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FOREWORD 

Borehole logging is a basic tool in the exploration for and delineation of 
uranium deposits. The main characteristic of interest is the radioactivity associ-
ated with the uranium. This can be used for the quantitative evaluation of the 
uranium content of rocks intercepted by the borehole. A number of other logging 
techniques are also used to provide additional information. To carry out accurate 
and reliable logging and interpretation requires careful adherence to sound basic 
procedures. This manual is designed to provide an explanation of such procedures 
in a clear and straightforward manner so as to meet the needs of field practitioners. 

The preparation of this manual was first suggested in June 1982 by the 
Subsurface Geophysics Project of the former Joint NEA/IAEA Group of Experts 
on R&D in Uranium Exploration Techniques. Members of the Project contributed 
to its preparation. Special thanks are due to P. Killeen of the Geological Survey 
of Canada, Chairman of the Subsurface Geophysics Project, D.C. George of Bendix 
Field Engineering Corporation, and V.L.R. Furlong, consultant, who collaborated 
in drafting the manual. M. Tauchid was the principal IAEA staff member involved 
in the project. 



EDITORIAL NOTE 

The mention of specific companies or of their products or brand names does not imply any 
endorsement or recommendation on the part of the IAEA. 



CONTENTS 

1. INTRODUCTION 1 

2. THE BOREHOLE: ITS CHARACTERISTICS AND EFFECTS 1 

3. GROSS COUNT GAMMA RAY LOGGING 2 

3.1. Instrumentation and practice 3 
3.2. Data reduction 6 
3.3. Gamma ray log data reduction examples 6 

4. RESISTANCE, RESISTIVITY AND CONDUCTIVITY 13 

4.1. Introduction 13 
4.2. Instrumentation 13 
4.3. Single point resistance and resistivity 15 
4.4. Normal resistivity 16 
4.5. Return electrode 16 

5. SPONTANEOUS POTENTIAL 16 

5.1. Introduction 16 

5.2. Physical description 17 

6. DENSITY LOGGING 17 

7. NEUTRON LOGGING 19 
7.1. Introduction 19 
7.2. Interpretation 19 

8. FIELD PROCEDURES 20 

8.1. Planning the field operation 20 
8.2. Preparation for logging 21 
8.3. Prelogging check 21 
8.4. Logging 22 
8.5. Downhole trip 22 
8.6. Obstructions in the hole 23 
8.7. Logging the hole 23 



9. LOGGING EXAMPLES 24 

9.1. Sedimentary environment 25 
9.2. Metamorphic environment 28 
9.3. Granitic environment 31 

APPENDIX 1 : CALIBRATION PROCEDURE FOR GROSS COUNT 
GAMMA RAY LOGGING 33 

APPENDIX 2: CORRECTION FACTORS FOR GROSS COUNT 
GAMMA RAY LOGGING 36 

APPENDIX 3: GLOSSARY AND REFERENCE DATA 41 



1. INTRODUCTION 

Borehole logging has properly earned its status as a basic operational technique 
for measuring the physical and chemical properties of rocks. By eliminating or 
sharply reducing the need for core hole drilling, exploration work can be carried out 
in a much more rapid and economical manner. The technique is particularly 
applicable to uranium and is in widespread use for this mineral. As with all geo-
physical techniques, the equipment must be properly calibrated and operated 
correctly and consistently. The logs must be interpreted with proper allowance 
for the various factors that influence the readings obtained. Only by careful 
attention to all these aspects will the results be reliable. 

This manual describes recommended procedures for carrying out borehole 
logging, concentrating on practical aspects of the operation of interest to those 
actually involved in day-to-day field work. Additional and more detailed infor-
mation can be obtained from IAEA Technical Reports Series No. 212, "Borehole 
Logging for Uranium Exploration: A Manual", and the references cited therein. 

The present book begins with a discussion of boreholes and then deals with 
gamma ray logging as the main method of interest. Information is also provided 
on other techniques including resistance, spontaneous potential, density and 
neutron logging. Field procedures are described, and examples of logs and inter-
pretations are given. The appendices provide information on calibration 
procedures and correction factors, a glossary of useful terms and some relevant 
basic data regarding drill holes and drilling. 

2. THE BOREHOLE: 
ITS CHARACTERISTICS AND EFFECTS 

Borehole geophysical logging requires by definition the presence of a borehole. 
. This is the means by which a probe gains access to the formation for detailed 
measurements to be made. The fluids in a borehole act as the main medium for the 
measuring device to come into contact with the formation. They may also distort 
many of the measurements. 

The act of drilling the borehole can disturb the environment of the formation, 
especially in the case of sedimentary rocks as a result of their high porosity. The 
regions immediately around the borehole are not exactly the same as those further 
away because of this drilling action. 
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The drilling fluid may be air, water, a mud mixture, oil, an oil-water 
emulsion, or a foam. Whatever the type, the fluid may have a great effect on 
measurements because it may invade the formation. However, in igneous and 
metamorphic rocks these effects are usually negligible. 

Tables of diamond core drilling bit sizes and hole sizes are given in 
Appendix 3. 

3. GROSS COUNT GAMMA RAY LOGGING 

Only three radioactive elements occur naturally in the earth's crust in 
significant quantities. They are uranium, thorium and potassium. For gamma ray 
logging these elements are more precisely called 'parent isotopes' since they 
radioactively decay, changing to other elements (called 'daughter isotopes'). 
Gamma ray activity is measured principally from the daughters, not the parents 
(potassium excluded). 

Uranium occurs naturally as two isotopes, 238U and 235U. The latter forms 
0.72% of naturally occurring uranium and provides the fuel for most nuclear 
reactors. The isotope 238U represents 99.3% of naturally occurring uranium and 
is the parent which produces daughters, in particular 214Pb and 214Bi, which emit 
the gamma rays detected in gross count logging. If the gamma ray log is to indicate 
the actual uranium in a formation then it must be known whether the uranium 
and the daughters are in 'secular equilibrium'. There are two principal reasons 
why they might not be. First, the uranium and its daughters can be separated 
by geochemical processes — and in this case the gamma ray log can indicate more 
or less uranium than is actually present. Secondly, the daughters can be absent 
or partly absent because one of the daughter elements is a gas (222Rn). In this 
case the gamma ray log will indicate less uranium than is actually present. Escape 
of 222Rn is not a problem if the formation is below the water table. 

Thorium occurs naturally as only one isotope, 232Th. For gamma ray logging, 
it is again the daughter element (208T1) which emits the gamma rays. It is usually 
assumed that the thorium decay series is in equilibrium. 

Potassium occurs naturally in several isotopes but only one — 40K — is 
radioactive. This, however, forms only a small percentage (0.0118%) of naturally 
occurring potassium. In this case 40K itself emits a gamma ray as it decays so the 
gamma ray intensity directly indicates the concentration of 40K and, therefore, 
the concentration of potassium. 

Potassium, uranium, and thorium do not contribute equally to the gross 
count gamma ray log. Specifically, 1% potassium contributes a count rate that 
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is equivalent to approximately 1.5 parts per million (ppm) uranium. Similarly, 
1 ppm thorium contributes a count rate that is equivalent to approximately 
0.3 ppm uranium. These equivalences are important to remember for 'lithological' 
or 'stratigraphie' logging but the thorium and potassium concentrations are not 
important in uranium ores unless the ore contains abnormally high concentrations 
of thorium. For example, if a sedimentary environment contained 10 ppm 
thorium and 2% potassium, thorium and potassium would make the same contri-
bution to the log as approximately 6 ppm uranium. 

Uranium, thorium, and potassium grades or concentrations are specified 
on the basis of weight. The units of measurement for uranium (and thorium) 
grades are specified with a small 'e' (for example, ppm eU or % eU308) to indicate 
that the measurement is made on daughters, not the parent directly. The concen-
tration of the parent is predicted from a measurement of the daughter as if the 
parent and daughters were in equilibrium, whether or not they actually are. 
Additionally, grades are sometimes specified as uranium (U) and sometimes as 
uranium-oxide (U308) : the conversion shows that, for example, 1.18 ppm eU 
is the same grade as 1.0 ppm eU 30 8 . 

Gamma rays are emitted from radioisotopes at specific energies, measured 
in kilo-electronvolts (keV). Gross count logging means counting all gamma rays 
which are detected. For a typical logging tool, this means all gamma rays with 
energies greater than about 50 keV and less than 400 keV. Some logging tools 
are 'filtered', meaning that the detector is shielded from lower energy gamma rays; 
these tools respond to rays with energies greater than about 400 keV and the 
filtering is designed to improve the response of the probe to high uranium grades 
(above 0.5% eU). Gross count logging measurements are not to be confused with 
measurements sometimes called 'total count' which are derived from electronic 
discrimination of gamma ray energies and are usually associated with spectro-
meters. The total count measurements are derived from electronic discrimination 
of gamma ray energies. 

