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SUMMARY

In drill hole surveying the azimuth and depression angles of the
hole are measured at a series of points. To calculate the course of the
hole from these measurements it is often assumed that' the measurements
are representative of the complete interval separating the half-way
points between measurements.

This Record describes a method of. calculation in which the
continuous variation of the course of the hole is taken into account.
It gives a practical example of the application of this method, and
compares the results with those obtained by the simpler method.. Notes
are given on the accuracy of surveys.



INTRODUCTION

It is of the utmost importance to be able to determine the
precise course of a drill hole aimed at a deep target. Various methods
of survey are used to obtain the necessary information. The practical
difficulties are considerable, and it cannot be claimed that there is
yet any very accurate method, particularly in holes of small diameter.
However, the purpose of the present Record is not to consider the
reliability of the survey data, but to discuss methods of using these
data to plot the course of the hole.

All survey methods involve the use of instruments that
measure the azimuth and depression of the hole at various positions
along its length. If these quantities are uniform over the course of
the hole, it may be assumed that the hole is straight, and plotting its
course involves no difficulties. However, this is in general not the
case. The course of the hole is in general a twisted curve, and the
measured azimuth and depression enable derivatives in various directions
to be calculated. The mathematical problem involved is to plot the
course of a twisted curve, given all derivatives at a series of points
measured along the arc length. From the physical conditions, it may
be assumed that the curve is continuous and differentiable to any order
required.

In order to plot the course of the hole from the calculated
values of the derivatives, an integration is necessary. A method in
general use is to assume that the measured values of azimuth and
depression at any point apply to the course of the hole for half the
length to the next measuring point, so that the hole changes course
sharply half way between measuring points. The accuracy of this method
is discussed later in this Record; it is shown that the method involves
replacing an integral by a sum of rectangular areas of finite width, and
may thus be considered as an approximation of zero order.

It should be mentioned that there is no reason to suppose that
the theory to be presented is original. Only elementary mathematic is
involved, and it is certain that methods such as that proposed have long
been used by organisations interested in deep drilling. However, so
far as is known there has been no publication on the subject.

2. NaTHERATICAL THEORI

Suppose that the course of the hole is referred to a set of
rectangular axes, with origin at the collar of the hole. It is most
convenient to use axes in the direction of the survey grid. In what
follows, it is assumed that the X-axis is parallel to the grid direction
from which azimuth is most conveniently measured, the Y-axis at right
angles to X 0 and the Z-axis vertically downwards. A suitable sign
convention must also be chosen.

With the usual notation for arc length, the equation to the
course of the hole is

s = (x,Y,z)

where f is a continuous function with derivatives of any order required.



Then

-2-

= dx2 dy2 + dz2

=^+ (dy/dx) 2 + (dz/dx) 2 ,

+ (dy/dx) 2 * (dz/dx) 21

• (dx/dy) 2 + (dz/dy) 21.4-

+ (dx/dz) 2
 

• 

(dy/C1Z) 21 -2
•

ds2

ds/dx

dx/d6

Similary

dy/ds

dz/ds

f .

 • • 0000 o S i • 00000000 0^• • ( 1 )

The quantities measured are azimuth (0) and depression (G).le is measured from the magnetic meridian. For the purpose of the
calculations, however, it is required that 0 be given with reference to
the X-axis. This value is obtained by adding to the measured azimuth the
angle between the axis and the meridian, with due regard to sign. 0 is
measured from the horizontal plane. These values are used to calculate
the derivatives (dy/dx etc.) from the following relations :

dy/dX = tan

(dx sec 0)/dz = tan ( 1K/2^)
Hence

dx/ft = cot 0 cos 0

dy/dz = (dy/dx)(dx/dz) = cot 0 sin 0

dx/dy = 1/(dy/dx) `

   

4. ( 2)
dz/dx = 1/(dx/dz

 

dz/dy^1/(dy/dz)

14/hen dx/ds etc. are known, the coordinates (x, y, z) of the points
are given by

x = (dx/ds)ds
0

y =^dy/ds ) ds
Jo

• = (dz/ds)ds

The process of plotting the course of the hole involves the
following operations:

(a)From the measured values of 0 and 0, calculate the six
derivatives dy/dx etc. from Equations (2).

(b)From the calculated values of these derivatives, calculate
the three derivatives dx/ds etc. from Equations (1)

(c)Plot dx/ds etc. against s.

(d)Evaluate x 2 y, z at the various measuring points by graphical
integration of these curves.

(3)



It should be noted that Equations (1) give the values of
dx/ds etc. with an ambiguity of sign. The appropriate signs are most
easily worked out by examining the behaviour of the measured azimuth
and depression as the depth increases. In general ) this can be done
without serious difficulty.

