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1 Felsic magma-sources: geometry, loading-history, and 
implications for fracture-mediated pluton emplacement  

 
Ablay, G.J, Clemens, J.D., Petford, N., Grocott, J. 
 
CEESR, School of Earth Science and Geography, Kingston University, KT1 2EE, U.K. 
 
email: ablay@kingston.ac.uk 
 
Physical considerations of crustal magma sources support fracture-mediated intrusion of laccolithic 
plutons. Source rupture and magma ascent depend on internal and external loading, requiring; (1) 
source internal overpressure ∆PS; (2) rapid ∆PS accumulation, and; (3) a flat source to modify 
crustal loading. ∆PS induces strain or stress in surroundings according to; (i) external loading 
(permitting strain?), and; (ii) rock rheology. For unconfined, ductile rock, flow slowly dissipates 
∆PS, whereas for a confined source, or where ∆PS arises too fast, ∆PS will accumulate. Candidate 
origins for ∆PS are buoyancy ∆PB and melting dilation ∆PV, whose magnitudes, accumulation rates, 
and distributions are different. This is illustrated with reference to the hypothetical case of 
amphibolite-melting where a thermal dome intersects fusible crust. Positive entropy change, narrow 
solidus-liquidus separation and strong endothermicity will cause fluid-absent melting isotherms to 
be closely spaced. The positive ∆Hr buffers T, limiting vertical source growth by a heat focusing 
factor γ  = Κsolid/Κmelting, which here is about three. For 40-km thick crust and heat flux of 90 mW m-

2, the vertical separation of melting isotherms is reduced from ~ 7500 to 2500 m, which interval is 
predicted to melt in ~ 760,000 years. 
 

Given ∆PB(h) = gh ∆ρ, where h is source height and ∆ρ is the rock-magma density contrast, 
then for ∆ρ = 500 kgm-3 ∆PB is 0.5-50 MPa for h = 100-10,000 m. Also, d∆PB

max/dt ∝ dhmax/dt, 
which, when confined, depends on the (reduced) vertical melting rate. Here, d∆PB

max/dt is 1.6 × 10-5 
MPa yr-1. For its part, melting volume change ∆VM, e.g. ~ 10 % for amphibolite, will require 250 m 
of vertical strain in the above example. Perfectly confined, ∆PS

max for roof rocks with E = 1011 Pa, 
is 2.5 × 107 MPa (!), and d∆PV/dt = 32 MPa yr-1. This theoretic maximum stress is unachievable, 
but would require a strain rate of 3.3 10-4 s-1 to accommodate by ductile flow. Thus, even with 
losses by wall rock strain and magma flow, most ∆PV will evade relaxation and a brittle response 
will always occur before convective instability. Confined, ∆PV will arise at the volumetric melting 
rate, much faster than the linear ∆PB. Moreover, as ∆PV is isotropic not h-dependent, it is 
communicated through all connected magma instantaneously, and will be continually renewed as 
melting proceeds. 

 
Tensile failure of the source-roof by ∆PS requires; (i) σH = σ3; (ii) σ1 - σ3 = tensile strength 

τ  of the medium  (5-10 MPa), and; (iii) σ3 tensile and about 0.3 to 1τ. Criteria (i) is met by; (a) the 
wedging effect of the flat source, raising σV as it inflates, and; (b) either regional uplift, or thermal 
waning, reducing σH. (ii) Is also met as σH and σV converge. (iii) Is met owing to overpressured 
magma in pores reducing effective stress around the source. Depending on external loading of crust 
above the source and magma pressure PM(h) = σH3 + ∆PV + ∆PB - ∆Plosses, magma-fracture may then 
trigger ascent in dykes, powered by ∆PS and ∆PB. Increasing PM(h) with height will provoke sill 
emplacement at a depth D where, neglecting τ, PM = σV. D is therefore a complex function of σH(h), 
σV(h), ∆PS and ∆PB(h). Shallow emplacement or eruption is predicted under remote extension. Deep 
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emplacement, or magma stalling, characterize lithostatic stress environments, where PM(h) always 
exceeds σV above the source. 

 
Intrusion filling also depends on ∆PS. During melting, new ∆PS arises so that, ignoring 

minor elastic strain, only sill elongation or laccolithic roof uplift can make new intrusion volume. 
Once melting terminates, however, floor depression through whole-crustal subsidence into the 
source region will occur, completing the filling of the intrusion. 

2 Sedimentation, volcanism and subvolcanic intrusions in a 
late Palaeozoic intramonatne trough (the Intra-Sudetic 
Basin, SW Poland) 

 
Awdankiewicz M. 
 
University of Wrocław, Institute of Geological Sciences, Department of Mineralogy and Petrology, 
ul. Cybulskiego 30, 50-205 Wrocław, Poland 
 
email: mawdan@ing.uni.wroc.pl 
 
The Intra-Sudetic Basin represents a late Palaeozoic intramontane trough situated at the NE margin 
of the Bohemian Massif, in the eastern part of the Variscan belt of Europe (e.g. DZIEDZIC & 
TEISSEYRE, 1990, WOJEWODA & MASTALERZ, 1989, and references therein). The Carbonifeorus-
Permian, volcano-sedimentary basin fill provides a well preserved record of interrelated tectonic, 
sedimentary and volcanic processes in a late- to post-orogenic, extensional intracontinental setting, 
possibly a close analogue of the Tertiary-Recent Basin and Range Province of the SW USA. During 
the Permo-Carboniferous volcanic episode, substantial volumes of magmas erupted within the 
basin, and were also emplaced as subvolcanic intrusions into the basin fill (e.g. NEMEC, 1979, 
DZIEDZIC, 1980, AWDANKIEWICZ, 1999 a, b). This paper gives a short overview of the geology of 
the subvolcanic complexes, with special attention to their structure and distribution relative to 
intrabasinal depositional and volcanic centres. 
 

The Intra-Sudetic Basin is ca. 60 km long, NW-SE aligned synclinorial structure. The 
Carboniferous and Permian basin fill overlies variably deformed and metamorphosed crystalline 
basement rocks and comprises largely siliciclastic alluvial and lacustrine deposits. The total 
stratigraphic thickness of the sequence is ca. 12 km, including some 6 km of Lower Carboniferous 
(starting with uppermost Tournaisian or lowermost Visean), 4 km of Upper Carboniferous and 2 km 
of Permian. However, the real thickness of the basin fill does not exceed a few kilometres, as the 
distribution of the deposits is highly asymmetric, with thicker accumulations of older deposits in the 
NW and thinner, youngest deposits in the SE. These features reflect SE-ward migration of 
depositional centres and decreasing subsidence rate with time. In addition, lateral and vertical facies 
variation of the sequence indicate a strong tectonic control on the depositional processes, and a 
complex intrabasinal morphology, with several elevations and troughs. 

 
In the northern and eastern parts of the basin, where the sequence is most complete, the 

volcanic activity occurred in three stages, in the early Carboniferous, late Carboniferous and early 
Permian, the latter corresponding to the climax of activity. Magma types emplaced within the basin 
changed with time, from dominantly acidic, calc-alkaline in Carboniferous, to intermediate and 
acidic, mildly alkaline in Permian. The earliest volcanism occurred along the northern margin of the 
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basin, and successive volcanic centres moved SE-wards with time, consistently with the intrabasinal 
depositional centres. In general, the activity was dominated by effusive eruptions in the north and 
west, while explosive eruptions and emplacement of subvolcanic intrusions were typical of the 
central and south-eastern parts of the basin. 

 
Subvolcanic intrusions clearly concentrate around three major centres of volcanism in the 

eastern part of the Intra-Sudetic Basin. Two of the centres were active along fault-controlled 
margins of the Walbrzych trough, a late Carboniferous intra-basinal depositional centre. Along the 
western margin of the trough, rhyodacitic magmas both erupted forming extensive lava cover, and 
intruded into a folded sedimentary sequence below, forming a few relatively large intrusions 
(laccoliths and a facolith). Near the western margin of the trough rhyolitic magmas erupted 
explosively, with the formation of a linear belt of maar-type volcanoes. Subsequently, numerous 
small intrusions of trachyandesitic and rhyolitic composition were emplaced within the diatremes 
below the maars and into their country rocks. The intrusions included dikes, sills, composite sheets 
of stair-and-step geometry, necks and cryptodomes. The third major centre of volcanic and 
subvolcanic activity was a 10 km wide caldera, formed in the SE part of the Intra-Sudetic Basin as a 
consequence of a large ignimbrite eruption in the Permian times. The caldera was a lacustrine 
depositional centre. Trachyandesitic and rhyolitic magmas intruded at the interface of the ignimbrite 
sheet and pre-ignimbrite deposits forming several clusters of laccoliths/sills (and cryptodomes ?) 
along caldera margins. 

 
The relationships outlined above show that in the Intra-Sudetic Basin subvolcanic intrusions 

preferably formed adjacent to volcanic centres located close to intrabasinal depositional troughs. 
There, thicker accumulations of fresh sediments represented density barriers that trapped significant 
amounts of rising magmas below the surface. However, the three subvolcanic complexes described 
strongly differ in their overall structure and geometry of the intrusions. These differences primarily 
result from distinctive volcano-tectonic developement of each complex, as well as different 
lithology and deformation patterns of the country rocks of the intrusions. 
 
References: 
 
Awdankiewicz M (1999a): Volcanism in a late Variscan intramontane trough: Carboniferous and 

Permian volcanic centres of the Intra-Sudetic Basin, SW Poland, Geol Sudetica, 32,1, 13-47. 
Awdankiewicz M (1999b): Volcanism in a late Variscan intramontane trough: the petrology and 

geochemistry of the Carboniferous and Permian volcanic rocks of the Intra-Sudetic Basin, 
SW Poland, Geol Sudetica, 32, 2, 83-111. 

Dziedzic K (1980): Subvolcanic intrusions of Permian volcanic rocks in the central Sudetes, Z Geol 
Wiss, 8, 1182-1200. 

Dziedzic K & Teisseyre AK (1990): The Hercynian molasse and younger deposits of the Intra-
Sudetic Depression, SW Poland, N Jb Geol Palaeontol, 179, 285-305. 

Nemec W (1979): Wulkanizm późnokarboński w niecce wałbrzyskiej (synklinorium śródsudeckie), 
Unpublished PhD thesis, University of Wrocław, 201pp. 

Wojewoda J & Mastalerz K (1989): Climate evolution, allo- and autocyclity of sedimentation: an 
example from the Permo-Carboniferous continental deposits of the Sudetes, SW Poland, 
Przegląd Geologiczny, 4, 173-180. 
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3 The Neogene to recent Rallier-du-Baty nested ring 
complex, Kerguelen Archipelago, Indian Ocean: volcanic-
plutonic relationships and stratigraphy revisited. 

 
R. Ethien1, 5, B. Bonin2, M.C. Gerbe1, J.Y. Cottin1, G. Féraud3, D. Gagnevin4, A. Giret1,G. Michon1, 
B. Moine1 
 
1CNRS-UMR 6524 "Magmas et volcans", Département de Géologie-Pétrologie-Géochimie, 
Université Jean-Monnet, F-42023 SAINT-ETIENNE CEDEX 2 (France) 
2UPS-CNRS-FRE 2566 "Orsayterre", Département des Sciences de la Terre, Université de Paris-
Sud, F-91405 ORSAY CEDEX (France) 
3CNRS-EP 125, Département des Sciences de la Terre, Université de Nice-Sophia Antipolis, F-
06108 NICE CEDEX 2 (France) 
4Department of Geology, University College Dublin, Belfield, DUBLIN 4 (Eire) 
5GEMOC, University Macquarie, SYDNEY (Australia) 
 
email: bbonin@geol.u-psud.fr 
 
The Kerguelen Archipelago is made up of the stacking of thick piles of Tertiary flood basalts 
intruded by transitional to alkaline igneous centres at various times since 30 Ma. In the southwest, 
the Rallier-du-Baty Peninsula is mostly occupied by two silicic ring complexes, each with a 
diameter of 15 km, displaying dissected calderas crosscut by subvolcanic cupolas. Bulk-rock Rb-Sr 
and K-Ar isotopic determinations yield ages ranging from 15.0 to 7.6 Ma for the southern centre, 
and 6.2 to 4.9 Ma for the northern one. The alkali feldspar syenite-granite suite is markedly 
alkaline. The felsic ring dykes were injected by coeval mafic magmas, forming successively 
swarms of early mafic enclaves, disrupted synplutonic cone sheets, and late cone sheets. After the 
emplacement and subsequent unroofing of the ring complexes, abundant and thick trachytic 
pyroclastic flows and falls were emitted from the younger Table-de-l'Institut caldera volcano, while 
hawaiitic lava flows were erupted from marginal maars and cones. The estimated volumes of the 
different igneous formations vary from 80 to 400 km3, resulting in about 15 Myr into the addition of 
about 9600 ± 600 km3 of new materials, corresponding to a crustal growth of about 640 ± 40 * 103 
m3 per year. 

 
During one of the recent major episodes, huge trachytic ignimbritic flows filled the glacial 

valleys in the central Peninsula and capped lacustrine deposits and older lava flows, while related 
pumice falls are widespread throughout the archipelago. From a total volume of erupted products 
estimated at 19 ± 4 km3, 4.7 ± 0.9 km3 are still preserved in the Dôme Carva volcanic complex, 
where they are capped by the recent glaciers. Thus, according to field evidence, this powerful 
Plinian eruption took place after the network of glacial valleys was established, but before the Little 
Ice Age occurring during the last centuries. 

 
In the south of the peninsula, even younger trachytic formations are exposed, whereas CO2-

bearing fumarolic vents are still active. The frequent Plinian pumiceous eruptions emitted from the 
different vents exposed in the Rallier-du-Baty Peninsula, and elsewhere in the Kerguelen 
Archipelago, are likely to have affected the climate of the Austral hemisphere. In this respect, it is 
noteworthy that thick layers of trachytic to rhyolitic glass shards were recovered from drill cores in 
the Antarctic ice sheet. Their origins are not well constrained, but their ages yield a fairly large 
range of values, with a noticeable peak at 6,050 a b.p. 
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4 Late Paleozoic andesite sills in the Flechtingen Block, 
north of Magdeburg (Germany) 

 
Christoph Breitkreuz1, Marek Awdankiewicz2, Bodo-Carlo Ehling3 
 
1 TU Bergakademie Freiberg, Institute of Geology, Bernhard-von-Cotta-Strasse 2, D-09599 
Freiberg, Germany 
2 University of Wrocław, Institute of Geological Sciences, Department of Mineralogy and 
Petrology, ul. Cybulskiego 30, 50-205 Wrocław, Poland 
3 Landesamt für Geologie und Bergwesen, Sachsen-Anhalt, Köthener Str. 34, 06118 Halle, 
Germany 
 
email: cbreit@geo.tu-freiberg.de 
 
The Late Palaeozoic andesite complex in the Flechtingen Block provides excellent evidence of 
processes associated with the emplacement of intermediate magmas into poorly lithified sediments 
at very shallow levels. We took detailed sections of the margins of the andesite intrusions in 
operating quarries (Doenstedt, Eiche, Bodendorf) north of Magdeburg and in drill cores from the 
area. The recognition of the intrusive nature of the andesites at Flechtingen, previously considered 
as lava flows (BENEK et al., 1973), bears important stratigraphic implications for the sequence of 
Late Palaeozoic volcanic events both in our study area and in the adjacent North-German Basin 
(HOTH et al., 1993). 
 

