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Red dish mud-rich sed i ments are com mon in sev eral karst ar eas, in the form of red sur face soils and clastic cave in fill ings.
The or i gin and sig nif i cance of red sur face soils have been much de bated over re cent years, while clastic mud-rich sed i ments
in cave en vi ron ments have re ceived less at ten tion from geoscientists. The ge netic re la tion ship be tween these two ma te ri als
still re mains un cer tain. Be cause these sed i ments are mainly com posed of fine-grained ma te ri als, their study has been gen -
er ally fo cused on the clay frac tion only. This pa per com pares the clay frac tion of red sur face soils and mud-rich cave sed i -
ments in the Montagnola Senese karst mas sif. Pre vi ous stud ies have dem on strated that, in this area, red cave muds
orig i nate from the ero sion of the sim i larly red sur face soils, that were sub se quently re-de pos ited in the cave en vi ron ment.
De spite these well-es tab lished ge netic re la tions, no ta ble dif fer ences in the clay frac tion of these two ma te ri als have been
rec og nized in the pres ent study. These dif fer ences are likely to be at trib ut able to the dif fer ent grades of pedogenetic weath -
er ing that af fected the two ma te ri als. This study dem on strates that the ge netic re la tion ship be tween mud-rich cave sed i -
ments and red sur face soils can be mis in ter preted when only the clay min eral frac tion is con sid ered.
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INTRODUCTION

Karst ter rains are of ten as so ci ated with pe cu liar red dish and 
clayey soils com monly known as terra rossa in the lit er a ture
(see Durn, 2003; Me rino and Banerjee, 2008; Muhs et al., 2010
for a gen eral re view). These soils are par tic u larly com mon and
well-de vel oped in re gions char ac ter ized by a Med i ter ra nean cli -
mate, such as the Montagnola Senese area in ves ti gated in the
pres ent work.

The pro cesses re spon si ble for the for ma tion of these pe cu -
liar soils have been de bated for a long time and tra di tion ally en -
com pass two ma jor the o ries: of “re sid ual” and “de tri tal” or i gins.
The “re sid ual” or i gin hy poth e sis ar gues that the clay frac tion of
these soils re sults from ac cu mu la tion of the in sol u ble res i due of 
the lime stone (Reifenberg, 1947; Dudal et al., 1966; Moresi and 
Mongelli, 1988). Sev eral stud ies have re cently dem on strated
that these soils dis play spe cific min er al og i cal and
compositional fea tures that can not be eas ily ex plained by the
“re sid ual” the ory quoted above (Ruhe et al., 1961; Ruhe, 1975;
Comer, 1976; Mee et al., 2004; Schaetzl and An der son, 2005).
Thus the “de tri tal” the ory was de vel oped, con sid er ing red soils
as formed by the ac cu mu la tion and pedogenetic al ter ation of al -
lu vial mud, vol ca nic ash and/or ae olian dust set tled on the lime -
stone sur face (Yaalon and Ganor, 1973; Jack son et al., 1982;

Muhs et al., 2010). Other au thors take into ac count the pos si bil -
ity of a poly gen etic na ture of these soils, in vok ing the mix ing of
the in sol u ble res i due of car bon ates with other par ent ma te ri als
(Yaalon, 1997; Durn et al., 1999). A sim i lar or i gin has been sug -
gested for red soils in the Montagnola Senese dis trict
(Costantini and Damiani, 2004; Pri ori et al., 2008; Costantini et
al., 2009).

Red clay-rich sed i ments are also wide spread in many cave
en vi ron ments, where they may cover cave floors and walls as
thin mud drapes and/or they may form thick sed i men tary suc -
ces sions. Their or i gin and their re la tion with sur face red soils
have been in ves ti gated by sev eral au thors (Bull, 1981; Foos et
al., 2000; Lynch et al., 2003; Bosch and White, 2004; Fornós et
al., 2009; Martín-Pérez et al., 2010; Martín-García et al., 2011;
Iacoviello and Mar tini, 2012), who came to dif fer ent con clu sions 
re gard ing their or i gin.

