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Abstrakt

Mafické a intermedidlni intruze doprovazeji granitoidni plutony
v evropské variské soustavé. Zahrnuji pestrou $kalu hornin od kiemennych
gaber pres diority, granodiority az k monzonitim. VétSinou tvofi drobna
intruzivni télesa nebo Zzily, v granodioritech a nékterych granitech se vyskytuji
jako mafické mikrogranularni enklavy (MME). Jsou charakteristické relativné
vysokymi obsahy litofilnich prvkd (Rb, Sr, Ba, Cs, LREE), zarovei maji i
vys§i obsahy prvkd kompatibilnich (Ni, Cr, Va Co). Izotopické poméry
¥5r/%Sr se vjednotlivjch oblastech piili§ nelisi, pohybuji se okolo
pramérného slozeni Zemé (0,704 — 0,708). Hodnoty €Nd se pohybuji od vice
korovych hodnot (az -8) az po hodnoty pozitivni (do +4), coz svédéi o
prispévku bazickych magmat. Svym stafim odpovidaji dioritické intruze staii
granitl, s kterymi se vyskytuji, coz dokumentuje soucasnost mafickych a
kyselych magmat.

Terénni pozorovani, geochemické a izotopické charakteristiky a nékteré
mikrostrukturalni znaky v horninotvornych mineralech naznacuji, Ze dioritické
intruze jsou hybridni horniny, které vznikly interakci kyselého a bazického
magmatu. Nejvyznamnéj$§imi procesy bylo miseni bazickeého a kyselého
magmatu nasledované nebo doprovdzené frakcionovanou krystalizaci.
Vzhledem Kk vysokym obsahiim nekompatibilnich prvkd v dioritickych
intruzich a k jejich smiSenym izotopickycm charakteristikam, musel byt
zdrojem bazického magmatu obohaceny plast. Vypoctem teoretického
bazického magmatu vhodného pro vznik dioritickych intruzi bylo zjisténo, ze
se jedna o magma blizké svym slozenim lamprofyrim nebo gabrim

pochazejicim z metasomaticky obohaceného plaste.
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Summary

Mafic and intermediate intrusions accompany variscan granitoid plutons
in Europe. They comprise wide petrographic varieties from quartz gabbros,
diorites, granodiorites to monzonites. They usually constitute small bodies or
veins, they often occur as mafic microgranular enclaves (MME) in
granodiorites and in some granites. They are characterized by a relatively high
amounts of lithophile elements (Rb, Sr, Ba, Cs, LREE), and they are
simultaneously high in compatible elements (Ni, Cr, V a Co). Their isotopic
ratios 3'Sr/%Sr are close to the Bulk Earth (0,704 — 0,708). eNd values show
larger scatter, some intrusions have more crustal composition (to -8), another
intrusions have gNd positive (to +4), that points to a contribution of mafic
magma. Ages of dioritic intrusions respond to the ages of granites, with them
dioritic intrusions occur. This documents the contemporaneity of mafic and
acid magmas.

Field study, geochemical and isotopical properties and some
microcrustural features of rockforming minerals suggest that dioritic intrusions
are hybrid rocks and originated by an interaction of acid and basic magma. The
most important processes were mixing of mafic and granitic magma followed
or accompanied by a fractional crystalization. Pointing to the high amounts of
incompatible elements in dioritic intrusions and to their mixed isotopic
characteristics, the enriched mantle had to be the source of mafic magma.
Calculation of the hypothetic mafic parental magma suitable for dioritic
intrusions evolution showed, that the composition of such parental magma was
close to the composition of lamprophyre or gabbro, that originated from the

methasomaticaly enriched mantle.
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1. Uvod

Mohutné granitoidni intruze v evropské variské soustavé jsou
doprovazeny télesy bazickych az intermedialnich hornin, vétSinou malych
objemu. Byly popsany a detailné studovany zejména v riiznych castech Evropy
— Portugalsku, Spanélsku, ve francouzském Centralnim masivu, ve
Schwarzwaldu, v Ceském masivu, v Rumunsku, Recku, na Korsice a Sardinii.

VétSinou se jednd o hrubozrnné az jemnozrnné, misty porfyrické
horniny od kfemennych gaber pies diority, granodiority az k monzonitlim.
Typickymi tmavymi mineraly jsou amfibol a biotit. Z Zivei dominuje
plagioklas (Anz;y — Angy), méné se vyskytuje K-zivec, dale kiemen, pyroxen,
titanit, apatit a postmagmatické Ca-Al mineraly jako uralit a chlorit (Freiberger
a kol. 2001). Castou akcesorii je zirkon a ilmenit, méné se objevuje allanit.
Oproti asociovanym granitim maji nizké SiO,, nizsi A/ICNK a vysoké obsahy
TiO,. Maji také zvySené obsahy nekompatibilnich stopovych prvka blizké
korovym horninam. I hodnoty poméru Sr a Nd izotopt jsou podobné korovym
a blizké celkovému slozeni Zem&eNd g5 ma = +1 aZ -4 a (¥'Sr/*°Sr)a05 v =
0,706 — 0,708; Siebel a kol. 2003). To mize indikovat jako mozny zdroj
magmatu heterogenni obohaceny plast, ktery byl dale modifikovan procesy
AFC (asimilace a frakcionované krystalizace), riznym stupném frakcionované
krystalizace a/nebo misenim s granitickym magmatem. Stafi vmisténi
dioritickych intruzi byva datovano mezi 340 — 320 Ma (Dérr a kol. 1998,
Siebel a kol. 2003, Kovaiikova a kol. 2007), ale v nékterych oblastech se
objevuiji i starsi intruze (Holub a kol. 1997a, Janousek a kol. 2004).

