry of the
hyperbola is now no longer the time axis (Fig. 4.4(b)).
Proceeding as in the case of a horizontal reflector, using
a truncated binomial expansion, the following expres-
sion is obtained:

(x2 + 4xzsin6)
f ity o T (4.9)
2,

Consider two receivers at equal offsets x updip and
downdip from a central shot point (Fig. 4.4). Because of
the dip of the reflector, the reflected ray paths are of dif-
ferent length and the two rays will therefore have dif-
terent travel times. Dip moveout AT, is defined as the
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Fig. 4.4 (a) Geometry of reflected ray paths and
(b) time—distance curve for reflected rays from a

dipping reflector. AT, = dip moveout.

difference in travel times ¢_and ¢__ of rays reflected from
the dipping interface to receivers at equal and opposite
offsets x and —x

AT, =t —t

—-X

Using the individual travel times defined by equation
4.9)

AT, =2xsin o/v

Rearranging terms, and for small angles of dip (when
sinf= 0)

0 =~V AT,/2x

Hence the dip moveout AT, may be used to compute the
reflector dip 01if 17is known. IV can be derived via equa-
tion (4.8) using the NMO AT'which, for small dips, may
be obtained with sufficient accuracy by averaging the
updip and downdip moveouts:

AT =(t, +t_ —2t))/2

4.2.4 Ray paths of multiple reflections

In addition to rays that return to the surface after reflec-
tion at a single interface, known as primary reflections,
there are many paths in a layered subsurface by which
rays may return to the surface after reflection at more
than one interface. Such rays are called reverberations, mul-
tiple reflections or simply multiples. A variety of possible ray
paths involving multiple reflection is shown in Fig.
4.5(a).

Generally, multiple reflections tend to have lower am-
plitudes than primary reflections because of the loss of
energy at each reflection. However, there are two types
of multiple that are reflected at interfaces of high reflec-
tion coefficient and therefore tend to have amplitudes
comparable with primary reflections:

1. Ghost reflections, where rays from a buried explosion
on land are reflected back from the ground surface or the
base of the weathered layer (see Section 4.6) to produce a
reflection event, known as a ghost reflection, that arrives
ashort time after the primary.

2. Water layer reverberations, where rays from a marine
source are repeatedly reflected at the sea bed and sea
surface.

Multiple reflections that involve only a short addi-
tional path length arrive so soon after the primary event
that they merely extend the overall length of the
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Fig. 4.5 (a) Various types of multiple reflection in a layered
ground. (b) The difference between short-path and long-path
multiples.

recorded pulse. Such multiples are known as short-path
multiples (or short-period reverberations) and these may
be contrasted with long-path multiples whose additional
path length is sufficiently long that the multiple reflec-
tion 1s a distinct and separate event in the seismic record
(Fig. 4.5(b)).

The correct recognition of multiples is essential.
Misidentification of a long-path multiple as a primary
event, for example, would lead to serious interpretation
error. The arrival times of multiple reflections are pre-
dictable, however, from the corresponding primary re-
flection times. Multiples can therefore be suppressed by
suitable data processing techniques to be described later
(Section 4.8).

4.3 The reflection seismogram

The graphical plot of the output of a single detector in
a reflection spread is a visual representation of the local
pattern of vertical ground motion (on land) or pressure
variation (at sea) over a short interval of time following
the triggering of a nearby seismic source. This seismic
trace represents the combined response of the layered
ground and the recording system to a seismic pulse. Any
display of a collection of one or more seismic traces is
termed a seismogram. A collection of such traces repre-
senting the responses of a series of detectors to the
energy from one shot is termed a shot gather. A collection
of the traces relating to the seismic response at one
surface mid-point is termed a common mid-point gather
(CMP gather). The collection of the seismic traces for
each CMP and their transformation to a component of
the image presented as a seismic section is the main task
of seismic reflection processing.