The ex tremely high con cen tra tion of clay min er als pres ent
both in sur face red soils and in cave sed i ments sug gests that
the in ves ti ga tion of the clay frac tion may pro vide valu able
clues to the un der stand ing of the ge netic re la tions be tween
cave sed i ments and soils. Montagnola Senese is a good nat u -
ral lab o ra tory to test this pos si ble con nec tion be cause, at this
lo cal ity, both the or i gin of red dish sur face soils and also the or i -
gin and prov e nance of the red dish muddy cave sed i ments are
rel a tively well-known (Costantini and Damiani, 2004; Pri ori et
al., 2008; Costantini et al., 2009; Iacoviello and Mar tini, 2012).
This study is based on the X-ray dif frac tion (XRD) in ves ti ga -
tion of the clay frac tion of these de pos its and is aimed at the
un der stand ing of their min er al og i cal sim i lar i ties and dif fer -
ences, in or der to pro vide a case-study whose ba sic con cepts
can be adopted in sim i lar set tings.
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GEOLOGICAL OUTLINE

The Montagnola Senese (Fig. 1) cor re sponds to a se ries of
N–S aligned hills west of Siena (Tuscany, It aly), the high est
point of which is 671 m a.s.l. (Monte Maggio). From a geo log i cal 
point of view, the Montagnola Senese is in cluded in the In ner
North ern Apennines, a fold-thrust chain formed dur ing the 
Neo gene in re sponse to the in ter ac tion be tween the Adria and
Corso–Sar din ian microplates (Carmignani et al., 2001 and ref -
er ences therein). 

The struc tural set ting of the North ern Apennines is the re -
sult of a com plex compressional-extensional cy cle that started
in the Cre ta ceous and per sisted un til Qua ter nary times
(Carmignani et al., 1995 and ref er ence therein). The collisional
phase was re lated to the con ver gence be tween Eu rope and the 
Adria. The extensional post-collisional phase started in the
Early–Mid dle Mio cene with the de vel op ment of low-an gle nor -
mal faults (Carmignani and Kligfield, 1990; Jolivet et al., 1991;
Elter and Sandrelli, 1994), which caused a crustal stretch ing of
120% or more (Carmignani and Kligfield, 1990). The
extensional re gime per sisted up to re cent times (Early Plio cene
to Qua ter nary) re sult ing in the de vel op ment of high-an gle nor -

mal and transtensional faults, that caused a less sub stan tial
stretch ing (about 10%) but that strongly in flu enced the pres -
ent-day mor pho log i cal set tings of the In ner North ern
Appennines (i.e., the “horst and graben” struc ture, Carmignani
et al., 2001; Brogi, 2003).

As a con se quence of this com plex geo log i cal his tory, the
Montagnola Senese cor re sponds to a morpho-struc tural high,
bounded by tec tonic de pres sions char ac ter ized by con ti nen tal
and ma rine siliciclastic sed i men ta tion in Late Mio cene to Plio -
cene times (Capezzuoli et al., 2009; Mar tini et al., 2011 and ref -
er ences therein).

The Montagnola Senese is mostly made up of non-meta mor -
phic rocks (the Calcare Cavernoso and the Brec cia di Grotti for -
ma tions, for the de tails see the fol low ing chap ter), while meta -
mor phic ter rains crop out in its south ern sec tor (Fig. 1B). The
meta mor phic rocks are af fected by a greenschist fa cies meta -
mor phism (Giannini and Lazzarotto, 1970) and in clude both
siliciclastic and car bon ate lithologies, the lat ter of ten af fected by
karst phe nom ena. How ever, the pres ent study fo cuses only on
the subsurface soils and karst phe nom ena re lated to the
non-meta mor phic rocks, and for this rea son a de tailed de scrip -
tion of the meta mor phic rocks is not pro vided here. 
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Fig. 1A – geo graphic lo ca tion and tec tonic sketch of the In ner North ern Apennines; B – sim pli fied geo log i cal map of the
Montagnola Senese karst mas sif with lo ca tion of the col lected sam ples 



