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Targeted Geoscience Initiative 4

(TGI-4)

TGI-4 is a collaborative federal geoscience
program that provides industry with the next
generation of geoscience knowledge and
innovative techniques, which will result in more

effective targeting of buried mineral deposits.
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TGI-4 Uranium Collaborations

Cameco Corp.: Denison Mines Corp.:
Alexandre Aubin Vlad Sopuck Chad Sorba
Ry Eont Giany N D.E. Jiricka Enterprises:
Aaron Brown Garnet Wood Dan Jiricka
Tom Kotzer Gerard Zaluski
Tyler Mathieson
Brian McGill AREVA: Peridot Geoscience Ltd.:
Scott Rogers David Quirt Donald Wright
John Robbins
Provincial/Territorial:
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Jason Berenyi (SGS) Claude Dion (MRN-QC) Luke Ootes (NTGO)
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TGI-4 Uranium

Two subprojects:

1) Basement-to-surface expressions of deep mineralization
and refinement of critical factors leading to the genesis of
unconformity-related uranium deposits; and

2) Recognition of uranium ore system alteration signatures in
complex terranes: I0CG vs albite-hosted uranium vs.
volcanic-hosted uranium.
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Due to time constraints, this presentation covers only the key activities in subproject
#1: Basement to surface expressions of deep mineralization and refinement of
critical factors leading to the genesis of unconformity-related uranium deposits



TGI-4 Uranium:
unconformity-related systems

Silicified
& fractured

= dunconformity;

- —

- Basementi s
paleo-weathered graphiticipelite
basement:

After Tourigny, et al,, (2002)
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Taking a system-wide approach to basement to surface expressions of deep
mineralization and refinement of critical factors leading to the genesis of
unconformity-related uranium deposits.



TGI-4 Uranium
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Project areas: 1) Athabasca Basin (Phoenix, Millennium, McArthur River deposits
and the Dufferin Lake zone), 2) Thelon Basin (Bong deposit), and 3) Otish Basin
(Camie River deposit).



TGI-4 Uranium

All Open File Reports cited can be downloaded by searching the report
number on GEOSCAN (http://geoscan.nrcan.gc.ca)
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Graphite-depletion in basement sandstone

unconformity

rocks at the Dufferin Lake Zone "7 Bleachedzone

Marjolaine Pascal, Kevin Ansdell, Irvine Annesley

= Dufferin Lake zone, South of Centennial deposit.

= Presence of graphite-depleted rocks immediately below the
mineralized zone.

= GSC Open File# 7258, Goldschmidt 2012, 2013 & SGA 2013

Pascal et al., (2012) o/ 2 Ath;basc_a Gr;:up @ Bleached Zone
19/ 1 A mRGZ

/ 10

ot A Graphitic pelitic schist
A

Red-Green
Zone (RGZ)

After MacDonald (1985)
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The Dufferin Lake zone in the south-central Athabasca Basin is underlain by highly

deformed variably graphitic pelitic gneisses. Foliation and shear zones extend into a
zone immediately below the unconformity in which graphite has been lost. The goal

of this project was to provide possible constraints on the processes that might have

been operating to consume the graphite.



Different Raman spectra of carbon species

in the different zones at Dufferin Lake

SlSecond-order region
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Raman spectra were obtained from carbon species in shear zones and surrounding
rocks in the basement, and of the rare carbon species in the RedGreen Zone
(RGZ). No carbon species were recognized in the bleached zone above the RGZ.
The distinct G peak, and obvious S1 peaks indicate well-crystallized graphite,
whereas the presence of D1 and G, and S1 and S2 together indicate poorly-
crystallized carbon, or carbonaceous matter.

