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Gas formation from black shale during contact metamorphism:
constraints from geochemistry and kinetic modeling
1

1

Ingrid Aarnes , Henrik Svensen and Stephane Polteau
1

1

Physics of Geological Processes, University of Oslo, Norway – ingrid.aarnes@fys.uio.no

Keywords: venting, gas formation, contact metamorphism

There is an increasing interest in improving our
understanding of past climate changes, as this may
lead to a better understanding of future challenges
related to global warming and release of greenhouse
gases. One of the proposed mechanism for global
warming and associated mass extinctions in the past
(e.g. ~250 Ma, ~183 Ma and ~55 Ma) is venting of
huge amounts of carbon gases (CO2 and methane)
formed in contact aureoles of black shales to the
atmosphere (Svensen et al., 2004).
Hydrothermal vent complexes are shown to form
due to boiling and expansion of pore fluids (Jamtveit
et al., 2004; Svensen et al., 2006). Observation of
vents originating at depths far below the boiling
point of water in the deepest portions of the Karoo
basin requires a different source for the triggering
overpressure. Our hypothesis is that the source is
carbon gases formed in the contact aureole of a sill
during contact metamorphism of organic matter
(Svensen et al., 2007).
The
metamorphism
occurred
during
emplacement of Large Igneous Provinces and the
gas was vented through pipe structures found in the
Karoo Basin (South Africa), in basins offshore
Norway, and in the Tunguska Basin in Siberia.
During high temperature metamorphism, formation
of carbon gases is preferred over liquid
hydrocarbons.
The main aim of this work is to study the aureole
processes in detail, and to use our data into
developing a numerical model which will provide us
with information on when venting of gases to the
atmosphere can occur in natural settings. We have
conducted detailed field work and borehole studies
of sills and aureoles in the Ecca Group of the Karoo
Basin. Geochemical parameters (pyrolysis, stable
isotope analysis, and mineral chemistry) will be
combined with thermodynamic properties from
Perplex and numerical models to constrain aureole
processes.
We show that fracturing of organic-rich aureoles
occurs during pressure buildup and results in
horizontal and vertical mineralized veins. Carbon
isotope data and the presence of bitumen in veins are

fingerprints of the carbon degassing. Furthermore,
the reduction of organic carbon in the black shale
coincides with extensive veining. In addition to the
gas production, mineral dehydration and thermal
stresses contribute to the veining.
We have developed a numerical model to
constrain the effect of contact metamorphism of
sheet intrusions on the contact aureole. We aim at
investigating the pressure increase from devolatilization by using the kinetics of hydrocarbon
formation and thermodynamic equilibrium modeling
of dehydration reactions. In addition, formation of
carbon gases from organic material is endothermic
and may influence the maximum temperature
obtained in the aureole, while dehydration reactions
are shown to have limited feedback to the
temperature. The rate of gas formation will be an
important factor in predicting whether fracturing of
the rock will occur, or if the pressure will simply
diffuse away before any significant buildup and
venting is possible.
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with sill intrusions in sedimentary basins. in: Physical
Geology of High-Level Magmatic Systems, Breitkreuz
C. and Petford N. (Eds), Geological Society, London,
Special Publications, 234: 233-241 pp.
Svensen H., Jamtveit B., Planke S. and Chevallier L.,
2006. Structure and evolution of hydrothermal vent
complexes in the Karoo Basin, South Africa. Journal
of the Geological Society, 163: 671-682.
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venting of greenhouse gases triggering Early Jurassic
global warming. Earth and Planetary Science Letters,
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Svensen H., Planke S., Malthe-Sorenssen A., Jamtveit B.,
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Post-emplacement melt-flow induced by thermal stresses as a
feasible mechanism for reversed differentiation in tholeiitic sills
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1
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We present the first steps of a new explanation
model for differentiation in sills, using a
combination of geochemical data and field
observations, numerical modeling and dimensional
analysis.
Geochemical data from a saucer-shaped dolerite
sill intruded into the Karoo basin, South Africa
reveal a process which causes reversed
differentiation. The differentiation process is
identified by D-shaped geochemical profiles. The
notation is based on the vertical expression of
whole-rock Mg-number (Mg# = 100 * Mg / [Mg +
Fetotal]) with the most primitive composition (i.e.
highest Mg#) in its center, and progressively more
evolved composition (i.e. lower Mg#) towards the
upper and lower margins.
Normal
differentiation
by
fractional
crystallization is known to produce C-shaped
profiles (in terms of Mg# variations), and hence
cannot be applied directly to differentiation in sills.
Several models have been proposed for the
formation of D-shaped profiles, such as crystal
settling and convection (e.g. Wager and Brown,
1968), multiple injections (e.g. Gibb and Henderson,
1992; Gibb and Henderson, 2006), flow
differentiation causing phenocryst assemblage in the
center (e.g., Marsh, 1996; Richardson, 1979;
Simkin, 1967) or Soret fractionation in combination
with in situ crystallization (Latypov, 2003a;
Latypov, 2003b). There is however no general
agreement of one particular model, as the models
seem unable to explain all occurrences of D-shaped
profiles.
Based on numerical modeling we introduce postemplacement flow as a feasible mechanism to
explain the D-shaped profiles. A melt-flow can
cause magmatic differentiation in the sill by
transporting incompatible and less compatible
elements associated with the melt phase (e.g. Zr and
Fe) in an advective process through a stationary
crystal network. The model is based on very few
assumptions, and can hence be applied to all
occurrences of D-shaped profiles.
We show that a significant flow is feasible under
natural occurring conditions. An underpressure of
magnitude 108 Pa develops at the cooling margins,
where melt will be sucked in by a porous flow. The

forces of thermal stress associated with the phase
change due to the cooling have previously been
overlooked.
A porous melt-flow through a stationary crystal
network from the hot central parts into the cooling
margins will cause the latter to be enriched in the
incompatible elements, while the center will be
correspondingly depleted. We show that the amount
of flow is primarily a function of viscosity of the
melt and permeability of the crystal network, which
in turn is a transient phenomenon dependent on a
number of parameters.
Diagrams have been constructed to evaluate the
feasibility of substantial melt extraction in terms of
these poorly constrained parameters. Data from the
Golden Valley Sill and many other natural
occurrences of D-and I-shaped geochemical profiles
show very good agreement with our final predictions
of melt flow, and are thus well explained by the
presented model (Aarnes et al., submitted).
We have evaluated the potential flow in terms of
vertical flow. Still, we would like to point out that in
a full 3D setting of a saucer-shaped sills, it is likely
that flow may occur in other directions, e.g. lateral
in accordance with the local driving forces.
References
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Traverse of the Ferrar Large Igneous Province of Antarctica:
from ~3.5 km depth to the surface
1
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A field study of three localities in the
Transantarctic Mtns (TAM), exemplifies distribution
and geometries of intrusive magmas in the Ferrar
Large Igneous Province (FLIP) of Antarctica.
Some 1.7*105 km3 or more of Ferrar magmas
were emplaced between the Theron Mtns and
southern Australia, Tasmania and New Zealand.
Dolerite sills and dykes intruded pre-Cambrian
basement rocks and a Devonian-to-Jurassic
sedimentary sequence (Beacon Supergroup) over a
total area of ~3500 km2, and are now exposed along
the TAM (e.g., Elliot et al., 1999).
Magmatism lasted less than 1 my. U-Pb ages of
~183.7 Ma characterise both the FLIP and its twin
the South-African Karoo Large Igneous Province
(Encarnacion et al., 1996).
The TAM expose the ‘shallower’ portion of the
intrusive plumbing system and its extrusive products
(Kirkpatrick Basalt lava flows and Mawson Fm.
volcaniclastic deposits), which record final stages of
sub aerial activity in the FLIP (Elliot, 2000; Ross et
al., 2008).
A vertical ‘traverse’ of the plumbing system was
conducted by field study of the following areas
(Fig.1 ): Solitary Rocks and Terracotta Mtn., in the
Ferrar Glacier-Taylor Valley region, and Allan Hills,
in South Victoria Land.
Intrusions of the granitic basement rocks and
lower units of the Beacon pile ( at ~3-2.5km depth)
are represented in the Ferrar Glacier-Taylor Valley
region.
At Solitary Rocks, sills up to ~350 m thick
travelled laterally throughout the granitic basement.
Undulating base and top walls of sills and rare
apophyses imply injection into an almost isotropic
medium and in a homogeneous stress field. These
conditions produced few spontaneous deviations of
magma from sub-horizontal paths, except where preexisting discontinuities were encountered. Crosscutting relationships of sills and complications in the
stratigraphy of this area suggest that (a) intrusion
here was somewhat favoured by local anisotropies
of the granitic media and (b) subsequently the
Solitary Rocks area was uplifted of ~350m above
the nearby Asgard Range, situated to the north.

Fig. 1 – Location map of study areas.

Fig. 2 – Panoramic view (to NE) of Finger Mtn from the top
of Pandora Spyre. Transgressive Ferrar sills intruded along
bedding planes of the Beacon Sandstone lower units.

Interconnected ‘steps-and-stairs’ intrusion is the
preferential propagation mode of magma injected
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into the overlying and intrinsically heterogeneous
Beacon rocks (Fig. 2).
This is also exemplified by the intrusive network
exposed at Terracotta Mtn. Irregular dykes delivered
magma from lower sills into sub-horizontal paths
situated at shallower stratigraphic levels (fig. 3).
While propagating through the host-sediments, the
magma
thermo-mechanically
deformed
the
sandstone walls. The flow indicators thus formed
define sub-vertical propagation of magma in larger
‘primary’ intrusions, as opposed to mainly lateral
flow in apophyses.

[2] eventually ascend into the Beacon sequence.
At this level (~2.5 km depth) flat intrusions were
connected at different levels under the surface by
inclined sheets. The latter were formed by peripheral
fracturing and subsequent dyking along planes of
weakness, or pre-existing fractures in the hostsediments e.g. faults and lithological boundaries
(Thomson, 2007; Menand, 2008).
[3] 1-0 km depth: as sills got closer and closer to
the surface, the overburden and resistance of the pile
of country rock decreased. Abundance of natural
anisotropies in the topmost Beacon units, their
intrinsic susceptibility to fracturing, and possibly the
absence of significant tectonic control, e.g. from
extensional processes, facilitated propagation of
dykes of curious geometry and eventual eruption at
the surface.
Acknowledgements
G.A. acknowledges scholarship support from the
University of Otago, NZ Division of Science, and
Antarctic Science Bursary Funding; both authors
thank Antarctica New Zealand, Helicopters New
Zealand, UoA (2006) and UoO (2007) Res. Grants
for support of Antarctic fieldwork. Thanks also to
Kimberly Wallace and Rob Dunn for unique help
during field activities in the Transantarctic Mtns.

Fig. 3 – TCM, view to E. (A) ‘Summit Mass’, fed by (B)
thanks to a network of dykes and dyke-apophyses (C).

Allan Hills features reflect intrusion at probably
less than 1 km depth and occurrence of late-stage
phreatomagmatism at the surface. Dyking is the
preferred propagation mechanism at this level. In
this area most of the sills, injected at slightly greater
depth, are exposed on peripheral cliff faces and
reach only a few tens of metres thickness. Regular
arrays of fractures may be the consequence of
continuous intrusion between many of the Beacon
strata, beneath the present level of exposure; sidestepping geometries of dykes imply (a) little or no
tectonic control on the intrusive process, but (b)
significant damage of the country rocks during
magmatism.
These
observations,
and
the
volcaniclastic deposits found in high-relief areas,
identify small explosive vents in the central area of
the nunatak.
Field observations and photo-geological analysis
of Solitary Rocks, Terracotta Mtn. and Allan Hills
provide insights on the geometries of the Ferrar
plumbing system:
[1] 3.5-2.5 km depth: sills more than 300 m thick
often coalesced into one another, while exploiting
physical discontinuities in the basement rocks in
order to
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Determining paleostress field from dyke swarms structural analysis
(Serra do Mar Dyke Swarm – Southeastern Brazilian coast)
1

1

Julio Almeida , Wolfram Tetzner and Mônica Heilbron
1

1

Faculdade de Geologia, Universidade do Estado do Rio de Janeiro, Brasil – jcha@uerj.br

Keywords: dyke swarms, Atlantic rift, paleostress analysis.

The Serra do Mar dyke swarm (SMDS) is a NE
trend, 600 km long and 150 km wide, that runs along
Rio de Janeiro State coast, southeastern Brazil.
Structural analysis on this Cretaceous dyke swarm
was carried out in order to determine the external
stress field during the intrusion. We expect to
contribute to the understanding of pre-rift tectonics
of West Gondwana.
The dykes are mainly composed by tholeiitic
basalts and are correlated with other dyke swarms
(Florianópolis, Ponta Grossa, Resende and VitóriaColatina) and lava flows (Serra Geral and CabiúnasCamboriú Formations) of early Cretaceous age (137127 Ma - Turner et al., 1994; Ernesto et al., 1999;
Guedes et al., 2005). The SMDS is intruded in high
grade metamorphic rocks, mainly Proterozoic orthoand para-gneisses from Ribeira belt. Most of the
dykes are vertical or steep dipping. Lithological
boundaries and tectonic foliation in the host rocks
display a NE-SW strike and vary in dip from
medium to high angle in the central terranes, in
contrast to NW-SE strike and low angle dips in
Cabo Frio terrane, at the east coast of Rio de Janeiro
State.
We analyze orientation pattern of dykes from
few centimeters to tens of meters in thickness, as
well as geometric features and internal joints in
order to evaluate the dynamics of intrusion and
subsequently deformation. Based on asymmetrical
fabrics (Corrêa-Gomes et al., 2001) an attempt was
made to reconstruct a paleostress model.
Orientation data and local structural analysis
were carried out along the whole swarm. We
selected a target area in the Buzios Cape, 100 km
east of Rio de Janeiro city, in the Cabo Frio terrane,
where the outcrops are in special good conditions for
structural analysis and the foliation of the host rock
is not coincident with the dykes bearing (Fig. 1).
Two preferred orientations were recognized in
this area, the main dykes trends N40-50E, while
subordinated or small segments of zigzag dykes
trends N30E. Boundaries are in general sharp and
straight and show no or rare chilled margins.
Geometry of conduit fractures is regular, braided or
“en echelon”, with parallel dyke walls. Branches and
bridges are common features (Fig. 2), in both
horizontal and vertical sections. Internal and

external joints and striated fractures were also used
for dynamic analysis.

Fig. 1 – The contrasting orientation of dykes and the
foliation of Búzios para-gneisses, in the Cabo Frio terrane.

Fig. 2 – A bridge connecting both sides of host rock
showing a left-lateral component of extension.

All the kinematic criteria point to an extension
in the direction NW-SE around N60W, which causes
the orthogonal opening in the N30E dykes and a
sinistral transtension in the N40-50E dykes. The
systematic left-lateral component in most of
measurements indicates that σ1 is close to the
horizontal leading to a transcurrent regime. Sinistral
strike-slip faults with the same orientation of the
dykes corroborate this paleostress field and are
considered to be coeval with intrusion of the dykes.
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The same method have been used in the VitóriaColatina and Ponta Grossa swarms and the results
are compatible with a dextral transtension, for dykes
striking to NW/NNW. Integrating all data we
propose a paleostress field where σ1 was oriented to
NNE-SSW, while σ3 was oriented to WNE-ESE.
Then, the deformation of the lithosphere resulted in
the rifting of west Gondwana in connected triple
junctions, where the NW/NNW segment were
abandoned, leading to the zigzag shape of
continental margin. Subsequent deformations in the
Late Cretaceous and Early Paleogene seems to
follow similar pattern, resulting in the segmentation
of continental margin (Cobbold et al., 2001).
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Turner S., Regelous M., Kelley S., Hawkesworth C. and
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In the Coastal and western Main Cordillera of
northern Chile (25º S to 29º S), margin-parallel
suites of Triassic to Palaeocene plutonic complexes
young systematically from west to east in a ca. 700
km-long segment of the Andean magmatic arc
batholith.
The shape and emplacement mechanisms of
compositionally layered Triassic to Cretaceous
plutonic complexes have been evaluated in detail in
the Coastal Cordillera of Vallenar near 28ºS
(Welkner et al, 2006).
Exceptional exposures of pluton roofs, floors,
steeply-dipping sides and internal lithologies lead us
to infer that:
(1) plutons are tabular and exhibit high aspect
ratios;
(2) intrusions are internally composed of flatlying compositionally distinctive units which are
also formed of horizontal cooling and flow subunits;
(3) creation of space required deformation of the
host rocks and was achieved by an interaction
between vertical pluton growth and reactivation of
normal fault systems; and
(4) pluton shape was mainly controlled by
subsidence of the pluton floor during fault
reactivation wherein equal amounts of floor
subsidence in the fault footwall and hangingwall led
to symmetrical intrusions, and differential
subsidence caused asymmetrical plutons.
From the regional perspective, the eastward
migration of the locus of magmatism, well known in
the Andes (Zentilli, 1974), is also documented here
by ca. 200 K-Ar, 40Ar-39Ar and U-Pb ages, which
record a mean migration rate of 500 m/Myr from
Triassic to Cretaceous. Precise geochronology on
layers of individual plutonic complexes reveals that
magmatism was stationary for 3-5 Myr during which
vertical assembly of the batholith occurred and then
the emplacement locus “jumped” to the east. This
landward migration of the magmatic arc during
seaward retreat of the subduction boundary in the
Mesozoic is a first order pattern of Andean
geodynamics. We argue that emplacement of
magmas in the upper crust must be tied to processes

in the continental lithosphere and the asthenosphere

wedge and not to the retreating subducting plate.
Fig. 1 – Symmetric and assymetric schematic sections in
different parts of one single intrusion (Infiernillo Plutonic
Complex, ca. 130 Ma) from the Vallenar region.
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The Mount Hillers intrusive complex (Colorado
Plateau, Utah) (Fig. 1) consists of a large central
laccolithic intrusion and many smaller satellite
intrusions (Hunt et al., 1953; Jackson and Pollard,
1988). The map pattern shows that the majority of
the satellite intrusions emanate from the central
intrusion, similar to volcanic lava flows connected
to their volcano. Our recent work has shown an
episodic and very rapid construction of the satellite
sheeted intrusions by vertical stacking of magma
pulses (Horsman et al., 2005; Saint Blanquat et al.,
2006; Morgan et al., 2008). The goal of the present
work is to characterize and compare the petrogeochemical signature of the satellites and central
intrusions, and with the help of geological and
structural data, to propose a “genealogical” model,
i.e. a model of how the children (satellites) are
related to their parents (intrusive complex), and
how a single intrusion evolve during its pulsed
construction.
The intrusive rocks of the Henry Mtns. are
microgranular porphyritic diorites emplaced into

Permian to Mesozoic horizontal sandstone- and
shale-dominated formations. 40Ar/39Ar and fissiontrack dating on the intrusive rocks yields middle to
late Oligocene ages (23-31 Ma) for the five main
intrusion centres, with an age of 29.35 ± 0.33 Ma
for Mt Hillers and its satellite intrusions (Nelson,
1997). Magmatism of the Henry Mountains and
other laccoliths of the Colorado Plateau, such as the
La Sal and Abajo Mountains, was contemporaneous
with voluminous magmatism of the San Juan and
Reno-Marysvale volcanic fields outside the plateau
region. Thus, although they were far removed from
the location of the Tertiary Pacific subduction zone
(~ 1000 km), the Henry Mountains appear to be
related to a large-scale igneous system with arc-like
affinities (Nelson and Davidson, 1993).
We present here the results of a mineralogical,
textural, major and trace element (whole-rock and
in situ), and Sr-Nd isotopic analysis of 21 samples:
3 from the Mt Hillers central intrusion, and 18 from
5 satellites intrusions located in the NE sector of the
central intrusion.

