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Abstract

Quaternary carbonate-seated maar-diatremes in the Volsci Range are one of the most intriguing
products of the west-directed subduction of the Adriatic slab that drove the development of the
Apennine mountain belt in Central Italy. The Volsci Volcanic Field is characterized by

phreatomagmatic surge deposits, rich in accidental carbonate lithics, and subordinate
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Strombolian scoria fall deposits and lava flows, locally sourced from some tens of monogenetic
eruptive centers (at least fifty tuff rings and scoria cones). We investigate the subsurface maar-
diatreme processes in terms of relationships between faulting and explosive magma-water
interaction, as well as the distribution pattern of the eruptive centers. With this aim, we present
the following new data: i) description of the fold-and-thrust belt structure and associated eruptive
centers, ii) componentry of volcanic rock-types, iii) determination of grain-size, degrees of
whiteness and roundness of carbonate lithic inclusions, iv) micropaleontological analysis of
carbonate lithics. We show that the clustering of eruptive centers is controlled by tectonic
features. A first order control is tentatively related to crustal laceration and deep magma injection
along a ENE-trending Quaternary lateral tear in the slab and to Mesozoic rift-related normal
faults. A second-order control is provided by orogenic structures (mainly thrust and extensional
faults). In particular, magma-water explosive interaction occurred at multiple levels (< 2.3 km
depth), depending on the structural and hydrogeologic setting of the Albian-Cenomanian
carbonates, which are intersected by high-angle faults. The progressive comminution, rounding
and whitening of entrained carbonate lithics allows us to trace multistage diatreme processes.

Finally, our study bears implications on volcanic hazard assessment in the region.

1. Introduction

Fault-controlled  volcanic fields may be composed of monogenetic magmatic
and/or phreatomagmatic eruptive centers. The latter are  defined as maar-diatreme volcanoes,
forming as the result of the explosive interaction between rising magma and groundwater,
interpreted in the frame of molten fuel-coolant interaction (e.g.; Sheridan & Wohletz, 1983;
Lorenz, 1986; Sottili et al., 2009; Taddeucci et al., 2010; White & Ross, 2011; Valentine &

White, 2012; Graettinger et al., 2014; Valentine et al., 2015 ; Németh & Kosik, 2020). After
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scoria cones, monogenetic maar-diatreme volcanoes are the second most common volcano type
(Lorenz, 1987; Wohletz & Heiken, 1992). They occur as craters cutting into the pre-eruption
land surface, while the co-genetic eruptive deposits are organized in low-profile tephra rings.
Maar crater sizes increase parallel to the amounts of juvenile vs. lithic products, within a
spectrum of explosive volcanic depressions, ranging from phreatic to large caldera end-members
(Palladino et al., 2015; Graettinger, 2018): i.e., the volume of involved magma is null for
phreatic explosion craters (or hydrothermal craters) and becomes progressively more relevant

towards large overpressure calderas dominated by the collapse of the magma chamber roof.

Recent conceptual models, supported by evidence from experiments, numerical modeling
and field data, describe maar-diatremes and associated tephra rings as derived from sub-surface
phreatomagmatic explosions occurring at multiple depths (Valentine et al., 2015), also possibly
controlled by the downward migration of a groundwater drawdown cone (Lorenz, 1986; Lorenz
et al., 2017). Churning and mixing of diatreme fill may occur through a combination of upward-
directed debris jets and downward subsidence (e.g., McClintock & White, 2006; Ross & White,
2006; Lefebvre et al., 2013; Andrews et al., 2014; Graettinger et al., 2014; Sweeney & Valentine,
2015; Valentine et al., 2015). Field and textural analyses of the ejected material provide crucial
information to unravel the depths and thermal conditions of magma-aquifer interaction (Sottili et
al., 2009, 2012; Danese & Mattei, 2010), with inferences on the subsurface diatreme-wall rock

fabric.

The Quaternary potassic volcanoes of the Roman Province (Peccerillo, 2005), aligned
along a NW-SE direction on the Tyrrhenian Sea margin of Central Italy (Fig. 1), are known
worldwide as sites of magma-carbonate wall rock interaction. They involve a full range of

eruption styles and magnitudes, from lava flows to large-scale caldera-forming explosive events,
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also including phreatomagmatic events resulting from the explosive interaction with carbonate

aquifers (e.g., Freda et al., 1997, 2011, Sottili et al., 2010; Giordano et al., 2014).

Here we address Quaternary carbonate-seated maar-diatremes in the northern area of the
Volsci Range (VR in the following, part of the Central Apennines; Fig. 1), aiming at defining the
sites and depths of carbonate aquifer-magma interactions in the context of a fold-and-thrust belt
affected by post-contractional normal faulting and magma ascent. Different from the nearby
Colli Albani Volcanic District, where the interaction involved Mesozoic pelagic to base-of-slope
carbonates (Funiciello & Parotto, 1978; Giordano et al., 2006; Sottili et al., 2009; Danese &
Mattei, 2010; De Benedetti et al., 2010), the VR area provides evidence of repeated interaction
between primitive potassic magmas (i.e., also including K-basalts) and Meso-Cenozoic shallow-
water platform carbonates. An intriguing aspect is the episodic character and the small erupted
volume (compared with the nearby volcanic districts of the Roman Province) of this volcanism
and the primitive magma composition, suggesting the fast ascent of small magma batches from
the mantle with very limited differentiation (e.g., Boari et al., 2009; Centamore et al., 2010). The
eruptive centers in the northern VR are part of the Volsci Volcanic Field (see Section 2), which
represents a good example of a “tectonically controlled volcanic field” (sensu Valentine and
Perry, 2007), where the very low magma flux is a passive byproduct of regional tectonic strain.
We investigate the relationships between phreatomagmatism and faulting, with general insights
on the Adriatic subduction dynamics. Finally, considering the young age of volcanic activity
(e.g., up to 230 ka; Centamore et al., 2010 and reference therein), the present work bears
implications on hazard assessment in a region inhabited by 0.4 million people

(https://www.regione.lazio.it/).



Tectonically controlled carbonate-seated maar-diatreme volcanoes - manuscript submitted to the Journal of Geodynamics

2. Geological Setting

Since at least the Tortonian time (ca. 11 Ma), the west-directed subduction of the Adriatic
slab drove the development of the VR area of the Apennine mountain belt and the Tyrrhenian
Sea back-arc basin (Doglioni,1991, Molli, 2008; Rosenbaum et al., 2008; Carminati et al. 2014;
Beaudoin et al., 2017 and references therein). During the Quaternary, the Tyrrhenian Sea margin
of central Italy was affected by the potassic magmatism of the Roman and Campanian provinces
(Roman Co-magmatic Region; Washington, 1906), also including the presently active Campi

Flegrei and Somma-Vesuvius volcanoes.

Overall, the Apennines are characterized by the differential retreat of the W-directed
subducting Adriatic-lonian plate relative to their northern and southern arcs (e.g., Doglioni,
1991; Carminati and Doglioni, 2012; Rosenbaum and Piana Agostinetti, 2015 and reference
therein). The VR is one of the most internal chains of the NW-trending Apennine fold-and-thrust
belt (Cosentino et al., 2002; Centamore et al., 2007), and is comprised between the NNE-striking
Ancona-Anzio and Ortona-Roccamonfina major tectonic lines (Fig.1). These tectonic lineaments
recorded polyphase tectonic activity, which initiated at least in early Jurassic time with the rifting
stage that produced the boundary between carbonate basin and platform domains (Centamore et
al., 2002). In particular, the Ancona—Anzio lineament (e.g., Castellarin et al., 1982; Butler et al.,

2006 and references therein) was re-activated during late Miocene time as a transpressive front

The VR comprises three major mountain groups (Lepini, Ausoni and Aurunci Mts.)
located between the Colli Albani Volcanic District to the northwest and the Roccamonfina
volcano to the southeast. The VR is punctuated by the occurrence of volcanic deposits of

Pleistocene age from both nearby potassic volcanic districts and local eruptive centers (Fig. 2;
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Accordi et al., 1966; Angelucci et al., 1974; Alberti et al., 1975; Pasquareé et al., 1985; Boari et

al., 2009; Centamore et al., 2010 and references therein).

