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LƴǘǊƻŘǳŎǘƛƻƴ      
 
 
 
The subject of Borehole Surveying has frequently been dealt with in best practice manuals, guidelines and check 
sheets but this book will attempt to capture in one document the main points of interest for public access 
through the UHI and SPE websites.  The author would like to thank the sponsors for their generous support in the 
compilation of this book and their willingness to release all restrictions on the intellectual property so that the 
industry at large can have free access and copying rights. 
 
After matters of health and spirit, Borehole Surveying is, of course, the single most important subject of human 
interest.  We live on a planet of limited resources supporting a growing population. At the time of writing, the 
efficient extraction of fossil fuels is crucial to the sustainable supply of the energy and materials we need.  Whilst 
renewable energies are an exciting emerging market, we will still be dependent on our oil and gas reserves for 
many years to come. 
 
As an industry we have not given the accuracy and management of survey data the attention it deserves. Much 
better data quality and survey accuracy has been available at very little additional cost but the industry has 
frequently regarded accuracy as an expensive luxury. Simple corrections to our surveys such as correcting for the 
ǎǘǊŜǘŎƘ ƻŦ ǘƘŜ ŘǊƛƭƭ ǇƛǇŜ ƻǊ ŜǾŜƴ ǎŀƎ ŎƻǊǊŜŎǘƛƻƴ ŀƴŘ LCw όǎŜŜ ƭŀǘŜǊύ ƘŀǾŜ ōŜŜƴ ǎŜŜƴ ŀǎ ōŜƭƻƴƎƛƴƎ ǘƻ ǘƘŜ ΨƘƛƎƘ ǘŜŎƘΩ 
end of the market and we have, unlike nearly all other survey disciplines, thrown good data away, when ΨōŜǘǘŜǊΩ 
data becomes available.  
 
The advent of the ISCWSA, The Industry Steering Committee for Wellbore Survey Accuracy, brought in a new era 
in survey practice.  Not only was work done on improving the realism of error models, but a bi-annual forum was 
provided to allow industry experts to share ideas and experiences.  This project has emerged out of a recognised 
need for better educational materials to support the understanding of borehole surveying issues.  The contents of 
this e-book are free to use and distribute. Any additional chapters will be welcome for assessment and potential 
inclusion in the book so this is the first draft of a work in progress. 
 
My thanks also go to the many participants in this effort who have contributed from their knowledge in specialist 
areas. In particular, to Andy McGregor who contributed the write up of the error model, Jonathan Stigant who 
contributed the first chapter on geodesy and John Weston, Steve Grindrod and David McRobbie who contributed 
other chapters on gyro surveying and magnetic spacing. 
 
Prof Angus Jamieson BSc FRICS 
University of the Highlands & Islands 
Inverness 
Scotland 
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мΦ /ƻƻǊŘƛƴŀǘŜ {ȅǎǘŜƳǎ ŀƴŘ DŜƻŘŜǎȅ 

1.1 The Origin ς Reference Surfaces and Elevations in Mapping 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Terrain: The terrain is the surface we walk on or the seabed.  This surface is irregular.  It is the surface we have to 
ǎŜǘ ǳǇ ƻǳǊ ǎǳǊǾŜȅ ƳŜŀǎǳǊƛƴƎ ŘŜǾƛŎŜǎΣ ǎǳŎƘ ŀǎ ŀ Ψǘƻǘŀƭ ǎǘŀǘƛƻƴΩ ƻǊ ŀ Dt{ ǊŜŎŜƛǾŜǊΦ  ¢ƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ǎǳǊface will 
dictate the direction of gravity at a point.  In mountainous terrain, the vertical will deflect in towards the main 
Ψcentre ƻŦ ƳŀǎǎΩ ƻŦ ǘƘŜ ƳƻǳƴǘŀƛƴǎΦ 
 
The Geoid: The equipotential surface of the Earth's gravity field which best fits, in a least squares sense, global 
mean sea level (MSL).  An equipotential surface is a one where gravity is an equal force everywhere, acting 
normal to the surface. The geoid is an irregular surface that is too complex for calculation of coordinates. 
 
The Ellipsoid: The ŜƭƭƛǇǎƻƛŘ ƛǎ ŀ ΨƳƻŘŜƭΩ ƻŦ ǘƘŜ 9arth that permits relatively simple calculations of survey 
observations into coordinates. The ellipsoid provides the mathematical basis of geodesy. Note that the Geoid is 
ŀƴ ΨŀŎǘǳŀƭ ǇƘȅǎƛŎŀƭ ǎǳǊŦŀŎŜ ƭƛƪŜ ǘƘŜ ǘŜǊǊŀƛƴΣ but ǘƘŜ ŜƭƭƛǇǎƻƛŘ ƛǎ ŀ ΨǘƘŜƻǊŜǘƛŎŀƭΩ ǎǳǊŦŀŎŜ ǘƘŀǘ ƛǎ ŘŜǎƛƎƴŜŘ ǘƻ ΨƳŀǘŎƘΩ 
the geoid as closely as possible in the area of operations. Note also that the normal to the geoid (which is 
ΨǾŜǊǘƛŎŀƭΩύ ƛǎ ƴƻǘ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ ƴƻǊƳŀƭ ǘƻ ǘƘŜ ŜƭƭƛǇǎƻƛŘΦ   

 

 

 

There are three basic surfaces 

that are pertinent to good 
mapping, shown here, these 
are: 

 

Terrain: The topographic 
surface of the ground or 
seabed 

 

Geoid: An equipotential 
surface that is irregular and 
approximates to Mean Sea 
Level (MSL) 

 

Ellipsoid: A regular model 
surface that approximates the 
geoid, created by rotating an 
ellipse about the polar axis. 
Used to simplify the 
computational complexity of 
the Geoid 

Figure 1: The three reference surfaces in geodesy 
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An ellipsoid is created when an ellipse is rotated around its polar 
ŀȄƛǎΦ  ¢ƘŜ ΨƳŀǘƘŜƳŀǘƛŎŀƭΩ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ŀƴ ŜƭƭƛǇǎŜ ŀǊŜ ǎƘƻǿƴ ƛƴ 
ŦƛƎǳǊŜ нΦ  ΨŀΩ ƛǎ ŀǎǎƛƎƴŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ǎŜƳƛ-major axis or 
ŜǉǳŀǘƻǊƛŀƭ ǊŀŘƛǳǎ ŀƴŘ ΨōΩ ǘƘŜ ǎŜƳƛ-minor or polar axis. The 
ŦƭŀǘǘŜƴƛƴƎΣ ΨŦΩΣ Ŝǉǳŀƭǎ ǘƘŜ Ǌŀǘƛƻ ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ΨŀΩ ŀƴŘ ΨōΩ ƻǾŜǊ 
ΨŀΩ. 

1.1.1 MSL, Elevation and Height  
Mean Sea Level is established by measuring the rise and fall of the 
ǘƛŘŜǎΦ ¢Ƙƛǎ ƛǎ ŀƴƻǘƘŜǊ ΨƛƴŜȄŀŎǘΩ ǎŎƛŜƴŎŜΦ  ¢ƘŜ ǘƛŘŜǎ ŀǊŜ ŀŦŦŜŎǘŜŘ ōȅ ǘƘŜ 
ƧǳȄǘŀǇƻǎƛǘƛƻƴ ƻŦ ΨŎŜƭŜǎǘƛŀƭΩ ƻōƧŜŎǘǎΣ Ƴƻǎǘ ƴƻǘŀōƭȅ ǘƘŜ Ƴƻƻƴ ōǳǘ ŀƭǎƻ 
the planets to varying degrees.  A well-established MSL reference 
datum is one where tidal movement has been observed for over 18 
ȅŜŀǊǎ ŀǘ ǿƘŀǘ ƛǎ ŎŀƭƭŜŘ ŀ ΨtǊƛƳŀǊȅ ǇƻǊǘΩΦ ¢ƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ŎƻǳƴǘǊƛŜǎ 
with a coastline today have established these primary ports along 
that coastline and the predicted level of tides is reported by the US 
National Oceanographic and Atmospheric Administration (NOAA) 
and the UK Hydrographic Office tide tables. 
 

LINKS NOAA tide tables  UKHO tide tables 
 
In order to tie MSL to both onshore elevations and offshore depths, 
these observations are tied to a physical benchmark usually in a 
nearby building wall or some other place unlikely to be inundated by the sea.   This benchmark is quoted as a 
certain height above mean sea level.  Sometimes MSL is used also as chart datum for the reduction of depth 
measurements to a common reference.   Sometimes chart datum is established as the lowest level of low water, 
in order to provide mariners with the least possible depth at a point (i.e. the worst case). Onshore selected 
benchmarks represent an origin or starting point that can be used to provide the starting point for levelling across 
the whole country and continent. 
 
¢ƘŜ ǊŜŦŜǊŜƴŎŜǎ ŦƻǊ bƻǊǘƘ !ƳŜǊƛŎŀ ŀǊŜ ǘƘŜ Ψ{Ŝŀ [ŜǾŜƭ 5ŀǘǳƳ ƻŦ мфнфΩ - ƭŀǘŜǊ ǊŜƴŀƳŜŘ ǘƻ ǘƘŜ Ψbŀǘƛƻƴŀƭ DŜƻŘŜǘƛŎ 
±ŜǊǘƛŎŀƭ 5ŀǘǳƳΩ όbD±5 нфύ - ŀƴŘ ǊŜŎŜƴǘƭȅ ŀŘƧǳǎǘŜŘ ΨbƻǊǘƘ !ƳŜǊƛŎŀƴ ±ŜǊǘƛŎŀƭ 5ŀǘǳƳ ƻŦ мфууΩ όb!±5 ууύΦ 
 
Figure 1 shows the difference between heights (h) 
above the reference ellipsoid and the height above the 
geoid (H) also known ŀǎ ΨƻǊǘƘƻƳŜǘǊƛŎϥ ƘŜƛƎƘǘΦ  ! ƳƻǊŜ 
general picture of this relationship with the definitions 
is in figure 3.   The caution is that the GPS system 
ǇǊƻǾƛŘŜǎ ΨƘŜƛƎƘǘΩ ŀōƻǾŜ ǘƘŜ ŜƭƭƛǇǎƻƛŘΣ ƴƻǘ a{[ ŜƭŜǾŀǘƛƻƴΦ  
These heights have to be adjusted to make sure they 
match elevations from other datasets. 
 

1.1.2 Coordinate Systems 
There are three fundamental types of coordinate   
systems that are used to define locations on the Earth: 
ΨDŜƻŎŜƴǘǊƛŎΩ ŎƻƻǊŘƛƴŀǘŜǎ ƳŜŀǎǳǊƛƴƎ ·Σ ¸Σ ½ ŦǊƻƳ ǘƘŜ 
centre ƻŦ ŀƴ ŜƭƭƛǇǎƻƛŘΣ ΨDŜƻƎǊŀǇƘƛŎŀƭΩ - latitude and 
longitude and height (figure 3) ŀƴŘ ΨtǊƻƧŜŎǘƛƻƴΩ - easting 
and northing and elevation. Various subsets of these 
Ŏŀƴ ŀƭǎƻ ōŜ ǳǎŜŘ ŀǎ Ψн5Ω Ŏƻƴǎƛǎǘing of only latitude and 
longitude or easting and northing. 

Figure 3: The relationship between surfaces 

Figure 2: Mathematical properties of an ellipse 

https://tidesandcurrents.noaa.gov/tide_predictions.html
http://www.ukho.gov.uk/easytide/EasyTide/index.aspx
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1.1.3 Geographical Coordinates 
These are derived from an ellipsoid and the origin of the coordinates is the centre of the ellipsoid. 
 
¢ƘŜȅ ŀǊŜ ǳǎǳŀƭƭȅ ǊŜŦŜǊŜƴŎŜŘ ǘƻ ǘƘŜ ΨDǊŜŜƴǿƛŎƘΩ 
meridian that runs through the Greenwich 
observatory just east of London in the UK.  
Meridians increase from 0° at Greenwich to 
180° east and west of Greenwich.  The 
ΨLƴǘŜǊƴŀǘƛƻƴŀƭ 5ŀǘŜ [ƛƴŜΩ Ǌǳƴǎ ǘƘǊƻǳƎƘ ǘƘŜ 
Pacific and is nominally at 180° east or west of 
Greenwich.   However, different island groups 
in the Pacific decide to be one side or the 
other of the Date Line, and the line is drawn at 
various longitudes to defer to national 
boundarieǎΦ   hƴ ƻƭŘŜǊ ƳŀǇǎ ǘƘŜ ΨлΩϲ ƳŜǊƛŘƛŀƴ 
is not always Greenwich. There are several 
other reference meridians, mainly in Europe.  
A list of these can be found in the EPSG 
parameter database. 
 
In order to facilitate loading of data in some 
software applications, the convention is that 
North and East are ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ {ƻǳǘƘ ŀƴŘ 
West are negative.  However, the reader 
should beware that local applications that do 
not apply ƻǳǘǎƛŘŜ ǘƘŜƛǊ ΨǉǳŀŘǊŀƴǘΩΣ Ƴŀȅ not 
obey this convention. 
  
Projection coordinates are usuallȅ ŎŀƭƭŜŘ ŜŀǎǘƛƴƎǎ ŀƴŘ ƴƻǊǘƘƛƴƎǎΦ   {ƻƳŜǘƛƳŜǎ ǘƘŜȅ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨȄΩ ŀƴŘ ΨȅΩΦ 
However, this can be confusing as in about 50% of ǘƘŜ ǿƻǊƭŘΣ ŜŀǎǘƛƴƎ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ΨȅΩ ŀƴŘ ƴƻǊǘƘƛƴƎ ōȅ ΨȄΩΦ 
Caution is advised! 
 
More information about how these two types of coordinate system relate will be discussed in the following 
chapters. 
 
 
 

Õ 
 

CONTENTS 

 

Figure 4: Geographic coordinate system 
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1.2 Principles of Geodesy ς The forgotten Earth science! 
 
²Ƙȅ ά¢ƘŜ CƻǊƎƻǘǘŜƴ 9ŀǊǘƘ {ŎƛŜƴŎŜέΚ .ŜŎŀǳǎŜ ǘƘŜǊŜ ƛǎ ŀ pervading ignorance of this science, but an illusion that it 
is inherently understood! (Daniel Boorstin) 
 

1.2.1 Geodesy 
Geophysics and Geology ς is a study of the Earth.   We use models as the other two disciplines do, and make 
adjustments for distortion and errors in those models. 
 
DŜƻŘŜǎȅ ǇǊƻǾƛŘŜǎ ǘƘŜ ΨŦǊŀƳŜ ƻŦ ǊŜŦŜǊŜƴŎŜΩ ŦƻǊ ŀƭƭ ƎƻƻŘ ƳŀǇǎΦ Lǘ ƛǎ ǘƘŜ ƳŜŀƴǎ ōȅ ǿƘƛŎƘ ǿŜ Ŏŀƴ Ǉǳǘ ǘƻƎŜǘƘŜǊ ŀƭƭ 
sorts of different data attributes and ensure that they are correctly juxtaposed.  So while we are interested in the 
relative position of one piece of data to another, the means by which this is achieved is through providing an 
ΨŀōǎƻƭǳǘŜΩ ŦǊŀƳŜǿƻǊƪ ƻǊ ǎŜǘ ƻŦ ǊǳƭŜǎ ǘƘŀǘ ŜƴǎǳǊŜǎ ǘƘŀǘ ǿŜ Ŏŀƴ Řƻ ǘƘƛǎ ŎƻǊǊŜŎǘƭȅΦ   DŜƻŘŜǎȅ ƛǎ ǊƛƎƘǘƭȅ ǘƘŜƴ ǘƻ ōŜ 
considered the underlying and immǳǘŀōƭŜ ŘƻŎǘǊƛƴŜ ǊŜǉǳƛǊŜŘ ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ƳŀǇǎ όǘƘŜ ŎŀǊǘƻƎǊŀǇƘŜǊǎ ΨŀǊǘΩύ 
properly represent the real world they are designed to portray. 
 
Geodesy is defined as the study of: 
 

¶ the exact size and shape of the Earth 

¶ the science of exact positioning of points on the Earth (geometrical geodesy) 

¶ the impact of gravity on the measurements used in the science (physical geodesy) 

¶ Satellite geodesy, a unique combination of both geometrical and physical geodesy, which uses satellite 
data to determine the shape of the EartƘΩǎ ƎŜƻƛŘ ŀƴŘ ǘƘŜ ǇƻǎƛǘƛƻƴƛƴƎ ƻŦ ǇƻƛƴǘǎΦ 

 
Let us return to the ellipsoid that we studied in the 
ǇǊŜǾƛƻǳǎ ǎŜŎǘƛƻƴ όŦƛƎǳǊŜ рύΦ  ¢Ƙƛǎ ǘƛƳŜΣ L ƘŀǾŜ ΨŎǳǘ 
ŀǿŀȅΩ ŀ ǉǳŀŘǊŀƴǘ ƻŦ ǘƘŜ ŜƭƭƛǇǎƻƛŘ ǎƻ ǿŜ Ŏŀƴ ǎŜŜ ǘƘŜ 
centre.   On this diagram we can see two coordinate 
systems.   One is the Latitude, Longitude and Height 
ƻŦ ŀ Ǉƻƛƴǘ ΨtΩ ƛƴ ǎǇŀŎŜ ŀōƻǾŜ ǘƘŜ ŜƭƭƛǇǎƻƛŘ ǎǳǊŦŀŎŜ όƛǘ 
could just as well be below).  The other is a three 
dimensional Cartesian coordinate system where X is 
in the direction of the Greenwich meridian in the 
equatorial plane, Y is orthogonal to the Greenwich 
meridian and Z is parallel to the polar axis 
(orthogonal to the other two axes). The Cartesian 
system is directly referenced to the ellipsoid centre, 
the geographic system is directly referenced to the 
ellipsoid surface and indirectly to the ellipsoid 
centre.  However, both systems are valid and both 
ŘŜǎŎǊƛōŜ ƛƴ ŘƛŦŦŜǊŜƴǘ ΨƴǳƳōŜǊǎΩ ǘƘŜ ŎƻƻǊŘƛƴŀǘŜǎ ƻŦ 
ǘƘŜ Ǉƻƛƴǘ ΨtΩΦ 
 
The relationship between the two systems is per the 
following algorithms: 
 
· Ґ ό˄ Ҍ Ƙύ ϝ Ŏƻǎ ˒ ϝ Ŏƻǎ ˂ 
¸ Ґ ό˄ Ҍ Ƙύ ϝ Ŏƻǎ ˒ ϝ ǎƛƴ ˂ 
½ Ґ ώόōн ϝ ˄κŀ2) Ҍ Ƙϐ ϝ ǎƛƴ ˒ 
 
όǿƘŜǊŜ Ψ˄Ω ƛǎ ǘƘŜ ǊŀŘƛǳǎ ƻŦ ǘƘŜ ŜƭƭƛǇǎƻƛŘ ŀǘ tύΦ 

Figure 5: Ellipsoid coordinate reference systems 
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1.2.2 Geodetic Datum  
One of the most important lessons in geodesy is the next step.  How do we tie the ellipsoid to the real world?  
bƻǿ ǘƘŀǘ ǘƘŜ ƳƻŘŜƭ ƛǎ ǎŜǘ ǳǇΣ ǿŜ ƘŀǾŜ ǘƻ ŀǘǘŀŎƘ ƛǘ ǘƻ ǘƘŜ ǊŜŀƭ ǿƻǊƭŘΦ IŜǊŜ ƛǎ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ŀ ΨDŜƻŘŜǘƛŎ 
wŜŦŜǊŜƴŎŜ 5ŀǘǳƳΩΥ 
 
A Geodetic Datum is an ellipsoid of revolution attached to the Earth at some point.  There are two types: 

¶ Astro-Geodetic  (Regional usage) 

¶ Global    (Global application) 
 
²Ŝ ƳƻǾŜ ŦǊƻƳ ǎƛƳǇƭȅ ŀƴ ŜƭƭƛǇǎƻƛŘΣ ΨŦƭƻŀǘƛƴƎΩ ƛƴ ǎǇŀŎŜ ǘƻ ŀ ΨƎŜƻŘŜǘƛŎ ǊŜŦŜǊŜƴŎŜ ŘŀǘǳƳΩΦ ¢ƘŜǊŜ ŀǊŜ ǘǿƻ ǾŀƭƛŘ ǿŀȅǎ ǘƻ 
do this, the historic, astro-geodetic (regional), pre-navigation satellite days method and the global method using 
satellite orbits. 

 

 
In figure 6, note three significant issues: 

1. Astro-geodetic (geoid referenced) latitudes are not quite the same as geodetic (ellipsoid referenced) 
latitudes. This due to the slight difference in the normal to the respective surfaces. This is the model 
ΨŘƛǎǘƻǊǘƛƻƴΩ ŘǳŜ ǘƻ ǳǎƛng an ellipsoid. If the region covered is a continent like the USA or Russia, then as 
the datum ƴŜǘǿƻǊƪ ƛǎ ǎǇǊŜŀŘ ŀŎǊƻǎǎ ǘƘŜ ƭŀƴŘ ǘƘŜƴ ƭŜŀǎǘ ǎǉǳŀǊŜǎ ŎƻǊǊŜŎǘƛƻƴǎ ŎŀƭƭŜŘ Ψ[ŀǇƭŀŎŜΩ ŎƻǊǊŜŎǘƛƻƴǎ 
have to be made to minimize the distortion. 

2. They take much time to observe under demanding accuracy conditions which can be affected by the 
weather. 

3. They are subject to the observation idiosyncrasies of the observer.  Relative accuracy between datums   
established in the same place by different observers can be several hundred meters. 

 
The drawback of the astro-geodetic method is that it is only useful over a specified region, and in general cannot 
be carried across large expanses of impenetrable terrain or water, since inter-visibility is required. Thus in 
archipelagos, like Indonesia, this can result in a large number of small regional datums none of which quite match 
with the others. Political boundaries can also mean a multiplicity of datums even in contiguous land masses; West 
Africa is a good example, where each country has its own unique astro-geodetic datum.  Figure 7 shows a global 
view of continental regionŀƭ ŘŀǘǳƳ ΨōƭƻŎƪǎΩΦ  9ƛƎƘǘ ŘŀǘǳƳǎ ǘƻ ŎƻǾŜǊ ǘƘŜ ǿƻǊƭŘ ŘƻŜǎ ƴƻǘ ǎŜŜƳ ǎƻ ŘƛŦŦƛŎǳƭǘΣ ōǳǘ ƛƴ 
fact there are well over 100 unique astro-geodetic datums.  Figure 8 shows the proliferation of datums in SE Asia. 

Figure 6: Establishing an Astro-geodetic Datum 

Figure 6 shows how an astro-geodetic 
datum   is established.   Astro-geodetic 
means   the   geodetic   system   is   set   
up   by direct observation of the stars 
using very specialized survey instruments.  
The surface origin is the place where the 
survey instrument is set up.   

The ellipsoid is attached at the 
observation point and several 
ΨŀƭƛƎƴƳŜƴǘǎΩ ƘŀǾŜ ǘƻ ǘŀƪŜ ǇƭŀŎŜ 
mathematically: 

The equatorial plane of the ellipsoid has 
to align with the physical equatorial plane 

The Polar Axis of the ellipsoid has to be 
parallel to the physical polar axis of the 
Earth 

The ellipsoid surface has to be positioned 
so that it matches as closely as possible to 
the Geoid over the area of interest 
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A global datum is a datum that is established to model the entire global geoid as closely as possible; something an 
astro- geodetic datum cannot do.  A global is datum is established by observing the orbit of navigation satellites, 
calculating the EŀǊǘƘΩǎ centre of mass based on the orbits and then adjusting the ellipsoid by harmonic analysis to 
fit the global geoid. There have been several variants, but the two primary ones are WGS 72 and WGS 84.  WGS 
stands for World Geodetic System.  The WGS 72 datum was ŜǎǘŀōƭƛǎƘŜŘ ŦƻǊ ǘƘŜ Ψ¢Ǌŀƴǎƛǘ 5ƻǇǇƭŜǊΩ ǎŀǘŜƭƭƛǘŜ ǎȅǎǘŜƳΣ 
²D{ уп ǿŀǎ ŜǎǘŀōƭƛǎƘŜŘ ŦƻǊ ǘƘŜ Dt{ ǎȅǎǘŜƳΦ ¢ƘŜ ΨŎƻƴƴŜŎǘƛƻƴΩ Ǉƻƛƴǘ ƻǊ ƻǊƛƎƛƴ Ŧƻr the global datums is the EŀǊǘƘΩǎ 
centre of mass.   Due to iterative improvement of the gravitational analysis, the centre of mass is slightly different 
for WGS 72 and WGS 84. 
 

Figure 7: The World's Major Datum Blocks 

Figure 8: The multiplicity of Astro-geodetic datums in the Indonesian Archipelago 
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Reference Datum Transformation: Figure 13 shows a global (blue) and an astro-geodetic or regional datum 
(green), with the offset of the two centres.  In order for a coordinate on the blue datum to be transformed to the 
green datum, the latitude and longitude have to be converted to x,y,z Cartesian coordinates on the blue datum. 
The dx, dy, dz have to be applied giving the x,y,z on the green datum. This can then be converted back to latitude 
and longitude on the green datum.   
 
 
Numerically these two sets of coordinates will be different but they will continue to represent the same physical 
point in space, as can be seen in figures 13 and 14.  The corollary is that coordinates referenced to one datum 

Figures 9 to 12 show, in cartoon 
form, the juxtaposition of two 
astro- geodetic datums with the 
geoid and a global datum. In 
figure 9 we see the geoid. There 
is an outline for representation in 
the other figures.  In figure 10 red 
and green astro-geodetic 
datums are shown connected to 
the surface at two different 
points.  The differences are 
exaggerated for effect. Figure 11 
shows the geoid and the global 
datum. Figure 12 shows all three 
ellipsoids   juxtaposed   with the 
center of the ellipsoids clearly 
shown in three different places 
(again exaggerated for   effect). 
Since latitude and longitude are 
referenced to the centre of the 
respective ellipsoid, it is clear 
that a latitude and longitude on 
one datum will not be 
compatible with a latitude and 
longitude on another datum 
unless some sort of transform 
takes place to adjust the one to 
match the other. 

Figure 9: The geoid and an outline of the geoid 

Figure 10: Ellipsoid attached to the earth in two different places 

Figure 13:  A global datum (blue) and a regional/astro-geodetic datum (green) and the application of the geocentric transformation 

Figure 12: All three datums ellipsoids attached to the earth 

Figure 11: Global' ellipsoid attached to the earth's center of mass 
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that are mapped in a different datum will appear in the wrong place!  The reader should note that in some of the 
larger regional datums, there are a variety of 3 parameter datum transformation sets depending on where in the 
region the operator is working (figure 14). 
 
Figure 14 shows three latitude and longitude locations referenced to different geodetic datums that all represent 
the same point.  The differences in the right-hand two columns shows the error in mapped location if the datums 
are confused. 

 

 

Datums in China are WGS 84, WGS 72 BE, Beijing 1954 and Xian 1980.   Note the difference in the parameters for 
the Beijing datum in the Shows various datum transformation parameters in China as they relate to WGS 84 
Ordos and Tarim basin, both three parameter transformations and the difference between the South China Sea 
and the Yellow Sea seven parameter transformations.  