3.1. INSTRUMENTATION AND PRACTICE 

A typical system necessary to acquire a gross, count gamma ray log is shown 
in Fig. 1. The gamma rays are detected by a sensor which is usually an Nal(Tl) 
(sodium iodide, thallium activated) crystal which emits a small flash of light for 
each gamma ray which strikes it. The light flash is converted into an electrical 
signal by a photomultiplier tube mounted on one end of the crystal, amplified 
and sent via the cable to the surface equipment where it is counted. The count 
rate is determined by a ratemeter and displayed on an analog chart. The gamma 
rays could also be counted by a scaler and the counts printed and recorded. The 
system also displays and/or records the depth of the logging tool. 
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FIG. 1. Basic instrumentation for gross count gamma ray logging. 

The size of the detector and the type of shielding (or filtering) are important 
in determining the performance of a given system. A larger detector allows faster 
logging speeds while a smaller detector allows more accurate measurement of 
higher uranium grades. An unfiltered detector of about 2 X 4 cm (diameter by 
length, cylindrical) is common for most exploratory logging while a filtered 
detector of 3 X 7 cm is recommended for development logging. The filter around 
the detector in a typical filtered probe consists of 0.9 mm of copper (innermost), 
1.5 mm of cadmium and 3.5 mm of'lead (outermost). Although larger detectors 
are sometimes more desirable from the point of view of data quality, they result 
in larger probes which are more likely to be lost in exploration drill holes. 

The logging operation is carried out while the probe is being winched up 
the borehole at constant speed. Typical speeds range from 1 to 10 m/min. Faster 
speeds may cause distortions of the log, especially in an analog system. The time 
constant for the ratemeter in an analog system should be selected (or the logging 
speed should be selected) so that the probe travels no more than 10 cm in a time 
interval which is twice the ratemeter time constant (for example, for a 3 s time 
constant, speeds should be no more than 10 cm per 6 s or 1 m/min). The sampling 
interval for a digital system should never be more than 15 cm and 5 cm is 
recommended. For both analog and digital systems, slower logging speeds produce 
higher quality logs. 

The scale for the plotted log should be initially chosen so that the changes 
in count rate due to changes in lithology for the unmineralized sections of the 
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Count rate 
Values 
(counts/s) 

Depth interval 
(m) 

Area 
((counts/s)-m) 

N i 20 0.15 3.0 

n 2 116 0.15 17.4 

n 3 568 0.15 85.2 

n 4 1866 0.15 279.9 

N s 2890 0.15 433.5 

n 6 
3040 0.15 456.0 

n 7 3344 0.15 501.6 

N g 1632 0.15 244.8 

n 9 424 0.15 63.6 

N,o 100 0.15 15.0 

N n 10 0.15 1.5 

Total area: 2101.5 

Correction factor: F = 1.0 
K-factor: K = 1.5 ppm eU/(counts/s) 
Grade-thickness: GT = KFA 1.5 X 1.0 X 2101.5 = 3152 ppm eU-m 

C o u n t rate (X 1000) 

0 .0 1.0 2.0 3 .0 
I » » » » I i • 

FIG. 2. Illustration of basic equation relating gamma ray logs to uranium grade. 
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hole are clearly discernible. Mineralized zones will usually cause the trace to go off 
scale and when this occurs a repeat of the section should be made with a scale 
chosen for maximum deflection within the scale. A depth scale of 100:1 (1 m of 
borehole to 1 cm of strip chart) is recommended for most exploratory logging 
while 50:1 is recommended for developmental logging. 

3.2. DATA REDUCTION 

The fundamental equation relating observed gamma ray logs to uranium 
grade is 

GT = KFA 

where G is the average equivalent uranium ore grade (in units of ppm eU for 
example), T is the thickness of the ore zone measured along its intersection with 
the hole, K is a constant known as the K-factor, F is a correction factor (more 
fully described in Appendix 2) needed to correct for hole size, casing, formation 
moisture and disequilibrium), and A is the area under the curve from the log 
(with a suitable correction for dead time). 

Figure 2 illustrates the use of this equation. The area under the logging 
curve is first determined. In this case the area is measured by approximating it 
by a series of rectangles and adding up the areas of each. The total area, 
2101.5 (counts/s)-m, is then multiplied by a K-factor (1.5 ppm eU-m/(counts/s) 
in this example) to obtain the grade-thickness product 3152 ppm eU-m. Note 
that the log only gives the grade-thickness product. To determine thickness and 
therefore grade for that thickness, the log must be interpreted or other infor-
mation must be known to determine thickness. For an ore zone thicker than 
about 0.7 m, thickness may be deduced by choosing 'half amplitude' points on 
the log (10.50 m and 11.12 m in the example). Once the thickness is known, 
grade can be calculated by dividing grade-thickness (from the log) by thickness. 
For the example, thickness would be 0.62 m and grade would be 5084 ppm eU. 
For ore zones thinner than about 0.7 m the log always indicates a thicker zone 
than is actually present, so, for example, thickness is probably a little less than 
0.62 m and grade is probably a little more than 5084 ppm. 

3.3. GAMMA RAY LOG DATA REDUCTION EXAMPLES 

This section gives three examples of quantitative analysis of gross count 
gamma ray logs. Selected portions of two logs have been chosen. The following 
step-by-step procedure is recommended for performing the analysis. 
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(1) Determine the depths below and above the anomaly at which the curve is 
judged to reach background (the average level of the radiation from the 
unmineralized zone adjacent to the mineralized zone). 

(2) Numerically determine the total area under the curve between the two 
depths chosen in Step 1. The area may be determined by any of several 
methods but the most simple method, that of approximating the area with 
rectangles, is sufficient if the data intervals are chosen small enough (0.15 m 
or less). The data should be first corrected for 'dead time'. The following 
procedure may be used: 

Mark off the curve at the chosen interval, not exceeding 0.15 m. 
Read the value of the log at each marked point, taking appropriate 
account of the scale used to produce the log. 
If a digital system is used and counts for each interval are listed, convert 
the listed counts to a count rate according to the instructions in the 
manufacturer's manual. To use the procedure described here, the 
observed quantity must be the count rate in counts per second. 
Correct each value for system dead time according to the equation: 

R 

1 0 0 0 0 0 0 

where Rc is the corrected count rate, R is the observed count rate 
in counts per second and T is the dead time, a parameter which is 
shown by the manufacturer for each instrument. Note that dead time 
must be stated in microseconds for this equation. 
Multiply the corrected count rate by the depth interval for that data 
point (that is length times width of the rectangle). It is not mandatory 
to make all depth intervals the same, but it is more convenient to do 
so and less likely to lead to errors. 
Add up the areas of all the rectangles. The result is the area under 
thé log, and its units are (counts/second)-metres. 

(3) Multiply the area by the correction factors if any. Procedures for determining 
these factors are given in Appendix 2. 

(4) Multiply the result by the K-factor. A procedure for determining the 
K-factor by calibration is given in Appendix 1. However, it may already 
be given by the manufacturer. In the past it has sometimes been common 
practice to quote the K-factor as a 'half-foot K-factor' or a 'tenth-metre 
K-factor'. If the K-factor is specified in this way, it should be converted 
to the K-factor which is used here by dividing it by the stated length. For 
example, if it is a tenth-metre K-factor (sometimes called a ten-centimetre 
K-factor) and equal to 1.5 X 10"5, say, then divide it by 0.1 (m) to get 
1.5 X 10"4 or 0.00015. 

(a) 
(b) 

(c) 

(d) 
Rc = 

(e) 

(f) 
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EXAMPLE 1. CALCULATION SHEET FOR GROSS COUNT GAMMA RAY LOG 

Hole No.: RD-5 
Depth of anomaly: 304.9 m to 309.9 m 
Hole size: 11.8 cm 
Casing: none 
Formation moisture: not estimated 
Disequilibrium: none 
Max. count rate: 3900 per second 

Probe No. 1 

Hole size correction factor: 1.13 
Casing correction factor: 1.0 
Moisture correction factor: 1.0 
Disequilibrium correction factor: 0.87 
Z-effect correction factor: 1.0 
Overall correction factor: 0.9831 

K-factor: 1.214 X 10~5% eU3Og/(counts/s) 
Dead time: 0.96 /us 
Scale per division: 500 (counts/s)/div. 

r <-«. J D e a d t l m e „ i U ^ Log Observed Depth 
Depth corrected , Area 
, deflection count rate interval .. , . . 
(m) . . . . . . , count rate . . ((counts/s)-m) 

(divisions) (s ) , — i . (m) (s ) 

304.9 0.65 325 
305.0 0.95 475 
305.1 1.94 970 
305.2 3.00 1500 
305.3 3.72 1860 
305.4 3.60 1800 
305.5 3.21 1605 
305.6 3.05 1525 
305.7 2.92 1460 
305.8 3.11 1555 
305.9 3.16 1580 
306.0 3.14 1570 
306.1 3.28 1640 
306.2 3.47 1735 
306.3 3.18 1590 
306.4 3.00 1500 
306.5 2.77 1385 
306.6 2.37 1185 
306.7 1.68 840 
306.8 0.96 480 
306.9 0.55 275 

325 0.1 32.5 
475 0.1 47.5 
971 0.1 97.1 

1502 0.1 150.2 
1863 0.1 186.3 
1803 0.1 180.3 
1607 0.1 160.7 
1527 0.1 152.7 
1462 0.1 146.2 
1557 0.1 155.7 
1582 0.1 158.2 
1572 0.1 157.2 
1643 0.1 164.3 
1738 0.1 173.8 
1592 0.1 159.2 
1502 0.1 150.2 
1387 0.1 138.7 
1186 0.1 118.6 

841 0.1 84.1 
480 0.1 48.0 
275 0.1 27.5 

2689.0 

Total area: 2689.0 (counts/s)-m 
Grade-thickness: (1.214 X 10"5) (0.9831) (2689.0) = 0.03209% eU 3 0 8 -m 
Lower half-amplitude depth: 306.7 m 
Upper half-amplitude depth: 305.1 m 
Estimated thickness: 1.6 m 
Estimated average grade: (0.03209)/(1.6) = 0.020% eU 3 O s . 
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FIG. 3. Example 1. 

