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A B S T R A C T   

This work explores the significance of sedimentary proxies recorded within the Paleogene fine-grained detritus of 
the Adriatic foredeep (Northern Italy). Such sequences represent the only sedimentary record describing the 
source-to-sink system delivering detritus from the growing Alpine belt to the basin during the Eocene – Oligocene 
boundary. The combination of x-ray powder diffractometric, petrographic, SEM-EDS and biostratigraphic ana-
lyses on more than twenty samples from the Ternate-Travedona Formation, the Chiasso Formation, and the Villa 
Olmo Conglomerate allowed to identify the source areas of detritus and potential fluvial paleo-drainages, 
possibly ascribable to two different sectors of the Southalpine domain. Comparison between these results and 
the petrographic composition of the Cretaceous wedge in the same area opens to the possibility that Cenozoic 
drainages were inherited from more limited paleo-drainages developed during the end of the Mesozoic. Results of 
provenance analysis also gives new insights on how detrital compositions may vary in function of grain-size in 
tropical-subtropical environments.   

1. Introduction 

Sediment provenance is a fundamental tool in the reconstruction of 
factors contributing to shaping Earth surface and driving the accumu-
lation of detritus within depocenters through time (e.g., Garzanti, 2019 
and ref. therein). In modern geology, sediment provenance is overall 
gain from consolidated methodologies on sands/sandstones (see Gar-
zanti, 2019 for a complete review of the topic), and minorly on 
gravel-size detritus (e.g., DeCelles, 1988; Carrapa and Di Giulio, 2001; 
Di Capua et al., 2016a,b, 2022; Litty and Schlunegger, 2017). On the 
contrary, muddy (<62.5 μm) detritus always represented the Cinderella 
of clastic sediments, receiving the deserved attention for provenance 
studies only in the last decades (e.g., Caracciolo et al., 2009, 2020; Perri 
et al., 2012; Andò and Garzanti, 2014; Di Capua et al., 2016a, b; Bor-
romeo et al., 2019; Paleari et al., 2019; Cavalcante et al., 2023). This 
unintentional overlook created a gap in the knowledge on the 

relationship between provenance and geodynamics in sedimentary ba-
sins dominated by fine-grained sedimentation, such as in those sur-
rounding the Alpine belt. There, in fact, sandy and gravel-sized detritus 
have been widely used for the identification of morphogenic steps in the 
evolution of the belt through sediment signatures since the upper 
Oligocene (post-collisional stage; e.g., Carrapa and Di Giulio, 2001; Di 
Giulio et al., 2001; Garzanti and Malusà, 2008; Malusà et al., 2011; Di 
Capua et al., 2016a, 2022; Lu et al., 2019), whereas the thick sequences 
of fine-grained sediments accumulated from the Eocene to the lower 
Oligocene (collisional stage) have always simply considered as a signal 
of low sediment production in response to the limited belt morphogenic 
growth during that period (Garzanti and Malusà, 2008). 

The aim of this study is to investigate the sedimentary signatures 
within those fine-grained sedimentary sequences, considering them as 
fundamental in the comprehension of how the source-to-sink system 
comprised between the Periadriatic Fault system and the Adriatic 
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foredeep evolved during the transition from non-collisional to colli-
sional stages. Through a multidisciplinary approach based on petro-
graphic, minero-chemical, and biostratigraphic analyses, it has been 
identified a double signature within the basin, inherited from the non- 
collisional paleo-drainage settings within the Southalpine domain dur-
ing the Cretaceous. Throughout the comparison of fine-grained with 
sandy and gravel-sized detritus, it has been recognized a grain-size 
control on sediment composition, strongly influenced by paleo- 

climatic conditions at which terranes were weathered and sediments 
were transported during the Paleogene. Such conditions were common 
across the Southalpine area (e.g., Bosellini and Trevisan, 1992), and 
influenced mineralogical composition of sediments along the Southern 
Alpine foreland basin (e.g., Aldega et al.). In addition, pulses of car-
bonate and clay minerals in fine-grained detritus may also indicate a 
local change in climate at the Rupelian/Chattian boundary. Finally, the 
absence of volcanogenic detritus across all the Paleogene time testifies 

Fig. 1. Geological map of the Alps – Adriatic foredeep systems, modified from Di Capua et al. (2022).  
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the absence of drainages supplying Periadriatic volcanic centres’ 
detritus to the Adriatic foredeep. 

