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Chapter

Physical Volcanology and Facies
Analysis of Silicic Lavas: Monte
Amiata Volcano (Italy)

Luigina Vezzoli, Claudia Principe, Daniele Giordano,
Sonia La Felice and Patrizia Landi

Abstract

Monte Amiata (Italy) is a middle Pleistocene silicic volcano characterized by the
extrusion of extensive (5-8 km long and 60 m thick on average) sheet-like lava flows
(SLLFs). It is one of the prime volcanoes that have been involved in the volcanological
debate on the genetic interpretation of large silicic flows. We performed integrated
stratigraphic, volcanological, and structural field survey and petrochemical study of
Monte Amiata SLLFs to describe their volcanic facies characteristics and to elucidate
their eruptive and emplacement processes. Individual flow units exhibit basal
autoclastic breccia beds or shear zones, frontal ramp structures, massive cores with
subvertical cooling columnar jointing, coherent non-vesicular upper parts, and plain
surfaces with pressure ridges. Internal shear-bedding and crystals and vesicles linea-
tions define planar to twisted and straightened outflow layering. The absence of
fragmental textures, both at micro- and macro-scale, supports the effusive nature for
the SLLFs. The most common lithology is a vitrophyric trachydacite of whitish to
light-gray color, showing a homogeneous porphyritic texture of K-feldspar, plagio-
clase, pyroxene, and biotite, in a glassy perlitic or microcrystalline poorly vesicular
groundmass. Morphological features, facies characteristics, internal structure, and
petrographic textures of these silicic sheet-like and long-lasting flows suggest that
their effusive emplacement was governed by peculiar physicochemical and structural
conditions.

Keywords: sheet-like silicic lava flow, volcanic facies, emplacement dynamics,
volcano-tectonics, perlite, Monte Amiata

1. Introduction

Due to their relatively high viscosity and volatile content, silicic (SiO, > 63 wt%)
magmas are mainly erupted explosively producing voluminous fallout and ignimbrite
deposits, which can reach areal extension of thousands of square kilometers and
thickness of hundreds of meters (e.g., [1]). In contrast, silicic effusive eruptions are
correlated with domes and short and thick flows. The emplacement of silicic lavas is
commonly governed by physical variables such as the high viscosity, low temperature
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and volatile content, and low eruption rates. Moreover, silicic lava effusions are poorly
constrained because of a paucity of direct observations on historical eruptions (i.e.,
Colima, Mexico, 1998-1999, [2]; Santiaguito, Guatemala, 1922 to present, [3];
Chaitén, Chile, 2008-2009, [4]; Cordén Caulle, Chile, 2011-2012, [5-7]). Overall, the
best known and described silicic effusive products are rhyolite lava domes [8] and
stubby obsidian flows restricted to the near-vent areas [9, 10]. Since the 1960s, more
extensive silicic volcanic units have been the object of controversy over their origin
because of volcanological characteristics typical of either lava flows and welded or
rheomorphic pyroclastic rocks (ignimbrite). In more recent times, several of these
extensive sheet-like silicic volcanic units were interpreted as lava flows and distin-
guished from rheomorphic ignimbrites in well-documented geological records world-
wide [11-21]. However, some key questions regarding the eruption and emplacement
mechanisms of large volume silicic lavas remain still open [22-25].

Monte Amiata is a silicic (mainly trachydacite) middle Pleistocene volcano
(Figure 1) of the Tuscan Magmatic Province (Italy; [26]) that focused on the interest
of volcanologists and petrologists for about 300 years since the eighteenth century
[27] and was one of the prime volcanoes that have been involved in the
volcanological debate on the genetic interpretation of the enigmatic sheet-like silicic
volcanic rocks [28-33].

Monte Amiata is that volcano for which the word “rheoignimbrite” was first
coined by Alfred Rittmann [30] to indicate a volcanological process explaining the
concomitant lava- and pyroclastic-like textural and geological characteristics found in
some silicic volcanic rocks [33]. The pristine interpretation of Monte Amiata ignim-
brites and rheoignimbrites by Rittmann was not universally accepted (e.g., [34]; G.P.
L. Walker in [32]). However, the concept of rheomorphism, considered such as a
post-depositional gravitational flow and deformation process, has been subsequently
recognized and applied in volcanology to ignimbrites (e.g., rheomorphic ignimbrites;
[35, 36]), pyroclastic fall deposits [32], and lavas. After the Rittmann assumption, the
various studies present in the literature [37-44] have in fact suggested not conclusive
data and interpretations about the eruption processes of Monte Amiata silicic rocks,
mainly because of the lack of exhaustive physical volcanological observations and
their interpretations in a modern volcanological framework.

Nowadays, we accept that Monte Amiata is a completely effusive silicic volcano
whose activity was dominated by the emplacement of silicic lava flows, exogenous
lava domes, and coulées [45]. To support our interpretation, we have performed

Monte Amiata Synthem (MAS)

———— Sheetike lava flow Il L= Croce Subsynthem (CSS)

=== Compound lava flows I Fraio della Contessa Subsynthem (PSS)
2 Exogenous lava dome I Vvalle dell'Inferno Subsynthem (ISS)
~~. Fault Valle Gelata Subsynthem (GSS)

Bagnore Synthem (BAS)
I Montearioso Subsynthem (MSS)
I Faggia Subsynthem (FSS)
I Bagndlo Subsynthem (BSS)

| Sedimentary substratum undifferentiated
| Saprolite paleoweathering

Figure 1.
Idealized cross section showing the stratigraphic velationships and the internal architecture of the completely
effusive silicic Monte Amiata composite volcano. Not in scale.
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detailed and systematic field-based investigations on the stratigraphy, structure,
physical features, volcanic facies, and macroscopic and microscopic structures and
textures of Monte Amiata deposits.

Specifically, this chapter focuses on several sheet-like lava flows (SLLFs) that
constitute the main part of the Monte Amiata volcanic edifice and offer an excellent
opportunity to learn more about extensive and voluminous silicic lavas. The goals of
our study are (1) to discuss some criteria to distinguish silicic lava flows from welded
tuffs and rheoignimbrites, (2) to interpret ascent, eruption, and emplacement mech-
anisms for Monte Amiata trachydacite through physical and observational data, (3) to
produce a model of emplacement for the SLLFs, and (4) to suggest reading keys for
the interpretation of the eruptive activity, which originates for such kind of mag-
matic, structural, and volcano-tectonic environments. We are convinced that the
conclusions obtained for Monte Amiata can be applied to improve the general under-
standing of the volcanic processes at the origin of the emplacement of large silicic
effusive bodies and to enhance the assessment of their associated volcanic hazard.

2. Geological setting
2.1 Overview of Monte Amiata volcano

Monte Amiata (42°53'15"N, 11°37'24"E) is a middle Pleistocene polygenetic vol-
cano culminating at 1738 m above sea level (a.s.l.) and located in southern Tuscany
(Italy) within the Tuscan Magmatic Province [26]. The province formed in the inner
sector of the Late Cretaceous—Early Miocene Northern Apennine thrust-and-fold belt
[46, 47] and appears related to crustal thinning and asthenosphere upwelling [48, 49]
associated with a Miocene-Pleistocene extensional tectonic regime [50, 51] that
favored the partial melting in lower crust and mantle [26]. Magmatism in the province
extended from 8 Ma to 0.2 Ma and includes plutonic and volcanic rocks. Monte
Amiata is the youngest volcanic activity of the province. Its volcanic products overlay
a sedimentary substratum represented by marly limestones and calcareous sandstones
of Mesozoic-Cenozoic age [52].

Monte Amiata was active in a short interval of time (305-231 ka, [53, 54]). The source
vents are eruptive fissures forming a 7 km-long, NE-SW-trending volcanic rift zone
(Figures 1 and 2; [45]) related to a regional transtensional fault system (Bagnore—Bagni
S. Filippo Shear Zone; [55]). Times and modes of the volcanic activity and evolution,
such as the volcano-tectonic deformations of the edifice and the periodic refilling of the
shallow silicic reservoir with new basaltic magmas ([56], and references therein), were
probably controlled by the tectonic deformations along this shear zone [45].

The main composition of Monte Amiata lavas is trachydacite, with subordinate
latite [40, 42, 44, 57]. Mafic magmatic enclaves (ME) are present within the silicic
lava flows [58] and reflect the indirect mantle input to the volcanic activity and
geological evolution [44, 45].

Based on a new accurate stratigraphic and structural geological survey [45, 59-62],
we have innovatively proposed that the Monte Amiata geological evolution consists of
two main periods of activity corresponding to two Unconformity Bounded Strati-
graphic Units (UBSUs; [63]): the older Bagnore Synthem (BAS) and the younger
Monte Amiata Synthem (MAS) (Figure 1). They are separated by a period of volcanic
quiescence represented by a major geological unconformity during which a surface of
intravolcanic saprolite paleo-weathering and associated tectonic deformations
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Monte Amiata Synthem (MAS)
Valle Gelata Subsynthem (GSS)
N | | Leceio (L) and Pazzaroni (P) flows
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[|  Montearioso Subsynthem (MSS)
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Figure 2.

Geologic sketch map of Monte Amiata showing the sheet-like lava flows (SLLFs) object of the study. The last phases
of activity (Valle dell’Inferno, Piano della Contessa, and La Croce Subsynthems; see Figure 1), which not include
SLLFs, are omitted. Colors of stratigraphic units arve as in Figure 1. The more intense color tone indicates exposed
SLLFs, and the lighter one indicates the inferred portions covered by younger units. Letters for name of SLLFs: A—
Abbadia San Salvatore, C—Castel del Piano, F—Sorgente del Fiora, G—Piancastagnaio, P—Pozzaroni, Q—
Quaranta, V—Vivo d’Orcia. The presence of ogive structure on some flow surface is depicted. Front and margins of
the Pozzaroni lava flow show outflow lobes. Geologic mapping from your oviginal field survey. Digital terrain
model (DEM) basis from the technical map of the Tuscany Region at the 1: 10,000 scale.

developed at expense of the BAS rocks [62]. Then, the recognition of other surfaces of
discontinuity of lower rank has made it possible to divide these two synthems into
seven subsynthems (Figure 1). Monte Amiata succession does not record pyroclastic
deposits, on the contrary to common composite silicic volcanoes that show packages
of intercalated tuffs and lava flows.

From its earliest stages, BAS volcanic activity is characterized by the emplacement of
several extensive, individual SLLFs (Bagnélo Subsynthem-BSS; Figure 1) that flowed N,
SE, and S for very long distances (up to 8 km) and crop out in the distal portion of the
volcanic edifice (Figure 2; [45]). After the construction of an effusive cone formed by
the successive emplacement and overlap of channelized compound lava flows (Faggia
Subsynthem-FSS; Figure 1), more localized individual SLLFs are once again extruded
(Montearioso Subsynthem-MSS; Figures 1 and 2; [45]). Younger units, composing
MAS, comprise long individual SLLFs that reach 5-6 km in length (Figure 2) associated
with extrusive lava domes and coulées (Valle Gelata Subsynthem-GSS; Figure 1),
followed by numerous exogenous lava domes with associated coulées (Valle dell’-
Inferno-ISS and Prato della Contessa-PSS Subsynthems) and, finally, by some smaller
channelized lava flows (La Croce Subsynthem-CSS; Figure 1; [45]).
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2.2 Previous studies and open questions

Two fundamental geological problems on Monte Amiata volcano emerged from
previous studies carried out during the last 60 years including the issues associated
with the correct definition of the stratigraphic units and, consequently, of the inter-
pretation of the geological evolution in light of the revised volcanological interpreta-
tion of the eruption dynamics and the emplacement processes.