(5) The result is the grade-thickness product for the total amount of minerali-
zation which produced the gamma ray anomaly and the units of the result 
are in the units specified for your K-factor (ppm eU or % eU3Og) times the 
unit of length you chose for the determination of area (commonly metres). 

The following examples show the application of this procedure and give 
insight into the interpretation of the thickness of the mineralized zone. 

Example 1 

A typical gamma ray anomaly is shown in Fig. 3. The character of this 
anomaly indicates it is a reasonably thick zone of reasonably uniform grade. 
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FIG. 4. Example 2. 



EXAMPLE 2. CALCULATION SHEET FOR GROSS COUNT GAMMA RAY LOG 

Hole No. : Example 2 
Depth of anomaly: 202.4 to 203.4 m 
Hole size: 11.4 cm 
Casing: none 
Formation moisture: not estimated 
Disequilibrium: none 
Max. count rate: 

Probe No. 1 

Hole size correction factor: 1.0 
Casing correction factor: 1.0 
Moisture correction factor: 1.0 
Disequilibrium correction factor: 1.0 
Z-effect correction factor: 1.0 
Overall correction factor: 1.0 

K-factor:- 1.214 ppm eU/(counts/s) 
Dead time: 0.96 ps 
Scale per division: 500 (counts/s)/div. 

„ , , Dead tune „ 
„ , Log Observed ^ , Depth 
Depth , _ corrected , Area 
, . deflection count rate interval . , . .. 
(m) . j, . , . . , count rate . . ((counts/s)-m) 

(divisions) (s ) (m) 
is ) 

202.40 0.63 315 315 0.1 31.5 
202.45 0.72 360 360 0.1 36.0 
202.50 0.84 420 420 0.1 42.0 
202.55 1.15 575 575 0.1 57.5 
202.60 1.53 765 766 0.1 76.6 
202.65 2.56 1280 1282 0.1 128.2 
202.70 3.98 1990 1994 0.1 199.4 
202.75 6.29 3145 3155 0.1 316.5 
202.80 8.54 4270 4288 0.1 428.8 
202.85 7.54 3770 3784 0.1 378.4 
202.90 6.19 3095 3104 0.1 310.4 
202.95 4.36 2180 2185 0.1 218.5 
203.00 2.65 1325 1327 0.1 132.7 
203.05 2.18 1090 1091 0.1 109.1 
203.10 1.76 880 881 0.1 88.1 
203.15 1.42 710 710 0.1 71.0 
203.20 1.09 545 545 0.1 54.5 
203.25 0.96 480 480 0.1 48.0 
203.30 0.81 405 405 0.1 40.5 
203.35 0.62 310 310 0.1 31.0 
203.40 0.42 210 210 0.1 21.0 

2820.0 

Total area: 2820 (counts/s)-m 
Grade-thickness: 2820 X 1.0 X 1 .214= 3423 ppm eU-m 
Lower half-amplitude depth: 202.90 m 
Upper half-amplitude depth: 202.75 m 
Estimated thickness: 0.25 m 
Estimated average grade: 13 692 ppm eU 
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The correction factors are determined as described in Appendix 2. With 
the given hole size and the water correction curve, the correction factor in this 
case is 1.13. No casing was used and so no correction was necessary. The 
formation moisture was not estimated or measured so no correction was made 
(note that this implies that the formation moisture is approximately the same 
as the moisture in the model used for calibration). The disequilibrium factor is 
assumed to be 0.87 for this example. (In practice it would probably be determined 
from core analysis of other holes (or this hole) in the same ore deposit.) The 
Z-effect correction is negligible with a maximum count rate of 3900 counts/s. 
Thus, the combined overall correction factor, obtained by multiplying all the 
factors together, is 0.9831. 

The area under the log curve is determined as shown on the calculation 
sheet: the log is marked off at 0.1 m intervals as shown in Fig. 3, the deflections 
are noted and the area is calculated according to the step-by-step procedure given 
above. 

The result is 0.03209% eU308-m for grade thickness. The depths at the 
upper and lower boundaries of the mineralized zone are chosen at the half-
amplitude points. To determine the half amplitude, the full amplitude is first 
found by judging where the log would level off if the ore zone were homogeneous. 
In this case, the upper boundary is chosen at 305.1 m and the lower boundary at 
306.7 m. The full amplitude for the lower boundary is taken as the 'shoulder' 
on the curve at 306.2 m. Once the thickness is found, the average grade for the 
mineralization is determined as shown. Note that this grade is an average, not 
maximum or minimum. 

Example 2 

Another anomaly is shown in Fig. 4. Corrections are assumed not to be 
needed so the correction factors are 1.0 and the total area is determined as 
shown on the calculation sheet. The grade-thickness product is 3423 ppm eU-m. 
For a thin zone, the boundaries cannot accurately be obtained from the half-
amplitude points on the log. If they were, the half-amplitude point would be 
at 4.3 divisions, the thickness would be indicated as 0.25 m, and the average 
grade would be computed as 13692 ppm eU. However, in fact, the zone is thinner 
than 0.25 m and the grade is higher than 13692 ppm eU. It is difficult to estimate 
the true thickness of the thin zone and therefore its true average grade. One can 
only determine upper limits. It must be emphasized, however, that the grade-
thickness product is still correct and the total amount of uranium, as indicated 
from the grade-thickness product, is predicted correctly from the log. 
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4. RESISTANCE, RESISTIVITY AND CONDUCTIVITY 

4.1. INTRODUCTION 

If a material contains free charged particles, such as ions or electrons, and 
is subjected to a voltage gradient, the charged particles will move under the 
influence of the electrical field. The rate of flow of the particles is called the 
current. The impedance to their flow is known as the resistance. 

Such a situation is encountered if one connects the two terminals of a 
battery (a voltage source) by a metal wire (a material containing free electrons) 
(Fig. 5). There will be a voltage drop, V, along the wire, which can be measured 
with a voltmeter. The current flow, I, can be measured with an ammeter. If the 
voltage drop is in volts and the current is in amperes, their ratio, R, is the resistance 
in ohms. This relationship is known as Ohm's law: 

R = V/I 

The resistivity of a substance is the resistance of a cubic block of the substance 
with sides of unit length. 

Any electrical current flow in rocks takes place primarily within the fluids 
in the pore spaces. Thus, the determination of resistivity indicates the character 
of the pore space and the rock matrix. 

4.2. INSTRUMENTATION 

Figure 6 shows the so-called single point resistance arrangement. This has 
one downhole electrode, combining both the current and the measuring circuits. 
The return electrode is at a great distance away. The device A here is essentially a 
constant current generator and rg represents the resistance of the ground. 

The downhole electrode may be separated as shown in Fig. 7 into a current 
electrode, C, and a measuring electrode, M. This system is known as a normal 
array or a normal resistivity circuit. The return electrodes are still at a great 
distance. 

Less commonly used are lateral arrays, focussed arrays, and induction arrays 
using three or four electrodes downhole. These are discussed in detail in IAEA 
Technical Reports Series No. 212. 

An alternating current source is usually used because the electrical current 
flow causes chemical reactions to take place at the electrode surface. These 
reactions interfere with the flow of current, but are reversible in the short term. 
The periodic reversal of the flow in an alternating current tends thus to nullify 
the effects of the chemical reactions. 
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FIG. 8. Electrode spacing and depth of investigation. 

The principle of all resistivity systems is essentially the same: an electrical 
current is caused to flow through the material under test, the voltage drop along 
the current path is measured, and the resistance or resistivity is calculated. The 
electrode configuration determines the measurement geometry. 

4.3. SINGLE POINT RESISTANCE AND RESISTIVITY 

Important characteristics of single point resistivity measurements are: 

(1) The log from a single point system for a thin formation having anomalous 
resistivity is always of the same form. Therefore the single point system is 
excellent for correlation between one hole and another. 
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(2) At shallow depths, results from single point resistivity systems will be strongly 
affected by borehole conditions such as washouts. 

(3) Borehole fluid and hole size will also affect the log. A larger borehole 
diameter or a more conductive mud will greatly lower the curve and smooth 
it out. 

