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Abstract

Elba Island intrusive complex: multisheet laccoliths, sheeted pluton, mafic
dyke swarm. Laccolith magma fed from dykes and emplaced in crustal
discontinuities (traps). Pluton growth by downward stacking of three
magma pulses. Laccoliths and plutons: different outcomes of similar
processes in different conditions. Emplacement of excess magma in a
short time led to massive gravity slide.

1 Introduction

Elba Island is the site of a prime example of a very
young intrusive complex including multiple mul-
tisheet laccoliths, a sheeted pluton and an extensive
dyke swarm, all emplaced at the same location in
about 1.5 Ma. Elba Island is located at the northern
end of the Tyrrhenian Sea, a region affected by
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extensional processes leading to the opening of
an ensialic back-arc basin behind the eastward
progressing compressive front of the Apennine
mobile belt (Malinverno and Ryan 1986).

The structural framework of Elba Island
(Fig. 1) developed during the Apenninic com-
pressional event before 20 Ma, which led to the
stacking of five major tectonic complexes on
east-verging thrusts. The three lowest complexes
(I-IIT) have continental features consisting of
metamorphic basement and shallow-water clastic
and carbonate rocks, while the upper two com-
plexes (IV-V) have oceanic characteristics:
Complex IV consists of Jurassic oceanic litho-
sphere of the western Tethys Ocean (peridotite,
gabbro, pillow basalt and ophiolite sedimentary
breccia) and its late Jurassic—middle Cretaceous
sedimentary cover (chert, limestone, and argillite
interbedded with siliceous limestone); Complex
V consists mostly of a late Cretaceous silici-
clastic turbidite sequence (Pertusati et al. 1993).
This stacking of tectonic complexes on top of the
Apennine fold-and-thrust belt is characterized by
a large number of physical discontinuities such
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host rocks
B Cretaceous turbidites (Complex V)
_:l Jurassic ophioltes and cover (Complex IV)

Fig. 1 Simplified geological map of western and central Elba Island. In the inset, the hatched line represents the
present front of the Apennine-Maghrebide and Alpine chains

as thrust contacts between tectonic complexes
and bedding planes within the turbidite sequence
of Complex V.

After 20 Ma, compression continued, but the
stalled subduction transformed to an eastward-
migrating slab rollback and lithospheric delami-
nation of the Adriatic plate (Serri et al. 1993).
Asthenosphere rose against the base of the mid-
dle-upper crust, became partially molten by
decompression, and generated uplift and exten-
sion of the crust, heat transfer, and ultimately
anatectic melting of crustal materials. In turn,
extensional tectonics produced low- and high-
angle normal faults, adding physical discontinu-
ities to the stacked Tuscan tectonic complexes.

In this framework, magmas were generated in
the crust and in the mantle, leading to the variety
of intrusive and extrusive products of the Tuscan
Magmatic Province exposed across an area of
about 30,000 km? of southern Tuscany and the
northern Tyrrhenian Sea. This igneous activity
migrated from west (14 Ma) to east (0.2 Ma)
(Serri et al. 1993).

Igneous activity in western-central Elba Island
(Tuscany) led to the emplacement of several
magma bodies over a time span of about 1.5 Ma

during the Late Miocene, with the relative chro-
nology of all units firmly established on the basis
of consistent crosscutting relations. The igneous
sequence can be subdivided into three main
events: (1) the construction of three multilayer
laccoliths, first by the emplacement of the layers
of Capo Bianco aplite, followed in succession by
the layers of the Portoferraio laccolith and finally,
the San Martino laccolith (Rocchi et al. 2002);
(2) intrusion and/or deformation of the deepest
laccolith layers by the Monte Capanne pluton and
its associated late leucocratic dykes and veins
(Farina et al. 2010); (3) emplacement of the mafic
Orano dyke swarm, cutting through the entire
succession (Dini et al. 2008). Absolute ages,
noted subsequently, are consistent with the rela-
tive chronology constrained by field relations.
Shortly after the intrusive sequence was
assembled, the upper part of the igneous-sedi-
mentary system was tectonically translated east-
ward along the low-angle Central Elba Fault
(Fig. 1). Following this eastward translation, a
“west side up” movement occurred along the
high-angle Eastern Border Fault (Fig. 1) with a
throw of 2-3 km so that the lower part of the
sequence is presently exposed in western Elba at
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the same level as the upper part in central Elba
(Westerman et al. 2004). This process, coupled
with nearly 100 % coastal exposure on the island,
led to the serendipitous exposure of a 5-km-thick
crustal section including nine intrusive layers of
late Miocene age that built up three multilayer
Christmas-tree laccoliths.