2. Geological background 

The term “Adriatic foredeep basin” here indicates a foredeep depo-
center developed south of the Southern Alps that received sediments’ 
inputs from the central/western Alpine belt during the Paleogene and 
Neogene times. Some authors include it in the wider Southern Alpine 
foreland basin (e.g., Lu et al., 2020). The sedimentary record of the 
Adriatic foredeep basin is dominated, but not limited to, by clastic inputs 
deriving from the dismantling of the belt during different stages (e.g., 
Zanchetta et al., 2015; Garzanti and Malusà, 2008). It also includes 
bioclastic sequences deriving from the progradation of Paleogene car-
bonate platforms until the Rupelian (early Oligocene) (e.g., Mancin 
et al., 2001; Bini et al., 2015; Coletti et al., 2016), as well as minor 
volcaniclastic inputs during the Lutetian and Bartonian (middle Eocene) 
probably supplied by local eruptive centres (Gavazzi et al., 2003; Pre-
moli Silva et al., 2010; Bini et al., 2015; Di Capua et al., 2021; Sciun-
nach, 2014). The present study takes into consideration two formations 
and one member accumulated during the Eocene – Oligocene boundary: 
the Ternate Travedona Formation, the Chiasso Formation and the Villa 
Olmo Conglomerate (lower member of the Como Conglomerate Fm.; 
Figs. 1 and 2). 

2.1. Ternate-Travedona Formation 

The Ternate-Travedona Formation is a submarine apron developed 
during the accretion of a Paleogene calcareous platform (Mancin et al., 
2001, Fig. 2). Nowadays, this platform does not exist anymore, 
completely unroofed and eroded during the Oligocene and Neogene 
Alpine orogenesis and accumulated as detritus within the sequences of 
the Gonfolite Lombarda Group (Sciunnach, 2014; Coletti et al., 2016). 
The apron hosts thick bioclastic limestones interbedded with thin marly 
layers (Bernoulli et al., 1988; Mancin et al., 2001; Coletti et al., 2016). 
Detrital signature of rare gravel-size particles within the bioclastic beds 
points to a detrital provenance from the Mesozoic Southalpine se-
quences (Bernoulli et al., 1988). 

2.2. Lower Gonfolite Lombarda Group: Chiasso Formation and Villa 
Olmo Conglomerate 

The Gonfolite Lombarda Group is a clastic submarine wedge divided 
into 15 Formations that accumulated from the Oligocene to the Late 
Miocene (Cita, 1957; Gelati et al., 1988; Bernoulli et al., 1993; Trem-
olada et al., 2010). It partially crops out between the towns of Como and 
Sesto Calende, buried below the Plio-Quaternary sediments of the Po 
Plain, to the South (Bersezio et al., 1993). The lowermost Formation, 

named Chiasso Formation, probably began its accumulation interdigi-
tating the Ternate-Travedona Formation apron in its uppermost part (Di 
Giulio et al., 2001; Coletti et al., 2016, Fig. 2). Tremolada et al. (2010) 
fix the beginning of the accumulation of the Chiasso Formation in Como 
at least at 31.4 Ma, considering that its base was tectonically removed by 
the Monte Olimpino backthrust, rooted at this stratigraphic unit. To the 
top, the Chiasso Formation interdigitates with the base of the Como 
Conglomerate (27.6 – ca. 23 Ma; Fig. 2). The Como Conglomerate is a 
thick, mainly gravelly sized Formation composed of two different 
members: the Villa Olmo Conglomerate (27.8–26.6 Ma) and the 
Camerlata Member (26.6 – ca. 23 Ma) (Tremolada et al., 2010). The 
present study is focused on the Villa Olmo Conglomerate. This member 
includes the first incoming of coarse-grained sediments into the Adriatic 
Foredeep generated by the dismantling of Southalpine terranes, Ceno-
zoic plutonic bodies intruded on the Periadriatic Fault System (PFS), 
known as Bergell Pluton, and the surrounding metamorphic terranes of 
the Penninic terranes (Fig. 1) (Carrapa and Di Giulio, 2001; Di Giulio 
et al., 2001; Garzanti and Malusà, 2008; Di Capua et al., 2016a, 2022). 

3. Methodology 

Twenty-two samples have been collected along four different sec-
tions across the Italian-Swiss boundary between the town of Como and 
Varese (Northern Italy – Fig. 1). All the samples have been split up into 
sub-samples for a multidisciplinary investigation on each of them. 

First, they were powdered and analysed through a Siemens D5000 
powder XRD (Siemens, Karlsruhe, Germany) with a Bragg-Brentano θ-2θ 
geometry. It was equipped with a Cu anode X-ray tube, which operated 
at 40 kV and 40 mA (radiation Cu-Kα = 1.5406 Å), and a diffracted- 
beam graphite monochromator. A step size of 0.02◦ 2θ and a counting 
time of 1 s/step were found to give optimum results in terms of time per 
scan and peak resolution. The XRD patterns were collected in angular 
range between 2◦ and 62◦ at 2θ. The qualitative phase analysis was 
performed using the PANalytical HighScore Plus software version 2.2c 
using the ICSD PDF2-2008 database; quantitative phase analysis was 
carried out running the FULLPAT software (Chipera and Bish, 2002). 

Six of those samples have been also cut into standard thin sections 
and analysed under a polarized microscope to identify potential rock 
fragments driven the XRD signals (Table 1). 

The chemical composition of a sample (oxide and sulfur components) 
has been verified using an environmental scanning electron microscope 
(ESEM FEG XL30, Philips, Eindhoven, The Netherlands) coupled with an 
X-ray energy dispersive spectrometer (EDAX AMETEK Element). 

