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ERA-MIN2 AUREOLE project

Why Antimony ?

Antimony & tungsten are classified as critical metals for EU (European Commission
2017 com. 490)

- Antimony deposits are common in Europe

- Au, W, Hg, As are frequently associated with Sb deposits at various grades.

The toxicity of Sb, As, Hg being more and more recognized, it is now essential to
establish environmental hazard maps at belt scale.

A better knowledge of EU areas of high potential for discoveries of Antimony deposits
could limit the effect of possible future Chinese quotas on supplies
- The geological processes that control Sb ore deposits distribution are
poorly constrained
— The geological processes that control co-products grades, for example, W
as scheelite up to 1 wt %, Au, Hg, etc are presently unknown.

The Variscan belt was the first world producer at the begining of XX century and
show a strong potential for Sb-type ore deposits
- The Armorican - Iberian arc as study area
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General concept
Geochemical haloes associated

to Sb mineralisation at the earth
surface are strongly localised
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Sb: a metalloid presenting multiple species in environment

[ Chemical speciation of Sb ]
I

I 1S
{ Inorganic species ] [ Organic species ]
( Minerals
Solid Sb,5, Sb,0, Methylated
O Sb,0, (orthorhombic) Sb,0, (cubic) Y
.
(
Gaseous St!blne i Sb.H3. (CH3)SbO(OH),
Trimethylstibine - Sb(CH,), (CH,),Sb(0)OH
\ (CH,);Sb
(CH;),SbCl,
Sb(V) Sh(lll)
Sh(OH), Sh(OH), or HSbO,
Sb(OH), or Sb(OH),*, Sb(OH),
SbOy H,Sb,S, , HSb,S, , Sb,S,%

Herath et al., Env. Pol., 2017 AUREOLE
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Sbh: a metalloid presenting multiple species in environment
* Mobilization from host mineral phases:
Oxyde : Sb,04(s) + 3 H,0O(l) = 2 Sb(OH); aq - low solubility (10° mol.L?, 3<pH<9, Baes and Mesmer, 1976)
Sulfide : Sb,S5(s) + 6 O, + 2 H,0 = 2Sb(OH); aq + 3 H,SO, aq - acidic and aerobic conditions
Sulfide : Sb,S;5(s) + 6 H,0O(l) =2Sb(OH); aq + 3 H,S aq - alkaline conditions pH > 9 (Hu et al., 2016)

» In presence of hydrogen sulfide and neutral — high pH: formation of thio-Sb
soluble complexes

 Acidic and anaerobic conditions + hydrogen sulfide: stability and/or
precipitation of Sb sulfide

Toxicity Sblll > SbV but mobility Sblll < SbV in neutral pH condition
Sb mobility is higher with reducing conditions, associated to Fe2+
Adsorption of Sb onto oxides, clay and natural organic matter

Geo and bioavailable chemical species (Sb, Hg, As, etc) have a
mobilization controlled by surface physico-chemical and bacterial
processes associated with local specificities (rainfall, temperature, =
morphology, supergene weathering, etc) S

AUREOLE
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General concept

* Improvment of spatial prediction for Sb, Hg and As in soils (for both mineral
exploration and to prevent health issues) is required.

* It can be achieved only by focusing high definition soil survey on prospective areas
highlighted by mineral prospectivity methods based on the understanding of
processes that control ore location and chemical element mobilization or
immobilisation at the surface

Sb mineral prospectlwty map using CeII-Based Analysis method Spatial prediction of Hg in soils 16 x 16km grid

3 Provinos & Sb de Beotagne
," CHA - Ranking par rapports
s frégeanca sur les formations

géslogigques ot b glopty sique
Selection das calldes A score > 43

G precene

Le Semnon

D e G ..

e district
o SO1

b G - N GROUPEMENT _ '
| =? » 0125 28 T st “ '. e - N SDCII::IS)ROUISOL A -=

?
Gloaguen et al,, 2016a https://agroenvgeo.data.inra.fr/geoserver/gissol_rmags/wms?
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General concept

The aim is to provide :
v' Risk assessment maps for environmental issues
v' Mineral prospectivity maps for Mineral exploration

Both based on a new metallogenical model and a better constraint of parameters
that control metals/metalloids behavior at the earth surface

Terrane model, rainfall, climate
. T

= — R——

Supergene weathering map

AUREOLE
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Sb £+ Au occurrences in the European Variscan belt

Avalonia-Laurussia [ Comwall & ;
Saxo-Thuringian ] S ®Mienlsh
Ibero-Armorica - - —r—-/‘/ D Massif V
Chiitniaa [ peformed zone @
Foreland