 

These are captured in the EPSG parameter database.  Note also there are more sophisticated methods of 
calculating the datum transformation which may appear in various applications.  These include parameters that 
not only translate but also allow for rotation and scaling differences between the two datums.  The EPSG 
parameter database also contains many of these.  Care should be taken when applying such parameters, and it is 
best to obtain the services of a specialist when using them or coding them into software. For most applications in 
the E&P domain, a three parameter shift will provide the necessary accuracy.  In some countries more elaborate 
parameters are required by law. 
 
LINK EPSG parameter database 
 
 
 
 
 
 

Figure 14: Lat/long locations on different geodetic datums 

http://www.epsg.org/
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1.2.3 Distortions in the Ellipsoidal Model   
As the reader will have surmised, the ellipsoidal model is not an exact fit. The larger the area covered by a datum, 
the more distortion there is. 
 
Height and Elevation ς the elevation above MSL is not the same generally as the height above the ellipsoid. 
/ƻǊǊŜŎǘƛƻƴǎ Ƴǳǎǘ ōŜ ƳŀŘŜ ǘƻ Dt{ ƻǊ ƻǘƘŜǊ ǎŀǘŜƭƭƛǘŜ ŘŜǊƛǾŜŘ ΨƘŜƛƎƘǘǎΩ ǘƻ ŀŘƧǳǎǘ ǘƘŜƳ ǘƻ ƳŜŀƴ ǎŜŀ ƭŜǾŜƭΦ 
Measurements made and adjusted to mean sea level by the surveyor may be assumed to lie on the ellipsoid as 
long as the separation between the two surfaces is relatively small. 
 
Related to the previous one, the direction of the local vertical is not the same as the normal to the ellipsoid.  This 
ŘƛŦŦŜǊŜƴŎŜ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨŘŜŦƭŜŎǘƛƻƴ ƛƴ ǘƘŜ ǾŜǊǘƛŎŀƭΩ ŀƴŘ Ƙŀǎ ǘƻ ōŜ ƳƛƴƛƳƛȊŜŘ ŜǎǇŜŎƛŀƭƭȅ ŀŎǊƻǎǎ ƭŀǊƎŜǊ ǊŜƎƛƻƴŀƭ ŀƴŘ 
continental datums.  This is done using Laplace corrections at regular intervals across the area of interest.  Since 
these corrections vary in a non-regular and non-linear manner, the datum transformation between two datums 
may vary significantly across larger datums.  The EPSG database is a means of identifying where a particular set of 
parameters should be used. 
 
Radius of curvature adjustment (Figure 16) ς The ellipsoid has a radius of curvature at a point (varies across the 
ellipsoid).  When measuring distances at heights above or below the ellipsoid of more than about 5000 ft, the 
distances need to be adjusted to allow ŦƻǊ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ǊŀŘƛǳǎ ƻŦ ŎǳǊǾŀǘǳǊŜΣ ǎƻ ǘƘŀǘ ǘƘŜȅ ΨƳŀǇΩ ŎƻǊǊŜŎǘƭȅ ƻƴǘƻ ǘƘŜ 
ellipsoid. Measurements made above the ellipsoid need to be reduced and measurements made below the 
ellipsoid need to be increased respectively, so that a map of the area (computeŘ ŀǘ ǘƘŜ ΨǘǊǳŜΩ ŜƭƭƛǇǎƻƛŘ ǊŀŘƛǳǎύ ƳŀǇ 
correctly onto the map in relation to other features.  The calculation can be made with the following equation: 

 
 

Ellipsoidal length = d[1 ς( h/(R + h))] where 
d = measured length 
h = mean height above mean sea level (negative if below) 
R = mean radius of curvature along the measured line 

Figure 15: Datum transformation parameters in China 
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Section summary 

The most important lessons:  
 
The most important lesson from all this is that a latitude and longitude coordinate do not uniquely define a point 
in space unless the datum name is included as part of the description!  Please also note that knowing the name of 
the ellipsoid is not enough.  An ellipsoid is a shape in space and the same ellipsoid can be attached to the Earth at 
an infinite number of places.  Each time an ellipsoid is attached to another place it represents a different datum. 
Particular examples occur in West Africa, where many countries use the Clarke 1880 ellipsoid but set up as a 
different astro-geodetic datum in each case, and in Brazil where three datums use the International ellipsoid of 
1924. 
 
Ten Things to Remember about Geodesy and References: 
 
1. Latitude and Longitude are not unique unless qualified with a Datum name.  
2. Heights/Elevations are not unique unless qualified with a height/elevation reference. 
3. Units are not unique unless qualified with unit reference. 
4. Orientations are not unique unless qualified with a heading reference. 
5. Most field data of all types are acquired in WGS 84 using GPS. 
6. Every time data are sent somewhere there is a chance someone will misinterpret the references. 
7. Most datasets have an incomplete set of metadata describing the references. 
8. All software applications are not created equal with respect to tracking and maintaining metadata. 
9. Data can be obtained by anyone from anywhere ς ǘƘŀǘ ŘƻŜǎƴΩǘ ƳŀƪŜ ƛǘ ǊƛƎƘǘΗ 
10. Most people do not understand geodesy - if you are in doubt ς check with someone who knows! 
 
 

Õ 
 

CONTENTS 

Figure 16: The increase in offset correction with depth and offset distance 
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1.3 Principles of Cartography ς LǘΩǎ ŀ Ψ{ǉǳŀǊŜ ²ƻǊƭŘΩΗ hǊ ƛǎ ƛǘΚ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Why is it necessary to project geographic coordinates?   We do this for three primary reasons: 
 

¶ Ease of communication 

¶ Ease of computation 

¶ Presentation and Planning 
 

1.3.1 Projection Categories  
Figure 18 shows the various surfaces and orientation of the surfaces with respect to the ellipsoid axes.  The three 
surfaces for projecting the ellipsoid are a cylinder, a cone and a plane.  The main projection types used in E&P are 

Transverse Mercator and Lambert Conformal Conic.  
 

Other projection types that occur less frequently are: Mercator, Oblique Mercator (Alaska) Oblique 
Stereographic (Syria), Albers Equal Area. The majority of the standard projections in use in E&P are listed with 
parameters in the EPSG database. 

 
¢ƘŜǊŜ ŀǊŜ Ƴŀƴȅ ΨǎǘŀƴŘŀǊŘΩ ǇǊƻƧŜŎǘƛƻƴ ǇŀǊŀƳŜǘŜǊ 
definitions, but a project projection can be custom 
designed for specific purposes if needed. In 
general, one or two of the following criteria can be 
preserved when designing a projection:   
 

Shape  
Area  
Scale 
Azimuth 

 
The majority of the projections we use are 
conformal.  This means that scale at a point is the 
same in all directions, angular relationships are 
preserved (but not necessarily north reference) 
and small shapes and areas are preserved.  
 
They are also generally computational.  

The foundation is the datum. Geographic 
coordinates (latitude and longitude) 
describe points in the datum. These are 
then converted into Projection 
coordinates.  

Without knowledge of the datum,  
projection coordinates are not unique  
and can easily be wrongly mapped 
 

Figure 18: Types of projection based on various plane / orientation of surfaces 

Figure 17: The hierarchy of mapping 
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Figure 19 shows that making the plane surface 
secant to the ellipsoid allows for a greater 
area to be covered with an equivalent scale 
distortion. 
 
 

LINK EPSG parameter database 
 
 

1.3.2 Mapping Parameters  
A projection requires a set of parameters that 
are used to convert between latitude and 
longitude and easting and northing. These 
parameters can be found in the EPSG geodetic 
parameter database. 
 
For a Transverse Mercator projection and a 
Lambert Conformal Conic projection these are 
respectively: 
 
 

The geographic origin is the intersection of the central meridian with the latitude of the origin. The projection 
origin values at that point are the false easting and false northing. The reason for the high positive values for 
these parameters where applicable, is to avoid negative values.  In both cases above this is for the easting but is 
ƴƻǘ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ǘƘŜ ƴƻǊǘƘƛƴƎǎ ǿƘƛŎƘ ŀǊŜ ōƻǘƘ ΨлΩΣ ŀǎ ǘƘŜ ǇǊƻƧŜŎǘƛƻƴ ƛǎ ƴƻǘ ƛƴǘŜƴŘŜŘ ŦƻǊ ǳǎŜ ǎƻǳǘƘ ƻŦ ǘƘŜ ƻǊƛƎƛƴΦ 
 
There are several other types of projection, most of which are of more interest to cartographers than having any 
application in E&P. 
 

1.3.3 Distortions in Mapping   
We have already seen in the Geodesy section above, that by modelling the Geoid using an ellipsoid, we have 
already introduced some distortion in the way that the Earth is represented.  Without adjustment, that distortion 
increases as we proceed further from the point of origin where the datum was established.  However, with a well-
established datum, these distortions can be minimized.  When we make calculations from the EŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǘƻ ŀ 
flat (projection) surface, we introduce an additional set of distortions.  These are in area, shape, scale and 
azimuth.  

Figure 19: The plane surface to the ellipsoid 

http://www.epsg.org/
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These distortions:  

¶ Can be calculated and understood, but without proper care and well educated workforce, it is easy to 
make mistakes.  

¶ Are non-linear; that is to say, the size of the distortion varies across the projected area are very important 
component in mapping wellbores. 

 
The most important and potentially destructive distortions when projecting geospatial data to a map are scale 
and orientation, particularly when mapping wellbore positions. Figure 18 shows ŀ ΨƳŀŎǊƻΩ ƭŜǾŜƭ ŜȄŀƳǇƭŜ ƻŦ ǎŎŀƭŜ 
and azimuth distortion.   This effect happens even at short distances but not so obviously to the eye.  The 
ƻǊƛŜƴǘŀǘƛƻƴ ƻǊ ŀȊƛƳǳǘƘ ŎƘŀƴƎŜ ƛǎ ǿƘŀǘ ƛǎ ŎŀƭƭŜŘ ŎƻƴǾŜǊƎŜƴŎŜΦ  Lǘǎ ǾŀƭǳŜ Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ŀƴŘ ŀǇǇƭƛŜŘ ǘƻ ΨǊŜŀƭ 
ǿƻǊƭŘΩ ƳŜŀǎǳǊŜƳŜƴǘǎ ǘƻ ŀŘƧǳǎǘ ǘƘŜƳ ǘƻ ǇǊƻƧŜŎǘƛƻƴ ƴƻǊǘƘ ǊŜŦŜǊŜƴŎŜŘ ǾŀƭǳŜΦ Similarly scale distortion can be 
applied to survey measurements to represent a scaled distance on the map. 
 
 

1.3.4 Azimuth Distortion  
A key point to remember is that the projection central meridian 
is truly a meridian - there is no azimuth distortion. As one moves 
away from the central meridian east or west, the other 
meridians plot on the projection as curved lines that curve 
towards the nearest pole, whereas grid north lines are parallel to 
the central meridian.  At any given point, the difference in 
azimuth between the grid north lines and the meridian lines is 
the convergence angle.  On the equator, convergence is 
generally zero also, and increases as one moves north.  
Figure 20 ǎƘƻǿǎ ŀ ΨƎƭƻōŀƭΩ ŎŀǊǘƻƻƴ ǾƛŜǿ ƻŦ ǘƘŜ ŎƻƴŎŜǇǘΦ 
 
 
 
 
 
Figure 21 shows a simple way to verify that the value derived is 
correct (i.e. that the sign of convergence has been correctly 
applied).  It is important when dealing with convergence to do a 
ŎƻǳǇƭŜ ƻŦ ΨǎŀƴƛǘȅΩ ŎƘŜŎƪǎΥ 
 

¶ Always draw a diagram (Figure 21) 

¶ Always check that the software application is applying 
the correct value, correctly 

¶ Always have someone else check that the results agree 
with supplied results of wellbore location 

¶ If you are not sure ς find a specialistThe formal algorithm 
is Grid azimuth = True Azimuth ς Convergence but many 
applications do not observe the correct sign. It is better 
to use True Azimuth   =   Grid   Azimuth   ± CoƴǾŜǊƎŜƴŎŜ ʰ 
where (per figure 21ύΣ ʰ -ǾŜ ²Ŝǎǘ ƻŦ /aΣ ŀƴŘ ʰ Ҍve East 
of CM in Northern hemisphere and the opposite in 
Southern hemisphere. 

 
In the equation above, use the sign in the diagram, not the sign 
you get with the software, because some applications use the 
opposite convention. 

Figure 20: The plane surface can be tangent or secant to 
the ellipsoid.  Secant evens the distortion. 

Figure 21: Two projection zones with Central Meridians 

Figure 21 shows two project zones with Central 
Meridians, as well as non-central meridians 
plotted on the projection (curved lines) that   
converge   towards   the nearest pole. Two 
additional grid north lines are shown to the right 
and left of the figure. Grid north lines are parallel 
on the projection, creating a grid. Convergence 
and scale sign distortion vary in a non-linear 
fashion across the projection, but can be 
calculated for any given point. 
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1.3.5 Scale Distortion     
Referring back to figure 21, it is clear from the example that a projection will distort the distance between two 
points.  Clearly the true (Earth surface measured) distance between Anchorage and Washington DC has not 
changed, but the length on the map can change depending on the projection.  Most projections we use have a 
ǎǳō ǳƴƛǘȅ ΨŎŜƴǘǊŀƭ ǎŎŀƭŜ ŦŀŎǘƻǊΩΦ  Lƴ the example above the Mississippi West state plane projection has a central 
scale factor of 0.99975.  This means that on the central meridian a 1,000 meter line measured on the ground will 
be represented by a line 999.75 meters at the scale of the map.  If the map has a scale of 1:10,000, then the line 
on the map will be represented by a line 9.9975 cms long.  If you plotted the same line on the central meridian of 
a UTM projection with a central scale factor of 0.9996, then the line on the map would be represented by a line 
9.996 cms long. 
 
 

Õ 
 

CONTENTS 
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нΦ  /ƘŀƴƎƛƴƎ ŦǊƻƳ hƴŜ aŀǇ {ȅǎǘŜƳ ǘƻ !ƴƻǘƘŜǊ 

2.1 Ellipsoids and Datums 
 

This is covered in more detail in the Geodesy section above but here are some basic guidelines. 
 
The Earth is elliptical in cross section due to the fact that 
the planet is mainly molten rock and the rotation of the 
EŀǊǘƘ ŎŀǳǎŜǎ ŀ ǎƭƛƎƘǘ ΨŦƭŀǘǘŜƴƛƴƎΩ ŀǎ ǘƘŜ ŎŜƴǘǊƛŦǳƎŀƭ ŦƻǊŎŜ 
throws the mass of liquid away from the centre of spin. 
 
A datum by definition is an ellipsoidal model of the Earth 
and a centre point.  Historically we have estimated the 
dimensions of the ellipsoid and its centre from surface 
observations and the best fit datum has naturally varied 
from region to region around the world.  For example, in 
the USA, an elliptical model and centre point was chosen 
in 1927 and is referred to as the NAD 27 datum. 
 
It uses the Clarke 1866 Ellipsoid (named after Alexander 
Ross Clarke a British Geodesist 1828 - 1914 with 
dimensions as follows: 
 
Semi-Major Axis: 6378206.4 metres 
Semi-Minor Axis: 6356583.8 metres  
 
Whereas in 1983 the datum was updated to NAD 83 which 
uses a spheroid as follows: 
 
Semi-Major Axis: 6378137   metres 
Semi-Minor Axis: 6356752.3 metres 
 
Not only did the shape update but the centre point shifted 
by several hundred feet.  In order to correctly convert 
from one system to another, the latitude and longitude 
have to be converted to an XYZ coordinate from the 
estimated centre of the Earth (Geo Centric Coordinates). 
After that a shift in the coordinates to allow for the shift 
between the centre estimates is applied. Then the 
coordinates can be converted back to a vertical angle 
(latitude) and horizontal angle (longitude) from the new 
centre on the new ellipsoid.  In some cases, there may be 
a scale change and even a small rotation around the three 
axes so it is not recommended that a home-made 
calculation is done for such a critical and sensitive 
conversion. 
 
Latitude and Longitude for a point are NOT UNIQUE. They depend on the centre point and spheroid in use. 
 
 

Figure 22Υ 9ŀǊǘƘΩǎ ŜƭƭƛǇǘƛŎŀƭ ŎǊƻǎǎ section 

Figure 23: Geo Centric XYZ coordinates 
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It is worth checking out the EPSG web site.  This is the internet domain of the European Petroleum Survey Group 
which maintains an accurate database of geodetic parameters and provides on line software for doing such 
conversions.   
 
LINK EPSG website 
      
Here, for example is the conversion of a point at 30 degrees North latitude and 70 degrees West Longitude from 
NAD 27 to NAD 83. 
 
                                   Latitude             Longitude  

 

  NAD 27 datum values:            30 00  0.00000        70 00  0.00000  

  NAD 83 datum values:            30 00  1.15126         69 59 57.30532  

  NAD 83 -  NAD 27 shift values:   1.15126 (secs )         - 2.69468(secs )  

                              35.450 (m ete rs)        - 72.222 (meters)  

 

  Magnitude of total  shift:         80.453(m eters)  

 
The main consideration here is that it is essential that when positioning a well, the geoscientists, the operator and 
the drilling contractor are all working on the same map system on the same datum as the shift in position can be 
enormous and frequently far bigger than the well target tolerance. 
 
 
 
 

Õ 
 

CONTENTS 

 

http://www.epsg.org/
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оΦ   ¢ǊǳŜ bƻǊǘƘΣ DǊƛŘ bƻǊǘƘΣ /ƻƴǾŜǊƎŜƴŎŜ {ǳƳƳŀǊȅ ϧ 
9ȄŜǊŎƛǎŜǎ 

3.1 Map Projections 
 

CƻǊ ŀƴȅ Ǉƻƛƴǘ ƻƴ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ¢ǊǳŜ bƻǊǘƘ ƛǎ ǘƻǿŀǊŘǎ the Geographic North Pole (The EarthΩs axis of 
revolution). 
 
This fact is independent of any map system, datum or spheroid.  However, when a map projection surface is 
introduced, it is impossible to maintain a parallel map North that still meets at a single point. 
 
In this example a vertically wrapped cylinder such as those used in Transverse Mercator map projections includes 
the North Pole but the straight blue line on the globe will become slightly curved on the surface of the cylinder.  
The black line in the diagram shows the direction of Map North (Grid North) and clearly they are not the same. 
 

 
When the cylinder is unwrapped, the two lines look like figure 
25. 
 
Because all True North lines converge to a single point, the angle 
from True to Grid North is referred to as the Ψ/ƻƴǾŜǊƎŜƴŎŜΩ 
Angle. 
 
Convergence is the True Direction of Map North. 
 
In the case of the Universal Transverse Mercator Projection, the 
convergence within one map zone can vary from -3 degrees to + 
3 degrees. 
 
When correcting a true North Azimuth to Grid, this convergence 
angle must be subtracted from the original azimuth.  It is 
essential that a North Arrow is drawn in order to correctly 
visualize the relative references.   

Figure 25: ¢ƘŜ Ψ/ƻƴǾŜǊƎŜƴŎŜΩ !ƴƎƭŜ 

Figure 24: Map projection surface for parallel map North 
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When magnetic north is included (see next chapter) we have 
three different North References to contend with. 
 
These can be in any order with several degrees of variation 
between them so a clear North Arrow is essential on all well 
plans and spider maps. 
 
When correcting from one reference to the other it is common 
practice to set the company reference North straight upwards 
and plot the others around it.  In figure 26 & 27, Grid North is 
the preferred company reference, so all quoted azimuths would 
be referenced to Grid and the North arrow is centred on Grid 
North. 
 
 
 
 
 
 
 
 
 
In this example the well is heading 60o Grid with magnetic North at 6o west of True and Grid North 2o East of True 
- figure 27.  Depending on which reference we use, the azimuth can be expressed three different ways.  It is easy 
to see how confusion can occur. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Worked examples follow on the next pagesΧΦΦ 
 
 
 

Õ 
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Figure 26: The three north references 

Figure 27: The Convergence angle calculation 
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Some simple worked examples: 

 
 

 

 
            
 
 
 

 
 
 
 
 
 
 

  

Example 1 

 

Example 
1 

Example 2 

 

Example 
2 

Example 5 

 

Example 
3 

Example 4 
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п   ¢ƘŜ 9ŀǊǘƘΩǎ aŀƎƴŜǘƛŎ CƛŜƭŘ 

4.1 Basic Outline 
 

!ǘ ǘƘŜ ƘŜŀǊǘ ƻŦ ǘƘŜ ǇƭŀƴŜǘ ƛǎ ŀƴ ŜƴƻǊƳƻǳǎ ƳŀƎƴŜǘƛŎ ŎƻǊŜ ǘƘŀǘ ƎƛǾŜǎ ǘƘŜ 9ŀǊǘƘΩǎ ƴŀǾƛƎŀǘƻǊǎ ŀ ǳǎŜŦǳƭ reference.  The 
lines of magnetic force run from south to north and these provide a reference for our compasses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
¢ƻ Ŧǳƭƭȅ ŘŜŦƛƴŜ ǘƘŜ 9ŀǊǘƘΩǎ aŀƎƴŜǘƛŎ CƛŜƭŘ ŀǘ ŀƴȅ ƭƻŎŀǘƛƻƴΣ ǿŜ ƴŜŜŘ ǘƘǊŜŜ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ŀ ǾŜŎǘƻǊΦ  ¢ƘŜ CƛŜƭŘ 
Strength, usually measured in nano Teslas or micro Teslas, the Declination Angle defined as the True Direction of 
Magnetic North and the Dip Angle defined as the vertical dip of the Earth vector below horizontal. For computing 
reasons, this vector is often defined as three orthogonal magnetic field components pointing towards True North, 
East, and vertical referred to as Bn, Be and Bv. A fundamental law of physics relating magnetic field strength to 
electric current is known as the Biot-Savart Law and this is our best explanation for why B is used to denote 
magnetic field strength.  If you know better, please contact the author - details at the front of this publication. 
 
 
 

Figure 28: Basic Earth internal layers 

 

Figure 29: Elements of the magnetic field vector 
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4.2 ±ŀǊƛŀǘƛƻƴǎ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ aŀƎƴŜǘƛŎ CƛŜƭŘ 
 
hƴŜ ǇǊƻōƭŜƳ ǿƛǘƘ ǘƘŜ 9ŀǊǘƘΩǎ aŀƎƴŜǘƛŎ CƛŜƭŘ ƛǎ ǘƘŀǘ ƛǘ ǿƛƭƭ ƴƻǘ ǎǘŀƴŘ still.  Over the course of history, the magnetic 
core of the Earth has been turbulent with the result that the magnetic vector is constantly changing.  In geological 
ǘƛƳŜ ǎŎŀƭŜǎ ǘƘƛǎ ŎƘŀƴƎŜ ƛǎ ǾŜǊȅ ǊŀǇƛŘΦ Lǘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ Ψ{ŜŎǳƭŀǊΩ ǾŀǊƛŀǘƛƻƴΦ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to keep track of this 
movement, several global magnetic models are maintained to provide prediction models. For example, an 
international organization called INTERMAGNET collates data from observatories scattered throughout the world 
to model the intensity and attitude of the EŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΦ  9ǾŜǊȅ ȅŜŀǊΣ ǘƘŜ Řŀǘŀ ƛǎ ǎŜƴǘ ǘƻ ǘƘŜ .ǊƛǘƛǎƘ 
Geological Survey in Edinburgh where it is distilled to a computer model called the British Global Geomagnetic 
Model (BGGM). Historically this has been the most commonly used model for magnetic field prediction for the 
drilling industry but there are others. The United States National Oceanic and Atmospheric Administration (NOAA) 
also produce a model known as the High Definition Geomagnetic Model from their National Geophysical Data 
Centre in Boulder Colorado. This takes account of more localized crustal effects by using a higher order function 
to model the observed variations in the Earth field. In practice, when higher accuracy MWD is required, it is 
increasingly popular to measure the local field using IFR (see chapter 6) and to map the local anomalies as 
corrections to one of the global models.  In this way, the global model takes care of the secular variation over 
time and the local effects are not dependent on a mathematical best fit over long wavelengths. 
 

LINKS BGGM   NOAA 

Figure 30: Tracking the magnetic North Pole 

http://www.geomag.bgs.ac.uk/data_service/directionaldrilling/bggm.html
http://www.ngdc.noaa.gov/geomag/data/poles/NP.xy
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The model in figure 32 below is a combined effort between NOAA and the BGS called the World Magnetic Model 
which is updated every 5 years. This is a lower order model, as is the International Geomagnetic Reference Field 
produced by IAGA but these are freely accessible over the internet whereas the higher order models require an 
annual license. 

 
The higher order world models (BGGM and HDGM) are considered to be better than 1 degree (99% confidence) at 
most latitudes. This may be less true at higher latitudes above 600 but at these latitudes, IFR techniques are 
frequently used. 
 

Figure 31: Magnetic observatories 

Figure 32: Main field declination Jan 2010 
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4.3 Magnetic Observatory Distribution  
 

It should be noted that the global models such as BGGM and even HDGM, can only measure longer wave length 
effects of the EŀǊǘƘΩǎ magnetic field distribution and cannot be expected to take account of very localised crustal 
effects caused by magnetic minerals, typically found in deep basement formations in the vicinity of drilling.  See 
chapter 6 for a discussion of In Field Referencing (IFR), a technique for measuring the local field to a higher 

accuracy. 
 

4.4 Diurnal Variation 
¢ƘŜ ǘŜǊƳ 5ƛǳǊƴŀƭ ǎƛƳǇƭȅ ƳŜŀƴǎ ΨŘŀƛƭȅΩ ŀƴŘ ŦƻǊ 
many centuries it has been noticed that the 
magnetic field seems to follow a rough sine 
wave during the course of the day.  Here is a 
graph of field strength observations taken in 
Colorado over a 2-day period. 
 
It can be seen that the field strength is 
following a 24-hour period sine wave. 
See chapter 7 for a discussion of ΨInterpolated 
In Field ReferencingΩ, a method of correcting for 
diurnal variation in the field. 
 
These variations may be small but for high accuracy MWD work especially at high latitudes, they may need to be 
corrected for.  We now know that this effect is due to the rotation of the Earth and a varying exposure to the 
solar wind.  The sun is constantly emitting ionized plasma in huge quantities across the solar system. These winds 
intensify during magnetic storms and the material can be seen on a clear night at high or low latitudes, being 
ŎƻƴŎŜƴǘǊŀǘŜŘ ŀǘ ǘƘŜ ƳŀƎƴŜǘƛŎ ǇƻƭŜǎ ŀƴŘ ŦƻǊƳƛƴƎ ǘƘŜ Ψ!ǳǊƻǊŀ .ƻǊŜŀƭƛǎΩ ŀƴŘ ǘƘŜ Ψ!ǳǊƻǊŀ !ǳǎǘǊŀƭƛǎΩΦ   
 

Figure 33: Magnetic Observatory locations 

Figure 34: Diurnal field variation 
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During such storms the measurements taken from magnetometers and compasses are unlikely to be reliable 
but even in quiet times, the diurnal variation is always present. 