Variské (gabro)dioritické aZ granodioritické horniny se vyskytuji
pfevazné jako drobné intruze v asociaci se stejné nebo podobné starymi

granity, misty se dioritické intruze nachazeji v metasedimentarnich plastich
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variskych granitd. V granodioritech nebo vapenato-alkalickych
monzogranitech se ¢asto vyskytuji mafické mikrogranularni enklavy (MME),
které maji prevazné dioritické sloZeni. MME a dioritické intruze byvaji
povazovany za dikaz hybridniho ptivodu a odraz procesu miSeni (Castro
1990). Ptisun plastového magmatu nemusel byt jen zdrojovym materidlem pro
vznik hybridnich hornin ¢i MME, ale mohl také byt zdrojem tepla pro nataveni
korovych hornin, coz vedlo ke vzniku kyselych granitickych magmat.

Geochemické vlastnosti mafickych a intermedialnich intruzi vcetné
MME naznaduji, Ze bazické magma podilejici se na jejich vzniku pochazelo
z metasomaticky obohaceného plasté. Obohacené plastové domény jsou
dokumentovéany z riznych c¢asti iberského masivu (Moreno-Ventas a kol.,
1995; Galan a kol., 1996), ve francouzském Centralnim masivu (Downes a
Duthou, 1988; Pin a Duthou, 1990; Shaw a kol., 1993), ve Schwarzwaldu
(Altherr a kol. 1999) a v Ceském masivu (Gerdes a kol., 1998; Janousek a kol.,
1995, 2000a).

Studium terénnich vztaht, petrologie, mineralogie a geochemie ukazuje,
Ze miseni bazického a kyselého magmatu je vyznamnym procesem pro vznik
vapenato-alkalickych granitoidii po celém svété. Tento proces je doprovazen a
ovliviiovan fadou dalSich petrogenetickych pochodt rizného vyznamu. Proto
je vzdy nutné komplexni studium télesa a vyuziti riznych geochemickych

modelt pro ilustraci vzniku a vyvoje mafickych intruzi.
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2. Cile prace

Prace je soustfedéna na podrobné studium variskych mafickych intruzi
na nékolika lokalitich (Abertamy, Slavkovsky les, okoli Marianskych L&zni)
v kruSnohorském batolitu. Pfinasi petrologické charakteristiky téchto hornin
véetné studia v optickém mikroskopu, nové chemické analyzy hlavnich prvkd a
vétSiny stopovych prvkl véetné prvka vzacnych zemin. Soucasti je i analyza
chemického slozeni jednotlivych minerald ve vybrusu pomoci elektronové
mikrosondy. Metodou Pb-evaporace jednotlivych zm zirkont bylo stanoveno
stafi vybranych vzorkd mafickych intruzi i asociovanych granitt.

V8echna tato stanoveni, spolu s terénnim pozorovanim a mapovanim,
slouzi jako podklady pro vytvofeni riznych geochemickych modeld a vypocty
frakcionované krystalizace, linii miseni bazického a kyselého magmatu nebo
teoretického bazického magmatu, které se podilelo na vzniku mafickych
intruzi.

Vysledky studia mafickych intruzi v kruSnohorském batolitu jsou
porovnany s podobnymi variskymi intruzemi v daldich &astech Ceského
masivu i v jinych oblastech evropskych variscid.

Studium bazickych a intermedialnich intruzi vede k lepSimu pochopeni
geologického vyvoje Evropy v dobé formovani variského horstva a snazi se
objasnit roli bazickych plastovych magmat pfi vzniku variskych granitoidnich

plutond.
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3. Material a metodika

Vzorky bazickych a intermedialnich hornin a asociovanych granitd (5 —
15 kg) byly odebirany pfimo z vychozid nebo velkych balvanti. Pfiblizné
polovina mnozstvi odebrané horniny byla rozdrcena a kvartovana na cca. 100g,
které byly namlety na analytickou jemnost. Druha ¢ast odebraného vzorku byla
pouZzita pro separaci jednotlivych minerald, ptedev§im zirkont.

Chemické analyzy byly provedeny v Laboratofich geologickych ustavii
na Pfirodovédecké fakulté univerzity Karlovy v Praze. Hlavni oxidy byly
stanoveny silikatovou analyzou, stopové prvky (véetné REE) na ICP-MS nebo
pomoci AAS (Ba, Be, Cs, Co, Cr, Ni, Pb, Rb, Sr, V a Zn). V Centralnich
laboratofich Ceské geologické sluzby v Praze bylo provedeno stanoveni fluoru
a také zde byly analyzovany starSi vzorky z Abertam (silikatové analyzy pro
hlavni oxidy, OES, XRF, AAS a ICP-MS pro stopové prvky). Chyba stanoveni
pro hlavni oxidy a fluor je < 1,5 %, pro stopové prvky analyzované AAS < 1
%, pro stanoveni na ICP-MS to je 5 % pro stopové prvky a 3 % pro REE.

Tézké mineraly byly separovany v Centralnich laboratotich Ceské
geologické sluzby. Zrozdrcenych vzorkd byly frakce téZkych minerald
separovany Vv té€zkych kapalinach, zirkony pro geochronologické stanoveni
byly dale vybirany ru¢né.

U vybranych vzorkli byly analyzovany jednotlivé mineraly pomoci
elektronové mikrosondy v Institutu geologie na Akademii Véd v Praze
(CAMECA SX-100), v Centralnich laboratotich Ceské geologické sluzby
(CamScan S-4 Link ISIS 300) a na Piirodovédecké fakulté Univerzity Karlovy
v Praze (CamScan S-4 Link ISIS EDX). Mé&feni byla doplnéna studiem vétsiho

poctu vzorkl v optickém mikroskopu.
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Pro stanoveni stadfi metodou Pb-evaporace jednotlivych zrn zirkont
(Kober 1986, 1987) byla vybrana chemicky neovlivnéna zrna zirkonl a byla
méfena na hmotovém spektrometru Finnigan MAT 262 se sekundarnim
elektronovym nasobi¢em na Univerzit¢ v Tibingenu. Meéfené poméry
27pp2%pp byly opraveny na neradiogenni olovo podle vzorce (Cocherie a kol.
1992), ktery vychazi z modelu Staceyho a Kramerse (1975). Na hmotovou
frakcionaci oprava délana nebyla. Stfedni stafi vzorku je dano jako vazeny
prumér a chyba ukazuje 95 % troven spolehlivosti. Pro vylouceni chyb a
dosazeni realistického staii byla opakované provadéna meéfeni na dvou
internich  zirkonovych standardech obdobného stafi jako je vétSina

analyzovanych vzorkd.

