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Background Geology
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Geology- Alteration Model
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Exploration Knowledge

Many techniques utilized over many years — can a statistically recognizable pattern of

integrated data sets be developed?

Geophysical methods Empirical geological model

Geochemical methods*

(2) Radioactive boulder train
(airborne radiometric survey.
& prospecting)

Glacial deposits Lake
(2) VLF conductor (fault zone) \L. ;

]
Sl Athabasca g L}
(3-4) Resistivity low 5 &Sf;?cl{frgd '
L
) ~ ]
(3-4) Gravity lo . Sandstone | ] \
e ' D/ssolved \‘

Conglomerate \& fractured

‘\ ,/ |

a’ ag—

===~ Hematite cap

(4) Seismic (unconformity) , f
Unconformity

(1) Strong conductor:
Airborne: INPUT,
Ground: Deep EM, TURAM,
MAX-MIN; Borehole PEM

‘Fr i

(2) Magnetic low \,s:\;rr._ I
(4) Radioactive syn-

(2) Plants (trace in spruce)

2) Peat & soil (radon + trace)

2) Basal till (trace & HMC)
/(3) Lake sediment (trace)

4) Drill water (radon)

1) Drill core trace, major
+/- chlorite (Mg)
)
trace +/- MnO, SiOz2
alteration: illite (K),

& mineralogy to identify:
——(1) Wide illite halo (K)

+/- dravite (B)

Narrower halos of
\(1) Perched U in sandstone

2) Very narrow basement
chlorite (Mg-Fe),
+/- dravite (B)

. tanallﬁc gneist

schist
tectonic pegmatite

(4) Magnetic high Key L. Mldwest Collins style
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*Trace: U, B, Pb, Ni,
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Major: Al203, Fe20s, K20, MgO for
clays; SiO2: cement/corrosion
HMC: heavy minerals

Co, Cu, As etc.
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Legacy data

— drilling since the mid-
1980’s

—wholerock
geochemical data -
>10,000 samples
-rock, mineralogy,
structure

New data

— 230samples,
McArthur River area

CRSNG

from Jefferson et al (2007)® NSERC



Outline of Hig th hts s YT

Geochemistry in
sandstone
Pathfinders and
minerals
Fractures
Surficial mapping
Geophysics:
Overburden stripping
Seismic footprint

# canada )
. 3 novationcouncil

—200m

Footprint

— 800m

modified after Cameco SEG Short Course (2015)
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Geology Model Development i S%

. jﬁ? 7”/4 - | Drilling along conductors
’ : (structures) constrains
the distribution of drill
holes and concentration
mrrver Of data (1440 holes

e provided by Cameco)
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Fracture Intensity In Sandstone
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Mg/Al (Mol)
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within 10 km within 6 km
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right of each plot

Gradualincrease in Mg/Al with respectto deposit location.
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certain elements
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Millennium Geoche‘mlstry

kaolinite ~2%, dravite ~7%,
illite ~30% (mean)

kaolinite 2-7%, dravite 3-12%,
illite 36-55% (mean)

206pp 204ppy >5(), 2°7Pb/2Ph <0.4 (partial)
Mo, Co, Ga, Rb (elevated, partial)

= chlorite >5% (mean)
dickite 63-90% (mean)

lithofacies contact

HREE, Hf, Y (elevated, partial)

LREE (anomalous, partial)

unconformity .
Not to scale: looking east

mineralization Ansdell — SEG 2018 Keystone — Footprints U Site
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Main ——
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Millennium Geochemist

[[Selection: Uranium_Deposit_Footprints_Mill |

Ma_p_ppm_D

10

from Common Earth Model
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Millennium Geochemist

[[Selection: Uranium_Deposit_Footprints_Mill |

from Common Earth Model
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Millennium Geochemist

[[Selection: Uranium_Deposit_Footprints_Mill |

from Common Earth Model
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EDA: Millennium Volume

Four main groups were identified:
Illite, kaolinite, chlorite, dravite
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Minerals and Key Elements

@ Uraniumenrichmentsin all the groups, although predominantly in the chlorite group.