Fig. 1 – Cross section of the Mnt Hillers intrusive center (from Saint Blanquat et al, 2006) (top), and graphic
representation of questions addressed in the present work (bottom).
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The first main result is the great homogeneity of
composition within each intrusion, and the small
range of variation between intrusions. For the
satellite intrusions, the amplitude of the
compositional variation is not related to the total
volume of intrusions, i.e. big intrusions can be more
homogeneous than small intrusions. Nevertheless,
the Hillers central intrusion has recorded the greatest
variation.
The second main result is the mineralogical
difference between all the samples which allows us
to distinguish two petrological families : 1) with
epidote and without pyroxene, less plagioclase
phenocrysts, 2) with pyroxene and without epidote,
more plagioclase phenocrysts. The whole rock and
in-situ analysis of major and trace elements, and the
Sr and Nd isotopic data (Fig. 2), confirm the
existence of these two families, who can be
explained by two principal episodes of magmatic
injection. The first injection episode results in the
emplacement of the small satellite intrusions
(Maiden Creek, Trachyte Mesa, Sawtooth Ridge,
Saddle Pass). The second is responsible for the
formation of the bigger satellite intrusions, like
Black Mesa. The Mount Hillers central intrusion
shows a greater heterogeneity, which reflects the
complicated structure of this large intrusion, built in
many consecutive episodes, some of which are
synchronous with all the satellite intrusions. Our
data show that the magmatic source seems to be
unique and that it evolved during the formation of
the whole complex.
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Fig. 2 – Oblique aerial view of the Mount Hillers; diorite are in red. Left: averaged values of the Sr and Nd isotopic compositions.
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Increased interest on the mechanisms of magma
emplacement in the crust is reflected by a wealth of
recent studies concerning the timing and
physical/chemical processes underlying the genesis
of large plutonic bodies as well as smaller
subvolcanic intrusions.
In the Central Sierra Nevada, the Johnson
Granite Porphyry represents the innermost and most
felsic unit of the Tuolumne Batholith (TB), a Late
Cretaceous composite intrusion exposed over an
area of ~1100 km2 (Bateman and Chappell, 1979).
Geochronology, field studies and chemical/isotopic
determinations have been used to evaluate chamber
construction of this large and complex intrusion
(e.g., Coleman et al. 2004; Glazner et al., 2004; Žák
and Paterson, 2005; Burgess and Miller, 2008).
The Johnson Granite Porphyry is an elongate but
highly irregular body exposed over ~40 km2, for
which a thin, tabular shape elongated in a N-S
orientation has been assumed on the basis of a threedimensional gravity inversion (Titus et al. 2005). A
U-Pb sphene age (2 grains analysed) of 85.4 ± 0.1
Ma for the Johnson Granite Porphyry was reported
by Coleman et al. (2004).
The typical Johnson Granite Porphyry exposure,
when fresh, catches the eye for its white color,
reflecting the leucocratic nature of this granite (Fig.
1). This fine-grained rock is a leucocratic
syenogranite made of quartz (either large
equidimensional pools up to 1 cm or fine-grained
interstitial crystals), K-feldspar (microperthitic
microcline) and zoned plagioclase, and locally
contains coarse-grained feldspars (plagioclase and
poikilitic microcline from a few mm to 1-2 cm).
Biotite is the only mafic mineral; sphene, allanite,
apatite, magnetite are accessory phases. The
northern part of the intrusion (Tuolumne Meadows
area) consists of a slightly more mafic and coarser
variety. Here it is a fine/medium-grained
hypidiomorphic monzogranite with subhedral zoned
plagioclase, often showing antirapakivi textures,
poikilitic anhedral microcline, quartz occurring as
large crystals up to 3-4 mm, and biotite (~5 %).

Fig. 1 – Exposures of the Johnson Granite Porphyry south
of Elizabeth Lake, which appears in the background.

White- and pink-coloured (the latter due to Kfeldspar) aplitic dykes tens of cm to 2 m wide are
found, cutting a coarse-grained rock (interpreted as
blocks of Cathedral Peak Granodiorite). XRF whole
rock analyses of these different Johnson Granite
Porphyry units confirm the differences in
composition indicated by field observation and
petrography.
The contact between the Johnson Granite
Porphyry and the surrounding Cathedral Peak
Granodiorite is highly varied with local sheeting
(Fig. 2), stoping, mutually intrusive relationships,
some gradational/lobate margins, and clear pieces of
Cathedral Peak Granodiorite in Johnson Granite (see
also Titus et al., 2005 and Žák and Paterson, 2005).
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Fig. 2 – Sheeted contact between the Johnson Granite
Porphyry (JG) and Cathedral Peak Granodiorite (CP) in the
southern margin of the intrusion facing W.

Many subrounded xenoliths (cm-sized, Fig. 3) of
a coarse-grained granodiorite with K-feldspar
megacrysts, which also are found as isolated more or
less “digested” xenocrysts, occur in the Johnson
Granite. They are interpreted as Cathedral Peak
fragments, as are larger stoped blocks up to 100 m in
length found along the northern margin and in the
middle of the intrusion (Titus et al., 2005). This
overall picture is complicated by the occurrence of
stoped blocks of the Johnson Granite Porphyry
within the Cathedral Peak Granodiorite and Kfeldspar rich “Cathedral Peak-like” dikes intruding
the Johnson granite.
A weak WNW-ESE magmatic fabric established
by both field and AMS measurements overprints the
boundary between the two units and continues with
the same strike across the entire Johnson Granite
Porphyry (Žák and Paterson, 2005; Titus et al.,
2005).
U-Pb zircon ages of 87.3 ± 0.7 and 87.0 ± 0.7
Ma have been reported by Burgess and Miller
(2008) for the innermost and outermost domains
within the Cathedral Peak Granodiorite just west of
the Johnson. These ages overlap within error and are
statistically indistinguishable from a new TIMS
weighted mean 206Pb/238U age of 87.7 +/- 1.1 Ma (4
zircons) obtained by Matzel and Mundil. The
comparable age of ~87 Ma for both the Johnson
Granite Porphyry and the Cathedral Peak
Granodiorite, along with the field relationships
pointing to a complex magmatic contact between the
two intrusive units, suggests that they were both part
of a large magma chamber and thus raises questions
about their potential genetic links.
Detailed chemical and isotopic characterization
of the Johnson Granite Porphyry is in progress, and
will be coupled with the field and geochronologic
data to address the question of genetic links as well
as evaluate the potential relationship between
collected pools of leucogranite in magma chambers
and rhyolitic eruptions.

Fig. 3 – Rounded xenolith in the Johnson Granite Porphyry,
consisting of a K-feldspar megacryst set in a coarsegrained matrix. Handlens is 5 cm across.
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In the present study we used data of c. 1200 coal
and uranium exploration wells (up to 1000 m depth)
for a geometric modeling of intermediate
subvolcanic bodies that form part of the Halle
Volcanic Complex (HVC) in eastern Germany (Fig.
1). The HVC is located in the northeastern Saale
Basin. The Saale Basin is a NE-SW-trending Late
Variscan intermontane basin controlled by
transtension.
In this part of the Saale Basin, the transition from
the Stefanian (Gzhelian) Wettin Subformation,
dominated by fluvial to lacustrine sandy to pelitic
sediments with coal seams, to the Rotliegend
(Asselian) volcanosedimentary Halle Formation is
marked by a prominent conglomerate (Fig. 2). The
so called “Kieselschiefer-Quarzit-Konglomerat”
(KQK), which interfingers with sandy beds, is

characterized by gravel- to pebble-sized clasts of
lydite, vein quartz, quartzite and palustrine to
pedogenic carbonate. In the area under investigation,
the KQK has a thickness of 20 to 70 m.
The HVC evolved during the deposition of the
uppermost Wettin Subformation and of the Halle
Formation (Breitkreuz and Ehling, in press). The
HVC formed from hybrid magmas with a
subduction fingerprint (Romer et al. 2001). It
comprises of a voluminous (c. 200 km²) porphyritic
and rhyolitic complex (‘Halle-type laccolith
complex’; Breitkreuz and Mock 2004, Mock et al.
2005) and of a smaller intermediate subvolcanic
complex (ISC) precursory to the former. Both
complexes display a dominance of subvolcanic units
over extrusive lava and pyroclastic deposits (Fig. 1).

Fig. 1 – Sketch map (outcrop and subcrop data) of the main subvolcanic
units of the Late Paleozoic Halle Volcanic Complex (modified after Siegert
1967a and Breitkreuz and Ehling, in press).
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Fig. 2 – WNW – ESE section through the ISC; for location see Fig. 1; data from unpublished
reports of the State Survey for Geology and Mining of Sachsen-Anhalt.
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with petrographic, geochemical and geophysical log
information to delineate the extension (up to 10 km)
and thickness (up to 250 m) of four ISC bodies in
the area north of Halle (Figs. 1 and 2). Romer et al.
(2001) classified these rocks, which often show
signs of magma mingling, as trachybasalts,
trachyandesites and trachydacites. Aspect ratio
(height / length) ranges between 0.02 and 0.15. In
contrast to Siegert (1967a) the following points
suggest an intrusive nature for most ISC units: i)
Although brecciated domains are known, a
systematic zonation with base and top breccia and
with a clastic apron around the bodies is lacking; ii)
several wells exposed sedimentary rafts (pelitic,
sandy and conglomeratic) within homogeneous
subvolcanic bodies (Fig. 2), iii) more than 20 wells
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the base and the top suggesting an intrusion into the
then unconsolidated coarse clastic unit; iv) host
sediments near the intrusions have been severely
deformed and tilted in places.
With the geometric modeling we aim at a
visualization of the vertical and horizontal relations
between the ISC bodies and in particular their spatial
relation to the KQK which apparently functioned as
a preferred emplacement level for the intermediate
magmas.
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To understand the dynamics of emplacement of a
laccolithic body, different structural data may be
collected. The actual shape and dimensions of the
body (length to thickness relationships) can be used
for comparison and classification. The presence of
cracks helps to constrain the attitude of greatest
extension of the main cooling surface of the igneous
mass, as they tend to be perpendicular to it. The
shape and distribution of vesiclez, yet rare, can be
used as strain markers to determine flow directions
and magma paths prior to complete solidification of
the body. Also the deflection and uplift of host-rock
bedding close to contacts gives us an insight into the
inflation style. All these features actually occur and
have been investigated in the case we are dealing
with.

The reconstructed shape of the Orciatico
intrusion is that of a main subhorizontal small
tabular body, connected with an even smaller
elongated subvertical body to the SE (GomezIzquierdo et al., 2008). Three main units can be
described in the field: (1) the subvertical feeding
dyke, which exhibit a well defined magma flow
direction; (2) the complexly structured connection
zone, with the presence of small stoped blocks of
country rock surrounded by lamproite and (3) the
main body, with a remarkable lack of vesicles and
the occurrence of joints perpendicular to the main
cooling surface.
These observations are consistent with initial
emplacement of the magma as a steeply dipping
dyke, subsequently inflating (i.e. filling up) a
laccolith-shaped body. The inflow direction of
magma in the main laccolith is inferred mainly from
vesicle attitudes and is dominantly northwarddirected.
The laccolithic body was emplaced at shallow
depths (ca. 0.4 km), and has a length (ca. 1 km) to
thickness (ca. 125 m) relationship which fits the
power-law correlation for the dimensional
parameters of laccoliths (Mc Caffrey and Petford,
1997; Cruden and Mc Caffrey, 2001).

Fig. 1 – Jointing in the laccolith of Orciatico.

Fig. 2 – Exposures of vesicles in the lamproitic laccolith of
Orciatico.
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transfer of melts from mantle to shallow crustal
levels.
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Fig. 3 – Geological map of Orciatico area with special
attention to the intrusion that we have further subdivided
into 3 for a better understanding: the subvertical feeding
dyke (1), the connection zone (2) and the main body (3).

The subvolcanic body of Orciatico, with a
subhorizontal flattened ovoid shape, was intruded at
the margin of one of the NNW-SSE Pliocene
extensional basins. The Orciatico body represents
one of the minor igneous centres related to the
Neogene Tuscan Magmatic Province of central Italy,
which includes several laccolith sheets of granitic
composition (Rocchi et al., 2002; Westerman et al.,
2004). The igneous activity in the region is
dominated by crustal-hybrid products and minor
mantle-derived ones. The Orciatico lamproitic body
is a representative of magmas directly issuing from
the mantle, with a composition comprable to the late
Miocene Orano mafic dykes from Elba Island (Dini
et al., 2002, 2008).
The mantle origin of the Orciatico laccolith and
the presence of the NNW-SSE feeding dyke suggest
that the basin-bounding fault is connected to
lithospheric-scale structures, making it possible the
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An increasing number of studies suggest that
many plutons are assembled incrementally as
downward-stacking laccoliths (Bateman and Chappell, 1979; Hirt, 2007; Farina et al., 2008; Michel et
al., 2008; we broaden the use of “laccolith” here to
include intrusions that grow by opening of a subhorizontal crack system, irrespective of roof lifting
and floor subsidence). Pluton assembly by downward stacking of increments causes heat from later,
lower increments to diffuse upward through earlier
increments. This anatomy is therefore particularly
effective in remelting and recrystallizing earlier increments, thus obscuring evidence for incremental
intrusion. Field studies and thermal modeling suggest that initial phases of an incrementally built pluton will best preserve evidence of the size and geometry of increments because they intrude the lowest geothermal gradient and cool the most quickly.
The initial level of sill emplacement in an incrementally assembled pluton may be determined by
regional density controls (Gilbert, 1877; Corry,
1988) or rheological contrasts in the crust
(Kavanagh et al., 2006; Menand, 2008). We propose
that once the initial sill is emplaced, it may become
a rheological barrier itself and trap later magma
pulses. This can occur either because the initial
pulse freezes and becomes a strong layer, or if the
later pulse comes in while the earlier pulse is still
molten because it is difficult to propagate a crack
through the magma if sufficient melt is present. The
idea that magma bodies may act as traps for later
intrusions is not new (e.g., Bacon et al., 1982; Wiebe
and Collins, 1998; Annen et al. 2008). However,
here we propose that this boundary fundamentally
favors top-down growth of laccolithic, incrementally
assembled plutons.
Field relations and geochronology in Cretaceous
intrusive suites of the Sierra Nevada, California,
suggest that they were assembled via amalgamation
of sheet-like intrusions over millions of years. Two
zoned intrusive suites, the Whitney (WIS) and
Tuolumne (TIS), appear to have been assembled as
downward-stacking laccoliths. Both suites are characterized by early, outer, equigranular phases that
preserve wall-rock screens and internal contacts that
reveal the sheet-like geometry of the increments.
There is a gradational change structurally downward
to later porphyritic and ultimately megacrystic

phases. The TIS is characterized by early phases
with simple zircon systematics and later phases that
record either preservation of antecrysts, prolonged
zircon growth, or Pb-loss (Coleman et al., 2004).
Preliminary zircon data for the WIS suggest a similar pattern.
Whereas it is generally accepted that the WIS
includes a sequence of downward-stacked sheets
(Moore, 1981; Hirt, 2007), despite similar outcrop
patterns, the same interpretation for the TIS is controversial. Some of this controversy results from the
fact that most mapped contacts in the TIS dip
steeply. However, thermal modeling suggests that
the mapped contacts probably are not increment
contacts and do not bear on the spatial form and arrangement of increments.
Thermal models designed to generate plutons of
the approximate dimensions, depth of emplacement,
and age range of the suites using HEAT3D
(Wohletz, 2007) yield several results that are consistent with observations (Fig. 1). 1) Early increments
cool below the solidus quickly. 2) Later increments
are emplaced into walls warmed by earlier increments and remain above the solidus until they are
distant from the active magma body or the addition
of increments stops. 3) Early increments are repeatedly cycled above and below the solidus temperature
as later increments are added. 4) The thermal structure evolves toward roughly spheroidal isotherms
even though the pluton is a stack of thin tabular
sheets. Thus, the zone of interconnected melt bears
little resemblance to the increments from which the
pluton was built. 5) Although the models yield large
regions of interconnected melt, the melt fraction is
low and the melt-bearing volume at any time is
small compared to the total volume of the pluton.
Thus, field data can be interpreted to reflect
thermal maturation of an incrementally assembled,
downward-stacked laccolithic body. Early increments were emplaced into relatively cool wall rocks,
cooled below the solidus quickly, and thus preserve
internal contacts, equigranular textures, and simple
zircon growth histories. Later increments intruded
into progressively hotter environments, thus obscuring contacts between increments via recrystallization
while promoting megacryst growth and protracted
zircon crystallization through repeated temperature
cycling above and below the solidus.
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Fig 1. – Results of typical 3D thermal model of downwardstacked intrusion cut through center of intrusion. Figure
shows model after first (A) and last increment (B) intrude.
Outline of both first and last increments are shown in B, and
a pluton was built between these over 3 m.y. by intrusion of
40 500 m thick sheets. By the end of assembly, the first
sheet is well below the solidus and the isotherms outline a
roughly spheroidal blob that bears no resemblance to the
thin sheets from which the pluton was constructed. Although the model yields large regions of interconnected
melt, the melt fraction is low and the active magma body is
only a small portion of the total volume intruded.

Mapped contacts in many intrusive suites are
based on textural variations (equigranular vs. porphyritic vs. megacrystic). The thermal model predicts that textural variations will reflect the shape
and longevity of the zone of interconnected melt
rather than intrusive increments. Therefore, mapped
contacts in such suites record the thermal evolution
of the pluton, not the boundaries of intrusive increments. Interpretation of mapped contacts as the
boundaries of intruding magma bodies may have
obscured the mechanics of granite intrusion and erroneously led to concepts such as diapirism that
have misdirected the understanding of the interaction between magmatism and crustal deformation.
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At active volcanoes, the reconstruction of the
geometry of magma paths, and the understanding of
how shallow magma is emplaced within the edifice,
are crucial for the assessment of geological hazards
such as the localization of areas prone to: i) the
potential opening of new vents, ii) slope collapses
triggered by magma bulging and iii) related tsunamigeneration at island volcanoes. These assessments
can benefit from the comprehension of the past and
recent history of the geometry of magma feeding
structures.
Stromboli is an active island volcano of the
Aeolian Archipelago (Southern Tyrrhenian Sea). In
the past 100 ka it experienced periods of extrusive
growth and sheet intrusions characterized by
magmas of the CA, HKCA, SHO and KS series,
along with several collapses represented by older
summit calderas and, since 13 ka, lateral collapses of
the NW flank (Sciara del Fuoco scar, Fig. 1). The
2002–2003 Stromboli eruption provided a direct
observation of shallow magma emplacement
resulting from feeder dykes and its possible effects.
A multidisciplinary study was carried out by
integrating
stratigraphic,
structural
and
petrochemical methods, with the aim to determine
the relation between sheet injection conditions with
respect to the evolution of the volcano, and to detect
the parameters governing the preferential intrusion
geometry inside the volcano and their variation with
time.
The sampled 109 sheet intrusions of the volcano,
which are not homogeneously distributed over the
island (Fig. 1) and intrude all the geologic units,
have been divided in 15 groups on the basis of the
outcrop area and of compositional characteristics, in
order to describe them in detail and accordingly with
stratigraphy and structural parameters.
While the older sheets in the southernsouthwestern slopes are almost vertical and strike to
the N, NE and subordinately to the E and NW, after
13 ka (first lateral collapse) sheets were injected
both: i) along a NE-striking weakness zone cutting
the summit cone throughout the history of the

volcano, and ii) parallel and close to the margins of
the earliest Sciara del Fuoco collapse, mainly
dipping towards the depression (Fig. 1).

Fig. 1 – Structural map showing intrusive sheets, eruptive
fissures, vents and collapse scarps. Different areas of sheet
outcrop are distinguished: (A) Cavoni and Monaco area
(CAV-MON), with sheets intruded in the Cavoni synthem;
(B) Vallone di Rina and Malo Passo areas (VR-MP), with
sheets intruded in the Gramigna synthem; (C) Fossetta
area, with dykes intruded in the Vancori synthem; (D)
Sciara del Fuoco area, with sheets intruded in the Fossetta
synthem; (E) Crater area, with dykes intruded in the Fili di
Baraona synthem. For each area, rose diagrams of sheet
strike, density contours of poles to planes, thickness and
dip-angle range are presented (after Corazzato et al.,
2008).

