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Horniny - odraz geologickych procesu

vzhled hornin — chemickeé slozeni
mineraly
struktura

odrazi

probihajici v ruznych

a postihujici ruzné zdrojové horniny




Horniny - odraz geologickych procesu

mineraly a horniny jsou stabilni jen za podminek
za nichz vznikly

zmena podminek — horniny

Weathering and erosion

» magmatity — taveni hornin v kufe/svr.plasti — krystalizace z taveniny

Horninovy cyklus (Hutton 1785, 1795 publ. )4



horniny jsou chemické systemy — v danem systemu je
stabilni specificka asociace koexistujicich fazi dana
termodynamickou rovnovahou a fazovym pravidlem — tzn.
zavisinaP, TaX

IUGS-SCMR - definice metamorfozy:

“Metamorphism is a subsolidus process leading to changes
iIn mineralogy and/or texture (for example grain size) and
often in chemical composition in a rock. These changes
are due to and/or conditions that differ
from those normally occurring at the surface of planets and
In zones of cementation and diagenesis below this surface.
They may coexist with partial melting.”

www.whitman.edu/.../winter/.../Ch%2021%_20Int...



Zakladni terminy

pouzivané pro popis metamorfovanych hornin

metamorfni stupen (grade) — intenzita metamorfozy (T) —
VYSOKY, nizky

metamorfni zona — prvni vyskyt indexového mineralu
metamorfni izograda — hranice metamorfni zény

metamorfni facie — charakteristicka mineralni asociace
(rozmezi P a T, chemicke rovnovahy)

metamorfni P-T draha — vyvoj hornin v poli P-T



P-T rozsah metamorfnich procesu
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Obr. I-la. P-T rozsah metamorfnich
procesii. Metamorfoza nema horni P a T
limit. Metamorfni a  magmatické
podminky maji velky prekryv. Podle
Bucher a Frey (1994).

Obr. 1-1b. Schematicky PT diagram
s vyznafenim poli pro rizny stupen
metamorfozy (Konopasek et al. 1998).

LT — diageneze

= 100-150°C, vznik min. jako laumontit, analcim, heulandit,

carfolit, paragonit, prehnit, pumpellyit, lawsonit, glaukofan,

stilpnomelan 7



Metamorfni facie

METAMORPHIC ZONES AND FACIES
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INDEX MINERALS, GRADE, AND
FACIES DESCRIBE METAMORPHISM
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Regional
metamorphic map of
the Scottish
Highlands, showing
the zones of minerals
that develop with
increasing
metamorphic grade.
From Gillen (1982)
Metamorphic
Geology. An
Introduction to
Tectonic and
Metamorphic
Processes. George
Allen & Unwin.
London.

Abard egen

Key

— faults and thrusts
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www.whitman.edu/.. | /wmter/ JCh%2021%20Int...




Kde probihaji horninotvorné procesy

Figure 10-16b After Basaltic Volcanism Study
Project (1981). Lunar and Planetary Institute.

(Winter)

deskova tektonika — konvergentni rozhrani (subdukce, kolize)

divergentni rozhrani — stredooceanske hrbety
11



Kde roblha | hornlnotvorne Droces
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Kde probihaji horninotvorné procesy

deskova tektonika — konvergentni rozhrani

VOLCANIC-MAGMATIC

subdukce

Ocean

kontinentalni kolize
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Figure 18-7. Schematic cross section of the Himalayas showing the dehydration and partial melting zones that produced the
leucogranites. After France-Lanord and Le Fort (1988) Trans. Roy. Soc. Edinburgh, 79, 183-195. Winter (2001) An Introductib® to
Igneous and Metamorphic Petrology. Prentice Hall. (Winter)



Premeny pri metamorfoze

mineraly a horniny jsou stabilni jen za podminek za nichz vznikly

zmena podminek — horniny

TERMODYNAMICKE
POTENCIALY

=» krystalizace novych mineralu
(chemické reakce — fazové zmeény)

=» zmeny v chemismu

.

MECHANICKE
POTENCIALY

(o)

= texturni zmeény (velikost zrna, deformace)

14

Konopasek et al. 1998



Premeny pri metamorfoze

=» krystalizace novych mineralt (fazi) o= .

chemické reakce — fazoveé zmény
progradni (dehydratacCni) — .'
retrogradni (hydratacni) — .'

mineralni asociace, parageneze



The Progressive Nature of Metamorphism

increase 1n metamorphic grade with time
as a rock 1s subjected to gradually more severe
conditions

- changes 1n a rock that
accompany increasing metamorphic grade

decreasing grade as rock cools and
recovers from a metamorphic or igneous event
- any accompanying
changes

16

www.whitman.edu/.../winter/.../Ch%2021%_20Int...



Premeny pri metamorfoze

= texturni zmeny (zmena vellkostl Zrna, deformace)

metamorfni diferenciace
textura, struktura, stavba




Premeny pri metamorfoze

= texturni zmény — zmény usporadani mineralu
(makro — mikro)

A H‘“ foliace (schistosity) — plo$ny strukturni prvek
i "'- ;- +4ies vs. klivaz (krehka ci prilis JMZ fylosil.)
Aty a Ilneace — linearni strukturni prvek

18



Premeny pri metamorfoze

= zmeny v chemismu

iIsochemicka metamorfoza
metasomatoza

=» nataveni (anatexe) -agmatické horniny

migmatit




Metamorfni drahy PTt

vétSina met. hornin je produktem vice met. udalosti, kt. po sob¢
nasledovaly a byly +- dokonale prekryty mladSimi pochody

P = pressure et
T = temperature '
t =time

maximum T
= peak of
metamorphism

@
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a common P-T path

Temperature —»

- vyvoj met. hornin v poli P-T v Case

odrazeji tlakoveé a teplotni podminky ktere prodélala hornina
od zacatku své metamorfni historie do své exhumace na zemském20
povrchu



Hlavni Cinitelé metamorfozy

teplota
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Geoterma vs. terénni metamorfni gradient

geotermalni gradient (gg): narust T na 1 km hloubky
geoterma : dT pod urc.Casti povrchu Z

metamorphic field gradient - array of peak metamorphic (max T)
experienced in a metamorphic terrain
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Estimated ranges of oceanic and
continental steady-state geotherms to a depth T°C
of 100 km using upper and lower limits based

Metamorphic field gradients (estimated P-T conditions along surface
on heat flows measured near the surface. traverses directly up metamorphic grade) for several metamorphic areas. Afteg
After Sclater et al. (1980), Earth. Rev. Turner (1981). Metamorphic Petrology: Mineralogical, Field, and Tectonic 2
Geophys. Space Sci., 18, 269-311. Aspects. McGraw-Hill.




Vztah metamorfoza — tepelny tok — tektonika

termalni modely orogennich udalosti — ,,rychlé* tektonické procesy vs.

,,pomala“ tepelna relaxace poruSené geotermy

P-T draha je odraz tektonickeého (termalniho) porusSeni a jeho
nasledného odeznéni
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P-T-t paths

Geotharms
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porusend (perturbed), normalni a relaxovana (relaxed) geoterma,

dosaZeni stabilniho stavu (steady state) geotermalniho gradientu
kondukci
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Vztah metamorfoza — tepelny tok — tektonika

termalni model — zahrati desky na 1000 deg C na bazi

nejdiive rychle naroste teplota, pak pomaleji az dosahne stabilniho
stavu

(A)  Temperature (°C) (B) Temperature (°C)

0 200 400 600 800 1000 200 400 600 800 1000

0
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400 §
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Hlavni Cinitele metamorfozy
teplota

zdroje tepla (W/m2)

* tok tepla ze zemskeho plaste (kondukce)

* teplo uvolnéné pfi radioaktivhim rozpadu v kure (U, Th)

* teplo prinesene magmatickymi horninami (konvexe, advexe)
« endotermni metamorfni reakce (fada dehydratacnich reakci)

velmi nizky 7 tepelny
Stepelny tokqf o0 PO

» (3]
a) Surface Heat Flow in W/m? ‘ i ki f
$

velmi vysoky
tepelny tok

TRENCH
Vo

-OCEANIC OCEANIC CRUST OF

RIDGE INCREASING AGE —3>  ZONE OF

b) Tectonic Model

Variace povrchového tepelného toku méien¢ho Rozdily tepelného toku v riznych geotektonickych
VvV l'ﬁZIl)"Ch éésteCh Zemé (a) ve VZtahll k deSkOVé kontextech (Konopések et al. 1998)

tektonice (b). Podle Yardley (1989)



zdroje tepla (W/m2)
tektonika — pohtfbeni hornin (ztlusténi kury — ptikrovy)
relativni premisténi ¢asti zemske kiiry viici P a T gradientiim (zdvih nebo pohibeni)

nebo gradientl viici kiife (intruze €1 sniZzeni tepeln€ho toku)