2 The Intrusive Sheets
(Multilayer Laccoliths)

2.1 Christmas Tree Geometry

of the Laccolith Complex

Magmatism in Elba was initiated with emplace-
ment at c. 8.5 Ma of the Capo Bianco aplite, a
bony white rock, so unique that it is also reported
in ancient Greek myths (Dini et al. 2007). This
unit is found in two layers, within tectonic Com-
plexes IV and V (Fig. 1): the lower layer is pre-
served as caps on ridges with a minimum
thickness of 50 m, while the upper horizon crops
out along the north coast of central Elba with a
minimum thickness of 120 m. Mineralogy
includes microphenocrysts of sanidine, plagio-
clase and muscovite, with significant amounts of
tourmaline occurring as dark blue orbicules (Dini
etal. 2007). Intrusive contacts are very rare for the
Capo Bianco aplite, seen only locally against
flysch of Complex V. Elsewhere, the stratigraphic

intrusive units == Orano dyke swarm
[ ] Monte Capanne pluton
[] san Martino laccolith
[ Portoterraio laccolith
I Capo Bianco laccolith

r'd
Easten
Border fault

I Cretaceous turbidites (Complex V)

and tectonic thrust surfaces along which Capo
Bianco magma intruded also served as the loci
for magma injection during the next episode of
magmatism. This resulted in the remaining
Capo Bianco aplite material being entirely
encased in younger laccolith horizons. Calcu-
lated minimum volume for the Capo Bianco
system is 0.63 km®, and can be thought of as the
crust “breaking a sweat” of anatectic melt gen-
erated by muscovite dehydration melting, set-
ting the stage for arrival of a much larger
volume of magma derived by a higher degree
(muscovite and biotite involved), and much
greater amount, of melting in the source area
(Dini et al. 2002).

This second episode of magmatism led to the
emplacement, at c. 8 Ma, of the Portoferraio
porphyry at the same magmatic center, ultimately
occupying four major horizons with two thin
sheets (75 m) and one thick sheet (700 m) in
Complex IV, and another thick sheet (400 m) in
the flysch sequence of Complex V (Figs. 2 and
4). These porphyries are characterized by sani-
dine phenocrysts typically averaging 1-2 cm
(Fig. 3a). Quartz and biotite phenocrysts are
ubiquitous, all set in a very fine-grained matrix
predominantly made of quartz and K-feldspar.

The third and final episode of laccolith
emplacement occurred following a delay in
magmatic activity of approximately 0.6 Ma. It
was marked by the arrival of the very distinctive

—.
Central
Elba fault

==l Jurassic ophiolites and cover (Complex IV)

Fig. 2 Geological map of the western-central Elba laccolith layers draped over a digital elevation model. View from

the south. Scale varies in perspective view
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Fig. 3 a Portoferraio porphyry, with sanidine phenocrysts
up to 2 cm long; hammer for scale. b Foliated Portoferraio
porphyry, 1.5 km NW of Marciana; the foliation is N52W,
55N (parallel to the local contact with the Monte Capanne
pluton) with stretching lineation 50, N5E, pointing out a
genetic link between pluton emplacement and deforma-
tion; width of the field of view: 15 cm. ¢ San Martino
porphyry, eastern side of Marina di Campo Bay, showing
abundant aligned sanidine megacrysts in relief (width of
field of view: 1.6 m). d Megacryst-rich Sant’Andrea facies
of the Monte Capanne pluton, Sant’ Andrea shore; note the
euhedral shapes of megacrysts (as opposed to those in the

San Piero facies) and the coarse-grained matrix (as
opposed to the San Martino porphyry); notebook for scale
is 20 cm-long. e Megacryst- and mafic microgranular
enclave-rich Sant’Andrea facies, Sant’Andrea shore.
f Megacryst-poor San Piero facies of the Monte Capanne
pluton, abandoned quarry close to Seccheto; hammer for
scale. g Typical Orano dyke within Monte Capanne
granite, close to Chiessi; hammer for scale. h Orano dyke
(left) in contact with Monte Capanne granite (right); note
the dyke contains xenocrysts of quartz with ocellar texture
and of K-feldspars with rounded shape; coin for scale
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Fig. 4 Geological cross-sections of the western-central Elba laccolith units

San Martino porphyry characterized by promi-
nent euhedral decimetric megacrysts of sanidine
(Fig. 3c). These megacrysts are accompanied by
remarkable amounts of quartz, plagioclase and
biotite phenocrysts, all suspended in a very fine-
grained isotropic groundmass of quartz and
feldspars, with mafic microgranular enclaves
generally present as well (Dini et al. 2002). With
the exception of a principal feeder dyke located
in western Elba (Fig. 1), the three main horizons
of the San Martino laccolith are currently located
in central Elba where they were translated by the
tectonic-gravitational decapitation of the com-
plex (Figs. 2 and 4). Two lower horizons (100-
200 m thick) occur beneath the main 700-m thick
sheet that has a reconstructed diameter of nearly
10 km (Fig. 5) (Rocchi et al. 2002); the
emplacement sequence for these three sheets is
unresolved.