The andesite magmas (“Older Andesites” of BENEK et al. 1973) intruded into a Late 
Carboniferous lacustrine to alluvial sequence (less than 100 m) of fine to coarse grained, partly 
tuffaceous siliciclastic rocks. This soft-sedimentary host was sandwiched between folded Namurian 
sediments at the base and a thick welded rhyolitic ignimbrite sheet at the top (SHRIMP zircon age 
of the ignimbrite: 302 ± 3 Ma, BREITKREUZ & KENNEDY 1999). In the central and northern outcrop 
areas, andesitic magmas (“Younger Andesites” of Benek et al. 1973) pierced the ignimbrite seal 
forming isolated pipes and domes.  

 
The intrusive complex (“Older Andesites”) comprise of two main sills, up to 200 m thick 

and from 14 km to over 20 km lateral (NW-SE) extension. Their thickness variation suggests 
ponding of the andesite magma within former depositional troughs, as well as local syn-
emplacement deformation of the host sequence with the formation of swells, basins and fault-
bounded grabens at the top of the sills. Locally, thin “failed” sills are present. Within the andesites, 
centimeter- to meter-sized sedimentary rafts are commmon.  

 
In places, sill margins are characterized by a planar sharp contact to the host sediment. 

However, in many outcrops and drill cores the margin displays lithologically variable andesite- and 
andesite-sediment breccias. Textural variation of the breccias is interpreted to reflect autoclastic 
brecciation of chilled andesite magma (in-situ breccias and perlite), variable magma-sediment 
interactions and later brecciation by hydrothermal fluids. Vesicle-rich domains are abundant at the 
base and top of the sill units. Near the sediment-andesite contact, the vesicles are often elongated 
parallel to the contact. 

 
During the Variscan orogeny, the Flechtingen area formed part of the Rhenoherzynian fold-

and-thrust belt. Intensive post-orogenic magmatism took place at the Carboniferous-Permian 
transition in/on a consolidated block which experienced only weak Late Carboniferous basin 
development with a thin sediment fill (EIGENFELD & SCHWAB 1974). Thus, the supracrustal setting 
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for magma ascent and eruption/emplacement of the early rhyolitic (pyroclastics and intrusives) and 
successive andesitic phases (sill complex, featured here) was that of solid blocks under a dextral 
transtensional regime (ARTHAUD & MATTE 1977). This is in contrast to other late to post-Variscan 
basins in Central Europe (e.g. Saar-Nahe Basin, Saale Basin), where magmatism took place on and 
in a thick pile of basin sediments. 
 
References: 
 
Arthaud, F. and Matte, P., 1977: Late Paleozoic strike-slip faulting in southern Europe and Northern 

Africa: results of right-lateral shear zone between the Appalachians and the Urals. Geol. 
Soc. Amer. Bull., 88, 1305-1320.  

Breitkreuz, C. and Kennedy, A., 1999: Magmatic flare-up at the Carboniferous/Permian boundary 
in the NE German basin revealed by SHRIMP zircon ages. Tectonophysics, 302, 307-326. 

Benek, R., Paech, H.J. and Schirmer, B., 1973: Zur Gliederung der permosilesischen Vulkanite der 
Flechtinger Scholle. Z. geol. Wiss., 1, 867-878. 

Eigenfeld, F. and Schwab, M., 1974: Zur geotektonischen Stellung des permosilesischen 
subsequenten Vulkanismus in Mitteleuropa. Z. geol. Wiss., 2, 115-137.  

Hoth, K., Huebscher, H.-D., Korich, D., Gabriel, W. and Enderlein, F., 1993: Die Lithostratigraphie 
der permokarbonischen Effusiva im Zentralabschnitt der Mitteleuropäischen Senke - Der 
permokarbone Vulkanismus im Zentralabschnitt der Mitteleuropäischen Senke. Geol. Jb., 
Reihe A, 131, 179-196. 

5 Are laccolith complexes characteristic of transtensional 
basin systems? – Examples from Permocarboniferous 
Central Europe 

 
Christoph Breitkreuz,  Alexander Mock  
 
Institut für Geologie, TU Bergakademie Freiberg, Germany 
 
email: cbreit@geo.tu-freiberg.de 
 
Comparing felsic laccolith complexes prominent in the Late Paleozoic Ilfeld-, Saar-Nahe-, and 
Saale basins in Germany, a characteristic pattern related to transtensional tectonics is revealed. In 
contrast to the central magma feeding system recognized sofar for laccolith complexes (review in 
CORRY, 1988), the individual units of the Late Paleozoic Central European complexes apparently 
were fed synchroneously by numerous feeder systems laterally arranged in a systematic pattern.  
 

The Ilfeld basin is a small strike-slip pull apart basin that formed in the SE of the Hartz 
Mountains cogenetically with a neighbouring rhomb horst – the Kyffhäuser. The Ilfeld basin 
represents a “frozen-in” early stage of laccolith complex evolution with small isolated felsic 
intrusions and domes emplaced within a common stratigraphic level at the intersections of intra-
basinal Riedel shears (BÜTHE & WACHENDORF, 1997). In the Saar-Nahe basin, numerous medium-
sized felsic subvolcanic to subaerial complexes have been recognized (Kreuznach, Donnersberg, 
Kuhkopf, Nohfelden etc.; see Lorenz and Haneke this volume). Among these, the Donnersberg 
laccolith complex might represent a continuation of the Ilfeld-type scenario. Here, flow foliation 
measurements led HANEKE (1987) to distinguish 15 units emplaced in lateral contact with each 
other within the same level – like balloons inflated in a box. 



 9

 
The magmatic evolution of the Halle Volcanic Complex (HVC) in the Saale basin 

culminated in the ± synchroneous emplacement of voluminous porphyritic laccoliths within 
different levels of the thick Late Carboniferous sediment fill (SCHWAB, 1965; KUNERT, 1978, see 
also Mock et al. this volume). The main laccolith units (Wettin, Löbejün, Petersberg, Landsberg) 
are separated by tilted host sediments (KAMPE et al., 1965). Emplacement level of the 
geochemically homogeneous laccolith units (ROMER et al., 2001) in the Halle type might have been 
controlled by different viscosities caused by different phenocryst size and content. The coarsely 
porphyritic units (Löbejün, Landsberg; phenocryst content up to 35%) are thicker (> 1000 m) as the 
finely and generally less porphyritic units (Petersberg, Wettin, < 300 m), and they emplaced at 
deeper levels. Outcrop style and host sediment distribution suggests that individual Halle type 
laccoliths may consist of several Donnersberg type units. 
 

The Central European basins are characterized by a dextral transtensional tectonic regime 
(ARTHAUD & MATTE, 1977) with a pronounced subsidence leading to the formation of a thick pile 
of unconsolidated sediment. Conjugate intra-basinal faults provide a sieve-like system of pathways 
for magma ascent in the upper 4 km or so, however stress field in the emplacement level might be 
uncoupled to the regional stress field. It appears that transtension in continental lithosphere controls 
all major phases of laccolith complex formation: i) Initial lithosphere-wide faulting forms paths for 
magma ascent; ii) supracrustal pull-apart leads to the formation of a transtensional basin; iii) 
continued transtension gives way to decompressional melting of the mantle lithosphere, especially, 
as it occurred in the Variscan orogen, if fertilized by previous magmatic activity. The mantle melts 
rise into the lower crust to differentiate, mingle or to cause anatexis. iv) Resulting SiO2-rich 
magmas ascend along major transtensional faults into the thick sedimentary basin fill. We postulate 
that the amount of transtension and the amount of melt rising from the lithospheric mantle have 
major influence on the type and size of laccolith complex to be formed. 
 
References: 
 
Arthaud, F. & Matte, P. (1977): Late Paleozoic strike-slip faulting in southern Europe and Northern 

Africa: results of right-lateral shear zone between the Appalachians and the Urals. Geol. 
Soc. Amer. Bull. 88, 1305-1320. 

Büthe, F. & Wachendorf, H. (1997): Die Rotliegend-Entwicklung des Ilfelder Beckens und des 
Kyffhäusers: Pull-Apart-Becken und Rhomb-Horst. Z. Geol. Wiss. 25, 291-306. 

Corry, C. E. (1988): Laccoliths; Mechanics of emplacement and growth. Geol. Soc. Amer. Spec. 
Pap. 220, 1-110. 

Haneke, J. (1987): Der Donnersberg. Bad Dürkheim: Pollichia - Pfalzmuseum für Naturkunde. 
Kampe, A., Luge, J. & Schwab, M. (1965): Die Lagerungsverhältnisse in der nördlichen 

Umrandung des Löbejüner Porphyrs bei Halle (Saale). Geologie 14, 26-46. 
Kunert, R. (1978). Zur Platznahme rhyolithischer Laven. Z. Geol. Wiss. 6, 1145-1160. 
Romer, R., Förster, H.-J. & Breitkreuz, C. (2001): Intracontinental extensional magmatism with a 

subduction fingerprint: the late Carboniferous Halle Volcanic Complex (Germany). Contrib. 
Mineral. Petrol. 141, 201-221. 

Schwab, M. (1965): Tektonische Untersuchungen im Permokarbon nördlich von Halle/Saale. Freib. 
Forschungsh. C139, 1-109. 
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6 Dyke swarm emplacement in the volcanic centre of the 
České středohoří Mts. (Böhmisches Mittelgebirge), Eger 
Rift, and its paleostress background 

 
Vladimír Cajz, Jiří Adamovič 
 
Institute of Geology, Academy of Sciences of the Czech Republic, Rozvojová 135, CZ-165 02 
Praha 6, Czech Republic 
 
email: cajz@gli.cas.cz 
 
The Ceske stredohori Mts. represent one of two large Tertiary volcanic complexes developed in the 
Eger Rift. Due to the higher erosion rate in the proximity of the Labe/Elbe River, this range has 
been exhumed to deeper levels than the Doupovske hory Mts. The exposed basement rocks of the 
volcanic complex are represented by Late Cretaceous sediments and rocks of the Krusne hory Mts. 
crystalline complex. 
 

The Roztoky volcanic centre between Usti nad Labem and Decin evidences polyphase 
magma emplacement, development of crater vents and tectonic movements. One of the 
characteristic features is the presence of a dyke swarm of lamprophyres and semilamphrophyres. 

 
A large depression in post-Cretaceous relief was mapped here on the area of 2,000 m by 800 

m at least 200 m deep, filled with volcaniclastic material of subaquatic slides and terrestrial debris 
flows (CAJZ, 1992), documenting synvolcanic tectonic activity in this area. Cretaceous sandstones 
and marlstones in the volcanic centre are penetrated by basaltic intrusions (basanites to nephelinites 
and tephrites to trachybasalts) representing mostly the subvolcanic or sub-superficial parts of the 
crater vents. These vents produced material of superficial volcanic products divided into two 
lithostratigraphic units (CAJZ, 2000). Hypabyssal intrusions are of essexite – monzodiorite – 
sodalite composition. A body of trachytic intrusive breccia is developed near Roztoky, 3.5 km by 
1.5 km in size. It was described as a volcanic vent (HIBSCH, 1899) but no corresponding superficial 
volcanic products have been found. The stocks of hypabyssal rocks and the body of trachytic 
breccia is commonly called the Roztoky Intrusive Centre (RIC). The intrusions of massive trachytes 
and phonolites are developed as smaller bodies inside the trachytic breccia itself. Several other 
bodies of phonolite are present in the wider area of the RIC, e.g., the Kozi vrch Hill laccolith or the 
possible Choratice-Nebocady sills. Volcanic activity in the RIC has been dated to 33-16 Ma 
(ULRYCH & BALOGH, 2000). 

 
HIBSCH (1936) distinguished more than 800 dykes of magmatic rocks from this area. In 

these dykes, ULRYCH and BALOGH (2000) distinguished four rock types and, using petrological and 
age criteria, grouped them into two series: weakly alkaline series (WAS) camptonite (31Ma) 
/gauteite I – sodalite syenite porphyry/gauteite II (24 Ma)/trachyte? and strongly alkaline series 
(SAS) camptonite (28 Ma)/monchiquite (26 Ma) – phonolite/tinguaite (26 Ma) /nepheline syenite 
porphyry (30 Ma). 

 
Strikes of the dykes (n = 280) were newly measured by CAJZ (2002). Their statistical evaluation 
complemented by cross-cutting observations in the field revealed a relatively close structural 
affinity between dykes of lamprophyres and semilamprophyres, and their considerable structural 
difference from felsic dykes. 
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Although the hitherto obtained radiometric datings do not indicate well-defined age intervals 
for dykes of the individual rock types, lamprophyres in the RIC together with monzodiorite, 
essexite and nepheline syenite porphyry show generally somewhat higher ages than 
semilamprophyres. The analysis of intrusive geometries of bodies of hypabyssal rocks as well as the 
difference in strike patterns between lamprophyre dykes on one side and semilamprophyre and 
basaltic dykes on the other side (see Table) indicate a change in regional stress field in the Eger Rift 
area at around 30 Ma, as suggested already by ADAMOVIČ and COUBAL (1998): from E–W- to N–S-
orientated maximum principal stress. The bimodal pattern of semilamprophyre dyke strikes may be 
caused by filling of previously developed paired fracture systems with magma. Post-emplacement 
tectonic deformations of the RIC dyke swarm, such as the newly recorded right-lateral displacement 
along a NW–SE-striking transtensional zone in the Techlovice area, should be attributed to the Late 
Miocene to Pliocene period of ENE–WSW extension. 

 
Rock groups Proportion (%) Rock types  Dyke strikes  
ULRYCH & BALOGH 2000 sensu HIBSCH 1936 CAJZ 2002 
   

Lamprophyres 58 camptonite, monchiquite, 
(mondhaldeite) 

semilamprophyres 28 gauteite, bostonite 

basaltic rocks 6 nephelinite, basanite, tephrite, 
etc. 

felsic derivatives 9 tinguaite (tinguaite porphyry), 
syenite porphyry 
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This study focused on the subvolcanic bodies intruded into the Upper Permian-Triassic sedimentary 
sequence of the central Southern Alps in the area of Montecampione (Val Camonica - BS, Italy). 
These intrusions, radiometrically dated 231±5 e 226±4 Ma (CASSINIS & ZEZZA, 1982) and 
belonging to the Middle-Late Triassic intense volcanic and subvolcanic activity, show different 
stratigraphic levels of intrusion (Figure 1), highly variable geometries (from sills to prevailing 
laccoliths and lopoliths) and thickness varying from a few centimetres to hundred metres and 
extensions from metres to kilometres. 
 

The present study was carried out within a project of National Prototype Geological 
Cartography, aiming at defining methodologies and proposals for the geological field mapping. 
During this study we reconstructed for the first time a detailed stratigraphy of these subvolcanic 
bodies and we understood their relations with the host rock and the mechanics of emplacement. 
These were obtained through an accurate geological and structural field mapping, supported by 
geochemical and petrological analyses. In the geological map    (Figure 1) obtained from the 
original survey at 1:5,000 scale, the subvolcanic bodies are organised basing on a detailed 
stratigraphic reconstruction: we defined new formational lithostratigraphic units basing on 
lithology, geometry of the bodies, stratigraphic level of intrusion, intersection and mutual 
deformation relationship between the bodies and chemical composition. We examined the 
coincidence between present morphology and exhumed original geometries (Figures 2, 3), the 
characteristics of the contacts with the host rocks and we studied the emplacement-related 
structures, both in the intrusives (columnar jointing, flow indicators) and in the host rocks (folds, 
fractures), distinguished from the structures related to pre and post-intrusion tectonics (ARMIENTI et 
al., 2000). The same criteria allowed us to define some members within the units where it was 
possible to recognise variation of lesser rank: these members can be related to different pulses 
within the intrusion of the main body. Being all the formational units related to the same intrusive 
period, they are gathered in a lithostratigraphic unit of major rank named “Montecampione group” 
(CORAZZATO et al., 2001). 
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The assessment of the intrusion depth of the subvolcanic bodies is very important for their 

setting in the geodynamic scenery and the comprehension of the volcanism: taking into account the 
information available in literature (ASSERETO & CASATI, 1965) regarding the sedimentary 
succession overhanging the Servino formation in the Ladinian-Carnian in adjacent areas where 
preserved sections crop out, we estimated that the subvolcanic bodies intruded at a depth of about 1 
km. This estimate is consistent with that obtained from considerations on the ratio between 
approximated base diameter and thickness of each body, and the comparison with other intrusions 
known in literature (JOHNSON, 1970; CORRY, 1988; SKARMETA & CASTELLI, 1997). 