The pre-volcanic substrate is composed of shallow-water carbonates, dominated by inner
platform to rim facies during the Mesozoic and by temperate discontinuous ramp deposits during
the Cenozoic (e.g., Centamore et al., 2007, 2010; Consorti et al., 2017; Romano et al., 2019). In
particular, the marly Orbitolina level (Sirna, 1963) constitutes a regional marker horizon used to
subdivide the Cretaceous succession. At the top of the carbonate succession, middle to late
Miocene syn-orogenic siliciclastic rocks occur at the footwall of thrust faults related to the
(E)NE-verging Apennine orogeny (Angelucci, 1966b; Cosentino et al., 2002; Sani et al., 2004).
In particular, at least four orogenic lithostratigraphic units are distinguished: i) the late Miocene
Falvaterra Chaotic complex (  Centamore et al., 2007; also known as ‘Argille Caotiche’;
Angelucci et al., 1963), ii) the late Tortonian flysch of the Frosinone Formation (Centamore et
al., 2007, 2010), iii) the Messinian pp. Torrice Sandstone Formation (piggyback basin deposits,
Cipollari & Cosentino, 1995); iv) late Miocene to early Pliocene conglomerates (Alberti et al.,
1975). The latter unit occurs at the front of the chain as thrust-top deposits (e.g., Angelucci
1966a; Cipollari & Cosentino, 1995), and at the footwall of backthrusts (e.g., Accordi et al.,
1966; Angelucci et al., 1974; Cosentino et al., 2002; Parotto & Tallini, 2013). Early to late
Pleistocene slope, river and lacustrine deposits are preserved within depressions determined by
high-angle NW-, ENE- and (N)NE-striking normal faults that dissected the inherited fold-and-
thrust fabric, influencing the distribution of karst form and the fluid circulation. While the main
hydrogeologic unit has a piezometric head below 125 m a.s.l. (Boni et al., 1980), minor aquifers
are suspended above it at the intersection between normal faults and the Orbitolina level. Further

to the south, upwelling S-rich fluids interact with cold karst water generating sources that can
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reach temperatures up to 24°C (10°C higher than average local surface temperature; Boni et al.,

1980; Capelli et al., 2012).
2.1 Volcanic deposits of the northern Volsci Range

Volcanic terrains in the study area comprise (see also supplementary material in Data in
Brief): 1) distal pyroclastic deposits from the nearby Colli Albani potassic volcano, recognized
within middle-lower Quaternary continental successions in the Latin Valley, in the Pontina Plain
and locally in the VR intermontane depressions; ii) locally sourced eruptive products, for the
most part occurring in the northern VR. The latter mostly consist of pyroclastic products of both
magmatic and phreatomagmatic origin, respectively associated with monogenetic scoria cones
and tuff rings, and subordinate lavas. In the previous literature, they have been attributed to the
Middle Latin Valley Volcanic Field (e.g., Accordi et al., 1966; Angelucci et al., 1974; Alberti et
al., 1975; Boari et al., 2009; Centamore et al., 2010), also known (improperly) as Monti Ernici

Volcanoes.

Reconsidering the whole areal distribution of the monogenetic vents between the Pontina
Plain, the VR and the Sacco Valley, with respect to the geographic and historical pertinence of
ancient populations, here we propose the term Volsci Volcanic Field (VVF). The VVF rocks are
scattered over an area of ~500 km?, covering an area of ~120 km? (Angelucci et al., 1974). Based
on available geochronological data (Boari et al., 2009; Centamore et al., 2010 and references
therein), the VVVF volcanic activity spanned the 760-230 ka interval, with an acme at 420-350
ka). Despite the broadly similar time span of activity, the VVF features remarkable peculiarities
with respect to the other potassic volcanic districts of central Italy: i) the small volume (a few
km?3 vs. hundreds of km®) of total erupted products; ii) the low intensity and magnitude of

eruptive events (essentially Hawaiian-Strombolian and phreatomagmatic vs. Plinian and caldera-
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forming activities); iii) the primitive to poorly differentiated character of rock-types (as described

in the following).

Based on isotope geochemical affinity (e.g.,'**Nd/**Nd vs 87Sr/®°Sr), Peccerillo (2005)
grouped the VVF volcanics within the Ernici-Roccamonfina Volcanic Province, distinct from the
Roman and Campanian ones. Overall, geochemical and petrological data (Angelucci et al., 1974;
Boari and Conticelli, 2007; Frezzotti et al., 2007; Boari et al., 2009; Centamore et al., 2010)
indicate the eruption of poorly to slightly differentiated potassic magmas, ranging from K-basalts
to shoshonites and phonotephrites in the TAS diagram. The concomitant eruption of high-K, Lct-
and low-K, Plg-bearing primitive magmas during the VVF activity may have implications for the
mantle source and related slab-tear window and magma ascent conditions. The absence of a main
volcanic edifice and of a large, shallow-level magma reservoir would be consistent with the rapid
ascent of primitive magmas from the mantle source, with limited pre-eruptive stationing and
differentiation (Boari et al., 2009; Centamore et al., 2010). The parental VVVF magmas might
have been generated from a heterogeneous subcontinental lithospheric mantle source resulting
from metasomatic processes, although the timing of the metasomatizing event(s) and the
geometry of the heterogeneity are still matter of debate (e.g., Boari et al., 2009; Gaeta et al.,

2016; Koornneef et al., 2019).

3. Materials and methods

3.1. Field analyses

This study is based on a new structural-geological survey of the carbonate substrate and
volcanic occurrences, which integrates previous work (e.g., Geological Map of Italy; Accordi et

al. 1966; Alberti et al., 1975; Centamore et al., 2010, and references therein), aiming at re-



Tectonically controlled carbonate-seated maar-diatreme volcanoes - manuscript submitted to the Journal of Geodynamics

defining the stratigraphic and structural architecture of the substrate, and identifying the relic
morphologies and eruptive products of the VVF rooted centers. Structural elements (i.e., faults,
fractures) have been measured at key localities and plotted by means of TectonicsFP software
with lower-hemisphere projections and rose diagrams. The morpho-structural interpretation is
also based on the analysis of the orientation of river and valley segments and relieves
characterized by break-in-slopes with dip >20% (on Google Earth software), which allows to
qualitatively attribute these forms to near-surface fault traces cutting through volcanic deposits.
Inferences on sub-surface deep geometry are supported by available seismic reflection lines and
wells in the Middle Latin Valley from a public data set (ViDEPI Project; www.videpi.com). The
data set has been calibrated with deep well logs and integrated with the reappraisal and critical
review of a large amount of literature data. Fault trace maps, created from the geological map
and seismic line-based maps, were used to estimate fault segment orientation using FracPaQ

(Healy et al., 2016).

VVF volcanic deposits, with special focus on phreatomagmatic products from carbonate-
seated maar-diatremes, were characterized through the detailed definition of field characteristics
(e.g., deposit textures, grain size, componentry, lithofacies architecture), by means of  layer-
by- layer thickness measurements and facies analysis, in light of well-established interpretive
criteria of eruption and emplacement processes (e.g., Németh et al., 2001). In some cases, we
estimated the order of magnitude of the erupted volume of individual centers, based on the
thicknesses and areal distributions of the exposed deposits, also taking into account local
topographic control and adding further 50% to account for fine-ash loss in the atmosphere (e.g.;
Ernst et al., 1996). Thus, the volumes obtained here are minimum estimates based on the ejecta

ring (cf. Blaikie et al., 2015), as uncertainty of intra-crater and diatreme fills and erosion loss
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prevent a reliable determination of total erupted magma volume (lithic-free dense rock

equivalent, DRE).
3.2. Laboratory analyses

Laboratory analyses comprise the determination of componentry and morphoscopic
characteristics of phreatomagmatic products associated with maar-diatremes, including
observations on the juvenile scoria fraction and on accessory and accidental lithic inclusions.
Preliminary qualitative determinations were based on thin sections at the optical microscope
from samples collected at twenty-eight localities from different stratigraphic units (Table S1).
Moreover, sixty-four thin sections were analyzed to anchor the bio- and litho-stratigraphic
content of accidental pyroclasts embedded in the phreatomagmatic deposits (i.e., essentially
fossil-bearing carbonate ejecta with different degrees of thermal interaction) to the pin
stratigraphic columns of the VR (Chiocchini & Mancinelli, 1977; Chiocchini et al., 2008) to

identify their stratigraphic provenance.

