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Abstract

Sandstone petrography and mudstone mineralogy and geochemistry of the Late Oligocene-Early
Miocene terrigenous deposits of the Macigno Fm. of the Trasimeno Lake area (Central Italy)
provide new information on provenance, paleoenvironment, palaeoclimate, and geodynamics during
the early stages of the northern Apennines foreland basin setting. Sandstones are rich in trace fossils
and are quartzofeldspatic with various crystalline phaneritic (mostly granitoids) and medium-low
grade metamorphic rock fragments. VVolcanic and sedimentary lithic fragments are rare.

The mudstone mineralogy contains a large amount of phyllosilicates, quartz, and feldspars and
small amount of calcite, which increases in the mid-part of succession.

Palaeoweathering indices (Chemical Index of Alteration with and without CaO value; CIA and
CIA” respectively) suggest a source area that experienced low to moderate weathering and low
recycling processes (on average, CIA=66.4 and CIA’=69.7). Furthermore, very low and

homogeneous values of Rb/K ratios (<0.006) suggest weak to moderate weathering conditions.
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The sandstone and mudstone composition reflects a provenance derived from uplifted crystalline
rocks. The different amount in feldspars, the variety of lithic fragments, the occurrence of mafic and
carbonate input, coupled with evidence of multi-directional flows, suggest a provenance from
different source areas. The geochemical proxies indicate a provenance from both felsic and mafic
sources, predominantly for the Maesta section that shows Cr/V values ranging from 1.15 to 3.36
typical of source areas composed of both felsic and mafic rocks. The Western-Central Alps are
inferred to be the main source area of the Macigno foreland system, but signals from the
Mesomediterranean Microplate have also been suggested. These new data suggest that the Macigno
Fm. was probably located in a peculiar area which received either distal fine turbidite flows from

the northernmost Alpine area and residual sandy debris flows coming from the westernmost Alps.

Key words: gravity flow deposits; Northern Apennines; composition; provenance;

palaeoweathering; palaeoenvironment
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1. Introduction
The thrust belt-foreland system of Northern Apennines was characterized by a continuous eastward
migration of depocentres reflecting detachment of subducted lithosphere as result of African-
European collision in the Late Eocene and subsequent rollback during the Late Oligocene to Recent
time (Van der Meulen et al., 1998; Dinelli et al., 1999; Barsella et al., 2009). During the Oligocene-
Miocene, foredeep depocentres were filled by thick debris of turbidite deposits in continuous and
complex depositional units. The Macigno Fm. represents the first depositional unit of the Late
Oligocene-Early Miocene foreland basin system of northern Apennines, linked to Alpine sectors
through longitudinal feeding of the foreland basin (Ricci Lucchi, 1986; 1990). The Macigno Fm. is
traditionally divided into a westernmost and oldest portion (late Chattian), cropping out along the
Tuscan coast and named “Macigno Costiero” and an eastern and younger portion (late Chattian-
Aquitanian) named “Macigno Appenninico” thrust eastward on the Marnoso-arenacea Formation in
the Casentino area (Boccaletti et al. 1990; Milighetti et al. 2009 among others). The Modino-
Cervarola-Trasimeno units and associated facies (now included in eastern Macigno) and the
overlying Marnoso-Arenacea Fm. represent the Mid-Late Miocene foreland basin system, whereas,
the depositional framework and basin architecture of the foreland system are well developed (Ricci
Lucchi, 1986; 1990; Centamore et al. 2002; Guerrera et al., 2012). Differently to Ricci Lucchi
(1986. 1990), Valloni et alii (1991), Pandeli et alii (1994) and recently Barsella et alii (2009)
indicated only one terrigenous source area for the Macigno Fm., identified with the western-central
Alps. Other authors recently claim that alpine source interfingered with an increasing contribution
from the emerging Apennines from the Early Miocene onward, involving the upper portion of the
Macigno Formation, especially the Modino-Cervarola unit (Gandolfi et al., 1983; Andreozzi and Di
Giulio, 1994; Di Giulio, 1999). According to Cornamusini (2002) and Cornamusini et alii (2002),
new sedimentological and petrographic data suggest that the Corsica-Sardinian Hercynian basement

is the source area of the debris flow and turbidite sandstones of the “Macigno Costiero”. Thus, the
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hypothesis indicating a multi-source area for the Macigno Fm. can be strongly considered. Changes
in sandstone composition of perisutural basins usually reflect complex provenance relationships
from local to distal source areas, where long-distance transport is generally associated with
Apenninic longitudinal orientation of flows. The local derivation of terrigenous, coarse grained and
massive material is generally transverse from the west (e.g. Zuffa, 1987; Critelli et al., 1990;
Critelli, 1993). This mixed provenance is typical of remnant ocean basin-fill (Critelli et al., 1990;
Critelli, 1993) and foreland basin systems (Zuffa, 1987; Critelli, 1999; Critelli et al., 2007).

The aim of this work is to use a multi-disciplinary approach to provide useful information on the
provenance of the Macigno Fm. sandstones for unraveling both local and distal terrigenous
dispersal. For this purpose a detailed study of the Late Oligocene-Early Miocene sandstones and
mudstones characterizing the Macigno Fm. of the Trasimeno Lake area, previously analyzed by
sedimentological and ichnological point of view (Monaco and Trecci, 2014), has been done. The
petrographical, mineralogical, and geochemical proxies are aimed to better understand the
composition, provenance, and paleoclimatic signatures during the development of a foredeep basin
system. Petrographic study of the coarse-grained fraction coupled with chemical and mineralogical
analyses of the fine-grained fraction represents a thorough tool to investigate the processes that
occurred from sediment generation on the exhumed uplands to the final deposition on foredeep
basins. Detrital modes of sand reflect the cumulative effects of source rock composition, chemical
weathering, hydraulic sorting, and abrasion (Suttner, 1974; Basu, 1985; Johnsson, 1993; Nesbitt et
al., 1996).

The distribution of major and trace elements related to the mineralogical composition of fine-
grained sediments is an important factor to reconstruct the source-area composition, the weathering
and the diagenetic processes (e.g. Condie et al., 1992, 2001; Bauluz et al., 2000; Mongelli et al.,
2006; Critelli et al., 2008; Zaghloul et al., 2010; Caracciolo et al., 2011; Perri, 2014; Perri and Ohta,

2014).
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The X-ray diffraction (XRD) and X-ray fluorescence spectrometry (XRF) have been used to study
and characterize the mineralogical and chemical variations of the mudstone samples, whereas the
sand fraction has been studied by petrographic analysis. By combining the information deduced
from these analyses, it is possible to outline possible variations on source areas and, thus, to explain
and predict the sedimentary evolution and geological processes affecting the studied sediments.

Moreover the relationship developed between source area and sedimentary basin can be also

defined.

2. Geological setting

The Northern Apennines are basically composed of two tectonic complexes: (1) the remnants of a
Cretaceous—Paleogene accretionary wedge (Ligurian Complex), generated by the Africa—Europe
convergence, thrust on top by (2) an Oligocene—-Miocene terrigenous complex (Ricci Lucchi, 1986)
that was accreted in a retreating subduction zone overriding the Adriatic continental margin (e.g.,
Castellarin 1992). This second terrigenous complex is composed of different units: the Macigno and
Modino turbiditic units of late Chattian to early Aquitanian age (25-23 Ma), the Monte Cervarola
Fm. of late Aquitanian to early Langhian age (21-16 Ma), and the Marnoso-arenacea Fm. of
Langhian to Tortonian age (14-9 Ma) (Guerrera et al., 2012) (Fig. 1). The Late Oligocene-Early
Miocene Macigno foredeep system was a basin 250-300 km in length, almost 50 km in width, and
NW-SE oriented, starting from the modern Emilia (Northern Italy) to the Latium-Umbria border
(Hill and Hayward, 1988; Boccaletti et al., 1990). The studied sections outcropping at the north of
Trasimeno Lake (Fig. 2) belong to a N-S elongated Macigno Fm. basin deposited in the Tuscan
Domain that were overthrust eastwards over the innermost sedimentary successions of the Umbria
Domain (Canuti et al., 1965).

In the northern area of the Trasimeno Lake, the Macigno Fm. overlies the Scaglia Toscana Fm.

(Cretaceous - Late Eocene) (Piccioni and Monaco 1999; Plesi et al., 2002). The Scaglia Toscana
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Fm. (about 200 m thick) is made of limestones, marly limestones, variegated marls and dark pelitic
beds with many coarse- to very fine-grained grained turbidites (Damiani et al., 1987; lelpi &
Cornamusini 2013; Monaco et al. 2012). The Middle-Late Eocene portion is characterized by mud
turbidites containing a typical deep-sea Nereites ichnofacies, with an ichnocoenosis at Avetoichnus
luisae, Chondrites intricatus, C. targionii, Cladichnus, Taenidium and Ophiomorpha rudis (Monaco
et al., 2012). These deposits show an increasing upwards contribution of clayey-marly and clayey
lithotypes, respectively (Piccioni and Monaco, 1999; Monaco and Uchman, 1999; Monaco et al.,
2012).

The Macigno Fm. is subdivided into three members: the Molin Nuovo Member (MAC1), the
Poggio Belvedere Member (MAC?2), studied in detail in this work, and the Lippiano Member
(MACS3) (see detailed description in Trecci and Monaco, 2011). The lower portion of the Macigno
Fm. (500-600 m of maximum thickness), the Molin Nuovo Member, consists of thick-bedded
facies, gradually replaced upward by a thinner facies. Facies assemblages indicate various deposits
(in lithology and thickness), often arranged in thickening-upward sequences that can be related to
depositional lobes of deep-sea fan (sensu Einsele, 1991). Thickening upward sequences are present
even in the basal part of the Poggio Belvedere Member, while stationary sequences are common in
the middle-upper portion of the Lippiano Member. Thick-bedded sandstones of outer lobes are
interposed with thin-bedded, arenaceous pelitic and calcareous turbidites and lobe-fringe deposits of
basin plain dominated by thin-bedded and fine-grained facies. The maximum thickness of the
Poggio Belvedere Member is about 300 m, and its age has been attributed to the Chattian (MNP25b
subzone, see Plesi et al., 2002 for the micropaleontological content). The lower units contain
slurried beds (Ricci Lucchi and Valmori, 1980) and calcareous levels (“areniti ibride”, Zuffa, 1980
or “torbiditi calcaree”, Bruni and Pandeli, 1980; Pietralavata Bed, Plesi et alii, 2002; Brozzetti,
2007). These carbonatic deposits, outcropping in the northern sector about 40 m above the bottom

of Poggio Belvedere Member, are the most important calcareous beds for thickness and lateral
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continuity. Probably they can be correlated with the “Polvano Bed” described by Aruta et al. (1998)
for the Cortona area (Brozzetti, 2007). Nannofossil assemblages (Plesi et al., 2002) point to the Late
Chattian-Early Aquitanian age (MNP25b-MNN1b) for the Poggio Belvedere Member. In the
overlying Lippiano Member, the thinner facies, tabular beds (with flat basal surfaces and good
lateral continuity, sensu Einsele, 1991) are dominant, typically of distal, basin plain environment.
The calcareous beds are more frequent than in the Poggio Belvedere Member (Aruta, 1994; Aruta
and Pandeli, 1995; Aruta et al., 1998). Biostratigraphic investigation (Plesi et al., 2002) suggests a
Late Aquitanian age (MNP25b-MNN1b) for the Lippiano Member. In the overall Macigno Fm.
multidirectional grooves and flute casts indicate mainly NW/SE oriented paleocurrents, with a SE
preferential flow direction, and minor W oriented flows (e.g. slurried beds and slumps) (see in detail

below). The direction of carbonate turbidites remains controversial and needs further investigations.

