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Towards A New ApproachTowards A New Approach
OBJECTIVE:OBJECTIVE:

Increase Efficiency By Optimizing the Entire Mining and ProcessiIncrease Efficiency By Optimizing the Entire Mining and Processing Systemng System

STRATEGY:STRATEGY:

1.1. Baseline Current Practices Baseline Current Practices 
and Knowledgeand Knowledge

2.2. Propose HypothesesPropose Hypotheses

3.3. Make Changes to the Process Make Changes to the Process 
and and MeasureMeasure the Effectsthe Effects

4.4. Increase Understanding and Increase Understanding and 
Then ControlThen Control



Mesabi Iron Range:Mesabi Iron Range:
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Central Mesabi Range Central Mesabi Range -- Taconite Mine Taconite Mine 
DevelopmentDevelopment

Idealized Section Looking WestIdealized Section Looking West
N

UpperUpper SlatySlaty

Upper ChertyUpper Cherty

Lower SlatyLower Slaty
Lower Cherty Ore
Lower Cherty Ore

Pokegama Quartzite

Crystalline Basement

S

SurfSurf

Dipping benches average 4% slope for blending Dipping benches average 4% slope for blending –– slightly askew to geologyslightly askew to geology

40 foot  (13 m) average bench height 40 foot  (13 m) average bench height –– typically 3 benches of oretypically 3 benches of ore

Simple geologic framework with a complex metallurgical responseSimple geologic framework with a complex metallurgical response



Autogenous crushing and Autogenous crushing and 
grinding circuitgrinding circuit

• Single stage crushing
60” (1.5 m) gyratory crushers
set to 9” (23 cm) opening

• Single stage grinding
36’ (11.0 m) autogenous mills
concentrate 75-85% -325 mesh



Exploring the DataExploring the Data……the Challengethe Challenge

Underutilized data offer mine geologists a value Underutilized data offer mine geologists a value 
creation opportunity that should be explored much the creation opportunity that should be explored much the 
same as prospective groundsame as prospective ground
Large amounts of data are collected by, but not always Large amounts of data are collected by, but not always 
evaluated by the geology departmentevaluated by the geology department
In this computer age In this computer age –– staggering amounts of data are staggering amounts of data are 
compiled in relational databases, but unexaminedcompiled in relational databases, but unexamined
Many physical rock properties are considered Many physical rock properties are considered 
““engineeringengineering”” variablesvariables
The mine geology function is too often taskThe mine geology function is too often task--orientedoriented
Though well positioned to address downstream Though well positioned to address downstream 
processing issues, geologists commonly have little or no processing issues, geologists commonly have little or no 
contact with ore dressingcontact with ore dressing



PROCESS CONTROLPROCESS CONTROL

Already Know Where the Metal isAlready Know Where the Metal is

What Else Controls the Process?What Else Controls the Process?
Chemical PropertiesChemical Properties
Physical PropertiesPhysical Properties

Add New Control Properties to the Add New Control Properties to the 
Orebody Model
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Tonnage FactorTonnage Factor

Imprecise bulk density is the most Imprecise bulk density is the most 
common error found in ore reservescommon error found in ore reserves
Geologists Geologists –– those most qualified to those most qualified to 
characterize tonnage characterize tonnage –– are often detached are often detached 
from what is considered an engineering from what is considered an engineering 
functionfunction
A few hand samples commonly quantify A few hand samples commonly quantify 
multimulti--million ton depositsmillion ton deposits
Often Often ““historichistoric”” precedents precedents –– little or no little or no 
documentationdocumentation



Tonnage Factor EstimationsTonnage Factor Estimations

i.

ii. 

waterinWeightairinWeight
airinWeightGS

−
=..









