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IAEA Nuclear Fuel Cycle & Materials Section
(NFCMS), Uranium Production Cycle (UPC) Team...

 Mission...

— Collect & share knowledge of uranium resources and support the
development of a sustainable uranium production cycle in Member
States

https://nucleus.iaea.org/sites/connect/UPCpublic/Pages/default.aspx



IAEA NFCMS UPC Team Outputs (Resources-Related)

Authoritative, objective, and reliable information

Databases...
— UDEPO, ThDEPO, INFCIS, etc.

Publications & technical meetings...

— Red Book, technical documents and nuclear energy
series, proceedings

Inputs for assessing / modelling future raw material

supply...

— Resource & statistical data

— Geology & metallogeny

— Deposit types, models, and distribution

— Assessment methodologies




Databases & Data Explorers... Integrated Nuclear
Fuel Cycle Information Systems, UDEPO & ThDEPO

https://infcis.iaea.org/

capabiities.

UDEPO & ThDEPO are being : -
comblned and upgraded...

Nuclear Fuel Cycle Simulation System (NFCSS)
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Publications... Uranium Deposit Types and Models
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Publications... Resource Assessment & Mineral
Potential

IAEA-TECDOC-1258 Resu“ R
Undiscovered -
. (%)
Assessment of uranium Resources e '
deposit types and resources — i

a worldwide persp|

Proceedings of a Technical Comm)
&

owmrel |AEA TECDOC SERIES

Quantitative and Spatial : ——

INTERNATIONAL ATOMIC ENERGY AGENCY :‘ Evaluations Of Undiscovered E::‘—% é
{  Uranium Resources =) N =

https://www.iaea.org/publi
cations/12380/quantitativ
e-and-spatial-evaluations-
of-undiscovered-uranium- A 1AEA = _—

resou rCeS International Atomic Energy Agency



Methodologies... Assessing / Modelling Future Raw

Material Supply

UPC Team outputs support Member States to utilize rigorous
statistical approaches for evaluation of undiscovered uranium
resources and multi-resource integrated assessment applications...

' Integrated Resource Assessment

Identification & Ranltlng of
Suitable Areas and
Areas of Risk or Concern

Quantitative and Spatial
Evaluations of Undiscovered
Uranium Resources

Plgspe'ctivqi.tky Map,
MountilsayAustralia

"Assessm/ent Tr’acts"""" '
Plnel Creek;'Australla




Assessment of Undiscovered Mineral Resources

« Concepts and methods/techniques utilized in early exploration

are “predictive”...
— Optimizes later, boots-on-the-ground, exploration activities
— Can determine where uranium mineralization is possible and unlikely

& Koy decision node

mmm Rate of expenditure

[ EXPENDITURE - LOGARITHMIC SCALE

ACTIVITY |




Assessment of Undiscovered Mineral Resources...
What, Where, How Many, How Much?

Where

Components Tracts)  Qualitative will provide
are not mutually ARSI information on what,
exclusive... pping where, and how many

« Quantitative will
additionally provide
information on how
much

Simulations,
Expert Estimates,
Grade-Tonnage Models

How How
Many Much




Assessment of Undiscovered Mineral Resources...
What Data Do | Use?

* Typical data inputs...

Q
. . Qualitative]and
— Exploration history v
— Statistical (grade, tonnage, etc.) 2
— Geologic M Mineral "
. Prospecti\{ity
— Deposit-scale ’ R D
A

— Regional-scale metallogenic
— Infrastructure / accessibility
— Environmental / ecologic

— Hydrogeologic / water

— Socioeconomic



Quantitative Mineral Resource Assessment (3-Part)

Quantitative

Quasi-Quantitative

Qualitative

Permissive
“Tracts”

Expert
Estimates

Grade &
Tonnage

Distribution
Models

Part 1

Mineral
Resource
Permissive
Tract Map

Part 2

Estimated
Number of
Undiscovered
Deposits

Part 3

Regional or
Worldwide
Data on Grade
and Tonnage
of Deposits

Where...
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Mineral Potential Modelling / Prospectivity Mapping

Raw Data
Datasets
Maps
Tract Delineation
Weighting
The “ Model ”

Map of [RSEEENEa o
Correlation, Optimize
Suitability,

Favorability,
Combination

Probability, Etc.



