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1. Uvod

* Geologické procesy mohou probihat v uzavirenych nebo v otevirenych
systémech. Zda se systém chova jako uzavreny nebo otevieny je zasadni
otazkou pro interpretaci rady geologickych procesi a ne vZdy je tomuto
problému vénovana dostateCna pozornost. Pravé metasomatoza je
typickym procesem probihajicim v otevieném systému.

Vliastejovice, kontakt
Fe-skarn-pegmatit




1.Uvod

Izolovany systém — je latkové izolovan od okoli, a nemiizZe prijimat
nebo uvolinovat energii a nemuze konat praci. Izolované systémy
v geologickych objektech ziejmé neexistuji.

Uzavreny systém — je latkové izolovan od okoli, ale miiZe prijimat nebo
uvolnovat energii a miZe konat praci anebo na ném miiZe byt
vykonana prace jeho okolim.

Otevreny systém — miiZe s okolim vyménovat energii, ale i nékteré
chemické specie (slozky).

V geologické literature jsou pozadavky na termodynamické definice
obvykle respektovany ponékud méné striktné nez v experimentalnich
pracich fyziku a chemiki a rada systémiu oznacovanych v geologii jako
uzavrené se ve skuteCnosti uzavrenosti jen vice ¢i méné blizi.




2. Definice

Definice:

Metasomatoza je proces, ktery vede ke zméné celkového chemického a
vétSinou i mineralogického slozeni horniny (popr. mineralu) a ktery
probiha v pevném stavu a ve velmi Sirokém rozpéti tlaki a teplot od
zemského plasté az po sedimentarni horniny na zemském povrchu.

Co je zména chemického slozeni?

Zahrnuje predevsim prvky, které miuzeme oznacit jako kationty, a to
jak Na, Ca, Mg, Fe, Al, Si ale také H.

Za zménu nepovazujeme napr. pokles obsahu H,0O nebo CO, (napr.
diageneze), i kdyz viditelna zména prvku (latek), které oznacCujeme
jako anionty, a to napr. OH, F, B nebo CO, naznacuje i zmény ve
sloZeni kationtu. UZ proto, Ze odnasena H,O obsahuje urcité mnozstvi
rozpusténych latek.




2. Definice

Co je zména mineralogického sloZzeni?

Nahrazeni napr. grosularu klinozoisitem nebo Kkalcitu dolomitem je
jasnym prikladem mineralogické zmény. Metasomatoza ale muze
probihat i bez zmény mineralogického sloZeni, napr. zména poméru
Fe3*/Fe*" v granatu nebo zména poméru Fe/Mg v pyroxenu. Tyto
zmény mohou byt velmi nenapadné a tézko pozorovatelné.

Co je pevny stav?

Za pevny stav miZeme povazovat bézné metamorfované a sedimentarni
(zpevnéné) horniny, v jejich prirozeném prostredi v zemské Kkure.
Metasomatoza ale miuze probihat i na hydrotermalnich zilach a
v magmatické taveniné, takZe pevny stav neni naprosto nutnou
podminkou a jeho definice je ponékud volnéjsi.




2. Definice

VysSe uvedené informace ukazuji, Ze Casto neexistuje ostre definovatelna

hranice mezi metasomatozou a nékterymi geologickymi procesy, napr.

kontaktni metamorfoza versus vznik skarnua

diagenetické procesy versus metasomatické zatlaCovani karbonatu

krystalizace albitu z taveniny versus metasomatické zatlacovani K-
Zivce albitem v pegmatitech

které sice nepovazujeme za metasomatozu, i kdyZ jednoznac¢né
probihaji v otevieném sytému.




3. Faktory dulezité pro metasomatézu

* Vhodné PT podminky

Otevrenost systémii a tedy i mira metasomatickych zmén obecné roste
s rostouci teplotou.