Õ 
 

CONTENTS 
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рΦ  tǊƛƴŎƛǇƭŜǎ ƻŦ a²5 ŀƴŘ aŀƎƴŜǘƛŎ {ǇŀŎƛƴƎ 

5.1 Measurement While Drilling (MWD) 
 

MWD usually consists of a non-magnetic drill collar as in figure 35, 
containing a survey instrument in which are mounted 3 
accelerometers, 3 magnetometers and some method of sending the 
data from these to surface. 
 
Accelerometers measure the strength of the EŀǊǘƘΩǎ ƎǊŀǾƛǘȅ ŦƛŜƭŘ 
component along their axis.  Magnetometers measure the strength 
of the EŀǊǘƘΩǎ ƳŀƎƴŜǘƛc field along their axis.  With three accels 
mounted orthogonally, it is always possible to work out which way is 
ΨŘƻǿƴΩ ŀƴŘ ǿƛǘƘ ǘƘǊŜŜ ƳŀƎƴŜǘƻƳŜǘŜǊǎ ƛǘ ƛǎ ŀƭǿŀȅǎ ǇƻǎǎƛōƭŜ ǘƻ ǿƻǊƪ 
out which way is North (Magnetic).  The following equations can be used to convert from three orthogonal 
accelerations, Gx, Gy and Gz (sometimes called Ax, Ay and Az) and three orthogonal magnetic field 
measurements, Bx, By and Bz (sometimes called Hx,Hy and Hz), to the inclination and direction (Magnetic). 

 
 
 
 
 
 
 
 
 
 
 

In these equations the z axis is considered to point down hole and x and y are the cross axial axes. Some tools are 
arranged with the x axis downhole and y and z form the cross axial components so care should be taken when 
reading raw data files and identifying the axes.  Similarly, there is no consistency in units in that some systems 
output accelerations in gs, others in mg and some in analogue counts.  Similarly, the magnetometer outputs can 
be in counts, nano Teslas or micro Teslas.   
 
The magnetometers are of various types but usually consist either of a coil with alternating current used to fully 
magnetise a core alternating with or against the Earth field component, or a small electro magnet used to cancel 
the EŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŎƻƳǇƻƴŜƴǘΦ   
 
The accelerometers are simply tiny weighing machines, measuring the weight of a small proof weight suspended 
between two electromagnets.  Held vertically they will measure the local gravity field and held horizontally they 
will measure zero.  In theory we could measure inclination with only one accelerometer but a z axis 
accelerometer is very insensitive to near vertical movement due to the cosine of small angles being so close to 
unity.  Besides we also require the instrument to tell us the toolface (rotation angle in the hole). 
 
If we want the toolface as an angle from magnetic north corrected to our chosen reference (grid or true) we use 
the x and y magnetometers and resolve tan-1(Bx/By) and if we want the angle from the high side of the hole we 
resolve tan-1(Gx/Gy).  For practical reasons, most MWD systems switch from a magnetic toolface to a high side 
toolface once the inclination exceeds a preset threshold typically set between 3 and 8 degrees.  
  

Figure 35: A non-magnetic drill collar 
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5.1 Data Recovery 
 

Most commonly, the technique used currently is to encode the data as a 
series of pressure pulses in the drilling fluid using poppet valves that will 
restrict the fluid flow to represent a one and release to represent a zero. 
This is known as positive mud pulse telemetry. 
 
There are other systems which will open a small hole to the annulus to 
allow the pressure to drop for a 1 and recover for a zero.  This is known as 
negative mud pulse telemetry. A third method is to generate a sinusoidal 
continuous pressure cycle onto which a phase modulation can be super-
imposed to create a decipherable message signal. This is known as 
continuous wave telemetry. 
 
 

 

Figure 36: Graphical representation of two types of toolface 

Figure 37: Examples of pulser equipment 
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The data is interpreted at surface and displayed in a surface display unit.  
Direction is measured from Magnetic North initially but usually corrected 
to either grid or true.  Inclination is measured up from vertical and 
toolface, as mentioned, can be measured either as an Azimuth Toolface or 
a High Side toolface.  In the picture below, the drilling tool is currently 
oriented on a gravity of toolface of 136O right of high side. 
 
 
 
 
 
 
 

Figure 38: Typical toolface display 
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5.2 MWD Magnetic Spacing 
 
Clearly, if we are to make use of magnetic sensors in an MWD tool, we need to ensure that there is sufficient 
magnetic isolation to avoid significant magnetic influences from the other drilling equipment. 
 
 
 
 
 
 
 
 

 
5.2.1 Drill String Magnetic Interference 
The drillstring is a long slender metallic body, which can locally disturb the EŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΦ wƻǘŀǘƛƻƴ ƻŦ ǘƘŜ 
string and its shape causes the magnetisation to be aligned along the drillstring axis. 
The magnetised drillstring locally corrupts the horizontal component of the EŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŀƴŘ ƘŜƴŎŜ 
accurate measurement of magnetic azimuth is difficult. For sensible magnetic azimuth measurement, the 
magnetic effect of the drillstring has to be reduced and this is done by the insertion of non-magnetic drill collars 
(NMDC) into the drillstring. 
 
Non-magnetic drill collars only reduce the effect of magnetic interference from the drillstring ς they do not 
remove it completely. An acceptable azimuth error of 0.25° was chosen based on Wolff and de Wardt (References 
/¦w ппо ŀƴŘ /¦w усύ ŀǎ ǘƘƛǎ ǿŀǎ ǘƘŜ ƭƛƳƛǘ ŦƻǊ ΨDƻƻŘ aŀƎƴŜǘƛŎΩ ǎǳǊǾŜȅǎ ƛƴ ǘƘŜƛǊ ǎȅǎǘŜƳŀǘƛŎ ŜǊǊƻǊ ƳƻŘŜƭΦ Lǘ ǎƘƻǳƭŘ 
be noted that more recent work has suggested that magnetic interference azimuth error is likely to be of the 
order of 0.25 + 0.6 x sin (Inc) x sin(azimuth) so these values can be exaggerated at high angle heading east west. 
 
By making assumptions about the magnetic poles in the steel above and below the NMDC, the expected optimum 
compass spacing to minimise azimuth error and the magnitude of the expected azimuth error can be calculated. 
 

5.2.2 Pole Strength Values 
Field measurements by Shell (Reference CUR 252) have been made of pole strengths for typical Bottom Hole 
Assemblies. These values are for North Sea area in Northern Hemisphere; these should be reversed for Southern 
Hemisphere. However, it should be noted that the polarity and intensity of magnetic interference is not easily 
predictable.  In many cases the interference is mainly caused by the use of magnetic NDT techniques which of 
course have nothing to do with geographic location.  The numbers suggested here are merely a guide and 
certainly not an upper limit. 
 
Upper Pole      Lower Pole 
5Ǌƛƭƭ ŎƻƭƭŀǊǎ ǳǇ ǘƻ Ҍ флл ˃²ōΦ    Stabilisers and bit up to -фл ˃²ōΦ 
       10m drill collar below NMDC up to -олл ˃²ō 
       Turbines up to -млллΣ ˃²ō 

 
5.2.3 Azimuth Error 
Drillstring magnetisation affects the observed horizontal component of the local magnetic field. A magnetic 
compass detects the horizontal component of the EŀǊǘƘϥǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΦ ¢ƘŜ ŘǊƛƭƭǎǘǊƛƴƎ ƛƴŘǳŎŜŘ ŜǊǊƻǊΣ ɲ.Ȋ ŀŎǘǎ 
along the drillstring axis and this affects the east/west component of the observed field in proportion to (Sine 
Inclination x Sine Azimuth). This means that the compass error increases with inclination and with increased 
easterly or westerly azimuth of the wellbore. 
 

The following explanation is included courtesy of Dr Steve Grindrod of Copsegrove Developments Ltd. 

NON-MAGNETIC DRILL COLLAR LENGTH REQUIREMENTS 

This section describes the theoretical background to drillstring magnetic interference, explains the 
origin of NMDC charts and makes recommendations on NMDC usage and inspection. This is based on 

[Reference CUR 252] (SPE 11382 by S.J. Grindrod and C.J.M. Wolff on Calculating NMDC length). 
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5.2.4 NMDC Length Selection Charts 
Using the formulae from SPE 11382 by S.J. Grindrod and C.J.M. Wolff, NMDC charts can be constructed for 
various well inclinations and azimuths and for a maximum acceptable azimuth error. The latter is taken as 0.25 
degrees as the limit for good magnetic surveying practice. By varying the DIP and B for local conditions, charts can 
be prepared for various areas of the world. 
 
An example chart for a bit and stabiliser BHA is given in figure 39: 
 
The charts can be used in two ways. 
 
1. To estimate the recommended length of NMDC for a particular situation. 
2. If a different length was used, an estimate of the possible azimuth error can be obtained. 
 
To find the recommended length of NMDC for a particular BHA, the azimuth from North or South and the 
inclination are used to arrive at a point on the selection chart. For example, a section of a well being drilled at 60° 
inclination and 35° azimuth requires 24 m of NMDC. 
 
This is demonstrated on the example chart above, with the 24 m overall length being found by visually 
interpolating between the 20 m and 30 m length lines.  
 
Where inadequate lengths of NMDC are used, (or when reviewing past surveys where insufficient NMDC was 
used) it is possible to estimate the resulting compass error: -  

 

Area:     North Sea 

BHA:    Bit and Stabiliser 
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Figure 39: Example NMDC length selection chart 

 

 

  



P a g e | 47 

 

Upper Pole Strength:  900 uWb 

Lower Pole Strength:  90 uWb 

Length Steel Below NMDC: 2.00 m 

Total Magnetic Field:  50,000 nT 

Magnetic Dip Angle:  72.00 deg 

Acceptable Azimuth Error: 0.25 deg 

Optimum Compass Spacing: 30 % from bottom of NMDC 

Produced by Copsegrove Developments Ltd 

 
 
Possible Azimuth Error for length of NMDC used = Acceptable Azimuth Error x (Length required)2 / (Length used)2 
 
Example: 
 
If only 2 NMDC's with a total length of 18.9 m (62 ft) were used instead of the recommended 
NMDC total length of 24 m (69 ft) we have: - 
 
Estimated possible azimuth error = 0.25 x (24)2 / (18.9)2 = 0.4 deg 
 
Note that it is not valid to deliberately cut back on NMDC usage and plan to theoretically correct a survey by the 
above formulae. This is because the formula assumes pole strengths for the BHA components and actual pole 
strengths are not generally measured in the field. 
 
 
 
 

Õ 
 

CONTENTS 
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сΦ LƴπCƛŜƭŘ wŜŦŜǊŜƴŎƛƴƎ 

6.1 Measuring Crustal Anomalies Using In-field Referencing 
 
The biggest source of error in MWD is usually the crustal variation. The global models such as the BGGM and 
HDGM can only take into account the longer wave length variations in the Earth Field and cannot be expected to 
allow for the localised effects of magnetic rock in the basement formations.  In order to correct for these effects, 
the magnetic field has to be measured on site.  From these local measurements, a series of corrections from a 
global model can be mapped out for the field so that in future years, the more permanent effect of local geology 
can be added to the secular effects for an up to date local field model. 
 
IFR is a technique that measures the strength (Field Strength), direction (Declination) and vertical angle (Dip 
Angle) in the vicinity of the drilling activity to give the MWD contractor a more accurate reference to work to.  
 
To accurately measure the magnetic field locally we can take direct measurements from the land, the sea or the 
air.  On land, a non-magnetic theodolite with a fluxgate magnetometer aligned on its viewing axis, is used to 
measure the orientation of the magnetic field against a true north, horizontal reference from which accurate 
maps can be made.  A proton or Caesium magnetometer is used to accurately the local field strength.  In the air, 
only the field strength variations can be measured but if a wide enough area is measured at high resolution, the 
field strength data can be used to derive the effects on the compass and good estimates of the declination and 
dip angle can then be mapped.  At sea, specialist non-magnetic equipment can be towed behind a vessel or 
carried on board a non-magnetic survey vessel with very accurate attitude sensors and magnetometers that 
output their data at high frequency and the motion effects are taken out in the processing. 
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6.1.1 IFR Survey Maps 
Once the measurements have been taken, contoured maps are produced to allow the MWD contractor to 
interpolate suitable magnetic field values for use on his well. 

 
The IFR survey results are usually provided as digital data files which can be viewed with the supplied computer 
program. This allows the contractor to view the data and determine magnetic field values at any point within the 
oilfield. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 39: Examples of IFR survey results 

Figure 40: Typical software display of an IFR survey 
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Two versions of the field maps are supplied. The first shows the absolute values of the total field, declination and 
dip angles, observed at the time of the IFR survey. The second set of maps shows how these values differed from 
the predictions of the BGGM ƳƻŘŜƭΣ ŘǳŜ ǘƻ ǘƘŜ ƳŀƎƴŜǘƛŎ ŜŦŦŜŎǘǎ ƻŦ 9ŀǊǘƘΩǎ ŎǊǳǎǘ ƛƴ ǘƘŜ ƻƛƭŦƛŜƭŘΦ Lǘ ƛǎ ǘƘŜǎŜ ŎǊǳǎǘŀƭ 
corrections which are used by MWD contractors.  
 
The crustal corrections vary only on geological timescales and therefore can be considered to be fixed over the 
lifetime of the field. The BGGM model does a very good job of tracking the time variation in the overall magnetic 
field. By combining the BGGM model and the IFR crustal corrections, the MWD contractor obtains the best 
estimate of the magnetic field at the rig. 
 
First, we use the BGGM model to get an estimate of the total field, dip and declination. 
Then the IFR correction values for the background magnetic field are applied by adding the BGGM values and the 
corrections. i.e. 

Total Field          Tf = TfBGGM + TfCrustal Correction   
Declination      Dec = DecBGGM + DecCrustal Correction 
Dip Angle Dip = DipBGGM + DipCrustal Correction 

 
In most cases, this just involves selecting the location of the rig and choosing a single set of crustal corrections.  In 
some cases, when the magnetic gradients are strong, the MWD contractor may chose a different declination for 
each hole section along the wellbore.  If the declination or dip value varied by more than 0.1 degrees, or the field 
strength varied by more than 50nT along the wellbore, it would be recommended to derive values for each hole 
section. 
 
Note on Use of Error Models ς see from chapter 17 
 
Once IFR has been applied to an MWD survey, the contractor can change the error model applied to the survey to 
determine the uncertainty on its position.  The Industry Steering Committee for Wellbore Survey Accuracy 
(ISCWSA) maintain industry standard error models for MWD that allow software to determine the positional 
uncertainty of the wellpath.   
 
Normal MWD for example would have a declination error component of 0.36 degrees at 1 standard deviation but 
with IFR this is reduced to 0.15 degrees.   
 
The effect of all this is to significantly reduce the uncertainty of the well position with all the benefits of the 
improved accuracy for collision risk, target sizing, close proximity drilling, log positional accuracy, relief well 
planning and so on. 
 

Figure 41: Calibrating a marine observation frame on land & using a non-magnetic vessel for marine surveying 
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6.2 Interpolated In-field Referencing 
 
One solution to diurnal variations is to use a reference station on surface. In this way, the observed variations 
observed at surface can be applied to the Downhole Data which will experience similar variation.  This is not 
always practical and requires a magnetically clean site with power supply nearby and some method of 
transmitting the data in real time from the temporary observatory.  The other issue is establishing the baseline 
from which these variations are occurring in order to correct to the right background field values.   
 
In a combined research project between Sperry Sun and the British Geological Survey, it was discovered that the 
diurnal and other time variant disturbances experienced by observatories, even a long way apart follow similar 
trends.  The researchers compared observations made at a fixed observatory with derived observations 
interpolated from those taken at other observatories some distance away.  The match was very encouraging and 
a new technique for diurnal correction was established called Interpolated In-Field Referencing or IIFR (not be 
confused with IFR discussed below). This technique is a patented method of correcting for time variant 
disturbances in the EŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ōǳǘ ƛǎ ǿƛŘŜƭȅ ǳǎŜŘ ǳƴŘŜǊ ƭƛŎŜƴŎŜ ŦǊƻƳ ǘƘŜ ƛƴǾŜƴǘƻǊǎΦ ¢ƘŜ ǊŜŀŘƛƴƎǎ 
observed at the nearby stations are effectively weighted by the proximity to the drill site and the time stamped 
combined corrections applied to the Downhole observations either close to real time or retrospectively. 
 

LINK BGS - GeoMagnetic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Õ 
 

CONTENTS 

http://www.geomag.bgs.ac.uk/data_service/services.html
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тΦ {ǳǊǾŜȅ /ŀƭŎǳƭŀǘƛƻƴ aŜǘƘƻŘǎ 

7.1 Examples of Current Methods 
 
Over the years there have been several 
methods of calculating survey positions 
from the raw observations of measure 
depth, inclination and direction.  At the 
simplest level if a straight line model is 
used over a length dM with inclination I 
and Azimuth A, we can derive a shift in 
coordinates as in figure 42. 
 
This simple technique is often referred 
to as the Tangential Method and is 
relatively easy to hand calculate.  
However, the assumption that the 
inclination and direction remain 
unchanged for the interval can cause 
significant errors to accumulate along 
the wellpath. 
 
 
 
 
 
!ƴ ƛƳǇǊƻǾŜƳŜƴǘ ǘƻ ǘƘƛǎ ǿŀǎ ǘƘŜ Ψ!ǾŜǊŀƎŜ !ƴƎƭŜ aŜǘƘƻŘΩ where the azimuth and inclination used in the above 
formulas was simply the average of the values at the start and end of the interval. 
 
In the days when there were no personal computers the average angle was the preferred method of calculating 
surveys and it produces results similar to the more recent minimum curvature method currently in use. 
 
 
 

 

      Average Angle Example 
 
      ω Md1 = 1000   Inc1 = 28  Azi1 = 54 
      ω Md2 = 1100   Inc2 = 32  Azi2 = 57 
      ω Delta MD = 100 
      ω Average Inc = 30 
      ω Average Azi = 55.5 
      ω Delta East = 100 sin(30) sin(55.5) = 41.2 
      ω Delta North = 100 sin(30) cos(55.5) = 28.3 
      ω Delta TVD = 100 cos(30) = 86.6 
 

 
 

Figure 42: Tangential method to derive a shift in coordinates 
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A further improvement was the Balanced Tangential Method whereby the angle observed at a survey station are 
applied half way back into the previous interval and half way forward into the next. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These techniques all suffer from the weakness that the wellpath is modelled as a straight line.  More recently, the 
computational ability of computers has allowed a more sophisticated approach.  In the summary slide figure 44 
we see two curved models. 

 
The one on the left assumes that the wellpath fits on the surface of a cylinder and therefore can have a horizontal 
and vertical radius.  The one on the right assumes the wellpath fits on the surface of a sphere and simply has one 

Figure 43: Balanced Tangential Method 

Figure 44: Methods of dealing with curvature 
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radius in a 3D plane that minimizes the curvature required to fit the angular observations.  This method, known as 
ǘƘŜ ΨaƛƴƛƳǳƳ /ǳǊǾŀǘǳǊŜΩ ƳŜǘƘƻŘ, is now effectively the industry standard. 

 
 
Imagine a unit vector tangential to a survey point.  Its shift in x, y and z would be as shown above. The angle 
between any two unit vectors can be derived from inverse cosine of the vector dot product of the two vectors. 
This angle is the angle subtended at the centre of the arc and is assumed to have occurred over the observed 
change in measured depth.  From this the radius can be derived and a simple kite formed in 3D space whose 
smaller arm length follows vector A then vector B to arrive at position B. 
 
Notice however that the method assumes a constant arc from one station to the next and particularly when using 
mud motors, this is unlikely to be the case. 
 
 
 
 
 
 
 

Õ 
 

CONTENTS 

 
 
 
 

Figure 45: Minimum curvature method 
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уΦ {ǳǊǾŜȅ CǊŜǉǳŜƴŎȅ 

8.1 Determining TVD 
 

Consider two possible procedures for drilling from A to B - both of these trajectories start and end with the same 
attitude and have the same measured depth difference. 
 

 
Suppose we were at 50 degrees inclination at A and built to 60 degrees inclination at B. In the case on the left the 
curve comes first followed by a straight and vice versa on the right. Clearly the wellpaths are different but the 
surveys would be identical since the measured depths are the same, the azimuth has not changed and the 
inclinations have risen by 10 degrees.  Because a single arc is applied, there is a potential for significant TVD error 
to accumulate along the wellpath if the changes in geometry are not sufficiently observed.   
 
For this reason, it is often recommended that when building angle faster than 3 degrees per 100 ft (or 30 m) it is 
best to survey every pipe joint rather than every stand to ensure adequate observations to truly represent the 
well path.  In the next chapter it will be seen that a rate gyro can observe at very short intervals indeed with no 
additional survey time and in general these are better at determining TVD than MWD.  Normally however, gyro 
surveys are interpolated at 10 or 20 ft intervals or equivalent just for ease of handling and processing the data. 
 

8.2 Effect of Survey Interval on Well Path Positional Uncertainty 
 
It is important to note that our industry standard systematic error models have not traditionally modelled for the 
effect of survey interval. It is very hard to quantify what the effect of missing data might have been and so the 
error models have been published with the caveat that adequate surveys must be taken to accurately reflect the 
geometry of the wellpath. 
 

Figure 46: Example drilling trajectories 
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Clearly if the minimum curvature algorithm were applied to the survey on the left where the inclination and 
azimuth are identical at the start and end of the curve, a simple straight line path would be assumed whereas the 
realƛǘȅ ƛǎ ōŜǘǘŜǊ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ ǎǳǊǾŜȅǎ ƻƴ ǘƘŜ ǊƛƎƘǘΦ L ŎƻƴŘǳŎǘŜŘ ŀ ǎǘǳŘȅ ǳǎƛƴƎ ǎƻƳŜ ƻŦ {ƘŜƭƭΩǎ ǎǳǊǾŜȅ 
database a few years ago. I removed every second survey from some high intensity gyro surveys and recalculated. 
Then I removed more and plotted the errors against the survey interval. The actual positional error grew in a 
quadratic. Here is one example plot. 
 

 
On the x axis is the survey interval and the scatter on the y axis represents positional errors from the original 
surveyed position. The green histogram is a set of average positional errors for each survey interval in 10ft 
increments. 
 
The approximate equation relating these is of the order of .3 x (Interval/100)^2 which has an interesting effect. If 
this is even close to correct then reducing our survey interval from 90ft to 30ft reduces our positional error by a 
factor of 9 not 3. Similarly, we might expect that missing a 90ft survey will increase our positional error due to 
lack of surveys by a factor of 4 rather than 2. 
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What should we do about this?  Some companies would argue that a simple additional inclination and azimuth 
error should be added in proportion to their respective changes from one survey to the next. For example, we 
might add .1 x azimuth change as an azimuth error and perhaps 0.1 x inclination change as an inclination error. 
The shorter the interval, the smaller the change and therefore the smaller the error applied. Since the md 
difference is also proportional to the interval, this has a square term on interval just like the study shows. Others 
would argue that as we are trying to model missing data, we might generate misleading uncertainty models and 
we should cover this by best practice. 
Most companies agree that when the dogleg severity exceeds 3 degs / 100ft it is good practice to survey every 
single rather than every stand. 
 
However, there are some occasions where the lack of surveys has to be remedied long after the event. 
 
Sometimes when a well is misplaced in TVD, it is necessary to re-analyse the MWD survey to obtain a better 
estimate of TVD.  This is done by including the slide sheet information.  The technique can only be used as a rough 
guide to the likely TVD adjustment required but has often explained poor production results or severe 
disagreement between gyro and MWD depths. 
 
Using the slide sheet in figure 47 as an example: 

 
Looking at the data for BHA 6, we can see a few points where surveys were taken and several changes from 
rotating to oriented (sliding) mode.  The lengths and toolfaces are listed for each slide.  Whilst these values will 
only be approximate it is possible to then estimate the wellbore attitude at the points where the slides began and 
ended. 
 
Firstly if we take the total curvature generated over the BHA run by measuring the angle changes between 
surveys (see minimum curvature described above in chapter 7) we can work out the dogleg severity capability of 

Figure 47: Typical slide sheet 
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this assembly.  If we then apply that curvature on the toolfaces quoted, it is possible to determine a fill in survey 
at the beginning and end of each slide by using the approximation that the inclination change will be: 
 
DLS x length x cos(Toolface) and the azimuth change will be the DLS x length x sin(Toolface) / sin(Inclination) 
 
-  where DLS means dogleg severity in degrees per unit length. This allows us to complete surveys at the start and 
end of each slide and minimum curvature will then be more valid when joining the points.  
 
This assumes that: 
1. The DLS is unchanged during the run 
2. The curvature all happens when sliding 
3. The toolface was constant during the slide 
 
These assumptions are very simplistic but the analysis will generally give a better idea of TVD than the assumption 
that the sparse surveys can be safely joined with 3D constant arcs. 
 
 

Õ 
 

CONTENTS 
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фΦ DȅǊƻ {ǳǊǾŜȅƛƴƎ 

9.1 Background and History of Gyros 
 
What is a Gyro? 

A Gyroscope is a device which enables us to measure or maintain an orientation in free space and rotor gyros 
specifically, operate on the principle of the conservation of angular momentum. The first gyros were built early in 
the 19th century as spinning spheres or disks (rotors), with designs incorporating one, two or three gimbals, 
providing the rotor spin axis with up to three degrees of freedom. These early systems were predominantly used 
within the academic community, to study gyroscopic effects as rotor speeds (angular momentum) could not be 
sustained for long periods, due to bearing friction effects. The development of the electric motor overcame this 
Ǌƻǘŀǘƛƻƴ ŘŜŎŀȅ ǇǊƻōƭŜƳ ŀƴŘ ƭŜŀŘ ǘƻ ǘƘŜ ŦƛǊǎǘ ŘŜǎƛƎƴǎ ƻŦ ǇǊƻǘƻǘȅǇŜ ƎȅǊƻŎƻƳǇŀǎǎŜǎ ŘǳǊƛƴƎ ǘƘŜ муслΩǎΦ 
 
As with most scientific and technology advances, continued development and refinement was propagated and 
ŀŎŎŜƭŜǊŀǘŜŘ ǘƻ ŀŘŘǊŜǎǎ ƳƛƭƛǘŀǊȅ ŀǇǇƭƛŎŀǘƛƻƴǎ ŀƴŘ ōȅ ǘƘŜ ŜŀǊƭȅ мфллΩǎ ƎȅǊƻǎ ǿŜǊŜ ōŜƛƴƎ ǳǎŜŘ ƛƴ Ƴŀƴȅ ŀǘǘƛǘǳŘŜ 
control, orientation and navigation applications. Rotor gyros are still by far the most common system used by the 
oil industry. 
 
During the second half of the 20th century several additional technologies were developed and exploited 
providing gyroscopic capabilities. These included: 

¶ Vibrating Gyros 

¶ Hemispherical Resonator Gyros 

¶ Quartz Rate Sensors 

¶ MHD Sensor 

¶ Fibre Optic Gyros 

¶ Laser Gyros 

¶ MEMS Gyros 
 
The systems currently considered to have the most potential for the oil industry are the Laser and MEMS systems. 
Indeed, Inteq developed and successfully marketed and operated the highly accurate RIGS (Ring-Laser Inertial 
Gyro Surveyor) for many years servicing the North Sea. The current performance capability of the MEMS unit is 
still less than desired but is regarded as having potential for the future. 
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9.2 Oilfield Applications ς A Brief History 
 

In the early years of oil well drilling the process of drilling the borehole was more of an art than a science. The 
general principals of geology and exploration were understood and followed but the effects of formation changes 
and dip on bit deflection and hence borehole trajectory were not clearly understood and largely ignored. This 
perpetuated state of ignorance lead to many unresolved lease disputes, where wells drilled and brought on 
stream, close to an adjacent lease, would often result in diminished production rates on the adjacent lease wells. 
However, as now, wells already in production were cased and the magnetic compass based survey instruments 
available, could not provide post completion trajectory data. Throughout this time, many inclination-only devices 
were developed, later versions of which were accurate to 1 or 2 degrees throughout their operating range. 
 
