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METAL FRACTIONATION
FROM ULTRABASIC ROCKS TO GRANITES

ppm Ultrabasic Basic  Intermediate Granites X
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INCOMPATIBLE BEHAVIOR



WHAT IS AN INCOMPATIBLE ELEMENT ?

W(— MANTLE = SILICATES

Mg2* low charge ]
small ionic radius | = Ni%* = 0.69
O @

Mg+ @ 1 0,72A < > |

ith the silicate network



U INCOMPATIBLE BEHAVIOUR

=» several major geochemical, geophysical and metallogenic consequences:

(1) U continuously transferred from the mantle to the Earth crust, & within the
continental crust towards its upper part together with Th, K, ...

(i) radiogenic heat production is maximized in the upper crust = radiogenic heat
flux production may delineate radioelement enriched crustal blocks,

(ili) the most felsic melts tend to be the most enriched in U,
(iv) granites & rhyolites = primary U sources for the formation of most U deposits

Average granite (U= 3-4 ppm), U mainly in zircon, apatite, monazite, titanite, ...
from which U cannot be leached by most geological fluids.

Some specific granites have higher U contents permitting crystallization of
other accessory minerals from which U can be more or less easily leached

for the formation of U deposits = “fertile granites” of Moreau ‘1966‘



. ___________________________________________________________
U continuously transferred from the mantle to the Earth crust

Mantle
84% Earth vol./ 68% mass

7 ppb U 0. 021pP

(Carbonaceous Primi
chondrites) 0.x ppk Mantle

Core
16% Earthvolum

31% of its ma




Fondamental fractionation processes in magmas

Partial melting

Fractional crystallisation

Sediment subduction and mantle metasomatism
Mixing with crustal material

Melt/fluid fractionation



Magma aluminous indices to classify magmatic rocks

All[(Na+K+2Ca) = A/ICNK  in cations
= ASI| Aluminium Saturation Index

All(Na+K) ou (Na+K) Al = AGPAICITY

why ?




U-rich magma classification using aluminous indices

METALUMINOUS
High-K
Calc-alkaline

quartz saturated
& undersaturated
series

A1 Type

Leucogranites
(two micas)
S-Type

1.1 Al/(Na+K+2Ca)

pars

IMPOSSIBLE
COMPOSITION
FIELD

Al/(NatK)=1 &
Al/(Nat+K+2Ca) = 1
when
Al-Na-K-Ca in feldspars only

All(Na+K+2Ca) > 1
= peraluminous
All(Na+K+2Ca) < 1
& Al(Na+K) < 1
= peralkaline

All(Na+K+2Ca) >1
& All(Na+K) > 1

> calc-alkaline




Why using aluminous indices
{o]
magma classification ?




Uo, SOLUBILITY IN GRANITIC MELTS

U (ppm) 780°C
In the 2 kbar
silicate
melt
Oxygen buffers
'A Cu20 CuO
. O H.M.
:PERALUMINOUS | PERALKALINE HONi-Nio
Peiffert et al., 1996 0. " 0Na+K/A| 4 18



-

INOUS

-

|

-

.
.

.
-
-

-
-

.

.
-

i
.

_

i

.
.
-

-
-
.
-

-

-

.
.

.
.
-
-
-
.
-
-
-
-

-

-

.
.
.
-
-

.
.
.

-

-

.
.
.

-
.

.
.
-

.

-

-

-

-
.
-
-

.

e

-

.

-

-

.
.

.
-
-

.
.

.
.

.

.
.

.

sk

i

o

-
-
-
-

-
-
-
-
-

-

-

.

.
-
-
-
-

.
-
-

-

o

.
-

e

o

o

peralkal
1.
Al+S

-
-
-
-

o

.
-
.
.

.
i
-
w
-

i

i

-

i

-
.
-

o

i

-
.
-

-
-
-
-
-

-
-
-

-

-

-
.

.
.
.

L
-
-
-
-
-
-
-

-
-

.
-
e
.

.*
=
.

.*
.
.
.
.

.
=

=

-

.

-

.
.
.
o
.

4

-
.
-
.
.
-

-
-
-

o
g
“Er e ry |

.
.

.

i

.
-

-

-
.
-
-

.

Y
s

-
-

o
.
-
-

0

L

i
i

.
.
.
.
.

.

P
-
-
.
.

-
.
.

-
.
.
.

-

-

-

.
.

.
-
-

-
-
.
-
&
-

.

.
.
.

-
*
-
o
.
i

.
-
-
.
o
.