2.2 Magma Flow in the Laccolith

One aspect of the study of laccoliths involves
developing insight to processes of magmatic flow
associated with the feeding and filling of such
bodies. The San Martino laccolith system (Fig. 5)
lends itself very well to this type of work owing
to the ubiquitous presence of euhedral sanidine
megacrysts, and platy biotite phenocrysts, which
can reveal the occurrence of a fabric via attitude
measurements or via AMS analysis (anisotropy
of the magnetic susceptibility), respectively. A
combined analysis of megacryst orientations and
AMS fabric (Roni et al. 2014) demonstrated a
strong correlation between orientations of
megacrysts and magnetic fabric, strengthening
the use of AMS as a magma strain indicator. It

further suggests that: (i) together the lack of post-
emplacement tectonic deformation, as well as the
fast cooling of the shallow igneous system, the
quick emplacement, and the high magma vis-
cosity, permit direct correlation between strain in
the rock and magma flow, (ii) a central dyke with
sub-vertical flow fed the main laccolith horizons,
(iii) magma spreading laterally from the feeding
system built the laccolith layers as single prop-
agating and inflating pulses, in which the planar
surfaces of particles became aligned perpendic-
ular to the magma displacement direction (Fig. 6)
in an inferred divergent flow field (Paterson et al.
1998), and (iv) the absence of internal disconti-
nuities agrees with the hypothesis of continuous
feeding of the magma injected as a single pulse
or a series of pulses that quickly coalesced,
confirming rapid emplacement of the body.

23 Laccolith Growth

Excellent exposure and significant 3-D relief has
allowed detailed mapping leading to reconstruc-
tion of the geometries of nested multi-layered
laccoliths on Elba, with each lithologically rec-
ognizable laccolith consisting of a set of individ-
ual sheets with measured thicknesses and
diameters (Rocchi et al. 2002). The dimensional
parameters of these intrusive layers fit a power-
law distribution (Fig. 7) indicating that, after a
likely first stage of horizontal expansion, the lay-
ers underwent a second stage of dominantly ver-
tical inflation (Rocchi et al. 2002). It is worth
noting that, once the layers of the Portoferraio and
San Martino laccolithic layers are virtually
merged as two single intrusive bodies and plotted
again in the length versus thickness diagram, they
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Fig. 5 Schematic representation of the San Martino multilayer laccolith, superimposed on a field photo of the laccolith
layers cropping out on the south-facing cliffs east of Marina di Campo Bay (width of photo is ~ 1 km)

plot on the fit lines proposed for plutons (Cruden
and McCaffrey 2002) (Fig. 7). This evidence
shows that, if the laccolith sheets had coalesced,
they would have ended up as two plutons having
aspect ratios compatible with both (i) the power-
law fit curves for plutons worldwide (McCaffrey
and Petford 1997; Cruden and McCaffrey 2001)
and (ii) the S-type fit curve proposed for all
intrusive bodies (Cruden and McCaffrey 2002).
Taken together, the laccoliths from Elba can be
seen as sheet-like intrusions that did not coalesce
to form single laccoliths or plutons.

24 Laccolith Emplacement

The observation that the laccolith failed to coa-
lesce to form a composite pluton but emplaced as
separate sheets in a Christmas tree geometry
raises questions regarding the mechanisms gov-
erning the emplacement of shallow level granitic
intrusions. Each magma batch created its own

room by lifting the rock overburden, indicating
that the magma driving pressure was greater than
the vertical stress (Hogan et al. 1998; Kerr and
Pollard 1998). These conditions provide evi-
dence that crustal magma traps arrested the ver-
tical ascent of Elba magmas (Hogan and Gilbert
1995; Hogan et al. 1998). A significant control
on the ascent of Elba magma by magma driving
pressure is supported by the aspect ratios of all
the Elba intrusions (i.e. their overall tabular
shapes), coupled with the occurrence of vertical
dykes below the subhorizontal sheets, indicating
that magma ascent at Elba occurred through
feeder dykes that likely remained connected to
the magma reservoir (Brown and Solar 1998;
Dehls et al. 1998; Hogan et al. 1998). The
magma driving pressure is

