
Methods of Mining 
Geology and 
Estimation of Ore 
Reserves 



 



Methods of Mining 
Geology and 
Estimation of Ore 
Reserves 

By 

P.S.N. Murthy 
 
 



Methods of Mining Geology and Estimation of Ore Reserves 
 
By P.S.N. Murthy 
 
This book first published 2024  
 
Cambridge Scholars Publishing 
 
Lady Stephenson Library, Newcastle upon Tyne, NE6 2PA, UK 
 
British Library Cataloguing in Publication Data 
A catalogue record for this book is available from the British Library 
 
Copyright © 2024 by P.S.N. Murthy 
 
All rights for this book reserved. No part of this book may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, recording or otherwise, without 
the prior permission of the copyright owner. 
 
ISBN: 978-1-0364-1352-1 
ISBN (Ebook): 978-1-0364-1353-8 



 

 

Dedication 
 

This book is dedicated 
 in memory  

of my mother Late Annapurna 
and  

father late Surya Subrahmanyam  
 





 

 

CONTENTS  
 
 
 
Foreword by Dr TRP Singh .................................................................... xxv 

Preface by the Author .......................................................................... xxviii 

Acknowledgments ................................................................................. xxxi 

Notations ............................................................................................. xxxiii 

Part I: Field Geology and Measurements 
 
Chapter 1 .................................................................................................... 2 
Mineral Deposits and their Origin 

1.1 Materials of Metalliferous Deposits ................................................ 3 
1.2 Materials of non-metallic deposits .................................................. 3 
1.3 Classification of mineral deposits ................................................... 4 
1.4 Magmas and Mineral Deposits ....................................................... 4  
1.5 Magmatic concentration .................................................................. 4 
1.6 Sublimation (Ores of volcanic affiliation) ...................................... 6  
1.7 Contact metasomatic deposits ......................................................... 6  
1.8 Hydrothermal process ..................................................................... 7 
1.9 Sedimentation ................................................................................. 8  
1.10. Evaporation .................................................................................. 8 
1.11 Residual and mechanical concentration ........................................ 8  
1.12 Oxidation and supergene enrichment .......................................... 11  
1.13 Supergene sulphide enrichment .................................................. 12 
1.14 Metamorphism ............................................................................ 12 
 

 
Chapter 2 .................................................................................................. 13 
Geological Mapping  

2.0 Map ............................................................................................... 14 
2.1 Surface Mapping ........................................................................... 14 
2.2 Pit mapping ................................................................................... 16  
2.3 Trench mapping ............................................................................ 17 
2.4 Underground mapping .................................................................. 18 
2.5 Plotting topographic and structural information ........................... 25 



Contents  
 

 

viii

2.6 Outcrop patterns ............................................................................ 28 
2.7 Effect of Topography on outcrop patterns .................................... 28 
2.8 The Effect of folding on the outcrop patterns ............................... 31 
2.9 One generation folds ..................................................................... 35 
2.10 Interference patterns .................................................................... 40 
2.11 Minor folds ................................................................................. 44 
2.12 En echelon folds .......................................................................... 48 

 
Chapter 3 .................................................................................................. 49 
Determination of Dip and Strike by Different Methods 

3.1 From geological maps with contours ............................................ 50 
3.2 By methods of descriptive geometry ............................................. 51 
3.3 Method of stereographic projections ............................................. 56 
3.4 Determination of depth and thickness of strata ............................. 60 
3.5 Equations for calculation of thickness under different situations .... 61 
3.6 Measurement of depths in different situations .............................. 63 
 

Chapter 4 .................................................................................................. 66 
Some Important Surveying Methods  

4.1 Approximate survey methods ....................................................... 68  
4.2 Traverse survey ............................................................................. 69 
4.3 Chain survey ................................................................................. 70 
4.4 Prismatic compass survey ............................................................. 73 
4.5 Plane table survey ......................................................................... 74 
4.6 Telescopic alidade ......................................................................... 77 
4.7 Theodolite survey .......................................................................... 78 
4.8 Total work station ......................................................................... 79 
4.9 Leveling surveys ........................................................................... 80 

 
Chapter 5 .................................................................................................. 82 
Specific Gravity and Units of Some Physical Measurements  

5.1 Objective of this Chapter .............................................................. 83 
5.2 Methods of determination density ................................................. 85 
5.3 Methods of determination of insitu bulk density .......................... 87 
5.4 A few examples of different scales ............................................... 88  
5.5 Expression of Units - Some fundamental mechanical units .......... 91 
5.6 SI System of units ......................................................................... 92 
5.7 The CGS System ........................................................................... 95 
5.8 The British or fps system .............................................................. 95 
5.9 Dimensions  .................................................................................. 97 



Methods of Mining Geology and Estimation of Ore Reserves 

 

ix

5.10 Units of thermal data ................................................................... 99 
5.11 Geophysical units ........................................................................ 99 

 
Chapter 6 ................................................................................................ 101 
Drilling and Sampling Methods 
      6.0 Scope and Requirements of a Mining Geologist ........................ 102 

6.1 Drilling ........................................................................................ 102  
6.2 Arrangement of core ................................................................... 104  
6.3 Shot drilling ................................................................................ 105 
6.4 Dry drilling ................................................................................. 106  
6.5 Mud rotary drilling ...................................................................... 106  
6.6 Augur drilling.............................................................................. 106  
6.7 Sonic drilling ............................................................................... 106  
6.8 Geoprobe/ direct push ................................................................. 107  
6.9 Air rotary drilling ........................................................................ 107  
6.10 Blast hole drilling ...................................................................... 107  
6.11 Crawler drilling ......................................................................... 108  
6.12 Jack hammer drilling ................................................................. 108  
6.13 Core logging.............................................................................. 108 
6.14 Core sludge recoveries .............................................................. 109 
6.15 Computation of average Grade from the grades of core  

and sludge .................................................................................... 113 
6.16 Computations of core sludge with combined CGS and FPS 

systems ........................................................................................ 117  
6.17 Sampling methods  .................................................................... 120 
6.18 Laboratory methods  ................................................................. 124 
6.19 Microscopes using polarised light  ............................................ 124 
6.20 Preparation of samples for Chemical analysis .......................... 125  