 
In the scenery of the Triassic volcanism in the Brescia area, the subvolcanic bodies of the 
Montecampione group could be related to a shallow magma chamber that fed a volcanic edifice, as 
witnessed by some probable feeding conduits recognised in the field. The only information about 
this probable volcanic edifice is supported by the subvolcanic bodies, because nothing remains of it, 
since we can hypothesise that its unroofing could have supported the most part of the materials 
forming “Arenaria di Val Sabbia” volcanic sandstones (CASSINIS & ZEZZA, 1982; GARZANTI, 
1988). 

 
We computed with a GIS that the minimum volume for the preserved portions of this 

shallow magma chamber represented by the subvolcanic bodies is about 1 km3. 
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Figure 1: Geological map of the studied area (approximative scale 1:33.000)  

 

Figure 2: Sketch referred to Corne di Regoia unit 
outcrop: the total thickness is about 450 m.  

Figure 3: Dosso Sparviero subvolcanic body and 
host rock outcrops. The wall thickness is 250 m. 
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As described by MCCAFFREY & CRUDEN (this volume), available thickness, T, and width, L, data 
for sub-horizontal, felsic-intermediate igneous intrusions ranging in scale from L ~ 1 m (outcrop 
scale sheets) to ~ 600 km (composite batholiths), appear to define an S-shaped distribution when 
plotted in log T vs. log L space (Figure 1a). This interpretation of the data distribution implies 
vertical limits for tabular intrusions of T ~ 1 m when L < 10 m and T ~ 10 km, when L > 500 km 
(Figure 1b). Between these limits T increases with increasing L, with a maximum slope, a ~ 1.5, at 
around L = 1 km. Previously published empirical power law scaling relationships for laccoliths (a = 
0.8) and plutons (a = 0.6) (MCCAFFREY & PETFORD, 1997; CRUDEN & MCCAFFREY, 2001) may 
define tangents to the S-curve in Figure 1, rather than representing unique scaling relationships for 
different classes of intrusions. The purpose of this contribution is to discuss possible origins for the 
observed T vs. L relationships in terms of intrusion size, emplacement depth and emplacement 
mechanism. 
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Figure 1: (a) Compilation of tabular intrusion thickness, T, and width, L, and horizontal area, A, 
data (MCCAFFREY & CRUDEN, this volume). Solid curve and shaded area indicates a visually 
fitted S-curve to the data, and its limits, respectively. Representative intrusion styles are shown 
adjacent to the relevant parts of the data. (b) Proposed interpretation of the S-curve, in terms of 
lower and upper growth limits, dominant emplacement mechanism and depth. Arrows indicate 
vertical growth trajectories along a possible, end-member growth curve with a slope a = ∞. 

 
Mechanical theories for the emplacement and growth of pressurised cracks, sills and 

laccoliths are reasonably well established and have benefited from recent laboratory, analytical and 
numerical modelling studies (e.g., ROMAN-BERDIEL et al., 1995, KERR & POLLARD, 1998; ZENZRI & 
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KEER, 2001). Key parameters in the analysis of such intrusions include the magma driving pressure 
and the geometric ratio of the intrusion width to its emplacement depth, L/h. Provided that sufficient 
driving pressure is available, the sill-to-laccolith transition occurs when L/h > 2 to 3, depending on 
the geometry of the initial sill and the magma rheology (ZENZRI & KEER, 2001). This corresponds 
to rather shallow emplacement depths (h < 500 m to < 5 km) for small (L = 1 km) to intermediate 
sized intrusions (L = 10 km), respectively. It is proposed that the lower half, or tail, of the S-curve 
represents such a transition. Very small intrusions lack sufficient surface area and/or are simply 
emplaced too deep to undergo significant vertical growth, and therefore a << 1 and their thickness 
is limited by host rock elastic properties and available driving pressure. The steepening of the S-
curve between L = 100 m and 1 km reflects the increasing ability of shallow intrusions to lift their 
roofs as their horizontal area increases. The steep a ~ 1.5 slope likely represents a limiting curve for  
laccoliths  as they  expand  vertically from an initial  sill along a growth line  with  a >> 1 (Figure 
1b) (e.g., CRUDEN & MCCAFFREY, 2001; MCCAFFREY & CRUDEN, this volume). Limiting factors on 
vertical growth include the host rock elastic properties, the driving pressure and the emplacement 
depth. Keeping these factors fixed, T will increase with increasing L (KERR & POLLARD, 1998; 
ZENZRI & KEER, 2001). 
 

Vertical growth of intrusions by roof lifting at depths > 5 to 10 km becomes difficult for 
even moderately sized plutons (L = 20 km), although additional vertical displacements driven by 
tectonic compression may help to increase this depth limit. Vertical growth for moderate to large 
plutons must therefore occur dominantly by floor depression (CRUDEN & MCCAFFREY, 2001). Floor 
depression may occur by elastic down-bending of the pluton floor if L/h is small (i.e. deep 
intrusion) and if the elastic strength of the material beneath the intrusion is significantly less than 
that above it (ZENZRI & KEER, 2001), as might be expected close to the brittle-ductile transition. An 
alternative mechanism for floor depression may occur by failure of the material below the intrusion 
and whole-scale subsidence into a partially molten magma source region in the lower crust. Here, 
space is made for the growing pluton by exchange of material between the source and emplacement 
level by channelled flow (e.g., dykes). The vertical growth limit is now imposed by the thickness 
and degree of partial melting in the source and the efficiency of the melt extraction mechanism 
(CRUDEN & MCCAFFREY, 2001). Some mechanical insight into this process is provided by 
analytical and laboratory studies of caldera collapse (ROCHE & DRUITT, 2001).  These analyses 
suggest that the geometry of subsidence structures is a function of the collapse mechanism and the 
ratio, R, of the withdrawal depth (i.e., distance to source) to the subsidence structure width. For 
coulomb materials, when R < 1.4 coherent collapse occurs resulting in a flat floored subsidence 
structure. When R > 1.4 the floor collapses non-coherently, resulting in a more equant, funnel 
shaped structure. Application of these results to plutons suggests that wide plutons should collapse 
with flat floors, resulting in large L/T ratios, whereas smaller plutons will have floors that collapse 
non-coherently resulting in wedge-shaped plutons with smaller L/T ratios. This is consistent with 
geophysical observations of pluton floors and may explain the decrease in slope on the upper part of 
the S-curve (Figure 1). 
 

Large composite batholiths with L > 100 km lie on the uppermost part of the S-curve, where 
a << 1. We propose that this represents an upper limit for space-creation by multiple intrusion 
(stacking) of plutons in the middle crust. This limit is likely imposed by the maximum amount of 
floor subsidence that is possible, which in turn is a function of the cumulative thickness of the 
region of partial melting in the lower crust from which the magmas are derived, and the degree of 
bulk partial melting within that zone.  Thick source zones with high degrees of bulk partial melting 
require sustained, intense advection of heat into the lower crust, as expected in continental 
magmatic arc environments (CRUDEN & MCCAFFREY, 2001). 
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The Middle Miocene Podhorní vrch volcano (15-12 Ma) is located on the Teplá-Highland 
(Tepelská Plošina), 5 km ENE from Mariánské Láznĕ, Czech Republic. The volcano is situated at 
the southern flank of the ENE-WSW trending Cenozoic Eger (Ohře) rift. 

 
The Podhorní vrch volcano is build up by lava flows and a NNW-SSE trending conduit 

system of nephelinitic composition (CAJZ, 1992). Ijolitic segregations within a lava flow were 
described by ULRYCH et al. (2000). During detailed geological mapping of the Podhorní vrch 
volcano we found indications of a NNW-SSE orientated ijolite dyke (or/and segregation system). 
Generally, the occurrence of ijolite series rocks is assumed to the shallow magma chambers (PLATT, 
1996). There are only few examples (mainly in the East African Rift) for the association of shallow 
subvolcanic nephelinitic-ijolitic-carbonatitic complexes with surface expressions of volcanism. To 
link possible laccolith emplacement and volcanic activity we combined the results of geological 
mapping of Podhorní vrch volcano and the petrographic and petrochemical features of the main 
rock types with the interpretation of the Czech deep reflection seismic profile 9HR, which runs 
some kilometres northeast of Podhorní vrch volcano. 
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The nephelinitic rock types vary more in texture and mineral composition than in 
petrochemistry. Ijolites are coarse grained (mineral paragenesis: nepheline, diopside-hedenbergite, 
melilite, apatite, titanomagnetite). Main and rare earth element geochemical analyses indicate 
undifferentiated melts of the nephelinites while the ijolites show an enrichment of incompatible 
elements such as U, Th, and REE and volatiles. 

 
Generally, the reflection seismic profile shows a set of SE-inclined reflectors representing 

the Variscan structure of the crust (crustal stacking during the Variscan orogeny). Further 
subhorizontal seismic reflectors were detected in about 7 km depth under the area of investigation 
which cut through the dipping “older” reflectors and have a different reflection character. These 
subhorizontal reflectors can be interpreted as magmatic sills. Maybe they represent a subvolcanic 
expression of the Late Tertiary volcanic structures on the surface (Podhorní vrch, Špičák (trachyte) 
east of Teplá). According to SOOD (1981) the density of the volatile rich nephelinitic melt at 
subcrustal depths is about 2.85 g/cm3. We hypothesize the density of this melt decreases during the 
ascent of the magma from 2.85 g/cm3 at lower crustal depths to 2.75 g/cm3 at upper crustal depths. 
Gravity results show that the Devonian Mariánské Láznĕ metabasite complex is about 6 km thick. It 
is plausible that this significant body with a density of about 2.90 g/cm3 served as a density filter 
during the magma ascent and makes a laccolith-like emplacement of nephelinitic magma in the 
upper crust possible. 
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Despite several decade of research on igneous rocks, mechanisms of pluton construction are still not 
well understood. Recent studies have emphasised the role of lateral and/or vertical translation of 
country rocks as a major space-making mechanism. More generally, emplacement of plutonic rocks 
is usually explained by a combination at variable proportions of internal “active” magmatic 
processes (magmatic pressure or influx rate) and external “passive” tectonic ones (regional 
deformation). The combination of these processes is recorded by and mixed within the internal 
fabric of the pluton. By studying end-members plutons (pure active or pure passive plutons), we can 
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find within the fabric the characteristics of a tectonic or a magmatic control in emplacement. This 
can greatly help for the understanding of the relative importance of magmatic and tectonic forces in 
emplacement history of more common plutons. 

 
The Henry Mountains are located in southeastern Utah and are one of several ranges of the 

Colorado plateau that are cored by hypabyssal intrusions. They are composed of five main dioritic 
intrusions, dated at ca. 31-23 Ma, surrounded by many smaller satellite ones, like the Black Mesa 
bysmalith. For the following field characteristics, they constitute a natural laboratory where internal 
structures can be unambiguously interpret in terms of magmatic processes. 1) The dioritic intrusions 
intruded flat-lying Permian and Mesozoic sandstones and shales. These flat-lying strata provide 
markers so that we can quantify the complete deformation field (translation + rotation + strain) 
associated with emplacement. 2) This part of the Colorado plateau has not experienced any 
significant regional deformation during and since emplacement. This setting allows us to interpret 
internal fabric in terms of magmatic processes. 3) The shape of the intrusions is simple and known 
in 3 dimensions. 4) Intrusions are compositionally homogeneous and were crystal poor at the time 
of emplacement. This suggests a rapid cooling which rules out any post-intrusive overprinting on 
the magmatic fabric. 
 

The magmatic fabric of Black Mesa bysmalith has been studied by field measurements, 
anisotropy of magnetic susceptibility, and image analysis. Magnetic fabric which is related to the 
Shape Preferred Orientation of magnetite is concordant with field measurements on plagioclase and 
hornblende. Our results suggest an emplacement mechanism by translation and rotation of the 
country rocks. We isolated two successive major injections and noted that the markers of the fabric 
within the first injection had been submitted to a passive rotation during the emplacement of the 
second one. The first intrusion emplaced like a sill and then bend the sedimentary layers around the 
intrusion, to form a laccolith. The mechanism of emplacement of the second intrusion is more fault 
controlled. This difference between the two intrusions could be related to a change in the rate of 
magma supply. 
 

Our structural and textural studies were associated with a numerical simulation of the 
thermal evolution during emplacement, and allowed us to constrain the duration of emplacement of 
the Black Mesa bysmalith to less than 1000 years. This result has dramatic consequences on the rate 
of vertical translation of wallrocks during pluton construction (> 20 cm/yr ?). 
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Dike swarms record the geometry of crustal extension, the types of magma which intruded the 
crust, and the age of intrusion. They are thus key to understanding both the tectonic and igneous 
processes involved in continental breakup. Mesozoic mafic dikes are common on both conjugate 
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margins of the South Atlantic. In Namibia one finds coast-parallel dikes along much of the margin 
and a second set of dikes with NE-SW trends, which are restricted to the inland arm of the Damara 
Fold Belt. This study focusses on the latter set. Named after prominent towns at each end, the 
Henties Bay- Outjo Dike swarm (HOD) extends over a distance of some 300 km from the coast and 
about 100 km wide. Dating studies are incomplete but field relations and K-Ar and Ar-Ar ages 
suggest that the HOD dikes formed during the main stage of breakup-related magmatism at around 
130 Ma.  
 

The HOD is confined to the Central Zone of the Damara Belt, which was the site of deep rift 
basins in the late Proterozoic and then underwent intense shortening with tectonic inversion of rift 
structures during the Panafrican Orogeny (MILLER, 1983). The Damara Belt was extended and 
intruded again during Early Cretaceous Gondwana breakup and the dike swarms provide a record of 
that process. The overall orientation of the HOD relative to the Atlantic rift suggests a triple 
junction geometry, and the fact that the inland arm is heavily intruded by mafic dikes and larger 
intrusive complexes whose ages coincide with the onset of Atlantic rifting suggests that the HOD 
area in the Damara Belt represents a failed rift.  

 
Orientation and dimensional data from the HOD dikes in Namibia are important for 

understanding the processes of continental rifting and magma emplacement, and the role of pre-
existing lithospheric structure. The arid climate and level of erosion in NW Namibia are ideal for 
application of remote-sensing methods, which we augmented by ground geologic surveys along a 
series of test profiles spaced across the HOD area. A companion geochemical study of 
representative dike samples from the profiles is in progress. 