4. Vysledky a diskuse

Bazické a intermediélni variské intruze byly studovany na nékolika
lokalitdch v kruSnohorském batolitu - v Abertamech, Slavkovském lese a
v okoli Maridnskych Lazni. Zahrnuji horniny od gabrodioritli ptes kifemenné
diority aZ po granodiority. Na v3ech lokalitich si jsou podobné svymi
petrologickymi i geochemickymi charakteristikami a jsou si blizké svym
amfibolem a plagioklasem (Anz, — Any), vV mensi mife se objevuji pyroxen,
kfemen a draselny Zivec. Plagioklasy jsou hypidiomorfni az idiomorfni a jsou
vyrazné zonalni. Jadra jsou obvykle tvofena labradoritem az bytownitem,
okrajové zony kolisaji mezi kyselym oligoklasem a intermedialnim andesinem.
Amfiboly jsou svétle zelené, ve svém sloZeni se pohybuji od aktinolitu po
magnesiohornblend s nizkym obsahem Al. Casty je vyskyt sekundarniho

amfibolu, ktery pravdépodobné vzniknul na ukor starSi generace pyroxentl.
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Biotity jsou misty poikiliticky prorostlé se zrny plagioklasu. Lupinky biotitu
jsou Casto chloritizované. Méné Casté draselné zivce jsou prevazné idiomorfni
a byvaji pertitické. Zrna kifemene jsou ovalnd, xenomorfni a vykazuji
unduldzni zhé&Seni. Mafické intruze jsou bohaté akcesorickymi mineraly. Hojné
se vyskytuji ilmenit a apatit, méné zirkon a titanit, vzacny je allanit. Z opaknich
minerald se objevuji pyrhotin a pyrit.

Kyselejsi vzorky (granodiority az kiemenné diority) neobsahuji pyroxen
a maji jen malé mnozstvi amfibolu a méné biotitu. Plagioklas (Ans, — Anyg) U
nich pfevazuje nad draselnym Zivcem a obsahuji vice kiemene. Plagioklasy
jsou jen mirné zonalni, jadra tvofend kyselym labradoritem pfechazeji
k okrajim do andesinu. Z akcesorickych minerali obsahuji navic turmalin.

V Harkerovych diagramech (Obr. 1) je moZné sledovat trendy jdouci od
vapnik koreluji s SiO, negativné, sodik a draslik pozitivné. U titanu, hliniku a
hotéiku je zfejma vyrazna inflexe u hodnoty 54 — 56 hm. % SiO,. To muiize
znamenat zménu ve frakcionované krystalizaci, napi. ukonceni krystalizace
titanitu nebo ilmenitu nebo zména krystalizace zamfibolu na pyroxen.
Hodnoty v grafu pro fosfor vyéleiiuji dvé skupiny vzorki: prvni s vysokymi
obsahy P,Os a stfednimi hodnotami SiO,, druhd skupina zahrnuje vzorky

s nizkymi obsahy P,0s a s velkym rozpé&tim hodnot SiO».
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Obr. 1. Harkerovy diagramy pro dioritické intruze a granity krusnohorského batolitu.

Horniny s podobnymi petrologickymi i geochemickymi
charakteristikami se vyskytuji i v dalsich ¢astech Ceského masivu (stfedogesky
plutonicky komplex (Holub a kol. 1997b, Janou3ek a kol. 1995, 2000a, b),
rastenburgsky pluton (Gerdes a kol. 2000), krkono3sky pluton (Staby 2002,
Staby a Martin 2008), miSeiisky masiv (Wenzel a kol. 1997)), v ostatnich
evropskych Variscidach (lbersky poloostrov (napt. Galan a kol. 1996,
Villaseca a kol. 2009, Fernandez-Suarez a kol. 2011), francouzsky Centralni
masiv (Shaw a kol. 1993), oberkirchky pluton ve Schwarzwaldu (Altherr a kol.

1999), sardinsko-korsicky batolit (Poli a Tommasini 1999, Ferré a Leake
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2001)), a také jako variské intruze v karpatském getickém piikrovu
v Rumunsku (Duchesne a kol. 2008).

Po vyneseni vzorktl z uvedenych oblasti do Harkerovych diagramu je
mozné sledovat stejné trendy jako u samostatného krusnohorského batolitu.
Patrna je i inflexe okolo 54 — 56 hm. % SiO,, ktera je nejvice zfejma u titanu a
vapniku a sledovatelna je i u hof¢iku, vapniku a sodiku.

Bazické a intermedidlni intruze jsou typické vysokymi obsahy
litofilnich prvki (Cs, Rb, Ba, Sr, Th, LREE) a tzv. pevné vazanych prvki (Zr,
Y), zarovenl maji zvy$ené mnozstvi tranzitnich kovti (Cr, Co, Ni). Pfi vyneseni
hodnot do spidergramui (Obr. 2) maji nejbazi¢téj$i vzorky krusnohorského
batolitu (gabrodiority a gabronority) niZsi obsahy Rb (62 — 87 ppm), Th (6 —
8,6 ppm) a LREE a vyraznou negativni anomalii Nb. Naopak oproti kyselejSim
vzorktim maji vyssi obsahy Ba (az 2200 ppm) a Sr (az 800 ppm). Maji vyssi
obsahy tranzitnich kovil, které pozitivné koreluji s MgO. Model distribuce REE

neznatelnou nebo mirné pozitivni Eu anomalii. Vyjimkou jsou dva vzorky
gabrodioritu z Abertam, které maji Eu anomalii negativni. Kyselejsi intruze

(kfemenné diority a granodiority) maji ve srovnani s bazickymi vy3si Rb (104
1000 ppm), Sr (393 — 539 ppm), HREE a obsahy tranzitnich kovi. Maji

strmgj$i distribuci REE ((La/Yb)y = 9,0 — 23,4), obvykle vykazuji negativni Eu

anomalii.

