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Base metals

" Nickel, cobalt, (and platinum group elements (Ni-Co-PGE))
® Chromium (Cr)

" Copper and molybdenum (Cu (Mo))

" Lead and zinc (Pb-Zn)

“ Iron (Fe)

“ Aluminium (Al)

" Tin and tungsten (Sn-W)

Thomas Ulrich
Institute for Disposal Research Economic Geology 4
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Deposit types for base metals

" Magmatic sulphide deposits
" Hydrothermal deposits

" Supergene deposits

" Placer deposits

Thomas Ulrich
Institute for Disposal Research

Econom ic Geology

5



TU Clausthal T
N i 55 58.693

" Nickel
" Uses of nickel

" Nickel deposits

" Magmatic sulphide deposits (together with Cu
and PGE)

" Laterite (supergene) deposits
" Seafloor Mn-crusts and sulphides

Thomas Ulrich
Institute for Disposal Research Econom ic Geology
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Nickel .

" Corrosion resistant silvery metal

" Ore mineral(s): pentlandite (Fe,Ni),S,,
millerite, garnierite (Ni-clay)

" Top supplier: Russia, Indonesia, Philippines,
Australia, New Caledonia, Brazil

“ Reserves: +100 Mio t

" Resources: 300 Mio t (grade of 0.5wt%)

Thomas Ulrich
Institute for Disposal Research Economic Geology

Pentlandite

USGS 2022
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Nickel uses
* Stainless steel
" Plating
" Alloys
“ Batteries

Thomas Ulrich
Institute for Disposal Research

Nickel

55 58.693
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Ru Rh Pd

Platinum group elements (PGE) = 7 =

Os Ir Pt

" Among the rarest metals on earth

" Typically tiny minerals (10s-100s um)

" Magmatic ore deposits with grades of 5-
15ppm

" South Africa and Russia

" Used in catalytic converters, jewellery, alloys

Thomas Ulrich
Institute for Disposal Research Econom ic Geology
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Ni-deposits
" Magmatic massive sulphide deposits
" Supergene deposits

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 11
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Magmatic massive sulphide deposits

" Occur in mafic layered intrusions.

" Disseminated, net textured to massive
sulphide.

" High grade, large tonnage.
" Ore body laterally extensive, but restricted to
pods, layers, and lenses

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 12
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Magmatic massive sulphide deposits

Crystallization in a magma chamber

P " &
= . &
A s
Lower crust
> & ,  evolved
- magma
b - . ' evolved magma is more SEEermante
Q| felsic than parental magma
¢ o Crystals
P, e " | settle to the
® ® bottom of Soera (2000)
era
.‘ A P magma P
¥ ? . L/ chamber
homogeneous magma crystals of high early-formed crystals form
temperature minerals form cumulate at bottom of

magma chamber

crystallization and cooling temperature

Thomas Ulrich
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Magmatic massive sulphide deposits

Crystallization in a magma chamber (Bowen’s reaction series)

Temperature . . Igneous Rock H
Rl Bowen’s Reaction Series " . Fo rmaggn of
i 1\ .g., I r
Te:;?;gﬁxre ULTRAMATIC € g g a . 00
1400°C - komatiite, peridotite - g Ffan Ite
(first to crystalize)
BASALTIC

- basalt, gabbro -

ioti ANDESITIC
- andesite, diorite -
~ Sodium-rich

Lowest Potassium Feldspar
Temperature P GRANITIC
650°C Muscow'te Mica - rhyolite, granite -
(last tocrystalize) Quartz

Thomas Ulrich
Institute for Disposal Research Economic Geology 14
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Magmatic massive sulphide deposits

Crystallization in a magma chamber
(separation of immiscible melt)

" Key process is to exsolve a sulphide liquid (melt immiscibility)
" Requires saturation of sulphur in silicate melt

P-4 _—
e Sulphide melt - Contaminating
_’.\' . o ey | @ silicate melt and
c. @ 9 el adding S from
L N felsic than parental magma
L . ? external rocks.
R ASSAIEYX - Magma mixing
. ? pe e 'q Y Y [‘
homogeneous magma crystals of high early-formed crystals form
temperature minerals form cumulate at bottom of

i i i R

Thomas Ulrich
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Magmatic massive sulphide deposits

Crystallization in a magma chamber
(separation of immiscible melt)
" Metals generally love to go into the sulphide melt (partitioning coefficient)

Sulphide melt is denser
- N | A g and sinks to the bottom
oo DMftPRce. SR et | of the magma system

' (massive sulphides).

Podolsky Mine - 2450 Level drift intersecting massive Cu-Ni-Pt-Pd-Au
mineralization with estimated grade of 20-25% Cu, 1-2% Ni. 0.25-0.75 gpt TPM

Thomas Ulrich
Institute for Disposal Research Economic Geology
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Rock textures in sulphide deposits

. Massive ’ A

¥

Thomas Ulrich
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Ore Nature:
- Massive to disseminated
sulphides.

nature of the pentlandite in
the pyrrhotite rock; this
texture is due to exsolution
and later mobilization.

1 Mineralogy:

- - Pyrrhotite (FeS)
. - Pentlandite (Fe,Ni),S,
- Chalcopyrite (CuFeS,)

0¥

Thomas Ulrich
Institute for Disposal Research Economic Geology

- Note textures, especially the
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Thomas Ulrich
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Sudbury ore &

Each of these sulphide droplets
was once a much smaller,
homogeneous, sulphide melt.
These blebs represent the end
product of accretion of small
droplets of sulphide melt.

The sulphide melt will later
crystallize and fractionate,
much like a silicate melt, to
generate a new composition.

Economic Geology
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Magmatic Ni deposits, examples

" Sudbury, Canada

" Voisey’s Bay, Canada |

" Talnakh, Norilsk, B&S8
Russia

Thomas Ulrich
Institute for Disposal Research

Economic Geology
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Cu-rich magmatic Ni-Cu-PGE deposits
Significant Producers
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Sudbury Ni-Cu-PGE, Canada

al o0

One of the
world’s largest
Ni deposits

LEGEND

D Granophyre I:] Chemsford Formation
I:I Quartz-rich gabbro I:l Onwatin Formation
|:’ Onaping Formation
[ ] cranteand gneiss

Sudbury |gneaous Complex

Thomas Ulrich
Institute for Disposal Research

:: ghtom
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ic
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U= Easi Falconbridge
= ,/Fa_IFanbndge
/Ga FWN

— 46°30

Copper Cliff North
pper Cliff South

[ ] quarzte

D Greywacke, volcanic rocks

South Range Shear Zone
Fault
Olivine diabase dykes === ———~

" Largest producer of
bedrock Ni for a
century.

" Good example of
how models for
mineral deposit
formation have
changed through
time (hydrothermal
to magmatic) and
how out-of-the-box
thinking has resulted

Impact site for 1.85 Ga bolide

which created melt sheet

Economic Geology
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Sudbury Ni-Cu-PGE, Canada

* Sub-circular structure (due to later defm.).

" Superior Province (2.8 Ga Levack gneiss) in north
and Proterozoic (2.4 Ga; Huronian Gp.) rocks to

south.

" Structure formed by bolide (10 km) impact at 1.85 Lovach Gnefss
Ga. ‘/ '

* Transient crater of 200 km formed with fall back 8

breccia (Onaping Fm.)

* Impact produced a melt sheet (avg. upper crust)
due to heating >2000°C that later crystallized to
granophyre (60%) at top and norite-gabbro (40%)

at the base.
" Breccia bodies produced by shock waves beneath it < }
i | = - , e Ni-Cu-PGE deposil
the meltlsheet (S'udbu ry B'recae?). /\T, > }gouthepp@ - Zn-PbeCu depusitl
" Magmatic sulphide deposits (Ni-Cu-PGE) formed at i, SO B __ S -

base of SIC and in the footwall rocks in variety of
settings.

Thomas Ulrich
Institute for Disposal Research Economic Geology 23
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Sudbury Ni-Cu-PGE, Canada

~-

* Bolide generated a melt sheet of 3-5 km | et Provinc? g, = \\
o
thickness of quartz diorite composition.

L 2N

- N

Note that deposits are along the contact and r \t

none in the middle due to difficulty of = w
\

exploration and cost.

4 Chicago SIC l/
Shakespeare- o
Dunlop. 7 ~- %’— = [

- [~
. i Aa— ~ /
%,. L/, 7MurrayFa“\‘ - } ”
_ros

s, = P//ﬁ" ¢+ Ni-Cu-PGE deposit/occurrence
(RouseII et al.,1997) :)T’ éouthe %Jnce e- Zn-Pb-Cu deposit/occurrence

-
5 Nipissing Diabase
Thomas Ulrich
Institute for Disposal Research
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Sudbury Ni-Cu-PGE, Canada

Sudbury Igneous Complex

SIC Geological

Onaping 1
Formation O .S OI .- - !O ﬂlo Settl n g .
L]

A section from the
base to the top of the

Sudbury igneous
: complex

") Miarone cavity rains

2 Q Granophyric granitoid

% Weakly granophyric granitoid

GRANOPHYRE phase

TZG

) Felsic dikefsill

5— Felsic pegmatoid

- Norite
- Quartz-rich norite

- Granitoid xenoliths
@ Onaping intrusion

NORITE PHASE

Thomas Ulrich
Institute for Disposal Research

Levack Gneiss
’ Complex

e+ Ni-Cu-PGE deposit
e- Zn-Pb-Cu deposit/c

,c-r 7 g:l:r‘lem.P%@nce

-

___________

* SIC records cooling from top
down and bottom up...

Economic Geology
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Sudbury Ni-Cu-PGE, Canada
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Thomas Ulrich
Institute for Disposal Research
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Sudbury Ni-Cu-PGE, Canada

B Norite Bl Massive sulphide
__| Footwall breccia

Footwall zone g |nciusion-bearing
_ | Felsic gneiss sublayer norite

Footwall zone

Cu-Ni-PGE system "

SIC Contact zone Contact-type
mineralization

I
I
I

/

iiiil Disseminated
sulphide
— | Sudbury /
breccia
_ | Granodiorite |
K4
Zonation and metal
fractionation /
. - - ,

Transitional
mineralization

. Frin.ge .
mineralization

es \}_‘_(
Approximate Scale

50
A S 4

Nickel Rim South Mine
Schematic section
looking northwest

Thomas Ulrich

. . Nickel Rim South (from Ames, GSC website
Institute for Disposal Research ( )
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Sudbury Ni-Cu-PGE, Canada

levack footwall deposits FN« " Notethe depletion or
schematic section ' =1 enrichment trends in the Ni-

Cu-PGE ores from top to

bottom.
" Thereis aT gradient from
Fractionation of
sulphide melt

the Ni-rich to the Pt-Pd-Au -
rich and sulphide-poor
residuum of the fractionated
melt.

" This is a working model,
which one MUST use for
successful exploration.