» Casovy faktor

Pohyb latek je obecné pomérné pomaly a proto ¢as hraje velmi
dulezitou roli, napr. kontaktni metamorfoza vulkanickych hornin na
povrchu nebyva spojena s metasomatickymi zménami, i kdyz jiné
podminky mohou byt vhodné.

 Medium, které umozni prenos

Jednotlivé prvky nebo latky se vétSinou nemohou pohybovat jako
samostatné atomy, jsou prenaseny v ruznych komplexech slozenych
hlavné z O a tzv., tékavych latek (F, B, Cl, S, CO, aj. tzv. fluida.




3. Faktory dulezité pro metasomatézu

* Prostor, v némz prenos probiha

Medium, které nese jednotlivé kationty nebo latky potrebuje volny
prostor (pory mezi zrny, trhliny). Je-li hornina extrémné masivni, je
metasomatoza ztizena, naopak porézni horniny jsou velmi prihodné a
porozita ziejmé hraje velmi vyznamnou roli.

Pohyb miize probihat také difuzi kationti uvnitr krystalu jednotlivych
minerali, v tomto pripadé neni nutny volny prostor, kromé vhodné
krystalové mrizky.

* Rezervoar prvkiu nebo jinych latek

Jestlize dochazi k nahrazovani jednoho prvku jinym, popr. jeden
komplex prvkiu jinym komplexem, musime mit zdroj, nejcastéji to
byva napr. magma. Na druhé strané musi existovat také rezervoar
nebo prostor pro prvky odnasené.




3. Faktory dulezité pro metasomatozu

Hlavni faktory ovliviiujici
metasomatozu
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Obr. I-1. Schematicky PT (tlak, teplota) diagram s vyznagenim poli pro stupng metamorfézy a diagenezi.

V diagramu je také vyznadena kiivka taveni hydratovaného granitu a pole podminek, které na Zemi neexistuji.
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Obr. 1-2. Obrazek schematick

probihat y ukazuje zdkladni tfi typy zmén, které v horning béhem metamorfézy mohou




4. Mechanismus prenosu latek

« Infiltrace je hlavnim mechanismem pri metasomatoze.
Roztoky a fluida s rozpusténymi latkami cirkuluji témi
castmi hornin, kde je vyssSi permeabilita (pory, trhliny a
jiné oslabené zony) a reaguji s protolitem, a odnasi
uvolnéné prvky a latky.

 Difuze v horninach je rizena rozdily v chemickych

potencialech a fluida nesouci prvky jsou stacionarni.
Difuzni metasomatoza je méné Casta.

* Difuze v mineralech, kdy dochazi k pohybu atomiu v ramci
krystalové mrizky.




4. Mechanismus prenosu latek

Difuze v krystalech
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4. Mechanismus prenosu latek

Difuze mezi horninami s
kontrastnim chemickym
slozenim

Kontakt mezi
amfibolitem a kalcitickym
mramorem
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Obr. 2. Chemické sloZeni grandatii a pyroxen G pifes skarnoveé zony.

Fig. 2. Chemical composition of garnets and pyroxenes across skarn zones.

Svislymi arami jsou oznadena mista analyz na mikrosond&.
Spot locations of microprobe analyses are marked by perpendicular lines.
Diskuse v textu. — Discussion in text.




4. Mechanismus prenosu latek
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Figure 1 Types of skarn formation: (A) Isochemical metamorphism involves recrystallization and
changes In mineral stability without significant mass lransfer; (B) Reaction skarn results from
metamorphism of interlayered lithologies, such as shale and limestone, with mass lransfer between layers
on a small scale (bimetasomatism); (C) Skarnoid results from metamorphism of impure lithologies with
some mass transfer by small-scale fluid movement; (D) Fluid-controlled metasomatic skarn typically is
coarse grained and does nol closely reflect the composition or lexture of the protolith.




4. Mechanismus prenosu latek

Dissolution-reprecipitation process
— novy pristup k mechanismu metasomatoézy (Putnis 1992).