Py = Pp+ Po— Pys— Sy

(Reches and Fink 1988; Baer and Reches 1991;
Hogan and Gilbert 1995; Hogan et al. 1998),
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Fig. 6 Magmatic flow

pattern in the San Martino

laccolith based on poles of -
restored magmatic and - Z
magnetic foliations P L./
projected on the current N+ 5 7748
map pattern. Dashed blue
line trending E-W marks
separation of N and S
halves of the main laccolith
layer, with the west end
representing the
approximate eastern
terminus of the Marciana
feeder dyke system. The
upper-left inset depicts the
relationships between
magma flow (red arrows)
and the orientation of the
platy K-feldspar and biotite
crystals (Roni et al. 2014)
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where P, is the hydrostatic pressure, P, is the
magma chamber overpressure, P, is the viscous
pressure drop, and Sy, is the horizontal stress, i.e.
perpendicular to the ascending dyke walls. In the
case of the Elba magmas, the magma chamber
overpressure can be considered negligible due to
the low volatile contents, and the viscous pressure
drop is of little influence when values of
0.5MPakm !are adopted (Baer and Reches 1991;
Hogan et al. 1998). The hydrostatic pressure,

defined as the difference between the lithostatic
pressure at the top of the magma reservoir (i.e. at
the source depth) and the pressure at the tip of the
column of magma as it rises through the crust
(Hogan and Gilbert 1995) can be calculated at any
depth based on the knowledge of the depth of the
magma source, the integrated density of the crust
overlying the magma source, and the integrated
density of the rising magma (Rocchi et al. 2010).
The horizontal stress is the sum of the lithostatic
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Fig. 7 Log-log plot of T versus L (T = thickness;
L = diameter of sheets). The general power-law equation
describing the relationships between L and T has the form
L = kT“ (where k is a constant and «a is the slope of a
regression line in a log-log plot. Dimensional data for
laccoliths from (Rocchi et al. 2002) and for Monte
Capanne pluton sheets from (Farina et al. 2010). Fit lines
for plutons and laccoliths from McCaffrey and Petford
(1997) and Cruden and McCaffrey (2001); bold violet

load and the tectonic stress, which is a function of
the regional state of crustal stress. In late Miocene
time, the upper crust at Elba was in a tensional
stress regime, and all the intrusions were emplaced
within the two uppermost Apennine tectonic units,
i.e. in the brittle crust (Rocchi et al. 2010).

All the Elba magma batches project a positive
driving pressure value at the surface, thus having
the potential to erupt (Fig. 8), yet, to our
knowledge, none of them did so. The only
known volcaniclastic material in the late Mio-
cene sediments in mainland Tuscany has an
isotopic age (7.4 Ma) comparable to that of the
San Martino laccolith, yet its mineral and
chemical features correlate this material to the
volcanic activity of Capraia Island (Rocchi et al.
2010). The two main laccolith units were em-
placed at depths shallower than where the
ascending magma driving pressure first exceeded
the vertical stress. The Portoferraio laccolith
layers were emplaced on a set of available

S-type fit line for all intrusive bodies from Cruden and
McCaftrey (2002). The grey balls represent the L-T
values for virtually amalgamated laccoliths and the
naturally amalgamated pluton: laccolith values calculated
from total thickness and average diameter; pluton value
from all sheets naturally amalgamated as a result of the
intrusion process. The number inside each grey ball
indicates the intrusion volume (in km3)

physical discontinuities in a depth zone only
slightly shallower than that point, that is the
magma switched from vertical to horizontal
movement as soon as the magma left behind the
densest host rock unit (the ophiolite sequence)
and acquired the ability to lift the overburden
(i.e. driving pressure exceeds vertical stress;
Fig. 8a). Furthermore, a prominent physical dis-
continuity occurred at that depth, namely the
thrust surface between tectonic complexes IV
and V. The San Martino magma layers were
emplaced in a zone some 1,000 m above the
Portoferraio laccolith layers, in that the younger
magma was able to ascend higher than the pre-
vious batch. It switched from vertical to hori-
zontal propagation and had the ability to lift the
overburden when it met a set of crustal magma
traps (Fig. 8b), i.e. the physical discontinuities
within the turbidite sequence (competence con-
trast between sandstone and shaly layers, plus
internal thrusts).
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Fig. 8 Variations in magma driving pressure
(Pg = Py + Py — Py — Sy; see text), magma pressure
(P =Py + Po — Pyis — S,) and vertical stress (S, = pgh,
where p = integrated crustal density, g = gravity accel-
eration, h = depth) as a function of depth for a Portoferraio
laccolith magma, b San Martino laccolith magma, and
¢ the Sant’Andrea sheet magma, the first magma batch of

3 The Sheeted Intrusion (Pluton)

Internal Structure of the Monte
Capanne Pluton

3.1

Western Elba is dominated by the Monte Cap-
anne pluton with its nearly circular map pattern
and impressive relief as it rises 1 km out of the
sea. Formal study of the geology of Elba has
gone on for more than two centuries, fueling
controversy on both absolute and relative ages of
the porphyries and the granite pluton (Dini et al.
2009). Despite the absence of mappable internal
contacts, the Monte Capanne pluton is now rec-
ognized as consisting of three distinct facies
(Fig. 3d, f) emplaced at approximately 6.9 Ma
(Dini et al. 2002). Common characteristics of the
three facies include a monzogranitic composition
with variable proportions of plagioclase, K-feld-
spar (commonly as large megacrysts), quartz, and
biotite, and the occurrence of mafic microgran-
ular enclaves, displaying strongly variable size
and composition (Dini et al. 2002; Farina et al.
2010). Detailed mapping, along with petro-
graphic and geochemical analyses (Farina et al.
2010) indicate that these three facies represent
three subhorizontal sheets sequentially emplaced

