JARO 2024

MUN I oréeaiosica
o5 C

:[ Sciences

POKROCILA LOZISKOVA
GEOLOGIE
LENKA SKRAPKOVA



GEN ETICKA KLASIFIKACE
LOZISEK (upraveno podie Rozloznik et al. 1987

vulkanoexhalacni S, B
subaericks Lkrustalni travertin, sintry
] pitna, léciva, primyslova voda
Endo- ) SelEEg Ol geotermalni energie
exogenni L Fe (Lahn Dill), Mn, Cu+Pb-Zn+Au-
vulkanosedimentarni .
. Ag (kyzoveé formace)
submarinni —
hydrotermalné Cu-Co, Cu, Pb-Zn + Ag,
sedimentarni kovonosné jily
mineralizace hydrogenni:
Exo- infiltracni |V piskovcich U, Cu red beds
endogenni v karbonatech S, sadrovec, P
v kaustobiolitech U, Ge, P
ryzoviska Sn, Nb-Ta, W, diamant, pyrop
reziduani kaolin, bauxit, Fe, Ni-laterity, ...
zvetralinoval p o1 myrolyticka bentonit
] . |druhotné oxidické a sufidické
supergenniho obohaceni Ay
Exogenni

sedimentar
ni

klasticka

Au, Pt, diamant, Sn, Ti, Zr, Au-U,
stérky, pisky

chemogenni a
biochemogenni

evapority, karbonaty, silicity

organogenni

karbonaty, silicity, fosfority
kaustobiolity

Série Skupina Typ Formace
likvaéni Cu-Ni + PGE
magmaticka protomagmaticka Cr, PGE, C, Ti, REE
hysteromagmaticka |Cr, Ti, magnetit-apatit
jednoduché pegmatity| kfemen-zivec-slida
eI metasomatizovane |- B Nb-Ta, Sn, U-
pegmatity Th, Au, drahé
kameny
karbonatitova REE
. . Fe, W, Cu, Pb-Zn,
Endogenni - skarnova Co. Sn. Mo, U, ...
hydrotermalnich [ pititova Nb-Ta, Zr, U, Be, ...
IMELEEERENLY greisenova Sn-W, Mo, Be, Li
porfyrovych rud Cu, Mo, U
plutonicka A, S”’ W, Mo, Cu,
U, Ni-Co, Sb, ...
o . Sn-W-Bi-Ag, Au-Ag,
hydrotermaini subvulkanicka Cu-Pb-Zn. ...
. Pb-Zn, Hg-Sb, Cu,
teletermalni .
fluorit
kontaktné ’ Fe. Mn, V. ...
metamorfovana
kontaktné kontaktné
metamorfogenni  |metamorfni: viz skarny
‘E metasomaticka grafit, smirek,
o termometamorfni andalusit
S regionalné Fe, Mn, kyzové
E metamorfovana formace, ryzoviska
S regionalné
© 7
o s metamorfni:
S |regionaine ity grafit, sillimanit,
metamorfogenni . N ..
pegmatity azbest kiemen-zivec-
metasomatity slida  viz skarny
metamorfné Vviz hvdrotermalni




METASOMATICKA LOZI
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METASOMATICKA LOZISKA - PREHLED

[ pegmatity ]—[ Li, Be, Ta, REE, Rb, Cs H lepidolit, beryl, tantalit, zivce, polucit ]

[ skarny }—[ Fiey B (G (Rl 205D, b, ]7 magnetit, chlorit, sulfidy, scheelit, wollastonit

Sn, REE, Be

[ greiseny ] [ W. Sn. Cs, Li. Mo, Be ] kasiterit, wolfrellerglité(;ﬂflyl;t;(rj;nlt, zinnwaldit,

| abity |  Be Nb-Ta,REE,zr  —{ columbit, tantalit, pyrochlor, zirkon, beryl |

[ porfyrove rudy ]—[ Cu, Au, Mo, Bi, Re




METASOMATOZA
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-~ METASOMATOZA

Proces vedouci ke zmeéné ) Albitite
chemického a mineralogického botlies
sloZeni v pevnem stavu. y
TR A ] ] £ "re
zejména Ng| @7, Fe, Al, Si,
H N
minoritné i jako OH, F Ci B
indikujici zmenu ve slozeni )

. kationtu
VENA MINERALQGC AEHC
, (] 7 \ i 20

generaci téhoz, s odliSnym
pomérem prvku, nebo uplné

- aa aa aVa alaa
V A

Pérez-Soba & Villaseca,
2019



METASOMATOZA

(velky rozsah) v zavérecnych fazich konsolidace

[Pﬂsobem’ vyse teplotnich hydrotermalnich roztokﬂ}
masivd.

TVARY vo v x v mep s ,
LOZISKOVYCH TELES zily, CoCky, pne, zilniky, hnizda
TEXTURY vtrouSeninova, masivni, zilna, Zilnikova
ZDROJE FLUID magmatické hydrotermalni roztoky
. o kovy vazany na tzv. ligandy (Cl, F, HS,
PRENOS KOVU y y SO, HCgO3) y
ASIMILACE roztok musi byt podsycen

VYSRAZENI roztok musi byt pfesycen




METASOMATOZA

MECHANISMUS PRENOSU LATEK

FAKTOR teplota, tlak, Cas, chemicke slozeni protolitu,
Y chemické slozeni a koncentrace infiltrujicich fluid, permeabilita horniny
» hlavni mechanismus pri metasomatoze
L » roztoky a fluida s rozpusténymi latkami cirkuluji témi ¢astmi hornin, kde je
infiltrace "y » Ny . \ . . -
vySSi permeabilita a reaguji s protolitem a zaroven tato fluida odnasi
uvolnene prvky a latky
PROCES . o v . . 12
y difuze » spiSe vyjimecné — rozptyleni rozpustnych latek skrz stacionarni fluida je

rizeno rozdily v chemickych potencialech

dissolution- | » nahrazeni jednoho mineralu dalsi generaci tehoz s odliSnym pomerem
reprecipitatio | prvku, nebo uplné jinym mineralem » iniciovano fluidy » prekrystalovani
n mineralu

albitizace ¢ serpentinizace ¢ greisenizace * feldspatizace - silicifikace °
kaolinizace  dolomitizace - fenitizace * propylitizace ~argilitizace « atd.




