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WIRELINE WORKSHOP 
A BIMONTHLY BULLETIN FOR WIRELINE LOGGERS AND GEOSCIENTISTS ENGAGED IN MINING 
AND MINERAL EXPLORATION 

 Sonic and Rock Strength 

 Borehole Navigation 

1.  Seismic Waves (continued) 

Seismic or sound waves travel through rocks at 
speeds that are governed by the elasticity and 
the density of the rock matrix. 

Typical speeds are in a range from 4,000 to 
6,000 metres per second but some igneous 
rocks exceed 7,000 metres per second. 
Typically:  

Fresh water: 1,500 m/second 

Coal: 2,500m/second 

Sandstone: 2,000 – 3,500m/second 

Limestone 3,000 – 6,000m/second 

Granite: 5,500m/second 

A sonic wave’s progress will be slowed by the 
presence of voids such as fractures and pore 
spaces. Water is slower than the rock matrix and 
a sonic wave must either go around a water-
filled pore space or cross it. There is therefore a 
range of velocities for porous rocks like 
sandstone and limestone. Actually, the list is simplified. All velocities of intact rocks fall within a range that 
depends on chemistry and micro-structure. Perfectly homogenous and isotropic rock formations are quite rare. 

In a mining or tunnelling application, the rock mechanics engineer will want to know the elasticity of the rock 
mass. This may be performed by destructive tests in a laboratory. There is usually a large scatter of data points 
due to variables such as clay content or micro-pores and fractures. There is, fundamentally, a lack of precision in 
the process. 

The wireline log of elasticity also suffers from micro pores and fractures that result, in measurements based on 
sonic wave propagation at the molecular scale, in an overstatement of elasticity. At the mining scale, those voids 
will reduce elasticity. A sponge easily changes shape because it is full of holes. It can be stretched or compressed 
and will bend under shear pressure. The dynamic measurement (sonic) is different to the static measurement 
(laboratory). A typical understatement of elasticity is about 5 percent but, once again, there is a range. 

The wireline logger offers an estimate of elasticity based on the sonic log, it 

is not perfectly accurate but it should be perfectly precise. 

Yes, you are correct, this does offer a reference for the laboratory technician. As well as subjecting rock samples 
to physical stress, he measures their velocity. The wireline logger has the advantage of making more 
measurements, more quickly with repetition and in situ, where rocks are already subject to stress. 
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It is important to remember the special advantage that the sonic log has over just about every other log 
measurement. It needs neither calibration nor environmental compensation. Its measurement is based on 

geometry and deduction. The universal geometry for mineral tools 
comprises three or four receivers and one transmitter spaced T=0cm, R1 = 
60cm, R2 = 80cm, R3 = 100cm and so on. 

 A centralised sonic tool transmits a sonic pulse from transducer T1. 

 Sonic rays are propagated in all directions but the fastest ray path from 
T1 to receiving transducer R1 (A-B-C-D) will include some rock (B-C). 

 We can use this to measure the transit time in microseconds per 
unknown distance from A to D. 

 If we add a second receiving transducer F, a second ray path (A-B-C-E-
F) may be measured. 

 Again, we learn the transit time in microseconds per unknown distance 
from A to F. 

 If we deduct the shorter transit time from the longer transit time, we 
are left with a time for C-E. 

 All environmental variables, such as borehole diameter and fluid 
velocity, are deducted away. 

 The fastest ray path will govern the angle of intersection at the 
borehole wall (in very fast rocks it will be closer to 90 degrees).  

 That angle is common to both ray paths and the geometry becomes a 
parallelogram. C-E must be 20 centimetres.  

 We have measured by deduction the transit time in micro-seconds per 
20 centimetres of rock between C and E. 

 We can convert this transit time to a more universal value by 
multiplying it by 5. We then get log DT in microseconds per metre. 

 1,000,000 / DT converts DT to metres/second. 

We need to be careful here. What are we measuring? The rock near to the borehole might well be affected by 
the drilling process. It might not be representative of the distant formation. In this case, the longer spacing is the 
better option because its ray path travels deeper into the formation. This is less of a factor in diamond cored 
boreholes or in very hard rocks. Large diameter holes result in the ray path including less of the borehole wall. 

Centralisation is important. Processing Full Waveform log data introduces some subjectivity if the first break 
determination cannot be done automatically in the program. 
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A perfectly precise log of elasticity may be compared to laboratory data in 

order to describe a site-specific empirically-based correction. 

This statement will apply to geotechnical applications, because there is usually a lot of laboratory data, but it is 
also fundamental to all wireline measurements. They are not always perfectly accurate but they must be precise. 

Individual log parameters, such as natural gamma ray, 
will have little value unless they can be converted 
through empirical analysis into meaningful 
measurements of, for instance, uranium grade in 
Kg/tonne or potash grade in percentage KCl. 