Already studied | - = ,/
A: Pochon PhD |78

Vosges — Black
Forest

ey P
[ & Massif
Central
7
: o/ o
x/ D
- -
e
Y
,—/J - - .
P S Sb * Au deposits occur within many terranes

Main study area of the AU___R_'_EOLE project

AURQOLE

G



ERA-MIN2 AUREOLE project

Sb £+ Au occurrences in the European Variscan belt

450 400 350 300 Time (Ma)
Armorican Massif 34588 7.1 (u-Pb)
Le Semnon Sb-Au deposit Le Semnon —
Sb-Au deposit 356t 1.4 (*Ar-*Ar)
La Lucette Sb-Au mine P—— = - 300 % 11 (U-Pb)
—e
Quimper-Cap Sizun Sb district 305 £ 16 (Pb-Pb)
@cs)
Late Variscan

Chateau-Gontier Au district (CG) SV
Beslé Au(+Sb) distict (Bes.) - g
Saint-Aubin-des-Chéateaux base 6-323 ("Ar-“An) Sa
metal-Sb+Au occurrence ) 253

= 359.0 % 0.9 (MARAr) 3
La Belliére Au(+Sb) deposit (B) ™ , Late Variscan
Vendée Sh(xAu) district (V) “lie.t.e‘:I Variscan

& WA,
French Massif Central 310-300 (K-Ar and *Ar-“Ar)
363-359 (PAr-“Ar) —d ,
Iberian Massif 2 ) ”Ezzf.e' Variscan
z g 8-330
Bohemian Massif »—q .3 .3 i 2 ..L.?r.e. wacan
40

Rhenish Massif 345-338 (“Ar-“Ar)  Late Variscan
Cornwall  Late Vanscan

Relative ages
i (crosscutting relations

andlor geological constraints)

p—o Radiometric absolute ages
Pl Maxima radiometric absolute ages

with subsequent isotopic pertubations

Modified from Pochon et al (2019)

Variscan Sb deposits are
associated at least with 2
events

Remobilisation from the ca
360Ma event or new
events?

AURQOLE
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Metallogenic Model: Sb mineralisation genetically related to the “Or 300 Ma” event

THERELA RESEARCH

A The massive stibnite veins of the French Palaeozoic
gl basement: a metallogenic marker of Late Variscan brittle
extension
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Sb £+ Au occurrences in the European Variscan belt
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Paleozoic sedimentary series
[ | Carboniferous (Chateaulin and Laval basins) Sb * Au and Au * Sb mineralization SAD
I Cambrian-Devonian A Au gz type
[ Early Paleozoic orthogneisses O Stb-Au qz type v
[ Neoproterozoic basement ® Stb gz type N
) ) @ Sb-Sulfosalts without Stb
Magmatism Variscan metamorphic units © Sb-Sulfosalts and gold 50 km
B Carboniferous granites g Ecogte and blueschist ~ ———— = T T

bearing units
Mafic dykes swarms and - )
B s cmplaced at ca, 360 Ma [l High-pressure units

(CAD eastem part) 58 Micaschists Pochon et al. 2019 URE
i ! ' AUREOLE
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High dmsityi High magnetic

Zones, zones

- i Geophysical evidence of mafic rocks at depth
| {locally outeropping)
[

- - Geophysical signatures of outcropping eclogites

Spatial statistical analysis V
& .
/
. 50 km N

® Undifferentiated Sb-occurrences

Frequency (%) Gravity field

60 50 % Sbh-occurrences (36 deposits)
501 18% of Armorican gravity field
40
30 . Spatial distribution
20 Shortest distance to mafic rocks
10 70
0 r 11 I:Gallm 60
,9 (.;) \6\ ‘;\‘) g 50 |
S s
S 40
E
. . £ 30 4
Frequency (%) Magnetic field S 5 |
70 49 % Sh-occurrences (35 deposits) 10
60 28 % of Armorican aeromagnetic
50 survey 0 : v . .
40 05 1 2 3 4 5
30 _ _
fg Spatial correlation between Sb occurrences and: Pochon et al. 2016a
0l rya - High density and magnetic zones
q\a@ R N - Outcropping mafic rocks
; A\ )
- Faults e
- Spatial link between mafic magmatism and Sb AUREOLE

- Under investigation for the Central Iberian Zone @
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_— . . MED1 n=16
Timing of mafic maamatism E_Agezmoﬂ_g@
Ma

