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Reddish mud-rich sediments are common in several karst areas, in the form of red surface soils and clastic cave infillings.
The origin and significance of red surface soils have been much debated over recent years, while clastic mud-rich sediments
in cave environments have received less attention from geoscientists. The genetic relationship between these two materials
still remains uncertain. Because these sediments are mainly composed of fine-grained materials, their study has been gen-
erally focused on the clay fraction only. This paper compares the clay fraction of red surface soils and mud-rich cave sedi-
ments in the Montagnola Senese karst massif. Previous studies have demonstrated that, in this area, red cave muds
originate from the erosion of the similarly red surface soils, that were subsequently re-deposited in the cave environment.
Despite these well-established genetic relations, notable differences in the clay fraction of these two materials have been
recognized in the present study. These differences are likely to be attributable to the different grades of pedogenetic weath-
ering that affected the two materials. This study demonstrates that the genetic relationship between mud-rich cave sedi-
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ments and red surface soils can be misinterpreted when only the clay mineral fraction is considered.
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INTRODUCTION

Karst terrains are often associated with peculiar reddish and
clayey soils commonly known as terra rossa in the literature
(see Durn, 2003; Merino and Banerjee, 2008; Muhs et al., 2010
for a general review). These soils are particularly common and
well-developed in regions characterized by a Mediterranean cli-
mate, such as the Montagnola Senese area investigated in the
present work.

The processes responsible for the formation of these pecu-
liar soils have been debated for a long time and traditionally en-
compass two major theories: of “residual” and “detrital” origins.
The “residual” origin hypothesis argues that the clay fraction of
these soils results from accumulation of the insoluble residue of
the limestone (Reifenberg, 1947; Dudal et al., 1966; Moresi and
Mongelli, 1988). Several studies have recently demonstrated
that these soils display specific mineralogical and
compositional features that cannot be easily explained by the
“residual” theory quoted above (Ruhe et al., 1961; Ruhe, 1975;
Comer, 1976; Mee et al., 2004; Schaetzl and Anderson, 2005).
Thus the “detrital” theory was developed, considering red soils
as formed by the accumulation and pedogenetic alteration of al-
luvial mud, volcanic ash and/or aeolian dust settled on the lime-
stone surface (Yaalon and Ganor, 1973; Jackson et al., 1982;
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Muhs et al., 2010). Other authors take into account the possibil-
ity of a polygenetic nature of these soils, invoking the mixing of
the insoluble residue of carbonates with other parent materials
(Yaalon, 1997; Durn et al., 1999). A similar origin has been sug-
gested for red soils in the Montagnola Senese district
(Costantini and Damiani, 2004; Priori et al., 2008; Costantini et
al., 2009).

Red clay-rich sediments are also widespread in many cave
environments, where they may cover cave floors and walls as
thin mud drapes and/or they may form thick sedimentary suc-
cessions. Their origin and their relation with surface red soils
have been investigated by several authors (Bull, 1981; Foos et
al., 2000; Lynch et al., 2003; Bosch and White, 2004; Fornds et
al., 2009; Martin-Pérez et al., 2010; Martin-Garcia et al., 2011;
lacoviello and Martini, 2012), who came to different conclusions
regarding their origin.

The extremely high concentration of clay minerals present
both in surface red soils and in cave sediments suggests that
the investigation of the clay fraction may provide valuable
clues to the understanding of the genetic relations between
cave sediments and soils. Montagnola Senese is a good natu-
ral laboratory to test this possible connection because, at this
locality, both the origin of reddish surface soils and also the ori-
gin and provenance of the reddish muddy cave sediments are
relatively well-known (Costantini and Damiani, 2004; Priori et
al., 2008; Costantini et al., 2009; lacoviello and Martini, 2012).
This study is based on the X-ray diffraction (XRD) investiga-
tion of the clay fraction of these deposits and is aimed at the
understanding of their mineralogical similarities and differ-
ences, in order to provide a case-study whose basic concepts
can be adopted in similar settings.
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Fig. 1A — geographic location and tectonic sketch of the Inner Northern Apennines; B — simplified geological map of the
Montagnola Senese karst massif with location of the collected samples

GEOLOGICAL OUTLINE

The Montagnola Senese (Fig. 1) corresponds to a series of
N-S aligned hills west of Siena (Tuscany, ltaly), the highest
point of which is 671 m a.s.l. (Monte Maggio). From a geological
point of view, the Montagnola Senese is included in the Inner
Northern Apennines, a fold-thrust chain formed during the
Neogene in response to the interaction between the Adria and
Corso—Sardinian microplates (Carmignani et al., 2001 and ref-
erences therein).