Equipment calibration is a form of empiricism. 

A cross-plot with regression. 

Empirical relationships are best viewed as a cross-plot 
or graph with the sought-after parameter on the X axis. 

Because the wireline log is precise, it is always worth 
checking for empirical conversions that might be useful 
to the client. There are many examples of empirically-
based derived measurements. 

Given the complexity of rocks and minerals, a tight relationship 
like the one above is unusual. Actually, that doesn’t matter 
much. A well populated but less tight relationship will still yield 
a regressed mathematical function that may be applied to 
wireline data. If the relationship is loose, the result for one 
borehole might be poor. But, if applied to fifty boreholes, the 
overall averaged result will be pretty good. That is the nature 
of empiricism. 

One empirical relationship that is often employed is sonic transit time versus uniaxial and unconfined compressive 
rock strength (UCS). This useful parameter is a laboratory-based measurement of point of failure under measured 
stress. A rock sample is destroyed in the process so cannot be retested. The method may be imprecise but, given 
enough samples, the lab technician will describe the rock mass in terms of UCS. His processes are designed to 
minimise “noise” in his data set. If he relies on drill-core, his analysis might suffer for lack of core samples from 
the weaker formations intersected.  

 Density – coal ash percentage 

 Density – calorific value 

 Density – methane gas in place 

 Resistivity – water saturation 

 Gamma ray – uranium or K grade 

 Sonic velocity – strength and elasticity 
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If there is an empirical relationship between a sonic log and UCS, it should 

be apparent on a cross-plot of log and lab data from the same location.  

Depth control by both contributors is important. There is usually a feature on the log that might be aligned with 
the corresponding section of drill core.  

The wireline log of UCS is precise but not perfectly accurate since there is no theoretical relationship between the 
strength of a piece of rock and its ability to transmit sound. The laboratory sample might be unrepresentative. It 
may be flawed. It might contain clay minerals. It might be strongly anisotropic. 

As discussed earlier; there is some theoretical relationship between the elasticity of a piece of rock and its ability 
to transmit sound but the same variables limit accuracy. The empirically-based UCS log will still benefit from this 
phenomenon in terms of the strength of the matrix but, a rock sample’s strength is much more likely to be 
controlled by its porosity. P-wave sonic logs are related to porosity. Rock strength is related to porosity. 

SPOR 

Like density and thermal neutron measurements, 
sonic logs can be converted to an estimation of 
porosity. The Wyllie (1956) time-average 
equation is employed. 

 

 

 

In metres: {SPOR} = ({DT} - 156) / (620 - 156) 

In feet: {SPOR} = ({DT} – 47.5) / (189 – 47.5) 

The constant tmatrix is the transit time of pure 

SST, LST or DOL. The formula is valid in those 
particular rocks. 

Water-filled porosity is the difference between 
the actual logged transit time (through the 
formation) and the transit time per metre that would have been recorded if the rock was just matrix (zero 
porosity). That time is divided by the transit time per metre of the fluid minus the transit time per metre of the 
matrix in order to arrive at a porosity.  

In a limestone with a matrix transit time of 156 us/m a logged time of 180 us/m gives us a difference of 24 us/m. 
That divided by 620 minus 156 comes to 0.05 or 5% porosity 

Since the sonic transit time log is proven to be related to porosity (porous 

rocks are weaker rocks), the much-used empirical conversions of sonic to 

UCS are based more on porosity not elasticity. 

Empirically, at least, there is coherence between sonic transit time, rock strength and porosity in sedimentary 
rocks. P-wave sonic logs are converted routinely to porosity and UCS.  

Wyllie’s porosity log is very useful for checking porosity from density and neutron. They should agree in clay-free 
SST, LST and DOL. 

Experiments have shown that higher quartz content results in stronger rocks as well as a tighter relationship 
between strength and sonic DT. A larger clay fraction reduces the validity of the empirically-based conversion. 
Compaction increases the strength of clay-rich shales, and speeds up the sonic wave. 
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This implies that, for rocks with no 
porosity or very low porosity, the 
estimation will be invalid.  

Actually, the regression curve 
extrapolates in the right direction 
and the resulting function is 
regularly applied, even in igneous 
settings.  

In these rocks (above 200MPa) 
variations are probably less 
important; they are all strong. At 
high velocities, the sonic log 
becomes an indicator of high and 
low strength and of boundaries. 
The presence of fractures slows the 
sonic to some degree but it remains 
overwhelmingly a log of IRS (intact 
rock strength). 

The writer is rambling a bit. Let’s review the discussion. 

In a nutshell… 

 The full waveform sonic tool offers precise and (mostly) accurate measurement of P and S wave transit times 
and velocities. Processing variables will reduce precision. 

 Precision allows the use of empiricism to generate meaningful derivatives. 