METASOMATOZA

Mg-METASOMATOZA

chloritizace

'

oxidace, ztrata S,
prisun K

~N

(

\_

destrukce mafickych

~

mineralu a plagioklasu
J

Fe+Ca— Mg H,O

Cold ) S
subduction
zones

Si-metasomatism

Warm

subduction

Chl rock

Mg-metasomatism

Si-METASOMATOZA
o e ,
4 ° 0wz «C ™\
systemu ovliviuje
mnozstvi
. hovotvoreného )

systému muze

albit + Mg + H,O — chilorit + SiO,, +

Na,O

serpentin + Al + Mg + H,0O — chlorit

Okamoto & Oyanagi,
2023

zpusobit alteraci

- serpentinu bez Si
— I! 2%
cO,

serpentin + SI — mastek + H,0
serpentin + Si + Ca — tremolit + H,0
serpentin + CO, — magnezit + mastek

+ H,O



ALKALICKA METASOMATOZA

[https://www.youtube.com/watch?v=AQF261F ]

Na- N1EY
) . — |
[ METAS(XMATOZ .- e T
(Na-Ca)- ~ - N maﬁCKé- A-Did ! DKIid —> nll DKIid RADO
METASOMA A i 0 |ntr.|aln| mafické mineraly — chlorit + amfibol
T o ) epidot

METASOMATOZ
A

K-
P 2 — 20, felsické — K-bohate , K3 .

| METASOMATOZ H 27 CZ., R'f RS }—‘ Y i plagioklas — K-Zivec (adular) +
A muskovit

smektit — illit



H-METASOMATOZA

felsicke-
[ SERICITIZACE intermedialni

s

, CI, LI, felsicke- Zivce — F-slidy, topaz, fluorit
[ GREISENIZACE Si, P, Sn, W, peraluminické mafické mineraly — Li-Fe-slidy, chlorit, sulfidy, J
Mo i oxidv

7T

felsicke-
intermedialni

mineraly

[ ARGILITIZACE =
zachovani K-zivce

Zivce + slidy — pyrofylit + jilové mineraly, andalusit +

alumosilikaty
\-II\J

POKROCILA mafické mineraly — sulfidy (pyrit)
ARGILITIZACE




METASOMATOZA — TEKAVE PRVKY

slozek je elektroneutralni, tzn. reakce k vyrovnani naboju

naicnll notreha
LB | S A

v.’v r/vn.l S? NI A =

muze dojit k Caste¢né destrukci
mafickych mineralu a Zivcu —
v konecném dusledku vsak
nedochazi k vyrazné vymeéné prvku

‘ SERPENTINIZAC H pfisun H,O CO,
E

mafické mineraly + Zivce —
chlorit, muskovit, albit,

[ PROPYLITIZACE

elsicke-
mafickeé




METASOMATOZA - FENITIZACI%

https://www.youtube.com/watch?v=Se1DVbw5 ]

1£0

Elliott et al. 2018

| FENITIZACE |

’ 2
a vyluhovanim SiO, a redistribuci Ca, Fe, Mg
a Al,O,

kremene,
mozny vyskyt karbonatu

ctoanoavAd nenvdens 7 Nbh Ta | A CAa
StOPOVCPIVKYy —, TNO,—Td, =, OC

Zivce ¥ muskovit — alkalicke zivce a foidy
karbonaty

karbonatit

y, syenity

Country Rock Incipient Fenitization = Moderate Fenitization  Intense Fenitization
uartz .. . .
K?el - Aegirine Aegirine Aeqiri
Sars Alkali-amphibole Arfvedsonite sqme
Oligoclase | —» > . Albite
e Quartz Less quartz : _ , . _ P
B|Qt|te Lo Ca[c|te I:] Carbonatite generation 1 I:l Carbonatite gen. 2 . Carbonatite gen. 3 |:| Sodic fenitization
K-Feldspar Perthitic feldspar
Hornblende I:l Potassic fenitization . Micaceous fenite 9 Potassic fenite breccia  ------ Gradational boundary

Sodic fenite veins (early)

—— Nb-bearing veins (intermediate) —— REE-bearing veins (late)



PEGMATITY
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PEG MATITVY \|7\|/ Be, Nb, Ta, REE, Rb, Cs, U, Sn,

* hrubozrnna hornina granitického slozeni s
kostrovitou, grafickou nebo jinou texturou

HLAVNI MINERALY

kfemen, zivec, slida

turmalin, beryl, granat, Nb-Ta
oxidy, kasiterit, apatit, fluorit,
snndiimen

e zily, CoCky, hnizda

* magmaticka diferenciace x anatexe

e texturni diferenciace — zonalnost

« geochemicka frakcionace

90BUOIONEJ]

PEGMATITOVE ZONY
Jednoduché Komplexni
pegmatity pegmatity
graficka graficka
graniticka graniticka
blokova blokova
. oy albitova-
kremenné jadro _
metasomaticka
kfemenné/lepidolitov
e jadro

