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Structural geology is not a phase — it is the backbone

The common thread: faults, folds, shear zones and fabrics control where fluids flow, where metal is trapped, how
a deposit is shaped, how confidently we can model it, and whether the rock face will hold up when we dig.




Minerals value chain integration

Deeper discoveries
Greater metal supply
Less water, acid, energy
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Structure & uncertainty

Most of this presentation will examine the exploration end of the minerals value
chain, but the same structural reasoning propagates all the way to the pit wall.
This talk follows that thread.

Three
stages of

Scale,
Uncertainty,
Errors

Linking the

the mining activities

value chain
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Exploration

Where structure leads us to the deposit — mineral systems, prospectivity,
uncertainty and the modelling that underpins targeting.



CSIRO EXPLORATION - THE MINERAL SYSTEMS VIEW

Ore deposits are the result of plumbing systems — and structure
is the plumbing

A mineral system is the set of geodynamic processes that form and preserve a deposit.
Across almost every commodity, structure supplies the same three ingredients:
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Turning structural criteria into a map of ‘where to look’

Interpret faults, folds & lithology from geophysics & field
data

Distance-to-faults, fold, intersections, fault-bend density

Confidence-weighted operators for a knowledge-driven
approach; explainable machine learning with training sets

Convergence of criteria to achieve the smallest search space
with the greatest chance of discovery

(.

ublished case studies

Structure-lead prediction

~

Kimberley region, Western Australia
Multi-commodity studies

Critical metals (Ni, V, Ti, Cu, Graphite)
Fe-ore in the Hamersley, WA

Au in the Ashanti Belt, Ghana

Au in the Superior Province, Canady




EXPLORATION - QUANTIFYING STRUCTURE

CSIRO
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Montsion et al 2021, Tectonophys.
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Every structural interpretation is uncertain

A 3D model is only as reliable as the orientation data behind it. By perturbing
that data within its uncertainty, we generate a suite of models and locate

A per-cell measure of how often the modelled unit changes exactly where the geology is well- or poorly-constrained.
across the suite.
ﬁhe shift \
. ‘ ’
Uncertainty maps flag regions needing more data — before A S ngle beSt mOdel ->an
more money is spent. .
ensemble of plausible
models
Adding appropriate data measurably reduces uncertainty. o Ashanti Greenstone Belt
*  Western Australia (orogenic belts and
basins)

*  Victoria (off-shore basin)
*  (Queensland, Australia

Uncertainty can be used for inversion, and can be used to inform
pre-feasibility studies




csirRO Building a 3D model

Structure (fault)

75

Geological bodies and contacts

Implicit modelling

Open-source

LOOP @ Gempy

Commercial

2Z leapfrog IGEO pg GeoModeller

Yerrida Group

Stratigraphy

BYm MARALOOU FORMATION: thin-
Is intarcalated with tholaiiti
T e A T S LN
EeHe o e
SR ez
iR L > <<
BYk  KILLARA FORMATION: undivided mafic intrus
BYkd Dolerite sils; locally intercalated with the
o BYkb Tholeiitic basalt; locally infercalated with
2 BYkg Gabbro and pyraxenite
2 BYke Bartle Member: chertified microbial lamir
tE pseudomorphs of barite and anhydr
E, BYks Lithic sandstone intercalated with tholeii
8 BYkh Chertified volcaniclastic and chemical s¢
H Pk Volconic breocia
=
PYd DOOLGUNNA FORMATICN: ark
lominated quariz sandston
BYdm Diamictite and polymir;tiac
Pyt THADUNA FORMATION: lithic s
fragments of basaltic scori
By JOHNSON CAIRN FORMATION
¢ thin-bedded dolomite ond
o EY] JUDERINA FORMATION: quariz
2
5
3
= Thick-bedded sandstone; n
-
2
= Bubble Well Member: strom
pseudomorphs of evap
Finlayson Member: quariz «
pseudomorphs after he







3D model uncertainty analysis

Multiple realisations Multiple realisations
of the same fault of the same contact

Multiple realisations
of the same model with
confidence acknowledged




Cool regions — low uncertainty (high
model robustness

Hot regions — high uncertainty (low
model robustness)




Previous work

* Geological model uncertainty

Generating ensembles varying
orientation measurements

Improved statistical treatment

Improved perturbation schemes

Topological variations

Pirot et al. 2022
Scenario 1 - 100% data 5ce ario 2 - 50% data Sce ario 3 - 50% data
a) structure codes
‘ Unconformity
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b) aggregation c) lithology codes

1 categorical variable: lithological unit models generated with Loopstructural

d) flood-fill

pology network

1 continuous variable: underlying scalar-field from Impllclt modelling

% ] < < Thiele et al. 2016
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Upper limit model
gravity anomaly
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Geometrical variations