In all previous studies, the reconstruction of the stratigraphic framework was
founded mainly on lithological and petrographic characteristics rather than on objec-
tive geological criteria applying the principal approach of volcano geology. Conse-
quently, based on supposedly homogeneous and indistinguishable textures,
geochemical composition, and mineral paragenesis of rocks, the resulting volcanic
history was represented by only three units [39, 40, 43]. This tri-fold division of the
volcanic activity of Monte Amiata includes (1) an initial and single extended sheet of
vitrophyric flows (Basal Complex Auctorum), (2) a cluster of lava domes and coulées
extruded from the axial summit crest of the volcano, and (3) two final trachyandesite
(olivine-phyric latite) small lava flows.

In fact, in all previous studies on Monte Amiata, the SLLFs of the lower portion of
the stratigraphic succession (Basal Complex Auctorum) were all assigned to a single
eruptive event (in turn explosive, effusive, or mixed), which would have marked the
beginning of the activity of the volcano. Differently, the stratigraphic reconstruction
presented in our works ([45, 59-62], this paper) demonstrates that the SLLFs are not a
large indistinct unit produced by a single eruptive event, but that they consist of
numerous eruptive units that are distinct in the source area, areal distribution, and
volcanological and petrographic features. Moreover, these single eruptive units until
now included in the former Basal Complex Auctorum are actually individual lithostra-
tigraphic units found at different levels of the stratigraphic succession (Figures 1and 2).

After the initial definition as ignimbrites and rheoignimbrites [30, 37-39], the
genetic interpretation of the extensive sheet-like trachydacite flows of Monte Amiata
has been the subject of various conjectures, which, however, was not supported by
stratigraphic and structural field data and by an accurate volcanological definition of
the depositional facies. Ref. [40] proposed a mixed complex eruption, with an initial
explosive phase followed by an effusive phase. The effusive nature of these flows has
been generically supposed by various authors [41, 42], albeit in contexts focused on
other topics and without any objective observation. Refs. [43, 44] proposed a highly
speculative mechanism of the collapse of an endogenous summit mega-dome gener-
ating a single predominantly gravitational flow of fragmented and still hot material
that was distributed all around the volcano and evolved in a rheomorphic sheet, which
flowed like lava after emplacement.

On the basis of the various physical and compositional indicators, stratigraphic
relations, and our geologic mapping, we do not agree with these previous interpreta-
tions for any of the Monte Amiata sheet-like trachydacite flows.

3. Materials and methods

This chapter focuses on the volcanological and stratigraphic characterization and
interpretation of the SLLFs of Monte Amiata volcano. The stratigraphic identification
and cartography of the geological units studied are based on the stratigraphic criteria
of the Unconformity Bounded Stratigraphic Units (UBSUs; [63]), following the
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suggestions of the International Stratigraphic Guide (that can be accessed online
http://www.stratigraphy.org). This type of stratigraphic unit is defined as a rocky
body bounded to the top and bottom by specific, significant, and demonstrable sur-
faces of geologic discontinuity. The basic synthem unit can be divided into two or
more subsynthems. Names of units adopted in this work have been introduced and
described in previously published papers [45, 62].

The description of lava flows studied is based on the analysis of volcanic facies
[64, 65]. For depositional facies, we mean the set of lithological characters of a rock,
which allows its distinction according to some combination of physical features and
composition, without nor genetic neither stratigraphic significance. Different facies
record variations in conditions and processes of formation and deposition; conse-
quently, they can lead to the interpretation of volcanological genetic processes and
emplacement mechanisms. For each of the identified volcanic facies, we describe phys-
ical and morpho-structural features, internal and surface structures, and macroscopic
and microscopic textures, and we propose their genetic interpretation. The internal
arrangement of facies in terms of vertical and horizontal sequence and association
contributes to recognize the architecture of the effusive volcano. We refer to a flow unit
as the deposit of a discrete flow within an eruption event, whereas to an eruptive unit as
all the products effused during a time- and space-distinct eruption event which can also
be composed of several successive flow units. Individual eruptive unit outlines have
been delineated and mapped from field evidence, and patterns and textural differences.

The petrographic observation of the Monte Amiata rock samples allowed to recog-
nize several different exposed lithotypes [57] on the basis of different paragenesis,
groundmass textures, and content in mafic magmatic enclaves and meta-sedimentary
xenoliths. About 30 rock samples belonging to the SLLFs discussed in this work were
analyzed under a polarizing microscope at Institute of Geosciences and Earth
Resources (National Research Council of Italy), Pisa (Italy), in order to carry out a
textural, petrographic, and mineralogical characterization. In addition, further tex-
tural investigations were performed at the National Institute of Geophysics and Vol-
canology (INGV), Pisa (Italy), using a Zeiss EVO MA 10 Scanning Electron
Microscope (SEM), capturing selected back-scattered electron (BSE) images.

The morphometric parameters of Monte Amiata lava flows were determined in the
field and with reference to the geologic map (Figure 2; see also [45]). The area,
minimum length, and slope of each flow were calculated by means of the ruler tool of
Google Earth on the basis of the performed geological mapping. The average thickness
of each eruptive unit was estimated from outcrop relief scaled from the topographic
base maps. Most calculated volumes are less than real volumes because a great part of
the SLLFs are covered by the overlying volcanic units, and their extent to the source
zone is actually unknown. Anyway, the calculated volume is essentially a dense-rock
equivalent, since porosity in these lavas is generally very low to absent.

4. Results on Monte Amiata trachydacite SLLFs
4.1 Stratigraphic relationships and physical features

The long, trachydacite SLLFs span over the stratigraphic succession of the volcano
and are not restricted to a particular stratigraphic level (Figure 1). They are more
abundant but not exclusive in Bagnore Synthem (BAS), as they are found also in
Monte Amiata Synthem (MAS).
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Among the BAS trachydacite, we have identified two stratigraphically distinct
groups of SLLFs. The oldest SLLFs group crops out at the base of the volcanic strati-
graphic sequence (BSS; Figure 1) and comprises the Sorgente del Fiora,
Piancastagnaio, Abbadia San Salvatore, and Vivo d’Orcia lithostratigraphic and erup-
tive units (Figure 2). They spread NW and SE over a wide area unconformably
overlying the pre-volcanic sedimentary substratum and are extensively exposed along
the external perimeter of the volcano. They reach distances up to 5-8 km from the
probable vent area, with widths up to 1.5-2 km and thickness of 30-90 m (Table 1). A
second BAS series of SLLFs (MSS; Figure 1) is in the NW and S sides of the edifice and
comprises the Castel del Piano and Quaranta lithostratigraphic and eruptive units
(Figure 2). They reached a distance of about 7 km from the probable emission centers,
with thicknesses of 50-80 m (Table 1). After an interval of weathering (saprolite) and
faulting, the resumed MAS volcanic activity (GSS; Figure 1) produced extensive
SLLFs along the N and S slopes forming Leccio and Pozzaroni lithostratigraphic and
eruptive units (Figure 2) with length of 5-6 km and thickness ranging 50-70 m
(Table1).

The two younger SLLFs (GSS; Leccio and Pozzaroni) show about the same area (5~
6 km?) that is the smallest of the Monte Amiata SLLFs. The greatest extent (10—

11 km?) is reached by the SLLFs of MSS (Quaranta and Castel del Piano). Intermediate
areas (7-9 km?) are typical of SLLFs effused during BSS, considering in this case the
incertitude in vent positioning and the related error in the area calculations (Table 1).

The calculated average volume of the SLLFs spans between 0.30 and 0.72 km?>. To
be considered that the error associated with these volumes is quite high, with the
exception of Pozzaroni and Leccio SLLFs (Figure 3a), due to the incertitude on the
thickness distribution along the lava flow’s path. There is a faint linear correlation
between the calculated volumes and the flows lengths (R: 0.423) (Table 1 and
Figure 3a). Moreover, two different alignments are recognizable in both area/length
and volume/length graphs (Figure 3a and b). In particular, (i) there is a very good
linear correlation (R: 0.994) between both volume and area and the length of the three

SLLF Label S/SS  Area Length Slope Thickness Average Volume Average
(km?) (km) (%) range (m) thickness (km?) volume
(m) (km?)
Pozzaroni P MAS/GSS 5.83 4.75 9.7 70-50 60 0.41-0.29 0.35
Leccio L MAS/GSS 5.00 6.33 18.6 70-50 60 0.35-0.25 0.30
Quaranta Q BAS/MSS 9.98 6.94 13.0 80-50 65 0.80-0.50 0.65
Castel del C BAS/MSS 1123 7.00 53 80-50 65 0.90-0.56 0.73
Piano
Piancastagnaio G  BAS/BSS 8.66 7.72 13.2 90-30 60 0.78-0.26 0.52
Fiora F  BAS/BSS 9.76 5.57 11.2 90-30 60 0.88-0.29 0.59
Abbadia A BAS/BSS 7.36 5.07 8.0 90-30 60 0.66-0.22 0.44
Vivo d’Orcia V  BAS/BSS 6.50 6.76 9.2 90-30 60 0.59-0.20 0.39

Slope is average from the inferred vent to the terminus of the flow. S: synthem, SS: subsynthem, and labels of eruptive units
as in Figure 2.

Table 1.
Morphometric parameters for the sheet-like lava flow (SLLF) of Monte Amiata.
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Figure 3.
Plots (a) length vs. volume and (b) length vs. avea for the Monte Amiata SLLFs. R is the linear correlation
coefficient. See text for explanation.

valley-controlled lava flows of Leccio, Vivo d’Orcia, and Piancastagnaio (in its termi-
nal portion), and (ii) a quite good linear correlation (R: 0.894) for the other five lava
flows that distributed in larger lava bodies. In this last case, the poor correlation can be
attributed to the exposure condition of the lava flows that influence the accuracy of
the area calculation. No correlation is observed between area and slope values,
suggesting that the different areal distribution of SLLFs can be independent of the
underlying morphology [66], but depending probably on the physicochemical prop-
erties of the erupted magma (see discussion in Section 5.2).

The present topographic surface of Monte Amiata volcano represents the primary
volcanic surface of the subsequent constructional bodies that concurred to build the
volcanic edifice, with the little effects of exogenous erosion and tectonic deformation.
All SLLFs are characterized by low- or moderate-relief surfaces forming large tabular
areas on the slopes of Monte Amiata. Different lava plateaus developed at different
altitudes and formed a stepped relief consisting of overlapping plains separated by
breaks of slope [45, 62]. This morphology suggests that flows were not confined by
channels and spread along the low-relief sides of the volcano. In the case of Vivo
d’Orcia (BAS) and Leccio (MAS) eruptive units (Figure 2), lavas moved down the
outer flank of the volcano following tectonically controlled preexisting drainage,
entering and filling river furrows where they stopped.