3. Stratigraphy, facies and ichnocoenoses of the studied sections

Three stratigraphic sections belonging to Poggio Belvedere Mb. (MAC2) have been studied in the
Trasimeno Lake area (Fig. 2), and were sampled for the purposes of the present study. The studied
sections were sampled near Cortona along the SP35 road from Cortona (Tuscany) to Umbertide
(Umbria) in three distinctive areas where are in stratigraphical continuity: the Pianello, Renali and

Maesta Stratigraphic sections (Fig. 3).

3.1 Pianello Stratigraphic section

The section (Fig. 4A-B-C) is more than 25 m thick and rests on Early Oligocene Molin Nuovo Mb.
(MAC1). The Pianello section is characterized by a diverse facies assemblage that includes massive
to laminated thin-bedded coarse-grained sandstones (F5-F6-F7 facies of Mutti, 1992), up to 2-4 m

thick, 0.5 m thick slurried beds (F1-F2 facies of Mutti, 1992) and alternance of hemipelagic
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mudstones and fine-grained turbidites (F8-F9a-b facies of Mutti, 1992) which are frequently
bioturbated.

The sandy horizons have been interpreted as transitional high-density turbidites (Mutti, 1992) or
cohesive sandy debris flow deposits (Shanmugan, 2002). They partially include pebbles, mud lumps
and several vegetal fragments and decrease in thickness going toward the mid-upper portion of the
section in which the mudstones and mud turbidites begin to prevail. Fine-grained turbidites contain
plane-parallel and convolute laminae and are associated to the Ty, Bouma facies. These levels
include a rich ichnocoenosis, typical of basin plain depositional area of the Nereites ichnofacies,
mainly represented by hypichnial to epichnial and exichnial trace fossils (Monaco and Treccli,
2014). The abundant trace fossils are Halopoa imbricate, Phycosiphon sp., Spirophycus bicornis.
The common trace fossils are Chondrites intricatus, Ophiomorpha rudis, Ophiomorpha annulata,
Trichichnus sp., Spirorhaphe involuta, whereas Palaeophycus tubularis is rare.

Slurried beds are easily recognizable for the inner subdivision of the beds in three intervals: a)
coarse-grained basal sandstone interval, b) an intermediate swirly appearance (sensu Ricci Lucchi
and Valmori, 1980) and, on the top, c) a fine-grained sandstone interval referred as F9a (Trecci and
Monaco, 2011 and references therein). Slurried beds occur through the entire stratigraphical section
and they are often intercalated with fine-grained turbidites. They come from a close slope area and
probably are derived from co-genetic debrite-turbidite composite flows (Ricci Lucchi and Valmori,
1980; Talling et al., 2004; see types of Muzzi Magalhaes and Tinterri, 2010).

Palaeocurrent data show predominant NW-oriented flows for fine-grained turbidites and some
massive sandy horizons. However several groove casts, individuated in the uppermost facies of the
coarse-grained sandstones and slurried divisions, clearly indicate W-oriented flows (Fig. 4B). Thus
two types of groove casts have been recovered with an angle from 20 to 40 °. The facies assemblage

of Pianello Stratigraphic section reflects a transition from outer lobe, indicated by coarse-grained



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

sandstone horizons, to fringe-basin plain facies, represented by fine-grained turbidites, and outlines

a slight deepening of the depositional system.

3.2 Renali Stratigraphic section

The section (Fig.4D) is more than 20 m thick and overlies deposits of the Pianello section. The
section is characterized by an increase of rhythmical fine-grained turbidites (F9a-b facies).
Laminated beds (T, of Bouma facies) are thicker than the convolute laminae interval (T, of Bouma
facies) and they can reach 1 m in thickness.

Ichnocoenosis is quite similar to that analyzed in the previous section. Differences consist of larger
amounts of Ophiomorpha annulata, Halopoa, Phycosiphon, Planolites and Spirorhaphe. Similarly
to previous section Spirophycus bicornis is abundant whereas Paleodictyon maximum and P.
strozzii are common. Also Helmintorhaphe sp. and Cosmorhaphe lobata occur (Fig. 5A-B)
(Monaco and Trecci, 2014). Coarse-grained sandstone facies (F5-F6-F7 facies), up to 2 m thick,
only appear in the basal and upper portion, and they are totally absent in the central part where fine-
grained turbidites are dominant. Slurried beds, up to 1.5 m thick, show similar characteristics to
those described for the previous section but they are less frequent. Moreover, in the basal portion of
analyzed section, laminated to convoluted calciturbidite deposits, up 2-3 m thick, occur (Fig. 4D).
They are well sorted, and have sharp basal contacts and tabular top surfaces and that include graded
and laminated to convoluted Bouma T,.. facies (Trincardi et al., 2005; Shanmughan, 2006; Monaco
et al., 2009; Trecci and Monaco, 2011).

Paleocurrent data show a NW-oriented flow for fine-grained turbidite facies. As seen in the
previous section, multi-directional flows have been observed. In some thin laminated beds (F9b
facies) flute casts clearly indicate W-oriented turbidite flows although groove casts individuated in

calciturbidite levels show paleoflows towards the S and SW. The facies assemblage of Renali area
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thus reflects a basin plain environment, which locally received gravity flows coming from a very

close slope area.

3.3 Maesta Stratigraphic section

The section (Fig. 4E-F) is more than 20 m thick and overlies deposits of Renali section and is
overlain by Early Miocene Lippiano Mb. (MAC3). The section consists of mostly rhythmical, fine-
grained turbidites (F9a-b facies) up to 5-6 m thick, which are interfingered by thin slurried beds, up
0.5 m thick and thin-bedded coarse-grained sandstones (F4-F7-F8 facies of Mutti 1992), up 0.5-0. 7
m thick. Laminated and convoluted facies (F9a-b facies of the same Author, Fig. 4F) are thinner
than the Renali section, and the mudstone intervals are more abundant. The ichnocoenosis is
dominated by an abundant endichnial/hypichnial Halopoa (both H. embricata and H. var.
fucusopsis), which occur in conspicuous amount in every thin beds, with Spirorhaphe involuta and
Urohelminthoida dertonensis. Chondrites, Paleophycus, Planolites, Ophiomorpha and Trichichnus
are rarer than in previous sections. Of particular significance is the occurrence of large Spirophycus
bicornis with abundant Spirorhaphe involuta, Paleodictyon minimum. Also P. strozzii and
Urohelminthoida dertonensis occur (Fig. 5C-D-E-F) (Monaco and Trecci, 2014).

Paleocurrent data only show NW-oriented flows. The Maesta section facies indicate a deeper basin
plain environment, locally with turbidites and other residual gravity flows coming from a slope area

that was probably farer than the depositional system depicted for Renali area.

4. Sampling and analytical methods

Sandstones and mudstones were sampled along the Poggio Belvedere Mb. (MAC?2) in the Cortona
area (Figures 2 and 3). The sampling was concentrated in those parts of the succession, which are

better exposed and preserved and thicker than in other analogue area of Trasimeno Lake. For the
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purpose of this study, we selected and analyzed only sandstone strata. Some strata show abundant
carbonate particles (Renali area) characterized by carbonate clasts and fossils in both graded and
laminated turbidite facies. These samples were only qualitatively described and not included in the
recalculated analysis of the sandstones.

Nineteen medium-to coarse-grained sandstone samples were selected for thin-section preparation
and modal analysis. Thin sections were etched with HF and stained by immersion in sodium
cobaltonitrite solution to allow the identification of feldspars. More than 400 points were counted
through the use of a petrographic microscope in each thin section according to the Gazzi-Dickinson
method (Gazzi, 1966; Dickinson, 1970; Ingersoll et al., 1984; Zuffa, 1985). Recalculated grain
parameters are defined according to Dickinson (1970), Ingersoll and Suczek (1979), Zuffa (1985),
Critelli and Le Pera (1994, 1995), and Critelli and Ingersoll (1995).

Mudstone samples were crushed and milled in an agate mill to a very fine powder. The powder was
placed in an ultrasonic bath at low power for a few minutes for disaggregation.

The mineralogy of the whole-rock powder was obtained by X-ray diffraction (XRD) using a Bruker
D8 Advance diffractometer (CuKa radiation, graphite secondary monochromator, sample spinner;
step size 0.02; speed 1 sec for step) at the University of Calabria (Italy). Semiquantitative
mineralogical analysis of the bulk rock was carried out on random powders measuring peak areas
using the WINFIT computer program (Krumm, 1996). The strongest reflection of each mineral was
considered, except for quartz for which the line at 4.26 A was used instead of the peak at 3.34 A
because of its superimposition with 10 A-minerals and 1-S mixed layer series. The abundance of
phyllosilicates was estimated measuring the 4.5 A peak area. The percentage of phyllosilicates in
the bulk rock was split on the diffraction profile of the random powder, according to the following
peak areas: 1015 A (illite—smectite mixed layers), 10 A (illite+micas), and 7 A (kaolinite+chlorite)

minerals (e.g. Cavalcante et al., 2007; Perri, 2008).
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Whole-rock samples were prepared by milling to a fine powder in an agate mill. Elemental analyses
for major and some trace elements (Nb, Zr, Y, Sr, Rb, Ba, Ni, Co, Cr, and V) were obtained by X-
ray fluorescence spectrometry (XRF) using a Bruker S8 Tiger equipment at the University of
Calabria (Italy), on pressed powder disks of whole-rock samples. These data were compared to
international standard-rock analyses of the United States Geological Survey (e.g., Flanagan, 1976).
The estimated precision and accuracy for trace element determinations are better than 5%, except
for those elements having a concentration of 10 ppm or less (10-15%). Total loss on ignition

(L.O.1.) was determined after heating the samples for 3 h at 900 °C.