      6.21 Finer grinding  .......................................................................... 126 
6.22 Reduction of samples  ............................................................... 127  

      6.23 Chemical analysis ..................................................................... 128 
      6.24 Instrumental analysis ................................................................ 129  
      6.25 Methods of averaging the assays .............................................. 130 
 
Chapter 7 ................................................................................................ 134 
Different Types of Projections  

7.0 Block diagram ............................................................................. 134 
7.1 Introduction to engineering drawings ......................................... 135 
7.2 Concept of projection .................................................................. 135 
7.3 Basic methods of projections ...................................................... 135 
7.4 Orthographic projection .............................................................. 136 



Contents  
 

 

x

7.5 Isometric projection .................................................................... 138 
7.6 Perspective projection ................................................................. 142 
7.7 Oblique projection ...................................................................... 144 

 
Part II: Classic Methods of Assessment of Ore Reserves and their 
Classification 
 
Chapter 8 ................................................................................................ 148 
Methods of Contouring Including Structure Contours  

8.0 Contouring .................................................................................. 148  
8.1 Interpolation ................................................................................ 149 
8.2 Process of triangulation ............................................................... 151 
8.3 Methodology for determination for Thiessen neighbors ............. 152 
8.4 Concepts of structure contours, isopach, Isolith maps, panel 

diagrams etc ................................................................................ 153 
8.5 Structure contour maps ............................................................... 154  
8.6 Isopach maps ............................................................................... 158 
8.7 Isochore maps ............................................................................. 158 
8.8 Comparison of surface and subsurface maps .............................. 158 
8.9 Isolith maps ................................................................................. 159 
8.10 Block Diagrams ........................................................................ 159 
8.11 Panel diagrams or fence diagrams ............................................. 160 
8.12 Skeleton diagrams ..................................................................... 161 
 

Chapter 9 ................................................................................................ 162 
Methods of Calculation of Areas 

9.0 Introduction ................................................................................. 162 
9.1 Measurements by planimeter ...................................................... 163 
9.2 Area measurements by the methods of descriptive geometry ..... 163 
9.3 Calculation of the area of irregular figures by Templates ........... 167 
9.4 Graph paper method .................................................................... 168 
9.5 Calculation of the area of irregular figures by different  

formulae ...................................................................................... 168 
9.6 Calculation of the areas by Analytical Geometry ....................... 170 
9.7 Areas of irregular shaped figures ................................................ 175 
9.8 Computer programs .................................................................... 177 

 
Chapter 10 .............................................................................................. 180 
Making Topographic Profiles and Sections  

10.0 Structure section ........................................................................ 181  
10.1 Central axial line ....................................................................... 181 



Methods of Mining Geology and Estimation of Ore Reserves 

 

xi

10.2 Cross section lines ..................................................................... 181  
10.3 Longitudinal section lines ......................................................... 181  
10.4 Parallel shift of central axial line .............................................. 181  
10.5 Presence of rotation ................................................................... 182  
10.6 Preparation of geological cross sections ................................... 182  
10.7 Methodology of construction of cross sections ......................... 183  
10.8 Interpolation of contacts through geological analysis ............... 185 
10.9 Steps in the preparation of longitudinal sections....................... 186  
10.10 Composite plans ...................................................................... 188  
10.11 Construction of special protractor ........................................... 190  
10.12 Exaggerated scales .................................................................. 192  
 

Chapter 11 .............................................................................................. 193 
Methodology for Preparing Bench Plans and Reserve Estimation  

11.0 Introduction ............................................................................... 194  
11.1 Concept of the sections of solids and engineering drawing ...... 194 
11.2 The concept of bench plans ....................................................... 195  
11.3 The concept of ore types ........................................................... 197 
11.4 Nominal and Ordinal scales ...................................................... 198  
11.5 Working classification of ores .................................................. 198  
11.6 Basis of iron ore classification .................................................. 200  
11.7 Lump ore recovery .................................................................... 200 
11.8 Defining ore waste contacts ...................................................... 201  
11.9 Brief method of preparation of bench plans .............................. 203 
11.10 Some prevalent mis-concepts about bench plans .................... 205 
11.11 Caution in interpreting heights from bench plans ................... 209  
11.12 Concept of hidden ore reserves ............................................... 210 
11.13 Steps for calculation of the ore reserves of a bench ................ 211 
11.14 Some useful formulae in volume calculations ........................ 212 
11.15 Methods for computation of tonnage for non-parallel  

sections ........................................................................................ 214  
11.16 Linear cross - section method ................................................. 215 
11.17 Method of isolines ................................................................... 216 
11.18 Prismoidal and Simpson’s formulae ....................................... 217 
11.19 Volume calculations by other methods ................................... 219  
11.20 Steps for calculation of reserves pertaining to present case .... 220 
11.21 Lump ore recovery calculations .............................................. 221 
11.22 Concept of compound ore types .............................................. 222 
11.23 Proportion of different ore types ............................................. 226 
11.24 Calculation of Hidden reserves of compound ore types .......... 227 
11.25 Ore reserve calculations from a bench with compound ores ... 227 



Contents  
 

 

xii

11.26 Calculation of hidden reserves of compound ore types........... 229 
11.27 Clarification ............................................................................ 229 
11.28 Conclusions regarding Compound ore types .......................... 229 

 
Chapter 12 .............................................................................................. 231 
Errors Associated with the Concepts of Extension in Geometrical Methods  

12.0 Introduction ............................................................................... 232 
12.1 Geometrical methods ................................................................ 232 
12.3 Popoff’s geometric Model ........................................................ 233 
12.4 Paterson-Peters’ model ............................................................. 235 
12.5 Conclusions ............................................................................... 239 
12.6 Appendix 1 ................................................................................ 241  
12.7 Appendix 2 ................................................................................ 242 
 

Chapter 13 .............................................................................................. 244 
Distance Weighing Methods, Problems and Solutions 