The structural setting of the Northern Apennines is the re-
sult of a complex compressional-extensional cycle that started
in the Cretaceous and persisted until Quaternary times
(Carmignani et al., 1995 and reference therein). The collisional
phase was related to the convergence between Europe and the
Adria. The extensional post-collisional phase started in the
Early—-Middle Miocene with the development of low-angle nor-
mal faults (Carmignani and Kligfield, 1990; Jolivet et al., 1991;
Elter and Sandrelli, 1994), which caused a crustal stretching of
120% or more (Carmignani and Kligfield, 1990). The
extensional regime persisted up to recent times (Early Pliocene
to Quaternary) resulting in the development of high-angle nor-

mal and transtensional faults, that caused a less substantial
stretching (about 10%) but that strongly influenced the pres-
ent-day morphological settings of the Inner Northern
Appennines (i.e., the “horst and graben” structure, Carmignani
et al., 2001; Brogi, 2003).

As a consequence of this complex geological history, the
Montagnola Senese corresponds to a morpho-structural high,
bounded by tectonic depressions characterized by continental
and marine siliciclastic sedimentation in Late Miocene to Plio-
cene times (Capezzuoli et al., 2009; Martini et al., 2011 and ref-
erences therein).

The Montagnola Senese is mostly made up of non-metamor-
phic rocks (the Calcare Cavernoso and the Breccia di Grotti for-
mations, for the details see the following chapter), while meta-
morphic terrains crop out in its southern sector (Fig. 1B). The
metamorphic rocks are affected by a greenschist facies meta-
morphism (Giannini and Lazzarotto, 1970) and include both
siliciclastic and carbonate lithologies, the latter often affected by
karst phenomena. However, the present study focuses only on
the subsurface soils and karst phenomena related to the
non-metamorphic rocks, and for this reason a detailed descrip-
tion of the metamorphic rocks is not provided here.
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To the south and north, the investigated area is bounded by
two plains, Pian del Lago and Pian del Casone, respectively.
The former (Fig. 1B) corresponds to a large, closed depression
surrounded by non-metamorphic karst terrains (Calcare
Cavernoso and Breccia di Grotti formations). It has generally
been interpreted as a polje (Pascucci, 2004). A different origin
is possible for the Pian del Casone which, according to
Capezzuali et al. (2009) and Capezzuoli and Sandrelli (2004),
is interpreted as a portion of a tectonic basin characterized by a
palustrine-lacustrine sedimentary environment. Regardless of
their origin, these flat areas have been associated with lacus-
trine settings until after the 18th century when they were
drained for agriculture purposes (Pascucci, 2004). As a conse-
quence, these areas hosted alluvial and lacustrine deposits
characterized by brown/reddish colours, deposited during the
Quaternary (Costantini et al., 2009). Lacustrine slack-water
sediments are generally characterized by a large amount of
fines (silt- and clay-sized particles) with the uncommon occur-
rence of sand, granules and pebbles, while alluvial deposits are
richer in sand and gravel (with generally rounded clasts). These
deposits are obviously related to the erosion of surface red soils
and reddish colluvial deposits that are widespread in this area.
Colluvial deposits are characterized by a high percentage of an-
gular and sub-angular limestone debris, which indicates only
short-distance transport and negligible reworking of the original
parent rock. However, colluvial deposits are also rich in fines
and are characterized by a general lack of sand- sized particles.
During the Quaternary, the low-lying area of Pian del Casone
locally hosted a continental carbonate depositional environ-
ments with lacustrine limestones and calcareous tufa deposits
(Capezzuoli et al., 2009).