In 1928 Alexander Anderson published a study of Borehole Survey Inclination Data obtained from a significant 
population of wells from various locations. Anderson had developed a Pendulum Instrument, the position of 
which was recorded on film as the tool was lowered in the borehole. This publication, illustrating universal and 
significant wellbore deviation, brought focus on the extent of the problem within the industry. As a direct result 
of Andersons study, J. N. Pew, then the Vice President of Sun Oil Co. instructed a team of Engineers working out 
of the Sun Research Laboratory in Dallas, to design and develop instruments which would provide the Inclination 
of the borehole and the Direction of that Inclination within casing. ¢ƘŜ рΦрέ {¦w²9[ DȅǊƻ LƴǎǘǊǳƳŜƴǘ 
incorporated a Gyro Compass Face superimposed over a Bubble Level Unit with the permanent record obtained 
with a Camera.           
 
The Sperry Gyroscope Co. was chosen as the Gyro supplier and with each company holding a 50 per cent stake in 
the new company, the Sperry-Sun Well Surveying Company was formed and gyro referenced borehole surveying 
became a reality on 9th October 1929. 
 

9.3 Chronology of Gyro Development 
мфнлΩǎΥ Several designs of Inclinometers and very basic Magnetic Compasses are in use. Companies of note 

operating Directional Survey Services are H. John Eastman, Hewitt Kuster and Alexander Anderson. 
1929: First Gyro Survey Tool designed and built by Sperry-Sun Well Surveying Company, a joint venture between 

{ǳƴ hƛƭ ŀƴŘ {ǇŜǊǊȅ DȅǊƻǎŎƻǇŜ /ƻΦ ¢ƘŜ ƎȅǊƻ ƘŀŘ ŀ 5/ wƻǘƻǊ ǎǇŜŜŘ ƻŦ мпΣллл wta ŀƴŘ ǿŀǎ рΦрέ5ƛŀΦ 
1930: Gyro Survey Tool Data used in settlement of many Lease Line violation cases in East Texas and California. 

In-Run and Out-Run Data were recorded. 
1936: Gyro Tool Intercardinal Error and Drift Curve Corrections, refined to improve accuracy of survey data in 

inclined boreholes. 
Survey Tool True Centre Correction methodology developed using a two dimensional Polar Coordinate 
System Calculation.  

1939: 1st K Monel Non Magnetic Drill Collar designed (Not a gyro but notable) 
1945: Humphrey (Gyro) provides Instrumentation to Directional Service Companies for the first time (Post 

WW11 manufacturing surplus) 
1947: Transistors developed but not yet used by industry. 

Sperry-Sun buys out Sperry Gyroscopes interest in Sperry-Sun Well Surveying Company. 
195лΩǎ: .ȅ ƭŀǘŜ мфплΩǎ ǿŜƭƭōƻǊŜǎ ƎŜǘ ŘŜŜǇŜǊ ŀƴŘ ǎƳŀƭƭŜǊ ǿƛǘƘ рέ /ŀǎƛƴƎ ŦǊŜǉǳŜƴǘƭȅ ǳǎŜŘ ƴecessitating a 

requirement for smaller Gyro Tools. 
1960: East Texas Railroad Commission Scandals again encourage tool development. Many wellbores are small 

ŘƛŀƳŜǘŜǊ όрέ /ŀǎƛƴƎύ ŀƴŘ ǎƻƳŜ ƘŀǾŜ Ҕ ср ŘŜƎ LƴŎƭƛƴŀǘƛƻƴΦ 
1961: Use of Solid State Electronics for first time in Instrument Timers and Solenoids for Film Advance 

mechanisms. Computers used for Survey Calculations at the Office. Field Data continued to be hand 
calculated until mid-seventies. 

1961: Atomic Energy Commission (AEC) in the USA uses Gyro Survey ¢ƻƻƭǎ ƛƴ пέ ς мппέ 5ƛŀΦ ¢Ŝǎǘ IƻƭŜǎΣ ŘǊƛƭƭŜŘ 
800 ς 6000 ft deep, in Nevada and Alaska. Project ends in 1976. 



P a g e | 61 

 

1962: оέ 5ƛŀΦ {ǳǊǿŜƭƭ DȅǊƻ ōǳƛƭǘ ǳǘƛƭƛȊƛƴƎ плΣллл ǊǇƳ !/ wƻǘƻǊΦ 
1964: Counter Claims made against Gyro Survey accuracy related to numerous Law Suits. A Test Pipe is laid 

down the Hurricane Messa in Utah. Over 2000ft of Aluminium Irrigation Pipe is fixed down the hillside on 
a continuously irregular course. The first 200ft was near vertical with sections of the pipe path reaching 
60-70 degs of inclination. Multiple surveys were performed with both Gyro and Magnetic tools, with 
surveys taken at 25 ft intervals. In the final analysis the accuracy of both Survey Systems were proven and 
the East Texas Claims Issues finally settled. 
мΦтрέ DȅǊƻ ¢ƻƻƭǎ ŘŜǾeloped using 26,000 rpm AC Rotors. Specifically designed for Directional Drilling Tool 
Orientation and surveying of Production wells in Tubing. 

1971: Atomic Energy Commission Test Bore intersected at 6000 ft TD with Bottom Hole location land surveyed 
in at < 5 ft variance/error.  

1974: Multi-well Platform drilling is prevalent. Level Rotor Gyro System developed with glass file Mercury 
Switch used to control the inner gimbal horizontal position to +/- 1-2degs but system is sensitive to 
gimbal/switch attitude, resulting in azimuth error propagation. 

1977: LƴǘǊƻŘǳŎǘƛƻƴ ƻŦ {ǳǊŦŀŎŜ wŜŎƻǊŘƛƴƎ DȅǊƻǎ ό{wDΩǎ - оέ ŀƴŘ мΦтрέ ǾŜǊǎƛƻƴǎύΣ ǘǊŀƴǎƳƛǘǘƛƴƎ Řŀǘŀ ǘƻ ǎǳǊŦŀŎŜ Ǿƛŀ 
Wireline. Inner gimbal position now monitored and controlled by electronic resolver to +/- 0.01 degs 
resulting in significantly reduced error propagation. 

1978: Ferranti Full Inertial System introduced into the North Sea as reconfigured Harrier Jump Jet IN System, 
developed for Shell, Mobil, BNOC (BP) and marketed by Eastman Christiansen (Inteq). Proven Accuracy < 
1/1000 ft potentially at all attitudes.    
 

9.4 Improving Performance and Service Capability 
 

As outlined above, Gyro Survey Tools were initially and primarily introduced into the industry, to provide a means 
of obtaining or checking borehole attitude, when the wellbore was already cased, negating the application or 
repeated use of magnetic based tools (Lease Scandals). Similar conditions were to foster the requirement for 
reduced diameter tools when later legal argument ensued over deeper smaller diameter wells. However, the 
primary motivation for technology advancement has been the requirement to survey ever deeper, higher angle 
boreholes (beyond horizontal), with significant azimuthal change at greater latitudes. 
 
The first gyros used by the industry had no means of inner gimbal/spin axis control but the surveyor could 
determine its approximate position from the film record at each survey station. These gyros were originally 
intended for use up to 20 ς 30 degs inclination. However, as borehole inclinations increased, hardware 
improvements were made and operational techniques were developed which enabled these tools to be used 
successfully beyond 60 degs inclination. As noted above, Gimbal Tilt control and Drift Curve correction methods 
were refined to better account for the increasingly difficult operating conditions encountered and its interactive 
effects on gyro stability and data quality at a relatively early stage. 
 

9.5 The Gyro Survey Process 

9.5.1 Surface Reference Orientation 
Prior to the use ƻŦ bƻǊǘƘ {ŜŜƪƛƴƎ DȅǊƻǎ ǘƘŜ ƎȅǊƻ ƘŀŘ ǘƻ ōŜ ΨwŜŦŜǊŜƴŎŜŘΩ ŀƴŘ ǎŜǘ ǘƻ ŀ ƪƴƻǿƴ ōŜŀǊƛƴƎ ŀǘ ǎǳǊŦŀŎŜ όhƴ 
the rig floor) before entering the borehole. On land, this was a relatively simple process involving the 
establishment of a Sight Mark or Back Sight (Reverse Sight), from a distant mark clearly visible from the rig floor 
through the Sighting Scope oriented and attached to the Survey Tool in line with the internal Gyro Compass 
Reference. This Land Sight Mark was on occasion provided by the client, using the land survey company 
responsible for locating the rig but was often determined by the well survey company, using conventional land 
survey techniques and a Magnetic Brunton Compass. For low angle wells the gyro reference was then set to the 
Grid or True North orientation (dependent on the client requirements). 
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For offshore locations this observed and required Sight Reference had either to be pre-established (for each Slot 
Position) relative to Platform Centre or calculated using distant installations or features visible from the rig floor 
rotary. If/when no feature was visible from the rig floor the Sight Orientation Reference would be transferred 
from a position external to the rig floor (e.g. Helideck). 
 
These techniques were also applicable to semi-submersible (floating) installations, with the added complication 
that the sight reference value might be subject to small but constant change. As a last resort the rigs Ships 
Compass Heading value would be used. This mobile condition had implications for both the start and end 
reference for the survey and its effect on Drift Curve closure and survey reference accuracy. 
 
When setting the Gyro Orientation Reference for higher inclination surveys the gyro would be set with the spin 
axis perpendicular (oriented across) to the wellbore path, with due account taken of the expected gyro drift rate 
and any change in the wellbore azimuth trajectory. Setting the spin axis in this attitude, provides the most stable 
orientation for gyro operation as the gimbals tilt with inclination and reduces the potential for Gimbal Lock 
(System Bearing Jam) and subsequent gyro spin out and survey miss-run. The offset reference orientation value 
(relative to True or Grid North) applied in this technique was accounted and corrected for by applying a baseline 
shift to the calculated Drift Curve. 
 

9.5.2 Gyro Drift ς Precession Correction 
The vast majority of gyro surveying performed for the industry, even today, still utilises rotor systems. A spinning 
gyro rotor tends to keep its axis pointing in the same direction. This is called Gyro Rigidity. If a force is applied 
which tends to change the direction of the spin axis, the axis will move at right angles to the direction of the 
applied force. If the spin axis is horizontal and you try to tilt it, the axis will turn. If the axis is horizontal and you 
try to turn it, the spin axis will tilt. This second characteristic of a gyro is called Precession. 
 
In normal operational use, conditions such as bearing wear, Temperature Coefficients of Expansion (Inertial Mass 
Distribution ς C of G) and System Attitude Change (related to a given well profile) all interact to generate a net 
force which acting on the Gyro Spin Axis cause the gyro to precess (drift from its initial orientation reference). 
 
The gyro precession experienced during a survey has historically been corrected with a Drift Curve constructed 
with drift data samples recorded during the in-run and outrun survey. The frequency and duration of drift checks 
has tended to change over time but the basic premise has always been to take samples related to time, attitude 
change and temperature (particularly for deeper, hotter surveys). Drift checks were normally taken at least every 
15 minutes, for a sample duration of 5 minutes with film systems. However, with the introduction of later Vernier 
scale readings, SRG and digital data, sampling criteria tended to change to 10 minute intervals with 3 minute 
sample duration. 
 
Drift Checks during the survey were no longer relevant or required with the advent of earlier discreet sampling 
North Seeking Systems (more later). However, they are beneficial and recommended when operating the current 
North Seeking Systems in continuous Dynamic Mode where the individual or calculated survey sample stations 
are not determined by discreet north seek sensing. 
 
The drift correction data is then either applied on its own or as a super set to the Gyro Calibration Model (current 
systems). The calculated real-time drift correction curve is tied and closed to the start and end reference data, be 
it a sight observation or north seek reference as in current technology systems. 
 

9.5.3 True Centre Correction (or Offset Centre Correction) 
From an early stage it was recognised that a gyro survey tool had inherent misalignments associated with the 
modular structure of the Instrument Stack and more particularly the vane type centralization (Weatherford) 
which was universally adopted for running in both open and cased hole. These centralizers were not a precision 
piece of manufactured equipment and variants of this centralizer design, all be it with improved centralization 
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capability, continue to be used today for some applications. These misalignments result in small errors in both the 
inclination and azimuth values calculated and recorded for each survey point. 
 
In 1936 the Sperry-Sun Well {ǳǊǾŜȅƛƴƎ /ƻƳǇŀƴȅ ŘŜǾŜƭƻǇŜŘ ŀ Ψ¢rue Centre CorrectionΩ methodology which still 
forms the basiǎ ƻŦ ŎǳǊǊŜƴǘ ŀǇǇƭƛŎŀǘƛƻƴǎΦ ¢ƘŜ ΨǘǊǳŜ ŎŜƴǘǊŜΩ ŀƴŘ ΨŎƻǊǊŜŎǘŜŘ ǾaluesΩ are calculated using a Polar 
Coordinate Method by representing each Station data set as a radial and angular coordinate. Provided sufficient 
tool rotation has taken place between the in-run and out-run samples, the common intercept of each sample 
vector pair denotes the True Centre Correction Value which can then be applied to each individual survey sample. 
True Centre Correction is particularly important in shallow, low angle, multi-well applications where small errors 
in Inclination can seriously misrepresent current well position and hence adjacent well displacement. 
 

9.5.4 Tool Centralization 
Gyro Tool Centralization or Decentralization within the cased borehole remains a fundamental and important 
aspect of all gyro surveys performed. This applies equally to the limited number of surveys still carried out using 
older technologies as well as those performed with the latest systems inclusive of full inertial applications. 
As noted above, earlier forms of Spring Bow (Weatherford Type) centralizers could contribute significantly to 
errors in true borehole axis representation. Early attempts at offset calculation and correction did provide a 
partial solution but this improvement was also dependent on the centralizer integrity with respect to uniform 
vane wear and varying borehole inclination. As now, the main dilemma was to use centralization which 
adequately supported the tool in the central axis whilst allowing the system to smoothly progress down hole, 
keeping in mind ǘƘŜ ƭƻǎǎ ƻŦ ŜŦŦŜŎǘƛǾŜ Ƴŀǎǎ όʰ /ƻǎ ƛncl.) in the borehole axis to aid transport and the simultaneous 
increasing mass supported by the centralizers. 
 
Ultimately, the most effective and practical solution was to run full centralization until the tool could be 
guaranteed to run low-side. However, dependent on the casing/survey program deployed, this procedure could 
require a minimum of two separate runs in hole in which the second run was performed with very stiff (rigid) 
under gage centralization which basically operated as skids and supported the tool at a fixed constant distance 
from the contact low-side and hence parallel to the borehole axis. 
 
As wellbore inclination increased, various forms of Sinker Bar were used to aid tool transport but these too could 
generate off-axis problems where the Sinker Bar is screwed directly to the survey tool but not adequately 
supported (centralized), with a tendency to bias the overall tool alignment. Ideally, Sinker Bar should be attached 
to the survey tool using a universal joint or more preferably a connecting rod with universal joints at each end. 
This hook-up predominantly isolates any off-axis interaction between tool and weight bar. 
 
These basic criteria still hold true today where the use of Centrollers (Precision Wheeled Centralizers) and Roller 
Bearing De-ŎŜƴǘǊŀƭƛȊŜǊǎ ŀǊŜ ǳǎŜŘ ǿƛǘƘ bƻǊǘƘ {ŜŜƪƛƴƎ ŀƴŘ Ŧǳƭƭ LƴŜǊǘƛŀƭ DȅǊƻ ¢ƻƻƭǎ ƛƴ ŎŀǎŜŘ ōƻǊŜƘƻƭŜǎ ǳǇ ǘƻ Ғ тлϲ 
inclination. 
 
Ideally the use of De-centralizers should be avoided where possible, in large surface casings near vertical as tool 
alignment can be disturbed by the effects of off-axis cable tension. Similar problems can exist in the early build or 
high dogleg sections within smaller casings. 
 

9.6 ERD and Horizontal Transit 
 

With the prevalence of ERD and Horizontal Well Profiles, gyro surveying became even more difficult to perform 
by conventional wireline operations. Various techniques were adopted with improvements made relative to 
technology advances in both assisted tool transport and survey tool development. 
 
Side-Entry Sub 
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The Side-Entry Sub was first used with the Magnetic W/L Steering Tool Systems (Pre MWD) in order that drilling 
could proceed during deeper drilling operations without the requirement to trip out the W/L ς Steering Tool from 
the drill pipe to make a connection (Add Pipe). Using this system enabled W/L Gyro Surveys to be performed in 
extended reach horizontal wells, with the survey tool latched within the BHA and surveys recorded at each 
planned depth interval. 
 
The Side Entry Sub consisted of a sub with a side wall orifice with associated clamp and stuffing gland 
arrangement which allowed the cable to pass through the sub wall with the clamp and gland seal applied as 
required. The BHA/drill pipe would be tripped in hole to the high angle survey start depth. The W/L and survey 
tool would then be run to bottom within the pipe entering via the side wall sub connected to the drill pipe at 
surface. The survey would then commence by tripping in hole to TD with pipe added as normal. The assembly was 
then tripped out (with outrun data also recorded) to retrieve the Sub at surface with the W/L Tool then pulled out 
of hole. The system was subsequently applied to W/L FE logging prior to equivalent MWD sensor development. 
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9.7 Ring Laser Gyro 
 

Ring Laser Gyros (RLGs) are a form of optical rotation sensor and unlike the preceding mechanical rotor systems, 
contain no moving parts, in their simplest form. Within the sensor, containing a machined quartz block, two laser 
beams are formed, one moving clockwise and the other anti-clockwise around an enclosed polygonal optical path 
loop of three, four or more sides with mirrors at the vertices. These laser beams interfere with each other, 
creating a standing wave(s) diffraction pattern observed by a photo-detector located at one of the vertex mirrors. 
This is a little like dropping two stones into a still pond, where the waves from each stone meet and form a 
pattern of waves with even higher peaks and lower troughs where they cancel out. 
 
If the device is rotated, one beam experiences a shift up in frequency, whilst the other experiences a shift down, 
causing the interference pattern to move. As the device rotates the vertex photo-detector counts the fringes and 
hence measures the rotation of the sensor. This relativistic phenomenon, is known as the Sagnac effect after G. 
{ŀƎƴŀŎ όCǊŜƴŎƘƳŀƴύ ŘŜƳƻƴǎǘǊŀǘŜŘ ŀƴŘ ǊŜŎƻƎƴƛǎŜŘ ǘƘŜ ŎƻƴŘƛǘƛƻƴ ǿƘƛƭǎǘ ŎƻƴŘǳŎǘƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ǘƻ ŘŜǘŜŎǘ άǘƘŜ 
ŜŦŦŜŎǘ ƻŦ ǘƘŜ ǊŜƭŀǘƛǾŜ Ƴƻǘƛƻƴ ƻŦ ǘƘŜ ŜǘƘŜǊέ όмфмоύΦ wŜƭŀǘŜŘ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŀƭso conducted by F. Harress in 1911 
ōǳǘ Ƙƛǎ ǊŜǎǳƭǘǎ ǿŜǊŜ ƳƛǎŘƛŀƎƴƻǎŜŘ ŀǘ ǘƘŜ ǘƛƳŜ ŀƴŘ ŀǘǘǊƛōǳǘŜŘ ǘƻ άǳƴŜȄǇŜŎǘŜŘ ōƛŀǎέΦ    
  
Typically, a RLG consists of a triangular block of low-expansion quartz.  The laser cavity is machined into the glass 
and filled with He & Ne creating an HeNe laser. A high voltage is applied across areas of this cavity to create the 
lasing action. At two points of the triangle, very high quality mirrors are placed and at the third vertice the beams 
are combined in a prism to produce the interference pattern which is detected by a photodiode array. Typically, 
RLG size is around 8cm on a side. 
 
The sensitivity of a Ring Laser Gyro is proportional to the area enclosed by the laser beams and the scale factor of 
the instrument depends on the ratio of the enclosed area to the path length. RLGs can be extremely accurate 
devices and can measure a range of rotations from as low as 0.01 deg/hr to more than 360 deg/s. This gives them 
an enormous dynamic range, of as much as 10^9. They have excellent scale-factor stability and linearity over this 
range. 
Gyros performance is typically quantified in terms of bias stability and random walk. RLG can have bias levels of 
0.01 deg/hr and random walks of 0.005 deg/rt (hr). 
 
To ensure good sensor performance and bias stability the devices must be built in a high standard cleanroom, 
since any contaminants in the laser cavity will degrade performance. They must be machined from glass blocks 
with very low coefficient of thermal expansion to ensure that performance is maintained over a wide thermal 
range. The use of thermal shielding is essential for deeper oilfield applications. 
 
RLGs suffer from a problem known as Ψlock-inΩ where back scatter from the laser beams at a mirror causes the 
ƛƴǘŜǊŦŜǊŜƴŎŜ ŦǊƛƴƎŜǎ ǘƻ ΨƭƻŎƪΩ ǘƻƎŜǘƘŜǊΣ ƎƛǾƛƴƎ ǘƘŜ ǎŜƴǎƻǊ ŀ ŘŜŀŘ ōŀƴŘΣ ǿƛǘƘ ƴƻ ƻǳǘǇǳǘ ŀǘ ǾŜǊȅ ƭƻǿ Ǌƻǘŀǘƛƻƴ ǊŀǘŜǎΦ 
To minimise lock-in, extremely high quality mirrors are used. Also, typically the sensors are mechanically 
ΨŘƛǘƘŜǊŜŘΩΣ ǘƘŀǘ ƛǎ, vibrated rapidly and precisely through the dead band. It is small remaining periods in the dead 
band which causes the random walk performance of the sensor to deteriorate. 
 
Ring laser gyros are very commonly used in inertial navigation systems in both civil and military aircraft, rocket 
launchers, tanks, artillery and high accuracy attitude systems, such as those used for geophysical surveys from the 
air. 
 
w[DΩǎ have only been utilised in one borehole survey system within the oil industry to-date. The RIGS Tool was 
developed by Sundstrand for Eastman Whipstock (Later to become part of Eastman Christiansen, Eastman Teleco 
and then Baker Hughes INTEQ). The Inertial Measurement Unit for a second generation RIGS was manufactured 
ōȅ IƻƴŜȅǿŜƭƭΦ ¢ƘŜ ¢ƻƻƭ ǿŀǎ р ѻέ ƛƴ ŘƛŀƳŜǘŜǊΣ мп Ŧǘ ƭƻƴƎ ƛƴ ǎǘŀƴŘŀǊŘ ŎƻƴŦƛguration with a temperature rating of 
100°C. A thermal shield allowed RIGS to survey to TD in wells with bottom hole temperatures of up to 150°C. The 
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RIGS Tool demonstrated consistent lateral accuracy performance of 1-2 /1000 MD (2 sigma) at all attitudes. 
However, the tool was only ever operated within the North Sea Region. It was in commercial service from 1990 to 
2006. 
 
¢ƘŜ Ƴŀƛƴ ŘǊŀǿōŀŎƪ ƻŦ ŎǳǊǊŜƴǘƭȅ ŀǾŀƛƭŀōƭŜ w[Dǎ ƛǎ ǘƘŜƛǊ ǊŜƭŀǘƛǾŜƭȅ ƭŀǊƎŜ ǎƛȊŜΣ ǿƘƛŎƘ ƭƛƳƛǘǎ ǘƘŜƛǊ ǳǎŜ ǘƻ Ҕрέ ŘƛŀΦ {ƻƴŘŜ 
¢ƻƻƭǎ ƻǇŜǊŀǘƛƴƎ ǿƛǘƘƛƴ Ҕтέ ŎŀǎƛƴƎǎΦ ¢ƘŜ ǎŜƴǎƻǊǎ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ƘŀǾŜ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ƭƛƳƛǘŀǘƛƻƴ ƻŦ ŀǊƻǳƴŘ 
90 deg C.  RLG technology is also currently covered by international arms trafficking laws and associated import 
and export restrictions which severely restricts product placement, R&M and Tool Utilization for any potential 
global operation by a service company. 
 

9.8 Fibre Optic Gyro 
 

Fibre Optic Gyros (FOGs) consist of a coil of fibre optic cable in which two light beams travel through the entire 
cable length in opposite directions and are then combined. The development of low loss, single mode, optical 
ŦƛōǊŜ ƛƴ ǘƘŜ ŜŀǊƭȅ мфтлΩǎΣ Ŝnabled Sagnac effect fibre optic gyros to be developed. The sensor operates on a similar 
principle to the RLG, where the interference pattern created from the counter-propagating light waves, after 
travelling through the fibre, is a measure of the angular rotation of the device. However, they differ in that an 
incoherent broadband light source is used. 
 
Fibre optic gyros tend to be packaged in cylindrical containers, for example 10cm diameter by 2.0cm deep. A 
sensor may contain as much as 5 kilometres of fibre.  FOG sensitivity is a function of coil radius (enclosed area) 
and optical path length, so once again larger sensors tend to be more accurate sensors. 
 
FOG performance in general, is similar to but not quite as good as RLG. Bias stabilities of 0.1 deg/hr or better and 
random walks of 0.005 deg/rt(hr) would be typical. RLG has inherently better scale factor stability. 
 
Outside of the oilfield, FOG sensors tend to be used for similar applications to RLGs, but for those applications 
where environmental conditions and accuracy is less important and where cost is a factor. Although experimental 
devises have been developed, no FOG system has been commercially marketed within the oilfield. Once again 
sensor size and temperature concerns are limiting factors. In general FOG performance is more sensitive than 
RLGs to environmental conditions such as shock, vibration and temperature gradients. 
 
Large diameter, high accuracy systems have been developed and are in use in space and submarine applications, 
where size restrictions are secondary. 
 

9.9 Vibrating Structure Gyroscope 
Coriolis Effect 

The Coriolis Effect is an inertial force first described by the 19th century French engineer-mathematician Gustave-
Gaspard Coriolis in 1835. Coriolis showed that if the ordinary Newtonian laws of motion of bodies are to be used 
in a rotating frame of reference, an inertial force ς acting to the right of the direction of body motion for counter 
clockwise rotation of the reference frame or to the left for clockwise rotation ς must be included in the equations 
of motion. 
 
The effect of the Coriolis force is an apparent deflection of the path of an object that moves within a rotating 
coordinate system. The object does not actually deviate from its path, but it appears to do so because of the 
motion of the coordinate system. A simple demonstration example of the effect is a ball rolling across the surface 
of a rotating merry-go-round. 
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9.10 Coriolis Vibratory Gyros (CVG) 
 

A Coriolis Vibratory Gyro (CVG) operates on the principal that a vibrating object (mass) tends to keep vibrating in 
the same plane as its support is rotated in space. This type of device is known as a Coriolis Vibratory Gyro where 
the plane of oscillation of a proof mass is rotated, the orthogonal response resulting from the Coriolis term in the 
equations of motion, is detected by a pickoff transducer.  
 
