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Cesky abstrakt

Cilem rigorozni prace je feSeni problematiky mechanismu a vmisténi granitového
magmatu do podminek svrchni kary. Studovanym télesem je fiCansky pluton, ktery je
neobvykly, asymetricky a predstavuje vhodnou intruzi pro interpretaci riiznych modela, které
se vztahuji k dynamice granitového magmatu. V soucasné dob¢ je nejrozsifenéjSim modelem
pro vystup magmatu tzv. vmisténi zilnymi kanaly (inkrementalni “diking”). Ri¢ansky pluton
nachazejici se v sv. ¢asti sttedoceského plutonického komplexu reprezentuje post-tektonickou
mélkou intruzi eliptického tvaru v horizontalnim fezu, vmisténou do hornin barrandienského
neoproterozoika a spodniho paleozoika pied ~337 miliony lety. Okraj plutonu je tvoien vice
frakciovanym vyrazné porfyrickym granitem, jeho vnitini ¢ast vSak zaujima nevyrazné
porfyricky granit. Mezoskopické foliace v granitu jsou paralelni s okrajem plutonu a
koresponduji dobfe s magnetickymi (AMS) foliacemi. Magnetické lineace na okraji plutonu
jsou subhorizontalni (sklon 0-20°) a jsou paralelni s okrajem. Naopak v centru jsou
magnetické lineace strmé (sklon 60—70°) s variabilnimi sméry. Tyto stavby v plutonu jsou
interpretovany jako vysledek tzv. helikalniho (spirdlovitého) toku, podle néhoz rychlejsi
subvertikalni tok magmatu s nizsi viskozitou a obsahem vyrostlic K-zivca ve stiedu plutonu
generoval subhorizontalni tok magmatu s vyssi viskozitou a obsahem vyrostlic K-zivcl ve
vnéjsi Casti plutonu. Uvedeny model helikdlniho toku muize ptispét k objasnéni transportu

granitoidnich magmat v mélce ulozenych urovnich svrchni ktry.



English abstract

This thesis is focused on emplacement mechanisms of granitic magma into upper
continental crust. The studied area is the Riany pluton due to its unusual and asymmetric
shape. Therefore, it represents a suitable intrusion for interpretation different models referring
to emplacement of granitic magma. Common model for ascent of magma is incremental
diking in present. The Ri¢any pluton of the Central Bohemian Plutonic Complex is
a post-tectonic elliptical shallow-level intrusion emplaced into low-grade Neoproterozoic and
Lowe Carboniferous times (~337 Ma). It comprises of outer, more fractionated, strongly
porphyritic granite and inner, less evolved, weakly porphyritic granite. Mesoscopic foliation
represents an onion-skin pattern and corresponds well to the magnetic (AMS) foliations.
Magnetic lineation has a gentle dip (0-20°) and closely parallels with the pluton contact in its
outer part whereas the lineation dips steeply (60-70°) with a variable trend in the pluton
interior. Author interprets these fabrics as a result of a helical flow, which is a faster
subvertical flow in the low-viscosity pluton centre being accompanied by a subhorizontal
flow in the outer, higher-viscosity (phenocryst-rich) margin. The proposed scenario of the
helical magma flow can provide a viable mechanism for the transport of granitic magmas into

upper levels of the Earth’s crust.
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1. Uvod

Predkladana rigor6ézni prace shrnuje a interpretuje vysledky autorova vyzkumu v obdobi
2006 — 2010. Zakladni strukturni vyzkum studované oblasti, ktera je nasledné predstavena
v rigordzni préci, byl proveden na Ustavu geologie a paleontologie PiF UK, a v sou¢asné
dobé pokracuje geochemickym studiem spolecné s termalnim a krystalizacnim modelovanim.

Granitovy magmatismus je pfedmétem intenzivniho zdjmu geologt jiz pies dve sté let,
nebot’ pfedstavuje jeden z kliCovych mechanismii vzniku a rstu kontinentdlni kiry a
vyznamné prispiva k prenosu energie a redistribuci hmoty v rdmci kontinentalni litosféry.
Tato prace vnaSi novy pohled do problému mechanismii vystupu granitoidnich magmat
v podminkach svrchni kiry a jako vhodny objekt vyzkumu se jevi fi¢ansky pluton (RP),
nachazejici se v severni Gasti stfedoeského plutonického komplexu (Cesky masiv).
Predstavuje idealnim modelové téleso pro studium transportu magmatu ve svrchni kiire. Ma v
eroznim ftezu elipticky tvar cca 8 x 10 km a je tvofen dvéma hlavnimi, koncentricky
usporadanymi typy granitoidii: vnéjSim porfyrickym a vnitinim slabé porfyrickym az
ekvigranularnim biotitickym granitem. V jv. casti pak vystupuji svétlejsi jemnozrnné
leukogranity tzv. jevanského typu. a paskované jemnozrnné aplity s turmalinem. Z hlediska
jeho chemického slozeni patii mezi vysocedraselné a vysocehotfeCnaté plutonity
(KMgG skupina; Holub et al., 1997). Staii plutonu bylo odhadnuto metodou K—Ar na
336 + 3,5 Ma (H. Maluski pers. comm., 1995 in Janousek et al.). Pluton intruduje do hornin
barrandienského neoproterozoika a spodniho paleozoika, kde vytvaii vyraznou kontaktni
aureolu.  Vychodni okraj plutonu je piekryt permokarbonskymi  sedimenty.
Janousek et al. (1997) na zaklad¢ studie izotopti Rb a Sr odhalili kryptickou inverzni zonalitu
plutonu (frakcionovanéjsi c¢leny na okraji, méné frakcionované v centru) a navrhl
petrogeneticky model jejiho vzniku jako vysledek intruze méné frakcionovanych magmat ze

zvrstveného magmatického krbu do centra plutonu. Ri¢ansky granit tak spadd do kategorie
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plutonii, jejichz mechanické charakteristiky by mohly odpovidat diapirickému modelu
vmisténi do svrchnich partii kiry.

Vyborna odkrytost tohoto plutonu prostfednictvim velkého mnozstvi lomi, snadna
dostupnost a existujici petrologickd data (Janousek et al., 1997) umoziiuji nejen testovat rizna
terénni kritéria pro jednotlivé mechanismy vmisténi magmatu ve svrchni kiife, ale zejména
nove aplikovat a kombinovat celou fadu riznych kvantitativnich metod (AMS, texturni
analyza, matematicko-fyzikalni modelovani), kterymi lze 1épe pochopit problematiku vystupu
a vmisténi magmatu a vyznamné piispét k objasnéni transportu granitovych magmat v mélce
ulozenych trovnich svrchni kiry.