<



PEGMATITY — ZJEDNODUSENA KLASIFIKACE
(CERNY, 1991)

| ABYSSAL |  BERYL | ___NE
: ~ e )
| MUSCOVITE | (SMPLER < PETALITE |
LCT SPODUME I
e
m NYF . ALBITE

| MIAROLIC |

REE




PEGMATITY
— TEORIE
VZNIKU

London (2014

[ VLASOV (1961) | T

albite-Li pegmatite

[ %

fully differentiated pegmatite

o

block microcline pegmatite

N

graphic granite pegmatite

* _______________

granite and pegmatoid

l

grprea B metors
[ sposumene |

oo, : 3 ﬂ:ﬁ-
¥
border/wall zone layered sodic aplite dike center line

graphic quariz-perthite JAt I”S(&1 QGQBU)I NHAM

I UELED l

spodumene

core

granitic border

alkali feldspar

graphic wall zone




GMATITY
EORIE
NIKU

London (2005)

a boundary
quartz - feldspar layer liquid bulk melt
-

0000 6-° o o
50000 Oc” 00 0.7 - O
osi, A, Na, K Jo ©OH, B P,F ©OL,RD Cs Be Nb, Ta

b boundary
quartz - feldspar layer liquid bulk melt

AANNNANND

= Br-— R — - -4
— — i — - -
4 il (- 8 A A 4
OO0
& i i A i A

Al <A@ A8 8- ,.

lepidolite  boundary

layer liquid

Al A8 4BF A8 48

-:';-;i_;-;-;-{ 5
I‘l‘.'I‘Il‘I'-‘lTi'I*l -
elbaite
| LONDON (2013) | schorl  London (2014




PEGMATITY - FRAKCIONACE

Geochemicka frakcionace probiha
nejen v ramci pegmatitoveho telesa,
ale také ve smyslu ,vzdalenost granit-
pegmatit”.

Northern pegmatites explored 4-”/ \ e

for tourmaline (exception of the Berllao} T a Tk — Albite, Lepidolite and Albite

-~ LiCsBe,TaNb<

g b % & T ’ Pegmatites
Southern pegmatites ‘//j,; T ﬂ a1 _LiBe,TaNb -
explored for tourmaline -2\ . I R s Mg ~Li Pegmatites
// ‘ § , 4 ‘“xﬁ - Be,Nb,Ta,
Pichorra, Sao Julio, Onga and - ,""__ ______ TS )““x \‘}__\Beryl Pegmatites
Fazenda Mesquita Pegmatites w\ /,f > & 5 o "~ % phosphates
g ' i o~ Be*”
=3 ' &
Barren pegmatite ‘1 B’ﬁJ ) i -
; Leucogranite Barren
e simple
coarse-grained (almpie)

Barren Pegmatites

apophysis ‘17° muscovita leucogranite

Levantina
Quarry -

Queiroz & Botelho, 2018

1

Emplacement
(pegmatite—wallrock reactions)

4
;

Open System

N
t A1 (hybridization reactions)
M/ higher fluid—rock ratio
+ (] +
1§ | [
1yl ‘( I+ |
141 » 1 +
° [ |
3 ;‘:: Aot F |ﬂl
o | I = =
Fractional '/! A\l Diffusion
SEipona ¢ 0 ol | of
crystallization ;| 2 clemepis
+ imilation! .1 | |
+ HSSImI."aﬂGn, 't n ol l ”
] 0+ N K=t |
1o 9+
o N& )
7R ~ 3 \ | & [/
s '\ ) I I f{
4. _Br g\ | | |/
o - & : - = = |
/, {\ \""\ ; I: '-
/ ; Sc:ur::e sh=IVE
zparﬂaf \/ rcks [ I &l a -
Melting a -5
Zone =

T f
Increasing basal

heat flow McKeough et al.

MM AND



PEGMATITY - FRAKCIONACE

Increasing fractionation,
volatile enrichment
complexity of zonning

Present surface No. 3 pegmatite

Fragments of =

leucogranite Apophyse of

.— fertile leucogranite

—

Wall rocks
(metagabbro and
Habahe Group schist)

~——— Pegmatite
melt

REESs bearing minerals and
REE phases ‘
= 63 1
Qery Li, Cs, Be
— Ta, Nb and Ga . Quar{z
) , ) \\) Columbite- | margin
; tantalite
Li, Be, "é“
Ta and Nb X
'\) Li- spodumene, | Core :
lepidolite margin e
Nb, Ta %
Zr NS Nb-Ta °
mineralization
Barren- wall
zone
Intermediate
Graphic feldspar + zone
Quartg
Younger granites
(Source rocks)

Saleh et al. 2021

Parental granite

Zone of melting

+

+ 4+

_l_

Shen et al., 2022



RAKCIONACE

» ¥ _!_! hm_ border <—_2 &

intermediate 2

core

intermediate 2

intermediate 1

aplite

wall
border

ol .
T -

A ol P:

*{-..,_‘\L—-,‘I.::;;:E';}_h .