Quantitative component determinations of the erupted juvenile and lithic proportions and
textural analysis of carbonate lithics and cored scoria clasts were carried out to gather
information on pre- to syn-eruptive lithic entrainment and fragmentation vs. recycling processes.
In this regard, thirty pictures of polished rock slabs were selected out of twenty-three samples
representative of the main eruptive centers and then analyzed by using the JMicroVision
software for image analysis (Roduit, 2008). Nearly 500 measurements per sample were taken on
a standard grid from pictures covering an arbitrarily chosen (3x3 cm) area. The relative
abundances of eight component classes were thus determined, i.e.: ash matrix, juvenile

fragments, carbonate lithics (with no evidence of thermal effects), thermally altered and thermo-

10
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metamorphosed carbonate lithics, free crystals, accretionary lapilli, accessory pyroclastic

fragments, holocrystalline inclusions.

In addition, we collected hand samples from eight selected outcrops of lithified tuffs rich
in carbonate lithics (peperino-type, see definition in Results below). For each sample, five
differently oriented polished slabs, up to 10 cm across, and thin sections were analyzed.
Specifically, on slab surfaces, the clast size (long axis in mm), degree of roundness and degree of
whiteness of nearly 750 carbonate lithics were measured. Lithic roundness was measured
according to the 1-6 scale of Powers (1953), being 1 very angular and 6 well rounded. In our
point of view, due to the limited subaerial lateral transport, clast angularity depends
straightforward on the fragmentation and abrasion history (due to multiple explosions and
recycling) during ascent in the feeder diatreme. The different degree of whiteness of accidental
carbonate lithics, which is usually stronger from the edge to the core, is considered as
representative of thermal alteration or thermo-metamorphism. Thus, to quantify the degree of
thermal alteration, for each single carbonate lithic, the degree of surface whiteness was evaluated
visually according to a chromatic scale from 0% (corresponding to the unaltered, starting rock
colour) to 100% (pure white), as representative of progressively longer and/or intense thermal
effects. All measurements were repeated twice. To track the stratigraphic provenance (and the
depth of entrainment), we bear on micropaleontological thin section analyses of clasts where the
original biostratigraphic assemblage was not obliterated by pervasive thermal alteration. In
addition, to infer thermal conditions of wall-rock entrainment during diatreme processes, we
analyzed the textural features of cored lapilli, following the approach of Sottili et al. (2009,

2010).

11
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4. Results
4.1.  Volsci Range stratigraphic and structural constraints

A new field survey is summarized in the geological sketch map of Figure 2, where the
fault and volcanic occurrence patterns highlight the carbonate and foredeep orogenic structure
and their control on the location and activity styles of VVVF eruptive centers. In addition, detailed
structural maps are shown in the Data in Brief, along with the description of relic volcanic

morphologies and deposit characteristics.

In Figure 3, the stratigraphic frame of the VR pre-volcanic substrate is anchored to the
exposed carbonate aquifer stratigraphic sections, based on the analysis of the lithic inclusions in
the VVF pyroclastic units (Table S1). Along the southern slope of the Semprevisa Mt., the
reference Cretaceous carbonate succession (Fig. 4; broadly corresponding to the CMS and PUO
formations; Centamore et al., 2010) comprises, from bottom up: i) wackestone to mudstone,
alternated to greenish marly levels with Salpingoporella dinarica; ii) a key marker horizon, the
Orbitolina level, i.e. a 1 m-thick, beige to bluish shaly marl with Charophyta that contains Early
Cretaceous pebbles; iii) upper Aptian-lower Cenomanian ostracoda- and miliolid-bearing
laminated limestones, including a few tens of meters thick dolostones, and karstified wakestone
to packstone limestones, directly overlapping the Orbitolina level with a sharp unconformity,
occurring on mountain plateaus and karstic terraces formed at the expense of strongly fractured
limestones; iv) well-bedded Cenomanian Alveolinid- and Nezzazzatid-bearing limestones,
usually cropping out on rounded reliefs. The texture of the Orbitolina level changes to the east

(e.g., at Patrica), with implications discussed below. Here, a series of breccias and calcirudites

12
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with thin green pelite intercalations (broadly coeval to ii and iii) occurs and is characterized at
the base by ostracoda- and miliolidae-bearing laminated limestone (affected by incipient bauxitic

facies) with upper Aptian to lower Cenomanian limestone benthic assemblages.

Structurally, the VR is here subdivided into three major thrust sheets, based on major
tectonic contacts and internal stratigraphic pertinence (from the lowest to the highest): i) the
Ernici Unit (EU), characterized by a doubled succession of siliciclastic late Miocene foredeep
deposits lying on Upper Cretaceous to Miocene carbonates; ii) the Lower Volsci Unit (LVU),
constituted by Jurassic to Cenozoic carbonates; and iii) the Upper Volsci Unit (UVU), which is
preserved at the Caccume Mt., Siserno Mt. and Colle Cantocchio klippen and within the

Carpineto Romano tectonic window (Fig. 2).

The UVU marl-and-clay-rich matrix bears heterometric rounded to sigmoidal clasts of:
glauconitic calcarenite with bryozoa (corresponding to early Miocene lithotypes; Angelucci et
al., 1963), white-mica-bearing sandstone, brownish folded calcareous sandstone, green
sandstone, veined and fracture calcareous marls (corresponding to the Paleocene ‘Pietra paesina’
lithotype; Civitelli et al., 1970), pinkish marl (corresponding to the Scaglia facies-type of
Paleocene-Eocene pp.; Angelucci et al., 1963), Orbulina Marl lenses of late (?) Serravallian-

Tortonian p.p. age (Centamore et al., 2010).

The EU-LVU contact is masked in the northern VR, although it is evidenced by a series
of imbricated, overturned Cretaceous to Cenozoic carbonate layers (i.e., NW of Morolo).
Notably, the top of LVU is characterized by encrusted and lineated Late Cretaceous carbonates,
overthrusted by the Chaotic complex towards the East (Fig. 4), which are cross-cut by high-
angle, ENE-trending en-echelon fracture zones, constituted by NNW-striking open fractures.

Further, the northern VR is crossed by a series of SW-verging backthrusts, the largest one being

13
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the Montelanico-Carpineto backthrust. On its hanging wall, we identify a frontal subunit that
occurs as a large-scale antiform, while further to the east it is defined by a synform. The two
folds are separated by a series of NNW-striking tear faults with inferred right-lateral kinematics
(Fig. 4). The resulting fold-and-thrust structure defines a N-trending flank of a salient, later
crosscut by a system of conjugated normal faults onto which most of the VVVF monogenetic

eruptive centers are seated (Figs. 2, 4).

To the southwest, step-wise segments of the normal faults bound the Pontina Plain.
Further to the northeast, domino-like blocks are bounded by 2-3 km spaced faults, having about
0.5 km offset each. Along the chief ridge of the VR (mountain backbone), the largest Quaternary
normal fault in the study area (here named as the Semprevisa Fault; Figs. 2, 4), occurs as a fault
system characterized by lateral strike deviation and offset reduction to a few hundreds of meters
at its tips (Fig. 2). In particular, at Maenza, the Semprevisa Fault connects with the asymmetric
graben structure of the middle Amaseno Valley. Antithetic normal faults bound the north-eastern

VR with segments shorter than 5 km (i.e., NE Volsci Fault system, Fig. 2, 4).
4.2.  Field aspects of VVVF eruptive centers

Here we report on volcanic terrains exposed in the VR study area, with focus on the
products of local monogenetic centers of the VVF, setting the groundwork for ongoing
volcanological, petrological and geochronological studies. In the Data in Brief, we show the
outlined volcanic stratigraphy at key localities. In some cases, we integrate the available data on
known eruptive centers (cf. Centamore et al. 2010 and references therein); in a few cases, we
describe field aspects of deposits and relic morphologies of newly identified eruptive centers.
Notably, the original depositional features, thickness and internal stratigraphy of volcanic units

are highly fragmentary, due to their intrinsic limited areal extent and spot-like distribution, as

14
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well as their scarce preservation. Field-based stratigraphic correlations are thus challenging and

uncertain.