Hlavnimi cili rigorézni prace bylo objasnit vnitini stavbu RP a interpretovat
mechanismus magmatického toku pomoci terénni strukturni analyzy, mikrostrukturni analyzy
a anizotropie magnetické susceptibility (AMS) za ucelem zjisténi interni stavby plutonu
a objasnéni mechanismu vmisténi granitu do svrchni kiry. Terénni sbér dat se hlavné zaméfil
na studium mezoskopickych struktur na vychozech, tj. primarni magmaticka stavba
definovana prednostni orientaci draselnych zivet a biotitu, systém puklin, orientace
aplitickych zil, vyskyt mikrogranularnich mafickych ¢i felzickych enklav).

Soub&zné se strukturni analyzou RP probihaly prace zaméfené na studium
geochemické variability télesa, ve snaze pokusit se odliSit na zakladé chemismu hornin
jednotlivé variety fi¢anského typu a charakterizovat geochemickou zonalnost od okraje do
stiedu plutonu.

Studiem fi¢anského plutonu se snazi autor ptispet do soucasné diskuse ve védecké
komunit¢ novym modelem vmisténi granitoidnich magmat a v navazujicich vyzkumech
objasnit dil¢i problémy tj. variabilita Zivcovych vyrostlic od okraje do stiedu télesa ¢i geneze

aplitickych hornin v jeho jv. ¢asti.



2. Dynamika granitového magmatu

Vznik rozsahlych granitovych téles (plutont a batolitl) je vyznamny geodynamicky proces,
ktery zahrnuje jednak vznik magmat parcidlnim tavenim hlubSich partii kiry ¢i svrchniho
plasté a jednak vystup a findlni vmisténi magmatu. Béhem vystupu a vmisténi magmat musi
dojit k uvolnéni prostoru pro intrudujici magma a piemisténi ekvivalentniho objemu okolnich
hornin. Prostfedi magma-okolni horniny tak pfedstavuje velmi dynamicky, konjugovany
systtm, kde rychlosti a doba trvani obou procesi, tj. intruze magmatu
a premisténi okolnich hornin, musi byt kompatibilni. Tento dilezity aspekt magmatickych

procest je stale zdrojem mnoha kontroverzi a védeckych diskusi.

Snaha objasnit geometrii plutonickych téles a pravdépodobné fyzikalni pticiny
magmatického toku v téchto télesech, je jednim z hlavnich aspektid pochopeni magmatickych
procest. V mnoha piipadech byvaji dikazy pro magmaticky tok kompletné smazany z
horninového zaznamu, nebot’ mezoskopické nebo magnetické (AMS) stavby, ze kterych lze
prubéh toku odvozovat, ziskdva magma v posledni fazi historie vyvoje magmatického krbu
podél migrujici krystalizacni fronty. Primarni stavby mohou byt Casto pietiStény regionalni
tektonickou deformaci (napt. Benn, 1994; Fowler a Paterson, 1997; Paterson et al., 1998;

Benn et al., 2001).

Nejvhodnéjsi  podminky pro zachovani tokovych staveb jsou v malych
post-tektonickych plutonech, které (1) nejsou ovlivnény regionalni tektonickou deformaci
a (2) jejichz solifidikace je rychld a znemoziluje reorientaci magmatickych staveb v disledku
termalniho, mechanického a gravitatniho napéti, kterd se pienasi naptic magmatickymi krby.
Zékladni geometrické typy magmatického toku v plutonech jsou napft. strmy tok v diapirech

(napt. Paterson et al., 1998), tok rozsitujicich se do stran ze strmého centralniho ptivodniho



kanalu (napt. Tobisch and Cruden, 1995) nebo pohyb magmatu v systému tzv. tokovych

lalokt (napt. Stevenson et al., 2007).

Z nékolika hlavnich mechanismi vystupu a findlniho vmisténi granitoidnich magmat v
kontinentalni kiife jsou v soucasné dob¢ nejvice diskutovany dva zakladni koncepty (mizeme
je chapat jako koncové c¢leny celého spektra procest). Tzv. diapirismus (Berner et al. 1972,
Marsh, 1982, Bateman 1984, Eeckhout et al. 1986, Courrioux 1987, Schmeling et al. 1988,
Dietl & Stein 2001, England 1990, 1992, Weinberg & Podladchikov 1994, Paterson &
Vernon 1995, Miller & Paterson 1999, Dietl & Koyi 2002, Galadi-Enriquez et al. 2003) je
mechanismus, kdy teplo uvolnéné magmatem prohfiva okolni horniny a snizuje jejich
viskozitu, a vmisténi jednoho ¢i vice magmaticky pulst (typicky maji elipticky tvar v
povrchovém fezu) je pak akomodovano pievazné duktilnim tokem okolnich hornin (tzv.
horké Stokesovy diapiry; Marsh, 1982). Podle mnohych autorti je tak tento mechanismus

omezen pouze na duktilni spodni ktiru s dostate¢né nizkou viskozitou okolnich hornin.

Tento termalné-mechanicky problém vedl celou fadu autorti k vylouceni diapirismu
jako mozného mechanismu intruze v elastickych horninach svrchni kliry a k predpokladu, ze
granitové plutony ve svrchni kiife jsou konstruovany jinymi mechanismy (Clemens 1998,
Clemens & Mawer 1992, Glazner et al. 2004, Petford 1996, Petford et al. 2000). Prave
ficansky pluton predstavuje objekt, ktery mize pfinést do teorie diapirismu novy pohled. V
soucasné¢ dobé velmi populdrnim modelem vmisténi granitoidnich plutond je tzv. vmisténi
zilnymi kandly (inkrementdlni “diking”), kdy granitové magma intruduje v mnoha malych
pulsech podél elastickych fraktur a plutony jsou tak tvotfeny vlastné jako vertikdlni zilné
komplexy nebo horizontalni deskovita télesa (lakolity nebo lopolity) skladajici se z mnoha
loznich zil (Cruden a McCaffrey, 2001; Coleman et al. 2005, Coleman et al. 2004). Tento
mechanismus vSak nutné vyzaduje nizké viskozity intrudujicich magmat a velké rychlosti

toku magmatu (tedy i velkou rychlost elastické deformace a pfemisténi okolnich hornin), aby
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nedoslo k okamzité solidifikaci téchto téles. Termalni aureoly takovychto téles by mély byt
velmi Uzké a jich vnitini ¢asti by mély obsahovat velké mnozstvi internich kontakt jako

vysledek jednotlivych Zilnych davek magmatu.