The sheets have a general holocrystallineporphyritic microstructure, with a phenocryst
content varying from 5-40 vol%, and show a modal
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mineralogy closely matching the basic-intermediate
magmas erupted by the volcano during its subaerial
activity.
Major and trace element analyses were
performed on about 65 sheets, whereas Sr and Nd
isotope ratios were measured on a selected number
of sheet samples. Chemical data indicate all the
Stromboli sheets have a SiO2 range between 49-57
wt.%, which is narrower than the entire
compositional range of the Stromboli volcanic
rocks, lacking sheets with higher silica contents (5766 wt%). Based on K2O-SiO2 classification, the
sheet compositions reflect the four magmatic series
of the Stromboli volcanic rocks, with K2O varying
between 1.5 and 5.0 wt.%. The most evolved rocks
belong to the CA series which also have the lowest
87
Sr/86Sr ratios (0.70506-0.70514). KS sheets show
the most radiogenic compositions with high 87Sr/86Sr
(0.70683-0.70753) and low 143Nd/144Nd (0.512460.51251) ratios. SHO sheets have Sr and Nd isotope
ratios intermediate between those shown by CA and
KS sheets.
A combination of regional tectonic stress field
and local stress field, generated by both the magma
chamber and the volcano-tectonic changes in the
cone, are claimed to explain the complex sheet
pattern at Stromboli.
During the Paleostromboli I period (100-64 ka,
Fig. 2A), sheets intruded into the Cavoni synthem
rocks (UBSU units in Tibaldi, in press) along the
southern outer flank of the Paleostromboli I caldera
rim. At the end of the Paleostromboli II and III
periods (64-26 ka, Fig. 2B), sheet intrusions cut the
Gramigna synthem volcanics and concentrated in the
Vallone di Rina area, showing the prevailing NESW and subordinate N-S tectonic control on the
shallow magmatic system. During the Vancori
period (26-13 ka, Fig. 2C), sheet intrusions into
Frontone and Vancori synthems are poorly exposed,
but again show the NE- and N-trending directions.
After the paleo-Sciara del Fuoco lateral collapse at
the end of the Vancori period (13 ka, Fig. 2D),
sheets intruded the Neostromboli edifice (Fossetta
synthem, 13-6 ka) striking parallel to the collapse
scar and to the NE-striking regional tectonic trend.
Several NE-trending eruptive fissures affected the
northeastern flank of the Neostromboli cone. The
Recent Stromboli period (Pizzo, Fili di Baraona and
Sciara synthems; <6 ka, Fig. 2E) is characterized by
a shallow NE-striking intrusion activity feeding the

summit vents. Few lateral eruptive vents in the
northeastern flank are also present.
In particular, the persistent NE intrusion
direction reflects the presence of a NW-SE-trending
tectonic regional extension. Other sheet directions
and change in location with time can be attributed to
the combination of a change in position/shape of the
magma chamber, and to the morphostructural
reorganization of the local stress field following the
important volcano-tectonic events, which included:
i) the debuttressing of the cone flank, ii) new local
directions of extension, and iii) the formation of a
fracture pattern around the depression amphitheatre.

Fig. 2 – Reconstruction of the different sheet intrusion
phases and their space distribution. Summit vent locations
are reported from Pasquarè et al. (1993), and dotted
ellipses provide the degree of uncertainty. Area of outcrop
of the volcanic products belonging to the related synthem
(UBSU from Tibaldi, in press) is reported for each stage.
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The ca. 1450 Ma Götemar and Uthammar
plutons intrude crystalline rocks of the ca. 1.80 Ga
generation of the Transcandinavian Igneous Belt
(TIB) in southeast Sweden during a time of tectonic
quiescence. We report on field observations and
forwarding gravity modeling carried out to
determine the 3-D structure of both plutons and their
emplacement mechanisms. The study is motivated
by the need to develop a geological model for the
intervening host rocks, which are being considered
for development as a radioactive waste disposal
facility.
The Götemar and Uthammar plutons intrude
predominantly granites and quartz monzodiorites of
the TIB (Fig. 1). The host rocks are variably
deformed, containing a non-pervasive, mostly
WNW-ESE trending subvertical to gently dipping
foliation, anastomosing ductile high strain zones and
brittle faults. Contacts of both plutons cut sharply
across all ductile wall rock structures and are
therefore considered to be discordant. Both plutons
are composed of brick red weathering, coarsegrained K-feldspar megacrystic granite with minor
sheets of aplite, which in the Götemar pluton occur
in arcuate, contact parallel units of unknown dip.
The granites have massive texture, with rare
occurrence of a weak, magmatic preferred
orientation of K-feldspar aligned sub-parallel to the
contacts. Aeromagnetic data indicates that the
Götemar and Uthammar plutons occur within a ~50
km wide, NNE-SSW linear belt that parallels the SE
coast of Sweden. Most plutons in the belt are
circular and of similar width as Götemar, but many
are covered by Paleozoic sediments and/or the Baltic
sea and have not been verified independently by
other means.
The 3-D shape of the Götemar and Uthammar
plutons has been investigated by 2.75-D forward
modeling of their residual gravity anomalies due to
both granites. Residual anomaly maps were
separated using a gravity station censoring technique
(Mickus et al., 1989) applied to a Bouguer gravity
anomaly map produced by combining 1295 terrain
corrected gravity measurements collected in two
survey campaigns. Both granites are associated with
strong residual gravity anomalies (max. -10 mgal).

The residual anomaly for the Götemar granite is
better defined than that of the Uthammar pluton due
to better gravity station coverage, and defines a
bulls-eye contour pattern centred on the intrusion
with a 0 mgal contour located ~3 km outside the
pluton margin.

Fig. 1 – (a) Regional geology map of SE Sweden showing
major tectonic domains of the Svecofennian Orogen and
the locations of the study area (box). (b) Simplified
geological map of the Götemar and Uthammar plutons
showing locations of gravity profiles P1 and P2.

Results of 2.75-D forward gravity models along
Profiles P1 and P2 (Fig. 1b) are presented here.
Gravity modeling was carried out using the GMSYS module in Geosoft Oasis Montaj. A density
value of 2590 kg/m3 was chosen for both the
Götemar and Uthammar granites based on published
petrophysical measurements. A density value of
2730 kg/m3 was used to model the wall rocks of the
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intrusions based on the application of a linear
mixing model to density values of rocks measured in
boreholes in the area. Constraints on the geometry of
the plutons at the surface were provided from
surface geology maps and several deep boreholes
(<1000 m) located on or close to the model profiles.
A further variable is introduced by either allowing
the upper contact of the plutons to assume the best
orientation to produce the best fit between the
modelled
and
observed
gravity
(termed
unconstrained models) or by forcing the near surface
orientation of the contacts to be vertical (termed
constrained models. Results for Profile 1 are
presented in Figure 2. Profile 2 produced a similar
geometry for the Götemar pluton.

is of an outward tapering sill with a deep root.
However, this geometry is not supported by
available boreholes, which do not penetrate the
upper contact of the Götemar pluton as predicted by
the model. The constrained models are consistent
with borehole data. They characterize the plutons as
having vertical contacts in the upper 500 to 1000 m,
a 1000 to 1500 m thick mid-level body with outward
dipping and horizontal upper and lower contacts,
respectively, and a broad ~1000 m deep roots.
Preliminary observations and gravity modeling
results indicate that the Götemar and Uthammar
granites are discordant plutons with geometries most
consistent with punched laccoliths (Corry, 1988),
with some modification due to floor subsidence due
to root development (Cruden, 1998). Their vertical
and lateral dimensions fall in the upper end for
laccoliths and lower end for plutons as defined by
recent data compilations (McCaffrey and Cruden,
2002). Furthermore, their emplacement depths have
been constrained to between 4.5 and 8 km, based on
extrapolation of 40Ar/39Ar cooling ages of biotite
determined in their wall rocks (Page et al. 2007).
Hence the Götemar and Uthammar granites may
represent rather rare examples of punched laccoliths
emplaced into brittle, crystalline wall-rocks at
upper-crustal, but not shallow, depths, in an
anorogenic setting.
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Fig. 2 – Forward gravity models of the Götemar and
Uthammar plutons along Profile 1. Upper two panels:
unconstrained models. Top: observed (dotted) and model
gravity (thick solid line) profiles and RMS error (thin solid
line). Bottom: model geometry. Lower two panels:
constrained models. Note vertical scale change between
both models.

The unconstrained model profiles for both
plutons are characterized by gently outward dipping
upper contacts to depths ~1 km, gently inward
dipping lower contacts and a thin, centrally located
root extending to depths of 10 to 5 km (Fig. 2). This
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Contact aureoles are common sites of intense
circulation of fluids released by crystallizing
magmatic
intrusions and/or derived
from
metamorphic reactions. Fluid circulation results in
vein systems and/or metasomatic bodies showing
complex and mutual cross-cutting relationships. In
particular, boron metasomatism and deposition of
tourmaline in veins as well as skarn formation are
common processes once granite intrusions release
late magmatic fluids to the wallrocks (e.g. Dini et
al., 2008).
The economic relevance of hydrothermal
reservoirs at the top of granite intrusions is
highlighted by both the widespread occurrence of
granite-related ore deposits and the existence of
geothermal fields, like the famous super-heated
steam system exploited in Larderello-Travale area,
Tuscany (Bertini et al., 2006; Dini et al., 2005).
Geothermal fields exploited at Larderello-Travale
are dominated by meteoric fluids circulating through
a complex sequence of sedimentary rocks and
metamorphic rocks. However, the existence of
deeper (4-6 km), high-temperature hydrothermal
reservoirs confined near the top of recently
emplaced intrusions, and built up by exsolved
magmatic fluids, has been documented. Such deep
reservoirs (the “K-horizon”, unveiled by bright spotlike seismic reflectors and an exploratory well) are
hosted by pelitic hornfels and are filled by a
supercritical fluid with connotations completely
different from the superheated steam so far produced
(Bertini et al., 2006). The exploration of these
pressurized reservoirs at depth is one of the future
challenges geothermal resources in Tuscany.
The eastern Elba magmatic complex (Tuscany)
can be regarded as a proxy for the deepest part of the
Larderello-Travale geothermal field. In the Porto
Azzurro-Monte Calamita area (Fig. 1 and 2) the top
of a Late Miocene monzogranite pluton and its
contact aureole (biotite-andalusite hornfels) are
exposed. Leucogranite dykes and sills, hosted by the
hornfels, crop out close to the pluton exposures and
along the eastern coast of the Monte Calamita
peninsula. The distribution of the contact aureole
and the leucogranite intrusions suggest that the

monzogranite pluton is a wide intrusion extending
southward, below the Monte Calamita. Leucogranite
intrusions (muscovite- biotite- tourmaline-bearing
alkali feldspar granites and syenogranites) show
both sub-vertical (dykes) and sub-horizontal (sills)
attitude. Some areas are dominated by dykes or sills
while locally, both types are associated (Christmas
tree-like geometry; Fosso di Fosco, Fig. 3). Boronrich saline fluids released by leucogranites produced
extensive metasomatic-hydrothermal effects into the
micaschist host (Dini et al., 2008). Tourmalinization
of biotite-rich layers and formation of sub-vertical
and sub-horizontal veins and hydraulic breccias
represent a common character (Fig. 4).
Along the coast of the Monte Calamita peninsula
several skarn Fe ore deposits have been exploited
until 1981 (Figs. 1 and 2). Sub-vertical (Ginevro
mine) and sub-horizontal (Calamita and Sassi Neri

Fig. 1 – Map of the Porto Azzurro-Monte Calamita area
showing the outcrops of Porto Azzurro monzogranite pluton
and the distribution and attitude of the Calamita
leucogranite dykes and sills. Attitude of Calamita
leucogranite intrusions vary in a non systematic way.
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Fig. 2 – Interpretive cross section of the Monte Calamita contact metamorphic-magmatic complex showing the inner shell of the
contact aureole sequentially invaded by evolved melts, boron-rich saline fluids and ore fluids. The top of the pluton and the
extent of contact aureole are inferred on the base of the metamorphic grade recorded by the Calamita schists and the thickness
of contact aureoles from similar Tuscan plutons.

mines), magnetite-hedenbergite-andradite-pargasite
skarn bodies replaced both the marble and the
micaschist hosts. At the Ginevro and Sassi Neri
mines, skarn formation post-dates the emplacement
of the leucogranite intrusions. Relative crosscutting
relationships coupled with the common association
of iron skarn deposits with mafic-intermediate
intrusions (Meinert, 1995) suggest the existence of a
later, more mafic intrusion at depth.
Magmatic (leucogranite intrusions; Fig. 3) and
hydrothermal bodies (tourmaline veins, skarns; Fig.
4) are confined into the inner portion of the Porto
Azzurro pluton contact aureole (Fig. 2). They show

a tabular geometry with a general discordant attitude
with respect to the foliation/structures of the
hornfels host. In spite of the different nature of the
fluids involved, and their temporal emplacement
sequence, the three events produced sub-vertical
bodies that locally spread horizontally along new
fracture sets. Such a behaviour suggests a switch in
the orientation of the local minimum compressive
stress related to fluctuation in fluid overpressure
(Dini et al., 2008). Only at the Calamita mine subhorizontal attitude of skarn bodies was controlled by
the availability of pre-existent marble layers.
In the study area we document the formation of a
fluid-rich shell, into the internal contact aureole of a
monzogranite pluton, where volatile-rich melts and
aqueous fluids were sequentially emplaced as
tabular bodies along fractures and fractured rock
volumes. The high boron content of the silicic
magma could have maintained small percentages of
melts down to very low temperatures, prolonging the
“life” of these intrusions. Moreover the rheology of
the contact aureole could have acted as a hydraulic
barrier for fluids. The relatively high percentage of
fluids in this stagnation level could explain the
geophysical anomalies detected at depth in the
Larderello-Travale gothermal field.

Fig. 3 – A “pocket” Christmas tree leucogranite intrusion at
Fosso di Fosco, Monte Calamita area.
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Many granitic plutons grow by amalgamation of
successive magma sheets only rarely mappable in a
traditional way. Most commonly, these contacts are
cryptic, and the detection of internal magma batches
relies on detailed studies which use a combination of
different techniques (Glazner et al., 2004; Saint
Blanquat et al., 2001, 2006). An integrated field,
petrographic and geochemical study of Monte
Capanne pluton (Elba Island, Italy) indicates the
occurrence of textural and compositional
differences, leading to define three facies that have
been interpreted as distinct magma batches formed
at depth and sequentially emplaced to produce a
sheeted pluton.
The late Miocene Monte Capanne pluton was
emplaced during the post-collisional extensional
evolution of the Northern Apennine orogen. The
pluton has a mainly monzogranitic composition and
is characterized by the widespread occurrence of
euhedral K-feldspar megacrysts (Dini et al., 2002;
Westerman et al., 2003; Gagnevin et al., 2005),
whose variations of size and abundance have been
determined at 350 stations across the pluton. This
megacryst distribution analysis defines three main
facies: the San Piero facies (low to very low
megacryst concentration), Sant'Andrea facies (high
to very high megacryst concentration) and San
Francesco facies, with intermediate megacryst
concentration (Fig. 1). The three facies show minor
yet systematic differences in major and trace
element contents, isotopic composition and biotite
mineral chemistry. These variations are independent
from the megacryst abundance. Overall, the San
Piero facies exhibits lower SiO2 coupled with higher
CaO, MgO, Fe2O3 and Al2O3 abundances with
respect to Sant'Andrea facies, as well as higher Sr,
V, Cr and Ba contents. Isotopically, Sant’Andrea
rocks are distinctly richer in radiogenic Sr than are
the samples from the San Piero facies. Biotite
composition is characterized by the lowest Fe#
values (average 0.49 ± 0.01sd) for San Piero facies
while in Sant’Andrea exhibits the highest values
(average 0.54 ± 0.01). The San Francesco facies
defines intermediate compositional fields partly
overlapping those of the two extreme facies.

Geochemical data on whole rocks and biotites,
along with the reconstruction of crystallization
sequence, suggest that the facies formed at depth as
distinct magma batches, acquiring peculiar
geochemical features that were preserved after
ascent and emplacement.

Fig. 1 – Different field appeareance of Monte Capanne
pluton. Photographs of the two extreme textural types of the
pluton: A) Sant'Andrea megacrysts-rich zone, B) San Piero
megacrysts-poor zone.

The new geological map based on K-feldspar
megacryst distribution reveals the composite
structure of the pluton characterized by an external
shell constituted by the Sant’Andrea facies, and a
core formed by the San Piero facies. In this view, the
Monte Capanne pluton results to be assembled
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incrementally by downward stacking of three
slightly different magma batches, building up a
sheeted pluton in the intermediate-shallow crust.
The three magma batches emplaced in a short time
sequence as to not allow the development of sharp
contacts upon advanced cooling of formerly
emplaced batches. Thi resulting rapid pluton buildup hampers geochronological efforts to unravel age
difference between the internal facies.
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In the Sila Massif the end of the Hercynian
orogeny is marked by widespread dyke magmatism.
Unfortunately, little is known about serial affinity,
age and tectonic framework of this magmatic event.
The research proposed here aims to fill this
knowledge gap, with the main goal of reconstructing
the tectonic context favouring magma dyke ascent
and emplacement. during the waning stages of the
Hercynian cycle. To reach these objectives, new
structural,
petrological,
geochemical
and
geochronological data have been collected.
In the Sila Massif a late-Hercynian Batholith
crops out. It is mainly made up of granodiorites and
tonalites, but includes also peraluminous granites
and mafic bodies such as gabbros and diorites.
Intrusive rocks emplaced between 300 and 304 Ma.
At the southwest the Sila Batholith is bordered by
medium- to high-grade metamorphic rocks mainly
represented by migmatitic paragneisses. Dykes
transect essentially intrusive rocks but can be also
found in the metamorphic basement.
The studied dykes display a wide compositional
range from rhyolite to basaltic andesite. Texture is
commonly porphyritic, but in some instances can be
equigranular. They crosscut intrusive contacts
between magmatic intrusive rocks and metamorphic
wall rocks.
A database of orientation and geometrical
features has been prepared with new and literature
field data for a considerable number of dykes (n =
350). At the outcrop scale dykes mostly show subplanar and sub-vertical sharp walls. Map view
suggests that most dykes have a nearly tabular shape
that sometimes can be undulated. Thickness ranges
from 1-2 m to 50 m, whereas length spans from ≈ 50
m to 2 km.
Rose diagrams indicate a strong preferred
orientation of dykes along a E-W strike. Other
significant groups are orientated along ESE-WNW,
NW-SE, NNW-SSE and ENE-WSW directions.

Sills are represented by two sub-horizontal
sheeted bodies of microgranite having an elliptical
shape with maximum and minimum axes of 1.5 km
and 0.8 km, respectively. Their maximum thickness
is of ≈ 35-40 m.
Petrological and geochemical analyses were
performed to define magmatic affinity and level of
emplacement of the dykes. Chemical features
indicate that, in comparison to host calc-alkaline
granitoids, dyke magmatism drifts to towards an
alkali calcic serial affinity, characterized by a
moderately high Na2O content, consistent with lateto post-orogenic timing.
Level of emplacement is shallow since magma
quenching textures are quite common. They are
represented by alkali-feldspar spherulites in felsic
types and by acicular hornblende nucleated around
quartz, rounded xenocrysts in mafic types. A
quantitative estimate of the emplacement level was
obtained by Al-in-hornblende barometry for basaltic
andesite dyke (z ≈ 7 km). The same method was
adopted to define depth of emplacement of the
granodiorite wall rock (z ≈ 12 km).
Geochronological analysis was performed for
selected dykes and granodiorite wall rock. To this
purpose, euhedral and elongated zircons were dated
by U-Pb method (LA-ICP-MS). Preliminary results
indicate that dyke magmatism took place at ≈ 280
Ma and post-dated emplacement of late-Hercynian
granodiorite of ≈ 20 Ma.
Integrating data on time and level of
emplacement, both for dykes and granodiorite, it is
possible to evaluate an average exhumation rate of
the Calabria continental crust from Late
Carboniferous to Early Permian of ≈ 0.25 mm/a.
In conclusion: (i) dyke magmatism in the Sila
Massif took place during Early Permian at the end of
an exhumation stage; (ii) the strong preferential
orientation of dykes suggests that the magmas
pathway was controlled by brittle deformation.
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Magmatic differentiation process related to sills
and saucer-shaped sills found in sill complex remain
largely debated. Most recurrent geochemical profiles
observed in these relatively thin sills (~100 m thick)
are I-, D- and S-shaped profiles (Fig. 1; e.g. Gibb
and Henderson, 1992; Latypov, 2003). The
nomenclature is based on the variations in the
whole-rock
mg-number
(cation
ratio
Mg# = 100 * Mg/[Mg + Fetotal]) from floor to roof of
the sills. This variable is used as a differentiation
index because magnesium is more easily partitioned
into early-fractionated minerals such as olivine and
pyroxene than iron. I-shapes indicate uniform
composition throughout the sill height and is usually
explained by uniform closed crystallizing system
(Marsh, 1996). D-shapes are characterized by the
least differentiated composition at the sill centre (i.e.
highest Mg#) and the most evolved composition at
the sill margins (i.e. lowest Mg#; Fig. 1). Finally, Sshapes are hybrid shapes, with D-shapes in the lower
part of the sill and C-shapes in the upper part (e.g.
Latypov 2003). All intermediate types from these
end-member types of shapes may be found.
A major problem with the D-shaped profile is
that it fails to be explained by fractional
crystallization. This mechanism explains the Cshaped profiles observed in large plutons (e.g.
Skaergaard intrusion, Wager and Brown, 1968; Fig.
1a). Such profiles can be called “normal zoning”,
showing mafic margins and felsic cores interpreted
to result form fractional crystallization. This type of
shape is rare in relatively thin sills. Furthermore, it is
likely that the dominance of processes developed in
large magma chambers will not apply to relatively
thin, i.e. 30 to 140 m thick, sills. In search for
alternatives to the fundamental mechanism of
fractional crystallization several models have been
proposed to explain the formation of D-shaped
profiles. Such are settling coupled convection (e.g.
Wager and Brown, 1968); multiple injections (Gibb
and Henderson, 1992); flow differentiation forming
preferential crystal assemblages in the centre (e.g.
Marsh, 1996). Soret fractionation (Latypov, 2003)
was recently proposed to explain the origin of the
often observed marginal reversals in layered
intrusions. This model was combined with the in-

situ crystallization in thermal boundary layers of
Tait and Jaupart (1996).
In order to tackle the problem of magmatic
differentiation in ~100 meter thick sills we carried
out detailed field and geochemical investigation on a
well exposed sill complex, the Golden Valley Sill
Complex, South Africa, Karoo Basin (Galerne et al.,
2008).
Vertical compositional variations in the Mgnumber across sills from the Golden Valley Sill
Complex indicate I-, D-, and S-shaped
compositional profiles plus one example of a Cshape. Such profile patterns are typical for tholeiitic
sills, and we show here that different patterns may
develop in different parts of a single saucer-shaped
sill. A systematic lateral variation of compositional
profiles along two conjugate limbs of a single
saucer-shaped sill is observed. The profiles are Ishaped at the limb tips and S- and D-shaped at their
center. The central part of the D-shaped profiles
exhibits two distinct textural domains. One domain
is characterized by circular ophitic clinopyroxene.
This clinopyroxene-rich domain is characterized by
Mg-rich mineral compositions, whereas, the
surrounding domain mostly contains plagioclase and
more iron-rich minerals.
We present here a further step in developing an
alternative mechanism explaining the formation of
I-, D- and S-shapes, which has recently been
introduced by Aarnes et al. (submitted). It is based
on the opposite process to fractional crystallization
(Fig. 1a) that is a phenomenon of melt fractionation
from the solid crystalline mush (Fig. 1b). Similarly
to Aarnes et al. (submitted), we propose that such
process can be achieved in a post- sill emplacement
regime. Cooled from the outside, a mid-plane
porosity region will be developed in the sill. Thus,
any forces acting on the porous mush are likely to
initiate melt flow and segregation from its
equilibrium solid network. This will induce a bulk
differentiation through melt segregation.
Aarnes et al. (submitted), recently proposed that
the thermal stresses associated with the cooling and
crystallization of sills were sufficient driving forces
to produce a phenomenon of melt fractionation from
the crystal-solid network originally at equilibrium.
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The thermal stresses induce large under-pressure at
the cooling margins, where melt will be sucked in by
a porous flow. As a result the margins will be
enriched in the incompatible elements, while the
centre will be depleted.