CVGs have been produced in various forms, including the original Foucault pendulum (1851), vibrating beams, 
tuning forks, vibrating plates and vibrating shells. In the Foucault pendulum (non-commercial), the swing path of 
the pendulum rotates a fraction of the EŀǊǘƘΩǎ rotation, dependent on the location latitude. Due to friction effects 
in the mounting fixture, some of the energy is transposed into quadrature effects, so that the pendular path 
becomes elliptical and theoretically, ultimately circular, negating the angular measuring capability of the system. 
This unwanted quadrature effect is present in the majority of CVG designs and necessitates quadrature 
suppression control loop electronics, signal processing and compensation. 
Two CVG systems show potential [Tuning Fork Gyro (TFG) and the Hemispherical Resonator Gyro (HRG)] and 
these sensor developments are continuously kept under observation by the industry. 
 

9.10.1 Micro Electro Mechanical System (MEMS) ς Tuning Fork Gyro 
A typical MEMS-TFG incorporates a single or dual (contra ς mass-balanced) tuning fork (Proof Mass) arrangement, 
integrated on a silicon chip. Capacitive measurements are made between the fork tines (Proof Mass) as they 
contort relative to device rotation (Coriolis Effect). Current fabrication and manufacturing techniques enables the 
production of very small sensor devices with proof mass size typically only 1-5 mm. However, even the best 
commercially available MEMS gyro struggles to reach a bias performance of 1 deg/hr, with units in associated 
defence developments approaching 0.3 deg/hr. Oilfield applications requires the sensor have a performance 
capability within the range 0.1-0.01 deg/hr. 
 
 MEMS Gyros have to-date found a wide market in low performance applications. They are used in cars, 
smartphones, gaming systems etc.  In the navigation world they are used to assist GPS acquisition in artillery 
shells, but have not yet been used for any form of unaided inertial navigation. 
 
The small size and mass of current sensors results in lower performance and resolution with poorer signal to 
noise characteristics. Their size does however lend the device to thermal shield encapsulation providing the 
necessary thermal operating stability. Improved performance is expected to follow as the industry succeeds in 
developing techniques and production methods to produce thicker and larger component parts including the 
proof mass. This should result in improved stability and signal to noise characteristics and hence improved 
performance. These developments will hopefully lead to low volume, high accuracy, high value applications and 
the Holy Grail for down-hole surveying in small, rugged, robust, vibration insensitive, accurate inertial navigation 
systems which can operate throughout all phases of the drilling process. 
 

9.10.2 Hemispherical Resonator Gyro (HRG) 
 The HRG is often referred to as the Wineglass gyro as the CVG properties for a wineglass were first discovered 
and noted by Bryan in 1891. Due to Coriolis Forces, a vibration standing wave pattern induced on a hemispherical, 
cylindrical, or similarly shaped resonating cavity, rotates relative to the gyro case by a fraction of the rotation 
angle experienced about the angle of symmetry. The wave rotation scale factor is a function of resonator 
geometry buǘ ŦƻǊ ŀ ƘŜƳƛǎǇƘŜǊŜ ƛǎ Ғ лΦоΦ 
 
High quality Hemispherical Resonators are commonly machined from quartz, due to its excellent mechanical 
properties and it is the dimensional accuracy of the precision ground and polished unit which determines its 
accuracy. Temperature effects remain critical in this respect producing quadrature non-uniform mass distribution. 
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The system is robust, with almost no moving parts and can be very accurate, under strictly controlled 
temperature environments. Litton, now part of Northrop Grumman, produces a unit with < 0.01°/hr performance 
which is used by the military and for space flight in which it has recorded millions of operating hours without 
failure. This system has potential for oilfield use but is expensive, requires significant temperature stabilization 
which results in size implications. The system is also covered by the international arms trafficking laws with all the 
implications and restrictions applicable as noted above for RLG. 
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млΦ .ŀǎƛŎ DȅǊƻ ¢ƘŜƻǊȅ 
 

 
 
 
 
 
 
 

10.1 Fundamental Principles 
 
Gyroscopes are used in various applications to sense either the angle turned through by a body (displacement 
gyroscopes) or, more commonly, its angular rate of turn, about some defined axis (rate gyroscopes). 
 
The most basic and the original form of gyroscopes make use of the inertial properties of a wheel or rotor 
ǎǇƛƴƴƛƴƎ ŀǘ ƘƛƎƘ ǎǇŜŜŘΦ aŀƴȅ ǇŜƻǇƭŜ ŀǊŜ ŦŀƳƛƭƛŀǊ ǿƛǘƘ ǘƘŜ ŎƘƛƭŘΩǎ ǘƻȅ ǿƘƛŎƘ Ƙŀǎ ŀ ƘŜŀǾȅ ƳŜǘŀƭ ǊƻǘƻǊ ǎǳǇǇƻǊǘŜŘ ōȅ 
a pair of gimbals. When the rotor is spun at high speed, the rotor axis continues to point in the same direction 
despite the gimbals being rotated. This is a crude example of a mechanical, or conventional, displacement 
gyroscope. 
 
The operation of a conventional spinning mass gyroscopes depend the following phenomena: 

¶ gyroscopic inertia 

¶ angular momentum 

¶ precession. 
 

10.1.1 Gyroscopic Inertia 
This is fundamental to the operation of all 
spinning mass gyroscopes, as it defines a 
direction in space that remains fixed. The 
establishment of a fixed direction enables 
rotation to be detected, by making reference 
to this fixed direction. The rotation of an 
inertial element generates an angular 
momentum vector which is coincident with 
ǘƘŜ ŀȄƛǎ ƻŦ ǎǇƛƴ ƻŦ ǘƘŜ ǊƻǘƻǊ ƻǊ ΨǿƘŜŜƭΩΦ Lǘ ƛǎ 
the direction of this vector which remains 
fixed in space, given perfection in the 
construction of the gyroscope. 
 
A practical reference instrument may be 
designed by having the rotor supported in a 
set of frames or gimbals which are free to 
rotate with respect to one another about 
orthogonal axes as shown in Figure 48. The 
orientation of the case of the instrument with 
respect to the direction of the spin axis may be 
measured with angle pick-off devices mounted on the gimbals. 
 

The purpose of this chapter is to explain the principles of gyroscopes and how such sensors are used 
specifically in Gyrodata gyro survey tools to determine borehole azimuth. This section was donated to the 
book by John Weston of Gyrodata, but the operating principles are largely applicable to any commercial 
rate gyros. 

 

Figure 48: Schematic representation of a two axis gyroscope 
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10.1.2 Angular Momentum 
The angular momentum of a rotating body is the product of its moment of inertia and its angular velocity. The 
angular momentum is chosen to be very high, so that the effects of undesired torques that can act on a rotor and 
cause errors are small. This results in a gyroscope with little movement of the direction of the spin axis. Any 
ǳƴŘŜǎƛǊŜŘ ƳƻǾŜƳŜƴǘ ƻŦ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ǎǇƛƴ ŀȄƛǎ ƛǎ ǳǎǳŀƭƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŘǊƛŦǘΩΦ 
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10.1.3 Precession  
The tilting or turning of the gyro axis as a result of 
applied forces. When a deflective force is applied 
to the rim of a stationary gyro rotor the rotor 
moves in the direction of the force. However, 
when the rotor is spinning, the same force causes 
the rotor to move in a different direction, as 
though the force had been applied to a point 900 
around the rim in the direction of rotation. 
 
A gyro will resist any force that attempts to 
change the direction of its spin axis. However, it 
will move (precess) in response to such force; 
NOT in the direction of the applied force, but at 
right angles to it, as illustrated in Figure 49. The 
figure shows the application of a force which 
gives rise to a couple about the torque axis. The 
resulting turning movement about the axis of 
precession causes the rotor to move to a new 
plane of rotation, as the spin axis attempts to align 
itself with the axis about which the torque is applied. 
 
These rules apply to all spinning gyros: 

1. A gyro rotor will always precess about an axis at right angles to both the torque axis and the spin axis. 
2. A gyro rotor always precesses in a direction so as to align itself in the same direction as the axis about 

which the torque is applied. 
3. Only those forces tending to rotate the gyro rotor itself will cause precession. 
4. Precession continues while torque is applied and remains constant under constant torque.  
5. Precession ceases when the torque is removed or when the spin axis is in line with the torque axis (the 

axis about which the force is applied). 
 

10.1.4 The Application of the Precession Principle 
The principle of precession can be exploited to provide a very accurate measure of angular rotation or rotation 
rate. Since a spinning wheel, or rotor, will only precess if a torque is applied to it, a rotor suspended in an 
instrument case by gimbals will maintain its spin axis in a constant direction in space. Changes in the angles of the 
gimbals will then reflect any changes in orientation of the case with reference to the spin axis direction. 
 
Alternatively, if controlled torques are applied to the rotor to keep its spin axis aligned with a direction defined by 
the case of the instrument, then the measurement of these torques will provide measurements of the angular 
velocity of the instrument, and hence of the angular velocity of any body to which the instrument is attached. 
Various sensor configurations have been developed over the years based on the principles described above. 
Attention is focused here on the dual-axis gyroscope, the type of sensor used in Gyrodata survey tools. 
 

Figure 49: Illustration of gyroscopic precession 
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10.2 Gyrodata Rate Gyro 
 

The gyroscope used in Gyrodata tools is known as a dynamically tuned or tuned rotor gyroscope. It has two input 
axes (denoted x and y) which are mutually orthogonal and which lie in a plane which is perpendicular to the spin 
(z) axis of the gyroscope. The rotor is connected to the drive shaft by pairs of flexure hinges to an inner gimbal 
ǊƛƴƎΦ ¢Ƙƛǎ ƛƴƴŜǊ ΨƎƛƳōŀƭΩ ƛǎ ŀƭǎƻ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ŘǊƛǾŜ ǎƘŀŦǘ ōȅ ŀ ǇŀƛǊ ƻŦ ŦƭŜȄǳǊŜ ƘƛƴƎŜǎΣ ǘƘŜ ǘǿƻ ŀȄŜǎ ƻŦ Ŧreedom 
being mutually orthogonal. This is often called a Hooke's joint and allows torsional flexibility in two directions (it is 
noted that this mechanical arrangement constitutes an internal type of gimbal and is far more compact than the 
external gimbal structure shown in Figure 50). At the other end of the drive shaft is a synchronous motor. The 
gyro derives its name from the rotor suspension mechanism which theoretically allows the rotor to become 
decoupled from the drive shaft at a certain tuned speed; typically in excess of 12,000 rpm. The rotor contains 
permanent magnets which set up a radial magnetic field within the assembly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the presence of an applied turn rate which causes a displacement of the rotor with respect to the case of the 
ƎȅǊƻΣ ǘƘŜ ǎǇƛƴ ŀȄƛǎ ƻŦ ŀ ǊƻǘƻǊ ƛǎ ƳŀŘŜ ǘƻ ǇǊŜŎŜǎǎ ōŀŎƪ ǘƻ ǘƘŜ ΨƴǳƭƭΩ Ǉƻǎƛǘƛƻƴ ōȅ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀ ǎǳƛǘŀōƭŜ ǘƻǊǉǳŜΦ 
A very accurate angular measurement can be made, provided that the torque required to null the deflection can 
be generated and measured. The mechanism by which this is achieved is outlined below. 
 
The angular position of the rotor is sensed by pick-offs attached to the case of the gyroscope. When rotor 
deflection occurs, the resulting pick-off signals are sent to the gyro servo electronics which in turn drives currents 
through the torquer coils. The interaction of the magnetic field generated by these currents with the field 
produced by the rotor magnets produces forces on the rotor which cause it to precess and so drive its deflection 
ǘƻ ȊŜǊƻΦ ²ƘŜƴ ǘƘŜ ǎȅǎǘŜƳ ƛǎ ΨōŀƭŀƴŎŜŘΩΣ ǘƘŜ ŎǳǊǊŜƴǘǎ ƛƴ ǘƘŜ ǘƻǊǉǳŜǊ Ŏƻƛƭǎ ǇǊƻǾƛŘŜ ŀ ŘƛǊŜŎǘ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ŀƴƎǳƭŀǊ 
rate to which the gyro is subjected. 
 
This application of the precession principle enables very accurate measurements to be made of the rate of turn of 
the case of the gyroscope. The torque re-balance technique described is fundamental to the application of inertial 
measurement systems in which the sensors are attached rigidly to the survey tool (often referred to as strapdown 

Figure 50: Dynamically tuned gyroscope 
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systems) as employed in Gyrodata tools. The application of a rate gyroscope to determine the azimuth of a 
ōƻǊŜƘƻƭŜ ǊŜƭƛŜǎ ƻƴ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǊŀǘŜ ƻŦ ǘǳǊƴΣ which forms the subject of the following section. 



P a g e | 74 

 

10.3 9ŀǊǘƘΩǎ wate of Rotation 
 

The Earth rotates about its polar (north-south) axis in 24 hours, rotating from West to East at a rate of 
approximately 150/hour. The duration of a solar day is 24 hours, the time taken for an Earth fixed object to point 
directly at the Sun. The time taken for the Earth to rotate to the same orientation in space, known as the Sidereal 
day, is 23 hours 56 min 4.1 seconds. The Earth rotates through one geometric revolution each Sidereal day, not in 
нп ƘƻǳǊǎΣ ǿƘƛŎƘ ŀŎŎƻǳƴǘǎ ŦƻǊ ǘƘŜ ǎƭƛƎƘǘƭȅ ǎǘǊŀƴƎŜ ǾŀƭǳŜ ƻŦ 9ŀǊǘƘΩǎ ǊŀǘŜΤ  15.0410670/hour.  
 
!ƴȅ Ǉƻƛƴǘ ƻƴ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛǎ ƳƻǾƛƴƎ ƛƴ ŀ ŎƛǊŎǳƭŀǊ ŀǊŎ ōŜŎŀǳǎŜ ǘƘŜ 9ŀǊǘƘ ƛǎ ǎǇƛƴƴƛƴƎ ƻƴ ƛǘǎ ŀȄƛǎ ŀǘ ǘƘƛǎ ǊŀǘŜΦ 
The direction of the spin ǾŜŎǘƻǊ ŀǘ ŀƴȅ Ǉƻƛƴǘ ƻƴ ǘƘŜ 9ŀǊǘƘ ƛǎ ǇŀǊŀƭƭŜƭ ǘƻ ǘƘŜ ŀȄƛǎ ƻŦ ǊƻǘŀǘƛƻƴΣ ƛΦŜΦ ǘƘŜ 9ŀǊǘƘΩǎ ǇƻƭŀǊ 
axis defined by the geographic North and South poles. 
 
!ǘ ŀƴȅ Ǉƻƛƴǘ ƻƴ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΣ ǘƘŜ 9ŀǊǘƘ ǊŀǘŜ Ŏŀƴ ōŜ ǊŜǎƻƭǾŜŘ ƛƴǘƻ ƘƻǊƛȊƻƴǘŀƭ ŀƴŘ ǾŜǊǘƛŎŀƭ ŎƻƳǇƻƴŜƴǘǎ as 
illustrated below. 
 

 
 
¢ƘŜ ƘƻǊƛȊƻƴǘŀƭ ŎƻƳǇƻƴŜƴǘ ƻŦ 9ŀǊǘƘΩǎ ǊŀǘŜ ŀƭǿŀȅǎ Ǉƻƛƴǘǎ ǘƻǿŀǊŘǎ ǘƘŜ ƎŜƻƎǊŀǇƘƛŎ bƻǊǘƘ tƻƭŜ ŀƴŘ ŘŜŦƛƴŜǎ ŀ 
reference direction to which the orientation of the survey tool can be measured using a gyroscope. 

Figure 51:  /ŀƭŎǳƭŀǘƛƴƎ ǘƘŜ 9ŀǊǘƘΩǎ ǊŀǘŜ ƻŦ Ǌƻǘŀǘƛƻƴ 
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10.4 How to Measure Azimuth 
 
So how does the ability to measure rates of rotation 
help us to determine borehole azimuth?  For ease of 
explanation and understanding of the methods used 
in a gyro survey system, consider first the simple 
case in which a dual-axis gyro is mounted with its 
spin axis vertical so that its input axes measure the 
ƘƻǊƛȊƻƴǘŀƭ ŎƻƳǇƻƴŜƴǘ ƻŦ 9ŀǊǘƘΩǎ ǊŀǘŜ ŀǎ ŘŜpicted in 
Figure 52. 
 
Calculate the gyro measurement about the axes - 

x-axis;   Gx Ґ ʍH ǎƛƴ ʰ   
y-axis;   Gy Ґ ʍH Ŏƻǎ ʰ.  
 
It can be seen that the ratio of the x-axis 
measurement to the y-axis measurement defines the 

tangent of the direction (h) in which the y axis points 
with respect to the true north. 
 
 
 
 
In most practical constructions of rate gyro survey 
tools, sensors are attached rigidly to the tool with 
the result that the input axis of the rate gyro takes 
measurements in the plane perpendicular to the tool 
axis; not in the local horizontal plane. Therefore, 
direct measurements of the horizontal components 
ƻŦ 9ŀǊǘƘΩǎ ǊŀǘŜ ŀǊŜ ƻƴƭȅ ƎŜƴŜǊŀǘŜŘ ǿƘŜƴ ǘƘŜ ǘƻƻƭ ƛǎ 
vertical.  
 
In general, the output from the gyro measures 
ŎƻƳǇƻƴŜƴǘǎ ƻŦ 9ŀǊǘƘΩǎ ǊŀǘŜ ǿƘƛŎƘ ƛƴŎƭǳŘŜ ōƻǘƘ 
vertical and horizontal components.  
 
In order to define the azimuth direction of a bore-
hole in which the tool is located, it is necessary to 
have knowledge of the direction in which the gyro 
input axes are pointing with respect to the 
ƘƻǊƛȊƻƴǘŀƭ 9ŀǊǘƘΩǎ ǊŀǘŜ ǾŜŎǘƻǊΦ ¢Ƙƛǎ Ƴŀȅ ōŜ ǎǇŜŎƛŦƛŜŘ 
in terms of the inclination of the well and the 
orientation of the gyro input axes with respect to the 
high-side of the borehole. This information can be 
determined using accelerometers installed in the 
tool with their input axes aligned parallel to the axes 
of the gyro as shown schematically in figure 53. 
 
 
 

Figure 52: Measuring azimuth 

Figure 53: Instrument configuration with accelerometers 
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The accelerometers provide measurements of the xyz-components of the specific force acting on the tool due to 
gravity (Ax Ay Az). The outputs from the accelerometer allow the inclination (I) to be calculated in accordance 
with the following equation.   
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The accelerometer outputs are also used to determine the relation between the input axis of the rate gyro at 
each measurement position and the high-side of the hole, often referred to as the high-side tool-face angle (TF), 
as follows. 
 

ù
ù
ú

ø

é
é
ê

è

-

-
=

y

x

A

A
TF arctan  

 
Given this information, the azimuth angle (A) can be computed as a function of the gyro measurements, the 
inclination and tool-ŦŀŎŜ ŀƴƎƭŜǎ ŀƴŘ ǘƘŜ ǾŜǊǘƛŎŀƭ ŎƻƳǇƻƴŜƴǘ ƻŦ 9ŀǊǘƘΩǎ ǊŀǘŜ ǳǎƛƴƎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜǉǳŀǘƛƻƴΦ 
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Summary: The rate gyro survey tool uses accelerometers to measure components of the specific force due to 
gravity; these data are used to compute borehole inclination and to determine the position of all the sensors axes 
with respect to the high-side of the hole. The rate gyro is used to sense and accurately measure components of 
ǘƘŜ 9ŀǊǘƘΩǎ ǎǇƛƴ ǊŀǘŜ ŦǊƻƳ ǿƘƛŎƘ the azimuth can be calculated. The horizontal component of EarthΩǎ rate always 
points to TRUE NORTH. 
 

10.5 Sensor Errors 
 

All gyroscopic sensors are subject to errors which limit the accuracy to which the angle of rotation or applied turn 
rate can be measured. Spurious and undesired torques (caused by design limitations and constructional 
deficiencies) act on the rotors of all mechanical gyroscopes. These imperfections give rise to precession of the 
ǊƻǘƻǊΣ ǿƘƛŎƘ ƳŀƴƛŦŜǎǘǎ ƛǘǎŜƭŦ ŀǎ ŀ ΨŘǊƛŦǘΩ ƛƴ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ŘƛǊŜŎǘƛƻƴ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ǎǇƛƴ ŀȄƛǎ ƻŦ ǘƘŜ ǊƻǘƻǊΦ CƻǊ ŀ 
restrained gyroscope, i.e. one operating in a nulling or rebalance loop mode to provide a measure of angular rate 
ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ {ŜŎǘƛƻƴ оΣ ŀƴȅ ǳƴǿŀƴǘŜŘ ǘƻǊǉǳŜǎ ŀŎǘ ǘƻ ǇǊƻŘǳŎŜ ŀ ΨōƛŀǎΩ ƻƴ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ŀƴƎǳƭŀǊ ǊŀǘŜΦ 
Major sources of error which arise in mechanical gyroscopes include the following: 

1. Fixed bias ς a sensor output which is present even in the absence of an applied input rotation; 
2. Acceleration-dependent (g-dependent) bias ς biases in the sensor outputs proportional to the magnitude 

of the applied acceleration. In this context, mass-unbalance effects are of particular concern, and are 
discussed further below 

3. Anisoelastic (g2-dependent) bias ς bias proportional to the product of accelerations applied along 
orthogonal axes of the sensor; 

4. Scale factor errors ς errors in the ratio relating the change in the output signal to a change in the input 
rate which is to be measured; 

5. Cross-coupling/misalignment errors ς errors arising because of gyroscope sensitivity to turn rates about 
axes perpendicular to the input axes, or is mounted in a position that is physically misaligned with respect 
to the required measurement axis. 

Each of these errors will, in general, include some or all of the following components: 

¶ fixed or repeatable terms 
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¶ temperature induced variations 

¶ switch-on to switch-on variations 

¶ in-run variations 
 
 
 
For instance, the measurement of angular rate provided by a gyroscope will include: 

¶ a bias component which is predictable and is present each time the sensor is switched on and can 
therefore be corrected following calibration 

¶ a temperature dependent bias component which can be corrected with suitable calibration 

¶ a random bias which varies from gyroscope switch-on to switch-on but is constant for any one run 

¶ an in-run random bias which varies throughout a run; the precise form of this error varies from one 
type of sensor to another. 

 
The fixed components of error, and to a large extent the temperature induced variations, can be corrected to 
leave residual errors attributable to switch-on to switch-on variation and in-run effects, i.e. the random effects 
caused by instabilities within the gyroscope. It is mainly the switch-on to switch-on and in-run variations which 
influence the performance of the survey system in which the sensors are installed. 
 
Gyro mass unbalance 
The performance of a mechanical gyroscope is extremely sensitive to mass unbalance in the rotor suspension, i.e. 
non-coincidence of the rotor centre of gravity and the centre of the suspension mechanism. Minute mechanical 
changes sufficient to affect gyro performance can arise as a result of shock and vibration to which the survey tool 
may be subjected; either down-hole or at surface as a result of knocks sustained during transport and surface 
handling. Movements of the rotor centre of gravity with respect to the suspension mechanism of a few nano-
metres will produce changes is mass unbalance that are sufficient to give rise to significant changes in 
measurement accuracy. 
 
Summary: Variations in the residual systematic bias components and the g-dependent bias caused by changes in 
mass-unbalance present the major concern in survey systems incorporating mechanical gyroscopes. Survey 
correction techniques are implemented, either during or after a survey operation, in order to compensate for 
survey inaccuracies resulting from the effects of these particular gyro errors. 
 

 
10.6 Survey Tool Calibration 
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The purpose of calibration is to evaluate the coefficients for the various 
ΨŜǊǊƻǊΩ ǘŜǊƳǎ ŘŜǎŎǊƛōŜŘ ŀōƻǾŜΦ IŀǾƛƴƎ ŜǎǘŀōƭƛǎƘŜŘ ǘƘŜ ǇŜǊŦƻǊƳŀƴŎŜ 
ŦƛƎǳǊŜǎ ƻǊ ΨŎƘŀǊŀŎǘŜǊƛǎŜŘΩ ŜŀŎƘ ǎŜƴǎƻǊΣ ŀƴȅ ǎȅǎǘŜƳŀǘic errors may be 
compensated thus enhancing its accuracy. 
 
To achieve this, the survey tool is placed on a calibration stand which 
allows the tool to be rotated between a series of known fixed 
orientations with respect to the local geographic axis set defined by the 
directions of true north and the local gravity vector. At each position, 
the turn rates and accelerations to which the sensors will be subjected 
in each controlled position are very accurately known. The series of 
positions are selected to excite each error contribution and so allow 
each error term to be identified separately and evaluated. 
 
The highly accurate, custom made calibration stands used for this 
purpose were designed and developed by Gyrodata.  Each calibration 
stand comprises a stabilised gimbal system with precisely controlled and 
instrumented gimbal angles. The stands are mounted on a plinth of 
granite that has its own foundations separate from, and vibrationally 
isolated from, the laboratory. The stands are aligned to true north within 0.001 degrees and are able to rotate the 
tool to any angle of inclination, azimuth or tool-face to an accuracy of 5 arc seconds (5/3600 degrees). 
 
 

10.7 Survey Tool Operating Modes 
 

Gyrodata gyroscopic survey tools contain up to three accelerometers and up to two dual-axis gyroscopes installed 
in various configurations within the survey tool. Systems designed to operate at all attitudes generally require a 
full complement of gyroscopes and accelerometers in order to provide measurements of both angular rate and 
acceleration about three orthogonal axes; essential for all attitude operation. 
 
Some systems operate by taking sensor measurements at discrete intervals of depth along the well path 
trajectory when the survey tool is stationary, in what is described as gyro-compassing mode. Such systems 
provide estimates of inclination, high-side tool-face and azimuth angle as described above. Other systems can be 
operated in a continuous measurement mode. Given knowledge of the survey tool orientation at the start of a 
period of continuous surveying, changes in attitude that occur thereafter can be tracked by effectively integrating 
the subsequent gyro measurements of turn rate as the survey tool traverses the well path. 
 

10.7.1 Gyro-compassing Mode 
Gyro biases, which have an unpredictable behaviour, are measured and corrected for directly at each gyro-
compassing station though a process of indexing the gyro. This involves mounting the gyro on a rotatable 
platform and driving it between two positions that are 1800 apart. Measurements of turn rate are taken when the 
gyro is stationary at each index position. Whilst the turn rate to which the gyro is subjected is reversed between 
the two index positions, any bias which is present in the measurements remains fixed. Hence, an estimate of the 
measurement bias can be obtained by summing the two measurements and dividing the result by two. Any 
residual bias which remains can still be significant and must therefore be estimated in the field. 
 
Gyro mass unbalance is stable when the gyro is at rest. However, as discussed earlier, it may change significantly 
if the gyro is exposed to a mechanical impact, as can occur during transportation or surface handing. The average 
mass unbalance for the entire survey should therefore me estimated and corrected in the field. 
 

Figure 54: Typical calibration stand 
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Accelerometer calibrations are usually very stable, but they can change over time or as a result of temperature 
exposure. It is therefore important that the performance of the accelerometer pack is always verified for every 
recorded measurement and for the survey as a whole. 
 