Colour Shape

Similar behaviourfor Bi, As, Cu, V, Zn, Pb Mo, and 2%Pb. N R

@ Dravite Dominant
@ Tite Dominant
@ Kaolinite Dominant Size

® Thechloritegroupis characterizedby an overallenrichmentin Co and Ni.  essans
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Pathfmder Mass Balance

LA-ICP-MS chemical mapping
of interstitial assemblages,
detrital grains,and cements
provides new insightsintothe
distribution and inventory of
pathfinder elements

’ canadamining
innovationcouncil
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Concentration
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APS Minerals

1 Alkali-deficient Dravite

0.1

T
10

100

Concentration of element in
whole-rock analysis (ppm)
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Pathfinder Mass Balance

Examples:

® Ni is accounted for in
Chlorite and increases
in concentration with
proximity to ore

® REE, and significant U
are accounted for in
APS minerals, Apatite,
and Monazite

® U, and V are not fully
accounted for in the
minerals analyzed; in
or adsorbed to the
surfaces of Fe oxides

% canada )
council
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Overview - Alteration Nserc cmic <y

—0m

Mo (partial) > 0.3 - — 200m
ppm = ;

XX IITTR o T o B Yoo
TR e

“structures”
= “fractures”
] !ite and/or kolinite ] Grey ;;ﬁc'}&e,aﬁon I | N k tO Su rfaC e

+/- dravite, desilicification
[l Vassive hematite-clay

. Chlorite-dravite, illite Overprinted “paleoweathering” . .
B chiorite % Regional “paleoweathering” IS th erea FO ot p rint si g nature

KR
Sericite +/- chlorit ; ; F—
+Ergr%ona?e-gﬂa$tz veins Il Uranium mineralization at th esu I‘f acC er)

[ D Diagenetic dickite
\;’ canadamining

AN

—~
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: Brown fracture coating
‘4 (MC-344-379.3)

fracture face and orientation,
opticaland SEM mineralogy

White and yellow fracture coating
(M C-338-504. 5)

Fractures classified on
colour, mineralogy,
chemistry

Valentino 2017 MSc Queen’s
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Fractures: Stable isotopes s >7

FOOTPRINTS
SW Distal Zone Zone 4 Gap Zone & Bkg ZoneC  woditie
MC-413,415 ' Joyce
MAC-253,250 '
mASL MC-336,338  MC-344 MAC-252 MAC-246,255 | [MAC-208 , MC-434
soo-| | 5 il == T
B o N low-T | . /
N meteoric Sl \
400+ - > Ny U \
i IS = A high-T
{ | meteoric ~f ) 3 hydrothermal
300 >~ ' @ 2 T
highT |} . 3 (2
hydrothermall|f - Y
= STk , high-T |~ 8 1
A |hydrothermal| - ERN '
A A'B B C D DE E

0 100 200m
[ ] overburden [ | MFd [ ] MFc [] MFb [] MFa [l Basement [J] Mineralization [ | Silicified Zone [~ Structure [ ] Drill Hole [*,] Section Line

O Type 1 - MnOx, FeOx (Gth & Hem) & +/- Kin, IIt, Drv (@) Type 5 - I, KIn, Gth & MnOx

8Type 2 - FeOx (Gth) & Drv, Kin, IIt Type 6 - Drusy Quartz +/- Gth & MnOx

Type 3 - Dry, IIt, Kin @ Type 7 - Kin, llt, FeOx
.Type 4 - MnOx and +/- Dry, lIt, Kin

Record of high-T (~200°C), and low-T (25-50°C) fluids preserved in fracture coatings
\—‘ canadamining

~ Valentino 2017 MSc Queen’s ®
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Continuous Leach-ICP-MS nsERc o TG