the inward solidification fronts the flow will be
dominantly focused in the mid-plane where the
permeability is highest.
Our systematic analysis of the Golden Valley
Sill Complex along profiles indicates that: 1) all
types of compositional profiles described in mafic
sills (I-, D-, S-, eventually C-shaped) are found in a
single sill complex. We additionally show that a
systematic space distribution of compositional,
textural and petrological variations along profiles
laterally exists around an example of saucer-shaped
sill, the Golden Valley Sill. 2) The dominance of Dand S-shaped differentiated profiles in the Golden
Valley Sill Complex can not be explained by a
traditional fractional crystallization process. 3) We
instead propose that the overall range of profile
shapes was generated in a post-emplacement porous
melt flow regime. This flow was driven by a
buoyancy-related over- and under-pressure in a
crystalline porous mush enhanced in inclined sheets
of saucer-shaped sills. We propose that such a
mechanism could dominate in sill complexes related
to the Karoo igneous event in the Karoo Basin. 4)
More generally, the worldwide occurrences of
igneous saucer-shaped sills in volcanic basins
suggest that melt fractionation is potentially a
fundamental differentiation process operating in
tholeiitic magmas during their emplacement in the
upper crust.

Figure 1: a) Distribution of differentiated compositional
profiles along a saucer-shaped sill cross-section. The right
side of the cross-section represents an inclined sheet in
connection with an underdeveloped outer-sill similar to the
possible original geometry of the Golden Valley Sill (GVS)
East limb. In this setting the buoyant motion of the porous
mush is hindered locally near the transition between the
inclined- and underdeveloped outer-sill. In the left side of
the cross-section we represent a well developed outer-sill
similar to the geometry of the GVS West limb. In the west
limb the outer sill is wide, the buoyant crystalline porous
mush will therefore be distributed over a wider region than
in the east limb. b) Interpretative map view of the paleo
over- and under-pressure resulting of the buoyant motion of
the porous crystalline mush in the GVS. Its distribution is
interpreted on the basis of the systematic distribution of the
various profiles shapes identified in the GVS.
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In this paper we further investigate the
mechanism of post-emplacement melt flow for more
complicated sill geometry than a strictly horizontal
sill and examine the contribution of buoyancy as a
driving force. The particular 3-D shape of a saucershaped sill is suitable for this purpose since an effect
of the gravity may play a major role in the melt flow
inside the climbing sheets part of the saucer-shaped
sill. The mid-plane part of the saucer-shaped sill can
be regarded as one continuous porous medium. The
relative buoyant motion of the porous medium will
generates an over-pressure in elevated region of the
saucer-shaped sill (i.e. outer-sill). Correspondingly,
a conjugated under-pressure region will develop in
lower part at the transition between inclined- and
inner-sill. A porous flow will initiate along this
pressure gradient. The melt in the over-pressurized
region segregate from the compacting crystalline
mush changing the bulk-rock composition. Due to
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In the geothermal region of Larderello (Italy) all
the geophysical data are consistent with the
occurrence of granitic intrusions, possibly a
composite batholith, rising at 3-10 km depth, with a
25-40 km diameter. Figure 1 shows the
reconstructed geological structure along a cross
section. Two main seismic reflectors present below
the geothermal area host two different fluids: 1)
superheated steam in the upper H-horizon (reached
by drillholes) and 2) supercritical fluid in the deeper
K-horizon.

The superheated steam has the physical and
chemical connotation of the geothermal fluid
exploited so far at Larderello, whereas the
supercritical
fluid
represents
a
potential
unconventional deep-seated resource still to be
assessed. The data led to the conclusion that acidic
magma, and/or fluids derived from magma are
present at relatively shallow depth.
Geochronological data indicate that the batholith
underwent a slow monotonic cooling since 4 Ma
ago. The igneous rocks found so far in the deep well
drilled in the field at 3-4.6 km depth are high-Al, Stype granite with important F and B content.
Mineralogical, chemical and geochronological data
on core samples of granite from 2 to 4.5 km depth at
Larderello, lead to two possible models: 1) a single
large intrusion of at least 3.8 Ma, emplaced and
monotonically cooled; 2) different intrusions
emplaced at 3.8, 2.5 and 1.0 Ma. Even assuming this
re-heating process, the very long life of the thermal
anomaly can be explained only with a continuous
heat supply from the asthenosphere.

Fig. 1 – Cross section illustrating the geological structure of
the Lardello geothermal field based on geophysical and
borehole data.
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Mounting geochronological evidence indicates
that superficially uniform plutons commonly are
composite and grew incrementally (e.g., Coleman et
al., 2004). Fracture opening is an efficient mechanism both for transporting magma through the crust
and for making space for plutons (e.g., Clemens and
Mawer, 1992; Petford et al., 2000; Cruden and
McCaffrey, 2001). Incremental growth of an intrusion by opening and filling fractures resembles
growth of hydrothermal veins by crack-seal and
therefore we refer to this intrusive mechanism as
magmatic crack-seal (Bartley et al., 2007). Magmatic crack-seal is likely to be an important plutonic
growth process, particularly in the upper crust.
Geologic products of magmatic crack-seal depend on the locations of new cracks in a growing
intrusion, as illustrated at the outcrop scale by composite dykes (Fig. 1). Where new fractures form in
the center of a growing intrusion (syntaxial crackseal) to form a pattern reminiscent of an oceanic
spreading center, increment contacts may be marked
by chilled margins. If chilled margins are absent and
intrusive increments are compositionally uniform, it
can be difficult to recognize that an intrusion is
composite and grew by syntaxial crack-seal. Where
new fractures form at the margins of a growing intrusion (antitaxial crack-seal), local deviation of
fracture trajectories into the wall rock causes xenoliths to be isolated between intrusive increments.
Such xenoliths are entirely enclosed by the intrusion
but remain essentially in situ and never were engulfed in magma. This is the most likely origin of
xenoliths that define a ghost stratigraphy (e.g.,
Pitcher and Berger, 1972). A xenolith ghost stratigraphy thus appears to be a diagnostic fingerprint of
antitaxial magmatic crack-seal (Bartley et al., 2007).
Antitaxial crack-seal is favored by intrusion into
weak, fissile rocks such as mylonites or mica schists
(e.g., Mahan et al., 2003; Mills et al. 2007). The
extreme sparseness of xenoliths in plutons suggests
that syntaxial crack-seal may otherwise be the more
common pattern.
Pluton growth by magmatic crack-seal commonly has been challenged owing to the sparseness
of distinct internal contacts inside plutons. However,
recognition of syntaxial magmatic crack-seal depends on the presence of chilled margins, which are
relatively rare in granitic plutons, even at their ex-

ternal contacts with wall rocks. Even in composite
mafic dykes such as those in Figure 1, chilled margins can be diffuse and difficult to locate. Application of the crack-seal model therefore depends on
understanding the lack of chilled margins.

Fig. 1 – Syntaxial and antitaxial crack-seal in diorite composite dykes intruded into granite, Twin Lakes, Sierra Nevada, California. In the line drawing, solid lines are dioritegranite contacts; dashed lines are diorite-diorite contacts;
gray areas are covered. Dyke internal contacts marked only
by chilled margins reflect syntaxial crack-seal; internal contacts marked by granite fragments reflect antitaxial crackseal.

Rarity of chilled contacts and the general uniformity of granitic textures can be understood as a
consequence of late-stage recrystallization. Recrystallization must be involved in producing any
coarse-grained igneous rock texture; otherwise, the
magma would have to know in advance that it was
going to cool slowly, only nucleate crystals far apart
from one another, and keep the growing nuclei far
apart as crystallization proceeds. As magmas generally lack foreknowledge of their cooling fate, we
consider this highly unlikely. Textural coarsening
(also known as ripening) is a well-studied process in
materials science (e.g., Donhowe and Hartel, 1996).
Several lines of evidence indicate that postintrusion textural modification is pervasive in plutons. Mineral assemblages in many granodiorite and
granite plutons clearly record low temperatures
(~400°C). Alkali feldspar generally is K-rich (typically Or90); three-feldspar assemblages (Or-rich Kfeldspar + oligoclase + albite) that span the peristerite solvus are present; magnetite is essentially free
of Ti; and quartz commonly is dark in cathodoluminescence, indicating that it has exsolved most of its
rutile component. Thus, the minerals that form the
bulk of the rock continued to evolve down to tem-
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peratures well below the nominal granodiorite
solidus. However, silicate-rich pegmatitic (H2O-FB-rich) liquids can exist at temperatures far below
the nominal solidus (Sirbescu & Nabelek, 2003),
and the presence of even a tiny amount of such a
pore liquid would efficiently promote late-stage recrystallization.
Temperature oscillation has been shown to enhance rates of recrystallization (Donhowe and Hartel, 1996). Many minerals in granites, particularly Kfeldspar, plagioclase, titanite, zircon, and apatite,
commonly show complex oscillatory zoning with
evidence of melt-back (Fig. 2). Although oscillatory
zoning can be produced in several ways, the simplest way to produce it in several coexisting minerals is by oscillating an intensive variable, and incremental growth of a pluton causes temperature to
oscillate.

We therefore attribute the general rarity of
chilled margins in granites, and the cryptic character
of their internal contacts, to late-stage textural modification that obscures much of the record of pluton
assembly.
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Fig. 2 – Oscillatory zoning in several minerals from granodiorites of the Tuolumne Intrusive Suite, California. Clockwise from upper left, these are titanite (backscatter image),
zircon (cathodoluminescence), apatite (color cathodoluminescence), K-feldspar (false-color backscatter), and plagioclase (cross-polarized).

Finally, K-feldspar is one of the latest-nucleating
phases in a dacitic magma; most (typically >75%) of
the K-feldspar in such a magma grows after a melt is
50% crystallized. Thus, most K-feldspar grows after
the magma has rheologically stiffened and consists
of a crystal framework characterized by grain-grain
contacts. Therefore, space for the K-feldspar
megacrysts must be made in a largely solid matrix
by chemical diffusion and recrystallization and, although the megacrysts probably grow in the presence of pore melt, their textural evolution is more
analogous to metamorphic porphyroblasts than to
volcanic phenocrysts. They are akin to garnet porphyroblasts in schists; garnet is an idioblastic mineral and prefers to form a small number of large euhedral crystals rather than a large number of small
anhedral crystals.
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The Pinto Peak intrusion is part of the early
Miocene (~22-20 Ma) Iron Axis magmatic province;
a region defined by several shallowly emplaced,
intermediate to silicic composition intrusions in SW
Utah, USA (Fig. 1). Their spatial distribution is
partly controlled by older NE-striking, SE-verging
Sevier-age (Late Cretaceous to early Tertiary) thrust
faults. The intrusions were forcibly emplaced into
sedimentary rocks at shallow depths (between 2.5
and 0.2 km) and formed structural laccoliths of high
relief. During laccolith emplacement and growth,
several (Pine Valley, Bull Valley-Big Mountain,
Pinto Peak, Stoddard Mountain, and Iron Mountain)
were partially deroofed by catastrophic gravity
sliding and vented to the surface, burying the slide
masses and surrounding areas with ash-flow tuffs
and minor lava flows (Hacker et al., 2002 and 2007).

emplacement
associated
with
NE-trending
subvertical dikes (Hacker et al., 2007; Petronis et al.,
2004). The model of laccolith development for both
scenarios is one of continuum from thin tabular sill
emplacement (either laterally or vertically emplaced)
through vertical inflation by continuous or multiple
pulse injections of magma.
The Pinto Peak intrusion is an excellent target for
a comprehensive study of its anisotropy of magnetic
susceptibility (AMS). The intrusion was emplaced at
a shallow level (~0.35 km depth) and is well
exposed (~2 km2), the country rock and contacts are
well mapped, and it offers the opportunity for
sampling of the intrusion at a constant erosional
level. In addition, a rare situation occurs at Pinto
Peak where we can sample an intrusive phase, vent
facies, and lava flows to gain insight into the
volcanic-magmatic system of a shallow level
eruptive laccolith. In total, 18 sites were established
with an average of 13 independent samples collected
per site, with 3 sites in the vent facies, 1 site in the
lava flow, and 14 sites in the main body of the
intrusion. Preliminary AMS data reveal an orderly
pattern of K1 lineation and K1-K2 foliation plane
data that we interpret to reflect magma flow during
emplacement (Fig 2).
In addition to the AMS study, paleomagnetic
analyses of representative samples reveal that the
remanence is of low-coercivity and likely carried by
a coarse-grained titanomagnetite phase of a
multidomain grain-size. Overall, the paleomagnetic
data are highly scattered between samples from the
same site and do not yield stable end-point behavior.
In order to better define the magnetic mineralogy,
susceptibility versus temperature experiments were
conducted on representative samples from the
intrusion. Four samples were analyzed from the
main intrusive phase. PP1 and PP9 yield complex
susceptibility versus temperature curves on heating
with a sharp drop in susceptibility at 352°C and
339°C, respectively, and another drop at 557°C and
535°C. On cooling, the susceptibility is significantly
less than the initial value. This may reflect that the
magnetic fraction altered during heating producing
a phase with a lower susceptibility. PP7 and PP16
yield similar susceptibility versus temperature

Fig. 1 - Index map of southwest Utah showing intrusions of
the Iron Axis: B - Big Mountain; BV - Bull Valley; D - The
Dairy; G - Granite Mountain; H - Hardscrabble Hollow; I Iron Peak; IM - Iron Mountain; LP - Lookout Point; MM Mineral mountain; PP - Pinto Peak; PV - Pine Valley; SM Stoddard Mountain; T - Three Peaks. General trend of
Sevier age thrust faults shown as dashed lines with sawteeth. Towns: CC - Cedar City; SG - St. George.

Individual intrusions are homogeneous in
composition, lack evidence of chemical or
pertrographic zoning, and lack visible internal
contacts; all of which suggests rapid emplacement of
magma. Two laccolith emplacement scenarios are
recognized: 1) lateral emplacement associated with
pre-laccolith thrust faults, and 2) vertical
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curves on heating characterized by a gradual
increase in susceptibility with a sharp increase at
552°C and 560°C, respectively, which we interpret
as a Hopkins Peak and the curie point. On cooling,
the curves are nearly reversible with PP9 yielding a
slightly lower susceptibility on cooling and PP16
yielding a slightly higher value on cooling. The
preliminary results indicate that the dominate
magnetic mineral phase in the Pinto Peak rocks is
likely moderate to low Ti-titanomagnetite. The range
of curie point estimates suggests that the Ticoncentrations in the oxides vary spatially across the
intrusion.
AMS results are well-defined across the intrusion
with 9/15 sites in the intrusive and lava flow phases
yielding strongly prolate subhorizontal K1-lineations
and the remaining 6 sites yielding moderate to
steeply dipping oblate fabrics. The results from the
three sites in the vent facies yield moderate to
steeply dipping oblate fabrics. Mean susceptibility
values are generally high (34.5E-3 SI to 3.50E-3 SI)
indicating that the susceptibility is controlled by a
ferromagnetic phase likely a Fe-Ti oxide (e.g.,
magnetite). Pj values range from about 1.028 to
1.006 indicating a low degree of anisotropy. The
AMS fabric data do not appear to show any
dependence on the principal magnetic phase present
at the site level; although additional oxide petrology
and rock magnetic data are required to fully define
any spatial oxide compositional variations within the
intrusion. The K1-lineation data from the intrusive
phase yield remarkably consistent trends that suggest
flow that was controlled by the proximity to the vent
area. The lineations generally plunge gently away
from the vent area and tend to steepen towards the
south in the direction of the vent (Fig 2). The K1-K2
magnetic foliation planes yield a similar pattern of
moderate dips toward the vent area that tend to
steepen as the vent is approached. The steeply
dipping and oblate fabrics from the vent facies likely
reflects constricted magma ascent through the
conduit during emplacement.
We envision two possible scenarios that
adequately explain the observed fabric data from
main intrusive phase of the Pinto Peak intrusion.
The first is that the lineations and foliations within
the intrusion reflect shallow subhorizontal flow
towards the vent area. This suggests that the AMS
fabrics preserve the movement of the magma during
the eruption and that flow occurred radially (?)
towards and into the vent area. Alternatively, in the
second scenario the fabric data reflect the last
motion of the magma after the eruption occurred and
the vent area became blocked. In this case, following
the eruption, the magma drained away from the
conduit as magma pressure in the igneous body at
depth decreased allowing flow back towards the
source area.

Fig. 2 - Simplified geologic map of the Pinto Peak intrusion
showing summary of accepted AMS fabric data. K1 =
squares, K2 = triangles, K3 = circles. (Sites PP13, 14, and
15 are within the vent facies; site 17 is within a lava flow;
and the remaining sites are within the intrusive phase).

Acknowledgements
We greatly appreciate logistical assistance from
Bevan Killpack and the Pine Valley Ranger District
of Dixie National Forest. We also appreciate the
assistance of John W. Geissman and the University
of New Mexico Paleomagnetism Laboratory where
the AMS analyses were conducted. Partial funding
for this project was provided by the Utah Geological
Survey and Kent State University Research Council.
References
Hacker D.B., Petronis M.S. Holm, D.K. and Geissman
J.W., 2007. Shallow level emplacement mechanisms
of the Miocene Iron Axis laccolith group,
southwestern Utah, in Lund, W.R., editor, Field guide
to geologic excursions in southern Utah, Geological
Society of America, Rocky Mountain Section 2007
Annual Meeting: Utah Geological Association
Publication 35: 49p.
Hacker D.B., Holm D.K., Rowley P.D. and Blank, H.R.,
2002. Associated Miocene laccoliths, gravity slides,
and volcanic rocks, Pine Valley Mountains and Iron
Axis region, southwestern Utah, in Lund, W.R., ed.,
Field guide to geologic excursions in southwestern
Utah and adjacent areas of Arizona and Nevada, U.S.
Geological Survey Open-File Report 02-172: 236-283.
Petronis M., Hacker D.B., Holm D.K., Geissman J.W. and
Harlan S.S., 2004. Magmatic flow paths and
paleomagnetism of the Miocene Stoddard Mountain
laccolith, Iron Axis region, southwest Utah, USA: in
Martin-Hernandez, F., Luneburg, C.M., Aubourg, C.,
and Jackson, M. (eds), Magnetic Fabric: Methods and
Applications. Journal of the Geological Society,
London Special Puplications, 238, p. 251-283.