 
Most parts of the study area are free of vegetation and soil cover and thus suitable for 

investigations using passive remote sensors like Landsat ETM+ and aerial photographs. However, 
other parts are covered with Quaternary sediments and thick bush, and for these areas the use of 
high-resolution aeromagnetic data has proved valuable thanks to the generally high magnetic 
susceptibility of the mafic dikes. The use of aeromagnetic data for geologic interpretation depends 
on several factors including spatial resolution of the dataset, size of the magnetic body and its 
distance from the surface. In the case of the Damara Belt, interpretation of the magnetic anomalies 
is difficult in some areas because of the occurrence of magnetic rocks within the basement that are 
sub-parallel with the strike of the mafic dikes. In many cases, the problems could be solved by 
overlaying different remote sensing data with geologic maps and by ground truthing, and we 
conclude that most of the strong magnetic anomalies in the HOD area are due to post-Damara mafic 
intrusions (Figures 1a, 1b). 
 

The first results of these studies show: 
 
• Large amounts of mafic igneous intrusions underly the metamorphic basement along the line 

Swakopmund-Erongo-Paresis, which coincides widely with a pre-existing, reactivated fault 
zone  
(Figure 2). 

• The geometry of dikes varies across major basement lineaments within the HOD and three 
zones can be distinguished based on analysis of strike directions from remote sensing data.  

• On a regional scale, the HOD is parallel with the Damara Belt structures but locally, individual 
dikes follow cleavage and minor faults which cut the basement discordantly. 

• Although the HOD area is clearly extensional, there is a prominent lack of normal faulting, with 
the exception of a young, half-graben structure along a reactivated Damara fault zone. The lack 
of normal faulting suggests that magma supply throughout the HOD was sufficient to match 
extension. 
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Figure 2: 
Red areas are aeromagnetic anomalies with the highest
magnetic intensity, superimposed on the Landsat image.
Many correspond with exposed Cretaceous ring complexes
but a prominent series of magnetic anomalies extending
from Swakopmund to the Erongo complex have no surface
expression and are interpreted as buried intrusions along a
reactivated fault zone. 

Figure 1: Comparison of surface geology (a) from MILNER (1997) and high-resolution aeromagnetic
map of the same region (b). The distinction between magnetic rocks in the folded basement or later
intrusions is possible in many cases when the two images are combined. In (a), areas of highest
magnetic intensity (red patches) are overlain on the geologic map and they cut across basement units
and therefore represent intrusions. In (b) highly magnetic bodies outlined in the yellow ellipse occur
in a geologic unit which is otherwise non-magnetic, suggesting that the bodies are later intrusions. 
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extensional tectonics of a Precambrian sill complex in 
Northern Ireland.  
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The Eocambrian dolerite sill complex of County Donegal, Ireland, occurs in well exposed, 
accessible coastal sections and rugged upland areas, where its  geometries and emplacement 
mechanics can readily be appreciated. These metadolerite and metagabbro (originally quartz 
dolerite) intrusions occur in pelites, quartzites and limestones of the Proterozoic Dalradian 
supergroup where they post date two phases of regional, orogenic (contractional) deformation and 
low grade (muscovite) regional metamorphism. 
 

A major control on emplacement and intrusion geometry appears to be lithology. The 
thickest and most extensive intrusive units occur within thick pelite formations. Here wedging apart 
of bedding planes, bending and stretching of lithological units, combined with localised melting of 
pelites around contacts, are common. In the latter situation melts may localise along bedding planes 
allowing decollement folding of overlying layers and creating local emplacement space adjacent to 
the dolerites. More importantly strongly deformed melt zones, often up to 3m thick, appear to 
underlie the bases of all these bodies and suggest subhorizontal to gently upward emplacement 
along melt lubricated (and possibly overpressured) shear zones. The intrusive units, when viewed in 
this direction of propagation, have extended their perimeters in virtually all directions and appear 
therefore to be “mega” finger dykes rather than sills. In the thicker quartzites the geometry changes 
to a more conventional sill but with a large overall dome shape and melting is absent at contacts. 

 
Whilst some dolerite-sediment contacts are simple bedding parallel features without any 

deformation and having country rock hornfelsing as the only obvious effect, the vast majority of 
contacts are deformed. Apart from those with melts along them there is a distinct set of structures 
which form along contacts and which also offset the basal melt-filled shear zones. These are pre- to 
syn- to late- with respect to the crystallisation of the dolerites. They are extensional (with respect to 
the current datum), predominantly down to the north or south with minor components down to the 
east and west. Some dolerite sheets occur enclosed within such shear zones. The most likely 
tectonic scenario is tholeiitic magmatism during extension/crustal collapse. 

 
The overall geometry of the complex is one of mega finger dykes (up to 200m in diameter) 

in the thickest pelite formation feeding and propagating up into a large dome shaped sill in the 
thickest quartzite unit and then (by inference) feeding down to the lowest levels into a dense 
network of thin and laterally limited sills in a thinly interbedded mixed pelite/quartzite/limestone 
formation. 
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the Isle of Skye, Scotland. 
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The c.60Ma tholeiitic dolerite sills of Skye are a component of the Skye Tertiary Igneous Centre, 
involving, in addition, lavas, a dyke swarm as well as acid, basic and ultrabasic intrusive 
complexes. The entire igneous event has been related to the 60 Ma Icelandic mantle plume. New 
work on the sills of the Trotternish peninsula reveal that they form a series of linked, lenticular 
sectioned (when viewed in the flow/propagation direction) sheets, up to 150m in thickness, which 
transgress upwards through the Jurassic stratigraphy towards the north. The sheets can be 
characterised as flow units of different orders which branch and bud from each other and from 
lower order units in a downstream flow direction. Up to five orders have been determined with the 
smallest flow units 5-50m thick being discernible by cooling column discontinuities  and 
lenticular/bun shaped cross sections. The entire complex represents the first order flow unit. The 
new work shows that cooling column geometries can reveal information about overall sill 
geometries, about flow unit cooling histories as well as providing evidence of “merged” flow units. 
Large and small scale azimuthal and directional flow indicators, including a newly discovered type 
(“Buttress Structures”), as well as vesicle alignments and flow unit branching patterns together with 
magnetic fabric data (AMS) indicate a northerly and slightly radiating flow of magma within the 
complex away from the main igneous centre in central Skye (The Cullins Complex). 

14 The Impact of Caldera Collapse on the Magmatic 
Processes at Ossipee Ring Complex 
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The collapse of a magma chamber often forms a caldera at the surface and a ring dyke at depth. 
However, the magmatic and eruptive processes responsible for the intrusion of these dykes remain 
poorly understood. The Ossipee Ring Complex, dated at 125 Ma and part of the White Mountain 
Igneous Province in New Hampshire, contains a 10 km-diameter ring dyke. It provides a rarely 
exposed window into the dynamic plumbing system beneath a caldera. We hypothesize that the 
collapse of the magma chamber roof disrupted the magma chamber producing a remarkable variety 
of structures, magma types and textures as seen in the ring dyke rocks. To understand the 
relationships between the different magmas, we mapped, sampled, and made thin sections of the 
rocks within the ring dyke. The majority of the ring dyke is crystal-rich quartz syenite. It also 
contains blobs and streaks of more mafic material. Rhyolite is also widespread in the quartz syenite 
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and occurs as diffuse blobs and dyke-like bodies. The relationship between the rhyolite and the 
quartz syenite is often gradational. Basalt occurs as mingled dykes within the quartz syenite and the 
rhyolite. Our observations allow us to place the intrusive processes sequentially. First, basaltic 
dykes intruded the precollapse volcanic edifice. This was followed by rhyolitic eruptions of lavas 
and pyroclastic rocks, which caused the collapse of the magma chamber roof. Finally, crystal-rich 
quartz syenite, rhyolite and basalt then together intruded the ring dyke. Fluidal mingling and crystal 
exchange between all three magma types is observed, implying that their intrusion was 
simultaneous and influenced by the collapse process. We propose that the collapse of the chamber’s 
roof promoted (1) the separation of the rhyolite from the quartz syenite crystal mush, (2) magma 
mixing amoung the three magmas, (3) the eruption of rhyolite and basalt together, and (4) the 
mobilization and intrusion of the viscous quartz syenite. 
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interpretation of magmatic dyke swarms of the South 
Shetland Islands, West-Antarctica – preliminary results 
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Magmatic dykes are essential components of volcanic arcs, penetrating them following joints and 
fracture zones. The present project aims to reconstruct the phases of deformation by combining 
structural information with the age of the dykes. 

 
The volcanic activity on the South Shetland Islands (Figure 1) began, according to 

HATHWAY & LOMAS (1998), about 130 Ma ago. From Mid to Late Eocene (40-30 Ma) the northern 
Antarctic Peninsula and 
southern South America 
underwent extensional tectonics 
(CUNNINGHAM et al., 1995), 
which led to sea-floor spreading 
in the Drake Passage 28 Ma ago 
(BARKER & BURRELL, 1977). 
Subsequent slab-rollback caused 
arc-extension and the opening of 
the Bransfield Rift as a backarc-
basin between 4 and 1.3 Ma ago 
(GARCIA et al., 1997). Very 
slow subduction (1mm/a) at the 
South Shetland trench continues 
until the present day (BARKER, 
1982). Various changes of 
subduction direction caused 
crucial variations regarding the 
tectonic regime in the overlying 
South Shetland block 
(MCCARRON & LARTER, 1998), 
being the reason for the shifting 

strike of the dykes. 

 
Fig. 1: Geography of the South Shetland Islands and the adjacent 

northern Antarctic Peninsula 

 
During austral summer season 2000/2001 fieldwork was carried out on King George Island 

and Penguin Island. The dykes outcropping in the upthrown Barton Horst, the “backbone” of King 
George Island (BIRKENMAJER, 2001), show a significant higher degree of alteration than the dykes 
of the adjacent (downthrown) Warsaw- and Fildes blocks. The reason could be the stratigraphically 
deeper position of the Barton Horst rocks coming along with a much smaller distance to the 
metasomatic front of the subduction zone. In some areas (e.g. Potter Peninsula, King George Island) 
a strong correlation between chemism and strike of the dykes and therefore the tectonic regime at 
the time of intrusion is observed (KRAUS et al., 2000). 
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In contrast to the subduction-related, calcalcalic dykes outcropping on the rest of the South 
Shetland Islands, the dykes of Penguin Island are composed of Ol-bearing basalt of slightly more 
alcalic chemism. They are not related to the island arc part of subduction in that area but rather to 
the opening of the Bransfield Strait as a backarc-basin. 

 
During last austral summer (2001/2002) the field work on King George Island was 

completed, and additional work was carried out on Hurd Peninsula, Livingston Island. Several dyke 
systems were mapped in areas of up to 100000m2, and the relative ages could clearly be observed 
because of the excellent outcrop situation. As an example please see Figure 2. 

 
The clearly distinguishable intrusive and tectonic events prove the good suitability of magmatic 
dyke systems for tracing the change of the tectonic regime over time and space. Further work will 
include extensive geochemical and isotope geochemical analyses to get a hint on the magma 
sources and their possible changes as a result of changing geodynamic parameters. 
 

Finally, geochronological methods shall fix the evolution history of the investigated area 
into a time frame. 
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intrusion event VI 145° (youngest dyke of the whole area, 6m thick, reactivated old direction) 
intrusion event V 70° (reactivated old direction, parallel to Bransfield Strait!) 
intrusion event IV 145° striking thin dykes (~1m) 
tectonic phase III ~135° (dextral faults) 
intrusion event III 175° striking, weakly expressed intrusion event 
tectonic phase II 10° striking, rare dextral faults 
intrusion event II 70° (cutting phase I dykes and faults) 
tectonic phase I ~130° striking sinistral faults 
intrusion event I 30° striking, rather thin dykes (<1m) 

 
Figure 2: Example for a dyke system on Hurd Peninsula (Livingston Island) 
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16 ‘Ropy flow structures’ in dolerite sills: initial versus 
deeper magma flow directions. 
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The understanding of magma flow directions in basic sills and dykes provides important 
information about igneous emplacement mechanisms. We here introduce a new magma flow 
indicator: ropy flow structures, which form in dykes and sills. These features are very similar to 
ropy lava structures (pahoehoe), but are of intrusive origin. They are unusual amongst magma flow 
indicators in providing a direct frozen record of the magma flow itself. Although the features were 
previously described by RANDALL & FARMER (1970) from the Holy Island Dyke they have received 
only scant attention. Here we analyse theses structures, propose a mechanism for their formation 
and test their ability to record the magma flow direction by comparison with an independent 
anisotropy of magnetic susceptibility (AMS) dataset.   
 

Our field observations, from two localities at the Whin Sill, show that the ropy flow 
structures occur in large flattened vesicles close to the sill/host rock contact. The structures range 
from several centimetres to over 1 meter in size and the magma flow direction can be inferred by 
the closure direction of nested ‘rope-cords’ parabolae. 

 
As a model for their formation we suggest that in response to repeated local pressure drops, 

in the surrounding of the sill tip, large flattened vesicles formed close to the sill top. Adiabadic gas 
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expansion in already undercooled magma then produced a chilled ductile rind around the vesicles, 
which was folded by the magma flow underneath to form the ropy flow structures. 

 
The flow direction indicated by the ropy flow structures has been independently tested by 

the determination of AMS fabrics. To investigate the local and the regional magnetic petrofabric 
oriented dolerite blocks from 30 sites were analysed for their AMS. The results show that close to 
the sill host rock contact the orientations of maximum susceptibility axes are parallel to the 
macroscopic lineation given by ropy flow symmetry axes as well as elongated vesicles close to the 
sill/host rock contact. Deeper within the sill, and on a regional scale, a different but internally 
consistent flow lineation is revealed by AMS. We interpret these data to indicate that the initial 
magma flow directions related to the propagating sill are preserved at or close to the contact, 
whereas deeper within the body the regional, larger scale magma flow pattern is observed.  
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The Whin Sill is a large Permo-Carboniferous dolerite intrusion in Northern England that is dated at 
294 ± 2 Ma (TIMMERMANN, unpublished data). On land the sill underlies an area of approximately 
5000km2 and has an estimated volume of 200km3. As the sill dips underneath the North Sea these 
numbers probably only represent a fraction of its actual size and volume. The stratigraphic horizons 
in which the sill is emplaced range from Dinatian to Westphalian. 

  
FRANCIS (1981) showed that the deepest parts of the sill lay to the east and south of the 

present day outcrops. His emplacement model proposes that major E-W to ENE-WSW orientated 
dykes intruded into the shoulders of the regional basin. The magma then flowed down adjacent 
bedding planes into the basin centre where the sill reached its maximum thickness. This model 
carries major implications about the direction of magma flow, both in the dykes and the sill. 

 
The aim of this work is to study the emplacement process of the Whin Sill and to analyse 

magma flow- and propagation directions within the body. We present a combined dataset of 
macroscopic flow indicators such as ropy flow structures, fingers and bridges together with 
magnetic fabric analysis and palaeomagnetic results from more than 200 sample sites. 

 
On a local scale the results suggest that it is possible to distinguish between the initial 

magma flow direction and the deeper flow direction of the tholeiitic body on the basis of the 
magnetic fabrics. On a regional scale palaeomagnetic methods were applied to evaluate the tectonic 



 29

history of the area after the sill was emplaced. This allows us to estimate whether the amount of 
block tilting/rotation is significant and whether the magnetic fabric has to be reconstructed to the 
time of intrusion. Additionally the remanence dataset reveals a secular variation pattern of the 
Early-Carboniferous earth magnetic field, which suggests that the Whin Sill was not emplaced in 
one distinct intrusion event. The AMS lineations of the sill show that: 1. there are geographically 
separated areas where the magma flow orientations are different and 2. the magma flow was not just 
down dip, and in some areas was parallel to the general strike of the host rock bedding planes. 
Furthermore, the AMS data near the upper and lower sill contacts were corrected relative to the dip 
direction of the surrounding host rock bedding. This corrected dataset reveals the magnetic 
imbrication fabrics from which the magma flow directions within the sill can be derived. These 
directional results give insights on whether the magma was in fact emplaced gravitationally 
(FRANCIS, 1982) or whether it has to be assumed that the sill was fed up dip by a ‘central’ magma 
source. 
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The late-Hercynian intermontane Saar-Nahe-Basin contains about 6500 m thick fluvial, lacustrine 
and alluvial sediments deposited in late Carboniferous and early Permian times.. During 
sedimentation “synsedimentary” tectonic activity was repeatedly reactivating faults. 