In the basement: well-ordered carbon species (graphite) dominate

RGZ zone: where present, mostly amorphous carbon, but appears to be some more
crystalline carbon species in the upper part of the RGZ



* No recognized carbon species (C & S consumption/depletion)
Bleached -« most highly altered with enrichments in Al, Na, K, B, and U
Zone * Quartz and hematite dissolution, dravite formation
* Important fluid-rock interactions

— * Variable loss of carbon (+ sulfide) confirmed macroscopically,
petrographically, and geochemically
» Carbon species present, but in very low quantities
* Mainly amorphous carbon
RedGreen ° Similar major element composition with the graphitic pelitic
Zone (RGZ) = 5"t | | o
* Quartz £ hematite overprint the original fabric, and may be
linked to the loss of graphite (exact timing unknown)
* Evidence for 2 brines:
* The regional basinal fluid (Na-Ca-Mg brine)

* An evolved brine possibly related to U mineralization (Na-Ca-
Mg-Li brine)

Variably . N.O fresh rc?cks (Variak?ly retrograded) .

e » Different kinds of mainly well-ordered carbon species
Graphitic * Monophase vapor Fl - Could be generated by the breakdown of
Pelitic Schist graphite to CH, and associated feldspars/micas to NH, and N,/H,

possible reductants for uranium precipitation

After MacDonald (1985)

In summary, and working from the bottom up. The Variably Graphitic Pelitic Schist
(VGPS) has been affected by retrograde metamorphism, and interaction with fluids
of various ages along structures. Raman analyses indicate the dominance of well-
crystalline carbon, and fluid inclusions in quartz veins contain N2 and CH4, which
may have been generated by the breakdown of graphite, micas and feldspars.
Similar fluids may have escaped upward and acted as reductants. Wilson et al.,
(2007), Ramaekers and Catuneanu (2013) and Chi et al., (2014) have proposed
that CH4 may be related to post-ore alteration of hydrocarbons derived from the
overlying Douglas Formation or Western Canada sedimentary basin rocks.

The RGZ is texturally similar to the VGPS, and has a similar major element
composition. However has lost S and C, but amorphous carbon still exists. Aqueous
inclusions are also seen in quartz veins, that suggest that both the regional basinal
fluid, and an evolved brine linked to U mineralization in other deposits, has
interacted with these rocks.

The thin bleached zone at the unconformity is the most highly altered, enriched in a
variety of elements including U and B — dravite, completely depleted in C and S,
and has likely been affected by fluids over a significant length of time.

Overall, there is textural, geochemical, Raman, and fluid inclusion evidence that the
carbon species in the basement have been consumed, although this may be linked
to multiple processes along the PT-t path followed by the rocks, such as retrograde
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metamorphism, weathering, and interaction with basinal fluids of various types. The
timing of the generation of C- and N-bearing fluids/gases is not known, but may have
occurred at the time of uranium mineralization.
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Erin Adlakha, Keiko Hattori, Gerard Zaluski,
Tom Kotzer, Eric Potter

Alteration similar to ore zone: sudoite

- ‘ - APS=aluminum phosphaté
t illite, Mgf (magnesiofoitite), zoned APS sulphate minerals

Spatial association and similar chemistry along the P2 suggests that
outer rims of APS plus Mgf were contemporaneous & formed by
uraniferous oxidizing fluid — outer rims of APS also contain trace
amounts of U

Suggests the P2 fault it was conduit for uraniferous fluids

However, the fluids did not form U deposits all along the P2.....the
deposits required interaction with focused reduced media to

precipitate uraninite.  Gsc gpen File Reports: 7365, 7462,

Goldschmidt 2013, SGA 2013, GAC-MAC 2014

i+l
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Iron and Magnesium isotopic signatures

related uranium precipitation processes

Two components:
a) whole rock and clay-size fractions (Bong & McArthur River deposits; Potter et
al.)
b) Clay (chlorite) fractions (McArthur River deposit; Kyser et al.)

Fractionation is temperature e

dependent and strongly influenced
by redox reactions (cf. Dideriksen et 7
al, 2010; Hill et al, 2010; Liu et al,
2010; Teng et al., 2010).

Kuungmi: thin, K-rich mafic lavas ~1.54 Ga ~ wager

2.