Dochazi pri ném k nahrazeni jednoho mineralu jinym nebo dojde jen k vice €i
méné vyrazné zméné chemického slozeni téhoz mineralu. Tento proces probiha
v pevném stavu a je iniciovan fluidy. Nejde o pouhou difuzi kationtu ve

strukture ale prekrystalovani mineralu.
Beryl | zatlaovany berylem lI,

Kfemen zatlacovany i ' Zi '
emen zatlacovany bavenitem a bazzitem, Kozichovice

kerolitem, Vézna




5. Priklady metasomatickych procest

Als, Ms, Prl,
Kin, Alu

Priklady nejznaméjsich i
ekonomicky nejvyznamnéjSich
metasomatickych procesu v
metamorfnich podminkach

Metamorfni prostredi
Skarny

Fenity

Greiseny

Figure 1. ACF projection of minerals and
mctasomatic aurcoics. A. Mineral com
regions for metasomatic types.

generalized rock compositions commonly involved in
positons. B. Generalized fresh rock compcsivons and schematic




5. Priklady metasomatickych procesu

e Skarny

Metasomaticke silikatové vétSinou
bezzivcové horniny bohaté Ca
vznikajici jako vysledek reakei fluid
s karbonaty bohatymi litologiemi.
Jejich typickym znakem je ¢asto
polyfazovy vyvoj.

Protolith Mineralogy:
Calcite>>quanz>feldspar
(no reaction)

Rock - $40°C
XC02=0.3

‘A Fluid - 540°C
XC02=03

Isochemical metamorphism

Fracture envelope
mineralogy: anonthite +
wollasionite + quartz
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metamorphism plus Muid flow

~ | Fracture envelope
mineralogy: quartz+
grossular+wollastonite

400°C
Rock - 540°C

= C XC02 =001
R metamorphism plus extemnal fluid

Fracture envelope
mineralogy: quartz+

300°C Poig = 0.5kb it

Rock - 540°C
| 1 | | = XC02=013
y 02 01 04 § D Fuid- 450°C

. XCO02=001
el
XCO

. metamorphism plus metasomatism — Fe S Cy
2

Figure 2 Illustration of metamorphic phase equilibria for selected reactions in the system Ca-Mg-Al-Si-
H;0-CO,. Modified from Greenwood (1967) and Kerrick (1974). Examples of four fracture-controlled
alleration events are illustrated: (A) Fluid in fraclure is same temperalure and composition as surrounding
rocks at high XCO: (B) Fluid in fraclure is same temperalure as surrounding rocks but has flushed some
CO,outof the system; (C) Fluid in fracture is cooler than surrounding rocks and has flushed some CO Loul
of the system; (D) Fluid in fracture is a concentrated melasomalic fluid with magmatic components
including FFe, Cu and S. Cc = calcile; Ta = talc; other abbreviations as in Table 1
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Figure 9. Water-rich [0.0 to 0.25 X(CO,)] portion of an isobaric (P = Pg = 100 MPa)
T-X(CO,) diagram illustrating the effects of solid solution (dilution of Grs with Adr, of
Czo with Pi) on the phase equilibria of Figure 7. Shifts in location of equilibria
calculated with methods described in the Thermodynamics section.
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Obr. 1. Schematicky T - X, diagram vybranych reakei v systému CMAS-H.0-CO. pfi Pluid = Peclk. = 200
MPa (upraveno podle Valleyho etal. 1985 aLabotky etal 1988)

Fig. 1. Schematic T - X_. diagram showings selected reactions in the svsiem CMAS-H.0-CO. at Plluid =
Ptotal = 200 MPa (modified from Valley et al. 1985 and Labotka et al. [988).




5. Priklady metasomatickych procest

 Magnezity a siderity
LozZiska magnezitu a sideriti v Zapadnich Karpatech vznikla
pravdépodobné  metasomatickym  zatlaCenim  piivodné
kalcitickych, popr. kalcit-dolomitickych vapencii v podminkach
nizkého stupné metamorfozy. Zdrojem Mg mohou byt napr.
ultrabazické horniny v jejich okoli.