13.0 Introduction ............................................................................... 244 
13.1 Distribution of samples ............................................................. 245 
13.2 Inverse distance square method ................................................ 245 
13.3 Point estimation ........................................................................ 246 
13.4 Block estimation ....................................................................... 248 
13.5 A.K. Singh's method ................................................................. 250 
13.6 Ignoring the central sample ....................................................... 251  
13.7 Zone of influence or search radius ............................................ 252  
13.8 Problem of concentric blocks .................................................... 253 
13.9 Discretization ............................................................................ 254  
13.10 Case when the block does not contain central sample ............ 258 
13.11 Some suggestions regarding amount of discretization ............ 260 
13.12 Computation of average distances from samples to blocks ..... 260 
 

Chapter 14 .............................................................................................. 262 
Classification of Mineral Resources and Reserves 

14.0 Introduction ............................................................................... 262 
14.1 USGS circular 831 .................................................................... 263 
14.2 Resource/Reserve definition ..................................................... 263 
14.3 Russian classification (1960) .................................................... 265  
14.4 The JORC CODE (2012) .......................................................... 265  
14.5 CCMR-1999 Classification of China ........................................ 267  
14.6 UNFC Classification ................................................................. 268  
14.7 Definition of uneconomic occurrence ....................................... 270 
14.8 Mineral occurrence  .................................................................. 270  



Methods of Mining Geology and Estimation of Ore Reserves 

 

xiii 

14.9 Other reporting systems  ........................................................... 270  
14.10 Bankable document ................................................................. 270  
14.11 Differences between CIM, JORC, and Others ........................ 272 
14.12 Other international and local reporting systems ...................... 272 

 
Part III: Basic Mathematics and Statistics  
 
Chapter 15 .............................................................................................. 274 
Some Properties of Triangles 

15.1 Ceva’s theorem ......................................................................... 274 
15.2 Menela’s theorem ...................................................................... 275 
15.3 Angular bisector theorem .......................................................... 276 
15.4 Centroid .................................................................................... 277 
15.5 Orthocentre ............................................................................... 277 
15.6 Circum centre ............................................................................ 278 
15.7 Incentre ..................................................................................... 280 
15.8 Excentre .................................................................................... 280 
15.9 Equilateral triangle .................................................................... 281 
15.10 The nine points circle .............................................................. 281 

 
Chapter 16 .............................................................................................. 284 
Permutations, Combinations, Binomial and Multinomial Theorem  

16.0 Permutations and combinations ................................................ 284 
16.3 Binomial theorem ...................................................................... 292 
16.4 Multinomial theorem................................................................. 294  

 
Chapter 17 .............................................................................................. 296 
Matrix Algebra  

17.1 Definition of a matrix ................................................................ 296 
17.2 Some types of matrices ............................................................. 298 
17.3 Addition of matrices ................................................................. 300  
17.4 Subtraction of matrices ............................................................. 300  
17.5 Multiplication of matrix by a scalar .......................................... 301 
17.6 Multiplication of matrices ......................................................... 302 
17.7 Differences between matrix and a determinant ......................... 305  
17.8 Related matrices ........................................................................ 307 
17.9 Inverse of a matrix .................................................................... 308 
17.10 Solution to simultaneous equations ......................................... 309  

 
  



Contents  
 

 

xiv

Chapter 18 .............................................................................................. 312 
Determinants  

18.0 Determinant .............................................................................. 312  
18.1 Determinant of Second Order ................................................... 312  
18.2 Constituents and Elements of Determinant ............................... 313  
18.3 Change of Rows or Columns of a Determinant ........................ 313  
18.5 Rearrangement of the terms ...................................................... 314  
18.6 From the preceding article i.e. 18.5 ........................................... 314 
18.7 Minors, Cofactors and Laplace Expansions .............................. 315 
18.8 Simple method of writing a determinant ................................... 316  
18.9 Exchange of rows or columns ................................................... 316  
18.10 Vanishing of a determinant ..................................................... 318  
18.11 Multiplication of a determinant by a factor ............................. 318  
18.12 Expressing determinants as sum of other determinants .......... 319  
18.13 If each constituent of a line consists of m terms, the determinant 

can be expressed as sum of m other determinants ....................... 319 
18.14 If to each element of a line be added equi-multiples of the 

corresponding elements of one or more parallel lines, the 
determinant remains unaltered .................................................... 320 

18.15 Solution of Simultaneous equations, Cramer’s Rule ............... 321  
 
Chapter 19 .............................................................................................. 323 
Integral Calculus 

19.1 Integral of a function:  Integrand .............................................. 323 
19.2 Table of elementary integrals .................................................... 324  
19.3 Methods of integration .............................................................. 324 
19.4 Integration of Circular functions ............................................... 330 
19.5 Integrals of inverse hyperbolic functions .................................. 331 
19.6 Integration of odd and even functions ....................................... 337 
19.7 Multiple integration .................................................................. 339 
19.8 Triple integrals  ......................................................................... 342 

        

Chapter 20 .............................................................................................. 344 
Frequency Distributions 

20.0 Statistics .................................................................................... 344  
20.1 Grouping the data ...................................................................... 344 
20.2 Class boundaries ....................................................................... 346  
20.3 The size or width of a class Interval .......................................... 346  
20.4 The class mark .......................................................................... 346  
20.5 Problems with the class boundaries .......................................... 347  
20.6 Representation of the data by histograms ................................. 347  



Methods of Mining Geology and Estimation of Ore Reserves 

 

xv 

20.7 Frequency polygons .................................................................. 348  
20.8 Histogram representation with unequal class intervals ............. 349  
20.9 Bar charts .................................................................................. 349  
20.10 Relative frequencies ................................................................ 350  
20.11 Ogives (Cumulative frequency table) ..................................... 350  
20.12 Clarification for greater than or equal ogive ........................... 351 
20.13 Application of ogives in mining geology ................................ 351 
20.14 Smoothed frequency curves .................................................... 354  
20.15 Shapes of frequency curves ..................................................... 355  
20.16 A clarification  ........................................................................ 356  
 

Chapter 21 .............................................................................................. 357 
Measures of Central Tendency, Dispersion, Moments, Skewness, Kurtosis 