the Monte Capanne pluton; magenta dashed line corre-
sponds to increased magma driving pressure resulting
from a 40 % horizontal stress reduction. Each curve is
constructed according to Hogan and Gilbert (1995) and
Hogan et al. (1998) using published crustal density
profiles for Elba (Rocchi et al. 2010)

by underplating as discrete magma batches
(Fig. 9). Radiometric dating has not yet sub-
stantiated the emplacement sequence, and argu-
ments rely primarily on (i) the absence of feeding
structures to the uppermost, highly distinctive
Sant’Andrea facies, despite excellent field expo-
sures (Farina et al. 2010), and (ii) emplacement
of increasingly more mafic facies (from San-
t’Andrea to San Piero facies) following the
overall temporal trend of progressive increase of
mantle contribution to the magmas as reported
for all of western-central Elba magmatism (Dini
et al. 2002). The total thickness of the pluton has
been estimated at ~2.5 km using magnetic data
(Dini et al. 2008). Rocks of the Sant’Andrea
facies are preserved along the pluton margin and
at high elevations, and are characterized by the
highest SiO, content, highest biotite Mg#, high-
est K-feldspar megacryst content (area % is
3.37 £ 0.56 (1o), corresponding to ~57 mega-
crysts/m?), and highest mafic microgranular
enclave content. The facies exposed at the
deepest levels is the San Piero facies, which has
opposing characteristics (area % is 0.26 £ 0.21
(lo); ~4 megacrysts/mz), while rocks of the San
Francesco facies are intermediate both in char-
acter and in spatial distribution (Fig. 9). The
process of stepwise emplacement of the pluton
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Fig. 9 Geological map area% of K-feldspar megacrysts,
translated to intrusive facies of the Monte Capanne
pluton, draped over a digital elevation model. Data for

deformed the surrounding host rocks while
metamorphosing them, resulting in flattening of
its thermal aureole with mylonitization of the
deepest porphyry layers of the Portoferraio lac-
colith (Fig. 3b).

3.2 Sheet Growth and Pluton Build-

Up

The reconstructed original dimensional parame-
ters of the three intrusive sheets making up the
Monte Capanne pluton (Farina et al. 2010) dis-
play a power-law correlation that, in analogy
with the laccolith layers, can be interpreted as
indicative of a similar vertical inflation stage in
the sheet growth history (Fig. 7), such that both
the multilayer laccoliths and the sheeted pluton
formed in a “laccolithic” way.

When the dimensional parameters of the Monte
Capanne pluton as a whole (i.e. the result of the
amalgamation of three sheets in a single intrusive
body) are plotted in the length-thickness diagram,
they fit those predicted for plutons worldwide
(McCaffrey and Petford 1997; Cruden and
McCaffrey 2001, 2002). In summary, the magma
batches forming the pluton did amalgamate in a

San Piero; S. Fr.; SantAndrea

facies

3 K-feldspar megacryst

0, 152 0 abundance (area %)

335

map construction after Farina et al. (2010). View from the
south. Scale varies in perspective view

single, composite intrusive body, while the
amalgamation was not possible for the laccolith
sheets since they were emplaced on multiple
surfaces separated by intercalating host rocks and
“frozen” in their vertical inflation stage (Rocchi
et al. 2010).

33 Magma Sheet Emplacement

The sequence of events that led to formation of
an amalgamated pluton such as the Monte Cap-
anne pluton, rather than a set of discrete sheets
such as Portoferraio and San Martino laccoliths,
has significant implications for our understanding
of magma emplacement mechanisms in the upper
crust (Rocchi et al. 2010).