To the south and north, the in ves ti gated area is bounded by
two plains, Pian del Lago and Pian del Casone, re spec tively.
The for mer (Fig. 1B) cor re sponds to a large, closed de pres sion
sur rounded by non-meta mor phic karst ter rains (Calcare
Cavernoso and Brec cia di Grotti for ma tions). It has gen er ally
been in ter preted as a polje (Pascucci, 2004). A dif fer ent or i gin
is pos si ble for the Pian del Casone which, ac cord ing to
Capezzuoli et al. (2009) and Capezzuoli and Sandrelli (2004),
is in ter preted as a por tion of a tec tonic ba sin char ac ter ized by a
palustrine-lac us trine sed i men tary en vi ron ment. Re gard less of
their or i gin, these flat ar eas have been as so ci ated with lac us -
trine set tings un til af ter the 18th cen tury when they were
drained for ag ri cul ture pur poses (Pascucci, 2004). As a con se -
quence, these ar eas hosted al lu vial and lac us trine de pos its
char ac ter ized by brown/red dish colours, de pos ited dur ing the
Qua ter nary (Costantini et al., 2009). Lac us trine slack-wa ter
sed i ments are gen er ally char ac ter ized by a large amount of
fines (silt- and clay-sized par ti cles) with the un com mon oc cur -
rence of sand, gran ules and peb bles, while al lu vial de pos its are
richer in sand and gravel (with gen er ally rounded clasts). These 
de pos its are ob vi ously re lated to the ero sion of sur face red soils 
and red dish col lu vial de pos its that are wide spread in this area.
Col lu vial de pos its are char ac ter ized by a high per cent age of an -
gu lar and sub-an gu lar lime stone de bris, which in di cates only
short-dis tance trans port and neg li gi ble re work ing of the orig i nal
par ent rock. How ever, col lu vial de pos its are also rich in fines
and are char ac ter ized by a gen eral lack of sand- sized par ti cles. 
Dur ing the Qua ter nary, the low-ly ing area of Pian del Casone
lo cally hosted a con ti nen tal car bon ate depositional en vi ron -
ments with lac us trine lime stones and cal car e ous tufa de pos its
(Capezzuoli et al., 2009).

KARST PHENOMENA

The non-meta mor phic bed rock in this sec tor of the
Montagnola Senese area is com posed of two dif fer ent types of
lime stone: the Calcare Cavernoso and the Brec cia di Grotti for -
ma tions. These are two ge net i cally re lated for ma tions be cause
the Brec cia di Grotti For ma tion is com posed of con ti nen tal
brec cias and sand stones, al most ex clu sively rep re sented by
Calcare Cavernoso de rived el e ments, de pos ited dur ing the
Neo gene in an al lu vial fan set ting (Signorini, 1966; Giannini and 
Lazzarotto, 1970). The Calcare Cavernoso For ma tion con sists
of clast- to ma trix-sup ported dolomitic lime stone with a char ac -
ter is tic vacuolar tex ture (Passeri, 1975, 1979; Gandin et al.,
2000; Lugli, 2001; Lugli et al., 2002; Mar tini 2011). This for ma -
tion was formed dur ing the Neo gene as a con se quence of the
dis so lu tion of sulphates and destabilization of a Tri as sic
brecciated dolostone, known as the Anidriti di Burano For ma -
tion in the lit er a ture (Gandin et al., 2000). A pe cu liar lithofacies
of this for ma tion is the so-called Cenerone (Passeri, 1975): it is
made up of dark grey, pow dery or sandy do lo mite that forms
masses or lenses char ac ter ized by a poor de gree of co he sion
(Gandin et al., 2000; Lugli, 2001). The or i gin of this lithofacies is
at trib ut able to weath er ing that af fected the rem nants of the orig -
i nal dolomitic clasts (Gandin et al., 2000; Lugli, 2001).

As men tioned above, the Calcare Cavernoso Fm. is a
dolomitic lime stone with only traces of other min er als. Gandin
et al. (2000) re ported ac ces sory quartz, al bite, iron ox ides and
mus co vite-chlorite phyllosilicates. Iacoviello and Mar tini (2012)
per formed an acid dis so lu tion (1 M So dium Ac e tate so lu tion
buf fered at pH5 with Ace tic Acid) on crushed lime stone sam -
ples that al lowed the iden ti fi ca tion of clay min er als, feld spar and 
scarce tour ma line, iron ox ides and quartz.