5. Sandstone petrology and detrital modes

Samples include massive coarse-grained sandstones from the lobe-fringe facies (from F5 to F7
facies; Mutti, 1992), slurried divisions (F2 facies; related to residual dense flows), related to
residual dense flows, and graded-laminated sandstones from rhytmical fine turbidites (F8-F9a-b
facies; related to low-density flows), related to low-density flows. The studied quartzofeldspathic
sandstones are composed of moderately to poorly sorted, siliciclastic grains.

Raw point-count data of sandstones are in Table 1, whereas the recalculated modal point-count data
are in Table 2.

a) Pianello Stratigraphic Section

Sandstones of the Pianello area range from massive sandstones of an outer lobe facies (P1, P23, P3,
P5 samples) to fringe deposits of a basin plain (P2, P21, P22, P18 samples) with a single sample
from a slurried division (P26 sample). The quartzofeldspathic sandstones have an average
composition of QmgugF4lti, (Fig. 6), and the Qm/F (Quartz monocrystalline/Feldspars) ratio is
1.33. These sandstones have variable sedimentary versus metasedimentary lithic fragments (average

value: LmggLviLsys; outer lobe facies: Lmgslvslsss; fringe-basin plain: Lmgglvolsio; slurried
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division: LmgglLvolLs11; Fig. 6; Tab. 2). Feldspars (both plagioclase and K-feldspars) are the most
abundant constituents in the lobe-fringe facies (QmagFssltis; Qm/F= 0.94). In particular feldspar
content reaches the highest content in W-oriented grain flow deposits of the lobe facies (i.e. P5=
QmaeFaoltis; Qm/F= 0.73) of the mid-upper portions of the stratigraphic section. Plagioclase is
dominant (average P/F=0.66), and fresh grains are slightly more abundant than altered ones. Some
plagioclase crystals display albite polysynthetic twinning (Fig. 7A). Quartz grains are also
abundant, mainly as monocrystalline subrounded to angular and subspherical grains. Quartz grains
are more prevalent in fringe-basin plain facies (QmssFzsLt;1; Qm/F= 1.65) and slurried divisions
(QmsgFaglts;Qm/F= 1.44) than in the external lobe sandstones. Polycrystalline grains also occur in
large amounts (QprsLvmiLsmys) and have similar tectonics-fabric versus plutonic-fabric. Dense
minerals include garnet, epidote and zircon. Metasedimentary lithic grains are not abundant and
they include phyllite, slate and fine-grained micaschist (Fig. 7B). Sedimentary rock fragments occur
in discrete amounts in the outer lobe facies (i.e. P23 sample). A few volcanic lithic grains are also
present (P23 sample) and they exhibit a felsic granular texture with plagioclase and minor quartz
phenocrysts (Fig. 7C). Abundant phaneritic fragments of plutonic rocks, mostly plagioclase-rich
granodiorite and tonalite, with minor granite (Fig. 7D), and coarse gneissic fragments also occur
(average value; RgzoRssRmy7; outer lobe facies: RgssRssRmyg; distal turbidite facies: RgzzRs;Rmys;
slurried division: Rg7sRssRmy4). In the outer lobe facies samples, several high-medium grade
metamorphic (Fig. 7E) and some sedimentary fragments occur.

Lithic fragments, especially felsic volcanic fragments, in sandstone modes of the Pianello area are
less abundant than those from the Macigno Fm. (Fig. 8; Tab. 3). In detail, sandstones of outer lobe
facies are more feldspar-rich than both “Macigno Appenninico” of Northern Tuscany (Di Giulio,
1999: QmsgFo9lti7; Bruni et al., 2007: average value, QmsgFs4Ltis) and the “Macigno Costiero” of
Southern Tuscany (Cornamusini, 2002: Qms;Fi9ltzs). Also Poggio Belvedere sandstones of this

study are more felsic enriched than those analyzed by Barsella et al., 2009 (QM3g-61F14-24Lt10-25; FigQ.
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8). However, Plesi et alii (2002) report a similar feldspar-rich trend in the lower sandstones of
Poggio Belvedere Mb. collected in the High Tiber valley (Umbria). Likely, Bruni et alii (2007)
point out a slight feldspar enrichment at the transition of the Lower-Upper Macigno Fm. in Abetone
area (NW Tuscany) (max F=35.6%, QmysFslti; see GO 24 sample in Fig. 8). Differently,
sandstones of basin plain facies have a composition that can be comparable with the average value
indicated for Macigno Fm. (Valloni et al., 1991; Di Giulio, 1999; Bruni et al., 2007; Barsella et al.,
2009) (Tab. 3).
b) Renali Stratigraphic Section

Sandstones collected along the Renali stratigraphic section are in outer lobe-fringe facies (R7 and
R3 samples), basin plain facies (R12 and R5 samples) and slurried divisions (R10 and R15
samples). Other samples were collected in the calcareous turbidite facies (R1, R2 and R9 samples)
but they were not counted with the Gazzi-Dickinson method so they are only qualitatively
described. The sandstone composition is quartzofeldspathic (average value: QmsgF3oltyo; outer
lobe-fringe facies: Qmg;F3glty; basin plain facies: QmsgFa,Ltso; slurried division: QmgoF27Lt13). The
average Qm/F ratio is 1.93.

These sandstones have similar amounts of sedimentary versus metasedimentary lithic fragments
(average value: LmgsLviiLsye; outer lobe facies: Lmgglviglsio; basin plain facies: LmgiLvislsys;
slurried division: Lms7Lv;LS4p; Fig. 6). Quartz grains are the most abundant constituents in all the
sampled facies and their amount remain almost homogeneous with a slight peak in the outer lobe
facies. Quartz grains show the same textural characteristics seen in the previous section, with a
sharp prevalence of monocrystalline grains on polycrystalline grains, more marked than in the
previous section (QpssLvmglsms;) (Fig. 7F). Feldspars (both plagioclase and K-feldspars) are also
abundant and maintain a constant ratio with the quartz grains. Many feldspar grains are altered; they
are sericitized and partially clay altered. The plagioclase versus total feldspars ratio is higher than

that of the previous section (P/F=0.74). Metasedimentary lithic grains are not so abundant and they
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include phyllite, slate and fine-grained micaschist, including also few chloriteschist fragments.
Siltstone and chert fragments are also present. VVolcanic lithic fragments are more abundant than in
the other sections (with a prevalence in R7 sample) and they occur in both outer lobe and distal
turbidites facies (Fig. 7G). Abundant phaneritic fragments of plutonic rocks, mostly plagioclase-rich
granodiorite and tonalite, with minor granite also occur (average value RgegsRV3RM3y;
Rgs2Rs9RmMyg). Coarse gneissic fragments are rare. Micas grains, including either muscovite, biotite
and chlorite, are abundant. Carbonate constituents are only present in R1, R2, and R9 samples,
collected within calciturbidite levels, and R10 sample (Fig. 7H). Biofacies related to these levels are
reported in detail in 5.1.
The interstitial component of siliciclastic arenites includes detrital fine siliciclastic matrix, and rare
authigenic minerals and pseudomatrix. Only in the carbonate samples the interparticle porosity is
partially filled by sparite and microsparite calcite cement and relatively fine carbonate matrix.
Differently to previous data of the Macigno Fm., the Renali sandstones are quite similar to those of
the “Macigno Appenninico” of Northern Tuscany (Di Giulio, 1999: QmsgF,gLty7; Bruni et al., 2007:
average value, QmsoFa4Ltis) and the Poggio Belvedere Mb. sandstones of Trasimeno Lake area
(Plesi et al., 2002, Qmyg.55F20-50Lt10-25; Barsella et al., 2009, Qmasg.g1F14-24L110-25; Tab. 3). The lithic
composition is quite similar to that reported by Cornamusini (2002) for the Macigno Costiero in
Southern Tuscany (LmegLviglsss). The volcanic lithic percentage is similar (Renali area: Lv=13;
Macigno Costiero: Lv>13) although the means of volcanic index (Iv=Lv/L%) is properly more
compatible with Macigno Fm. of Chianti Hills area (Renali: Iv=11.25; Macigno Costiero: Iv=19;
Macigno del Chianti: Iv=11.5. Data from Cornamusini, 2002; see Tab. 3 and Fig. 8).

c) Maesta Stratigraphic Section
Sandstones of the Maesta section are included in the lobe-fringe facies (M1 and M3 samples), basin

plain facies (M8 sample) and slurried divisions (M5 sample). Sandstones are quartzofeldspathic
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(average value: QmegsF3olts). The average Qm/F ratio is 2.52, the highest value in the Poggio
Belvedere Mb..

The overall lithic content is less abundant than the other sections and the metasedimentary lithic
fragments are always more abundant than the sedimentary fragments (average value: Lmg,LvoLS;s;
Fig. 6). Quartz grains are the most abundant constituents in all the studied facies and their amount
reaches a large amount in laminated sandstones of lobe-fringe facies (F7 facies), sampled in the
mid-top part of the section (M3 sample: Qm=79%; Qm/F=4.77). Quartz grains show high sorting
and occur as subrounded and subspherical monocrystalline grains. Feldspars (both plagioclase and
K-feldspars) are abundant, and plagioclase versus total feldspars ratio is high as well in Renali
section (P/F=0.76). The few metasedimentary lithic grains include fine-grained micaschist,
comprising also few chloriteschist fragments, and rare slate and phyllite. Siltstone fragments are
rare or absent, whereas chert grains are present (e.g. M1 sample; F4 facies). Phaneritic fragments of
plutonic rocks occur, and metamorphic fragments result to prevail in some laminate sandstones
(average value RgasRs10RmM47). Coarse gneissic fragments are rare.