10
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Obr. 2. Diagram stopovych prvki normalizovanych k primitivnimu plasti.
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Obr. 3. Distribuce prvkd vzacnych zemin normalizovanych k chondritu. Tb

nebylo u dvou vzorkll z Abertam stanoveno (pferu§ovana ¢ara).

11
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| ostatni dioritické intruze v Ceském masivu i variské Evropé maji
podobné charakteristiky stopovych prvki. Ukazuji shodné chovani stopovych
prvki vynesenych ve spidergramech normalizovanych k primitivnimu plasti,
kde jsou vyrazné negativni anomdlie Nb a Ti. I modely distribuce prvka
gabrodiority) ukazuji plossi distribuce REE a vétSinou neznatelné nebo mirné
pozitivni Eu anomalie, vzorky kyselejsi (kfemenné diority, monzonity,
granodiority) maji vyssi obsahy LREE a niz§i HREE, pfevazné maji negativni
Eu anomalii. Zajimavosti je pozitivni anomalie Gd, ktera se objevuje u vzorki
z némecké &asti krugnohorského batolitu a u blatenské suity a Certova bfemene
stitedoCeského plutonického komplexu. Naopak u vzorku Slavkovského lesa a u
nékterych vzorka z okoli Maridnskych Lazni je tato anomaélie negativni. U
intruzi Iberského poloostrova neni tato anomalie zfejma. Mirn¢ odli$né chovani
ukazuji MME z granodioritt Iberského poloostrova, které maji ploché modely
rozloZzeni REE blizké bazickym intruzim, ale zaroven vykazuji vyrazné
negativni Eu anomalie, coZ miiZe byt zplisobeno interakci s okolnim kyselejsim
magmatem. Opakem jsou MME zhornin sazavské suity stiedodeského
plutonického komplexu, které maji chovani REE shodné s bazickymi vzorky —
plochou distribuci a zaroveii pozitivni Eu anomalie.

Stanoveni izotopil Sr a Nd nebyla na studovanych lokalitach provedena.
Literaturni data ukazuji, Ze hodnoty izotopovych poméra dioritickych intruzi
(eNd a 'Sr/*Sr) jsou ve viech oblastech podobné a jsou vétsinou blizké okolo
primémého slozeni Zemé. Poméry ¥Sr/?°Sr se pohybuji mezi typickymi
krustalnimi a plastovymi hodnotami (0,704 — 0,708). Hodnoty eNd vykazuj

vétsi rozptyl £ okolo 0 (-8 — +4). Nekteré intruze (vétSinou s vy$Simi obsahy

12
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Si0O,) maji vice korové slozZeni (azZ -8), jiné (pfevazné bazittéjsi vzorky) naopak
maji hodnoty eNd pozitivni, coz svédéi o piispévku bazickych magmat.

Stafi dioritickych intruzi se v jednotlivych oblastech vyrazné Ilisi.
V krudnohorském batolitu jsou dioritické intruze vramci Ceského masivu
nejmladsi, jejich stafi se pohybuje mezi 322 — 327 Ma (Siebel a kol. 1995,
Kovatikova a kol. 2007, 2010). Starsi intruze jsou v miSefiském masivu (340 —
355 Ma; Wenzel a kol. 1997) a ve stiedo¢eském plutonickém komplexu (336 —
361 Ma; Matte a kol. 1990, Holub a kol. 1997a, Dorr a kol. 1998, JanousSek a
kol. 2004). Jesté starsi intruze jsou ve francouzském Centralnim masivu (361 —
365 Ma; Shaw a kol. 1993), naopak nejmladsi jsou na Iberském poloostrove
(310 — 312 Ma; Galén a kol. 1996, Villaseca a kol. 2009, Fernandez-Suérez a
kol. 2011). Stati bazickych a intermedialnich intruzi jsou zaroven shodna nebo
jen nepatrné vyssi jako staii granitl, s kterymi se tyto intruze vyskytuji, coz
doklada soudasnost bazickych a kyselych magmat.

Terénni pozorovani, geochemické a izotopické charakteristiky
dioritickych intruzi naznacuji, ze se jednd o hybridni horniny, a vyznamnou
roli pfi jejich vzniku hrala interakce bazického a kyselého magmatu. Néktefi
autoii (Bea a kol. 1999, Dias a kol. 2002) povazuji mafické intruze za
prekurzory variskych granitd, které znamenaly nejen pfinos materidlu, ale i
tepla potiebného k nataveni korovych hornin. Vyvoj mafickych intruzi byl
ziejmé slozity a zahrnuje vice petrogenetickych procesi (miseni magmat,
asimilace a frakcionovana krystalizace), které probihaly spole¢né a vzajemné
se ovlivitovaly. Izotopické hodnoty blizké plasti (kladné hodnoty eNd a nizké
poméry ¥Sr/%Sr), vysoké obsahy nekompatibilnich prvki i tranzitnich kovi
nékterych intruzi ukazuji na existenci metasomaticky obohaceného plasté ve

vech oblastech v dobé formovani variskych granitoidnich plutonfi. Vypodétem
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teoretického bazického magmatu bylo zjisténo, Ze skuteéné bazické magma,
které se podilelo na vzniku mafickych intruzi, bylo svym chemickym sloZenim
blizké metasomaticky obohacenym gabrim nebo lamprofyriim, které jsou vSak
ve variskych plutonech pfitomny jen vzacné a v malych objemech (Hegner a
kol. 1998, Neubauer a kol. 2003, Barbarin 2005, Orejana a kol. 2009).

