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Context

• Why are we doing this?

• To define deposits?

• To find resources & reserves?

• To make mines?

• To make money $$$$



Example: Copper Project Stages

• After Sykes, John & Trench, Allan. (2014). Resources versus Reserves - Towards a Systems-based Understanding of Exploration and Mine 
Project Development and the Role of the Mining Geologist. 10.13140/RG.2.1.5083.5600. 

Development:
66

Feasibility:
75

Prefeasibility:
92

Advanced Exploration:
664

Exploration, Raw Prospect & Other:
2,870

• Developing projects and Mines 
are only the ‘tip of the iceberg’

• Most exploration does not 
have a positive result

• Mineral companies need to 
know where they have the 
best chances of;
• Developing a mine
• Sustaining profits



A Mineral 
Project as a 
Flowsheet

• Progressive development of a project:

• Sometimes there are progressive layers of optimism

• In situ grades, recoveries, prices at the upper end of the spectrum

• Capital, costs, dilution at the lower end of the spectrum

• Compounding to produce ‘virtual reality’….



Risk & 
Opportunity

Known knowns…

Known unknowns…

Unknown unknowns…
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Purpose of 
Geological 
Modelling

• Create a ‘Fit for Purpose’ Quantitative 
Model of a Deposit

• Metal grades

• Density

• Volumes

• Thickness

• Spatial positions

• Uncertainty



Warnings

We will always be wrong

We estimate not 
calculate

Rather be ‘roughly right’ 
than ‘precisely wrong’!



Verify the basic data

ERRORS OMISSIONSWANTON 
DESTRUCTION



Developing a 
Resource 

Model



Domaining
The Framework



Why Worry 
about 
Geological 
Modelling?

Mining Engineer: “It would be cool not to have 
to take geological modelling seriously ‘cos it is 
so subjective, but tragically the model and the 
geologists control how we view the deposit and 
the mining opportunities”.

The geological model controls the domains 
which are critical to how we estimate the 
grades

Geological Modelling is fundamental and must 
be taken seriously



Why is there Ore?
Piping and Trapsites

• There must be some relationship / field / 
communication between points

• Mineralization processes generally require 
some form of flow of mineral-bearing fluid 
(a flux of scampering mice!), so it is not 
unreasonable to assume that trapsites
(mousetraps!) for metals were connected to 
some degree during the mineralization 
process. 



Building 
Estimation 
Domains



Workflow Example

• Indicator Interpolant

Indicator threshold

Probability 
value for mesh

Suitable spatial 
parameters



Result –
RBF Implicit 

Indicator 
Interpolant 

Compared with 
Manual Explicit

16



Result –
volumetric 
uncertainty



Another tool to 
bring order to 
chaos 

K-Means 
Clustering

‘Big Data’

K-Means and other forms of hierarchical clustering approach belong to the class of ‘unsupervised statistical 
learning methods’, which are popular in a variety of disciplines in earth and life sciences. 

The general idea of a clustering algorithm is to partition a given dataset into distinct, exclusive clusters so that 
the data points in each group are quite similar to each other.

One of the first steps in building a K-Means clustering work is to define the number of clusters to work with. 
Subsequently, the algorithm assigns each individual data point to one of the clusters in a random fashion. The 
underlying idea of the algorithm is that a good cluster is the one which contains the smallest possible within-
cluster variation of all observations in relation to each other. The most common way to define this variation is 
using the squared Euclidean distance. This process of identifying groups of similar data points can be a 
relatively complex task since there is a very large number of ways to partion data points into clusters.

Generally, the way K-Means algorithms work is via an iterative refinement process:

•Each data point is randomly assigned to a cluster (number of clusters is given before hand).

•Each cluster’s centroid (mean within cluster) is calculated.

•Each data point is assigned to its nearest centroid (iteratively to minimise the within-cluster variation) until no major differences are 
found.



An Example:

Applying 
Clustering

• K-means and Wards hierarchical (clusters = 5) 
based on relative values of:

• Ag_ppm

• As_ppm_ICP

• Au_ppm_USE

• Bi_ppm_ICP

• Cu_ppm_ICP

• Fe_pct_ICP

• K_pct_ICP

• Pb_ppm_ICP

• S_pct_ICP

• AuEQ >=0.2 g/t      (to focus on mineralized 
zones)



K-Means 
Clusters

Plan view

Does the M Zone
Material reflect a later event, breaking out of the Silver Zone 
into a lower pressure zone and dumping gold?
Or is the M Zone older with possible dislocated parts in the 
footwall block to the S Zone structure?