Similarly to Renali area, the Maesta sandstones can be compared to both Macigno Appenninico of
Northern Tuscany (Di Giulio, 1999: QmsgFgLti7; Bruni et al., 2007: average value, QmsoF34Ltip)
and Poggio Belvedere sandstones of Trasimeno Lake (Barsella et al., 2009: Qmgs.g1F14-24Lt10-25)
(Fig. 7), although average feldspar is considerably higher, and lithic composition is subordinate.
The lithic percentage is quite similar to that reported by Cornamusini (2002) for the Macigno del
Chianti in Southern Tuscany (Lmg,Lv11LS7), with differences in volcanic amount. These sandstones
show some similar petrological characteristics with Renali sandstones excepting for average lithic

component and missing of volcanic grains.

5.1 Biotic assemblage of calciturbites
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The samples collected in graded-laminated intervals of calciturbidites (R1 sample: F8 facies)
(rudstone texture; Dunham, 1962; Embry and Klovan, 1971) comprise several mm to cm-sized
?Eocene to ?Early Miocene macroforaminifers, including mainly alveolinids, nummulitids and
lepidocyclinids with small benthic shallow water and deep water foraminifers (Fig. 7H).
Extrabasinal carbonate grains are present and they include biomicritic and peloidal limestones,
coralline algae (Rhodophyta), thick shelled bivalves, echinoids and bryozoan fragments. Planktonic
foraminifers (globigerinids) and porcelaneous small foraminifers (miliolids), coupled with
radiolarians, sponge spicules and ostracods, have been recorded as mm-grained extrabasinal grains
in wackestones. Samples from laminated-convolute facies (R9 and R2; F9a-b) have mixed
carbonate-siliciclastic composition (hybrid arenites sensu Zuffa, 1980) with abundant skeletons of

bivalves and benthic foraminifers, and angular silt-size quartz and micas grains.

5.2 Comparison with modern sands of Calabria

Detrital modes of Macigno Fm., studied here, can be compared with those of Calabrian Arc modern
sands reported from Ibbeken and Schleyer (1991) and Perri et alii (2012b) (Tab. 3). Valloni et alii
(1991) and Di Giulio (1999) have done similar studies.

In general, the average value of the Macigno Fm. sandstones (Qms7FssLty; this study) is quite
similar to the average value of modern sands of Calabria (Qms;Foslty1, Ibbeken and Schleyer, 1991)
except for a visible depletion in the fine-grained lithic component.

In detail, the mean of the detrital modes in sandstones of the Pianello Stratigraphic section
(QmygF4oLt;;, Qm/F= 1.33) are comparable with granite-sourced modern sands analyzed by
Ibbeken and Schleyer (1991) in which the average value is QmggFssLty; with a Qm/F ratio of 1.3
(see Tab. 3). In particular W-oriented sandstones of the outer lobe-fringe facies (QmagFsslts,

Qm/F= 0.94) are very similar with modern Calabrian sands of the Neto-Lipuda petrofacies

17



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

(QmggF46ltis, Qm/F= 0.8; data reported from Perri et al., 2012b) deposited in the lonian sea
offshore that is derived from a plutonic-dominated source area (Sila Massif).

Differently from Pianello stratigraphic section, detrital modes of the Renali (average value:
QmsgFaiLty;, Qm/F= 1.93) and the Maesta sandstones (average value: QmesFsolts, Qm/F= 2.52)
show similar petrological characteristics with granitoid plus metamorphic-sourced modern
Calabrian sands (QmssF24Lt21, Qm/F>2) reported from Ibbeken and Schleyer (1991). Thus, there is
a visible depletion in felsic grains going from the Pianello toward the Renali and Maesta

Stratigraphic sections (see section 7).

6. Mineralogical and geochemical composition of mudstones

6.1 Mineralogy of mudstones

Whole-rock XRD analyses (Table 4) indicate that phyllosilicates are the main mineralogical
components, ranging from 48% to 69% of the bulk rock. Illite and mica prevail with values up to
53%, whereas chlorite ranges from 10% to 25%. Kaolinite occurs in minor amounts. Among the
interstratified minerals, the I-S mixed layers are slightly more abundant, but the amounts of C-S
mixed layers are less abundant. The non-phyllosilicate minerals are represented by quartz, feldspars
(plagioclase and K-feldspar) and carbonates (calcite and dolomite). Quartz ranges from 20% to
26%.The amount of K-feldspar ranges up to 2%, and the amount of plagioclase ranges from a few
percent up to 19%. Dolomite is present in trace amounts in the PA1 and PA2 samples of the
Pianello sections. Calcite occurs in all samples and it ranges from few percent up to 11% in the
upper portion of the Pianello section and throughout the Renali section. Variation of mineral
concentrations is related to the different source areas that influence the chemical and mineralogical

composition of the sediments.
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6.2 Whole-rock geochemistry of mudstones

Major- and trace-element concentrations are listed in the Table 5. The studied mudstones have been
plotted in the classification diagram for terrigenous rocks (Fig. 9). The SiO2/Al,O3 ratio, the most
commonly used parameter, reflects the relative abundance of quartz, feldspar and clay minerals
(e.g., Potter, 1978). The studied samples plot in the field of shale, toward the wacke field, thus
reflecting variation in the quartz—feldspars/mica ratio in the studied samples.

Geochemical compositions of the studied mud samples and the Post-Archean Australian Shales
(PAAS; Taylor and McLennan, 1985) were normalized to the to the Upper Continental Crust (UCC,;
McLennan et al., 2006) (Fig. 10).

The mudstones are characterized by narrow compositional ranges for SiO,, Al,O3;, MnO and K0,
which have concentrations close to those of the UCC (Fig. 10). Sodium and phosphorous are
strongly depleted relatively to UCC, but CaO is variable in concentration ranging from 1.65 (PA2)
to 7.03 wt.% (PA4). The observed Na,Odepletion is likely due to the burial history of these
samples, which promoted the formation of K-rich, mica-like clay minerals. The high CaO
concentrations are related to the carbonate minerals present in some samples of Renali area,
although the highest values of CaO have been also recorded within mudstones of Pianello area.
Magnesium is enriched relatively to UCC, ranging from to 5.73 (PA2) to 9,69 wt.% (MA1), and its
abundance is linked to occurrence of micas, as biotite and chlorite. Titanium and Fe,O3 values are
also high. The general trend of the observed UCC pattern shows similar variations with those
observed for the PAAS (Fig. 10).

In a ternary plot of SiO; (representing quartz), Al,O3 (representing mica/clay minerals), and CaO
(representing carbonates), the mudstones of Poggio Belvedere Mb. can be described as mixtures of
an aluminosilicate component with a small amount of carbonate phases (Fig. 11), although samples
from Renali area and PA4 from Pianello area show higher Ca content than the average shales

(PAAS).
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These chemical associations and elemental variations are related to the mineralogical composition

of the studied mudstones, as shown above by the mineralogical analyses.

7. Discussions

7.1 Provenance

Detrital signatures of the Poggio Belvedere Mb. of the Macigno Fm. contain an abundance of
feldspars and coarse-grained phaneritic rock fragments, suggesting a source area of mostly plutonic
and metamorphic rocks, with minor mafic magmatic and sedimentary rocks. Various ratios of
feldspar, lithic fragment types, and quartz types in the sandstones reflect their transition between
basement uplift and a transitional continental provenance type (Figs. 6-8; e.g. Dickinson, 1985).
Sandstones of the Pianello Stratigraphic section of the Macigno Fm. are richer in F than those of the
Renali and Maesta stratigraphic sections. The latter sections have a Q-enrichment trend.

Referring to other diagrams, studied sandstones plot at the RgRm side in either RgRVRm and
RgRsRm diagrams (Critelli and Le Pera, 1994, 1995) and Lm in the LmLvLs diagram, confirming a
transition between plutonic and metamorphic rock fragments. In detail, Pianello and Renali
sandstones have an abundance of plutonic rock fragments, although some samples from the Renali
area have a mixture of plutonic and metamorphic detritus. The Maesta sandstones plot between
plutonic and metamorphic rock fragment field. This indicates a slight metamorphic trend.
Petrological data indicate that sandstones of Pianello Stratigraphic section represent the results of
prevalent drainage from an uplifted crystalline batholith with a dominance of granitoid rocks
(granodiorite and tonalite) and minor metamorphic rocks (gneiss and schist) (Qm/F= 1.3; e.g.
Ibbeken and Schleyer, 1991), whereas sandstones of the Renali and Maesta Stratigraphic sections
reflect a provenance from a source area with a metamorphic-dominated basement (mica-schist, fine-

grained schist and phyllite. Qm/F>2; e.g. Ibbeken and Schleyer, 1991). This suggests the occurrence

20



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

of different pathways of drainage, resulting in a variation between a plutonic and metamorphic
contribution and in quartz-feldspar ratio, or provenance from different but similar source areas,
uplifted in the same time span. The main source area for the Macigno sandstones are inferred to be
from the Western-Central Alps, located north and northwest from the Macigno foreland basin
system.

The basement of the Western-Central Alps mainly consists of continental and oceanic-derived high
pressure metamorphic rocks (blueschist and greenschist facies) including ophiolites, marbles, calce-
schists, micas-schists, limestones, marls, and crystalline rocks, derived from external massifs (i.e.
Monte Rosa and Gran Paradiso Massifs and Dent Blanche complex). According to geological and
geodynamic data, based on age and amount of uplift, surface extent of source area, and volume of
uplifted rocks, the lithology of eroded rocks which were transferred to the Macigno foreland basin
system can be inferred from the Ivrea-Verbano block (Di Giulio, 1999). Moreover the plutonic
component of the Macigno Fm. sandstone could be related to less uplifted South Alpine crystalline
basement of the Central Southern Alps (e.g. Bigi et al., 1990; Di Giulio, 1999). Its prevalent
metamorphic composition, with only minor granite intrusions, is comparable with provenance
constraints based on the Macigno sandstone detrital modes (average value QmssFyglti7; Qm/F=1.9)
studied in previous works (e.g. Di Giulio, 1999). The compositional results closely correspond with
detrital modes reported in overall sandstones of Poggio Belvedere Mb. of the present study (average
value: Qms;Fs4lty; Qm/F=1.85), suggesting a general provenance from northwestward Alpine
metamorphic-dominated domains. The occurrence of a volcanic signal, and sedimentary detritus,
could be inferred from ophiolites and their sedimentary cover of Ligurian Nappe, although some
volcanic grains, which have felsic granular texture with plagioclase phenocrysts, might also indicate
a provenance from calc-alkaline trend volcanic arcs (i.e. Corsica-Sardinia block, Cornamusini et al.,