21.0 Subscript notation and summation notation .............................. 357 
21.1 Subscript or index notation ....................................................... 357  
21.2 Notation for summation ............................................................ 357  
21.3 Measures of central tendency .................................................... 358  
21.4 The median................................................................................ 359  
21.5 The mode .................................................................................. 361  
21.6 Empirical relationship between mean, median and mode ......... 363 
21.7 The geometric mean .................................................................. 363  
21.8 The Harmonic mean .................................................................. 364  
21.9 Relationship between X̄, G and H ............................................. 364 
21.10 Root Mean Square ................................................................... 365 
21.11 Variance .................................................................................. 365  
21.12 The range  ............................................................................... 366 
21.13 The standard deviation (S) ...................................................... 367  
21.14 Absolute dispersion ................................................................. 367  
21.15 Semi-interquartile Range ........................................................ 367 
21.16 Moments ................................................................................. 368  
21.17 Skewness ................................................................................. 370  
21.18 Kurtosis ................................................................................... 370  
21.19 Mathematical expectation ....................................................... 371 
 

Chapter 22 .............................................................................................. 373 
Set Theory and Probability  

22.0 Set ............................................................................................. 373  
22.1 Set notation ............................................................................... 373  
22.3 Set Representation .................................................................... 374 
22.4 Cardinality of a set .................................................................... 374 
22.3 Set Representation .................................................................... 375 



Contents  
 

 

xvi

22.5 Open and closed intervals ......................................................... 375  
22.6 Types of sets ............................................................................. 376  
22.7 Set operations ............................................................................ 377  
22.8 Laws on sets .............................................................................. 379  
22.9 Concept of probability .............................................................. 380 
22.10 Relative definition of probability ............................................ 381 
22.11 The axioms of probability ....................................................... 381  
22.12 Some important theorems on probability ................................ 382 
22.13 Assignment of probabilities .................................................... 383  
22.14 Conditional probability ........................................................... 383  
22.15 Baye’s theorem ....................................................................... 384  
 

Chapter 23 .............................................................................................. 388 
Random Variables and Probability Functions  

23.0 Concept of random variable ...................................................... 388  
23.1 Discrete random variable .......................................................... 388  
23.2 Non-discrete or continuous random variable ............................ 389  
23.3 Discrete probability distributions .............................................. 389 
23.4 Distribution functions for discrete random variables ................ 390 
23.5 Continuous probability distributions ......................................... 391 
23.6 Distribution functions for continuous random variables ........... 392 
23.7 Graphical representation of density and distribution function .. 393 
23.8 Joint distributions ...................................................................... 394 
23.9 Independent random variables .................................................. 396  
23.10 Change of variables ................................................................. 397  
23.11 Convolution............................................................................. 398  
23.12 Conditional distributions ......................................................... 399  
 

Chapter 24 .............................................................................................. 404 
Curve Fitting: The Theory of Linear, Multiple and Partial Correlation  

24.0 Relationship between variables ................................................. 404 
24.1 Curve fitting .............................................................................. 405  
24.2 Equations for approximating curves ......................................... 405  
24.3 Criterion for selecting the curve ................................................ 406 
24.4 Least Squares method ............................................................... 408  
24.5 Theory and methodology of curve fitting ................................. 408  
24.6 Method of derivation of normal equations ................................ 410  
24.7 Non-linear relationship between variables ................................ 412  
24.8 Least square parabola ................................................................ 413  
24.9 Application of curve-fitting to time series ................................ 414 
24.10 Problems involving more than two variables .......................... 415 



Methods of Mining Geology and Estimation of Ore Reserves 

 

xvii 

24.11 Theory of correlation between two variables .......................... 416  
24.12 Linear correlation .................................................................... 416  
24.13 Non-linear correlation ............................................................. 417 
24.14 Least square regression lines ................................................... 417  
24.15 Standard error of estimate ....................................................... 419 
24.16 Explained and unexplained variation ...................................... 419 
24.17 Coefficient of correlation ........................................................ 420 
24.18 Rank correlation ...................................................................... 421 
24.19 Correlation of time series ........................................................ 422 
24.20 Testing the significance of coefficient of correlation .............. 422 
24.21 Multiple correlation and notation of the subscripts ................. 422 
24.22 Regression equation and regression plane .............................. 423 
24.23 Normal Equations for the Least Square Regression Plane ...... 424 
24.24 Generalizations to more than three variables .......................... 424 

 
Part IV: Theory and Exercises in Liner Geostatistics  
 
Chapter 25 .............................................................................................. 428 
Concepts of Theory of Regionalised Variables  

25.0 Introduction ............................................................................... 428  
25.1 Modelling the genesis ............................................................... 428  
25.2 Trend surface analysis ............................................................... 429  
25.3 Limitations with statistical models ............................................ 429 
25.4 Concept of regionalized variables ............................................. 430 
25.5 Concepts of random variable and random function .................. 431 
25.6 Moments of stationarity in mining applications ........................ 433  
25.7 The hypothesis of stationarity ................................................... 433 
25.8 Intrinsic hypothesis ................................................................... 435  
25.9 Exercises in probabilities .......................................................... 435 
 

Chapter 26 .............................................................................................. 443 
Concept of Variogram  

26.0 Spatial continuity ...................................................................... 444  
26.1 Properties of covariance ............................................................ 445  
26.2 The Continuity .......................................................................... 445 
26.3 Transition phenomenon: ........................................................... 446  
26.4 Zone of influence ...................................................................... 447  
26.5 Presence of a drift ..................................................................... 447  
26.6 Isotropy ..................................................................................... 449  
26.7 Anisotropies .............................................................................. 449 
26.8 Proportional effect .................................................................... 452  



Contents  
 

 

xviii

26.9 Nested structures ....................................................................... 452  
26.10 Periodicity ............................................................................... 452  
26.11 Hole effect ............................................................................... 453  
26.12 Admissible models .................................................................. 453 
26.13 Fitting a variogram model ....................................................... 455 
26.14 Part-A Exercises of properties of the variogram and co- 

variance models ........................................................................... 455 
26.15 Part-B Exercises on models of variograms and their  

properties ..................................................................................... 460 
26.16 Part-C Exercises on experimental variograms ........................ 475 
 

