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Abstract: The southern Apennines (Italy) chain is a fold-and-thrust belt mainly derived from the
deformation of the African–Apulian passive margin where shallow-water, basinal, and shelf-margin
facies successions, including fine-grained sediments, occur. Here, we provide a review of the
geochemistry of Meso–Cenozoic shales from the Lagonegro basin to elucidate provenance and
paleoweathering. The different suites of these shales are dominated by 2:1 clay minerals and are
Fe shales and shales. An R-mode factor analysis suggests Ti, Al, and LREE (F1) and K2O-MgO
(F2) covariance, likely related to the illite → smectite → kaolinite evolution during weathering.
HREE and Y are distributed by phosphate minerals, suggesting LREE/HREE fractionation. The CIA
paleoweathering proxy rules out non-steady-state weathering conditions and indicates that the source
area was affected by moderate to intense weathering. The paleoprecipitation values derived from
the CIA-K and CALMAG indices show median values in the 1214–1610 mm/y range. The Eu/Eu*,
Sm/Nd, and Ti/Al provenance ratios point toward a UCC-like source excluding any mafic supply
and suggest that the Lagonegro basin was connected, through a southern area, with the African
cratonic area. However, the Eu/Eu* median value of the southern Apennine shales is quite similar to
the value of the Archean shales, possibly indicating a less differentiated component. This is consistent,
in many samples, with the value of the (Gd/Yb)ch ratio, suggesting that the shales likely incorporated
ancient sediments derived from African Archean terranes through a cannibalistic process.

Keywords: geochemistry; Apennine shales; trace elements; rare earth elements; factor analysis; paleoclimate

1. Introduction

The chemical composition of siliciclastic sedimentary rocks is an important record
of the geological evolution of the continental crust through time, because some elements
are quantitatively transported in the terrigenous fine fraction [1]. Of these, the rare earth
elements (REEs) are the most useful because their distribution is not affected by secondary
processes, and the REE patterns of fine-grained siliciclastic sediments and some elemental
ratios, especially Eu/Eu*, are assumed to reflect the exposed crustal abundance in the source
area [2–9]. However, weathering conditions affect the leaching of elements during the path
from the protolith(s) to the sediment(s). Low-field-strength elements have a high affinity
for aqueous phases, although some of them can be further partially incorporated into
secondary clay minerals (see [10,11], and references therein). Mobile elements can be used
to evaluate the degree of chemical weathering [12–16] and to characterize the paleoclimate
and paleoprecipitation [17–23]. Consequently, the distributions of both selected major
and trace elements in fine-grained siliciclastic sediments are widely used to constrain the
provenance, paleoweathering, and paleoclimate conditions.

The evolution of the geology of the Mediterranean area includes peculiar phenomena,
such as continental rifting during the Triassic, oceanic spreading in the Jurassic–Early
Cretaceous, the closure of the Tethys from the Late Cretaceous to the Tertiary, and finally,
the continental collision between the Adriatic–African plate and the European plate. This
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work provides a review of the geochemistry of Meso–Cenozoic shales in the southern
Apennines (Italy) to elucidate the parental affinity and paleoclimate conditions affecting
shale formation to furnish a more comprehensive picture of the geological frame involved.
As indicated in Table 1, all data in this paper are already published. The aim of this
work was to discuss these data from different perspectives in order to give them new
interpretations and to obtain new useful information.

2. Geological Framework

The southern Apennines is a fold-and-thrust belt of Adriatic origin, the formation of
which mainly derived from the deformation of the African passive margin (Figure 1). The
thrust belt formed during the Oligocene–Pleistocene and involved the early accretionary
phases, sedimentary cover, and the ophiolitic suite of the Ligurian Ocean [24,25]. During
the Miocene, the wedge consisted mainly of Meso–Cenozoic plate-forming sediments and
deep-water environments and Neogene–Pleistocene foredeep deposits.
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Figure 1. Geological map of southern Italy with sampling site localization.

The paleogeography of the southern Apennines in the Mesozoic is a fundamental
building block for understanding the geodynamics of the western Mediterranean [26]. Con-
sidering the simplest reconstruction of the pre-Orogenic paleogeography of the southern
Apennines, we observe that the African (Apulian) passive margin was characterized by a
Meso–Cenozoic pelagic basin (Lagonegro basin) belonging to the Ligurian oceanic domain
and lying between two carbonate platforms of the same age (Figure 2) [27–30].

The pre-Orogenic successions of Lagonegro are composed of siliciclastic, carbonate,
and siliceous sediments from the Lower–Middle Triassic to the Oligo–Miocene [28]. The
oldest rocks consist of shallow-water siliciclastic sediments, organogenic limestones, and,
upwards, of siliciclastic deposits that indicate a progressive deepening of the basin; these
rocks make up the Monte Facito Fm (Lower–Middle Triassic). Superimposed on this forma-
tion, we observe pelagic succession characterized by predominant carbonate sedimentation
until the late Triassic (“Calcari con selce” Fm) that was subsequently replaced by Jurassic
siliceous sedimentation (“Scisti silicei” Fm).