Linearni trendy jdouci od kyselych hornin k bazickym v Harkerovych
diagramech naznaduji podstatnou roli miseni bazického a kyselého magmatu
pfi vzniku mafickych intruzi. OvSem inflexe v grafu, ktera je nejvice zfejma u
titanu, hliniku a hoi¢iku, ukazuje spiSe na frakcionovanou krystalizaci. Pro
studium vzniku a vyvoje mafickych intruzi jsou vyuzivany rtizné modely.
Vétsina autort (Bea a kol. 1999, Janou3ek a kol. 2000a, Lopez-Moro a Lopez-
Plaza 2004, Moita a kol. 2005) piiklada vétsi vyznam frakcionované
krystalizaci a miseni bazického a kyselého magmatu povazuji za méné
podstatny proces. Jini autofi (Siebel a kol. 1995, JanouSek a kol. 1997, Staby a
Martin 2008) naopak upfednostiiuji miseni magmat jako podstatny proces pfi
vzniku intruzi.

Kombinaci dvou procesii bé&znych pii vzniku granitoidnich hornin
dokumentuji obrazky 4 a 5. V prvnim ptipadé (Obr. 4) piedpokladame nejprve
miseni dvou odliSnych magmat. V grafu Rb vs. Ba jsou vykresleny linie miseni
pro &tyfi rizna bazicka zdrojova magmata — varisk4 gabra (Orejana a kol.
2009), lamprofyry z Némecka (Hegner a kol. 1998) a Rakouska (Neubauer a
kol. 2003) a vypoéteny teoreticky maficky ¢len. Jako kyselé magma bylo pro
vypocet pouzito primérné slozeni starSich krusnohorskych granitd. Jednotlivé
davky wvzniklého hybridniho magmatu nasledné podstupuji frakcionovanou
krystalizaci a vznika celd Skala hybridnich hornin. V grafu jsou naznaeny

trendy pro dva rizné ptipady frakcionované krystalizace: a) 20% plagioklas +
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80% klinopyroxen a b) 40% plagioklas a 60% amfibol. VVynesené vzorky

dioritickych intruzi krudnohorského batolitu vykazuji znaény rozptyl podél linii

miseni, ¢asteéné vSak sleduji trendy pro frakcionovanou krystalizaci.
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Obr. 4. Model bindrniho miseni, které je nasledovano frakcionovanou krystalizaci
vzniklého hybridniho magmatu. plg — plagioklas, cpx — klinopyroxen, anf — amfibol.

Druhy piipad (Obr. 5) je zcela opaény. Frakcionovanou krystalizaci

vystupujiciho bazického magmatu (v grafech pro vypocet pouzit lamprofyr

(Hegner a kol. 1998) a teoreticky maficky

¢len) vznikaji nova magmata, ktera

se nasledné misi s koexistujicim kyselym magmatem (k vypoctu pouZito

prumérné sloZeni star§iho krusnohorského granitu). Zvlast¢ v grafech pro Rb

vs. Ba trendy frakcionované krystalizace dobie vystihuji rozlozeni vynesenych

vzorkli krusnohorskych dioritickych intruzi. Jejich rozptyl do Sitky pak

vysvétluji zakreslené linie pro miseni. I pies zna¢né zjednoduseni a oddéleni
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obou procest od sebe, coz je v prirodé vysoce nepravdépodobné, se zda, ze
prave toto by mohl byt spravny scénaf vzniku hybridnich dioritickych intruzi.

a) lamprofyr (Hegner a kol. 1998)
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Obr. 5. Trendy frakcionované krystalizace dvou ruznych bazickych magmat a
nasledného miseni vzniklych davek magmatu s kyselym granitickym magmatem. plg —
plagioklas, cpx — klinopyroxen, anf — amfibol.
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5. Zavéry

Bazické a intermedialni intruze bézné doprovazeji variské granitoidni
plutony v Evropé. V zékladnich petrologickych a geochemickych rysech si
jsou podobné a na zakladg jejich studia a srovnani je mozné konstatovat:

1) mafické intruze, v&etné MME, jsou v evropskych variscidich
razného stafi,

2) vyskytuji se jen v malych objemech, protoZe ucast mafického
magmatismu na vzniku graniti byla mala,

3) wvznikly z¢asti misenim s mafickym magmatem  blizkym
metasomaticky obohacenym gabriim, lamprofyry jako zdroj bazického
magmatu jsou méné pravdépodobné kviili svym malym objemtim,

4) jejich vysledné chemické slozeni bylo déle ovlivnéno frakcionovanou
krystalizaci,

5) dédi (Caste¢né nebo UpIng) geochemicky obraz metasomatického

plaste, ze kterého mafické magma vznikalo.
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1. Introduction

Voluminous granitoid intrusions in the European Variscides are
accompanied by intrusions of small volumes that are composed by basic to
intermediate rocks. These mafic intrusions were described and detailed studied
mainly in different parts of Europe — Portugal, Spain, in the French Massif
Central, in Schwarzwald, in the Bohemian massif, Romania, Greece, Sardinia
and Corsica.

Mafic intrusions are mostly coarse- to fine-grained rocks, porphyritic in
places, ranging from quartz gabbros, diorites, granodiorites to monzonites.
Typical dark minerals are amphibole and biotite. Plagioclase (An;q — Angg) is
predominant feldspar. Less common are quartz, K-feldspar, pyroxene, titanite
and apatite as well as postmagmatic Ca—Al minerals like uralite and chlorite
(Freiberger et al., 2001). Zircon and illmenite are common accessory minerals,
orthite is rare. In comparison with the associated granites they have lower SiO,
lower A/CNK and high TiO,. They have high amounts of incompatible
elements similarly to crustal rocks. Their isotopic ratios indicate heterogenous
enriched mantle as possible source material (€Ndaosma = +1 t0 -4 & (3'Sr/*°Sr) 355
ma = 0,706 — 0,708; Siebel et al. 2003) modified by a various degree of AFC
(assimilation and fractional crystallization) processes and mixing with crustal
derived magmas. The age of mafic intrusions is usually determined between
320 and 340 Ma (Dorr et al. 1998, Siebel et al. 2003, Kovatikova et al. 2007),
however older intrusions were dated in some localities (Holub et al. 19974,
Janousek et al. 2004).