4.3.1 The seismic trace

At each layer boundary a proportion of the incident en-
ergy in the pulse is reflected back towards the detector.
The proportion is determined by the contrast in acoustic
impedances of the two layers, and for a vertically travel-
ling ray, the reflection coefticient can be simply calcul-
ated (see Section 3.6). Figure 4.6 shows the relationship
of the geological layering, the variation in acoustic im-
pedance and the reflection coefficients as a function of
depth. The detector receives a series of reflected pulses,
scaled in amplitude according to the distance travelled
and the reflection coefficients of the various layer
boundaries. The pulses arrive at times determined by the
depths to the boundaries and the velocities of propaga-
tion between them.

Assuming that the pulse shape remains unchanged asit
propagates through such a layered ground, the resultant
seismic trace may be regarded as the convolution of the
input pulse with a time series known as a reflectivity func-
tion composed of a series of spikes. Each spike has an am-
plitude related to the reflection coefficient of a boundary
and a travel time equivalent to the two-way reflection
time for that boundary. This time series represents the
impulse response of the layered ground (i.e. the output for
a spike input). The convolution model is illustrated
schematically in Fig. 4.6. Since the pulse has a finite
length, individual reflections from closely-spaced
boundaries are seen to overlap in time on the resultant
seismogram.
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Fig. 4.6 The convolutional model of the
reflection seismic trace, showing the trace ]
as the convolved output of a reflectivity ]
function with an input pulse, and the
relationship of the reflectivity function
to the physical properties of the geological
layers.
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Fig. 4.7 Shot—detector configurations used in multichannel seismic reflection profiling. (a) Split spread, or straddle spread. (b) Single-

ended or on-end spread.

In practice, as the pulse propagates it lengthens due to
the progressive loss of its higher frequency components
by absorption. The basic reflection seismic trace may
then be regarded as the convolution of the reflectivity
function with a time-varying seismic pulse. The trace will
be further complicated by the superposition of various
types of noise such as multiple reflections, direct and re-
fracted body waves, surface waves (ground roll), air
waves and coherent and incoherent noise unconnected
with the seismic source. In consequence of these several
effects, seismic traces generally have a complex appear-
ance and reflection events are often not recogniz-
able without the application of suitable processing
techniques.

In seismic reflection surveying, the seismic traces are
recorded, and the purpose of seismic processing can be
viewed as an attempt to reconstruct the various columns
of Fig. 4.6, moving from right to left. This will involve:

* removing noise

¢ determining the input pulse and removing that to give
the reflectivity function

¢ determining the velocity function to allow conversion
from time to depth axis

* determination of the acoustic impedances (or related
properties) of the formations.

4.3.2 The shot gather

The initial display of seismic profile data is normally in
groups of seismic traces recorded from a common shot,
known as common shot point gathers or, simply, shot gathers.
The seismic detectors (e.g. geophones) may be distrib-
uted on either side of the shot, or only on one side as il-
lustrated in Fig. 4.7. The display of shot gathers at the
time of field recording provides a means of checking that
a satisfactory recording has been achieved from any
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particular shot. In shot gathers, the seismic traces are
plotted side by side in their correct relative positions and
the records are commonly displayed with their time axes
arranged vertically in a draped fashion. In these seismic
records, recognition of reflection events and their corre-
lation from trace to trace is much assisted if one half of the
normal ‘wiggly-trace” waveform is blocked out. Figure
4.8 shows a draped section with this mode of display, de-
rived from a split-spread multichannel survey. A short
time after the shot instant the first arrival of seismic ener-
gy reaches the innermost geophones (the central traces)
and this energy passes out symmetrically through the
two arms of the split spread. The first arrivals are followed
by a series of reflection events revealed by their hyper-
bolic moveout.