A significant increase in tectonic activity along the platform–basin boundaries, which
resulted in uplift and erosion of the platform margins between the Late Cretaceous and
the Oligocene, was responsible for the deposition of coarse-grained calcareous–clastic
sediments interbedded with reddish marls and shales (“Flysch Rosso” Fm) and varicolored
shales and marls (“Argille Varicolori” Fm) with the latter accumulating in a depocentral
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area of the basin [28,29]. Near Campomaggiore and Vaglio di Basilicata, along the front of
the southern Apennines chain, there are outcrop successions of “Flysch Rosso” Fm where
shales are interbedded with siltstones and radiolarian cherts.
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LU and SU = Ligurian ocean and internal basinal to shelf-margin domains (‘Liguride’ and ‘Sicilide’
units); CLP and APC = Campania-Lucania and Apulian platforms; G = Flysch Galestrino (Lower–
Middle Cretaceous); VC = varicoloured clays (middle Cretaceous–Oligocene), FR = Flysch Rosso
(Upper Cretaceous–Oligocene). Modified from [26].

3. Sampling and Analytical Methods

For this study, a total of 52 samples were taken from four different suites, and most of
them belonged to the “Flysch Rosso” Formation. Near the localities of Campomaggiore and
Vaglio di Basilicata, 22 “Flysch Rosso” samples (FRA suite) were collected in a succession
where shales are interbedded with siltstones and radiolarian cherts [31]. Sixteen samples
of “Flysch Rosso” shales from boreholes crossing a sequence with minor calcarenite levels
(FRB suite) [32] were sampled near the village of Monteverde, in the northeastern sector of
the Lucanian Apennines. Finally, 14 samples (VC suite) of shales belonging to the “Argille
Varicolori” Fm [3,33] were taken from a borehole crossing a pelitic sequence with rare
limestones and marly limestones at the eastern boundary of the southern Apennine chain,
near the village of Tolve.

Major elements were estimated by Philips (Netherland) PW 1410 X-ray fluorescence
spectrometer on powdered samples using a matrix correction method [34–36]. The amount
of trace elements, including REEs, was obtained by using ICP-MS at the Centre de Recherche
Petrograpique et Geochimique of Vandoeuvre-les-Nancy [37]. The estimated precision and
accuracy for trace element determinations were better than 5%, except for elements with a
concentration of 10 ppm or lower (10%–15%). Total loss on ignition (LOI) was gravimetri-
cally estimated after overnight heating at 950 ◦C. Average errors for trace elements were
less than ±5%m except for elements present at 10 ppm or lower (±5–10%).

Finally, univariate, and multivariate statistics were performed with STATGRAPHICS
18 software.

4. Results and Discussion
4.1. Mineralogy and Geochemistry

The mineralogical composition of studied samples was quite homogeneous (Table 1),
showing that the mineralogy was dominated by 2:1 clay minerals, such as illite and smec-
tite, with the latter probably being derived from the weathering of illite, e.g., [38,39].
Kaolinite generally had a similar abundance to chlorite, whereas quartz and calcite were
minor phases.

The results for the major and trace elements’ abundances and fractionation indexes
are reported in Table 2; Table 3 and as box and whiskers plots in Figures 3–5. Furthermore,
The log(SiO2/Al2O3) vs. log(Fe2O3/K2O) classification diagram indicates that the majority
of samples can be classified as shales and Fe shales (Figure 6).
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Table 1. General features and the main mineralogical composition of the studied sample suites.

Locality Lithology Age Formation Sample Code No. of Samples Mineralogy

Campomaggiore
and Vaglio di
Basilicata [31]

shales interbedded
with siltstones and
radiolarian cherts

Late Cretaceous–
Medium
Miocene

Red Flysch Fm. FRA 22
Illite > Smectite >

Kaolinite, Chlorite >
Quartz > Calcite

Monteverde
village [32]

shales with
minor calcarenite

levels

Late Cretaceous–
Medium
Miocene

Red Flysch Fm. FRB 16
Smectite > Illite >

Kaolinite, Chlorite >
Quartz > Calcite

Tolve village
[3,33]

pelitic sequence with
rare limestones and

marly limestones

Upper
Cretaceous–Lower

Eocene

Argille
Varicolori Fm. VC 16

Illite > Smectite >
Kaolinite, Chlorite >

Quartz > Calcite

Table 2. Major oxides (wt.%) of studied shale samples.

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI

FRA3 63.4 0.69 14.4 6.03 0.77 1.57 0.54 1.01 1.4 0.05 10.1
FRA4 58.9 0.79 16.6 8.72 0.04 1.44 0.42 0.98 1.5 0.07 10.6
FRA8 57.9 0.77 16.0 9.78 0.06 1.48 0.43 1.07 1.4 0.08 11.1