42

LASI III Conference

Elba Island, 2008

Quantifying your crystal populations
1

1

Dougal A. Jerram , Dan Morgan and Vikki Martin
1

1

Dept of Earth Sciences, Durham University, South Rd, Durham DH1 3LE, UK – D.A.Jerram@dur.ac.uk

Keywords: textural analysis, crystal population, microgeochemistry.

Magmatic and volcanic systems invariably
contain significant crystal population on eruption or
final intrusion. Yet these crystals are rarely
comprised of a single crystal population which grew
solely from the batch of magma. Close investigation
of crystal populations reveal that they comprise up
to four main components: Phenocrysts – crystals cogenetic with their magmatic host, Xenocrysts –
crystals wholly, or in part, foreign to the magmatic
host and magma system, Antecrysts – crystals which
are recycled one or several times before inclusion in
the host magma but have an origin within the
magmatic system, and Microlites, which represent
small co-genetic crystals which nucleate and grow
rapidly on decompression and eruption. Such a
mixture of different crystal components can lead to a
number of problems when attempting to constrain
geochemical evolution of the system. Yet by their
very nature, these complex crystal ‘cargos’ provide a
window into the plumbing of magma systems and
how they interact with the crust.
Quantitative textural analysis techniques are
employed to quantify key aspects of the crystal
population both in 2D & 3D (Jerram and Higgins,
2007). These can include crystal size distributions
(CSD) (Mock and Jerram, 2005; Morgan et al.,
2007), crystal shape (Mock and Jerram, 2005),
spatial distribution patterns (SDP) (Jerram et al.,
2003), and clustering of crystals (Jerram and

Cheadle, 2000). In addition the combination of
textural and microgeochemical techniques provide
the next stage in the interrogation of crystal
populations (Morgan et al., 2007), and allow a full
understanding of the true make-up of the crystal
population.
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The arcuate mountain belt defined by the Rif
(Morocco) and Betic (Spain) chain forms the
western termination of the Mediterranean Alpine
orogenic system (Fig. 1).

western Mediterranean (Michard et al., 2006) and
the major phases of the Alboran Sea rifting (Platt,
2006) arguing for a common post-orogenic
geodynamic scenario. We report here the structural
and petrographic characteristics of a peraluminous
dyke swarm (Fig. 6) at the metamorphic core of the
Rif Chain, northern Morocco (Fig. 3). The dyke
swarm occurs confined in a narrow region in Oued
Mter area and intrudes the Beni Bousera peridotite
massif and its high-to medium-grade metamorphic
envelope (kinzigites and Filali gneiss) (Figs. 3, 5).

Fig. 1 – The Rif and Betic chain.

Different and contrasting models have been
proposed in the last two decades to reconcile the
Alpine orogenic evolution of the Betic-Rif internal
zones (Alboran Domain; Fig. 2) in the framework of
the western Mediterranean geodynamics (Zeck,
1996; Michard et al., 1997; Platt et al., 2003).
Fig. 3 – The study area outlined (from Michard et al., 2006
modified).

The dykes trend along three main, steeplydipping arrays, striking NE-SW, ENE-SSW, and
WNW-SSE, respectively (Fig. 4 left column). The
dykes systematically show chilled margins and their
strikes are sub-parallel to systematic jointing
affetting the country rocks (Fig 4 right column). The
mineral assemblages consists of modally abundant
quartz + plagioclase (An9-30) + alkali feldspar
(Or+Ab) + biotite + muscovite associations and
tourmaline + zircon + monazite + Ti-Fe- oxides and
andalusite as accessory phases. Whole rock
chemical analyses and mineral modal analyses
indicate compositions spanning from granodiorites,
syenogranites and alkali-feldspar granites, all with a
distinctive peraluminous signature (A/CNK = 1.0271.271; A/NK = 1.064 -1.449) (Fig. 7). Based on the
evidence that the dyke and jointing strikes are
compatible with the fracture pattern expected for the

Fig. 2 – The Rif Chain: in the square the
metamorphic core of the Alboran Domain.

These reconstructions are hampered by the
occurrence of a major Early Miocene cluster of
radiometric ages in most of the metamorphic rocks
of the Alboran Domain (Platt et al., 2003; SanchezRodriguez and Gebauer, 2000) that obscures the
previous tectono-metamorphic history. It is worth
nothing that the Early Miocene times also
correspond to the onset of acidic magmatism in the
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regional, ENE-SSW striking left-lateral wrench
faulting affecting the Rif Chain since Early Miocene
(Leblanc, 1990), we suggest that magma ascent and
emplacement occurred within the damage zones of
such regionally-sized fault systems.

Geochronological studies on mica (Ar-Ar dating)
and zircon (U-Pb dating) separated from dykes are
in progress to confirm this hypothesis. These new
findings have the potential to add new constraints to
the tectonic and geodynamic setting of the postorogenic evolution in the region.

Fig. 4 – Equal area stereoplots (Schmidt Net Lower
Hemisphere projection) showing strikes of dykes (left) and
fractures (right).
Fig. 7– Alumina Index plot identifying a distinctive
peraluminous signature.
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Fig. 5 – Schematic tectono-stratigraphic column of the
Oued Mter section: relations between the late granitoid
dyke array and the leptinite bodies in the metamorphic
envelope of the Beni bousera peridotite (Lower Sebtides).

Fig. 6 – Dykes in Oued Mter area: Dykes emplaced in
gneisses (left) and in kinzigites (right).
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According to Connor and Conway (2000)
volcanic fields comprise small volcanoes, such as
cinder cones, maars, tuff cones, tuff rings, small
shield volcanoes, and lava domes. These volcanoes
are dominantly basaltic in composition and each is
produced by a single episode of volcanic activity
without subsequent eruptions and are referred to as
monogenetic; each monogenetic vent is associated to
a feeder dyke. It has been proposed that fractures
filled by magma (i.e., dykes) tend to coalesce during
their ascent to the surface, thereby controlling the
final level of magma emplacement and the
distribution of volcanic vents at the surface (e.g.
Takada, 1994). The basaltic composition of volcanic
fields testifies to the presence of deep crustal or subcrustal magma reservoirs requiring a connected
fracture network throughout the crust to feed cones.
The correlation between vent distribution and
fracture network properties is such that the spatial
distribution of vents may be studied in terms of selfsimilar (fractal) clustering (Mazzarini and D’Orazio,
2003; Mazzarini, 2004; 2007), as in the case of
fracture networks (Bonnet et al. 2001). Findings
based on this approach suggest that, for basaltic
volcanic fields in a stretched continental crust, the
distribution of monogenetic vents is linked to the
mechanical layering of the crust. Vents tend to
cluster according to a power-law distribution defined
over a range of lengths that approximate the
thickness of the fractured medium (crust). This
correlation has been studied in volcanic fields within
extensional continental settings in back-arcs, such as
in southernmost Patagonia (Mazzarini and D’Orazio,
2003) and in continental rifts such as the Ethiopian
Rift System (Mazzarini, 2004) and Afar (Mazzarini,
2007).
The proposed correlation between the vent
distribution and the crustal thickness is here
explored in the East African Rift System (EARS).
EARS is a classical seismically and volcanically
active continental rift extending several thousands of
kilometers in a N-S direction (e.g., Chorowicz,
2005); it accommodates extension between the
Nubian (Africa) and Somalian Plates. The bulging
and extension of the crust, and the consequent
widespread volcanism have been ascribed to the
impinging of one or two plumes on the base of the

East African crust (Ebinger and Sleep, 1998; Rogers
et al., 2000).

Fig. 1 – Location map of the Horn of Africa (DEM from
GEOTOPO30 data set; http://edc.usgs.gov/products/
elevation/gtopo30/gtopo30.html). AD: Afar Depression; EP:
Ethiopian Plateau; SP: Somalian Plateau; MER: Main
Ethiopian Rift. EB: Eastern Branch; WB: Western Branch.
Orange polygons location of the analyzed vents: (1) Afar
Depression; (2) Main Ethiopian Rift; (3) Virunga Volcanic
Belt (Western Branch).

Three sites in the EARS have been studied: the
AFAR depression, the Main Ethiopian Rift, and the
Virunga Belt (Fig. 1). The vent location has been
acquired through methods described in Mazzarini
(2007). The detected vents were analyzed in terms
of self-similar clustering. Their spatial distribution
was analyzed by calculating the correlation exponent
D applying the two-point correlation function
method (Bonnet et al., 2001). For a population of N
points (vent centers), the correlation integral C(l) is
defined as the correlation sum that accounts for all
the points at a distance of less than a given length l
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(Bonnet et al., 2001 and references therein). In this
approach, the term C(l) is computed as:
C(l)=2N(l)/N(N-1)
(1)
where N(l) is the number of pairs of points whose
distance is less than l. If scaling holds, Equation (1)
is valid, and the slope of the curve in a log(C(l))
versus log(l) diagram yields the D value. Following
Equation (1), the computed D value is valid for a
defined range of distances (l). The distance interval
over which Equation (1) is valid is defined by the
size range. For each analysis, the size range of
samples is in turn defined by a plateau in the local
slope versus log(l) diagram: the wider the range the
better the computation of the power-law distribution
(Walsh and Watterson, 1993).

distribution of the monogenetic vents reflects the
distribution of feeder dykes. The vent distribution is
thus strictly linked to the hydraulic properties of the
fracture network that allow the connection between
sub-crustal/deep crustal reservoirs of basaltic melts
to surface (see Mazzarini, 2007).
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Fig. 2 - Plot of C(l) vs. l for AFAR, MER and Virunga. Thick
dashed lines represents the upper cut-offs for the data sets
(red Virunga, blue MER and black AFAR). D is the
computed exponent of the power-law distributions. The thin
dashed line is the local slope for the AFAR data set.

Truncation and censoring affect the computation
of the fractal distribution. In order to fit the data for
a scale-range probably not affected by these effects
at least 150-200 objects (cones in this case) must be
analyzed (Bonnet et al., 2001; Mazzarini, 2004).
The vent distributions for the three data sets
along EARS show clear self-similar clustering (Fig.
2). The AFAR data set has D=1.42±0.02 (R2=0.99)
in the 1.2-23.4 km size range, the MER data set has
D=1.41±0.02 (R2=0.99) in the 1.1-26.5 km size
range and, finally, the Virunga data set has
D=1.49±0.01 (R2=0.99) in the 0.9-29.3 km size
range. According to geophysical data the crustal
thicknesses are for AFAR 25 km (Mazzarini, 2007
and references therein), MER 27-30 km (Mazzarini,
2004; Dugda et al., 2005) and Virunga 30-33 km
(Dugda et al., 2005).
Notably, there is a clear correspondence between
crustal thickness in the sites of analyzed volcanic
fields (derived by independent geophysical data sets)
and the upper limit of the computed size ranges
(upper cut-offs) defining the fractal distributions of
the vents. It is here proposed that the surface
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The formation and growth of magma bodies is
both a mechanical and a thermal problem.
Mechanically, the emplacement and development of
an igneous body require the stalling of magma on its
way to the surface. Furthermore, this storage of
magma needs to be accommodated at rates that are
compatible with lithospheric strain rates, a problem
which becomes particularly acute when considering
the magma volumes of large plutons and batholiths
(McCaffrey and Cruden, 2002). Thermally, the
existence of an active igneous body requires that
heat and mass are transferred into this system at
rates that are high enough to prevent the
solidification of this body. Thus critical parameters
are the rate of magma accumulation (i.e., the magma
supply rate) as well as the local geotherm (Annen et
al., 2006). Both these mechanical and thermal
aspects of the formation and growth of magma
bodies raise the issue of the depth or crustal level at
which magma can stall and accumulate to ultimately
form larger igneous bodies. Increasingly, these
mechanical and thermal considerations combined
with field and geochronological data suggest that
plutons grow by the amalgamation of successive,
discrete pulses, and that in many cases these magma
pulses take the form of sills. Sills would thus
represent the building blocks of larger plutons.
It has been shown recently that the emplacement
of sills can be controlled by crustal rigidity
anisotropy (Kavanagh et al., 2006; Menand, 2008).
In this case, sills form when their feeder encounters
an interface separating a relatively compliant, yet
elastic strata overlaid by a comparatively more rigid
strata. Sills formation is also affected by rotation of
the local stress field, with sills forming when the
least compressive stress becomes vertical and thus
being
favoured
in
compressive
tectonic
environments. These two different controls on sill
formation, however, do not necessarily operate on
the same length scale. The rigidity-contrast control
requires not only the presence of layers with
different mechanical properties but also necessitates
interfaces separating more competent layers
overlaying less rigid ones; the length scale
associated with the presence of these specific
interfaces is thus what determines the depth at which

rigidity-controlled sills will form. In contrast, stress
rotation can occur in homogeneous as well as
heterogeneous solids. In the case of homogeneous
solids, new analogue experiments show that the
depth at which sills form is determined by a balance
between the horizontal most compressive stress,
which favours the formation of sills, and magma
buoyancy, which drives magma vertically and thus
opposes sill formation. This competition between
compressive stress and buoyancy determines the
length scale over which stress-controlled sill
formation occurs. Ultimately, the depth at which a
sill forms depends on whether rigidity anisotropy or
stress rotation is the dominant control, i.e. which of
the anisotropy-controlled or stress-controlled length
scales is the smallest.
Using dimensional analysis, the results of these
recent analogue experiments are up-scaled to
geological conditions. Assuming magma-rock
density contrast and crustal compressive stress in the
range of 100 – 500 kg/m3 and 0.1 – 100 MPa,
respectively, as representative of geological
conditions, this analysis indicates that stresscontrolled sill formation would occur on length
scales of hundreds of meters or greater. This
therefore suggests that crustal heterogeneities are
likely to play a larger role than remote stress rotation
in controlling sill emplacement, unless these
heterogeneities are several hundred meters or more
apart.
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A detailed structural study of the igneous sheets
at one location on the margin of the Trachyte Mesa
laccolith, Henry Mountains, Utah, USA, suggests
that the laccolith grew by the accumulation of
subhorizontal magma sheets (Morgan et al., 2008).
Sheets vary in thickness between 50 cm and 2 m
and have bulbous and/or steep frontal terminations.
Tongue-like magma sheets originated at the margin
of the laccolith and deformed wall rocks by
advancing through them. Sill-like magma sheets are
concordant and are stacked upon one another,
comprising the central body of the laccolith.
Contacts between sheets are defined by 2-3 cm
thick brittle-ductile shear zones of cataclasized
plagioclase phenocrysts. The deformation of
sedimentary wall rocks is consistent with the
sedimentary layering immediately in front of an
advancing sheet being translated upward and over
the top of the sheet as the hinge zone migrates with
the front edge of the advancing sheet.
The bulk composition is dacitic and the texture
is porphyritic with euhedral phenocrysts (up to 7
mm) of hornblende and plagioclase. The shear zone
contact between sheets is defined by plagioclase
crystals that have undergone intense cataclasis. This
brittle deformation occurred during the flow of the
fine-grained matrix, which looks no different that
the fine grain matrix in the undeformed interior of
the sheets.
Based on macroscopic fabrics and 81 AMS
(Anisotropy of Magnetic Susceptibility) samples
from the front and top surface of two magma
sheets, the foliation within the interior of the sheets,
near the frontal termination, is subvertical. This
steep foliation rotates into the subhorizontal shear
zones near the top and bottom contacts and
provides a magma flow direction indicator.
Preliminary fabric evidence from near the contacts
suggest that away from the frontal termination, the
interior foliation rotates to become subhorizontal,
similar to the fabric in recent analog experimental
studies. The vertical fabrics are interpreted as
forming during plug flow.
The macroscopic and AMS fabrics are
consistent with Bingham behavior and bulldozer

track plug flow, although there are several possible
kinematic flow models that can explain the fabric.

Fig. 1 – a. Slab of top sheet illustrating the sandstone
contact, narrow brittle-ductile shear zone, and texture of
the interior of the sheet. After Morgan et al. (2008).

Because we only have data from the front and
top of the sheets, the models are limited in their
usefulness to document how the flow progresses
through these sheets. Given these limitations, the
rheology of the magma, based on one fabric model,
fits a power law and is distinctly non-Newtonian
(2 ≤ n ≤ 10). Crystallinity studies of the intensely
sheared contact of the sheets suggests that the
Bagnold effect dispersed grains away from the
contact shear zone and supports the delineation of a
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plug zone in the interior and a high velocity
gradient zone at the contact.

caused the glass transition to be crossed and shear
heating to occur. High strain rates and shear heating
helps to explain how magma sheets can travel far
from there sources and yet remain thin sheets.
In May of 2008, we cored through the top-most
sheet of the laccolith with a construction-grade
drill. Cores are 7.5 cm in diameter and the deepest
core is over 1 meter long. Detailed fabric,
crystallinity, and geochemical data will be analyzed
from these cores over the summer and presented at
the meeting in September.
References
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Fig. 2 – BSE image of cataclasized plagioclase crystal
(lower half) and undeformed matrix (upper half).

These data are consistent with very high strain
rates at the shear zone contacts which may have
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Granitic pegmatites in the upper crust typically
occur as tabular dykes or sills ranging in thickness
from centimeters to decameters. They occur in
variety of host rocks, including metamorphic rocks
and plutons. For example, in the San Diego County
of California, Li-Cs-Ta-type (LCT) pegmatites occur
as individual subhorizontal sheets within calcalkaline plutons of the Mesozoic Peninsular Ranges
batholith. In the Black Hills of South Dakota,
granitic pegmatites occur as sills and dykes within
schists, often paralleling the regional foliation
direction. They occur as individual sheets or
multiple sheets constructing plutons (Fig. 1).
Individual pegmatite sheets are known to extend
over at least hundreds of meters in length and width.

and low density fluid inclusions, lack of tartan
twinning
in
K-feldspar,
ternary
feldspar
thermometry, and oxygen isotope equilibration
temperatures, suggest that at least some portions of
LCT pegmatite sheets have crystallized at
temperatures <400°C (Sirbescu and Nabelek, 2003).

Fig. 2 – Contact-parallel zones of an aplite-pegmatite sheet
showing radially-grown tourmaline blades.

Unidirectional crystal growth is also a
characteristic feature of many pegmatite sheets. If
sheets contain line-rock, the bands are parallel to
contacts with wall-rocks. The growth direction of
minerals is typically inward from the contacts (Fig.
2). In thicker dykes, some minerals, prominently
tourmaline, may preferentially nucleate on earlier
crystallized minerals and grow radially outward.
Flow features that often occur in basaltic dykes are
lacking in pegmatite dykes. The morphologies of
pegmatite sheets show that they are emplaced
essentially wholly as liquids and begin to cool and
crystallize only after emplacement. A typical 2.5 m
thick sheet would cool from 720°C to <400°C in less
than 50 days if the wall-rocks were at ~200°C
(Sirbescu et al., 2008).
Emplacement of pegmatite sheets into cold rocks
as liquids requires that they are emplaced very
rapidly as superheated liquids into propagating
brittle fractures in the upper crust. The superheating
may be the result of depressed liquidus due to the
high water concentrations that pegmatitic liquids
typically carry. Low densities and viscosities of
pegmatite liquids probably also contribute to the
rapid emplacement of sheets.

Fig. 1 – Subvertical aplite-pegmatite sheets constructing the
Calamity Peak pluton in the Black Hills, South Dakota.

Disequilibrium features, such as large variations
in crystal size, elongated crystal shapes, and strong
mineralogical and chemical zoning across sheets, are
a hallmark of many granite pegmatites. The zoning
may include a rhythmically crystallized aplitic
border zone (line-rock), pegmatite zone(s) and
pockets. Pockets typically occur only in relatively
low-pressure pegmatites (~0.2 GPa), such as those
that occur in San Diego County, whereas deeper
pegmatites, such as those in the Black Hills, do not
have pockets. Pockets represent the space that was
filled by accumulated supercritical fluid. Texture of
individual sheets is often asymmetric with line-rock
at the bottom and pegmatite at the top. These
disequilibrium features suggest that most pegmatites
crystallize rapidly as undercooled liquids. Evidence,
including trapping temperatures of coexisting high
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Wołek Hill is a 380 m high hill, located about
10 km south of Złotoryja and about 100 km southwest of Wrocław. It belongs to the Kaczawa
Mountains that are part of the Sudetes Mountains.
Wołek Hill consists of three types of volcanic
rock. The oldest one, Permian basaltic
trachyandesites, builds three incomplete units of
lava flows. The second type, also Permian, consists
of rhyolites that form a lava dome. The youngest
type, Tertiary basaltic rocks, forms a small volcanic
body.
The youngest rocks belong to the Central
European Volcanic Province (CEVP) and are related
with the Eger/Ohře rift in the south-west. Outcrops
in the neighborhood have been dated; most of them
are Miocene (Birkenmajer 2007). There is no
evidence that they have a different age at Wołek
Hill.
The Tertiary rocks were geochemically identified
as ankaratrites (Juroszek, 1985) and as picrobasalts
(Napieralska and Muszyński, 2006), but the most
recent chemical analyses suggest that they should be
classified as basanites (Napieralska, 2007).