4.3.3 The CMP gather

Each seismic trace has three primary geometrical factors
which determine its nature. Two of these are the shot po-
sition and the receiver position. The third, and perhaps
most critical, is the position of the subsurface reflection
point. Before seismic processing this position is un-
known, but a good approximation can be made by as-
suming this reflection point lies vertically under the
position on the surface mid-way between the shot and
receiver for that trace. This point is termed the mid-point.
Older terminology is to call this point the depth point,
but the former term is a description of what the position
is, rather than what it is wished to represent, and is hence
preferred. Collecting all the traces with a common mid-
point forms a common mid-point (CMP) gather (Fig. 4.9).
The seismic industry and the literature use the older
term common depth point (CDP) interchangeably for
CMP.

The CMP gather lies at the heart of seismic processing
for two main reasons:
1. The simple equations derived in Section 4.2 assume
horizontal uniform layers. They can be applied with
less error to a set of traces that have passed through the
same geological structure. The simplest approximation
to such a set of traces is the CMP gather. In the case of
horizontal layers, reflection events on each CMP gather
are reflected from a common depth point (CDP — see
Fig. 4.9(a)). For these traces, the variation of travel time
with offset, the moveout, will depend only on the veloc-
ity of the subsurface layers, and hence the subsurface
velocity can be derived.
2. The reflected seismic energy is usually very weak. Itis
imperative to increase the signal-to-noise ratio of most
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Fig. 4.8 A draped seismic record of a shot gather from a split
spread (courtesy Prakla-Seismos GmbH). Sets of reflected arrivals
from individual interfaces are recognizable by the characteristic
hyperbolic alignment of seismic pulses. The late-arriving, high-
amplitude, low-frequency events, defining a triangular-shaped
central zone within which reflected arrivals are masked, represent
surface waves (ground roll). These latter waves are a typical type of
coherent noise.

data. Once the velocity is known, the traces in a CMP
can be corrected for NMO to correct each trace to the
equivalent of a zero-offset trace. These will all have the
same reflected pulses at the same times, but different
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Fig. 4.9 Common mid-point (CMP)
reflection profiling. (a) A set of rays from
difterent shots to detectors reflected off a
common depth point (CDP) ona
horizontal reflector. (b) The common
depth pointis not achieved in the case ofa
dipping reflector.

random and coherent noise. Combining all the traces in
a CMP together will average out the noise, and increase
the signal-to-noise ratio (SNR). This process is termed
stacking.

Strictly, the common mid-point principle breaks
down in the presence of dip because the common depth
point then no longer directly underlies the shot—
detector mid-point and the reflection point differs for
rays travelling to difterent offsets (see Fig. 4.9(b)). Never-
theless, the method is sufficiently robust that CMP
stacks almost invariably result in marked improvements
in SNR compared to single traces.

In two-dimensional CMP surveying, known as CMP
profiling, the reflection points are all assumed to lie
within the vertical section containing the survey line;
in three-dimensional surveying, the reflection points
are distributed across an area of any subsurface reflector,
and the CMP is defined as a limited area on the surface.

4.4 Multichannel reflection survey design

The basic requirement of a multichannel reflection sur-
vey is to obtain recordings of reflected pulses at several

offset distances from a shot point. As discussed in Chap-
ter 3, this requirement is complicated in practice by the
fact that the reflected pulses are never the first arrivals of
seismic energy, and they are generally of very low ampli-
tude. Owing to this and other problems to be discussed
later, each individual reflection survey is designed
specifically to optimize the data for the required pur-
pose. It is essential that the geologists and interpreting
geophysicists commissioning a survey understand this,
and communicate their requirements to the geophysical
contractor performing the survey.

In two-dimensional surveys (reflection profiling), data are
collected along survey lines that nominally contain all
shot points and receivers. For the purpose of data pro-
cessing, reflected ray paths are assumed to lie in the verti-
cal plane containing the survey line. Thus, in the
presence of cross-dip the resultant seismic sections do
not provide a true representation of the subsurface struc-
ture, since actual reflection points then lie outside the
vertical plane. Two-dimensional survey methods are ad-
equate for the mapping of structures (such as cylindrical
folds, or faults) which maintain uniform geometry
along strike. They may also be used to investigate three-
dimensional structures by mapping lateral changes
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across a series of closely-spaced survey lines or around a
grid of lines. However, as discussed later in Section 4.10,
three-dimensional surveys provide a much better means of
mapping three-dimensional structures and, in areas of
structural complexity, they may provide the only means
of obtaining reliable structural interpretations.