The source areas of SLLFs are mainly buried by younger volcanic units and prob-
ably correspond to the present elongated summit crest of the volcano (Figure 2).
Exposures of the flows are largely their surficial part; abrupt but irregular scarps
identify the flow fronts and margins. Due to the relatively old age of the volcano, the
outcrops are subject to possible surface erosion and front collapses (for this reason, the
measured lava length and area have to be considered as minimum values) and the
exposed logs are often discontinuous.

The opportunity to access to the complete succession of a SLLF was a continuously
cored deep borehole (David Lazzaretti borehole; [67-69]) that intersected top-to-
bottom the Sorgente del Fiora eruptive unit. This drilling is located on the southern
slope of the volcano about 2 km NNE of the lava flow front (DL in Figure 2) and
displays well-preserved lithofacies and internal textures. The Sorgente del Fiora lava
was recovered between 147 m and 265 m of depth from the ground level (i.e., between
939 and 821 m a.s.l.) and shows a thickness of 118 m (Figure 4a). It overlies a lower
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volcanic sequence of trachydacite predating the exposed units and is overlain by
trachydacite belonging to FSS.

4.2 Lithofacies, structures, and textures
4.2.1 Macroscopic lithofacies and facies association

Based on observations of outcrops, hand specimens, and drill cores in the Monte
Amiata SLLFs trachydacite (Figure 4), we have identified four main coherent
lithofacies based on variations in groundmass texture, color, and vesicularity. In
addition, three fragmental lithofacies have also been recognized based on differences
in texture and composition of clasts and matrix. In all these lithofacies, trachydacite is
characterized by nearly identical mineral paragenesis (K-feldspar, plagioclase, biotite,
and subordinate pyroxene) and phenocrysts size. The characteristics of these
lithofacies and their facies association are well exemplified by the lithostratigraphic
log of the Sorgente del Fiora eruptive unit in the David Lazzaretti borehole compared
with the correlate outcropping sequence (Figure 4).

W mmia clasts .In-sandf matrix
5 "? *| irachydacite clasts welded in viirophyre
@ Monoganatic scorda agglomernats !
3 > Pipe vesicles :l
% Thén-laménaled layess -
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Sorgente del Fiora lava flow

Figure 4.

ThgeuSorgente del Fiora eruptive unit is representative of the trachydacite SLLFs of Monte Amiata, showing the
vertical distribution and association of the coherent and fragmental lithofacies identified. (a) Lithostratigraphy of
the drill core David Lazzaretti (DL in Figure 2) that intersected top-to-bottom the Sorgente del Fiora unit. (b)
Examples of the main lithofacies identified and described in the DL core. (c) Generalized lithostratigraphic log
through the Sorgente del Fiora unit from outcrops along flow margins and front. (d) Interflow scoria agglomerate
(lithofacies g). Hammer for scale. (e) Vesicle layering. Some beds show tubular vesicles a few cm high. In the upper
right part of the image, flow bands have been deflected around a lens of coarse vesiculation, implying that the
vesicles formed while the lava was still ductile, probably during flowage. (f) Interflow monogenetic breccia with
welded vitrophyric matrix (br; lithofacies f) overlain by thin-laminated lava beds (fl). (g) Flow bedding
composed of massive porphyritic lava beds separated by sheet joints. (h) Thin flow lamination alternating massive
porphyritic, vesicular, and glassy lava layers at mm to cm scale.
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Figure 5.

Outcrop photo of lithofacies and physical volcanological features of the trachydacite SLLFs of Monte Amiata. (a)
Bands of black obsidianaceous vitrophyric trachydacite (lithofacies c) in white perlitic vitrophyric trachydacite
(lithofacies a; Quaranta unit). (b) Deformed mingling texture between black-to-ved obsidianaceous vitrophyric
trachydacite (lithofacies ¢) and white perlitic vitrophyric trachydacite (lithofacies a; Abbadia unit). (c) Basal
monogenetic breccia with clastic matrix (lithofacies e) separating two flow units (Piancastagnaio unit). Note the
inverse gradation with the lavger angular clasts at the top. (d) Interflow monogenetic breccia with laminated
trachydacite clasts welded in vitrophyric matrix (lithofacies f; Piancastagnaio unit). (e) Coarse vesicularity with
tubular-shaped gas cavities confined in layers (Sorgente del Fiora unit). Inset shows the tridimensional geometry of
these cavities that are elongated parallel to the flow dirvection (arrow). (f) An irregular elongate cavity developed
around a meta-sedimentary xenolith (Sorgente del Fiora unit). Hammer for scale where not indicated.

The four coherent lithofacies identified (Figures 4 and 5; Table 2) are as follows:
(a) whitish coherent vitrophyric perlitic trachydacite; (b) gray coherent porphyritic
microcrystalline trachydacite; (c) black-to-red coherent vitrophyric obsidianaceous
trachydacite; and (d) cream-colored coherent vitrophyric microvesiculated
trachydacite. Each of these coherent lithofacies shows internal subtle textural varia-
tions that include dimensions and abundance in phenocrysts (from fine-grained to
coarse-grained porphyricity), vesicles and crystal concentration zones, vesicles layers,
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and crystals preferential alignment in fluidal texture. Moreover, lithofacies are
arranged in variable vertical and horizontal facies association. At the outcrop scale, the
contact between texturally distinct lithofacies is usually sharp.

The three fragmental lithofacies (Figures 4 and 5; Table 2) are as follows: (e)
monogenetic, clast-supported to matrix-supported breccia with fine-grained clastic
matrix; (f) monogenetic matrix-supported breccia with clasts welded in a vitrophyric
matrix; and (g) monogenetic clast-supported scoria agglomerate. All these fragmental
lithofacies have to be considered primary volcanic and autoclastic deposits. In partic-
ular:

i. Texture and composition of breccia of lithofacies (e) suggest a formation
involving brittle fragmentation at temperatures below the glass transition
field [70] of already solidified and flow-laminated lava (Figures 4 and 5c).

ii. In lithofacies (f), clast shape and texture suggest that trachydacite was yet
rigid at the time of brecciation and that fragmentation occurred iz situ with
scarce disaggregation and transport. Texture and composition of this breccia
suggest an initial fracturing and fragmentation at the base of a cooling lava
flow unit, followed by its successive welding, as a consequence of the
reheating due to the heat advection from the flow to the basal breccia [70, 71].
The overlying coherent trachydacite shows a planar, undeformed flow
lamination that parallels the irregular breccia top (Figure 4f and 5d).

4.2.2 Internal structures and textures

Internal structures and textures, such as vesiculation and gas cavities, flow
banding, cooling joints, and deformations, have been observed in Monte Amiata
SLLFs.

Vesicles and gas cavities are segregation structures of fluids and show different
shape, orientation, and dimension in function of their temporal and genetic relation-
ships with the flowing molten lava [72]. In Monte Amiata SLLFs, the dominant
coherent lithofacies are poorly or evenly microvesiculated. Vesicles, ranging from less
than a millimeter across to cavities more than 10 cm large, are concentrated in trains
that form discrete interlayers defining flow layering (Figure 4e) and the local flow
directions. In coarsely vesicular beds, tubular gas cavities occur together in zones that
form planar lenses and layers (Figure 4e). The tridimensional geometry of these
cavities is complex and unusual (Figure 5e). They are apparently continuous for
several tens of centimeters in length, horizontally elongated with the main axis paral-
lel to the flow foliation and flow direction. They show an irregular ellipsoidal section,
up to 1 cm across and 10 cm along the vertical axis, with scalloped bubble walls
(Figure 5e). These peculiar gas cavities show some differences as compared with the
pipe vesicle typically occurring in basaltic lava [73] that is characterized by individual,
subvertical cylindrical tubes with a subcircular section whose formation is attributed
to the upward migration of a single bubble of magmatic gas. In the case of Monte
Amiata SLLFs, tubular vesicles are formed probably by both the upward coalescence
of smaller bubble and lateral migration along the flow direction under the influence of
a strong volatile segregation in not-quenched lava. The bubbles confinement in dis-
crete levels may suggest gas entrapment in discrete superimposed domains imperme-
able among them to the further upward volatile migration. This molten lava
partitioning resulted from laminar flow processes, possibly enhanced by the mingling
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Lithofacies

Compositional characteristics

Architecture and occurrence

Coherent lithofacies

a Coherent vitrophyric
perlitic whitish
trachydacite

Massive, evenly porphyritic,
equigranular, medium-fine grain
(2-5 mm). Groundmass limpid and
unaltered glassy, poorly
vesiculated, and perlite fractures
(2-3 mm). Glomerophyres

px + bt + plg; sieved and zoned plg
(max 5 cm) and rare K-fs (max 1-
2 cm) megacrysts. Poor ME;
frequent Msx

Nonuniformly distributed strips
and lenses of lithofacies (c).
Dominant lithofacies, mainly in Q,
C and V units. (Figure 5a)

b Coherent porphyritic
microcrystalline gray-to-
pink trachydacite

Massive and flow banded,
porphyritic, equigranular or
seriated, coarse-medium grain.
Groundmass microcrystalline—
aphyric, locally spherulitic, poorly
vesiculated, patches of vesicular
pink glass. Glomerophyres

plg + bt + px (5-20 mm); sieved and
zoned plg (max 5 cm) and rare K-fs
(max 1 cm) megacrysts. Abundant
ME and Msx.

Interlayer with beds of lithofacies
(c) and (d).

Well-represented lithofacies, in
both flow-banded marginal and
frontal parts and massive cores of
lava bodies. (Figure 4g)

¢ Coherent vitrophyric
obsidianaceous black-to-
red trachydacite

In beds 0.1-10 cm thick,
porphyritic, equigranular, medium-
fine grain. Groundmass glassy,
dense obsidianaceous, not
vesiculated, partly perlitic.
Glomerophyres plg + bt + px; sieved
and zoned plg; rare K-fs (max 1 cm)
megacrysts.

Layers and small lenticular patches
in lithofacies (a) and (b), planar to
very irregular mingling textures
[69].

Never outcropping in large
individual bodies. (Figure 5b)

d Coherent vitrophyric
vesiculated cream-colored
trachydacite

In beds 0.1-10 cm thick, poorly
porphyritic, medium-fine grain.
Groundmass glassy vesiculated,
patches of highly vesicular fibrous
glass (Figure 4e).

Interlayers in the other coherent
lithofacies defining a compositional
flow lamination.

Never outcropping in large
individual bodies. (Figure 4h)

Fragmental lithofacies

e Monogenetic clast- to
matrix-supported breccia,
fine-grained clastic matrix

Poorly sorted, sometimes inverse-
graded. Clasts (cm to dm scale) of
blocky, roughly equant, angular to
sub-rounded fragments of
lithofacies (a) and (b) with flow
laminations. Matrix loose to poorly
indurated, composed of finer
fragments of the same composition.

Thickness 0.5-2 m, lateral
extension 1-20 m; after lateral
extinction, encasing flow units
become para-concordant.