Black & orange fracture-coating :Z‘(X;ﬁ) What is released with each leaching
(MC-338-121; lIt, KIn, FeOx, MnOx) ——Fe (x0.01) solution?
—Mn (x0.5) Water: Weakly held fine sediment
Multiplierswere used | ——U(03) 10% Hydrogen Peroxide: Dominantly organics (13C
- g y org
to bring elements to _Pb;’;;f;b 1% Nitric: Surfaces - Similar to WAL
acommonscale | __ o) | 30% Nitric: Oxides/Silicates/Sulphides - Similar to AR
10 - Common Pb Radiogenic Pb 4 . 55ES :
H,0 0% Hydrogen | | 19 Nitric 10% Nitric 30% Nitric organic controlon common
9 !4‘ Peroxide 109 Pb becauseassociated
g - ‘08 . 20es traceandmajorelements
(e.g.Mn)appearto be
7] 07 s adsorbedonto organics
E 6 06-3 | 1.5E5 g (Ieachgd with 10% hydrogen
= < Z peroxide)
_g 5 ~0.5 _§ e
© (+150) o 5 .
£ 4 04 - 10e5 2 clay and Fe oxide
g 3 0.3 8 associationwithradiogenic
© Pb (Brown (White & Yellow)
2 02 | 5084  fractures)as Pb, U, Al, and
1 ~0.1 Fe arereleased during 30%
0 o o nitric leach phase
( s 39 73 106 140 174 207 - link to U-rich source (d nc,)ssslnt‘):
Time (min) Valentipo 2017 MSc Queen’s CRSNG




Fractures to Surfac

Inset window

rPRINTS D -

Mobilized Metals and
Distinct Isotopic Signatures

Alteration Halo
L ]
——/_\

[ Post-sandstone fractures’

Ancient Meteoric
H,0+U**

Sandstone

® Whiteand yellow fractures
(Drv, KIn, IIl, Fe oxides (Gth))

® likelyformed from
hydrothermal fluids, reflected
by a near neutral pHand high
6%H values of fibrous goethite,
and anomalous valuesof U, V,
and radiogenic Pb

©, E?;cj;gpary dispersion

- oncouncil
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modified after Kyser
Ancient NH‘E(‘)?Jﬁ _— andUravan Minerals
2

/N

.
At

Brown fractures (Mn oxides, Fe
oxides (Gth and Hem) +/- Kln, lit,
and Drv)

elevated Co, Ba, Tl, Mn and low
207Pp/2%8pPp values throughout the
entiredepth profile

— useful vector

Secondary dispersion
Valentino 2017 MSc Queen’s



Surficial Geology: McArthur River

Important to understand
the geological
relationships in the
glacial deposits to
Interpret results from
media being sampled

- are anomalies from the
glacial deposits, or
mineral deposits at depth
- 500 m

‘ canadamining
&% innovationcouncil
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Pebble Counts and StratigrapHy =

Distal Pebb :
020 3940 9029 4 Y5 g o 20 49 605,100,

'q'.;;...},",.um.“un ol . 2 () O 5 obble o
5 '.."-‘ "J*‘ k 040302049 0 9 70.2%%0.4 g 20 40 0 g0
g r-ﬂ»\_ SERTEST L vt '3 '"‘S“Wh't 34, v
T L PR S Pale Yel[ovg;ﬂll B8 TN Ty

Vel Gre‘y! -s.an.d hmrs ....................................................... e ) e g :‘

g: ._a‘,*,'?“'f‘ FEIL Greylsh Brown Tcll g
sanWae dasnssdue (I ORIy SRR U P A GO ISR . YN S R S e A 90 esass s PuatE e nsre ke nasans
"’ ?’ (Ei “%‘ s . g ) A"_",',"’""" ...... :u -------- q...nr .........
5‘_ »'\__,;. “y > - - ‘.{ ‘ \

.,_,f ’i (e : Pale ?euow T}l « B ;\

P AL e bl 3 VL X _\. ;
ﬁ...‘:‘fﬁi-j- -‘c"ﬁ--ctyg .L"]F"“" ----- ‘? . L < ‘) \ .V

. \" o i | ), 3 Fin G R T N e s i T TR \'.