Analyses of foraminifera and calcareous nannofossils were carried 
out on them using a stereo microscope and a polarized light microscope 
(1000 × ) respectively in order to recognize the bioevents. For the 
calcareous nannofossil analyses standard rippled smear slides were 
prepared, without any chemical treatment, sieving or centrifuging. 
Separate analyses were also performed to evaluate the abundance of 
reworked specimens, which included taxa from different stratigraphic 
intervals (e.g., Cretaceous taxa). Calcareous nannofossil taxa were 
determined using the taxonomy proposed by Perch-Nielsen (1985) and 
Bown et al. (2004) and following the biostratigraphic scheme of Martini 
(1971) and Okada and Bukry (1980). For the foraminifera analyses 50 g 
of dried sediment were washed through a 63 μm sieve and the residual 
fraction was oven-dried at 50 ◦C. The identification of the foraminiferal 
bio-events was based on a semi-quantitative study of the fraction greater 
than 125 μm following the biostratigraphic scheme and taxonomy pro-
posed by Bolli and Saunders (1985). 

Finally, a single sample of sandstone, recovered within the Chiasso 
Formation in Como (Fig. 3B – MO1 sample), has been point-counted 
following the Gazzi-Dickinson methodology (Ingersoll et al., 1984). 

Fig. 2. Stratigraphy of the main foredeep deposits within the Adriatic foredeep 
system, according to Mancin et al. (2001) and Tremolada et al. (2010). GLG: 
Gonfolite Lombarda Group; CC: Como Conglomerate. 
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Fig. 3. A) location of the sequences sampled in this work (B).  
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4. Results 

4.1. Ternate fm. (section TER) 

In the Ternate-Travedona Formation, the sequence (named TER) is 
composed of thick bioclastic beds intercalated by fine-grained marly 
interbeds that were object of this work. The uppermost part of the 
sequence is closed up by a plurimetric-thick failure deposit (Figs. 3 and 
4A and B). In addition, rip-up clasts pluricentimetric to pluridecimetric 
in length, light grey in colour and marly in composition, or dark grey 
with an orange to yellow coating, are widely included within all the 
sequence (Fig. 4C). 

Marly interbeds (TER1 and TER3) show almost the same mineral-
ogical association, mainly composed of calcite (56–72%), followed by 
minor amounts of quartz (18-13%), muscovite/illite (9%) and chlorite 
(6%) (e.g., Fig. 4D). Dolomite appears only in the lowermost studied 
layer (11%). Under the microscope (Fig. 4E), samples are predominantly 
composed of micrite mud, wrapping bioclastic fragments (mainly fora-
minifera and algae) and rare lithics of cherts, individuals of muscovite 
and quartz. Foraminifera association, present only in sample TER3, are 
characterized by the presence of taxa (Globotruncana esnenhensis) Cam-
panian – Maastrichtian (Cretaceous) in age. On the contrary, calcareous 
nannofossil associations are characterized by Eocene/Oligocene long- 
range taxa that gave no attribution to a specific biozone. 

The marly rip-up clast in the lower part of the sequence (TER2) is 
almost entirely composed of calcite (85%), with rare amounts of quartz 
(7%) and muscovite/illite (6%), and very rare amounts of chlorite (2%). 
Associations of both foraminifera taxa (Globontruncanita stuarti, Globo-
truncana arca - Campanian – Maastrichtian) and calcareous nannofossil 
taxa (Micula murus - upper Maastrichtian) point to a Cretaceous age. 

Matrix within the failure deposit (TER6) shows a mineralogical 
composition similar to those of the marly interbeds: calcite (36%) and 
quartz (29%) dominate over muscovite/illite (16%) and chlorite (11%). 
Rare amounts of garnet (8%) were also documented. In thin section, 
micrite mud wraps rare individuals of quartz and muscovite. A reliable 
biostratigraphic attribution has been obtained for this layer through 
calcareous nannofossil association, characterized by common to rare 
Isthmolithus recurvus, Discoaster barbadiensis, and D. saipanensis, pointing 
to the Priabonian stage (NP19/20 biozones). 

The sampled marly rip-up clast within this bed (TER4) is largely 
composed of quartz (54%), with minor amounts of clay minerals 
(montmorillonite) (13%), calcite (11%), dolomite (7%), and rare chlo-
rite (3%). In addition, this sample is also characterized by the presence 
of plagioclase (7%), k-feldspar (3%) and garnet (2%). Foraminifera taxa 
associations (Contusotruncana sp., Globotruncanita stuarti, Dentoglobiger-
ina sp.) date the sample to the Oligocene with good amounts of reworked 
Cretaceous taxa. Calcareous nannofossil content was barren. 

The black rip-up clast (TER5) is almost entirely composed of barite, 
pyrite and oxides of cobalt and nickel. SEM-EDS analyses confirmed the 
presence of Fe, Ba, Co and Ni in combination with S and O (Fig. 4F and 
G). 