Assessment of Undiscovered Uranium (and other)
Mineral Resources... Statistical Methodologies
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Assessment of Undiscovered Uranium (and other)

Mineral Resources

Let’s Look At Some Examples...

Activités/intéréts des
Permis d’Exploitation
Miniere at

les Aires Protégées
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Quantitative & Mineral Prospectivity Assessment for
Undiscovered Uranium Resources, Texas, USA

» Mid-Pleistocene units « Tertiary coastal plain units
 Mineralization occurs in * Mineralization occurs in semi- and
calcareous fine-grained sediments consolidated mixed fluvial-beach

deposited in saline lakes and younger fluvial facies

A

[ Moo sdlae labes

": Q Surfsid saabr i P minses weal Wl mdi c a I c rete
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CoastaIPIam Reglon -

Sources: Mihalasky et al. (2015), Van Gosen and Hall et al. (2017)



Combined Quantitative and Mineral Prospectivity
Mapping Resource Assessment

3-Part Quantitative Method...

Part 1

Mineral
Resource
Permissive
Tract Map

Part 2

Estimated
Number of
Undiscovered
Deposits

Part 3

Regional or
Worldwide
Data on Grade
and Tonnage
of Deposits

Where...
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Mineral Prospectivity Mapping...

Raw Data
Datasets Processing
; Maps

w | Feature Extraction

Tract Delineation
Weighting

The “ Model ”

Optimize
Combination

...also known as
mineral potential modeling



Where... Delineate Permissive Areas

Quantitative

Part 1

Mineral
Resource
Permissive
Tract Map

Par

Estimated
Number of
Undiscovered
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Part 3

Regional or
Worldwide
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Where... 3 Areas Permissive for Sandstone Roll-
Front Uranium Mineralization (Permissive Tracts)

Older...

Younger...

Goliad-Willis-Lissie

Claiborne-Jackson * Miocene-Pliocene-

 Paleocene-Eocene-Oligocene Pleistocene
* Fluvial & Barrier System Catahoula-Oakville * Fluvial Meanderbelts,
* Oligocene-Miocene Flood Plain

* Fluvial Channel, Flood Plain, Deltaic



Where... Favourable & Prospective Areas

OUTFLOW

e “Mineral Systems” ENERGY ! LIGANDS ; SOURCE TRANSPORT TRAP
approach to i

identify what pitang @
mappable criteria = ——| |
can be used to ey SOURCE Discharge

delineate the

i No deposit

favourable and mys
prospective areas ORE DEPOSIT

within the )

Fluid

perm ISsive tracts DISTRICT SCALE < 10 KM

REGIONAL SCALE HUNREDS OF KMS

After Wyborn et al. (1994), Knox-Robinson and Wyborn (1997)



Where... Deposit-Indicator Evidence Maps

10 Evidence

Free and
Ordered

Data
Sediment
U-Ratdio- B * & 7 :
metrics Lz kN ¢ B S
' Salt N \
Dome .
Proximity Gas '
Field OG?C}g?gtl)C
Proximit ut-/Suo-
- CrCop v Acﬂﬁgﬁ':’els Depositional
ontact I A ;
Analyzed Separately for Proximity Sedimentary - =] Environment
Each Permissive Basins Paleo- &

Geographic 2

Tract... Setting



Where... Combine Deposit-Indicator Evidence Maps

Evidence Maps

+ Geology » Faults & structures  « Well-hole stratigraphy Data
. Paleochannels + Saltdome locations ¢ Stream-sed ggochemi;try .
. Rero-radiometics - 3.'3522'5;‘3%255& I Ziifi:ﬁ?é’.‘.’.s“"’”a' srenment - Processing Predictor
W Maps
Feature Extraction §
Tract Delineation Q
. : >
Weighting 7y
o
Th
: m
Weights-of- Optimize S,
Evidence §
Posterior- Q
Probability o
Combination

Model



Where... Mineral Prospectivity Maps

Older... » ...Younger
Tract 1: Tract 2: Tract 3:

*Paleo-Eoc-Oligo * Oligo-Mio *Mio-Plio-Pleisto 5
*Fluvial & Barrier *Fluvial *Fluvial Meader- |
' Channel, belts, Flood 4

Flood Plain,

Deltaic

Higher...