 The P-wave log is precise and repeatable but it is not always an accurate measurement of the virgin rock mass 
that lies beyond drilling damage close to the bore. This caveat does not really apply to slim-hole, diamond 
core-drilled boreholes. 

 The speed at which sound travels through rocks is governed at the molecular level by rock type (the elasticity 
and density of the matrix) and, at the rock mass level, more by porosity. 

 The compression or primary (P) and shear or secondary (S) wave transit time logs are used to generate 
Poisson’s Ratio and the dynamic moduli of elasticity. 

 These are usually both precise and accurate at the molecular level but if we consider the elasticity of the rock 
mass as a whole our formulae will tend to overstate elasticity, taking little account of tiny vugs, pore spaces 
and fractures. Since the process is precise, a fixed correction will take us closer to the “truth”. 

 There is a proven relationship between sonic transit time and sandstone (and limestone and dolomite) 
porosity. It is accurate only in clean (clay free) formations. The presence of clay perturbs the measurement. 
The log is still useful when compared to and overlaid with other logs of porosity such as density and neutron. 
The more clay, the greater the separation. 

 Since empirically-based estimations of UCS are dependent to a large degree, on the sonic log’s relationship 
with porosity it too suffers if the clay fraction increases.  

 Nevertheless, its extended regression curve offers an estimate of UCS that, in empirical terms, is actually not 
far out, even at the fast/dense end of the scale. 

 Perhaps the most important thing is continuity. Where there is core loss or fracture apertures the wireline 
sonic log and its derivatives describe the rock and measures the gaps. 
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 A dolerite sill with UCS (far right) measured at a believable 180 MPa 

 

Note that the standard Full Waveform Sonic tool operates at 
a transmitter frequency of about 20 KHz. The Acoustic 
Televiewer is another sonic device but it operates at about 
500 KHz. The question is often asked; does the ATV image 
offer a measure of rock strength, hardness or stiffness? 

The log on the right, from the same data shown above, 
shows, from the left, natural gamma ray, depth, the 
amplitude image overlaid by UCS (white dashed curve) that 
is based on an empirical formula. 

Generally speaking, the amplitude image, describes the 
reflected amplitude which is related to hardness. The applied 
palette, in this case, renders higher amplitudes as pale and 
lower ones as dark. 

 

ATV amplitude over laid by empirically-
based UCS estimation. 

 

The hard dolerite is described as a pale beige but there is 
little coherence between the image and the UCS curve lower 
down. 

The usual reason for this is that the reflected amplitude value 
is dependent on both rock hardness and the reflecting 
surface condition. Coarse sandstone has a rough surface that 
disperses the signal enough for the amplitude to be reduced, 
resulting in a darker image even though the rock might be 
quite hard. 
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2. The Neutron Source 

Americium-Beryllium sources of neutron radiation are getting to be rather expensive. Here is some information 
that the logger should know. 

The AmBe neutron source is a mixture or blend of 
low energy Americium 241, emitting gamma rays 
and Alpha particles, and target Beryllium 9. The 
Beryllium is not radioactive until it is exposed to 
Alpha particles from the Americium, which has a 
relatively long half-life of 432.2 years.  

 

A neutron transport pot 

(Weatherford) 

 

Effective neutron shielding employs water-extended 
polyester resin (WEP). Unlike its predecessor, 
paraffin wax, WEP is fire resistant. 

The unstable Americium 241 produces some low 
energy gamma rays. It is employed in high resolution 
density logs where the source-detector separation 
can be reduced to about 8 centimetres. This is not a 
popular method for the mineral logger because 
borehole effects are hard to isolate. 

Some neutron tools require a warm up time. This logger once visited a site in Chile where multiple shallow holes 
were being logged with a suite of measurements including neutron. The logger had switched off the tool after 
each run, to allow other tools to be deployed. The dozen or so neutron logs all described a diagonal line across 
the page. No warm up time had been allowed for. 

Source security is a big issue. Losing one in a borehole is problematic but losing one in the community, given the 
half-life, should be a boardroom-level headache. If one is stolen, get out there and offer a big reward, no questions 
asked. Put it on TV, on billboards next to the highway. Give out leaflets at traffic lights. Visit pubs and bars.  

This logger once lost a source, a Cs137 gamma source, on a road near Ermelo in the old Transvaal. Only the 
television worked and the source was returned on the promise of a reward. 

Lesson learned; logging trucks should include a padlocked cage for each source. 
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3. Guest Article 

Wellbore surveying with gyro tools – how to get the best from your tool – Part 1 of 2 

By George Soden of Stockholm Precision Tools 

The general differences between magnetic tools and improvements in gyro technology. 

The technology for surveying in mining has gone through some significant improvements in the last decade. It is 
time to review the current situation to get the best possible use of the current suite of tools on the market. 