-

.

.
-
-
-
.

.
.
.
-
i

-
=

.
.
.
@
[

-
.

.

-
-
-

o

-
-

-
-
-
-

.

.

.

i

-

i

]
.
-

i
-

-
.
.

.

o

-

=R

S

e
i

.

.
i

i
-

.
.

-

-

"

-
-

.

|
|
-

i

-

.

o
-
-

.
-

-
.
.

.

i

L]

|

b
.

i

-
-

-

-
o

.

]

.
ko

i i

-
o

-
e
-

- r
e
o

o

o

i

R
S

-
i

.

-

.
-
-

.
i

-
.
-

Fy

-
-

-
-

.
¢

.
.
[
[

-
]
7

o
-

.

-
o

o
-
-

.

.
.

-
-
.

-
|
i
| ]

-
-
-
-

-
.

-
-

i

.
- - %

.
|

.

|

!

-

|

.

S
-
|

-
-
.

-

o

. o
i

£

e
S

o
o

5

.

i %

-
-

-
St

i
L

O
0)

-
-

.
o

o

=

.

-
-
-
-
-

-4
'

+

=

-
. .. & By
. F W - N

1

(¢8°0/33¥ U7

MONAZITE SOLUBILITY IN SILICATE MELTS

from Montel, 1986




THREE TYPES OF U - RICH ACIDIC MAGMAS
) Na+K > Al

Riebeckite, Aegyrine, Avfedsonite
betafite, thorite, complex U, Th,REE,Zr minerals

e METALUMINOUS HIGH-K CALC-ALKALINE MAGMAS
Al < Na+K+2Ca

Amphibole, Pyroxene, biotite
Allanite, U-thorite, titanite, £ Th-rich uraninite, magnetite
Enriched in U, Th, REE

e PERALUMINOUS FELSIC MAGMAS
Al > Na+K+2Ca

Al-biotite, Muscovite, * sill, andalusite, garnet, topaz, tourmaline
Low-Th uraninite, monazite, ilmenite

Enriched in Ui ﬁoor In Thi REEi Zr ...



Na+K>1 + high T = highly depolymerized
Very high solubility of accessory minerals

\4
very high U, Th, Zr, REE, Nb, Ta, ... contents
continuously enriched in the residual melts

\Y4 \4
Granites/Syenites : crystalliz. of a complex
mineral paragenesis : zircon,
U-Th-Zr silicophosphates, Nb-Ta oxydes,

\4 \Y4 Th,

Zr,
\V4 REE /
\ 4

Ex : - Streltsov (Russia) Ex. : - llimaussaqg, Groenland (syenites)

Volcanic rocks :
U in the glassy matrix

- McDermitt (USA) - Bokan Mountain Alaska (granites)



llimmaasag

SUPERFICIAL DEPOSITS
Il V- LUJAVRITE

[[] ARFVEDSONITE LUJAVRITE
LUJAVRITE TRANSITION ZONE

AEGIRINE LUJAVRITE

ﬂ KAKORTOKITE &
= MARGINAL PEGMATITE

NAUJAITE
SODALITE FOYAITE

] PULASKITE FOYAITE

=] GARDAR SUPRACRUSTALS

BASEMENT GRANITE

Grennedat-lka

v S
‘Kﬂnggétlvigtu
AR

3

llimausacq (Greenland)

peralkaline complexe

Nunasamaq

U mineralization
In the most fractionated part
where fluid oversaturation occured

=» simultaneous enrichment in :
U, Th, Zr, REE, Nb,Ta, F ...
Uin '

licophosphate of U, Th, Zr, REE, Nb,Ta

ARDAR INTRUSIONS
ARDAR SUPRACRUSTALS



Turginskaya suite

vV ] Massive and fluidal felsites,
. and their tufflavas

Andesites

.............. -

1. Shironoskoye
2. Streltsovskoye
3. Antei
4. Oktabraskoye
5.

6. Martoskoye
7. Malo-Tulukuyev
8

9. Yubilenoye
10. Vesenney
11.

12. Pyatletneye
13. KranyKamen
14.

15. Zherlovoye
16. Argunskoye
17.

18. Dalnee

Priargunskaya suits
L 1 Lower sheet of trachydacites

Lower sheet of andesite=-basalts |

Variscan granite

; xJ Caledonian granite

GEOLOGIC MAP OF THE STRELTSOVSKY ORE FIELD
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L
U loss evaluation from U-contents of melt inclusions