The first magma batch of the Monte Capanne
pluton (Sant’ Andrea sheet) was emplaced deeper
than the laccoliths, at about 6 km, but its petro-
chemical features do not differ enough from
those of the San Martino magma to explain such
a difference in emplacement level. Therefore,
there is no straightforward explanation why the
~8 Ma and the ~7.4 Ma magma batches were
emplaced at depths of less than 3 km as separated
intrusive sheets with aphanitic groundmass,
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whereas the three ~7 Ma magma batches did, in
fact, coalesce at a deeper level to form a single,
coarse-grained intrusive body. A plausible
explanation is linked to the combined occurrence
of (i) magma source deepening as a direct con-
sequence of the addition of ~ 2.4 km of porphyry
to the uppermost crust, and (ii) increase of the
magma supply rate, as suggested by the abundant
mafic microgranular enclaves of metric size in
the Sant’ Andrea magma batch (Westerman et al.
2003). The inferred increase in rate of supply and
resulting dilational stress gave way to a transient
reduction of the horizontal stress (Hogan and
Gilbert 1995), possibly supplemented by ongo-
ing slab roll-back. In this context, a stress
reduction of about 40 % is enough to cause an
increase in magma driving pressure (Fig. 8c,
magenta dashed line) sufficient to overcome the
vertical stress at a depth corresponding to the
emplacement depth of the Sant’Andrea magma
pulse (Rocchi et al. 2010). This batch of magma
thus emplaced as a rather thin (250 m) sheet,
very rich in K-feldspar megacrysts, large quartz
phenocrysts and large mafic microgranular
enclaves. The following San Francesco magma
batch was emplaced below the Sant’Andrea
sheet, with the cryptic nature of the contact
between the two facies suggesting that the sec-
ond one was emplaced at the base of a mushy
tabular body (Saint-Blanquat et al. 2006; Farina
et al. 2010). Such mushy bodies are natural traps
for ascending batches of magma (Brown 2007)
because they generate a rigidity anisotropy that
triggers horizontal expansion of subsequent
magma batches (Menand 2008) and growth of
the intrusion by under-accretion. A similar his-
tory was repeated on the arrival of the third (San
Piero) magma batch that was emplaced at the
base of the San Francesco sheet.

The remarkable increase in matrix grain size
from laccoliths to pluton is a consequence of the
more extended crystallization history of the plu-
ton’s magma batches. This is, in turn, linked to
the greater depth of the pluton’s magma trap in
two ways: (i) the higher temperature of the crust
at the depth of pluton emplacement results in a
slower crystallization, and (ii) the slightly higher
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depth of emplacement, at such low pressures
(<200 MPa), may result in significant increase in
water solubility, depression of solidus tempera-
ture, and more extended crystallization tempera-
ture range, all leading to a coarser-grained matrix
(Hogan et al. 2000). This extended crystallization
can also help explain the cryptic nature of the
contacts between facies of the pluton. Taken
together, all three pulses of magma were
assembled in a downward stack by exploiting
traps of their own making, thus building a
“successful” pluton. This is contrasted with the
slightly older multisheet laccoliths located above
(Fig. 7), which exploited pre-existing structural
traps and, therefore, could be seen as “failed”
plutons. Additionally, progressive warming of
the crust during magma emplacement throughout
growth of the entire igneous complex is also
suggested by the increasing evidence of mafic
magma intruding the crust, as seen from the
growing amount of mafic enclaves through time,
and the emplacement of the late mafic Orano
magma (Dini et al. 2002).

34 Plutons Versus Laccoliths

The shape, emplacement and assembly history of
the Monte Capanne intrusion raises questions as
to which category of intrusive bodies it belongs.
For its medium- to coarse-grained texture and
emplacement depth, Monte Capanne has been
classically regarded as a pluton. Nevertheless, it
could also be regarded as a sheeted laccolith that
was emplaced deeper than the normal depth limit
of about 3 km, and slightly exceeded the ca. 2 km
limiting thickness owing to the rapid removal of
the roof by tectonic-gravitational collapse.
However, more important than its classification
is the understanding that at Elba Island, similar
magma batches in similar settings resulted in
intrusive bodies that significantly differ in their
shape, texture and emplacement depth.

As a take-home lesson, in an upper crust
characterized by abundant magma traps, the failed
(laccolith) or successful (pluton) assembly of
magma batches can thus be linked to different
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outcomes of the same geological process operat-
ing under different transient conditions. The
transition from a laccolithic to a plutonic intrusive
shape having a higher thickness-to-diameter ratio
can be governed by a combination of factors such
as variations in rates of magma supply and hori-
zontal extensional tectonic stress, as well as
downward migration of both the source region and
the magma traps as a result of the addition of
magma layers at higher levels in the crust.

4 The Dyke Swarm

4.1 Geometry of the Orano Dykes

More than 200 individual dykes with cumulate
length in excess of 90 km were emplaced
6.85 Ma mostly in the northwestern half of the
still not completely solidified Monte Capanne
pluton (Figs. 1 and 10) and, more limitedly, in its
covering laccolith layers (Fig. 1) (Dini et al.
2008). These dark dykes (Fig. 3g), are porphy-
ritic, with plagioclase, biotite, clinopyroxene and
amphibole phenocrysts set in a very fine-grained
matrix of plagioclase, K-feldspar and phlogopite.
Some dykes, generally the thickest, are zoned
with borders similar to unzoned dykes, and inner
portions reaching monzogranitic compositions

Fig. 10 Geological map of
the Orano dyke swarm
draped over a digital
elevation model, view from
the SW. The Pomonte-
Procchio (PP) line,
bordering the SE margin of
the outcrop area of Orano
dykes, is also reported

owing to the incorporation of abundant quartz
and K-feldspar xenocrysts (Fig. 3h) from the still
mushy Monte Capanne magmatic system. The
original melt derived from a specific mantle
source with geochemical—isotopic characteristics
intermediate between Capraia K-andesites and
Tuscan lamproites (Dini et al. 2002).