 
Between 292 and possibly 288 M.a. ago intensive volcanism was active causing the 

emplacement of a suite of silica-saturated tholeiitic basalts to rhyolites. Detailed mapping revealed a 
large variety of emplacement processes: 

 
1. Maar-diatreme-volcanoes of various chemistry erupted because of thermohydraulic 

explosions as a result of rising magma interacting with sufficient amounts of groundwater. 
In addition to their juvenile ash grains and lapilli the pyroclastic rocks contain all the 
minerals and pebbles of the unconsolidated sediments and only very few rock clasts. This 
proves that most of the surrounding sediments were unconsolidated and water-saturated in a 
thickness of 1000-2000 m below the surface of that time. The localisation of the diatremes 
was mostly controled by faults.  
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2. Basic to intermediate sills intruded within these rather unconsolidated sediments and 
inflated because the magma could not rise easily towards the surface. Their lateral extent 
was also frequently controlled by synsedimentary faults.  

3. Huge acidic laccoliths intruded initially in a sill-like fashion and then inflated. Several of 
these intrusive domes finally breached their cover and formed big extrusive domes and even 
lava flows and block-and-ash flows. The lack of eroded lithoclasts of the sedimentary cover 
rocks also points to unconsolidated watersaturated sediments within which the laccoliths 
intruded.  

4. Despite the large volumes of intrusive rocks, also large volumes of lava flows, mostly of 
basic to intermediate composition exist. Somehow their magma managed to reach the 
original surface in the same time period as magmas intruded tens, hundreds or a few 
thousands of metres below the surface. During emplacement the tholeiitic basalt and basaltic 
andesite lava flows also inflated and thus behaved like flood basalts.  

5. Tephra erupted from maar-diatreme volcanoes and tuff-ring volcanoes, the latter above 
domes, and are mostly phreatomagmatic in origin. Block-and-ash-flows resulted from slope 
failure of the growing extrusive domes.  

6. One ignimbrite, also influenced by phreatomagmatic activity, entered the Saar-Nahe-Basin 
from the Hunsrück mountains and was fed from a vent, 1 km in diameter.  

19 High-level volcano-granitoidic intrusions from the 
Żeleźniak Hill (The Kaczawa Mts., Sudetes, SW Poland) 
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The studied area is situated in SE region of the Kaczawa Mts. (Sudetes), northeast part of the 
Bohemian Massif. In this paper we report new data concerning Late Carboniferous small 
hypabyssal magmatic body of Żeleźniak (315-316 Ma, SHRIMP zircon age). The intrusion 
penetrated into early Paleozoic metamorphic schist due to fault system formed on the boundary 
between the Świerzawa and Bolków tectonic units (BARANOWSKI et al., 1990).  

 
Magmatic rocks are generally situated within the Żeleźniak Hill (666 m.). However, there 

are many radiating volcanic veins within a radius of 7 km. Dykes of kersantites composition cut 
volcano-granitic rocks (ZIMMERMANN & BERG, 1932; MANECKI, 1965; BARANOWSKI et al., 1990). 
Polymetallic ore deposits from disused mine at Stara Góra (former Altenberg) are a product of post-
magmatic hydrothermal activity. 
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Figure 1: Geological sketch map of the Kaczawa Mts and their location within the Variscan belt 
(based on  BARANOWSKI et al., 1998; modified by the authors). Main map: tectonic units: B-
Bolków, Ch-Chełmiec, D-Dobromierz, R-Radzimowice, RJ-Rzeszówek-Jakuszowa, S-Świerzawa, 
ZL-Złotoryja-Luboradz; NSB-North-Sudetic Basin, ISF-Intra-Sudetic Fault, MSF-Marginal Sudetic 
Fault. Inset map: AF-Alpine Front, AM-Armorican Massif, BM-Bohemian Massif, MC-Massif 
Central, VF-Variscan Front, TL-Teisseyre-Tornquist Line 

 
 
Polygenetic Żeleźniak body is composed of rhyolite, rhyodacite, dacite and trachyandesite 

as well as granitoid rocks. Granitic rocks, colled microgranites, are fine grained, porphyritic; their 
composition corresponds to monzogranite. This variety occurs at the surface and waste dumps of 
the closed Stara Góra mine. Equigranular and coarse-grained (0.5-1.5 cm) granitoids of granodiorite 
composition were drilled at west slope of the Żelaźniak hill in depth of 55 m. 
 

ZIMMERNANN and BERG (1932), the authors of a geological map of the area, draw a 
conclusion that volcanic body formation accompanied brachyantyclinal uplift: the uplift resulted in 
radial fractures around the intrusion core surrounded by a contact aureole. MAJEROWICZ & 
SKURZEWSKI (1987) found that magmatic body is a subvolcanic laccolith quenched at shallow 
depth, composed of rhyolite and granite type rocks. 

 
The series contains massive rocks identified as “core” facies as well as many volcanic rock 

varieties of different groudmass texture, e.g. spherulitic, micropoikilitc, and granophyric. Such 
groudmass textures are products of volcanic glass recrystallization; they are undoubtedly indicative 
for an outer, quickly cooled “carapace” facies, probably contacting with the surface (CAS & 
WRIGHT, 1987). A single ignimbrite sample containing pseudomorphic replacements after shards of 
curvilinear surface (blocky-shards) as well as samples displaying flow textures and containing 
recrystallized rock fragments were found. 

 
Generally, the granitic rocks are typically porphyritic microgranites that gradually transform 

into a acid porphyric rocks. Such rock varieties are indicative for hypabyssal setting. 
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Mineralogy of equigranular granodiorites differs from other studied rocks; they contain 
plagioclase, minor K-feldspar, and biotite flakes as well as abundant amphibole, accessory titanite 
and ore minerals. 
 

Volcano-granitic rocks are accompanied by kersantite and breccia occurrences. Fine-grained 
and porphyric textural varietes of lamprophyre were found. Porphyritic variety contains 
pseudomorphoses after olivines and glomeroporphyritic clinopyroxene clusters. All kersantite 
samples enclose numerous plagioclases and phlogopites; moreover, they comprise xenoliths of 
unknown origin that are completely overprinted by carbonates. 

 
Breccias from Żeleźniak consist of various clasts: volcanic and metamorphic rocks coming 

from adjacent area, basic rocks containing abundant clinopyroxene, magnetite and dark mica. The 
breccia cement contains the plagioclase of oligoclase composition and diopside. The breccia is 
probably of diatremal origin. 

 
The present-day association of magmatic rocks in the Żeleźniak region suggests a vestige of 

the lava dome. The upper part of the chimney zone consisting of granitoids and diatremal breccias 
is exposed. Subsequent magmatic pulses resulted in periodical lava flows and short degassing 
events. 
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Volcanic fields in western Hungary comprise several erosional remnants of Mio/Pliocene 
volcaniclastic successions that are penetrated by numerous mafic intrusions. Ság-hegy is a complex 
volcano consisting of several phreatomagmatic sequences (~ 50 m) preserved under a coherent lava 
body, which is partly quarried away. Due to the intensive quarrying in the past decades, the inner 
part of coherent lava body has been completely removed, leaving behind a castle -like architecture 
of pyroclastic rocks. The outcrop walls thus representing more orless the irregular morphology of a 
coherent lava body emplaced in the vent zone of a phreatomagmatic volcano. The NW-SE trending, 
ellipsoidally shaped quarry pit represents the original geometry of the coherent lava body. The 
quarry walls, build up by pyroclastic beds, are truncated by oblique to horizontal coherent lava 
layers (sills, m-scale) which seem to be connected with a central magma zone, presumably the 
already quarried lava. There are large areas (tens of m2), where thin (<10 cm) strongly chilled, 
black, angular jointed afanitic basaltic lava mantles the preserved pyroclastic sequence, that are 
interpreted to be the irregular contact zone of the tuff ring and emplaced basaltic intrusion. Feeder 
dykes intruded and cross-cut the phreatomagmatic deposits, often forming peperite along their 
margins. Peperitic margins along sills and oblique dykes are more prominent in the lower section of 
the pyroclastic units suggesting its water-saturated and unconsolidated conditions. In contrast, in the 
upper section the intrusions often caused inverse faulting of the pyroclastic units indicating of its 
drier, rigid state during intrusion. However, there are also peperitic margins along the contact of the 
lava lake and tuff ring at the topmost pyroclastic sequence, which is inferred to represent the 
subaerial tuff ring units. This peperitic zone is thinner and sharper than peperitic sill and/or dyke 
margins in lower stratigraphic position, and is interpreted to be the result of exhaling magmatic 
gases and vapour that both together may have promoted the formation of these peperites. Although 
the host tuff ring deposits were dryer inferred from the presence of common thrust faulted blocks of 
entire phreatomagmatic lapilli tuff and tuff units. 

 
The initial pyroclastic series of Ság-hegy comprises bedded, unsorted and non-graded to 

normal graded, alternating tuff and lapilli tuff beds. Soft sediment deformation, cross bedding, 
undulating bedding, accretionary lapilli beds and deep, plastically deformed impact sags are 
common and indicate phreatomagmatic explosive eruptions responsible for the formation of a tuff 
ring at Ság-hegy. Juvenile clasts of fine ash to fine lapilli size comprize predominantly angular 
sideromelane glass shards with non-to-high vesicularities suggestive of interaction of magma and 
variable amount of water. Vesicular sideromelane shards tend to be stretched and slightly fluidal. A 
variable amount of tachylite shards are present but are less common than sideromelane. Lithic clasts 
(< 5 cm in diameter) predominantly derived from the Late Miocene fluivio-lacustrine units 
underlain the volcanic sequence and they often form clot-like, plastically deformed, fragments in 
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the pyroclastic rocks. These features suggest that the initial pyroclastic units at Ság-hegy resulted 
from phreatomagmatic eruptions due to interaction of rising basaltic magma and water-saturated 
unconsolidated sediments. The pyroclastic units are inferred to have been deposited by alternating 
base surges and fall-out, which gradually built an initial tuff ring around the erupting vent(s). 

 
At Ság-hegy phreatomagmatic volcanic complex, in addition, blocky and globular peperite 

occur along the margins of most of the identified feeder intrusions such as oblique dykes and sub-
horizontal sills The sills have jagged and brecciated margins and intrusions occurred along or close 
to unconformities in the tuff ring sequence. Basanite clasts are up to 1 m long. Many (mainly the 
smaller ones) are blocky and polyhedral, with sharp corners, but others have partly rounded 
margins. Jigsaw-fit textures are locally preserved. The inner part of the sill(s) and larger lava bodies 
are aphanitic and non-vesicular, whereas the margins of these bodies and smaller clasts show high 
vesicularities. The strongly vesicular zones show increasing vesicle sizes from the inner part to the 
margins. Sizes vary from large (up to 1 cm) to small (up to 0.2 cm).  The shape of the vesicles is 
non-uniform commonly ragged and stretched. 

 
All the coherent lava bodies at Ság-hegy involved in the peperite forming process have a 

cm- to m-scale strongly fluidized zone forming a whitish, fine-enriched sediment halo around them. 
Commonly the halo is narrow in places where globular peperite has developed, whereas the halo 
reaches meter size in areas were blocky peperite is apparent, indicating suppressed 
phreatomagmatic disruption along the sill margins. At Ság-hegy, there is a clear transition from 
irregular margins of sills or dykes (globular peperite) to disrupted-texture, angular shaped originally 
globular fluidal clasts or blocks (blocky peperite). Large lava fragments often form vertical 
alignments. Coherent lava often is strongly vesicular (cm-scale) along its margin, and vesicles are 
filled with homogenized host sediment. The mixed appearance of globular and blocky peperite at 
the same location indicates a change in fragmentation and mixing mechanism of host and intruding 
magma body during magma-wet sediment interaction. Intrusion along unconformities in the tuff 
ring sequence may have enhanced sill formation fed from the central, large-volume lava body 
gradually filled the vent zone due to decreased stress, which allowed an easier emplacement. 

 
The peperitic margin of intrusive bodies and their field relationship to a large coherent lava, 

