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: 1. INTRODUCTION

; Experience has shown that Seismic Refraction Traverses
can be grossly misinterpreted unless they are very carefully carried out.
The "Refraction Depth Probing" technique developed by the Bureau is
intended to measure accurabtely the distribution of refractors beneath
any selected station. In the Bureau's method, accurate information
is first obtained along a traverse half a mile to one mile in length,
the steps are as follows:

(1) A number of refraction depth probes are shot with
different shot~point-to-geophone distances.

(2) If necessary some reflection shooting is done.

;(3) The results are studied to assess the value of the method
‘ in solving geological or geophysical problems.

!

;(4) The most suitable technique can be adopted for the rest

! of the survey in the area; i.e., the refractors which
are easiest to identify, and which yield the most useful
structural information, can be surveyed by the most
accurate and economical method.

2. LAYOUT OF SHOT-POINTS AND GEOrHONES

1
To measure the velocities of refractors accurately, it 'is

necessary to shoot in-line profiles of each refractor in opposite

: dlrectlons. A dipping refractor will alter the slope of the time-distance
eurve from the reciprocal of the true velocity to the reciprocal of an
"apparent” velocity, and thus shotting in only one direction would measure
only this apparent velocity. If the "apparent" velocities shooting

updip and down-dip are measured, then the true velocity and also the dip
may be ealculated.

| *
Ifeé Vap = average velocity of overburden
: Vn . = velocity of refractor
Vnu = "apparent" up~dip veloeity of refraocter
) = "apparent" down-dip velocity of refracsor
| ian = critical angle of refraction
e = angle of dip

then (see page 11)

ign - © = arc sin (Van/Vnu)

ign + © = arc sin (Vap/Vpp)
adding, we ge%:

| ign = L arc sin (Van/VnD) + % arc sin (Van/Vnu)

*thes For calculations of depth and dip of refractor and for the first
estimates of offset distances, two-layer assumptions are made.
. That is, the overburden is assumed to have a uniform velocity V4.
' Practice has shown that the errors from this assumption are not
! serious. This is discussed further on page12  For calculating
: weathering and elevation corrections, however, multi-layer
theory must be used.



{
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andjsubtractings
| © =% arc sin (Van/VAD) - & arc sin (Vap/Vyy)
and 'vn = Vay,/sin i,y
ér Vp = 2 cos 9/(1/VnD'+ 1/Vay)

In the measurement of Vpy and Vpp it is important that the
dip of the refractor (8) for both measurements should be the same. As
the dip of the refractor may not be constant along the line of shooting,
a constant value of @ can only be ensured if the refractions recorded in
both directions come from the same portion of the refractor. As the rays
arrive obliquely at the surface, the portion of the refractor from which
they have emerged is not vertically below the detectors, but is offset
a distance Sp (or Sp) towards the mhot-point (see Fig. 1). This offset
distance will depend on the depth and dip of the refractor. Before
geophone locations are chosen, this offset distance must be estimated,
and - the geophones must be placed so that the rays come from the desired
portion of the refractor. - A simplified arrangement of shot-points and
geophones is shown in Fig. 1.

f It is impossible to estimate the dip in advance, but
usually sufficient two-way coverage is obtained if the geophone spreads
Ap and Bp are spaced symmetrically either side of CD, the portion of the
refractor to be recorded. To calculate the best offset distance for a
refractor; it is necessary to estimate the values of Vap, and Vy,, and the
depth to the refractor. This may be practicable if seismic work has
been carried out previously in the area; if not we can only follow the
general rule that by increasing the distance. between shot-point and
geophones, deeper refractors can be recorded and hence the likely offset
distance increases. Thus, as shot—points are moved farther away from
the.geophones, the geophones sheuld in general be moved in the opposite
diréction away from CD. ‘

» To obtain some approximate figures for estimating the best
positions of the geophone spread, we can assume an approximate average
value for the ratio of the two velocities V{ and Vo. Typical average
values for the two velocities are:-

Vap (aver. vel. above refractor) Vp (vel. of refractor)

6000 ft/sec 9000£t/sec

8000 12,000 "
10,000 - M ‘ 15,000 "
12,000 18,000 "

Thefvalue of Van/V, in each of the above cases is 2/3 and this value ean
usually be used until better information is available.
!

e Vap/Vy = 2/3 = sin ian (approx.)

o In the case of horizontal layers the "critical distance"

for the refractor Vyp is the minimum distance from the shot-point at which
the refractions from the Vy layer is the first wave to-arrive. The depth Dp

of the Vy layer can be calculated from this critical distance Xcon DY means
of the equations

Dy = $xen v/ (Vg = Van)/(Vn + Vay) .

~Fxon ( 1/o0s i) (= V) = FEen UGN

: 2
f - U
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The offset distances Sn is given by

.Sn = Dn tan ian
| . V - Va
—
5 X, (tan ian/cos lan) (-2 - ny
n
-3 x Va /v v, = Va
. cn 2 2 ( v )
, 1=V, /vn n
| = 1 X (Van/Vn) ' Vn (Vn - Van)
' : (V. +Va ) (V. =Va) j
n n n n n
Va
L.
= 5 X n \
on (V + Va_’/
n n
-3 x !