Chapter 27 .............................................................................................. 484 
Auxiliary Functions and Charts 

27.0 Calculation of mean value ......................................................... 484 
27.1 Two solutions ............................................................................ 485  
27.2 Numerical calculation ............................................................... 485  
27.3 Auxiliary functions in one dimension ....................................... 485  
27.4 Auxiliary functions in two dimensions ..................................... 486  
27.5 Reduction of two variable to one variable auxiliary function ... 489 
27.6 Charts ........................................................................................ 490  
27.7 Utilization of auxiliary charts.................................................... 491  
 

Chapter 28 .............................................................................................. 498 
Variance of Estimation 

28.0 Error of estimation .................................................................... 498  
28.1 Distribution function of the estimation error ............................. 499 
28.2 Deriving a formula for Estimation variance .............................. 499 
28.3 Generalisations for the continuous case .................................... 501 
28.4 Exercises in variance of estimation ........................................... 505 
 

Chapter 29 .............................................................................................. 517 
Variance of Dispersion  

29.0 Introduction  .............................................................................. 517  
29.1 Probabilistic interpretation ........................................................ 518 
29.2 Dispersion variance ................................................................... 519  
29.3 Border effect ............................................................................. 519  
29.4 Exercises in variance of Dispersion .......................................... 522 
 

Chapter 30 .............................................................................................. 534 
Regularization  

30.0 Regularization ........................................................................... 534  
30.1 Regularization by cores along a borehole ................................. 536 



Methods of Mining Geology and Estimation of Ore Reserves 

 

xix

30.2 Regularized semi-variogram ..................................................... 537  
30.3 Grading over a constant thickness ............................................. 537  
30.4 Practical rules for regularization ............................................... 539 
30.5 Convolution .............................................................................. 540 
30.6 Deconvolution ........................................................................... 540  
30.7 Exercises in regularization ........................................................ 540 

 
Chapter 31 .............................................................................................. 550 
Estimation of Global Reserves 

31.0 Introduction  .............................................................................. 550  
31.1 When the limits of the ore body are known ‘a priori’ ............... 550 
31.2 When the limits of the ore body are not known ‘a priori’ ......... 552 
31.3 Direct combining of elementary errors ..................................... 553 
31.4 Optimal sampling grid .............................................................. 555 
31.5 Practical exercises ..................................................................... 555 
 

Chapter 32 .............................................................................................. 565 
The Theory of Kriging 

32.0 Ordinary Kriging ....................................................................... 565  
32.1 Point Kriging ............................................................................. 565  
32.2 Block Kriging ............................................................................ 570 
32.3 Simple Kriging .......................................................................... 571 
32.4 Kriging the value of the mean ................................................... 572 
32.5 Deciding the best variogram ..................................................... 573 
32.6 The screen effect ....................................................................... 574  
32.7 Saving the computational time by utilizing the symmetry  

concepts ....................................................................................... 575  
 

Chapter 33 .............................................................................................. 580 
Theory of Co-Kriging 

33.0 Co-kriging ................................................................................. 580  
33.1 The Co-kriging system .............................................................. 583 
 

Chapter 34 .............................................................................................. 588 
Log Normal Kriging  

34.0 Lognormal distribution ............................................................. 588  
34.1 Advantages of lognormal Kriging ............................................. 588  
34.2 Testing for lognormality ........................................................... 588  
34.3 Basic Statistics .......................................................................... 589  
34.4 Lognormal covariance............................................................... 590  
34.5 Reasons for lognormal transformation ...................................... 591 
34.6 Summary of lognormal Kriging by Rivoirard .................................  



Contents  
 

 

xx

Part V: Case Studies by Classical Methods, Linear Geostatistics  
and Non-linear Geostatistics  
 
Chapter 35 .............................................................................................. 594 
Geological and Statistical Studies of an Iron Ore Deposit: A Case History  

35.1 Area of study ............................................................................. 595  
35.2 Structure of the deposit ............................................................. 595  
35.3 Local stratigraphy ..................................................................... 596 
35.4 Origin of the iron ore deposits .................................................. 596 
35.5 Ore geology ............................................................................... 597 
35.6 Origin of the ore types .............................................................. 599 
35.7 Form and End products of Iron ore ........................................... 600 
35.8 Chemical radicals ...................................................................... 601 
35.9 Physical and Chemical Specifications of Ore for a Steel Plant ... 602  
35.10 Methods of study ..................................................................... 602 
35.11 Geological Mapping ................................................................ 602 
35.12 Core Drilling ........................................................................... 602 
35.13 Chemical Analyses .................................................................. 603 
35.14 Exploration works ................................................................... 603 
35.15 Statistical studies on the deposit ............................................. 604 
35.16 Histogram studies .................................................................... 605 
35.17 Studies on correlation .............................................................. 609  
 

Chapter 36 .............................................................................................. 617 
Comparison of Results of Ordinary Kriging and Co-Kriging:  
A Case Study 

36.0 Introduction ............................................................................... 618  
36.1 The concepts ............................................................................. 618  
36.2 Selection of variables for Kriging studies ................................. 618 
36.3 Selection of variables for Co-Kriging ....................................... 619 
36.4 Tests of statistical significance for coefficients of correlation .... 622 
36.5 Kriging and Co-Kriging Systems .............................................. 623 
36.6 Selection of block size .............................................................. 624 
36.7 Discretization ............................................................................ 624 
36.8 Kriging method ......................................................................... 625 
36.9 Selection of proper neighbourhood ........................................... 625 
36.10 The problem of outliers ........................................................... 626 
36.11 Discussion of the results ......................................................... 627 
36.12 Block Estimates ...................................................................... 627 
36.13 Conditional Expectation .......................................................... 628 
36.14 Variance of Block Estimates ................................................... 631 
36.15 Conclusions  ............................................................................ 634 



Methods of Mining Geology and Estimation of Ore Reserves 

 

xxi

Chapter 37 .............................................................................................. 636 
Fixation if Optimum Drilling Grid in the Context of Multivariables  
of Secondary Enriched Iron Ore Deposits: A Case Study  