×
=

Ton
CF

GS
factorTonnage

4.62..
2240

All Data

0
20
40
60
80

100
120
140

10
.3

10
.6

10
.9

11
.2

11
.5

11
.8

12
.1

12
.4

12
.7 13

13
.3

Bin

Fr
eq

ue
nc

y

.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

Frequency
Cumulative %



Tonnage Factor ModelingTonnage Factor Modeling
Weight Recovery vs. Tonnage 

Factor - All Data

R2 = 0.4701
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Magnetic Fe vs. Tonnage Factor -
All Data

R2 = 0.4883
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Crude Fe vs. Tonnage Factor - 
All Data

R2 = 0.2846
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Sat Ratio vs. Tonnage Factor - 
All Data

R2 = 0.0923
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Unadjusted Silica vs. Tonnage 
Factor - All Data

R2 = 0.1862
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Comparison of Sampling MethodsComparison of Sampling Methods



Tonnage Factor ModelingTonnage Factor Modeling
Magnetic Fe vs. Tonnage Factor -

All Data

R2 = 0.4883
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Crude Fe vs. Tonnage Factor - 
All Data

R2 = 0.2846
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Measured Tonnage vs. 
Regression Model

R2 = 0.573
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Tonnage DeterminationTonnage Determination

Benefits:Benefits:
Better ore reserve estimation and blast gradingBetter ore reserve estimation and blast grading

Improved blast pattern loadingImproved blast pattern loading

Royalties paid on a perRoyalties paid on a per--modeled ton basis reduced modeled ton basis reduced 
for leaner ore blastsfor leaner ore blasts

Reduced discount between mine predicted and plant Reduced discount between mine predicted and plant 
weight recoveryweight recovery

Improved deliverables from drill coreImproved deliverables from drill core

CostCost
Summer intern 2.5 weeks, bucket, scale, hydrometerSummer intern 2.5 weeks, bucket, scale, hydrometer

Lab costs for check samplesLab costs for check samples



Measure. Measure. ThenThen ControlControl
Hypothesis: Need a Range of Sizes for AG MillsHypothesis: Need a Range of Sizes for AG Mills

Measure How Fragmentation Affects Autogenous Measure How Fragmentation Affects Autogenous 
Mill PerformanceMill Performance
What Mix of Muck Sizes Work Better?What Mix of Muck Sizes Work Better?

Measure What affects FragmentationMeasure What affects Fragmentation
GeologyGeology
Powder FactorPowder Factor
Blast DesignBlast Design

Feed Size Distribution Feed Size Distribution -- toolstools
Production drill performanceProduction drill performance
Drill core geotechnical measurementsDrill core geotechnical measurements



CRUSHER PRODUCT SIZESCRUSHER PRODUCT SIZES
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Drill Monitoring SystemsDrill Monitoring Systems

Engineers use systems to improve Engineers use systems to improve 
productivity and fragmentationproductivity and fragmentation

Used to much lesser extent for geologic Used to much lesser extent for geologic 
classificationclassification

Many production drills come preMany production drills come pre--
equipped to record performance equipped to record performance 
indicators indicators –– ““freefree”” datadata



Definition of Specific EnergyDefinition of Specific Energy

SE = Energy per Unit Volume ExcavatedSE = Energy per Unit Volume Excavated

Energy: Energy: Torque (Torque (T lb in.) RPM () RPM (N),),
Pulldown Pulldown ((F lb) and ROP () and ROP (ft./min))

Volume: Bit Area and ROP (Volume: Bit Area and ROP (A·ROP ft·in2) in ) in 
one minute
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Drilling Specific EnergyDrilling Specific Energy

Blasthole Drilling Tests Ore StrengthBlasthole Drilling Tests Ore Strength
SE is Readily Available (Drill SE is Readily Available (Drill 
Monitoring)Monitoring)
Model SE like Any Ore Quality Model SE like Any Ore Quality 
SE SE ““Smoothes OutSmoothes Out”” Operator Operator 
VariationsVariations

Should Characterize the RockShould Characterize the Rock
Can SE Predict Mill Performance?Can SE Predict Mill Performance?