°n 77 Vn7Van

For \j/an/Vn = 2/3, then

f s, = xcn/5 = 0.2 x

cn
This rolation is true only for horizontal beds, but may’
still be used as an approximation in gently dipping beds. In a new area
where the dip of the strata is not known, it is necessary to assume the
relation, so that the likely offset distances can be calculated.
If it is assumed that each geophone-spread under consideration
may record a new refractor as the first arrival over most of its length,
then the critical distance for this refractor will be approximately the
¢istance fram the shot-point to the nearest geophone (x4 of Fig, 1). Thus
the offsct distance should be approximately 1/5 of this distance.

' 1,6, 5, = 0.2 x, (approx. )

1

| This means that when we have seleeted the distance from
shot-point to geophone-spread we may, as a first working hypothesis,
ealculate a reasonable value for the offset distanee.

In refraction shooting, when distances between shots and
geophones exceed 1000 ft it is advantageous to use large geophone intervals,
The interval allowed by ordinary reflection seismic cables is 110 ft; by
using four of these cables in series the geophones can be set at 220-ft
intervals. Also by having an interval of 440 ft in the middle, a 24-geophone
spread covers exactly 1 mile. This is the standard geophone spread used by
the Bureau for refraction shooting. Geophone intervals greater than 220 ft
are not usually recommended because

(a) there is too great a risk that small changes of velocity,
or small faults, will not be detected, ard -

(b) it is difficult to establish adequate weathering control.

The ispread coverage of 1 mile is adequate for depth—-probe shooting.

i
{

| The obvious set~up with which to commence shooting, is a
shot—-point at each end of a 1-mile spread. The refractor recorded will
be the sub-weathering refractor, and the offset distance will be only
approximately equal to the depth of weathering; therefore most of the

1—m%le spread of geophones will cover the same portion of the refractor
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when shot from either end. This may not be so, however, if a second
refractor is recorded over the part of the spread farthest from the shot~-
point, A third shot—point in the centre of the spread will usually ensure
~ that the sub-weathering refractor is covered in both directions over the
entire length of the geophone spread.

This initial shooting will cover shot—point—tb—geophone
distances up to 1 mile. The next array of shot-points and geophone
spreads should cover from 1 mile to 2 miles between shot-points and geophones.
The approximate offset distance will bes-

S, = 1/5 mile = 1050 £t
If we take the portion of the refractor vertically below the first {1-mile
spread as the portion to be recorded, the geophone spreads should be offset
a digtance of 1050 ft from the initial spread in a direction away from their
respective shot-points. As one geophone cable covers 1320 ft (4 mile),

it is more convenient in practice to use an offset of 1320 ft. This means
that .approximately 500 ft of the 1-mile spread length is recorded in only
one direction. However, if about 4000 ft is recorded in both directions,
that is considered sufficient for the depth-probe technique.

; Subsequent distances between shot-points and geophones
spreads should be 2 to 3 miles, 3 to 4 miles, etc. The offset of the
geophone spread should be the nearest %-mile to the calculated offset
distance. The difference from the calculated distance will then not be
greater than 660 ft. The following table shows the offsets corresponding
to various distances from shot-point to geophone spread:

i

Distance from shot-point Calculated offset Geophone spread offse
to geophone spread. used ,
|

0 - 1 mile < 300! 0 )

1 - 2 mileg 1050" 1320' 1 x i

2 - 3 miles 2100! 2640! 2 x3

3 - 4 miles 3150t 2640' - (2 x:i

4 - 5 miles 4200 3960! 3x3

5 = 6 miles 52501 5280 4 x g
Sx%

6 = 7 miles 6300! 6600¢
The layout of shotepoints and geophone sﬁreads,is shown in Fig. 2.

1 Tt must be emphasised that these recommended geophone=spread
offsets depend on assumed conditions; the aotual conditions may prove to
be very different in particular practical cases. They may differ ifs

(1) the ratio ef velocities (Vap/Vy) does not approximate to 2/3s5
‘ the geophone-spread offsets set out in the-above table would
then be either too large or too small. Or

(2) the distribution of refractors and their velocities cannot

be represented as a two-layer problem. In particular, the
relation assumed between depth and critical distance would

not strictly apply. If an intermediate refractor has a
velocity much greater than Vap or close to Vyp, then the critical
distance will be greater than that given by the formulae used.
Hence the offset distance will be less than 1/5 of the critical
distance, and the geophone-spread offsets will be too great.

Or,

1

(3) as quite often happens in practice, a new refractor is recorded

' at distances less than its critical distance. Sometimes it is
recorded as a later event, and sometimes it appears only

because earlier arrivals have been so attenuated that they are
not recorded. In these cases, the geophone-spread offsets would
be too small. ’



It is often necessary to revise the geophone-spread offsets
and repeat some of the shooting. This is done as soon as enough is known
about! velocities and depths to allow practical calculation of best offset
distances for particular refractors.