FRA10 58.5 0.80 17.8 6.51 0.25 1.47 0.57 1.01 1.4 0.10 11.7
FRA15 57.3 0.77 16.5 10.09 0.05 1.37 0.47 0.98 1.4 0.10 11.8
FRA16 67.8 0.55 12.7 6.36 0.03 1.41 0.44 0.99 1.0 0.11 8.86
FRA17 57.4 0.86 19.0 9.0 0.11 2.21 1.13 0.41 1.9 0.06 6.90
FRA18 68.5 0.69 13.7 7.99 0.04 1.47 0.36 1.02 1.5 0.08 5.41
FRA19 62.6 0.83 16.7 9.5 0.06 1.49 0.28 1.15 1.3 0.06 5.99
FRA20 59.2 0.90 18.7 9.98 0.05 1.52 0.31 1.26 1.7 0.11 5.67
FRA21 66.7 0.69 14.9 5.71 0.04 1.44 0.24 0.84 1.1 0.05 6.25
FRA22 65.8 0.70 16.6 6.48 0.07 1.68 0.37 0.59 1.1 0.06 7.03
FRA23 60.4 0.88 20.1 6.84 0.05 1.57 0.27 0.97 1.5 0.07 6.94
FRA24 68.2 0.66 14.8 7.17 0.05 1.57 0.2 0.92 1.2 0.07 6.04
FRA25 61.7 0.81 17.8 8.88 0.04 1.68 0.17 1.16 1.5 0.05 5.94
FRA26 63.1 0.73 18.2 6.6 0.05 1.86 0.31 0.71 1.3 0.05 7.14
FRA27 55.3 0.87 18.2 8.67 0.30 1.32 0.9 0.24 1.4 0.07 12.8
FRA29 67.9 0.58 13.1 5.63 0.11 1.47 0.7 0.23 1.4 0.05 8.82
FRA30 67.2 0.70 15.3 2.78 0.02 1.21 0.74 0.28 1.3 0.05 10.4
FRA31 68.9 0.65 13.6 4.12 0.09 1.24 0.72 0.25 1.3 0.05 9.10
FRA32 63.4 0.75 14.8 7.58 0.03 1.52 0.81 0.28 1.6 0.12 9.23
FRA35 58.6 0.89 17.9 5.79 0.04 2.2 0.88 0.35 2.0 0.07 11.6
FRB1 48.8 0.94 21.6 8.26 0.05 2.85 0.86 2.32 2.4 0.08 11.8
FRB2 49.1 0.89 20.6 12.53 0.05 2.8 0.38 1.35 3.1 0.09 9.05
FRB3 49.1 0.88 22 9.13 0.04 2.65 0.42 1.76 2.8 0.06 11.2
FRB4 51.9 0.92 21 9.79 0.03 3.11 0.41 1.61 3.0 0.05 8.13
FRB5 50.3 0.79 19.9 10.36 0.42 3.65 0.54 1.63 3.3 0.06 9.01
FRB6 50.7 0.85 20.5 8.97 0.05 3.36 0.5 2.27 3.2 0.06 9.68
FRB7 51.6 0.83 19.9 9.35 0.06 3.53 0.54 1.65 3.1 0.07 9.30
FRB8 49.6 0.87 20.4 9.15 0.19 3.33 0.59 1.66 2.9 0.07 11.10
FRB9 52.2 1.08 21.1 9.14 0.04 3.28 0.51 1.78 3.0 0.10 7.77
FRB10 51.6 0.95 20.8 9.26 0.04 3.16 0.63 1.72 2.8 0.09 8.97
FRB11 50.3 0.94 20.4 10.86 0.04 2.91 0.54 1.71 2.7 0.09 9.65
FRB12 50.1 0.92 20.4 8.62 0.34 3.09 1.16 2.28 2.3 0.07 11.20
FRB13 52.2 1.07 22 8.42 0.04 2.92 0.47 1.4.0 2.5 0.08 8.97
FRB14 49.7 0.97 20.2 11.73 0.03 2.69 0.74 1.85 2.4 0.09 9.65
FRB15 48.5 1.12 20.9 8.26 0.15 2.8 2.77 2.22 2.0 0.10 11.20
FRB17 50.5 1.13 21.6 9.85 0.04 2.51 0.5 1.97 2.3 0.09 9.49
VC2 49.9 1.06 24.5 7.37 0.09 1.83 2.04 1.52 2.6 0.12 8.99
VC4 46.4 1.21 28.5 6.48 0.03 1.33 0.38 3.13 1.1 0.09 11.30
VC6 50.7 0.97 22.9 9.9 0.05 2.42 0.16 1.36 4.0 0.06 7.46
VC8 50.7 1.30 25.9 6.24 0.30 1.91 0.35 1.77 2.4 0.07 9.30
VC9 49.3 1.01 24.5 9.75 0.04 1.75 0.62 1.78 2.1 0.07 9.15
VC12 52.2 1.21 23.5 7.13 0.04 2.28 0.98 1.61 3.0 0.09 7.90
VC13 49.4 1.22 23.4 9.07 0.04 2.62 1.09 1.82 3.4 0.07 7.83
VC14 50.1 1.51 27.8 4.7 0.03 1.38 0.34 1.89 2.2 0.06 10.0
VC15 51.9 1.38 27.2 5.2 0.03 1.62 0.36 1.41 2.5 0.06 8.39
VC16 53.7 1.18 24.6 6.3 0.05 1.86 0.72 1.36 2.5 0.08 7.68
VC18 53.2 1.13 27.2 4.96 0.04 1.07 0.35 0.63 1.0 0.07 10.3
VC20 50.9 1.17 26.3 6.64 0.03 1.53 0.49 0.97 1.9 0.05 10.1
VC22 49.2 1.38 28.2 6.89 0.04 1.52 0.27 1.12 1.3 0.06 10.0
VC23 49.5 1.22 23 7.29 0.04 2.55 1.04 4.0 3.5 0.10 7.71
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Table 3. Trace elements (ppm) of the studied shale samples.