Gyrodata has developed a method for field calibration while surveying known as Multi-Station Correction (MSC). 
It is impossible to determine accurately all of the calibration terms in the field, the goal of MSC is therefore to 
correct those terms that are more likely to change, namely gyro fixed biases and mass unbalance, whist at the 
same time minimising the effect of residual errors in other terms. In addition, a MSC accelerometer test has also 
been included, to check the accelerometer measurements throughout the survey; only applicable for survey tools 
containing three accelerometers. MSC is a very powerful tool that updates the calibration values of residual 
biases and direct mass unbalance for the gyro and checks the performance of the accelerometer package. 
Additionally, since MSC is based on a least-squares adjustment technique, the standard deviations of the x and y 
gyro biases and mass unbalance are generated. This information is checked against the tolerance defined by the 
gyro error model and forms an essential part of the quality control (QC) procedure that is implemented each time 
a survey tool is run. 
 

10.7.2 Continuous Mode 
Attitude data derived using continuous gyro survey systems have a tendency to drift exponentially with time. In 
many gyro systems, it is common practice to compensate for this effect by forming estimates of the drift at 
regular intervals during the survey. This is achieved by holding the tool stationary for short periods of time, and 
ǎǳōǘǊŀŎǘƛƴƎ ǘƘŜ ŜǎǘƛƳŀǘŜŘ ŎƻƳǇƻƴŜƴǘǎ ƻŦ 9ŀǊǘƘΩǎ Ǌŀǘe so which the tool is subjected at the current location. The 
drift estimates generated by this process are the accumulated effect of all physical errors at the given interval, 
and are used to implement a real-time re-calibration of the tool. The quality and effectiveness of this re-
calibration are dependent on many factors that are difficult to predict, including the change in tool-face. It is 
almost impossible to keep track of what happens to the different physical sources of error when drift 
compensation is applied. 
 
Studies of field data, where comparisons of in-run and out-run surveys have been made, indicated that 
accumulated azimuth error in most continuous surveys can be estimated using four simple empirical parameters. 
The four empirical parameters are: 

¶ the error of the initial reference 

¶ a term proportional to measured time (gyro drift) 

¶ a term proportional to the square root of measured time (random walk) 

¶ a random error which is irrelevant for position error calculations. 
 
Whilst the use of empirical error sources is a departure from the usual form of error model linked to physical 
uncertainties, it does allow realistic uncertainty estimates to be produced. Gyrodata has developed a new 
method for final calculation of continuous surveys called Continuous Drift Correction (CDC). It is logically 
equivalent to averaging in-run and out-run surveys, but adopts a more complex approach which facilitates the 
estimation of error model terms, including the linear drift and random walk components. 
 
CDC also checks for tool misalignments provided that the in-run and out-run high-side tool-faces are not the same 
throughout the survey. The misalignment correction compensates for systematic misalignment for the whole 
survey and provides additional quality control to the data. The use of CDC provides several benefits compared to 
a simple in-run/out-run comparison. It corrects for linear drift and systematic misalignment and allows QC checks 
to be implemented by providing estimates of residual errors that can be checked against the tool error model. 
 

10.7.3 Summary 
Stationary gyro-compassing and continuous survey methods have been outlined along with procedures 
developed by Gyrodata for quality control of the resulting surveys. The powerful MSC and CDC methods provide 
comprehensive quality control, for stationary and continuous surveys respectively, and tool performance 
characteristics linked directly to the respective tool error models. 
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ммΦ ²ƘŜƴ ǘƻ wǳƴ DȅǊƻǎ 
 

Running gyro surveys is nearly always a benefit to survey accuracy and provide verification of the MWD surveys, 
but clearly the benefit has to be worth the cost.  There are certain circumstances however, where running gyros 
are the only option for a safe an adequately accurate survey.  Please note that in most of these scenarios apart 
from a) below, the assumption is that the gyro used is of sufficient accuracy to exceed the accuracy of the MWD.  
That is not always the case depending on the type of gyro and the expected performance of the gyro must be 
ascertained by suitable QC to ensure adequate accuracy.   
 

a) When magnetic interference from nearby steel preclude the use of MWD. 
These circumstances include the following; 

¶ Measuring inside casing 

¶ Measuring close to casing shoe 

¶ Measuring close to adjacent wells 

¶ Measuring close to surface or shallow beneath the rig 

¶ Measuring close to a fish or when side-tracking close to original casing. 
 
This would naturally, include conductor surveys after conductors have been driven.  This often 
neglected practice ensures that the collision risk assessment is based on the actual as built positions 
of the conductors and not an assumption that they landed vertically and parallel.  It is not unknown 
for driven conductors to cross two rows of slots from their original surface position so the slot/ target 
allocation often has to be reviewed in the light of the conductor survey.  When the casing of the 
nearest well is 50ft or more away it is usually considered to have negligible effect on MWD azimuth 
accuracy but the effect rises rapidly with proximity so gyros are often prescribed when separation 
from casing drops to 30ft or so.  

b) When TVD accuracy is required less than 3/1000 on step out. This is very difficult to achieve with 
MWD in open hole and whilst the accelerometers may be just as accurate as the gyro sensors in the 
vertical plane, the hole quality and the measurement environment cannot deliver this level of 
accuracy with confidence. 

c) When the MWD is surveyed every 90 ft but with dogleg severities exceeding 6o/100ft the MWD 
survey interval will not adequately represent the wellpath.  Here the gyro provides a higher resolution 
survey and can be requested at very small intervals although 25 ft is common. 

d) When the target dimensions are less than 2% of the step out (1% if IFR is employed).  This size of 
target will not leave sufficient room for the directional driller to steer successfully without the 
reduction in uncertainty afforded by a high accuracy gyro survey for at least part of the well bore. 

e) Anywhere, where the separation factor requirements cannot be met using MWD alone. 
f) In side-tracks where the original hole contains a fish, or casing and the accuracy requirements 

demand an adequate survey during the side-track section close to the original hole. 
g) ²ƘŜƴ ŘǊƛƭƭƛƴƎ ŎƭƻǎŜ ǘƻ ƭŜŀǎŜƭƛƴŜǎΣ ƎŜƻ ƘŀȊŀǊŘǎΣ Ŧŀǳƭǘ ōƭƻŎƪǎ ƻǊ ƻǘƘŜǊ ΨƘŀǊŘ ƭƛƴŜΩ ōƻǳƴŘŀǊƛŜǎ ǿƘŜǊŜ 

MWD uncertainty wastes too much pay. 
 
 
 
 
 
 

Õ 
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мнΦ /ƻǊǊŜŎǘƛƴƎ ŦƻǊ {ŀƎ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The BHAs used in directional drilling are designed to be flexible enough to drill round curves.  Inevitably this leads to deflections in the 

BHA centreline which is unlikely to remain parallel to the wellbore. As a result, the inclination observed may need to be corrected for 
the misalignment between the MWD sensor and the wellbore centreline. 

 
Sag Correction Software 
Since finite element software or mechanical beam theory techniques are used anyway to model the side forces 
and stresses on a BHA as part of its performance design, the same software calculates the deflected shape of the 
BHA and can predict in advance the corrections needed to apply to the observed inclination.  This is often the 
most important correction required for high angle drilling accuracy for good TVD placement.  In the above 
example, there is also a mechanical bend in the BHA at the bent housing so the sag correction may not be just 
inclination dependent but may also be toolface dependent if the assembly has a bend that can be oriented. 

 Figure 55: Sag correction schematic 
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Generally, at low inclinations 
sag will be minimal but as it is mainly due to gravity effects, the magnitude is likely to increase with the sine of the 
inclination.  Here is a typical sag sheet with corrections over a range of inclinations. 
 

Sag Sheet    
 

Sensor Position = 55.43 ft 
 

Inc     Sag (deg)    Inc       Sag (deg)   
 -----------------               -----------------   
  0.0       0.000                60.0       0.177   
  5.0       0.018                 65.0       0.186   
10.0       0.036                 70.0       0.193   
15.0       0.053                 75.0       0.198   
20.0       0.070                 80.0       0.202   
25.0       0.087                 85.0       0.201   
30.0       0.102                 90.0       0.201   
35.0       0.118                 95.0       0.201   
40.0       0.132              100.0       0.202   
45.0       0.145              105.0       0.198   
50.0       0.157              110.0       0.193   
55.0       0.168              115.0       0.186   
60.0       0.177              120.0       0.177   

 
 
Care should be taken when using bent housings in the BHA since the sag correction will then be toolface 
dependent. In such cases, the sag should be calculated on site using software which can include the bend in the 
finite element analysis when applied at any toolface. 
 
It is recommended that any well that build above 45 degrees at any point should be sag corrected as a matter of 
course.  This is a service that most drilling contractors can easily include and the effect on TVD accuracy is often 
dramatic.  

Figure 56: Typical sag correction software output 
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If we use the approximate rule of thumb that 1 degree of angle produces 2% of distance as an error in position, 
even a small inclination error like 0.25 degrees will produce 0.5% of step out as an error in TVD.  For example, if 
the step out to a reservoir entry point was 3000 ft, the TVD error would be + or ς 15 ft for only a quarter of 1 
degree of sag. 
 
In the analysis of misplaced wells identified by poor production or a poor match with expected geological 
formation depths, the lack of sag correction is the most common cause.  The cost of carrying out sag correction is 
far outweighed by its benefits in terms well positioning particularly at the entry point to the reservoir. 
 
 
 
 
 
 
 
 
 
 

Õ 
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моΦ  /ƻǊǊŜŎǘƛƴƎ ŦƻǊ aŀƎƴŜǘƛŎ LƴǘŜǊŦŜǊŜƴŎŜ 
 

13.1 Drilling Magnetisation 
 
It is well known that the MWD sensors in 
themselves are extremely accurate but the 
weak link in the system is the accuracy of the 
magnetic field in which the azimuth readings 
are taken.  We discussed earlier the effects 
of local crustal anomalies on the accuracy of 
our background reference vector but in this 
section we will look at the effects of the 
drillstring magnetisation which is always 
present to some degree. It should be noted however that since the sensor pack is always set inside non-magnetic 
material, the major interference component is likely to be either from below or above the sensor in the drillstring 
and therefore the z axis interference is usually the major influence on azimuth accuracy. 
 
In the 1990s, Dr Robin Hartman of Shell International developed SUCOP (Survey Correction Program) to 
implement a technique for measuring and removing the magnetic influence of the drillstring. 
 
If a magnetometer is placed in a magnetic field it will measure the component of the field along its own axis.  A 
good analogy is if a tube with a small flow meter was inserted in stream, the flow through the tube will be the 
component of flow along the axis of the tube.  Clearly if the tube is held perpendicular to the flow there will be no 
flow in the tube and if it is in line with the flow it will experience the full flow rate of the stream.  At any other 
angle it will experience the flow vector x cosine of the angle of incidence.  This value is often referred to as the 
vector dot product.  This can be defined as the product of two vector lengths x cosine of the angle between them.  
 
 
 
In figure 58 the magnetic field is represented by the green arrows and 
the magnetometers will only measure the component of that field along 
their own axis. 
 
Now imagine two magnetometers facing in opposite directions at some 
angle to the magnetic field.  Clearly they will read the same magnitude of 
field but with opposite signs.  Hartman realized that if an MWD sensor 
pack was rotated around the z axis, the x and y magnetometer readings 
would follow a sine wave which should have an average of zero.  If the 
average was anything else, there must be a component of the 
observation which is permanent. This will be some combination of a 
sensor bias or a magnetic field component which is rotating with the 
sensors and is never going away. 
 
 
 
 
 
 
 
  

Figure 57: Drillstring magnetisation 

Figure 58: Axis components of magnetometers 
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In this example, the magnetometer is clearly carrying a positive magnetic field value that is not going away. 
 
This rotational data can then be used to correct the x and y magnetometer values for this bias.  This still leaves 
the potential for a further magnetic field bias on the z axis.  In practice the z axis is often the most significant 
direction of influence since the significant magnetic material in the drill string is always above or below the MWD 
sensors.  Clearly it is not possible to flip the z axis so the clean z axis is derived from the following formula: 
 

 
 
In this formula, Bt means the total background magnetic field strength and Bx By and Bz mean the sensor axes 
readings from the magnetometer.  This formula relies on the accuracy of Bt and ideally should have an IFR survey 
to accurately measure Bt.  This simple technique allows the surveyor to calculate bias values for all three axes and 
remove the majority of the magnetic interference from the subsequent observations. 
 
One caveat that should be kept in mind is the stability of the calculation.  The value for Bz is very sensitive to 
azimuth and inclination. 
 
 

 

 

 

 

In the field, the driller could observe 
raw sensor readings at several 
toolfaces (a rotational shot or cluster 
shot) and record the values on the x 
and y axes. 

 

 

 

If a mathematical sine wave was then 
made to fit this variation, the average 
value could then be derived as if the 
readings had been taken evenly 
around the clock. 

Figure 59: Straight plot of sensor readings 

Figure 60: Adding a mathematical sine wave to fit the sensor readings 
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The formula is identical to a Pythagoras formula for calculating one side of a right angled triangle where Bt would 
be the hypotenuse and the base would be the cross axial field as follows. 
 

 
If the value of Bz is very small, which will happen when drilling at high angle heading East or West, the resolution 
of clean Bz will be extremely sensitive to the accuracy of the other two sides.  The slightest error in Bt can 
produce a very exaggerated effect on Bz and, in many cases, produce a value in Bz more erroneous than the 
magnetic error.  In other words, this technique should not be used in such geometries in case the correction is 
more erroneous than the original reading. 

 
For this reason and because the Bz value can be positive or negative it is not recommended that this technique be 
employed ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ Ψno go zonesΩ - above 70 degrees inclination within 20 degrees of East / West 
(magnetic). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Õ 
 

CONTENTS 

Figure 61Υ Ψbƻ Ǝƻ ȊƻƴŜΩ ŦƻǊ ŀȄƛŀƭ 
correction 
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мпΦ aǳƭǘƛ {ǘŀǘƛƻƴ !ƴŀƭȅǎƛǎ 
 

14.1 Calculation and Background 
 

A more recent development on the principle of magnetic interference correction is the use of Multi Station 
Analysis. 
 
This technique is similar to the rotational shot technique described above but makes use of all available MWD 
Řŀǘŀ ǎƻ ŦŀǊ ŎƻƭƭŜŎǘŜŘ ǘƻ ΨōŜǎǘ ŜǎǘƛƳŀǘŜΩ ŎƻǊǊŜŎǘƛƻƴǎ ǘƻ ŀǇǇƭȅ ǊŜǘǊƻǎǇŜŎǘƛǾŜƭȅΦ  ¢Ƙƛǎ ƛǎ ƘŜŀǾȅ ƻƴ ŎƻƳǇǳǘƛƴƎ ǘƛƳŜ ōǳǘ 
with modern computers allows a great deal more flexibility in what we analyse for.  In the section following the 
mathematics will be set out but for now, the principles and process steps are as follows. 
 
Earlier we discovered that a magnetometer will read a magnetic field value along its own axis.  It is therefore 
ǇƻǎǎƛōƭŜ ǘƻ ŎŀƭŎǳƭŀǘŜ ŀ ǘƘŜƻǊŜǘƛŎŀƭ ǾŀƭǳŜ ƛŦ ǿŜ ƪƴƻǿ ǘƘŜ ōŀŎƪƎǊƻǳƴŘ ŦƛŜƭŘ ǾŜŎǘƻǊ ŀƴŘ ǘƘŜ ΨŀǘǘƛǘǳŘŜΩ όLƴŎƭƛƴŀǘƛƻƴ ŀƴŘ 
Direction) of the sensor axis.  If we gather a lot of raw data from multiple survey stations (with the same BHA), we 
can examine the consistency of the data versus the theoretical values and try to find corrections on each sensor 
that make for the least error. 
 
This is known as Multi Station Analysis and since it is using all the raw data over several stations, in theory, there 
is no need to carry out a cluster shot since there will be variations in attitude anyway between each survey 
station.  It should be said however, that cluster shots are strongly recommended at the start of the BHA run to 
produce a strong estimate of corrections before drilling much further on what could be a wrong azimuth. 
 
The steps are as follows: 
 

1. Over several readings observe Bx, By, Bz, Gx, Gy and Gz 
2. Calculate inclination, direction and toolface as normal 
3. Calculate the unit vectors that describe the attitu de of each magnetic sensor 
4. Calculate the theoretical value that should have been read 
5. Record the errors (residuals) on each sensor 
6. Calculate the sum of the squares of these residuals 
7. Try variations of scale and bias corrections on each sensor until the result of step 6 is minimised 
8. Apply these best fit biases and scale factors over the whole survey 

 
 
 
 
 
 
 
 

The next section may help the mathematicians amongst you understand the steps more clearly, and for the 
rest, may offer an alternative to counting sheep.  
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Figure 62: Establishing the unit vectors for each sensor axis 
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Figure 63: Extending the calculation for the unit vectors for each sensor axis 
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These formulae describe the high side unit vector and the lateral unit vector from which we can derive the axes 
vectors when sitting at any given toolface from high side; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If we describe the Earth vector in terms of a north, east and vertical component we can calculate theoretical 
readings for each axis using the vector dot product.  If the Earth's magnetic Field Vector os Mag N, Mag E, Mag V 
and the Earth's Gravity Field Vector is Gn, Ge an Gv we would expect each sensor to read the vector dot products 
as follows; 
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In practice we usually ignore any Gn and Ge components and assume that Gv is the Gravity Gt; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Returning to our magnetic equations, the red numbers are now known; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each sensor observation provides one equation; 
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These equations can be used to solve for sin A and cos A and thus an unambiguous best fit azimuth can be derived 
from the observations. The unit vectors can be calculated and the theoretical readings subtracted from the 
observed readings to produce residuals for each observation and each axis. 
 
! ΨaƻƴǘŜ /ŀǊƭƻΩ ŀƴŀƭȅǎƛǎ ƛǎ ǘƘŜƴ Ǌǳƴ ŦƻǊ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ǎŎŀƭŜ ŦŀŎǘƻǊ ŀƴŘ ōƛŀǎ ŦƻǊ ŜŀŎƘ ǎŜƴǎƻǊ ǳƴǘƛƭ ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ 
residuals squared is minimized.  In the following graphs for all 6 corrections, a clear minimum sum squared occurs 
at the best value for each correction: 
 

 
 
All previous raw surveys up to that point are then corrected with this latest estimate and the azimuths 
recalculated as if there was no magnetic interference present. 
 
In practice the data will be noisy and often requires some filtering before it can be used.  Any bad readings are 
either weighted low in the least squares calculation or they are removed altogether. 
 
 
 
 
 
 
 
 

Õ 
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Figure 64: Correcting magnetic station observations 
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мрΦ /ƻǊǊŜŎǘƛƴƎ ŦƻǊ tƛǇŜ ŀƴŘ ²ƛǊŜƭƛƴŜ {ǘǊŜǘŎƘ 
 

15.1 Forces on the Drillpipe 
 

It has not been routinely included in survey procedures to estimate and remove the mechanical or thermal 
expansion of the drillpipe and yet clearly the weight of the BHA itself and the drillpipe suspended below any 
section of pipe will stretch it, as will any increase in downhole temperature from that observed at surface where 
the drillpipe length is measured before deployment. 
 

 

This diagram represents a finite element of drillpipe with all the forces likely to be acting on the element.  There is 
an upward tension on the pipe as it is supported by the pipe above and a downward tension as it carries the 
drillstring below.  These tensions will not be in alignment in curved hole producƛƴƎ ŀ Ψ¢ƘǊǳǎǘΩ ŦƻǊŎŜ ǇŜǊǇŜƴŘƛŎǳƭŀǊ 
to the wellbore, usually upwards in a build section and downwards in a drop section. There is also the weight of 
the pipe, countered to some degree by the flotation effect of the drilling fluid, a support reaction and 
corresponding friction force.  If we estimate the coefficients of friction and assume that the survey models the 
shape of the pipe, we can estimate the mechanical stretch by integrating the axial components of the forces on 
the pipe and their local strain effects on each element. 
 
E = Youngs Modulus = stress / strain  so the strain = stress / Youngs Modulus 
 
This calculation is most useful for high accuracy, absolute TVD measurement.  It may seem sensitive to our 
estimate of the coefficient of friction but in practice this proves to be less than you might anticipate.  This is 
because when the stress most affects TVD, the well is close to vertical and the friction component is small but 
when friction becomes very significant (i.e. at high angle), the stretch effect in measured depth does not translate 
to much of an error in TVD. 

Figure 67:  Figure 65: Forces acting on a finite element of drillpipe 
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15.2 Thermal Effects 
 

The thermal coefficient of expansion for steel is approximately 1.3 m / 1000 for every 100o C of warming so it is 
also possible to estimate from an approximate temperature profile, how much additional depth we will gain from 
thermal expansion.  In the following example of a fairly typical well, there is 2 m of mechanical extension plus 5 m 
of thermal expansion giving a total of 7 m of additional drillpipe you never knew you had! 
 

 
 
This is one of the reasons that wireline measurements and drillpipe conveyed measurements seldom agree.  The 
wireline will stretch much more than steel and when warmed up, oddly, becomes shorter rather than longer due 
to the lateral expansion of the elastomer within the reinforced sheathing.  As a result, wireline is usually corrected 
for stretch whereas drillpipe almost never is (at the time of writing).   
 
Great care should be taken when using drillpipe depths as they will usually be significantly less than actual depth.  
One common mistaken assumption is that if we fail to correct for drillpipe ǎǘǊŜǘŎƘ ƛƴ ŀ ǾŜǊǘƛŎŀƭ Ǉƛƭƻǘ ǿŜƭƭΣ ǿŜΩƭƭ ōŜ 
able to land a horizontal target at the same depth if also ignore the stretch in that.  However, in a vertical well the 
BHA is supported by the pipe whereas the horizontal wellbore will support the BHA on the low side producing a 
very different stretch profile. 
 
For a more detailed explanation of the issues affecting depth measurement read the following chapter by Harald 
Bolt, a recognised global expert on the subject. 
 
 
 
 
 
 
 
 
 
 

Õ 
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Figure 66: Measuring thermal expansion of a typical drillpipe 
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мрŀ  !ƭƻƴƎ IƻƭŜ 5ŜǇǘƘ aŜŀǎǳǊŜƳŜƴǘǎ 

15a.1 Discussion: Why Bother 
 

Depth is the most important sub-surface parameter measured.  Depth defines the along hole position of all the 
sub-surface parameters measured, and hence defines the well construction activity, the geologies drilled and the 
horizons produced.  Without accurate, consistent and credible depth measurement the entire database related to 
subsurface is compromised and the uncertainty associated with any subsurface measurement cannot be 
reasonably ascertained. 
 
Along hole depth is the key component of TVD, which is the main descriptor in well bore positioning and reservoir 
geometrical descriptions. 
 
However, there is a great deal of discussion and lack of clarity on how depth is measured.  There is a 
correspondingly significant spread of measurement results that bring into doubt the validity of depth as a 
measured parameter.  The scale of the depth measurement discrepancy has been described by Forsyth et.al.1  
Even operators do not have a common platform for expectations in depth accuracy or requirements for the 
associated uncertainty. 

 

Definitions of terms 

¢ƘŜ ǿƻǊŘ άŘŜǇǘƘέ ƛǎ ŘŜǎŎǊƛōŜŘ ŀǎ ŎƻƳƳƻƴƭȅ ǳƴŘŜǊǎǘƻƻŘ ǘƻ ǊŜŦŜǊ ǘƻ ǘƘŜ ŘƛǎǘŀƴŎŜ from an acknowledged reference 
point, usually assumed to be at surface (typ. MSL, GL, ORT, etc.), along a described path (e.g. along hole 
Measured Depth, MD, or True Vertical Depth TVD, from surface) using described units (ft or m).  The use of these 
ǘƘǊŜŜ ŘŜǎŎǊƛǇǘƻǊǎ ƛǎ ŎǊƛǘƛŎŀƭ ƛƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǿƘŀǘ άŘŜǇǘƘέ ƛǎ ōŜƛƴƎ ǊŜŦŜǊǊŜŘ ǘƻΦ 
 
MD is the basis for TVD.  TVD is not usually measured directly and relies on deviation surveys, defining azimuth 
and inclination along hole to derive the actual vertical depth of any point. 
 
a5 ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ ŀƴȅ ƻŦ ǎŜǾŜǊŀƭ ǉǳƛǘŜ ŘƛŦŦŜǊŜƴǘ ǘȅǇŜǎ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘΦ  ¢ƘŜǎŜ ƛƴŎƭǳŘŜ άLƴŘƛŎŀǘŜŘ 5ŜǇǘƘέΣ άwŀǿ 
5ŜǇǘƘέΣ ά/ŀƭƛōǊŀǘŜŘ 5ŜǇǘƘέ ŀƴŘ ά/ƻǊǊŜŎǘŜŘ 5ŜǇǘƘέΦ  ¦ƭǘimately, the actual along hole depth is referred to as 
ά¢ǊǳŜ !ƭƻƴƎ IƻƭŜ 5ŜǇǘƘέΣ ŀƴŘ ƛǎ ǇǊƻǾƛŘŜŘ ǘƘŜƴ ǿƛǘƘ ŀƴ ǳƴŎŜǊǘŀƛƴǘȅ ŜǎǘƛƳŀǘŜΦ  ό{ŜŜ ²DDrev4.0 p. 152 or Forsyth 
et.al. for a full definition of commonly referred to depth terms). 
 
Defining accuracy expectations 

Accuracy expectations vary according to the application of the data.  Seismic depth accuracy is limited by the 
ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǎŜƛǎƳƛŎ ǎƛƎƴŀƭǎ ǘƘŀǘ ƛǎ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜ ŀŎƻǳǎǘƛŎ ǎƛƎƴŀƭΦ  ¢Ƙƛǎ ƛǎ ǘȅǇƛŎŀƭƭȅ млΩǎ ƻŦ ƳŜǘŜǊǎ 
at 1,000 M, so can be assumed to be around 5:1,000 at best. For most well construction, accuracies in the order 
of 1:1,000 are typically sufficient.  Most wireline companies quote 5:10,000 to 2:10,000, but few actually achieve 
this.  Forsyth et.al. demonstrated that there is very little evidence to suggest that these accuracies are routinely 
achieved.  For compaction studies where movements of formation boundaries and markers are measured, 
accuracies of at least 1:10,000 are required.  
 
Table 1, overleaf, illustrates a number of different applications where the accuracy requirements can be seen to 
be different.  As increasing accuracy requires increasing calibration, verification and correction requirements, it is 
clear that increasing accuracy can only be attained at increased operating cost. 