Basal breccia in Q and P units,
interflow breccia in F and G units,
surface breccia in L unit. (Figures 4
and 5¢)

f Monogenetic matrix- to
clast-supported breccia,
clasts welded in a
vitrophyric matrix

Poorly sorted. Clasts (cm to dm
scale), angular to sub-rounded
fragments of lithofacies (a) and (b)
with flow laminations, lacking
deformation structures. Red and
gray coherent vitrophyric matrix
welding the clasts, with sharp
boundaries; sometimes, matrix is
injected in fractures within clasts.

Thickness 0.5-5 m, lateral extension
2-5 m. Clasts’ flow lamination
evidences little rotation and jigsaw-
fit texture.

Interflow breccia in F and G units.

(Figure 4f and 5d)
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Lithofacies Compositional characteristics Architecture and occurrence
g Monogenetic clast- Sub-rounded clasts (dm scale) of ~ Thickness 0.3-1 m, lateral

supported scoria coarsely vesiculated, dense extension limited to few meters.

agglomerate fragments (scoriae) of lithofacies  Interflow layer in F and G units.

(a) and (b). Open framework with
scarce and irregularly distributed
fine-grained clastic matrix with the
same composition of clasts.

bt: biotite, K-fs: K-feldspar, plg: plagioclase, px: pyroxene. ME: magmatic enclave, Msx: meta-sedimentary xenolith.

Table 2.
Summary of the macroscopic lithofacies of SLLFs of Monte Amiata trachydacite.

of different lithofacies. Another characteristic of the Monte Amiata SLLFs is the
presence of cavities with irregular shape formed around meta-sedimentary xenoliths
and megacrysts of plagioclase and sanidine (Figure 5f). In this case, gas segregation
may result directly from the inclusions.

A layered banded aspect, often flat-lying, is well developed in the Monte Amiata
SLLSs, defined both by the interlayering of different lithofacies and by variation in
vesicularity, crystallinity, grain size, color, and groundmass texture. Flow bands are
laterally continuous, parallel, and dominantly quite planar.

Two types of flow banding must be distinguished in the Monte Amiata SLLFs. A
pervasive fine-scale flow banding structure (flow lamination) is produced by
interlayering of mm- to cm-sized dark and light laminae of different coherent
lithofacies (Figure 4h). In addition, sheeting joints, generally attributed to shear
partings developed during laminar flow, form well-developed bedding (Figure 4g).
The stratified structure (flow bedding) comprises massive beds (cm- to m-thick) of
porphyritic and vitrophyric coherent lithofacies enclosed at top and bottom by inter-
layers (mm- to cm-thick) of microvesicular or obsidian lithofacies (Figure 4a and b).
Several processes have been taken into account for the formation of bedding in silicic
lavas [74]: (i) mingling of different parts of the magma [75-77]; (ii) welding and
rheomorphism [78]; (iii) repeated brecciation followed by reannealing into the con-
duit [79, 80]; and (iv) laminar flowage inherited during flow in the conduit in
response to shear stresses along the conduit walls that continue and propagate upward
during the lava advance for the shear stresses at the lava flow base [9].

The flow bands define local sinuosity, steep dips, folding, and convolution in
frontal and margin zones of SLLFs (see Section 4.2.3).

Some of the Monte Amiata SLLF trachydacite (Sorgente del Fiora and
Piancastagnaio) shows parallel columnar cooling joints that post-date the flow
bedding and flow lineation. They are roughly defined, with spacing of 1.5-2.5 m, vary
from subvertical to dipping at moderate angles toward the flow front.

4.2.3 Surface and margin structuves

At Monte Amiata, in situ paleo-weathering, overlaying by younger volcanic units,
and current poorly exposure preclude the detection of SLLF original surface struc-
tures, such as creases [81] and fractures [82], typical of large silicic lava flows. At the
meso-scale, the only surface structures that were preserved in SLLFs include surface
ridges or ogives.
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Surface ridges or ogives are arcuate reliefs, transversely oriented to the downslope
flow. Their convexity indicates the direction of flow. The arcuate shape is caused by
the increase in frictional resistance toward the margins of the flow [38, 83]. At Monte
Amiata, the presence of surface ridges or ogives is mainly evident on the Quaranta and
Castel del Piano units (Figure 2). Both these trachydacite SLLFs are stratigraphically
below the surface of saprolite paleo-weathering that marks the boundary between
BAS and MAS. The Monte Amiata ogives look as linear accumulations of lava boul-
ders. Boulders are rounded-shaped, stacked in an open framework, and arranged in
transversal arcuate ridges that are spacing 50-100 m apart from each other with
apparent amplitudes averaging 5-15 m upon the topographic surface. These structures
have already been distinguished by [30], which, however, considered ogives as the
discriminating structure supporting his interpretation of Monte Amiata
rheoignimbrites.

Several interpretations have been proposed to explain the formation of ogives on
silicic lava flows. Taking Monte Amiata as a model, Rittmann [30] first explained the
formation of ogives as pressure ridges due to the differential viscosity between the hot
and fluid core and the rigid surface of flows that is compressed and corrugated in
folds. The boulders forming the ridges are considered by [30] of primary volcanic
origin, resulting as the remnant of rootless dikes of molten material intruded from
below in the fractured core of the anticlinal-like ridges subjected to extensive stresses.
These seminal ideas of Alfred Rittmann are the premise for various subsequent inter-
pretations. However, most of the observations and models on surface ridges have been
addressed to rhyolite obsidian domes and coulées rather than to the structures present
on the surface of long silicic lava flows. Macdonald [84] proposed that the ridges on
rhyolitic block lava flows are the surface expression of the upward bending—named
ramp structure—of the shear planes of the internal flowing lava. The conception that
ogives are folds of the lava crust produced by ductile deformation in compression
(pressure ridges) as due to differential movements between two layers (center and
outside crust of the flow) having temperature and viscosity contrasts was applied by
previous scientists [9, 83, 85] among others. Another interpretation proposes that
surface ridges are evidence of an extensional regime due to the inflation and defor-
mation of a rigid crust. The moving fluid-rich melt beneath the insulation crust
extrudes through regularly spaced cracks forming diapir-like structures [9, 86, 87]. In
a more extreme way, Andrews and colleagues [88] challenged the “fold theory” of
Fink and proposed that ogives are tensile fracture-bound structures that record brittle
failure and stretching of the crust as the lava advances and spreads.

Based on our field observations (Figure 6), we interpret the ogives developed on
the surface of Monte Amiata SLLFs as compressional structures [89] produced during
downslope flowage of viscous silicic lava. The core of these small antiform folds is
fractured, enhancing a stronger spheroidal in situ weathering of lava in rounded
boulders (corestones) during the paleo-weathering processes (Figure 6; [62]). Being
prominent on the topographic surface, ogives are also the site of more intense surface
erosion that removed the sandy saprolite matrix. Consequently, the residual blocks
have collapsed in place on themselves forming the boulder accumulations exposed on
flow surface [62].

Previous authors [39, 40, 43] have interpreted the surface ridges and boulder
accumulations on Monte Amiata SLLFs surface as the evidence of the emplacement of
block lava flows. Block lava flows are defined [84, 90, 91] as lava flows in which a
highly irregular surface is completely covered by continuous, open clast-supported
debris of dense and solidified lava blocks, up to several meters in size, with a
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Figure 6.

Natural section showing the internal structure of a ridge (ogive) on the surface of the Quaranta SLLF. The flow
banding (dashed black lines) defines an antiform fold. Radially distributed fractures (ved solid lines) are related
to the extension in the anticline hinge. At the intersection between joints defined by the flow banding and
extensional fractures, in situ saprolite paleo-weathering isolated subrounded covestones of trachydacite. As an
extreme effect of this alteration, the ridge resulted as an accumulation of residual lava blocks. Geologist for scale.

polyhedral shape delimited by smooth, slightly curved faces and angular edges. Nor-
mally in the block lava body, a central mass of massive lava is preserved, but the
fragmented material remains predominant [84]. Block lavas formed from magmas
with silicic to intermediate composition and high viscosity. The mechanism of forma-
tion of a blocky breakage of lava is interpreted as dependent on the rapid growth on
the flow surface of a thick, more or less glassy crust, which shatters due to the
movement of the warmer underlying flow [90]. The extensive deposits of large sub-
rounded lava boulders arranged in arcuate ridges on the surface of the SLLFs of Monte
Amiata are not identifiable with the block lava flow as defined above.

The typical structural model of silicic lava flows comprises an internal coherent
core enveloped with flow-generated breccia that forms loose deposits on the surface,
along the flow margins (levées; [3]) and at the flow front [12]. In Monte Amiata
SLLFs, evidence of the presence of lateral levées and accumulation of auto-brecciated
debris at the flow front were not observed.

Surface breccia is also absent, but of a localized exception in the Leccio eruptive
unit. In the outcrop of Pian di Ballo quarry, located in the medial part of the Leccio
lava flow, coherent trachydacite is enveloped with flow-generated breccia (Figure 7).
Based on texture of the deposit, we distinguished five lithofacies: (1) coherent massive
trachydacite with concentric flow foliation forming a monolithic core; (2) coherent
stratified trachydacite protruding laterally from the massive core; (3) fractured
trachydacite (both massive and stratified) with close fractures and jigsaw cracks; (4)
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fragmented and poorly disaggregate trachydacite; and (5) monogenetic, structure-less
matrix-supported lithic breccia. These lithofacies undergo lateral transitions with
grading boundaries and complex sedimentary architecture (Figure 7). Fragmented
and poorly disaggregated lava (lithofacies 4) is characterized by polyhedral blocks, up
to 1 m large (Figure 7) with low intra-clast matrix. Even though most of the blocks are
shattered, they retain a recognizable geometry of original bedding and jointing of the
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Figure 7.

Quarry escarpment in the locality Pian di Ballo (ved triangle in f) showing a complete section transversal to the
flow direction of the Leccio SLLF. The structure of the lava flow shows the development of a surface autobreccia.
(a) Photo and (b) sketch of the outcrop. A central core of massive trachydacite (cm) with concentric flow foliation
is embedded in a monogenetic breccia (br) through progressive fragmentation and dispersion of lava blocks.
Although the different lithofacies on the sketch ave separated by solid lines, the contacts ave gradational. Flow
divection is toward the observer. (c¢) Particular of the gradational transition from coherent trachydacite (cst), to
fragmented and poorly dispersed trachydacite (fdp), and to chaotic breccia (br). (d) Close-up of the massive lava
core (cm). While the outermost part of the flow was breaking, the center was still molten and moving lava. (e) The
flow banded lava (cst) is progressively pervasively fractured by a network of jigsaw cracks but vemaining coherent,
then is fragmented in a jigsaw-fit breccia that vetains the original stratification (fpd), and, finally, is dispersed in
the breccia (br). Location of boxes c, d, and e is depicted in a. (f) Map of the Leccio eruptive unit showing the areal
distribution of lithofacies and structurves. In the inset is the frontal ramp at the edge of the SLLF.
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primary depositional and cooling structures of lava flows. Bigger blocks are either
fractured or shattered, and many of the block interiors exhibit pervasive jigsaw cracks
and jigsaw-fit fractures. This lithofacies represents portions of the coherent pre-
fragmentation lavas, slightly disaggregated and displaced. The monolithologic massive
and poorly sorted breccia (lithofacies 5) is a chaotic assemblage of matrix-supported
clasts from medium to well consolidated. Angular to sub-rounded fragments of
trachydacite, ranging from a few centimeters to more than a few decimeters in size,
are completely disaggregated and dispersed in the prevailing sandy matrix with the
composition of the adjacent clasts. This matrix was likely produced by the disaggre-
gation of the same clasts during transport.