Ba Y La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LREE HREE ΣREE Ce/Ce* Eu/Eu* (La/Yb)cho (Gd/Yb)cho

FRA3 151 22 34.8 76.6 30.1 6.4 1.2 5.3 0.8 4.2 0.9 2.4 0.4 2.4 0.4 147.9 17.98 165.9 1.0 0.65 9.80 1.79
FRA4 152 24 38.5 83 33.4 6.8 1.4 6.1 1 4.4 0.9 2.4 0.4 2.5 0.4 161.7 19.52 181.2 1.0 0.68 10.41 1.98
FRA8 141 28 40.7 87 34.8 8.1 1.7 6.8 1 5 1.2 2.8 0.4 2.5 0.4 170.6 21.7 192.3 1.0 0.69 11.00 2.20
FRA10 172 28 45.7 98.8 41.2 8.8 1.8 7.6 1.2 5.6 1.1 2.9 0.4 2.5 0.4 194.5 23.52 218.0 1.0 0.67 12.35 2.46
FRA15 160 31 45 93.2 40.2 8.8 1.9 7.8 1.2 5.9 1.2 3.1 0.4 2.8 0.4 187.2 24.68 211.9 1.0 0.69 10.86 2.26
FRA16 118 31 32.2 88.2 34.1 8.7 1.9 7.8 1.2 5.4 1.1 2.7 0.4 2.4 0.4 163.2 23.22 186.4 1.2 0.70 9.07 2.63
FRA17 178 22 36 75.2 30.4 6.1 1.4 5.1 - 4.3 - 2.5 - 2.2 0.4 147.7 15.88 163.6 1.0 0.74 10.91 1.86
FRA18 190 23 32.7 66.7 29.7 6.3 1.4 5.2 - 4.3 - 2.8 2.1 0.4 135.4 16.12 151.5 1.0 0.73 10.33 1.95
FRA19 240 21 34.6 73.5 29.8 6.1 1.3 4.9 - 4.2 - 2.3 2.1 0.4 144 15.12 159.1 1.0 0.74 11.03 1.85
FRA20 185 38 42.2 85.2 37.7 8.5 1.9 7.2 - 5.9 - 3 - 2.7 0.5 173.6 21.07 194.7 0.9 0.73 10.76 2.21
FRA21 325 19 30.8 65.5 26.4 5 1.1 4 - 3.5 1.9 1.8 0.3 127.7 12.59 140.3 1.0 0.72 11.31 1.76
FRA22 204 22 33.9 74.1 28.7 5.8 1.2 4.7 - 3.9 - 2.2 - 1.9 0.3 142.5 14.26 156.8 1.0 0.69 11.81 1.98
FRA23 165 28 42.9 91.6 36.4 7.1 1.6 5.4 - 4.7 - 2.5 2.3 0.4 178 16.83 194.8 1.0 0.78 12.39 1.86
FRA24 175 15 30.3 74.6 27.9 5.8 1.3 5 - 4 2.5 - 2.1 0.4 138.6 15.22 153.8 1.1 0.72 9.75 1.91
FRA25 178 12 33.1 71.3 28.4 5.6 1.2 4.3 - 4 - 2.4 - 2.2 0.4 138.4 14.36 152.8 1.0 0.72 10.21 1.58
FRA26 126 22 31.2 70.1 25.3 5.1 1 4.2 - 3.4 - 2.1 - 1.8 0.4 131.7 12.82 144.52 1.07 0.65 11.46 1.85
FRA27 324 26 40.9 83.6 35.7 8.1 1.8 7.1 1 4.8 1 2.4 0.4 2.4 0.4 168.3 21.18 189.48 0.96 0.71 11.52 2.40
FRA29 205 19 28.4 64.3 24.9 5 1 4.6 0.7 3.2 0.7 2 0.3 1.9 0.3 122.6 14.74 137.34 1.06 0.66 10.10 1.96
FRA30 142 22 33.6 73.1 31.3 6 1.2 5.6 0.8 4.3 0.9 2.4 0.3 2.4 0.4 144 18.24 162.24 1.01 0.63 9.46 1.89
FRA31 194 21 32.7 68.3 31 6.2 1.3 5.2 0.8 3.8 0.8 2.3 0.4 2.6 0.4 138.2 17.54 155.74 0.97 0.69 8.50 1.62
FRA32 127 43 41.1 90.9 41 9.9 2.3 10 1.5 7.4 1.5 3.8 0.5 3.4 0.5 182.9 31.02 213.92 1.01 0.71 8.17 2.41
FRA35 126 28 38.9 88.6 33.5 7.4 1.6 6.4 0.8 5 1 2.6 0.4 2.6 0.4 168.4 20.84 189.24 1.07 0.71 10.11 1.99
FRB1 365 25.1 45.2 88.1 36.1 7.72 1.6 6.4 - 4.4 - 2.6 - 2.2 0.4 177.2 17.57 194.76 0.93 0.69 14.02 2.36
FRB2 341 24.1 45.7 91.2 36.1 7.63 1.6 6.3 - 4.2 - 2.6 - 2.1 0.4 180.6 17.17 197.77 0.95 0.69 14.65 2.42
FRB3 352 20.2 47.3 95.2 35.3 6.87 1.4 5.3 3.2 3.7 - 2.4 - 2 0.4 184.6 18.32 202.92 0.97 0.68 16.05 2.16
FRB4 297 19.1 45.4 91.9 37.4 7.88 1.6 6 2.6 4.2 - 2.4 - 2.1 0.4 182.6 19.27 201.83 0.96 0.70 14.54 2.31
FRB5 375 21.7 42.5 83.2 28.7 6.1 1.2 4.7 - 3.6 - 2.4 - 2.2 0.4 160.5 14.47 174.92 0.96 0.67 13.37 1.77
FRB6 514 17.1 40.6 78.4 28.3 5.7 1.2 4.8 2.8 3.5 - 2.2 - 2.1 0.4 153 16.96 169.93 0.94 0.71 13.00 1.82
FRB7 485 24.9 36.1 73.1 26.3 5.2 1.2 4.1 - 3.5 - 1.8 - 2 0.3 140.7 12.96 153.67 0.98 0.76 11.96 1.64
FRB8 374 20.6 40.8 80.3 29.1 6.03 1.3 4.9 - 3.7 - 2.2 - 2 0.4 156.2 14.4 170.62 0.96 0.72 13.58 1.95
FRB9 332 28.2 44.8 87.5 33.6 7.15 1.5 5.8 - 4.3 - 2.5 - 2.2 0.4 173.1 16.81 189.87 0.94 0.72 13.53 2.10
FRB10 308 25.6 42.7 81.8 32.6 6.64 1.4 5.6 2.9 4.1 - 2.3 - 2.2 0.4 163.7 18.86 182.52 0.92 0.71 13.29 2.07
FRB11 295 24.9 42.5 82.8 32.3 6.78 1.5 5.6 - 4.3 - 2.4 - 2.2 0.4 164.3 16.32 180.63 0.94 0.74 13.17 2.07
FRB12 442 24.1 40.4 78.7 30.8 6.45 1.4 5.3 - 4 - 2.3 - 2 0.4 156.4 15.4 171.77 0.94 0.72 13.65 2.16
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Table 3. Cont.