¢

3. RECORDING TECHNIQUE FOR REFRACTION SHOOTING.

!

Refraction shooting requires techniques of shooting and recording

thatfdiffer in several ways from the usual reflection techniques.

|

: Refraction from the successively-higher-velocity beds of the
geological sequence are to be recorded. In order to calculate the depths
of these refractors, it is necessary to record the initial onset of the
energy. If the desired wave arrives before all others then its onset
becomes the "first break". This is most commonly soy, but quite often it
will be necessary to analyse later events, particularly if they represent
deeper (higher—velocity) refractors. However, later events seldom have a
clear onset. If the onset is not clear, it is usually possible to estimate
where it ought to be; but the depth calculations are then less accurate,
and ﬁhere is always the doubt that the estimated time of onset is in error
by one cycle or (particularly for the later events) two cycles. When
structure is being investigated by the refraction method,; later events, even
if their onset is doubtful, are useful in determining variations in the depth
of the refractor. If a deeper, higher-velocity refractor is clearly recorded
as d later event, then the shot-point-to~geophone distance need not be
increased any further; consequently, smaller charges are sufficient ‘to map
this refractor. Local checks of the interpretation can be made with special
shots to record a first break from the refractor.

; The geometrical set-up of shot-point and geophone-spread
necessary to record refractions is different from that used in reflection
shooting. The deeper the refractor to be recorded; the farther the geophone
spread must be from the shot-point. Distances of up to 10 miles between
shot—point and geophone spread are common. Because of these great distances,
and | because it is necessary to record first breaks, very large charges are
often used - ¢ ton is almost certainly necessary at 10 miles., For economy,
and: for ease of' loading and firing, it is desirable to keep the charge only
just large enough to give satisfactory results. Hence it is essential that
thefreceiving system geophone—amplifier) should operate at maoximum
sensitivity consistent with microseismic noeise.

; The refracted waves recorded at large distances (over one mile)
from the shot are generally of lower frequency than reflections, and can be
as low as 2 to § c?s; but in general they are between 15 and 30 c/s.

} To accommodate the characteristics of refraction shooting, the
following variations and adjustments of shooting and recording techniques
should be made:

|

Shot-point.

(a) Hole., Difficulty is often experienced in loading large charges

: into a hole. A 43-in. hole should always,be/drilled in prcference
to 3%-in. when it is known that large charges will be fired in its
an even larger hole (63-in.) may be desirable. The use of casing
should 2lso be considered. The hole should be "bulled" first with

' a smaller charge to make a cavity big enough to take the whole of

: the large chargc. In some arcas it may be found impossible to fire
! large charges in a single holes the charge must then be split up
between several holes, which should be drilled in line at right
angles to the dircction of the geophone spread.



(b) Firing. To ensure that the whole of a large charge is
detonated, it is essential to fit detonators to more than one

' gtick. For a 100-1b charge, for cxample, at least three sticks

. should be fitted with detonators. The detonators should all be

- connected in series.

(¢) Communication. Owing to the large distances between shooter and

i recorder; telephone communication is impracticable. Instead,
special radio transceivers, modified to transmit both time—break
and up-hole times, are used.

Geoéhones.

(a) Freguoncy. The geophones usually used in reflection work pass
; frequencies above 19 o/s. This low—frequency cut-off may be too
high for satisfactory recording of some refractionsj therefore
lower-frequency geophones (6-cycle or less) should be used. At
least two in series, or better still four in series-parallel,
should be used to ensure good average planting characteristics,
to give greater sensitivity, and to prevent loss of a channel
owing to a faulty geophone. As most 6~cycle geophones are not
very robust, thcy must bec tested frequently.

/(b) Wind noise. The wind-noise level -effectively determines the

9 maximum sensitivity-setting of the receiving system. As it is
important in refraction shooting to have the receiving sensitivity
as high as possible, time spent in selecting geophone positions
away from trees or postsy; and in burying and planting the geophones
carefully, will be well rewarded. In all places therec are
seasons when winds prevent rccording of long-distance refraction
shots between (say, 11 a.m. and 4 p.m. At these seasons long-shot
recordings must be made outside normal working hours.

I

Instrument.
!
(a) Filters. As indicated above, frequencies of refractions

] generally range from 5 to 30 c/s, and hence the pass-band of the
amplifier should cover this range. The Lo or Lgoo settings on the

P " low-cut side of the T.I.C. instruments are designed for refraction

E work. On the high-cut side, the Hg or Hs5 setting should be used.

i This may be varied if it is comsidered likely that sharp first-breaks

} are obtainable; if so, a higher high-cut may make them sharper.

: It is unlikely however that sharp first-breaks will be received at
distances over one mile. The use of a high high-cut has the
disadvantage of allowing more wind noise to pass, thus necessitating
a reduction in gain of the amplifier.

(b) Overall gain. In reflection work the gain of the amplifier is
initially suppressed and then gradually increased to a maximum
towards the end of the record. This technique, in conjunction
with the AGC, keeps the record at a readable level. The rcasons

i for this may be secn from curve A (Fig. 3) which shows the way in

| which the energy received at the geophone varies with time, in

j reflection shooting.