2002).
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The W-oriented granitic-sourced sandstones of the Pianello area testify to the influence of
terrigenous material coming from a westernmost source area. The composition of these sandstones
could correspond with source rocks of the Corsica-Sardinia block as Cornamusini et alii (2002)
reported for the “Macigno Costiero” Fm.. However, the minor content of volcanic lithic fragments,
less abundant than in the “Macigno Costiero” Fm., and the location of Corsica-Sardinia during Late
Oligocene-Early Miocene, which was relatively far from Umbria-Tuscany foreland basin system
(Guerrera et al., 2015), also indicate the Alpine chain as W-derived crystalline source area (Fig. 12).
The provenance of plutonic-dominated sandstones from the less uplifted Central Alps crystalline
basement, located northwestward, do not explain the large amount of feldspars and phaneritic
plutonic rock fragments (e.g. Pianello Stratigraphic section), which are clearly more abundant than
other sandstones collected in the Macigno Apenninico (Valloni et al., 1991; Di Giulio, 1999; Dinelli
et al., 1999; Cornamusini, 2002; Barsella et al., 2009). In detail, the distance between the Central
Alpine crystalline basement and the Macigno basin of Trasimeno Lake area in the reconstructed
palaeogeographic framework (Fig. 12) is estimated to be several hundred of kilometres. On the
contrary, Pianello lobe-fringe sandstones (F4 to F7 facies; Mutti, 1992), originated by residual high-
density turbidites (Mutti, 1992), with the contribution of sudden decelerations of mud-rich turbidity
currents, as testified by several slurried divisions (Type 1 Beds by Tinterri and Muzzi-Magahalaes,
2011), represent the final result of depositional processes starting from a plutonic-dominated source
area that were very close to the Macigno foreland basin. The granite-sourced sandstones of Pianello
area is inferred to have been derived by drainage of the Monte Rosa and Gran Paradiso massifs and
Dent Blanche complex, located westward from the palaeo-Alps (Fig. 12), in which zircon fission-
track ages of exhumation (related to almost 40 ma) are closely related with those of the Macigno
sandstones (Dunkl et al., 2001).

The subordinate presence of extrabasinal carbonate detritus (e.g. Zuffa, 1985; Critelli et al., 2007)

may suggests an additional source area composed of ?Eocene to early Miocene limestones, as
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shown by extrabasinal carbonate grains and fossils in the calciturbidites of the Renali area. The
occurrence of benthic macroforams suggests a provenance from an external shelf environment,
more probably located at the Adria-plate continental margin (Fig. 12), but wackestone-texture clasts
including planktonic foraminifers (globigerinids) indicate a clear signal from an inner basin. Similar
biofacies have been distinguished within calciturbidite and breccia levels of the Eocene-Oligocene
Scaglia Toscana Fm. in the Chianti Hills area, in which traction features indicate palaeoflows
towards the S and SW (lelpi and Cornamusini, 2013) suggest a provenance from the Adria margin.
The variation among the LREEs (Light Rare Earth Elements; e.g., La and Ce) and the transition
elements (e.g., Co, Cr and Ni) is considered a useful indicator in provenance studies (e.g., Culler,
2000; Perri et al., 2012b). The range of elemental ratios (La+Ce/Co, La+Ce/Cr, and La+Ce/Ni; Tab.
5) of all samples studied suggests a provenance from fairly felsic rather than mafic source-areas
(e.g., Perri et al.,, 2012b). These ratio values do not exclude a supply of a mafic source,
predominantly for the Maesta section that shows lower La+Ce/Cr (on average 0.47) and La+Ce/Ni
(on average 0.79) than those of the Pianello and Renali sections (Tab. 5).

Generally, a low concentration of Cr and Ni indicates sediments derived from a felsic provenance,
whereas, higher content of these elements are mainly found in sediments derived from ultramafic
rocks (e.g., Wrafter and Graham, 1989; Armstrong-Altrin et al. 2004). Furthermore, the Cr/V ratio
is an index of the enrichment of Cr over the other ferromagnesian trace elements, whereas Y/Ni
monitors the general level of ferromagnesian trace elements (Ni) compared to a proxy for the HREE
(Y). Mafic—ultramafic sources tend to have high ferromagnesian abundances; such a provenance
would result in a decrease in Y/Ni ratios and an increase in Cr/V ratios (e.g., Hiscott 1984;
McLennan et al. 1993). The Cr/V vs. Y/Ni diagram (Hiscott, 1984) indicates a mixed source for the
studied samples. In particular, the sediments are derived from a mainly felsic source area with a
supply of a mafic source, predominantly for the Maesta section that shows Cr/V values ranging

from 1.15 to 3.36 (Fig. 13). The V-Ni-La*10 diagram also suggests a similar provenance (e.g.
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Bracciali et al., 2007; Perri et al., 2011b) (Fig. 14), where the studied samples fall in an area related
to provenance from a mixed source, mainly characterized by felsic rocks with a supply of mafic

rocks. The mafic supply is probably related to the Ligurian ophiolites.

7.2 Source-area weathering

The evaluation of the source area weathering processes is mainly related to the variation of alkali
and alkaline-earth elements in siliciclastic sediments. The Chemical Index of Alteration (CIA,
Nesbitt and Young 1982) is one of the most used indices to quantify the degree of source area
weathering. Furthermore, when the sediments contain a high proportion of CaO, an alternative
index of alteration CIA’, expressed as molar volumes of [Al/(Al+Na+K)]x100, has also used (e.qg.,
Perri et al., 2014, 2015). The chemical compositions of studied mudstones are plotted as molar
proportions within the A-CN-K and A-N-K diagrams. The CIA values of the studied samples are
quite homogeneous (average = 66.4) with low-moderate values and in the A-CN-K triangular
diagram the samples plot in a tight group on the A-K join close to the illite-muscovite point (Fig.
15A), suggesting low-moderate weathering conditions. Furthermore, the CIA’ values of the
mudrocks (average = 69.7) are quite similar to the CIA, typical of low-moderate weathering
conditions. In the A-CN-K triangular diagram the samples plot in a tight group on the A-K join
close to the illite-muscovite point (Fig. 15B). Micas (both illite and muscovite) are the dominant
phyllosilicates occurring within the studied mudstones.

Simple ratios such as Al/K and Rb/K (e.g., Schneider et al., 1997; Roy et al., 2008), characterized
by elements with contrasting mobility in the supracrustal environment, have been also used as a
broad measure of weathering. Generally, high AI/K ratios are typical of sediments enriched in
kaolinite, an important product of intensive weathering, over feldspar (or other K-bearing minerals).
The Al/K ratios are low and constant (average=4.47+0.41) for all the studied sediments suggesting

low-moderate weathering and no important fluctuations in weathering intensity, as also shown in
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the A-CN-K and A-N-K diagrams (Fig. 15). Furthermore, Rb/K ratios have been used to monitor
source area weathering, where K is preferentially leached over Rb with increased intensity of
weathering (Wronkiewicz and Condie, 1989, 1990; Peltola et al., 2008). Very low and
homogeneous values of Rb/K ratios (<0.006) are found in the studied sediments, indicating weak to
moderate weathering in a warm-humid climate (typical of the Mediterranean area) with minimal or

negligible variations over time (e.g., Mongelli et al., 2012 and references therein).

7.3 Sorting, transport and recycling

Generally, transport and deposition of terrigenous sediments involve mechanical sorting, that may
affect the chemical composition of terrigeneous sediments and, thus, the distribution of source area
weathering and provenance proxies (e.g., Mongelli et al., 2006; Perri et al., 2011a, 2012a, 2014).
Aluminum, titanium and zirconium are the major and minor elements generally considered the least
mobile during chemical weathering (e.g. Perri et al., 2008a). Resistant minerals such as zircon,
rutile and ilmenite generally host significant amounts of Ti and Zr. Variations in these elements are
expressed in the Al-Ti—Zr ternary plot (Garcia et al., 1994) that can highlight the possible effect of
zircon addition mainly related to sorting and recycling processes. The studied mudstones plot in a
tight area in the middle of the 15*Al,05-Zr-300*TiO, diagram (Fig. 16), and they are mostly
characterized by homogenueos values in the Al,Os/Zr ratio that could be due to poor recycling
effects without a marked Zr enrichment (e.g., Perri et al., 2008a, 2011a; Caracciolo et al., 2011 and
references therein).

The Index of Compositional Variability (Cox et al., 1995) has been generally used as a measure of
compositional maturity. Immature mudstones, containing a high proportion of silicates other than
clays, commonly show high values of this index (ICV>1), whereas mature mudstones, depleted in
silicates other than clays, generally show low ICV values (ICV<1). Furthermore, immature

mudrocks tend to be found in tectonically active settings and are characteristically first-cycle
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deposits (Van de Kamp and Leake, 1985), whereas mature mudrocks characterize tectonically
quiescent or cratonic environments (Weaver, 1989) where sediment recycling is active. The studied
sediments show ICV>1 (average=1.51+0.26) typical of first cycle, immature sediments where
chemical weathering plays a minor role consistent with the medium-low CIA and CIA”" values.
Furthermore, the ICV values are also consistent with the sample distribution within the Al-Ti—Zr
ternary plot that exclude recycling effects for the studied sediments, suggesting a very rapid
transport in a depositional area close to the source(s). Such geochemical interpretation is totally
compatible with ichnocoenosis, reported by Monaco and Trecci (2014). In fact the very large
abundance of endichnial Halopoa (H. embricata and H. var. fucusopsis) suggests a basin floor
environment rich in organic matter (i.e. phyto detritus) and diversified geochemical elements,
extremely important to a proliferation of this ichnotaxon close to an alimentation source. Moreover
the missing of Avetoichnus luisae, Zoophycos and Nereites trace fossils (see the ichnosubfacies at
Nereites), occurring in the underlying Scaglia Toscana Fm. and in the overlying Marnoso Arenacea
Fm., typical of distal deep-water areas, testifies to a very high sedimentation rate and the proximity
of the depositional area to the source area. The differences among ichnotaxa is minimal in the three
studied stratigraphic sections. However a slightly increasing on graphoglyptid abundance and
diversification can be noted in the upper Renali and Maesta sections differently to the Pianello
section (e.g. Paleodictyon and Spirorhaphe). This could be explained due to a progressive
deepening of the basin plain environment.