Depositional sequence -> normal faulting -> dyke
a. topology network

Topological Variability by Structural Event

30
5 early folding event

Red = faulting events
Green = unconformities

5
20
15
overall variability

=
o

>
=
5
©
=
@
>
™
2
oo
o
o
a
(=]
=

wn

=== Stratigraphic
= [aulted
==|ntrusive




DYKE->UNC->TILT->FOLD->FAULT ~ UNC->DYKE->TILT->FOLD->FAULT

FOLD->DYKE->UNC->TILT->FAULT  TILT->FAULT->DYKE->FOLD->UNC

Earth Syst. Sci. Data, 14, 381-392, 2022 @ Earth System

https://doi.org/10.5194/essd-14-381-2022 ¢ Science
© Author(s) 2022. This work is distributed under 5
the Creative Commons Attribution 4.0 License & Da ta

;

Into the Noddyverse: a massive data store of 3D
geological models for machine learning
and inversion applications

Mark Jessell'>, Jiateng Guo?, Yungiang Li’>, Mark Lindsay'->®, Richard Scalzo®>, Jérémie Giraud'’,
Guillaume Pirot', Ed Cripps*’, and Vitaliy Ogarko'-

STRAT-TILT-DYKE-UNC- FOLD




Jessell et al 2022

Top view South section view Western section view
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Gravity Magnetics

(d)

minimum



CSIRO | £
Christopher Alfonso, CSIRO 7S

Deforming plate models O O

60 Ma/”’“““\\ 40 Ma /:;/}?;\\
* GPlates plate modelling J e

‘ | f [ \ g b
software can model both LT "\4 Ay 4
traditional rigid plates and “ // "'\ /
actively deforming regions P '//

* Rifts, passive margins, orogens...

3505 |\

* e.g. Andes, Himalaya, Alps

» Test case: Lachlan Orogen
(Schaap, 2025)

37.5°S

: : a2 |{ — —
* Detailed, regional-scale model | \_\\ .
B\ b b, \ v
| R, 2 0 1 2 3 0 50 100 150 200 250
i - \:\\ ) Shortening or Stretching Factor Oceanic Crust Age
142.5°E 145°E 147.5°E 150°E 152.5°E 155°E 157:5°E
S | Reconstructed deformation history of the
p|ates .0org = e G 1 Eurasia—Africa—North America region at
ompressional/Extensional strain rate (s™*)

Pyt hon API ava il a bl e Reconstructed deformation history of the Lachlan Orogen, selected time steps (Mdiller etal., 2019)

eastern Australia, showinginstantaneous strain rate. Red:
extension, blue: compression.
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g 0.8 | == Ballarat East (Malacoota Zone)
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* Use pyGPlates to extract deformation-~ ™ Time (M) T

related quantities from plate model:

Challenger '
(Macquarie Trough)

NG

» Compressional/extensional strain/strain 35°
rates

36°S

* Orientation of principal strain axes

Stawell (Stawell Zone) .
37°S 3 N
Ballarat East (Malacoota Zone)

* |Instantaneous quantities (strain rate)
form time series

38°S

39°S

e Testing various machine learning methods

0 S
4 Long-Short Term Memory (LSTM) 142.5°E  144°E  1455°E  147°E  1485°E  150°E
Modelled compressional/extensional strain rates (top) for selected gold

deposit locations (bottom) in different tectonic zones of the Lachlan Orogen
(red outlines)

Recurrent Neural Net. Used for Time-series

24 |

== Challenger (Macquarie Trough)



CSIRO EXPLORATION — WHAT CARRIES FORWARD

What exploration teaches us

Pathways, drivers and traps are structural before they are Uncertainty can be located, quantified, visualised and reduced
anything else.

Model ensembles and topology maps surpass a single ‘best Structural insight, time, uncertainty and topology propagate to
guess’ downstream mineral value chain activities

Structural Geology & the Mining Value Chain 11/22



CSIRO

p.

Evaluation

Where the structural picture is re-asked as a business question — resource domains, and
the ground engineering behind the pit.

Structural Geology & the Mining Value Chain
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Structure sets the domains, and domains set the tonnes

A resource estimate is only as good as its domains. Faults, folds and shear

zones define geological & grade boundaries; estimating across them mixes

. . . . Fault blocks & fold limbs become the estimation domains that
populations and misestimates grade and continuity. eersrET g,

Fold axes and shear fabrics set variogram anisotropy ->
following grade direction.

Getting structure wrong is
not academic

Structure and properties give better tonnage estimates: density
and deleterious component are as important as grade.

Modern ML estimates (e.g. Deepkriging) still need structurally-
sound domains to be trustworthy.