Vertical expression of the dykes exceeds
4 km, ranging from sea level exposures in the
Monte Capanne pluton, upward through the
exposed thickness of the pluton, and finally
through the entire exposed cover sequence tec-
tonically translated to the east and now preserved
in central Elba. The dykes were probably fed by
a mafic magma reservoir located below the
northwestern half of the Monte Capanne pluton,
as suggested by magnetic data (Dini et al. 2008).
The dykes reveal an organized structural pattern
with a dominant system made of one set trending
ENE, and a minor system consisting of two sets
trending NNE and NW (Fig. 11). Analysis of the
structural patterns in conjunction with estab-
lished tectonic conditions at the time of

emplacement of the dyke swarm suggests that
they developed in a NE-SW dextral shear zone
within which zones of differential strain created
local zones of sinistral shear (Dini et al. 2008). It
is interesting to note that an overall N-S exten-
sional stress field apparently persisting at this
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major dyke system
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minor dyke system

Fig. 11 Rose diagrams of the strike of dykes (see maps
in Figs. 1 and 10) for zones dominated by the major and
minor systems, respectively. Each 10 m section of the
90 km of dykes mapped in the swarm generated a strike
value, producing the ~9,000 data points making up the

location from the time of emplacement of the San
Martino laccolith system with its E-W feeder
system, through emplacement of the Monte
Capanne plutonic complex, and into emplace-
ment of the Orano dyke swarm.

4.2 Insight to the Regional Geology
Emplacement of the Orano dyke swarm closed a
~ 1.5 Ma long episode of magmatism located at
a single center and fed by sources from both the
crust and underlying mantle. This final stage in
the development of the entire igneous complex,
with the high degree of hybridization and xeno-
cryst capture, documents that a late-plutonic
dyke swarm can intrude before complete con-
solidation of its host. The Orano dyke swarm
offers further evidence for a regionally significant
implication that magmatic activity in the late
Miocene occurred within a transfer zone in the
northern Tyrrhenian region. However, as impor-
tant as the sequence of igneous activity is, its
cessation at an individual center also carries
significance. Regional patterns of magmatism in
the Tuscan Magmatic Province shows how that
transfer zone structure, and perhaps others
aligned parallel to it, served as a “fire line” along
which magmatism migrated northeastward

two rose diagrams (from Dini et al. 2008). The diagram
on the right has a radius scaled 4x with respect to the one
on the left to emphasize the strike distribution within the
minor system

producing a trace of progressively younger
magmatic centers (Dini et al. 2008).

5 Post-magmatic Evolution: The
Structural Failure

5.1 Collapse of the Magmatic Edifice
The rocks comprising western Elba prior to the
magmatism discussed above had been assembled
as a stack of eastward-directed thrusts of bedded
sedimentary rocks above an ocean lithosphere
sequence. In approximately 1 Ma, this 2.7 km
thick tectonostratigraphic section was inflated by
the addition of a total of 2.4 km of intrusive
layers (Rocchi et al. 2002) in a roughly circular
region with a diameter of approximately 10 km
located over a common magmatic center
(Fig. 12). The primary crustal magma trap for the
first half of that magmatism was at the well-
defined top of the Complex IV ophiolite
sequence and beneath the overlying Complex V
flysch sequence. This structure was located at the
middle of the newly thickened section that
defined a domal structure with a new slope of
about 25° (Westerman et al. 2004).

As pulses of Monte Capanne magma
approached the base of Complex IV, adding an
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Fig. 12 Rise and fall of the western Elba laccolith-
pluton-dyke complex: a schematic summary. a Emplace-
ment of the Capo Bianco laccolith layers. b Emplacement
of the Portoferraio laccolith layers. ¢ Emplacement of the
San Martino laccolith layers. d Emplacement of the
Sant’Andrea, San Francesco and San Piero magma

additional estimated 2.5-3 km of new rock under
the laccolith intrusions (Dini et al. 2008), the
slopes would have steepened (Fig. 12). The
system held in place throughout emplacement of
the Monte Capanne pluton and long enough for

batches (as sheets building the Monte Capanne pluton
from the top down), closely followed by the emplacement
of the Orano mafic dyke swarm in the northwestern part
of the pluton. e Décollement of the upper part of the
nested laccolith-pluton-dyke complex, with translation to
central Elba and unroofing of the Monte Capanne pluton

the Orano dyke swarm to be injected throughout
the whole vertical section. Ultimately, however,
the Complex IV/V boundary failed and triggered
the catastrophic eastward tectonic-gravitational
décollement on the Central Elba Fault that
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transported the top “half” of the laccolith com-
plex about 8 km to the east over a <1.5 Ma
period, with a rate of displacement in excess of
5-6 mm/a (Fig. 12) (Westerman et al. 2004).
This combination of (i) loading central Elba with
several km of igneous rock, and (ii) the un-
weighting of western Elba by the removal of that
rock, promoted the development of the Eastern
Border Fault, with back-tilting of the central Elba
stack west side down and uplift of the unroofed
western Elba rocks. This ultimately achieved
3—4 km of normal movement on a steep, east-
ward-dipping surface.