Ba Y La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LREE HREE ΣREE Ce/Ce* Eu/Eu* (La/Yb)cho (Gd/Yb)cho

FRB13 296 26.5 41.6 76.3 28.7 5.53 1.2 3.8 - 3.6 - 1.8 - 2 0.3 152.2 12.75 164.93 0.90 0.80 13.77 1.52
FRB14 212 23.8 43.1 83.2 33.7 6.82 1.5 5.7 2.5 4.2 - 2.4 - 2.1 0.4 166.8 18.7 185.51 0.93 0.75 13.79 2.17
FRB15 245 27.8 46.9 87.3 35.1 7.38 1.6 6.1 - 4.7 - 2.6 - 2.4 0.4 176.7 17.74 194.41 0.90 0.74 13.32 2.06
FRB17 235 31 47.9 92.9 38.9 7.79 1.8 6.2 - 5 - 2.5 - 2.4 0.4 187.4 18.24 205.65 0.92 0.78 13.25 2.07
VC2 148 35 51.3 99.6 40.5 8.29 1.7 6.8 0.8 5.1 - 3 - 2.5 0.4 199.7 20.31 220.03 0.93 0.69 13.99 2.21
VC4 108 34 55.5 113 45.5 8.85 1.8 6.8 0.9 5.6 - 3.1 - 3 0.5 222.7 21.67 244.32 0.97 0.69 12.37 1.81
VC6 198 22 54.1 107 42.7 7.33 1.4 5.6 0.8 4.2 - 2.6 - 2.7 0.5 210.6 17.71 228.35 0.94 0.64 13.40 1.66
VC8 198 29 62.8 118 47.6 9.23 1.7 6.4 0.7 5 - 2.9 - 2.8 0.5 237.3 19.97 257.3 0.90 0.66 15.31 1.87
VC9 167 20 47.6 85.6 31.1 5.96 1.3 5 1.2 4.1 - 2.3 - 2.2 0.4 170.2 16.52 186.74 0.89 0.74 14.34 1.79
VC12 235 33 57.6 103 46 9.28 1.8 7.3 0.9 5.7 - 3.2 - 2.9 0.5 216 22.33 238.37 0.85 0.68 13.62 2.08
VC13 758 33 74.7 138 57.9 10.6 1.9 7.5 0.9 5.8 - 3.3 - 3.4 0.6 281.6 23.27 304.88 0.89 0.64 15.03 1.81
VC14 145 31 80.9 136 62.4 11 1.8 6.8 0.7 5.8 - 3.4 - 3.3 0.6 290.4 22.41 312.82 0.81 0.65 16.57 1.67
VC15 237 28 75.7 130 59.3 10.4 1.7 6.3 0.7 5.3 - 3.3 - 3.2 0.5 274.9 21 295.87 0.82 0.65 16.23 1.63
VC16 151 30 60.1 97.7 45.1 8.36 1.6 6.3 0.9 5.1 - 3.1 - 2.8 0.5 211.3 20.36 231.65 0.78 0.67 14.40 1.82
VC18 130 28 44.8 78.7 37.2 7.05 1.4 5.4 0.7 4.6 - 2.6 - 2.6 0.5 167.8 17.8 185.58 0.83 0.70 11.56 1.66
VC20 220 24 56.4 106 42.9 8.05 1.5 5.4 1 4.7 - 2.9 - 2.6 0.5 213 18.53 231.57 0.90 0.68 14.90 1.72
VC22 143 31 52 99.1 41.2 7.13 1.4 4.9 0.4 4.7 - 2.8 - 2.9 0.5 199.3 17.49 216.78 0.91 0.70 12.23 1.38
VC23 171 22 66.7 117 54 10.3 1.9 7.6 0.8 6.2 - 3.7 - 3.4 0.6 248.3 24.15 272.49 0.84 0.66 13.25 1.80