The areal distribution of volcanic terrains is reported in Figure 2. Below we do not further
consider the local occurrences of volcaniclastic deposits (mostly reworked) from distal sources,
essentially attributed to major explosive eruptions from the Colli Albani Volcanic District, based
on their peculiar lithostratigraphic features (i.e. field texture, grain size and componentry; e.g.,
Freda et al., 1997, 2011, Palladino et al., 2001; Giordano et al., 2002; cf. Data in Brief). Distal
pyroclastic deposits are mostly found in the western part of the study area, along the VR foothill
and in intermontane basins (e.g., Montelanico, Norma, Valvisciolo creek, Roccagorga,
Crocemoschitto; Fig. 2), while along the mountain backbone they mostly occur as pedogenized

terrains within karst depressions (e.g. Semprevisa Mt. northern slope).

Based on lithofacies assemblages that show evidence of proximal, near-vent setting (such
as coarse grain size, occurrence of ballistic bombs with impact sags, pyroclastic surge sandwave
bedforms) and related relic morphologies (crater rims, volcanic edifices), fieldwork allowed us to
distinguish the different eruptive source areas, including either isolated eruptive centers or
clusters of coalescent vents (Fig. 5; Table S1). We group eruptive centers in two main
geomorphic settings: the Sacco River valley (part of the Middle Latin Valley) and the Volsci
mountain range (including backbone and foothill), broadly corresponding to the Frosinone
foredeep and the VR carbonate belt structural domains, respectively. Based on well-established
textural features and associated relic morphologies (e.g., scoria/spatter cones and tuff rings), we
distinguish three main types of eruptive products: i) lava occurrences (lava flows and occasional
dykes); ii) scoria and spatter fall deposits from Hawaiian-Strombolian activities; iii)

phreatomagmatic deposits, related to maar-diatreme systems and related tuff rings (e.g.; White &
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Ross, 2011; Valentine et al., 2015 and references therein). In some VVF centers, magmatic and

phreatomagmatic products were erupted together (Centamore et al., 2010).

In the VR domain, we recognized at least ten eruptive centers, rooted in the Meso-
Cenozoic carbonate substrate (Fig. 2, 5). Their original morphologies are largely obliterated, so
this identification is essentially based on deposit characteristics. In Table S1, for each sampled
source area, we summarize the principal field aspects of deposits and present-day morphologies.
In particular, phreatomagmatic deposits comprise planar to cross-bedded, accretionary-lapilli
bearing, ash deposits from base surges, alternating with thin, scoria lapilli fallout layers. The
most typical lithology in the eruptive centers of the VR mountain setting (e.g., Fosso di
Monteacuto, Patrica, Patrica NE, Villa S. Stefano) is represented by peperino-type pyroclastic
current deposits. The Italian term peperino (cf. Peperino di Marino from Colli Albani; Marra et
al., 2003) refers to massive to faintly stratified deposits with strongly lithified grey ash matrix,
enclosing dark clasts of scoria lapilli, lava and/or holocrystalline mafic inclusions, and whitish
clasts of carbonate lithics, as well as leucite (often turned to analcime), clinopyroxene and dark
mica free crystals, and occasional accretionary lapilli. Strongly lithified, granular massive beds
made up of well-sorted, fine scoria lapilli, with pervasive interstitial calcite are also present. This
lithofacies thickens up to a few tens of meters where channeled in topographic lows. The VVF
phreatomagmatic surge deposits show evidence of low to moderate emplacement temperatures,
such as the occurrence of plant remains, accretionary lapilli, occasional charcoal, vent-derived

carbonate inclusions with variable degree of whiteness and cored lapilli (see below).

The patchy distribution of the present-day exposures and the scarce degree of
preservation due to erosion (especially in the VR rugged mountain context) prevents a reliable

reconstruction of the volume of erupted products based on isopach maps. However, a broad
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estimate indicates that monogenetic centers range in the order of 0.001-0.01 km?® (e.g.,
Sermoneta, Valvisciolo, Fosso di Monteacuto, Prossedi, Pisterzo) to 0.01-0.1 km? (e.g., Patrica
centers and Villa S. Stefano in the VR backbone, along with individual centers in the Ceccano

and Pofi source areas; e.g., Fiano, Colle La Grotta, Colle Marte; Centamore et al., 2010).
4.3.  Volcano-tectonic relationships of VVVF eruptive centers

The distribution pattern of the rooted eruptive centers of the VVF highlight alignments
and/or belts of clustered monogenetic centers (scoria/spatter cones, lava occurrences, maar-
diatremes). We define three orders of volcano-tectonic trends, based on the length scale,

relationships with fault segments and other morphotectonic indicators.

Two principal (first order) structural trends, striking NNE and ENE, respectively (Figs. 5,
6) are considered the surface expression of high-angle lithospheric faults (e.g., Rosenbaum et al.,
2008) that cross the Latin Valley foredeep and the VR fold-and-thrust belt domains. The NNE-
trend (between Tecchiena and Pisterzo; partly identified by Acocella et al., 1996 and Acocella
and Funiciello, 2006), includes at least seven eruptive centers, spaced 2-4 km from each other,
within an area 23 km long and 2-3 km wide. The ENE-trend is defined by an elongate zone that
extends at least 25 km in length between Pofi and Roccagorga-Maenza, and about 6-7 km in
width. Limitedly to the Sacco valley, this trend is represented by the Ceccano normal fault
(recognizable for a length of 13 km), which is mostly inferred by morphologic evidence and
limited fault exposure within carbonate terrains near Ceccano. This fault consists of step like
dextral en-echelon segments, possibly reflecting strike slip kinematics. We note that several
centers of the Ceccano and Pofi areas sit on the hanging wall, while the Arnara center lays on the

footwall.
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The second-order trends (Figs. 5, 6) are defined by the eruptive centers aligned along
NW-, NE-, N-trending structures, associated with major horst and graben-bounding fault systems
(up to 7-10 km long fault segments, with displacements up to 0.7-1 km) that cross-cut the VR
fold-and-thrust belt carbonates. In these cases, eruptive centers are located right along (or within
1 km from) recognized fault traces. For instance, the (W)NW-striking Semprevisa Fault and the
NW-striking, SW-dipping, Giuliano di Roma normal fault (4.5 km long), are associated with
sources of effusive, strombolian and phreatomagmatic activities (i.e., Valvisciolo, Maenza,
Roccagorga located at the hanging wall of the first, and Giuliano di Roma and Villa S. Stefano
centers at the hanging wall of the second). Moreover, some eruptive centers of the Ceccano
cluster (e.g., from La Badia to Colle Vento) occur at the hanging wall of the NE-dipping fault

bounding VR.