20 km
B
NTHRUST v

CRUST
MANTLE
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Deprese a elevace izoterm

metamorfni facie a tektonika

volcanic front

(1) zeolite

(2) prehnite-pumpellyite
(3) blueschist

(4) eclogite

(5) greenschist

(6) ab-ep amphibolite
(7) amphibolite

(8) granulite

asthenosphere

Schematic cross-section of an island arc illustrating isotherm depression along the outer belt and elevation along the inner
axis of the volcanic arc. The high P/T facies series typically develops along the outer paired belt and the medium or low P/T series
develop along the inner belt, depending on subduction rate, age of arc and subducted lithosphere, etc. From Ernst (1976). 27




Hlavni Cinitelé metamorfozy

tlak

P =i

.hustota hornin nadlozniho sloupce

(granity 2,7, bazalty 3,0, peridotit 3,3 gcm)
g — tihové zrychleni (9,8 ms)
h - hloubka

pouzivané jednotky: 1 bar=10°>Pa=0,1 MPa 2.6-3 tuny/m?
1 kbar = 0.1 GPa

1 bar = ca 1 kg/cm2, nebo odp. atmosférickému tlaku
tlak v pneum. odp. 23 bary

28



Hlavni Cinitelé metamorfozy
tlak

litostaticky tlak (confining pressure, v§esmérny)

mocnosti zemské kury v km: oceanicka — 5-10
kontinentalni kratony — 35-40
kontinentalni orogenni oblasti — 70-80

consisting mostly of granitic rock, continental crust has
a density of about 2.7 g/ cm?

I.e. narust litost. tlaku o ca 1 kbar/3 km

AL



Hlavni Cinitelé metamorfozy
tlak

deviatoricky tlak (stress)

» nizky — neovliviuje fazové rovnovahy
» vznik orientované stavby v horninach

Uplift Metamorphism



P-T pole metamorfozy a geotekt. kontext

Fig. 25.3. Temperature-pressure diagram
Ecdute showing the three major types of

proposed by
Miyashiro (1973, 1994). Winter (2010) An
Introduction to Igneous and Metamorphic
Petrology. Prentice Hall.
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Sanidinite
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Ultravysokotlaka metamorfoéza

UItra-high pressure |
metamorphism

High pressure
metamorphism

"Forbidden ! .

400 600 800
Temperature (°C)

Depth (km)

1000

UHP terranes:

Kokchetav, Kazakhstan
Rhodope, Greece
Quinling Mts., China
Saidenbachtal, Erzgebirge

coesite — c. 100 km
diamond - c. 140 km

much greater depth than
reached in thickened crust

33



Stoeckhert et al. (2001)
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Hlavni Cinitelé metamorfozy

fluida

H,0O, CO,, O,,H,, F,,N,,CH, a S
» soucast mineralu (slidy, amfiboly, karbonaty, sulfidy)
» V porech mezi jednotlivymi zrny, popr. v inkluzich
progradni met. — uvolnovany (dekarbonizace, dehydratace)
» ovliviuji fazove rovnovahy
» prenaseji teplo
» zpusobuji pfenos hmoty a mohou ménit
izotopicke | chemickeé slozeni horniny

35



Typy metamorfozy — geneticke klasifikace

klasifikace podle previadajiciho Cinitele
termalni met. (T) - rlzna méritka
dynamicka met. (orientovany tlak) — lokalni, text. zmeny

dynamicko-termalni met.
Contact Metamorphism

—




Typy metamorfozy — geneticke klasifikace

klasifikace podle geologické pozice — pokrac.

regionalni metamorfoza

orogenni metamorfoza
horska pasma, konvergentni hranice desek
vznikaji horniny s foliaci
metamorfoza pohrbenim
anorogenni, tlakem nadlozi, sed. panve
metam. oceanského dna
horka hydrotermalni fluida, diverg. Hranice
metasomatoza (naboh. Mg-Na, ochuz. Ca-Si)

37



Typy metamorfozy — geneticke klasifikace

orogenni metamorfoza

casto polyfazova
(metam. | deform.)

Schematic model
for the sequential (a -
development of a
“Cordilleran-type” or active
continental margin orogen.
The dashed and black layers
on the right represent the
basaltic and gabbroic layers of
the oceanic crust. From Dewey
and Bird (1970) J. Geophys.
Res., 75, 2625-2647; and
Miyashiro et al. (1979)
Orogeny. John Wiley & Sons.
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Typy metamorfozy — genetickeé klasifikace

klasifikace podle geologické pozice
regionalni metamorfoza — velky rozsah

konvergentni deskova rozhrani — vznik horskych (orogennich) pasem + metam.
horniny vzniklé za vySSich tlaki dnes na povrchu primérné mocné kury (35 km)
.gionélm’ metamorféza je dusledkem ztlusténi kary

intrakontinentalni kolize -arrovienské MP/MT metamorfoza
(Ky-Sill, orogenni)
subdukce - subdukce lehké kontinentalni kury - pomala
Kaledonidy, Variscidy, Himalaje

subdukce oceanské kury pod kontinent -PILT-MT met.
(modreé bridlice,eklogity)
téZka oceanska kura — rychla subdukce 39
az UHP metamorfoza




P-T pole metamorfozy a geotekt. kontext

Fig. 25.3. Temperature-pressure diagram
Ecdute showing the three major types of

proposed by
Miyashiro (1973, 1994). Winter (2010) An
Introduction to Igneous and Metamorphic
Petrology. Prentice Hall.
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Typy metamorfozy — geneticke klasifikace

klasifikace podle geologické pozice

lokalni metamorféza — omezeny rozsah

kontaktni aureoly (HT/LP)
regionalni kontaktni met. (mnohacetné intruze)
kataklasticka metamorféza mylonitizace
orientovany tlak, vysoka rychlost deformace
pseudotachylity, kataklazity (LT), mylonity (HT),
fylonity (pokles T a fluida)
Sokova met. — impaktni kratery
coesit, stishovit, pseudotachylity
hydrotermalni metamorfoza (horka fluida, LT/LP)

41



Typy metamorfozy — geneticke klasifikace

Quter limit of

Outer bkot_ e R e e S R e e e e e e ) i
) et e il kontaktni metamorfoza

Innermost zone L
of crystalline hornfels -

Skiddaw Granite .

|| Skiddaw Slates Geologlc
Other country rocks | - Map and cross-section of
the area around the

Skiddaw granite, Lake

District, UK. After
Eastwood et al (1968).

- _ Geology of the Country

[ skidaaw ) P around Cockermouth and

Caldbeck. Explanation
accompanying the 1-inch
Geological Sheet 23, New
Series. Institute of
Geological Sciences.
London.

www.whitman.edu/.../winter/.../Ch%2021%_20Int...
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P-T pole metamorfozy a geotekt. kontext

Fig. 25.3. Temperature-pressure diagram
Ecdute showing the three major types of

proposed by
Miyashiro (1973, 1994). Winter (2010) An
Introduction to Igneous and Metamorphic
Petrology. Prentice Hall.
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Metamorfni drahy PTt

zakladni koncept:
rovnovazné asociace v metamorfované hornin€ odrazeji T,
-anoveni P-T podminek vrcholu metamorfozy

metamorfovane horniny zaznamenavaji sled rovnovaznych stavu

B vozeni drihy P-T

mineralni asociace je soubor minerali které spolu koexistuji v rovnovaze
v jednom stadiu vyvoje horniny

o o\ R A\ SR’ 90 vt N4
1‘. . b, TR T A % o l’f.t B Wl “
A T NN o Ak N A v & 3 N
oy ‘ 4 y ” - ==
\ i & 7, = e
by y ¢ SIS s 4 T = ks
¥ (5 ' p’ \ ;) R e -
g ( iy 8T8,y
&7 1 O 2
. "
{ LA) \ ]
X f




Rovnovazna mineralni asociace
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Postupy a indikatory konstrukce dah P-T

>

» reakcni struktury
» diagramy P-T-X
» zonalita mineralu




Postupy a indikatory konstrukce drah P-T

> inkluze

>

» diagramy P-T-X
» zonalita minerald




Analyza vztahu krystalizace a deformace

rozliSeni pre-, syn- a post-kinematickych minerall (asociaci)

48




metasedimenty (procC?)