: A
Energy - S
at . e T :
Geophone ;’ B e T Fig. 3

..
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! The initial onset of energy is always well above the recording
- level and hence the gain at the start need only be small.
; ) In refraction shooting, however, the energy at the geophone
. varies more in the manner of curve B, and the initial energy may
! be very small. This initial energy is the most important, and
' the amplifier should be operating at maximum possible gain for
the first arrivals. Initial suppression is therefore unsuitable
for refraction work, and should not be used even to suppress
wind noise. Wind noise should be removed from the traces by -
turning back the gain controls of each amplifier until each
trace is steady except during occasional bursts of noise; but
all gains should be approximately equal, or graded to give
J greater gain at the farthest geophones. For long shots (say
; 4 miles or more) at least 30 per cent gain should be used.
If there is too much noise to allow 30 per cent gain to be
used, shooting should be abandoned until a quieter period.
It is apparently general practice to switch off the AGC for
‘ refraction shooting. This does not seem necessary, and in
1 fact often would result in much of the later part of the record
being lost. However, if the refractions are of very low
frequency and the AGC has a fast action, the character of the
refractions can be seriously affected by using AGC. In this case
shooting with no AGC might be justified. In general it is
recommended that the AGC be left on, but a slow rate of AGC
attack and decay be used. If it is decided to switch off the
AGC, then the shots used to "bull" the hole may be used to
record the later events at a readable level.

‘(c) Paper speed. Several second will elapse between the time—break
and the arrival of energy. from long-distance shots., This results
in long records, a large portion of which are of no interest.
Reducing the paper speed will reduce the length of the records
(and so save paper) and make them easier to handle during both
developing and later computation. A slow paper—speed also makes
low-frequency and low-amplitude recordings easier to read.

| The Bureau's T.I.C. camera is fitted with a pair of cogged pulleys
which will reduce the paper speed to about 8 in./sec; these
should normally be used when shot-geophone distances exceed

2 miles. '

f

4. COMPUTING PROCEDURE

i
Picking refraction times.

. The times to be measured are the times which elapse between
the' shot and the onset at each geophone of each separate refraction. If good
first-breaks are recorded, picking times is straightforward. If they are not,
theh it is usual to pick the times of a peak or trough of the first readable
phase of the refraction; i.e. first trough, first peak, second trough, etc.
A donstant adjustment is then made- to these times to make them equivalent to
figst-break times. This adjustment is obtained either by measuring it on
trgces where the first break is readable, or by making an intelligent guess.
For later refraction events the first breaks are never readable, and this
adjustment can only be estimated. Care should be taken to allow for changes
offfrequency of the refraction along the spread. :

Corréctions (Barthelmes, 19463 p. 29).
f , As in reflection computing, elevation and weathering corrections
- must be applied to the times before they are plotted. The oblique path of

the refracted ray through the weathoring and sub-weathering layers makes

these corrections slightly more complicated than in reflection computing.

!
i

)
1

|
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(a) Elevation correction. Consider the correction for geophone
elevation which has to be made to times recorded from the
Un"th layer (Fig. 4). '

The time that has been recorded is for the path ABCD. The corrected time
required is for a path PQRS (i.e. the path which would-have been followed if
the geophone were at P on the datum plane vertically below its actual
position). The difference in these path lengths is :

ABCD - PQRS = AM - SD (approx.)

This relation is strictly correct only when all layers are parallel, For the
purposes of calculating corrections this assumption will not lead to serious
errors. The distance AM is traversed at velocity V.; and SD is traversed at
velocity V. Hence, the time difference between the two peths, i.e, the

correction to be applied to the observed time, is (assuming parallel layers):

Be, = (BN, - (DN,

Ecg is known as the elevation correction at the geophone.

" As SD = PM and angle PAM = i__ (where sin i, =V, /V ; see page 11)
: n T1in 1 n
; then
Ecg. = m?/(v,l cos ian) - (LP tan ian)/v'n
Eg cos i 104
= 8 %08 Mny ] - T n
Vv ) ( ) )
1 co% i cos 1
n n

o Ecg= (Eg cos i )/V1

1n

f The correction (Ec) at the shot-point is similar except that the
elevation of the shot is substituted for the elevation (Eg) of the geophone,
That is,

(Es - ds)cos iy

vy

Ec =

where Es is elevation of the shot-point
ds is depth of shot

Thus the elevation corrections at the same geophone or shot-point
positions vary according to the cosine factor for each velocity recorded.
Before calculating the corrections, therefore, it is necessary to make a
préliminary plot of uncorrected times, to determine the approximate velocity
recorded, It should be noted that for the first layer, cos i 4 = 0, and hence
there is no elevation corrcction to be applied for the first 1ayer.

‘ (b) Weathering correction Lis in reflection corrcctions, a

! correction is made for the low-velocity weathered layer, so

: the corrected time is that which would be recorded if the
weathered layer were rcplaced by the same thickness of sub-
weathering material. Consider the correction necessary for
the nth layer (see Fig. 5).