% NosSulphide @R &% - Ni rich at the base of SIC/contact
never explored for

- Cu-PGE further into footwall
- Note low sulphide ore furthest away

Thomas Ulrich
Institute for Disposal Research Economic Geology
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Sudbury Ni-Cu-
PGE, Canada

Onaping
Formation

GRANOPHYRE phase

Sudbury Igneous Complex
TZG

NORITE PHASE

@ Acicular "crowsfoot" amphibole
Miarlite cavity trains

- Granophyric granitoid

S Weakly granophyric granitoid
(T Felsic dikefsill

Felsic pegmatoid

@ norite

- Quartz-rich norite

- Granitoid xenoliths
@ Onaping intrusion

Thomas Ulrich
Institute for Disposal Research

SIC Geological Setting:

A traverse from the base to the top

of the SIC

Rt 9
Levack Gneiss

Economic Geology
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% Leucocratic Footwall Breccia;
host rock to most of the North
Range contact Ni-Cu deposits.

T T

GRANOPHYRE phase

Sudbury Igneous Complex
26

@D ouartz-ich norite
@D Granitoid xenoliths

@& Onaping intrusion

NORITE PHASE

Mineralized Footwall Breccia, a matrix

supported rock with lithic fragments of
basement rock, from the North Range, Levack

embayment; Craig mine Ni-Cu contact deposit.

Thomas Ulrich
Economic Geology 30
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Sudbury Ni-Cu-PGE,

Canada

Sudbury Igneous Complex

Onaping
Formation

555 Acicular “crowsfoot” amphibole
) Miarolite cavity trains

@ Granophyric granitoid

/eakly granophyric granitoid

) Felsic dike/sill

‘=) Felsic pegmatoid

@ Norite
@D avartz-rich norite

@ Granitoid xenoliths

NORITE PHASE

@& Onaping intrusion

Sudbury Breccia - matrix of rock
flour and melt (?) with fragments

Thomas Ulrich
Institute for Disposal Research

Mafic norite

Economic Geology

31



TU Clausthal
Sudbury Ni-Cu-PGE,
Canada

Onaping
Formation

GRANOPHYRE phase

GEE Acicular "crowsfoot” amphibole
Miarolite cavity trains

Granophyric granitoid
Weakly granophyric granitoid

TZ2G

Felsic dike/sill

Sudbury Igneous Complex

(= Felsic pegmatoid

@ \oie
@D auvartz-rich norite

@ Granitoid xenoliths
@& onaping intrusion

NORITE PHASE

Thomas Ulrich
Institute for Disposal Research

Onaping Fm. (photos, D. Ames GSC)

Economic Geology

32



zgm TU Clausthal
Sudbury Ni-Cu-PGE, Canada

Podolsky Mine -
2450 Level Active
Drift
(FNX Mining
Company, Sept
2007)

This is an extreme
case of high-grade
sulphide ore in
Sudbury

Podolsky Mine - 2450 Level drift intersecting massive Cu-Ni-Pt-Pd-Au
mineralization with estimated grade of 20-25% Cu, 1-2% Ni, 0.25-0.75 apt TPM

NI 143-101 indicates a resource for the 2000 deposit of 3.24 Mt of
3.37% Cu, 0.30% Ni and 0.11 oz/t Pt-Pd-Au with inferred resource
Thomas Ulrich of 4.86 Mt of 1.16% Cu, 0.15% Ni and 0.04 oz/t Pt-Pd-Au

Institute for Disposal Research Economic Geology
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Sudbury Ni-Cu-PGE, Canada

1. What feature(s) of a
sulphide melt will be
favorable for its
concentration?

2. Where might you

expect to go to find
the ore?

«— —  15Feet ——— —»

Podolsky Mine - 2450 Level drift intersecting massive Cu-Ni-Pt-Pd-Au
mineralization with estimated grade of 20-25% Cu, I-2% Ni, 0.25-0.75 opt TPM

Thomas Ulrich

Institute for Disposal Research Economic Geology 34
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Sudbury Ni-Cu-PGE, Canada

1. The density of sulphide melt favors
concentration in depressions

2. The high T of the sulphide melt permits
thermal-chemical erosion and
generation of traps.

3. Any setting where a change in flow
velocity of melt occurs may cause
settling of sulphide melt (e.g., Voisey’s
Bay).

Podolsky Mine - 2450 Level drift intersecting massive Cu-Ni-Pt-Pd-Au
mineralization with estimated grade of 20-25% Cu, 1-2% Ni, 0.25-0.75 opt TPM

Thomas Ulrich
Institute for Disposal Research Economic Geology 35
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Voisey’s Bay, Ni-Cu-Co, Canada

Thomas Ulrich
Institute for Disposal Research

Peter C. Lightfoot and the staff of VBNC

Economic Geology
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V0|se ’s Ba Ni- Cu Co Canada

- :

ee detailed map

Nickel deposit
Thomas Ulrich
Institute for Disposal Research Economic Geology 37



NF@ TU Clausthal

Voisey’s Ba Ni- Cu Co
Canc

Cape Kiglapait Nain Plutonic Suite

I Granitoid intrusions
B Anorthositic intrusions
Troctolite

Basement
Bl Tasuiyak gneiss
Nain gneiss

Property Boundaries

0 25
L 1

km

Thomas Ulrich .
Institute for Disposal Research Economic Geology 38
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Voisey’s Bay, Ni-Cu-Co, Canada

East-West Regional Structure
at Tasisuak Lake

Thomas Ulrich
Institute for Disposal Research Economic Geology 39
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Voisey’s Bay, Ni-Cu-Co, Canada

Voisey's Bay
Discovery Hill

Institute for Disposal Research Economic Geology 40
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Voisey’s Bay, Ni-Cu-Co, Canada

= _,\ Far Eastern Deeps-
/\ Eastern Deeps

y‘ Oveid

/‘ Discovery Hill

S

™ -

. Western Extension

VSCR:EM -+ .- . Reid BrookZone
View from West FE S8 : / i
Thomas Ulrich s R 3 " : :

Institute for Disposal Research Economic Geology
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Voisey’s Bay, [ 00 E

1 Troctolit

[- - Bl Sulghide
NI Cu CO’ [ Orthogneis
I Paragneis
Canada S
Erosion Level 1300 E——==———-
Erosion Level 400 E——————————- ,
scovery Hill
Zone
Erosion Level 900 —-——————==————-
W
Western bid Brook
Sub- Zone
Chamber After Lightfoot and Naldrett

Thomas Ulrich (2000) '
Institute for Disposal Research Economic Geology 42
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*Supergene Ni deposits

Supergene ore-forming processes

Ores are formed as a result of weathering and chemical reactions
between meteoric water and rock. Type of mineralization depends
on the rock to be leached.

Secondary minerals that are residual and relatively insoluble. The
soluble elements are transported away and the insoluble ones
become concentrated.

" Orebody laterally extensive, but not thick (10s m).
" High grade, large tonnage.

* . 1
Thomas Ulrich Supergene: genesis at or near Earth surface

Institute for Disposal Research Economic Geology

44



m TU Clausthal

Supergene Ni deposits

The chemical processes include dissolution, oxidation, hydrolysis

and acid hydrolysis.

Lateritic
residuum
T -1 el ke o O
& #
£ Mottled zone : # o #
= Cementation | " _# i
————————————————— [
E front -~ — —~ —|
Plasmic or -— - —
arenose zone - = —_—
Primary fabrics destroyed e =]
Regolith e — ==
_______ Pedoplasmation |=_ "= —
front |5/ >7 /
Saprolite
/7 /7 /7
é > 20% weatherable minerals altered / / /
o
s . .
& Primary fabrics preserved / / /
w
Saprock
< 20% weatherable minerals altered
e — —— ———— ————— —— —— —
Protolith Unweathered rock

Thomas Ulrich
Institute for Disposal Research

& Pisoliths and nodules

(loose)
Pisoliths and nodules
(indurated)

Iron-oxide mottles in
kaolinite matrix

Weathering
front

Humid, warm
climates with deep
chemical
weathering

Economic Geology
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Supergene Ni deposits

Laterite Zones Processes at work

“Red” Hematite » Acidic environment
* Collapsed profile
*“Soluble” ions leached (Ca, Mg, Si, Na, K)
“Yellow” Limonite| © “Insoluble” ions concentrated (Cr, Al, Fe)
* Mn, Co show supergene enrichment

* Alkaline environment
* Un-collapsed profile
Saprolite zone * Leaching/residual concentration in progress
* Boulder formation
* Ni shows supergene enrichment

» Alkaline environment

» Joints / fractures exposed to U/G water

* Chemical attack is just beginning

* Channelways provide removal of dissolveds

. Bedrock zone

Thomas Ulrich
Institute for Disposal Research

Economic Geology
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Supergene deposits

1708 150F L50* 100F P W i P Bl 1 ki 5o i Wr 110¢ 13F 150° 1IFE
& =
N
|:|'|
ar e i
|| Age prosps of Ni laterile
slapoaita
o || @ Meoosse to presem
i Uresaceouz ko Earhe-Rid
|| Testimy
& Mesomic o B
55 - - (1]
17w 150F 1307 100F o W i o w ¥ 1 ihg e Tir WF 110# 1307 1507 170°E

Berger et al 2011
Thomas Ulrich
Institute for Disposal Research Economic Geology 47
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Supergene Ni deposits

Ore grade is
typically higherin

supergene deposits i, pruromes
than the hypogene &5 T

sulphide deposits.

AUSTRALI

LATERITES O

Thomas Ulrich
Institute for Disposal Research

0.1-0.3% Ni
@ SULPHIDES

Economic Geology
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Supergene Ni deposits

Bedrock was ultramafic and is easily weathered. Up to 90%
of the original rock is dissolved. Main minerals olivine and
orthopyroxene breakdown due to oxidation (Fe2+-3+ results
in charge imbalance, weakness in structure) and hydrolysis.

MgO, Fe,0j, SiO, (Wi%)

o - Surface 10 20 30 40 50 60 70 80
[ T _ Irencrust [ \
Zone of il +
residual laterite % Pls?llte§ | }AI203
1-20 meters < 5 Red limonite :
(eluviation) '
L i Yellow limonite
Zone of altered P Ore with
peridotiteand | boulders
nickel concentration | & W
1-20 meters g (Gamierite, T R o e S
(iluviation) Tﬁmolgph:ussmca) o o
L ocky ore
Zone of
fresh peridotite Bedrock

1 2 3 4 5 & 7
Ni, Cr,03, Al,O5 (Wt%)

Thomas Ulrich

Institute for Disposal Research

Ni is insoluble and its original conc. of
about 2000ppm becomes enriched 10x in
the formation of clays and serpentinite and
is moved.

Ni gets removed from uppermost laterite to
an underlying saprolite.

Once smectite, serpentinite and talc are
formed cation exchange occurs between
Mg and Ni. Leads to Ni- clays, Ni-talc, Ni-
serpentine (= garnierite)

Economic Geology
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Supergene Ni deposits

Limonite zone

Saprolite zone

Thomas Ulrich
Institute for Disposal Research

Nickel as hydroxide essentially in the

goethite-limonite (Fe,0,.nH,0) structure.

Some Ni adsorbed in Mn-O / Mn-OH.