S ML LARSETRN : o 5 b £ DI BE Oxidized Strauﬂed Coarse Sand
| it b A et g - o i - o — D 5‘5_‘_. -

® Drumlins are stratified. Internal stratigraphy IS complex

® Includes one middle horizon of more ‘distal’ provenance (sandstone-poor,boron depleted,
and Na,O enriched) between two contrasting layers of dominantly ‘local’ provenance
(sandstone/boron-rich and Na,O depleted) + a thin landform-conformable carapace of distal
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Predictive Map Rationale EE Y

® Existing surficial maps in the eastern Athabasca Basin are

based mostly on geomorphology (streamlined vs
hummocky) and dominant surficial sediments (glaciofluvial

vs till)
@ No information on till lithology and provenance, and therefore

prospectivity
Airborne radiometric datasets cover the whole Athabasca

basin and if predictive mapping accurately maps sediments
In the study area then it may be able to be applied elsewhere

In the basin
® Potentially the most cost effective method for mapping
sediments
Scott in prep MSc Waterloo

Scott 2017 GAC-MAC ® NSERC
CRSNG
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Radiometrics and Pebbles
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Predictive Mar R Y
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Multimedia Surficial Sampling x>

| Legend ' o 3
| I ore Body Projection 76!
Y — Trace of P2 Structure
Topography

2016 Completed Stations
2015 Completed Stations

| 6,403,000

Grid 2
(SW area),

Grid1
(background)

. McArthur River
aenc.cmc™) P Site

McArthur River
’t Completed Stations
0 1,00

. 6400000

I T IR (R
NAD 1983 UTM Zone 13N

T 495000 . 496000

' Q Canada mining
»® innovationcouncil

o A-Horizon Soils

o Boulders A Tree Cores

@ Grid 1 (background) . Grid 3 (Zone 4 ore body)
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Multimedia Surficial Sampling:ssas

® Allsample mediaon Grid 3
givethehighestrelative U
concentrationsandthe
most radiogenic Pb*

Higher U andrad. Pb
results on Grids 2and 3
suggestthe P2 faultisa
conduitfor secondary
dispersion even away from
the high-grade ore body

Higher U andrad. Pb
boulders on Grid 2 may
represent glacial
dispersion from Grid 3
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Overburden Stripping s V7S

Develop methods to separate the gravity contribution dueto variable
thickness glacial sediments fromthe gravity contribution dueto

alterationin the sandstones

Better resolution of
alteration at depth

Modelling of synthetic data

- Independent, constrained and joint
Inversions of gravity, seismic refraction
magnetic,and EM data, and
spectral analysis and frequencyfiltering
- Most advanced inversion techniques

: NSERC
2 cgqada councn Ansdell — SEG 2018 Keystone — Footprints U Site mcﬂsw



Rock Properties

Sat Bulk Dens [g/cm3] : Apparent Porosity [%]
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o New datacollected on samples
adjacentto new geochemistry
® Pegmatite -
o Gt samples - McARiver area,
—— and ~500 legacy datafrom
Froves drillholes
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Density

Density (g/ce)
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Vertical sections of constrained joint
inversion models of gravity and magnetic
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Summary of Mode

Seismic
Refraction
(2D)

Independent
Inversion

with caveats

Constrained
Independent
Inversion

Joint Inversion

with caveats

Constrained
Joint Inversion

Filtering and
Spectral analysis
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VTEM

with caveats
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Models with
synthetic and
real data

Good for
OB stripping
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Geophysics example: Seismic:ssas o7

Millennium

® Qp can be extracted from | FistereskTavelime Ampliude
first-break amplitude [y ' "
analysis o o )

® Energy decay shows 7 "
directional (anisotropic) = s
dependence o - j

® Seismic attenuation # LR L A |
Overburden effect (Qp e —— " surtace Elevation
reflects deep lithological P NNy ﬂ({ N