5.2 A Lesson From Destruction

The story of the “fall of western Elba” (Wes-
terman et al. 2004), illustrates how basic geo-
logical relationships can document geologic
history on a grand scale. The onset of major
movement on the Central Elba Fault is con-
strained by fragments of the Monte Capanne
contact aureole (~6.9 Ma) in the footwall mél-
ange located at least 8 km east of the pluton,
along with the translation of the upper portion of
the slightly younger Orano dyke swarm. Con-
straint on the termination of the major displace-
ment is also provided with simple geologic
relations, as cobbles of western Elba lithologies
from just above the fault are found in conglom-
erates deposited close to the end of the Messinian
(~5.3 Ma) about 50 km away on mainland Italy
(Pandeli et al. 2010).

These relationships suggest that gravity-
assisted fast sliding average (5-6 mm a ') of a
2.5 km-thick crustal slice decapitated western
Elba (Westerman et al. 2004). This activity
would undoubtedly have been associated with
numerous seismic events over of an extended
period, and awareness of such possibilities
should be incorporated into hazard assessment of
highly over-steepened magmatic centers. As a
final implication of this entire body of work,
there is simply no substitute for detailed mapping
coupled with the tools from all branches of

geology.
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6 Conclusions

The western Elba igneous system serves as a
prime example of a full range of emplacement
styles at a long-lasting magmatic center, with
successive generation of a nested set of multi-
layer laccoliths, a downward-developing amal-
gamated pluton, an extensive throughgoing dyke
swarm, with a final collapse of the whole com-
plex triggered by the overwhelming thickness of
magma added to the uppermost crust in a short
time.

Pre-existing structures provided strong con-
straints on emplacement style, and resulted in
very similar magmas producing both porphyritic
(subvolcanic) as well as granitic (plutonic) tex-
tures. The Elba laccolith sheets failed to coalesce
and form a larger pluton/laccolith with typical
dimensions due to the availability of a large
number of magma traps in the host crust that
consists of a thrust stack of well-layered rocks.
On the other hand, the three magma pulses of the
Monte Capanne pluton were assembled in a
downward stack, building a “successful” pluton
as opposed to the “failed” plutons represented by
the multi-sheet laccoliths. Also possible is the
opposite view that regards the Monte Capanne
pluton as a “failed” laccolith, as opposed to the
“successful” multilayer laccoliths of Portoferraio
and San Martino.

In the upper crust, laccoliths and plutons
represent different outcomes of the same process
in different settings. The “tipping point” allowing
for transition from a laccolithic to a plutonic
intrusive shape is controlled by factors such as
variabilities of magma supply rate and horizontal
tectonic stress, as well as downward migration of
the source region and/or the magma traps as a
result of the progressive addition of magma at
higher crustal levels. On Elba the rate of magma
addition to the crust dramatically increased cor-
responding to the emplacement of the Monte
Capanne pluton (Fig. 13). Although magma
emplaced in pulses separated by quiescence gaps,
it can be noticed that during the laccolith events,
the long-term rate of magma production, ascent
and accumulation in the shallow crust was
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Fig. 13 Plot of the cumulative volume of the western-
central Elba intrusions through time. The volumes of each
of the three laccoliths have been determined layer by layer
(Rocchi et al. 2002), but they are represented here as a
single dot per laccolith since the emplacement sequence
of the different layers within the same multilayer laccolith
cannot be discerned. On the other hand, the Monte

around 50 km3/Ma, while around 7 Ma, the
Monte Capanne and the mafic Orano episodes,
magma was added at an accelerated rate ten to
twenty times higher. Reasons for this boost can
be linked to the increased production of mafic
melt acting as an additional heat source pro-
moting the shift of the crustal melt-producing
reactions from muscovite-biotite breakdown to
the more productive biotite-hornblende break-
down (Dini et al. 2002; Farina et al. 2014).
Finally, the addition of excess magma at a unique
igneous center in a short time span can trigger
gravity slides displacing km-thick slices of crust
by several kilometers at geologically fast rates.

Capanne pluton is represented by three dots based on the
emplacement sequence and lags between pulse emplace-
ment reported by Farina et al. (2010). The volume of the
Orano swarm has been calculated by adding the estimated
total volume of the mapped dykes to the volume inferred
for the mafic reservoir located below the northwestern
Monte Capanne pluton (Dini et al. 2008)
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