4.2. Gonfolite Lombarda Group (BZ, MO, BV, BX sections) 

Chiasso Formation and Villa Olmo Conglomerate have been sampled 
in four different sections, one in the Bizzarone (BZ) area and the other 
three (Monte Olimpino, Borgo Vico and Bixio sequences – MO, BV and 
BX from west to east) in the Como area. BZ and MO sections are 
composed of monotonous, homogenous fine-grained sediments, rarely 
interrupted by thin sandy layers (Fig. Figs. 3 and 5A and B). The BV 
sequence was previously described by Livio et al. (2011) and is 
composed of fine-grained muddy layers interbedded within thicker 
conglomerate beds. The BX sequence, exposed on top of the BV 
sequence, presents features similar to those of the BZ and the MO ones. 
All the sequences show similar compositions with quartz (22–54%) that 
dominates over all the other mineralogical components, which are 

muscovite/illite (10–28%), plagioclase (13–24%), chlorite (7–20%), k- 
feldspar (3–12%), and rare dolomite (0–13%), calcite (0–12%) and py-
roxene (6% in only one sample of the MO section). Clay minerals appear 
only in the uppermost part of section MO (4–6%). In thin section, 
samples from section BZ and BX are dominated by micrite mud wrap-
ping individuals of muscovite, quartz and feldspars. In general, the sil-
iciclastic fraction net increases in BV samples (Fig. 5C and D). No 
carbonate fragments have been observed in samples (see Table 1). 

Point count carried out on the MO1 sample indicates a litho- 
fedspatho-quartzose composition (sensu Garzanti, 2019) for the sand-
stone layer, with a metamorphic index of 368 (sensu Garzanti and Vez-
zoli, 2003). Such sandstone chiefly consists of monocrystalline quartz, 
followed by plagioclase and K-feldspars. Micas are abundant (mostly 
13% of detritus) and muscovite commonly prevails over brown micas. 
Few are the rock fragments (mainly medium-to high-rank felsic meta-
morphic lithics) (Fig. 5E and F; Table 2). 

Calcareous nannofossils associations are generally poorly preserved 
with evident signs of dissolution and/or recrystallization, presence of 
few to rare cretaceous reworked taxa, and abundant inorganic clasts in 
all the sequences. On sixteen analysed samples, only three resulted 
useful for age constraints. One of them is at the bottom of the BZ 
sequence (BZ1), attributable to the NP24/25 biozones (S. ciperoensis). 
The other two samples are in the middle and upper part of the BX se-
quences, attributable respectively to the NP22/23 biozones 
(S. predistentus) (BX2) and to the NP24/25 biozones (S. ciperoensis) 
(BX3). No foraminifera were detected. 

5. Discussions 

5.1. Integrating the biostratigraphic constraints of the Paleogene Adriatic 
foredeep 

Most of the recovered foraminifera and nannofossil associations gave 
low resolution age constraints or duplicate age constraints provided by 
previous works (e.g., Mancin et al., 2001; Tremolada et al., 2010). In 
other cases, they show clear old age constraints due to the presence of 
reworked taxa from Cretaceous sequences. Nevertheless, the uppermost 
layer of TER and BZ sections gave new remarkable age constraints on the 
evolution of sedimentary sequences within the basin. 

The first of them is represented by the Oligocene age gain through 
foraminifera association in the failure deposit of TER section. Such age 
well supports the hypothesis of Mancin et al. (2001) that bioclastic 
sedimentation began in the Paleocene and lasted until the lower 
Oligocene (Rupelian), when the carbonate platform died, partially 
collapsing toward the basin. According to Coletti et al. (2016), such 
collapse was triggered by the drowning of the carbonate platform, 
therefore the present age constrains a major increase of the eustatic level 
during the Rupelian (lower Oligocene) in the Adriatic foredeep region. 

The second age constraint is NP24/25 age recovered in the upper-
most layer of the BZ sequence. Such attribution rejuvenates the Chiasso 
Formation – Villa Olmo Conglomerate boundary with respect of the 
previous NP 22/23 age of Gelati et al. (1988) in the central part of the 
basin. This is in line with the age of the same boundary further to the 
east in the Como area, where Tremolada et al. (2010) attribute the se-
quences studied in the present work at the NP24/25. Consequently, the 
NP22/NP23 attribution here obtained in the BX sequence must be 
considered as an effect of the presence of NP22/23 reworked taxa 
(S. predistentus) within the sequence, taxa commonly reworked also in 
the upper Gonfolite Lombarda Group at Como (Miocene – Tremolada 
et al., 2010). The NP24/25 biozones’ attribution of the upper part of 
Chiasso Formation further to the west corroborates the hypothesis of a 
coeval activation of coarse-grained submarine systems within the 
Adriatic foredeep. 