3, AN EXOTLE OF THE  PROCESS.

As an example of the method of procedure and of the difference
between the results and those obtained using the elementary method, the
process has been applied to the West Peko drill. hole 2A, at Tennant Creek.
The survey data for this hole have been supplied by Peko Mines N.L.

The hole was collared at 6475W, 765N on the survey grid, the
azimuth of which is 1 degree east of magnetic north. The azimuth of the
hole is approximately 180 degrees. It is convenient to take the X—axis in
the direction of the grid azimuth ) positive to the south, and the Y—axis
positive to the west. From an examination of the survey data, it appears
that the depression of the hole varies almost continuously from 70 degrees
to 36 degrees. It is apparent therefore that both x and z increase
continuously with s ) so that dx/ds and dz/ds are both positive. The
azimuth varies from west to east of grid south, so that dy/ds has the same
sign as dy/dx.

The calculations for this hole are shown on Tables 1 and 2 and
Plate 1. Table 1 shows the first stage up to the calculation of the
derivatives dx/ds etc. The second and third columns show the measured
angles, and the next four the trigonometrical functions of these angles
required for the calculations. The next^columns contain the derivatives
dy/dx etc., calculated to slide—rule accuracy using Equations (2). The
last twelve columns show the calculation of the derivatives dx/ds etc. )

using Equations (1). All this calculation may be performed easily ) using
the early portions of Barlowts Tables which include a table of n

—r against n.

Plate 1 shows the graphs dx/ds, dy/ds, dz/ds against s.
Table 2 shows the remainder of the calculation ^the values ofC(dx/ds)ds etc. obtained by graphical integration from Plate 1 and their
\;0
reduction to grid coordinates, using the coordinates of the collar of the
hole. The whole process is performed very expeditiously.

4. A NOTE ON SMOOTHING

The curves on Plate 1 show many small irregularities. The
propriety- of smoothing these out before integration is a matter of some
theoretical interest, although in practice it is not likely to affect the
accuracy of the final result. As mentioned earlier, the measurements are
subject to considerable practical difficulties which limit the inherent
accuracy of the final readings; therefore random errors may be expected.
However / it cannot be assumed that all minor irregularities are due to
instrumental errors. Conditions in the ground are also subject to sudden
and irregular variations, which could cause minor irregularities in the
curves. A more refined analysis might provide a basis for rejecting



certain readings. Such analysis would lead to the conclusion that second
derivatives of the type dix/ds 2 could not exceed a certain maximum,
depending on the elastic properties of the driil . rods; A . reading that
implied a value of any such second derivative exceeding this maximum
could safely be rejected.Witharbsuch information there appears to be no
valid basis for smoothing the curves.

5 ; THE ACCURACY OF THE METHODS

The results of the survey have been calculated by Peko Mines NiL4,
using the elementary method described earlier. It is not possible to
compare these results with those shown on Table 2 in detail, as the
elementary method gives coordinates at points half way between the survey
points, while the more refined method gives coordinates at the survey
points. A measure of the agreement of the two methods is provided by
the calculated coordinates of the bottom of the hole. The results are as
follows:

Table 2;
^

3935 S
^

6438.7 W
^

Depth 1843..9

Peko Mines N.L.^397.95 S
^

6439.95 W
^

Depth 1845.17

It should be noted that the accuracy of these figures as shown
is quite illusory; It is desirable to make the calculations to a greater
degree of accuracy than is warranted, in order to avoid the possibility of
the accumulation of rounding-off errors, which in an integration process
such as this might be considerable. However, considering the overall
accuracy of the measurements, an accuracy to the nearest foot is probably
greater than can be expected, and the decimal places shown are meaningless.

The largest discrepancy is one of ftiur feet in the NS dirion
which in the present case is quite insignificant. Another possibility of
comparison is in the Y-coordinate. The greatest excursion of the hole to
the west is shown on Table 2 as 42.8ft at s=950, and by Peko Mines N. L.
as 44.6 ft at about the same point. It appears, therefore, that in this
hole the accuracy of the elementary method is satisfactory.

As compared with the method described, the elementary method
has two possible sources of error:

(a) the derivative curves are replaced by series of horizontal
lines, each centred at a measuring point, and the integral
under the curve is replaced by the sum of the rectangular areas
under these lines. As long as the curve is monotonically .
increasing or decreasing, the horizontal line will cross the
curve at the measuring point pand the error in taking the
rectangular area as the integral will balance outi to the first
order. The only occasion on which this approximation to the
integral will involve a completely uncompensated error, is
when the measuring point coincides with a turning point of
the curve,;

(b) the derivatives in the Various directions are Considered
independently, neglecting the fact that each derivative

is affected by derivatives in other directions. This is
unimpadent in the present case, as variations in azimuth are



much less than variations in depression. A more serious:
error would be involved in a hole in which variations in
azimuth were about the same size as those in depression.