Nickel as hydro-silicate essentially with
the talc-serpentine lattice structure:

Nickel talc: (Mg,Ni);Si,0,,(0OH),
Nickel serpentine: (Mg,Ni),Si,O5(OH),

Economic Geology
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Supergene Ni deposits

Thomas Ulrich

Primary
igneous
minerals

Hydro-

thermal
minerals

Secondary
Laterite
weathering
minerals

Institute for Disposal Research

Mafics

Olivine
Pyroxelhe

Serpentine
Talc
Chlorite

Serpentine
Talc
Chlorite

Contain Ni
from primary

minerals

Spinels

Magnetite
Chromite

Magnetite

Kaolinite
Smectite:
{Mont-
morillonite)

{Nontronite)

llite

Mixed Layer

Oxides &

Nickel

Hydroxides |Silicates

Silica

Her atite
Goethite
Limonite
Bauxite
Gibbsite

Nepouite
Willemsite
Pimellite
Connarite
Falcondite
Nimite
Noumeite

>

Cation exchange (Mg -Ni)

Garnerite

Economic Geology
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Supergene Ni deposits

Ni laterites

K'Stedingk 20064

AGM 1993

Thomas Ulrich
Institute for Disposal Research Economic Geology 52
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Supergene Ni deposits

AGM 1993

AGM 1993

Ni laterites

AGM 1993

Thomas Ulrich
Institute for Disposal Research Economic Geology 53
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ergene Ni deposits

Sup

17 cm

Ni laterites

Thomas Ulrich
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Cr
Cr -

* Chromium
" Uses of chromium
" Chromite deposits
" Podiform deposits (ophiolites)
" Stratiform deposits (layered intrusions)

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 56
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Chromium

" Cris hard and silvery
" Ore mineral(s): chromite FeCr,O,

" Top suppliers: South Africa, Kasachstan,
Turkey/India

® Reserves: 5/0Mio t
" Resources: 12Mrd t

Thomas Ulrich
Institute for Disposal Research

USGS 2022

Economic Geology
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. Cr
Chromium uses .

" Mainly in steel hardening, alloys
" Tanning of leather

" Glass colouring

" Plating

Thomas Ulrich
Institute for Disposal Research Economic Geology 58
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Chromite deposits

" Magmatic deposits, chromite crystallization
from a mafic or ultramafic melt.

" Stratiform and podiform types.

" High grade, high tonnage.

" Ore body laterally extensive along thin
beds/layers

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 59
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Chromite deposits

(a) (b)

Orthopyroxene

Quartz

o .~" Area covered
e Iirrvne mode -
Olivine Chromite

£

/

QOlivine 0.5 1.0 15 2.0
Wit% Chromite

" Magma mixing *
" Contamination

Mixing line between
magmas at D and E

. Oliv + Chr
. Chr only
. Chronly

Olivine 0.5 1.0 1.5 QOlivine 05 1.0 15 2.0
Wt% Chromite Wit% Chromite

Thomas Ulrich
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Distribution of major chromite deposits

Fiskenaesset

James Bay .
LOWIandS 20° 0°* 20 60 100 140
M = = ~f~= K

Muskox [/ g s Zimbabwe
" Layered — L
intrusi Bird River o Most reserves
intrusions are | & = " L s F ~ in Great Dyke
labeled and the N ~w and Bushveld
green bglts are Stillwater o
the Alpine Creat DUk
peridotite type ,reat y/ © ,
(ancient Bushveld L%
A% /’

Mountain Belts)

quantities of
chromite

@ - Laoyered intrusions] containing netobl!‘
====e - Serpentine belt

Thomas Ulrich
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Chromite deposits

Cr is only extracted from chromite (FeCr,O,)

75% of the reserves are in South Africa and 23% in
Zimbabwe. Lower grade occurrences in Greenland
(Fiskenaesset), Canada and Russia.

Close association to ultrabasic and anorthositic plutons

3 types: stratiform (Bushveld-type), podiform (Alpine-
type), or komatiite-related

Thomas Ulrich
Institute for Disposal Research Economic Geology 62



TU Clausthal
Chromite deposits

Stratiform Chromite Deposits:

" Monomineralic layers of chromite of cm to 10’s m.

Process extensive in magma chamber — layers 10’s km long or 100’s km?2.
Must fit in with evolution of the large layered complexes.

Thus, chromite is only phase on the liquidus or can separate it from others
(e.g., itis heavy and settles).

The process is repeatable in layered complex since have many chromite
seams present in such cases.

Thomas Ulrich
Institute for Disposal Research Economic Geology 63
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Chromite deposits (Bushveld intrusion)
B o ] * 2060 Ma

Bl ey Sy i " 240 x 350 Km (66,000 km?)

Rustenburg Layered Suite

Rociberg Group " Three large batches of magma —

|__ Transvaal Sequence ) ik

- separate lobes

" Maximum of 7 km thickness.

" Cr mineralization shown as
dashed lines.

" Average rock composition is
gabbroic, whereas for podifrom
deposits it is peridotitic (see
later)

AT

® Bethal

- Rustenburg Layered series...hosts
thomas uich - Cr, PGE, V mineralization

Institute for Disposal Research Economic Geology
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Chromite deposits (Bushveld intrusion)

E

Pretoria
Roof series
] |

—— Main zone——»— Critical zong 45—'}1‘
Lowver zone —Marginal zone

Section showing major zones in the Bushveld Compiex, north
of Steelport. Length of section, 30:5 km. (After Hall, 1932)

() Roof

\ |Magnetite | Upper zone Overburden
layers  [----- ey
Magnetite ------

Main zone

Little differentiation

PGE

Merensky Reef
Chromitite {{~ — —| Extremae differentiation

layers =
Cr Lower zane
_Marginal zane

Pretoria series

Critical zone

H\

Kz dGabbro | 27> Pyroxenite

L

Thomas Ulrich 0 T
Institute for Disposal Research SR

Chromitite layers in a section of the
Bushveld Complex near Rustenburg.

Mining in the
Bushveld area
since 1923.

Relatively shallow
(300-1400m
underground)

Economic Geology 65
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Chromite deposits (Bushveld intrusion)

Chromite layers vary between
mm to >1m thick and are
laterally extensive (10’s km).
Several layers stacked on top of
each other.

Zone UG1

Thomas Ulrich
Institute for Disposal Research Economic Geology 66
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Chromite layers with PGM content

PGM g.ft.
Markers West East
West East
R — Merensky Reef 3595 4.8-6.8
868>
By S5 1700 — gggﬁg { uG2 4865 4580
LR O 5= ] UGT 1.2 34
2 g
- 0N . |
0 o 835 Main + 1-7 Anorthosite
>\ g |2u 3! e e —= Mslgnnetitite %gu = Norite
e I s _ aES MG4A 12 08
o - Pyroxenite :J%N MG4B 1.8 22
© T P
o IE u .§ MIDDLE MG3 2.0-3.0 4.0
9 = §§ s 2800 — GROUP
- g £~ MG2 1427 55
© — © =
= e e MG1 15 21
(%) ! 1 ug.l(_)%
~ Q4= ; 3
O @ = OzO (I Pyroxenite
) 2 3 5 —O LG7 02
> o &7
e S 6 zE N LG6A 1.1
g o 55O LGS 1.0 2.1
bey LOWER | L
on ég 532 GHOUP‘ LG5 1.5 1.7
3R g LG4 0.3
[ Eicld _
MARGINAL ZONE (Norite) LG3 0.3-0.8
LG2 0.2-1.1
LG1 0.3-0.4
Thomas Ulrich From Cawthorn 1999

Institute for Disposal Research
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Chromite deposits (Bushveld intrusion)

Nature of layered intrusions and Cr, PGE, V ores

V..V....V

PGE....PGE

Cr...Cr...Cr

Thomas Ulrich
Institute for Disposal Research

Large volumes of mafic magma.
Magma stratifies as crystallization
progresses and minerals cumulate with
layering developed.

Mineral composition changes and this
is cryptic layering (En in Pyx, An in PIg).
UM layers at the bottom and more Fe-
rich layers at the tops; granophyres
overlie the lower mafic part.

Ore deposits - Cr near bottom, PGE's in
middle, and V-rich magnetite towards
the top.

Economic Geology
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Chromite deposits

Podiform Chromite Deposits:

Nodular chromite

" Ore as nodules of chromite in matrix of serpentinized UM rock — NOT
massive chromitite rock.

" Host rocks referred to as "Alpine-type" peridotites and occur along
fault zones (suture zones) in mountain belt. Associated with ultramafic
rocks in ophiolites (e.g. Troodos complex, Cyprus).

= Small but important source of refractory grade chromite (>20 % Al,O,).

Thomas Ulrich
Institute for Disposal Research Economic Geology 69



sediments

pill ow lava

TU Clausthal
Chromite deposits

diabase dikes

‘ - =

2
massive diorite + gabbro

Cumulates —

* Ophiolite: Sequence of n -
oceanic crust that is I e
obducted onto the s -
continental crust

" Generally in ophiolites . |
from marginal basins and

deformed [herzalite

not mid-ocean ridges. 8

deformed harzburgite

Thomas Ulrich
Institute for Disposal Research —Yq

Economic Geology
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Chromite deposits

1: Initial filling of magma chamber 1 '._'“- o '_'H--__"- "

percolation of
primitive MORB melt
through mantle
harzburgite

P
«+ harzburgit

L T
A S
T T
EAE A

L

* —
(Vo] ) o ) ) * m—
O 2: Partial crystallisation and fractionation (n
o 2 @)
(D] formation of dunite Q.

o) cumulato and SiO-rich Q

ayering
o (dunite, harzburgite) melt -O

( ’ 3: New input of primitive magma (-
E expansion of 3
o magma chamber new pulse of MORB, E
@) reaction with e

evolved melt to

:4= 4: Crystallisation along interface in layered chamber form chromitite \ OI
) nodules o=
— tallisation of

crystallisation o
- chromite along O
m interface 4 &

drainage of melt
leaving dunite and
chromitite

5: Formation of chromitite cumulate layer

onlap of
cumulate layers

dynamic settling
of chromite

Thomas Ulrich
Institute for Disposal Research Economic Geology 71
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Cu Lo 63.546

“ Copper

" Uses of copper

" Copper deposits
" Porphyry Cu-(Mo) deposits
" Sedimentary Cu deposits (Kupferschiefer)
" Volcanic massive sulfide deposits (VMS)

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 73
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Copper  6asts

" Reddish metal, easily workable

" Ore mineral(s): chalcopyrite FeCus,, bornite,
chalcocite

" Top supplier: Chile, Peru, China L

" Reserves: 890Mio t S

" Resources: 2.1Mrd t

USGS 2022
Thomas Ulrich
Institute for Disposal Research Economic Geology 74
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Copper uses 63540

® Construction
* Wires

" Electronics

Thomas Ulrich
Institute for Disposal Research Economic Geology 75
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Porphyry Cu-(Mo) deposits
" Magmatic hydrothermal dep05|ts

."x-'""'_f -
3
Sedimeantary A
] Ty ] & F
basin e Ocean
Tl = s Tl

'l."'\. B i i T N

L s k,/ "[,,

Fluids 5
exsolved from &=

|Gonnate |
3 ma g ma Mera,rnnrphlc|
Metamarphosed rocks N | - UZ

Thomas Ulrich
Institute for Disposal Research Economic Geology 76
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Magmatic-hydrothermal deposits
" Magmatic fluid transporting and dispositioning
metals.
" Metals come from a magmatic source.
" Typical alteration types.
" Mineralization in thin veins and disseminated.
" Low grade, high tonnage.
" Ore body concentric (inverted cup)

Thomas Ulrich
Institute for Disposal Research Econom ic Geology
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Porphyry type deposits

Two
main
groups:
Cu-(Mo-
Au) and
Mo-(Cu),
others Sn
and W

Thomas Ulrich
Institute for Disposal Research

Economic Geology
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Subduction zones (convergent plates)

Fluid release, partial melting

Volatile degassing

Fore arc volatile
discharge

e

Thomas Ulrich
Institute for Disposal Research Economic Geology 79
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Porphyry Cu-(Mo) deposits

Convergent Divergent Convergent Continental
plate boundary plate boundary plate boundary rift zone
Island are Spreading center Continental arc
: Epithermal  >tdimentary-exhalative,
: D'?gzm gold ELF wite  Sediment-hosted copper,
Epithermal Yorcanagenkc g biian ? and evaporite deposits
{epasits ; massive sulphide  Vialcanogenic % F"ﬂrphy_'ry Polymetallic
Fﬁl‘l:lﬂ'l}_"l" Volcanogenic Shield deposits massive sulphide \DEI:I‘-'JS-IH J replacement deposits
depasits | E‘leéi;;sulphade R S L

/ Subducting . e AETy FArY £y
B plate Subducting |

. SRR Oceanic crust B Continental crust
Lithosphere . -

Hotspaot

Thomas Ulrich
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TU Clausthal
Porphyry Cu-(Mo) deposits

Porphyries are low-grade, high
tonnage type deposits.
Currently the main Cu supplier.

e

> . Bingham (USA)

Ore is typically in small
veinlets and disseminated.