A. Di Capua et al.                                                                                                                                                                                                                              
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Fig. 4. A) field view of the TER sequence. B) Close-up view of calciturbidite layers interbedded by muddy layers. C) Field view of the slumping event closing the 
sedimentary sequence. The red arrow indicates one of the frequent black rip-up clast. D) XRD diagram of sample TER 1 (see Fig. 3 for location), showing calcite and 
quartz as main mineralogical phases, next to minor amounts of muscovite/illite and chlorite. E) Microphotographs of a muddy layer. Note the large amounts of 
foraminifera populating section. F) EDS analyses on Ni-, Co- and Fe-sulfur and oxides found black rip-up clasts as microcrystalline detritus (G). 
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Fig. 5. A) typical outcrop of the Chiasso Formation, composed of thin, muddy layers, rarely interbedded by thin laminated sandstones (white arrow in Fig. 5B). C) 
Microphotograph of a muddy layer collected in the BZ section. D) Muddy layer within the BV section. D) Sandy layer of the MO section, showing a litho-feldspatho- 
quarztose composition, as shown in diagram (F). Axial belt provenance and Plutonic source are from Garzanti and Malusà (2008) and Coletti et al. (2016). 

Table 1 
Mineralogical compositions detected by XRD analysis.  

Sample qtz plg kfs chl cal dol wm/ill clay mins barite pyrox grt 

BV13 30 18 3 7 10 7 25 0 0 0 0 
BV14 27 24 8 8 0 5 28 0 0 0 0 
BV16 54 20 7 9 0 0 10 0 0 0 0 
BV21 25 22 12 10 4 6 21 0 0 0 0 
BV22 34 17 4 14 7 0 24 0 0 0 0 
MO6 22 21 15 16 0 0 26 0 0 0 0 
MO5 35 15 9 12 0 8 21 0 0 0 0 
MO4 30 21 10 11 0 5 17 0 0 6 0 
MO1 23 23 9 11 5 0 25 4 0 0 0 
MO2 22 13 9 18 0 8 24 6 0 0 0 
MO3 28 18 6 20 0 0 23 5 0 0 0 
BZ1 25 18 7 10 12 11 17 0 0 0 0 
BZ2 39 13 4 12 5 13 14 0 0 0 0 
BX1 34 21 4 15 9 7 10 0 0 0 0 
BX2 25 17 10 12 12 10 14 0 0 0 0 
BX3 45 13 8 10 4 6 14 0 0 0 0 
TER1 18 0 0 6 56 11 9 0 0 0 0 
TER2 7 0 0 2 85 0 6 0 0 0 0 
TER3 13 0 0 6 72 0 9 0 0 0 0 
TER4 54 7 3 3 11 7 13 0 0 0 2 
TER6 29 0 0 11 36 0 16 0 0 0 8  

A. Di Capua et al.                                                                                                                                                                                                                              
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5.2. Paleo-drainages’ reconstruction from the Eocene to the Oligocene 

During the Eocene and the Lower Oligocene, provenance analyses on 
gravelly-sized detritus indicated that the Adriatic foredeep received in-
puts from the Mesozoic sediments proximal to the basin (Bernoulli et al., 
1988; Mancin et al., 2001). Nevertheless, the largest part of the sedi-
mentary sequences was constituted of marly to muddy detritus whose 
provenance has never been constrained, limiting the reconstruction of 
Alpine paleo-drainages before the Late Oligocene (e.g., Di Giulio et al., 
2001; Garzanti and Malusà, 2008). 

The compositional analyses on the terrigenous detrital fraction car-
ried out in this work shed a new light on this point. Quartz, chlorite, 
muscovite and feldspars detected within the Ternate-Travedona For-
mation indicates that plutono-metamorphic terranes must have sourced 
detritus to the basin next to the Mesozoic sedimentary sequences during 
the Eocene and the Early Oligocene. The identification of garnet, a 
typical mineral index of medium to high-grade metamorphic rocks, and 
oxides and sulphurs of Co, Ni and Fe, typically deriving from the 
weathering of ultramafic rocks (Berger et al., 2011), allows a better 
identification of terranes involved in the sediment routing system, 
indicating a sediment source rooted within high-graded paraderived 
metamorphic terranes (garnet) and ultramafic terranes (oxides and 
sulfur of Co, Ni and Fe). In the Southern Alps, such kind of signature can 
be only found in the Diorite-Kinzigite series of the Ivrea-Verbano com-
plex that is composed, among the others, of paraderived and ultramafic 
terranes, the latter preserving Co and Ni oxides as weathering products 
(e.g., Mattirolo et al., 1927; Carraro et al., 1970; Berger et al., 2012). 
This complex, already exposed to the surface during the Eocene (Berger 
et al., 2012), was (and is still) bordering the basin to the west and, 
therefore, largely supplied the quarzo-feldsphatic detritus to the western 
Adriatic foredeep (Fig. 8A). 

To the east, detrital signatures of muddy sediments of the Chiasso 
Formation (BZ and MO sections) are comparable to those of the Villa 
Olmo Conglomerate (BV and BX section), as their mineralogical as-
semblages do not show sensitive variations among each other. Such 
assemblages indicates that the paleo-drainage supplying this sector of 
the basin comprised the Permo-Mesozoic sedimentary covers of the 
Southalpine domain, which mostly include dolostones and limestones, 
interbedded by terrigenous formations, and spatially-limited volcanic 
sequences, together with the Southalpine metamorphic basements, 
which is mainly composed of para- and orthoderived terranes (e.g., Di 
Capua et al., 2016a). In addition, petrographic observations and calcu-
lated metamorphic index (368) for the MO1 sandy layer indicate an 
involvement of high-grade metamorphic terranes of the axial belt (ter-
ranes north of the PFS) (Garzanti et al., 2010), next to the aforemen-
tioned Southalpine domain terranes (Fig. 8B). This provenance is 
consistent with the presence of high-graded metamorphic detritus and 
plutonic detritus ascribable to the Bergell pluton and surrounding areas, 
documented within the Villa Olmo Conglomerate by several authors (e. 
g., Giger and Hurford, 1989; Carrapa and Di Giulio, 2001; Di Capua 
et al., 2016a, 2022). 