(acidic volcanics compared to altered rhyolites)
STRELTSOV caldera

1000 §
® Magmatic inclusions
Streltsovky (Russia)
&100
& @ Average altered
= Streltsovky rhyolite
DN

10 §
- Magmatic inclusions
Dornot (Mongolia)

1 1 1 100 U PPM




Conceptual model for U deposits related to peralkaline magmatism

pyroclastic tuffs

Intracontinental

. . cauldron
sedimentary basin subsidence

Underplated
Mantle : basalts

- Primitive : Uo Crystal
- Depleted : U-1 fractionation







-Melt inclusion geochemistry from sandstone-
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PERALUMINOUS MAGMAS

Highly polymerized : AICNK>1+low T

-V .
Accessory minerals low solubility

\ 4
low Th, Zr, REE,... contents
continuously depieted in the residual melts

A\ 4

Early crystallization of monazite and zircon
With limited amount of U

\ 4
U enriched in residual silicate melts (up to some tens of ppm)
\ 4 v Th

Volcanic rocks: RARE ' ' Granites: U >> as low-Th URANINITE
>

Ex. : - St Sylvestre (Limousin)

Ex. : - Macusani (Peru) - Erzgebirge (Germany)
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MACUSANI YELLOW CAKE

"KIHITIAN CONMCESSION", CHILCUNO-CHICO PROJECT
N-5 PROFILE. LOOKING WEST
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HIGH-K CALC-ALKALINE MAGMAS
Intermediate : AICNK ~ 1 + moderately high T

\4

Accessory minerals intermediate solubility

\4
high U, Th, Zr, REE, Nb, Ta, ...

constant or decreasing in the residual melts

A\
High Ca- * Monazite not stable
contents =~ REE in Ca-minerals -
\V4 - amphibole, allanite, titanite
Volcanic rocks Granites Th

. . Allanite+
Variable fertility Th>U D e B
According to U-thorite
glass/accessory mineral ratio || J>Th D> + uraninite

Ex.: Ben Lomond (Australia)




Geologic
Map of the
Olympic Dam
Iron Oxide

(I0CG)
deposit

Haematite-matrix-rich Barren quartz

| u
high-K calc-
Roxby Downs Granite _ _ __ _ granite breccias hasmalite breccias _ -

Heterolithic granite and

u
Granite and granite breccias__ hasmatite breccias__ _ _ __ _ Volcaniclastics e al kal I n e m a m a
i) g
_"'-l': -:‘:

Granite-rich breccias _ _ _ _ Haematite-rich breccias




Property Location Map

Infrastructure
,,,,,,,,,,,,, - Labrador Highway
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ANATECTIC PEGMATOIDS

Partial melting of U rich metasediments and/or metavolcanics
Low A/CNK :V~ 11+ lowT

Accessory minerals intermediate solubility

\%
high U and/or Th and/or Zr andior REE andior Nb, Ta,

depending of the nature of the source
constant or decreasing in the residual melts

\
Uraninite + Monazite + Allanite + Uranothorite,

+ Zircon £ Nb-Ta minerals + ...

e

Ex.: Rossing (Namibia)



ANATECTIC PEGMATOIDS

Cross-section of the Rossing alaskite body geology & boreholes

(drill section zero)
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1000

100
Th (ppm)

10
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{
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U-Th
relationships
in the
Rossing
Alaskites
&

metsediments

Cuney, 1981




U - Th FRACTIONATION IN THE
3 TYPES OFAU RICH ACIDIC MAGMAS

Complex U-Th- REE
< 7merals

4
granite

Peralkaline Peraluminous Metaluminous




CONCLUSIONS

Three types of U-rich felsic magmas identified:

e Peralkaline (fractionated A1-type)
Weakly fertile granites (U in highly refractory phases)
e Examples: llimausacq (Groenland), Bokan Montain (Alaska)

Highly fertile volcanics if high glass/crystal ratio
e Example: Streltsovka (Russia), Dornot (Mongolia)

e Metaluminous high-K calc-alkaline (A2-type)
Fertile granites if uraninite-rich or metamict accessories for vein & sedimentary
deposits

Fertiles volcanics if large glass/crystal ratio
e Examples : Source for Olympic Dam deposit

e Peraluminous felsic : + Anatectic pegmatoids

Uraninite bearing granites
e Very fertile for vein type deposits & sec. dep. in sedimentary basins
e Example: Variscan belt (Europe), Yenshanian belt (China), ...

Peraluminous volcanics :

e Fertile for vein type deposits, rare
e Example : Macusani (Peru)