4.4. NORMAL RESISTIVITY 

Normal resistivity systems using different spacings or arrays have also been 
employed to avoid some of the difficulties of the single point resistance log. 

In such systems (see Fig. 7) the current electrode, C, is much closer to the 
measuring electrode, M, than either is to the return electrodes, N and B. The 
measuring return, N, and the current return, B, can be considered to be at an 
infinite distance away from M and C. 

The depth of investigation is usually great enough to prevent problems 
arising from hole size and hole conditions. 

The depth of investigation is determined by the electrode spacings. A common 
practice is to run a combination of two or more normal spacings often called the 
short and long normal resistivity logs, as shown in Fig. 8. Typical spacings would 
be 40 cm and 130 cm. 

4.5. RETURN ELECTRODE 

It is important that the return electrode grounding resistance be kept 
extremely low. This electrode may be a metal stake driven into the ground in a 
wet and preferably conductive location. Often a small hole is dug for the purpose 
and watered and' salted. An alternative practice is to return the resistivity current 
via the cable armour. This puts the return electrode into the borehole fluid. 
However, with this technique, the resistance will apparently start to decrease 
when the sonde approaches the surface. 

5. SPONTANEOUS POTENTIAL 

5.1. INTRODUCTION 

Spontaneous potentials (SP) (sometimes referred to as self-potentials) occur 
in the earth. The SP in a borehole can only be measured in an open, uncased hole. 
Both metallic and non-metallic casings prevent its measurement. 
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5.2. PHYSICAL DESCRIPTION 

Spontaneous potentials arise from an unbalanced distribution of ions caused 
by one or more mechanisms. The primary mechanisms appear to be diffusion, 
adsorption, oxidation-reduction and electrofiltration. Any of these can unbalance 
the ion concentrations and result in a potential difference which causes an electrical 
current to flow. An SP electrode is used to measure this voltage with respect to a 
distant, identical electrode. A high impedance voltmeter is used. The arrangement 
is illustrated in Fig. 9. 

6. DENSITY LOGGING 

Gamma-gamma density logging can be used to determine the bulk density 
of rock formations. This is useful for hole-to-hole correlation and for ore grade 
calculations. 

Density logging makes use of gamma rays from a radioactive source inside 
the probe which are scattered back to a detector from the electrons within the 
rock formations. 

Figure 10 shows one of the most commonly used single spacing density 
systems — the sidewall density tool. The sidewall tools usually employ a centering 
device, such as one or more bow springs or spring-loaded arms which cause the 
tool to ride against the hole wall. This type of tool responds mainly to formation 
density. 
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FIG. 10. Sidewall density tool. 

Density logging uses the same type of circuitry as the gross count gamma 
systems. Density probes employ standard gamma ray detectors, usually with 
sodium iodide (thallium activated) crystals and photomultipliers. 

Density logging tools are of two types, single spacing and dual spacing. 
The single spacing type uses a single source and detector within the probe. The 
source-to-detector spacing determines the depth of investigation, which is usually 
considered to be about one-third of the spacing. If a second detector is used 
in the probe, there are two source-detector spacings, each corresponding to a 
different depth of investigation. The count rate at the short spacing detector 
is more strongly affected by borehole wall conditions than that at the long 
spacing detector. This fact is often used to correct for borehole effects on the 
bulk density measurements in holes with poor wall conditions. However, in 
most crystalline rock environments, hole diameters are small, wall conditions 
are good and single spacing tools can be used. 

The count rate recorded by the detector will be related to the number of 
gamma rays from the source which are scattered back to the probe by the electrons 
in the rock formation. 

Calibration of a gamma-gamma density probe is carried out by recording the 
count rates with the probe inside blocks of known density. The graph of density 
against count rate can then be used to convert the gamma-gamma log to a density 
log. 

If a density probe passes through a naturally radioactive zone in the rock such 
as a uranium occurrence, the natural gamma rays will produce a false density 
response at the detector. A false reading may also arise from a variation in the 
number of electrons in the rock materials compared to the rock density. The 
gamma-gamma density method depends on counting gamma rays scattered by 
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electrons and assumes that the number of electrons is related to the density. This 
is true for a constant Z/A ratio (atomic number/atomic weight). The value of 
Z/A is close to 0.5 for most rocks and this is the value on which the calibration 
is based. Any deviation of the Z/A ratio from 0.5 requires corrections to be 
applied to the apparent density. The bulk density is then computed from the 
apparent density by means of the following equation: 

_ _ 0.5 X Dapparent 
»bulk - ( Z / A ) 

7. NEUTRON LOGGING 

7.1. INTRODUCTION 

Neutron-neutron (neutron porosity) logging is based on the ability of 
hydrogen to moderate (slow down) high energy neutrons. The neutrons are 
produced by a source within the probe. Since most of the hydrogen in a formation 
is contained in fluids, neutron-neutron logging effectively determines fluid content 
and since, in turn, the fluid is contained in the pores, the logging provides infor-
mation on porosity. For clays anomalous results are obtained. Nevertheless, 
such aberrations can be used to characterize and quantify particular conditions, 
especially when neutron logging data are correlated with information yielded by 
other porosity measurement techniques. Neutron porosity logging circuitry is 
similar to other types of circuitry for radiation detection, the main difference 
being in the type of detector. The most commonly used device for neutron 
logging is the helium-3 detector. Nearly all casing materials are quite transparent 
to neutrons. Difficulties in interpretation may result, however, from a non-
centered casing or from the use of PVC materials. 

Most porosity logging tools are omnidirectional devices which ride the 
wall of the hole by gravity. It is important with such tools to ensure that the 
probe does not float away from the hole wall. This is a danger with any hole 
whose deviation is less than about two degrees. 

7.2. INTERPRETATION 

Neutron porosity systems are usually interpreted (for porosity or percent-
age water) by means of empirically determined charts. 

The overlay method for scaling field logs can be used with a fair degree of 
success. It is valid on any type of neutron porosity log. In mineral exploration 
a borehole is often first drilled and then filled with water in order to record a 
resistivity curve. Since both the resistivity and neutron techniques are used to 
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find porosity, the neutron log can be used in place of the resistivity. Thus the cost 
of a water truck may be saved. The neutron tool is also effective in cased holes, 
especially when the casing is made of steel. 

In hard rock logging, the porosity is extremely low and the major response 
in a neutron log is from the actual rock material itself. Thus the technique can 
effectively be used as a lithology measurement in hard rock environments. A fairly 
long spacing should be employed in this case. 

8. FIELD PROCEDURES 

8.1. PLANNING THE FIELD OPERATION 

A description of the details of mobilization is difficult, since each situation 
has unique features. There are, however, some good practices which are common 
to all situations. 

A decision must be taken well in advance about what information is to be 
obtained from logging. One approach is first to list all parameters that should 
ideally be determined and then to eliminate those whose determination proves 
to be impractical. 

The choice of equipment to be used must take into account the nature 
of the terrain to be studied. Thus, in mountainous regions, the obvious choice 
would be light equipment which could be carried in a simple back-pack and 
did not require vehicular transport. In general, a digital handling and processing 
system is better, more complete and more flexible than an analog system; 
however, such systems are not always available or desirable. Multiple tool logging 
units may be needed for more advanced resource evaluation. 

Planning should also include attention to the following details: 

( 1 ) Thorough checking of the equipment at home base prior to leaving for the 
field site. 

(2) Ensuring an adequate supply of expendable items such as batteries, pens, 
pencils, electrical insulating tape, paper, solder, silicone grease, etc. 

(3) Provision of an adequate supply of spare parts likely to be lost or damaged 
through wear. This includes such items as connectors, 'O' rings, set screws, etc. 

(4) Inclusion of an adequate tool box containing screwdrivers, wrenches, pliers, 
etc., and other tools specific to the logging equipment. 

(5) Proper packing of the equipment for transport to the site so as to ensure it 
will not be damaged. 
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8.2. PREPARATION FOR LOGGING 

The site should be inspected to determine a suitable location for the logging 
equipment. The equipment should be protected from the weather and drilling 
mud as much as possible. 

The logging operator should check with the project geologist to determine 
the hole location and desired logging parameters. The driller can also provide 
valuable information about the hole condition. 

Log headings should be filled out as completely as possible and should 
include: 

( 1 ) Hole identification (number) and owner 
(2) Location of hole 
(3) Hole diameter(s) 
(4) Hole casing, including type (plastic or steel), depth and thickness; if logging 

is inside a drill rod, this should be considered as the casing 
(5) Hole depth 
(6) Date 
(7) Logging operator's name 
(8) Sensor type and sizes 
(9) Probe number and type 

(10) Surface equipment type 
(11) Source type and strength (for density and porosity logging only) 
(12) Calibration readings taken at the site (if appropriate) 
(13) Log scales used (depth and deflection) 
(14) Zero positions (if possible recorded on the log) 
(15) Maximum depth logged (this should also be written on the log) 
(16) Logging speed(s) 
(17) Time constant (or digital sampling interval) 
(18) K-factor 
(19) Dead time 
(20) Water correction factor 
(21 ) Casing correction factor(s) 
(22) Remarks 

8.3. PRELOGGING CHECK 

All of the gear should be assembled for the first log. Again, a detailed 
operational check should be made. This is the time that any desired prelogging 
field calibrations should be carried out. Pens should be set and zeroed with 
analog systems; digital systems should be brought alive and programs loaded. 
Recorders should be checked to see there is sufficient paper, film or tape. Power 
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plants should be running smoothly; voltages and frequencies should be normal 
and steady. Any breaks should be checked and made operational. 