5.3. Inherited tectonic setting and paleo-drainages evolution 

The presence of ultramafic signature only in the western side of the 
basin represents a key point sustaining the hypothesis of a multiple 
drainage network feeding the Adriatic foredeep at the Eocene-Oligocene 
boundary. This period represents a turning point for the Southalpine belt 

growth that passed from being a subduction-related, non-collisional 
orogen (Cretaceous – lower Paleogene) to a collisional orogen (upper 
Paleogene (e.g., Garzanti and Malusà, 2008; Zanchetta et al., 2015). The 
control of this progressive geodynamic change on the evolution of sur-
face network is recorded in the Cretaceous to Paleogene submarine se-
quences within the Adriatic foredeep. Considering the compositional 
data in the literature, it can be supposed that a multiple network of 
drainage systems was present in the area since the Cretaceous, with 
ultramafic detritus accumulation limited to the western side of the basin 
(within the Varese Flysch - Bernoulli and Winkler, 1990). This local 
signature and the subsequent multiple networks are then confirmed in 
the Paleogene, as documented in this work, and are well documented 
during the Oligo-Miocene boundary, as testified by the presence of ul-
tramafic detritus in the westernmost outcrops belonging to the Como 
Conglomerate (Di Capua et al., 2022). Therefore, persistence of bimodal 
provenance from the Cretaceous to the Cenozoic times suggests that 
Southalpine drainage networks were already constituted during the 
Cretaceous subduction stage, in response to the first deformation of the 
Adriatic sequences, and then survived throughout the different phases of 
the orogenesis. Therefore, although it is impossible to identify 
pre-Neogene paleo-rivers compared to present-day topography, as no 
pre-Neogene terrestrial deposits connected to the basin are still pre-
served, it is likely that pre-Neogene drainage patterns developed 
exploiting Mesozoic tectonic lineaments as preferential ways through 
which drainages supplied sediments to the Adriatic foredeep (e.g., Di 
Capua et al., 2022). This would indicate that, during the collisional 
stage, rates at which paleo-drainages were acting on the topographic 
surface, denudating terranes and incising their pathways, were higher 
than tectonic deformation rates at which Southalpine sequences have 
been overturned towards south and southeast (e.g., Berger et al., 2012; 
Scaramuzzo et a., 2021). Persistence of detrital signatures were per-
turbated only when, with the activation of the dextral transpression 
along the Periadriatic Fault System during the post-collisional stage, 
Southalpine paleo-drainages were connected to drainage branches 
located to the north of the Periadriatic Fault system, beginning to 
receive detritus also from the Austroalpine and Penninic terranes across 
the Oligo-Miocene times (Carrapa and Di Giulio, 2001; Di Giulio et al., 
2001; Malusà et al., 2011; Sciunnach, 2014; Di Capua et al., 2022). 

5.4. Syn-sedimentary climate fingerprint on sediments’ production and 
transportation 

During the Eocene – Oligocene transition, Southern Alps and the 
related peripheral basins were in tropical to sub-tropical area, domi-
nated by general wet climatic conditions that strongly influenced 
weathering of belt terranes and compositional signatures in basins’ 
sediments (Mancin et al., 2001; Bassi and Nebelsick, 2010; Braga et al., 
2010). Such conditions were at the base of the accumulation of Ni–Co 
oxides and sulfur revealed by SED-EDS analyses within the 
Ternate-Travedona Formation from one side, as well as at the base of the 
bias signature recorded by calcareous fragments within the sedimentary 
sequences on the other side. Ni–Co oxides and sulphurs are generally 
produced by weathering of ultramafic rocks under tropical-subtropical 
climate conditions (Berger et al., 2011). Their enrichment within the 
muddy detritus of the Ternate-Travedona Formation sequence indicates 
that large portions of ultramafic terranes were under strong weathering 
conditions, favoring the liberation of good volumes of Ni–Co oxides and 
sulphurs that underwent to transportation, dilution and accumulation 

Table 2 
Key petrographic and mineralogical parameters of sandstone layer MO1 from the Chiasso Formation. Q = quartz; F = feldspar (KF––K-feldspar; P = plagioclase); L =
lithic grains (Lv = volcanic; Lc = carbonate; Lph = shale/siltstone and chert; Lmsf = metasedimentary and metafelsite; Lmb = metabasite and ultramafic); HM = heavy 
minerals. MI* and MI = Metamorphic Indices (Garzanti and Vezzoli, 2003).  