The textural characteristics of the studied sandstones show moderate to low sorting, low degree of
roundness of grains, and lack of altered quartz grains, confirming either poor recycling or closeness
to the source area. However, sandstones at the Maesta Stratigraphic section are well sorted,
indicating the settling of a fine-grained turbidite flow (F9 facies) in farthermost portion of the
foredeep basin. Furthermore, the good sphericity of some clasts, their general equant-prolate shape,

and their poor degree of flattering in outer lobe facies (F5-F7 facies in Pianello and Renali
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Stratigraphic sections) suggest that grains were initially reworked in a deltaic/fluvial sedimentary
system and then resedimented into a deep-sea basin (e.g. Sames, 1966; Walker, 1975). Finally in
Pianello Stratigraphic section the occurrence of well preserved continental vegetal remains and
several slurried divisions indicate fast and sudden transport (e.g. hyperpicnal plumes), from a close
source-area which were more probably located westward, as well indicated by W-oriented sandy

debris flows.

8. Conclusions

The Macigno Fm. sandstones, sampled in Poggio Belvedere Mb. in the Trasimeno Lake area, show
a general quartzofeldspathic composition, but with some differences in the quartz/feldspar ratio
(Qm/F) and in the composition of either phaneritic rock fragments and fine-grained lithic fraction.
The abundance of feldspars (lower Qm/F) and phaneritic plutonic and discrete occurrence of high-
grade metamorphic rock fragments in lobe-fringe facies sandstones (F5-F7 facies) of the Pianello
Stratigraphic section match those found in some granitoid-source modern sands of Calabria
(Ibbeken and Schleyer, 1991; Perri et al., 2012b). These data, coupled with evidence of W-oriented
flows, suggest a provenance from a granitoid-dominated batholith, and indicate the external massifs
of the Western Alps (Monte Rosa and Gran Paradiso massifs, Dent Blanche complex) as a potential
plutonic and high-grade metamorphic source area.

The overall NW-SE oriented fine-grained turbidites of the basin plain facies (F8 and F9a-b facies)
and lobe-fringe sandstones of the Maesta Stratigraphic section have a higher Qm/F ratio than those
of Pianello Stratigraphic section. They are characterized by a lower plutonic content, metamorphic
lithic fragments, a fine-grained, low-medium grade metamorphic component, and subordinate
volcanic lithic fragments in a similar amount with those studied previously in the sandstones of the

Macigno Fm. (Di Giulio et al., 1999 and Barsella et al., 2009) and in metamorphic-source modern
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sands of Calabria (Ibbeken and Schleyer, 1991). These data mainly suggest a provenance from a
metamorphic basement and a crystalline batholith that can be respectively identified with the Ivrea-
Verbano block in Central-Western Alps and South Alpine crystalline basement in the Central
Southern Alps (Di Giulio, 1999).

Volcanic and metavolcanic grains, coupled with Cr and Ni enrichment, mainly indicate a
provenance from an ophiolitic unit and overlying sedimentary cover of the Ligurian Nappe. An
enrichment of Nb and a peculiar occurrence of volcanic fragments with felsic granular fabric
including plagioclase and quartz phenocrysts could be related to calco-alkaline rhyolites which
characterize the Late Oligo-Early Miocene volcanic arc that originated by subduction of the Adria
microplate beneath the eastern margin of Mesomediterranean continent (Guerrera et al., 2015).
Finally the presence of East-derived calciturbidites in the Renali area including a typical biofacies
of external shallow-water platform indicate a provenance from the Adria margin (Central
Apennines).

This detailed petrology coupled with sedimentological data (Monaco and Trecci, 2014) allows a
better understanding of the spatial compositional evolution of the Macigno Fm., in agreement with
the model for migrating foredeep basins proposed by Ricci Lucchi (1986). Firstly sedimentation
developed in the westernmost internal zones, which were transversally fed mainly by the crystalline
basement of external massifs. During the migration of the orogenetic front and foredeep basin, the
transversal feeders were substituted by longitudinal basin feeders from Western-Central Alps that
were supplied with material similar to those from external massifs but with minor plutonic and
high-grade metamorphic fragments. In the Late Oligocene-Early Miocene time interval, the
Trasimeno Lake area was probably located in the distal external zones of Macigno foredeep that
received terrigenous material firstly from the W-SW-oriented external massifs feeders (Pianello and
lower Renali areas) and successively from the NW-oriented Central Alpine and S-oriented

Apennine feeders (upper Renali and Maesta areas). Also ichnocoenoses seem to confirm this
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evolutionary trend. A similar compositional trend could be accounted for the Macigno Fm. in
Northwestern Tuscany (Abetone area) analyzed by Bruni et alii (2007).

The geochemistry and mineralogy of Late Oligocene-Early Miocene deep-sea mudstones from
Poggio Belvedere stratigraphic section of the Macigno Fm. suggest interesting palaeoclimatic and
paleoweathering indications. The mudrocks have concentrations very similar to those of the UCC
(McLennan et al. 2006) for Si, Al, Fe, Zr, K, whereas, Ca, Na, P, Ba and Sr are strongly depleted.
Cesium and rubidium are slight enriched to the UCC and show a positive correlation with
potassium, suggesting these trace elements are mostly hosted by dioctahedral mica-like clay
minerals. This in turn indicates that illite and illitic minerals (I/S mixed layers) have played an
important role in the distribution of elements in these rocks since these minerals are abundant in the
studied samples. Furthermore, the mudstones fall in a tight group on the A-K join, in the A-CN-K
triangular diagram, close to the muscovite point, in agreement with the mineralogical data. The Cr,
Ni and Nb concentrations are enriched to the UCC, and indicate a trace of a mafic source.

The source area for the studied mudstones should have similar features to those of Western-Central
Alps and crystalline external massifs basement, which are predominantly composed of felsic rocks
with non-trivial amounts of mafic rocks. Geochemical proxies consistently suggest a felsic nature of
the source area, with a minor but not negligible supply from mafic rocks that increased in the
younger deposits (Maesta Stratigraphic section).

Both the CIA and the CIA’ proxies suggest low-moderate weathering at the source area. The
studied sediments seems to be affected by brief reworking in fluvial/deltaic zone and poor recycling
processes and, as a consequence, it is likely these proxies monitor cumulative effects of weathering
(e.g., Mongelli et al. 2006; Critelli et al. 2008; Perri et al. 2008a, 2008b).

The chemical weathering of such rocks under a humid climate season would produce an initial

illitization of silicate minerals. Moreover, palaeocurrent analysis clearly indicates that terrigenous
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terrigenous rocks derived from rapid erosion of highlands located to the N, NW, W and E of the

present-day outcrops of the Trasimeno Lake area.
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Figure captions
Fig. 1. Outcrop distribution of main Northern Apennines turbidite foredeep units, with indication of

study area (modified after Dunkl et al., 2001).

Fig. 2. Synthetic geological map of the Trasimeno Lake area showing outcrops of the Tuscan and

Umbria successions and location of sections (after Monaco and Trecci, 2014).

Fig. 3. Schematic synthetic stratigraphic columns of the Poggio Belvedere Member (MAC2), with

the lithology and location of studied samples.

Fig. 4. Outcrops of the Poggio Belvedere Member in Trasimeno Lake area. (A) General view of the
upper Pianello section deposits showing alternation between thin-bedded fine-grained turbidites
(F9b facies of Mutti, 1992) and massive coarse-grained sandstones (F5-F7 facies of Mutti, 1992).
(B) Detail of multidirectional lineations in sandy horizons in the uppermost portion of the Pianello
Stratigraphic section (red lines indicate direction of palaeocurrents). (C) View of massive sandy
horizons (F6 facies) including West-oriented flute casts in the upper Pianello Stratigraphic section.
(D) View of mid-lower Renali section deposits, with presence of basal calcirudite and calcarenite
levels (among yellow lines) interfingered within deep-water siliciclastic succession. (E) Alternating
mudstones and fine-grained sandstones interfinged with thin massive coarse-grained sandy horizon
at Maesta Stratigraphic section. (F) Detail of convolute laminations of a sandy level within fine-

grained turbidite deposits (T, of Bouma sequence) in the Maesta Stratigraphic section.

Fig. 5. Peculiar fossil traces in studied sections. Renali Stratigraphic section (A-B): (A) The
graphoglyptid Helminthorhaphe (Hm) at sole of turbidite with other undetermined curved
specimens (arrows), bar = 3 cm; (B) The graphoglyptid Cosmorhaphe isp. at sole of turbidite, bar =
3 cm. Maesta Stratigraphic section (C-G): (C) a sole of thin turbidite with Spirophycus (centre) and

Spirorhaphe (arrows), scale = 10 cm; (D) a detail of Spirophycus (Sp) and Spirorhaphe (Sr), bar =
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10 cm; (E) a further detail on Spirophycus bicornis (Sp) and Spirorhaphe (Sr) with two

Paleodictyon minimum specimens (Pm, arrows), bar = 5; (F) the hypichnial graphoglyptid

5 c¢cm; (G) Endichnial Halopoa (Ha,

Urohelminthoida dertonensis at sole of turbidite, bar

variation Fucusopsis) at sole of turbidite, bar = 10 cm;

Fig. 6. Qm—F-Lt, Lm-Lv-Ls, Rg—-Rs—Rm Qt—F-L and Qm-K-P triangular plots (from Dickinson,
1970; Ingersoll and Suczek, 1979; Critelli and Le Pera, 1994; Folk, 1968; Graham et al., 1976) for
Poggio Belvedere sandstones of the Macigno Fm.. Qm (monocrystalline quartz), F (feldspars) and
Lt (total lithic fragments); Lm (metamorphic), Lv (volcanic) and Ls (sedimentary) lithic fragments;
Rg (plutonic rock fragments), Rv (volcanic rock fragments) and Rm (metamorphic rock fragments);
Qt (quartz grains), F (feldspars) and L (aphanitic lithic fragments); Qm (monocrystalline quartz), K

(K-feldspar) and P (plagioclase).

Fig. 7. Peculiar granular components in sandstones (crossed nicols view), bar = 500 pum. (A)
Plagioclase displaying typical albite polysynthetic twinning (P) and K-feldspar grains (K) locally
replaced by calcite cement. (B) Fine-grained schist (red arrow) with internal muscovite and quartz
grains. (C) Volcanic rock fragment with felsic granular fabric (red arrow) including internal
plagioclase (P) and quartz (Q) phenocrysts. (D) Plutonic rock fragment with quartz (Q) and
plagioclase crystals (P). (E) Metamorphic rock fragment with isoriented strips of quartz (Q) and K-
feldspar (K). (F) Polycristalline quartz grain with tectonic fabric (Qp). (G) Volcanic rock fragment
with microlithic fabric (red arrow) containing phenocrysts of plagioclase (P) and quartz (Q) in a
fine-grained groundmass rich in K. (H) Packstone with macroforaminifers (lepidocyclinids and

nummulitids).