Karst phe nom ena strongly af fect both the Calcare
Cavernoso and the Brec cia di Grotti for ma tions (Mar tini, 2011).
The main ex pres sion of sur face karst phe nom ena is rep re -
sented by the Pian del Lago polje and by the many dolines
wide spread across this area. Fur ther more, var i ous types of
karren char ac ter ize the land scape where the lime stone is not
cov ered/pro tected by soils. Hypogean phe nom ena in clude
more than 80 caves, gen er ally small in ex ten sion and in depth.
Caves are gen er ally de vel oped along joints and frac tures, of ten
rec og niz able on the land sur face as lo cal de pres sions.

MATERIALS AND METHODS 

Eight soil sam ples have been col lected with a man ual corer
at the stan dard depth of 60 cm be low the land sur face in or der
to avoid anthropogenic in flu ence. Cave sed i ments were col -
lected by man ual pick ing, in a ver ti cal ex po sure in side the
Mugnano Cave (see Fig. 1B for geo graphic lo ca tion).

X-ray dif frac tion (XRD) anal y ses were per formed on the
clay frac tion of each sam ple. XRD mea sure ments were con -
ducted with an au to mated Philips PW1710 Bragg-Brentano
diffractometer, us ing CuKa ra di a tion (40 kV, 20 mA l =
1.5418 �). Diffractograms were pro cessed us ing the “MacDiff”
soft ware (Petschick, 2001). The clay min eral as sem blage was
de ter mined us ing tex tur ally ori ented sam ples. The clay frac tion
(<2 mm) was iso lated in set tling tubes by grav ity sed i men ta tion.
Clay sam ples were spread on glass slides and slowly dried to
al low a hor i zon tal ori en ta tion of the phyllosilicates. XRD pat -
terns of ori ented sam ples were taken af ter the fol low ing treat -
ments: air dry ing, gly col sol va tion, K-sat u ra tion and heat ing to
550°C for one hour. The sam ples were X-rayed in the range
4–40°2q with a step size of 0.02°2q and a mea sur ing time of 2
s/step. Ad di tion ally, the range 27.5–30.6°2q was mea sured with 
a step size of 0.01°2q and a mea sur ing time of 4 s/step in or der
to better re solve the peaks of kaolinite and chlorite (Biscaye,
1965). XRD iden ti fi ca tion cri te ria were based on the in di ca tions
of Biscaye (1965), Brindley and Brown (1980), Wil son (1987),
Barnhisel and Bertsch (1989), and Moore and Reynolds (1997). 
Clay min er als founded in the ex am ined sam ples were: illite,
smectite, ver mic u lite, mixed layer mica-ver mic u lite (ML I/V) and 
kaolinite. The term “illite” is used here ac cord ing to the def i ni tion 
pro posed by Grim et al. (1937). Semi-quan ti ta tive min eral es ti -
ma tion of the clay min er als was based on the pro ce dure de -
scribed by Gjems (1967), us ing the peak area and the cor rec -
tion fac tors (co ef fi cient of pro por tion al ity, “C”) of di ag nos tic
peaks for each clay min eral: 

  illite: peak area » 10 �; C = 1; 

  smectite: peak area » 16.5 �; C = 0.23; 

  ver mic u lite: peak area » 14 �; C = 0.34; 

  kaolinite: peak area » 7 �; C = 0.24;

  mixed layer (ML I/V): peak area » 12 �, C = 0.40.
Bulk chem i cal anal y ses were ob tained by X-ray flu o res -

cence (XRF). For XRF, sam ples have been me chan i cally
crushed in a plan e tary ball mill and man u ally ground into pow -
der in an ag ate mor tar. Quan ti ta tive anal y ses were per formed
on pow der discs ob tained by press ing 7 g of sam ple on a bo ric
acid pel let. The XRF ap pa ra tus was a Philips MagicX-Pro.
Back ground and mass ab sorp tion in ten si ties were cal cu lated
us ing cal i bra tions based on 24 in ter na tional geo log i cal ref er -
ence ma te ri als. Loss on ig ni tion was de ter mined by heat ing
sam ples to 1050°C for two hours.
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CLAY MINERALS ON CAVE SEDIMENTS