e.g. lava lake at Ság-hegy records complex eruption history of a magma body into a wet vent zone 
of a phreatomagmatic volcano. The presence of peperitic intrusions also highlight the slight time-
delay (hours to days) between formation of the phreatomagmatic tephra ring/mound and the 
emplacement of basaltic intrusions. 
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The studied area is located along the Thyrrenian Sea coast, in southern Tuscany where mining 
activity was active since the XIX century (Miniere di Gavorrano; ARISI ROTA & VIGHI, 1972). The 
geologic framework of the area consists of several eastward stacked tectonic units, from the bottom: 
Tuscan Basement, Tuscan nappe, Ligurian units l.s. (BURGASSI et al., 1983). The nappe pile resulted 
from the convergence and collision between the European margin and the Adria microplate in late 
Oligocene. From Late Tortonian, the internal zone underwent post- collisional extension due to the 
opening of the northern Tyrrhenian sea (CARMIGNANI et al. 1995). In southern Tuscany, crustal 
extension is associated with magmatic rocks of the Provincia Magmatica Toscana (PMT), which 
includes granitoids, acid volcanics and minor high-SiO2 lamproites and K-rich up to ultrapotassic, 
relatively primitive, products. The age of the PMT magmatic rocks shows an eastward migration 
from Late Miocene to Pleistocene; in the coastal area they show a lower Pliocene age (4-5 Ma; 
SERRI et al., 2001 and references therein). The Gavorrano intrusives belong to the PMT and consist 
of monzogranite and tourmaline-rich microgranite (MARINELLI, 1961), they intruded at the base of 
the Tuscan Nappe and crop out in a structural high consisting of a southward dipping monoclinal 
sequence (DALLEGNO et al., 1979). New geologic investigation and review of numerous data from 
mining exploration (ARISI ROTA & VIGHI, 1972; DALLEGNO et al., 1979) have been merged. The 
intrusion consists of two principal magmatic facies: biotite bearing monzogranite with large 
megacrysts of K-feldspars and leucocratic tourmaline rich micro-granite. The leucocratic facies 
intrudes the monzogranite, and the two facies depict a rough N-S magmatic structure. The intrusive 
body exhibits a maximum thickness of about 600 m with a maximum width of about 4000 m, as 
derived by mining data. The close spatial relationship with the more primitive product of the buried 
Castel di Pietra granite (about 7 km north of Gavorrano; FRANCESCHINI et al., 2000) and the 
occurrence of several localised magmatic pulses, suggest that Gavorrano intrusion has been fed by a 
deep batholith. This hypothesis agrees with geophysical data indicating in southern Tuscany high 
level intrusions belonging to a composite batholith, distributed at different depths within the crust 
(GIANELLI et al., 1997). Overall, the restored shape of the Gavorrano intrusive mass is interpreted as 
an asymmetric laccolith that is bounded by two main faults. The eastern side of the laccolith is 
completely missing and is cut and bounded by a NNW-SSE trending normal fault (the Monticello 
fault; ARISI ROTA & VIGHI, 1972). There are no traces of hornfelses rocks along the eastern fault; 
only local cataclastic limestone crops out close to the fault trace. The western side is bordered by 
the NW-SE Gavorrano fault (ARISI ROTA & VIGHI, 1972), that further north rotates to NE-SW 
direction. Along this fault there are several slices of the original thermal aureole, consisting of 
hornfelses and marbles, there are also fault breccia containing clasts of hornfelses and granite. The 
Gavorrano fault separates the granite from the carbonate sequence of the Tuscan Nappe, that, close 
to the fault, shows a faint thermal metamorphism. Mining and field data indicate that the Gavorrano 
laccolith emplaced at the base of the Tuscan Nappe (Calcare Cavernoso and Calcare Retico) above 
the quartzites and phyllites of the Tuscan Basement (Verrucano s.l. and Boccheggiano slate; 
DALLEGNO et al., 1979). The principal outcrops of hornfelses are at the north-northeastern and the 
southern terminations of the laccolith; two mineralogic assemblages have been recognised: one 
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consisting of And+Bt+Kfs (T of about 550-600 C° and P of about 0.1-0.2 GPa) and a successive, 
characterised by low temperature and important fluid circulation conditions, consisting of 
Ms+Chl+Ab and several Fe-oxides. The principal sulphide ore bodies are along the western 
Gavorrano fault. However, the occurrence of magmatic joint filled by quartz and pyrite and 
hydrothermal veins (pyrite quartz and adularia) in the intrusive body suggest that the ore bodies 
formed after the granite emplacement. The deformation in the laccolith and in the host rocks (fault 
with slickenside and fractures), the occurrence of slices of thermal aureole along fault plane and the 
occurrence of fault breccia containing clasts of granite indicate that brittle tectonics (Gavorrano and 
Monticello faults) acted after the emplacement and cooling of the laccolith. The position of the 
Gavorrano laccolith within the nappe pile, indicates that this intrusion exploited an inherited 
mechanical discontinuity. This corresponds to the basal thrust of the Tuscan Nappe on the Tuscan 
Basement units, represented by disrupted evaporitic layers (Figure 1). The upward flexure of the 
brittle overburden (about 5-6 km) due to the laccolith inflation leads to the development of fractured 
zones, located at the border of the intrusion. Successive faulting was partitioned in these zones and 
the asymmetry of laccolith drives the different location of bordering faults. The proposed model 
underlines that in the inner portion of northern Apennines, the inherited tectonic discontinuities 
(thrusts) represented weaker zones where magmas emplaced at shallow crustal level. Similar 
mechanism has been also envisaged for the late Miocene intrusion of western-central Elba 
(WESTERMAN et al., 2000; DINI et al., 2002). 
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Figure 1: Cartoon showing the proposed model for the Gavorrano laccolith emplacement. a) 
Vertical black bars represent area with high fracture density for the overburden flexure. b) Proposed 
original asymmetry for the laccolith could explain the successive different localisation of bordering 
faults. 
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Geophysical and field-based studies of intrusions indicate a preference for either tabular (disk) or 
wedge (funnel) shapes whose length (L) (generally horizontal) to thickness (T) (generally vertical) 
ratio is described by empirical power laws (PETFORD et al., 2000; CRUDEN & MCCAFFREY, 2001) 
with exponents a = 0.6 for granitic plutons versus a = 0.8 for laccoliths. Few published data are 
available for minor (cm) and meso-scale (m-dm) intrusions (Figure 1). 
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Figure 1: Dimensional data for granitic intrusions. This plot spans scale-ranges from minor 
intrusions (cm) to batholith-scales (100s km).  
 
 

The available data, despite somewhat large scatter, appear to define an open ‘S’-shaped 
curve with the above mentioned laccolith and pluton power law slopes being tangential to the 
overall curve. The smallest-scale intrusions appear to lie along an a << 1 curve, with extremely high 
length/thickness ratios. From L = 100 m to c. 5 km length/thickness ratios are low with a > 1. 
Above L = 5 km length, plutons and laccoliths follow a < 1 and at the batholith scale a << 1. 
 
Intrusion growth models 
The basic problem with the intrusion datasets at present is that we do not have enough robust data 
to say for certain whether the ‘S’-curve is real. In order to better define the shape of the S-curve, 
and to understand its significance in terms of intrusion growth models, much more data on intrusion 
dimensions at all scales is required. In particular, we need coherent datasets from the same system 
of minor intrusions in the scale range of lengths from 1-100 m in order to test whether the proposed 
changes in a-value at this length scale is real. These intrusion sizes lie between outcrop and 
mapping scales and are generally too small to be detected by geophysical means. For example, data 
from meso-scale intrusions in the Qôrqut granite SW Greenland yield a ≈ 1.5. 
 

The dimensional similarity between small and large intrusions suggests that they are 
connected by a common growth history, i.e. large intrusions have grown from small intrusions. A 
similar dimensional analysis of faults shows that they grow by constant increments of length and 
displacement. This means that they maintain a relatively constant length to displacement ratio and 
small faults plot on the same straight line with a constant a value (Figure 2a). Intrusions apparently 
show more complex growth characteristics with small-scale intrusions plotting on different parts of 
the ‘S’ curve with respect to larger plutons and batholiths (Figure 2b).  
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Figure 2: a) Fault dimensional data compiled from SCHLISCH et al. (1996). b) Intrusion ‘S’ curve 
(grey area) showing different growth models, 1. CRUDEN & MCCAFFREY (2001) model, 2. Data 
from meso-scale intrusions in Greenland. 3. Batholith intrusion by multiple pluton intrusion. 4. 
Comparative fault growth model. Small inset diagrams show typical intrusion geometries at 
different scales. 
 

CRUDEN & MCCAFFREY (2001) suggested, by analogy with natural and experimental 
subsidence phenomena, that plutons grow by vertical inflation (a = 6) of a thin sill and growth 
continues until a power-law growth limit curve is reached. This implies that the final length to 
thickness ratio is arrived at via a complex path rather than a simple path as in fault growth. At the 
top end of the scale, batholiths are formed by multiple intrusions of plutons. While they may be 
stacked vertically, their lateral arrangement is usually of greater extent often due to the long strike 
length of magmatic arcs, in which the locus of magmatic activity migrates over time, resulting in a 
<< 1 for batholiths.  The low exponent values for sills and batholiths (i.e. a <<1) suggests that there 
are strong limits on the upper bounds for the vertical growth of both types of intrusion compared to 
individual laccoliths and plutons.  In the case of sills, this could be due to insufficient driving 
pressure to allow "lift off" to occur, and T is controlled by the elastic properties of the host rocks. In 
the case of batholiths, the maximum T may reflect the limiting ability of the crust to provide space 
by floor subsidence and roof lifting. 
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The evolution of the Halle Volcanic Complex (HVC), which formed in the East German Saale 
basin during the Stefanian-Autunian, is characterized by the formation of lava(domes), minor 
pyroclastic eruptions and numerous shallow-level intrusions (sills, dykes, large laccoliths; see 
SCHWAB, 1965; SIEGERT, 1967; KUNERT, 1978 and references therein for previous studies). During 
the early phases, SiO2-poor magmas have been important, however, rhyolitic compositions 
predominated (ROMER et al., 2001). The HVC development culminated in the emplacement of 
voluminous porphyritic laccoliths, which are the focus of this contribution. These chemically very 
homogeneous rocks display a pronounced textural variety regarding their phenocryst content and 
size revealed by modal and crystal size distribution (CSD) analysis: i) thick laccolith units ( > 700 
m) with phenocryst contents of 17 to 35% and large K-feldspars (Löbejün and Landsberg units) and 
ii) thinner units (< 500 m) with smaller K-feldspars and pheoncryst contents of 12 to 29% 
(Petersberg and Wettin units). The small Schwerz laccolith in the eastern HVC is petrographically 
most varied. Complex mingling textures are reflected in different rock types and their contact 
relationships. CSDs of the phenocrysts are also different for the different varieties of rhyolite 
present in the Schwerz laccolith. 
 

Quartz phenocrysts frequently show fragmentation along embayments with the annealed 
fragments located in different optical orientations. This observation indicates that the ascending 
magma vesiculated, and presumably released volatiles into the host sediments, prior to its 
emplacement as laccolith units (EICHELBERGER et al. 1986, BEST & CHRISTIANSEN 1997). 

 
In the small crystal laccoliths, flow banding is recognized by zones of higher phenocryst 

content and weakly aligned feldspar phenocrysts and has been used to determine the level of 
erosion/exposure: bowl-shaped flow band geometries, as can be found in the Wettin unit, indicate 
strong erosion to the lower third of the laccolith, whereas copula-shaped geometries (NW sector of 
the Petersberg unit) suggests exposure of the upper part of a laccolith body. 

 
The groundmass of the Petersberg laccolith is homogeneously granophyric. Only at the 

margins, m to dm wide spherulitic and altered glassy domains occur (see also LÖFFLER, 1983). In 
addition to the flow structures, the presence of these marginal domains suggest that the present level 
of erosion lies within the upper third of the laccolith at least in the northwest. The CSDs and 
quantification of the spatial distribution of the phenocrysts in samples from a drill core through this 
laccolith suggest an emplacement by at least two pulses of magma with no or minor cooling in 
between batches. Also, a non-touching framework of the phenocrysts has been shown by 3D 
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reconstruction. Moreover, these investigations show how detailed textural analysis can reveal 
inhomogeneities in apparently homogeneous magmatic bodies. 

 
Data from outcrops, mines, quarries and several hundreds of drillings have been used for an 

improvement of existing (sub)surface maps and for 3D modelling. Additional support for the 
delimitation of HVC laccolith units comes from magnetic modelling. These data strongly suggest 
that the laccolith units emplaced within different levels of the Late Carboniferous basin fill. Tilted 
host sediments are present between laterally adjoining units. Isolated thick pockets of host sediment 
exposed by drills in the top area of the Löbejün unit suggests the possibility that the large laccolith 
units coalesced from smaller bodies emplaced synchroneously in one level (“Donnerberg type”, see 
BREITKREUZ & MOCK this volume). 
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Quartz phenocrysts of the Westphalian Schönfeld-Teplice volcanics (STV; Eastern Krušné 
Hory/Czech Republic) have been studied by cathodoluminescence (CL) and by electron micro 
probe for trace element analysis (Al, Ti, K, and Fe). Samples are from the 1000m deep drillhole Mi-
4 which is situated near the village Mikulov, Czech Republic. 

 
According to the whole rock chemistry, five effusive phases of the STV are distinguished: 

basal rhyolite tuffs (BR), dacitic tuffs and ignimbrites (DC), and rhyolite tuffs and ignimbrites TR1, 
TR2, and TR3. The last stage of the TR3 intruded subvolcanically into the effusive beds. The two 
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older BR and DC units belong to the Schönfeld beds, represent a relatively primitive calc-alkaline 
magma with relatively high contents of Fe, Mg, Ca, P, and Sr, low contents of Rb, Th and HREE, 
and no or small Eu-anomaly. The three younger TR units belong to the Teplice rhyolite, which is 
enriched in K, Zr, Th, Y and HREE, and relatively depleted in Al, Ti, Mg, and Sr. The bottom of 
each TR unit (TR1a-TR3a) is chemically more evolved than the upper part of the unit (TR1b, 
TR2b, TR3c). 

 
Four different quartz phenocryst populations (type 1 to 4) are distinguished in the STV 

sequence according to the growth pattern and trace element signature: Type 1 occurs in BR, type 2 
in DC, and type 3 and 4 are found in the TR units. Generally, phenocrysts of the same stratigraphic 
unit show similar growth patterns and trace element signature, which allows their classification. 

 
The variation of quartz phenocryst populations and the chemical trends point to a step-by-

step exhaustion of a stratified magma chamber. The interpretation of the phenocryst stratigraphy 
suggests that the structure of magma reservoirs is more complicated than expected from the whole 
rock chemistry and, that in the case of the STV, two temporal and spatial separated magma 
reservoirs existed: (1) the Rb-poor, Sr-Zr-rich BR-DC (Schönfeld) reservoir and (2) the Rb-rich, Sr-
Zr-poor TR (Teplice) reservoir. 

 
Moreover, quartz phenocrysts in the subvolcanic TR3c unit show a porosity of up to 2 

vol.%, whereas the porosity of the effusive phenocrysts in BR, DC, TR1-TR3b is <0.2 vol%. The 
porosity results from dissolution and precipitation during second boiling whereby late-magmatic, 
highly reactive fluids interact with the quartz. Part of the dissolved quartz was moved away and the 
residual porosity is filled with the high-salinity fluids. That means, that 3 to 5 million cubic meters 
quartz were dissolved from one cubic kilometer TR3c-rock which contains about 26 vol% quartz. 
This volume of dissolved quartz is likely to be the source of the wide-spread silification and 
greisenisation in this area. 
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The Land’s End Granite with an age of about 275 Ma (CHEN et al., 1993) is the youngest of the 
major plutons of the Cornubian Batholith in SW England. It is composed of a number of intrusive 
sub-stages made up by porphyritic two-mica granite containing K-feldspar megacrysts up to dm 
size, together with equigranular two-mica and tourmaline granites. There is little chemical variation 
between the  megacrystic granites, but differences in size and abundance of K-feldspar phenocrysts 
and the crystal size of minerals in the groundmass provide criteria for distinguishing the separate 
intrusive entities. 
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The purpose of this contribution is to present new data relating to the Land’s End Granite 
which focus upon the nature and origin of magmatic fabrics in general, and of the intra-granular 
structure of phenocrysts in particular. 

 
Detailed mapping of coastal cliffs at Porth Ledden and Pellitras Point permit tomographic 

definition of individual granite intrusions which form mainly sub-horizontal sheets of decimeter- to 
decameter-scale cut by dykes of granite porphyry and bodies of tourmaline breccia and 
replacements. 

 
At Porth Ledden there is evidence for a number of magma batches emplaced sub-parallel to 

the contacts with the host Mylor Slate Formation where this is governed by the dip of foliation 
which forms the shallowly dipping segments of the contact (<35°) as shown in Fig. 1a. Along the 
contact, in chronological order, the following intrusive sequence was observed, in part previously 
described by CHAROY (1979) and HALLS (2002): 1) fine-grained porphyritic two-mica granite 
(occurring only as enclaves), 2) medium-grained porphyritic biotite-granite, 3) coarse-grained 
porphyritic biotite-granite, 4) layered biotite-granite with aplite, unidirectional solidification 
textures, and stockscheider along the contact. This first main sequence composing an outer carapace 
is followed by the intrusion of tourmaline-muscovite-granite and tourmalinite. The youngest 
intrusive stage is a sparsely porphyritic two mica granite with a finer equigranular matrix and a buff 
colour. The intrusive sequence observed on a small scale in the exposures at Porth Ledden are 
comparable to the intrusive succession in the inner part of the Land’s End Granite as, for example at 
Pellitras Point, but here the units are of larger dimension (Figure 1b). At Pellitras Point the 
porphyritic fine-grained two-mica granite is dominant, being the first stage of intrusion observed at 
this locality. Contacts with the slightly younger coarse-grained porphyritic two-mica granite are 
rheomorphic and smoothly lobate. The lower sub-horizontal sheet of equigranular to weakly 
porphyritic two-mica granite shows progressive changes in the abundance of phenocrysts and 
enclaves suggestive of sinking of crystals and enclaves within the granite melt. In the latest stage a 
sub-horizontal layer of mica-free leucogranite is intruded along the contact between the earlier 
granite units. 