e.g. Connemara schist (Cornamona, Co. Galway, Ireland)

http://all-geo.org/metageologist/ *



Analyza vztahu krystalizace a deformace

50
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Metamorphic Grade —— 5

Metamorphic
Facies

Greenschist

Transitional
States

Amphibolite

Granulite

Albite

Oligoclase Andesine

Plagioclase
> An
Epidote

12
Actinolite
Hornblende
Augite
Orthopyroxene
Chlorite

Garnet

Biotite

Quartz

Phengite

Cummingtonite I

Zone for
associated
metapelites

Cordierite-
Garnet
Zone

Staurolite
and Kyanite
Zones

Sillimanite-
Muscovite
fone

K-feldspar-
Sillimanite
Zone

Garnet
Zone

Biotite
Zone

Chlorite
Zone

Typical mineral changes that take place in metabasic rocks during progressive metamorphism in the medium
P/T facies series. The approximate location of the pelitic zones of Barrovian metamorphism are included for comparisob?2
Winter (2010) An Introduction to Igneous and Metamorphic Petrology. Prentice Hall.
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Postupy a indikatory konstrukce drah P-T

> inkluze
» reakceni struktury

>
» zonalita mineralu
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Petrogeneticka mriZzka, ultrabazickeé Whitney

horniny. Konop. et al. 1998



Postupy a indikatory konstrukce drah P-T

» inkluze
» reakceni struktury
» diagramy P-T-X
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Zonalita mineralu a draha P-T

Mineral

Elements

Reference

Gamet

Staurolite

Chloritoid
Al-silicates (kyanite,
andalusite, sillimanite)
Zircon

Tourmaline

Phengite

Biotite

Hypersthene
Diopside

Omphacite

Gedrite

Calcic amphibole
Sodic amphibole
Plagioclase
Cordierite

Spinel

Siderite

Fe, Mg, Mn, Ca, Al, Fe3+
Fe, Mg, Ti, Al, Si

ke, Mg

Fe3+, Ti, Mn

U, Pb, Hf, color
Fe, Mg

Fe, Mg, Al, Si
e, Mg, Ti

Fe, Mg, Al, 5Si
Mg, Al, Si

Mg, Na, Ca, Al
Mg, Na, Al, Si
Mg, Fe, Ca, Al, Na, 5i, Ti
Ca, Na, Fe, Si
Ca, Na, Al, Si
Fe, Mg

Fe, Mg, Cr, Al
Fe, Mn, Mg

numerous

Hollister (1970)
Ribbe (1980)
Chinner et al. (1969)

NUMErous
Chinner (1965)

Boulter and Raheim (1974)
Rimsatite (1970), Kwak (1981)
Obata (1980)

Tracy et al. (1978)

Carpenter (1980)

Robinson et al. (1981)
numMerous

Holland and Richardson (1979)
Nord et al. (1978)

Tracy and Dietsch (1982)

Frost (1976)

Jones and Ghent (1971)

' This list is meant to be representative, not exhaustive.




Progradni zonalnost (prograde or growth zoning) —¢. g. granat

-1ze vyuzit k rekonstrukci ¢asti drahy P-T

-vznik progradni zonalnosti granatu v diisledku kontinualni reakce

Fig. 1. Prograde growth zoning in a
garnet from a lower-grade part of High
Himalaya,  Ref: Waters webpage.

Common end members:
® Pyrope Mg;Al,Si;0;,

® Almandine Fe;Al,Si;O0,,
® Spessartine Mn;Al,Si;O,,

® Andradite Ca,Fe,Si;0;, %5 Donra nepe.

(a)Typical growth zoning:

® Mn-+/-Ca-rich core

Alm

® Mg increases towards rim
® Fractionation process

® Temperature < ~650 °C




Retrogradni zonalnost (retrograde zoning)

- vyména prvki béhem chladnuti po vrcholu metamorfozy

- vznika difuzni profil na okraji zrn (mineral s pomalejsi difusi)

- vrcholné podminky metam. mohou byt zachovany v jadrech mineralu

Umasi La Traverse
F0a2 Malung Tokpao (kWD

(b) Typical diffusion zoning:

e Pre-existing garnet changes
composition via diffusion
® Mg decreases and Mn
enriches towards rim
e More extensive in high-
12 04 06 08 1 12 1 grade rocks

Distance (mm) ® Temperature > ~600 °C

Fig. 2. Retrograde diffusion zoning in a garnet
from a high-grade part of High Himalaya,
Ref: Waters webpage.
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Fig. 3b. Line traverse along line
shown 1n the Fig. 3a, showing the
variation of elements in a 1-
dimensional traverse.

Spear, 1993. Metamorphic phase
equilibria and P-1-t path.
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Fig. 3a. X-ray maps showing
the distribution of elements
in a garnet from SW New
Hampshire, USA. Dark areas
are low and light areas are
high concentrations.

Fe/(Fe+Mg)”

Distance mm



Diffusion to the interpretation of geothermometry in high-grade rocks:

(@ Equilibrium compositions are meaningful in thermometry calculation
and may obtain real metamorphic peak P-T conditions in high-grade rocks.
(@ Disequilibrium compositions resulting from chemical zoning may
produce apparent or lower temperatures than real peak values.
e.g. in Fig. 4, G1-B1 garnet-biotite composition pairs normally yield
peak metamorphic conditions, whereas G1-B2 composition pairs are not in
equilibrium and usually produce lower values.

60



An content
of plagioclase

Chemically zoned plagioclase and poikiloblastic garnet from meta-pelitic sample 3, Wopmay Orogen, Canada.
Chemical profiles across a garnet (rim m). . An-content of plagioclase inclusions in garnet and corresponding zonation in
neighboring plagioclase. After St-Onge (1987) J. Petrol. 28, 1-22 .
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P-T-t Paths

g
o

Pressure (GPa)
©
I

700

Temperature °C

The results of applying the garnet-biotite geothermometer of Hodges and Spear (1982) and the GASP geobarometer of
Koziol (1988, in Spear 1993) to the core, interior, and rim composition data of St-Onge (1987). The three intersection points yield P-T
estimates which define a P-T-t path for the growing minerals showing near-isothermal decompression. After Spear (1993).
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Metody odvozeni P-T podminek

studium metamorfovanych hornin -
zjistit P-T-X podminky jednotlivych metamorfnich pochodu

petrogenetické mrizky
kvalitativni odhad vyvoje hornin na zakl. pozorovanych met. reakci

geotermobarometrie

kvantitativni urCeni P a T vrcholu metamorfozy
a dalsich stadii vyvoje hornin

nutné detailni studium vybrusi
low/high strain domains (zony velké a malé deformace)
typy metamo. zmén (metamorfni krystalizace, texturni zmény, chemismus)
chemicke reakce — fazové zmény — progradni, retrogradni
mineralni asociace

v 4 14 O |4 W 14 & /4 [e] |4 o 63
zjiSténi chemickeho slozeni minerali — elektronova mikrosonda



Chemicka rovnovaha v metamorfoze

chemicka rovnovaha — atomy v systému dosahnou po urcitém Case
nejstabilnejSiho usporadani za danych P a T podminek, a byt jsou v pohybu
a mohou se menit mezi fazemi, celk. objemu Ci slozeni kazde faze se dale s
casem nemeni

S, I, f dle slozeni systému a podminek

B Keq = B/A, a small fraction
B

B Keq= B/A, alarge integer

=~ Figure 2-5 Reactant and product levels as related to
7 . Equilibium K... At time zero, when the reaction begins, only the reac-

tant A is present. Given enough time (part a), A changes
to B and reaches equilibrium with B. At equilibrium (part
b), the net amount of A—B equals the net amount of
B—A. Useful reactions, therefore, are those in which a
large fraction of A changes to B and the K, is large
(partc).