Furthermore, NNW- and (E)NE-striking third-order structures (Fig. 6) are suggested by
break-in-slope (>20%) occurrences along the Sacco River valley, which share a similar
orientation with outcropping faults, valley and river segments. We qualitatively attribute these
forms to near-surface fault traces. These minor structures are disposed en-echelon at the hanging
wall of the Ceccano Fault and show to have crosscut products and relic morphologies of eruptive
centers. Also at Patrica, nearby, the orientation of the fractures affecting phreatomagmatic
deposits is compatible with the second-order normal faults, indicating post-eruptive NW-striking

neotectonic fractures.
4.4.  Componentry of VVF phreatomagmatic deposits

Component proportions from representative slab samples of phreatomagmatic deposits
are reported in Table S2. The component data set allows us to roughly estimate the relative

proportions of juvenile vs. lithic material, along with carbonate vs. volcanic country rocks (in the
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fine lapilli fraction). Within volcanic ejecta, which include both juvenile and accessory
components (not always easily distinguishable in phreatomagmatic eruption products), the
dominant juvenile component consists of moderately vesicular, variably porphyritic scoria
fragments (usually from fine- to coarse lapilli- sized) with microcrystalline groundmass and
clinopyroxene, leucite, dark mica (and occasional olivine and plagioclase) phenocrysts. The
same mineral phases are also present as free crystals. In places, cored scoria lapilli and
accretionary lapilli also occur. The ash matrix (in the <lmm fraction) varies between 40 and 88
vol%. Volcanic fragments often contain accessory tuffs and holocrystalline granular aggregates.
Among the monogenetic phreatomagmatic centers of the VR mountain backbone, the deposits of
Fosso di Monteacuto contain the highest proportion of both accidental carbonate (up to 33 vol%,
including thermally affected) and accessory (mostly tuffs; ~11 vol%) lithics. In particular,
outcrops at Patrica, Valvisciolo and Prossedi show wide component heterogeneity from sample
to sample from different surge units. Lithological associations and comminuted grain size point

to diatreme-derived clasts, rather than locally collected clasts from the ground surface.
4.5.  Cored juvenile clasts

In some cases, the VVVF eruption products show occurrences of cored juvenile clasts,
usually millimetre-sized (up to 1 cm long axis). These consist of dark-rounded to reddish-
asymmetric, shells of juvenile scoria material surrounding grains of different lithology. On the
basis of Colli Albani examples (Sottili et al., 2009, 2010), two end-member types are recognized
in the VVVF: i) dominant, rounded clasts made up of a relatively thin coating of juvenile material
around a single lithic core, and ii) occasional, irregular scoria clasts including one or multiple
lithic fragments. Slab observation (Fig. 7) reveals that the enclosing shells consist of up to three,

variably porphyritic and vesicular scoriaceous layers, which enclose either single or multiple
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accessory (e.g., lava and tuff fragments, individual leucite, clinopyroxene, olivine and dark mica
xenocrysts) or, quite subordinately, accidental (carbonate) grains. From case to case, the average
thickness of the shell (Ar) vs. the radius of the core (a) displays specific trends related to the
different nature of the core that will be discussed in Section 5 in terms of thermal gradients

(following the approach of Sottili et al., 2009).

4.6. Micropaleontology of carbonate lithics

An amount of 733 carbonate lithics was collected from several phreatomagmatic surge
units at different sites (Patrica-Supino area, Fosso di Monteacuto, Prossedi, Pisterzo, Villa S.
Stefano, Valvisciolo; Figs. 7). Of these, carbonate clasts with evidence of no (or very low)
thermal interaction (expressed by whiteness <7%) were selected for micropaleontological
determinations. The biostratigraphic belonging of fossil-bearing carbonate lithics is reported in
Fig. 3, while detailed determinations are shown in the Data in Brief (Fig. S7; Table S3). Most
carbonate lithics, representative of Upper Cretaceous aquifers, show grainstone to wackestone
textures and belong either to the Ostracoda and miliolidae laminated limestone unit or to the
Alveolinid and Nezzazzatid limestone unit (sect. 4.1). Just a few samples are representative of:
1) Lower Cretaceous limestone and dolostone unit; and 2) Campanian part of the Hippuritid and
Radiolitid limestone unit (see Sect. 4.1). The Patrica locality provides the only occurrence of
Berriasian-Aptian Salpingoporrella association. On the other hand, the most frequent foraminifer
associations at Patrica village, Fosso di Monteacuto and Valvisciolo consist of Nezzazzata and of
some specimens of Sellialveolina, both Cenomanian in age (Fig. 3). At Patrica (Pietrapizzuta
locality, see Data in Brief), Peneroplis parvus De Castro was found, attributing a Cenomanian

age, that is typical of suspended aquifers (Fig. 4). On the contrary, wackestone-packstone
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limestones with Thaumatoporella, Scandonea mediterranea De Castro and Accordiella conica
(Farinacci) are Coniacian-Santonian in age and less common. Finally, the lithics collected from
the Ceccano centers, are mostly constituted by Miocene calcarenites with operculiniform

Foraminifera and are possibly representative of shallower magma-water interaction levels.

4.7. Texture of carbonate lithics

Concerning size-texture relationships, fine- to coarse carbonate lithic lapilli vary from
very angular to well-rounded (1 to 6 according to the scale of Powers, 1953). They occur as
virtually undisturbed fossil-bearing limestone clasts or as clasts with variable degrees of
whiteness toward their edges, due to thermal effects at the depth of magma-wall rock interaction,
resulting in re-crystallized marble-type texture to variable degrees of whiteness (Fig. 7). In some
cases, whitened edges of carbonate fragments occur as concentric haloes with variable degrees of
whiteness. In some examples, this zoned fabric is cut sharply by a new fracture onto which a new
whitened edge develops, suggesting a multistage sub-surface fragmentation and transport history
(i.e., a fragmentation event, followed by rounding and magma thermal effects, then a new
fragmentation event, creating new surfaces exposed to magma thermal effects). Fig. 7 illustrates
the relationships among size, degree of whiteness and roundness of carbonate clasts. Overall, two
clusters are distinguished: a “cold” cluster, defined by null whiteness values (except for one
sample with 7%), which is virtually unaffected by thermal alteration, and a “hot” cluster, defined
by moderate to high (19-100%) whiteness values, related to prolonged and/or intense thermal
interaction (or even thermo-metamorphism). The first group shows increasing rounding with
fining grain size, essentially due to progressive attrition during diatreme transport. In the second

group, samples from individual eruptive centers show specific trends of increasing whiteness
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with decreasing clast size. For instance, at Fosso di Monteacuto, clasts with a given size show a
scatter in the degree of whiteness, indicating that the degree of thermal interaction, beyond a
mere function of clast size in an outside-in alteration process, is actually related to more or less
intense thermal alteration (or even thermo-metamorphism) related to different interaction depths
along the diatreme. Also, for a given clast size, a higher degree of rounding would imply a more
significant role of progressive recycling vs. explosive phreatomagmatic fragmentation in the

diatreme system.

5. Discussion

In the following, we discuss the structural geometry of the VVR and its relationship with

the VVVF activity, with special reference to maar-diatreme processes.
5.1.  Structure of the Volsci Range

The deep structure of the VR and the adjoining Latin Valley and Pontina Plain is so far
poorly constrained, due to the scarcity of available wells and seismic lines, and the uncertain age
of the different syn-orogenic deposits. Here, we present two geological cross-sections in light of
new field structural data and a reinterpretation of available seismic lines (Fig. 8), aiming at

providing a structural frame for the possible sites of magma-carbonate interaction.