37.0 Introduction ............................................................................... 637 
37.1 Problems peculiar to mining industry ....................................... 638  
37.2 Concept of optimum drilling grid ............................................. 638  
37.3 Estimation methods of optimum drilling grid ........................... 639  
37.4 Theory of optimum drilling grid ............................................... 641 
37.5 Steps in the calculation of optimum drilling grid by  

geostatistics ................................................................................. 643 
37.6 Tolerance limits ........................................................................ 647 
37.7 Examples of Calculation ........................................................... 648 
37.8 Explanation for the factor 1.96.................................................. 651 
37.9 Investment in exploratory drilling ............................................. 652 
37.10 Driving of adits ....................................................................... 652 
37.11 Improvement in mineral dressing plant ................................... 653 
37.12 Specifications of the ores from buyers .................................... 653 
37.13 Grid for local level .................................................................. 654 
37.14 Importance of geology ............................................................ 655 

      37.15 Geological biases .................................................................... 657 
 
Chapter 38 .............................................................................................. 659 
The Necessity of Non-Linear Geostatistics 

38.0 Introduction ............................................................................... 659 
38.1 Kriging is the best linear estimator ........................................... 660 
38.2 Distribution known ................................................................... 661 
38.3 Grade tonnage curves based on kriged estimates ...................... 661  
38.4 Errors in Kriging of small blocks .............................................. 661  
38.5 Two Solutions for Recoverable Reserves ................................. 662 
38.6 Necessity of anamorphosis ........................................................ 663  
38.7 Non-linear geostatistical studies in India .................................. 666 
Appendix Hermite polynomials ........................................................ 668  

 
Chapter 39 .............................................................................................. 673 
Change of Support, Global Recoverable Reserves and Selectivity Studies 

39.0 Introduction ............................................................................... 674 
39.1 Change of support ..................................................................... 674  
39.2 Grade tonnage curves ................................................................ 676  
39.3 Variables under study................................................................ 676 
39.4 Discussion over the results ........................................................ 677 
39.5 General conclusions .................................................................. 680 



Contents  
 

 

xxii

39.6 Selectivity studies ..................................................................... 680 
39.7 Utility of grade tonnage curves ................................................. 683 
 

Chapter 40 .............................................................................................. 685 
Local Recoverable Reserves by Disjunctive Kriging: A Case Study 

40.0 Introduction ............................................................................... 685  
40.1 Scope of the work ..................................................................... 686  
40.2 Principles of disjunctive kriging ............................................... 686  
40.3 Brief presentation of the theory ................................................. 686  
40.4 Theory of local recoverable reserves by DK ............................. 687 
40.5 Steps followed In the Disjunctive Kriging ................................ 687 
40.6 Correction for change of support .............................................. 690 
40.7 Regularisation of covariance ..................................................... 690 
40.8 Determination of Gaussian covariance ..................................... 691 
40.9 Estimation of panel values by Disjunctive Kriging ................... 691 
40.10 Results of Kriging and Disjunctive Kriging ............................ 691 
40.12 Conclusions on DK Estimation ............................................... 693 
40.13 Estimation of local recoverable reserves by DK ..................... 694 

 
Chapter 41 .............................................................................................. 698 
Recoverable Resources Estimation by Indicator Kriging 

41.1 Introduction ............................................................................... 698 
41.2 Step 1: Indicator transformation ................................................ 699  
41.3 Step 2: Median indicator semi-variogram ................................. 700 
41.4 Step 3: Estimation of recoverable resources using median 

indicator Kriging ......................................................................... 701  
41.5 Step 4: Indicator post processing for recoverable resources ..... 701 
41.6 Case Study demonstrating methodology and results of indicator 

kriging ......................................................................................... 702 
41.7 Basic statistics of indicator kriged estimates ............................. 705  
41.8 Grade - tonnage curves ............................................................. 706 

 
Chapter 42 .............................................................................................. 708 
Application of Conditional Simulations on an Indian Iron Ore Deposit 

42.0 Introduction ............................................................................... 708  
42.1 Concept of conditional simulations ........................................... 709 
42.2 Brief theory of conditional simulations ..................................... 710 
42.3 Turning bands method .............................................................. 711 
42.4 Steps followed in conditional simulations ................................ 712 
42.5 Structural analysis of Gaussian data ......................................... 712 
42.6 Correction for change of support .............................................. 714 
42.7 Regularization of covariance..................................................... 715 



Methods of Mining Geology and Estimation of Ore Reserves 

 

xxiii 

42.8 Determination of Gaussian covariance ..................................... 715 
42.9 Discussion of the results ........................................................... 716 
42.10 Application of conditional simulations ................................... 722 

 
Part VI: Production Scheduling, Quality Control, Practical Problems 
in the Application of Geostatistics and Computer Programmes  

 
Chapter 43 .............................................................................................. 726 
Production Planning and Quality Control in Mines 

43.0 Introduction ............................................................................... 727  
43.1 Mine Planning ........................................................................... 727 
43.2 Block mining ............................................................................. 727 
43.3 Development of benches ........................................................... 728 
43.4 Definition of lump ore recovery ................................................ 730  
43.5 Preparation of mine planning schedules .................................... 731 
43.6 Calculation of Lump ore recovery ............................................ 732  
43.7 Calculation of the projected grade of the radicals for ROM ..... 733  
43.8 Calculation of the projected grade of the radicals for lump  

and fine ore .................................................................................. 734  
43.9 Projection of Lump ore recovery .............................................. 735  
43.10 Dry screening results ............................................................... 735 
43.11 Weekly excavation plan .......................................................... 736  
43.12 Upgrading of Bench plans ....................................................... 736 
43.13 Quality control ........................................................................ 736 
 

Chapter 44 .............................................................................................. 742 
Management and Quality Control of the Stockpiles  