This article will explore surveying on a worldwide basis – many of the world’s mines are in the most remote and 
hostile places – which correspond to some of the more difficult surveying challenges. We are taking information 
from the cross-over with oil and gas and trenchless technologies to help us in the mining survey environment. 

 

 

Magnetic vs. Gyroscopic surveying 

As the less expensive and more robust option, magnetic tools have always been considered the standard for 
surveying. They definitely have their place in mine surveying. But as the awareness and appreciation of the 
benefits of directional survey accuracy has increased; and gyros have become more robust and reliable, so they 
have entered the mainstream of mine surveying. Once considered too exotic, expensive and unreliable, they are 
now the default tool for surveying. 

The uncertainties associated with magnetics can stand 
being restated. Magnetic tools reference the well 
direction to Magnetic North. It is obvious that magnetic 
tools will not give accurate results when operating in a 
magnetic environments. In the latest tools you can 
download the raw magnetometer and accelerometer data 
and run QC checks on vibration, magnetic field strength 
and dip to exclude bad surveys.  

Since Magnetic North is constantly moving over time, we 
need to correct our surveys from Magnetic to Geographic 
North.  

Declination is the offset between Magnetic and 
Geographic North references. But even in a magnetic 
interference-free area, do you know how accurate your 
declination data is? If you input inaccurate data, you will 
offset the complete survey, leading to an inaccurate bottom-hole location. 

The standard method for obtaining declination data is to use a predictive model. None of those models account 
for all of the variances in a particular location such as the local geology.  
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When a model costs $20k plus per year, there is also a temptation to continue using an outdated model for a few 
years, decreasing time related accuracy. The current information from the NOAA website suggests even in clean, 
properly modelled conditions, there is a 0.3 degree residual error and often practically, 3 to 4 degrees error in 
declination values. This is one of the uncertainties we can estimate. 

What do these error margins mean? 

In a 600m borehole, a 0.2 degree declination error creates a 2ft systematic bottom-hole location error; a 3.0 
degree declination error creates a 31ft systematic error! I can leave you to see the likely error in longer boreholes. 

None of this takes into account ferromagnetic mineralogy in your mine or other uncertainties peculiar 

to magnetic tools that we cannot estimate. 

One of these other sources of magnetic interference rarely dealt with in surveying situations is the magnetisation 
of the drill-string. Rotation and stressing of the drill rods can lead to the magnetisation of the drill rod itself. This 
can be clearly seen when breaking connections – one can see rust and iron filings attaching themselves to the 
magnetic pole which is the connection. The solution – degaussing in an alternating current coil.  

 

Gyro surveying 

Gyro tools as we know are not subject to magnetic interference. They reference to Geographic North, the axis of 
rotation, thus removing the declination and other errors mentioned above. 

The quantum leap made by gyros occurred when we moved from mechanical to solid state. This instantly 
increased robustness and reliability to the point where they are now on a par with magnetic tools. We believe 
that this concept is not yet fully appreciated by those who have experienced mechanical gyros. 

 

Reference vs North-Seeking gyros 

A gyro used to be a rapidly spinning mass that resists twist in its main plane. High end, accurate gyros are now 
either an optical (Ring Laser or Fibre Optic) device or a vibrating (Hemispherically Resonating) device. Both are 
highly accurate, and in general suitable for the mining industry, where high temperatures are unusual. 

A reference gyro needs a reference direction. This is used to tie in the start of the survey, with the tool updating 
the change in position as it is run in hole and out again. A reference gyro is subject to drift. Hence stops are made 
to correct the previous drift before continuing running in continuous mode. 

A North seeking gyro, by nature of its North seeking capability will find North at each gyro-compassing station. 
Again, it is run in continuous mode between gyro-compassing stations. 

All gyros will drift to some extent. Each gyro manufacturer has worked to reduce and correct this drift 

and they have their own proprietary methods.  

The other quantum leap has been in data processing.  

One of the undoubted advantages of magnetic tools is clarity of data. Most experienced clients can review the 
data for themselves. You can see if the magnetic field strength and dip do not match the expected values and 
reject the survey (But what can you do to resolve this situation?) 

The gyro industry in general has always been less transparent in that the client cannot possibly know all of the 
black box filtering that goes into removing and generally tidying up any bad data. This is the “post-processing” 
that can take a transfer to head office for QC checks before going to the client. In this age of chain of custody and 
data transparency requirements it is surprising that clients will accept this situation. 

Ideally, the surveyor gives the client an unedited in-run and out-run survey. The difference in location between 
start and end is a combination of accuracy, calibration, resolution and repeatability. The client can review the data 
and immediately see the survey closure value and calculate the error per survey length. 
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In part two (January issue of the Bulletin) we will discuss error sources and error elimination to optimise survey 
accuracy. 
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