Lower...



Where... Permissive, Favourable, Prospecitive Areas

Tract 2:

Tract 1:

* Goliad-Willis-
Lissie

e Catahoula-
Oakville

* Claiborne-
Jackson

Tract Classification:

- Prospective
[ ]



How Many... Estimating What? Define a Deposit?

Quantitative

Quantitative

Qualitative

Part 1

Mineral
Resqurc_:e
Permissive

Part 2

Estimated
Number of
Undiscovered
Deposits

Part 3

Regional or
Worldwide
Data on Grade
and Tonnage
of Deposits

Where...

0.5
PROPOR.
DEPOSITS. 0

0 100 1000
MILL. TONNES|
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K Porph 10
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2 |KUROKO

$ $

Land Guidelines
Use for New
Decisions Research

Exploration
and
Development
Strategy

After
Singer



How Many... Estimating What? Define a Deposit?

254 “Occurrences” of Known Roll-Front Uranium Mineralization
e : T, ~ 3 TGN 'f"f

Operation Type

- S TEE e T T ot 4 :
Pounds Total U308 |B° Ot L T WP R i, B 7 Host_Unit B
; 4 Z A8 : Goliad 3
.1,2n3,nu1 -10,000,000 [ 8 G:l:ille ’ ISR
G () Catahoula i) Open Pit
O 00,001 -1,205,000 @ Jackson (" Mot Mined (prospect)
() 151,893 - 400,000 . | @ Claibomne Group 2" | W Unknown
() 1-151,892 - | A Solution Leach

Sources: SOPE, NURE, TRRC,
USGS, UDEPO, NI 43-101 reports,
various other publications and
personal communications

169 Deposits — sites with recorded production or in-place resources
74 Prospects — sites with some level of exploration

6 Showings — sites of interest that have been investigated

5 Anomalies — sites with indications of mineralizing processes



How Many... Expert-Estimated Number of
Undiscovered Roll-Front Uranium Deposits

» Experts estimate for 3 levels of “confidence” or “certainty”...

An analogy:
90%... Ill invest my money
50%... Illinvest your money

10%... [Pllinvest a stranger’s money




How Much... Regional Data on Uranium Deposit
Grade & Tonnage

Texas Gulf Coast

GI‘ a d e sandstone-hosted uranium deposits
Grade & Tonnage Models... ‘ =
540,000 metric tons (median) . “! sl A
x i A Golisd
Tonna g e sandston;?h:sste?iu Hracrﬁ?ﬁr: deposits B :
’ % 06 - 1‘
) T ,90%
%, probability Soe 10t ;‘
08 ﬁ’. D%M | %’tile "
s i
o7 ‘o L%
l\ 03 5oth ;
g 2l %’tile *
0 &2 0
§ - \504 - (mediani}‘
£ L probability o1 .y
& o4 .t 0.048% 0.0B5% 0.182% o il &
o .." B0 - L;ﬂigu.:-:in" - goth %Jtile 1300
v L 0.085% grade U0 (median)
. £ 10%
c 70,000 540,000 3,000,000 "y
10,000 'C(:.l:‘:cam‘r“”t S h“‘i £CO.0C0 10,000,000




How Much... Combine With How Many

Quantitative

Quasi-Quantitative

Qualitative

Undiscovereg

Data on Grade

and Tonnage PROPOR.
of Deposits II P

Where...

Part 1

Mineral
Resqurc_:e
Permissive

Estimated
Number of

PROPOR.