L
0
= 4
=
2
U
o
0
o




Chemicka rovnovaha v metamorfoze

fazové pravidlo — ur€uje kolik fazi muze stabilné existovat v systému (horniné)
faze = latka s odliSnymi fyzikalnimi a chemickymi vlastnostmi (napr. PI, vs. Ab, An)

F=C-P+2
F — pocCet nezavislych stupnu volnosti systému (indep. degrees of  reedom)
C — pocet chem. slozek (No of - .omponents: e. g. Al,O5-SiO,)
P — pocCet fazi (No of hases, i.e. minerals)

Application of the phase rule to natural rocks

KYANITE

()]

C = 2: Al,0O;-SiO,

P=C:F =2, divariant field

P=C+1:.F =1, univariant
curve

P=C+ 2:F =0, invariant point

-
o
«
o]
X
=
[
=
=]
7]
7]
i
ju
a

Invariant Point
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Typy metamorfnich reakci
podle pribéhu reakce

nespojité (discontinuous) — linie na P-T diagramu, eg Ky=Sil

p =361 p=324
KYANITE SILLIMANITE

AllBIAIBISiO;  a AlIBIA|I4ISiO5
triclinic orthorhombic

www Whitney

-
)
a 0.
g
]
b
20.
[92]
wvi
]
S
o

AlIBIA|IS1S|O;
orthorhombic

400 600 800 1000
Temperature (°C)

— continuous - reaktanty a produkty stabilni v intervalu P a T (ale jejich
slozeni se systematicky méni pfi zméne podminek), typ. v geologii

(solid-solid reactions) Casto spojité
protoze se méni slozeni fazi (pevné roztoky = solid solution), véts. primky
vs. dehydratace Ci dekarbonace - net transfer reactions, kfivky
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Typy metamorfnich reakci
podle disledku vymén
vymeénné reakce (exchange reactions; continuous) = termometry
chemicke slozky se vyménuji mezi fazemi

only involve the exchange of two elements between two minerals and do not affect
the mineral modes, e.g. Fe-Mg exchange between garnet and biotite:

Fe (in garnet) + Mg (in biotite) = Mg (in garnet) + Fe (in biotite)
almandine~+phlogopite=annite+pyrope
net transfer reactions (continuous or discontinuous) = barometry
chemickeé slozky piendSeny od jedné faze k druhé (druhym)
involve production and consumption of minerals, which affect modal proportions

anorthite = grossular + kyanite + quartz

mala zavislost na T

velka I
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Typy metamorfnich reakci

Diskontinualni reakce — univariantni krivky

1. terminalové reakce - reaktantem Ci produktem je pouze jedna faze

the creation of a new phase from two or three other phases, or (in the
other direction) the decomposition of one phase into two or three
others

chloritoid = staurolite + garnet + chlorite

P=1.0 GPa
T=580"°C

hitp://serc.carleton.edu/research education/equilibria/reactioncurves.html
68



Typy metamorfnich reakci

2. reakce charakteriz. kfizenim spojovacich linii — stabilizace nového
mineralni paru
two phases becoming stable together that were previously unstable
together, and vice versa.

chlorite + garnet = biotite + staurolite

A
P=1.0 GPa Ky  P=1.0GPa

+q,mu +g,mu

http://serc.carleton.edu/research education/equilibria/reactioncurves.html 59
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Petrogeneticke mrizky

A petrogenetic grid shows all the reactions that will occur in a model system (e.g.,
ASH, or Al,04-510,-H,0). However, some bulk compositions will not "see" those
reactions.

sestaveny na zakl. experimentalne kalibrovanych reakci n. vypocteny na zakl.
termodynamickych dat

shrnuti moznych invariantnich bodu a mezi nimi lezicich metamorfnich reakci
v urceném chemickem systemu

moznost umisténi zjiSténych mineralnich asociaci do specifickych P-T poli
|ze sledovat zmeny mineralnich asociaci s ménicimse P a T
v jednotl. divar. polich dochazi ke kontinualnim reakcim tzn. ke zméne chem.

sloZeni zuCastnénych fazi
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Petrogeneticke mrizk

~N

h
T

KYANITE

(o]

2 @
T T

Invariant Point SILLIMANITE T

Pressure (kbar)

n @
T

sy
T

ANDALUSITE

1 l | l
200 400 600 800 A0,
Temperature (°C)

sio,

Fig. 2.1 a) Pressure—temperature diagram illustrating the stability fields of andalusite, kyanite and sill

imanite, according
to Holdaway (1971) (see also Fig. 3.12). 5) Compositional diagram showing the compositions and stable relationships

between corundum (COR), wollastonite (WO), grossular (GR), anorthite (AN), quartz (QZ) and Al-silicate (ALS) in the
system Ca0-S5i0,-A1,0;, for some arbitrary pressure and temperature. Only phases dircctly connected by tie-lines can
coexist. Unless lying exactly on a tie-line, any bulk composition in this system will crystallise as a three-phase mixture
according to which triangular field it lies within.

71
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metapelity vliv celkového slozeni hornin na pozorované asociace

“ H,0-Qtz- [ l | [ | 1 1
saturation . - b : |
. saturation . . Sle ' KFMASH /
— 35,2 & '
(™ - X o :
g " fie | g ; |
ﬁ e e
e — lr ‘fg‘ “é‘ W y 'y —
Qe
o \Q(Z%{ . b/
- - M of=
@ e v 3l
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Fig. 7.8. Low-pressure, high-temperature reactions and phase relationships in metapelites and 5 10 N\ o\z
metamorphism in the KFASH-system (reactions listed in Tables 7.1-7.4) o Al
o [Cd,AS,Tc] “
o hy

KFASH/KMASH systém — vztahy e 7. /
mezi1 reakcemi koncovych Clenu ; .
KFMASH — spojité+nespojite reakce
zohlednéni vlivu kontinualnich

Fe-Mg reakci na fazové vztahy e FE = 5

KFASH — cark., KMASH - tence (Spear a Cheney 19§9)

Zména Fe/Mg a mineralnich asociaci pfi progradni metamorfoze pelitt -



Prace s petrogenetickou mrizkou

Teplota (OC)

Mtizka pro pelity s dvéma rozdilnymi P-T drahami. Dréha A je typicka
pro oblasti kontinentalni kolize, draha B pro kontaktni metamorfozu.

Spear 1993 in Konopasek et al. 1998
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Prace s petrogenetickou mrizkou

ultramaficke horniny

Diagram P-T pro systém S102-MgO-H20 vypocteny z termodynamickych
dat Bermana et al. (1985) a Bermana (1988). Spear 1993
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Prace s petrogenetickou mrizkou

ultramaficke horniny

Diagram P-T pro systém S102-MgO-CaO-H20 vypocteny z termodynamickych
dat Bermana et al. (1985) a Bermana (1988). Spear 1993
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Geotermobarometrie

- znalost PT — urCeni kde a jak hornina vznikla (e.g. tektonické prostredi)
- metam. stupen, indexoveé mineraly (ne vSude), metam. facie — neni info o tlaku
- kvalitativni metody neprinaseji info souCasné o P i T, Casto minimal. podminky

koncept: slozeni koexistujicich mineraltu v rovnovaze
maji vztahk Pa T
prostfednictvim termodynamickych vlastnosti mineralu

pro pouziti asociaci vznikajicich reakcemi citlivymi na teplotu = termometru
a na tlak = barometru
nutno znat: sloZeni vSech mineralt s proménlivym sloZzenim (e.g. s.s.)
termodynamicka data pro dané faze
kalibrace umoznujici vztahnout slozeni mineralu k P ¢i T
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Typy rovnovaznych reakci

vymenné reakce (exchange reactions; continuous) = termometry
chemicke slozky se vyménuji mezi fazemi
only involve the exchange of two elements between two minerals and do not affect
the mineral modes, e.g. Fe-Mg exchange between garnet and biotite:
Fe (in garnet) + Mg (in biotite) = Mg (in garnet) + Fe (in biotite)
almandine+phlogopite=annite~+pyrope

net transfer reactions (continuous or discontinuous) = barometry
chemickeé slozky pienaSeny od jedne faze k druhé (druhym)
involve production and consumption of minerals, which affect modal proportions

anorthite = grossular + kyanite + quartz
mala zavislost na T mala zavislost na P




Geotermobarometrie

zalozena na rovnovaznych reakcich
rovnovaz.konstanta/distribucni koeficient = f(P,T)
urcuje jednu linii na diagramu P-T

B-l-H-r1R 1. a 2. zakon termodynamiky Grt-Bt
B -0 rovnovaha systému (reakeni kfivka v P-T)

o=°-TIH° + (P-1) dV°+ RT InK
Alm + 3Rt = 3 IIm + Alsil + 2 Qtz (GRAIL)
Keq = a),° apsi 8ae 8am Are° = @am * @re>- Qim°- Aassii - Aat”
a = K (Gisté koncové &leny = 1, idealni mideni = X,)

distribucni koeficient Kd — pro vymenné reakce
Alm + Phl = Prp + Ann (Fe-Mg Grt-Bt)

Kp = Xug®™ Xee T XeM™X g™ = (Mg/Fe)c/(Mg/Fe)st -5



Aktivita

v termodynamice nutno zvazovat slozeni mineralu- to je v pfirodé rizné
hodné min. = pevné roztoky, vzacné jen koncové Cleny eg. Grs, Prp,...
dalSi slozky rozsSifuji pole stability mineralu

aktivita — k popsani variability slozeni mineralu a vliv sloZeni na stabilitu
termodynamicka vlastnost
hodnoty popisujici reaktivitu urCitého koncoveho Clenu (e.g. Grs)
a = 0 (vel. nizka koncentrace) = 1 (Cisty mineral)
zavisi na slozenialeiPaT

pfiklad: Almg,PrpyGrs,Sps, — ag,°" = 0,06 pro idealni roztok

koeficient aktivity - neidealni miSeni tj. interakce mezi prvky v ruznych
krystalograf. pozicich majici vliv na energii systému (odchylky objemu
a G miseni)
a= '( f(P,T,X), ur€eni na zakl. experim. a termodyn. vypoctu

modely aktivity — G, + G, .ess» SYymetrické a asymetrickeé modely miseni79



Jak pouzivame modely aktivity
hodné reakci v horninach zahrnuje pevné roztoky
aktivity a modely aktivity nutné pro smysluplné termodyn. vypocty
nutné pro gtom i pro thermodyn. modelovani (programy)

priklad: 3 anorthite = grossular + 2 kyanite + quartz

Cisté faze

gl 0 ..
<" Silimanite =19

: -*‘"Ahdalusitq,.--'