London (2014)



PEGMATITY - FRAKCIONACE

& Lepidolle . Petalite

" ;’S'*;::;W”E » Lithiophilite

' N ¥ Ebaite Ouartz

Phelps et al. 2020



PEGMATITY - VYVOJ

Initial state
Primary & residual melt
~ 500 - 700°C

S S

Inner

Graphic zone Blocky zone

Kfs > PI Kfs, Qtz graphic zone zone
Tur 1 Tur 3 Pl > Kfs Kfs > PI
Bt, Qz Tur 2 Turl

Ms, Qtz, Grt Bt, Ms

AlbRization
~ 400 - 500°C

Residual K,Li-melt & fluids Rellcs of the blocky zone

SUISA NIV

|
Graphic zone Qtz-Ms-Ab zone Inner graphic

Border
Ab veins blocky Kfs—Ab+Ms zone zone
Kfs—Ab Tur 3—Tur 3m Ab velns Ab veins
Tur 1-Tur 1m Mtb Kfs—Ab Tur 1—Tur 1m
Bt—Znn+Ms Tur 2—-Tur 2m Kfs—Ab

Bt—Znn+Ms

K,Li-metasomatism and hydrothermal stage

< 300°C

Hydrothermal overprint

Lepidolite veins

Inner graphic
zone
Grt+Tur—Znn+Ms

Qtz-Ms-Ab zone
Lpd veins
Tur 3, 3m—Ms
Ms—Lpd

~ Ab-Lpd lens
Lpd veins
Tur 4, 4m—Ms
Ms—Lpd




PEGMATITY - LOZISKA

SVETOVA LOZISKA

(spodumenovy)

Tanco (petalitovy), Red Cross Lake (lepidolitovy),
Berry Havey (elbaitovy), Greenbushes

Australie

Brazilie, Madagaskar, Cejlon, JAR, Zimbabwe,

LOZISKA CR

lepidolitovy subtyp

Rozna, Dobra Voda,
Drahonin, Chvalovice,
Lhenice, Dolni Bory

beryl-columbitovy
subtyp

Vezna

elbaitovy subtyp Blizna, Regice, Dolni
Rozinka
petalitovy subtyp Nova Ves




TANCO

petalitovy pegmatit intrudoval do amfibolitu, ulozeneho v pasmu
zelenokamenu Bird River v Kanadé

rozmery pegmatitoveho telesa: ca. 1.99 1.06 0.10 km

rozdelen na 9 jednotek s odliSnou mineralogii a strukturou

« vyznamna Nb-Ta mineralizace v aplitické albitove jednotce (30), Cs
mineralizace v pollucitove jednotce (80) a Rb-Li mineralizace v
lepidolitové jednotce (90)

* Ta (wodginite a tantalit), Cs (pollucit), Rb (lepidolit) a spodumen



’ WALL ZONE 20 l \
 VeIKe KrysStaly MIKroKImu 3 microcline
[—BﬁRﬁER_ZﬁN?: graficky srostlé s krystaly granitic melt
vznikla jako prvni | —obrovske KESHBIRE krystaty ‘ /
|

hojny plagioklas | kfemene s albitem
TAN CO . VZ’I it \_ Vyplhuj eim Me2eh mezl border (10) and wall zone (20)
JEDNOTLIVYCH ik a—
V4 /
ZON ’ APLITE ZONE 30 |

' prevazne albit Spolu S \ t

mikroklinem a kfemenem z
. \\Z

vyénivajici krystaly z WZ se ‘ S
vnorily do vrstvy albitu

\.
—_—

Nb-Ta mineralizace aplite zone (30)  border (10) and wall zone (20)
/ intermediate zone (40) pillar
i ]

/ —

granitickeé slozeni

~ London, 2024 London, 2024 core cell wall



zones (40), {!':iﬂ], (EiD}
I

4 )

CENTRAL INTERM. ZONE 60

\
>

Ta-nabohacena zéna
Li-nabohacena zéna pravaepodobne krystalovala <=

spolu se zénou 50 v oddélenych
\ domeénach J

<

&

core cell

TANCO — VZNIK
JEDNOTLIVYCH
ZON

zones (40), {«"inls (

l
S, 5

60
I}

pillar

T T
walls

lepidolite (80)
pollucite (90)
]

POLLUCITE ZONE 80 || LEPIDOLITE ZONE 90 | |

| L 5 ~C | Cs-nabohacena zéna Li-nabohacena zdéna

J \
L}

: : - . N[ . : - <~ P
[ masivni kiemen ] vznikla mezi Qz jadrem || vznikla mezi Qz jadrem
_ aintermediate zénami ]| a intermediate zonami |

{3

Y

J

I
London, 2024 auarz (704

millar

wrall



London, 2024

Linnen & Lichtervelde,
2012






SKARNY

ypiCka je pomerne
jednoducha mineralogie a

450-600 C |

» endoskarn — protolitem je magmaticka (silikatova) hornina

ROZDELENI » exoskarn — protolitem je sedimentarni (karbonatova) hornina
POLYFAZO |” prograglnltfaze — bezvodé mineraly — vysokoteplotni (500-700 C) +
VY VZNIK hypersalinni roztoky
» retrogradni faze — vodnaté mineraly — nizkoteplotni (250 C) + nizka salinita
MINERALO | » Prevazne Ca-Mg-Fe-Mn bezvode silikaty s minimem zivcu
GIE » granat-klinopyroxen (diopsid) amfibol-epidot

» magnetit, vesuvian, spinel, biotit, chlorit, sulfidy, scheelit, wollastonit

ZRUDNENI | » Fe, Au, Cu, Zn-Pb, W, Mo, Sn

TVAR

TELESA |” zily, CoCky

TEXTURY | » hrubozrnna vtrouseninova

Priklad hydrotermalni premeny sedimentarni horniny na skarn:

ALS N\ 1 O™ /NN s OO . NN\ D roa'rm S . I re'rmm 1 Y oY el i a Y oY T e N a Y aYea