Reflection profiling is normally carried out along
profile lines with the shot point and its associated spread
of detectors being moved progressively along the line to
build up lateral coverage of the underlying geological
section. This progression is carried out in a stepwise
fashion on land but continuously, by a ship under way, at
sea.

The two most common shot—detector configurations
in multichannel reflection profiling surveys are the split
spread (or straddle spread) and the single-ended spread (Fig.
4.7), where the number of detectors in a spread may be
several hundred. In split spreads, the detectors are dis-
tributed on either side of a central shot point; in single-
ended spreads, the shot point is located at one end of the
detector spread. Surveys on land are commonly carried
out with a split-spread geometry, but in marine reflec-
tion surveys single-ended spreads are the normal con-
figuration due to the constraint of having to tow
equipment behind a ship. The marine source is towed
close behind the ship, with the hydrophone streamer
(which may be several kilometers long) trailing behind.

4.4.1 Vertical and horizontal resolution

Reflection surveys are normally designed to provide a
specified depth of penetration and a particular degree of
resolution of the subsurface geology in both the vertical
and horizontal dimensions. The vertical resolution is a
measure of the ability to recognize individual, closely-
spaced reflectors and is determined by the pulse length
on the recorded seismic section. For a reflected pulse
represented by a simple wavelet, the maximum resolu-
tion possible is between one-quarter and one-eighth of
the dominant wavelength of the pulse (Sheriff & Gel-
dart 1983). Thus, for a reflection survey involving a sig-
nal with a dominant frequency of 50 Hz propagating in
sedimentary strata with a velocity of 2.0kms™, the
dominant wavelength would be 40m and the vertical
resolution may therefore be no better than about 10 m.
This figure is worth noting since it serves as a reminder
that the smallest geological structures imaged on seismic
sections tend to be an order of magnitude larger than the
structures usually seen by geologists at rock exposures.
Since deeper-travelling seismic waves tend to have a

s X e

—> 0.5x<«—

Fig.4.10 The horizontal sampling of a seismic reflection survey
is half the detector spacing.

lower dominant frequency due to the progressive loss of
higher frequencies by absorption (Section 3.5) and
higher velocity due to the effects of sediment com-
paction, vertical resolution decreases as a function of
depth. It should be noted that the vertical resolution ofa
seismic survey may be improved at the data processing
stage by a shortening of the recorded pulse length using
inverse filtering (deconvolution) (Section 4.8).

There are two main controls on the horizontal resolu-
tion of a reflection survey, one being intrinsic to the
physical process of reflection and the other being deter-
mined by the detector spacing. To deal with the latter
point first, the horizontal resolution is clearly deter-
mined by the spacing of the individual depth estimates
from which the reflector geometry is reconstructed.
From Fig. 4.10 it can be seen that, for a flat-lying reflec-
tor, the horizontal sampling is equal to half the detector
spacing. Note, also, that the length of reflector sampled
by any detector spread is half the spread length. The spac-
ing of detectors must be kept small to ensure that reflec-
tions from the same interface can be correlated reliably
from trace to trace in areas of complex geology.

Notwithstanding the above, there is an absolute limit
to the achievable horizontal resolution in consequence
of the actual process of reflection. The path by which en-
ergy from a source is reflected back to a detector may be
expressed geometrically by a simple ray path. However,
such a ray path is only a geometrical abstraction. The ac-
tual reflection process is best described by considering
any reflecting interface to be composed of an infinite
number of point scatterers, each of which contributes
energy to the reflected signal (Fig. 4.11). The actual re-
flected pulse then results from interference of an infinite
number of backscattered rays.