A pre vi ous study on the cave sed i ments ana lysed in the
pres ent work was re cently pub lished by Iacoviello and Mar tini
(2012). That study, based on an in te grated sedimentological,
XRD and SEM ap proach, showed that all these sed i ments were 
mainly de rived from an allochthonous source (i.e., ex ter nal to
the cave). Only a few sam ples dis played a pe cu liar min er al og i -
cal com po si tion in di cat ing a mix ture of autochthonous and
allochthonous ma te ri als. In this study, only those sam ples dis -
play ing pure allochthonous com po si tions were taken into ac -
count. A sum mary of the main fea tures of the ana lysed sam ples 
are given in Ta ble 1. Two broad cat e go ries of cave sed i ments
can been dis tin guished on the ba sis of av er age grain-size: (1)
mud-dom i nated (MU3, MU5–10, MU12–14), and (2) sand-do -
m i nated (with an abun dant silty/clayey ma trix, sam ples: MU1,
MU2, MU4, MU11) sed i ments. In all the sam ples, the muddy
frac tion shows a typ i cal red dish col our (Fig. 2).

The four teen in ves ti gated sed i ments show a sub stan tial ho -
mo ge ne ity re gard ing min er al og i cal com po si tion and the rel a tive 
abun dance of each phase (Fig. 3). Three clay min er als were
iden ti fied: illite is the most abun dant (77–89%), fol lowed in
abun dance by kaolinite (10–22%) and ver mic u lite (traces
to 2%). Av er age con tents for illite, kaolinite and ver mic u lite are
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Sam ple Li thol -
ogy

Munsell® color

wet dry

MU14 mud 2.5 YR 4/6 5 YR 5/8

MU13 mud 2.5 YR 4/8 5 YR 6/8

MU12 mud 2.5 YR 4/6 5 YR 6/8

MU11 sand 5 YR   5/4 5 YR 7/6

MU10 mud 2.5 YR 4/6 5 YR 6/8

MU9 mud 2.5 YR 4/8 5 YR 5/6

MU8 mud 2.5 YR 4/8 5 YR 5/6

MU7 mud 2.5 YR 3/6 5 YR 6/8

MU6 mud 2.5 YR 3/6 5 YR 6/6

MU5 mud 2.5 YR 4/6 5 YR 6/8

MU4 sand 2.5 YR 3/4 5 YR 5/6

MU3 mud 2.5 YR 4/6 5 YR 6/6

MU2 sand 2.5 YR 3/4 5 YR 6/8

MU1 sand 2.5 YR 3/6 5 YR 7/6

T a  b l e  1

Li thol ogy and Munsell® col our (wet and dry) 
of the in ves ti gated cave sed i ments 

(mod i fied af ter Iacoviello and Mar tini, 2012)

Fig. 2. Red sed i ments in side the Mugnano Cave

 A – cave sed i ments in a ver ti cal ex po sure, carabiner for scale is about 10 cm long; B – al ter na tion of mud-dom i nated 
and sand-dom i nated beds; C – close-up view of the re la tion be tween mud-dom i nated sed i ments and a sand layer
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Fig. 3. Semi-quan ti ta tive compositional anal y sis of the clay frac tion of the cave sed i ments and of the sur face red soils

ML – mixed lay ers, tr. – traces in di cates per cent ages less than 1%, Vrm – ver mic u lite



83, 16 and about 1%, re spec tively. Sam ples MU1, MU8 and
MU11 show rel a tively lower amounts of kaolinite with higher
illite con tents. Sam ples MU13 and MU14 have the high est
kaolinite con tents (22 and 20%, re spec tively). No sig nif i cant dif -
fer ences could be iden ti fied be tween mud- and sand-dom i -
nated sed i ments.