DEPOSITS. 0

0 100 1000
MILL. TONNES]

TRACT DEPOSITS

1 |PORPHYRY CQ

2 |KUROKO

Regional or

Worldwide

KCu

Porph 10
POSITS. 0

$ $

Land Guidelines
Use for New
Decisions Research

Exploration
and
Development After
Strategy Singer




Working Directory Input

Waorking Directon;  Select folder I:-r_m\'se | |Set w?r]lu'ng tjire_nurj;ri
Backgrourd Ifcemation
Tract Ik Later Tract 12 here Hein B Enter Rua 10 sere
Input Files

GT Model Input (GT deposits == 20

Selact a file.. browess
Estimates file for NegBinomial Type:

Select a file., browse

Sesd wlarmalion

Create Random Seed [ 5e1 Speailic Seed

Model information
PHIE-madel:
Select a model i

Emter M50, M30, M10, MNOS5, B NOL porcontiles [Mark3 Cption Only]
11 e estimates madeal NOS and NOL use the valuge Tram N10

A
Truncate?
Select true or false =
Drigtribacion Type: (Keke should be onky used (Tihe GTM model has = 30 deposing
4elact a type -
Run Processes
£ Rur Pmf |2, Run Tonfdf| 3. Run "\:Tachdfil{ Fun Simuiaﬁnn% 3, R Sim Matrix
Diwenkasd mfe
Dipsprilisad Pargzmeatens & Summany ii’.lllwnl-u&i Pl 5.I41_\.I Diwnicsad S agned GTMSI;&I,;'

Hots

Hot PME ii-'lr_ﬂ Ton POF | Bt Grade POE i Fior Simulation Kesults | Plot Sim Mamul

Sources: Ellefsen (2017); Jason Shapiro

How Much... Combine The Number Undiscovered
Deposit Estimates and Grade & Tonnage Data

Monte Carlo approach to combine probabilistic
estimates of undiscovered mineral deposits
with empirical models of grade and tonnage...
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How Much... Mean Amount of Undiscovered
Calcrete and Roll-Front Uranium Resources

Southern High
Plains Calcrete
Uranium...

Probabilistic
Estimates Reported to
2 Significant Digits...

Higher...

Lower...

BE0C0ON
&
o
S
S
S
0
o
&
)
9
‘l’
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Multi-Resource Integrated Assessment (MRIA)
A Framework for Data Integration, Analysis, and Management of Disciplines...

Ecolog

Resourd
-

Vegetation - Climate - Conse

Population - Routes

res - Precipitation - Streams. fabita

uon

- Uranium d(—?‘ - Fracture Density Restriction

U]

- Related % - Stream Flow E;:;z%‘::; & Degradation Ecoﬁzfril?c‘ itation
-'E“tlgera's 23,5;/ Ewtacter Quality =t te Effects Tracts 48 f.sublllty

2 Hfrdrogeologic
Favorability

Soci omic

Identificati Ranking of
Suitab as and

oncern

Source: Mihalasky et al. (2006)



Multi-Resource Integrated Assessment (MRIA):
Anosy, Southeastern Madagascar

----------------N

« Sustainable economic development N :3(;‘;00 km?
driven by mineral resources..

— Mineral & natural resource potential
(including uranium resources)

— Areas of elevated mineral potential

— Highlight suitable priority areas based
upon mineral, water, environmental,
and socioeconomic resource
considerations

-
’—————————

— Promising growth poles & corridors




MRIA: Anosy, Geospatial Modelling Approach

Evidence Maps

+ Lithology + Streams * Human Development Index

- Structures - Vegetation - Population Data
* Mineralization » Climate * Routes .
. Pcipitai | . Consetin And rfl?re... PrOCGSSIng PrediCtor
“ ' ‘ EW Maps
Feature Extraction
Tract Delineation
Weighting
Fuzzy Optimize
Logic
Favorability
Model Combination

Aioay | )os-Azzn4



MRIA: Anosy — Fuzzy Logic Favourability Map for
All Mineral Commodities Combined: 3 Priority Areas
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MRIA: Anosy — Integrate Mineral Favourability Map
with Socioeconomic “Resource” Favourability Maps
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Source: Mihalasky

Groups Rebound etal. (2006)



MRIA: Anosy — Build Scenarios and Ask Questions
for Development and Planning Decision Support
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