Thomas Ulrich
Institute for Disposal Research Economic Geology
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Porphyry Cu-(Mo)
deposits

Magmatic-hydrothermal

systems:
Two-stage process

Magmatic processes

Hydrothermal processes

Thomas Ulrich
Institute for Disposal Research

10

P
=

km (depth)

40

" upper mantle

H,0-505
degassing
of sulfate-rich
dacite magma

High-Al hbl
crystallization &
sulfate saturatioh

MASH zone

- produces andesjte

highin S, Cu, C},
H-0

base of crust

~900°C

~1000°C

hydrous
basalt

Economic Geology

82



) £TU Clausthal

Porphyry Cu-(Mo) deposits

Metal .
ese Fluid
deposition/ .
. . . exsolution
mineralization -
and metal
: transport
: B *
Fluid/wall The metal
) .+ O o
rock o S source
interaction

Fluid generation
Crystallization and

(alteration)

formation of volatile phases

(metal partitioning)

Thomas Ulrich
Institute for Disposal Research

Economic Geology
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Porphyry Cu-(Mo)

deposits

Thomas Ulrich

VOLCANIC ROCKS

REGIME
Au-(Ag-Cu- Asfhb
deposits :

PORPHYRY
REGIME

Cu-Mo-Au
deposits

3

~1km

(from Heinrich,2004, Mineral. Deposita)

Institute for Disposal Research

EP';_: fau

contracting

Area fluid exsolution

- Mixing of
fluids
- Rangein P-
T
conditions
vapour

5/

Area of fluid
- unmixing

deep external fluids
’tbao

Long-lived hydrothermal system that
forms over range of T (700° to
<300°C).

Multiple, cross-cutting vein systems
(see pics. below) reflect brecciation,
fracturing.

High —grade ore forms at <400°C
Highly variable fluid chemistry (10-
70 wt % NaCI)

(from Sinclair, 2007, GAC Volume)

Economic Geology
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Porphyry Cu-(Mo) deposits: Metal
deposition © T, PRI

Ic /" cpgatstAuAg py 10%
on P \\ op .01-3%

volcanic edifice

‘--...
_\,

—— -
. e ey i

_—
mm—— T T T S,

=
p—
-

-
-
T

Critical:

Fluid focusing in vein network

and precipitation of metals in

Thomas Ulrich confined volume
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Porphyry Cu-(Mo

~T
i Zais 0R

75001

(elevation)

‘Sedimentary
| hostrock

Bingham

- Sedimentary

/ s00m]

A

om

5015wt % Cu ~0.15 ppm Au 0.02 wt % MoSp
>0.35 wt % Cu ] ~0.30 ppm Au ) 0.08 wt % MoS2
2070 wt % Cu 3 -100ppmAu [ 025wt % MoSz

0 1000 2000 feet
0 300 600 mefers

Thomas Ulrich
Institute for Disposal Research

Gruen et al 2010

Cu ore grade

) deposits: Ore zones

Bajo de la Alumbrera

aitAu D=01 D >n1D =naD>ns-=1n

Ulrich et al 2001

Economic Geology
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Skarn deposits

High-sulfidation epithermal
disseminated Au+ Ag + Cu

// low-sulfidation *
il epithermal Au-Ag

Base of
lithocap

® Skarns form when
hot, reactive (acidic)
fluids interact with a
carbonate-rich T
horizon. e = - iy

Porphyry
CuxAuxMo

Late-mineral porphyry Phreatic breccia

T
+
PRECURSORx  «
PLUTONL *_*
4 4 | Dacite dome
AR

A
HOST] v v
ROCKS| v v v

Equigranular intrusive rock

Felsic tuff unit
Andesitic volcanic unit

“T-| Sub-volcanic basement / carbonate horizon

Thomas Ulrich
Institute for Disposal Research Economic Geology 87
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Skarn deposits

" SKARN - Swedish term describing rocks composed of calc-
silicate minerals (e.g., Ca-rich garnet, pyroxene, amphibole,
epidote) associated with magnetite and chalcopyrite deposits
in Sweden

" MODERN USE - metasomatic replacement of carbonate rocks
(limestone, dolomite) by calc-silicate mineral assemblages
during metamorphic processes.

" MINERAL DEPOSITS - skarns hosting ore deposits (Sn, W,
Zn, Fe, Au) produced by fluid infiltrating from nearby granite
or fluids driven by heat of granite (i.e., convecting) and

altering the carbonate rocks.

Thomas Ulrich
Institute for Disposal Research Economic Geology
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Skarn deposits

A
. 8.0 o O
8- Skarn deposit types S
- O . Elu:‘O’D Fe A
. (Fe, Au, Su, Zn, W, Mo, Sn) @ ot B
- A P P8 All skarns

¢ !
= gl . 2.0 e ?m FAVE
3 : ' Dcnu : 2 Mo
z . S—=
o ™ 50 55 60 65 70 75 80
(@] Au
% H
< 4+ k c 0 .
n - | Differentiation B _
u-l- Gu. | 6.0 1 Cu W Sn
% 2— ' .ZQ... : ON 0 Ij?D o
|'-L—' i ..W. - M 4.0 DDED oy @ ‘D Ha )

I .-.... l I n @ ng?g mglgﬂn EDDID\/IO

. ] IVIC; . 2.0 o “‘Dhemm-/. :&Dﬂ” ) - .
l | | ) %o o Feg  Au M
60 65 70 75 50 55 60 65 70 75 80
SiO, (Wt%) Si02

- Relationship between composition of host intrusion and
dominant metal in the skarns — see that there is a strong
Thomas Ulrich correlation between the two (after Meinert, 1992).
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Sedimentary hydrothermal deposit

Examples
Uppar Mississippi Valley
ZIn-rich ores F.Pp Bai StSISSJD[)I valley
J{il'n'*r“ 5 i Ine =om
e systai e Zn=Ph == Cu

——— gabondie T —

Rasinal Lasvall

brine. Quartz sandstone aquifer system Ph-rich ores s :

SOUICE — = Soulheast Missouri
o ARG Fb=Zn == Cu
ol Eva

4 — P'Drrfe e
E_f"_f_fdizeu reg -'-'-I-..__,__
_‘_\__‘-|— « —— ._.
T - 100-150°C and Zn uﬁ_,ﬂi_{ffifyst S Kupterscheifer
oH = 4-6 ders at.“"-x-h_____ Central African Copparbelt
fC, H magnetite! White Fine
ematite
Zn =5 pam 55C
Ak =1 ppm
Cu=0.1ppm

Thomas Ulrich
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Sedimentary hydrothermal deposit

" Mineralization in large basins. Disseminated,
massive, replacement, veins.

" Fluids are basinal brines or connate water.

" Metals leached from sedimentary rocks or
underlying basement.

" High grade, high tonnage.
" Ore body laterally extensive in (stacked) lenses

Thomas Ulrich
Institute for Disposal Research Economic Geology
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Sedimentary hydrothermal Cu deposit

(a Fold & Thrust

Belt  topography-driven flow

Flowrate: <10 ma~

1

(d compaction or gas generation
on burial

Flow rate: <10 ma™'

overpressured
zone

(b) free convection

Flow rate:<10ma”

1

(e) seismic activity Flow rate (transient): >10 m a’

Earthquake .
Focus®

Fault

Flowrate: <10 ma~

Fluid flow in sedimentary basins

1

Thomas Ulrich
Institute for Disposal Research

Fluid movement up to several 100s km

in aquifers
Permeability and pressure controlled

Economic Geology
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Sedimentary hydrothermgl Cu c\l_beposit
™Y Y

Sediment-hosted Cu is
common, but economic >
deposits very rare, only 3
basins with large deposits.

- Kupferschiefer
- Central African

+
Copperbelt . $ P
O Proterozoic

Fig, L Map showing worldwide distribution of tmpoctant and selected sediment-hosted stratiforn copper deposits and
districts, by age of host rocks. Larger symbols indicate ]itrgt.'r tonnage r.]L'pusils or districts. [Jata from Table AL

Thomas Ulrich
Institute for Disposal Research Economic Geology 94
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Sedimentary hydrothermal Cu deposit

" Deposits are typically hosted in intracontinetal rift-related
sediment sequences. In sedimentary basin where
continental red-bed are overlain by evaporites.

" Early part of sequence is oxidized or gets oxidized during
diagenesis and is covered by more reduced shallow marine
sequences (shales, carbonates, evaporites)

" Contain other metals such as Ag, Pb, Zn and Co (Central
African Copperbelt)

Thomas Ulrich

Institute for Disposal Research Economic Geology
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Kupferschiefer

x L =R L] 50 5 00 o -] o o0 0 Te o aa . o 30 "0 o
O o a a0 O < ° o o-rrﬂ' Tr'r? v
Metal deposition occurs at WERRA reduced : 200 °:°:°ﬂ°o°o°°°ogo°o°° °°ff“"., 0,0 a°°°°o n L
. . ANHYDR‘TE oo uu n L3 L’ o0 oo oo oD g, 0
redox interface either o-men-agn-plitilie 00 n 91; u %0 . 0%0 . 0° . a®g e
intersecting reduced IDOLOI;MITE L - N | b i . | | L |
. FPRgC - i l"',
sediments (prganlc rich) or ZECHSTEIN 1~ ] Pbzn ]~ Co ;@ I UMESTONE |
reduced fluids. Commonly LIMESTONE & ine fa\\m_‘ | l i I
replacement textures P If: Qq | | [ |
Metal deposition associated KUPFER- b e
with reddish zone (‘Rote SCHIEFER [ S i
Faule’, hematite replacing 8 = it e e D B
di ti Ifid Upper limit of Rote
lagenetic sulfides) Faule facies
transgressing lithologies. SANDSTONE

General sequence is:
hematite-chalcocite- : approx. 2 m

bornite-chalcopyrite- ' BpRIor = K| Brown 1978
pyrite
Rote Faule alteration and mineralization is not restricted to lithology of the Kupferschiefer shale

Thomas Ulrich
Institute for Disposal Research Economic Geology 96
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Kupferschiefer

SW  Fore-Sudetic Monocline

Polish Basin (salt diapir province) NE

Rotliegendes is source | s
region for metals and | -~
overlain by Zechstein '

marine transgression.
Inbetween is

Kupferschiefer shale. Lubin - Sieroszowice

orebody

Wolsztyn
Highlands

%

Fluids are derived from Kaleje deposit
downward-migrating | 1
Zechstein brines where B oty - Queternary Bacel Kaiplarschister” - r o 20 km

there is no shale seal. i
Kupferschiefer only
about Tm thick, but —
very extensive (outline L] Trassic sandstones, carbonates
of the Permian sea).