Cela tada plutonickych téles ve svrchni kiife (vCetné 1 velmi mélce ulozenych téles)
vSak postrada jakykoliv ndznak mechanismu postupného zilného napliiovéani ¢i podobnost s
lakolitovymi intruzemi. Naopak, maji celou fadu charakteristik podobnych diapirickym
télesim: kruhovity tvar v mapovém fezu, koncentrické vertikalni vnitini stavby paralelni s
okrajem intruze, duktilni a termdalni aureolu, a koncentrickou normalni (mafické magma na
okrajich a kyselejsi frakcionované magma ve stfedu tclesa) ¢i inverzni (kyselejsi
frakcionované magma na okrajich, mafické magma v centru intruze) kompozicni zonalnost.
Tento velmi bézny typ plutont tak predstavuje zajimavy védecky problém: jejich vznik neni

mozné uspokojiveé vysvétlit ani jednim z vyse uvedenych mechanismu.



3. Model diferenciace a vmisténi ricanského plutonu
Kapitola 3 je volny komentar k hlavni publikaci, kterd je soucasti ptilohy rigor6ézni prace a

obsahuje vysledky strukturni analyzy fi¢anského plutonu.

Ri¢ansky pluton piedstavuje post-tektonickou intruzi vmisténou po regionalni
transpresi podél sz. okraje stfedoCeského plutonického komplexu, slozenou z jednotlivych

horninovych typi, které jsou jak petrograficky tak i petrochemicky dobte odliSitelné.

Magmatické 1 magnetické koncentrické foliace se subhorizontdlnimi magnetickymi
lineacemi paralelni s okrajem a strmé&ji upadajici magnetické lineace v centru fi€anského
plutonu jsou interpretovany tedy jako zaznam helikalniho vystupu magmatu vertikalni
vystupovou drdhou. Helikalni tok byl zptsoben rozdilnym chovanim ve viskozité mezi vnéjsi
vyrazné porfyrickou €asti a vnitini nevyrazné porfyrickou ¢asti fi¢anského plutonu. Vystup

magmatu probihal ve viskozitné oddélenych doménéch.

Centralni nizce viskézni a nevyrazné porfyrickd doména proudila vertikdlné, ale
naproti tomu vysoce viskézni vyrazné porfyrickd doména na okraji se pohybovala po
Sroubovité valcové draze. Tato interpretace byla podpofena jednoduchym kvantitativnim
modelem dvouvrstevného helikdlniho toku vertikalni trubici, kde vnéjsi vrstva (vyrazné
porfyricky granit) ma o n¢kolik fadl vyssi viskozitu nez centrdlni ¢ast (nevyrazné porfyricky
granit). V modelu definujeme linearni pokles mnozstvi vyrostlic K-zivei od okraje plutonu
granitového magmatu a pravdépodobnym unikem fluid z centrdlni ¢asti plutonu. S vyuzitim
Poiseulleho rovnice, takovato distribuce efektivni viskozity produkuje uvnitt trubice zonu
s vysokou rychlosti vystupu magmatu. Pomoci magnetickych staveb zaznamenanych v
ficanském plutonu, které nejsou kompatibilni s existujicimi modely pro vmisténi eliptickych

plutonii, 1ze usuzovat, ze viskozitou fizeny helikédlni vystup magmatu uvniti strmého kanalu,



predstavuje v soucCasném eroznim fezu plutonem pravdépodobné piivodni drahu spojujici
magmaticky krb v hloubce s nadloznim, dnes jiz odstranénym hypotetickym vulkdnem. Tento
model by mél byt dale testovan, jelikoz je mozné, ze viskozitné oddéleny helikalni
magmaticky tok, predstavuje proces, ktery by mohl fungovat za urcitych podminek v mé¢lce

uloZenych magmatickych systémech, nez je v soucasné dob¢ piedpokladano.
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4. Prinos k védeckému poznani

Rigorézni prace shrnuje dosavadni vysledky moderni strukturni analyzy ficanského plutonu
pomoci metody AMS. Zavadi novy model vmisténi magmatu do svrchni kiiry. Hlavni

vysledky této rigordzni prace jsou shrnuty v nasledujicich statich.

4.1. Dalsivyzkumy v oblasti ricanského plutonu

Rigansky pluton odkryvé variabilitu Zivcovych vyrostlic smérem od okraje do stfedu télesa.
Jednim z cilt, na ktery se soustfedi budouci vyzkum je vysvétleni této variability a objasnéni
mechanismu vzniku vyrostlic v magmatickém krbu, jejich pfipadnou akumulaci ve

vystupnich kandlech, ¢i krystalizaci a redistribuci v tokovych doménach.

4.1.1. Geochemicka syntéza

Na zédklad¢ geochemického zpracovani ficanského plutonu je mozno navrhnout, Ze vyrazné a
nevyrazné porfyricky granit reprezentuji jeden puls magmatu, avSak rizné geochemicky
diferenciovany.  Hlavni a  stopové  prvky  ukazuji =~ geochemické  rozdily
v jednotlivych varietach granitu vlivem frakcionace K-zivce, v mensi mife téZ biotitu a
akcesorii (jako je rutil, monazit, apatit), coz také doklada pokles Ba, Sr, K, Eu. V plutonu
existuje inverzni geochemicka zonalnost. Okraj plutonu je vice peraluminicky a
frakciovanéjsi nez centrum plutonu. Inverzni zondlnost mohla vzniknout vystupem a
vmisténim jednoho pulsu magmatu z hloubéji ulozeného magmatického krbu, v podobé dvou
visk6zné oddélenych magmat.

Jevansky granit predstavuje dals$i pomérn¢ malo diferenciovanou davku magmatu
vmisténou s casovym odstupem. Svym chemismem se 1iSi od porfyrickych variet ficanského

typu a je samostatnou intruzi fic¢anského plutonu.



Na celkovém geochemickém zhodnoceni télesa se pracuje a se souhrnnou geochemickou
syntézou fiCanského plutonu je planovano provést také datovani U-Pb na zirkonech ¢i

stanoveni izotopi Sr a Nd.