The main basaltic body is about 20 m wide and
about 15 m high. Contraction structures in this body
are more irregular than classical columnar joints
(Fig. 2). The rock also contains a lot of mantle
xenoliths (Napieralska and Muszyński, 2006).

Fig. 2. Irregular structure of the volcanic body formed as a
result of thermal contraction.

The contact between the basaltic and the
underlying rocks is not exposed because of rubble
(Fig. 3), but the contact with the overlying basaltic
trachyandesites is sharp. The basaltic rocks occur in
two more places in the quarry, but they show
contraction structures there.
The interpretation of the intrusion type at Wołek
Hill is not truly clear. According to the commonly
used terminology, a “dyke” is a body which cuts
through the overlying rocks, whereas a “sill” is a
body running parallel to the layers above and below.
What is the case at Wołek Hill cannot be
established. This is partly due to the fact that it is not
known how much and where material has been
removed by quarrying.
Juroszek (1985) described the Tertiary volcanic
body in the quarry as a volcanic neck, but later
Stanisław Madej and Krzysztof Sadowski (pers.
comm.) suggested that the columnar jointing and the
shape of the body indicate that it is a sill.
The present author supports the hypothesis that
the entire body has a horizontal position, among
others because the contraction structures do not
represent typical columnar joints and occur only in
the main body. The rest of the basaltic rocks in the
quarry and below the quarry are massive.

Fig. 1 – 3-D model based on the 1:10000 map. Basaltic
rocks are marked as black dots.

Basaltic rocks were found in four places (Fig. 1).
Their best outcrop is on the south-eastern hill slopes
in a quarry that was abandoned more than 70 years
ago (Juroszek 1986). This outcrop is about 120 m
wide and 50 m high. The main type of rock here is
an incomplete succession of basaltic trachyandesites
and basaltic rocks. There are also basaltic breccias,
sedimentary breccias and black Permian tuffs.
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Fig. 3. Sketch of the abandoned quarry.

Śliwa (1967) interpreted such irregular structures as
indicative of the central part of a volcanic body,
where the rate of the lava outflow is the biggest. The
irregular contraction structures of Wołek Hill thus
suggest that the main body in the quarry represents
the most central part of the Tertiary intrusion and
that it is in horizontal position.
On the other hand, basaltic rocks occur in the
southern part of the quarry, below sedimentary
breccias, and volcanic breccias and Permian tuffs are
present below the basaltic rocks (Fig. 3). This
succession suggests that tuffs occurred originally
below the basaltic trachyandesites, and that the
Tertiary rocks intruded them in the form of a sill.
This hypothesis is supported by the experimental
data presented by Menand (2008). Experiments with
injection of fluid into solid gelatine showed that, for
sill formation, the lower layer must be less rigid and
weaker than the upper layer. The Permian tuffs of
Wołek Hill may represent the less rigid layer, and
the basaltic trachyandesites may represent the
stronger and more rigid layer. Unfortunately, the big
talus below the basaltic rock covers the contact with
the rocks below, so that this cannot be checked.
According to the diagram of Cruden and
McCaffrey (2002), the thickness of the body in the
quarry is suitable for sill intrusion, but it is very hard
to say something about its extent. The body is
visible only in the wall of the quarry, and only
geophysical measurements can give more
information about what kind of rocks are hidden.
Menand (2008) suggested on the basis of field
observations that sills are thicker than dykes. The
body at Wołek Hill is fairly thick, which suggests
that it could be a sill.
There is only one indication that the body is a
dyke: below the quarry one more Tertiary volcanic
body is present, at a different level. Because no

contact of that body with rocks in the neighborhood
is exposed, this second body need not be a sill. In
addition, the presence of two sills, at different levels,
is not very likely.
In conclusion, there is no definite proof whether
the Tertiary volcanic body at Wołek Hill is a dyke or
a sill, but most evidence points to a sill.
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Textural characteristics of dykes and their
interaction features with host sediment/rock units
bear key information about the style of magma
intrusion (rate, volume, periodicity), processes
immediately prior to melt fragmentation by external
and/or internal forces, and the state of water
saturation of the host sediments during intrusion
(e.g. peperite, chilled margin, fluidization features).
Prior to caldera-forming eruptions, large volumes of
melt intrude. Additional intrusions occur also in the
post-caldera resurgent stage. When these processes
occur repeatedly over millions of years, nested
caldera systems are cross-cut by intrusions. Due to
caldera resurgence exposures of the shallow
subsurface magmatic feeding systems are well
observed on Ulleung Island in Korea.
Ulleung Island is located in the East Sea (Sea of
Japan), about 130 km eastward off the Korean
Peninsula (Fig. 1). Well-known Quaternary tephra
layers recovered from the seafloor around Ulleung
as well as from Central Japan are inferred to be
associated with the young eruptive (30 to 10 ka)
phase of Ulleung Island derived from the Nari
Caldera (Park et al., 2007). Ulleung Island’s
stratigraphy is complex and up to now it is not fully
understood. The basal basaltic units (2.7- 1.4 Ma)
are covered by thick succession of trachytic and
trachyandesitic pyroclastic and coherent units
(Yoon, 1997). The youngest volcanics of Ulleung
are trachytic and trachyandesitic pumice-bearing
deposits associated with major caldera-forming
events. Trachytic coherent magmatic bodies form
the base of the island that is overlain by basaltic lava
and breccia. This succession is capped by major
trachytic units of volcanic debris avalanche, welded
tuff and reworked volcaniclastic successions. This
unit is overlain by a third major trachytic effusive
and intrusive rock unit. The youngest successions
are represented by unwelded pumiceous pyroclastic
deposits.
The highest peaks on Ulleung are radially
jointed, steep-sided trachytic domes. Along the
southern shore, steeply seaward-dipping successions
of basaltic lava and breccia are exposed and are cut
by wide coherent and clastic dykes. The intrusive

bodies can be grouped into 3 major lithological
types; 1) coherent trachytic dykes, 2) coherent dykes
with fractured interiors that transform into clastic
dykes, and 3) wide trachytic clastic dykes.

Fig. 1 – Topographic map of Ulleung Island in the East Sea
(Sea of Japan). Contour interval is in 25 m.

The coherent trachytic dykes are thick (> 0.5 m)
and their margins are chilled. These dykes are
persistent over long distances although their
thickness can be highly variable on an outcrop-scale.
The thickness of chilled margins also changes
between a few mm to a few cm over metre-scale
distances. Along the dyke margins, structureless
fines-rich zones form up to 1 m wide halos where
the large dykes cut matrix-rich tuff and lapilli-tuff
successions. These zones however are discontinuous
over long distances. Peperitic textures are relatively
rare and their position does not systematically relate
well to any specific host rock type, stratigraphic
position or composition. This indicates that their
presence is rather a function of local anomalies in
water saturation state and temperature of the host
sediment, and style of intrusion. No larger-scale
peperite formation occurs, which indicates that the
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intrusions did not occur into water-logged host rocks
submerged underwater.
Dykes with fragmented interiors are connected
with massive, coherent intrusions. Coherent bodies
tend to be fragmented to form a jig-saw fit textured
dyke zone that gradually transforms into fines-poor
clastic dykes (Fig. 2). In the transition zones,
coherent dyke bodies tend to fork, and larger parts
can be detached from the main coherent body (Fig.
2). In the transition zone, dyke margins are still
chilled, and the chilled margins confine the
brecciated central zones. These types of dykes are
typically variable in thickness (0.2-1 m) over mscales and are vertically persistent.
Clastic dykes are especially common in the
southern coastal cliffs of Ulleung (Fig. 3). Clastic
dykes are not as wide as coherent ones (<1 m). They
are generally straight and their width rarely changes
significantly over tens of metres. They comprise
matrix-supported tuff breccias of trachytic fragments
with similar composition to the rock within coherent
dykes. The clastic dyke margins are well-defined by
fines-rich zones (Fig. 3). The centres of the clastic
dykes are lithologically distinct from the host rocks,
indicating their true intrusive origin rather than
being a result of tectonically controlled fracture
filling.

Fig. 3 – Clastic dyke with a coarse (C) centre and finesenriched margins (M). The marginal zones have welldefined fine-grained zones on both sides (arrows). The
dyke was emplaced into a tuff breccia.

The gradual transition from coherent to
fragmented dykes indicates shallow subsurface
fragmentation of dykes prior to them having reached
the surface. The more voluminous dykes are the
likely sources of trachytic domes and thick lava
flows. The identified textures record a continuum of
dykes that fed lava domes at the surface, and those
that fragmented in a shallow subsurface level,
possibly feeding explosive eruptions in the surface
associated with the dome growth. Major dykes at
this site may have accompanied major calderasubsidence events or they may be the feeding
channels of resurgence or post-caldera volcanism.
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Fig. 2 – Arrested and fragmented trachytic dyke tip (D).
Large magmatic bodies detached (Db) and surrounded by a
fluidized fines-enriched halo (H). White halo around the
entire dyke is marked by arrows.
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Volcanism in the Tokaj Mts initiated in the
Middle Miocene (Badenian) along the northern
margin of the area with an eruptive phase that
resulted in the accumulation of thick rhyodacitic tuff
at 15.2±1.3 and 13.0 ± 0.6 Ma (Pécskay et al., 1986).
The early eruptive phase in the upper Badenian was
followed by graben subsidence and marine
transgression from the northeast depositing marine
clay and marl beds. The andesitic and dacitic
volcanics succeeding this stage were mostly
emplaced in a submarine environment, resulting in
various types of peperite and brecciated rocks
intercalated with shallow marine clays, marls and
fine sands. Sarmatian-Pannonian volcanism was
initiated by eruptions resulting in rhyolitic tuff up to
600 m thick, accumulating under partly subaqueous,
partly subaerial conditions. The K/Ar ages of rocks
from these centers cluster between 12.5 and 11.5 Ma
(Pécskay et al., 1986). During the major stages of
the Sarmatian andesitic volcanism some areas were
still covered by a shallow sea. Therefore, tuffaceous
accumulations are often well bedded and
intercalated with clastic- pelitic sedimentary rocks
deposited in brackish water. Synchronously with or
succeeding the accumulation of the lower andesite
units, rhyolitic volcanic centers formed. The most
typical K/Ar ages of these rocks are between 11 and
12 Ma (Pécskay et al., 1986). The late stage of
volcanic activity was characterized by either
pyroxene andesite lavas or local dacite-rhyolite
products.
Host rocks at Erdőbénye are moderately sorted
rhyolitic pyroclastic rocks. The rhyolitic pyroclastic
successions are capped by fossil-bearing tuffaceous
claystones inferred to be Upper Sarmatian in age.
The succession is well bedded and the coarser
grained lapilli tuffs are stratified. The contact zone
between the pyroxene-andesite intrusions (67.37
wt% SiO2, 3.12 wt% K2O) and host rocks are welldefined. In the central zone of the intrusive body the
contact zone is about a meter wide and undulating.
However, in the marginal areas the contact between

the intrusion and the host rock is sharp and
moderately undulating.

Fig. 1 – Location map of the Erdőbénye laccolith in the
Tokaj Mts.

The intrusive body in the central zone is about 50
m thick (exposed) and forms forking joint system
with dm-wide columns. The age of the laccolith is
11.4 ± 0.4 Ma by K/Ar-method. In the marginal
regions the intrusive body is tabular with dm-thick
horizontally jointed zones.
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The contact zone of the intrusion to the host rock
forms a dm-wide margin where cm-sized angular
fragments detached from the dyke. These detached
fragments are chilled, dark in colour and hosted in a
homogenized fine ash matrix of the host rock. Along
the contact zone alteration is prominent up to a
meter distance from the coherent bodies.

content at the time of the intrusive events. The
gradually growing intrusion therefore experienced
limited mingling with the host pyroclastic sediment
in its central zone. Far away from the main body of
the intrusion the growing laccolith caused only
thermal alteration and gradual mechanical uplift of
the host sediment. This situation is interpreted to
result because heat from the main body of the
intrusion drives out steam quickly from the
moderately saturated host giving more opportunity
for thermal alteration. This indicates that the
intrusion took place in relatively dry conditions of
the host, (e.g. subaerially), and/or at a later stage
than the sedimentation of the pyroclastic host. In this
respect Erdőbénye represents a different type of
emplacement environment to those at Pálháza,
which has been recently interpreted to be syneruptive, subaqueous cryptodome in the Tokaj Mts
(Németh et al., 2008).

Fig. 2 – Overview of the laccolith emplaced in the nonwelded pyroclastic density current deposit.

In the marginal areas the intrusion top surface is
undulating with metre-scale amplitudes. The host
rock bedding planes seem to follow the same
geometry as the top surface of the intrusion. In these
areas the contact zone is thin and no detached
fragments have been identified. Thin thermal
alteration zones can be followed for many meters.

Fig. 4 – Undulating but sharp upper contact of the andesitic
laccolith and non-welded pumiceous pyroclastic rock units.
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Fig. 3 – Peperitic margin along the andesitic laccolith of
Erdőbénye.

The distribution pattern of contact features
shows a gradual change from undulating and
irregular, but relatively thin, peperitic regions in the
central zones of the intrusion to a sharp, welldefined, non-peperitic margin in the external areas
of the intrusion. This indicates that the central zone
of the intrusion emplaced in an unconsolidated
pyroclastic sediment which was had limited water
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The central Vanuatu islands are composed of the
overlapping products of small-volume, mafic
volcanism that are co-located with a number of
larger polygenetic volcanoes (Monzier et al., 1997).
These lithologies are exposed particularly well along
coastal cliffs of Tongoa and Epi. These deposits
were associated with a catastrophic “Kuwae”
eruption, widely described in local oral traditions
(Garanger, 1972). In 1994, “Kuwae caldera” was
redefined to encompass a 60 km2, double depression
immediately NW of Tongoa (Monzier et al., 1994).
They describe the 12×6 km diameter seafloor
depression as containing two, steep-sided, coalesced,
basins (Fig. 1). Total caldera subsidence was
calculated, at 800–1,100 m (Monzier et al., 1994),
and a total volume of erupted material was estimated
to be ~40 km3 DRE (dense rock equivalent). On the
assumption that this double-structure formed in a
single explosive event it was estimated that it
injected ~40 km3 of eruption product into the
atmosphere (Monzier et al., 1994; Robin et al.,
1994). Analysis of the magma's composition and
volatile content indicated that an eruption of this
scale and composition could have released climateforcing gas and particles, causing global climatic
impact (Witter and Self, 2007). Much of Tongoa and
Epi islands were reported to be blanketed with
ignimbrite from the Kuwae eruption (Monzier et al.,
1994; Robin et al., 1994), however the thickness and
lateral extent of the deposits are smaller and more
complex than originally inferred (Németh et al.,
2007). The age of the event was interpreted to be
between AD 1420-1430 from C14 dating of charcoal
samples within thick pumice ignimbrite deposits at
the southern side of Tongoa, and dating the skeleton
of Ti Tongoa Liseriki, a chief that resettled the
island some time after the volcanic disaster
(Monzier et al., 1994). This age was recently revised
and puts the age of this event at 1452-53 AD.
The stratigraphy of the Kuwae event was based
on a 143 m thick composite log of the youngest
pyroclastic sequences surrounding the caldera
(Monzier et al., 1994). The most complete sequence
of 50 m of the youngest pyroclastic units is located
in the northernmost part of Tongoa. All other parts
of the composite sequence are patched together from

disparate locations on different islands, imparting
significant uncertainty to their actual correlation.
The most questionable element of the Kuwae
composite stratigraphy is a thick, “initial”
phreatomagmatic deposit, associated with a
"terminal hydromagmatic phase" of the pre-caldera
edifice (Robin et al., 1994). This unit was described
to grade-upwards into two "major" sequences of
pumice pyroclastic flow deposits, marking the
caldera collapse events, and capped by welded
ignimbrite (Robin et al., 1994). These welded
ignimbrites were used to argue for the high intensity
eruption of Kuwae. Recent field mapping, however,
has highlighted that some of these welded units are
local features, many of them associated with
subsequent dyke intrusions that have fused the host
pumice deposits.

Fig. 1 – Location map of the Kuwae caldera.

In East Tongoa (Fig. 1), at near sea-level a mafic
dyke swarm has cut through dacitic pumice deposits.
The host rocks are closely packed angular to subrounded pumice lapilli and coarse ash beds. The
succession is thickly bedded with intercalating thin
coarse ash layers having sub-horizontal bedding.
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The shoreline is formed by lithic-rich pumice
breccias typical to those sequences forming the main
pyroclastic density current deposits of the Kuwae
event. The dykes intruding the pumiceous
successions are irregular and run parallel with the
current shoreline (Fig. 2). They can be traced over
hundreds of metres laterally. The dykes are few tens
of cm to up to 1 m thick and have characteristic
aphanitic margins (Fig. 2). Their centres are more
coarser microcrystalline rock. Along the aphanitic
outer margin, the dykes contain vesicle trains
parallel with the outer rim. Closely spaced dykes
commonly encapsulate brecciated zones of the same
coherent magmatic body (Fig. 2). The pumice host
rocks are welded and fused pumice can be traced
several metres from the dyke contacts. Larger
pumice fragments are fused together forming a
semi-welded zone along the dykes. Angular
fragments of the coherent magmatic bodies are
common along the dykes and mixed within the fused
pumice host rocks (Fig. 3).
The texture of the fused pumice units is similar
to those rock fragments recovered from beach rock
rubble in the western side of Tongoa. Such
fragments are commonly used to infer the existence
of widespread welded pyroclastic successions
associated with the Kuwae eruption, and therefore
used as evidence to support high intensity eruption
formed welded ignimbrites. While clearly there are
welded ignimbrites present around this caldera, the
findings presented here show that care should be
taken in interpreting the origins of individual clasts
without a context of their parent deposits

Fig. 3 – Welded host rock along thick dykes.

These findings suggests that the wide
distribution of primary welded pyroclastic units
from the Kuwae eruption should be revised, and
shows they have occurred only in more restricted
settings under favorable conditions. Postdepositional welding of such sequences should be
taken into account when describing deposits from
similar geologic terrains.
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Fig. 2 – Undulating dyke width and orientation.

A well exposed coastal platform site in East
Tongoa shows the extent of intrusion-generated
welding as a potentially common feature producing
rock textures similar to those from welding of
rapidly emplaced mafic pyroclastic beds such as
seen in the capping units of nearby Laika Island
(Fig. 1).
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Permo-Carboniferous
extension
processes
coupled with magmatic activities in the Thuringian
Forest are documented by an up to 2000 m thick
sequence of volcanic and clastic rocks. Besides
dykes, which mainly occur in the crystalline
basement of Ruhla-Brotterode but also in the
Rotliegend deposits of the Wintersteiner Scholle, a
large dolerite sill intruded into late-Variscan molasse
sediments at the western margin of the Oberhof
basin (Katzung and Obst 1996; Fig. 1). This shallow
intrusion can be traced at the surface along a length
of 11 km. Its thickness is about 350 m, known from
the Schnellbach 1/62 well.

represents in situ differentiation processes triggered
by gravity-controlled olivine accumulation (Fig. 2).

Fig. 1 – Permo-Carboniferous volcanic and clastic rocks of
the Thuringian Forest (Katzung and Obst 1996, modified).

Fig. 2 – Zonation of the Höhenberg dolerite sill as
suggested by variations in mineralogy and geochemistry.