Note: Eu/Eu* = [Eun/
√

(Smn · Gdn)]; Ce/Ce* = [Cen/
√

(Lan · Prn)].
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Figure 6. Herron’s classification diagram [39] using log(SiO2/Al2O3)-log(Fe2O3/K2O).

Chemical analyses show that the most abundant major oxides are SiO2, (median suite
FRA = 63.1± 4.39 wt.%; median suite FRB; 50.32± 1.22 wt.%; median suite VC = 50.38± 1.79
wt.%), Al2O3 (median suite FRA = 16. 52 ± 2.07 wt.%; median suite FRB = 20.71 ± 0.69
wt.%; median suite VC = 25.3 ± 1.94 wt.%), and Fe2O3 (median suite FRA = 7.17 ± 1.93 wt.%;
median suite FRB = 9.2 ± 1.23 wt.%; median suite VC = 6.77 ± 1.57 wt.%) (Figure 4). The
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shales show lower SiO2 and K2O contents and higher Al2O3 and Fe2O3 contents with respect
to the Upper Continental Crust (hereafter, the UCC, [1] and, consistently, are classified as Fe
shales and shales with very few samples of the FRA subset, which result in wacke and Fe
sand [40].

Regarding the trace elements, Ba shows median values of 173.5 ± 55.49 (FRA suite),
336.45 ± 84.97 ppm (FRB suite), and 169.0 ± 155.8 ppm (VC suite). The high value of the
Ba standard deviation in the VC suite is related to a single sample (VC13) that shows Ba
abundance of 758 ppm and more CaO enrichment with respect to other samples. Y displays
median values of 22.5 ± 6.98 ppm, 24.5 ± 3.61 ppm, and 29.5 ± 4.68 ppm, respectively, for
the FRA, FRB, and VC suites.

The ΣREE median value is 189.4 ± 40.5, and the chondrite normalized REE patterns
(Figure 7) are characterized by a typical shale-like trend with enrichment of LREEs ((La/Yb)ch
median = 12.70 ± 2.03), a flat distribution of HREEs ((Gd/Yb)ch median = 1.93 ± 0.27), the
absence of Ce anomalies (Ce/Ce* median = 0.95 ± 0.08), and negative Eu anomalies (Eu/Eu*
median = 0.70 ± 0.04). It must be noted that the lack of a positive Ce anomaly excludes
prevailing intense and long-lasting weathering during subaerial oxidizing environmental
conditions [38]. Further details can be found in [3,9,39–42].
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4.2. Factors Affecting the Distribution of Elements

An R-mode factor analysis, classical type of factoring, was performed to evaluate
interelemental relationships among the major oxides, Ba, Y, LREE, and HREE. Factors were
extracted with the STATGRAPHICS 18 package. This operation was performed using a
standardized correlation matrix and thereby weighting all the variables equally during
factor calculations. The communalities provide an index of the efficiency of the proposed
set of factors [43], and the magnitude of the communalities calculated in this study suggests
that most of the original variance is still accounted for by the present set of factors. Three
factors explain 91.7% of the total variance in the geochemical database (Table 4).

Table 4. Factor Loading Matrix After Varimax Rotation.

Factor Factor Factor

1 2 3

SiO2 −0.72

TiO2 0.96

Al2O3 0.93

Fe2O3

MgO 0.98

CaO

Na2O

K2O 0.77

P2O5 0.93

Ba

Y 0.77

LREE 0.82

HREE 0.72

Var.% 47.7 28.2 15.8
Note: The numbers are the weights of the variables in the extracted factors. Variables with weights of less than
0.70 were omitted.

The first factor (F1; Var.% = 47.7) includes significant positive weightings for Al2O3, TiO2,
and LREE and a negative weighting for SiO2. Titanium, Al, and LREE are low-solubility
elements characterized by low to very low residence times in oceanic water and seawater to
the upper crust partition coefficient [1]. The potential of these elements to be fractionated
during the sedimentary process, especially in the source rock(s)–shale transformation, is thus
negligible. Further, the LREE covariance with Al2O3 and TiO2 supports the idea that these
elements in shales are controlled by clay minerals or occur as detrital tiny crystals in the clayey
grain-size fraction [33,40]. Silica in our shales is mainly hosted in 2:1 and 1:1 clay minerals, and
its negative weighting can be related to illite→ smectite→ kaolinite evolution during a more
intense weathering stage, also promoting the residual accumulation of elements characterized
by lower solubility, such as Ti, Al, and LREE.