SE is Tool and Rock SpecificSE is Tool and Rock Specific

From Gertsch (1991)



Bench Composites of SEBench Composites of SE

Map boundaries Map boundaries 
between zones of between zones of 
contrasting contrasting 
strengthstrength

Fill in gaps Fill in gaps 
between widebetween wide--
spaced DDHspaced DDH

Minimize impact Minimize impact 
of subdrill or of subdrill or 
overbreak overbreak 

Bench composites vs. modeled oxidationBench composites vs. modeled oxidation



Contoured Bench Composites of SEContoured Bench Composites of SE

Map lithologic contactsMap lithologic contacts
Reflect bed thickness and Reflect bed thickness and 
in situin situ fracture frequencyfracture frequency
May also show variations May also show variations 
in hardness/work indexin hardness/work index
Identify sources of Identify sources of 
potential rock bridges/ potential rock bridges/ 
crusher plugscrusher plugs
Distinct zones cross Distinct zones cross 
pattern progressionpattern progression
Some boundaries may Some boundaries may 
reflect tool reflect tool changeoutchangeout



CHALLENGESCHALLENGES
Equipment Breakdowns:Equipment Breakdowns:

No DataNo Data
Loss of BlendLoss of Blend

What Does SE Measure? (Laminations)What Does SE Measure? (Laminations)

Operator TrainingOperator Training

SE Tool Dependent (Bit wear?)SE Tool Dependent (Bit wear?)

Too Late in Process for PredictionsToo Late in Process for Predictions

Core Data are Better for ModelingCore Data are Better for Modeling



Drill Core Geotechnical DataDrill Core Geotechnical Data

Typically used for engineering ground Typically used for engineering ground 
stability studiesstability studies
No data collected by the geologist are No data collected by the geologist are 
used so infrequently used so infrequently –– by the geologistby the geologist
No buy in No buy in possibly suspect quality possibly suspect quality 
loss of customer supportloss of customer support
Data are often not digitally compiled and Data are often not digitally compiled and 
are lostare lost



2” RQD 8” 10”

0 11 11 ATW 97 61.8 22 6.1 0 5.5 13 85 3.15 1-6
11 20 9 ATW 100 95.6 95.6 62.2 57.8 1.6 8 3.36 1-5
20 40 20 ATW 100 93 82 44.5 27.7 2 15 90 3.28 1-5
40 60 20 ATW 100 93.8 79.8 25.1 10.8 2.4 15 60 3.3 1-5
60 76 16 ATW 100 92.2 68.4 21.9 12.9 2.9 15 3.17 1-5
76 805 9 ATW 100 75.6 55 17.2 0 3.7 13 85 3.09 1-4
85 105 20 ATW 100 48.5 21 7.4 0 13 45 3.05 1-3
105 111.5 6.5 ATW 100 53.4 38.9 10.8 0 10 75 2.99 8-3

111.5 115 3.5 ATW 98 77.1 52.9 0 0 3.7 20 2.99 8-3

Rough, irregular joint @ 85 degrees.

% Slaty Joint 
Angle S.G.

GEOTECHNICAL/METALLURGICAL CORE LOG

FR TO FT. Bit

R
ec

ov
er

y 
%

Modified RQD (2”, 4”, 8”, 10”)

FF Unit(s) NOTES

Undulating, rough jt @ 38.5'; Cc on jt.
Rough, planar jt @ 47'

Irregular planar jt @ 76'

% Core Pieces Longer than 2", 4", 8", 10" in the 1-5
by Mining Area

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

2" 4" 6" 8" 10"

Core Length Between Natural Fractures

Pe
rc

en
t

All Areas

St evenson

Carmi

Hull-Rust

Morr is

Geotechnical Core LogsGeotechnical Core Logs

0.0

2.0

4.0

6.0

8.0

10.0

1-7 Unit 1-6 Unit 1-5 Unit 1-4 Unit 1-3 Unit

Geologic Unit

Fr
ac

tu
re

 F
re

qu
en

cy
 (F

/ft
)