4.1.2. Okrajova facie ricanské intruze
V jizni Casti ficanské intruze se vyskytuje n€kolik stovek metra Siroky péas turmalinitickych
aplitd tzv. okrajovy typ, s nepravidelnymi solidifikacnimi texturami, pegmatitovych kapes a
zil. Aplity spole¢né s aplitickymi zilami nesou znaky jiz zna¢né vyvinutého diferenciované¢ho
magmatu s variabilnim mnozstvim volatilnich komponent a nizkym pomérem K/Rb. Na
zaklad¢ téchto charakteristik a terénnich pozorovani se potvrzuje, ze tvoii také samostatnou
pozici v ramci fi¢anského plutonu.

Geneze okrajového aplitu je vsoucasné dobé intenzivné studovana pomoci
geochemickych analyz hlavnich a stopovych prvkl. Také je kladen diraz na detailni texturni
analyzu. Oblast poskytuje unikéatni piileZitost ke studiu rtiznych texturnich vztahd, které
mohou pomoci k odhaleni principu segregace, pohybu a krystalizaci vysoce vyvinutych
tavenin. Horniny poskytuji zdznam o jejich solidifikacnich mechanismech, ktery je klicem

k pochopenim historie chladnuti a rychlosti nukleace.
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A highly unusual fabric pattern and inferred flow mechanism was discovered in the shallow-level Ricany
granite pluton, Bohemian Massif, using an integrated structural and anisotropy of magnetic susceptibility
(AMS) study. The pluton consists of an outer strongly porphyritic and an inner weakly porphyritic biotite
granite separated by a wide gradational contact. Both varieties share a steep margin-parallel magmatic
foliation (defined by K-feldspar phenocrysts and biotite) and magnetic (AMS) foliation carried by biotite. The
steep foliation bears a shallowly-plunging magnetic lineation arranged parallel to the circumference of the
pluton margin and a steep magnetic lineation in the weakly porphyritic pluton center. We propose a new
mechanism of magma flow, in which the bulk ascent along a steep-sided, cylindrical conduit was partitioned
into a high-viscosity, phenocryst-rich outer margin flowing helically and a low-viscosity, phenocryst-poor
center flowing vertically. This interpretation is supported quantitatively by a simple model of magma flow
within a cylindrical pipe, in which the linear decrease in phenocryst content from the pluton margin inwards
causes a power-law decrease in the effective viscosity of the magma. According to the Poiseuille equation,
such a power-law viscosity distribution across the conduit produces a central zone of high magma ascent
velocity. The magnetic (AMS) fabric pattern in the Ricany pluton may thus preserve a record of helical magma
ascent driven by viscosity partitioning in a steep-sided conduit, which presumably linked an underlying
magma chamber with a volcanic feeder at the surface. Except for one deep-seated granite-migmatite
complex, no such helical fabric pattern has been documented in a granite pluton as of yet. We propose that
the viscosity-partitioned helical flow may be a more common magma ascent mechanism in shallow-level
volcano-plutonic systems than previously envisaged.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The most suitable settings to study preserved flow-related fabrics
in plutons are thus post-tectonic bodies that (1) are not affected by

Unraveling the geometric patterns and likely physical causes of
magma flow in plutons is one of the key problems in understanding
magmatic processes. In many (or most?) cases, however, direct field
evidence for large-scale flow has been completely erased from the
rock record. The preserved mesoscopic or magnetic (AMS) fabrics
from which the flow patterns may be inferred are acquired late in the
magma chamber history along migrating crystallization fronts and are
easily reset by regional tectonic deformation (e.g., Benn, 1994; Fowler
and Paterson, 1997; Paterson et al., 1998; Benn et al., 2001). The poor
strain memory of magmatic fabrics (e.g., Paterson et al., 1998) makes
inferences on the large-scale flow patterns within a pluton difficult or
at least problematic.

* Corresponding author. Institute of Geology and Paleontology, Faculty of Science,
Charles University, Albertov 6, Prague, 12843, Czech Republic. Fax: +420 221951452.
E-mail address: jakub.trubac@gmail.com (J. Trubac).

0377-0273/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jvolgeores.2008.12.005

tectonic deformation and (2) solidified so quickly that the magmatic
fabric was not reoriented in response to the late thermal, mechanical,
and gravitational stresses potentially transmitted across magma
chambers after their construction. The most common magma flow
types in such plutons inferred from fabrics are “onion-skin” concentric
patterns (e.g., Paterson et al., 1998), magma flow spreading sideways
from steep central feeders (e.g., Tobisch and Cruden, 1995), or more
complex flows in multiple variously-shaped lobes (e.g., Stevenson
et al., 2007).

This paper examines the post-tectonic Ri¢any granite pluton,
Bohemian Massif (Fig. 1), in which the internal magmatic fabrics are
interpreted to record a specific magma ascent mechanism not
previously described from upper-crustal plutonic bodies. Below we
first describe integrated structural, microstructural, and anisotropy
of magnetic susceptibility (AMS) data from the pluton, and then
interpret the observed fabrics and AMS in terms of helical magma flow
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Fig. 1. Simplified geologic map of the Riany pluton (based on Czech Geological Survey 1:50,000 maps, sheets 13-31 Riany and 13-13 Brandys nad Labem). The pluton is
compositionally and texturally zoned with the outer, strongly porphyritic granite (RGsp) passing gradually into the inner, weakly porphyritic granite (RGwp), which encloses a small
body of poorly exposed equigranular leucogranite (JG). Index map shows the position of the pluton in the Bohemian Massif.

(in the sense of Fowler, 1996; see also Table 1 in Fowler, 1996 for
definitions of terms) within a steep-sided cylindrical conduit. We then
present a simple quantitative model to explain the formation of the
observed pluton fabric as a result of viscosity-controlled variations in
magma ascent velocity within the conduit. Finally, we explore the
possibility of whether this type of magma flow may be a more
common process in volcano-plutonic systems than previously
believed.

2. Geological setting
2.1. Field relationships

The Ritany pluton is a post-tectonic, shallow-level intrusion (peak
pressure estimated at ~0.2 GPa from contact metamorphic mineral
assemblages; Kachlik, 1992) in the northern part of the Central
Bohemian Plutonic Complex, Bohemian Massif (Janousek et al., 1995;
Holub et al., 1997a,b; Janousek et al., 2000). The cooling age of the
pluton was estimated at 336+3.5 Ma (unpublished “°Ar-3°Ar biotite

data of H. Maluski, cited in Janousek et al., 1997); the pluton is thus one
of the youngest units of the plutonic complex.