Magnesit, Styrsko




5. Priklady metasomatickych procesu

Na-K-Ca-Mg metasomatoza

Tento typ metasomatickych zmén je vazany na vulkanismus
oceanického dna. Dochazi pri ni k vice typim zatlaCovani:

* latky
Mg — Fe
Na-Ca, K
Ca—-Mg,Na, H
K - Na, Ca
* mineraly
Ca-plagioklas — Na-plagioklas (analcim, skapolit)
amfibol — chlorit, aktinolit, epidot
Ca-plagioklas — epidot

Zivce — zeolity
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H™- metasomatoza

Iont H" nahrazuje jiné Kkationty,
predevSim Na, K a Ca a nékdy se
uplatiuji i dalsi prvky napr. F. To vede
k destrukci zivci a jako hlavni procesy
muZeme oznacit:

sericitizace

greisenizace

Fenitizace

Tento proces je svazany s alkalickym
magmatismem a dochazi pri ném Kk
intenzivnimu prinosu Na a K. Vznikaji
mineraly s vysokym obsahem Na, popfr.
K a také s vysokym pomérem Na+K/Al a
Fe/Mg.

.........

lithosphere

<

'E- Il carvonaterich zone

Partial melting
‘gt | Zone of metasomatism Fluid migration

Astheno-

FIG. 2. Schematic cross-section of a zone of active rifting in a continental setting. The

upward bulge in the asthenospheric mantle is due to a focusing of mantle degassing
and thermal expansion. Here, as in Figure 1, the upward migration of fluid offers a very
efficient mechanism of transfer of heat into the lower and middle crust. The degassing
mantle emits both H,O and CO,, the proportion of which is of primordial importance
in determining the nature of elements transported upward into the crust, and the nature
of the melting reaction. Where the metasomatizing agent is dominantly H,O, granitic
melts of A type will result. The metasomatic steps leading up to partial melting have
involved the preferential mobilization of alkalis over Al, which is reflected an alkaline
character of the partial melt. Carbonatitic and nephelinitic melts will result in areas
where COs is the dominant metasomatizing agent. Here, the metasomatic step leading
up to partial melting has caused a major enrichment in high field-strength elements and
the rare-earth elements, and these patterns of enrichment are reflected in the magmas
produced. Of course, all intermediate cases between these two end-member situations
are likely to be encountered, which explains the juxtaposition of silica-oversaturated
and silica-undersaturated suites along belts of anorogenic igneous activity. The anoma-
lously high temperatures at the base of the crust promote granulite-facies assemblages,
even though the environment is far from being anhydrous. Diagram courtesy of Alan
Woolley (1987), and reproduced with permission of the publisher.
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* Prinos B (Li, Cs aj.) v okoli
komplexnich pegmatiti

V zavéru magmatické Kkrystalizace
dochazi k odmiSeni fluid bohatych
B, ale také Li, Cs, F, Al aj. Fluida
opoustéji pegmatit a reaguji

s okolni horninou (predevsSim

s tmavymi mineraly) za vzniku
holmquistitu, turmalinu, Cs,Rb,F-
obohaceného biotitu, aj.

Tanco — kontaktni aureola
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5. Priklady metasomatickych procesu

Magmatické prostredi

V tomto pripadé probiha metasomatoza primo v magmatické horniné a to
v ruznych stadiich vyvoje horniny a v ruiznych PT podminkach. Zdrojem
fluid je témér vyhradné samotna magmaticka hornina, popr. jina asociujici
magmaticka hornina.

Stadium pozdniho solidu az ranného subsolidu

V tomto stadiu probiha zrejmé vétSina metasomatickych zmén

v magnmatickych horninach. Rozpoznani metasomatickych zmén je ale
vétSinou velmi komplikované.

- Alterace granitu postmagmatickymi fluidy, napr. alterace Zivcu, pri niz
mize dojit ke zméné ve sloZeni napr. koncentrace Rb a Cs.