If the log is to be made inside the drill pipe while the drilling rig is still over 
the hole, the operator must be ready to log as soon as the drilling is complete. 

8.4. LOGGING 

When the equipment has been calibrated and is operating properly, the 
logging unit should be moved into the preselected location and the boom or 
sheave-wheel assembly put into place. 

The sheave assembly or truck boom should be positioned so that the probe 
and cable will be against one wall of the hole. The probe should not be centered 
in the hole unless centralizers are used. 

The surface electrode or electrodes for SP or resistivity logging should be 
put out. An SP return electrode should go into an earthen mud pit but not into 
a metal one. If a mud pit is not available, the electrode should be put in the mud 
or cuttings near the hole. As a last resort, the electrode may be put into a shallow 
depression near the borehole and water poured over it. 

The probe should be lowered until the zero point on the tool is at ground 
level. The depth indicators should then be set to zero. Alternatively, it may be 
easier to lower the probe until the neck is exactly at ground level and then to 
set the depth indication to a negative value corresponding to the distance between 
the neck and the exact position of the sensor (the settings will be different for 
different depth scales). Care should be taken in these operations because recording 
pens can easily be bent out of position. 

The deflection zero should also be checked by pressing the zero switch or 
turning the probe power off. 

The probe operation should be checked and the recorder or other display 
turned on without actually recording so that the progress may be monitored going 
down the hole. In extremely difficult hole conditions it is a good practice to make 
a recording while tripping down the hole in case later problems prevent a log. 
The normal procedure would be to log while coming up the hole because it is 
then possible to maintain a constant tension in the cable and a constant logging 
speed. 

8.5. DOWNHOLETRIP 

A moderate speed (i.e. usually 10 to 15m per minute) should be used 
initially and the logs monitored frequently. The depth and logging speed 
indicators should be checked. The cable on the winch drum should be watched. 
If the probe stops moving and the winch continues, serious tangles and damaged 
cable can result. Any radioactive anomalies on the log should be noted, with 
the depth and the deflection values recorded. This information will be needed 
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while logging. With analog equipment, the most appropriate scales and sensitivity 
should be determined. This is not necessary with computer-based or fully digital 
equipment. 

Slow the descent of the probe when it is close ( 15 m or so) to the depth 
to which the hole was drilled. 

8.6. OBSTRUCTIONS IN THE HOLE 

If the probe is stopped on the way down by an obstruction (sometimes 
called a bridge), the probe should be moved up and down with the winch. Too 
much slack cable should never be put into the hole. At shallow depths (less than 
50 m), 1 m of slack is the limit. If there is too much slack, the cable on the 
winch will become stationary and will get tangled. If the probe stops at a depth 
greater than about 50 m, no more than 2 m of slack should be allowed. If the 
probe drops through with too much slack, the cable may break and the sonde be 
lost. The probe should be allowed to stand on the obstruction with a little slack 
cable. There is a possibility that it may be moving slowly and if it is, about 1 m 
of slack should be allowed at a time. 

If the probe is not moving, the depth at which it has stopped should be noted 
by taking all slack out of the cable. The probe should be lifted 3 or 4 m and let 
down at a^speed of about 10 to 15m per minute. If it stops at a greater depth, 
the process should be repeated. 

If the probe stops at the same depth, about 50 cm of slack should be put 
in the line and the winch locked. The probe is then moved by hand up and down 
about 30 cm at a time to try to move the obstruction. 

These procedures will usually get through the obstruction. If they do not 
succeed after 20 or 30 minutes of trying, either the hole will have to be logged 
only above the obstruction, or the drill rig recalled to clear the hole. The probe 
should never just be lifted and allowed to drop. The depth of an obstruction 
successfully cleared on the way down should be noted and special care taken 
on the upward path. 

8.7. LOGGING THE HOLE 

When the probe touches the bottom of the hole, there will be a number 
of indications. The engine draw-works will change sound, the resistance or 
resistivity curve will stop moving, and the logging cable may become slack. (The 
slack may be difficult to detect in a hole deeper than 300 m.) 

The winch should then be stopped immediately and the probe lifted off the 
bottom.. The depth at which the probe lifts off should be noted and marked on 
the log. 
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The depth at which the probe touches bottom will almost never be that to 
which the hole was drilled. There are several reasons for this: 

— driller's measurements are often coarser than logging depth measurements 
— errors may be present in both the driller's and logger's depth measurements 
— holes may fill in because of settling of cuttings (though this effect should 

seldom exceed 1 or 2 m). 

The probe should be left 3 to 4 m off the bottom while final adjustments 
and pen settings are made. This virtually eliminates the possibility of its getting 
stuck at the bottom. 

The probe is lowered to the bottom and the slack taken up in the cable. 
Immediately all systems are turned on and logging started as the probe comes up. 
Checks are made that the pens are writing, that the logging speed is correct and 
that the paper is moving. 

If a digital system is being used, the foregoing procedures may or may not 
be required. The operator should refer to the manual provided by the manu-
facturer in this case. 

With an analog system, it is necessary to log completely through any anomaly 
with about a metre or two of extra trace at background level. Then, the pens are 
shut off and the probe set back to about 2 m below the anomaly. The scales are 
changed so the rerun trace will cover about two-thirds of the recording span. 
The pens are turned on and the anomaly logged again, at a speed no more than 1.5m 
per minute and at as short a time constant as possible. Both the scale and time 
constant are noted on the log. These remarks do not apply to a digital system. 

At the end of the anomaly, a further 2 m or so should be recorded. Then 
the zero for 1 m. All scales, scale changes, bias changes, shifts, hole problems, 
logging speed changes and comments are noted on the log. After the logging of 
the anomaly at slow speed, normal logging up the hole is recommended. With 
a fully digital system, the only notes need be comments, as the computer usually 
handles everything else. 

Near the surface, the logging speed is slowed and the winch stopped at the 
surface at the original zero point. If there is a depth discrepancy at the zero, it 
should be noted on the log. 

9. LOGGING EXAMPLES 

The following cases have been chosen as examples of the various types of 
geological environment in which uranium occurrences have been found. The 
diagrams are simplified but are based on geological knowledge and actual logs 
obtained in various parts of the world. The examples are: 
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Sedimentary environment: 

— Calcrete occurrence 
— Roll-front occurrence 
— Stratiform occurrence 

Metamorphic environment: 

— Unconformity vein type occurrence (Athabasca, Canada) 
— Unconformity vein type occurrence (Australia) 

Granitic environment: 

— Vein type occurrence in granites 

9.1. SEDIMENTARY ENVIRONMENT 

9.1.1. Calcrete occurrence 

Uranium occurrences in calcrete usually occur along the axes of mature 
valleys. Uranium bodies generally occur within the calcrete. A typical section 
is a sequence of overburden, followed by alluvium, the calcrete, the earliest 
alluvium, weathered basement and finally basement. Mineralization is generally 
described as carnotite, which forms a thin film in voids and fractures with 
porcelaneous calcrete. 

The gamma ray log in Fig. 11 shows a gradual increase of gamma ray intensity 
downward through the geologic column, with the highest values near the basal 
portion of the calcrete. A slight anomaly is noted in the underlying alluvium. 
The remainder of the gamma ray signatures are typical of the underlying weathered 
granite and the granitic basement. 

The resistivity rises sharply within the calcrete, as would be expected from 
a porcelaneous, calcium-rich rock. Beneath the calcrete, the resistivity falls 
markedly in the lower alluvium and weathered granite, and then generally rises 
in the granite basement. 

A slight negative SP anomaly coincident with the high resistivity and high 
gamma ray response is located in the ore zone.. This is probably due to an increase 
in resistivity. The remainder of the spontaneous potential log is of little value. 

The neutron porosity measurement shows mainly the variations of water 
content in this case. There is a change of deflection between the overburden and 
the alluvium because of the change in the amount of clay (and thus in the amount 
of bound water). Below the water table, the amount of free water increases, 
causing a decrease in deflection. In the calcrete, there is, in addition to the above 
factors, also additional water of crystallization. The altered granite has some 
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RESISTIVITY POTENTIAL 

FIG. 11. Calórete occurrence (for explanation of abbreviation API, see GlossaryJ. 
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water, but the basement granite only has about 1 %. Thus, the counting rate 
values are high in the granite. 

9.1.2. Roll-front occurrence 

The geological setting in these fresh water sediment basins is typically 
claystones and sandstones. Figure 12 represents the upper and lower tails of a 'C' 
shape roll front. Mineralization is generally uraninite. Pyrite is often found 
above and around the front of the roll. The roll-front type occurrences will 
always be bounded below by an impermeable layer. There is often also an 
impermeable layer above. 