KARST PHENOMENA

The non-metamorphic bedrock in this sector of the
Montagnola Senese area is composed of two different types of
limestone: the Calcare Cavernoso and the Breccia di Grotti for-
mations. These are two genetically related formations because
the Breccia di Grotti Formation is composed of continental
breccias and sandstones, almost exclusively represented by
Calcare Cavernoso derived elements, deposited during the
Neogene in an alluvial fan setting (Signorini, 1966; Giannini and
Lazzarotto, 1970). The Calcare Cavernoso Formation consists
of clast- to matrix-supported dolomitic limestone with a charac-
teristic vacuolar texture (Passeri, 1975, 1979; Gandin et al.,
2000; Lugli, 2001; Lugli et al., 2002; Martini 2011). This forma-
tion was formed during the Neogene as a consequence of the
dissolution of sulphates and destabilization of a Triassic
brecciated dolostone, known as the Anidriti di Burano Forma-
tion in the literature (Gandin et al., 2000). A peculiar lithofacies
of this formation is the so-called Cenerone (Passeri, 1975): itis
made up of dark grey, powdery or sandy dolomite that forms
masses or lenses characterized by a poor degree of cohesion
(Gandin et al., 2000; Lugli, 2001). The origin of this lithofacies is
attributable to weathering that affected the remnants of the orig-
inal dolomitic clasts (Gandin et al., 2000; Lugli, 2001).

As mentioned above, the Calcare Cavernoso Fm. is a
dolomitic limestone with only traces of other minerals. Gandin
et al. (2000) reported accessory quartz, albite, iron oxides and
muscovite-chlorite phyllosilicates. lacoviello and Martini (2012)
performed an acid dissolution (1 M Sodium Acetate solution
buffered at pH5 with Acetic Acid) on crushed limestone sam-
ples that allowed the identification of clay minerals, feldspar and
scarce tourmaline, iron oxides and quartz.

Karst phenomena strongly affect both the Calcare
Cavernoso and the Breccia di Grotti formations (Martini, 2011).
The main expression of surface karst phenomena is repre-
sented by the Pian del Lago polje and by the many dolines
widespread across this area. Furthermore, various types of
karren characterize the landscape where the limestone is not
covered/protected by soils. Hypogean phenomena include
more than 80 caves, generally small in extension and in depth.
Caves are generally developed along joints and fractures, often
recognizable on the land surface as local depressions.

MATERIALS AND METHODS

Eight soil samples have been collected with a manual corer
at the standard depth of 60 cm below the land surface in order
to avoid anthropogenic influence. Cave sediments were col-
lected by manual picking, in a vertical exposure inside the
Mugnano Cave (see Fig. 1B for geographic location).

X-ray diffraction (XRD) analyses were performed on the
clay fraction of each sample. XRD measurements were con-
ducted with an automated Philips PW1710 Bragg-Brentano
diffractometer, using CuKo radiation (40 kV, 20 mA A =
1.5418 A). Diffractograms were processed using the “MacDiff’
software (Petschick, 2001). The clay mineral assemblage was
determined using texturally oriented samples. The clay fraction
(<2 um) was isolated in settling tubes by gravity sedimentation.
Clay samples were spread on glass slides and slowly dried to
allow a horizontal orientation of the phyllosilicates. XRD pat-
terns of oriented samples were taken after the following treat-
ments: air drying, glycol solvation, K-saturation and heating to
550°C for one hour. The samples were X-rayed in the range
4-40°26 with a step size of 0.02°26 and a measuring time of 2
s/step. Additionally, the range 27.5-30.6°26 was measured with
a step size of 0.01°26 and a measuring time of 4 s/step in order
to better resolve the peaks of kaolinite and chlorite (Biscaye,
1965). XRD identification criteria were based on the indications
of Biscaye (1965), Brindley and Brown (1980), Wilson (1987),
Barnhisel and Bertsch (1989), and Moore and Reynolds (1997).
Clay minerals founded in the examined samples were: illite,
smectite, vermiculite, mixed layer mica-vermiculite (ML I/V) and
kaolinite. The term “illite” is used here according to the definition
proposed by Grim et al. (1937). Semi-quantitative mineral esti-
mation of the clay minerals was based on the procedure de-
scribed by Gjems (1967), using the peak area and the correc-
tion factors (coefficient of proportionality, “C”) of diagnostic
peaks for each clay mineral:

illite: peak area = 10 A; C = 1;

smectite: peak area =~ 16.5 A; C = 0.23;
vermiculite: peak area = 14 A; C = 0.34;

kaolinite: peak area = 7 A; C = 0.24;

mixed layer (ML I/V): peak area = 12 A, C = 0.40.