Geologic relationships indicate that fragmentation of a rhyolite lava flow
occurred mainly when the flow was spreading [92]. The spatial distribution of
the breccia deposit present at the surface of the Leccio eruptive unit (Figure 7f)
indicates that this unusual (for Monte Amiata SLLFs) volcanic facies probably
formed as a function of the change in topography that the lava has encountered
during emplacement. From the source area, represented by an eruptive fissure of
the summit volcanic rift zone (Figures 2 and 7f), the Leccio trachydacite flowed
for up to 3 km along a slope of about 15° and then reached a low gradient area
(2-3° in slope) without confining walls at the edge of the volcanic edifice. When
the flow arrived at the abrupt break-in-slope, it decelerated, and a dynamic
block fragmentation occurred at the margins and surface of the flow, forming
the monogenetic matrix-supported breccia observed in this part of the Leccio
eruptive unit (Figure 7). The increase in the degree of fragmentation suggested
by the textural characteristics of the breccia (grain size reduction, jigsaw cracks,
and jigsaw-fit fragmentation), proceeding from the internal coherent core to
external surfaces of flow, is probably the consequence of progressive
fracturation, disaggregation, and dilation processes that have occurred during
this deceleration phase [93, 94]. Then, the massive coherent trachydacite core
(Figure 7d) resulted in a thermally insulated internal part of the lava that
continued to flow downstream confined through a paleo-valley, attaining a total
length of more than 6 km (Table 1), and terminated with a frontal ramp
structure (Figure 7f).

Monte Amiata SLLFs have steep flow front, tens of meters thick, exhibiting ramp
structures and monoclinal folds outlined by the orientation of the flow bedding (Fig-
ure 8). In ramp structures, the flow bedding varies from a flat foliation parallel to the
base of the flow to an upward curved, steeply dipping to vertical shape. The stack of
layers involved in the upward spoon-shaped deformation overrides along a plane of
shearing and discontinuity the underlying gently dipping layers (Figure 8a). Contact
occurs without the interposition of breccia. Moving upstream away from the ramp,
the attitude of the flow bedding becomes para-concordant. These ramp structures
have been observed near the frontal portion of several flow units and are probably to
be attributed to an increased stress regime owing to an increasing frictional resistance
toward the base of the flow ramp. Indeed, they are well developed at the front of flow
that was channelized and ponded in paleo-valleys (Leccio and Vivo d’Orcia; Figure 7f,
8a and b). The ramp structures observed in Monte Amiata SLLFs are different from
both the sheet-like flow ramps described in obsidian block lava flows and attribute to
individual flow units having upper and lower surfaces that are composed of in situ
brecciated, brittle glassy carapaces (i.e., the Rocche Rosse flow at Lipari; [95]) and
ramps triggered by shear planes inside the lava interior and related to the formation of
surficial ogive structures [96].
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Figure 8.

Flow front structures in SLLFs of Monte Amiata. (a) Outcrop exposure and (b) interpretative sketch of flow ramp
structure at the flow front of Vivo d’Orcia eruptive unit composed of fine laminated vitrophyric trachydacite with
perlitic glassy groundmass. Arrow is the flow direction. Note the transition from para-concovdant to discordant bedding
and the absence of breccia deposits. (c) Outcrop exposure and (d) interpretative sketch of monoclinal fold structure of
the flow front of Piancastagnaio eruptive unit. The cove of the fold is composed of coherent massive trachydacite (cm),
enveloped in flow-laminated (fl) and flow-banded (fb) trachydacite. Along the subvertical limb of the fold, the flow-
laminated lava is deformed in small asymmetric parasitic folds and the flow-banded lava is stretched.

Another type of flow front observed at Monte Amiata consists of layers which,
instead of being bent upward, as in the ramps, are bent downward to form a
monoclinal fold (Figure 8c and d). In this case, flow bedding is planar and sub-
horizontal in the upper part of the flow body, whereas near the front, it curves sharply
downward until it becomes subvertical. Flow bedding experienced a stratal stretching
and thinning caused by the extension in the fold limb (Figure 8c and d). The core of
the fold is composed of coherent massive trachydacite, enveloped by faintly tiny
laminated trachydacite with layers deformed in crumpled minor folds. Locally, a
detachment surface has been observed at the base of the frontal fold. Also in this case,
the deformation occurs without the presence of breccia. This type of flow front has
been observed in the Piancastagnaio and Sorgente del Fiora eruptive units.

Flow front of lavas usually is obscured by a talus apron. At Monte Amiata, the
presence of frontal breccia has never been observed. It cannot be excluded a priori
that breccia has been completely removed by erosion, but the lack of both any deposit
remains and its continuation in a basal breccia lead to the interpretation of an
emplacement mechanism different from that of rhyolite lava flows.

4.3 Facies architecture

Within a single flow unit, the vertical and lateral lithofacies distribution and
association allows to recognize a characteristic structural partitioning of lava flow
interior [11, 97]: (i) basal zone; (ii) core or central zone; and (iii) upper zone.
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i.

ii.

The basal zone [12, 98] of BAS SLLFs typically rests directly on the surface of
the underlying unit (sedimentary substratum or older volcanic units in core
drill DL) without intervening pyroclastic, volcaniclastic, sedimentary, or
pedogenetic layers. MAS SLLFs overlay the paleo-weathering saprolite
deposit developed at the expense of BAS units. The SLLF basal zone is
generally 2-5 m thick and comprises a breccia bed (lithofacies e; Table 2) or a
shear zone (Figure 9). The occurrences of basal breccia are localized; the
contact between the basal breccia and the overlying lava is typically sharp. In
the classic models [12, 99], basal breccia is interpreted as originated as
crumble breccia at the surface of slowly moving masses of lava, which
concurs to form the steep flow front talus and then was overridden as the lava
advanced. In Monte Amiata SLLFs, both the absence of surface and frontal
breccia deposits and the texture of the basal breccia observed suggest that the
basal breccia is produced iz situ by shear fragmentation. In most cases, the
basal breccia is lacking, and the bottom of SLLF is composed of bedded facies
with flow layering of glassy and microcrystalline trachydacite (lithofacies a,
b, and d; Table 2), planar or tightly folded, and sparse—greatly stretched—
shrinkage gas cavities.

The central (lava core) zone [12] in SLLFs of Monte Amiata is typically 20—
40 m thick and comprises massive and bedded facies, with joints and flow

Figure 9.

(a) Overview of the outcrop showing the contact between the Quaranta (QRT) and Pozzaroni (PZZ) SLLFs. The
upper portion of the Quaranta lava flow (BAS-MSS) has been in situ paleo-weathered into a whitish sandy
saprolite with groups of corestones (CS). The basal zone of the Pogzaroni lava flow is composed of a discontinuous
bed of monogenetic matrix-supported breccia (br) overlaid by flow-bedded trachydacite. Both breccia and
stratified basal trachydacite ave deformed in convoluted folds. dt =debris. Boxes refer to b and c details. (b) Close-
up of the breccia at the base of PZZ eruptive unit. The flow lamination in the clasts is vandomly oriented. (c)
Detail of the recumbent fold and convoluted structuves at the base of PZZ formed duving the flow for the high
viscosity of the lava.
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layering. Massive lava is generally uniform and dense. Lava shows poorly
developed, vertical, or locally inclined columnar joints a few to several meters
across (i.e., Sorgente del Fiora and Piancastagnaio eruptive units).
Subhorizontal sheeting joints are also present and are more conspicuous near
the top and base of the central zone. Flow layering is parallel to aligned
crystals and vesicle-rich layers and is interpreted as planes of weakness
imparted by the flowage. In some units (i.e., Sorgente del Fiora and Vivo
d’Orcia eruptive units), lenses and irregular zones of welded breccia
(lithofacies f; Table 2) and scoriaceous agglomerate (lithofacies g; Table 2),
with an individual thickness of 0.5-1.5 m, form interlayers between otherwise
massive lava banks. We interpret that these interlayers resulted from intra-
flow fragmentation processes within a single eruptive unit, probably related
to stresses caused by movement in the overlying flow.

iii. The upper zone of Monte Amiata SLLFs trachydacite is characterized by a
moderately more vesicular groundmass and a planar morphology forming
subhorizontal plateaus and poorly inclined sides. It does not show the typical
structure of lithophysae, strong vesiculation, and scoriaceous or blocky
autobreccia classically described for the top of large silicic lava flows [12, 92].
The absence of these surface structures is confirmed by the stratigraphic log
of the Sorgente del Fiora unit in the DL core (Figure 4), even if it cannot be
excluded that in other units, they were present but currently poorly exposed
or subsequently eroded.

4.4 Geochemical and petrographic characteristics

The whole chemical composition of the lava flows (LF) and domes (LD) at Monte
Amiata ranges from latite to trachydacite (SiO, = 57-68 wt%; Na,O + K,0 = 7-9 wt%;
Figure 10) [40, 42, 44, 57, 58, 100]. In variable proportion through the entire
sequence, millimetric to pluri-decimetric in size, meta-sedimentary xenoliths and
microgranular magmatic enclaves (ME) are present. The ME compositions range from
trachybasalt to latite (SiO, = 47-59 wt%; Na,O + K,O = 5-8 wt%; Figure 10; [58]). A
careful selection (Table 3) of data from literature shows that all the SLLF samples are
among the most evolved rocks of the suite and classify them as trachydacite
(Si0; = 64-68 wt%; Na,0 + K,0 = 8-9 wt%; Figure 10) having a normative q > 20%
(q=Q/(Q +or +ab +an)*100) [101].

The SLLFs are highly porphyritic (about 40% according to [41]), medium- to
coarse-grained, with maximum dimensions of the phenocrysts rarely exceeding 1 cm
(Table 4). The most abundant phenocrysts are plagioclase, K-feldspar,
orthopyroxene, and biotite, and less abundant are apatite, ilmenite, and quartz, rarely
present clinopyroxene (Table 4). The presence of fragmented crystals is peculiar,
especially of K-feldspar (Figure 11a and b). Content in mafic magmatic enclaves is
scarce, while tabular meta-sedimentary xenoliths are more frequent.

Instead, the lava domes, coulées, and short lava flows are medium to high porphy-
ritic ranging from 26 to 34% [41, 56], with similar mineral paragenesis, but are
characterized by the distinctive presence of K-feldspar megacrysts (from 1 to 5-6 cm
long) coupled with abundant microgranular magmatic enclaves [40, 42, 44, 57].

The SLLFs are generally porphyritic to glomeroporphyritic with a glassy ground-
mass commonly showing perlitic fractures. Different groundmass microtextures are
observed, also in the same unit: (i) glassy groundmass microlite-free (Figure 11c) or
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T.A.S. (Total Alkali-Silica) diagram for products of Monte Amiata volcano: Silicic lava flows and lava domes
(LF + LD; light gray dots), magmatic enclaves (ME; dark gray diamonds), and SLLF units studied in this work
(ved dots; Table 2). Data from [39-42, 44, 57].