The second factor (F2; Var.% = 28.2) has significant and positive weightings for MgO
and K2O. In 2:1 clay minerals, which in these shales are the most abundant phases, K+

and Mg2+ occur in the interlayer spaces of illite and smectite, respectively. Further, Mg2+

may also substitute Al3+ in the octahedral sheets. Both of these cations can be released to
the soil solutions during the illite→ smectite→ kaolinite weathering, thus explaining the
K2O-MgO covariance associated with F2.

The third factor (F3; Var.% = 15.8) shows significant and positive weightings for P2O5,
Y, and HREE. The yttrium geochemical affinity for the HREE is well known, and both
may be distributed by phosphate minerals in a variety of sedimentary rocks [44,45] and
shales [3,46]. F3, coupled with F1, indicates fractionation between LREE and HREE+Y in
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the southern Apennines shales, suggesting that an index such as (La/Yb)ch non-necessarily
records the source area.

4.3. Paleoweathering

It is well known that alkali and alkaline–earth elements are mobile elements, and their
depletion in siliciclastic and residual sediments is generally related to chemical weathering
processes, producing a depletion of mobile elements (i.e., Ca, Na, and K) and an enrichment
of immobile elements such as Al, and the relationship between mobile and immobile
elements was used to reconstruct the weathering conditions affecting the source area. The
chemical index of alteration (hereafter, CIA) [12] is the most commonly used index to define
broad palaeoweathering conditions in siliciclastic and residual sediments e.g., [3,16,47,48].
The CIA was calculated using the formula (molecular proportions): CIA = [Al2O3/(Al2O3
+ CaO* + Na2O + K2O)] × 100, where CaO* is the amount of CaO only regarding silicate
minerals. The CIA value for non-weathered upper crustal rocks is approximately 50%,
whereas highly weathered residual rocks have CIA values of higher than 90%.

In the analyzed samples, the median CIA values of the three subsets were in the
80–85% range (FRA: CIA = 85 ± 2; FRB: CIA = 80 ± 2; VC: CIA = 85 ± 5), suggesting
that southern Apennines shales largely formed through prevailing moderate to intense
weathering. Further, the reasonably homogeneous CIA values in the southern Apennines
shales appear to rule out non-steady-state weathering conditions, usually related to active
tectonism. The A-CN-K diagram (Figure 8) illustrates a composite trend starting from a
UCC-like protolith, initially pointing toward an illite composition (FRB subset), and further
moving toward the A apex and kaolinite formation (FRA and VC subsets).
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Figure 8. A (Al2O3) − CN (CaO* + Na2O) − K (K2O) ternary diagram (molecular proportions;
Nesbitt and Young, 1982). The UCC, andesite, and basalt values are taken from [1].

The chemical composition of paleosoils can also be used to assess paleoprecipitation
(see [49], and references therein), through the climofunctions CIA-K (100 × (Al/(Al + Ca +
Na)) [50] and the related mean annual precipitation (MAP(mm/y) = 221.1e0.0197(CIA-K) [16]
and CALMAG (100 × (Al/(Al + Ca + Mg)) [20,21], MAP(mm/y) = 22.69(CALMAG)–435.8
(Table 5)). The picture depicted by the CIA-K and CALMAG is consistent with the CIA
and A-CN-K diagram involving higher median values for the FRA (CIA-K = 90 ± 2;
MAP = 1309 ± 44 mm/y; CALMAG = 87 ± 2; MAP = 1548 ± 51 mm/y) and VC (CIA-
K = 90 ± 45; MAP = 1286 ± 111 mm/y; CALMAG = 90 ± 4; MAP = 1610 ± 83 mm/y)
subsets than the FRB subset (CIA-K = 87 ± 3. MAP = 1214 ± 76 mm/y; CALMAG = 82 ± 3;
MAP = 1444± 59 mm/y), suggesting that the latter was affected by drier climatic conditions
(Figure 9).
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Table 5. CIA, CIA-K, and CALMAG values.

Samples CIA (%) CIA-K (%) MAP-CIA-K (mm/year) CALMAG (%) MAP-CALMAG (mm/year)

FRA3 83 87 1221.76 85 1495.36
FRA4 85 90 1282.73 88 1566.31
FRA8 84 88 1256.46 88 1550.73

FRA10 86 89 1271.69 88 1559.37
FRA15 85 89 1273.24 88 1566.33
FRA16 84 86 1208.15 85 1497.06
FRA17 85 90 1295.90 82 1434.69
FRA18 83 88 1238.97 86 1524.32
FRA19 86 89 1277.94 89 1581.58
FRA20 85 90 1283.48 90 1599.20
FRA21 87 91 1316.40 88 1568.44
FRA22 89 93 1363.13 87 1545.49
FRA23 88 92 1349.32 90 1613.35
FRA24 86 90 1307.39 88 1556.48
FRA25 86 91 1309.60 89 1589.45
FRA26 89 93 1367.47 88 1554.74
FRA27 88 92 1350.03 87 1537.42
FRA29 85 91 1325.64 83 1455.59
FRA30 87 92 1338.12 87 1528.21
FRA31 85 91 1323.49 85 1493.66
FRA32 84 91 1317.59 84 1469.72
FRA35 85 91 1331.75 83 1445.00
median 85 91 1308.50 87 1548.11
st.dev. 1.68 1.74 43.99 2.23 50.63
FRB1 79 83 1129.91 83 1448.89
FRB2 81 90 1283.93 85 1487.88
FRB3 82 88 1242.23 86 1515.03
FRB4 81 88 1249.98 84 1462.64
FRB5 78 87 1216.99 80 1385.25
FRB6 78 84 1154.25 82 1423.71
FRB7 79 87 1214.73 81 1395.72
FRB8 80 87 1214.68 82 1416.73
FRB9 80 87 1218.04 83 1439.33
FRB10 80 86 1207.55 82 1432.92
FRB11 81 87 1213.38 83 1456.84
FRB12 78 81 1086.14 80 1379.44
FRB13 84 89 1281.11 85 1487.09
FRB14 80 85 1170.90 83 1452.22
FRB15 75 75 970.04 75 1267.54
FRB17 82 86 1203.67 86 1513.96