In the first place we have to remove the effect of the weathcred léyer. The
recorded path is LBCDE, and the path equivalent to the removal of the weatherecd
layer is PQRS. Assuming all layers are parallel,the differcncc in path
lengths is:

‘ LBCDE - PQRS = AB - SE

1
!
{
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The distance AB of the first ray-path is traversed at the weathering velocity
Vo, and the distance SE of the second ray-path is traversed at velocity V .
Henco the: time difference between the two paths is :

gB/VO - SE/Vn = AB/Vo - PB/Vn

x = LP/(Vo cos i) - (&P tan i AT
(dw cos i )/Vo

If this tlmo is deducted from the observed time, we have the time which would
be recorded if the geophone were at the base of the weathered layer vertically
below its actual position. The final ray-path required is LHIJK, where the
weathored layer has been replaced by a layer of velocity V Tho time
adjustment from the path PQRS to LHIJK is equlvalont to adélng an e¢levation
corroctlon for the depth dw, i.e. (dw cos 1 The total correction to be
mado for the effect of the weathered layer on thé geophone is therefore

1

f‘ch = (dw cos ion)/Vo - (dw cos i1n)/Vi (weathering correction formula)

Usually thc ghot is placed below the weathered layer and there is no
woathoring correction to be made at the shot-point, If, however, the charge is
fired in the weathered layer, a corrcction must be made for the slower travel
from thc shot to the base of thc weathered layer, The shot will be a
dlstanco (dw - ds) above the base of the weathered layer; the weathering
corroctlon at the shot-point is obtained by substituting this expression for dw
in thc above equation : i.e,

We = (dw - dg)(cos i n)/Vo - (dw - ds)(cos i

i
{

This corrects to the depth of the shot; the elevation correction (Ec) must
still be made in the normal manner,

+ lLs in the case of the elevation correction, the weathering correction
also depends on the velocity being recorded. For the first layer, the second
term (olevatlon term) of the weathering correction formula becomes sero.

The elevations of the shot-points and geophone positions are obtained
by normal topographical survey methods. In reflection shooting, the
control for weatherlng corrections is directly obtainable from the shooting
alone, but this is not so for refraction shooting; in most surveys, some
reflectlon shooting will have been done along the reflection traverse to provide:
structural control for the more accurate reduction of the refraction results
(see also "Use of Reciprocal Times"). The detailed weathering information
available from this reflection shooting should be uscd to calculate the
corrcctlons to bc applicd to the refraction times., Where this control is not
avallablo, special surface weathering shots to determine the thickness of the
weathering layer must be fired at intervals not greater than one mile along:
the traverso.

Qg_cu;atio f velocity and depth of refractors
Formulae for the calculation of the velocity and depth of refractors

arc derived in the text-books such as Dix (1952), Heiland (1946), and
Jakosky (1949). For convenience of refercnce they arc summarised here:

; (a) Two horizontal laycrs
Let V1 = velocity of first layer
f V2 = velocity of second layer

D, = depth to V2 or thickness of V1

j 2

j - 1i,, = critical angle of refraction
I Y . . —

{ making sin 112 = V,]/'V2

= o
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'

At a distance x, the travel time tx is given by

- _ ?x = x/V1 for x « X,

- and . 2 2
b, = x/v2 + 2D, f1/v1 - 1N,

= x/V2 + (2D, cos 112)/V1 for x > X,
where X, is the critical distance.

A plot.of t_ against x (a time~distance curve) will consist of one straight
line with a™slope of 1/V, (for x €« x_) and a second straight line with a
slope of 1V, (for x > 'x_). The velocities V, and V, can be measured from
this time-diStance curve. °The depth of V, can bd calcuiated from the last
equalion by substituting measured values of x and t,. It can also be
calculated from the intercept time T2 of the V2 por%ion of the time-distance
curve, by using the equation. '

1 <
or 4T, V1/ cos i,

. W

D2 ~\/— 2

; 2 2
; 1/V1 - 1/\72

Again, it may be calculated from the critical distance X, by means of the
equation

Bx, /(U - V)V, + 7))

' D2 -
“or = '%xc (1 - sin 112)/cos 1,5
: (b) Iwq~loyer case with dipping interface

.Let @ = angle of dip of interface

D2U= depth to V, vertically below shot-point, shooting up-dip

‘ D2D = depth to V2 vertically below shotepoint, shooting downwdip

!

- For distances less than the critical distance, the traveletime is again:

t. = x/V1

X

which is a straight line with a slope of V1 .