FM Sample Q KF P Lv Lc Lph Lmsf Lmb mica HM total MI* MI  

Chiasso MO1 55 9 18 2 0 0 3 0 13 0 100,0 368 280   
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within the basin. In turn, carbonate grains are almost complete absent in 
mudstones (where the calcite signature of XRD is related to the precip-
itation of calcareous mud wrapping particles) and sandstones, but 
widely documented within conglomerates (Fig. 7) (cfr. Bernoulli et al., 
1988; Carrapa and Di Giulio, 2001; Di Giulio et al., 2001; Bini et al., 
2015; Di Capua et al., 2016a, 2022). This bias indicates that carbonate 
sequences, which constitute the Southalpine terrane belt most proximal 
to the basin, were subjected to strong weathering, being dissolved and 
transported by water in solution, rather than as particles by rivers. In 
turn, when large flash floods were discharged to the basin, carbonate 
fragments off-scraped from the substrate were mobilized together with 
other terrigenous materials and accumulated as debrites in the basin. 
This bias is relatable to the high proneness of carbonates to be weathered 
under wet tropical climatic conditions (e.g., Klunk et al., 2019; Gold-
scheider et al., 2020 and ref. therein), conditions that probably lasted 
across the considered time period. 

Additional clues about how Paleogene climate was interacting with 
the belt is given by the presence of clay minerals. Clay minerals normally 
derive from the weathering of silicate rocks (e.g., Koita et al., 2013; 
Jaques et al., 2020), and dominate the Paleogene sedimentary sequences 

of the Adriatic foredeep to the east (Bosellini and Trevisani, 1992) and to 
the south (Aldega et al.). Nevertheless, in the studied sequences, clay 
minerals abruptly appear only at the boundary between the Chiasso 
Formation and the Como Conglomerate, where calcite signal disappears 
from the deposits (Fig. 6). This sort of positive pulse of clay minerals 
(and negative pulse for calcite precipitation) might have been deter-
mined by a local change in climatic conditions, such as change in rainfall 
rates, or change in rainfall season alternation. Carbonates are normally 
more prone to weathering rather than silicates, but it has been demon-
strated that under alternation of wet and dry seasons result in the 
alternation of weathering of carbonates and silicates differently, with 
the latter that are weathered instead of the first under dry climate 
(Tipper et al., 2006). Although few are the elements to gain to a 
conclusion in this work, it is possible to speculate that short term cli-
matic trends recognized at the Rupelian/Chiattian boundary (e.g., Van 
Simaeys et al., 2004 and ref. therein) had an influence on the production 
and transportation of sediments within the Adriatic foredeep, and such 
changes have been differently recorded from west to east of its margin. 
Combining these considerations with kinematic evolution of the belt (e. 
g., Berger et al., 2012; Scaramuzzo et al., 2022) would enhance models 

Fig. 6. Summary of petrographic, XRD and biostratigraphic results plotted on sampled logs. Diagrams on the right of the logs are results of XRD analyses, single plots 
are XRD and petrographic point count results on rip-up clasts (TER2, TER4, BV13) and a single sandy layer (MO1). Stratigraphic correlations are based on field 
evidence and previous works by Gelati et al. (1988), Tremolada et al. (2010) and Di Capua et al. (2016a,b). Musc./Ill.: muscovite/illite; Cl. Min.: clay minerals. 
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on climatic feedbacks of the growth of the Alpine chain (e.g., Kuhlemann 
et al., 2002) and would give better constraints of how sedimentary 
mechanisms supplying detritus to a foredeep basin are controlled by 
tectonically-forced climate changes on millennial to millionaire time 
scale. 

6. Conclusion 

The application of analytical methodologies in the unravelling of 
provenance of fine-grained detritus has been greatly improved in the last 
two decades (e.g., Caracciolo et al., 2009, 2020; Perri et al., 2012; 

Borromeo et al., 2019; Paleari et al., 2019; Cavalcante et al., 2023). In 
line with those Authors, the present work investigated the detrital sig-
natures of fine-grained sequences accumulated from the Eocene to the 
Upper Oligocene in the north-western side of the Adriatic Foredeep 
basin. The multidisciplinary approach (mineralogical, petrographic and 
biostratigraphic analyses) within different stratigraphic levels of the 
sedimentary sequence allowed to enlarge the detrital source areas (once 
considered composed by the only Mesozoic Southalpine domain se-
quences), and revealed crucial information in the reconstruction of how 
sedimentary systems behave in transitional collisional to post-collisional 
geodynamic settings. The identification of an ultramafic signature only 

Fig. 7. Comparison among compositions of a sandy (S) layer, point-counted through Gazzi-Dickinson method, a muddy layer (M) through XRD analyses, and a 
conglomerate bed (C), gain through lithological association of the gravel-sized detritus (from Di Capua et al., 2016a,b) of section MO. Plu: plutonic rocks; And: 
andesites; mar: marls; par: paragneiss; rhy: rhyolites; ter: terrigenous; car: carbonate rocks; ort: ortogniess; qtz: quartz; k–f: k-feldspar; dol: dolomite; clm: clay 
minerals; plg: plagioclase; chl: chlorite; w/i: muscovite/illite; Lv: volcanic lithics; Lm: metamorphic lithics; mu: muscovite. 