Bulk chemical analyses were obtained by X-ray fluores-
cence (XRF). For XRF, samples have been mechanically
crushed in a planetary ball mill and manually ground into pow-
der in an agate mortar. Quantitative analyses were performed
on powder discs obtained by pressing 7 g of sample on a boric
acid pellet. The XRF apparatus was a Philips MagicX-Pro.
Background and mass absorption intensities were calculated
using calibrations based on 24 international geological refer-
ence materials. Loss on ignition was determined by heating
samples to 1050°C for two hours.
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CLAY MINERALS ON CAVE SEDIMENTS Table 1

Lithology and Mu_nsell® colour (wet and dry)
A previous study on the cave sediments analysed in the (mogifﬁtgg gf't‘g’}slta'ggtgglﬁ)a;g g?\;l’a"r't‘ﬁ‘ri'tsz 012)
present work was recently published by lacoviello and Martini ’

(2012). That study, based on an integrated sedimentological, - Munsel® color

XRD and SEM approach, showed that all these sediments were Sample ngc}’,"

mainly derived from an allochthonous source (i.e., external to wet dry

the cave). Only a few samples displayed a peculiar mineralogi- MU14 mud 2.5YR 4/6 5 YR o/8

cal composition indicating a mixture of autochthonous and | MU13 mud | 25YR | 4/8 5 YR 6/8

allochthonous materials. In this study, only those samples dis- MU12 mud 2.5 YR 4/6 SYR 6/8

playing pure allochthonous compositions were taken into ac- MU11 sand 5YR 5/4 5YR 7/6

count. A summary of the main features of the analysed samples MU10 mud 25YR 416 5YR 6/8

are %iven :;1 '{.able. 1H 'I;’wo btrhoag cgteg]f)ries of cave _sed.imer(ﬁs) MU9 mud | 2.5YR 4/8 5YR 5/6

can been distinguished on the basis of average grain-size:

mud-dominated (MU3, MUS-10, MU12—14), and (2) sand-do- mj 23: 2: iE g;g 2 iE Z;:

minated (with an abundant silty/clayey matrix, samples: MU1, :

MU2, MU4, MU11) sediments. In all the samples, the muddy | MY6 mud | 25YR | 3/6 5YR 6/6

fraction shows a typical reddish colour (Fig. 2). MUS mud | 25YR | 4/6 S YR 6/8
The fourteen investigated sediments show a substantial ho- Mu4 sand | 25YR 3/4 5YR 5/6

mogeneity regarding mineralogical composition and the relative MU3 mud 25YR 4/6 5YR 6/6

abundance of each phase (Fig. 3). Three clay minerals were MU2 sand 25YR 3/4 5YR 6/8

identified: illite is the most abundant (77-89%), followed in MU1 sand | 2.5 YR 3/6 5 VYR 7/6

abundance by kaolinite (10-22%) and vermiculite (traces
to 2%). Average contents for illite, kaolinite and vermiculite are

mud-dominated
layers

sand-dominated
bed

Fig. 2. Red sediments inside the Mugnano Cave

A — cave sediments in a vertical exposure, carabiner for scale is about 10 cm long; B — alternation of mud-dominated
and sand-dominated beds; C — close-up view of the relation between mud-dominated sediments and a sand layer
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CAVE SEDIMENTS
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Fig. 3. Semi-quantitative compositional analysis of the clay fraction of the cave sediments and of the surface red soils

ML — mixed layers, tr. — traces indicates percentages less than 1%, Vrm — vermiculite
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83, 16 and about 1%, respectively. Samples MU1, MU8 and
MU11 show relatively lower amounts of kaolinite with higher
illite contents. Samples MU13 and MU14 have the highest
kaolinite contents (22 and 20%, respectively). No significant dif-
ferences could be identified between mud- and sand-domi-
nated sediments.