SKARNY

LOZISKA

Big
Gossan

Cu-Au

IND

Iron Spring

Fe

USA

King Island

W-Sn

AU-
TAS

Bingham

Cu-Au

USA

MaleSov

Fe

CZE

Vlastéjovic
e

Fe

CZE
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Fe
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Figure 20.4-1. Geology in section of the Iran Hill iron deposit, Vancouver Island (after Sangster, 1969).
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Gross,
1996



SKARNY

a5 1 W

Xenolith F.I. =
depths 1 _'.e

| Crustal
||

) Carbonate
skm el

——
1%

<

Main magmatic
crystallisation

e

10km

15km

20km

4—}‘ e > ¥ E.;""

[] Wollastonite @ Clinopyroxene | Plagioclase Q. Fe-oxides, Sulphides,
Sulphates, Cu

() Limestone <33 Ca-rich glass Knuever et al.,
2023



Unmetamorphosed Metamorphosed :
Sandstong e Quartzite o E
e e = H
Shale 7 i Marble ‘ |
R £ i
SKARNY : s
=
£ :
i \ E [ Y
E : Wollastonite | Jonmmrcmomomencn]
~ : e Ea L
H E
L : =l 00000000000
Shale i = | ot e e ees
-§  Gamet g | XX LEXCL C
- =
(a) Pre-ore alkali metasomatism stage S | preseeeeiees
= o
: o
The wall-rock C"“”bun;,“-[e : , Pyroxene
NaweFe . - Basalt [« okt oo liGreensione i
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e ‘ng Z2|- | - e Wollasionig. Si, Al §
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Fluid migration Mineral assemblage in different mineralization stages I_:] Disseminated and banded magnetite

- Jinling diorite intrusion

§ Marble

1o . ; ;
[o 1019 Crystalline limestone
5151l ¢

Cui et al., 2022

@ Limestone

Marhle

Marble

C

Meinert, 2020



SKARNY
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GREISENY

> . | » endogreisen — pozice ve vrcholové Casti intruze
ROZDELENI 9" PO
» exogreisen — pozice v nadlozi intruze GREISENIZACE +
) . i i . , PROKREMENENI
VZNIK » vznik pusobenim vysokoteplotnich hydrotermalnich fluid (250-400 °C)
na magmatickou intruzi v ramci postmagmatického vyvoje
<
MINERALQ | » Pevézné kfemen a muskovit Ne-METASOMATOZA G
GIE » kasiterit, wolframit, molybdenit, topaz, fluorit, turmalin, (400-550 °C) v
zinnwaldit, amazonit, lepidolit =
v re P o
ZRUDNENI | » W, Mo, Sn, Nb, Ta, Be, Rb, Cs, Sc K-M(E;fé)sn!é;oz;\ :
0
TVAR | iy, cock
TELESA Y, COLKY >
) (]
TEXTURY | » vtrouSeninova MAGNATICKA
LOZISKA | » Cinovec, Krupka, Altenberg, Cornwall, Australie
Priklad vzniku typické greisenové asociace:
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GREISENY

Late magmatic trend
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GREISENY

vznik kfemennych
Zilnika a doprovodné
W-mineralizace

| temperature? |

—
B

La Bosse Qtz veins

alterace -
topazifikace Qz-
zilnikd a dalSi nova
ca. 400-600°C
Lithostatic pressure ?

Altered schist

La Bosse
dykes

+.
hidden granite ? +

~

magmaticka
krystalizace, vznik
puklin, exsoluce fluid
a jejich nasledny var
(znemoznil vznik

~

pozdni fluida

greisenizaci granitu
+ intenzivni vznik
puklin az k povrchu
zpusobil dulezity
pokles tlaku a

I\_nizce-salinnich fluid /

See Cuneyetal, (1992)

\ naslednou

fluid

Lithostatic Pressure

plynulé pokraCovani

vSudypfitomnou

greisenizace —
pukliny umoznily
migraci fluid,

reaktivaci nekterych

topazovych Zil a

krystalizaci dalSich

W-bohatych

~

alterace jiz probiha
pouze v ramci Qz-
zil v okrajovych

IF="M|

kfemennych zil v

mistech Iokélm’ho/ \_

Castech granitu

pRklegib &Y | ca. 230-190°C |

Hydrostatic pressure
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(B) Muscovite

GREISENY

KREMEN, TOPAZ,
TURMALIN

Gassiterite
4 " T
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https://www.virtualmicroscope.org/co T : L - ..:*

ntent/topaz-greisen-st-mewan-
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ALBITITY

» vznik pusobenim vysokoteplotnich hydrotermalnich fluid

VZNIK . : : .. _ .
na magmatickou intruzi v ramci postmagmatického vyvoje
MINERALOGI | » columbit-tantalit, pyrochlor, zirkon, beryl
E » kfemen, K-Zivec, slidy, pyroxen, amfibol
ZRUDNENI | » Nb, Ta, Zr, REE, Th, Be
TVAR o v
TELESA » zily, zilniky
TEXTURY | » vtrouSeninova
LOZISKA » Nigeérie, JV Asie, Kazachstan, Cina, Kanada

GREISENIZACE +
PROKREMENENI
(250-400 °Q)

Na-METASOMATOZA
(ALBITIZACE)

(400-550 °C)

K-METASOMATOZA
(550-650 °C)

MAGMATICKA
INTRUZE
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r!}. Large economic porphyry
deposit (grade, tonnage,
accessibility, and infrastructure
\_suﬂicient for profitable mining)