 
1 D. Forsyth, H. Bolt and A. Loermans, 2013, Improved Depth Quality Management: Where Old Theory Should Meet (Near) 

Future Practice, presented at SPWLA New Orleans Conference, New Orleans, 2013 
2 H. Bolt, Wireline Depth Determination Rev 4.0, ICT Europe, 2015, (available via) www.wirelinedepth.com (WDDrev4.0) 
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Table 1: !ƭƻƴƎ ƘƻƭŜ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ ǘŀǊƎŜǘ άōŀƴŘǎέ ς a proposal (adapted from Bolt et.al. ) 

Measurement 
relevance 

Domain relevance Method Measurement System 
@ 10,000 ft 
Trueness +/- 

@ 10,000 ft 
Precision +/- 

Geological mapping Major geological events Seismic 
2-way time, depth 
conversion 

100 ft 20 ft 

Well construction Significant reservoir events 5ǊƛƭƭŜǊǎΩ ŘŜǇǘƘ Indicated depth 50 ft 6 ft 

Mechanical service 
operations 

Minor reservoir events 

Wireline 

Indicated depth 30 ft 5 ft  

Reservoir geometry Major bed events Calibrated depth 15 ft 3 ft  

OWC/GWC mapping Minor bed events Calibrated depth 5 ft 1 ft  

Detailed OWC/GWC 
mapping 

Fracture 
identification/place
ment 

Minor bed events Way-point depth 2 ft 0.5 ft 

Pressure gauge 
accuracy/resolution 

Compaction events 
Way-point w/ real-time 
stretch correction 

0.5 ft 0.1 ft 

 

 

5ǊƛƭƭŜǊΩǎ 5ŜǇǘƘ ŀƴŘ ²ƛǊŜƭƛƴŜ 5ŜǇǘƘ 
DrillerΩs Depth, attained from the measurement of drill pipe in the well bore, is typically uncorrected, and can at 
ōŜǎǘ ōŜ ŘŜǎŎǊƛōŜŘ ŀǎ ōŜƛƴƎ άƛƴŘƛŎŀǘŜŘ 5ŜǇǘƘέΦ  ¢ƘŜ ǊŜŀǎƻƴ ŦƻǊ ǘƘƛǎ ƛǎ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ƴƻǘ ŀ ŎǊŜŘƛōƭŜ ŎŀƭƛōǊŀǘƛƻƴ ƻŦ 
measurement verification process associated with drill pipe measurement, and typically corrections are not 
routinely or consistently applied across the industry.  The movement of the drill pipe is also irregular, with depth 
measurements being made under differing pipe loads and pipe stress conditions (torque, pressure support, 
temperature, rotational and sliding friction, etc.).  
 
Wireline cable can be calibrated in length, and the length measurement made can be verified.  The measurement 
made can be subject to systematic environmental corrections that accounts for temperature, stretch and other 
influences.  The measurement is made only during pull out of hole (POOH) when ascending to surface with an 
increasing tension regime distributed along the cable form the tool string to surface3.  This means that the cable 
tensional regime can be modelled, and hence corrected.  The ability of wireline depth to provide a calibrated, 
ǾŜǊƛŦƛŜŘ ŀƴŘ ŎƻǊǊŜŎǘŜŘ ƳŜŀǎǳǊŜƳŜƴǘ ƛǎ ŀ ƳŀƧƻǊ ŘƛŦŦŜǊŜƴǘƛŀǘƻǊ ǘƻ 5ǊƛƭƭŜǊǎΩ 5ŜǇǘƘΦ 
 
5ǊƛƭƭŜǊǎΩ 5ŜǇǘƘ ŀƴŘ ǿƛǊŜƭƛƴŜ ŦƛǊǎǘ primary 

5ǊƛƭƭŜǊΩǎ 5ŜǇǘƘ ƛǎ ƳŀŘŜ Ŏƻƴǘƛƴǳƻǳǎƭȅ ŘǳǊƛƴƎ ǘƘŜ ŘǊƛƭƭƛƴƎ ǇǊƻŎŜǎǎΣ ŀƴŘ ǘƘŜ ŎƻǊŜ ŀƴŘ a²5κ[²5 Řŀǘŀ ƛǎ ŀŎŎǳƳǳƭŀǘŜŘ 
ŀƴŘ ǇǊŜǎŜƴǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŦƛǊǎǘ ƳŜŀǎǳǊŜŘ ŘŜǇǘƘ ǇǊƛƴŎƛǇƭŜΦ  !ǎ Ƙŀǎ ōŜŜƴ ǇƻƛƴǘŜŘ ƻǳǘ ŀōƻǾŜΣ 5ǊƛƭƭŜǊǎΩ 5ŜǇǘƘ 
measurement usually lacks calibration and verification, and is not corrected.  Also, as the drilling process is 
dynamic, significant changes in indicated depth occur during the drilling process as WOB is increased and 
decreased, as stand-pipe pressures are varied, and mud flows and mud weights vary an as the pipe as rotated and 
slid along the hole.  There are a multitude of other factors, such as BHA assembly and drill pipe string composition 
that also affect the actual bit and LWD/MWD sensor positions. 
 

 
3 {ƻƳŜ ŘŜǇǘƘ Řŀǘŀ ǇǊƻǾƛŘŜǊǎ ǇǊƻǾƛŘŜ ŘŜǇǘƘ ŘŜŦƛƴŜŘ ǿƘƛƭŜ ǊǳƴƴƛƴƎ ƛƴ ƘƻƭŜ όwLIύΣ ǎƻ ŎŀƭƭŜŘ άƭƻƎ-Řƻǿƴέ ŘŜǇǘƘΦ  ¢ƘŜ ǎǘǊŜǘŎƘ 

correction is then applied at hold up depth (HUD) and then it is assumed to be linearly distributed over the length of the well.  
Solie & Rodgers and Fitzgerald & Pedersen describe this process.  See also Lubotzki ΧΦΦ 
http://fesaus.org/webcast/2010/05/HLubotzki/Member0922/index.htm. However, there are a number of issues that limit 
the validity of this approach.  See WDDrev4.0 Section 28, pp. 78-79 and Sections 40 & 41, p. 96 ς 100.   This approach is not 
recommended for definitive TAH determination, and specifically not in wells with deviation or significant borehole wall 
friction. 

http://fesaus.org/webcast/2010/05/HLubotzki/Member0922/index.htm
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Wireline Depths are usually measured more consistently, but current practices are varied between logging 
companies ς see Table 2.  These variances include whether or not calibrated cable length is made available and 
what (if any) verification processes are deployed.  There are also fundamental differences in the application of 
correction, with few companies having a comprehensive, credible and published correction determination and 
application process. 
 
.ȅ ŎƻƴǾŜƴǘƛƻƴΣ ǘƘŜ ǿƛǊŜƭƛƴŜ άFirst Primaryέ is when the along-hole depth is defined by wireline for the first time.  
It is self-evident that this measurement should be scrutinized for the applied calibration, the measurement results 
verification and judicial application of the corrections.  By convention, all subsequent wireline depths are 
synchronized to the First Primary to assure that the depths of wireline logs results correspond.  For this reason, it 
is critical that the processes used to define First Primary log depths are closely scrutinized.  This includes detailed 
QC of the utilized measurement methodologies (including calibration, verification and correction).  It is also 
important that the First Primary log is accompanied with an uncertainty statement that then defines the accuracy 
of the depth measurement provided. 
 
Review of practices 
Different companies log depth in different ways, and they result in different measurements.  Table 2 gives a 
summary of 4-different wireline companies surveyed in the same location and illustrates that very different 
methodologies are used in depth measurement as well as totally different correction mechanisms. 

 

Table 2: Depth determination methodologies deployed by a number of logging companies.  This highlights different ways of making 
depth measurements, but with differing outcome 

Company Method description 

º 
Dual-wheel measurehead with fastest wheel algorithm to provide cable length. Tool zero defined at surface with return-to-
zero used as depth measurement verification. Correction determined at/near HUD by observing log-down/-up depth 
differences.  No other correction or adjustment applied in the return to surface. 

Â 

Tool zero determined at surface, but depth synchronized to any downhole defined depth datum. Magnetic mark determined 
calibrated cable length.  Although equipped with a dual wheel measurehead, only a single wheel is used to define logging 
depth.  2nd wheel used to detect slippage. 3rd party algorithm used to define elastic stretch. HUD correction applied with 
along-hole adjustment as needed to magnetic mark depth to adjust for 3rd party defined stretch. 

  

Magnetic marks used in combination with 3rd party software to define cable length.  Dual-wheel measurehead with fastest 
wheel algorithm used to define depth when magnetic marks were compromised. Stretch chart used to provide HUD 
correction despite more advanced 3rd party correction software being available. No correction or depth adjustment is made 
other than that at HUD. 

× 
Calibrated depth provided ostensibly by magnetic marks, but in practice depth is derived from 3rd party dual-wheel 
measurehead with fastest wheel algorithm. Depth synchronized to defined depth when possible. Stretch charts used to 
determine HUD correction. Unclear methodology for correction tracking. 

 

 

15a.2 Calibration ς Principles and Practice 
 

Calibration is the determination of the instrument response relationship to the calibration standards applicable to 
the measurement 

In the case of drill pipe, there is no real calibration other than the measurement of the pipe length, usually 
determined on the pipe racks.    This is often done by hand using a steel tape measure, but is also done using 
laser, measuring from shoulder-joint to shoulder-joint along the pipe length.   
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Figure 67: Drill pipe strapping in defining drill pipe length 

 

  

 

 
Figure 68: Drill pipe length measurement using laser (image courtesy of Digi-Tally) 

 

The pipe tally is then used to define the pipe length in the hole, with interpolation of pipe length providing the 
continuous length measurement.  When pipe length is environmentally corrected, various factors may be taken 
into account, and these should be detailed in the correction information.  But invariably, these corrections are not 
applied, and scant attention is paid to them. 
 
Some wireline companies rely on calibrated measureheads to provide line length, but unfortunately the 
measurement provided is then not corrected for existing line stretch, and the error can be significant.  Other 
companies use calibrated line length defined by magnetic marks with gives a far more robust line length 
measurement that can be verified through observation of the actual magnetic mark tally. 
 
Figure 69, overleaf, illustrates the role of magnetic marks used when pulling out of hole.  It can be seen that under 
varying tension conditions the magnetic marks define the length of cable between the surface and the tool string, 
and that this can then be corrected for stretch according to the surface and downhole cable head tension. 
 
It is important to note that without a credible calibration process the application of corrections is questionable. 
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Figure 69: Role of magnetic marks in 
calibrated cable length measurement (from 
WDDrev4.0) 

 

Verification 
Measurement verification of depth 
Ŏŀƴ ōŜ ǇǊƻǾƛŘŜŘ ŦƻǊ 5ǊƛƭƭŜǊǎΩ 5ŜǇǘƘ 
by logging the out-coming pipe 
depth, and for wireline logging the 
magnetic mark positions.  Note that 
when logging wireline using a 
measurehead only (i.e. without 
marks) there is no realistic 
measurement verification. 
 

 

 

 
The objective of the verification process is to quantify the compliance of the measurement to the calibration 
process.  This is shown by the conformance of the measurement to a known standard as well as stability of the 
measurements provided. 
 
In the case of depth, this is difficult as a number of issues are not well defined.  This includes the robustness and 
relevance of the calibration standards as applied to the depth measurement, the influence of environmental and 
measurement conditions on the measurements made, and the availability of a credible verification process and 
standard. 
 
For drill pipe, the measurement made is based on the measured length of the drill pipe.   Usually the temperature 
of the measurement process is not recorded, so that the relevance of temperature correction is at doubt.  Also, 
the calibration process itself, including both systematic and well as random error induced by the rack-based pipe 
length measurement, is often not well defined. 
 
Role of corrections 
Corrections are designed to adjust the measurements made back to calibration conditions so that the accuracy of 
the calibration can be adhered to.  The correction process should take into account all effects that materially 
affect the validity of the measurement compared to the calibration conditions.  
 
The most common corrections on drill pipe include hydraulic pressure ballooning, thermal expansion, torque and 
in-hole buckling, tension and compression of the pipe along the well bore, rotational and sliding pipe frictional 
forces, weight support due to contact with the borehole wall, mud-weight buoyancy, mud movement frictional 
effects, pressure support at the bit. 
 
Wireline corrections for first primary open hole logging are typically limited to thermal expansion and elastic 
stretch.   Corrections for cased hole services are usually related to compensation to line tension related to 
pressure.  Typically this involves pressure support through wellhead control (GIT and stuffing box effects on 
surface tension) and measurement inaccuracies through sheave angle when using lower sheave wheel tension. 
 
Stick&Pull affects wireline measurements, and can affect both first primary as well as cased hole. It can be either 
corrected real-time or post operationally. 
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15a.3 Pipe Properties Versus Cable Properties 
 

Drill pipe and wireline have fundamental differences, and are subject to totally different measurement influences.  
It is clear from Fig. 70 that the measurement systems used and the applicable corrections are different and will 
lead to different results unless there is meticulous application of calibration methodologies and corrections. It is 
also clear from the diagram that the correction coefficients between various sizes of pipe, tubing, coiled tubing, e-
line, braided line and slickline will vary considerably.  Hence the medium used to create the measurement must 
be understood and characterized before a Raw Depth can be developed through to a True Along Hole Depth. 
 
! ƳŀƧƻǊ ŘƛŦŦŜǊŜƴǘ ƛƴ Ƙƻǿ 5ǊƛƭƭŜǊΩǎ 5ŜǇǘƘ ŀƴŘ ǿƛǊŜƭƛƴŜ ŘŜǇǘƘ ŀǊŜ ŘŜŦƛƴŜŘ ƛǎ ƛƴƘŜǊŜƴǘ ƛƴ ǘƘŜ ǊƻƭŜ ǘƘŀǘ ǘƘŜ 
ƳŜŀǎǳǊŜƳŜƴǘ ǇǊƻŎŜǎǎ ǇƭŀȅǎΦ  5ǊƛƭƭΩǎ 5ŜǇǘƘ όŀƴŘ ƘŜƴŎŜ [²5κa²5 ŘŜǇǘƘǎύ ƛǎ ŘŜŦƛƴŜŘ ǿƘƛƭŜ ŘǊƛƭƭƛƴƎΣ ƎƻƛƴƎ Řƻǿƴ 
the hole, with the drill pipe in a combination of tension and compression, typically rotating and sliding.  Wireline 
depth is defined while measuring the hole, going up with increasing tension alone the line. Drill pipe MWD 
measurements are made in-situ, while drilling. 
 
During the drilling process the drill pipe is subject to various changes in associated stresses, such as changes to 
WOB, sliding and rotating, pressure fluctuations in the pipe, changes in mud density inside and outside of the 
pipe, torque of the drill pipe, temperature variances due to mud versus formation temperature, etc.  This means 
ǘƘŀǘ ǿƘŜƴ 5ǊƛƭƭŜǊǎΩ 5ŜǇǘƘ όŀƴŘ ƘŜƴŎŜ [²5κa²5 ŘŜǇǘƘύ ƛǎ ŘŜŦƛƴŜŘ ǘƘŜ ŀǎǎƻŎƛŀǘŜŘ ŎƻǊǊŜŎǘƛƻƴǎ ŀǊŜ ƘƛƎƘƭȅ ŎƻƳǇƭŜȄ 
and variable, and most importantly, not repeatable.  This is a major difference with wireline where the tension 
regime is repeatable as are the depth determination conditions. 

 

 

 
Figure 70: Comparison of depth measurement mediums (not to scale) 

 

Thermal expansion 

 

Thermal expansion affects the measured depth by adding depth to the measured value with increasing 
temperature.  Knowledge of the thermal expansion coefficients is required to provide a credible thermal 



P a g e | 103 

 

expansion correction. 
 
What is important to realize is that the temperature is a gradient along the well, and the thermal expansion 
should be calculated as of the calibration temperature of the pipe or wireline.  For this reason, the calibration 
temperature should be recorded as part of the pipe length or cable length calibration record. 
 
The relationship for the thermal expansion correction is: 

 

ὝὬȢὉὼὴȢὅέὶὶ ὝὬȢὉὼὴȢὅέὩὪὪ  ὒὩὲὫὸὬ  
Ὕ  Ὕ

ς
 Ὕ  

where Th.Exp.Corr = thermal expansion 

 Th.Exp.Coeff=thermal expansion coefficient 

 Length = calibrated along hole length (either drill pipe or wireline) 

 THUD = temperature at HUD 

 TSurf = surface temperature 

TCalb = temperature at which the Calibrated depth is defined (typ = TSurf) 

 

Thermal correction for drill pipe is a constant based on material properties of drill pipe steel.  This is usually taken 
as being ~8.6 E-6 ft/ft/degF.   Table 3, overleaf, gives a series of thermal expansion coefficients for steel used in 
drill pipe. 

 

 

Table 3: Example (units/deg F) thermal expansion coefficients 

 
 

Being simply solid steel, slick line has a similar thermal expansion coefficient to drill pipe.  This means that drill 
pipe and slick line undergo the same expansion in the same well. 

 

Table 4: Example (units/deg F) thermal expansion coefficients for slickline (table courtesy of Sandvik) 

 

 

 

E-line (typ. larger 7-conductor) have different thermal expansion coefficients to that of drill pipe and steel 
because of the internal architecture and materials used in the core.  Generally, as the wireline diameter increases 
the thermal coefficient decreases and is even negative, as the line length is effectively shortened with increasing 



P a g e | 104 

 

temperature.  But the thermal expansion coefficient is very dependent on the exact line being used, and care has 
to be taken in assuming any one coefficient as being valid for a different type of line of the same size. What is also 
important is that electric wireline can have different thermal expansion coefficients at different temperatures, 
further complicating the exact correction applicable. Table 5, below, gives a table of typical expansion coefficients 
for different sizes of wireline.   

 

Table 5: Example (units/deg F) thermal expansion coefficients 

 

 

When determining the correction, it is important to be sure that the coefficient units correspond to the units 
being corrected for. 
 
Surface versus down-hole tension 
Tension measured at surface is often seen as a representation of the tension along the hole to TD.  However, this 
is really only the case is a straight vertical well with negligible frictional influences.  In this case, only, the tension 
at surface can be envisaged as being distributed evenly along the length of medium in the well to the BHA or tool 
string.  In this case, changes in tension are representative of changes in the effective length of the pipe or line in 
the well and changes in the BHA or tool string friction. 
 
In a real borehole, these changes in tension can be due to a multitude of other effects, including friction along the 
well bore, differential sticking, key seating, sloughing of formation, pipe or line weight supported by the borehole 
wall, hydraulic pressure changes, etc.  In other words, the tension at surface is a complex composite of numerous 
factors. 
 
However, specifically in the case of wireline, surface tension during POOH is repeatable at given speeds, and 
across specific well bore increments is also repeatable.  This means that a logging tension measured at e.g. 1,000 
m will repeat with the same value at the same speed.  

 

Line	type Th.Exp.Coeff units

(CS-9A,		all	sizes)	slickline 8	E-6 ft/ ft

(undefined)	monocable 6	E-6 ft/ ft

(7H42RP)	heptacable 5	E-4 ft/kft/klbs

(undefined)	heptacable 5	E-4 ft/kft/klbs

(7-46P)	heptacable -3	E-6 ft/ ft

(undefined)	heptacable -6.7	E-6 m/m

(7-46ZV)	heptacable -8.36	E-6 ft/ ft

(new	type	0.5")	heptacable -9.921	E-6 ft/ ft
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Figure 71: Example of wireline logged tension repeatability 

 

When measuring from surface, during POOH the tension in the wireline can be seen as incrementally decreasing 
between any two points such that any change in the tension can be corrected for according to the elastic 
correction coefficients valid between these points.  This means that not only the tension but also the elastic 
stretch for a wireline is repeatable. This also means that corrections can be incrementally introduced between 
individual measurement points when using wireline. 
 
For drill pipe this is not true, as the WOB and drilling parameters (mud pressure, density, flow rates, 
sliding/rotating, torque, etc.) change during the drilling process, such that the effective position of the BHA is not 
the same during the drilling and subsequent ascents and then descents in the hole.  As the LWD and MWD 
ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ŘŜŦƛƴŜŘ ǳǎƛƴƎ ŘǊƛƭƭŜǊǎΩ ŘŜǇǘƘǎΣ ƛǘ ƛǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘ ƻǇǇƻǊǘǳƴƛǘȅ ŦƻǊ ƛƴŎƻƴǎƛǎǘŜƴŎȅ 
between the measurements made during first drilled descent and subsequent ascents and descents. For this 
reason it is also obvious that first drilled depths cannot be expected to correspond to wireline depths. 
 
Tension and stretch regimes 

A tension regime is a description of the changes in tension with depth that the wireline undergoes during descent 
and then the ascent.  Under normal conditions, the tension regime during pull out of hole (POOH) at logging 
speeds is repeatable, creating the ability to determine incremental corrections between points that are 
repeatable and hence predictable. 

 

A stretch regime is the elastic stretch associated with a given tension regime.  As the tension regime is repeatable 
and the parameters for elastic stretch are known, the stretch regime is then also repeatable and predictable 
between points. 
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Figure 72: Tension regime differences between two sequential logging runs  (Y-axis = logged surface tension, CHT (lbs) and depth (ft), X-
axis = data sequence number) 

 

In the case of drilling, the tensions measured are not repeatable as, by definition, the hole is being drilled.  This 
means the measurements made cannot be repeated, for verification purposes. Obviously, any subsequent 
descent and ascent of the drill pipe over a drilled interval will have a totally different tension characteristic. 

 

Elastic stretch equation 
IƻƻƪŜΩǎ [ŀǿ ŘŜǎŎǊƛōŜǎ ǘƘŜ ŜƭŀǎǘƛŎ ŘŜŦƻǊƳŀǘƛƻƴ ƻŦ ōƻǘƘ ǇƛǇŜ ŀƴŘ ǿƛǊŜƭƛƴŜΦ CǊƻƳ this an environmental correction 
for stretch (or compression in the case of drill pipe) can be made based on the elastic stretch equation insofar 
that the deformation is elastic and linear in character.  In the case of well bores, the tension decreases going 
downhole because of there is increasing less line or pipe weight at any point through to the end of the line or pipe 
where the tool sting or BHA is. 

 

 
Figure 73: IƻƻƪŜΩǎ [ŀǿ tǊƛƴŎƛǇƭŜ όŦǊƻƳ ŜƴΦǿƛƪƛǇŜŘƛŀΦƻǊƎύ 

 

Run 1 Run 2 

Time sequence (arbitrary units, 2-runs total ~16-hrs) 
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The equation used to determine drill pipe stretch is based on the calculated stretch constant based on the pipe 
dimensions.  Elastic stretch is then given4 as: 

 

Ўὒ Ὂ ὒ ὛȢὅȢ 

 

where  ɝL = stretch in inches 

F = pull force, in thousands of pounds 

L = length, in thousands of feet 

S.C. = charted Stretch Constant, in inches of stretch per thousand pounds of pull per thousand feet of length 

 

The equation used to provide wireline stretch correction in a borehole environment includes both surface and 
cablehead tension. This is then: 

 

ὡὭὶὩὰὭὲὩȢὛὸὶὩὸὧὬ  
ὛόὶὪȢὝὩὲὅὌὝ

ς
ὝὩὲ   ὒὩὲὫὸὬ  ὛὸȢὅέὩὪὪ 

where Wireline.Stretch = elastic line stretch 

St.Coeff = elastic stretch coefficient* 

Length = calibrated along hole length 

Surf.Ten = line tension measured at surface 

CHT or BHA = tension measured at the cable head or BHA 

TenCalb = Calib.Length defined tension 

 

It is important to note the role of Calb.Ten, and when the length calibration is made this should be included (even 
ƛŦ ǘƘƛǎ ƛǎ άȊŜǊƻέΣ ǎǳŎƘ ŀǎ ƛǎ ǘƘŜ ŎŀǎŜ ǿƘŜƴ ǎǘǊŀǇǇƛƴƎ ǇƛǇŜ ƻƴ ǘƘŜ ǇƛǇŜ ǊŀŎƪύΦ 

 

Stretch coefficient 

The stretch coefficient is a major parameter in the stretch correction, and must be accurately known. 
 
The stretch coefficient for drill pipe is based on the cross sectional area of the pipe and the material properties of 
the pipe. The general equation for stretch constant (S.C.) is: 

 

ὛȢὅȢ 
πȢτ

ὥ
 

where as = pipe wall cross-sectional area in square inches 

 

Common drill pipe sƛȊŜǎ ŀǊŜ ǘŀōǳƭŀǘŜŘ ōŜƭƻǿΦ  bƻǘŜ ǘƘŀǘ ƛǘ ƛǎ ǎǘŀǘŜŘ όōȅ .ŀƪŜǊIǳƎƘŜǎύΥ άLǘ ƛǎ ŀ ŎƻƳƳƻƴ 
misconception that the rate of stretch for oil field tubular material is also affected by the grade of steel (J-55, N-
80, etc.). This is not true.  Higher grades of steel have greater elastic limits and can therefore be stretch further 
ōŜŦƻǊŜ ǊŜŀŎƘƛƴƎ ǘƘŜƛǊ ŜƭŀǎǘƛŎ ƭƛƳƛǘǎ ǘƘŀƴ Ŏŀƴ ƭƻǿŜǊ ƎǊŀŘŜǎΣ ōǳǘ ǘƘŜ ǊŀǘŜ ƻŦ ǎǘǊŜǘŎƘ ƛǎ ǘƘŜ ǎŀƳŜ ŦƻǊ ŀƭƭ ƎǊŀŘŜǎΧΦέ 

 

 
4 TechFact Engineering handbook, Baker Hughes Incorporated, 2011 

http://assets.cmp.bh.mxmcloud.com/system/v1/f631836b7905345b0ce8c49e3c45f2c6/Tech-Facts-Book-2011-Rev-A.pdf 
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Table 6: Example elastic stretch coefficients for various drill pipe sizes 

 
 

 

This is also true for slickline. 
 
For braided and e-line this is not so, as the elastic stretch coefficient of the line is then also affected by the lay- 
and internal architecture of the wireline.  The stretch coefficient also increases with higher tension. OEM values 
for stretch coefficient are often quoted, but these values relate to specified (near maximum pull) levels and refer 
to new lines after initial permanent deformation has been worked out of the line.   

 

Table 7: Example OEM stretch coefficients for various e-line cables (adapted from WireWorks) 

Cable OD-inches 3/16 7/32 1/4 9/32 5/16 3/8 7/16 15/32 0.49 

St.Coeff ft/kft/klbs  3.0 2.2 1.9 1.6 1.2 1.0 0.70 0.77 0.60 

 

 

Actual stretch coefficients applicable to logging conditions are often lower than the OEM values.  Stretch 
coefficient for wireline can be estimated from in-situ measurements made during HUD pick up and verified at 
stick and pull events. 
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Figure 74: HUD stretch coefficient example for a 7-conductor cable 

 

Wireline ς initial permanent deformation 
E-line is subject to initial permanent deformation (IPD) when new.  IPD does not affect drill pipe of slickline.  This 
phenomenon is caused by compression of the cable core (composed of copper conductor, insulation and packing 
material) and intrusion of the core insulation material into the bedding of the inner armour wire layer.  There is 
also a settling of the armour wires into a lay pattern that allows minute, but critical, abrasion of the outer and 
inner armour wire layers.  IPD continues through till when the stabilized core and armour wire spatial 
configuration is achieved. The progression of IPD over any length of cable depends on the temperature, the 
tension that the line is subject to and the number of pull cycles and the length of time of temperature and tension 
exposure.  As a rule, the effect of IPD has manifested itself after 6 to 10 runs in the well.  Correction for IPD has 
the effect of increasing measured depth, and is only applicable to POOH depths. 