It appears that no advantage would be obtained by more
refined methods of handling the observed results. What is required'
is a measure of the general accuracy of the whole surveying process.
This would involve an investigation taking account of the accuracy of
the surveying method and the elastic conditions of the drilling
equipment; it would not lead to a more accurate method of calculation,
but would make it possible to specify a region, around the calculated
position of the survey point, in which the probability of the result
exceeded some specified value.
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TABLE 2 .

S
s
dx

S c-i-d ss
0 t.,

rs s
-112-ds ds

o L.,

"S dz ds N W Depthds
0

0 0 0 0 765.011 6475.0 0
66 22.3 3.4 62.0 • 742.7 6478.4 62.0

100 33.9 503 94.0 731.1 6480.3 94.0
160 54.3 8.7 150.2 710.7 6483.7 150.2
200 67.9 10.9 187.8 697.1 6485.9 187.8

280 95.0 16.5 262.8 670.0 6491.5 ' 262.8
340 155-5 20.9 319.0 609.5 6495.9 319.0
400 136.1 24.8 375.1 628.9 .6499.8 375.1
500 170.6 31.0 468.7 594.4 6506.0 468.7
540 185.2 33.2 505.8 579•8 6508.2 505.8

560 192.9 34.3 524.3 572.1 6509.3 524.3
580 200.5 35.4 542.8 564.5 6510.4 542.8
600 208.2 36.6 561.2 556.8 • 6511.6 561.2 •
619 215.7 37.4 578.6 549.3 6512.4 578.6
640 224.2,.,

38.2
.

597.8 540.8 6513.2 597.8

66o 232.5 38-9 615.9 532.5^, 6513.9 615.9
680 240.8 39.5 634.1 524.2 6514.5 634.1
700 249.0 40.3 652.2 516.0 6515.3 .652.2 •
750 270.1 • 42.1 697.4 • 494-9 6517.1 697.4
800 291.4 41.1 742.6 473.6 6516.1. 742.6

845 311.3 40.8 782.9 453.7 6515.8 782.9
900 336.1 41.8 832.0 428.9 6516.8 832.0
950 359.1 42.8 876.4 4050 6517.8 876.4

i 1000 382.9 42.1 920.4 382.1 6517.1 920.4
1050 407.3 41.4 964.0 3574 6516.4 964.0

1070 417.1 41.2 981.4 347-9 6516.2 981.4
1090 426.9 41.1 998.9 338.1 6516.1 998.9
1120 441.6 40.9 1025.1 323.4 6515.9 1025.1
1150 456.5 40.4 1051.3 308.5 6515.4 1051.3
1200 481.5 40.0 1094.6 283.5 6515.0 1094.6

1272 •517.9 36.3 1156.4 247.1 6511.3 1156-4
1310 537.4 33.0 1188.9 227.6 6508.0 1188.9
1 355 560.7 29.7 1227.2 204.3 6504.7 1227.2
1400 584.8 25.8 1265.0 180.2 6500.8 1265.0
1450 611.8 21.3 1306.9 153.2 6496.3 1306.9

1460 617.2 20.4 1315.3 147.8 6495-4 1315.3
1470 622.6 19.5 1323.6 142.4 6494.5 1323.6
1505 641.3 16.8 1353.0 123.7 6491.8 1353.0
1540 - 660.6 14.5 1382.2 104.4 6489-5 1382.2
1600 696.1 11.1 1430.3 68.9 6486.1 1430.3

1620 708.5 10.0 14454
'

56.5 6485.0 1445-9
1680 747.7 6.3 1491.1 17.3W 6481.3 1491.1
1710 768.1 4.4 1512.9 3.1s 6479.4 - 1512.9
1800 830.6 -1.8 1575.9 65.6s 6473.2 1575.9
1890 896.1 -6.8 1636.1 131.1s 6468.2 1636.1

2000 979.5 -12.7 1707.6 214.5s 6462.3 1707.6
2100 1057.0 -22.1 1770.0 292.0S 6452.9 ' 1770.0
2198 1135.0 -33.2 1828.3 370.0S 6441.8 1828.3
2227 1158.5 -36.3 1843.9 393.5s 6438.7 1843.9

To Accompany Fiecord No. 1962137
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