What’s Going On?



Clusters

• 1 – low Cu, almost entirely restricted to M Zone

• 3 – high Ag, Pb dominates Silver Zone, but also extends into east 
of M Zone

• 4 – ‘sweetens’ the M Zone, but also occurs in S Zone and South 
Zone

• 2 – high Cu, As common in South Zone

Cluster Ag As Au Bi Cu Fe K Pb S n

1 4.1 76.5 0.9 0.3 140.1 3.9 3.3 108.5 2.2 979

2 11.8 228.7 1.6 1.6 1115.1 7.5 2.8 290.3 5.7 464

3 36.5 84.0 2.2 0.2 184.1 3.7 4.4 513.8 2.5 867

4 476.4 104.9 22.9 5.9 7741.5 7.1 2.7 10146.2 6.5 44

5 6.5 141.0 1.0 0.4 158.8 4.3 5.8 141.5 3.2 575



Once you have squeezed your clusters…

Make your 
model….

And verify it 
using local 
knowledge



Domain Boundaries

• The definition of the boundaries between geological 
domains can be problematic due to several factors, 
including

• Defining geological domains relies on the geologist’s 
interpretation

• Sample information is limited and therefore 
interpreted boundaries have a degree of uncertainty

• Domains can be interpreted to have a “hard 
boundary” or a “soft boundary” 



Domain 
Selection

• Hard boundary

• Most common domain selection used by geologists

• Based strictly on geological or geochemical 
constrains

• E.g. All material inside Quartz Porphyry unit

• E.g. All material contained within the “shear zone”

• All material in the 2.5 g/t grade shell

• All material within a 1 g/t indicator 50% probability 
shell

• Visual or quantitative 

• The samples are considered to be either inside the 
boundary or outside the boundary



Problems with 
Domains

Applied Geometry

• Hard Boundaries

• Solids or wireframes may have ‘unrealistic’ shapes 
(effect of trying to make things contiguous)

• Soft Boundaries

• Difficult to identify the exact interface surface

• Porphyry deposits

• Disseminated sulphides

• Stringer or stockwork deposits

• Transition from oxide to sulphide

• The estimation process using soft boundaries is 
complex

Faulting

Folding



Soft boundaries

– Example ‘Rules’

Estimate Domain A using data from Domain 
A, then estimate Domain B using data from 
Domains A and B

Estimation of B might have a different 
capping strategy, variogram, and search 
ellipse

Estimate Domain A using data from Domain 
A data and include data from Domain B 
within a certain distance of the boundary



Capping 
Strategy

Capping analysis on the raw data (before 
composites)Capping

Capping analysis on the composited dataCapping

No cappingCapping



Top Cut and 
Bottom Cut 

(Grade 
Capping)

Probability plots

Useful to identify populations and consider outlier 
treatment

Normal or lognormal

Metal at risk for upper tail values



examples
What happens to CV as capping value decreases?



Capping and 
Parrish 
Analysis 
(Decile 
Analysis) 
Mining 
Engineering 
Journal (April 
1997)

Group the sample data into deciles (10%)

If the top decile (90-100) has 40% or more of the metal content, 
than capping may be required

If the top decile (90-100) has more than twice the metal content of 
the next decile (80-90), than capping may be required

If the top percentile (99-100) has more than 10% of the metal 
content, than capping maybe required

Before any capping, review the spatial distribution of the samples 
and make sure there is not a ‘natural’ high-grade sub-domain



Sample 
Compositing

Procedure of combining 
adjacent values into longer 
down-hole intervals

Usually weighted by length, 
and possibly by specific 
gravity and core recovery



Sample 
Compositing

Composite types

• Orebody intersections

• Lithological or metallurgical composites

• Regular length composites

• Bench composites or section composites

• High-grade composites

• Minimum length and grade composites

Each of these types of composite are produced for different purposes and in 
different situations

Regular length or bench composites are common in geostatistical analysis

Estimation algorithms assume equal ‘support’ or identical volume

The length should be small enough to permit resolution of the final grid 
spacing