Variscan (gabbro)dioritic to granodioric rocks occur mainly as small
intrusions associated with granites of similar age. Locally they occur in the

metasedimentary envelopes of Variscan granites. Granodiorites and calc-
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alkaline monzogranites often host mafic microgranular enclavas (MME) that
are mostly of dioritic composition. MME and mafic intrusions are often
considered as the evidence of hybrid origin and the reflection of magma mixing
(Castro 1990). Intrusion of mafic magma brought the material to form hybrid
rocks as well as the heat suitable for melting of crustal rocks which led to
origin of acid magmas.

Geochemical features of basic and intermediate intrusions and MME
indicate that basic magma, participating on mafic intrusions evolution,
originated from metasomaticaly enriched mantle. Enriched mantle domains are
documented from different parts of Iberian massif (Moreno-Ventas et al. 1995;
Galén et al. 1996), in French Massif Central (Downes and Duthou, 1988; Pin
and Duthou 1990; Shaw et al. 1993), in Schwarzwald (Altherr et al. 1999) and
in the Bohemian massif (Gerdes et al. 1998; Janousek et al. 1995, 2000a).

Field observations and study of petrology, mineralogy and geochemistry
show that mixing of mafic and acid (granitic) magma is a significant process in
origin of calc-alkaline granitoids all over the world. Magma mixing is
accompanied and affected by other petrogenetic processes such as fractional
crystallization or assimilation of varying importance. That is why the complex
study of mafic intrusion is needed. For illustration of origin and evolution of
mafic intrusions is further suitable the use of different geochemical models that

can demonstrate fractional crystallization or magma mixing.
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2. Aims of the study

The aim of the study is a detailed knowledge of Variscan mafic
intrusions from several localities (Abertamy, Slavkovsky les, and surroundings
of Marianské Lazné) in the Kru$né hory batholit. This work brings petrological
characterization of these rocks, study of thin sections by optical microscopy,
new chemical analyses of main oxides and most trace elements, including
REE. Chemical analyses of individual minerals by electron microprobe are
presented as well. Single zircon Pb-evaporation was used to determine the age
of selected samples of mafic intrusions and associated granites.

Results of all these determinations together with field observations and
mapping are used as a base for several geochemical models and calculations of
fractional crystallization, trends of mixing of basic and acid magma or
calculation of theoretical mafic magma that participated in the origin of mafic
intrusions.

Obtained results of study of mafic intrusions in the Krusné hory batholit
are compared with similar Variscan intrusions in other parts of the Bohemian
Massif as well as in other regions of European Variscides.

The study of basic and intermediate intrusions leads to the better
understanding of geological evolution of Europe during Variscan orogeny and
tries to explain the role of basic mantle magmas in the origin of Variscan

granitoid plutons.
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3. Material and methods

Samples of basic and intermediate intrusions and associated granites (5
to 15 kg) were taken from sections or from large boulders. About half of each
sample was crushed and gradually split into smaller volume and the amount of
about 50-100 g was pulverized in an agate mortar for chemical analyses. The
rest of the sample was used for separation of individual minerals, especially
zircons.

Major and trace element analyses on selected whole-rock samples were
made in the laboratories of the Geological Institute at the Faculty of Science,
Charles University, Prague by wet chemical methods (major elements),
inductively coupled plasma mass spectrometry (ICP-MS) (REE and trace
elements) and atomic absorption spectrometry (AAS) (Ba, Be, Cs, Co, Cr, Ni,
Pb, Rb, Sr, V and Zn). Analyses of fluorine were made in the Central
Laboratories of the Czech Geological Survey in Prague. In the same
laboratories were analyzed older samples from Abertamy. The accuracy for
major oxides and F determination is < 1.5% and for trace elements determined
by AAS < 1%. The maximum deviations for ICP-MS analyses are 5% for trace
elements and 3% for REE.

Heavy mineral fractions were prepared in the laboratories of the Czech
Geological Survey. The crushed samples were separated using heavy liquids
and zircons were handpicked from the heavy mineral assemblage after
magnetic separation.

Selected samples were analyzed by electron microprobe (CAMECA
SX-100) at the Institute of Geology, Academy of Science, Prague, in the
Central Laboratories of the Czech Geological Survey in Prague (CamScan S-4
Link ISIS 300) and in the laboratories of the Geological Institute at the Faculty
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of Science, Charles University, Prague (CamScan S-4 Link ISIS EDX).
Microprobe analyses were supplemented by optical microscope observation of
larger amount of samples.

For single-zircon Pb-evaporation (Kober 1986, 1987) chemically
untreated zircon grains were analyzed with a Finnigan MAT 262 mass
spectrometer equipped with a secondary electron multiplier (SEV) at the
University of Tibingen. Measured 2’Pb/*®Pb ratios were corrected for
common Pb according to the formula given in Cocherie et al. (1992) following
the Pb evolution model of Stacey and Kramers (1975). No correction was made
for mass fractionation. The mean zircon age is given as weighted average and
the error refers to the 95% confidence level. Repeated measurements on two
internal standard zircons of similar age as most of the studied samples were

performed for geologically realistic age and error treatment.

4. Results and discussion

Basic and intermediate Variscan intrusions were studied at several
localities in the Krusné hory batholit — in Abertamy, Slavkovsky les and
around Marianské Lazné. They include rocks ranging from gabbrodiorites,
quartz diorites to granodiorites. Mafic intrusions at all localities are similar in
their petrological and geochemical characteristics. They are similar in their age
as well. More basic samples (gabbronorites and gabbrodiorites) consist of
biotite, amphibole and plagioclase (An;; — Any), to a lesser extent, appear
pyroxene, quartz and K-feldspar. Plagioclases are hypidiomorfic to idiomorfic
and are markedly zoned. Cores are usually made up of bytownite to labradorite,
boundary zones vary between acid oligoclase and intermediate andesine.