Vi1 n=18 MSWD =13
Int. Age = 367.2+56

MGX1 n=24
Int. Age = 361.9+4.2 Ma
MSWD = 0.39

MSWD = 2.1

N
& f

SDO1 n=21
5.4 Int. Age = 367.1+6.7 Ma
- MSWD = 3.1
i

PER1 n=18
Int. Age = 360.2+3.8 Ma

MSWD = 0.44

FOS9 n=24
Int. Age = 362.0£3.9 Ma
MSWD =25

Q_uibon ;

®, S

MF1 n=22
Int. Age = 363.3+3.1 Ma
MSWD =26

Major mafic magmatic event is generalized %
to the Central and North domain

Short-lived magmatism with an
emplacement age at 360 Ma

Ca 360 Ma mafic rocks also occur in
Central Iberian Zone

Pochon et al. 2016b AUREOLE
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Timing of Sb event

Scubériou Sb occurrence; d
Visean to post-Visean age

Le Semnon Sb deposit
358.5% 7.1Ma — U-Pb;
358 * 1.4 Ma - Ar/Ar
Pochon et al (2018)

Variscan Sb deposits are sggliﬁsuﬁas_bx:f:roats
associated at least with 2 Pochon (2017)
events, 360 & 325-300Ma

Remobilisation from the ca
360Ma event or new
events?

-
-------

Saint-Aubin-des-Chateaux Sbh-Au occurence
358 £ 1.4 Ma - Ar/Ar
Pochon et al (2019)

AUREOLE
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Metallogenical model
- Limestone and sandstone (Devonian) Shortening

I Biack shales (Silurian)

- Slates and sandstones (Lower to Upper Ordovician)
E OQolithic ironstone

- Armorican quartzite (Lower Ordovician)
- Brioverian sediments

~3 km

direction

B

Laval
basin

Lucette
Sb-Au

- Rhyolite lava flow
and ignimbrites

- Dolerite
(dykes and sills)

- Mafic bodies at depth
(gabbro or diorite ?)

Saint-Aubin e Undifferentiated crustal fluids
base metal and Sb-Au- -] Mixing between magmatic and metamorphic fluids 7

Metamorphic fluids
Low-grade metasediments-derived fluids ?

—3» Magmatic fluids
Mafic rocks-derived fiulds 7

et Meteoric fluids
Meteoric fiuid flow post-360 Ma ?

Hydrothermal alteration halo
-reactive zone between oolithic ironsfones and fluids

AUREOLE

Pochon, 2017
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General concept & challenges

The main challenges of this project will be: 1) To extend/update the metallogenic model
in lIberia

Calcalkaline rocks
v Felsic volcanics f\” / (I\
W Biotite-muscovite orthogneisses §.‘ l
@® “Ollo de Sapo” & "porphyroids” 2 lIreland 0 \
<' J Dublin
i

+ Granitic orhogneisses N >

Alkaline / peralkaline rocks -v"” l h
A Biotite-hastingsite orthognei /—) Wales 3 Nsoer; — N
# Ricbeckite-acgyrine orthogneisses Bt

Devon /":J‘ \\fff.dg

Potential
suture zones

EKV&:?' Ballevre et al (2012)

Fig. 12. Sketch of the western part of Europe with emphasis on the Ibero-Armorican Arc, showing the distribution of the volcanics/plutonics with reliable (filled symbols) and
probable (open symbols) Early Ordovician (485 +15 Ma) ages. AUREOLE
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General concept & challenges

The main challenges of this project will be: 2) To constrain all the processes that control
the mobility/immobility of metals & metalloids

. o Geochemical anomaly in stream sed.
Geochemical anomaly in soil

- &
aow,"
“““““

' Orebody

\ Geochemical anomaly in colluvium
™S Chemical dispersion \V

™M Mecanical dispersion =
AUR@OL.E
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General concept & challenges

WP3 — Mineral prospectivity and risk assessment maps Terrane model,
rainfall, climate

Supergene
weathering
map

Mineral

‘- prospectivity
N map
v Risk assessment map's. for environmental issues
v"Mineral prospectivity maps for Mineral exploration

WP1- Geological processes that controls location and WP2 —

feature of Sb ore deposit Physical, organic and
bacterial processes

that control

ey mobilization and
| Z'}:r}na-um

P transport of
metals/metalloids
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More information on our website

https://aureole.brgm.fr

Thank you for your attention

AUREOLE

V¢

Targeting European Critical Metals (Sb, W) &
predictibility of Sb-As-Hg environmental issues

AUREOLE
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