(ii) with ultra-microlites aligned to the flow direction (Figure 11d); (iii) glassy
groundmass locally devitrified with scattered spherulites (Figure 11e); and (iv) het-
erogeneous groundmass with flow banding in elongated bands or lenses generally of a
darker color (Figure 11f). Flow bands are normally enriched in crystal fragments
(Figure 11g); (v) highly vesicular with fibrous glass and large flattened vesicles
(Figure 11h).

4.5 Temperature, pressure, and dissolved volatile content in Monte Amiata
magmas

In order to retrieve the conditions (i.e., pressure, P; temperature, T; and volatile
content) of magma in the storage system and during the dynamics of ascent toward
the surface, and to understand eruption dynamics of Monte Amiata SLLF generating
magmas, we have applied the numerous geothermobarometers and geohygrometers
so far available in the literature, accounting for both “crystal,” “crystal-crystal,” and
“crystal-residual liquid” equilibria. The compositions of the lavas for which calcula-
tions were performed are reported in Table 3. More details about the contour
conditions (e.g., mineral-liquid duplets; preliminary estimations by independent
variables; necessary equilibrium tests) necessary to apply each specific model are
reported in [102].

The list of geothermobarometers and hygrometers adopted is reported in Table 5
[103-107], together with the temperature interval of application of magma ascent and
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Label SLLF! Ref? Si0, wt% TiO, AL O3 Fe203* FeO MnO MgO CaO Na,O K,O P,0s5 LOI Sum
84 BB A 3 64.67 0.52 16.30 3.19 0.04 1.53 2.75 2.03 5.70 0.18 2.97 99.88
AMT 47 A 2,4 66.28 0.52 16.33 111 2.00 0.05 1.23 2.75 2.14 6.16 0.18 1.26 100.00
AMT 48 A 2,4 65.69 0.52 16.67 0.38 2.72 0.05 1.27 271 212 5.99 0.17 1.72 100.00
AMT 94 A 4 67.43 0.49 16.27 0.59 2.26 0.04 1.31 213 217 5.97 0.13 1.22 100.00
AMT 17-145 A 5 64.30 0.51 15.70 3.46 0.05 1.36 2.72 2.26 6.04 0.16 1.85 98.52
84 AV C 3 65.89 0.49 16.08 3.67 0.05 1.28 3.02 2.21 5.74 0.16 1.28 99.87
AM 11 C 1 66.57 0.52 15.90 2.06 1.38 0.05 1.43 3.01 2.26 5.73 0.20 0.87 99.98
AM 13 C 1 66.11 0.50 15.70 2.07 0.91 241 0.05 2.53 213 5.90 0.19 1.51 100.01
AM 19 C 1 66.98 0.54 16.05 2.56 0.59 0.05 1.33 2.76 1.96 5.93 0.18 1.06 99.99
AMT 06 C 2,4 65.82 0.59 16.36 0.61 2.72 0.06 1.19 2.96 2.20 6.06 0.18 1.26 100.00
AMT 08 C 4 66.25 0.56 15.52 0.83 2.48 0.06 1.21 2.97 2.22 6.35 0.15 1.40 100.00
AMT 09 C 4 66.81 0.51 15.63 0.85 2.20 0.05 1.13 2.95 2.28 6.23 0.15 1.22 100.00
Amt 10 C 2,4 66.40 0.53 15.70 0.72 2.52 0.06 1.32 2.99 2.37 5.91 0.16 1.25 99.93
AMT 10 C 2,4 66.73 0.56 15.54 0.60 2.52 0.05 1.19 2.96 2.28 6.29 0.17 1.12 100.00
AM 37 F 1 68.27 0.48 15.26 2.14 0.64 0.05 1.11 2.56 2.20 6.14 0.15 1.01 100.01
AMT 50 F 4 65.74 0.58 15.80 0.48 2.76 0.05 1.36 3.16 2.14 6.04 0.16 1.74 100.00
AMT 51 F 2,4 65.70 0.54 16.06 0.43 2.76 0.05 1.33 2.98 213 5.95 0.16 191 100.00
84 BD G 3 65.42 0.47 16.22 3.69 0.05 1.28 311 2.19 5.74 0.15 1.56 99.88
AMT 56 G 2,4 66.90 0.50 15.64 0.16 2.80 0.05 1.27 2.93 2.18 6.14 0.15 1.28 100.00
AM 16 L 3 68.34 0.48 15.19 2.41 0.36 0.05 1.13 2.30 2.30 6.25 0.15 1.20 100.16
AMT 01 L 2,4 66.91 0.58 15.51 0.50 2.56 0.05 1.19 3.00 2.25 6.24 0.16 1.05 100.00
AMT 03 L 2,4 66.14 0.62 15.83 0.49 2.76 0.06 1.27 3.20 2.23 6.09 0.18 1.14 100.00
AMT 04 L 2,4 66.01 0.56 15.87 0.77 2.68 0.06 1.28 3.08 2.18 6.11 0.16 1.25 100.00
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Label SLLF'  Ref?  SiO,wt%  TiO, ALO; Fe,0; FeO MnO MgO CaO Na,0 K,0 P,05 LOI Sum

AMT 13-10 L 5 65.70 0.51 16.10 3.66 0.06 141 3.00 2.40 619 017 141  100.73
AMT 13-21 P 5 66.00 055  16.00 374 0.06 1.40 2.39 2.17 626 017 158  100.42
AM 71 Q 3 66.87 0.51 15.95 2.18 097  0.05 1.29 272 2.40 563 018 125  100.00
AMT 60 Q 2,4 65.36 0.63 16.36 0.53 276 0.06 1.34 2.87 2.29 622 017 141 100.00
AMT 14-57 Q 5 66.00 054 1590 3.74 0.06 1.45 3.20 239 610 018 151 101.17
84 AZ A\ 3 65.01 0.50 16.62 3.85 0.06 143 280 2.16 593 017 172 100.25
84 BA A\ 3 65.60 050  16.03 3.75 0.05 1.45 321 221 593 016  0.98 99.87
AMT 96 A\ 4 65.22 0.51 17.55 1.23 1.72 0.04 1.30 231 217 5.75 017  2.04  100.00
AMT 97 A\ 2,4 66.60 0.50 16.12 1.75 164  0.04 1.21 2.61 2.18 5.95 015 125  100.00
AMT 95 A\ 2,4 64.81 0.55 17.47 0.19 284 0.0 144 254 2.16 590 019 186  100.00

Label of SLLF units as in Figure 2: A. Abbadia, C. Castel del Piano, F. Fiora, G. Piancastagnaio, L. Leccio, P. Pozzaroni, Q. Quaranta, V. Vivo D’Orcia).”References: 1: [58], 2: [40], 3: [42], 4:
[44], 5: [57]. Total iron as Fe>03.

Table 3.

Representative chemical whole rock compositions of selected samples of SLLF from Monte Amiata.
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Groundmass texture Glassy with perlitic fractures, subordinate aphanitic, and devitrified in
spherulites (unit P); variable amount and distribution of vesiculation,
stretched and folded vesicles aligned according to flow foliation (units F, P, Q,
and V), sometimes filled by secondary precipitation minerals (e.g. cristobalite)
(unit P); variable amount (few to abundant) of microlites and spider- and
needle-shaped ultra-microlites (mainly K-fs and px) aligned according to flow
foliation

Phenocrysts assemblage’ K-fs (medium 5 mm, rare up to 1.5 cm); plg (3-5 mm); opx (2-3 mm); bt
(medium 1-3 mm, abundant, euhedral and up to 4 mm in units A, P, Q, and
V); rare cpx (unit F); glomeroporphyres of plg + opx + bt units F, G, Q, and V)

Mineral phases and K-fs: mainly fragments of larger crystals, Carlsbad twinning (unit F), rounded
microstructures’ and lobate rims; some poikilitic texture including melts and crystals (plg, bt
and crystal aggregate of plg + opx) (units A, L, Q, and V)
Plg: complex zoned crystals with sieve-textured and patchy-zoned resorbed
nucleii (highly altered into alluminosilicate minerals e.g., allophane) and
oscillatory-zoned rims., often host fluid, glass and mineral inclusions(e.g., bt,
opx, Fe-Ti oxides), commonly as crystal cluster (C, F, G, P, and V)
Bt: abundant, sometimes opacized; folded, broken in thin lamellae, and
containing sub-spherical holes (sieve texture) and mineral inclusions
Opx: deep embayments and rounded opacized rims include small euhedral
apatite and Fe-Ti oxides.
Cpx: rare, in microphenocrysts and microlites
Fe-Ti oxides: microphenocrysts: commonly included in other minerals
Quartz: abundant highly resorbed crystals (unit L)

ME/xenoliths Holocrystalline aggregates (plg + opx + bt), abundant in units P and Q
Meta-sedimentary xenoliths, dark gray, platy, fine-grained, composed of: (i)
green spinel+bt + feldspar, unit A, (ii) green spinel + graphite, with a feldspar
corona, and “baked clay”-like fragments, unit L, (iii) green spinel + quartz +
cordierite with plg + bt corona, unit Q, and iv) aggregates of acicular crystals
bt/phlogopite + plg + K-fs + cpx + glass, unit V

"Mineral phases: K-fs = K-feldspar; plg = plagioclase; cpx = clinopyroxene; opx = orthopyroxene; bt = biotite. ME: mafic
magmatic enclave. Labels of SLLF units as in Figure 2.

Table 4.
Microscopic petrographic characteristics of Monte Amiata SLLFs.

lava flow dynamics. Our results all show that the lavas emitted at Monte Amiata
represent, in terms of temperature, an extreme end member for each of the composi-
tions and mineral assemblages investigated here.

On the basis of the results provided in Table 5, we can distinguish two sample
subsets: (1) a first group (PES, preeruptive stage) characterized by crystalline liquid
balances associated with a phase of initial crystallization, where the liquid is the total
rock, representative of a preeruptive or initial phase of ascent; (2) a second group (ES,
eruptive stage) where the liquid phase in equilibrium with a specific crystalline phase
is the interstitial fluid. This group has been related to a late phase of the crystallization
occurred during the ascent of the magma and/or during the mass emplacement of
lavas. The PES group shows temperature estimates between 900°C and 1070°C,
whereas ES group has temperature range between 800°C and 900°C. These tempera-
ture ranges constitute the entire temperature interval provided by the employment of
all the geothermometers analyzed and constitute therefore an enlarged estimate of the
real intervals of expected temperature.