 
Generally, the SW part of the Land’s End Granite is formed by a complex sequence of 

intrusive units mainly composed of decameter thick, sub-horizontal granite sheets. The field 
observations described above form the basis for studies of the micro-fabric and the chemistry of 
rock-forming minerals, which are now in progress. 
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Figure 1: Schematic cross sections of the Land’s End Granite. (a) Porth Ledden. The section is 
perpendicular to the contact, which dips 30-35 degrees W to NW. (b) Pellitras Point.  
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Rapakivi texture, which includes plagioclase-mantled, ovoidal K-feldspar and rounded, hornblende 
ocellular quartz, is common within Precambrian igneous rocks of wide ranging compositions. 
Several models have been proposed for the generation of these textures. They can form by varying 
P-T conditions during rapid magma ascent. Alternatively, the textures can be produced by magma 
mixing. Field relations in the rapakivi-bearing Strelley Granite of the Pilbara Craton, Western 
Australia, indicate that a two-stage magma mixing process is necessary to generate these textures. 
 

The ca 3.24 Ga Strelley Granite is a composite laccolith that comprises two main phases: an 
outer, equigranular and an inner, feldspar phenocrystic granite. The inner phase interacted with a 
mafic magma to produce three zones: 1) an eastern, >kilometre-scale, rapakivi granite that 
represents the original crystal-rich felsic magma chamber; 2) a ~500 metre-wide, heterogeneous 
western doleritic lobe, representing a mafic injection zone; and 3) a central, 100 metre-scale zone of 
hybrid intermediate-composition rocks that contains abundant rapakivi textures and separate the 
mafic and silicic magmas. The contacts between the three zones are irregular, with abundant 
evidence for material transfer between them, indicating that the mafic and silicic magmas were 
coeval. 

 
The inner phase granite contains abundant metre-scale, intermediate, hybrid enclaves that 

generally occur in trains. The hybrid enclaves have a high proportion of mantled K-feldspar, 
hornblende ocellular quartz and fine-grained mafic enclaves, which are interpreted as disrupted 
hybrid dykes that intruded the active granite magma chamber. Some hybrid enclaves have been 
back-veined by the felsic host, confirming the existence of magma in the chamber during dyke 
intrusion. Elsewhere, hybrid enclaves have disaggregated and rapakivi textured minerals have been 
dispersed throughout the felsic magma, indicating that these enclaves were magmatic. All the field 
evidence is consistent with dyke injection of hybrid magmas into the resident granitic magma 
chamber. Depending on the viscosity contrast between the two magmas, the dyke material either 
pillowed as enclaves or was efficiently dispersed into the chamber. 

 
Therefore, a two-stage mixing model is proposed for the rapakivi textures in the Strelley 

Granite. The first stage of mixing, occurred between the crystal-rich felsic magma and the basaltic 
magma, presumably along the magma-magma interface during the initial injection of the mafic 
body.  This produced the hybrid magmas and the rapakivi textured minerals. The resultant hybrid 
magma then locally intruded the felsic magma, possibly triggered by injection of a new, hot basaltic 
magma. Depending on the degree of crystallisation in the chamber, the dykes were either quenched 
to form a more viscous crystal-rich phase, or discharged as a low viscosity crystal-poor phase. 
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The eastern Pilbara Craton of NW Australia is a classic Archaean granite-greenstone terrain, where 
~60 km-diameter, ovoid granitoid domes are surrounded by narrow, synclinal greenstone belts. 
Considerable debate has centred on the origin of this unique geometry, particularly whether it 
formed under horizontal or vertical tectonic regimes. However, debate has focussed on dome 
development rather than on granite emplacement mechanisms and failed to consider the origin of 
the granitic substrate. Doming and subsequent erosion has exposed a crustal-scale cross-section 
from a migmatitic core, through high-level plutons into overlying coeval cover sequence in the 
Shaw Granitoid Complex (SGC). Accordingly, the architecture of the granitic substrate prior to 
dome development can be evaluated. 
 

The SGC is a multi-phase dome with a magmatic history lasting from c. 3470 to 2850 Ma. It 
comprises an outer rim of variably deformed c. 3470 Ma tonalite-trondhjemite-granodiorite (TTG) 
suite, the North Shaw Suite (NSS), and a core of migmatitic tonalitic orthogneiss with precursors 
also dated at c. 3470 Ma. The orthogneisses have been interpreted as the migmatised equivalents of 
the NSS (BICKLE et al., 1983). The contact between them is transitional and was the focus for 
intrusion of younger granitoid phases, which range from c. 3445 to 2850 Ma. These phases are 
interpreted to have formed by recycling of the older crust (BICKLE et al., 1989; BICKLE et al., 1993), 
although the domal structure largely developed during 3445-3410 Ma magmatism (PAWLEY et al., 
In prep.). 

 
Surrounding the SGC is an arcuate belt of bimodal, coeval volcanics, up to 10 km thick, 

which include two distinct felsic units dated at c. 3470 Ma and 3458-3433 Ma.  Granites are 
intrusive into the greenstones and contacts are typically sheeted with sub-concordant greenstone 
screens becoming less common with depth in the dome. The greenstones above the contact contain 
sills with connecting silicic dyke networks that often link with the overlying felsic volcanics. 
Locally, the granitoids cut through the stratigraphy to form discordant, high-level plutons directly 
below the felsic volcanics. Generally, however, the granite sheets are located ~5 km below the 
coeval felsic volcanics. 

 
These observations suggest that the earliest granitoid phases in the Archaean granitoid 

domes were emplaced into a coeval volcanic pile as tabular intrusions. The relatively consistent 
emplacement level suggests a controlling mechanism related to neutral buoyancy, as the 
metamorphic grade of the greenstones does not significantly change, nor do marked competency 
contrasts exist, within the pile. Furthermore, sedimentological studies indicate that during 
deposition, the felsic volcanics were being shed off topographic highs that coincided with the 
granitoid domes (DIMARCO & LOWE, 1989). This suggests that emplacement of the syn-volcanic 
tabular intrusion may have been accompanied by roof uplift, similar to that envisaged during 
inflation of laccoliths. 
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Crustal recycling resulted in doming of the tabular NSS by vertical tectonic processes 

(PAWLEY et al., In prep.). Accumulation of the ~10 km-thick greenstone sequence above the NSS 
produced a gravitational instability at c. 3470 Ma. Partial melting of the granitic substrate at 3445-
3410 Ma produced the migmatitic orthogneisses, and generation of leucogranite magma that was 
emplaced directly below the non-migmatised NSS. Partial melting also resulted in softening of the 
middle-crust, which induced partial convective overturn, where sinking of the denser greenstones 
was accompanied by rise of the granite to form the typical Archaean dome and basin structure. 

 
The geometry of the NSS at c. 3470 Ma is similar to high-level tabular intrusions recognised 

in modern terrains, suggesting uniformitarian processes. However, the subsequent development of 
the domal structure at 3445-3410 Ma is considerably different, with dome development associated 
with partial melting and transfer of recycled older phases within a stress regime controlled by the 
overlying gravitational instability. Accordingly, these unique Archaean terrains, characterised by 
granite domes and greenstone synclines, initiated by non-unique emplacement processes. 
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Considerable progress has been made over the last decade in understanding the static rheological 
properties of granitic magmas in the continental crust. The effect of volatiles (H2O and CO2) on the 
interstitial melt phase as consolidation proceeds are identified as important compositional factors 
governing the rheodynamic behavior of the mixture, along with the oxidation state. Although the 
strengths of granitic magmas over the crystallisation interval are still poorly constrained, theoretical 
investigations suggest that during magma ascent, yield strengths of the order of 8 kPa are required 
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to retard completely the upwards flow in metre-wide conduits. In low Bagnold number magma 
suspensions with moderate crystal contents (solidosities 0.1 ≤φ ≤ 0.3), viscous fluctuations may 
lead to flow differentiation by shear-enhanced diffusion. AMS and microstructural studies support 
the idea that granite plutons are intruded as crystal-poor liquids (φ ≤ 0.2), with fabric and foliation 
development restricted to the final stages of emplacement. If so, then these fabrics contain no 
information on the ascent (vertical transport) history of the magma. Deformation of a magmatic 
mush during pluton emplacement can enhance significantly the pressure gradient in the melt, 
resulting in a range of local macroscopic flow structures including layering, crystal alignment and 
other mechanical instabilities such as shear zones. As the suspension viscosity will vary with stress 
rate, it is not clear how the timing of proposed rheological transitions formulated from simple 
equations for static magma suspensions, apply to mixtures undergoing shear. New theories of 
magmas as multiphase flows are required if the full complexity of granitic magma rheology is to be 
resolved. 
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Lithospheric extension and rifting of the crust is commonly associated with mantle melting and 
volcanism. The melt is often emplaced as sheet-like intrusive complexes in sedimentary basins. 
Such intrusive volcanism may strongly influence the structure, hydrogeology and temperature 
history of the basins. 

 
We are currently mapping the distribution and geometry of intrusive complexes in the NE 

Atlantic and Karoo basins based on seismic, borehole, remote sensing and field data. Extensive 
early Tertiary magmatic sill complexes are present in the Vøring and Møre basins offshore mid-
Norway. Similar sill complexes are exposed onshore in Cretaceous to Permian age sedimentary 
sequences on the conjugate central-east Greenland margin. A voluminous Jurassic age intrusive 
complex is well exposed in the Permian to Jurassic Karoo basin as the erosionally strong dolerites 
and their metamorphic aureoles form an impressive mountainous landscape in large parts of South 
Africa. From this mapping we observe that: 

 
• The sheet intrusions are found at paleodepths of 0-6 km. The depth of the shallowest 

intrusion generally increases away from the breakup axis. Sills dominate in stratigraphic levels 
with shales and sandstone/shale interbeds. 

• Deep intrusions are generally long and smooth, whereas shallow intrusions are rough, 
transgressive and commonly saucer-shaped. 

• Saucer-shaped intrusions are present in unstructured basin segments. The diameter of the 
saucers increases with depth, from ca. 5 km at shallow levels up to 30 km in the deepest parts of 
the basins. The saucers have a flat floor, steep transgressive flanks and commonly an outer sub-
horizontal lobe. The saucers appear to be inter-connected. Feeder dikes sometimes merge with 
the transgressive flanks of the saucers. 
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• Structured basin segments are characterized by a variety of sill complex geometries. The 
intrusions generally mimic the basin structure. Planar, transgressive sheets are common near 
the flanks of the basin, whereas segmented, stepping intrusions are present in faulted parts of the 
basins. 

 
In nature, magma is emplaced in internally pressurized, planar cracks. The emplacement 

process is controlled by the local stress field and complex interactions of buoyancy forces, host rock 
resistance to fracture, elastic deformation of country rock, magma hydrostatic pressure and 
fluctuating magma pressure, magma viscosity and weight of overburden. We have adapted a two-
dimensional discrete element model to study the emplacement process. The discrete model 
reproduces isotropic linear elasticity on the large scale. Fracturing is modeled by the irreversible 
removal of discrete elements. The sill emplacement process is modeled as a quasi-static 
hydrofracturing process, ignoring the viscous pressure drop along the sill. 

 
Our modeling shows that sill emplacement is a dynamic process where stress field 

anisotropy is generated by the emplacement process. Saucer-shaped sill complexes are formed 
spontaneously by the model in a simple, stratified basin. Asymmetric stress field is developed 
around the tip of the sill during the emplacement, causing the melt to transgress and forming the 
inclined sheets. The transition from layer-parallel to transgressive intrusion depends on the depth 
(weight of overburden) and length of the sill: deep intrusions require long sills to generate sufficient 
stress anisotropy to force the melt to start to climb. We have further used the model to study the 
effect of basin heterogeneities and to predict the elastic deformation and magmatectonic faulting of 
the intruded sedimentary strata. This modeling shows that structural and lithological heterogeneities 
will influence the magma emplacement processes, and that faulting is expected around shallow 
intrusions. 
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Well-exposed sections of granitic intrusions constitute a valuable source of data concerning shape 
and depth of intrusions in the crust. In two separate areas of western and central Elba Island (Italy), 
late Miocene granite porphyries are found as shallow-level intrusions inside a stack of nappes rich 
in physical discontinuities. Detailed mapping of intrusive rocks, along with their petrography and 
geochemical features show that outcrops from western and central Elba Island expose the same rock 
types. Structural and geological data and reconstruction of tectonic history indicate that these layers 
were originally part of a single sequence that was decapitated by eastward-directed décollement and 
tilting. The two juxtaposed portions of the original sequence allow the restoration of a 5 km thick 
shallow crustal sequence, in which nine main intrusive layers alternate with host rock layers. The 
intrusive layers are connected by feeder dykes, thus building up three Christmas-tree laccoliths 
nested into each other. 
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The geological data and cross-section allowed estimation of the dimensional parameters of 

the most significant intrusive layers and the intervening and overlying strata. The laccolith layers 
were emplaced at a depth between 1.9 and 3.7 km. The intrusive layers are 50 to 700 m thick, with a 
diameter between 1.6 and 10 km. The role of the neutral buoyancy level is of minor significance 
with respect to that played by the relatively thin overburden and/or the large availability of magma 
traps inside the intruded stack of nappes. The length to thickness relationship for the laccolith layers 
shows a power-law correlation, which however does not fit the known dimensional distribution for 
laccoliths. Rather, they fit a line with a slope typical of the laccolith's vertical inflation stage. This 
relationship is interpreted as the first reported evidence for the occurrence of a vertical inflation 
stage during laccolith growth. We show that the cumulative thickness of every laccolith would fit 
the laccolith's or pluton's known dimensional distribution. Laccolith layers from Elba can be 
envisaged as sheet-like intrusions that commonly failed coalescence to form plutons or laccoliths 
with dimensions typically observed elsewhere. This happened owing to the large availability of 
crustal magma traps, that made the coalescence of the magma batches difficult. Moreover, these 
observations suggest that plutons and laccoliths grow the same way, with plutons forming by 
vertical coalescence of magma batches. 
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The trachytes and phonolites are abundant in the SW–NE trending Ohře (Eger) Rift area, 
corresponding to reactivated first-scale Variscan tectonic boundary separating the Saxothuringian 
and Moldanubian terranes. It was a location of intense intraplate alkaline volcanism in Cenozoic 
times. Volcanic rocks of the Eocene to Miocene age (nephelinites, basanites, trachybasalts, 
trachytes, tephrites, phonolites) penetrate crystalline basement, Cretaceous and Tertiary sediments. 

 
The AMS and microstructural studies were performed on eleven volcanic bodies of variable 

bulk chemistry (phonolites and tephri phonolites in TAS diagram after LE BAS et al., 1986), 
mineralogy and ratio between diameter and thickness. Later in this abstract we use quantitative 
mineralogical classification after STRECKEISEN (1979), where trachytic rock includes trachyte and 
sodalite-bearing-trachyte and phonolitic rock means phonolite and tephritic-phonolite. We 
investigate the degree of AMS, mean susceptibility and magma composition to show the 
relationship between magma viscosities and flow fabric. 