Based on petrographic investigations a zonation
of the sill was observed, and apart from the chilled
margins and transition zones at the top and base of
the magmatic body a major subdivision into an
upper quartz dolerite zone, a central olivine-bearing
dolerite zone and a lower olivine dolerite zone was
suggested (Voland 1965). Bulk rock and mineral
analyses across the sill show that this zonation

Following the mineralogy the lower part of the
intrusion shows high concentrations of MgO, Cr and
Ni. Olivine is characterized by Mg-numbers
between 60 and 66. The amount of olivine decreases
in central part of the intrusion and has a more
fayalitic composition. This corresponds to
decreasing Ni content in the rock, while the amount
of Cr is rather stable as this element is incorporated
in clinopyroxene. Further, increasing Al2O3 content
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in this part correlates with an increasing amount of
plagioclase. The upper zone lacks olivine but
contains a large proportion of oxides which
corresponds with high TiO2, Fe2O3 and V contents.
In this part the dolerite has the highest
concentrations of incompatible elements, e.g. K, Rb
and Ba. Together with relatively high Zr values they
point not only to formation from a residual liquid
but also to crustal contamination due to assimilation
of host rock material. This might have also affected
the transition zones as they are enriched in alkalies
too.
The interaction with wet siliciclastic sediments
further has caused hybridisation of the tholeiitic
magma in the lower transition zone. Here,
orthopyroxene occurs instead of olivine with very
similar Mg-numbers due to an increasing silica
activity. A separate magma injection as proposed for
the formation of the olivine zone in the Palisades sill
(Husch 1990) can therefore be excluded.
The Höhenberg sill has an age of about 295 to
290 Ma (Obst et al. 1999). Its formation correlates
well with wide-spread magmatic activities in central
and northern Europe (cf. Wilson et al. 2004).

different melt generation processes in the upper
mantle and the Earth’s crust. Tholeiitic mantle
magmas, which are enriched in incompatible
elements, and crustal melts intruded nearly
simultaneously forming numerous dolerite and
granitporphyry dykes. Furthermore, a group of
orthoclase-bearing porphyrites can be distinguished
which represent anatectic melts of lower crust
material. The emplacement of the melts was often
accompanied by mixing and mingling processes
which led to the formation of hybridised rocks of
intermediate to felsic composition. All the different
rock types often occur together forming composite
dykes (Obst and Katzung 2000).
Distribution analyses of differently oriented dyke
sets and field studies of cross-cutting dykes indicate
spatial and temporal changes in the stress field
present during intrusion (Fig. 3).
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Fig. 3 – Distribution of magmatic dykes of varying
composition and orientation in the northwestern part of the
Thuringian Forest (Obst and Katzung 2000, modified).

The intrusion of the dolerite sill is accompanied
by several dyke sets of mafic to felsic composition,
especially in the crystalline basment further to the
west (Fig. 3). Petrological and geochemical
investigations of samples from natural outcrops,
quarries, old mines and wells prove a variety of
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Introduction: The McMurdo Dry Valleys
magmatic system, Antarctica, comprise a vertical
stack of four interconnected sills linked to surface
flows of the Kirkpatrick flood basalts (Hamilton,
1965; Marsh, 2004). Forming part of the Jurassic
Ferrar dolerite Large Igneous Province, the system
preserves a world-class example of a multiple
magmatic system. The lowermost intrusion, the
Basement Sill, offers unprecedented exposure
through a magmatic slurry flow (a congested meltparticle mixture), comprised of abundant Opx
phenocrysts (Marsh, 2004; Bedard et al., 2007). The
overall geometry of the axially confined slurry is
tongue-like, with the sill margins relatively aphyric
(Gunn, 1962). Together they provide critical
information on the overall fluid dynamics of
congested magma. The tongue has a wide range of
structures including grading, layering and melt
segregation and it is noteworthy that features long
recognized in classical layered intrusions formed
here on a timescale governed by the local cooling
rate of a c. 300 m thick sill.
Modelling: In this contribution we show how
image-based modelling can be a powerful way of
obtaining data on flow velocities and derivative
functions in magma using data obtained form field
data. We begin by presenting the initial results of a
2D numerical model employing a generalised form
of the Navier Stokes equations. The numerical
model is image-based, meaning that the finite
element mesh and bounding geometry is constructed
from photographs taken in the field (Fig. 1). In this
way the flow modeling is guided by the actual shape
of thus capturing a level of realism not normally in
the modeling process (Fig. 2). The numerical model
was built and solved using Comsol Multiphysics
with magma density and viscosity supplied as
variables. The dependent variables are the velocity
and fluid pressure. For simplicity, the model is
isothermal and isoviscous although refinements to
the latter are possible and important when
considering non-Newtonian flow of the OPX slurry.
The model boundary conditions prescribe an inflow
velocity u = u0 and an outflow pressure p = p0.
Steady-state is assumed.

~ 300 m

Fig 1. – Section of the Basement Sill used for image-based
modeling (Fig 2). Note layers developed in central section.

Fig 2. – FE mesh geometry using Fig. 1 as boundary
4
structure. Mesh comprises 2.6 x 10 elements.

Results: Visualization of the 2D flow-field is
shown in Fig. 3. The velocity profile is parabolic
with a maximum flow Umax of 0.2 m/s. The average
velocity (generally 0.5Umax) of c. 0.10 m/s. The Cell
Reynolds number (where the characteristic
lengthscale is the element length) is < 100 indicating
laminar flow during simulation. Despite the rather
large number of simplifications made, the model
provides some useful insights. For example, the
steady-state mean velocity of c. 0.10 m/s means that
providing flow is continuous (that is, a ready supply
of magma is available at depth), the magma could
travel the c. 150 km length of the exposed sill in c.
17 days. Assuming again a magma supply to support
continuous flow then the magma could in principle
travel 3000 km in 1 year. Although a significant
distance, there is now geochemical evidence to
suggest that Ferrar magmas in the Transantarctic
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Mountains have traveled continental-scale distances
in sills (Leat, 2008).

A final aspect of the initial model considers the
irregular geometry of the Basement Sill boundaries.
Movement of magma along these boundaries results
in the formation of complex eddies and fluid
swirl/back-flow (Fig. 5).

Fig. 3 – Computed solution showing the flow (velocity field)
and streamlines defining fluid trajectories.

Recovery of the velocity field allows other
important variables to be derived. One that has
critical impact on the OPX tongue in relation to
formation of layering is the shear rate (γ) which
relates the viscosity to the shear stress. Shear rates of
c. 0.1 1/s are predicted. These allow important
dimensionless numbers to be calculated including
the Reynolds and Peclet numbers that qualitatively
describe the flow behavior of congested particle-rich
suspensions. Initial analysis suggests Peγ >> 1,
implying that the OPX tongue should exhibit shearthinning during flow. A deep characteristic of shearthinning slurries is that they develop layering –
exactly what is seen in the interior part of the
Basement Sill. Work to model explicitly the flow
of the OPX slurry using non-Newtonian magma
rheology is at an advanced stage. The implication is
that the observed layering is due to flow dynamics
as opposed to more classical explanations such as
compaction and crystal settling (Petford et al.,
2006).

Fig 5. – Enhanced region at base of sill showing eddy
formation due to topography.

Flow velocities in these regions are of the order
0.001 m/s indicating magma here is effectively
stagnant. Once formed, such regions are likely to
remain isolated both chemically and physically from
the main flow.
In summary, image-based modelling provides a
novel way of extracting quantitative information
with bearing on magma dynamics from field data.
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Fig 4. – Shear rate as a function of position across the Sill.
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Granitic pegmatites are widespread in the Late
Miocene Monte Capanne monzogranite pluton (Elba
Island), but it is only along its eastern border that
they display a marked Li-Cs-Ta (LCT) signature
(Figs. 1 and 2). Such LCT pegmatites are of
particular interest since, at a small scale, they
contain much of the features typical of many other
important pegmatite districts around the world.
Indeed Elba pegmatites show a variety of inner
structures, different host-rocks, complex and rich
mineralogy (e.g. elbaite, petalite, pollucite,
microlite, etc.), and a wide range of the degree of
geochemical evolution (Orlandi and Pezzotta 1996;
Pezzotta, 2000).
The Monte Capanne pluton is a slightly
peraluminous monzogranite intrusion (Dini et al.,
2002) formed by the downward stacking of multiple
magma pulses (Farina et al., 2008). Earlier
emplacement of K-feldspar megacryst-rich magma
sheets was followed by the emplacement of a larger
magma batch that produced the megacryst-poor San
Piero facies. Several evidences (Dini et al., 2008)
indicate that the NW part of the pluton acted as the
feeding zone, while the eastern part developed as a
“tongue” in the footwall of a low angle detachment
(Central Elba Fault; Fig. 2). Cordierite- and
tourmaline-rich leucogranites, formed by the
differentiation of the San Piero facies (Dini et al.,
2002), were emplaced as sub-vertical dykes all over

Fig. 1 – Schematic geological map and distribution of the
four pegmatite types in the San Piero-Sant’Ilario area (Elba
Island, Italy). Modified after Pezzotta (2000).

Fig. 2 – A) Cross section of the Elba LCT pegmatite field showing the distribution of leucogranite sills (red) and pegmatite dykes
(yellow) with respect to the undulations of the intrusive contact of the Monte Capanne pluton. B) possible model for the
generation of contact undulation and squeezing of the early emplaced K-feldspar megacryst-rich plutonic facies (MKx facies).
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the pluton, while in the eastern part they emplaced
as sills following the attitude of the contact zone
(Figs. 1 and 2). The LCT pegmatite dykes display a
NNE-SSW strike, like the leucogranite sills, but they
dip to the west (Pezzotta, 2000). Rather surprisingly,
the attitude of LCT pegmatites of any size (including
some very small ones with a thickness close to 1 cm)
is persistent along all the area of occurrence, even
for hosting rocks with significantly different
rheology such as monzogranite, leucogranite,
metaserpentinite and metasedimentary units (Fig. 2).
Geometry of the pegmatite dykes vary from tiny
veins, to typical decimetre-thick dykes with simple
tips, to larger dykes (1 m thick) showing sudden and
fringed terminations that include host-rock
fragments (Fig. 3). Internal structures and
parageneses of the Elba LCT pegmatites have been
described by Pezzotta (2000). They are classified
into four types based on internal structures and
mineralogy (Fig.1): type-1) dikes without Li
minerals; type-2) Li-bearing dikes with complex
asymmetric zoning; type-3) Li-bearing dikes with
simple asymmetric zoning; type-4) Irregularly zoned
to un-zoned Li-bearing dikes. The degree of
geochemical fractionation increases from type-1 to
type-4. The less evolved dikes of type-1 are mostly
emplaced inside the pluton, and the most evolved

ones of type-4 are all emplaced in the contact
aureole (metasediments and metaserpentinites).
Pezzotta (2005) underlines that a very strict
spatial relation exists between the leucogranite sills
and the LCT pegmatites in the eastern part of Monte
Capanne pluton, and some LCT pegmatites seem to
occur as lenses with rock units compositionally
transitional to the hosting leucogranites. It is also
important to report that LCT pegmatites crosscut
both the megacryst-rich and the megacryst-poor
plutonic facies.
Differentiation of evolved melts in the eastern
part of the Monte Capanne pluton was favoured by
the concurrency of tectonic and magma
emplacement processes. The movement of the
Central Elba Fault (Fig. 2) induced a stress field that
can explain the orientation of the leucogranite sills
(R structure) and the subsequent LCT pegmatite
dykes (R’ structures). However, the undulate nature
of the main intrusive contact, the swift thickness
variations (with local elision) of the megacryst-rich
facies, and the occurrence of west dipping minor
structures having both top-to-the-west (direct) and
top-to-the-east (inverse) sense of movement, suggest
that the eastward spread of the San Piero facies
played a role in producing evolved melts as well as
in controlling the localization of leucogranite sills
and pegmatite dykes along the main bend of the
intrusive contact (Fig. 2).
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Fig. 3 – A) block diagram of the “San Silvestro” pegmatite
dyke (San Piero). B) photo of the southern termination of
the dyke. Note the fringed termination of the dyke and the
sudden thickness variation.
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We have recently commenced a four-year project
with focus on understanding emplacement
mechanisms of mafic sheet intrusions in sedimentary
basins. Seismic data reveal that sill intrusions
generally display a saucer-like morphology in
layered sedimentary basins intruded by large
volumes of magma (e.g., Vøring and Møre basins
offshore central Norway, the Brazilian margin, and
the NW Australian Shelf). Such volcanic basins are
mainly the results of short-lived continental breakup volcanism and hot-spot magmatism. However,
the Karoo Basin in South Africa is likely the best
natural laboratory to investigate sill emplacement
mechanisms in a layered sedimentary basin because
erosion under arid conditions has exposed hundreds
of saucer-shaped sills. The saucer-shaped sills form
complex 3-D networks of interconnected sills,
referred to as sill complexes. Amongst these, the
Golden Valley Sill Complex has excellent
exposures.
The Golden Valley Sill Complex was sampled in
the field in 2004 and 2005 for measurements of the
anisotropy of magnetic susceptibility (AMS) and
geochemical composition. A total of 665 AMS
samples, equivalent to 113 localities, were collected
and cover homogeneously the Golden Valley Sill
and the connections with adjacent sills. The AMS
results show that the emplacement of magma in
sedimentary basins is an extremely dynamic process
with inflation and deflation cycles. The AMS
measurements at opposite margins of finger-like
structures show an outward magma flow direction.
The fingers may have represented long term magma
channels with active magma flow at the time when
the remaining of the sill was crystallizing.
A statistical method (Forward Step Discriminant
Function Analysis) has been applied in order to test
the genetic relationships between different sills and
dykes in the Golden Valley Sill Complex (GVSC).
This testing is based on analyses of 45 major and
trace elements obtained from each of 374 samples.
The complex has been divided into groups on the
basis of geographic locations. The statistical method
shows that at least five different magma batches of
specific composition formed two or three nested
sills, partly to single sills and dykes. None of the

major dykes in the area represent feeders of the sills.
The geochemical characteristics of the dolerites
show the complexity of the magma evolution. All
the rocks are evolved (e.g. relatively low MgO and
Mg/(Mg+Fe)), and have initially undergone
fractional crystallization deep in the crust. Depletion
in Ta-Nb relative to other strongly incompatible
trace elements strongly suggests that magma
interacted with subduction-type rocks. Fractionation
processes and contamination also occurred in the
upper crust during sill emplacement. The chemical
variations across the sills at different locations
reveal I-profiles (no variation in mg# from the center
to the rims of the sill), C-profiles (the lowest mg# in
the center of the sills as expected from simple
fractional crystallization), and D-profiles (highest
mg# in the center of the sill).
Three computer programs have been developed
in order to explain different aspects of the sill
emplacement process. The first code is designed to
simulate a purely mechanical emplacement model.
The other codes can revolutionize our understanding
of magma chambers processes by simulating a
crystallizing mush where liquid magma is allowed to
flow rather than simulating the more classical
convecting magma chamber. The model results
suggests that the diameter of a saucer-shaped sill
increases linearly with the depth of emplacement
and that the in-situ fractionation processes did not
involve fractional crystallization, but porous flow of
evolved, residual melts from the center to the
margins of the sill, through a porous framework of
interconnected crystals.
Analogue modeling experiments have further
been very successful in reproducing saucer-shaped
sills, and constraining the conditions under which
such sills form. Molten low-viscosity oil is injected
into fine-grained silica flour while the surface of the
model is digitaly monitored through a moiré
projection principle. Two series of experiments, both
with varying depth of injection, show that 1)
injection into a homogeneous medium resulted in
the formation of cone-sheets and dykes, and 2)
injection into a heterogeneous medium where the
heterogeneity was represented by a weak layer made
of a flexible net resulted in a horizontal basal sill
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emplaced along the weakness, inclined sheets
nucleating at the edges of the basal sill and
propagating upward and outward. The inclined

sheets exhibited a convex shape, i.e. a decreasing
slope outward, and the diameter of the sill increases
with depth.
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Igneous activity at Elba Island (Tuscany) during
the Late Miocene led to the emplacement of several
magma bodies over a time span of about 1 Ma (Dini
et al., 2002). Intrusive processes unfolded in two
main cycles. The first one is represented by the
successive emplacement of nine shallow-level
granite porphyry sheets separated from one another
and connected by feeder dikes, eventually building
up three nested Christmas-tree laccoliths: the Capo
Bianco
aplitic
laccolith,
the
Portoferraio
phenocrystic porphyry laccolith, and the San
martino Megacrystic porphyry laccolith. The
laccolith layers were emplaced at depths between
1.9 and 3.7 km, as reconstructed by cross-section
measurements, and space for magma was created by
roof uplift (Rocchi et al., 2002).

McCaffrey (2001) and show a power-law
correlation. Nevertheless the length to thickness
correlation exhibits some differences with respect to
the general case which led to the interpretation of
the western-central Elba laccolith sheets as the
frozen evidence for the occurrence of a vertical
inflation stage during laccolith growth (Rocchi et al.,
2002).
Also the reconstructed original dimensional
parameters of the three intrusive sheets of the Monte
Capanne pluton display a power-law correlation
indicative of a vertical inflation stage during pluton
growth under different physical constraints.
Once the sheets constituting the two major multisheets laccoliths and those of the Monte Capanne
pluton are amalgamated in a single sheet (virtually
for the laccoliths; actually observed for the pluton),
the dimensional parameters of each of the three
amalgamated sheets exhibit dimensional parameters
fitting those predicted for a pluton (McCaffrey and
Petford, 1997; Cruden and McCaffrey, 2001).

Fig. 1 – Schematic reconstruction of the multi-sheet nested
laccolith complex of the western-central Elba Island,
modified after Rocchi et al. (2002) and Westerman et al.
(2004).

Fig. 2 – Schematic reconstruction of the sheeted Monte
Capanne pluton in western Elba Island, modified after
Farina et al. (2008).

The bulk of these observations suggests that the
laccolith sheets failed to become larger
plutons/laccoliths with typical dimensions likely
owing to the structural fabric of the crustal section
they intruded. This upper crustal section is compsed
of a fault stack of bedded turbidites (upper Ligurian
nappe) and ophiolitic rock and their sedimentary
cover (lower Ligurian nappe), which made available
a large number of magma traps (Hogan et al., 1998)
that in turn inhibited the coalescence of magma
batches.
On the other hand, the magma batches building
up the Monte Capanne pluton exploited a major
thrust between mountain-building tectonic units for
their emplacement, the Ligurian ophiolitic nappe
over the carbonatic Tuscan nappe. This physical
discontinuity was effective in conveying the three

The second magmatic cycle led to the build-up
of the granitic Monte Capanne pluton, closely
followed by emplacement of a mafic dyke swarm
(Dini et al., 2008). The pluton was constructed over
a very short time span by three magma pulses
stacked downward as subhorizontal intrusive sheets
(Farina et al., 2008). The top of the intrusion reached
a depth of about 5-6 km, and space for magma was
created by roof uplift and tectonic-gravitational
displacement of the overburden (Westerman et al.,
2004).
The laccolith intrusive layers are 50 to 700 m
thick, with diameters of between 1.6 and 10 km.
Length to thickness relationships for these individual
layers are comparable to those reported by
Mccaffrey and Petford (1997) and Cruden and
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pulses of magma into a single reservoir, eventually
building a “successful” pluton, as opposed to the
“failed” plutons represented by the multi-sheet
laccoliths.
As a final consideration we can thus speculate
that laccoliths and plutons represent different
outcomes of the same geological process that
formed laccoliths when magma failed to amalgamate
in a single, thicker body, i.e. a successful pluton.

(Tuscany). In Thomson K. and Petford N., eds.,
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Systems, Geological Society, London, Special
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Recent improvements in sub-basalt seismic
imaging techniques and the increased availability of
industry 3D seismic data sets has allowed insights to
be gained into the geometry and intrusion of dolerite
sill complexes, many of which occur as a series of
interconnected concave up saucers in offshore
sedimentary basins. Recent 3D seismic work has
documented that sills are constructed from a series
of blade like lobes (analogous to those seen in the
extrusive domain) on a 100 m - km scale (Fig. 1).

propagate separately, thickening vertically and
laterally and coalescing to form lobes or a
continuous body. Once the fingers have coalesced,
the sill continues to thicken vertically (Figs. 3 and
4).

Fig. 2 –Thomson & Schofield (2008) – Showing an opacity
rendered sill from the NE Rockall Trough, finger like forms
can be seen to occur on the arcuate rim of the sill. But their
origin and formation is difficult to constrain from seismic
data alone.

Fig. 1 – (Thomson & Hutton, 2004) Opacity Rendered sill
from the 3D seismic data of the NE Rockall Basin showing
lobe like structures being fed from a central linear source.

The formation of magma fingers is generally
incompatible with normal brittle fracture. Evidence
of ductile deformation and fluidization of country
rocks between fingers and regular spacing between
the crests of fingers suggests similarities with
Saffman-Taylor Instabilities between two viscous
liquids. In this circumstance the formation of fingers
occurs when normal brittle fracture gives way to a
viscous-viscous relationship, between magma and
host rock.
This localized fluidization has implications for
the interpretation of seismic data. Moreover the
mobilization of pore fluids has implications for
basin modeling, hydrothermal circulation and
venting, petroleum potential and understanding the
emplacement of sill and dyke complexes generally.