In map view, the pluton has a roughly elliptical outline with
dimensions of 13x9 km (Fig. 1). The contact relationships of the
pluton against the surrounding units are intrusive, faulted, or
transgressive (Fig. 1): (1) to the northwest, the pluton has a steep
intrusive contact against the low-grade Neoproterozoic (Ediacaran)
siltstones and shales of the Tepld-Barrandian unit (see Dallmeyer
et al, 1995, p. 378-414; Vrana and Stédra, 1997, p. 80-104; and
McCann, 2008 for reviews); (2) the southwestern margin where the
pluton is in contact with a Lower Paleozoic roof pendant and ~354 Ma
Sazava tonalite (Janousek et al., 2004) has been modified by late, post-
emplacement brittle faults and cataclastic zones; and (3) the eastern
margin of the pluton is concealed beneath Permian clastic sequences
and has also been reactivated by younger brittle faults. No field
evidence indicates that significant tilting of the pluton occurred after
its emplacement (e.g., vertical cleavage cross-cut by the pluton
continues across geologic units tens of kilometers to the southwest
from the pluton with no change in orientation).
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The pluton consists of three distinct granite varieties (Fig. 1) that
define a sub-concentric compositional and textural zoning: (1) the
outer, strongly porphyritic, muscovite-biotite Ri¢any granite with
abundant K-feldspar phenocrysts (approximately 4-7 cm in size),
(2) the inner, weakly porphyritic, muscovite-biotite Ricany granite
characterized by decreasing content and size of K-feldspar pheno-
crysts (3-4 cm), and (3) a small, poorly exposed body of the fine-
grained, equigranular, two-mica Jevany leucogranite in the south-
central part of the pluton. The contact between the two porphyritic
granites is gradational over several hundreds of meters, and the
nature of the outer contact of the Jevany leucogranite is unclear due to
a poor exposure.

2.2. Geochemical characteristics of the Ricany granite: a brief overview

All the granite varieties are fairly fractionated, peraluminous
(A/CNK=1.01-1.13), S-type granites. In general, the major-element
compositions do not vary greatly between the two varieties of Ricany
granite. However, there are some conspicuous differences in the trace-
element signatures. For instance, the inner, weakly porphyritic granite
shows markedly lower Rb, Cs, Ta and HREE contents at elevated Ba, U, Sr,
Zr and Hf compared with the outer, strongly porphyritic granite (J.
Trubac and V. Janousek, unpublished data). The magnitudes of the Eu
anomalies increase outwards, reaching their maximum in the strongly
porphyritic granite (J. Truba¢ and V. JanouSek, unpublished data). The
degree of fractionation decreases from pluton margin inward: the outer,
strongly porphyritic granite is more evolved than the central, weakly

porphyritic granite. Thus, the pluton shows reverse zoning, which is
“cryptic” as it is reflected nearly exclusively in the trace element
compositions (Janousek et al., 1997). The genetic relation of the Jevany
leucogranite to both Ricany granite varieties remains poorly constrained
(Némec, 1978).

3. Magmatic fabric and anisotropy of magnetic susceptibility
(AMS)

3.1. Mesoscopic fabric

The magmatic foliation in the porphyritic granites is defined by the
planar shape-preferred orientation of the K-feldspar phenocrysts and
biotite; lineation is macroscopically not discernible (Fig. 2a, b). At the
micro-scale, the textures are exclusively magmatic, biotite and
feldspar grains in the granite have euhedral to subhedral shapes,
and interstitial quartz is not recrystallized. No evidence for sub-
solidus deformation (using the criteria outlined in Paterson et al., 1989
and Vernon, 2000) was found throughout the pluton (Fig. 2c and d).

In both varieties of the porphyritic granite, the mesoscopic
magmatic foliation dips steeply (70-80°) and is subparallel to both
the pluton margin and the broad gradational contact between the two
varieties (Fig. 3). Poles to the foliation thus concentrate around the
periphery of the stereonets in Fig. 3. The foliation intensity decreases
from the margin inwards. In the map, the foliation defines an “onion-
skin” pattern (Fig. 3) and is discordant to the regional host rock
markers (Fig. 1).

Magmatic
foliation

Fig. 2. (a) K-feldspar phenocrysts (up to 4 cm in size) in the strongly porphyritic Ricany granite. (b) Magmatic foliation defined by K-feldspar phenocrysts in the weakly porphyritic
Ricany granite. (c) Photomicrograph of a magmatic texture in the strongly porphyritic muscovite-biotite Ricany granite. (d) Photomicrograph of magmatic texture in the weakly
porphyritic muscovite-biotite Ricany granite. Crystals of the main rock-forming minerals exhibit no solid-state deformation. The magmatic textures are typical of all granite varieties

in the Ricany pluton.
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Fig. 3. Structural map shows magmatic (mesoscopic) foliation pattern. Magmatic foliation is parallel to both the outer pluton margin and the internal gradational contact between the
two granite varieties. Stereonets (lower hemisphere, equal area projection) show the orientation of the magmatic foliation in each granite variety.

3.2. Anisotropy of magnetic susceptibility Borradaile and Jackson, 2004 for reviews) was used to investigate the
magnetic fabric of the Ritany pluton, to complement the field

3.2.1. Methodology structural data, and to quantify the fabric in the pluton (Figs. 4-7).
The anisotropy of magnetic susceptibility (AMS; see Hrouda, 1982; Seventy-one oriented samples were collected using a portable drill at
Jackson and Tauxe, 1991; Tarling and Hrouda, 1993; Bouchez, 1997; 31 sampling sites (see Electronic Supplementary Material for sample

(a) (b)
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. 80 * continuation
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Fig. 4. (a) Bulk susceptibility histogram for all measured specimens. The bulk susceptibility is in the order of 107°. (b) Map of average values of bulk susceptibility at each sampling site
in the Ricany pluton (in 107° [SI]).
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Fig. 5. (a) Plot of mean magnetic susceptibility (Km) vs. natural remanent magnetization (NRM). Natural remanent magnetization was measured using a Spinner Magnetometer JR-6.
(b) Plot of Q-coefficient (Kénigsberger ratio) vs. P-coefficient (degree of anisotropy). The diagram proves the influence of a ferromagnetic component on P for specimens with Q>0.1