The estimation of dissolved water content (hereafter reported as H,O and
expressed in wt%) is of fundamental importance to comprehend the storage and
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(a) Highly porphyritic texture: The phenocrysts are fragmented crystals of K-feldspar, plagioclase, orthopyroxene,
biotite set in a glassy groundmass (optical microscopic image crossed polarized, unit Q, sample AMT 14-51); (b)
broken crystals of K-feldspar, zoned plagioclase, orthopyroxene, biotite, and resorbed quartz set in a perlitic glassy
groundmass (BSE-SEM image, unit L, sample AMT 14-71b); (c) glassy groundmass, microlite-free, with perlitic
texture (BSE-SEM image, unit L, sample AMT 13-10b); (d) glassy groundmass with ultra-microlites (probably
Fe-Ti oxides) aligned to the flow divection (BSE-SEM image, unit L, sample AMT 13-10b); (e) devitrified
groundmass with spherulites (optical microscopic image plane polarized, unit P, sample AMT 14-54); (f)
heterogeneous glassy groundmass with perlitic texture and darker flow bands (optical microscopic image plane
polarized, unit L, sample AMT 14-71b); (g) glassy groundmass with perlitic texture and flow band enviched in
crystal fragments (BSE-SEM image, unit L, sample AMT 13—10); (h) highly vesicular glassy groundmass with
large flattened vesicles (BSE-SEM image, unit L, sample AMT 13-10). Labels of SLLFs as in Figure 2. bt: biotite;
gdm: groundmass; K-fs: K-feldspar; opx: ovthopyroxene; plg: plagioclase; qz: quartz, xts: crystals.

25



Updates in Volcanology - Linking Active Volcanism and the Geological Record

Plg-liquid Cpx-liquid Apatite

Eq. 23 Eq. 24a Eq.26  Talkl Talk2 Talk3 Talk4

Unit

Total rock (TR)

SLLF  (1030-1050) (993-1015) (965-993) 980  (955-998) 965 (914-1014) (905-940)

Glass matrix (GM)

SLLF  (877-888)  (824-838) (832-845) — — — [ (879-883)

Temperature calculated by using ([103, 104]; Eqs. 23, 24a, 26) plagioclase model for only the Plg-liquid couples which
passed equilibrium test (2.2.1.). GM and TR are the groundmass liquids and the total vock liquids, respectively. Talk1,
Talk2, Talk3, and Talk4 are the temperature intervals calculated for each Cpx-liquid equilibrium combination which
passed the equilibrium tests. Temperature values referred to as Talk1, Talk2, Talk3, and Talk4 correspond to the re-
calibration of [105] models of [106]. The apatite geothermometer, reported as apatite, is the value calculated for the
[104] geothermometer. More details can be found in [102]. A temperature intevval between 900°C and 1070°C is
assumed to be ideal for the initial crystallization at depth, whereas a lower temperature interval (800°C and 900°C) is
likely characteristic of the late crystallization condition at the shallow levels, emplacement, or post-emplacement.
"Reported equations are as from [103, 104].

Table 5.
Summary of the minimum and maximum temperatuve values estimated by using the geothermometers proposed by

[102] for the SLLF of the BAS and MAS.

ascent conditions of magma, as well as the eruption style and emplacement of the
volcanic products. H,0, in fact, more than any other component, affects the physical
properties of the magmatic and volcanic materials as well as the associated processes
(diffusivity, crystallization, and degassing). One weight percent of H,O dissolved in a
SiO,-rich magma may change its viscosity of ca. 6 orders of magnitude and its glass
transition temperature (i.e., the temperature at which, upon certain stress conditions,
there a transition between a viscous to a brittle mechanical behavior occurs) of 200°C.

Since there are no data on the CO, concentration of melt inclusions, the H,O-CO,
saturation model of [108] (https://melts.ofm-research.org/CORBA_CTserver/GG-H20-
CO2.html) was used to estimate the fluid content of the magma stored in the Monte
Amiata magma chamber positioned at 6 km depth [49, 109, 110], where the expected
external pressure is 106 MPa and temperature is 900-1070°C (see before). The average
oxide percentage was considered (Table 3) in calculations. The H,0 and CO, mole
fractions in the fluid phase were varied to compute the H,O and CO; in the coexisting
melt at 900-950°C, whereas no results were obtained at higher temperatures. Outcomes
are reported in Figure 12, showing that maximum H,O concentration is 3.96-3.98 wt%
for zero CO, and maximum CO, concentration is ca. 500 ppm for zero H,O.

Of course, the H,O and CO, concentrations in the deep magma might be every-
where along these lines. Nevertheless, it must be recalled that in the Monte Amiata
edifice and surrounding area, a strong degassing of magmatic/mantellic CO, occurs as
indicated by high CO, fluxes from soil [111, 112], the presence of CO; in the fluid
inclusions [113], and the composition of geothermal fluids ([114]; and references
therein).

Therefore, owing to this occurrence of magmatic/mantellic CO,, the magma in the
Monte Amiata chamber might be saturated with CO, and consequently water con-
centration would be low or even very low, although this possibility is a hypothesis to
be proven or rejected by means of melt inclusions data. If this hypothesis is true, CO,
would be readily lost upon degassing and H,O concentration would weakly decrease,
thus explaining the lack of explosive activity at Monte Amiata.
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Figure 12.
CO, vs. H,O coexistence in melt calculated by means of the saturation model of [108] for temperature of 900°C
(blue line and dots) and 950°C (red line and dots).

4.6 Rheological properties

In order to quantify the effect of rheology on Monte Amiata eruptive style, in this
study we combine two empirical models. The first model (GRD) [115] allows to
calculate the residual liquid viscosity as a function of the temperature (T) and the
composition (X). The second model (CM) [116] allows to estimate the rheological
effects due to the presence of crystals in strained magmas, through the calculation of
the relative viscosity (i.e., the ratio between the viscosity of the mixture and the
viscosity of the pure liquid). The input data are constituted by the textural data
providing the crystal fraction (Section 4.4), the temperature estimation, and dissolved
fluid content (Section 4.5).

Figure 13 reports the pure liquid viscosity vs. the inverse of the temperature.
The calculations are performed on the entire temperature range, but we put in
evidence the interval 900-1070°C, representative of an early-stage-crystallization
(PES) magma and the interval 800-900°C, representative of the late-stage-crys-
tallization magma and erupted products (ES). Considering the total content of
fluids present inside this magma, which is strongly influenced by the presence of
CO2—see Section 4.5—and considering that the latter is completely separated from
the magma during the ascent and the emplacement process, a quantitative of
0.3 wt% of residual water appears acceptable as an input parameter into the
proposed models. The crystal fraction of the suspended crystals presents in each
SLLF is based on the average values proposed by [41]. These values are reported in
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Figure 13.

Diagram of the calculated liquid + crystal suspension viscosity values for the investigated Monte Amiata
SLLFs. Here, the suspending liquid is taken as the residual glass matvix (GM) or as the total rock (TR),
whereas the crystal content (¢) is taken as the value proposed by [45] of 40 volume % (¢p=0.4). Water content
(H,0) is considered to be 0 or 0.3 wt% as potentially presence as dissolved at the basis of the most tick lava
flows. The calculations provided here do not account for the effect of suspended vesicles in the multiphase
magmatic and volcanic mixture. For that reason, we could assume that the calculated values are an upper
limit of the real volcanic mixture viscosity (vesicles in fact have an important effect in reducing magmatic and
volcanic mixture viscosity), which may be representative of the most glassy crystal vich (vesicle free) lavas as
those found at Monte Amiata. The figure also reports (at 10**Pa s, in dash and dot thick gray) the line which
marvks the glass transition, that is, at first approximation, representative of the limit of viscous flow of lava
flows [70]. In all cases, the calculated volcanic mixture viscosities estimated in the temperature interval (900—
1070°C) are well below the flow limit as above defined. Both GM and TR, at any crystal and water content
conditions in the (800-900°C) temperature interval, mostly fall below Tg and, only at the very lowest T, they
overpass it.

volume percent (the number in the parenthesis followed by the symbol %). All the
calculations are carried out by assuming the lowest strain rate value (107 s™ ),
which provides the highest viscosity value.

In Figure 13, we also report the value of the glass transition temperature (Tg) as
taken at a viscosity of 10" Pa s [70]. Tg constitutes that barrier below which most of
processes (e.g., diffusion, crystallization, vesiculation, flow, and welding) are signifi-
cantly inhibited, if not halted. On the other hand, above the glass transition, the
above-mentioned processes are still active and potentially rapid enough to still influ-
ence somehow the magmatic and volcanic processes. Ref. [117] published a compre-
hensive review of the ways how the various magmas and volcanic bodies may cross
the glass transition temperature (e.g., conventional thermal cooling; cooling along a
retrograde solubility curve; effective raising of Tg as due to degassing) and enhance
the welding of pyroclastic materials or the flow of silicic lavas, other than affecting the
depth of the fragmentation depth.
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5. Discussion
5.1 Distinguishing silicic lavas from welded tuffs and rheomorphic ignimbrites

Several scholars have attempted to compare and define diagnostic textures and
structures to explain how silicic lava flows differ from high-temperature pyroclastic
density currents (welded and/or rheomorphic ignimbrites) (e.g., [11, 15, 71, 99]). In
this section, we discuss the geological and volcanological features (field physical
features and rock’s textures and structures) that support the interpretation of
trachydacite sheet-like silicic flows of Monte Amiata as lavas and reject the attribution
as welded ignimbrites and rheoignimbrites deriving from the emplacement of pyro-
clastic density currents emitted during a single large explosive eruption.

In Table 6, we summarize (i) the diagnostic depositional characteristics of ignim-
brite [1, 118-120] that have not found in Monte Amiata trachydacite SLLFs despite
careful search, and (ii) the discriminating internal textures and structures of the
Monte Amiata trachydacite SLLFs that help to identify them as silicic lava flows
[12, 121-123].

In conclusion, the volcanological observations, the field geological evidence, and
the petrographic analyses performed on the trachydacite SLLFs of Monte Amiata are
consistent with a genetic interpretation by effusive eruptions, which gave rise to long
and extensive silicic lava flows.

5.2 Defining a model of silicic lava flows (SLLFs) for Monte Amiata trachydacite

Observations and models on silicic lava flows have been mainly carried out on
small rhyolite obsidian domes and coulées [9, 87, 89] that have some characteristics
that were extended to other silicic lavas. The idealized structural model of rhyolite
lava flow [92] consists of three principal zone: (1) a basal pyroclastic deposit emplaced
during the initial phase of the eruption, (2) a lava dome or short flow formed by the
relatively quiet effusion of magma, and (3) an envelope of carapace breccia that grows
around the molten core of the lava body as the chilled and brittle outer crust breaks in
response to internal expansion and growth. The lava body is further subdivided in a
vertical sequence of: basal part composed of breccia of pumice and obsidian blocks,
interior part composed of either coarsely vesicular pumice, coherent even flow-
foliated glassy obsidian, and finely vesicular pumice, and surface breccia [89].

More recently, a certain number of studies have been carried out so far it concerns
the emplacement mechanisms of very large lava flow sequences in the Brazilian sector
of the early Cretaceous Parana Etendeka Magmatic Province (PEMP) [19-21]. Appar-
ently, these huge effusive silicic sequences (> thousands of km?) were not accompa-
nied by explosive activity. The same authors have invoked mechanisms, which
explain the emplacement of the investigated lava flows as mainly due to the emission
of degassed dacitic and rhyolitic low-viscosity lavas.

The peculiarity of Monte Amiata sheet-like trachydacite lava flows appear to have
some point in common with those found in the products reported in the PEMP and,
with respect to other described silicic flows, their main features, without considering
the greater length of the SLLF, are as follows:

a. Absence of tephra or air-fall pumice deposits testifying explosive activity
associated with the lava emplacement. Commonly, sequence of explosive
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Textural discriminating characteristics

Diagnostic value

Features distinguishing SLLFs from ignimbrite

Fragmentary vitroclastic textures (bubble-wall
shards, small pumice fragments, flamme) none
observed.