80
Equilibria for the GASP barometer showing contours for InK.



Jak pouzivame modely aktivity

Pl An,y: X, ,P'=0,2

Grt 8 mol % Grs: X;,°"=0,08 < 1
K=0,08/23=10

pro 500°C — P = 0,8 GPa

Kyanite .~

. AndaIUSIte

Equilibria for the GASP barometer showing contours for InK.
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kalibrace experimentalni — méreni K jako funkce P a T, idealizované systemy
empirické - mereni K v prirod. asociacich, kde P a T zjist. jinak

termodynamické

Temperature (°C)
800 750 700 650 600 550

10.0 11.0
1000/T (K)

ruzné rovnovahy ruzny sklon P-T linie
B :sccik rovnovah = bod P-T

P-T diagram s vysledky termometrie
Grt-Bt a barometrie GASP

zavislost distribucniho koeficientu
na teploté (termometr Grt-Bt
Ferry a Spear, 1978)

T Hodges and Spear (1982,
g pgar {1982)

—
=== Ganguly and Saxena |1984)

T —Perchuk and Lavent'ava (1984) o



termobarometrie konvencni — jednotl. termometry a barometry

vyménné termometry (zameénné reakce, exchange thermometers)
vymeéna prvkil (zejm. Fe a Mg) mezi dvéma koexistujicimi mineraly
distribucni koeficient K, = (Fe/Mg) ,/(Fe/Mg)g

Grt-Bt, Grt-Crd, Grt-Cpx, Grt-Hb, Grt-Chl, Grt-Opx, Grt-Ol,
Bt-Tour, Grt-Ilm (Fe-Mn)

solvni termometry (solvus thermometers)

distribuce prvki v ramci solvu, pro isostrukturni faze (zalozeno na misitelnosti minerala
za rtiznych teplot)

2 Px, 2 Fs, Clc-Dol, Ms-Pg

kontinualni reakce (net-transfer reactions)

pi1 reakci se méni sloZeni, struktura a nékdy 1 pocet fazi, velké zmény objemu
reaktanty a produkty koexistuji pies velky interval P-T

Grt-P1-Qtz-Al,S10, (GASP, Grt-P1-Ms-Bt, Grt-P1-Hb-Qtz, Grt-P1-Ol,
Grt-P1-Opx/Cpx-Qtz, Grt-Pl-Rt-1lm-Qtz (GRIPS), Grt-Rt-IIm- Al,S105-Qtz (GRAIL),
Grt-Crd-Sill-Qtz, Px-O1-Qtz, Px-Plg-Qtz, Phengite
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termobarometrie konvencni — jednotl. termometry a barometry

©
a
)
v
5
L)
L]
@
T
a

Exchange thermometry h Solvus thermometry
& net transter
baromelry

Temperature (°C) —»

200 400 600 BOO 1000 M 'T'fﬂ' f~'1*-nEEral

Temperature (°C) X (composition)
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termodynamické modelovani
pouz. vnitrné konzistentni termodynamické databaze.

- vypocCet fazovych diagramu pro modelové systémy
- geotermobarometrie

Gibbs — PT ze zonality mineralu aj. (Spear 1989, 1991)

TWQ (Berman 1991; 2007) (ex-GEO-CALC - Berman et al. 1987)
THERMOCALC (Powell — Holland v. 3.33 2009, dataset 1990,98; 2007, 2011
PERPLEX (Connolly 1990, 2005)

Theriak-Domino (De Capitani 2010)

MELTS

Pri vyuziti vyse uvedenych metod je nutné pocitat s jejich nepresnosti a
zaroven je velmi nutné zalozit studium na petrogenetickych mrizkach.
http.//serc.carleton.edu/research _education/equilibria/advancedmodeling.html

)



TWQ is an easy to use Windows based program that allows you to calculate the
position of phase equilibria in P-T, T-XCO,, and P-XCO, space. You can also use
it to calculate various activity diagrams . Berman 2007

http://geogratis.gc.ca/api/en/nrcan-rncan/ess-sst/259c8635-73bc-5fb2-8ced-

6346bf9eb899. html
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Temperature (°C)

Figure 1. Muscovite dehydration reaction calculated by winTWQ.

Figure 2. Six reactions (three independent) calculated by winTWQ for sample
90A from Mt. Moosilauke, New Hampshire (Hodges and Spear, 1982).
Figure 3. T-XCO2 diagram in the CMSH system calculated by winTWQ .
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THERMOCALC is thermodynamic calculation software for tackling mineral
equilibria problems. It has two main components: the application itself, and the
internally-consistent thermodynamic dataset it uses. The mineral equilibria
problems that can be addressed with THERMOCALC include inverse modeling
ones (geothermometry/barometry using average PT), and forward modeling ones
(calculating phase diagrams for model systems). R. Powell, T. Holland
http://www.metamorph.geo.uni-mainz.de/thermocalc/

PERPLEX is a command-line-driven software package that performs Gibbs
energy minimization to create phase diagrams and pseudosections. It has the
ability to use a wide range of thermodynamic databases, activity models, and
fluid equations of state. Its chief asset is the very rapid ability to produce
pseudosections. The chief limitations are that the calculation method may
introduce small artifacts into the diagrams, and it cannot at this time
incorporate the "equipartition constraint" of some THERMOCALC activity
models, producing minor inconsistencies between the results. J. Connolly
hitp://www.perplex.ethz.ch/
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THERMOCALC Vypocet fazovych diagramu
Fig. 1. Petrogenet. mtizka: P-T

projection for KFMASH (+mu + q +

d s ot H,0); the in-excess phases are not
i Aol / \ included in the reactions labeling the
oM st 4 univariant lines, as is usual for such
diagrams.

g
o
o ¢
=
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Fig. 2. AFM compatibility diagram for
KFMASH (+mu + q + H20) atP =6
kbar and T =560 C.

550 600
Temperature (°C)

Fig. 3. P-T pseudosection in KFMASH
- (tfmu+q+H20) for a "common" pelite
e s composition: Al,O, =41.89, MgO =
N N 18.19, FeO = 27.29, and K,O = 12.63
% rTo (in mol%).

= = Fig. 4. T-x pseudosection in KFMASH
o R (+mu+q+H20), for a composition line
along which FeO:MgO varies, with X
= FeO/(FeO+MgO), and Al,O; =
Vghg:Fe 41.89, FeO + MgO =45.48, and K,0 =
B |2.63 (in mol%). This composition line

goes through the composition usedfn
Fio 3

g sill bi 560 5 . bi chl

675 700
T(°C)

Vypocet prumérné P-T



Srovnani THERMOCALC a PERPLEX

Considering: Chlorite, Biotite, Garnet, Staurolite, Al.SiO., Chloritoid
Cordierite

Not considering: Pyroxene, Plagioclase, Melt...

In excess: Water, Quartz, Muscovite

K.O FeO MgO Al,Q, Si0O, H,0

T

Chi Cld
Chl Ctd

\

Chl / |
(+ Mu + Qtz + Water) / | Bt Gt
1 (+ Mu + Qtz + Water)

P
=

Bt Gt Ky

o
o

Pressure, kbars
Pressure (GPa)

Bt Gt Sill ™|
Chl Bt
(+ Mu + Qtz + Water)

Bt Sill
(+ Mu + Qtz + Water)

D
r’«\\" S

) 2l e [ .
y, (+ Mu + Qtz + Water) £ o . >
/ < | Z : | i Bt led San
550 600 ' 600 700
Temperature, "C Temperature (°C)

pelitic bulk composition, same activity models, some differences

Perplex excellent for pre-visualizing pseudosections that can then be made using
THERMOCALC: in TH impossible, one must know in advance which minerals
to consider. The THERMOCALC calculation did not consider sanidine, but the
Perplex results show a reaction Ms+Qz = Sil + Kf + H,O at around 620°C and 2
kb (0.2 GPa). If sanidine had been considered, then the THERMOCALC results
would include the extra fields shown in the Perplex pseudosection.