The gamma ray log illustrates a typical sand-claystone sequence. The ore 
zones (the upper and lower tails) show shale, the positions of the peaks within 
the sandstone indicate the boundaries of the ore zone. 

The resistivity log has values characteristic of each of the rock units, being 
generally higher in the sandstones and lower claystones. This log is extremely 
useful for determining the exact locations of the various rock units. 

The SP values are fairly normal for each of the rock types and in this case 
indicate that the drilling fluid is more saline than the formation water. 

The neutron porosity curve is rather unimpressive at the scale shown here. 
It shows changes in water content between sandstones and claystones. It resembles 
the resistivity log closely and could be used instead of it. 

9.1.3. Stratiform occurrence 

The geological setting of stratiform occurrences is a sequence of sandstones, 
siltstones and mudstones as shown in Fig. 13. Mineralization tends to aggregate 
in sandstone units which have some carbonaceous material. Some scattered 
sulphide is often present. Mineralization is largely carnotite in the oxidized zone 
and uraninite in the unoxidized zone. 

The gamma ray log reflects the small radiation changes from the sandstones 
to siltstones and mudstones. The first anomaly on this log occurs in the weathered 
zone above the water table where the uranium probably has been largely oxidized 
and removed as a result of weathering. 

Beneath the water table is a significant anomaly which coincides with sand-
stones containing carbonaceous materials and some sulphides. 

The sandstones encountered beneath the water table have high resistivities 
because of the probable low total dissolved salt concentration in the rock. Within 
the ore zone are both conductive and resistive bands. These may be related to 
the changing amounts of carbonaceous material and sulphide. The low resistivity 
band does not appear to be shale or claystone. Beneath the ore zones the resis-
tivity log reflects the siltstone. 
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FIG. 13. Stratiform type occurrence (for explanation of abbreviation API, see Glossary). 

The SP log is relatively featureless except for a negative deflection, coincident 
with the highest gamma ray peak, which may be caused by both the carbonaceous 
material and the sulphides present. 

The neutron porosity log reflects the variation in water content. The over-
burden and siltstone show small amounts of bound water above the water table. 
There is a sharply lowered deflection at the water level in the borehole (where the 
scale was changed) and again at the water table. The log is essentially unaffected 
by the mineralization in the ore zone. Note that the log can be taken even where 
there is no water in the borehole, and it is almost unaffected by casing, which is 
not true for the electrical logs. The counting rate in an air filled borehole will be 
approximately twice that in a water filled borehole in the same formation. 

9.2. METAMORPHIC ENVIRONMENT 

9.2.1. Unconformity vein type occurrence (Athabasca, Canada) 

Mineralization in unconformity vein type deposits is usually located at the 
unconformity and in fractured and favourable host rocks immediately above and 
below the unconformity. Mineralization is often high grade uraninite. It is often 
associated with organics or carbonaceous material. The rock surrounding the 
highest grade mineralization has usually been altered to clays. The lithology is 
made up of overburden or glacial till, Athabasca sandstone, a zone of hematite-rich 
sandstone (low grade mineralization) followed by more highly altered and bleached 
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FIG. 14. Unconformity vein type occurrence (Athabasca, Canada) (for explanation of 
abbreviation API, see Glossary). 

Sandstone •'.:•:•;•'. 

Schist 
8iotite-feldspar 

schist 
Graphit ic schist 

ORE 
Schist 

Pegmatite 
Minor graphitic schist 

Carbonaceous schist 

Basement schists 
& gneisses 

G A M M A R A Y RESISTIVITY SELF N E U T R O N - N E U T R O N 
POTENTIAL 

FIG. 15. Unconformity vein type occurrence (Australia). 
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sandstone (with increasing grades). At the unconformity, the uranium grade is at 
its highest and coincident with clays. Downwards, the clay content decreases 
and passes into altered graphite-rich rocks and eventually to altered basement 
(Fig. 14). 

The gamma ray log shows the overburden and top sandstone to have little 
gamma radiation. Near the bottom portion of the sandstone, the deflection 
increases and generally reaches the highest response just above or at the uncon-. 
formity. The amplitude then decreases through the altered zone to near 
background on reaching the graphite-rich rocks, and falls to background in the 
altered basement. 

These sandstones typically have high resistivities. As the alteration increases 
(and the clays increase) the resistivity markedly decreases. Near the unconformity, 
and coincident with the highest clay content, the resistivity becomes very low. 
A small high-resistivity peak coincides with a fault at the bottom portion of the 
mineralized zone and the remainder of the profile decreases to background. 

Little SP variation is seen in the unaltered sandstone. A slight negative peak 
is evident in the hematitic portion, and a second negative peak is coincident with 
the unconformity. Sometimes this can be attributed to the sulphides present, 
but here it is probably due to the clay content at the unconformity. A positive 
peak coincides with the resistivity peak in the fault zone and is probably an 
indication of decreased permeability. The remainder of the log has little variation. 

The neutron porosity log shows the normal contrast between the sandstone 
and the clay-rich ore zone. Note the slight changes at the casing and the hematitic 
zone because of the increased scattering due to increased density. 

9.2.2. Unconformity vein type occurrence (Australia) 

The geological sequence (shown in Fig. 15) usually consists of a series of 
schists, carbonaceous schists, pegmatites, dolomites and basement schists. The 
mineralization, which is uraninite, occurs in the most favourable host rocks, the 
graphitic schists. 

The gamma ray responses are generally low except where the mineralized 
graphitic schist is encountered. Some response is present in the upper schist. 
The pegmatites contain some potassium and exhibit slightly higher background 
levels. The minor graphitic bands below the ore zone are slightly anomalous. 
The dolomite typically has an extremely low background. A slight increase in 
the gamma ray background is encountered in the basement schists. 

The schists all have a low resistivity, with significant minima occurring in 
the graphitic schist as a result of the high conductivity of the graphite. There are 
resistivity highs in the pegmatites and the dolomitic rocks. The resistivity decreases 
towards the basement schists. 

A negative SP log deflection is encountered in the upper part of the series 
and a small positive deflection occurs in the pegmatites. A second low occurs 

30 



Weathered granite 

EPP-r;. Ap l i t e dyke 

My lon i t e zone-C 
O R E " " 

Lamprophyre dyke 
O R E - f c . . ^ 

Si l ic i f ied breccia f .V ' - . " ' - ^ 
zone (fault) 1 

A p ü t e dyke 

Lamprophyre dyke 

ORE 
Si l ic i f ied breccia J" 
zone L 

55*r.\ 

] 

G A M M A R A Y R E S I S T I V I T Y 

E D 
Alka l ine t w o mica granite 

SELF N E U T R O N - N E U T R O N 
P O T E N T I A L 

FIG. 16. Vein type occurrence in granite. 

over the minor graphitic zone. A fairly uniform background is encountered for 
the remainder of the log. 

In this type of environment the neutron porosity log variations show the 
change in water content between the schists and the more massive pegmatites. 

9.3. GRANITIC ENVIRONMENT 

9.3.1. Vein type occurrence in granite 

Granitic rocks are relatively homogeneous, with the only changes being 
dykes, breccia zones, and perhaps alteration zones. Mineralization is usually 
uraninite with some sulphides. Some vein types, however, have pitchblende, 
coffinite and secondary uranium minerals with accessory calcite, pyrite and 
hematite. 

The gamma ray log (Fig. 16) shows fairly uniform levels in the unmineralized 
granites, as would be expected, except for anomalies in the mineralized mylonite 
clay altered zones and in silicified breccia zones. 

Granite gives a fairly uniform resistivity log except for a low response in 
the mylonite zones due to the presence of clay and a silicified breccia zone. 

A negative SP peak occurs at the mylonite zone and a positive peak in the 
silicified breccia zone. The low associated with the mylonite zone is probably 
due to the clays and the high in the breccia zone to high permeability. 
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In the vein type! deposit of the crystalline environments deflections of the 
neutron porosity log are high because of the massive character of the formations 
and the fact that they contain little water. The fragmented and brecciated zones 
give quite different readings because of their higher water content. 

Information on hole-to-hole correlations in various geological environments 
can be found in IAEA Technical Reports Series No. 212. 
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Appendix 1 

CALIBRATION PROCEDURE 
FOR GROSS COUNT GAMMA RAY LOGGING 

A cut-away view of a calibration model borehole is shown in Fig. 17. The 
borehole is uncased and when the model is not in use it is filled with water in 
order to keep the zones saturated and to prevent release of 222 Rn and disequilibrium 
in the uranium decay series. 

A calibration is made under a set of chosen standard conditions. It. is assumed 
that logs taken in the field under conditions unlike the standard can be adjusted 
(by appropriate correction factors) to the standard conditions (see Appendix 2). 