CLAY MINERALS OF THE TERRA ROSSA SOILS

Terra rossa soils are widespread in the investigated area and
due to their occurrence in topographic depressions they are of-
ten used for agriculture purposes (Fig. 4). A synthesis of the main
features of the samples analysed is reported in Table 2, while
their bulk chemical composition is reported in Table 3.

Five clay minerals were identified (Fig. 3): illite is the most
abundant, and shows rather large oscillations (58-84%), fol-
lowed by kaolinite (12-24%), vermiculite (3—12%), smectite
(0-6%) and mixed layer minerals (traces to 1%). The average
illite content is 72%, while lower values were observed in sam-
ples MO4 and MOG6, (64 and 58%, respectively); these two
samples also display relatively higher percentages of smectite
(6%), as well as relatively higher vermiculite contents (7 and
12%, respectively). These values are considerably higher than
the average percentages of both smectite (2%) and vermiculite
(5.5%).

Mixed layer minerals are present in traces. Only sample MO8
displays detectable amounts (1%) of mixed layer minerals.

Fig. 4. Typical aspects of surface red soils in agricultural use

Table 2

Main features of the investigated soil samples with UTM coordinates (datum WGS84, zone 32) and elevations

®
UTM UTM | Elevation Depositional Munsell” color .
Sample Nord East [ma.s.l] environment wet dry Skeletal grains
sand with uncom-
MO1 4798642 | 0684158 274 alluvial/colluvial 5YR 4/3 10 YR 5/4 mon subrounded
gravels
sand with
MO2 4801189 | 0683083 261 lacustrine 7.5YR 4/4 10 YR 5/6 | subrounded/rounded
small gravels
MO3 4800947 | 0682288 259 lacustrine 7.5YR 3/3 7.5YR 5/4 scarce sand
: angular/subangular
MO4 4799110 | 0681079 313 colluvial 25YR 5/4 5YR 4/4 limestone debris
: scarce subangular
MO5 4798233 | 0678137 475 colluvial 25YR 3/4 7.5YR 4/4 limestone debris
subangular and
MO6 4805759 | 0676950 281 alluvial/colluvial | 25 YR | 4/4 10 YR 5/4 alteratg tIJir_nestone
ebris
: scarce subangular
MO7 4806354 | 0677924 200 lacustrine 7.5YR 4/3 10 YR 5/4 limestone debris
sgbangdulzér tod
: subrounded an
MO8 4803845 | 0682644 283 lacustrine 5YR 4/4 7.5YR 4/6 unalterated lime-
stone debris

The column named “Depositional environment” provides information about the depositional setting in which the red sediments accumulated
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Table 3

Chemical results obtained by XRF (X-ray fluorescence) for the collected soil samples

MO1 MO2 MO3 MO4 MO5 MOG6 MO7 MO8
Na,O [%] 0.68 0.55 0.68 0.45 0.41 0.45 0.62 0.53
MgO [%] 2.33 1.48 2.05 2.86 243 1.38 2.13 2.67
AlL,O3 [%] 18.99 17.61 17.25 19.47 19.21 17.18 18.12 17.80
SiO; [%] 67.26 70.42 67.22 40.57 46.41 65.51 51.86 54.98
P,0s5 [%] 0.07 0.04 0.09 0.1 0.09 0.10 0.19 0.10
KO [%] 0.91 0.49 0.87 2.05 1.92 1.52 1.58 1.75
CaO [%] 0.80 0.20 0.99 5.28 1.36 1.34 5.67 5.93
TiO, [%] 0.23 0.17 0.45 0.59 0.62 0.64 0.53 0.57
MnO [%] 0.06 0.06 0.06 0.07 0.13 0.1 0.06 0.07
Fe,O3 [%] 210 2.49 3.05 14.05 16.68 4.92 4.52 3.73
L.O.l [%] 6.52 6.41 7.28 14.40 10.60 6.76 14.60 11.80
Nb [ppm] 13 7 8 15 21 18 17 15
Zr [opm] 134 169 170 194 360 303 332 207
\% [ppm] 2 10 8 20 11 2 13 14
Sr [ppm] 12 41 62 13 13 8 62 57
Rb [ppm] 52 51 58 98 110 65 94 63
Ni [ppm] 0 <1 2 63 78 44 52 34
Cr [ppm] 49 44 6 64 73 108 84 74
v [opm] 20 24 22 60 67 44 40 39
Ba [ppm] 583 356 425 385 548 491 473 422
La [ppm] 5 10 8 14 20 14 16 8
Ce [ppm] 8 19 14 <1 <1 26 31 14
Pb lppm] 15 19 20 43 36 31 37 15
Co [ppm] 37 61 58 90 103 2 2 4
Th [ppm] 2 5 4 7 12 6 9 5
U [ppm] 2 2 3 1 1 1 2 2
Zn (ppm] 23 18 32 62 54 33 46 33
TilZr 10.1 5.9 15.9 18.2 10.3 12.7 9.6 16.4
L.O.I. — loss on ignition