As a result, there is potential for
distinct populations that reflect
weathering, diagenetic, and
hydrothermal/redox origins. Gl
Outputs: Potter et al., GAC-MAC
2014; Sci. Presentation in press,
Kyser et al., open file in prep.

From Jefferson
et al. (2014)
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Whole-rock Fe & Mg isotopes: Bong deposit [} “ZW{

horizons B

Eric Potter, Ryan Sharpe, Isabelle Girard,
Mostafa Fayek, David Quirt, John Robbins

Hematite-

= Elevated &°/Fe values associated with the U-bearing rich fault

clay alteration and hematite-bearing horizons -
correlate with relatively losses in iron via Fe?*

= Whole-rock vs clay fractions: Fe isotopic shifts in
hematite-rich horizons dominated by clay-size fraction
—low vs. higher temperature processes Bainand {0

Morrison (2008)
—
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Whole rock Mg isotopes: Bong deposit
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526Mgpsu (% clay fraction)

= Elevated 62°Mg values associated with the U-bearing clay alteration and the lower
unit of the upper hematite-bearing horizons - reflecting presence of illite-rich
alteration (cf. Wimpenny et al., 2014)

= However, clay-altered zone above the U-bearing clay alteration yielded negative
values, which may reflect presence of carbonate minerals or relative sudoite-chlorite
abundances (cf. Riegler et al., 2014)

°?

Unaltered
(Metamorphic micas)

3
i
8
3

§
v

(above): distribution of
illite & sudoite (Riegler et
al. 2014)

(Metamorphic Chiorite)
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Fe and Mg isotopic composition of

clay minerals from McArthur River

Kurt Kyser, Andrés Acevedo, Urmidola Raye, Don Chipley
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Geochemical Anomalies in host rocks:

o Phoenix Deposit

Jack Dann, Keik;) Hattori, Eric Potter, Chad Sorba

WS shear zone at the Phoenix Deposit.

= Elevated concentrations of U, B, Pb and, Ni, Co, Cu, As, Y and REEs in
sandstones over 400 meters above the uranium deposit and along the

vertical chimneys
from deposit to
the surface

= GSC Open File
Reports:
7366 & 7463

200msl =345m

o) SE

Basement =410m Fig.16(A)

i i )_

| Orebodies

- m Basement

Dann et al., (2013)
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Elemental assemblages in Athabasca

Group sandstones, Phoenix Deposit

Chris Chen, Keiko
Hattori, Eric Grunsky

* Elemental
associations:
* LREE
* U, HREE
* B, Na, Ni, Mg
* Sr,P
* K, Fe, Mn Th
*  Each Member/
Formation has
unigque signature
GSC Open File Report
7578
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Elemental assemblages in Athabasca Group

sandstones, Maw Zone
C en, Keiko Hattori, Eric Grunsky

Maw Zone: REE-bearing
breccia with no significant
U, ca. 6 km SW of the
Phoenix deposit.

Different element
associations reflecting
difference processes.

Correlation between U, Fe,
V, Cr = oxidizing fluids
were U-bearing, but no
efficient reductants

GSC Open File Report

in press

@
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Distal Expressions of buried U

Dona

ld Wright, Eric Potter

Peridot
iGeoscience

A compilation of
geochemical sampling
over the Athabasca
Basin to encourage
examination of regional
signatures.

Sources:

+ Saskatchewan Geological
Survey Data File Publications
+ Saskatchewan Mineral

Assessment Database Files
Contents:
= 30,256 Samples
o 50% Athabasca Group
o 50% Basement
* Digestions:
o Partial Digest
o Total Digest
* Analyses
o ~50% U + select elements
o ~50% Multielement
« Metadata include:
o Spatial Coordinates
o Company
o Laboratory
o Sample Lithology

T
P |

[

Zemlak——" ©

Saskatchewan j
@ "

O Known U occurrences

57°

Wright & Potter (2014), background after multiple sources: see notes

Map compiled from several sources, including:
. Base lithological map and major structures: Jefferson et al. (2007); Ramaekers et al. (2007); Bosman and Schwab

(2009); Bosman et al. (2012); Saskatchewan Geological Atlas.