Group 5
Group 4
Group 2/3
Group 1



Preliminary Size Distribution IndexPreliminary Size Distribution Index
Even thoughEven though……

RQD based on only 80 RQD based on only 80 
DDH in 4 loose clusters DDH in 4 loose clusters 
across propertyacross property

Core size fractions Core size fractions 
measured in box measured in box –– not split not split 
tubestubes

Mill feed blasted and Mill feed blasted and 
crushed to crushed to ––10 inch (25.4 10 inch (25.4 
cm) prior to cm) prior to WipFragWipFrag©©

WhyWhy??

Blasting exploits preBlasting exploits pre--
existing fracturesexisting fractures

Crusher acts as chute Crusher acts as chute ––
does not produce finesdoes not produce fines
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Improved Magnetic Susceptibility Mapping Improved Magnetic Susceptibility Mapping 
and Ore Grading and Ore Grading -- Through Geotech LoggingThrough Geotech Logging

Probed blast holes are Probed blast holes are 
calibrated to nearest DDH calibrated to nearest DDH 
core samplescore samples

Poor core recovery Poor core recovery 
typically due to nontypically due to non--
magnetic, oxidized fines magnetic, oxidized fines 
washed into formationwashed into formation

Remaining DDH sample Remaining DDH sample 
block model bias, poor block model bias, poor 
recovery reconciliationrecovery reconciliation

Poor recovery intervals Poor recovery intervals 
now not used for probe now not used for probe 
calibration.  Polygons are calibration.  Polygons are 
flagged as zones of flagged as zones of 
potential discount between potential discount between 
DDH and plant weight DDH and plant weight 
recovery.  Improved DDH recovery.  Improved DDH 
sampling.sampling.

% Mag Fe



Current Predictors
Geological unit, liberation, ratio, silica, %-325, cobbing hours,
ambient temp, feeder plugs, % feeder run time

Core Length,
FF

Liberation Index

Bed Thickness
(ROM size)

AG Mill LT/hr

?

Drill 
Monitoring

Incorporate Geotechnical Data into Incorporate Geotechnical Data into 
Mill Performance PredictionsMill Performance Predictions
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Mill Throughput PredictionsMill Throughput Predictions

OreOre--dominated milling variables dominated milling variables –– Geologist is person best suited to Geologist is person best suited to 
validate inputs for plant performance estimatesvalidate inputs for plant performance estimates

Garbage in Garbage in garbage outgarbage out:: ssurge maintenance, grading discrepancies, poor urge maintenance, grading discrepancies, poor 
met balance met balance –– all can weaken regression models if unall can weaken regression models if un--vettedvetted



CommunicationCommunication

Daily interaction between geologist and Daily interaction between geologist and 
millmill

Weekly interdepartmental ore quality Weekly interdepartmental ore quality 
meetingsmeetings

Monthly geometallurgical reconciliation Monthly geometallurgical reconciliation 
reportsreports



DATA INFORMATION FLOWDATA INFORMATION FLOW

®



In ConclusionIn Conclusion……
Engineering and ore dressing are the mine geologistEngineering and ore dressing are the mine geologist’’s s 
customers customers –– so start liking numbers.so start liking numbers.
Computers allow cheap and easy storage of data.Computers allow cheap and easy storage of data.
Mine databases can be Mine databases can be ‘‘elephant countryelephant country’’..
Physical properties of ore fall within the domain of the Physical properties of ore fall within the domain of the 
mine geologist.mine geologist.
More value can be squeezed from drill core.More value can be squeezed from drill core.
Failed initiatives lead to successes.Failed initiatives lead to successes.
The geologist sees the extractive process from the The geologist sees the extractive process from the 
beginning and is best suited for reconciling predictive beginning and is best suited for reconciling predictive 
estimates with the end product.estimates with the end product.
The geologist must participate fully in downstream ore The geologist must participate fully in downstream ore 
processing decisions.processing decisions.
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