THERIAK-DOMINO is a suite of programs that can be used for calculating
equilibrium phase diagrams (pseudosections: phase diagrams that include only those
reactions experienced by a particular bulk composition) and for a number of other
kinds of calculations. It 1s an easy to use package of programs that comes with
several different internally consistent thermodynamic data sets. de Capitani
http://titan.minpet.unibas.ch/minpet/theriak/theruser.html
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Equilbrium phase diagram calculated by Theriak-Domino. Unlike a conventional phase diagggm,
in this kind of diagram the stability fields of assemblages are labeled, not reaction lines.



shows all the reactions that will occur in a model system
However, some bulk compositions will not "see" those reactions.

part of the Al,05-SiO,-H,0 (ASH)system (D. Perkins)
petrogenetic grid hseudosection

10 co Dsp H,0

300 400

For example, the diagram on the left above is a standard PT phase diagram for
the Al,0;-SiO,-H,0O (ASH) system. The diagram on the right is a
pseudosection for one particular composition (shown by the red dot in the
inset triangular diagram). The PT diagram shows reactions; the
pseudosection shows fields of different stable phase assemblages. °’



MELTS is a software package designed to model phase (mineral, rock and liquid)
relations during melting and crystallization. MELTS can be used to model
processes such as partial melting, equilibrium crystallization, fractional
crystallization, and assimilation. Users can compute equilibrium phase relations

for 1gneous systems over the temperature range 500-2000 C and the pressure
range 0-2 GPa (0-~65 km; 20 kb). http://melts.ofm-research.org/
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Postup pri urceni P-T podminek rovnovahy - pouziti gtb
a interpretace vysledku

urceni rovnovaznych mineralnich asociaci v horniné

nerovnovaha = reak¢ni struktury, zonalita mineralu
rovnovaha slozit€jsi — rovne kontakty mezi fazemi

In practical work with metamorphic rocks it 1s impossible to
demonstrate that a given mineral assemblage once coexisted in
chemical equilibrium. Therefore, one uses a less rigorous definition:
a mineral assemblage 1s an association of mineral species in mutual
grain contact. Bucher-Grapes 2011
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Table 2.4 Practical determination of a mineral assemblage

Mineral Staurolite Garnet Biotite  Kyanite
Staurolite X X X X
Garnet X X X
Biotite X X
Kyanite X

A cross in the Grt=St cell means; garnet and staurolite have
mutual grain contacts in thin section

The group of minerals that make up a rock at equilibrium 1s
designated as the equilibrium mineral assemblage or equilibrium
phase assemblage. The succession of mineral assemblages that
follow and replace one another during the metamorphic evolution
of a given terrain are designated mineral parageneses.

Bucher-Grapes 2011 o



Postup pri urceni P-T podminek rovnovahy —
pouziti geotermobarometrie a interpretace vysledkiu

mereni slozeni koexist. mineralu - elektronova mikrosonda (EMP)

vypocet distribu¢niho koeficientu Kd, ptip. rovnovazne konstanty
Keq s pouzitim vhodného modelu vztahu aktivity a slozeni

Vi'bér vhodné kalibrace (rozmezi sloZeni fazi, podminek kalibrace)
b

. ., popr. .P (.V) — z experimentu €1 termodynamickych
tabulek

do P-T diagramu vyneseme linii s konstantnim Keq — hornina
ckvilibrovala za podminek podél této izoplety

pokud je k dispozici dalsi rovnovaha, vyneseme ji, a prusecCik dava
P-T
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Interpretace — pozor na:

opravdu mineralni sloZeni odpovidaji rovnovazne koexistenci?
testy rovnovahy - rovnovahu nelze dokazat, 1ze j1 jen vyvratit

reekvilibrace — prubéh spojitych reakei — odrdzi se na zonalité mineralt
vymeénné reakce — na kontaktu mineralu T, (Fe-Mg Grt-Bt 525-
580°C), v jadrech vyssi T ale ne nutné ,,peak*
net transfer reakce — sloZzeni méni vSechny mineraly

ODLISNA ZONALITA
analyzovat zonalitu a snazit se priradit spravné Casti mineralu k sobé
komplikace 1 difuzni homogenizace mineralu (Grt) — jadro uz nemusi mit
sloZzeni odpovidajici vrcholu met.
dulezitymi faktory ovliviiuyjicimi slozeni mineralu pfi vyménnych
reakcich: - rychlost difuze v obou mineralech

- rychlost ochlazovani

- velikost zrn 96



Retrograde diffusive exchange and reaction: e.g. garnet.

FeO

(d) AO3

Distance —»

Fig. 4. Diagrams 1llustrating the change in Fe/(Fe+Mg) for garnet
and biotite during retrograde reactions (Spear, 1993; Kohn & Spear,
2000). G1-B1 shows peak metamorphic compositions, while G2-B2
and G2-B3 are retrograde compositions. T, 1s metamorphic peak,

t . 1s final zoning profile. o



Popis drah PT maximum P

maximum T
= peak of
metamorphism

L
el
—
wh
LA
Q
el
Q.

a common P-T path

Whitney

Temperature —»

Figure 1. Acommon pressure-temperature path for regional metamorphism.
The rate of prograde metamorphism (heating) and rate of retrograde
metamorphism (cooling) may not be the same. The duration of the path from
start (onset of metamorphism) to finish (exposure of the rock at the Earth's
surface) will vary from rock to rock depending on the tectonic history
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Popis drah PT

clockwise (CW) — po sméru hodinovych rucicek
pohrbeni, subdukce

anticlockwise (CCW) — magmaticka akrece na bazi kury

dulezitost progradni €asti drahy PT — u vysoce met. hornin nebyva
zachovana

retrogradni cast:

izotermalni snizeni tlaku (isothermal decompression, ITD)
charakt. pro tektonickou exhumaci kary po ztlusténi/subdukci

izobarické chladnuti (isobaric cooling, IBC)
konecCna faze raznych procesu — dulez. progradni ¢ast
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Popis drah PT

b prograde/ —
retrograde '
paths similar

pro-/ /’

retrograde
paths
different

Pressure =

v v
— -
3 pum |
v [75]
wy w
v v
— —
Q. o

Temperature —» Temperature —» Temperature —»

Figure 2. Common P-T paths, including (a) Clockwise versus
counterclockwise paths, (b) Paths with similar vs different prograde and
retrograde segments, and (c) Paths with coincident maximum P and T
conditions vs paths with very different maximum P and T conditions. Note
that the T maximum is known as the 'peak’ of metamorphism.

tvar a prubch PT drahy, rychlost met. procest a trvani metamorfozy
= { (zdroj tepla, mechamismus pohibeni a vyzdvihu)
tedy prubcéh drahy P-T dava info o hybnych silach metamorfozy
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Fig. 7. Two types of P-T paths for post-peak P-T history for most
granulites over the world (Harley, 1989): (a) near isothermal

decompression (ITD) P-T paths; (b) near isobaric cooling (IBC) paths.
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PTt a tektonika

konvergence
ocean-kontinent

Pressure (kilobars)
—
O oo NI A WN -~ O

R —
N o=

Temperature, "'C

(a) (b) _
Subduction mélange, High temperature—
low temperature- high pressure metamorphism

high pressure metamorphism within mountain belts
Trench

_ Suture
Continental =o
crust dDeej:)‘-:J%e

Deformed and 3~

Shelf. sediment e = metamorphosed
. = crus mmle shallow- and di
o T P A « thrusts | = ocean sedi S,

Continental g

. ; Prograde
Prograde path

fath Retrograde Retrograde
path path

hitp.//web.eps.utk.edu/~faculty/deane/Geology101/101_Chap8_MetamorphicRocks, ggf




Hydrothermal Contact and

metamorphism hydrothermal

t hi
Hydrothermal metamorphism

alteration

Oceanic (low to high T, low P) Subduction zone

metamorphism Burial

metamorphism .

Zeolite facies
(low T, low P)

Basaltic Intrusive
oceanic crust o o bad

Regional
metamorphism
Low T, Low P
Zeolite facies
(low T, highP) [ Greenschist facies

Blueschist facies

Asthenosphere
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CCW pro magmatickou akreci na bazi kury

P-T path of La Melada metagabbros (solid line). P-T paths
(1) and (2) are those reported for mylonitic rocks from the
Pringles Metamorphic Complex by and
for El Arenal metagabbro by

respectively. T1, T2, T3, T4 episodes of deformatlon
according to : . See text for

Cruciani et al. 2011 EJM '



mole fraction

Prlklad PT ze zonallty mineralu

Fig. 8a. Garnet porphyroblast and the symplectlte asemblage In a

felsic granulite from Dabie Shan, China.
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Fig. 8b. Zoning profiles of the garnet
in Fig. 8a.
|: Xsps decreases, Xpyr increases,
growth zoning.
e |I: Xsps and Xalm increases, Xpyr
and Xgrs decreases, retrograde
diffusive zoning.