Structures in the East Athabasca: Portella and Annesley (2000)



Regional Surface Rock Geochemistry,

Athabasca Basin, Saskatchewan
G File Reports: 7495 & 7614

Key Observations i 108° 1OGONor{hwest Territories
1. Important geochemical ;
signatures are recorded by
the uppermost units
across the basin

2. Geochemical signatures
highlight lineamentsand
lineamentintersections
are loci for uranium
mineralization

3. Aregional hydrothermal U
signature is also expressed
in the Wolverine Point Fm.

Geochemical Signaturesin

samples <50 m depth 58°
L} U Enrichment
[ ] Hydrothermal
v Distal

Lineament Extensions

- Dy-070° ]
-=  Dy-110° § : £ R Tt : / A
_~~ After Portella & Annesley (2000) |3 X 7 - el _ _; &
-_— / T / R Pl 57
©iknown Uoccurmences Wright & Potter (2014), background after multiple sources: see notes

Regional examination and integration of geochemical data with other components of the uranium exploration model
can influence mineral exploration.

Key Observations:

1. Geochemical signatures of hydrothermal alteration (Y?/Th, P,0s/TiO, MgO/Li, Li), distal alteration (Cu?/Co, U%Th) and
focused uranium mineralization (U%/Th) are present in the upper exposed and near-surface units of the Athabasca
Basin;

2. Geochemical signatures correspond with lineaments and highlight lineament intersections are loci for uranium
mineralization; and

3. Adistinct but locally stratabound hydrothermal signature that is possibly temporally and genetically related to focused
uranium deposition elsewhere in the Athabasca Basin is also expressed in the Wolverine Point Formation (U%Th,
Y2/Th, P,0O4/TiO,).

Map compiled from several sources, including:

. Base lithological map and major structures: Jefferson et al. (2007); Ramaekers et al. (2007); Bosman and Schwab
(2009); Bosman et al. (2012); Saskatchewan Geological Atlas.

. Structures in the East Athabasca: Portella and Annesley (2000)



Regional Surface Rock Geochemistry,

Athabasca Basin, Saskatchewan
‘ ile Reports: 7495 & 7614

Key Observations 19’: 108° 1OESVV)Norlhwest Territories
1. Important geochemical 2 — 2 ——————— T S
signatures are recorded by
the uppermost units
across the basin

2. Geochemical signatures
highlight lineaments and
lineament intersections
are loci for uranium
mineralization

Lineament Orientations
Portella and Annesley (2000)

3. A regionalhydrothermal
U signature s also
expressedin the
Wolverine Point Fm.

Geochemical Signatures
(Surface Samples (< 50 m)
® U Enrichment
B Hydrothermal
v Distal

Structural Features

After multiple references, see notes,
~— Diabase dyke trace
— Lineaments

A ' Cane L= ":’_77 = 570

O Known Uoccurrences  Wright & Potter (2014), background after multiple sources: see notes

Sdasracnewan

Regional examination and integration of geochemical data with other components of the uranium exploration model
can influence mineral exploration.

Key Observations:
1. Geochemical signatures of alteration and focused uranium mineralization are present in the upper exposed and near-
surface units of the Athabasca Basin;

2. Geochemical signatures correspond with lineaments and highlight lineament intersections are loci for uranium
mineralization; and

3. Adistinct but locally stratabound hydrothermal signature that is possibly temporally and genetically related to focused
uranium deposition elsewhere in the Athabasca Basin is also expressed in the Wolverine Point Formation.

Map compiled from several sources, including:

. Base lithological map and major structures: Jefferson et al. (2007); Ramaekers et al. (2007); Bosman and Schwab
(2009); Bosman et al. (2012); Saskatchewan Geological Atlas.