T <(,0001%, decreasing with age

e B. Postmineralization history:

not b'f"'; | Lack of uplit uplift and erosion to expose Extensive upit Loss of mineralization
epithermal mineralization or burial ; and ercsion
subvolcanic level
may be present . A
% 0.001%
Lack of fluid - - e —
flow focus 7. Efficient precipitation of Cu-Fe, Explosive fluid Breccia pipes,
Low grade deposit «€— Mo zulfide minerals w form a large . »| diatremes, variably
Lack of reactive | parphyry deposit venting mineralized
wallrocks b -
f 0.01%
-
- - 6. Voluminous flow of magmatic-
;::‘:nﬂirg;r __. Lack of hydrothermal fluids through cupola | Shortlived ar | Weak development of
[ . . F . - .
mheraizaﬁun ntial rechargs zone, sustained by continucus low fluid volume mineralization

\magmatic recharge of batholith

A o9

5. Formation of subvolcanic

- . cupcla zones in the batholith roof - . -
Diffuse volcanism and | Lack of inte which the ascent of Multiple « | Multiple small volcanic

hydrothermal activity - cupolas metal-bearing fluids and bubbly cupclas *"| and hydrothermal centers
magma is focused

T1%

I T
4, Transpressional strain in upper Extension - -
plate lithosphere, leading to e

Y 4 Discrete, small-volume | Limited focused magma nt, and rapid
. - = ! .
plutonism magma flux | formation of large mid—upper Contraction | Deep plutonism (sills);
| crustal batholith ) | volcanism
$ 10%
' _ _ T
3. Detention of magma in
.Ea.rty.suﬁde saturation: < Reduced mlc:!-:&ned, |nterme.d|a1& jis] . Mafic or thin Mafic volcanizm
infertile arc lithesphare felsic upper plate lithosphere: crust 3
MASH processing
. S
T 20%
i Y
- N - 2. Long-lived, moderately steek] .
E Shall ! T nt — -
I;ﬂ'mapllenc el -« - DI_N subduction, leading to focused L}-I Limited magmatism
r g subduction krrl;agn'n:nii:: arc in upper plate subduction
T 90% in Phanerozoic
(1. Subduction of oxidized, h
- hydrated oceanic lithosphere,
Reduced (infertile) are | | Reduced leading 1o metasomatism and Reduced seafloor | Reduced (inferile) arc
magma " deep ocean partial melting of asthenospheric sediments | magma

mantle wedge, and the formation
\_uf fertile arc magmas

~ Richards & Leybourne, 202




PORFYROVE RUDY

prostoru mezi bazi vulkanu a vrcholem intruze (obvykle v hloubce 1.5-

A lenmm)
- I\IIII.
x . | Cu-Mo » kontinentalni kura (okraje)
Mordpisnal Cu-Au » ostrovni oblouky
» vazany na kyselé az intermedialni intruzivni horniny
VZNIK porfyrového typu (granit, diorit, tonalit, monzonit, syenit) silné
postizené hydrotermalne-metasomatickymi procesy
(vysokoteplotni vysokosalinni fluida)
» chalkopyrit, molybdenit
MINEEALO » pyrit, pyrhotin, bornit, magnetit, sfalerit, galenit, wolframit,
scheelit
TEXTURY | » vtrouSeninova, zilniky v silne alterovanych Castech
ZRUDNENI | » Cu-Mo (nejvyznaméjsi zdroj), Au, Ag, Te, Re, Se, Bi
...IV',O_‘B, » zonalni a koncentricky usporadany cvlindr (pen)




\olcanic arc

PORFYROVE RUDY

Epithermal deposits

Hydgﬁgg%anl . Porphyry deposits
Sedal @ -0 km
= Mid- i-:_: upper crustal
( obohaceni primarniho magmatu o S, LIL ) ==\_ batholithic complex
| 1 prvky (Rb, K, Ca, Ca, Sr, Ba), As a Sb, |
\_ B, Tl a Si Y, Mid-crustal Continental crust
“hot zone™
optimailni skion subdukce - a
mirné zaobleni desky — idealni pro e . _Lower crustal
| 2 uvolnéni fluid, které nasledné e J‘!ﬁ?f'iﬂ"e
zmetasomatizuji SCLM — tento stav je —— I

\____ nutné zachovat nékolik mil. let
N

4 MASH = melting, assimilation, storage,

E homogenization — zména bazaltického
slozeni na intermedialni vapenato-

9 alkalické (andezity) D

N

Melt flow paths

-

~~ G
= =er 5, Asthenosphere

vznik rozsahlych obloukovych batolitdl —
pohyb vzhiru zejména prasklinami

~ 100 km

ik
- —
_—

Partial melting of -~ __
metasomatized ~—
asthenosphere 14000

\ J

* Richards & Leybourne, 2021




PORFYROVE RUDY

Sea level

extrakce kovu ze silikatové taveniny do
odmisené tékavé faze — kovy preferuji
salinni fluida vici taveniné

~ mnNoZstvi Kovu, Ktere se mohou U|OZItje \

silné zavislé na objemu fluid, ktera jsou

| 6 limitovana objemem magmatu — .

celkové to zavisi na efektivnosti

/ pouze 0.01T% systemu dokaze N\

efektivné dopravit kovy do
hydrotermalnich systému svrchni kary
— lozisko musi mit alespon 0.4 % Cu
pro povrchovou tézbu, nebo 1.2 % pro

r v v

4 post-mineralizaCni procesy nutné musi
vest k vyzdvihu Ci erozi oblasti, aby bylo
mozné lozisko objevit a tézit (pouze

\_ 0.0001 % uspésnost)