FIG. 1 7. Cut-away view of model N3 borehole at Grand Junction, Colorado. 
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OBSERVED COUNT RATE (counts/sl 
Dead time corrected 

count rate 

1500 25.4 
34.1 
35.3 
51.6 
65.4 

104.9 
154.3 
279.9 
474.4 
768.2 
985.7 

1132.0 
1217.0 
1264.0 
1298.0 
1304.0 
1303.0 
1324.0 
1326.0 
1324.0 
1323.0 
1321.0 
1322.0 
1321.0 
1330.0 
1323.0 
1324.0 
1323.0 
1321.0 
1325.0 
1316.0 
1302.0 
1298.0 
1296.0 
1267.0 
1245.0 
1185.0 
1090.0 
961.1 
697.5 
392.9 
262.6 
171.7 
105.7 

72.2 
50.4 
41.3 
37.3 
30.9 
29.3 
22.9 

Computation of area and K-factor 

A = ERjûz (area = sum times interval) 
= (405791(0.05) 
= 2029 (counts/s)-m 

„ . GdT 

- (0.231 HI.28) , 
2029 

(%eU308)/(counts/s) 

• 0.000146% eU3Og/(counts/s) 

Total Rj = 40 579.0 

FIG. 18. Example of K-factor calculation from a log measured on a calibration model. 

For this example, the chosen conditions are: 

Borehole diameter: 4.5 inches (11.4 cm) 
Borehole fluid: air 
Borehole casing: none 
Ore zone moisture: 12.3% (by weight) 
Ore zone bulk density: 2.09 g/cm3 (wet) 

The assigned grade for the calibration model used here is 0.231% eU308 

and the ore zone thickness is 1.28 m, resulting in a grade-thickness (GT) product of 
0.296% eU308-m. 
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To determine the K-factor, the following procedures are recommended: 

( 1 ) Ensure that the system is performing satisfactorily according to the 
manufacturer's instructions. 

(2) Log the model hole, from bottom to top, at a speed not exceeding 1 m/min. 
Choose a scale which maximizes the deflection on the log but does not allow 
it to go off scale. Choose the optimum depth scale - at least 50:1. For 
digital systems, choose a depth reporting interval of 10 cm or less. Choose 
a ratemeter time constant of 10 s or less. 

(3) Calculate the area under the curve according to the procedure described in 
Section 3.2 and shown in the examples. Read values from the curve at 
intervals not exceeding 0.1 m and make corrections for dead time. An 
example is shown in Figure 18. The result is an area A. 

(4) The K-factor is then calculated by dividing the GT product for the model 
by the area just determined as shown in Fig. 18. The units of the K-factor 
thus found are the units specified for the model. It is important to use the 
same units for depth on the log and the thickness of the model ore zone. 
For example, if you use 0.1 m intervals to find area, then be certain that 
you use a GT for the model specified in % eU308-m or ppm eU-m. 

35 



Appendix 2 

CORRECTION FACTORS 
FOR GROSS COUNT GAMMA RAY LOGGING 

Certain borehole and formation conditions require that corrections be 
applied to observed gamma ray logs. These are: 

( 1 ) Hole size/water correction 
(2) Casing correction(s) 
(3) Moisture correction 
(4) Disequilibrium correction 
(5) Z-effect correction. 

The K-factor for a given probe is only valid for the conditions of the model 
borehole in which it was derived. It is important to know what these 'standard' 
conditions are, and they should be obtained from the manufacturer if a K-factor 
is specified with the equipment. 

When a gamma ray probe is used to log boreholes in the field, any differences 
from the calibration standard borehole will require corrections. These corrections 
are applied as described in Section 3.2 and shown in the examples. 

Standard calibration conditions for model boreholes in Canada, the USA 
and Australia are given in Table I. 

In general, the correction factors represent the ratio of count rate for 
standard conditions to count rate for field conditions. The five correction factors 
are combined by multiplication and the result is used as the overall correction 
factor, F. 

Hole size/water correction 

If the gamma ray probe was calibrated under the standard conditions of an 
air filled hole and the field boreholes are water filled then the correction factor 
will be greater than one; the value is obtained from Fig. 19. If the probe was 
calibrated in a water filled hole and the field borehole is air filled, the correction 
factor is less than one and is obtained from Fig. 19 by reading the graph and 
then taking the reciprocal of the result. For both the corrections, the probe 
diameter should first be subtracted from the hole diameter if the probe diameter 
does not correspond to the values for which the graphs are plotted in Fig. 19. 
An appropriate correction must then be made. 
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TABLE I. MODEL BOREHOLES FOR GAMMA RAY LOGGING: STANDARD 
CALIBRATION CONDITIONS 

Model BU-6 N3 AM-1 

Location 
Ottawa, 
Canada 

Grand Junction, 
USA 

Adelaide, 
Australia 

Ore zone thickness (m) 1.48 1.28 1.41 

Assigned grade ppm eU3Og 1180 2310 2090 

ppm eTh0 2 5 - 10 

%K 0.26 - 0.76 

Wet density (g/cm3) 2.405 2.09 2.31 

Dry density (g/cm3) 2.289 1.83 2.14 

Moisture 4.8% 12.3% 7.4% 

Porosity 11.7% - 17% 

Borehole diameter (mm) 60 114 108 

Borehole fluid Water" Aira Aira 

Borehole casing None None None 

a All model holes are kept water filled to ensure saturation. The standard calibration conditions 
for N3 and AM-1 correspond to an air filled hole. 

Casing correction 

The standard calibration conditions are usually an uncased model borehole 
(see Table I). Therefore, the casing correction factor (standard condition/field 
condition) will be greater than one. 

The gamma ray log count rate values are multiplied by the correction factor 
to increase the count rate and compensate for the gamma rays lost through the 
shielding effect of the casing (or drill pipe). 

The total thickness of the casing(s) must be measured. This thickness is 
then used with Fig. 20 to give the correction factor. 
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W A T E R F A C T O R C O R R E C T I O N 
G R O S S C O U N T G A M M A R A Y P R O B E 

( S I D E W A L L G E O M E T R Y ) 

B O R E H O L E D A T A 

S I Z E C O R R E C T I O N F A C T O R 

(inches) A B F 

2 3 / 8 1 .032 

4.5 1 .120 1 .113 1 .127 

6 5 / 8 1 .219 1 .202 1 .232 

8 5 / 8 1 .294 1 .284 1 .325 

P R O B E N a l S I Z E 

( inches) 

7 / 8 X 4 

3 / 4 X 1 1 /4 

1 1 / 4 X 1 3 / 4 

O D 
(inches) 

1 7 / 8 

2 1/8 
2 3 / 8 f i l t e r e d 

2 .54 5 .08 7 .62 10.16 12.70 
I 

15.24 
I 

17.78 2 0 . 3 2 (cm) 

4 5 
B O R E H O L E D I A M E T E R 

8 ( inches) 

FIG. 19. Water factor correction for gross count gamma ray probe. 

Moisture correction 

If the moisture content of the rock formation penetrated by a field borehole 
is different from that of the standard calibration borehole, the following correction 
must be applied to the field log: 

100 — percentage of water in the standard borehole 
p p i . . — • 

100 — percentage of water in the rock formation 

For example, consider a probe calibrated in Model BU-6 in Canada, which 
has 4.8% moisture. If the probe is used in a field borehole where the average 
moisture content is 10%, then the correction factor will be: 

_ 1 0 0 - 4 . 8 95.2 
F f m = 1 0 0 - 10.0 = 90 = 1 ' ° 5 8 
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D E T E C T O R T Y P E : Nal 

0 1/8 1 /4 3 /8 (inches) 1/2 

C A S I N G W A L L T H I C K N E S S 

FIG. 20. Casing correction factor for typical iron casing and gross count gamma ray probe. 

If the moisture content is unknown it may be assumed that it is the same 
as in the standard conditions. In most crystalline rock environments the moisture 
content is very low and for probes calibrated in the USA, errors up to about 10% 
can be introduced if moisture corrections are not applied. 

Disequilibrium correction 

It must always be remembered that the K-factor is obtained for radioactive 
equilibrium conditions. The uranium concentration is computed from the gamma 
ray count rate of daughters. If the relative equilibrium is disturbed, the measured 
gamma ray activity is no longer indicative of the uranium content of the rocks. 
In a given field area the disequilibrium factor is the ratio of the actual amount 
of uranium (as found by chemical assay) to the calculated amount (based on the 
gamma ray activity of daughters). If these quantities are equal, the ratio is 1.0 
and there is no disequilibrium. If the ratio is less than 1.0, some uranium has been 
lost and the calculated values are over-estimates of the quantity of uranium. 
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A V E R A G E U N F I L T E R E D G R A D E (% e l ^ O g ) 

0 . 2 0 . 4 0 .6 0 .8 1.0 1.2 

A V E R A G E C O U N T R A T E (s ' 1 ) 

FIG. 21. Z-effect correction. 

The value first computed must therefore be increased or decreased by multiplying 
by the disequilibrium factor. In most exploration work the factor will not be 
known and is usually assumed to be one. 

Z-effect correction 

A Z-effect correction is required when the average atomic number of the 
formation is significantly different from normal. This happens when the proportion 
of heavy elements (such as lead or uranium) in the rock is significantly higher than 
usual. Most heavy elements do not occur in sufficient quantity to have any effect. 
However, uranium is a heavy element and absorbs its daughters' gamma rays 
disproportionately more than indicated by its concentration. A graph of the 
Z-effect correction factor is given in Fig. 21. At low count rates there is no 
correction. 