. Structures in the East Athabasca: Portella and Annesley (2000)
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NwW e E
water above Millennium deposit - ¥
<|7 [}
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£ |n I 1
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& gma 26405 2.6406 2607 -———- Phoenixdeposit Power etal., (2012)
i log(1/He)  Power et al., (2013) :__ _'l fault [. (surface projection)

Overlying the surface projection of the ore body and ore-hosting fault, contents of
uranium (5.7 ppm U), molybdenum (4.8 ppm Mo), cobalt (5.2 ppm Co), silver (0.98
ppm Ag) and tungsten (100 ppm W) are elevated relative to background values.
Likewise, in B-horizon soil, uranium (with maximum concentration of 573 ppb U),
silver (11 ppb Ag) and tungsten (16 ppb W) are elevated relative to background
values.
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Millennium Sampling Locations

Surficial Geochemical -
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Fluid-structural relationships and

3D modelling, SE Athabasca Basin

106°0°0°W 105°0'0°W

Zenghua Li, Kathryn Bethune, £
Guoxiang Chi, Sean Bosman, Colin &
Card

58'0'0
E
ol
=
—

W |
—
58°00°N|
SE0'0°N)

Evaluating the spatial configuration
of basement structures, the
unconformity surface and younger
fault sets, as well as clay alteration
patterns in relation to lithology and
structure, to model where, when
and how U-bearing fluids travelled

57°0°0°N
STFOON

GSC Open File # 7436,
GAC-MAC 2013 & 2014
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Fluid-structural relationships and

3D modelling, SE Athabasca Basin

Nearly all the deposits & prospects are associated with topographic features visible
on the unconformity surface. The features are a function of three principal factors:

1) pre-Athabasca group ductile faulting; 2) differential weathering/erosion;

3) post-Athabasca fault reactivation, localized in
pre-existing, graphite-rich ductile shear zones.

42000 430000 40000 450000 460000 4700 43000 49000 50000 51000 520000 530000 54000

Li et al. (2013) & m
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Fluid-structural relationships and

3D modelling, Athabasca Basin

Guoxiang Chi, Zenghua Li, Kathryn Bethune

If 5 km of eroded sediment above the preserved Athabasca strata are assumed
to be composed of 50:50 mix of shale and sand with moderate permeability, the
fluid overpressures developed within this layer are so small that the fluid
pressures are essentially hydrostatic (base model).

Despite this, the fluid overpressure gradient was sufficient to drive oil generated
in the Douglas Formation downward, although gas migrates upward.

In contrast, if the permeabilities are taken to be one order of magnitude lower
than the base model, fluid overpressures generated in the eroded strata are
significantly higher, and both oil plus gas generated in the Douglas Formation are
driven downward.

Therefore, this study (Chi et al., 2013) confirms that it is hydrodynamically
possible that some hydrocarbons found in the unconformity-related uranium

deposits were derived from the Douglas Formation, as suggested by Wilson et al.

(2007)
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= . Summary & Significance

Critical Factors:
Reinforcement of historical models and research using modern techniques

= Graphite and sulfide depletion, alteration of feldspars/micas and evidence
of two brines occur in the immediate basement rocks underlying U
mineralization (Pascal et al.)

= Mg and Fe isotopic compositions record clay formation (Mg) and redox
reactions (Fe; Potter et al., Kyser et al.)

= Likely more than one process leading to highly efficient U reduction and
ore preservation with potential applications for exploration

= Evidence for U-bearing fluid movement along the P2 fault — localization of
ore related to presence of an efficient reductant (Adlakha et al.)
= Topography of the unconformity likely focused fluid flow along the base of

the sandstone column, as illustrated on the SE corridor of the Athabasca
Basin (Li et al.)
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. Summary & Significance

>, '/’r i

Expressions of deeply-buried mineralization:

Geochemical signatures related to the deposits can extend 400m
vertically from the deposit to the top of the sandstones (Dann et al.)

Geochemical anomalies in soils and dissolved gases in groundwater
overlie deeply buried (ca. 750 m) deposits (Power et al.)

Geochemical signatures related to hydrothermal alteration and U
enrichment processes are visible on the basin-wide scale (Wright &
Potter)

3D modelling of basin architectures — coupled with fluid-flow
modelling can be used to focus future exploration (Chi et al.)
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