Chen etc, 1998, J Metamorph Geol, 16, 213-222. e
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Fig. 9. Backscattered eclectronic image of the garnet porphyroblast (a) in Fig. 8a
and its corresponding X-ray map of Mg element for the same garnet (b).

Chen etc, 1998, J Metamorph Geol, 16, 213-222.
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Pressure (GPa)

21

200 400 600 800 1000 1200

Temperature ( C)

Fig. 10a. Peak P-T estimates via (1)
geothermometry and (2) geobaro-
metry.
peak P-T conditions:
P=13.5 kb, T=850 C.
® post-peak P-T conditions:
P=6.0 kb, T=700 °C.

Pressure (GPa)

2000 400 600 {00 1000 1200

Temperature ( C)

Fig. 10b. P-T path derived from the
garnet growth zoning and the
symplectite assemblages coupled

with the retrograde garnet zoning

Chen etc, 1998, J Metamorph Geol, 16, 213-2453




Tectonic implications:

Garnet growth zoning formed during prograde P-T stage,
prior to peak metamorphism.

Clockwise P-T path with prograde heating and post-peak
near isobaric cooling reflects a typical collisional tectonics in
Dabie Shan orogeny.

Garnet growth zoning suggests a short residence time for the
granulite at peak metamorphism, whereas retrograde
diffusive zoning indicates a rapid tectonic uplift history.

The rapid tectonic uplift may be correlated with unroofing of
ultra- high pressure eclogites in the area.
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P-T-time
cas — absolutni, datovani mineralti = radiogennni 1zotopy - geochronologie

termochronologie — T-t vyvoj hornin

U-Pb on garnet

# U-Pbon zircon
U-Pb on allanite
8 U-Pb on monazite

U-Pb on titanite

B “0Ar32Ar on hornblende

T | 40Ar2%Ar on muscovite

8 “CAr/3%Ar on biotite
, g <——Fission tracks on titanite
Peak BB “OAr/39Ar on K-feldspar
i Fission tracks on zircon

B Fission tracks on apatite Spear 1993
| s. 711

Metamorphic

20 30
ATime Ma
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Tc — closure temperature — T uzavreni izotopického systému

v HT - radiogenni dcefinné produkty unikaji z miizky min. (difuze)
v’ méfené stafi odpovida TC = uzavieni systému — dcefinny produkt dale neunika
v' TC charakteristické pro kazdy mineral, izotopicky systém

zavisi na rychlosti chladnuti

Spear 1993 s. 718



Teploty chladnuti

v'lze ucit cooling path = prubéh chladnuti

Closure temperatures.

Gt Sm-Nd biotite (K-Ar, Rb-Sr): 300°C
Hornblende Ar-Ar muscovite K-Ar: 350-400°C
muscovite Rb-Sr: 500°C
hornblende K-Ar: 550°C

Muscovite K-Ar
Biotite K-Ar

Apatite FT ., ,
Pee datuji chladnuti

Bellinzona

Application of cooling curves: transformation into exhumation curves!
Reconstructing rates of exhumation to conclude on the tectonic process!



Teploty krystalizace a chladnuti

v cil — mit informace v co nejvét§im rozsahu teplot : 900 - 50°C

v'zirkon a monazit maji ,,teplotu chladnuti vyssi nez realistické a tudiz registruji
krystalizaci

v" mineraly s nejvyssi TC maji pomalejsi difuzi, tzn. reaguji nejpomalelji na
ménici se okol. podminky a zaznamenavaji star¢ stupné vyvoje : zirkon U-Pb

ol Ar-Ar Hornblende

Rb-Sr Whole Rock

U-Pb Zircon
Sm-Nd Garnet
Rb-Sr Muscovite

U-Pb Monazite
Ar-Ar Muscovite

U-Pb Rutile

Ar-Ar K-Feldspar

Exhumation, erosion,
basin evolution,
neotectonic movements
are modelled using
apatite fission-track and
U-Th/He age data.

w
o
E
<
o
w
o
=
w
-

. Ar-Ar Biotite

|:| U-Th-He Apatite

FiG. 3. Generally accepted range of closure temperatures for common minerals and isotopic systems. See text for
details and references (FT = Fission Track).




U-Pb datovani: zirkon

konvenc¢ni datovani (rozklad, TIMS) — frakce C1 jednotlivd zna
konkordie, diskordie, zdédéna stari

The discordia is in this case a 2-component mixing line. It cannot be
distinguished a priori from a lead loss line: knowledge of regional geology

1s required

cathodoluminescence picture

Model for inherited lead

erited
component

1400

i1 Analyses

206 Pb/ 238 U

“ircon form ation

= 4 =

20; Pb/ 235 L;




U-Pb datovani: zirkon

meéfeni in-situ — SIMS
nutno vice meéfeni, mensi presnost

206 Pbﬂ" 238 U

=sHRIMP analysis:

single spot age: 1 sigma error
mean age: 336 7+35 Ma
(N=33, 85% c.|.)

Conventional analysis:

2 sigma ermor

Mean age: 335406 Ma
(MN=4, 6% c.l)

207 Pb}f ZEEU__

0.37 0.39 0_41 0.43

Example: granulbes Yosges maountairs'F




Sm-Nd datovani: granat

- no inclusions (monazite, zircon)

- overgrowth of different generations

- sluggish diffusion kinetics

- diffusion depending on (variable!) chemical composition

- diffusion well known for divalent cations (Fe, Mg, ...) less
known for trivalent cations such as Sm and Nd

- how can we relate P-T data to results of age determinations?

s e L5 T T
muscovite =\ \‘ i
+chiorite P C (a)

P i \ v . Hornblende K-Ar -

Gt core .
Muscovite K-Ar

=
imm

Fig. 1. Sketch of 114076 Garnet(1), Pigeon Island, Newfound- Biotite K-Ar

land, showing the inclusion-rich core containing needles of
rutile and epidote < 50 pm long, and an optically clear outer-
core with 0.5 mm inclusions of ilmenite. The matrix is largely
retrogressed to muscovite and chlorite.

) . Apatite FT
Garnet may grow so large that core - rim Steinental

relationships may be dated separately .
Evidence for prograde growth? 30 10

Example from the Alps: prograde garnet
growth ages were proposed.




Termochronologie a rychlost eroze

wy yidag

420

— ax |
. 0

800 1000

2 modely pro ztluSténi kiiry
oba = vmisténi 35 km mocného ptikrovu, TR
nasledné 20 Ma ohfivani bez eroze e HHERED

pomala eroze (0,35 mm/r) vs. rychla (3,5 mm/r) Spear 1993 p. 731

(b) = T-t vyvoj pro dva termalni modely v (a)

. , v 00 . w . 117
termochronologie dokdze rozliSit mezi dvéma rychlostmi eroze



THICKENING OF THE CONTINENTAL CRUST AND LITHOSPHERE

BY THRUSTING CTRUST ONLY

DISTANCE

CAUST SHORTEMED  PAE- THAUSTING
oY THRUSTING OR UNCISTUASED

TEMPERATURE

England-Thompson 1984

nahl¢ vmisténi pfikrovu
jen vertikalni prenos tepla

HOMOGENEQUSLY (CRUST ONLY) HOMOGENEQUSLY (WHOLE LITHOSPHERE)