6000

and petrophysical
variations, and locally

very low)
%@ Se|Sm|C FOOtprlnt I hsneo) ” s(180) 1000 3000
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Seismic: 3D Alteration Imagings=>r

Millennium (Q=24)

10° —

" —Ln{A)=-0.00521*depth+11.39 |

*  Amplitude

1
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depth (m)

McArthur River —Q=7.69
Extremely low
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Downhole amplitude
decay in 3D VSP
confirms attenuation
observed in surface
seismic data

Inverted to produce
3D Q model

Q tomography

3D model:

Nearly vertical alteration
zone

From near surface to
unconformity

Limited width (thin?)

Limited lateral extent (fluid
pathway?)

Long-lived, soft, porous,
low Q provides
geotechnical
challenges

NSERC

Ansdell — SEG 2018 Keystone — Footprints U Site Shi in prep PhD Toronto ansne



U Site

Dominated by
geochemistryand
mineralogy

B, dravite (sandstone clasts, various size fractions) < Up to 5 km
207pp/20¢Ph-U (tree cores, soil boulders) <100m
T
...................................................................... > Mg/K < Up to 10 km
............................................... > Mg/Al‘ Up to 5 km
.................... » Mo-C0o-Ga-Rp €==========sssssenss <] tm
. ceap 206Pp/204Pp_207P [y /206 {pmooromoo <1 km
MFd e .;blc.;a_(l;)s< ol o Up to 5 km
» alkali deficient dravite-sudoite < Up to 5 km
@moeeeemeneees High Th-Ba, low base metals ======== » <1km
........................................................................ » Mg/K < Up to 10 km
............................................... > l\/Ig/Al < Up to 5 km
...................... > Mo_CO_Ga_Rb @eeensnnssmsmnnnss <] kM
......................... » HREE-Y <@=ceeeeccesesccnsesss <] km
MFc = e S s Ga-Cs < : Up to 5 km
------ ressesensenneeneneenennne - glkali deficient dravite-sudoite < Up to 5 km
Low Q, high attenuation <100 m
sssmsmssmsssssmsmzsEnns » Mo-Co-Ga-Rb ===
........................ » LREE -
........................ » HREE-Y <@======eceeeecccccees
MFb .............................................. » Ba-Sr-P < Up to 5 km
Low Q, high attenuation <100 m
..... e e MQ/K < Up to 10 km
....................... rersranenssnsnniananaanp Vg/A| € Up to 5 km
--------------------- > MO'CO'Ga'Rb P
........................ » HREE-Y e=>==eeesee
----------------- > 206Pb/204pb_207pb/206pb eeeeensnnnnss
MFa $ 206Pp/204pp_207PH/296Ph < Up to 5 km
........................................ » Bi-Co-Cu-Y-V-Ni = Upto 5 km
......... seeneaennenennenensaannn s dlkali deficient dravite-sudoite < Up to 5 km

Low Q, high attenuation <100 m

Lesher 2017
Exploration 17
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McArthur River and Millennium
McArthur River only
Millennium only
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Increasing concentration

Unconformity with up to 70m or more displacement

Signals most pronounced along
structures to surface and laterally
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U Site Summary IS IS

®@Footprint in sandstone — focus of the project —
mineralogy/geochemistry

®@Molar ratios (e.g. Mg/Al) broaden footprint, and machine learning
supports “chimneys” of select elements

@Fractures can provide access to the surface, but understanding
surficial geology vital

@ Subtle alteration in sandstones (dominated by quartz) means
variation in physical properties is small

@ Challenging to remove the geophysical signature of the
basement, and the overburden to image this subtle alteration

®Most important product may be toolkit of methods, what can be
done/what can’t, for exploration at depth

' 2 NSERC
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Remembering

Mineralogical Association of Conada

Fluids
and Basin

. 7, for exploration
i Evolution 4

Short Coursa Series
Volume
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University of Saskatchewan — 1981-1995
Queen’s University and
Queen’s Facility for Isotope Research
1995 - August 29, 2017
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