In the mountain backbone, the cross-section is constrained by new field data, while the
subsurface structural setting of the Sacco Valley is based on available geological maps (Accordi
et al., 1966; Centamore et al., 2010) and subsurface data (www.videpi.com). The interpretation
of the seismic line Fr306-80 in Fig. 8, acquired between our geological cross-sections, is
considered representative of the tectonic setting at depth (besides minor differences in the pattern

of Quaternary normal faults between the northern and southern part of the Latin Valley),
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allowing us to constrain the top of the carbonate substrate from the near-surface down to ca. 1
km depth (Fig. 9). The thickness of the syn-orogenic units varies depending on the fold-and-
thrust belt structure, being the siliciclastic deposits thicker to the south (up to 1.5 km) and thinner
to the north (usually limited to 0.7 km). According to previous works, the LVU carbonates
constitute one or multiple thrust sheets that, together with the overlaying siliciclastic unit,
overthrust the Frosinone Fm. In particular, the Chaotic complex was found to occur between the
late Tortonian Frosinone Fm and LVU, possibly implying that gravitational sliding into the
foredeep occurred during early Messinian after its tectonic emplacement on top of the VR. Thus,
during late Miocene to early Pliocene, the VR carbonate successions were progressively
involved into crustal shortening: thrust 1 allowed the emplacement of the UVU; thrust 2
accommodated the doubling of the Upper Cretaceous to upper Miocene sedimentary rocks within
the Frosinone foredeep domain, which hosted the buried and pressurized reservoirs later
involved in phreatomagmatism; thrusts 3 is mostly represented by backthrusts that crosscut the
previous 1-2 fabric. According to Acocella et al. (1996), a thin thrust sheet of Upper Cretaceous
carbonates and flysch units is juxtaposed on the same flysch north of Tecchiena. This thrust
represents the front of Thrust 2 (Figs. 8, 9; corresponding to ¢1 of Sani et al., 2004), which was
crosscut by a NW-striking conjugated normal faults. The cut-off relationships do not allow the
exposure of thrust 2; however, both morphologic and structural evidence (e.g., at Patrica)
suggests that normal faults are prominently shaping the VR north-eastern flank (Figs. 2, 4).
Therefore, this is due to the second thrusting phase of the LVU over the EU during the
deposition of the early Messinian Torrice Fm (Figs. 3, 8). Similar to what reported elsewhere in
the Apennines (e.g., Cardello & Doglioni, 2015; Fabbi & Smeraglia, 2019), backthrusts occur

also in the VR.

23



Tectonically controlled carbonate-seated maar-diatreme volcanoes - manuscript submitted to the Journal of Geodynamics

Crosscutting relationships and geomorphic evidence indicate that normal faults are
superimposed to the thrust system, creating a horst and graben structure tied to the Tyrrhenian
margin backarc extension. Furthermore, Quaternary normal fault activity evolves into a mainly
NW-oriented horst- and-graben structure that is associated with ENE- and (N)NE-striking high-
angle faults with lateral kinematics. A major horst occurs between Maenza and Patrica, while the
Middle Latin Valley graben involves part of the Frosinone foredeep domain, which is further
dissected into minor blocks (Fig. 9). Differently by older interpretations envisaging minor
normal faults, in our reconstruction, this graben is bounded to the southwest by an antithetic
step-wise set of normal faults, along which monogenetic centers were located (i.e., Patrica-
Supino, as well as Selva dei Muli and Tecchiena magmatic centers that occur near the
intersection between NE- and NW-striking normal faults). As already recognized by Acocella et
al. (1996), smaller horst- and graben-structures are related to the conjugated Giuliano di Roma
and frontal normal faults, respectively associated with the Giuliano di Roma-Villa S. Stefano
centers to the south-western side and with the Ceccano centers to the north-eastern side (Fig. 9).
However, seismic lines and available time maps do not support the existence of a previously
published major N-S fault in the Latin Valley (Acocella et al., 1996). Rather, limitedly to the
VR, we recognize the N-trending flank of salient close to Prossedi (Figs. 2, 4), which set up in
the Messinian according to Acocella et al. (1996). We consider this element separated in space
and time from the NNE-trending alignment of middle Pleistocene rooted centers in the Latin
Valley that, together with the ENE- and NW-trending alignments, clearly drove the emplacement
of dykes along high-angle faults. In agreement with Ruch et al. (2016), we found that the
reactivation of pre-existing fractures and faults is a fundamental for rifting mechanisms and

occasionally guides dyke emplacements along the extensional Tyrrhenian margin.
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5.2.  Volcano-tectonics of the Volsci VVolcanic Field

Volcanic fields often comprise several tens of individual monogenetic centers, which
may include magmatic and phreatomagmatic centers arranged in clusters and/or alignments that
provide information on the magma feeder system and regional tectonic lineaments (e.g., Lorenz,
2003; Mazzarini & D’Orazio, 2003; Sottili et al., 2012; Le Corvec et al., 2013; Tadini et al.,
2014, and references therein). The observed distribution patterns of VVVF eruptive centers are
strictly linked to structural patterns at different scales (as also reported elsewhere, e.g., Tadini et
al., 2014; Trippanera et al., 2015), thus allowing us to draw some general implications on the
relationship among location and styles of volcanism and tectonics. Although the NNE-trend does
not show clear near-surface fault evidence, it could be associated with deep-seated (mainly
extensional) faults. We suggest that the NNE-trending eruptive cluster may be linked to the
reactivation of a inherited high-angle Mesozoic rift fault (subparallel and associated with the
major Ancona-Anzio and Ortona-Roccamonfina tectonic lines). Differently, the ENE-trend is
clearly associated with the Ceccano Fault and the major middle Amaseno Valley faults, as part of
a larger dextral wrench zone cutting across the VR, which could be tentatively related to
subduction kinematics. In particular, the ENE-trend can be interpreted as the result of a lateral
slab-tear due to the differential retreat of two portions of the subducting Adriatic slab (cf. Central
Apennine slab window; Rosenbaum et al., 2008). Thus, in light of the local geodynamic setting
(e.g., Doglioni, 1991; D’Orazio et al., 2007; Rosenbaum & Piana Agostinetti, 2015), first-order
alignments of VVF eruptive centers may represent deep-seated structures that controlled magma
ascent at crustal levels (NNE-trend) or even at higher depth within an asthenospheric shear zone

in the hanging wall of the segmented subducting slab (ENE-trend). Second-order alignments
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represent the expression of near-surface fault segments that laterally branch off the first-order

trends, thus controlling the location of feeder conduits and diatremes.

At shallow crustal levels, the carbonate wall rock architecture controlled the path of
feeder dykes and vent distribution, as well as the styles of volcanic activity (i.e. magmatic vs.
phreatomagmatic). Indeed, the eruption of poorly differentiated magmas through the thick
carbonate-rich orogenic structure in the VR backbone setting (hosting a major water table), often
acquired a phreatomagmatic character due to magma-water explosive interaction. Indeed, the
levels of interaction can be guided by the inherited geological structures (i.e., rock fabric, aquifer
permeability, faults and fold hinges) and/or be associated with active faulting (Valentine &
Cortes, 2013; Valentine et al., 2017). In this regard, the VR tectonic displacement set multiple
depth levels of magma-water interaction, thus controlling the explosion loci and likely resulting

in complex 3-D maar-diatreme geometries (Fig. 9; see also section 5.3).

In particular, the distribution pattern of VVVF maar-diatremes is tightly associated with major
high-angle fault zones that favored magma-groundwater interaction by connecting stratigraphic
levels characterized by enhanced fluid transmissivity and acted as feeder conduits to the surface.
The VVF phreatomagmatic centers commonly occur at the intersection between differently
oriented faults (Fig. 5) or, subordinately, within fold hinges, as in the case of the Fosso di
Monteacuto fold hinge (Fig. 9), that was also affected by a NW-striking normal fault with a
modest displacement (<50m). The associated antiform is the southeastern continuation of a
major backthrust (i.e., Montelanico-Carpineto Backthrust; Fig. 2), which allowed the doubling of
the UKL succession that later interacted with ascending magmas during phreatomagmatic
eruptions. Similarly, the Patrica-Supino centers are associated with conjugated normal faults.

Within the Sacco Valley, magmatic occurrences (lava and scoria cones) are directly related to
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middle Latin Valley graben structures (i.e., Ceccano Fault and NE Volsci Fault), while the

phreatomagmatic centers are essentially associated with carbonate substrate highs (Figs. 2, 5, 8).