- Rané postmagmatické alterace v komplexnich pegmatitech, napr.
nahrazeni primarnich Fe,Mn fosfatu Sirokou Skalou mladSich mineralu,
zatlaCeni cordieritu turmalinem.

- Vznik metasomatickych jednotek v pegmatitech, albit, lepidolit aj.
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 Taveni granitu za UHP
(ultravysoké tlaky 15 a vice
kbar)

Granity se za téchto tlaku a
pritomnosti vody chovaji ponékud
jinak, nez predeslé taveniny.
Nedochazi Kk jejich taveni, ale
postupné se rozpoustéji na
fluidum, a to ne skokem, ale
postupné. Za nepritomnosti vody
se ale uvoliiuje postupné za
nizSich teplot ultrapotasické
fluidum, leucitového slozeni, pri
kompletnim rozpusténi se slozeni
blizi granitu.

FiG.

'§' - Carbonate-rich zone Partial melting
"4t | Zone of metasomatism Fluid migration

2. Schematic cross-section of a zone of active rifting in a continental setting. The
upward bulge in the asthenospheric mantle is due to a focusing of mantle degassing
and thermal expansion. Here, as in Figure 1, the upward migration of fluid offers a very
efficient mechanism of transfer of heat into the lower and middle crust. The degassing
mantle emits both H,O and CO,, the proportion of which is of primordial importance
in determining the nature of elements transported upward into the crust, and the nature
of the melting reaction. Where the metasomatizing agent is dominantly H,O, granitic
melts of A type will result. The metasomatic steps leading up to partial melting have
involved the preferential mobilization of alkalis over Al, which is reflected an alkaline
character of the partial melt. Carbonatitic and nephelinitic melts will result in areas
where CO, is the dominant metasomatizing agent. Here, the metasomatic step leading
up to partial melting has caused a major enrichment in high field-strength elements and
the rare-earth elements, and these patterns of enrichment are reflected in the magmas
produced. Of course, all intermediate cases between these two end-member situations
are likely to be encountered, which explains the juxtaposition of silica-oversaturated
and silica-undersaturated suites along belts of anorogenic igneous activity. The anoma-
lously high temperatures at the base of the crust promote granulite-facies assemblages,
even though the environment is far from being anhydrous. Diagram courtesy of Alan
Woolley (1987), and reproduced with permission of the publisher.
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Fic. 3. Pressure-temperature plot showing the critical curve of a haplogranite as determined by Bureau and Keppler
(19%9). together with ather relevant reaction curves, Upper pressure stability limits of albite are after Walerwiese et al.
(1995) and of quantz afier Mirwald and Massonne (1980); the “wel melting curve” of an alkali granite was taken from
Huang and Wyllie (1975). Note that the latter curve is interesected by the extrapolated critical curve (dashed line).
However. because of the larger number of components present in this system, the resulting point cannot be compared
directly with the second critical end point shown in Figure 1 for albite-water. Nevertheless, supercnitical behavior of a
more complex nature takes place at higher pressures. and the “we( melting curve™ of Huang and Wyllie (1975) should no
longer be present there.
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FiG. 4. Temary plot of selected components of the Dora-Maira granite starting material (Tilton et al.. 1991, here shown
as “Granite™) used by M. Burchard (pers. commun.) for his experiments. It shows the partial compositions of some
relevant solid and fluid phases appeanng in the presence of silica and water. Clinopyroxene was ignored. The phengite
composition is taken from Burchard and Schrever (1995a. GN1): biotite is an idealized phlogopite or annite. F1-F5 are
the fluid compositions as analvzed from quench products of runs in the range from 40 to 43 kbar. 70010 750°C. with 3 1o
10 wt% water added to the capsule (Burchard, pers. commun.). The dotted line refers to the solid assemblage present in
the starting material. whereas the solid lines represent resulting assemblages under run conditions. Note that this plot
cannot strctly be taken as a compatibility triangle.