Leal et al. 2026 Comp. & Geosci.
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Estimation g :? Deep-kriging
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Most LLMs (Llama, Gemini, GPT, DeepSeek, Qwen...)
have a ‘mixture of experts’ architecture.

Expert specialization

Punctuation

Conjunctions and articles

Verbs

Visual descriptions
color, spatial position

Counting and numbers
written and numerical forms

Maarten Grootendorst, 2024
“A Visual Guide to Mixture of

Experts (MoE)”

Expert position

Layer 2

Layer 6

Layer 3
Layer 6

Layer 1

Layer O

Layer 1
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Banded Iron Formation
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* 3D volume(s) reduced to features that encapsulate at a
given scale the textural information

* Information is compressed with significant data size
reduction (up to 2 orders of magnitude)

Signal processing

Images courtesy of Bélinda Godel (CSIRO)



Micro CT image of core
Yellow sulphides

Red dots platinum group metals Maier, W.D. et al 2023 Mineralium Dep.
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EVALUATION - GEOTECHNICAL & ENGINEERING MODEL

Can we actually mine it? Structure decides the pit walls

The same faults and joints that trapped the ore, amongst others, now govern whether the ground will stand. The engineering
geological model where structure is the primary input to slope design.

Joints, faults & bedding orientations — the defect Planar, wedge & toppling modes depend directly on
network that controls failure. structural orientation vs. slope.

Structural domains set strength parameters and the
safe slope angle per sector.

The same uncertainty thinking from exploration can
inform geotechnical risk.
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03

Operations

Where structure becomes a daily, high-stakes decision — grade control, reconciliation,
and keeping the face stable.

Structural Geology & the Mining Value Chain



CSIRO

In the pit, structure is a daily decision

Once mining starts, structural interpretation moves from strategic to
operational. The ore/waste boundary is a structural boundary, mapped bench
by bench, blast by blast.

The model never stops updating

Faults & contacts mapped in real time refine the ore & waste
boundary before mining.

Structural offsets ‘shift’ ore zones -> mis-mapping sends ore to
the waste dump.

Grade-model vs. mill feed discrepancies are frequently
structural in origin. We reconcile other properties too.

Every new face is fresh data — the resource model is continually
corrected.



CSIRO

Rate of Penetration (ROP)

Data recycling Torque

Rev per minute (RPM)

Site: East 3
Data: ROP Step 2
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The models never stops updating

van As, 2025, Guest and Read 2009

Intact Rock |
Strength ~

Lithology

unitc )

Geotechnical Model

N \‘,'

Alteration
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Target Levels of Data Confidence (in %) from Conceptual Studies Through to Operations (Read, 2009)

Target levels of data confidence Study phase

Conceptual Prefeasibility Feasibility Design and construction Operations
Geology >50 50-70 65-85 80-90 >90
Structural >20 40-50 45-70 60-75 >75
Hydrogeological >20 30-50 40-65 60-75 >75
Rock mass >30 40-65 60-75 70-80 >80
Geotechnical >30 40-60 50-75 65-85 >85

van As, 2025



CSIRO OPERATIONS - SLOPE STABILITY & GROUND CONTROL
The highest-stakes structural call: keeping people safe

Pit-slope and underground stability are life-safety and licence-to-operate issues. Both are governed by structure — and
both reward the uncertainty-aware mindset developed upstream.

Wedges, planar slides & toppling are defined by

The same conduits that carried ore fluids now route
intersecting discontinuities.

groundwater into slopes.

Radar & prism movement is interpreted against the
mapped structural framework.

Acceptable slope angles balance recovered tonnes
against quantified structural risk.




CSIRO SYNTHESIS

Structural geology is not a phase — it is the backbone

* Bench/stope-scale grade
control
Reconciliation
Slope, ground and wall stability

* Pathways, drivers, traps
* Prospectivity & prediction
* Uncertainty quantified

* Resource domaining
* Grade continuity & offsets
* Geotechnical slope design

The common thread: faults, folds, shear zones and fabrics control where fluids flow, where metal is trapped, how
a deposit is shaped, how confidently we can model it, and whether the rock will hold up when we dig.




CSIRO THE CONNECTIVE PATH

Uncertainty as knowledge

Explore Quantify Price the Keep people
model space uncertainty risk safe

=

Use the same software for modelling (open source available)

?
But how: Collect structural data as early as possible




r
Structure is the connection, not a stage

\.

-
Uncertainty makes structural knowledge portable

.

-
Structure-lead prediction

.
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eesmeeliey Distribution of errors

red Homogenous . v  Structured « weswes  Unstructured

Real

Real
- = = Regression - = = Regression

R2=0.635 R2=0.421 R?=0.204

Pakyuz-Charrier et al 2018 Solid Earth
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