 

Drill pipe ς specific corrections 

Corrections for drill pipe depth measurement are varied, and complex.  This comes because the pipe during 
drilling is at varying levels of tension, and compression, and the neutral point changes during the drilling.  Further 
complication is the frictional losses along the drill pipe, and then torque that affects the amount of pipe in the 
hole.  Drill pipe buckling will also affect the amount of pipe in the hole that is not reflected in the position of the 
bit (see Fig. 9).  Ballooning of the pipe caused by mud pressure will shorten the pipe, but this varies with mud 
pressure and mud density.  The WOB will also be affected by bit nozzle pressure. 
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Dealing with Stick&Pull 
Stick&Pull is usually a wireline depth data quality issue that manifests itself at short, but sudden, irregular build-
ups of tension at surface ς often caused by the tool string being momentarily stuck and the suddenly releasing5.  
When these build-ups correspond to build-ups of CHT, then the cause is tool sticking.  When caused by the tools 
string sticking, the build up of the line tension has the same (or almost the same) build-up as is experienced at TD. 
 
Stick&Pull can also be caused by differential sticking and sometimes by key seating of the wireline cable. When 
the Stick&Pull is caused by long-hole cable sticking, the tension build-up angle is higher than that at TD. 
 
Stick&Pull affects not only logged depths, but also in particular the responses of array instruments that use 
adjacent depth responses to calculate actual values.  For this reason, the logged depth data should be made 
available for eventual recalculation of array data.  One of the problems with this is the sudden tool movement at 
the time of release can mean that a relatively large logging interval is passed by without the data being properly 
sampled through the interval. 
 
In cased hole, Yo-Yo can occur as a function of simple harmonic oscillation of the line tension during POOH ascent 
of the tool string.  This can usually be solved simply by changing the logging speed. 
 
Stick&Pull does not affect the overall logged depth given that calibrated line is used. When measurehead-only 
depth is used, the measured depth data can be severely affected and the validity of the logged depth data is 
compromised. 

 

When Surf.Ten, CHT and stretch coefficient data is available, Stick&Pull can be corrected real-time. The advantage 
of real-time correction is that array instruments are able to provide processing based on a corrected depth.  This 
may require very fast processing, as much of the released depth movement occurs in a very short time.  
Stick&Pull can also be corrected post-operation, and be dealt with as an environmental correction.  This should be 
done after all the other corrections have been applied6. 
 
Other correction factors 
There are numerous other influences, usually minor, that can affect along hole depth measurement by both drill 

 
5 F. Witteman and Y. Karpekin, 2013, Effect of Irregular Tool Motion on Log Responses ς a Case Study, Petrophysics, Le Log, 

Feb 2013 
6 H. Bolt, Letter to the Editor, Petrophysics, p. 12-13, Feb 2014, Vol 55(1)  

Figure 75: {ƛƴǳǎƻƛŘŀƭ ŀƴŘ ƘŜƭƛŎŀƭ ōǳŎƪƭƛƴƎ ƻŦ ŘǊƛƭƭ ǇƛǇŜ ŎŀǳǎƛƴƎ ƳŜŀǎǳǊŜŘ 5ǊƛƭƭŜǊΩǎ 5ŜǇǘƘ ǘƻ ōŜ 
greater than along hole length (images courtesy of Pegasus Vertex) 
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pipe and wireline.  These are not listed here, but most of these relate to the validity of the measurements of 
length, surface and downhole tension.  The main corrections that affect wireline are thermal and elastic stretch 
correction.  The main effects on drill pipe measurement are thermal and elastic stretch, and then a host of further 
drilling parameters as mentioned above.  In any case, when corrections are made, these should be detailed in the 
depth data log, and should be so that they can always be reversed and re-calculated. 
 
Correction determination process 
The main correction process includes thermal and elastic stretch correction. 
 
The important thing is that the correction is applied over logical intervals where the most obvious changes occur.  
These are usually identified by the tension regime and will correspond to changes in well geometry and major 
changes in drilled geology. 
 
It is recommended that, per tension regime interval, the thermal correction is made and then the elastic stretch 
(followed by evt. other corrections) is applied over each individual interval sequentially. 

 

Way-point depth navigation 
 
Way point navigation is a wireline process sequence that allows the tension regime and hence stretch regime to 
be determined while running in hole, and then using this to correct for elastic stretch real-time during the ascent.  
The method relies on the repeatability of tension, as earlier described. 
 
At points along the well bore while running in hole, and specifically at significant geological boundaries and know 
dog legs and other places where tension events are anticipated, the tool string is stopped and moved upwards at 
logging speed.  The surface and cablehead tension values are noted. 
 
It can be expected that these values will be repeated on the logging ascent, and yet each of the measured point 
values can be considered as incremental.  That means that the tension and also stretch between any two points 
can be compared to arrive at a stretch contribution valid between these points.  By adding these contributions up 
the total stretch applicable to the ascent can be mapped prior to pick up at HUD. 

 

 

 
Figure 76: Example of how to apply way-points in different types of wells 
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The way-points are selected as points where a tension check is made of surface and cablehead tension such that 
an approximation can be developed of the expected tension regime. 

Measurement uncertainty determination 

As has been elsewhere and earlier discussed, errors can be classified as systematic and random 7. 
 
Systematic errors in well depth measurement abound.  They include errors related to well datum referencing, 
tool zero definition, incorrect measurement techniques or human error in procedure and reporting.  They also 
include errors arising from operations performed outside the recommended performance envelope (over-pull, 
stick & pull, stuck line/tools, etc.). Problems of this nature are not dealt with in this paper even if, as individual 
incidents, they can have serious consequences.  When unrecognized, systematic errors can be repeated and can 
become an ingrained error source, as there is no means of identifying them. 
 
5ǊƛƭƭŜǊΩǎ 5ŜǇǘƘ ŜǊǊƻǊ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ŜƭǎŜǿƘŜǊŜΦ 
 
Wireline random ς non-systematic ς measurement uncertainty can be described as: 

ʎὨὩὴὸὬ ʎὰὭὲὩʎὧέὶὶ 
where: 

 ʎ  = depth measurement uncertainty 

 ʎ  =  line length measurement uncertainty 

 ʎ  = correction uncertainty 

 

Calibration error is often described by logging companies as the measurement error, and a survey of various 
companies results in Table 8, overleaf: 

  

 
7 For other examples of systematic and random errors, see V. Lindberg, Uncertainty and Error Propagation, Rochester 

Institute of Technology, Jul 2000 
http://www.rit.edu/cos/uphysics/uncertainties/ Uncertaintiespart1.html#systematic 
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Table 8: Various depth measurement accuracy claims 

Methodology Supplier ǉǳƻǘŜŘ άŀŎŎǳǊŀŎȅέ 

single wheel measurehead (OEM) none available 

dual wheel measurehead (OEM) 3:10,000 

dual wheel with fastest wheel algorithm (major well logging company) 5:10,000 8 

dual wheel measurehead (OEM) 3:10,000 

magnetic mark (major well logging company) 1:10,000 

magnetic mark (OEM) 1:10,000 

 

 

The error model for the correction is then defined by the exact relationship used. This can vary, but is usually a 
function of the measurement error of the tension devices, the temperature measurement and the stretch and 
thermal expansion coefficient errors.  In any case, per interval it is a single figure. 

 

When a straight-line model is assumed for correction, this then leads to the following example of error (assuming 
a correction model error of +/ - 2.39 ft/10,000): 

 

Table 9: Straight-line model depth uncertainty variances 

10,000 ft  well ἴἱἶἭ ἫἷἺἺ ἬἭἸἼἰ 

Raw depth - 1:1,000 10 ft 

2.39 ft 

10.28 ft 

Calb.measurehead - 
5:10,000 

5 ft  5.54 ft 

Mag.mark calib. - 1:10,000 1 ft  2.59 ft 

 

 

When the way-point model is used, the correction error is significantly affected, as the corrections per interval 
are smaller, albeit more numerous.  The error is defined by: 

 

ɨ ɨ  

 

But the total correction error is diminished (in this example, it will be assumed to be 1.46ft/10,000 ft).  In this 
case, the uncertainty is then: 

Table 10: Way-point model depth uncertainty variances 

10,000 ft  well ἴἱἶἭ ἫἷἺἺ ἬἭἸἼἰ 

Raw depth - 1:1,000 10 ft 

1.46 ft 

10.11 ft 

Calb.measurehead - 
5:10,000 

5 ft  5.21 ft 

Mag.mark calib. - 
1:10,000 

1 ft  1.77 ft 

 
8 ¢ƘŜ ǎǘŀǘŜŘ ǇŜǊŦƻǊƳŀƴŎŜ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ ǊŜŦŜǊ ǘƻ άǊŜǇŜŀǘŀōƛƭƛǘȅέ ŀƴŘ άǊŜǇǊƻŘǳŎƛōƛƭƛǘȅέ όǿƘŜǊŜŀǎ άŀŎŎǳǊŀŎȅέ ƛǎ ŎƭŜŀǊƭȅ implied) 

as being of 5:10,000.  While the accuracy is not stated as such, internal (not publically available) documentation goes on to 
further imply a line measurement accuracy of 1:10,000. 
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Tables 9 and 10 illustrate that uncertainties can be determined per logged depth data set.  The differences 
between the uncertainties shown in tables 7 and 8 indicate that significant differences, and improvements, in 
measurement uncertainties can be achieved through the choice of the various available measurement 
methodologies. 

 

Sources of error before measurement 
There are a variety of potential error sources, the most important being calibration error and referencing error.  
Mundane ς but critical: is a clear and unequivocal referencing of the surface reference points.  This can be defined 
in a number of different ways, but it is absolutely necessary that whatever reference is used that it is applied 
consistently across all measurements made.  When the rig moves off location, it is important that a sustainable 
referencing system is in place that allows the originally defined reference system to be applied. 
 
Offshore, an important source of potential error is accounting for wave and tide error.  This can be compensated 
for with wave compensation, but needs to be watched carefully.  
 
Calibration error can, and does, occur.  If the error is systematic, then given that the calibration parameters have 
been adequately noted, it may be possible to post-operationally recreate a calibrated length.  If the effort is 
random, this is not possible. 
 
Sources of operational error 
Operational error is usually down to process error and this is invariably related to engineering and operational 
training and management.  A critical element of pre-job preparation is assurance that the right skills are in place 
to provide the correct process and being able to deal with variances as they occur. 
 
Mechanical error can also occur (measurehead error or failure, tension load cell failure, etc.), but the depth data 
provider should have in place a back-up system to allow the error to be identified and in any case allow a safe 
recovery to surface. 
 
Meeting accuracy expectations 
Table 1 proposes a series of accuracy requirements that can be considered as being applicable to the various tasks 
listed.  It is not to say that this table is what it should be, but it does illustrate that different accuracy expectations 
are applicable to different stages of exploration, well construction, production and asset management.  What is 
also important to recognize is that at the well site, during the depth data acquisition process, the depth data 
acquisition requirements may not be cognizant to the well site operations.  For this reason it is of critical 
importance that these requirements are considered as part of the data requirements statement, and that the QA 
and QC functions are tuned to this. 
 
Once the requirements are stated, it is up to the data provider to put in place the calibration, verification and 
correction processes that facilitate the required accuracy to be provided.  
 
QA & QC check points 
QA and QC have to be designed to assure that the data to the accuracy requirements are met, and verify that the 
processes and procedures followed are consistent and in accordance with the stated procedures of the depth 
data supplier.  Given that this is the case, and given that the equipment and personnel involved in the depth data 
acquisition are able to perform the tasks, then the consistency, and accuracy, of the depth data provided will 
result in a manageable error margin. 
 

Õ 
 

CONTENTS 
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мсΦ IǳƳŀƴ 9ǊǊƻǊ Ǿ aŜŀǎǳǊŜƳŜƴǘ ¦ƴŎŜǊǘŀƛƴǘȅ 
 
When surveyors refer to error models they are usually referring to the inaccuracies of instruments or 
measurement systems.  Clearly these cannot compensate for bad practice and human error such as using grid 
North instead of True or GPS on the wrong datum.  The instrument inaccuracies are often referred to as 
modellable errors whereas the practical mistakes are referred to as unmodellable errors. Great care has to be 
taken when using industry standard error models to ensure that best practice has been adopted before assuming 
that the calculated uncertainties are representative. The following section points out a few common mistakes. 
 

16.1 Common Human Errors 
 
Common Pitfalls 
The following common well planning pitfalls are listed to raise awareness.  Past experience has shown that these 
are likely errors that can be overlooked.  Best policy is to review this list after producing a new well plan. 
 
Missing Data 
The most frequent reason for collision is not poor surveying but rather that the object well came as a άǎǳǊǇǊƛǎŜέΦ  
It is essential that the well planner ensures that he has all the data needed to plan a safe well path.  Always check 
a list of wells with the client to ensure that nothing was lost in migration. 
 
Using Gyro Error Models for Undrilled Sections 
Lǘ Ƴŀȅ ǿŜƭƭ ōŜ ǘƘŀǘ ŀ ƎȅǊƻ ǎǳǊǾŜȅ ƛǎ ǇƭŀƴƴŜŘ ƛƴ ŦƻǊ ŜȄŀƳǇƭŜΣ ф рκу ŎŀǎƛƴƎΦ .ǳǘ ǇǊƛƻǊ ǘƻ ǘƘƛǎ ƎȅǊƻ ǎǳǊǾŜȅ άŎƻƴŦƛǊƳƛƴƎ 
ƻǊ ƳƻǊŜ ŀŎŎǳǊŀǘŜƭȅ ŘŜǎŎǊƛōƛƴƎέ ǘƘŜ ǿŜƭƭ ǇŀǘƘ ƻŦ ǘƘŜ ǿŜƭƭΣ ǘƘƛǎ ǎŜŎǘƛƻƴ ǿƛƭƭ ǳǎǳŀƭƭȅ ōŜ ŀ мн ѻ ƛƴŎƘ ƘƻƭŜ ǿƘƛŎƘ ǿƛƭƭ ōŜ 
drilled with MWD.  It is important during well planning that the anticipated survey program as each well section is 
drilled, is used.  The updated or most accurate survey and error model should be entered and used for anti-
collision purposes right before a new section is drilled.  But during the initial planning the as drilled error models 
should be used to the total depth of the well to confirm the entire well can be drilled conforming to required 
separation factor rules. 
 

16.2 Misapplication of Uncertainty in Top Hole 
 
There are two common problems in applying uncertainty in the top-hole section.   
 
Top-hole uncertainty must include the radius dimension of the well.  This is unlike deep sections where the 
measurement uncertainty dimension is so great that the radius dimension component of the uncertainty is a very 
small percentage.  In the top hole when measurement uncertainty is just beginning to accumulate, the well radius 
dimension is a significant component in anti-collision.   
 
If the area being scanned includes multiple sites (platforms or surface locations from which wells have been 
drilled) then the uncertainty as to the actual coordinates of the surface site must be determined and included in 
the calculations.  
 
Caging 
ά/ŀƎƛƴƎέ ƛǎ ǘƘŜ ǘŜǊƳ ŦƻǊ ǘƘŜ ŎƻƴŘƛǘƛƻƴ ǿƘŜǊŜ ŀ ƴŜw well can no longer be drilled due to the poor positioning of 
previously drilled wells.  This usually happens later in the development cycle of pad or platform drilling.  It is 
useful to include all future planned wells in the collision scanning at the planning stage and during drilling 
operations so that, whilst not safety critical, sensible avoiding action can be taken so that the potential for future 
caging is minimized. 
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Overly Conservative Targets 
Small targets cost a large amount of money to drill as the directional driller in the field will not be afforded much 
ŦƭŜȄƛōƛƭƛǘȅ ŦǊƻƳ ǘƘŜ ǇƭŀƴƴŜŘ ǘǊŀƧŜŎǘƻǊȅ ŀƴŘ ǿƛƭƭ ƘŀǾŜ ǘƻ ǎǇŜƴŘ ƳƻǊŜ ǊƛƎ ǘƛƳŜ ǎǘŜŜǊƛƴƎ ǘƻ ǘƘŜ άƭƛƴŜέΦ 
 
Curved Section Close Approaches 
Interpolating at long intervals when scanning can completely miss a close approach to approach another well. 
It is recommended to always perform a 3D visualization run down the planned well to visually sense the effects all 
close approaches. 
Initial numerical scan reports should always be run at 100 ft or 30 m intervals.  Then refine localized zones with 
searches using 15 ft or 5 m intervals to better characterize the near close approaches. 
 
Long Parallels 
It is almost impossible to keep a well straight, so the situation of having two wells with long parallel vertical 
sections before very deep kick offs should be avoided.  (Even if it were possible to maintain a straight well, the 
survey uncertainty will be growing and with it the risk of collision).  Where this happens the planner should 
ƛƴŎƭǳŘŜ ŀ ΨƴǳŘƎŜΩ ǘƻ ǊŀƛǎŜ ǘƘŜ ƛƴŎƭƛƴŀǘƛƻƴ ǘƻ ŀǊƻǳƴŘ р ŘŜƎǊŜŜǎ ŀƴŘ ǊŜǘǳǊƴ ǘƻ ǾŜǊǘƛŎŀƭ ƻƴŎŜ ŜƴƻǳƎƘ ǎŜǇŀǊŀǘƛƻƴ ƘŀŘ 
been achieved to compensate for the uncertainty at the deep kick off point. 
 
 
 
 
 
 
 
 
 
 
 
 

Õ 
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мтΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ 9ǊǊƻǊ aƻŘŜƭǎ 
 

17.1 Error Models and Instrument Performance Models  
 

Historically four error models have been commonly used in the industry (including one special model developed 
by Shell for internal use only).  These error models define how various error sources affect the observations in the 
well and thus the positional uncertainty along the wellbore.  The mathematical relationship between for example, 
a bias error on the y axis accelerometer and the positional error at a given survey point is a complicated formula 
but easily established by these error models.  The key to their ability to successfully represent the positional 
uncertainty is not usually the mathematics but rather the coefficients used to define the numerical accuracies for 
various tools and how they improve with corrections such as sag, IFR, stretch, interference corrections and so on. 
 
The error models are: 
 

The Cone of Uncertainty Model 
The Wolff and De Wardt Error Model 
The SESTEM Error Model 
The ISCWSA Error Model 

 
 
A brief explanation of each follows. 
 
The Cone of Uncertainty was a simple model applied in the early versions of COMPASS introduced by Angus 
Jamieson in the early 1980s.  It consisted of a simple ratio with measured depth that applied over a range of 
inclinations.  For example, an MWD survey might provide uncertainty of 7ft/1000ft at up to 15° of inclination, 
then 10ft/1000ft at up to 30° degrees of inclination and so on.  This model was widely used but is very 
conservative and probably not suitable for close drilling situations. 
 
The Wolff and De Wardt Error Model was published in 1981 and used 5 separate sources of error.  These are: a 
compass reference error; a drillstring magnetization error; an inclination error; a misalignment error; and a 
relative depth errƻǊΦ  !ƭƭ ǘƻƻƭǎ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ŜƛǘƘŜǊ άƎȅǊƻέ ƻǊ άƳŀƎƴŜǘƛŎέ ŀƴŘ ŜƛǘƘŜǊ άƎƻƻŘέ ƻǊ άǇƻƻǊέ ǉǳŀƭƛǘȅΦ  
A set of values (coefficients) were chosen for each tool and the mathematical model produced an ellipse of 
uncertainty around the wellbore that could be used for anti-collision calculations.  These coefficients were only 
meant to be used for North Sea operations and were reference to the quality of tools available at the time. 
 
In 1987 the Shell Extended Systematic Tool Error Model (SESTEM) was developed in The Hague by Robin 
Hartman.  It provided a significant improvement on the earlier models.  This model considers the equipment 
running conditions, the location of the well, the background magnetic field accuracy, and considers the 
measurement error sources at their individual component levels. 
 
Around the same time, a group of industry wellbore surveying experts formed the Industry Steering Committee 
for Wellbore Survey Accuracy or ISCWSA under the leadership of Hugh Williamson.  Under the auspices of 
ISCWSA a sophisticated model recognized as the industry standard has been developed.    
 
!ƴ ΨLtaΩ ƛǎ ŀƴ ΨLƴǎǘǊǳƳŜƴǘ tŜǊŦƻǊƳŀƴŎŜ aƻŘŜƭΩ ŀƴŘ ŘŜǎŎǊƛōŜǎ ǘƘŜ ŜǊǊƻǊ ǎƻǳǊŎŜǎΣ ǘƘŜƛǊ ƳŀƎƴƛǘǳŘŜǎ ŀƴŘ Ƙƻǿ ǘƘŜȅ 
propagate.  It is these IPMs that determine how big the uncertainty envelope will be.  The temptation is often to 
use IPMs that are overly optimistic.  That is not a best practice.  A good guideline is that the IPM values should be 
a realistic representation of the errors in the entire system and be able to be demonstrated by good quality 
control in the field or in the calibration process.  In all cases the error models and IPMs should be agreed with the 
client during the well planning stage in order that subsequent changes do not render a planned well undrillable. 
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17.2 Modelling Uncertainty 
 

Uncertainty modelling provides a method of determining how far out we might be when we estimate something.  
This can be very useful in all sorts of fields.  If for example I were to take a bet on the height of the next person to 
walk down the street, I would want to know, first of all, what was the normal range of heights for people and 
even then I would not bet on the average.  I would be much safer to bet that they fall between say 0.2 ς 3.0 
ƳŜǘŜǊǎ ƘƛƎƘ ǎƻ ǘƘŀǘ L ŀƳ ŎƻƴŦƛŘŜƴǘ ǘƘŀǘ Ƴȅ ōŜǘ ƛǎ ΨǎŀŦŜΩΦ 
 
Lƴ ƻǊŘŜǊ ǘƻ ŜǎǘŀōƭƛǎƘ ŀ ΨǎŀŦŜΩ ōŜǘ L ƴŜŜŘ ǘƻ ƪƴƻw both the average and the range of the measurement I am trying 
ǘƻ ŜǎǘƛƳŀǘŜΦ   ¢ƘŜ DŜǊƳŀƴ ƳŀǘƘŜƳŀǘƛŎƛŀƴΣ Dŀǳǎǎ ŘŜǎŎǊƛōŜŘ ǘƘŜ ΨbƻǊƳŀƭ 5ƛǎǘǊƛōǳǘƛƻƴΩ ƻŦ ƴŀǘǳǊŀƭƭȅ ƻŎŎǳǊǊƛƴƎ 
measurements (of which our heights are one).  In this graph the x axis is height and the y axis describes the 
number of people in a given sample that might fall in a given height range. 
   

 
In Figure 77 the average height is in the centre and it can be seen that most people fall close to the average.  The 
deviation of any observation is just how far it is from the average.  For example, if I am 1.80m tall and the average 
ƛǎ мΦрлƳΣ Ƴȅ ƘŜƛƎƘǘ άŘŜǾƛŀǘƛƻƴέ ǿƻǳƭŘ ōŜ лΦоƳΦ  bƻǘƛŎŜ ǘƘŀǘ ǘƘŜ ƎǊŜŀǘŜǊ ǘƘŜ ŘŜǾƛŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ŀǾŜǊŀƎe, the 
fewer people there will be.   
 

Figure 77: Modelling deviation graphically 
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¢ƘŜ ŦƻǊƳǳƭŀ ǎƘƻǿǎ ŀ ǳǎŜŦǳƭ ǇŀǊŀƳŜǘŜǊΣ ǘƘŜ άǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴέ ǿƘƛŎƘ ƛǎ ǘƘŜ ǎǉǳŀǊŜ Ǌƻƻǘ ƻŦ ǘƘŜ ǎǳƳ ƻŦ ŀƭƭ ǘƘŜ 
deviations squared, divided by N-1 where N is the number of the sample.  This number is used a great deal in 
uncertainty modelling and serves as a measure of the distribution around the average. 
 

We usually use the Greek letter sigma (s) for standard deviation. 
 
For naturally occurring measurements Gauss showed that about 67% of observations will fall within 1 sigma, 95% 
within 2 sigma and 99.7% within 3 sigma.  So if sigma is 0.2m and the average was 1.50m, I could bet on the next 
ǇŜǊǎƻƴ ǘƻ ōŜ ōŜǘǿŜŜƴ мΦо ŀƴŘ мΦтƳ ŀƴŘ Ƴȅ άŎƻƴŦƛŘŜƴŎŜέ ǿƻǳƭŘ ōŜ ст҈Φ  L ŀƳ ŀ {ŎƻǘǎƳŀƴΣ ƴƻǘ ƪƴƻǿƴ ŦƻǊ ōŜƛƴƎ 
overly generous so I may decide to bet at 2 standard deviations and say that the next person will be between 
мΦмƳ ŀƴŘ мΦфƳΦ  bƻǿ Ƴȅ άŎƻƴŦƛŘŜƴŎŜέ ƎƻŜǎ ǳǇ ǘƻ фр҈Φ  LŦ L ŀƳ ǎǘƛƭƭ ǿƻǊǊƛŜŘΣ L ŎƻǳƭŘ ōŜǘ ōŜǘǿŜŜƴ лΦфƳ ŀƴŘ нΦмƳ 
and now I would only be wrong 3 times in 1000 or 99.7% confident.   Clearly with a critical estimate we would 
want a confident result.  In theory it is not possible to obtain 100% confidence with the Gaussian model so we 
ƘŀǾŜ ǎŜǘ ǘƘŜ ƭƛƳƛǘǎ ǎƻƳŜǿƘŜǊŜΦ  ¢Ƙƛǎ ƛǎ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǎŜǘǘƛƴƎ ǘƘŜ ǎƛƎƳŀ ƭŜǾŜƭǎέ ŀƴŘ ǘƘŜ ƘƛƎher the sigma 
levels, the lower the risk. 
 
It should be noted that in nature nothing follows the Gaussian Model exactly. For example, we know that there 
are no people 3m high in the world so very low risk values are often ignored. 
 

17.3 Probability in Two Dimensions 
 
Something interesting happens when we try to guess two parameters at the same time and still need to be 
ŎƻƴŦƛŘŜƴǘ ƻŦ ƻǳǊ ŜǎǘƛƳŀǘŜǎΦ  [ŜǘΩǎ ǎŀȅ ǿŜ ƴƻǿ ƎǳŜǎǎ ǘƘŜ ǇŜǊǎƻƴΩǎ ƘŜƛƎƘǘ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜƭƭƛƎŜƴŎŜΦ  CƛǊǎǘΣ ƛǘ ƛǎ 
important that we understand tƘŀǘ ǘƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ ƴƻǘ άŎƻǊǊŜƭŀǘŜŘέΦ  Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ŘŜǎǇƛǘŜ ǿƘŀǘ ȅƻǳǊ 
taller friends might like to think, there is no relationship between height and intelligence.  If we were measuring 
ƘŜƛƎƘǘ ŀƴŘ ǿŜƛƎƘǘΣ ǿŜ ƳƛƎƘǘ ŜȄǇŜŎǘ ǎƻƳŜ άŎƻǊǊŜƭŀǘƛƻƴέ ǎƛƴŎŜ ǘŀller people are probably going to be heavier than 
shorter people in general. 
 
 
Watch what happens when we plot the normal 
distribution curves for the two parameters at once.  
In this diagram I have drawn the distribution curves 
on IQ for two height groups on either side of 
average height.  Note that the average IQ for the 
small group is the same as the average IQ for the tall 
group. 
 
This demonstrates no correlation between height 
and intelligence.  The average intelligence of all 
height groups remains the same. 
 
 
 
 
 

Figure 78: Plotting two normal distribution curves at once 


































































































































































































































