44.0 The Stockpile management ....................................................... 742  
44.1 Definition of angle of repose..................................................... 743  
44.2 Volume of a stockpile is Cone with circular base ..................... 744  
44.3 Design of a stockpiles ............................................................... 749  
44.4 Designing of Lump ore stockpile .............................................. 751 
44.5 Designing of Fine ore stockpile ................................................ 753 
44.6 Quality Control at Stockpile, Wagons and Ships ...................... 755 
44.7 Sampling during loading and Unloading of Wagons ................ 755  
44.8 Sampling form Ships and Barges during Loading  

and Unloading ............................................................................. 756  
44.9 Sampling from stockpiles .......................................................... 756 
44.10 Supplying material of required Physical and Chemical 

specifications ............................................................................... 758 
 



Contents  
 

 

xxiv

Chapter 45 .............................................................................................. 761 
Practical Problems in the Practice of Geostatistics 

45.0 Introduction ............................................................................... 761  
45.1 Transposition of X, Y co-ordinates ........................................... 761  
45.2 Defining Z as –Z ....................................................................... 762 
45.3 Determination of geometric anisotropy..................................... 764 
45.4 Fitting the nugget effect ............................................................ 764 
45.5 Continuity problem ................................................................... 765 
45.6 Discontinuous ore bodies .......................................................... 766  
45.7 Some mis-concepts and false sense of security ......................... 768 
45.8 The following are conclusions regarding continuity problem ... 768 
45.9 Utilization of Software .............................................................. 772 
45.10 Some misconceptions and a false sense of security ................ 773 
45.11 Conclusions regarding the continuity problems ...................... 774 
45.12 Utilisation of software ............................................................. 775 
 

Chapter 46 .............................................................................................. 778 
User’s Manual of Computer Programs 

46.1 User’s Program Manual: Area .................................................. 780 
46.2 User’s Program Manual: AvgSinghD ....................................... 783 
46.3 User’s Program Manual: AvgDPDB ......................................... 785 
46.4 User’s Program Manual: INV D2 ............................................. 787 
46.5 User’s Program Manual: Simple Average ................................ 788 
46.6 User’s Program Manual: Weighted Average ............................ 789 
46.7 User’s Program Manual: Chi .................................................... 791 
46.8 User’s Program Manual: H ....................................................... 792 
46.9 User’s Program Manual: F ........................................................ 793 
46.10 User’s Program Manual: Playkrige ......................................... 794 

 
Selected References ................................................................................ 802 
 
Subject Index .......................................................................................... 804 



 

 

FOREWORD 
 
 
 
There are books in the public domain that deal with different elements of 
mining geology and those that deal exclusively with variants of techniques 
for estimation of ore reserves. Both fields have their unique specializations 
but are incomplete in isolation. Mining Geology and Estimation of ore 
reserves are highly interdependent fields. The present book envelopes 
essentials of both the fields in a seamless manner.  

What makes Mining Geology complete or comprehensive? Ore genesis and 
structural geology constitute the initial concepts. These have to be followed 
by extensive field surveys and field geology activities. Concurrently or 
subsequently, ore proving operations like drilling, pitting, trenching and 
other mine opening activities follow. Based on all the data originating from 
field measurements and exploration activities, multiple projection 
techniques are used to define the geometry of ore bodies finally leading to 
estimation of ore resources/reserves. The estimations of ore reserves are 
made using multiple classic methods. In the sixties, statistical and 
subsequently geostatistical techniques were developed for estimation of ore 
reserves which allowed estimation to be linked to likely estimation errors. 
Geostatistical methods also allowed optimization of estimator with 
minimization of estimation errors. Further developments in Geostatistics 
have led to innovative techniques and applications. 

Geostatistical applications in ore reserves estimation need a reasonable base 
in mathematics and mathematical statistics. Geologists, in general, either do 
not have adequate exposure to required concepts of mathematics and 
mathematical statistics or the impact of acquired exposure generally 
diminishes, as the field studies get prioritized in the initial phase of the 
profession. It is therefore prudent that any effort in presenting a 
comprehensive text on such a subject brings out a refresher in these fields 
as in this book obviating the need to refer to separate books on these topics. 

It would thus emerge that a comprehensive text on Mining Geology and 
Reserves Estimation will coverage of multiple sections as discussed above 
on a standalone basis. It is in this context that the book presents an excellent 
attempt in covering all essential sections that are needed for a successful 
mining geology professional. Inclusion of about 700 extensive illustrative 



Foreword 
 

 

xxvi

diagrams lends greater clarity of the concepts presented. The entire 
coverage in the book may be summarized under the following principal 
components: 

(a) Ore Genesis covered under a chapter on Mineral Deposits  
(b) Surveying, Field Geology and Exploration covered under 

chapters like surveying methods, geological mapping, strike/dip 
measurements, drilling and sampling and density and units  

(c) Elements Relating to Conventional Ore Reserves Estimation 
covered under chapters like types of projections, methods of 
contouring, area calculations, cross sections and bench plans, 
geometric methods and distance weighing methods for ore reserves 
estimation  

(d) Elements of Mathematics covered under chapters like properties 
of triangle, permutations/ combinations and binomial theorem, 
matrix algebra, determinants and integral calculus  

(e) Mathematical Statistics covered under chapters like frequency 
distribution, central tendencies, ser theory and probability, curve 
fitting and correlation  

(f) Geostatistics and its Applications Including Case Studies 
covered under chapters like theory of regionalized variables, 
concept of variogram, auxiliary functions and charts, variance of 
estimation, variance of dispersion, regularization, theory of kriging, 
theory of co- kriging, log normal kriging, geological and statistical 
studies, kriging and co- kriging studies, optimum drilling grid, 
global recoverable reserves, practical problems in practice of 
Geostatistics. Apart from the theoretical concepts, typical examples, 
solved problems, problems with answers have also been presented 
to help grasp the concepts with clarity 

(g) Evolving Concepts in Geostatistics covered under chapters like 
non- linear Geostatistics, disjunctive kriging, recoverable resource 
estimation by indicator kriging and conditional simulation.  
 