Split at domain contacts if practical



Sample 
Compositing

• Mean sample length

• Median sample length

• Potential block size

• Potential mining width or height

Factors to consider

• Composites should not be shorter than the median sample 
length

• Composites should be 1/3 to 1/2 the block size

• Composites should be 1/3 to 1/2 the mining width

Rules of thumb



Sample Compositing

Compositing procedure
Top of hole

Top of interval

Bottom of interval

Bench

Dealing with tails:
Ignore

Include in last composite

Adjust composite length for each hole to reduce 
tail to zero



Coefficient of 
Variation

Local estimates are problematic 
if CV > 2



Specific Gravity

In the metric system,  
specific gravity (SG) and 
density are the same 
value

In the imperial system, 
SG and density are 
different values

Not to be confused with 
tonnage factor

Methods

Global SG by rock type or 
domain

Linear equation related to metal 
and sulphur grade

Polynomial equation

Full geochemical formula (can 
be complex and assumptions 
difficult to verify)

Estimate as a spatial variable

You may need to 
consider a temperature 
correction as the SG of 
water is 1.0 at 4°C



Why is SG so important 
in a resource model?

Tonnage –

Metal….

Stripping Ratio….



Natural ‘Pipework’ and ‘Traps’ 
in action

• Valley of the Geysers, 
Kamchatka 2006



General 
Linear 
Estimation 
Methods

If the data locations are fairly dense and uniformly 
distributed throughout the domain, good estimates 
will be obtained, from any interpolation algorithm

If the data locations fall in a few clusters with large 
gaps in between, unreliable estimates will be 
obtained, regardless of interpolation algorithm

If the variability of the distribution is very high (<2 
std dev / mean = CV) then local estimation will have 
low confidence

Conditional bias; all interpolation algorithms will 
tend to underestimate the highs and overestimate 
the lows



Nearest 
Neighbour 
(NN)

Provides a global declustered estimate

Should not be used in a resource statement (if 
possible)

Assigns the grade of the block from the closest data 
point

Uses a single sample point

Does not weight by the distance from the sample

Does not take into account the relative direction of 
the sample



Inverse Distance (ID) Estimation

Often used for early estimations and 
validation

Estimated from several samples

The distance of the sample is the 
weighting factor

The variance is not accounted for in the 
estimation

A power of 2 is the most common, but 
3 , 2.5 and higher are sometimes used



Ordinary 
Kriging (OK) 
Estimation

The basic idea of kriging is to predict the value of a function at a given point by computing a 
weighted average of the known values of the function in the neighborhood of the point. The 
method is mathematically closely related to regression analysis and is motivated by an 
expected squared prediction error based on a stochastic model.

Statistical inference and a decision of stationarity provides the required information

Weights may be positive or negative, depending on relationship between unsampled location 
and data

Considering quadratic or higher order terms increases inference and does not lead to 
improved estimates

Co-variances are calculated from the variogram model



Distance and 
Correlation 
between Points in 
a Random Field of 
Data ?

• The experimental variogram provides a 
description of how the data is 
correlated with distance

• The semivariogram g(h) was defined by 
Matheron (1963) as half the average 
squared difference between the 
variable value at points (s1 and s2) 
separated by distance h.



Variogram Modelling in Normal Scores



Experimental 
Variogram

• Azimuth:  the horizontal direction 
the variogram searches

• Plunge:  the vertical direction the 
variogram searches

• Lag:  the distance step

• Lag tolerance (usually ½ lag)

• Maximum distance:  how far out to 
search

• Spread:  the cone angle to search

• Spread limit:  the maximum radius / 
bandwidth



Variogram
Modelling

• Components of a variogram 
model (several models may be 
combined to fit the 
experimental)

• Nugget:  spatial correlation from a 
the geological microstructures and 
measurement errors

• Sill:  variance for a model

• Range:  is the distance at which the 
variogram reaches the sill



Types of variogram Models

• Spherical

• Exponential

• Nugget

• Spheroidal

• Cubic

• Hole effect

• …



Variogram 
Types

Pure nugget

Spherical

Exponential

Cubic

Gaussian

Wikipedia: https://upload.wikimedia.org/wikipedia/commons/f/fa/Cinq_variogrammes_et_champs.jpg



A variogram 
cannot be 
just any old 
function

Must be non-negative (squared value)

Value at h=0, must be 0

A function is a semivariogram if and only 
if it is a conditionally negative definite 
function…..