Amphiboles are light green, they vary from actinolite to magnesiohornblende
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in their composition with low Al content. Frequent is occurrence of secondary
amphibole, which probably originated at the expense of the older generation of
pyroxene. Biotite is locally poikiliticly intergrown with grains of plagioclase.
Sheets of biotite are often chloritized. Less abundant K-feldspars are mainly
idiomorfic and are usually perthitic. Quartz grains are oval, xenomorphic and
show undulatory extinction. Mafic intrusions are rich in accesory minerals.
llmenite and apatite are abundant, zircon and titanite occur to a lesser extent,
allanite is rare. The opaque minerals are represented by pyrite and pyrrhotite.

More acid samples (quartz diorites and granodiorites) do not contain
pyroxene and have only small amount of amphibole and biotite. Plagioclase
(Ans, — Any) prevails over K-feldspar and they contain more quartz.
Plagioclases are only slightly zoned, consisting of an acid labradorite cores
which pass marginal andesine. They have the same accessory minerals and
moreover contain tourmaline.

Linear trends from granites trough intermediate samples to basic
samples are obvious in Harker diagrams (Fig. 1). Iron and calcium correlate
negatively with SiO,, sodium and potassium positively. There is an obvious
inflection of the trend at 54 to 56 wt. % SiO, in diagrams for titanium,
aluminum and magnesium.This may be explained by the change in the
fractional crystallization, eg. completion of crystallization of titanite or
ilmenite, or change of the crystallization from pyroxene to amphibole. In the
diagram for phosphorus are two groups of samples: one with high contents of
P,Os and mean values of SiO,, the second group includes samples with low

P,Os and with a large scatter of SiO, values.
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Rocks with similar petrological and geochemical features are found in
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Fig. 1. Harker diagrams for dioritic intrusions and granites from the Krusné hory
batholit.

other parts of the Bohemian Massif (Central Bohemian pluton (Holub et al.
1997b, Janousek et al. 1995, 2000a, b), Rastenburg pluton (Gerdes et al. 2000),
KrkonoSe pluton (Staby 2002, Staby and Martin 2008), Meissen massif
(Wenzel et al. 1997)), in other European Variscides (the Iberian Peninsula (eg.
Galan et al. 1996, Villaseca et al. 2009, Fernandez-Suarez et al. 2011), French
Massif Central (Shaw et al. 1993), Schwarzwald (Altherr et al. 1999),
Sardinian-Corsican batholit (Poli and Tommasini 1999, Ferré and Leake
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2001)), and as Variscan intrusions well as in the Carpathian gethic nappe in
Romania (Duchesne et al.2008).

If the samples from these areas are pictured in the Harker diagrams,
they follow the same trends as samples from the Krusné hory batholit. The
inflection of the trend is visible around 54 to 56 wt. % SiO,. Most evident is in
diagrams for titanium and calcium and is also visible in diagrams for
magnesium, calcium and sodium.

Basic and intermediate intrusions are characterized by high contents of
litophile elements (Cs, Rb, Ba, Sr, Th, LREE) and HFSE (Zr, Y), they have
also increased amounts of transition metals (Cr, Co, Ni). In spidergrams (Fig.
2) the most basic samples from Krusné hory batholit (gabbrodiorites and
gabbronorites) have lower contents of Rb (62 — 87 ppm), Th (6.0 — 8.6 ppm)
and LREE and a significant negative Nb anomaly. On the contrary, compared
to more acidic samples they have higher contents of Ba (up to 2200 ppm) and
Sr (up to 800 ppm). They have higher amounts of transition metals, that
positively correlate with MgO. REE distribution model (Fig. 3) is flatter for
more basic samples ((La / Yb)y = 6.7 to 13.8), they have a weak or slightly
positive Eu anomaly. Exceptions are two samples of gabbrodiorite
from Abertamy that have a negative Eu anomaly. More acid intrusions (quartz
diorites and granodiorites) have in comparison with basic samples higher Rb
(104 - 154 ppm), Th (from 11.26 to 20.82 ppm) and LREE contents. They
have lower Ba (about 1000 ppm), Sr (393 — 539 ppm) and HREE contents, and
lower amounts of transition metals. They have a steeper REE patterns ((La /

Yb)y = 9.0 to 23.4), usually show a negative Eu anomaly.
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Fig. 2. Spidergram normalized to primitive mantle.
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Fig. 3. REE distribution normalized to chondrite. Th was not analysed in two

samples from Abertamy.
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Other dioritic intrusions in the Bohemian Massif as well as mafic
intrusions in Variscan Europe have similar trace element characteristics. They
show the same behavior of trace elements plotted in the spidergrams
normalized to the primitive mantle. Markedly are significant negative Nb and
Ti anomalies. Distribution of REE are identical for all intrusion: more basic
samples (gabbros, gabbrodiorites) show a flatter distribution of REE and
mostly weak or slightly positive Eu anomalies, acid samples (quartz diorites,
monzonites, granodiorites) have higher contents of LREE and lower HREE,
they have mostly negative Eu anomalies. Worth mentioning is the interesting
positive Gd anomaly for samples from the German part of the Krusné hory
batholit and for Blatenska and Certovo bifemeno suites of the Central
Bohemian pluton. In contrast, samples from Slavkovsky les and some samples
from the surrounding of Marianské Lazn& have negative Gd anomaly. The
intrusions of the Iberian Peninsula are free from this Gd anomaly.

MME from granodiorites from Iberian Peninsula show slightly different
behavior, they have flat REE distribution patterns close to the basic intrusions,
however they show strong negative Eu anomalies, which may be caused by
interactions with the acid magma. The opposite behaviors show MME from
rocks of Sazavska suite in the Central Bohemian pluton that have REE patterns
consistent with basic samples — a flat distribution and positive Eu anomalies.