Fig. 8. Comparisons of studied data with previous works using Qm-F-Lt and Lm-Lv-Ls diagram

plots (from Dickinson, 1970; Ingersoll and Suczek, 1979). Qm (monocrystalline quartz), F
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(feldspars) and Lt (total lithic fragments); Lm (metamorphic), Lv (volcanic) and Ls (sedimentary)

lithic fragments.

Fig. 9. Classification diagram for the studied mudstone samples (Herron, 1988).

Fig. 10. Normalization of major and trace elements to the upper continental crust (UCC; McLennan
et al., 2006). The plot of the Post-Archean Australian Shales (PAAS; Taylor and McLennan 1985)

is shown for comparison.

Fig. 11. Ternary plot showing the relative proportions of SiO, (representing quartz), Al,Os;
(representing mica/clay minerals), and CaO (representing carbonate) for the studied mudstone

samples.

Fig. 12. Palaeogeographic and geodynamic model of the central-western Mediterranean area
showing the possible source areas for Macigno foredeep system (modified after Guerrera et al.,

2015).

Fig. 13. Provenance diagram based on the Cr/V vs. Y/Ni relationships (after Hiscott 1984). Curve

model mixing between felsic and ultramafic end-members.

Fig. 14. V-Ni-La*10 ternary diagram, showing fields representative of felsic, mafic and ultramafic

rocks plot separately (e.g., Bracciali et al., 2007; Perri et al., 2011b).

Fig. 15. Ternary (A) A-CN-K (Nesbitt and Young, 1982) and (B) A-C—N (Perri et al., 2014, 2015)
plots. Key: A, Al,O3z; C, CaO; N, Na,0O; K, K;0; Gr, granite; Ms, muscovite; Ilt, illite; Kin,
kaolinite; Chl, chlorite; Gbs, gibbsite; Smt, smectite; Plg, plagioclase; Kfs, K-feldspar; Bt, biotite;

Ab, albite.

Fig. 16. Ternary 15*Al,03-300*TiO,—Zr plot after Garcia et al. (1994) for the studied mudstone

samples.
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Table caption

Table 1. Sandstone raw data. Categories used for sandstone samples point counts and assigned
grains in recalculated plots are those of Zuffa (1985, 1987), Critelli and Le Pera (1994), and Critelli
and Ingersoll (1995). R.f.=coarse grained rock fragments; NCE=noncarbonate extrabasinal grains;

Cl=carbonate intrabasinal grains.

Tables 2. Recalculated modal point count data.

Note: X=mean, s.d= standard deviation. Qm=monocrystalline quartz, Qp=polycrystalline quartz,
F=feldspars (K+P), K=K-feldspar, P=plagioclase; Lt=lithic grains; Lm=metamorphic, Lv=volcanic,
and Ls=sedimentary lithic grains; Lvm=volcanic and metavolcanic, Lsm=sedimentary and
metasedimentary lithic grains; Rg=phaneritic plutonic rock fragments; Rm=coarse and fine grained
metamorphic rock fragments; Rv=coarse and fine grained volcanic rock fragments; Rs=coarse and

fine grained sedimentary rock fragments.

Table 3. Average petrological parameters and ratios of Poggio Belvedere sandstones compared
with Macigno sandstones and Calabrian arc sands (after Ibbeken and Schleyer, 1991; Perri et al.,

2012b); standard deviation in brackets.

Note: *Data reported after Ibbeken and Schleyer, 1991; ** Data reported after Perri et al., 2012b.

Table 4. Mineralogical composition of the bulk rock (weight percent).

Table 5. Major, trace element and ratios distribution of mudstone samples.
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Poggio Belvedere member

Pianello area Renali area Maesta area
outer lobe facies fringe-basin facies sl div. out. lobe  basin slur. Div. out. Lobe Bas. sd
Pl P23 P3 P35 P2 P21 P22 PI8 P26 R7T R5 RI12Z R5 RI0 RI5 M1 M3 MBS M5
NCE @
Quartz (single crystals) 85 3 8 34 65 90 112 385 121 87 124 89 103 116 118 105 18% 142 133
Polyerystalline quartz with tectonic fabric 6 9 17 19 4 13 12 12 3 6 10 12 7 11 7 8 6 4 4
Polverystalline quartz without tectonie fabrie . 11 3 19 10 11 12 @ 16 4 4 10 5 6 13 5 3 0 4 2
Quartz in matamorphic r.f. 3 0 4 7 1 4 2 3 0 1 3 1 7 2 1 1 0 0 2
Quartz in plutonic 1 £. 20 23 2T 33 32 28 26 22 17 37 24 12 23 14 13 o 1 2 4
Quartz in plutonic or gnsissic r.f. 3 1 11 2 3 1 3 2 0 6 1 2 4 0 3 1 1 0 0
Quartz in sandstone 0 1 0 1] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Caleite raplacement on Quartz 7 13 4 2 1217 3% 22 15 28 31 17 20 27 17 6 23 1
K
K-feldspar (single erwstals) 33 2w 17 3 32 27 1 17 30 24 10 1 22 14 21 1 3 19 17
K-feldspar in matamorphic 1.£. 0 1 2 1 0 1 7 1 0 0 0 0 0 0 0 0 0 0 1
K-faldspar in plutonic r.f. 1w 17 9 11 4 6 0 3 3 6 3 1 3 3 2 3 0 3 0
K-feldspar in plutonic or gnsissic £.£. 0 1 2 1] 1 1 L] 0 0 2 0 0 0 L] 1 1 L] 0 L]
K-feldspar in sandstone 0 0 0 1] 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Caleite replacement on K-feldspar 2 2 3 o 3 1 4 4 10 1 0 0 0 1 3 1 0 3 0
P
Plagioclase (single erystals) 3% 33 36 33 34 3% 32 2 A 35 43 38 33 35 43 35 37 34 63
Plagioclase in metamorphic r.f. 1 4 0 3 0 0 1 0 0 0 0 1 1 1 0 0 L] 0 L]
Plagioclase in plutonic r.f. 14 20 14 45 20 20 17 4 3 21 7 a 12 3 10 8 0 4 4
Plagioclase in plutenic or pnsissic r.f. 2 3 1 3 2 0 L] 1 0 0 0 4 1 1 0 1 L] 0 1
Plagioclase in sandstons 0 1 0 1] 0 0 L] 0 0 0 0 0 0 L] 0 0 L] 0 L]
Caleite replacement on Plagioclass 16 12 h] 19 20 9 o 12 12 3 3 a 1 16 7 11 0 3 0
M
Micas and chlorite (single crystals) 21 16 12 23 27 24 34 33 28 4 1 23 4 20 37 0 67 49 69
Micas and chlorite in plutonic r.f. 4 3 3 1 4 3 11 3 0 3 1 0 3 2 0 0 0
Micas and chlorite in metamorphic r.f. 2 1 0 1 0 0 1 0 0 2 0 0 2 0 0 0 0 0
Micas and chloritz in plutonic or gnaissic r.f. 0 1 1 1] 0 3 0 0 0 0 1 2 2 0 0 0 0 1 1
L
Voleanic lithic with falsic granuvlar texturs 0 4 1 1] 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Voleanic lithic with microlithic texturs 0 0 0 1] 0 0 L] 0 0 2 0 0 2 1 0 0 L] 0 L]
Other voleanie lithie 0 0 0 1] 0 0 L] 0 0 7 0 1 3 L] 0 0 L] 0 L]
Phyllit= 3 3 6 6 4 2 0 3 0 3 3 1 2 1 0 0 0 1 0
Fine grained schists 3 b 3 2 1 0 1 2 2 3 0 4 2 3 2 3 1 1 2
Impure chert 1 2 2 2 0 2 0 0 1 0 2 2 0 1 0 b] 2 1 0
Sadimentary lithic 0 13 0 1 2 1 3 0 0 0 3 1 3 @ 3 0 0 0 1
Slate 3 4 1 1 1 1 1 1 1 2 4 2 1 1 0 0 0 0 1
ChloritaMuscovite schist 0 3 0 1 0 0 0 0 0 0 0 2 2 1 1 3 0 0 4
CE Bioclasts 0 0 0 1] 0 0 L] 0 0 0 0 0 0 12 1 0 L] 0 L]
Mx Siliciclastic matrix 46 30 56 4 41 34 33 1 40 24 28 31 49 ™3 28 2 12 30
Epi matrix 1 0 2 3 2 1 3 1 0 0 0 0 0 1 4 1 3 3 L]
Psudomatrix 0 0 0 6 17 4 1 3 0 1 1 2 2 L] 1 4 6 3 7
Cm Carbonate cement (pors-filling) 0 4 0 1 0 4 0 68 2 0 0 0 0 0 2 0 0 2 0
Carbonate cement (patchy-caleits) 0 0 0 2 0 2 L] 0 6 2 2 4 2 4 0 0 L] 1 L]
Cazleite replacement on vndetermined zrains 0 4 2 2 0 2 2 3 2 3 1 1 4 4 0 0 0 1 0
Quartz overzrowth 0 1 0 1] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Undeterminad grains
TOT 338 327 360 323 361 367 357 392 362 339 332 338 364 400 317 339 318 322 349
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Section Facies Sample %o Yo Yo Yo Yo %o Yo index