' For distances greater than the critical distance, the traveletime is:
Shooting up-dip

X ; (cos O)/V2

—

sin @ / 1/\!12 - 1/v22] + 2D cos 8 / 1/v12 - 1/v22

(sin 0 cos 112)/V1] + (2D2U cos O cos i12)/V1

bt

‘or = x 1 (cos O)/V2
Shooting down-dip

+

sino [/ 140" - 1/‘v22J + 2D, cos gj 1,2 - 14

txp = x| (cos O)/V2
(sin © cos i12)/VJ + 2D,y (cos @ cos i12)/V1

-

or = Xx (cos O)/Vz

~

+
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Both these equations are linearj their slopes are the reciprocals of the
"apparent" velocities with which the wave front passes the geophones.
These slppes ares

and ‘IE/VZ:D

/7,y = (cos ©)/7, = (sin © cos 1,,)/%,
‘ (1/v4) sin (14 = ©)

(cos o)/v2 + (sin @ cos i1é)/V1
(1/v,) sin (i, + @) |

Viy Voy, and Vop can be measured from the time-distanoce curve, and
this enables us to calculate 112 end 61

a

(112 -.O) = arc sin (V1/V2d)
(112 + 9) = arc sin (V1/V2D)

jgdding igo = & arc sin (V1/V2D) + % arc sip (V1/V2U)
‘ subtracting 0 = i arc sin (V1/V2D) ~- % arc sin (V1/V2U)
'V, is then ocalculated from

2

Vv, = V1/sin i

2 12

Cor v, ~ (2008 0)/(1/¥pp + 1/Vy)

" The latter equation is useful because for smell angles, cos @ can be

taken as 1, and Vp can then be calculated directly from Vop and Vuy
. by means of the equations

.Vz = 2/(1/V2D + 1/V2U) (approx. )

The intercept times up- and down~-dip are

2 T2
Ty = by = ¥/Vyy = 2Dyyc0s 8 v/q/v1 - /v,
= (2Dy; cos © cos 112)/\/’1
T - % =x/V, = 2D cos @ V/1/v 2 L N2
2D xD 2D 2D 1 2

(2D2Dcos Q cos 112)/\[1

Thus the depths can be calculated fromwthose interocept times.

(¢) Multi-horizontal layers

Lot V= velocity of "m"th layor (m less than n)
Hﬁ = thicknoss of "m"th layoer

Considor a ray which has penctrated to tho '"n'"th layer of velocity Vi3
if iy, is the anglc the ray makes with the normal in tho "m"th layor for
critical rofraction along the '"n"th laycr, thon

sini__ = V. /V
mn m n

At a distanco x, tho travel-time tx for a ray through the "n"th laycr is
given by :
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n--1
2
b= XV + ZEm S 1% /v 2
' m=1

-

or = x/Vn + ? H (cos imn)/vﬁ

s
—

m

=

—|

=

?hc timo-distanco curvo consists of straight-linc scgments of slopes
1/V1, 1/V2 etc. up to 1/Vn. Each of thosc scgments has an intorcopt
TTn at x = 0, given by. ‘ '

n—1

2 2
T o= 2 z_Hm \/1/vm - 1/v,

m=1

n—-1

‘ (3
| or = 2 }:E;(cos lmn)/vm

m=1

" Thus the thickness of the "n-1"th layor can be calculated from tho

. thickness of the shallower loyors and the intcrcept time (T,) for the
t "n"th layer. Tho dopth D to the V. layor is tho sum of tho
. thicknosses Hm n 0

' ' ~ n-2 |
2 - 2 3
CH = | YO N - ) e, - Em /1/Vm - 1/Vn]
’ ! » , L M=}
: /
. ‘ N r n—2 :
or = (Vn_1)/(cos i n) %Tn - }:E; (cos imn)/“m
! A K m=1
i : n—1
-~ n m
' Mes]

(d) Multi-dipping layors

Dooley (1952) has dorived gonoral formulao for the easc whoro
‘there are sovoral layors with diffeoront dips.

‘ _ The formulao derived and quoted above arc hascd on the
assumption of succossive layers cach of a uniform velocity higher than that
of the layer abovej refractors may be rclativoly thin layors soparated by
lower-vclocity layors. Thoreforoe those formulac will, in goneral, give dopths
‘which arc too groat bocauso the velocity distribution assumed for tho scquence
of layors will bo too high.

‘ ‘ In cascs whorc a vertical velocity distribution is known from
. a woll survey or from a t,/\ t Analysis of roflcctions, the depth can to more
accurately detormined by treating the problom for cach refractor as a simplo
twoi laycr casc. The velocity of the ovorburden Van is tokon as the avorage

. velocity to the depth of the reflecctor, given by the vertical velocity
‘ distribution. This of course means that thc depth must we estimated in order
to hotermino what velocity should he uscd in calculating tho depth.

f' : ' The final depth ostimato is arrived at by succossive
approximations. First a depth is ostimated to deccide what velocity to usc.
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The dopfh calculated from this velocity is uscd to decide a better velocity,
and so on., Commonly, if the orror in the averagce velocity distribution is
less than 5 per cent, about threc epproximations arc nccessary boeforo the
cetimatod deopth is almost cortainly within 10 per cent of the truc depth.

‘ A further refinemcnt can bo made to the depth calculation by
assuming that the velocity of tho overburden incrcases with depth aoccording
to somc functions wusually a lincar incrcasc with depth is assumed (Dix, 1952;
p. 257).