Determination of Sr and Nd isotopes was not performed at studied
localities. Literature data show that isotopic ratios (eNd and Sr/%Sr) of
dioritic intrusion are similar in all areas and are usually close to the Bulk Earth.
Ratios of Sr/%®Sr range between typical mantle and crustal values (0.704 to
0.708). eNd values show a larger scatter around + 0 (-8 - +4). Some intrusions

(mostly with higher contents of SiO,) have more crustal composition (up to -8),

32



Pavla Holeckova autoreferat disertadni prace

other (mostly more basic samples), have positive eNd values, suggesting the
contribution of basic magma.

The age of dioritic intrusions distinctly vary in different areas. The
youngest intrusions in the Bohemian Massif are in the Krusné hory batholit,
their age ranges between 322 to 327 Ma (Siebel et al. 1995, Kovatikova et al.
2007, 2010). Older intrusions are in the Meissen massif (340 — 355 Ma;
Wenzel et al. 1997) and in the Central Bohemian pluton (336 — 361 Ma; Matte
et al. 1990, Holub et al. 1997a, Dorr et al. 1998, Janousek et al. 2004). Even
older intrusions are in the French Massif Central (361 to 365 Ma, Shaw et al.
1993), while the youngest are in the Iberian Peninsula (310 — 312 Ma; Galan et
al. 1996, Villaseca et al. 2009, Ferndndez-Suarez et al. 2011). The age of basic
and intermediate intrusions is identical or only slightly older than the age of
granites, with them mafic intrusions occur. This documents the
contemporaneity of basic and acid magmas.

Field observations, geochemical and isotopic characteristics of dioritic
intrusions suggest that they are hybrid rocks. Important role in their origin
played an interaction of basic and acid magma. Some authors (Bea et al. 1999,
Dias et al. 2002) regarded mafic intrusions as precursors of Variscan granites,
that brought not only material but also the heat required for melting of crustal
rocks. Origin and evolution of mafic intrusions were more complex and
comprised several petrogenetical processes (magma mixing, assimilation and
fractional crystallization), which took place together and involved each other.
Isotopic values close to the mantle (positive values of eNd and low ratio of
875r/%8Sr), high contents of incompatible elements and transition metals of
some intrusions suggest the existence of metasomaticaly enriched mantle in all

areas at the time of formation of Variscan granitoid plutons. The calculation of
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theoretical basic magma, that contributed to the mafic intrusions formation,
show that the chemical composition of the real basic magma was close to the
metasomaticaly enriched gabbros or lamprophyres. However lamprophyres are
in the Variscan plutons quite rare and only in small volumes (Hegner et
al.1998, Neubauer et al. 2003, Barbarin 2005).

Linear trends from granites to basic rocks in the Harker diagrams
suggest a significant role of mixing of mafic and acid magma in the origin of
mafic intrusions. However, the trend inflection, which is most evident in
diagrams for titanium, aluminum and magnesium, shows to fractional
crystallization as a significant process. To study the origin and evolution of
mafic intrusions are used different geochemical models. Many authors (Bea et
al. 1999, Janousek et al. 2000a, Lopez-Moro and Lo6pez-Plaza 2004, Moita et
al. 2005) attache more importance to fractional crystallization and magma
mixing consider as lesser significant process. On the other hand, other authors
(Siebel et al. 1995, Janousek et al. 1997, Staby and Martin 2008) prefer magma
mixing as an important process in the development of intrusions.

Figures 4 and 5 show the combination of two common processes in the
genesis of granitoid rocks. In the first case (Fig. 4) we assume the mixing of
two different magmas first. In diagram Rb vs. Ba are pictured mixing lines for
four different basic parental magmas - Variscan gabbros (Orejana et al. 2009),
lamprophyres from Germany (Hegner et al. 1998) and Austria (Neubauer et
al. 2003) and calculated theoretical mafic member. Average composition of
older granite from Kru3né hory batholit was used for calculation as a acid
magma. Individual batches of resulting hybrid magmas subsequently undergo
fractional crystallization and create a range of hybrid rocks. Diagram shows

evolution trends for two different cases of fractional crystallization: a) 20%
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plagioclase + 80% clinopyroxene and b) 40% plagioclase + 60% amphibole.
Plotted samples of dioritic intrusions from Krusné hory batholit show a large
scatter along the mixing lines, but some follow the trends for fractional
crystallization.
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Fig. 4. Model of binary mixing that is followed by fractional crystallization of new
hybridized magma. plg — plagioclase, cpx — clinopyroxene, anf — amphibole.

The second case (Fig. 5) is quite the opposite. Fractional crystallization
of ascendent mafic magma (for the calculation were used lamprophyres
(Hegner et al. 1998) and theoretical mafic member) create new batches of
magma, which is then mixed with coexistent acid magma (for calculation was
used the average composition of older granite from the Krusné hory batholit).
Especially in diagrams for Rb vs. Ba the trends of fractional crystallization
well describe the distribution of plotted samples of dioritic intrusions from the

Krudné hory batholit. Their scatter to the width then explains the plotted line
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for mixing. Despite considerable simplification and separation of the two
processes from each other, which is highly improbable in the nature, it seems

that this might be just the right scenario of hybrid dioritic intrusion evolution.
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Fig. 5. Trends of fractional crystallization of two different basic magmas. Fractional is
followed by mixing ox new batches of magma with acid granitic magma. plg —
plagioclase, cpx — clinopyroxene, anf — amphibole.
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5. Conclusions

Basic and intermediate intrusions commonly accompany Variscan
granitoid plutons in Europe. These mafic intrusions have similar petrographical
and geochemical features at all localities. At the base of their study and
comparison it can be concluded:

1) mafic intrusions, including MME, are of different age in European
Variscides,

2) they occur as minor bodies of small volumes, because the role of
basic magma in origin of granites was small,

3) they partly originated by mixing of acid magma with basic magma
that was close to metasomaticaly enriched gabbros. Lamprophyres as a source
of mafic magma are less probable because of their very small volumes in
Variscides,

4) their final chemical composition was further evolved by fractional
crystallization,

5) they inherit (partly or completely) geochemical features of

metasomaticaly enriched mantle, from which the mafic magma originated.
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