DISCUSSION even though soil samples display generally lower percentages

The studies previously performed on these cave sediments
demonstrated that their origin is strongly related to the arrival of
sediment-laden flows (i.e., sediment-rich flows with high sus-
pended sediment concentrations) from the overlying and sur-
rounding landscape to the internal part of the cave. This conclu-
sion is supported by a range of evidence, such as the mineral-
ogical and sedimentological features that characterize the cave
sediments, and the occurrence of gastropod remains, as
gasteropods are unable to live in a cave environment (see
lacoviello and Martini, 2012 for more detailed description). As a
consequence, the most realistic source of cave-sediments was
the erosion of surface soils widespread in this area.

Despite the genetic relationships established between cave
sediments and red surface soils, notable differences in the clay
mineralogy of these two families of materials are easily recog-
nizable. Red surface-soil samples display high vermiculite con-
tents (3-12%) in contrast to the generally low values in
cave-sediments (traces to 2%). Furthermore, red soil samples
contain smectite and mixed layer clays, that were not detected
in cave-samples. Kaolinite is abundant in all the samples inves-
tigated, although its average value in red soil samples (20%) is
a little higher than the average kaolinite content in cave-sedi-
ments (16%). lllite is the most abundant clay mineral phase

of this mineral.

The different composition could be explained in various
ways, but the data suggest that they are due to pedogenetic
processes that have affected surface soils in recent times, while
cave-sediments, once deposited, were left unchanged. In fact,
a typical pedogenic evolution consists of the alteration of illite
with the formation of vermiculite, smectitic mixed layers,
smectite, kaolinite and amorphous compounds (Millot, 1970;
Jackson, 1964; Chamley, 1989). However, kaolinite is reported
as a primary constituent of the limestone bedrock cropping out
in the Montagnola Senese (Gandin et al., 2000; lacoviello and
Martini, 2012) and for this reason its occurrence in the
cave-sediments does not provide any information about the de-
gree pedogenetic weathering. By contrast, vermiculite can be
considered as a reliable marker of pedogenesis, and there is
general agreement that most vermiculites are derived by the
weathering of mica and illite (Walker, 1949; Barnhisel and
Bertsch, 1989; Douglas, 1989). A similar statement may be
made regarding mixed layer clay minerals (Sawhney, 1989)
and for smectite, because the two phases were not detected in
the bedrock insoluble residue (Gandin et al. 2000; lacoviello
and Martini, 2012). However, the formation of smectite is
strongly influenced by topographic and local conditions
(Borchardt, 1989), which prevent or strongly limit the signifi-
cance of the smectite as a marker for understanding the degree
of pedogenesis affecting the soils.
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With regard to the red soils in the Montagnola Senese area,
Costantini et al. (2009) demonstrated that these have a polygen-
etic origin (e.g., aeolian deposits of various nature, pedogenically
altered and mixed with the underlying sediments). These authors
based their conclusions on a range of geological, pedological and
geochemical evidence, including the Ti/Zr ratio that generally
helps to identify the contribution of aeolian materials to the forma-
tion of terra rossa soils (Dickson and Scott, 1998; Tate et al.,
2007). The Ti/Zr ratios of the soil samples analysed in the context
of this study (Table 3) are always low and in line with those re-
ported by Costantini et al. (2009) for the most surficial horizons of
the soil profiles. Consequently, a similar polygenetic origin is also
possible for the soil samples discussed in the present paper.
Costantini et al. (2009) provide also optically stimulated lumines-
cence (OSL) dates that show that older surface-soils and/or soil
horizons of the area have developed since at least the Late Pleis-
tocene (72.6 + 9.1 ka), and that their development persisted until
the present (Costantini et al., 2009, reported that the younger re-
corded age was 3.33 + 0.44 ka, suggesting that pedogenetic pro-
cesses are still active). Therefore, it can be supposed that the ero-
sion of surface soils and their consequent re-deposition in the
cave environment have occurred during an earlier stage of
pedogenesis, when the alteration processes had not yet resulted
in to the deep transformation of illite to alteration products such as
vermiculite, mixed layers and smectite. This hypothesis is corrob-
orated by the mineralogical differences of soils samples collected
from different areas: samples collected in alluvial and colluvial set-
tings (i.e., samples MO1, MO4—6) generally display higher values
of vermiculite and smectite in comparison to those collected from
“lacustrine” sediments (i.e., samples MO2, MO3, MO7, MO8). Itis
important to remember that lacustrine settings persisted until the
18th century when lakes were drained (Pascucci, 2004). Conse-
quently, “red lacustrine deposits” derive from the erosion of sur-
face soils and the re-deposition (and perhaps partial subsequent
reoxidation) of sediments in a lacustrine environment. This implies
that pedogenetic processes have affected these sediments for a
shorter time compared to the alluvial/colluvial ones, because
pedogenetic processes cannot operate in subaqueous environ-
ments. Hence, deposits that were never subject to lacustrine con-
ditions would display a higher degree of pedogenetic alteration,
expressed by an increase in alteration-derived clay minerals.