Cretaceous

[_ Jurassic carbonatas, mudstones
|

Thomas Ulrich
Institute for Disposal Research

Rotliegendes sabkha facies
Rotliegendas sandstone facies

Rotliegendes Autunian volcanics

From Hitzman et al 2005

I | Gas in Weissliegendes
(thickness not to scale)

it >4 m-% Cu mineralization
{thickness not to scale)

Economic Geology
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Kupferschiefer

Fluid circulation due to rifting related heat-flow. Interacting with oxidized clastic sequence and
evaporite units. Fluids are relatively oxidized and saline (i.e. interacted with evaporites), pH
neutral, low T (<150°C). Metals (Cu) leached from detrital minerals from basement erosion.

(b)
100 =
L 1,.'-..__
Reduced shale & B
(Kupferschiefer) | S
g N\
% i l\ Zn
s B N
= & | 4 N,
T L 4 ML )
Eowfl T .
i T ™
332 L !G” i T ‘\l |
SO SO o S ) Eﬂ [ ! g ) \h\
Oxidize i S N
sequence with B Sl it e ol ST S i, L T
fluids 0 10 20 30 40 50

% reduced water in mixiure Jowett et al 1987

Thomas Ulrich

. . Metcalfe et al 1994
Institute for Disposal Research
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Central African Copperbelt

r 0 . 100km / / / 7 / [ ] palaeozoic to Recent
| & 74 [ Granitoids
&
Q [[] Katanga Supergroup
/ £ - Mozambique Belt

| - Basement highs
DRC Copperbelt s/
= S [] zambezi Bett
Zambian Copperbelt / l:l Kibaride/ Irumide Belts

T % z - Archaean/ Lower

4 Proterozoic Cratons

| =~ %
LB -~ .;Q\‘:& —==— Strike-slip fault

I = =4 Thrust

- |nternational boundary

H%%lgn?’ml.éx""f. MSZ Mwembeshi Shear-Zone

A0 244135&8 I External fold-thrust belt

cHOMA-KALOMO ~ %L C7 €7l 11 Domes Region
BLOCK —*4& ~ Z 111 Synclinorial belt

IV Katanga High

. Theron 2013
Thomas Ulrich
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Central African Copperbelt Organic materia

= and sulfate
Siliciclastic sediments of R ke reduction are some
Roan Fm. Overlying Kiaelungu of the mechanism
basement is the source of i T S
metals Fluid circulation over mineralization

acial diamiclite
. . . . (citca 750 Ma) Katangan

Fluid interacting with T

Marine-clastic
sequence with former
evaporites

sediments and evaporites
in the Rona layer scavenge
Cu and Co, but source of
fluid and fluid flow in the
entire sedimentary
sequence.

Red beds ‘

2urannanm
GCu-Go
e

1 Muva- | A
matasedin;lents e |

Roan

Metal source rock

 —— R

Intracratonic rift basin

: / Pal !
’ . PRI | , + (2050~ 1870 Ma)
Long-lived f Lt 'n

mineralization melavokanics L~
system

Thomas Ulrich
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Centra'! vct\frican Copperbelt

SE

Oxidized
fluid reacts
with a
reduced
(H,S-rich) 1l
pore fluid. -

Oxidised Cu-bearing Brin?
! 2km

Theron 2013

Fluids are between 120-180C and 8-18wt NaCl
Thomas Ulrich
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Volcanic massive sulphide deposits (VMS)

" Deposits formed on the sea floor or just
below. Fluid is seawater.

" Can be Cu-rich or more Pb-Zn-rich. Depends
on the host rock.

" Black smokers are the modern equivalent.

" Minerals: Sphalerite, galena, chalcopyrite,
calcite, baryte, anhydrite.

" Mineralization massive, high grade, medium
tonnage.

" Ore body in lenses (massive and in veins)

Thomas Ulrich
Institute for Disposal Research Economic Geology
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Volcanic massive sulphide deposits (VMS)

e e 100 m

Collapsed Area

* Deposits occurs in clusters - a
common heat source and =
structures. mesee s SRGE RS TN N

" Metals are derived via leaching & & W
from underlying volcanics, thus
underlying rocks determine
elemental budgets.

" Presence of thin, but extensive

layers of ferruginous chemical
sediment from exhalations.

Anhydrite

Pyrite Zn-rich Marginat™
Facies

Sealed

Approx. Limit ©
Demagnetized Zone

Alteration Pipe

Thomas Ulrich
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Volcanic massive sulphide deposits (VMS)

(a) Stage 1 Anhydrite or
Massive _—barite
sphalerite, ;
galena Zn. Pb
. stockwork
Often metal zonation
Stage 2

is found. Outer part assve
is Pb-Zn-rich, central
part more Cu. o e ~Gu sootwor

Stage 2 _ Enriched
9 Pb, Zn zone

250-300°C

Massive
pyrite
Alteration
) Zone,
1 disseminated
sulfides
Thomas Ulrich '300—350‘"0
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Volcanic massive sulphide dep05|ts (VMS)

L ol et

" _ Rubble of mound

Modified after Lydon, 1988

Thomas Ulrich
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Volcanic massive sulphide deposits (VMS)
* Cyprus-type: related to mafic volcanics, Cu dominant,
oceanic or back-arc spreading

* Besshi-type: related to calc-alkaline volcanism, Zn-Cu
dominant, early stage island arc formation

* Kuroko-type: related to more felsic volcanics, Cu-Pb-Zn,
late stage island arc formation

Thomas Ulrich
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Volcanic (exhalative) massive sulfide deposit distribution

Volcanic massive sulphlde dep05|ts (VMS)

Sea-floor Hydrothermal
Vants and Related
Mineral Deposits

60N
ASIA F dJ
o
;
‘%"N 754 teu-Bonin
o 7&

107,108 ﬂ.’!M

's h 4 - == o
o 02- ‘ ” -
I - it I' Rdge .
. 1 At W
7 120'E 180"W 1200w . sﬂ?r BIE
Thomas Ulrich https://www.m|n|ng.com/web/evervth|ng-need-know-vms-de|005|ts/
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Volcanic massive sulphide deposits (VMS)

Uischarge 20ne

b

OCEAN Massive sulphide deposit

Stockwork W7

Sheeted
dyke swarm

e et e et

Layered = 0= @ 7 7
!]ﬂ b b rﬂ' o Metalliferous sediments . L
rocks : Pillow lavas - . ' : : LR '
| l l | Sheeted dike complex o / Convective flow lines -
;1:/ x| High-level gabbra % 7t i ®. Zeolite — greenschist aciesboundary
= ° : ; .
L] Magma 5 e ] , Elgne ‘a Greenschist— amphibolite facies boundary
" Vert. and horiz, scale approximately equal ‘0 : ® 2 : ) ; o ol \ :‘ikm
. 4 e - "Heaton and Sheppard 1977
Thomas Ulrich . Sghematic mods! for ophiolite melamorphism. | Y s ) . :
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Cyprus Cu (VMS)

Peola
v v v—Sagicses

dyke

SENCEREd

. )l
4:| Stringer

Thomas Ulrich
Institute for Disposal Research

., ~

;T Massive
S sulfide ore

)
LY A ~ RV % v

i Oxidized
zone

zZone

B v

Stockwork  ~

ore zone |
¥l | (disseminated
sulfides
Yl and chloritic
H | alteration)

zones
I

il

(from Robb, 2005)

Classic model with
ophiolitic rocks cut by
feeder zone (stringer
zone) of silica-
sulphides that feeds
overlying concordant
sulphide zone.

Note oxidized zone on
top (ochre zone) that
is a characteristic
feature of this deposit

type.

Economic Geology
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Deep sea mining

@ rolymetaliic nodules Cobalt-rich crusts
©  Polymetallic sulphides / vents Exclusive economic zones

]

Hein et al (2013)
Thomas Ulrich
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Deep sea mining: potential commodities

Resource

Copper

Silver

Gold

Zing

Manganese

Thomas Ulrich
Institute for Disposal Research

Symbol Uses

Cu

Ag

Au

Zn

Electricity production/distribution = building wires and telecommunication cables/circuit
boards.

Transport sector—vehicle brakes, radiators and wiring, copper-nickel alloys are
non-comrosive and provide material for the hulls of ships, Ecorys (2012) classes mid-ccean
ridge copper deposits as areas of *high” economic interest.

Mobile phones, PCs, laptops and batteries currently use the largest volumes of silver,
many of the newer uses of silver focus on its antibacterial properties. Silver used
domestically in mirrors, jewelery and cutlery. Ecorys (2012) classes mid—ocean ridge
silver deposits as areas of *high” economic interest,

Predominantly jewelery, although has also been used in electrical products. However, the
total amount of material used for electricity is decreasing as base metal-gold alloys are
increasingly providing a cheaper alternative to pure gold in electrical products. Ecorys
(2012) classes mid—oocean ridge gold deposits as areas of “high” economic interest.

Galvanizing steel or iron to prevent rusting, also commonly used as an alloy in the
production of brass and bronze. Zinc is also used in the production of paint, as well as
pharmaceutical products as a dietary supplement. Ecorys (2012) classes mid —ocean
ridge zinc deposits as areas of "high" economic interest.

Mainly used in construction industry due to its sulfur fixing, deoxidizing, and alloying
properties. It is preferred over other more expensive altermnatives. Ecorys (2012) classes
manganese crusts and nodules at intraplate seamounts as areas of “low” economic
interest,

References

British Geological Survey, 2007
Goonan, 2009

Ecorys, 2012

United States Geological Survey, 20120

Ecorys, 2012

Ecorys, 2012
British Geclogical Survey, 2007
United States Geological Survey, 2012a

British Geological Survey, 2004
Ecorys, 2012

Ecorys, 2012
Geoscience Australia, 2012
Bigthe et al., 2015
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Deep sea mining: potential commodities

Cobalt Co Primarily used in production of super alloys with exceptional resistance to high British Geological Survey, 2009
ternperatures, for example those used to make aircraft gas turbo engines. Also used in Ecorys, 2012
rechargeable batteries —notably lithium-ion batteries used in hybrid electric vehicles. United States Geological Survey., 2012¢

These batteries contain high proportions of cobalt as 80% of the cathode in lithiurm-ion
batteries is composed of lithium-cobalt oxide.