Fig. 8. Paleodrainages’ sketches from provenance results. A) Paleodrainage supplying detritus to the Western Adriatic Foredeep Basin during the accumulation of the 
Ternate-Travedona Formation. Location of the Paleogene carbonate platform is only supposed. B) Paleodrainage supplying detritus to the eastern part of the Adriatic 
Foredeep Basin (Como area) during the accumulation of the Chiasso Formation. 
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within the western part of the basin documented the inheritance of 
source-to-sink system’s paleo-drainages from the Alpine non-collisional 
stage of the Cretaceous time to that of the collisional stage of the 
Paleogene. The comparison between compositional data of fine and 
coarse detritus indicated a climatically controlled bias in sediment 
petrography, giving insights on putative changes in local climatic con-
ditions that controlled sedimentary mechanisms supplying detritus to 
the foredeep basin. 

Credit Author Statement 

Andrea Di Capua: Conceptualization, Fieldwork, Petrographic ana-
lyses, Writing, Picture editing, Samuele Miano: Fieldwork, XRD ana-
lyses, SEM-EDS analyses, Franz A. Livio: Fieldwork, Writing, Picture 
editing, Giovanni Vezzoli: Petrographic analyses, Writing, Davide 
Campagnolo: XRD analyses, Alessandro Cavallo: XRD analyses, Writing, 
Gabriele Carugati: SEM-EDS analyses, Sergio Bonomo: Biostratigraphic 
analyses, Writing, Antonio Caruso: Biostratigraphic analyses,Writing, 
Davide Campagnolo: Writing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

Dr. Laura Galletti (Holcim) is acknowledged for sampling permission 
in the Ternate-Travedona Quarry. A. Berlusconi and G. Izzo are 
acknowledged for sampling assistance. The authors acknowledge four 
anonymous reviewers and the A.E. L. Caracciolo for their comments, 
which improved the early version of this manuscript. 

References 

Aldega, L., Brandano, M., Cornacchia, I., Trophism, climate and paleoweathering 
conditions across the Eocene-Oligocene transition in the Massignano section 
(northern Apennines, Italy). Sediment. Geol. 405, 105701.. 
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sediment budget history of the Alps: tectonic versus climatic control. Int. J. Earth Sci. 
91, 818–837. 

Litty, C., Schlunegger, F., 2017. Controls on pebbles’ size and shape in streams of the 
Swiss Alps. J. Geol. 125, 101–112. 

Lu, G., Di Capua, A., Winkler, W., Rahn, M., Guillong, M., von Quadt, A., Willet, S.D., 
2019. Restoring the source-to-sink relationships in the Paleogene foreland basins in 
the Central and Southern Alps (Switzerland, Italy, France): a detrital zircon study 
approach. Int. J. Earth Sci. 108, 1817–1834. 

Lu, G., Fellin, M.G., Winkler, W., Rahn, M., Guillong, M., von Quadt, A., Willet, S.D., 
2020. Revealing exhumation of the central Alps during the Early Oligocene by 
detrital zircon U-Pb age and fission track double dating in the Taveyannaz 
Formation. Int. J. Earth Sci. 109, 2425–2446. 

A. Di Capua et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0264-8172(23)00379-3/sref2
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref2
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref3
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref3
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref3
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref3
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref4
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref4
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref4
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref5
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref5
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref5
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref6
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref6
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref6
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref7
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref7
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref7
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref8
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref8
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref8
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref9
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref9
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref9
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref10
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref10
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref11
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref11
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref11
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref12
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref12
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref12
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref13
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref13
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref13
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref15
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref15
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref15
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref15
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref15
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref15
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref16
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref16
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref16
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref17
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref17
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref17
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref19
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref19
https://doi.org/10.1016/j.marpetgeo.2023.106204
https://doi.org/10.1016/j.marpetgeo.2023.106204
https://doi.org/10.1107/S0021889802017405
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref21
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref21
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref21
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref22
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref22
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref22
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref23
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref23
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref23
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref24
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref24
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref24
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref25
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref25
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref25
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref25
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref26
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref26
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref26
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref27
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref27
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref28
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref28
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref29
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref29
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref32
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref32
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref32
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref33
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref33
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref33
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref34
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref34
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref34
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref35
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref35
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref35
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref35
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref37
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref37
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref37
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref38
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref38
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref38
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref38
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref39
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref39
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref39
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref40
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref40
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref41
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref41
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref41
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref41
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref42
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref42
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref42
http://refhub.elsevier.com/S0264-8172(23)00379-3/sref42


Marine and Petroleum Geology 157 (2023) 106473

12
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