These observations demonstrate that trying to understand
the genetic relations between cave sediments and surface red
soils just by analysing their clay mineralogy may be problematic,
and sometimes even misleading. This is particularly the case
when cave sediments were emplaced during the early stages of
pedogenesis, so that their clay-fraction is composed mainly of
weakly altered minerals. By contrast, surface soils, having been
affected by pedogenesis and weathering for a longer time, may
become enriched in alteration-derived mineralogical phases.

CONCLUSIONS

In this paper the clay minerals of cave sediments and of sur-
face red soils of the Montagnola Senese area have been inves-
tigated in order to understand the reason for their similarities
and differences. Previous authors have investigated these two
categories of sediments separately. Costantini and Damiani
(2004), Priori et al. (2008) and Costantini et al. (2009) have
studied surface soils, considering their age of formation and the
important contribution of aeolian materials to the development
of red soils; on the other hand lacoviello and Martini (2012)
demonstrated that red mud sediments in caves originated by
the erosion and the subsequent re-deposition of surface soils.

Despite these well-documented genetic relations, the data
obtained in the present work indicate significant differences in
the clay mineral assemblages in surface red soils and cave sed-
iments. In detail, the latter are deficient in vermiculite, smectite
and mixed layer clays, compared with surface soils. Moreover,
the percentage of these three phases is extremely variable also
in surface soil samples: a general enrichment can be recog-
nized in the samples representative of alluvial/colluvial environ-
ments (e.g., exposed to pedogenetic processes for a longer
time), while lower values were detected in the samples repre-
sentative of a lacustrine environment (e.g., pedogenetic pro-
cesses were active only prior to subaqueous deposition). The
data suggest that the mineralogical differences between the two
materials can be attributed to the different degree of
pedogenesis that affected cave sediments and surface red
soils. Realistically, the cave sediments investigated might have
been emplaced during an early stage of pedogenesis in which
the alteration processes had no time to strongly weather the
original parent materials.

Finally, these data show that investigation of only the
clay-fraction is insufficient, sometimes even misleading, when
trying to understand the genetic relation between cave sedi-
ments and surface soils. The results of our comparative study
suggest that the great differences in the clay mineral assem-
blages of surface soils and cave sediments of the Montagnola
Senese area can be ascribed to differential pedogenetic pro-
cesses, and they do not indicate a lack of genetic relations be-
tween the two.
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