’ When the shot-to-goophone distances aro large, it is
somctimcs not rcasoncble to assume that the dip of the rofrﬂotor, indicated
by the 'slope of the timo-distance curve, continucs back to the shot-point.
Under thesc conditions it is not corrcct to calculato tho depth of tho
refractor from the intorcopt time. An approximate depth calculation should
bo mad¢ from the travel times at the contre of cach pair of gcophonc sproads
(assuming complctc overlap) to cnsurc a common depth point, using the formulac
derived for horizontal laycrs. Tho formula assuming o simplec two-laycr casc
(from pago 1 ) can be writtons

t =%V = (D +D ) (cosi )/va

g = x/Vn - (DnD + Dnc) (cos.ian)/Va.n
where Dy is the dopth of the common refraction point below the contre of the
layout. If the ovorlap on the rofractor is not completc, thon travol times

from the contrc of the overlap portion should be usod. Thus tho sums (D + D_ )
"and (Dyp + Dpe) can bo calculated, and by subtracting we can obtain the n ne
difference in depths at the two shot-points (Dnyy - Dyp). Howover, wo cannet
ccleulato individual valucs of Dpy, DnDy and Dpe.. Tho general profile of tho
rofractor may be known from reflection shooting, and valucs for tho threo

dopths moy be scloeted to satisfy the three values determined above and othervisc
give ithe best conformity with the refloction profile. If the roflcection

profilc docs not cover a substanticl portion of the reflection layout, o valuc
for Dne is tokon as £(Dnu + Dpp + 2Dno). Appropriato values of Dpy and Dpp to
satisfy this assumption then follow.

Colculation of profilo of rofractor (Barthclmes, 1946)

'

All the formulac derived arc bascd on the assumption thot
rcfr"ctors arc planc interfaces, and conscquently the timo-distance plots fall
on stroight lines. However, if the rofroctor has an irrogular surface, the
tlmo intervals from gcophonc to geophonc will also be irrcgular. If tho

' goophono timc intcrvals, after corrcction for weathering and clevation, aro
corrected for tho travel-timc in tho rofractor, the residual will bc dircctly
related to the change in clovation of the refractor. If Atc.is the residual
time difference botween two geophones, then tho corrosponding change in
refractor depth (A d) is given by,

Ad = Ate vi/cos i, (Bartholmes, 19463 p. 33)

in
and sin i, = - v,/V
in i’ 'n
where v, = vclocity immodiatcly abovo '
: rofraotor (intecrval velocity).
and Vn = volocity of rofractor

If the surfaco of the rofractor is indopondently plotted as two profiles from
the shots in two diroctions, and if the velocities uscd and the offsct distanco
used arc corrcct, thon the two plottod profiles should be identical. Exact
duplic vtion is nover achicved in practice but it is oftcn ncar cnough to
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|
indicate the correct offset distance (S), and any error in the refractor velocity.
For this reason, it is often important to plot both profiles.

| If the original offset distances (S) are wrongly estimated,
some refractlon times used in calculating the velocity of the refractor will be
from non—overiapplng portions of the reverse time--distance curve. An error in
refructor velocity is indicated %y different slopes in the ovefﬂiapplng portion

of the plotted profile of the refractor.

Once it is clearly established which portions of the plotted
proflle’overlap, the up-dip and down-dip velocities should be calculated from
these portions only, by the method of least squares (the Burcau uses a special
c1rcular slide-rule to simplify loast-sguare calculations). A final value of

rofractor velocity can then be calculated.
i

’ Beforc making depth estimates it is usually possible to soo
whother the rccords show any distinctive characteristic of the refractor
profile which can mark the preceisc overlap. Altcrnatively, the records
somctiées show that the profile is so straight that errors in offsct and
overlap will not introduce apprcciable orror into the calculated rofractor
veloci?y.

!
| A usoful mcthod of checking offscts, after the preliminary

c“lculutlon of refractor velocity, is to plot the refractor profile from cach
of tho’rovorsv shots on scparatc piccos of paper, onc being transparent so that
it cun bo overlaid on the other. The two profiles can be moved independently
untll'thc best fit for overlap and slopc is obtained. The rcfractor velocity
can thon be adjusted to the veluc which gives this best fit. If this can be
"dono,lthon from Chaptor 2 ("Layout of Shot-points and Geophones™)s

j 5, = Exg/(1+ 7V, /Va)

e Va, e 2vnsn/(xcn - 25)

5] is calculated as has just been described.

X, can be detormincd from the time-distance curves; a mean of
; % of the up-dip and down-dip volucs may be usod.
[
' Vv may bo derived as explaincd undor "Two-layor case with °
; dipping intorface".

;
Thcréforo o volue for Ve, may he calculated.
bece usc the observed Xen is actually the critical distance botweon two
rofructors and not between a Vap overburden and V, rofractor, this cannot bo

accoptod as a roliable figure for Vap, but it is a useful value for commencing

the procoss of successive approximation.
|
Usc jof rcciprocal times
1
f © If a rofractor dips fairly stcoply, its critical distancos
up-dip and dovn-dip will differ greatly. Thus two roverse shots which have the
samg shot-gcophone  distances need not record tho same rofractor. The dip may
alsé causc apparont velocitics to differ grec t1ly from truc velocitics, and the
"pparont velocitics may bc mistokenly 1ntorprotod os the velocitics of other
rofractors cither above or below. Tor those rcasons it is most important to
chclck. reciprocal times in rofraction shooting, as thoy caon indicate how the

revorsce timeo-dista nco plots should be paired.