Ecorys (2012) classes deep sea and intra plate seamount deposits of cobalt as areas of
“moderate” and “low” economic interest, respectively. Cobalt is also found in manganese
nodules,

Rare Earth Elements REEs Set of 17 elements including the 15 in the lanthanide series, plus scandium and yttrium. British Geological Survey, 2011
Used in the widest group of consumer products of any group of elements and have Ernst Young., 2011
electronic, optical, magnetic and catalytic applications. Trends suggest that Ecorys, 2012MIDAS, 2016
“green” —carbon reducing —technologies such as hybrid and fully electric cars, catalytic
convertors, wind turbines and energy efficient lighting are key growth areas for REEs in the
future. Demand for rare earth elements is increasing by 5-10% annually. Ecorys (2012)
classes intraplate seamount deposits of REEs and yttrium as areas of “low” and
“moderate” interest, respectively.

Tin Sn Used in the high-tech industry for manufacture of items such as smartphones and laptops  Geoscience Australia, 2016
in which the metal is used in solder. Also found in tinplate and in compounds that are used
to make plastics, ceramics and fire retardants.

Gas Hydrates Gas hydrate is a solid ice-like form of water that contains mainly methane gas molecules in - Sloan, 2003
its molecular cavities. Methane from gas hydrates may constitute a future source of natural  Kretschmer et al., 2015
gas. Note that the high methane content of these hydrates and their potential adoption as
a fuel resource could make them key sources of Carbon emission.
According to the United States Geological Survey, the world's gas hydrates may contain
more organic carbon than the world's coal, oil, and other forms of natural gas combined.
Estimates of the naturally occurring gas hydrate resource vary from 10,000 trilion cubic
feet to more than 100,000 trillion cubic feet of natural gas.

Some specific information on economic interest in these resources in European waters has been provided where available.

Thomas Ulrich
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Figure 1. Total area of exploration licenses for manganese nodules in the Clarion-Clipperton Zone (CCZ; ~1.1 million km?) compared to

the area of Europe. Image credit: GEOMAR Helmholtz Center for Ocean Research Kiel. .
Thomas Ulrich Beaulieu et al 2017
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Cu-Au from black smoker chimneys

LOCATION OF TENEMENTS . e

NAUTILUS  October 2010 ® Nautilus Minerals

Figure 1 Exploration Licences Exploration Licence Applications
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Deep sea mining

" Possible deposits to be
targeted on the seafloor:

" Volcanic massive sulphide
deposits (VMS, black
smokers)

Polymetallic Mn nodules
" Mn-Co crusts

" REE enriched mud (soft
sediments)

Thomas Ulrich
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Seafloor Production System

zgm TU Clausthal

Deep sea mining "

Production Support
Vessel (PSV)

Pros:

- 70% of Earth surface is seafloor

- Higher ore grades than land-based
deposits, no deep pits

- Reduced social disturbance

Riser and Lifting
- System (RALS)

‘m
-
.
-
- E
-]
18
- (-

Cons: :
-unknowns about environmental L i o
impaCt O S A / l'""-#tr'j’f‘%p"g LP) M-

-legal disputes over land rights
outside the 200-mile zone

Thomas Ulrich
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Exercise 6

Thomas Ulrich .
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P b an d Zn o) 207.2 L, 65.38

" Lead and Zinc

" Uses of lead and zinc

" Lead-zinc deposits
" Volcanic massive sulphide deposits (VMS)
" Sedimentary exhalative deposits (SEDEX)
" Mississippi Valley-type (MVT)

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 120
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Lead o072 | |, 658

" Silver-grey metal, relatively soft

" Ore mineral(s): galena, PbS

" Top supplier: China, Australia, USA
" Reserves: 85Mio t

" Resources: 2Mrd t

Galena

USGS 2022

Thomas Ulrich
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Lead uses 5 207.2 L 65.38

“ Batteries
“ Pigments
" Radiation protection

Thomas Ulrich
Institute for Disposal Research Economic Geology 122
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Lead

Zinc 02

Zinc

50 65.38

* Silver-white metal, tarnished in air
" Ore mineral(s): sphalerite, ZnS

" Top supplier: China, Australia, Peru

" Reserves: 210Mio t
" Resources: 1.9Mrd t

Thomas Ulrich
Institute for Disposal Research

sphalerite

USGS 2022

Economic Geology
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ZinC uses 5 207.2 L, 65.38

Lead Zinc

® Galvanisation

“ Die-casting

" Alloys

" Paint, plastic, rubber

Thomas Ulrich
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Sediment-hosted Pb-Zn deposits

There are two types:
" Sedimentary exhalative deposits (SEDEX)
" Mississippi Valley-Type deposits (MVT)

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 125
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Sedimentary hydrothermal deposit

Examples

Uppar Mississippi Valley

FPing Point MVT

Zn-rich ores

FE!TT:;::l Quartz sandsione aquifer system QISva S E D EX
SO - Saulheast Missouri

= Evapnrm.
JL _-_'_"—'——-_._\_P_‘D_% - ——
Q%%F P S
ﬁﬂd@@_ y;r"‘“'h-——__ Kupterscheifer
T = 100-150°C Erstem : : :
BH = 4-6 ~—____ | Cuerich ores Central African Copparhelt

fC, = magnetitar Cu=Pb+2Zn  White Pine
hematite
Zn =5 pom
Ak =1 ppm
Cu=0.1ppm

Thomas Ulrich
Institute for Disposal Research Economic Geology

126



TU Clausthal
Sedimentary exhalative Pb-Zn (SEDEX)

Pb reserves 226Mt*

SEDEX
deposits
contain
globally more
than 50% of
the Zn and Pb
reserves and
make up 25%
of the
production of
these metals

s

200mx200x500m
6X

Thomas Ulrich
Institute for Disposal Research

Zn reserves610Mt*

300mx300x300m

12x RS

*Mudd et al. 2016
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Sedimentary exhalative Pb-Zn (SEDEX)

Production of Pb (and prediction)

30

Lead is one of the
most effective recycled 2
metal due to
organized colleting
scheme of car
batteries.

o]
o

B Lead [ Recycle

> G

1850 1900 1950 2000 2050 2100 2150

iy
o

Supply of Lead (Mt/y Lead)
[y
(9]

_ (a) Mohr et al 2018
Thomas Ulrich
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Sedimentary exhalative Pb-Zn (SEDEX)

25 T
W Rammelsberg
[}
B Lady Loretta Red Dog
| |
M Anarraaq
20 S— Super Giants (10) Broken Hill
(21) p— .
Rampura W George Fisher
Agucha W Hilton
X 15 ¥ w
—
E .. - B Mtisa W McArthur River
o
+ W Sullivan
g -
N 10 a n M Century
Gamsberg
W Jinding B Howards Pass
o
5l |
Low Grade Super Giants
)
O X 1 - 1 =Y
0 10 20 30 40 50 60

Zn+Pb Mt
Thomas Ulrich
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Sedlmentary exhalative Pb-Zn (SEDEX)

Thomas Ulrich -
Institute for Disposal Research

Tabular ore body of massive Fe-Zn>Pb (Sphalerite,
Galena) and Ag (£Cu, Ge). Some are Au-rich.

Barite and qtz (chert) may be a common gangue.

Ores interbedded with Fe sulphides (Py, Po) and
basinal sedimentary rocks = SYNGENETIC origin.

Contain 50-60% of worlds reserves of Zn-Pb in a
few very large deposits (Sullivan, Canada; Red Dog,
Alaska; Broken Hill, Mt. Isa, etc. Australia).

Mineralization can occur from venting of metal-
rich fluids into reduced sedimentary basins on
continental margin settings, or as replacement
beneath the basin floor.

Economic Geology
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McArthur River Century

Thomas Ulrich
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Sedimentary exhalative Pb-Zn (SEDEX)

Fluid inclusion information

" Generally somewhat higher T than MVT deposits (100°-250°C).

" Wide range of salinities (1- to >45wt% NaCl eq.) and temperatures
(100° to >400°C) at e.g. Sullivan. Salinity commonly around 5-
25wt% NacCl eq.

® The source of the fluids is assumed to be hot basinal brines.

" High T due to high geothermal gradient because of extensional
setting and deep fluid circulation.

" High fluid salinity due to density settling of evaporitic brines.

Thomas Ulrich
Institute for Disposal Research Economic Geology
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Sedimentary exhalatlve Pb Zn (SEDEX)

" Dense brines with metals derived
from local sediments.

" Metal deposition due to fluid mixing
of brine and cooler, dilute meteoric
water subsurface (replacement). Part
of fluid can vent on basin floor
(exhalative). Therefore it can be syn-
and epigenetic.

" Hosted by marine clastic or chemical
sediments in rift basins, little or no
connection to volcanic rocks.

" Modern analogues could be the Red
Sea and Salton Sea systems.

Thomas Ulrich
Institute for Disposal Research

e

fE:thaIalwe are ) ,,r'IJ
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ﬁzﬁﬂjj‘_*_ ] I _I_ = .-‘...
= = _ — Distal sediments, |- .
S - T barite chert —
AT R ,Hepiace_n‘-_g{]t ure'—_"— =

B S

_ Synsedimentary s -
growth fault - - = o2

Goodfellow et al 1993 and Misra 2000
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Sedimentary exhalatlve Pb Zn (SEDEX)

Global SEDEX Districts:
" Red Dog (Alaska)
" Selwyn Basin (Canada)

" Purcell-Sullivan (Canada, USA)

" Broken Hi”, Australia ® SEDEX/BHT Yy < AN
® MVT , ) Aggney,si '1 %
B VSHMS geie SRV 3 ‘ ke WY
" McArthur River, Australia 5000 km > - s " iswict %
L i } ; " World Minerals Project

Thomas Ulrich
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Mississippi Valley-Type Pb-Zn (M

VT)

-
-

Major deposits/resources: Navan (Ireland), Pavlovskoye (Russia), Admiral Bay
(Australia), Buick (USA), Mehdiabad (Iran), Komdok, (N-Korea), Pine Point
(Canada)

Thomas Ulrich
Institute for Disposal Research Economic Geology 136
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Mississippi Valley-Type Pb Zn (MVT)

Refers to deposit type named
for Zn-Pb mineralization
hosted by carbonate rocks,

‘ EPIGENETIC.

«. " Type area is Mississippi area,
USA.

" Mineralization often hosted by
dolomitized carbonates
(porosity) formed in reefs,
bank settings on paleo-highs,
margins of basins.

) * Orogenic forelands

28 " Ore body in lenses, massive

sphalerite/galena 127

Type area of deposits

Thomas Ulrich
Institute for Disposal Research
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Mississippi Valley-Type Pb-Zn (MVT)

rmigrating
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Thomas Ulrich
Institute for Disposal Research

Bradley and Leach 2003

orogen

=+ 7
Tectonic 727
comprasson -;;."’-

Foreland basin
. R

Probable trace of —
pre-mineralization fault i,

Minaralized
breccia zones
Beddad-type .

orebody . Discordant-type
! 2 orebody
] 40
meters Garven et al 1993
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Mississippi Valley-Type Pb-Zn
(MVT)

Ore as replacement and cavity filling.

" Host rocks are “dolomitized” carbonate (reefs).

" Generally coarse Gal +/or Sph and colloform Sph. Fluorite and barite can
be present.

" Ore body size highly variable and many occur in one district (e.g., Pine
Point, N. Canada).

" Fluids are metal-rich basinal brines. 10-30wt% NaCl eq. T <200°C.

" Mineralization post dates age of hosts by many Ma — thus, very different
to SEDEX and VMS systems.