 
The flow foliation of the studied volcanics is mostly formed by preferred orientation of the 

sanidine tabular crystals. This allows us to map the main flattening directions across the domes. 
However, the mineral lineation cannot be depicted in the field and consequently, it is impossible to 
determine the flow direction. These data can be used to depict the shape of the dome, i.e., the ratio 
of diameter to thickness of intrusion. 
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The anisotropy of magnetic susceptibility (AMS) and of susceptibility-temperature 
variations of volcanic domes were measured by the KLY-3 Kappabridge (CS-3 apparature) in the 
laboratory of Agico, Ltd. Brno in Czech Republic. Although paramagnetic pyroxene is present in 
the most rock the only one carrier of AMS was identified as Ti-magnetite from thermomagnetic 
curves (Curie temperature ca. 500° C), it belongs to Ti-magnetite with approximately 10% of 
illmenite component (NAGATA, 1961). In rocks without Ti-magnetite (phonolites sensu stricto) 
aegirine-augite is carrier of weak AMS. Mean susceptibility (Km) varies for different group of 
rocks, trachytes range of Km lies in order of 1-4E-2 [SI], while phonolites range from 1E-4 to 1E-3 
[SI]. Low variability of Km could answer to nearly homogeneous distribution of magnetic minerals 
within the rock. The AMS was measured on about 70 samples and the directions of principal axes 
(K1>K2>K3) of magnetic susceptibility were identified. The results plotted in the map show that 
the magnetic foliation (K3 pole) is in good agreement with the foliation pattern measured in the 
field. 

 
Higher degree of AMS in trachytic rocks (comparing to basaltoids, Pj par. from 1.1 to 1.35, 

see Figure 1) is related to relatively higher viscosity of trachytic magma and high degree of 
crystallinity of this volcanics. Magnetic ellipsoids show mostly oblate shapes (T par. ranges from 
0.6 to 1). Only localities where magmatic feeder is overtaken T parameter is in range from -0.5 to 
+0.5 and Pj parameter decreases (0.7-1.1). Most of measured samples show strong planar fabric 
with symmetry of oblate or triaxial ellipsoid (Figure 2a), conduits has triaxial or prolate ellipsoids. 
In case of Hradiste dome, studied in detail, measured magnetic lineations (K1 direction) are 
distributed symmetrically around the apical part and become oblique and finally parallel to the 
margin in the outer parts of the dome. In general, the fabrics show higher degree of AMS and lower 
parameter T along the margins, whilst apical part exhibits lower degree of anisotropy and very high 
shape parameter (0.95-1). 

 
Phonolitic rocks in general exhibit lower degree of anisotropy with high variances in Pj (0.3 

– 1.2) and T (from -0.9 to + 0.9) parameters. Pattern of AMS fabric is very scattered and indicate 
variation of flow directions in centimetres scale (see case of locality B25, Figure 1 and 2b). 

 
The shape preferred orientation of magnetite crystals was also mapped. An attempt is made to 

establish the model of fabric acquisition of magnetite with respect to feldspar fabric pattern. 
In conclusion the different AMS fabric pattern in trachytes and phonolites indicate different 

flow mechanisms during emplacement and growth of domes. Higher degree of anisotropy of 
trachytic rocks has reason in higher viscosity and probably lower cooling rate relevant to deeper 
intrusion level. Textures of these rocks show nearly subsolidus fabric with high degree of 
crystallinity, where sanidine in matrix is distributed to self-organised domains. While textures in 
phonolites with finer grained matrix up to glassy matrix and low degree of sanidine alignment could 
be interpreted in terms of viscous flow around a rotating ellipsoidal inclusion, modelled firstly by 
JEFFERY (1922). 
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Figure 1: Examples of anisotropy directional data plotted on a stereographic projection (equal-area, 
lower hemisphere). a) The most common pattern in trachytic rocks (the dome of Hradiste, sodalite-
bearing trahyte) depict homogeneity of anisotropy. b) Very scattered pattern show phonolites (the 
dome of Boren, sodalite-bearing phonolite). Open circle = pole to mesoscopic foliation, filled circle 
= maximum principal axes K1, filled triangle = intermediate principal axes K2, filled square = 
minimum principal axes K3, bigger points depict directions of the principal values of the mean 
tensors. The confidence areas are calculated for the significance level of 95 %. 
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Figure 2: Pj vs. T plot after JELÍNEK (1978) for two volcanic bodies. To show example of no 
homogeneous AMS in phonolites 8 samples from one locality (B25) are identified by numbers. 
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Subvolcanic intrusions (sills and dikes) are recognised from many sedimentary basins around the 
world, e.g., the Karoo basin (South Africa), the Parana basin (Brazil), the Møre and Vøre basins 
(offshore Norway), and the NW Australian shelf. Important questions concerning the evolution of 
these volcanic basins include how the intrusions affect the sedimentary rocks, how they interact 
with the basin fluids, and the consequences for the basin hydrogeology. Our approach to increase 
the knowledge about the evolution of volcanic basins, and the effects of sill intrusions, is to 
integrate data from field studies, borehole studies, and numerical modelling. Short-term effects of 
sill emplacement include boiling of pore fluids and formation of hydrothermal vent complexes, 
whereas the long-term effects include contact metamorphism, increased maturation and changes in 
the petrophysical properties of the sediments. 
 

When studying processes in volcanic basins based on field geology, the Karoo basin in 
South Africa is probably one of the best places, as the entire sedimentary and intrusive volcanic 
succession is exposed. In addition, seismic interpretations from the Møre and Vøring basins give 
insight into the large-scale distribution and effects of magmatic intrusions. The Karoo basin was 
intruded by voluminous basaltic melts in the Jurassic (at ca. 183 Ma). Planar sill intrusions are 
identified in the deep sequences (Ecca Group), whereas transgressive sheets and rings are common 
in intermediate depth sequences (Beaufort Group). The upper sequences (Stormberg Group) are 
characterized by few intrusions and numerous hydrothermal vent complexes. The volcanism in the 
Møre and Vøring basins is related to the breakup of the north-Atlantic (in the Paleocene), and 
planar sills, transgressive sheets and rings, and hydrothermal vent complexes are identified on 
seismic sections. 

 
Injection of magmatic melts in sedimentary basins leads to rapid heating of the intruded 

sediments and their pore fluids. The presence of very high pore fluid pressure during sill 
emplacement and contact metamorphism is documented by the identification of partly molten 
sandstone veins and dikes in dolerite sills. On a longer time scale, the dominant processes in the 
vicinity of the sill intrusions include release of mineral-bound fluids, pore pressure increase and 
hydrofracturing. Hydrofracturing occurs when the rate of fluid production exceeds the rate of fluid 
migration, and we present a numerical model that reproduces field observations and gives insight 
into the dynamics of the process. Furthermore, the thermal event causes maturation of organic 
material, where the width of the maturation aureole depends on the mechanism of heat transport. 
The metamorphic processes change the petrophysical properties of the sedimentary rocks, both due 
to porosity reduction, textural changes, and mineralogical changes. Ps recorded by new wave-
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velocity measurements in aureole-samples around sills in the Karoo basin approach the velocities in 
the dolerites in the innermost contact aureole. 

 
Numerical modelling of the temperature and fluid pressure fields around a magmatic sill 

shows that boiling of pore fluids may cause fluids to rise explosively towards the surface shortly (a 
few years) after sill emplacement. This fluid expulsion may be associated with fluidisation of 
sediments migrating towards the surface, forming a hydrothermal vent complex. The hydrothermal 
vent complexes in the Karoo basin range from being almost purely volcanic to almost purely 
sedimentary. They comprise an inner conduit zone and an outer zone of structurally modified 
sedimentary strata. Sand-rich vent complexes represent positive erosional remnants, with numerous 
sediment pipes and dikes suggesting mobilization of sediments towards the paleosurface. Numerical 
modelling shows that the permeability pathways created during vent complex formation may act as 
sites for heat loss by advection. The volcanic-dominated vent complexes in the Karoo basin form up 
to several hundred meters deep zones of brecciated rocks with blocks of basalt and interlayered 
sediments. The presence of asphaltene veins and seeps in these complexes suggest that they affected 
the hydrogeology during the basin evolution. 

 
We propose the following model for effects of sill intrusions in a volcanic basin: (1) 

Intrusion of magma leads to heating and local boiling of pore fluids in the intruded sediments. (2) 
Fluid phase separation may lead to an explosive hydrothermal eruption at the paleosurface, forming 
a hydrothermal vent complex. The explosive rise of fluids towards the surface cause brecciation and 
fluidization of sediments. (3) Contact metamorphism causes perturbations of the degree of maturity 
of organic material, and of the physical properties of sedimentary rocks. 

33 Sill complex geometry and growth: a 3D seismic 
perspective. 

 
Ken Thomson 
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Crucial to validating models for the emplacement of sill complexes is a detailed understanding of 
their geometry and growth. Even in classic outcrop examples, such as the Karoo, the amount of 3D 
structural information is limited by the available exposure and consequently the true 3D complexity 
can be underestimated. Similarly, the understanding of magma flow in igneous sheet intrusions 
relies on the analysis of magmatic or magnetic (AMS) fabrics of outcrop samples. Given these 
limitations, the increasing availability of 3D seismic data provides an alternative, and more 
complete, constraint on sill geometry as such datasets are in effect 3D data cubes with spatial 
resolutions of 25 metres. Furthermore, advances in 3D seismic volume visualisation allow magma 
flow directions, and sill complex growth, to be more comprehensively constrained compared to the 
traditional analysis of magmatic and magnetic fabrics. 
 

3D volume visualisation relies on the conversion of conventional 3D seismic data into a 
voxel volume (voxel = 3D pixel). Each voxel contains the information from the original portion of 
the 3D seismic volume that it occupies together with an additional user-defined variable that 
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controls its opacity. The opacity of individual voxels can then be varied as a function of their 
seismic amplitude, allowing the user to examine only those voxels within the volume of interest that 
fall within a particular amplitude range. As the seismic response of a sill usually yields higher 
amplitudes compared to sediments this technique allows the removal of the surrounding country 
rock to reveal the true geometry of the sill complex. Furthermore, as the seismic amplitude of a sill 
is in part a function of sill thickness the technique allows thickness variations within the complex to 
be assessed. 

 
3D seismic data from the North Rockall Trough demonstrates that sill complexes 

fundamentally consist of a saucer-like inner sill at the base with an arcuate inclined sheet 
connecting it to a gently inclined, commonly dendritic, outer rim. Such complexes are roughly 
radially symmetrical and approximately 5km wide. Rising from the upper surface of each inner 
saucer a number of thin, concentric dykes can be observed, producing the distinctive ‘ring-in-ring’ 
pattern previously documented for the Karoo sills. Sill complexes can appear as isolated bodies but 
commonly occur in close proximity to each other and consequently merge, producing hybrid 
geometries involving multiple saucers, sheets and rims. 

 
Volume visualisation of sill complexes demonstrates that each sill complex contains a thick 

inner saucer connected to the variable thickness outer rim by an inclined sheet. The inclined sheet is 
generally the thinnest part of the sill complex but contains thicker linear regions radially distributed 
around the inner saucer. From these linear thickenings smaller scale linear features can be seen 
branching off to form a dendritic network that extends from the periphery of the inner saucer 
through the inclined sheet and into the outer rim. These branching relationships are interpreted to be 
magma flow channels within the sheet. As the branches always terminate towards the sill periphery, 
and can be traced back through parent channels to the inner saucer, this suggests that sill complexes 
grow radially outwards from the inner saucer. 

 
In more detail these sill complexes can be shown to consist of a series of principal flow units 

rising from the inner saucer and radiating outwards and upwards. Each principal flow unit is fed by 
a principal magma tube, is generally elongated in the direction of propagation (i.e. towards the sill 
complex periphery) and has a slightly concave upwards cross section normal to the direction of 
propagation. Principal magma tubes bud secondary magma tubes that feed secondary flow units that 
propagate at an angle of approximately 45° to their parent principal magma tube flow/propagation 
direction. As with principal flow units, secondary flow units also display a slightly concave 
upwards cross section. This pattern of subdividing flow units is repeated down to scales of 
approximately 100m with successively smaller flow units being fed from magma tubes repeatedly 
branching from higher order tubes. This radiating and branching flow pattern, and the interaction 
between flow units of varying orders, provides new insights into the origin of the structures 
commonly seen within sill complexes and the hybrid sill bodies produced by their merger, both in 
the field and in seismic data. 

 
Steps are vertical offsets, or dyke-like connections, between two sub-parallel flow units 

emplaced at slightly different stratigraphic levels. These features can be traced back to a larger flow 
unit emplaced at one stratigraphic level. Stacks involve a number of overlapping, en-echelon, sub-
parallel flow units originating from a parent flow unit and emplaced at different stratigraphic levels. 
Horns are elongate sheet-like protrusions forming at an angle of approximately 45° to their parent 
flow unit and are found along the base and flanks of sills, representing failed attempts to develop 
new flow units. The concentric dykes, and inclined sheets, climb in the direction of magma flow 
within the region of the sill complex from which they originate. The merging of sill complexes to 
form larger hybrid units, or the merger of flow units within a sill complex, results in the 
development of bridges due to the abutment of a sill or sill complex against a second sill or sill 
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complex. These can be shown to develop due to the convergence of magma flows from separate 
flow units, these being either sub-domains within a sill complex or sub-domains from different sill 
complexes. 

 
The data from the North Rockall Trough suggests that each sill complex is independently 

fed from a centrally located point source and that sills grow by climbing from the centre outwards 
with associated peripheral fracturing and concentric dyking occurring. The only published model 
for sill emplacement that appears compatible with the observations is a laccolith style model similar 
to that first proposed for the diorite intrusions of the Henry Mountains, Utah. 

34 Experimental Constraints on the Mechanics of Dyke 
Emplacment in Partially Molten Olivines. 
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The mechanics of dyke emplacement are poorly understood, because the details of coupling 
between the viscous stresses, the country rock deformation and the role of fractures are not fully 
understood. Modelling macroscopic effects of distributed damage due to either ductile and/or brittle 
creep rupture requires mechanical parameters for stress-strain distributions and material strength 
degradation. The growth of micro-cracks or granular flow may produce degradation of the material 
ahead of the crack-tip, by reducing the elastic coefficients and by forming an evolving damage zone 
(“process zone”) of deformation ahead of the dyke tip (DELANEY et al., 1986; AGNON & 
LYAKHOVSKY, 1995; RUBIN, 1993; MERIAUX et al., 1999). In particular for basaltic dykes in 
partially molten systems, the melt/rock viscosity contrast is sufficient for dyke growth to be treated 
as a purely elastic process. In a poroelastic medium, flow is treated as a diffusional process, as long 
as dykes are large enough to grow ‘critically’ in the sense of linear elastic fracture mechanics 
(RUBIN, 1998). 

 
We investigated in the laboratory stress and strain distributions around basalt dykes in a San 

Carlos olivine matrix with 10% MORB matrix, by using a triaxial high-pressure, high temperature 
Paterson apparatus. Undrained deformation experiments have been conducted after hot-pressing 
isostatically (HIP) for 6 hours San Carlos olivine with 10% MORB, fully encapsulated by nickel 
shells. 

 
Creep and constant displacement rate experiments were performed at 1473 K and confining 

pressure of 300MPa, at constant stresses (80-160MPa) for 45 minutes and constant strain rates 
ranging from 3x10-4 to 5x10-5s-1, with a total strain of ~ 12-13%. 

 
Microstructural observation (backscattered electron images and X ray fluorescence 

analyses) of the melt distribution around the dyke indicate that no significant melt migration has 
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been observed after 6 hours HIP (Figure 1a); whilst deformation experiments (Figure 1b) induced 
dyke lengthening and width decrease, implying melt propagation. In particular melt migration 
appears strongly controlled by the stress applied and the dyke geometry and the highest stress 
concentration is produced at the tip of the dyke. High porosity microstructures favoured melt 
migration with respect to low porosity structures. Finally the response to the loading suggests that 
the kinematics of deformation is strongly influenced by plastic mechanisms. 
 

Fig. 1a - Hot-isostatically-pressed

Fig. 1b - After triaxial deformation
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