Qm F Lt Qt F L (Qm K P QplLlvmlsm Lm Lv Ls Rg Ev Rm Rg Rs Em Lwl PF QF FL
Maestaarea  slumied div. M3 58 36 6 60 37 3 61 % 31 43 0 57 9 0 8 42 0 38 40 4 36 0 079 130 629
basinplain M8 68 28 4 71 28 1 70 12 18 8 0 18 8 0 14 6 0 37 S8 6 35 0 061 241 636
outerlobe M3 79 17 4 8 16 1 8 1 16 8 0 11 78 0 2 22 0 73 13 18 64 0 092 477 444
outerlobe M1 523 9 58 39 3 37 11 3 73 0 27 74 0 26 61 0 39 53 12 35 0 074 132 439
outerlobe 66 28 6 71 27 2 70 6 24 81 0 19 76 0 24 42 0 58 36 15 49 0 083 305 432
X 64 30 6 68 30 2 68 8 24 72 0 28 8 0 18 47 0 353 43 10 48 0 08 25 354

sd. 1216 2 12 16 1 12 5 8§ 20 0 20 8§ 0 8§ 19 ¢ 19 18 6 15
Renaliarea  slumied div. RI15 65 27 8 65 33 2 64 11 25 6 0 33 T 0 20 T2 0 28 6 7T 26 0 07 18 494
sturried div. R10 54027 19 66 28 6 67 8 25 61 2 37 4 3 55 54 2 44 46 18 36 004 076 2 181
shur.div. 60 27 13 635 31 4 6 9 25 64 1 33 57 1 42 6 1 36 57 12 31 002 073 191 338
basinplain RS 59 30 11 64 30 6 67 12 21 46 18 36 63 23 14 6 6 31 64 4 32 023 065 2 275
basinplain  R12 52 034 14 58 34 8 60 5 35 47 3 50 60 3 37 66 1 33 56 16 28 003 087 153 232
basin 56 32 12 61 32 7 64 8 28 46 11 43 61 13 26 64 4 32 60 10 30 013 076 177 254
outerlobe R3 67 25 8 T2 24 4 73 6 21 6 0 31 TI 0 23 6 0 35 59 9 32 0 079 260 209
outerlobe R7 54035 11 58 35 7 61 14 25 33 34 33 62 3% 0 72 10 13 80 0 20 038 065 155 3.13
outerlobe 61 30 9 65 30 5 67 10 23 51 17 32 6 19 12 68 5 27 10 4 26 019 072 212 261
X 59 30 12 64 31 5 65 10 25 34 0 37 &3 11 26 65 3 32 62 9 29 61 67 1,9 28

sd. 6 4 4 5 42 5 4 5 14 14 7 1216 19 7 4 9 11 7 6
Pianello area  shuwied div. P26 56 3 3 60 39 1 39 17 24 77 0 23 8 0 11 76 0 24 73 3 24 0 059 144 854
fringe-basin P18 6 26 12 72 26 2 71 11 18 8 0 18 100 0 0 6 0 36 64 0 36 0 062 24 209
fringe-basin P22 6 3 8 68 30 2 6 9 24 8 0 19 78 0 2 71 0 2 6 3 28 0 073 203 311
fringe-basin P21 50 3 11 60 39 1 37 15 28 8 0 13 8 0 16 75 0 25 72 3 25 0 063 120 333
fringe-basin P2 45 043 12 54 43 3 51 17 32 76 0 24 91 0 9 9 0 10 88 3 9 0 065 104 351
fingebasin 35 34 11 63 35 2 62 13 25 81 0 19 8 0 12 75 0 25 73 2 25 0 066 189 302
outerlobe  P3 36 49 15 47 49 4 43 12 43 74 0 26 91 0 9 6 0 31 6 2 31 0 078 073 348
outerlobe |P3 52031 17 65 31 4 6 14 24 78 2 20 9% 3 7 6 1 33 6 2 32 000 06 164 182
outerlobe P23 27 54 19 35 54 11 34 23 43 37 § 35 36 9 35 68 4 28 61 14 25 009 065 051 28
outerlobe Pl 4 438 10 43 48 4 46 18 36 62 0 38 W 0 6 0 0 30 60 1 30 0 067 08 47
outerlobe 30 46 15 49 45 6 46 17 37 63 2 35 8 3 34 68 L 31 6 3 20 005 068 094 321
X 48 40 12 37 40 3 54 15 30 73 1 26 8 1 13 72 1 27 70 3 27 60 67 1,3 37

sd. 1210 ¢ 12 10" 3 12" 4 9 15 312 13" 3716 "8 177 8 4 8



Clastic system

Petrological parameters and ratios

Qm F Lt ILm Lv Ls Ivi Iv¥e QTF FL PF
Poggio Belvedere sandstones (this study)
Maesta area §4(12) 30(10) 6() 82(®H 0 18(8 0 0 252 342 076
Renali area 596  30@)  12(0)  63(12) 11(16) 26(1%) 14 1125 193 284 074
Pianello area 48(12) 40(10) 12(4) 86(13) 1(3) 13(10) 425 2 133 371 066
Macigno sandstones - northern Tuscany (Di Giulia, 1999)
Upper Macigno 4 /@ 173 MG UG 50 19 18
Lower Macigno 55(5)  26(3)  19(5)  T0(T) 21(6) 9(5) 2215
Meacigno sandstones - Tuscany (Cornamusini, 2002)
Macigno Costiero petrofacies 5T(4)  19(4) | 24(7) | 66(5) 19(8) 15(8) 213 19 300782 03
Macigne Intermedio petrofacies 55(4) 27 18()  TI(M 19T 6¢) 213 18 2037 15 04
Macigno Appenninico petrofacies 50(6) 25 168 828 115 1) <13 115 236 13563 045
Macigno sandstones - Northern Umbria (Plesi et al, 2002)
Poggio Belvedere member 4055 2030 10-23 18275 085 062
Macigno sandstones - NW Tuscany (Bruni et al., 2007)
Upper Macigno 506 ME® 16  4E 15 1@ 147 2125
Lower Macigno 52(3) 3@ 16() T98) 13(6) 8¢5 1625 2
Macigno sandstones - E Tuscamy/W Umbria (Barsella et al., 2009)
Molin Nuovo member 4074 2342 026 4230 3038 6-20 1226 147
Pt}ggio Belvedere member 3661 14-24 | 10-25 3288 633 4-13 1.54.30,96-14
Modern Calabria Arc sands
Granite sourced sands™® 46 33 21 13 33
Metamorphic sourced sands* 53 24 21 24 1.4
Average* 31 23 21 23 0 12 1] 0 1.821 1,333
Neto-Lipuda petrofacies** 36 16 18 2% 0 14 0 0 0783 23556 0.7
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Sample Exp (I'S) Exp (Chl/$ Illite- mica Kao Chl I Phy Qtz K-feld P Cal Dol
hA4 1 1 32 i 22 36 22 1 12 7
hA1 1 1 29 i 25 36 22 1 15 5
MA3 3 2 37 1 1% 62 26 1 9 2
RAS 3 2 53 1 10 6% 24 1 4 1
a4 2 2 32 i 12 43 22 2 1% 9
FA3bis 1 1 32 i 15 49 23 1 16 10
RA3 2 1 32 i 14 49 23 1 15 11
RAl 1 1 35 i 20 57 22 1 13 7
PA4 1 1 35 2 14 53 20 2 13 11
PA3A 1 1 33 2 13 50 25 2 17 5
PAZ 2 1 43 1 13 65 24 2 7 2
PAl 1 2 34 i 16 53 24 2 15 5

FAHoooco oo oo oo



Sample PAl
Oxides (wit¥s)

8102 3329
TiO2 0,20
Al203 15,81
FelO3 7.03
MnO 0,07
MgO 6,73
Ca0 333
Na2O 117
K20 3,59
P05 0,11
LOI 733
Tot 9028
Trace elements (ppm)
v 154
Cu 36,88
Co 20,62
Cr 132
Ni 2047
Zn 11952
Sr 141
Ba 479
Eb 193
Y 32
Zr 177
Nb 17
La 43
Ce 84
Sn 10
Ratios

CIA 66,48
1A’ 68,54
Icv 143
Lat+Ce/Cr 0,96
La+Ce/Co 6,16
La+Ce/Ni 140
AVK 440
EWK 0,005
Criv 0,86
Y/MNi 035

PA2

53,17
0.89
17.82
3,86
0.08
3,73
1.65
0.51
4.43
0.08
933
99.57

178
3323

237
137.8%
111.38

103

346

254

31

183

20

134

68,03
69,95
1,07
0.82
8.53
141
402
0,006
133
0.22

PA3A

53,05
0,82
15,54
1.06
0,08
6,28
381
128
339
0,12
170
9012

164
4214
210
158
1016
117.22
150
M
179
28
168
18

=)

66,89
68,65
146
0,68
5.09
1.06
439
0,005
0,96
0.28

PA4

43,04
0.80
1482
138
0.08
6,38
1.03
0.63
354
0.08
11.00
008

175
34,08
2999

196
164.48
13423

249

417

197

31

128

18

36

o1

6344
69.79
1.75
0.63
423
0,77
419
0,006
1.12
0,19

RAl

50,36
082
15,53
7.38
0.08
6,42
4.71
0.89
34
0.08
231
99,74

164
4321
3188

247
168.86
143,62

180

463

187

28

138

17

29

13

64,80
70,08
1,55
042
326
0,62
432
0,005
1,51
017

RA3

49.66
0.78
1426
1.33
0,08
5,81
6.86
1.16
299
0.11
993
017

141
17.76
20.82

107
85,79
113,41

228

439

146

21

147

16

16

14

68,72
62,35
1,76
0,75
3.84
0,93
477
0,003
0,76
024

RA3hbis

49,76
0,81
14,74
7.53
0,08
6,17
6,16
1,03
i
0,10
291
99,51

160
50,39
2297

173
133,06
137.94

247

434

170

34

152

67,10
6247
168
0,76
5,70
0,98
438
0,005
1,08
0.26

RA4

30,64
0,79
14.63
138
0.0¢
623
597
1.08
320
0.11
241
9036

152
3946
18.61

177

136,12
139.97

433
164
33

157
15

39

o7

67.62
6921
1.68
0.77
731
1.00
458
0,003
1,16
0.26

RAS

3237
099
18.61
3.74
0.04
6,37
1.34
0.25
511
0.03
8.57
go6d

180
358
20.56
243
1524
101.54

300
304

197
144

66,47
69.04
1,06
0.88
1036
140
364
0,006
1,33
0.26

MAL

4044
0.86
15,37
8359
0.08
0.69
3.33
0.80
293
0.08
LA |
99.20

176
48,16

592
363,36
1204
129
383
156
29
156

70,43
72,80
1.7
021
3.90
0.33
321
0,005
336
0,08

MA3

34,30
0.85
17.12
.11
0.06
6,38
1.72
1.01
4,08
0.10
6.66
9038

164
318
17.62
188
10828
13132
101

21
30
172
19
37
109

63,34
63,68
1.25
0.88
942
1.53
4.19
0,005
1.15
028

MA4

49,63
0.84
1528
780
0.09
5.1
4,67
0,99
3,10
0.09
o4
99.76

168
45,19
3451

393

266.88
13047

183

438

159

70,20
71,03
1.68
032
3.68
048
493
0,003
234
0.11
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