Although this 3D seismic data has provided new
morphological insights into sills and sill complexes,
such as the presence of lobes (Fig. 1) and possibly
smaller scale fingers (Fig. 2), the constraints of
seismic resolution makes detailed examination
difficult. In order to improve our understanding of
the dynamics of the emplacement process, detailed
field observations must be carried out in tandem
with seismic studies.
Detailed fieldwork on the Isle of Skye, NW
Scotland, and the Karoo Basin, South Africa, firstly
confirms the existence of km scale lobes and
secondly has established that these lobes are in turn
constructed from fingers ranging in width from 10 m
to 100 m which are generally at or close to the subseismic scale in terms of spatial seismic resolution.
It can be demonstrated that fingers initially
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Fig. 4 – Figure showing development of a lobe from fingers.
A) Brittle fracture gives way to a predominant viscousviscous relationship between magma and host rock. At
which point a specific dominant wavelength of fingers is
selected. B) If magma supply is sufficient, the fingers
accelerate ahead of the intrusion, beginning to inflate
vertically and laterally. C) With continued magma supply the
fingers will eventually coalesce to form a continuous sheet
(the point just before this occurs can be seen in Fig. 4).
Note that evolution on an intrusion through the above endmembers is strictly dependant on magma supply and runthrough rate. If the run-through rate drops sufficiently
enough, the fingers will cool, magma viscosity will increase
thus chocking the fingers and stalling the process.

Fig 3 – Figure showing section of the Whin Sill, UK, at a
point just before coalescence of fingers to form a
continuous sheet (C in Fig. 3). In the above diagram the
fingers have inflated laterally sandwiching and deforming
the shale between the fingers.
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Continental flood basalts (CFBs) represent
fissure eruptions on a grand scale. The plumbing
systems of these vast lava fields can be both
extensive and complex, and dyke and sill networks
are an important part of these. CFBs that are eroded
exhibit dense swarms of mafic dykes that arguably
represent the magma-filled fissures through which
the lavas poured out. Mafic dyke swarms are of
great current international interest, as they provide a
lot of valuable information on the mantle regions of
the basalts, the interaction of the magmas with the
wall rocks en route to the surface, and the prevalent
stress conditions in the lithosphere, and can also
often be linked to large-scale geodynamic processes
like continental rifting and break-up.
The ~65-million-year-old Deccan CFB of India
(with a present-day areal extent of 500,000 km2; Fig.
1) has been extensively studied over the last two
decades in terms of geochemistry, palaeomagnetism,
and stratigraphy. The basalt pile is best developed in
the Western Ghats (Sahyadri) region in the
southwestern part of the province, where it reaches a
stratigraphic thickness of 3 km and is almost flatlying. A question that has often been asked is where
the eruptive centres of these huge lava flows lay.
Arguably, the large Deccan lava flows were fed by
regional dykes.
The Deccan province has three major zones
where mafic (dolerite-basalt) dyke swarms attain
profuse development (Fig. 1; Deshmukh and Sehgal,
1988). One of them is the Narmada-Satpura-Tapi
region, in the north of the province, containing
thousands of dykes that form sub-regional swarms
with a general ENE-WSW strike. The second major
zone of dykes is the Konkan coastal plain, between
the Arabian Sea to the west and the Western Ghats
escarpment to the east. Here, dykes are abundant and
have a general NNW-SSE strike, parallel to the
western Indian rifted margin. The third important
zone of dykes is the region in the Western Ghats
northeast of Mumbai. Here, dykes do not show as
strong a preferred orientation as in the other two
areas (Beane et al., 1986), and yet, individual
swarms in this large region do show preferred
orientations (Bondre et al., 2006).

Fig. 1 – Map showing the main dyke swarms of the Deccan
province. NTDS = Narmada-Tapi-Satpura dyke swarm,
WCDS = West Coast dyke swarm, WGE = Western Ghats
escarpment. Based on Bondre et al. (2006).

In this talk, I will be summarizing our recent
geochemical-isotopic study of the Sangamner dyke
swarm in the Western Ghats (Bondre et al. 2006),
and will also present field and structural aspects of
the dykes from all the above-mentioned areas. Many
dykes we have encountered are several kilometres
long, a few dykes are several tens of kilometres
long, and the largest dyke we have encountered so
far is 79 km long, in the Dhule region (Ray et al.,
2007, 2008). Theoretical considerations suggest that
a substantial Deccan lava flow (1000 km3 or larger
in volume) could have formed at low eruption rates
of 1 m3 per metre length of fissure, from a 50-kmlong dyke with consecutively active 5-km-long
segments, in about 7 years.
Which dykes fed the huge Deccan lava flows?
This question can be answered with detailed field,
petrographic, geochemical (major and trace element
and isotopic) and palaeomagnetic studies of
individual dyke swarms in the province, followed by
statistical comparisons of the geochemical data to
well-characterized lava packages (Bondre et al.,
2006; Vanderkluysen et al., 2006). Once the most
probable feeder dykes of a particular lava sequence
are thus identified, bounds can be placed on the
distances of magma transport, whether in the crust,
or after eruption on the surface. Dykes are thus
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important to understand magma transport in CFBs
and also their progressive stratigraphic development.
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The Central Zone of the Damara Belt
represents a wonderful laboratory within which
to study the early stages of mid-crustal anatexis.
In this area, metapsammites and metapelites of
the Kuiseb Formation are exposed along the
length of an oblique crustal section, from lower
amphibolite facies in the east to the highest
grade, lower-granulite facies rocks in the west.
These rocks are migmatitic in the higher-grade
parts of the orogen (e.g. Masberg et al. 1992;
Jung 2000) and have been postulated to
represent the source of the voluminous, midcrustal granite intrusions in the lower-grade
parts of the Belt. However, within the belt, no
rock units have been reported that might
represent the refractory residua left after the
extraction of abundant S-type magma. More
typically, reported anatectic features vary from
widely spaced stromatic leucosomes (in the
lowest grade anatectic rocks), to diatexic
migmatites in the isolated exposures of the
highest grade rocks (Masberg, et al. 1992).
Additionally,
reported
metamorphic
temperatures for the anatectic rocks range form
700 ºC to 820 ºC at approximately 0.5 GPa (e.g.
Masberg 1992); generally well below the
temperatures required for significant biotite
fluid-absent melting (e.g. Stevens et al. 1997).
This suggests that these rocks may have melted
via fluid-present processes, and if the
hypothesis regarding the parentage of the
granites is correct, that the relatively water-rich
and low-temperature melts were able to
efficiently segregate and intrude at higher
levels. Consequently, this study sets out to
investigate the details of melting and melt
segregation in these rocks.
Within the Swakop and Khan river beds,
some 50 km east of Swakopmund in the Blauer
Heinrich Syncline, granulite-facies anatectic
assemblages are preserved in the Kuiseb
metapelites in leucosome-filled dilation sites

developed as shallowly-dipping fracture sets
(Fig. 1a, b).
Peritectic garnet in the extensional
leucosomes occurs as individual, large,
poikiloblastic crystals that are confined to the
leucosomes. Peritectic cordierite has grown as
both euhedral crystals within leucosomes and as
rims on pre-existing cordierite crystals in the
bounding gneisses. The garnet:leucosome ratio
is variable in these structures, with very small
volumes of leuco-material developed in
association with some garnets (Fig. 1a, c). This,
together with a collapse of the foliation into
these sites to form characteristic ‘puckerstructures’ (Fig. 1c), indicates a significant
degree of melt-loss from these sites. The
fracture arrays are arranged at a high angle to
the steep layering (Fig. 1b). Layer parallel
upwards melt migration, marked by vestigial
traces of leucosome material on steel layer
boundaries that link dilational sites and larger
layer parallel leucosomes, appears to have
allowed drainage of the dilatent melt-filled
fracture sites. These melt transfer zones display
connectivity to cross-cutting dykes and miniplutons and appear to represent an efficient
plumbing system for draining the anatectic
sites. Within anatectic sites, the poikiloblastic
garnet crystals are unzoned and almandine-rich,
and are characterized by spessartine contents in
the range of 10 to 15 mol%. Thermobarometry
on these assemblages indicates pressuretemperature conditions of equilibration of
approximately 750 °C at 0.5 GPa.
Both water-present and fluid-absent partial
melting experiments, conducted on typical
cordierite-biotite gneiss from the study area,
demonstrate that, at appropriate pressures, the
fluid-absent rock has a solidus temperature in
excess of 820 °C. The peritectic garnet
produced at 850 °C contains < 2 mol%
spessartine. Experiments conducted with excess
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water added (4 to 5 wt% H2 O) underwent
melting between 720 and 750 °C and produced
peritectic garnet which closely matches the
natural garnet compositions. Collectively, the
field and experimental evidence is interpreted
to reflect the following:
(1.) During collapse of the Damara orogen,
extension in the Kuiseb formation produced
fractures at a high angle to the steep foliation.
These fractures could only occur where fluid
saturation was achieved, possibly relying on
prograde dehydration from surrounding
metasediments, that had not fluid-saturated, to
supply the components for fluid saturation in
the low pressure sites. This scenario is
consistent with the available stable isotope
evidence.
(2.) Where water saturation occurred, the
biotite water-present incongruent melting
reaction was overstepped and the reaction
progressed rapidly, relative to the normal
progression of fluid-absent melting. Garnet
nucleated in the fracture sites and grew only on
the early nucleated crystals as the melting front
expanded into the bounding gneisses until water
activity within the dilatent sites was brought
back into equilibrium with the bounding
gneisses.
(3.) Melt flow, from the matrix of the gneiss,
through the initial fracture sites and up the layer
parallel structures, under buoyancy, was an
important component of the transient dynamic
equilibrium, allowing for the localization of
garnet growth in the initial fracture sites.
In combination, the compositions of the
partially melted metasediments and their lower
grade equivalents; the typical volume of
peritectic garnet in the anatectic sites; and, the
experimentally determined stoichiometry of the
melting reaction, allow the amount of melt and
the volume of source rock initially involved in
producing the peritectic garnet to be estimated.
Typically, a rock volume of at least 80 liters
melted to produce 6 liters of melt and 250 cm3
of garnet. The volume of rock involved at each
reaction site matches closely with the spacing
between the sites, implying that this process are
efficiently drained much of the rock mass of a
low-proportion melt, through the plumbing
system described above.

Fig. 1 – The low-temperature anatectites of the Kuiseb
Formation.
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Magmas move through the crust from their
source area via self-propagating dykes (Petford,
2000), controlled in part by driving pressure. If the
pressure becomes insufficient to keep the magma
moving, crystallization makes a dyke. Sills,
laccoliths and plutons are fed by dykes, but the
transition to horizontal magma spreading often
occurs when the magma encounters a trap due to
rheological contrast (Hogan et al., 1998).
Although the vertical dimensions of dykes are
rarely knowable, dykes do characteristically
maintain their thickness over much of their length,
and a general relationship exists whereby thicker
dykes tend to have greater lengths. Laccoliths and
plutons also show a degree of order in their
dimensions, and power law relationships of diameter
and thickness have been published for both (Rocchi
et al., 2002, and references therein).
In northeastern Vermont, the Connecticut Valley
Trough is occupied by mostly low-grade
metamorphosed pelitic and quartzitic units of the
Gile Mountain Formation that overlie calcareous
quartzitic and pelitic units of the Waits River
Formation, both of Siluro-Devonian age. All of
eastern (and part of western) Vermont is thought to
have been affected by the Acadian Orogeny in the
Devonian when amalgamated Laurentia collided
with peri-Gondwanan/Ganderian terranes.
Granitoid plutons of this study intruded both the
deformed Waits River and Gile Mountain
Formations (Fig. 1). Emplacement occurred near or
following the end of the Acadian Orogeny in a postcollisional setting as evidenced by the lack of
tectonic fabric in nearly all of these plutons. At that
time, they superimposed distinct contact aureoles on
the regional deformational fabric, which may have
formed at around 390 Ma (Bradley et al., 2000).
Most of the plutons are confined to a 6000 km2
area in the Connecticut Valley Trough of
northeastern Vermont. Rock types range from
hornblende gabbro, through hornblende-biotite
quartz diorite and biotite granodiorite, to muscovitegarnet leucogranite. Rb/Sr whole-rock dating gives
broadly defined dates from 390 Ma to 370 Ma, and
the chemistry of the plutons shows good calcalkaline trends. Ayuso and Arth (1992) concluded

from the chemistry that the plutons, which they
identified as belonging to the Northeast Kingdom
batholith, were generated in a continental arc with
mature crust. Furthermore, they suggested that
some parental magmas were mantle-derived, and
that those magmas subsequently fractionated and
were progressively contaminated with lower
continental crust to produce the compositional
ranges in the plutons.

Fig. 1 – Generalized geologic map of Vermont showing the
principal plutons of the Northeast Kingdom batholith and the
main Siluro-Devonian Waits River/Gile Mountain belt.

More than 100 intrusions have been identified in
northeastern Vermont where they make up the
Northeast Kingdom batholith. Sizes range from less
than 100 m2 to over 1,000 km2, and there is a general
correspondence between size and aspect ratio in
terms of their major and minor axes in map view.
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Large plutons within the batholith are
characterized by small aspect ratios, with the
limiting case having a nearly circular shape. This
shift from high to low aspect ratios corresponds to a
change from magma being trapped in relatively
small, upright structures, to magma spreading
laterally in association with much larger subhorizontal structures at the formational scale.
This correlation suggests the possibility that the
size of a given magma batch exhibits an influence
on the structure exploited to accommodate the
magma. Magma viscosity, driving pressure,
availability of magma traps, and many other factors
can influence this relationship, but in the case of the
Northeast Kingdom batholith, magma batch size and
structure scale appear to have played significant
roles in determining the spatial distribution of the
resulting intrusions.

While plutons with maximum axes ≥ 1 km (9 in
number) make up the vast majority of the volume
of the batholith and have low aspect ratios ranging
from 2.6 to 1.2; the more abundant small intrusions
have dyke-like properties.
The host rocks of the batholith are dominated at
the formation scale by broad open structures such as
low-angle recumbent nappes and associated thrusts
(Thompson et al., 1968; Florence et al., 1993). Thus,
the map pattern in Figure 1 shows large wavelength
repetition in parallel belts of both the lower Waits
River Formation and overlying Gile Mountain
Formation, reflecting the regional nappe structures.
At the outcrop scale however, bedding exhibits
tight isoclinal folds with amplitudes measured in
100’s of meters. These folds characteristically have
nearly parallel limbs that, along with their welldeveloped axial plane cleavage, strike parallel to the
NNE trend of formational contacts (Fig. 1).
Both margins of the S-D belt are marked by
high-angle faults, and parallel structures occur
within the belt. Small batches of magma have been
accommodated by small structures associated with
the folding and associated layer-parallel strain,
producing dykes with NNE trends. These intrusions,
such as the Berlin pluton, reach lengths of 1.5 km
with aspect ratios as small as 10. At the next scale,
larger magma batches have been accommodated by
upright structures to produce enlarged linear forms,
locally connected to produce complex map patterns.
A type example of this emplacement mode is the
Barre granite.
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Figure 2. Generalized geologic map of the Barre granite
showing sub-parallelism of emplacement horizons and
country rock fabric at the formational scale (modified from
Murthy, 1957 and Richter, 1987).
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A group of several phonolite “stocks” in the Eger
rift Cenozoic volcanosedimentary province were
questioned in terms of their mode and dynamics of
emplacement by means of complex field and
microstructural research together with mathematical
thermal modeling and AMS analogue modeling
approaches.
The phonolite stocks form expressive landmarks
aligned parallel with the ENE-WSW strike of major
faults bounding the Eger rift system. The volcanic
activity in this area is divided into three major
phases (Cajz et al., 1999): 1) low-differentiated,
weakly crustal-contaminated upper mantle magmas basanitic lavas, (36 - 26 Ma in age), 2) trachybasaltic magmas and volcaniclastics including
trachytes
and
phonolites
of
bimodal
tephrite/basanite-phonolite suite (31 - 25 Ma), and 3)
flows of basanites, geochemically similar to the first
group (24 Ma).
While some phonolite bodies intruded between
basement and Cretaceous sediments as laccoliths,
sills and dykes, others were regarded as late
intrusions into maar-diatreme structures or simple
extrusive domes. Former fillings of the maardiatremes form mantles around some phonolite
plugs and reveal blocks with preserved layering of
coarse-grained breccia enclosed in quartz richtuffaceous matrix with phonolite and basement rock
fragments alternating with fine-grained phonolitic
tuff sediment containing plant relics (Kopecký,
2000).
The summits of the studied phonolite “stocks“
are more than 200 m above the crystalline basement
rocks and probably closely coincide with the
paleosurface at the time of their emplacement.
Cretaceous sediments (ca. 100 m thick) and Tertiary
basanite lavas (ca. 50-80 m thick) were present
above the basement orthogneisses during
emplacement of phonolite stocks.
The most complete field and microstructural
dataset was obtained from the best exposed Bořeň
phonolite stock (close to Bílina town), which reveals

well developed columnar jointing resembling that
from famous Devil’s tower phonolite stock
(Wyoming, USA). In the central part, the columns
have steep axes and are 3 m wide. Towards the
margins of the stock, their plunge angle
continuously decreases and their thickness decreases
to only 0.5m (Fig.1).

Fig. 1 – Contour diagram of the plunge of column axes from
the Bořeň phonolite stock. Trends of the columns on this
body are also indicated on two vertical profiles.

The phonolites show trachytoidal texture defined
by alignment of groundmass sanidine and nepheline
crystals (30-80 µm in size), which encloses large
sanidine, aegirine-augite or sodalite phenocrysts (up
to 1 cm). Cavities, which are associated with
mechanical failure of the magma during flow
(Smith, 2001), have irregular lensoidal or sinusoidal
shapes and occur primarily around larger
phenocrysts (Fig. 2). Late-stage euhedral alkali
pyroxenes typically grow into the cavities.
The spatial distribution of magmatic fabrics on
the Bořeň phonolite was reconstructed from datasets
of CPO (crystal preferred orientation) of
groundmass sanidine and nepheline phenocrysts by
means of EBSD method (Electron Back Scattered
Diffraction). While platy sanidine crystals reflect
magmatic foliation, columnar nepheline crystals
define magmatic lineation. In the central part of the
stock, the magmatic fabric is subhorizontal, while on
the margins of the stock, it dips at high angles.
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Because the magmatic lineations are regularly
subhorizontal, the magmatic fabric can be associated
with divergent flow (lateral radial spreading) of the
magma during its emplacement at the presently
exposed level. Lateral flow at shallow levels and
loss of confining pressure in the magma is also
confirmed
by
mostly
subvertical
cavities
(reconstructed from three perpendicular thinsections) throughout the cupola. In the central part,
cavities have smooth or angular sigmoidal shapes,
which are interpreted to result from modification of
subvertical cavities due to further non-coaxial
magmatic flow and stretching of the phonolite.

Fig. 2 – Microlite crystal alignment and apparent two spatial
sets of cavities from the central part of the Bořeň phonolite
stock. Cavities are often sigmoidal in shape in the central
part of the body.

Fig. 3 – Analogue modeling apparatus used for modeling of
magma intrusion into maar-diatreme structures (a). Result
of experiment with relatively “thick” plaster, which was
emplaced in 3 seconds. Interestingly, cavities formed in the
analogue material are compatible in shape and orientation
with those found in the phonolite stock. Analogue models
allow measurements of AMS fabric due to dispersed
magnetic dust.

Over 15 analogue models of emplacement into
maar-diatreme structures were obtained by intrusion
of plaster of Paris into a cone filled with loose sand
and chunks of solid plaster (Fig. 3). Sand and wet
kaoline layers (the lid) were superimposed at the top
of the funnel to mimic the maar sediments. The final
shapes of the model bodies were related to the
influence of the “lid” competence, initial
overpressure and plaster rheology.
The resulting experimental bodies show various
shapes. Small domes fed by upward widening
conduits formed, when initial overpressure was
small, the lid was absent or weak or where filling of
the diatreme was loosely packed. In contrast,
medium initial overpressure at the same conditions
produced intrusions that completely removed the
filling of the funnel upwards and sideways and
produced a cupola shaped roof of the intrusion.
Experiments with large initial overpressure
produced partly extrusive bodies, which were
asymmetrical, where no lid or weak lid was present.
The shapes of the bodies served as input into static
thermal models. Because columnar joints grow
perpendicular to the cooling planes of magmatic
bodies, lines projected perpendicular to 920°C
isotherms (temperature associated with maximum
thermal expansivity of the phonolite, assessed by
dilatometry technique) allow direct comparison with
columnar jointing measured on the Bořeň phonolite
stock. 3D landscape modeling of the stock was also
necessary for reasonable comparison between the
thermal model and columnar jointing in the field.

Evaluation of the analogue and thermal models
suggests that the Bořeň phonolite could have
laterally spilled out of the funnel shaped diatreme
resulting in a lopolith-like body, which uplifted the
maar sequence. Other phonolite stocks in the region
show cupola shapes without columnar jointing and
probably represent phonolite plug intrusions that
have partly uplifted and exposed the diatreme filling.
Exposed disrupted and loose phreato-magmatic
breccia and maar successions probably fed lahars
bearing phonolite and basement clasts that locally
occur in the surroundings of some phonolite plugs
above Cretaceous sediments and Tertiary lavas of
the first volcanic phase.
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