" Main formation age of MVTs is between Devon and Perm (assimilation of
Pangea). Coincides with large-scale contractional events.

" Fluid mixing is one of the most important metal deposition processes.

* Can also contain Ba, F, Cu, Ag, Ge, Co, V)

Thomas Ulrich
Institute for Disposal Research Economic Geology 139
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Mississippi Valley-Type Pb-Zn (MVT)

P|ne Pomt Ore Sample

22N
Thomas Ulrich & R
Institute for Disposal Research Economic Geology 140
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Mississippi Valley- |
Type Pb-Zn (MVT)

Breccia and
replacement textures

Thomas Ulrich .
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Mississippi Valley-Type Pb-Zn (MVT)

Metal transport as Cl-complexes.

Fluid mixing: reduced sulfur-bearing fluid mixing with a
metal-rich fluid. Or S from rocks at depositional site.
Temperatures indicate high geotherm or more likely
upwelling of deep brines. High-salinity fluids due to
evaporite dissolution or evaporated seawater infiltration.

Thomas Ulrich
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-4 Pb transport in MVT fluid ~__~~= ' ' e
NaCl=3m
TS =107 m
=50 I
foss «—ZPb =10 m 1
§ Hematite
52 - D}’qj@
Magnelite
)
cn "‘54 — "'——_,_\____H__H_
3 5‘1§E Ig_:}i“@
—56 :
| | Sufficient reduced
| S to form sulfide
i ore
-58
| = ] | L | _— | Ji_=a
3 4 5 G 7 8 9 10 11
pH
What are the typical conditions of fluid transporting Pb and Zn in MVT (see figure)
. Anderson 1975
Thomas Ulrich
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L_iif*iﬁ__; e -

INES

Vs Mineralization occurs in similar
horizons (strata bound) around
the basement uplift area.
ks | " Mining since 1864!
N Sl £ " Exploration concentrated
' along same stratigraphic
horizon - algal carbonate that
is dolomitized.
* Common theme to ore bodies

YIBURNUM
TREND W

...........

Contmuous horizon
~ along the carbonate

/;/;e';, | is the dolomitized reef
e L s | limestone upon basement
ewence 88 LN T | high with shale aquitard

- TR above this unit.

7
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7/Blackw or\ 7
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Thomas Ulrich _ —Mississippi Embayhenl e
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2. Karst environment
B. Central Missouri, SE Missouri Barite
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Thomas Ulrich
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Thomas Ulrich

An example of breccia-related mineralization

East Tennessee Breccia Body

?
Trace of premineralized and ey e )

prefluid alteration strike-slip fault ? f
i

i
|

Crackle breccia

Ny

e
TS

|

0
;

Barren breccia

I-ﬁ BRANCHING SHOOT - TYPE ORE BODIES BREAKTHROUGH - TYPE ORE EDDYai
0 - 10

@ Limestone I:] Primary dolomite GSC

Figure 10-2. Schematic representation of a columnar ore-bearing breccia body in the East Tennessee MVT
district (modified from Ohle, 1985).

Institute for Disposal Research
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Navan Ore Body in the Northern part of Irish Ore Field:
Currently largest MVT deposit in the world

NW  NW SECTION 817NW _ " Massive Iayered ores asin
SEDEX deposits.
. " Textures indicate early
‘ ' diagenetic origin - NOT late like
in MVTs.
" Boulder bed on top contains

F-1 E FALLT AFALLT C FAULT

ZONE | ZONE2  ZONE3 fragments of ore - thus an early

FINGAL .
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amoup - NUDDYLMESTONE - HODULSR HARKER " Is mineralization like a SEDEX?
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g

Thomas Ulrich
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Geology of Irish Zn-Pb(-Ba) Deposits:

= Lisheen and Silvermines are other past-current producers.
" Deposits show structural controls and a relationship to dolomitization.

kS
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\

~Lower POOODOGOOd
™) . 00000 LNIABATC
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Chadian ramp carbonate rocks
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Chadian carbonate turbidites

////
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LISHEEN

zzzzz
\\\\\\

Sandstone %7

Thomas Ulrich
Institute for Disposal Research

Faults are fluid zones.
Clastic sediments (Old
Red Sandstone) forms the
foot wall.

Limestone units are
dolomitized in the areas of
mineralization.

Ore is along fault and
strata bound along zones
of dolomitization.

Ore is syn- to early
epigenetic.

Zn>>Pb

Economic Geology
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Fe

“lron

" Uses of iron

" Iron deposits
" Banded iron formation (BIF)
" Ironstone deposits

Thomas Ulrich
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Iron
" Shiny, greyish metal, rusts in air

" Ore mineral(s): hematite, Fe,O, ‘.

magnetite Fe,0,

ematite/magnetite

" Top supplier: Australia, Brazil, China
" Reserves: 180Mrd t
" Resources: 800Mrd t

USGS 2022

Thomas Ulrich
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Iron uses

* Construction
" Steel, alloys
“ Castiron

* Magnets

Thomas Ulrich
Institute for Disposal Research Economic Geology 152
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Iron uses

" Ironstone deposits
“ Banded Iron Formations (BIF)

Thomas Ulrich
Institute for Disposal Research Economic Geology 153
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Ironstone deposits

Ironstone (hematite, goethite)

Oolites together with Fe-rich silicates (chamosite,
glauconite, goethite)

Reworked ironstone Fe concentration
{mechanically re- (pedogenic ooid
worked and sorted) formation)

Thomas Ulrich
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Ironstone deposits

Oolithic and
goethite ore

Thomas Ulrich
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Ironste deposi‘ts

Deposited in rive
channels and
then filled with
oxidized/weather
ed iron from
flood basalts.

I Miocene

Thomas Ulrich
Institute for Disposal Research

Economic Geology

156



TU Clausthal
Banded iron formation deposits

* Cherty iron formations are the global source of iron.

* Formed in 3 main periods: 3.5-3Ga, 2.5-2Ga, 1-0.5Ga

* Basically is a bedded chemical sediment of chert or Fe-rich
carbonate and iron-rich layers (hematite/magnetite)

* High grade, high tonnage, ore body laterally extensive and thick

Algoma-type:

Related to volcanic arcs, relatively small, exhalative Fe, mined
in the Abitibi greenstone belt, Canada

Superior-type

On stable continental platforms, largest, and most important
deposits, lateraly extensive, Fe upwelling

Rapitan-type

Very minor, in glaciogenic sediments, anoxic conditions

_ under ice cap
Thomas Ulrich
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Banded iron formation deposits

Thomas Ulrich
Institute for Disposal Research Economic Geology 158
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Banded iron formation deposits

0

Superior
g0l [

% 5.0

£ 40

E 3.0 |
Geological formation & i

. | Rapitan

SettlngS of the three %0 3530 2.5 znmi@lﬁlo
ma|n types Of BIF. Time belore prasent (Ga

W ') "
st O 4 —~ =
SR L AT
e TR ek i
2T NN e
A o Sealevel N\ T : B
.’ Gontinental
] + orust  +
lack o ¥
o Magmat"\\smcker “a
Oceanic crust
Thomas Ulrich Clemmey, 1985; Maynard, 1991: Holland 1984
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Banded iron formation deposits

Banded iron formation (hematite, magnetite) form
due to chemical sedimentation of Fe and Si. Hematite is
stable over a wide range in Eh-pH and the primary

phase in BIF.

1.0
0.8
0.6
0.4

0.2

Eh (volts)

0.0

-0.2

-0.4

-0.6

-0.8

Thomas Ulrich
Institute for Disposal Research

Chemical processes involve:

* oxidation-reduction

° pH

* Climate

* Paleolatitude

* Biological and atmospheric
evolution

Economic Geology
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Banded iron formation deposits

Oxidation of Fe?* due to photosynthesis bacteria

\Ultraviolet radiation\

T

— Surface et S RS T TETEL WEWL U . O ——

Carbon
L \PhotosynthesisE i Photo- omdaﬂon\ﬂ)wAf C__;_SUDPW
o 34_ .
:TS: 1 Photic imit50 m ——————— = F Si Si ) c
5 . | : A
1 - — = Whit Black
2 Redox interface 100 m — 5 Fe “oxides %' —E ite ‘Fe-poor chert‘ ac
S %i (hydroxides)
= Upwellingand ¢
i hydrotherma oF ’r’l v Fe
l input Fe Si 4
—— > |y
~Bottom >150m r—_fHematite Magnetite
=t e = e atail
Lganded_igﬂf?@@
Thomas Ulrich Robb 2005
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Banded iron formation dep05|ts upgradlng

Iron-rich sediments are not rich

enough, needs upgrading under
epigenetic processes. Economic

Fe grades are >30-35wt% Fe.

Either during metamorphism
and transformation of iron
hydroxides, iron-rich clays to
hematite or due to leaching of
other components in the
sediment (e.g., SiO, and
replacement by Fe-hydroxides,
hypogene and supergene).

Thomas Ulrich
Institute for Disposal Research

(1) REDUCING STAGE
Migration of hydrothermal fluids

Magnetite-carbonate mineralisation
(e.g. Mt. Tom Price)
No evidence at Mt. Whaleback

Uplift and erosion

(8) WEATHERING STAGE
Weathering of ore bodies
Supergene fluids

BIF martite-rich BIF with Si?

Extension

(2) OXIDATION STAGE

Circulation of heated meteoric fluids
Magnetite oxidised to martite
Microplaty haematite formation
Removal of gangue minerals

BIF martite-rich BIF with Si?

Y

l WEELI WOLLI FORMATION
., BROCKMAN IRON FORMATION

[=—] MT. MCRAE SHALE
[[T]] svLvia FormATION

WITTENOOM FORMATION Altered BIF
Economic Geology

Whaleback Shale Member
Dales Gorge Member

- Magnetite-carbonate ore

- Martite-microplaty haematite ore

Dissolves Si, enriches Fe, Mg, Ca, CO,

Phanerozoic

.
i€

Proterozoic
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m.l

Thomas Ulrich
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Algoma-Type

AGM 2017 ¢

Reflected light microscopy

AGM 1997

Thomas Ulrich
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Superior-Type
(Hamersley, W. sali)

: . _ k {AGM 1987
Thomas Ulrich : : . =
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LR RN

Superior-Type
(Hamersley, W. Australia)

Thomas Ulrich : »
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Superior-Type
(Minas, Brazil)

CAR 2010

Thomas Ulrich
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Superior-Type
(Minas, Brazil)

Thomas Ulrich
Institute for Disposal Research
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Al

" Aluminium

Aluminium

13 26.982

" Uses of aluminium

" Aluminium deposits
" Bauxite

Thomas Ulrich

Institute for Disposal Research Economic Geology 170
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Aluminium

Aluminium

13 26.982

" Silvery, white metal, soft
* Ore mineral(s): bauxite Bt
" Top supplier: China, India, Canada Ru55|a
" Reserves: 7/Mio t

" Resources: 65Mrd t

USGS 2022
Thomas Ulrich
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Aluminium uses

Aluminium

13 26.982

® Construction
" Foils

" Aircraft, boats
" Alloys

Thomas Ulrich
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Aluminium deposits

Aluminium

13 26.982

" Supergene enrichment, Bauxite

Thomas Ulrich
Institute for Disposal Research Economic Geology 173
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Supergene enrichment: Bauxite

The chemical processes include

dissolution, oxidation, hydrolysis and

acid hydrolysis.