Energy that is returned to a detector within half a
wavelength of the initial reflected arrival interferes con-
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Fig. 4.11 Energy is returned to source from all points of a
reflector. The part of the reflector from which energy is returned
within half'a wavelength of the initial reflected arrival is known as
the Fresnel zone.

structively to build up the reflected signal, and the part of
the interface from which this energy is returned is
known as the first Fresnel zone (Fig. 4.11) or, simply, the
Fresnel zone. Around the first Fresnel zone are a series of
annular zones from which the overall reflected energy
tends to interfere destructively and cancel out. The
width of the Fresnel zone represents an absolute limit on
the horizontal resolution of a reflection survey since re-
flectors separated by a distance smaller than this cannot
be individually distinguished. The width w of the Fresnel
zone is related to the dominant wavelength A of the
source and the reflector depth z by

w= (22’)L)1/2 (for z >> 1)

The size of the first Fresnel zone increases as a function
of reflector depth. Also, as noted in Section 3.5, deeper-
travelling reflected energy tends to have a lower domi-
nant frequency due to the effects of absorption. The
lower dominant frequency is coupled with an increase in
interval velocity, and both lead to an increase in the
wavelength. For both these reasons the horizontal reso-
lution, like the vertical resolution, reduces with increas-
ing reflector depth.

As a practical rule of thumb, the Fresnel zone width
for the target horizons should be estimated, then the
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geophone spacing fixed at no more than one-quarter of
that width. In this case the horizontal resolution will be
limited only by the physics of the seismic wave, not by
the survey design.

4.4.2 Design of detector arrays

Each detector in a conventional reflection spread con-
sists of an array (or group) of several geophones or hy-
drophones arranged in a specific pattern and connected
together in series or parallel to produce a single channel
of output. The eftective offset of an array is taken to be
the distance from the shot to the centre of the array. Ar-
rays of geophones provide a directional response and are
used to enhance the near-vertically travelling reflected
pulses and to suppress several types of horizontally trav-
elling coherent noise. Coherent noise is that which can be
correlated from trace to trace as opposed to random
noise (Fig. 4.12). To exemplity this, consider a Rayleigh
surface wave (a vertically polarized wave travelling along
the surface) and a vertically travelling compressional
wave reflected from a deep interface to pass simultane-
ously through two geophones connected in series and
spaced at half the wavelength of the Rayleigh wave. At
any given instant, ground motions associated with the
Rayleigh wave will be in opposite directions at the two
geophones and the individual outputs of the geophones
atany instant will therefore be equal and opposite and be
cancelled by summing. However, ground motions asso-
ciated with the reflected compressional wave will be in
phase at the two geophones and the summed outputs of
the geophones will therefore be twice their individual
outputs.

The directional response of any linear array is gov-
erned by the relationship between the apparent wave-
length A, of a wave in the direction of the array, the
number of elements # in the array and their spacing Ax.
The response is given by a response function R

_sinnf
sin 8
where
B= n‘Ax/ A,

R s aperiodic function that is fully defined in the inter-
val 0 < Ax/A, <1 and is symmetrical about Ax/2, = 0.5.
Typical array response curves are shown in Fig. 4.13.
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Fig. 4.12 Noise test to determine the appropriate detector array for a seismic reflection survey. (a) Draped seismic record obtained with a

noise spread composed of clustered (or ‘bunched’) geophones. (b) Seismic record obtained over the same ground with a spread composed
of 140 mlong geophone arrays. (From Waters 1978.)
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Fig. 4.12 Continued
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Array response function R

0 0.5
Detector spacing Ax

Wavelength A

Arrays comprising areal rather than linear patterns of
geophones may be used to suppress horizontal noise
travelling along different azimuths.

The initial stage of a reflection survey involves field
trials in the survey area to determine the most suitable
combination of source, offset recording range, array
geometry and detector spacing (the horizontal distance
between the centres of adjacent geophone arrays, often
referred to as the group interval) to produce good seis-
mic data in the prevailing conditions.