What 
‘Textures’ of 

simulated 
data are 

likely from 
Variogram 

Types

Pure nugget

Spherical

Exponential

Cubic

Gaussian

Wikipedia: https://upload.wikimedia.org/wikipedia/commons/f/fa/Cinq_variogrammes_et_champs.jpg



Spheroidal Model (Leapfrog and others)

https://www.researchgate.net/profile/Jan_Igel/publication/277623104/figure/f
ig4/AS:650032734822422@1531991289362/Some-basic-variogram-models-sill-
C-1-range-a-1-m-pure-nugget-effect.png



Model 
Example



Modelling an 
Experimental 
Variogram

Ensure a positive definite model by

• Picking a single nugget effect

• Choosing the same number of variogram structures for all directions 
based on most complex direction

Ensuring that the same sill parameter is used for all 
variogram structures in all directions

Allowing for a different range parameter in each 
direction

Modeling a zonal anisotropy by setting a very large 
range parameter in one or more of the principal 
directions



Block Size 
Selection

Some factors to consider

•Composite size

What is the scale of your 
problem? If this is part of an 
exploration exercise and the 

model is really large, then 
you can safely and justifiably 

lose resolution 

How much time have you 
got? Small samples means 
more compute time, more 

statistics, more fiddling with 
details

1/3 to 1/2 sample spacing is 
typical

Smallest mining unit
Blocks do not have to be 

cubes (2 x 2 x 2) or (5 x 5 x 2)

Sub-block or sub-cell

•Be careful of the sub-block routine

Smaller blocks

•Do not mean more accuracy

•Do mean ‘overfitting’
A block grade is the average 

of the estimation at the 
discretization points



Search Ellipse
Definition

Creation of search ellipse

The dimension of the ellipse should be 
generated from variogram model

Based on the ratio of the Major / Semi-
major  / Minor Axis

Rotation angle very likely to be related to 
geology (fluid pathways, structures)



Ordinary Kriging

Ordinary kriging assumes constant unknown mean over 
the search neighborhood

BLUE – ‘best linear unbiased estimator’

Compensates for the effects of data clustering, assigning 
individual points within a cluster less weight than isolated 
data points 

Provides estimation error (kriging variance), slope of 
regression Quantification of estimation error provides basis 
for stochastic simulation of possible realizations of Z(u)



SK – ‘Simple 
Kriging’

Assumes stationarity of the first moment 
over the entire domain with a known mean

The less actual samples are available, the 
more the SK estimate converges to the 
assumed mean

Useful for estimating density and other 
variables that may have a limited variability 
in nature and avoids the dangers of 
extrapolation into ‘unknown territory’



‘Tuning’ Ordinary 
Kriging

• Parameters to adjust during 
estimation runs

• Minimum number of 
composites

• Maximum number of 
composites

• Maximum number of 
composites per drillhole

• Octant search ->



KNA – ‘Kriging Neighbourhood 
Analysis’

• Tuning 

• Block size

• Discretisation

• Search distance

• Number of composites

• To achieve the ‘best’ 
estimation plan

• Using parameters such as

• Kriging efficiency

• Slope of regression

• As measures estimation 
quality



Indicator Models

• Can be used to assess probability of a condition 
(quality or quanitity0 existing at points in space

• Useful for developing implicit models of lithologies, 
grades or domains (see earlier)

• Advantage compared with grade shells is the simplicity 
of the 0/1 distribution providing ‘clean’ spatial 
correlation



Comparison of 
estimation 
weights

• 20m x 20m x 5m block)
• OK block (discretized)

• OK point

• ID^x



Comparison of 
estimation 
weights

• 5m x 5m x 5m block
• OK block (discretized)

• OK point

• ID^x



‘Things Some 
People Do’

• On each estimation pass the search 
ellipse is increased and the min/max 
criteria is adjusted

• The idea is to try to combat the 
screening effect for close-spaced data 
and to allow data to be used at longer 
ranges in wide-spaced data regions

• Sometimes the passes are linked to the 
classification scheme

Multi-pass estimation

ID^5  ?