Humid, warm climates with
deep chemical weathering.

Thomas Ulrich
Institute for Disposal Research

_________________ s m
#  #
s Mottled zone . o # " #ooy
-1 Cementation |~ # " % |
E front F~ — — —|
Plasmic or - —_— - —
arenose zone - —
Primary fabrics destroyed e e
Regolith ==
Pedoplasmation |- — — _—
e e
front V/ )j /
Saprolite
/7 /7
é > 20% weatherable minerals altered / / /
o
% Primary fabrics preserved / / /
7]
__________________ LA N
Saprock
< 20% weatherable minerals altered
e e e ———— —————— — ———
Protolith Unweathered rock

Lateritic

residuum = .
or ferricrete 1 Lateritic duricrust

Pisoliths and nodules
(loose)

Pisoliths and nodules
(indurated)

Iron-oxide mottles in
kaolinite matrix

Weathering
front
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Supergene enrichment: Bauxite

Bedrock with more
than 12% Al is suitable
for bauxite formation.

Bauxite is an accumulation of Al due to the
leaching of other components such as Si.

Fsp-(Si loss) = kaol-(Si loss) = gibbsite
Ore grade is up to 50wt% Al.

Eh and pH relationship is most important
to obtain high-quality bauxite (i.e. low Fe).

Thomas Ulrich Bauxite area in Jamaica
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Supergene enrichment: Bauxite

1.2 O Al minerals more soluble |
than Fe minerals

[ Fe minerals more soluble

4

1.0 i?: than Al minerals
: : : , &
High quality bauxite contains e,
. . \‘;". X
50wt% Al. Requires that Si N
and Fe are effectively  oap %%‘?f@ Al leached
removed. g o Ve
: \@ :
0.0/ N %%
Fe is mobile in Fe leached \¥
reduced state PR
0.4 e i’ %9'7’@,;5
(Fe?). DX
-0.6
0.8 | | | | | |

Thomas Ulrich Norton (1973)
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Supergene enrichment: Bauxite

SRS
Thomas Ulrich i . 5 AT i
Institute for Disposal Research Economic Geology 177
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Supergene enrichment: Bauxite

" AGM 1987 :
e, el

Thomas Ulrich :
Institute for Disposal Research Economic Geology 178
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Snand W

“ Tin and tungsten
" Uses of tin and tungsten
" Tin and tungsten deposits

" Intrusion related deposits (granites)
" Placer deposits

Thomas Ulrich

Institute for Disposal Research Econom ic Geology 180
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Tin
* Silvery, soft metal

" Ore mineral(s): cassiterite, SnO

" Top supplier: China, Indonesia, Peru
“ Reserves: 4.6Mio t

® Resources: 15.4Mio t

Cassiterite

USGS 2022
Thomas Ulrich
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Tin uses

" Alloys (tin cans)
" Glass manufacturing
" Superconducting magnets

Thomas Ulrich
Institute for Disposal Research Economic Geology 182
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Tungsten

" Silvery, shiny white metal

® Ore mineral(s): wolframite, (Fe, Mn)WO
scheelite, CaWO,

" Top supplier: China, Russia, Vietnam waamiescreee
“ Reserves: 3.8Mio t
" Resources:

USGS 2022
Thomas Ulrich
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Tungsten uses

" Alloys, high temperature applications
" Cutting/drilling tools
" Light bulbs

Thomas Ulrich
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Intrusion related ore deposits, granites

Thomas Ulrich
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Intrusion related ore deposits, granites
" Similar to porphyry Cu systems
" Magmatic-hydrothermal

" Metal source are magmatic (felsic rocks)

" Metal enrichment due to fractionation and then
release of hydrothermal fluids.

" Mineralization mainly in veins (mm-cm)
" Low grade, high tonnage.
" Ore body concentric to elongated (veins)

Thomas Ulrich
Institute for Disposal Research Economic Geology 186
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Intrusion related ore deposits, granites

L ~ 500 m | . | |
T - ' Veins- el | :
Decreasing TS, |
temperature Alteration*
; halo. .
s

v N
Stockscheidgers.  ~“ - | F
e~ -

4
Greisen __

+ o+ 4+ o+ 4
= +Le_lte stagg .

4. Focusing of fluids
(ore) into structural
sites (veins)

3. Fluids react with
granite to form
greisens

1. Primary enrichment in
magma of metals, volatiles

2. Generation of
metal-volatile rich
melt

Thomas Ulrich
Institute for Disposal Research
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Intrusion related ore deposits, granites

€ K, Na, Rb, Li, F,
£ Cs
2
i
°
=

Wt. % SiO,

>

Thomas Ulrich

Institute for Disposal Research

Magma fractionation in granitic
systems

" Early removal of Plg-Hbl-Bio enriches
melt in elements not compatible in
these minerals — Li, Rb, Cs, Ta, Nb, Sn,
W, etc.).

= Volatile content increases (H,O, F, Cl,

B).

Economic Geology
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Intrusion related ore deposits, granites

Magma fractionation in granitic
systems

Rb 10° /K

" The most evolved rocks are

B indicated using an index of
fractionation, as represented by
oo ° o Rb/K (index of fractionation) values.

80

" The Sn values are highest, to 100
ppm, in the rocks which are
indicated from above to be the most
evolved.

60

Sn ppm

40

20

0 L | L | 2 | L l A J

70 71 72 73 74 75 . . . .
. f P l; N 2002, Ch
Thomas Ulricl % $i0, ((jZaEtradfg)cm suite of granites in Portugal; Gromes and Neiva, 2002, Chemie
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Intrusion related ore deposits, granites

" The redox conditions and N
fractionation of an intrusion
control to some degree the & i Cu-Au cuMo Mo 3
metallogeny. 2 W-Mo-Sn
" Oxidized, less fractionated o | T { ﬁ_t ] £ AS.BI |
systems are more Cu-Au rich. oy sl
- Rirduced, but fractionated " 0.1 Fincreasing SntW
systems are more Sn-W rich. : D""dat”:l'gcreaﬂing ‘

fractionation

0.001 001 01 10 10 100 1000
Rb/Sr

Thomas Ulrich
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Intrusion related ore deposits, granites

Granites are
always reduced
lImenite >> magnetite

Geophysical signature of granites
related to hydrothermal Sn-W
deposits

—> negative
aeromagnetic
anomalies

Thomas Ulrich
Institute for Disposal Research Economic Geology 191
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Intrusion related ore depo

9

HYDROTHERMAL SN-W 5 4.\

(MO) RELATED TO
GRANITE INTRUSIONS

Asian Plate ./ B,/

“7\ Philippine Plate

sits, granites

‘American
Plote ="

Caribbean
: Plate H
Cocos ' 5
Pacific Plate Plote —7= “YF 1
X .‘,. ol ° 2
; s
#Eost Pacific\§
g Plate o o
H -
T -
it \
AT QY = = B
o~ N L -
7 q .
v Antorctic Plate 'f

Age and tectonic position of Sn-\VW deposits:

- Palaeozoic (Variscan) to Tertiary.

- Continent-ward of convergent plate margins (Bolivia, Aus)
- Also intracratonic in older provinces (Nigeria; Bushveld)

Economic Geology

Thomas Ulrich
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Intrusion related ore deposits, granites

4 IMPORTANT
STANNIFEROUS AREA

x MINOR OCCURRENCE it

Important districts in Europe include the
Erzgebirge, Massif Central, Cornwall, Portugal

Thomas Ulrich
Institute for Disposal Research Economic Geology 193
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Intrusion related ore deposits, granites

Sn-W Minerals of Significance:

W Minerals Note that scheelite fluoresces
blue under UV.

Scheelite - CawoO,

Wolframite - (Fe, MN)WO,,

Sn Minerals

Cassiterite - SnO, - dominant phase
Stannite - Cu,FeSnS,

Thomas Ulrich
Institute for Disposal Research Economic Geology 194
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Intrusion related ore deposits, granites

10.0 —
% Grade-Tonnage of Sn-W Deposits
San Qafael. %off
Red Rose  paiea oncel® .Sduk Crafty q’o@_
1.0 Greyﬂi\.rBerr i\a .Kelapa s <
- Lo roy1e.®
& Chambillaya 4™ 4 than .
g i C"?J[l:,:;f?;i}“ " Deposits 0.1-5.0 wt. % Sn, W and
ol aal Gammen ) aad
S e e tonnage <1-50 Mt.
0.1 Burnthill
" Highest grades are vein or skarn
%, %, %, o deposits, versus greisens that are
4 WOs lower grade.
Ll T | 1
10° 10¢ 107 10°

(GSC website, 2006)
Mt ore
Thomas Ulrich
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Intrusion related ore deposits, granites

Alteration

- Early albitic alteration in granitoid hosting rocks,; pegmatites

- Cassiterite deposition often associated with “phyllic”
alteration: feldspars converted to muscovite + topaz + chlorite
(“greisen”).

- Later formation of kaolinite (‘china clay’ in Cornwall).

5
" .

Thomas Ulrich
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Intrusion related ore deposits, granites

Reactio

narea Alteration:

Greisen Bodies: Reaction of the fluids
with granite or country rock to form
greisen (e.g., quartz, topaz, fluorite,
muscovite, tourmaline).

b Fluid flow £

Thomas Ulrich
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Placer deposits

" Sedimentary ore deposit.

" Deposition of ‘heavy’ minerals.

" Fluvial or aeolian transport and sedimentation.

" Cassiterite (SnO,) is dense and therefore can be
enriched in beach sands from where it can be mined.

" High grade, high tonnage.

" Ore body laterally extensive, but restricted to layers

Thomas Ulrich
Institute for Disposal Research Econom ic Geology 199
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Placer deposits

= Hydraulic equivalence -~

" Transport and settling of matterin a e e o

fluvial system is a complex processes o ki

and makes it difficult to predict the /_\\ Frie ol

formation of placer deposits ' Q
= . . II:‘-|=1'E- ?:% gf??h

Usually the simple Stokes law is not w2 l

i ¥

holding up. T .

® Turbulent flow instead of laminar Velocity . . (3, — ) (for gold)

. . . . Veloci LAl i
" Grain-grain contact in systems with RN (er R and ptibe

>5% solid material
" Grain shapes usually not spherical

These diameter ratios could lead
to a Witswatersrand placer

Thomas Ulrich
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Placer deposits: Transport modes

Later entrainment involves (a) Water — e
. Rolling N\

the be(.JI.Ioa.d and its . Sliding < s

remobilization of certain . . . | Suspension

particles. Y ————

b Saltation l
It has to be considered that —

; REZRAS
larger grains move faster SE s
than small once at a given In the formation of placer deposits

bed roughness (less the flow of the medium is
trapping and shielding). controlling factor (laminar vs.
turbulent)

Thomas Ulrich
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Placer deposits: Transport sorting

(b) Intermediate scale

v
Divergent
\ flow

| l
0 30

meters
e A

Convergent % Y k— ;
flow / @ T -
Older AN AR
alluvium SOF AN Sy e B0 R Ve St

Heavy mineral deposition

Thomas Ulrich
Institute for Disposal Research

Large scale
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o .
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AN —~ : )
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Word cloud

Thomas Ulrich .
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