(c-d) Temperature variation of magnetic susceptibility of specimens JT29/2/7,]T41/1/1, and JT60/1/1, respectively. Thermomagnetic measurements were made using the Kappabridge
MFK-1 connected with a non-magnetic Cryostat Apparatus and non-magnetic Furnace Apparatus.

locations and list of measured AMS parameters). The AMS was
measured with the KLY-4S Kappabridge apparatus at the Geophysical
Institute of the Academy of Sciences, Czech Republic. Statistical

(a) ﬁiéany granite, strongly porphyritic (RG;,)

treatment and analysis of the AMS data were performed using the

software ANISOFT 4.2 (written by M. Chadima and V. Jelinek; www.
agico.com).
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Fig. 6. (a-b) Magnetic susceptibility P-T plots for each granite variety. (c) Map of average values of P and T parameters at each sampling site in the Ricany pluton
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Fig. 7. Map of magnetic foliations (a) and lineations (b) in the Riany pluton (AMS). Magnetic foliations delineate the pluton margin and correspond well with the mesoscopic
magmatic foliation. The circumferential shallowly-plunging lineations occur in the outer part of the pluton, whereas in a central domain the lineations plunge steeply. Stereonets
(lower hemisphere, equal area projection) show the orientation of the poles to magnetic foliation (k3) and magnetic lineation (k;) in each granite variety.

The AMS data are represented by the mean magnetic susceptibility
(km), degree of anisotropy (P), and shape parameter (T) defined as
follows (Jelinek, 1981; Hrouda, 1982): kuy=(k;+ka+k3)/3; P=ki/ks;
T=2In(ky/k3)/In(k,/k3)-1, where k;>k,>ks are the principal suscept-
ibilities. The k;, parameter reflects the qualitative and quantitative
contents of magnetic minerals in the rock. The P parameter reflects
the eccentricity of the AMS ellipsoid and thus indicates the intensity of
the preferred orientation of the magnetic minerals in the rock. The
higher the P parameter, the stronger is the preferred orientation. The
T parameter indicates the symmetry of the AMS ellipsoid. It varies
from -1 (perfectly linear magnetic fabric) through 0 (transition
between linear and planar magnetic fabrics) to +1 (perfectly planar
magnetic fabric). The orientations of the magnetic foliation poles and
magnetic lineations are presented either in stereonets in the
geographic (in situ) coordinate system or as mean values for
individual localities on the maps.

3.2.2. Magnetic mineralogy

The mean magnetic susceptibility of the analyzed samples is low,
ranging from 13.13x107° to 105.3x107% [SI] (Fig. 4a). Such a low
susceptibility (in the order of 107°) is considered to be characteristic of
paramagnetic granites (Bouchez, 1997). No significant spatial varia-
tions of mean susceptibility were revealed in the pluton, that is, the
mean susceptibility is comparable in both varieties of porphyritic
granite and only slightly lower in the Jevany granite (Fig. 4b).

Magnetic mineralogy was investigated to distinguish whether the
modal composition of the Ri¢any granite is solely paramagnetic, and if
not, to what extent the susceptibility is influenced by a minor
ferromagnetic component. Therefore, the natural remanent magneti-
zation (NRM), which is carried only by ferromagnetic minerals, was
measured on a set of representative specimens. The NRM varies from
18 to 1677x107% A/m. Even though such an NRM can be assessed as
relatively low, it provides clear evidence that at least one ferromag-
netic accessory mineral is present. NRM values vary widely and do not
correlate with mean susceptibility values (Fig. 5a). NRM vectors are
distributed randomly with the mean direction parallel to the ambient

magnetic field, and NRM is therefore likely to be of magmatic origin.
NRM never exceeds induced magnetization; Q-coefficients (Konigs-
berger ratio) are smaller than 1 (Fig. 5b). Three specimens with
different Q-coefficients were examined by thermomagnetic analysis.
The variation of magnetic susceptibility with temperature was
measured in the range of -190 °C to 700 °C (Fig. 5c-d), and the
relations of para- and ferromagnetic components were deduced from
the measured curves using the software CUREVAL v. 6 (written by F.
Hrouda, AGICO Inc., www.agico.com). The curves proved the domi-
nant role of a paramagnetic component carried mainly by biotite. The
ferromagnetic component, represented by very small amounts of a
magnetite-like mineral, has no significant influence on the AMS, with
the exception of a few specimens with both enhanced Q- and P-values
(JT5/1/6, JT14/1/1, JT22/2/10, JT27/1/5, JT27/2/8, JT60/1/1, JT60/2/5,
JT 67/1/1, JT67/1/5, JT68/1/2, JT68/2/9).

3.2.3. Magnetic fabric parameters and orientation data

The magnetic anisotropy P-T plots for the porphyritic granites
show that specimens with low degree of anisotropy (P<1.1) have both
oblate and prolate shapes of the AMS ellipsoid. Specimens with P
greater than ~1.1 are always oblate (Fig. 6a and b). No significant
spatial variations in the degree of anisotropy or shape of the AMS
ellipsoid were revealed in the porphyritic granites (Fig. 6b).

Below we focus only on describing of the magnetic fabric in the
porphyritic granites, excluding the poorly exposed Jevany granite. The
magnetic fabric of the porphyritic granites is characterized by a
moderately- to steeply-dipping magnetic foliation (Fig. 7a). The steep
foliation dips predominantly inwards; only at two stations in the inner,
weakly porphyritic granite does the foliation dip gently (less than
~20°). The foliation strikes parallel to both the outer pluton margin and
the internal gradational contact between the two porphyritic varieties
(Fig. 7a); foliation poles tend to concentrate along the periphery of the
stereonets (Fig. 7a). Along the eastern margin, the foliation seems to
continue in the same manner beneath the Permian sedimentary cover.
The magnetic foliation thus correlates well with the orientation of
mesoscopic K-feldspar and biotite foliation.
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Fig. 8. Plot of mean magnetic lineation (k;) plunge at each sampling site vs. distance
from the pluton margin. Open symbols—strongly porphyritic Ri€any granite, closed
symbols—weakly porphyritic Ri¢any granite.