Hydrothermal
alteration

\olcanic arc

VzniK portyroveno
loziska trva zhruba

100 000 let Ci
Epithermal deposits mené /
- Porphyry deposits
=
@ - 0 km
— Mid- to upper crustal
— batholithic complex
Mid-crustal Continental crust
“hot zone™
Lower crustal
_ MASH zone
Melt flow paths
- — CCI
-~ __E-".I'e
o er {!9‘1':"_ _ Asthenosphere | 100 km
Partial melting of ~~~-___
metasomatized )
asthenosphere 14000
\“\ Richards & Leybourne, 2021




PORFYROVE RUDY - METASOMATISMUS

ZONA e
» neni vzdy pritomna
K- . : e, _ 450-600
~ | » primarni ortoklas + plagioklas + mafické mineraly — sekundarni
METASOMATO . : : C
7Y ortoklas + biotit + chlorit + anhydrit
ZONA » nahromadeni kfemene + sericitu + pyritu ve vnitfni casti a jilovych 200-450
SERICITIZACE/ | mineralu ve vnéjSi Casti C
CHLORITIZACE | » pfeména zivcu a biotitu
ZONA » neni vzdy pritomna
» jilové mineraly (blize k rudnimu télesu kaolin, dale montmorilonit) | 100-300
AECLTZACE | :
» biotit — chlorit
ZONA » VZDY 250-
PROPYLITIZAC | » chlorit + pyrit + kalcit + epidot 400 C
E » primarinihiotit . aimfibel conchlorit a/karbonaty; -

wU&t=1s



https://www.youtube.com/watch?v=iPRbHTvg-wU&t=1s
https://www.youtube.com/watch?v=iPRbHTvg-wU&t=1s
https://www.youtube.com/watch?v=iPRbHTvg-wU&t=1s

PORFYROVE RUDY — SCHEMA ZRULC

Pb-Zn-Cu-Au-Ag

Velmi slaba
mineralizace:
CHALKOPYRIT
ENARGIT
MAGNETIT
BORNIT
MOLYBDENIT
PYRIT
PYRHOTIN

Z
Tl
Z\

METASOMATICKE
ZONY Qtz-Kao-Chl

JADRO PNE

Chi-Ep-Cal-
Ad-Ab

|
OKOLNI HORNINA

Qtz-Ser
Py shell
. § , Cu-Mo
VTROUSENINOVA MINERALIZACE
1 ZILNA MINERALIZACE Qtz-Kfs-Bi
Cpy
\ ROZHRANNI K-METAS. A SERICIT. 4—_

ARGILITIZACE




PORFYROVE RUDY -
ZRUDNENI

 Qz-zIlky protinajici monzodiorit,
s hojnym chalkopyritem a
bornitem

]

N
priklad mineralizace obsahujici
ca. 3.18 % Cua 1.18 g/t Au

vtrouseninovy chalkopyrit v
C andezitické horniné, El
Teniente

Qz-ziinik s chalkopyritem a
bornitem v monzonitu,
Bingham

LU

Richards & Leybourne, 2021



PORFYROVE RUDY - LOZISKA

LOZISKA
MSZ-KNZ PACIFICKE . .
PASMO » Chile, Peru, Mexiko, USA, Kanada
KNZ MEDITERANNI » Bosna, §rbsko, Makedonie, Bulharsko, Turecko,
PASMO Armeénie, Iran, Afganistan, Pakistan a severni Indie
VARISKO- . _y ~,
KALEDONSKE PASMO | Kazachstan, Uzbekistan, Tuva, Mongolsko, Cina

Chuquicamata, El Teniente
(CHL) Cu
Bingham (USA)

Climax, Henderson (USA) | Mo




PORFYROVE RUDY - LOZISKA

Pebble Copper. o (<]
@ . .
S " ' .Oyu Tolgoi
O Butte 4 o
o3 Bingham @
Lone StarQMorenci Kalmaiir o o
q ~
(0] @ 4
o oo N g
b @
(°]
‘ o Grasbirg
@
@
° (¢]
Chuquicamata
E did o
scondica Los Pelambres Cadia
El Teniente—g Rio Blanco-

Los Bronces

© Ten largest porphyry Cu deposits
@ Six largest Au-rich porphyry Cu deposits

2,000km @ Large to giant porphyry Cu deposits

Current subduction zones
[ Palaeo subduction zones

o
Limited volcanism;
fumarolic emissions

Argillic

i

' 4—'| Porphyry Cu deposit

l ' Veins and stockworks
|-..

|
+ Late dike

]

5km . _
Groundwater circulation; —{I-- Early dikes

propylitic alteration '

* — Farly breccia pipe

by

\ N Batholith
\ AN Q é _

Richards & Leybourne, 2021




EL TENIENTE L=

* nejvetsi lozisko Cu na svéte

* mineralizace je vazana na silneé alterované brekcie
ulozené v mafickém intruzivnim komplexu
terciérniho stari (gabra, diabasy, porfyrické bazalty a

bazaltické andesity)

* magmaticko-hydrotermalni brekcie vzniky v
dusledku exsoluce vysokoteplotnich magmatickych

fluid z chladnouciho plutonu

 El Teniente + Los Pelambres + Rio Blanco-Los
Bronces

 bohaté Cu, S, Fe, Ca, Mo a B; ale chudé Au

i1 aN 2 0/ NA

Py Y\PIOIMEPY\’S minord“—lono- 1 f) 0/.