Source trials involve tests of the effect of varying, for
example, the shot depth and charge size of an explosive
source, or the number, chamber sizes and trigger
delay times of individual guns in an air gun array. The de-
tector array geometry needs to be designed to suppress
the prevalent coherent noise events (mostly source-
generated). On land, the local noise is investigated by
means of a noise test in which shots are fired into a spread
of closely-spaced detectors (noise spread) consisting of in-
dividual geophones, or arrays of geophones clustered to-
gether to eliminate their directional response. A series of
shots is fired with the noise spread being moved progres-
sively out to large offset distances. For this reason such a
test is sometimes called a walk-away spread. The purpose
of the noise test is to determine the characteristics of
the coherent noise, in particular, the velocity across the
spread and dominant frequency of the air waves (shot
noise travelling through the air), surface waves (ground
roll), direct and shallow refracted arrivals, that together
tend to conceal the low-amplitude reflections. A typical
noise section derived from such a test is shown in Fig.

1.0

Fig. 4.13 Response functions for different
detector arrays. (After Al-Sadi 1980.)

4.12(a). This clearly reveals a number of coherent noise
events that need to be suppressed to enhance the SNR of
reflected arrivals. Such noise sections provide the neces-
sary information for the optimal design of detector
phone arrays. Figure 4.12(b) shows a time section ob-
tained with suitable array geometry designed to suppress
the local noise events and reveals the presence of reflec-
tion events that were totally concealed in the noise
section.

It is apparent from the above account that the use of
suitably designed arrays can markedly improve the SNR
of reflection events on field seismic recordings. Further
improvements in SNR and survey resolution are achiev-
able by various types of data processing discussed later in
the chapter. Unfortunately, the noise characteristics
tend to vary along any seismic line, due to near-surface
geological variations and cultural effects. With the tech-
nical ability of modern instrumentation to record many
hundreds of separate channels of data, there is an increas-
ing tendency to use smaller arrays in the field, record
more separate channels of data, then have the ability to
experiment with different array types by combining
recorded traces during processing. This allows more so-
phisticated noise cancellation, at the cost of some
increase in processing time.

4.4.3 Common mid-point (CMP) surveying

If the shot—detector spread in a multichannel reflection
survey is moved forward in such a way that no two re-
flected ray paths sample the same point on a subsurface



reflector, the survey coverage is said to be single-fold.
Each seismic trace then represents a unique sampling of
some point on the reflector. In common mid-point
(CMP) profiling, which has become the standard
method of two-dimensional multichannel seismic sur-
veying, it is arranged that a set of traces recorded at dif-
ferent offsets contains reflections from a common depth
point (CDP) on the reflector (Fig. 4.14).

The fold of the stacking refers to the number of traces
in the CMP gather and may conventionally be 24, 30, 60
or, exceptionally, over 1000. The fold is alternatively ex-
pressed as a percentage: single-fold = 100% coverage,
six-fold = 600% coverage and so on. The fold ofa CMP
profile is determined by the quantity N/2n, where N is
the number of geophone arrays along a spread and n is
the number of geophone array spacings by which the
spread is moved forward between shots (the move-up
rate). Thus with a 96-channel spread (N=96) and a
move-up rate of 8 array spacings per shot interval
(n=8), the coverage would be 96/16 = 6-fold. A field
procedure for the routine collection of six-fold CMP
coverage using a single-ended 12-channel spread
configuration progressively moved forward along a
profile line is shown in Fig. 4.14.

The theoretical improvement in SNR brought about
by stacking 1 traces containing a mixture of coherent in-
phase signals and random (incoherent) noise is .
Stacking also attenuates long-path multiples. They have
travelled in nearer-surface, lower velocity layers and have
a significantly different moveout from the primary re-
flections. When the traces are stacked with the correct
velocity function, the multiples are not in phase and do
not 