Magnetic lineation in the pluton exhibits two distinct orientations.
(1) In a domain that comprises the strongly porphyritic and the
weakly porphyritic granite along their gradational contact, the
lineation is sub-parallel to both the pluton margin and the gradational
contact (Fig. 7b). The lineation plunges shallowly (0-25°) and exhibits
mostly consistent counter-clockwise and clockwise circumferential
patterns in the northwestern and southern part of the pluton,
respectively (Fig. 7b). The shallowly-plunging lineation corresponds
to girdles with multiple point maxima near the periphery of the
stereonets (Fig. 7b). (2) In contrast, the magnetic lineation plunges
steeply (60-80°) at variable trends in the central domain (Fig. 7b); the
corresponding maxima form a cluster near the stereonet center
(Fig. 7b). The exact size and shape (in map-view) of the domain with
steeply-plunging lineations is unknown due to poor exposure; the
dashed line which delineates this domain in map (Fig. 7b) shows only
its minimum extent.

The spatial relationship between lineation plunge with respect
to the distance from the pluton margin was also analyzed using
ESRI ArcGIS 9.2 software. In Fig. 8, the plunge of the magnetic
lineation (mean value at each locality) is plotted against the
shortest distance of the station from the pluton margin. This
diagram also illustrates that the magnetic lineation in the central
domain is in general significantly steeper than lineations near the
pluton margin. The exceptions (outliers in the data) are two

stations at ~1200-1500 m from the contact, where the lineation
plunges moderately (35-45°; Fig. 8) within otherwise shallowly-
plunging lineations.

4. Interpretation of magnetic fabric in the Ri€any granite

The internal magmatic fabric pattern in the RiCany pluton is
characterized by concentric mesoscopic and magnetic foliations
and two distinct orientations of magnetic lineations. The circum-
ferential, shallowly-plunging lineations occur in the outer part of
the pluton, whereas in the central domain the lineations plunge
steeply (Fig. 7b). Such an unusual lineation pattern is not
compatible with existing models proposed to explain the ascent
and emplacement of elliptical plutons (e.g., single-blob or nested
diapirism, ballooning, laccolith-like emplacement; e.g., Paterson
and Vernon, 1995; Miller and Paterson, 1999; Paterson and Miller,
1998). Instead, it is suggestive of right-handed helical flow, as yet
described only for the Bacdo migmatite-granite complex, Brazil
(Hippertt, 1994).

We interpret the mechanism of fabric formation in the Ri¢any
granite as follows. Large-scale compositional and textural homoge-
neity of the Ricany granite over broad scales, and the absence of
internal contacts (except for the wide gradational zone between the
two granite varieties), suggest that the two varieties of Riany granite
may represent two closely-related magma batches ascending from an
underlying, stratified magma chamber to produce a “cryptic” (trace-
element) reverse zoning (Janousek et al., 1997; see also Section 2.2.).
The broad gradational contact between the two granites indicates that
their emplacement was approximately coeval. The presence of a much
larger granitoid body beneath the pluton (ancient magma chamber) is
also supported by gravimetric data (Tomek, 1974).

We thus consider that the Riany granite magma ascended within
a steep-sided, approximately cylindrical conduit (Fig. 9). The conduit
shape is inferred from the elliptical outline of the pluton in plan-view,
with steep outer contacts and steep internal mesoscopic and magnetic
foliations. In our model, we hypothesize that the difference in volume
fractions of K-feldspar phenocrysts in the two granite batches could
have caused a significant difference in their viscosities: the outer,
strongly porphyritic granite had presumably an orders of magnitude
higher viscosity than the central, weakly porphyritic one (Fig. 9). This
assumption agrees with observed negligible difference in major-
element compositions between the two granites (Janousek et al.,
1997) and with a power-law increase in viscosity with volume fraction
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Fig. 9. Interpretive block-diagram to illustrate the viscosity-partitioned flow in the Ricany pluton. The central, phenocryst-poor domain flows faster and vertically, whereas the outer,

phenocryst-rich domain flows helically at slower rates.
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of crystals as predicted by the Einstein—-Roscoe equation for solid- with no volatiles and likely temperature were then used as input
liquid mixtures (e.g., Roscoe, 1952; McBirney and Murase, 1984). parameters for the computer program Magma (Wohletz, 1999; http://
Contrasting viscosities of both magmas would then have caused www-geo.lanl.gov/Wohletz/KWare.htm), which uses Bottinga and
their different velocities during ascent (Fig. 9). Consequently, faster Weill's (1972) approach for calculating the viscosities of multi-
subvertical flow may have been generated in the low-viscosity component silicate liquids. The obtained viscosity for a crystal-free
(phenocryst-poor) magma in the pluton center in contrast to helical Ri¢any granite magma at a temperature ~800 °C and pressure of
(subhorizontal) flow in the outer, high-viscosity and phenocryst-rich 0.2 GPa (Kachlik, 1992) is 9x10° Pa s.
layer (Fig. 9). This two-layer model would explain the finite fabric Taking into account the subtle differences in major-element
pattern characterized by concentric, steep foliations and magnetic composition of the two granite varieties, we assume that the K-
lineation being circumferential (sub-horizontal) along the pluton feldspar phenocryst content was a major control on viscosity during
margin and sub-vertical in the center. The question arises: why is the magma ascent. The effect of varying the phenocryst content across the
measured magnetic fabric intensity (expressed as the P parameter) so pluton may thus be calculated using the empirical Einstein-Roscoe
low throughout the pluton and why is the P parameter only slightly equation (e.g., Roscoe, 1952; McBirney and Murase, 1984) in the form:
elevated in the central part with steeply plunging lineations, where
the magma flow should be fast and associated with large strains? We N =M (1-R- )22 (1)
explain this discrepancy as a consequence of the generally poor strain
memory of magma (see Paterson et al., 1998 for a detailed discussion). where 1), is the effective viscosity of the magma (a liquid containing
The measured magnetic fabric, carried predominantly by biotite, as a volume fraction & of suspended solids), 1, is the viscosity of the
shown by the thermomagnetic analysis, should thus be viewed as liquid alone (melt), and R is a parameter based on the volumetric
recording final strain increments and the biotite grain reorientation ratio of solids at maximum packing (1.35 for spheres of uniform size;

just before the magma flow ceased. McBirney and Murase, 1984). In the Ri¢any pluton, the content of K-

feldspar phenocrysts decreases significantly from the margin inwards;
5. Modeling viscosity-dependent magma flow through a in our model we assume a linear decrease from @=0.55 at the margin
cylindrical conduit (55 vol.% phenocrysts in the strongly porphyritic granite) to ©=0.10 in

the pluton center (10 vol.% phenocrysts in the weakly porphyritic

To simulate quantitatively the effect of crystallinity and thus granite; Fig. 10a). These two & limits comply with the field obser-
viscosity contrast on magma flow and fabric formation, we develop vations; however, a detailed textural and crystal size distribution (CSD)
below a simple conceptual model for the flow of variably viscous study to better constrain the phenocryst variations within the pluton is
magma through a vertical cylindrical conduit. The calculations were the focus of our ongoing research. The above @ values were inserted
carried out in two steps. into Eq. (1) to calculate the effective viscosity variations with respect to