The Z-effect correction is dependent on the size of the detector and the 
shielding for a given logging tool. Most commercial tools are useful for uranium 
grades up to 1% or 2% (eU3Og), but Z-effect corrections should be applied for 
grades over 0.5% unless the probe is filtered. For measuring grades above 2%, 
a filtered probe is strongly recommended. 
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Appendix 3 

GLOSSARY AND REFERENCE DATA 

API. Abbreviation for American Petroleum Institute. In drilling for gas, oil, 
or coal the gamma ray logs may be reported in API units. Assuming a proper 
API calibration and that the measured activity originated from the uranium 
series in equilibrium then 1 API unit = 2 X 1 0 s % eU 3 0 8 0.17 ppm eU. 

atomic number, Z. The number of orbital electrons surrounding the nucleus of 
a neutral atom of the specific type in question or the number of protons 
in the nucleus (e.g. for uranium Z = 92). 

atomic weight, A. The relative weight of the atom on the basis of oxygen being 16. 
It is approximately equal to the total number of protons plus neutrons in the 
nucleus (e.g. for uranium, A = 238.03). 

bulk density. The in situ density of a material, including any pore fluids present 
at the time of measurement. 

calibrate. To adjust the scale of a logging system to appropriate meaningful units. 

calibration factor. For gamma ray logging systems (K), a calibration constant 
calculated on the standard calibration model which relates average radio-
metric grade-thickness and area under the log. The area under the log is 
determined from the dead time corrected count rates. 

chemical grade. The dry weight fraction of an element or compound in a sample 
as determined by quantitative chemical assay methods, expressed as a 
percentage or in ppm. 

correction factor. A factor applied to a measurement made under non-standard 
conditions to predict the equivalent result which would have been found 
under standard conditions. 

dead time. The time interval after detection of a gamma ray during which the 
system will not respond to other gamma rays. 

density, matrix. The density of the constituent solid particles of a substance 
(formation), i.e. the substance free of pore space. 

disequilibrium factor. The ratio of chemical grade to radiometric grade. 

eU (equivalent uranium). An abbreviation used to denote a uranium concen-
tration measured by a radiometric device which detects radiation from 
radioactive daughter products of uranium and not the direct radiation 
from uranium itself. It is assumed that there is radioactive equilibrium 
between the parent uranium and the daughter products whose gamma 
rays are detected. 
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filtered probe. A gamma ray probe in which the gamma ray detector is isolated 
from the formation gamma rays by a filter which attenuates the rays according 
to their energies. The filter alters the energy spectral distribution to reduce 
the effects of photoelectric absorption in the formation. These tools usually 
respond to gamma rays with energies greater than about 400 keV. The 
filtering is used to improve the response of the probe to high uranium grades 
(above 0.5% eU). 

gross count. In gamma ray logging, a term meaning counting all gamma rays which 
are detected. For a typical logging tool, this means all gamma rays with 
energies greater than about 50 keV. 

half-life. The time required for a radioactive material to lose one-half of its 
radioactivity by decay. 

log. The printed well record including log heading, calibration record, and survey 
record. Also, the actual recording of the above information at the well. 

probe (sonde). The part of the logging instrumentation which is lowered into 
the borehole. It may contain one or more sensors to measure physical 
parameters. Each sensor is one tool. Often the entire probe is called a 
logging 'tool', since it may contain only one sensor. 

radiometric grade. The uranium grade determined by a properly calibrated 
gamma ray detection system. This grade, expressed as % eU 30 8 , is equivalent 
to the chemical grade of uranium in equilibrium with all its gamma ray 
daughters. 

sensing point. A point on a borehole logging tool from which the measurement 
is made. This point is usually located at the mid-point along the sensor 
length for a gamma ray tool, halfway between electrodes for a resistivity 
tool and halfway between the source and detector in a density or porosity 
tool. A probe which contains several tools will have a sensing point for 
each tool. Because each sensing point is at a different location at any one 
time, it is necessary to offset the pens in an analog recorder to indicate the 
true depth of each sensing point as the log is being recorded. 

sensor. The sensing element of a borehole logging tool. The sensor may be a 
gamma ray detector (as in a gamma ray probe), one or more electrodes (as in 
a resistivity probe), or some other sensing device (e.g. acoustic, magnetic, etc.). 

spacing. The distance between a transmitter and a detector on a given tool. 

spectral gamma ray logging system. A system having one or more channels, 
each sensitive to gamma rays between certain energy limits. 

total count. Measurements which are derived from electronic discrimination 
of gamma ray energies and are usually associated with spectrometers. 
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HOLE AND CORE SIZES 
Data tables for drill rods, diamond core drill bits and casings 

Drill rod (wireline) 

I.D. O.D. 

inches mm inches mm 

AQ 1.38 34.9 1.75 44.5 

BQ 1.81 46.0 2.19 55.6 

NQ 2.38 60.3 2.75 69.9 

HQ 3.06 77.8 3.50 88.9 

PQ 4.06 103.2 4.63* 117.5: 

* Coupling O.D. 

Drill rod 

EW 0.88 22.2 1.38 34.9 

AW 1.22 30.9 1.75 44.4 

BW 1.75 44.5 2.12 54.0 

NW 2.25 57.2 2.63 66.7 

HW 3.06 77.8 3.50 88.9 

Drill bit 

Core diameter Hole diameter 
Size 

inches mm inches mm 

AQ 1.06 27.0 1.89 48.0 

BQ 1.43 36.5 2.36 60.0 

NQ 1.88 47.6 2.98 75.7 

HQ 2.50 63.5 3.78 96.0 

PQ 3.35 85.0 4.83 122.6 

Casing (flush joint) 

I.D. O.D. 
Size 

inches mm inches mm 

EW 1.50 38.1 1.81 46.0 

AW 1.91 48.4 2.25 57.1 

BW 2.38 60.3 2.88 73.0 

NW 3.00 76.2 3.50 88.9 

HW 4.00 101.6 4.50 114.3 

Casing (flush coupled) 

I.D. O.D. 
Size 

inches mm inches mm 

EX 1.63 41.3 1.81 46.0 

AX 2.00 50.8 2.25 57.1 

BX 2.56 65.1 2.87 73.0 

NX 3.19 80.9 3.50 88.9 

HX 4.13 104.8 4.50 114.3 

Note 1 : Q denotes wireline diamond core drilling equipment. The values given for hole diameter and core 
diameter refer to the 'Q' series drill bits. Other series (non wireline) produce the same hole diameters as in 
the drill bit table but different core diameters. (Other companies use K to denote wireline diamond core 
drilling equipment . ) 

Note 2: Both types of casing have the same O.D. for a given size but different I.D. and hence thickness. 

Note 3: Data compiled from tables published by Longyear (Canada) and Atlas Copeo (Sweden). 
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DIAMOND CORE DRILLING, DIMENSIONS, WEIGHTS 

O.D. 
Size 

I. D. Weight 

inches mm inches mm lb per 10 ft kg/m 

A 1 5/16 33 27/32 21 28 4.2 
E 1 5 / 8 41 1 1/8 29 38 5.6 
B 1 29/32 57 1 13/32 36 46 6.8 
N 2 3/8 60 2 51 49 7.3 

Flush-coupled casing 

RX 1 7/16 36 1 13/16 30 18 2.7 
EX 1 13/16 46 1 5/8 41 18 2.7 
AX 2 1/4 57 2 51 29 4.3 
BX 2 7/8 73 2 9/16 65 47 7.0 
NX 3 1/2 89 3 3/16 81 60 8.9 
HX 4 1/2 114 4 1/8 105 90 13.4 

Diamond coring bits 

Size Hole diameter 

inches mm 

AQ 1.890 48.0 
BQ 2.360 59.9 
NQ 2.980 75.7 
HQ 3.872 98.3 
PQ 4.827 122.6 

SOME USEFUL CONVERSION FACTORS 

becquerel 

disintegrations per second 

curie (= 3.7 X 1010 dis/s) 

ton (long) (= 2240 lbm) 

ton (short) (= 2000 lbm) 

ton (short) of U 3 0 8 

tonne (= metric ton) 

foot 

inch 

pound mass/inch3 

pound mass/foot3 

1 Bq 

1 dis/s. 

1 Ci 

1 ton 

1 short ton 

1 t 

1 ft 

1 in 

1 lbm/in3 

1 lbm/ft3 

= 2.7027 X 10"n Ci; 

= 1.00 X 10° Bq 

= 3.70 XlO 1 0 Bq 

= 1.016 X 103 kg 

= 9.072 X 102 kg 

= 0.769 t U 

= 1.00 X 103 kg 

= 3.048 X 10_1 m 

= 2.54 X 10~2 m 

= 2.768 X 10~5 kg/m3 

= 1.602 X 101 kg/m3 
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HOW TO ORDER IAEA PUBLICATIONS 

An exclusive sales agent for IAEA publications, to whom all orders 
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in the following country: 
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