Bceause of approximations, and

| The rcciprocal time is the surface-to-surface time from shot-
It con only be cstimated, and this is dono by projccting

tho timec-distence grophs to inteorsoet the ordinatc through the reverse shot-point.
If!ull assumptions have been correct, then the two reciprocal times for any onc
rofractor will be approximatoly OqUule If they arc not cpproximetely cqual,

|

i

1,

pomnt to shot-point.
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then most commonly the two (reverse) time-distance curves have been wrongly
assumed‘to come from the one refractor; or there is a serious discrepancy
between 'the slope of the refractor where it is being recorded (CD, Fig. 1) and
the overall slope between the points on the refractor relative to each shot-
point where the seismic waves from the shots are refracted towards the
recordlng place (EF, Fig, 1). ~

| It is wise to shoot depth probes at places where the known.

structural geoclogy suggests:

(ab that the geophoné line is laid out more or less along the strike, and

(bb that there is no serious faulting between shot-points farthest
- apart, or better still

(05 that the sediments are flat-lying.

. It is always worth considering shooting a reflection traverse along
the proposed refraction layout. If successful (i.e. if reflections are
recorded from the refracting horizons) the reflection traverse will

(a) provide both weathering and structural control that will
(b) allow refraction recordings to be reduced more accurately,
(c) check the dip of the refractors, '

(d) establish the structural relief of the refractor between the
' shot-points and the recording position,

(e) permit a more accurate estimate of depth,

. If the reciprocal times shot from both ends are only very roughly
equal, thoy can still usually be used to determine which refractors correlate
with the various time-distance graphs, They cannot be so used if the distance
between shot-points is near the critical distance for two refractors, but
this limitdation can usually be overcome by calculating a theoretical rec1procal
tine for some other distancc (i,e., to imagine one of the shot-points is at
sone other distance). To do this, the reciprocal times are increased or
decreased by an amount equal to the gradient of the time-distance graph
nultiplied by the increase or decrease in theorctical distance vetween shot—
points, |

' When neasuring shot-point intercept times to be used in depth |
calculations, it should be remembered that the reciprocal tines must be equal.
L calculated depth that better fits the data will result if we use a shot-point
intercept time determined by drawing a straight line from the best estimated
reciprocal time (mean of the two obtained by extending the time-distance
grophs) through the mean point of the time-distance graph and extending it to
intersect the other shot-point ordinate (sece Plate 1% This is an alternative
nethod to that described on page 12 for determining D DnD’ and D o It is
not as convcnlcnt, hnd the former metaod is recormendeds

5. BLOTTING AND PRESENTLTION OF RESULTS

An exanple of the tinc-distance plotting and interprctation of a
refraction depth probe is :hown on Plate 1. This is the nanncr in which
depth probes are plotted by the Bureau; any departures from this form arc
cxplained in the text of the rcport concerned. 41l apparent velocitics are
calculated by the least-square method. Recorded tines, corrections nmade to
then, and jthe corrected times, are shown on the graph; this cnsures that all
necessary;information is available to any recader who wishes to check the
interpretation,

|
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.The cxanmple plotted in Plate 1 demonstrates clearly how
corrections are made for elevation and weathering, and olso the following
points which have already been discussed:

(a) The two profiles of refractor V,, plotted from the reverse shots
~ through this refractor, have chdracteristics which leave no doubt
as to how they should overlap; therefore the corrcet offset
distance has been used,

(b) The dip of refractor V, (7 degrees) causes a large difference in
. the critical distances”for the two directions of shooting. Thus
_ the time-distance plots for shot-points 27 and 11 are not from the
same refractor, even though the shot-geophone distances are equal,
. Further, the up-dip value of Vs (13,020 ft/sec) is close to V
- and could be confused with it.” Only a study of the reciprocai
tines would solve which pairs came from the sane refractor.

I further point that should be emphasised is the necessity for laying
out o refraction traverse along a straight line whenever possible. If shot-
points and geophone spreads are not in the sane straight line, the calculations
are more complicated; moreover, as the geophone intervals are no longer equal,
it is not strictly correct to use the least-square ncthod of determining slopes.
More inportant however is the effect a non-linear traversc has in increasing
the difficulty of '

/

(a) conparing reciprocel times in order to "match" profiles, particularly
vhen successive refractors have only small differences in velocity,
and

(b) * covering the same, portion of a refractor with spreads in both

- directions.
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SEISMIC DEPTH PROBING

FIG. 4
Geophone
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V,=velocity of Ist. layer (elevation velocity)
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Eg= elevation of geophone referred to datum level (=AP)
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to symbols clready defined, we have:-
Vo

dw

= Weathering velocity

= depth of weathering (=AP)
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