LN
.Jﬁ;—- Chuquicamata

Antofagasta— ) CcvZ

5B

£ . _-El Salvador
NAZCA o/ A\
L]

|
PLATE s
‘\  FLAT-

/) SLAB
Juan 100km ' SEGMENT

Fernandez : 3
Ridge e 1 50 km

F’;erraga I

?\f‘\\“ Los Pelambres
: i ! l
A Rio Blanco-
L A\ Los Bronces

i

; El Teniente

A

s

A

""IT ¥

R

SVZ

v

?4QW Stern & Skewes,



EL TENIENTE

Teniente

Mafic
Complex

Mocna sekvence mafickych a
vulkanoklastickych hornin.

|

A-Porhpyry

.
. Nejstarsi intruze v komplexu.

| Diorite |

p 1AM ~

Prvni vyrazné mineralizovana intruze
komplexu, ktera protina SQD.

Brekcie skladajici se z TMC a klastt SQD A
v alterované matrix tvorené biotitem, Zivci,
anhydritem a kfemenem.

g — . > J
Diorite | 'uze “.,Z“"_"e BTSN PSR
[ pipes Rozlisuji se: Northern: N.orth-CentraI,
d Central a Southern Diorite + Grueso
Teniente ° Porph g
Dacite

|

Porphyry

mineralizaci na lozisku, ktera je protnuta

(TDP)

BradenBrecetaPipe:

Spencer et al., 2015
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Re-0s MoS5: DATING

Re-Os ages
Maksaev et al, 2004)

@ Re-Os ages
(Cannell, 2004)

B This Study
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N\‘ \ LITHOLOGICAL UNITS BRECCIA UNITS
[] Teniente Mafic Complex (TMC) [ ignecus Breccias
[[] Sewell Quartz Diorite [ Bictite Breccia
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ﬁ\ [[] Grueso Porphyry [l Tourmaiine Breccia
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Elevation
(km above
sea-level)

4.5 km
4.0 km

3.5 km
3.0 km
25km
20km
1.5 km
1.0 km
0.5 km
0.0 km
-0.5 km

-1.0 km

>4 km
Depth

A A-Porphyry

v

Current surface
abowve A-Porphyry

Diorites

(Southern, Central,
North Central, Northemn?)

g
I“'----------_.---

Current surface
above diorites

- ‘.‘_ iy
Y
\-.‘ X -;
500°C
multistage
anhydrite
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formation

Magma

6.0 Ma 5.8 Ma

x
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5.6 Ma 5.4 Ma

X 300°C
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R\ L 400°C

S-S-W 500
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Complex
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% Major Faults Latite dikes
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- Braden Breccia
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-
-‘--’----'-------

i
1 Mo-tourmaline
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TR ]

Teniente
1 Mafic
Teniente Complex
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Complex

Magma
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Braden
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Breccia Lamprophyre
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400°C
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Deepest drillcore
depth studied

Tenente
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Complex
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10-7.1 Ma | [7.1-5.4 Ma 54-44Ma

Mafic laccolith intrudes Teniente Volcanic Complex, Sewell Tonalite, Porphyry A, and younger Cu-rich Emplacement of the Teniente Dacite Porphyry,

and early Cu-rich biotite breccias are emplaced biotite, anhydrite and igneous breccias emplaced central rock-flour and Cu-rich marginal tourmaline
0 8 Ma paleosurface breccia of the Braden Pipe, Iatit.a dikes, and other

6 Ma paleosurface tourmaline and rock-flour breccias
& Ma paleosurface
1 0
} Braden
=] pe
s 1
3 2
4 3
- ~ - Magma chamber solidifies
o ~ Magma chamber fed by as input of mantle-derived 4
Km NW mantle-derived mafic magmas -~ mafic magmas decreases km

Fig. 11. Model for the multistage development of the El Ieniente deposit, modified from Skewes ef al. (2002) and Stern & Skewes (2005). The
main features of the model include (I) a large, long-lived (=2 Myr) open-system magma chamber, crystallizing at >4 km depth, fed from
below by mantle-derived mafic magmas and exsolving aqueous fluids through its roof to produce the large breccia pipes that are prominent fea-
tures in each deposit; (2) decreasing magma supply in the Late Miocene and Pliocene as subduction angle decreases, leading to crystallization
and solidification of this chamber; (3) progressive uplift and erosion that enhances this crystallization and solidification process and results in
telescoping of different types of breccia and igneous rocks; (4) progressive igneous differentiation of the magma chamber associated with crystal-
lization and volatile loss, generating felsic porphyries that intrude previously mineralized rocks above the chamber. No coeval volcanism is
known to have occurred during mineralization, but once the chamber solidified, post-mineralization lamprophyre dikes were emplaced.



EL TENIENTE

actinolite l naslednou biotitovou I dile Ca-Pl — inkluze Mag + || zejmeéna gabra
alteract
[ Biotite ) B I l I postihla zejména
| alteration | | alteracem— Kfs + Ser Mag, Rt mlnerallzace — mafické intruze J
| =] §
—Late—— f—ei—a—Anh—zﬂy—sej” ﬁm«mﬁ .
i : protlna, ale nealteruje J
magm:?\tlc sulfldynqus, Bt, — Cpy, Bn, Py, vudypFitomny biotit
altelatIOIl S \ ]|

: ::::::: :I I Cu-mineralizace v. ' i ,’ : I
hydroth(?rmal oy [ —, Cpy, Py, Mol ] [ alterécnl quanstl
f Late N >z .
j I dalsi sulfidy Sp,
hydrothe_rmal Anh, Ser, Chl, Gp, Cb Cpy, Eg*ix Mol, [ Stb, Gn + scheelit J

Postuma | pouze v Braden
alteration | | pipe brekcii

\\

] Cpy, Tnt-Ttr, Sp, Gp, Cb, Qz,