DISTANCE DISTANCE

CRUST SHORTEWED  PRE-T LITHOSAERE SHORTENED PRE -1 HICKEMbG
HOMGGEMEGUSLY oa HOMOGE MEDUS LY O OSIABEO

DEPTH (km)
DEPTH {(km)
®

DEPTH/KM,

Fig. 17. Three one-dimensional models of crustal thickening constructed by England and Thompson [1984]
showing geometry of thickening (A, B, and C), subsequent evolution eotherms and P-T paths (D, E, and
F), and the relation of P-T paths to metamorphic facies (G, H, and I). (A) Model 1: Instantaneous thickening
of the continental crust along a single thrust. Upper crust is shown by diagonal hatching; lower crust by cross
hatching. Schematic isotherms labeled with temperature in °C. The one-dimensional model simulates the
thermal evolution of the thickened crust in the middle of the diagram. No lateral heat transfer is permitted.
(B) Model 2: Homogeneous thickening of the crust equivalent to ductile shortening or numerous distributed
thrust faults. (C) Model 3: Homogeneous thickening of the entire lithosphere (including the crust).
(D) Thermal evolution of Model 1. Geotherms are labeled with time in Ma after instantaneous thickening,
Geotherms labeled '0' and 'voo' represent initial and steady-state geotherms, respectively. P-T-t paths are
shown for rocks initially at 20, 40, and 60 km depth. Dots on P-T-t paths represent 10 Ma intervals. In the
model there is a 20 Ma time lag prior to the onset of erosion. See England and Thompson (1984) for
particular thermal parameters and details of the models. (E) Thermal evolution of model 2. (F) Thermal
evolution of model 3. (G) Relation of P-T-t paths to metamorphic facies for Model 1. V, re nts
equilibrium geotherm prior to instantaneous thickening. Gla-Jad, galucophane jadeite facies series -Sil,

kyanite-sillimanite facies series; And-Sil, andalusite-sillimanite facies series. (H) Relation of P-T-t paths to
metamorphic facies for Model 2. (I) Relation of P-T-t paths to metamorphic facies for Model 3. [Reproduced
by permission of Oxford University Press from P.C. England and A.B. Thompson, Pressure-temperature-
time paths of regional metamorphism I. Heat transfer during the evolution of regions of thickened continental
crust, J. Petrol., 25, 894-928, 1984.]
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Termalni modely — 2D

a. IMPERATURE (K) TEMPERATURE (K)

BOO
10

400 600

P-T PATHS
L _m'fh Initial Geotherm B 100

1200

Sdyd

300

RIS 400
UNROOFING
MECHANISM
normal
faulting

1600 .- erosional
unroofing

500

(edN) FUNSSHAJ

(edN) H¥NS

T P, Lk ~Y " | — modified
P [ P‘lTHS ' 1700 | purc shear
with Inittal ' | uniform

P, Geothe A | iy 2 £
30F r!a .arlrm " l8oo ' pure fh ar| _
0 150 300 200 400

TEMPERATURE (°C) TEMPERATURE (°C)

Fig. 10. Theoretical postthrusting PT paths for a rock carried from 30 km o 3 km by uniform pure shear

(f = 10 throughout the lithosphere), modified pure shear (8= 10 only in the 30-km-thick crust), erosional

unrcofing at | mm/yr, and normal faulting that yields a tectonic denudation rate of 1 mmyr, The scale of

HOdgCS d ROYdCIl 1994 both figures is the same to facilitate comparison. (a) With initial geotherm A, pure shear thinning
produces nearly isothermal decompression, while simple shear (normal faulting} unroofing results in a

nearly linear PT path. Erosion and modified pure shear, both one-dimensional mechanisms which

primarily affect the crust on the time scale of this test (27 m.y.), yield nearly indistinguishable PT paths

. o y v (b} When radivactive heat is added (initial geotherm B), the pure shear path is isothermal only far the first
VllV I'U,ZIlYCh dCfO aCIlICh few kilometers of thinning, although the overall morphology of the PT path resulting from unroofing by
normal {ault displacement remains unchanged. In addition, modified pure shear produces a path more

X clearly distinct from the erosional unreoling path than before due to the different effects of each

5) eXhumaéniCh mCChaniSm mechanism on the configuration of the radioactive layer.
na drahu P-T




Termalni modely a rychlost vyzvihu hornin

EROSION FAST

MODEL EXPOSURE
PATHS - .9 PATHS

Drahy P-T pro erozni vyzvih a rychly tektonicky vyzdvih
Tecky po 10 Ma




Fyzikalni modely

normal eroston
Tault b —y

— 1 — svrchni kiira
100 km ’ 2— SpOdni kara
3 — erodovany material

Chemenda 1996, 1997 - experiment
subdukce a exhumace HP met. hornin, vyuZiti pro e.g.Ural
zde model kont. subdukce s velkou kompresi (Himal. typ)21




Numerické modelovani exhumace HP
metam. hornin v subdukcnim kanalu

e.g. Gerya et al. 2002 Tectonics - animace

Willner et al. 2002 — UHP metamorfované horniny - animace
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Pfiklad — granulity Ceského masivu

4 I 4

granulity — horniny premeéneneé
za vysokych PaT




| 1V 4 r

Granulity — horniny majici ,,pamet’ “

al=Th = clivine thaleills
g-Th = quartz tholellte
Ad = adamallite

Facies
boundary
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Amphibolite :
facies
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Temperature {°C)

O Brien-Rotzler 2003




Vysokotlaké granulity Ceského masivu
granulity severnich Cech
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Severoceské granulity




Jihoceské granulity




Draha P-T jihoceské granulity kyselé a bazické

’ressure (GPa)

600 800 1000

Temperature (°C)
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Drahy P-T-t pro granulity severnich a jiznich Cech

600 800 1000 1200

Temperature (°C
Kotkova 1992, 1993, Kotkova et al. 1996, Zulauf et al. 2000, Kroner et al. 2000

vysoka rychlost vyzdvihu (sklon P-T-t, geochronologie — prekryv dat)
> SS)G: efektivnéjsi chladnuti (50 C/Ma, Zulauf et al. 2000)
> JCG: vysoky tepelny tok — pfinos tepla — magma ze zemského plasté



Vyzdvih vysokotlakych hornin

YWY
Granulitegebirga

FEaGRaawe

strukturni profil Ceskym masivem

. Maltanybian oot

?7? vyzdvih hornin z hloubky
voditko: draha P-T-t

vypovida o tepelnem a
tektonickem vyvoji

dané jednotky Ci oblasti

Klapova et al. 1998 cf. Chemenda et al. 1995
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metamorfni zony a izogrady metamorfni facie

> metamorfni zona — prvni vyskyt IM

> metamorfni izograda — hranice MZ

IO . 3
- iizeizs STONEHAVEN
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Metamorphic Agents and Changes

IS uniform stress

= unequal pressure in different
directions

Deviatoric stress can be resolved into three
mutually perpendicular stress (.Components:
ﬂis the maximum principal stress

ais an intermediate principal stress

ais the minimum principal stress

In situations all three are equal

133
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Metamorphic Agents and Changes

Is an applied force acting on a rock (over a
particular cross-sectional area)

is the response of the rock to an applied
stress (= yielding or )
Deviatoric stress affects the textures and structures,

Strain energy may overcome kinetic barriers to
reactions

(KZ



Metamorphic Agents and Changes

Deviatoric stresses come in three principal types:
*
¢
¢
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.is negative, and the resulting strain is

extension, or pulling apart .
p 9 p strain

original shape
S 52 ellbssond

a. Iension

The three main types of deviatoric stress with an example of possible resulting structures. . Tension, in which one
stress in negative. “Tension fractures” may open normal to the extension direction and become filled with mineral precipitatés’?‘6
Winter (2001) An Introduction to Igneous and Metamorphic Petrology. Prentice Hall.



.is dominant, or more
homogenous

b. Compression

The three main types of deviatoric stress with an example of possible resulting structures. ' Compression, causin§
flattening or folding. Winter (2001) An Introduction to Igneous and Metamorphic Petrology. Prentice Hall. 137




IS a common result, which allows us to
estimate the of .

' .> -1eati0n and no foliation
.> .> -)th foliation and lineation

Flattening of a ductile homogeneous sphere (a) containing randomly oriented flat disks or flakes. In (b), the matrix
flows with progressive flattening, and the flakes are rotated toward parallelism normal to the predominant stress. Winter 138

(2001) An Introduction to Igneous and Metamorphic Petrology. Prentice Hall.



Metamorphic Agents and Changes

motion occurs along planes at an angle to .

The three main types of deviatoric stress with an example of possible resulting structures. .. Shear, causing slip
along parallel planes and rotation. Winter (2001) An Introduction to Igneous and Metamorphic Petrology. Prentice Hall.
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Heat flow and metam
Spear 1993 p. 65

‘ 40 120
Onset of Tlme Ma

erosion

Figure 3-12. Plots showing P-T paths (a) T-time paths (b) and P-time paths (c) for 7 rocks in
the overthrust model of F10u1u. 3-10. Rocks (1) (2) anc are from the upper plate and (4), (5)
(6) and (7) are from the lower plate. The circles labelin ch rock path have been placed on the
peak metamorphic conditions defined by T . Modeled using program THICKEN by S. Peacock
(in: Spear et al., 1991). (a) The line drawn through the loci of thermal maxima (Tp,y) for the
respective loops is labeled “metamorphic field ﬂmdlent " Also, a hypothetical dehydration reaction,

A=B+H-0 so shown. (b) Note that there is a progression in the time of Tp,x: deep rocks
(4), (5) and (6) E\penem.e T max at a later time than shallow rocks (2), (3). Note also that a
rock apcnds a long portion of its total history within 50 "C of Tpay Note that the value of P at
Trax 18 lower Ihan the maximum value of pressure (Pp,,4) for each rock.
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