median 80 87 1214.03 83 1444.11
st.dev. 1.93 3.43 75.88 2.60 58.94
VC2 80 83 1136.43 83 1458.25
VC4 86 85 1181.96 93 1682.57
VC6 81 92 1334.40 89 1572.55
VC8 85 90 1289.39 91 1622.88
VC9 85 88 1245.81 90 1598.06

VC12 81 87 1215.74 86 1508.73
VC13 79 85 1181.38 84 1469.89
VC14 86 90 1293.68 93 1678.67
VC15 86 92 1338.78 92 1653.84
VC16 84 90 1282.85 89 1579.69
VC18 93 95 1435.72 94 1700.33
VC20 89 93 1369.53 92 1642.69
VC22 91 94 1389.33 93 1676.12
VC23 73 77 996.64 84 1475.38

median 85 90 1286.12 90 1610.47
st.dev. 5.10 4.67 111.23 3.65 82.78
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4.4. Provenance

Proxies based on low-mobility elements, affected by minor fractionation during in-
tense weathering and recording chemical differentiation, are used to identify the parent
rock(s) of shales [2,3,7,8,10,11,14,15]. Among them, the Eu anomaly is retained as the more
conservative provenance proxy [3,10,11,14].

In the southern Apennine shales, the value of the Eu/Eu* is close to the UCC value
(Eu/Eu* = 0.65), indicating crustal provenance and ruling out a significant mafic supply.
The Sm/Nd ratio shows similar values to Eu/Eu*, reflecting that chemical differentiation
and only minor fractionation of Sm and Nd occurs during weathering [51]. Further, the
observed covariance between Al2O3 and TiO2 in these shales excludes any fractionation
between Ti and Al, suggesting the effectiveness of the Ti/Al ratio as the provenance
proxy. In the Eu/Eu* vs. Sm/Nd (Figure 10) and Eu/Eu* vs. Ti/Al diagrams (Figure 11)
the shales fall far from the average value for basalt and quite close to the UCC values,
thus excluding any mafic provenance. It is worth nothing that the Eu/Eu* median is,
with respect to the UCC, slightly higher (0.70 ± 0.04), with a shift toward the value of
the Archean shales (Eu/Eu* = 0.73; [52]), suggesting the presence of a less differentiated
component. Several shales show (Gd/Yb)ch > 2, which is usually associated with Archean
terranes (Figure 12), e.g., [52,53]. Thus, the values of the (Gd/Yb)ch ratio suggest that
southern Apennine shales likely incorporated material derived from exposed African
Archean terranes or, more likely, ancient sediments derived from African Archean terranes
through a cannibalistic process [9] (Figure 12). These findings suggest that the Lagonegro
basin was connected through a southern entry area with a continental margin, the African
cratonic area, providing siliciclastic detritus according to what was proposed for other
siliciclastic sediments of the Lagonegro basin (Figure 13) [41].
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5. Conclusions

The different suites of southern Apennine shales largely share similar mineralogical
and geochemical features. The samples are dominated by 2:1 clay minerals and are Fe
shales and shales showing, with respect to the UCC, lower SiO2 and K2O and higher Al2O3
and Fe2O3 contents. The different factors extracted by R-mode factor analysis indicate Ti,
Al, and LREE (F1) and K2O-MgO (F2) covariance, likely related to the illite→ smectite
→ kaolinite evolution during weathering. HREE and Y are distributed by phosphate
minerals, suggesting LREE/HREE fractionation. The CIA paleoweathering proxy rules
out non-steady-state weathering conditions and indicates that the source area was affected
by moderate to intense weathering, which is also consistent with what is depicted by the
CIA-K and CALMAG paleoweathering proxies. The paleoprecipitation values derived
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from the CIA-K and CALMAG indices show median values in the 1214–1610 mm/y range
with the FRB subset affected by drier climatic conditions.

The Eu/Eu*, Sm/Nd, and Ti/Al provenance ratios point toward an UCC-like source
excluding any mafic supply and suggesting that the Lagonegro Basin was connected,
through a southern entry area, with the African cratonic area. However, the Eu/Eu*
median value of the southern Apennine shales is almost similar to the value of the Archean
shales, possibly indicating a less differentiated component. In addition, in many samples,
the (Gd/Yb)ch ratio is >2, indicating that the shales likely incorporated ancient sediments
derived from African Archean terranes through a cannibalistic process.
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