The estimation of mineral resources/ reserves concludes with their 
classification for the purpose of decision making for their eventual 
developments. The section on classification of mineral reserves reviewing 
various international codes is an appropriate inclusion. Finally, extending 
the scope beyond resource estimation, the geological functions in operating 
mines are welcome additions covered under the chapters like production 
planning and quality control in mines and management and quality control 
at stockpiles. 
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A review of the various components contained in the book leads to a logical 
conclusion that each chapter is adequately covered to meet the intended 
objective. The book begins with the theoretical background relating to 
mining geology and ends with production planning and quality control in 
mines and at stockpiles with all associated intermediate elements and 
concepts required to meet the ultimate objective of understanding an ore 
deposit and contributing to the mine development plan effectively. The 
integrated coverage of all the relevant sections in the book presents a 
comprehensive and uniquely designed knowledge base on a single platform 
that should be of interest to all the professionals in the field of Mining 
Geology including students and teaching faculty. I am of the opinion that 
this book book would serve both as a text book and as a reference book.  

Dr TRP Singh 
Hon.Advisor, Ministry of Earth Sciences  

Govt of India 



 

 

PREFACE BY THE AUTHOR  
 
 
 

 
Since I had an opportunity to study at some of the worlds’ leading Institutes 
namely Montanistische Hochschule, Leoben (Austria) and Centre De 
Geostatistique, Ecole Des Mines de Paris, Fontainebleau (France) and work 
in National Mineral Development Corporation, India, some of my 
colleagues and friends advised me to consolidate my professional experience 
as a book on “Methods of Exploration and Ore Reserves estimation”.  

It is hereby clarified that is not an exclusive book on “Geostatistics”. 
Calculation of ore reserves a part of the book and Geostatistical ore reserves 
calculation is only a part of the methods of ore reserves calculation.  

This book comprises six parts. In each part there are many chapters.  

The first part deals with filed geology and measurements and has seven 
chapters. The second part deals with Classic methods of assessment of ore 
reserves and their classification. The third part which has ten chapters deals 
with basic mathematics and statistics required to understand the book. The 
fourth part has ten chapters and deals with theory and exercises in linear 
geologists. The exercises are about hundred in number. The fifth part has 
ten chapters that deal with practical case studies by classical methods, and 
linear and nonlinear Geostatistical studies. The sixth part has three chapters, 
dealing with miscellaneous aspects like Production scheduling, Quality 
Control and associated Elements  

Now a days some students have an easy tendency for readymade solutions 
on computers. In other words, without a computer they cannot make any 
cross sections and calculate the ore reserves. But the ground truth is Mining 
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geologists should have the basic knowledge of the mode of occurrence and 
sub-surface behaviour of the any mineral deposit.  

Further supplementing integrals are structural geology and principles of 
mining geology like mapping including underground. A mining geologist 
will be called upon to prepare topographic profiles, cross sections, 
longitudinal sections, and bench plans etc.  

Reserves can be estimated both by conventional methods and geostatistical 
methods. 

Errors associated the concept of extension in Geometrical Methods are 
critically evaluated. Among the conventional methods, Inverse distance 
square method is used more frequently by many mining companies. But in 
this context, there are specifics associated with the method not dealt with by 
others in their books. These have been addressed along with solutions.  

As geologists have to understand different classifications of mineral 
deposits including international, there is an imperative to fully defines 
resources and reserves. These aspects find detailed discussion in a lucid and 
simple style. ` 

The present book as such takes into consideration only delimited or defined 
deposits and does not take into consideration, the earlier stages like 
reconnaissance, prospecting by different geological, geophysical and 
geochemical methods.  

Because of technical advancement, descriptive knowledge does not find a 
place, at least now a days. Even to estimate the ores by classical methods, 
some knowledge of the geometry is required. A chapter on the mathematical 
aspects is included.  

An Exploration Geologist either in a small mining company or a big mining 
company should have good grounding in the classical methods. He must be 
equipped with multifarious skills like, mapping, surveying, drilling, 
sampling, etc. Further detailed understand of contouring, different types of 
projections, preparation of profiles, cross sections, bench plans, grade 
estimation etc. These details are elaborated in part 1 and 2. 

Geology students of India particular have different levels of knowledge in 
the mathematics. To learn Geostatistics, knowledge of Permutations, 
combinations, Binomial theorem, Matrix algebra, Determinants, Integral 
calculus including multiple integration, Probability theory, set theory, 
conditional probability is required. Instead of necessity of searching for 
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many books, all the required mathematics is presented, at one place, in the 
third part.  

The fourth part deals with the theory of Geostatistics. It deals with the theory 
of regionalized variables, concept of variogram, co-variance, variance of 
estimation, variance of dispersion, regularization, concept of global 
variance. Examples are presented wherever needed. It presents solved 
problems. The style will be more like self-explanatory. 

The fifth part of the book presents case studies. It presents the results of 
geological and statistical studies. Before dealing with, case studies on 
Geostatistics, the status of Geostatistics in India is presented. kriging - 
cokriging studies, fixation of optimum drilling grid in the case of iron ore 
deposits with Multivariables. It presents the necessity of Non-linear 
Geostatistics, case studies Change of support and Global recoverable 
reserves, Disjunctive Kriging and conditional simulations.  

It is proposed to present Executable computer programs in a pouch, with 
user’s manual at appropriate places in the chapters. The computer programs 
are in respect of calculation of areas by analytical geometry, Auxiliary 
functions like Chi, F and H, calculation of different types of variances in 
one dimension and two dimensions, calculation of average grade by inverse 
distance methods, and by Kriging.  

The sixth part has three chapters. Be it a conventional method or 
geostatistical method there are, limitations. One chapter deals with the 
practical problems and limitations in the application of Geostatistics. One 
chapter deals with Mine planning, preparation of Mining schedules, long 
term and short term mine planning, quality control aspects, exclusively. The 
last chapter deals with the designing, management of stockpiles and quality 
control.  

It is hoped that this book would benefit the Graduate and post graduate 
students of Applied Geology, teachers in universities dealing with 
Economic Geology and applied geology and professionals engaged in 
Exploration and Mining Activities as this book as it serves both as text book 
and reference book.  

Dr. PSN Murthy 
Former General Manager (Investigation Division),  

NMDC Ltd, India. 
Former Expert (Geology and Geostatistics),  

Govt. of Saudi Arabia. 
Former General Manager (Exploration),  

Essar Steel, India.