Even in the very densely welded ignimbrites
occurrences of shards and pumice are generally
anyway recorded.

Evidence of welding not observed.

Also in strongly welded tuffs, some remains of
welding textures are preserved due to vertical and
lateral gradation from completely non-welded to
fully welded facies.

Lithofacies do not record gradational changes in
texture and structure from near source to distal
areas of flow.

Adjacent to vent, ignimbrites show only particulate
flow facies varying from vitrophyric welded tuffs
and polygenetic lithic-rich breccia, and grade to
massive pumice-and-ash flows, and finally to mass
flows completely managed by gravity (lahars, debris
flow) [118-120].

Vertical and lateral association of facies, derived
from different eruptive and emplacement
mechanisms, but still generated by the same
explosive eruptive event, not observed.

Basal Plinian fallout, co-ignimbrite ash fallout, and
low-density pyroclastic flows can be present in the
basal, intermediate, and top parts of the ignimbrite
deposit.

Features indicative of effusive style of emplacement

Coherent texture with high content in phenocrysts
(40 vol%, [41]) in a homogenous transparent
vitrophyric or microcrystalline groundmass.

Texture indicating crystallization from a non-
particulate melt.

Very little vertical and lateral variation in mineral
paragenesis and chemical composition, within
individual trachydacite flows.

Textures indicating crystallization from a non-
particulate melt.

Fluidal texture due to well-developed crystals
lineation and elongated vesicles, preservation of
delicate-textured glomerocrysts.

Textures indicating effusion and spreading of lava;
in ignimbrites, the prominent development of
foliation is by flattening of pumice fragments during

welding.

Flow-layered structures due to banding (color,
lithofacies, and vesicularity), and parting along
flow planes.

Structures suggesting laminar flow of coherent lava;
layering is favored by shear near the base of the
flow.

Folding of flow bands, mainly at the flow front and
margins.

Suggests high viscosity of a non-particulate melt.

Small to large-scale mingling domains of obsidian
glassy, microcrystalline, and vesicular glassy
coherent lithofacies, in bands and lenses [75].

Textures indicating emplacement from a non-
particulate melt. In an explosive event, magma
mingling textures are destroyed by disruption of the
magma and exhibited only in discrete pyroclasts.

Small content (<10%) in broken crystals.

The presence of low percentages of broken crystals
is therefore characteristic of silicic viscous lavas and
is interpreted as the response to shear stress during
laminar flow [121].

Lithic inclusions of mafic magmatic enclaves and
meta-sedimentary xenoliths of basement units that
were at a deep of about 6 km in the upper crust,
where the magmatic chamber formed [109, 122].

In ignimbrites, lithic fragments derived from the
disaggregation of the wall rocks by shallow
explosion [123] (near vent) or incorporation from
the ground during flowage (near base).

Basal and internal monolithologic autoclastic
breccia, composed of coarse scoria clasts or blocky
co-genetic lithic clasts in a sandy matrix with the
same composition as clasts.

Indicative of lava-like viscous flow rather than
particulate flow.
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Textural discriminating characteristics Diagnostic value

Step flow front a few tens of meters thick with Indicative of lava-like viscous flow that suddenly

ramp structures; and marginal flow lobes [12]. stopped; ignimbrite shows gradual thinning at edges
of unit.

Arcuate ogives on flow surface. Formed as folds while the lava was in motion;

viscosity decreases downward from the surface to
the interior of the flow.

Well-defined areal distribution of individual flows, An ignimbrite would have inundated the flanks of
also in a relatively flat topography; several flows the volcano and climbed over many barriers.
ponded in paleo-valleys.

Table 6.
Characteristics of Monte Amiata SLLFs supporting the interpretation as lava flows.

eruptions of tephra preceding (and/or following) the extrusion of silicic lava
flows and domes is observed [89, 124]. In similar cases, the early-stage explosive
activity was considered functional to gas escape from magma and to the
subsequent effusive activity.

b. Absence of talus debris commonly mantling the steep front, margins (levées),
and surface (upper breccia) of silicic lava flows and domes and originating by
syn-eruptive rockfall of highly disrupted surficial portions of lava. This implies
that we cannot apply to Monte Amiata SLLFs the interpretation that the basal
breccia derived by the fracturing of the cooler, finely vesicular, pumiceous crust
during lava movement that fall off at the front and are overridden by the
advancing lava, forming a nearly continuous envelope around the more viscous
flow interior [89].

c. Some SLLFs show several lobe outflows (i.e., Pozzaroni; Figure 2) deriving
from the breakout of the lava front and margins, similar to basaltic lavas. This
process extended the lava field and suggests that the thick lavas are maintained,
even for a long time, substantially above the glass transition temperature,
representative of the temperature of flow halting [70], favoring their mobility
and the run-out of long distances [5, 6, 102].

d. A high porphyricity in a glassy fresh groundmass that is commonly not
devitrified and lacking of spherulitic texture, whereas most described silicic
lavas show aphyric or non-porphyritic glassy (obsidian or pumiceous) texture.

e. Absence of a quenched or highly vesicular crust.

f. No correlation is observed between area and slope values, suggesting that the
different areal distribution of SLLFs can be substantially independent from the
underlying morphology.

The recognition of large-volume, extensive silicic lava flow units at Monte
Amiata introduces questions regarding the mechanisms of emplacement. Into the
literature, the uncommon sheet-like silicic lava flows are related to the effect of
large erupted volume and the effectively lava heat retained due to a thick solidified
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crust, whereas the dome-forming eruptions of silicic lavas are related to low-
magma production rates [125].

Thanks to the direct observation of the events of silicic lava flow emplacement
occurred in historical time [2-7], we have understood that the emplacement of large
volume and great thickness silicic lava flows with high proportions of suspended
crystals should not surprise us.

In fact, it has demonstrated by [5, 6, 126] and, more recently, [19, 20], that the
large thickness of a lava flow constitutes the most efficient thermal barrier, which
reduces heat loss and allows to maintain the lavas at high temperature well above their
glass transition temperatures. This will favor, for years, or even for decades, in the
cases of the largest fluxes, the flow. To favor flow will favor other important pro-
cesses, such as the crystallization of the spherulitae and the contribution of the volatile
resorption [117, 127].

In conclusion, the unusual length and the main characteristics described above
(absence of related tephra deposits, absence of talus debris, presence of outflow lobes,
high porphyricity, glassy fresh groundmass, and absence of quenched or highly vesic-
ular crust) of the SLLFs of Monte Amiata may be referred to the high temperature,
high thicknesses, and relatively large volume of each one of these lava flows. In this
picture, morphological factors and volatile content seem to have played a minor role.

5.3 Volcano-tectonic and structural implication into the silicic volcanism of
Monte Amiata

At Monte Amiata, the association of silicic volcanism with transtensive shear zones
[45, 55] was significant in determining the volcanological character of the silicic
volcanism. In this work, we were able to define the near-vent features, buried under
younger units, and to infer the source area on the basis of thickness, physical features,
and distribution of Monte Amiata SLLF eruptive units. The vent area of SLLFs was
possibly identified with an eruptive fissure system located near the crest of the sum-
mit ridge and fed by linear dike swarms (Figure 2). A multi-vent source is recorded
by changes in location of eruption source (Figure 2).

Monte Amiata magmas were vented by faults related to regional transtension along
the Bagnore-Bagni San Filippo shear zone that has been active during the volcano
activity [45, 55], leading to dominantly effusive eruptions.

Referring to this structural framework, the SLLFs of Monte Amiata are put in place
following the ascent along a system of faults which in their upper portion define a
summit axial rift zone, rather than real volcanic conduits. The geometry of these
upwellings and the reduced quantity of gas present in the magma are probably the
main factors that inhibit the formation of a fragmentation surface [45]. While the
ability of this lava flows to maintain their viscosity, their anomalously high tempera-
ture for a long time determines the style of emplacement in long and thick lava flows.

6. Conclusions and future researches

The outstanding questions on Monte Amiata sheet-like trachydacite that we dis-
cuss in this work are mainly related to the interpretation of its eruption mechanisms
(effusive vs. explosive volcanism) that we have faced with an unprecedented physical
and volcanological characterization of the products and by comparing our results with
the updated models of ignimbrite and rheoignimbrite. The identification of several
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lava flow eruptive units (referring to different eruptive events and vents location)
having different stratigraphic position and composed of several flow units separated
by scoria or breccia beds is the first argument for this discussion. The second main
discussion point is the manner of flowing of single lava flows and the reasons for
producing the different volcanic facies and structures we observed and described. Our
results point out to a model for the formation of the Monte Amiata SLLFs which could
possibly be extended to other silicic composite volcanoes.

In major detail, our field-based study of the trachydacite SLLFs of Monte Amiata
supports these conclusions:

1. The volcanic deposits of Monte Amiata, both outcropping and present in the
subsoil of the volcano, recently crossed by deep drilling, are exclusively made up
of a set of silicic lava flows, lava domes, and associated coulées.

2.The SLLFs include different individual effusive eruptive units that are well
recognizable from each other and well traceable on the field. They have different
stratigraphic position in the volcanic succession that prevents to consider all
these lavas as coeval and/or emitted in a single episode of magmatic feeding and
eruption.

3.The arcuate ridges of trachydacite boulders present on the surface of SLLFs are to
be referred to pervasive phenomena of in situ paleo-weathering of lavas at the
expense of surficial fold structures (ogives).

4.The repeated presence of SLLFs at different levels of the stratigraphic volcanic
sequence implies that, during the geological history of the volcano, there have
been conditions for a recurrence of an eruptive mechanism emplacing long and
extensive silicic lava flows. This peculiar behavior of a silicic magma can possibly
be attributed to the ascent along eruptive fractures of batches of magma with low
gas content and anomalously high temperatures. These physicochemical
conditions enabled lavas to flow slowly but inexorably up to the distances
granted to them by the internal thermal balance. For this reason, the lavas
morphologically forced by valley incisions flow at major distances in proportion
to the others that flow unconfined (Table 1), because the greater thickness and
the smaller exchange surface with the soil and the atmosphere allow a greater
conservation of the temperature inside them. This temperature surplus could be
originally due to a higher value of the ratio between the temperature times the
volume of the melt still residing in the magma chamber and the temperature
times the volume of the more basic magma coming from the deep.

5.The tectonic control on the feeding system has meant that the magma supply was
managed by the activity of the various deep and superficial fracturing trends.
This type of control is able to create the conditions to inhibit the formation of a
fragmentation surface and generate an entire volcano through a succession of
exquisitely fissural eruptions in a regime of volcano-tectonic rift.

Looking to the future, the data still missing on Monte Amiata products are
represented by the quantification of the volatile content in magmas, and by the
definition of the silicic-magma/mafic-magma ratio characterizing the feeding of the
single events. Obtaining these further pieces of information will allow us to further
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refine the model presented here for the formation of SLLFs and, in a broader per-
spective, the model of the other lithofacies (lava domes and coulées) that have been
emplaced during the various phases of the life of the completely silicic Monte Amiata
volcano.
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