5.3. Diatreme processes

Observations on carbonate lithic inclusions, in light of seismic lines in the Latin Valley
and new field data in the VR, provide constraints to the depth of explosive magma-aquifer
interaction at carbonate-seated maar-diatremes, indicating the litho-stratigraphic and structural
control on explosion loci (Figs. 3, 8, 9). The above-reported data on carbonate lithics show that
they are mostly representative of the lower part of the UK succession (i.e., late Aptian-early
Cenomanian ostracoda and Miliolid laminated limestone and dolostones). According to our
reconstruction, UK can be structurally repeated up to three-four times, and thus the Orbitolina
level may occur at multiple depths, acting as regional karstic aquiclude, décollement level for
very thin-skinned thrust sheets, and controlling the sites of explosive magma-water interaction.
In the carbonate aquifer, the Orbitolina level may favor the explosive fragmentation of the UK
rocks even beneath the piezometric head, possibly due to pressurized conditions. Based on field
appearance, the lower part of UK succession is much more Kkarstified than the overlying units,
powering fluid circulation. While primary porosity was likely enhanced by dolomitization-
related brecciation during diagenesis, secondary porosity may be ascribed to fracturing and
multiple karst events that in the late Cretaceous and late Neogene to Quaternary may have

increased the capacity of fluid circulation in the reservoir.

On these grounds, magma-aquifer interaction is broadly inferred to have occurred near-
surface (i.e., <500 m below the present day average countryside plan) and/or at deeper levels
(i.e., -800 to -2300 m below the present day average countryside plan; Fig. 9). For instance,
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among the study cases, biostratigraphic dating from samples collected at Patrica near-vent area,
indicate the preferential entrainment of the Albian-Cenomanian limestones, which may have
occurred even twice, respectively at depths of about 2000-2300 m and/or 800-1000 m below the
present topography (Fig. 9), related to the tectonic repetition of UK formations due to thrusting

and normal faulting.

In light of partially exposed diatreme examples (e.g.; Re et al., 2016 and reference
therein) and experimental evidence (e.g.; Graettinger et al., 2014), the subsurface geometry may
be repeatedly modified by dynamic processes, such as changes in magma supply rate, magmatic-
phreatomagmatic transitions, deepening of the fragmentation levels, in the course of an eruption.
Thus, earlier emplaced dikes and breccia domains of fragmented magma and wall-rocks may be
removed and/or overprinted to a variable extent by multiple magma-water explosive interactions
at multiple depths. For example, at Patrica (Fig. 9), early/deep-seated magma-water explosive
interaction involved the UKE carbonate aquifer. Then, during diatreme propagation within the
fault zone, repeated explosions occurred toward shallower levels, resulting in continuous
recycling (i.e., increasing fragmentation, rounding and thermal whitening) of entrained wall-rock
lithics (UKe and FFS). Eventually, the eruption-feeding shallower explosions also involved near-

surface or locally outcropping Lower Cretaceous Group limestones (LK).

Further indications are given by the analysis of textural features of entrained carbonate
lithics (Fig. 7). The null (or very low) degree of whiteness defines a “cold cluster”, also
characterized by increasing rounding with fining clast size, which is related to syn-eruptive
entrainment at near-surface levels (<500 m depth), without significant thermal magma-clast
interaction. On the other hand, the “hot cluster” is defined by peculiar trends of increasing

whitening parallel to progressive attrition and/or fragmentation (i.e., decreasing clast size) and/or
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rounding, for specific eruptive centers. As a whole, it is apparent that carbonate lithics with
different size, roundness and thermal effect features coexist in the eruptive products of individual
centers, thus indicating a range of contact times with the magma heat source, as well as multiple
lithic entrainment depths (as also testified by the occurrence of near-surface accessory tuffs).
Repeated, discrete phreatomagmatic fragmentation events might have occurred at progressively
shallower levels during magma ascent (Valentine et al., 2015), from deep-seated PUO limestones
(late Aptian-early Cenomanian) upward (Fig. 3, 8). Even lithics with the same composition (e.qg.,
the UKL Albian-Cenomanian limestones at Fosso di Monteacuto) may show different paths, i.e.:
1) increasing rounding (from very angular to rounded) with decreasing size (“cold cluster” Fig.
7), possibly due to syn-eruptive, near-surface fragmentation and transport; ii) incipient to
moderate thermal effect with decreasing size and increasing rounding, possibly indicating
progressive recycling during clast path to surface; iii) strong thermal effect with reduced grain
size and scarce rounding, possibly related to multiple phreatomagmatic fragmentation events

from deep-seated to near-surface magma-water interaction levels.

Carbonate clasts were thus entrained and/or recycled through multiple, progressively
shallower, discrete fragmentation events during the dyke path to surface, resulting in step-wise
fining, rounding and whitening (Fig. 10). Eventually, they were erupted by the most efficient
explosions at optimal scaled depth (i.e., physical depth scaled against explosion energy;
Graettinger et al., 2014; usually shallower than 200-250 m) that vent to the surface. Hence, in
light of recent views on maar-diatreme evolution (White & Ross, 2011; Valentine & White,
2012; Valentine et al., 2015), the appearance of deepest-seated lithics (i.e., Lower Cretaceous
Group in the VVF case) at surface is essentially related to multiple fragmentation and mixing

processes during the lifetime of a diatreme.
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The occurrence of cored lapilli indicates the presence of finely brecciated wall rock
domains, pervasively intruded by mafic magmas (or rock fragments entrained along dike/conduit
walls). By analogy with the Colli Albani examples (Sottili et al., 2009, 2010), the dominant type
of enclosed lithic clast varies from one to another eruptive center. Irregular scoria shells
including multiple lithic fragments (e.g. Patrica), possibly originated as magma raised into the
root zone of a maar-diatreme and intruded wall rock debris (Lorenz et al., 2002). On the other
hand, rounded cored scoria clasts originated when single wall rock fragments were entrained by
a low-viscosity magma and erupted with an adhering quenched rim of melt (Rosseel et al., 2006),
indicating that the melt was well above the glass transition temperature, a significant temperature
difference existed between melt and lithic core at the initial contact, and the time span between
lithic entrainment and eruption was shorter than that required for re-melting the quenched rim.
Following Sottili et al. (2009, 2010), the observed direct linear correlations between the
thickness of the enclosing shell vs. the radius of the lithic core supports inferences on the modes
and timing of lithic entrainment, along with constraints to the syn-eruptive thermal state of wall-
rocks. Besides a wide scatter due to specific trends for different lithic cores (i.e., carbonate, lava
and xenocrysts), overall data from carbonate cores (Fig. 7) indicate relatively low entrainment
temperatures (mostly <50°C; similar to the Prata Porci monogenetic maar; Sottili et al., 2009,
2010). This estimate is consistent with an episodic intrusion of a mafic magma dyke in a shallow
environment, i.e. ca. 0.5-2 km depth, in agreement with our tectono-stratigraphic reconstructions

and the 25°/km present-day geothermal gradient below VR (Boni et al., 1980).

Our findings bear implications on volcanic hazard assessment in the densely populated
areas of VR and adjoining Pontina Plain and Middle Latin Valley (~ 0.4 million people over 500

km?). Due to enduring quiescence since at least 230 ka, the VVF has been so far disregarded for
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volcanic risk evaluation. However, a number of volcanic regions worldwide (that also include
hydromagmatic centers) recall that phreatomagmatic eruptions, isolated in space and time, may
occur after very long quiescence periods (even in the order of 10° yrs; e.g., Tchamabé et al.,
2016). For instance, at the Quaternary Mt. Vulture volcano, located at the eastern thrust front of
the southern Apennine chain, eruptive activity resumed after ca. 300 kyrs of quiescence,

originating the Monticchio maars (Principe, 2006).

Even more so, hydrothermally and seismically active areas surrounding VR (e.g., Boni et
al., 1980; Duchi et al., 1991; Bono, 1995; INGV seismic catalogue at http://iside.rm.ingv.it/) may
potentially host in the future sites of phreatic or even phreatomagmatic events that might likely
occur at the intersection of major high-angle normal faults and the ENE volcano-tectonic trend,
even in areas where no evidence of previous volcanic activity is known (such as the Pontina

Plain along the westward continuation of the ENE volcanic trend).