The first step was to estimate the viscosity of the Ritany granite distance from the pluton margin. The obtained results show a power-
magma. In general, magma viscosity is rather difficult to constrain law decrease in effective viscosity, from ~2.7x108 Pa s at the pluton
quantitatively due to its dependence on numerous parameters, such margin down to ~12.9x10° Pa s in the pluton center (Fig. 10b).
as composition, volatile content, temperature, crystallinity, grain-size, Second, assuming that the Ricany pluton represents a steep-sided
geometric array of particles in suspension, and strain rate (e.g., cylindrical conduit, the magma flow velocity profile across the pluton can
Wickham, 1987; Miller et al., 1988; Scaillet et al., 1997,1998; Dingwell,  be calculated using the Poiseuille flow of a viscous fluid through a circular
1999; Petford, 2003); the following estimations must therefore be pipe (for derivation see Turcotte and Schubert, 2002, p. 231-232):
taken only as first-order approximations.

The viscosity of the Rifany granite magma was estimated as 1 AP, 5
follows. Major-element compositions are nearly the same in both Vm__ﬁ ’ T(R ) 2)
varieties of the porphyritic granites (Section 2.2.), so an average
representative composition was calculated as the arithmetic mean of where vy, is the magma flow velocity, 7, is the magma viscosity, AP is
each major oxide from 24 analyses of the Ritany granite (Electronic the pressure difference driving the flow, [ is the pipe length, R is the
Supplementary Material; ]. Trubac and V. Janou3ek, unpublished data). radius of the pipe, and r is the distance from the pipe center.
A mean zircon saturation temperature of 796+ 16 (20) °C was taken as In our model, the pipe radius is 4500 m (half-width of the pluton)
the temperature of the magma during intrusion, averaged from the and the viscosity is assumed to vary across the pluton according to
geochemical analyses using equations described in Watson and Eq. (1) (Fig. 10b). The unknown variable is the pressure gradient
Harrison (1983). The inferred average Ritany granite composition P’ = 42 Assuming that the pressure gradient driving the magma flow
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Fig. 10. (a) Plot of assumed volume fraction of phenocrysts decreasing linearly with distance from the Ricany pluton margin. (b) Plot of calculated effective viscosity of the Ri¢any
granite against distance from the pluton margin. (c) Plot of velocity to pressure gradient ratio vs. the distance from the pluton margin.
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is constant throughout the pipe, we modify Eq. (2) and express the
ratio of magma flow velocity to the pressure gradient as:

<

= ) 3)

Regardless of the magnitude of the pressure gradient (P’), the
obtained results show a significant increase in magma flow velocity in
the pluton center relative to its margin (Fig. 10c).

We are aware that the above approach has the following important
limitations. (1) Unlike real magma which is a heterogeneous, multi-
component mixture consisting of solid crystals, melt and volatiles, the
Poiseulle flow equation is valid for ideal Newtonian liquids. (2) The
flow in the pipe is laminar and uniform (flow lines are straight and
parallel) and occurs in a coherent liquid volume (as a single magma
pulse). (3) The effect of temperature exchange between the magma
and wall rock (cooling from the pluton margin) is ignored, that is, the
magma is assumed to flow faster than it cools via conduction of heat
into the wall rocks (Péclet number P} = "‘%’»1; where vy, is the rate of
advection, [ is the characteristic length-scale, and k is the thermal
diffusivity).

Despite the above limitations, we believe that, in principle, this
physical model may explain the flow pattern inferred from the
magnetic (AMS) fabric (Fig. 9), where the bulk magma ascent was
partitioned into a low-viscosity central part flowing relatively faster
and vertically (i.e., dip flow of Hippertt, 1994), whereas the high-
viscosity outer margin flowed helically (i.e., strike flow of Hippertt,
1994) at slower rates. Cooling from the wall-rock (increasing magma
viscosity) and/or nested emplacement of hotter magma into the
pluton center (not considered in the simple model) would even
enhance this type of viscosity-driven flow partitioning within the
pluton.

To date, a few studies have inferred helicoidal or helical flow in
metamorphic complexes and granite plutons that underwent non-
coaxial deformation (e.g., Brun and Pons, 1981; Hippertt, 1994; see
Fowler, 1996 for review); but only one structural study has documen-
ted helicoidal flow in a deep-seated granite-migmatite diapir
(Hippertt, 1994). Taking into account the shallow emplacement level
of the Riany pluton (~0.2 GPa corresponding to ~7 km paleodepth;
Kachlik, 1992), the magnetic fabric pattern described in this paper may
be viewed as recording helical magma ascent in a steep conduit linking
a deeper magma chamber with a narrower volcanic feeder at the
surface. As viscosity variations (controlled, for instance, by composi-
tion, content of crystals, volatiles, or bubbles) are common in magma
ascent conduits, future research should concentrate on whether a
viscosity-partitioned helicoidal or helical magma flow such as that
described here could be a more widespread process in other shallow-
level volcano-plutonic systems.

6. Conclusions

The concentric, steep foliations bearing circumferential lineation
along the margin and steep lineation in the center of the Riany pluton
are interpreted to record right-handed helical magma ascent in a
steep-sided conduit. The helical flow was caused by significant
viscosity differences in the outer, strongly porphyritic and inner,
weakly porphyritic granite magmas. The bulk ascent was partitioned
into a low-viscosity center flowing vertically and high-viscosity outer
margin flowing helically. This interpretation is supported quantita-
tively by a simple model of magma flow within a cylindrical pipe, in
which the linear decrease in phenocryst content from the pluton
margin inward causes a power-law increase in the effective viscosity of
the granite magma. According to the Poiseulle equation, such a power-
law viscosity distribution across the conduit produces a central zone of
high magma ascent velocity. The magnetic (AMS) fabric pattern in the
Ritany pluton thus provides a unique record of viscosity-driven helical

magma ascent in a steep conduit, presumably linking a deeper magma
chamber with a volcanic feeder near the surface. Further studies
should investigate whether such a viscosity-partitioned helicoidal or
helical magma flow could be a more common process in shallow-level
magmatic systems than previously envisaged.
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