Non-Linear Estimation

• Short Acronyms

• MIK – median indicator Kriging

• UC – uniform conditioning

• DK – disjunctive Kriging

• Sichel’s T estimator

• All involve making inferences about the statistical distribution of the variable

• Very useful if they can be implemented with confidence

• Useless, if the basics are not correct (sensitive to domaining)



Resource Model Checking

Field mapping 
& logging 

procedures

Sampling 
procedures

Collar 
locations

Topography
Down-the-

hole surveys

Drilling 
methods

sample 
collection and 

preparation

Assaying, and 
sample quality 

control

Quality 
assurance 
program

Data handling 
and processing



Block Model 
Validation

Geological model 
validation

Cross-check between 
solid and block model 

proportions
Statistical validation

Statistical data (mean 
and variances) 

between dataset and 
block model

Swath plots – grade 
trends analysis 

between declustered 
composite

grades and block 
model grades

Contact analysis –
grade behaviour near 

contact zones
Graphical validation Grade-tonnage curve

Cross-sectional view, 
looking for smearing 

grades



Resource 
Classification

• Terms & Relationships



Resource Classification

• Strategies

• Expert assessment of geological continuity

• Distance from a sample(s)

• Sample density in the vicinity of a block

• Geometric configuration of data available to 
estimate a block

• Kriging variance or relative kriging variance



Resource 
Classification

Calculating Geometric Measures

Calculate the density of data per unit volume

Choice of thresholds depend on:

Industry-standard practice

Experience from similar deposit types

Calibration with uncertainty quantified by geostatistical 
calculations

Expert judgement of the Competent or Qualified Person 



Quantitative 
Uncertainty & 

Resource 
Classification

• Classification of Resources and Reserves

• Three aspects of probabilistic classification

• Volume

• Measure of “+/-” uncertainty

• Probability to be within the “+/-” measure of uncertainty

• Format for uncertainty reporting is clear and understandable, e.g.:

• Monthly production volumes where the true grade will be 
within 15% of the predicted grade 90% of the time are defined 
as measured

• Quarterly production volumes where the true grade will be 
within 15% of the predicted grade 90% of the time are defined 
as indicated

• There are no mandatory rules or guidelines to decide on these 
parameters



Example: Confidence Limits based on an assumed production 
rate (based on simulation)
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Production Rate and Risk

Higher production 
rate = less local 

resource risk 
(… but maybe more 

project risk!)



Uncertainty -> Cashflow

Use measures of uncertainty

To develop insight into risk



So how is all this 
useful?

Risk mapping -
Categorization

When will the mine 
make money? 



How difficult 
can it be?



‘Reasonable Prospects of Eventual 
Economic Exploitation’ – Shallow Resources

• For shallow deposits

• To follow best practice

• Use a pit shell (with ‘reasonable’ 
parameters)

• To pacify the regulators

• Use a pit shell (with ‘reasonable’ 
parameters)

• To sleep well at night

• Use a pit shell (with ‘reasonable’ 
parameters)



‘Reasonable Prospects of 
Eventual Economic 

Exploitation’ – Deep 
Resources

• For underground deposits

• To follow best practice

• Use a ‘reasonable’ cutoff grade

• Use current examples to 
demonstrate ‘reasonable’

• Restrict the underground resources to 
a coherent or semi continguous region



Be Prudent

• Size does count in the market but,

• Beware of ratcheting up the size of the resource to make the client happy with 
‘good news’ press releases

• It is not rare for new drilling to close off the opportunity, so if the previous resource 
has been generated too liberally, a write-down or retraction may be necessary. 

• Cease trade orders are an investment killer!

• Some time in the future, somebody may believe it and may try to mine it

• So don’t get too imaginative!



It’s a Risky Business….

“THE ‘MINING’ BUSINESS IS A CRUEL AND SHALLOW MONEY 
TRENCH, A LONG ‘DUSTY CROSSCUT’ WHERE THIEVES AND 

PIMPS RUN FREE, AND GOOD MEN DIE LIKE DOGS. 

THERE'S ALSO A NEGATIVE SIDE.”, 

MISQUOTED FROM THE LATE HUNTER S THOMPSON.

“TRUST NOBODY AND CHECK EVERYTHING…”, 
HARRY PARKER



Along time ago in a galaxy far 
away: Vaal Reefs Exploration 
& Mining Company – Number 
1 Shaft

I knew I had to get out of 
there…



So this is what 
success looks like…. –
and it only took 25 
years to get there!