6. Concluding remarks

New data shed light on the structure of the northern Volsci Range (VR) fold-and-thrust
belt and nearby Middle Latin Valley graben, and its relationships with the Volsci Volcanic Field
(VVF). Within the network of VVF eruptive centers, we recognized a first-order structural
pattern at a regional scale, defined by two clusters of magmatic and phreatomagmatic centers: a
NNE-trending cluster, which we consider as the surface expression of deep-seated, high-angle,
Mesozoic rift faults (i.e., Ancona-Anzio and Ortona-Roccamonfina lines) of the upper plate, and
a ENE-trending one, associated with a lateral slab-tear due to the differential retreat of the

subducting Adriatic slab. The latter primarily controlled the fast ascent of small-volume, nearly
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primary, magma batches from the mantle source (sort of “bullet eruptions”™), as typical of
“tectonically controlled volcanic fields” (Valentine and Perry, 2007). On these grounds, the
lineaments hosting enduring VVVF eruptive activity and, in particular, the ENE-trending one,
extending across the whole volcanic field, may be interpreted as the re-activation of a subsidiary

crustal structure of the major 41% and 42" parallel discontinuities,

The superposition of second-order orogenic structures (mainly thrusts and normal faults)
controlled the local 3-D distribution pattern and activity styles of volcanic centers and, in
particular, the multiple depth levels of magma-water explosive interaction within a stratified
carbonate aquifer, consistent with textural indications from entrained lithics and cored scoria
lapilli. Specifically, the variable degrees of rounding, whitening and comminution of carbonate
lithics define different degrees of magma-wall rock thermal interaction, phreatomagmatic
fragmentation, and clast recycling at deep (-800 to -2300 m below the present day surface) and
near-surface (<500 m depth) levels along the magma ascent path. Finally, a third-order of
structures provides neo-tectonic evidence of active faulting even long after VVF eruptive

activity.

Our study sets the groundwork for ongoing volcanological, petrological and
geochronological studies, aiming at defining in detail the VVVF eruptive history and related
magma sources. Moreover, our findings bear implications on volcanic hazard assessment in the
densely populated (> 0.4 million people) areas of VR and adjoining Pontina Plain and Middle

Latin Valley.
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Figure captions

Figure 1. a) Sketch tectonic map of central Italy, showing the location of the study area in the northern
Volsci Range and the volcanic setting of the Roman Province (modified after Bernoulli, 2001); b)
lithospheric-scale cross-section beneath central Apennines (modified after Carminati et al., 2014),
showing magma injection and eruption associated with the Volsci Volcanic Field (VVF) in the context of
W-directed subduction of the Adriatic Plate. Ages in italics show the time window (beginning/end) of

accretion into the wedge related to each tectonic unit.

Figure 2. Geological sketch map of the northern Volsci Range and adjoining Middle Latin Valley,
including locally sourced VVF eruptive centers. The traces of the seismic line (dotted) of Fig. 8 and

geological cross-sections (A-B and C-D) of Fig. 9 are also shown.

Figure 3. Composite stratigraphic logs of the northern Volsci Range mountain backbone and Middle

Latin Valley, correlated to the Geological Map of Italy (Sheet 402-Ceccano; Centamore et al., 2010). On
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the right side, the biostratigraphic ranges of the fossil-bearing carbonate lithics collected from the VVF

phreatomagmatic deposits (see the Results Section).

Figure 4. a-b) Panoramic view over the VR mountain backbone along the southern part of the A-B
geological cross-section (see Fig. 2 for location); c) the Orbitolina level between the Lower Cretaceous
well-bedded limestone (LK) and the upper Albian-Cenomanian limestone (UK), exposed along the
southern slope of Semprevisa Mt. (41°34'3.28"N; 13°04'14.12"E); d) karstic cruston lineated by the
eastward overthrusting of the Upper Volsci Unit, cross-cut by high angle en-echelon fractures
(41°34'47"N; 13°13'59"E); e) panoramic view of NW-striking normal faults dissecting the Volsci Range
fold-and-thrust structure; the stereoplot of kinematic indicators and local structural elements is also shown

(measured near Supino; 41°36'14"N; 13°10'48"E).

Figure 5. Volcano-tectonic map of VVVF, showing the first-order trends, as deduced from clusters of

rooted eruptive centers (grey areas), and the second-order trends, defined by eruptive centers associated
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with major faults reaching the surface (yellow areas) and with minor fault segments (dashed ellipses).

Downright, the rose diagram shows the strike of the two order trends (n= number of measurements).

Figure 6. a) Stereo-plots of volcano-tectonic second-order trends, highlighted by representative structural
data on major fault zones (red: faults; orange: fractures crosscutting phreatomagmatic deposits), measured
at Valvisciolo (41°34'12.08"N; 12°58'40.98"E and 41°34'46"N; 12°58'28"), Roccagorga (41°31'18"N;
13°8'26"E), Giuliano di Roma (41°32'17"N; 13°16'54"E) and Patrica (41°35'29.69"N; 13°14'31.01"E)
localities; rose-diagrams from structural and geomorphic elements (b: all faults from the volcano-tectonic

map of Fig. 5; c: related to the third-order trends in the Middle Latin Valley-Ceccano area).

@ﬂ

Figure 7. a) Example of peperino texture in VVF phreatomagmatic deposits (sample CC31; Patrica
center), showing a cored scoria lapilli and carbonate lithics with variable degrees of thermal interaction
(from thermally altered edges to zoned contact marble); b) hand draw of image a, outlining the juvenile
shells in a cored scoria lapilli; ) example of core and shell from image b after thresholding and
binarization; d) shell thickness and core equivalent radius as calculated from the binary image c; e) plots
of core radius (a) vs. crown thickness (Ar) for cored-lapilli from selected phreatomagmatic deposits;
colored dots represent the entrained carbonate lithics, while gray dots in the background are
representative of other core lithologies. Thermal gradients are reported, according to Sottili et al., 2010;
image (f) and hand draw (g) of a zoned, rounded carbonate lithic showing evidence of successive
breakage and thermal alteration along the new-formed edges; h) textural characterization of carbonate
lithics from VVF eruptive centers. The ternary diagram shows lithic clast sizes (measured along the mean

axis, representative of phreatomagmatic fragmentation plus attrition during diatreme transport), the
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degree of whiteness (representative of thermal interaction), and roundness (representative of attrition due
to recycling during diatreme transport). All values are normalized to 100% (see Materials and methods).
“Hot” (dotted) and “cold” (gray area) clusters are highlighted (see Section 4.7 for explanation). Key to
reading: for instance, a single lithic clast from Fosso di Monteacuto (pointed by black arrow) is
characterized by: i) a size that is 74% of the maximum clast size in the sample; ii) a degree of roundness
of 1 (according to the scale of Powers, 1953), which is 7% of a clast with the highest rounding value of 6;
iii) a whiteness of 19% relative to a pure white clast (value of 100% on a chromatic scale; i.e. maximum
thermal effect). In comparison, a clast with similar size in the cold cluster has 0% whiteness (i.e.,

thermally unaltered).
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Figure 8. Two-times travel (TWT) seismic line FR306-80 (right, interpreted), also showing the projection

of the Frosinone-001 well (from www.videpi.com) and of the Ripi | well (Novarese, 1943).
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Fig. 8
Figure 9. Geological cross-section AB, showing the fold-and-thrust belt architecture of the VVF substrate
between Maenza and Tecchiena. Numbers 1-2-3 refer to the relative time of thrusting from the
oldest/highest to the youngest/lowest thrust; number 4 refers to the subsequent normal faulting. The
possible sites of magma-water interaction within fault-controlled diatremes are also shown.; Geological
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cross-section CD between Prossedi and Pofi. See Fig. 2 for the traces of the seismic line and geological

cross-sections.
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Figure 10. a) Sketch model for the sub-surface and eruptive processes of the VVF maar-diatremes. Major

high angle normal faults (red lines) drove magma injection from the mantle source and controlled the sites

of magma-water explosive interaction, eventually acting as paths to surface during phreatomagmatic
eruptions. b) Cartoon highlighting the stratigraphic and structural control of carbonate wall rocks over
diatreme processes: multiple levels of magma-water interaction resulted in several steps of magma
fragmentation and textural evolution (due to thermal interaction and recycling) of entrained carbonate

lithics.
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