CLAY MINERALS OF THE TERRA ROSSA SOILS

Terra rossa soils are wide spread in the in ves ti gated area and 
due to their oc cur rence in top o graphic de pres sions they are of -
ten used for ag ri cul ture pur poses (Fig. 4). A syn the sis of the main 
fea tures of the sam ples ana lysed is re ported in Ta ble 2, while
their bulk chem i cal com po si tion is re ported in Ta ble 3. 

Five clay min er als were iden ti fied (Fig. 3): illite is the most
abun dant, and shows rather large os cil la tions (58–84%), fol -
lowed by kaolinite (12–24%), ver mic u lite (3–12%), smectite
(0–6%) and mixed layer min er als (traces to 1%). The av er age
illite con tent is 72%, while lower val ues were ob served in sam -
ples MO4 and MO6, (64 and 58%, re spec tively); these two
sam ples also dis play rel a tively higher per cent ages of smectite
(6%), as well as rel a tively higher ver mic u lite con tents (7 and
12%, re spec tively). These val ues are con sid er ably higher than
the av er age per cent ages of both smectite (2%) and ver mic u lite
(5.5%).

Mixed layer min er als are pres ent in traces. Only sam ple MO8 
dis plays de tect able amounts (1%) of mixed layer min er als.
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Fig. 4. Typ i cal as pects of sur face red soils in ag ri cul tural use

Sam ple UTM
Nord

UTM
East

El e va tion 
[m a.s.l.]

Depositional
en vi ron ment

Munsell® color
Skel e tal grains

wet dry

MO1 4798642 0684158 274 al lu vial/col lu vial 5 YR   4/3 10 YR    5/4
sand with un com -
mon subrounded

grav els

MO2 4801189 0683083 261 lac us trine 7.5 YR 4/4 10 YR    5/6
sand with

subrounded/rounded 
small grav els

MO3 4800947 0682288 259 lac us trine 7.5 YR 3/3 7.5 YR 5/4 scarce sand

MO4 4799110 0681079 313 col lu vial 2.5 YR 5/4 5 YR   4/4 an gu lar/subangular 
lime stone de bris

MO5 4798233 0678137 475 col lu vial 2.5 YR 3/4 7.5 YR 4/4 scarce subangular
lime stone de bris

MO6 4805759 0676950 281 al lu vial/col lu vial 2.5 YR 4/4 10 YR    5/4
subangular and

alterated lime stone
de bris

MO7 4806354 0677924 200 lac us trine 7.5 YR 4/3 10 YR    5/4 scarce subangular
lime stone de bris

MO8 4803845 0682644 283 lac us trine 5 YR   4/4 7.5 YR 4/6

subangular to
subrounded and
unalterated lime -

stone de bris

The col umn named “Depositional en vi ron ment” pro vides in for ma tion about the depositional set ting in which the red sed i ments ac cu mu lated

T a  b l e  2

Main fea tures of the in ves ti gated soil sam ples with UTM co or di nates (da tum WGS84, zone 32) and el e va tions



DISCUSSION

The stud ies pre vi ously per formed on these cave sed i ments
dem on strated that their or i gin is strongly re lated to the ar rival of
sed i ment-laden flows (i.e., sed i ment-rich flows with high sus -
pended sed i ment con cen tra tions) from the over ly ing and sur -
round ing land scape to the in ter nal part of the cave. This con clu -
sion is sup ported by a range of ev i dence, such as the min er al -
og i cal and sedimentological fea tures that char ac ter ize the cave 
sed i ments, and the oc cur rence of gas tro pod re mains, as
gasteropods are un able to live in a cave en vi ron ment (see
Iacoviello and Mar tini, 2012 for more de tailed de scrip tion). As a
con se quence, the most re al is tic source of cave-sed i ments was
the ero sion of sur face soils wide spread in this area. 

De spite the ge netic re la tion ships es tab lished be tween cave 
sed i ments and red sur face soils, no ta ble dif fer ences in the clay
min er al ogy of these two fam i lies of ma te ri als are eas ily rec og -
niz able. Red sur face-soil sam ples dis play high ver mic u lite con -
tents (3–12%) in con trast to the gen er ally low val ues in
cave-sed i ments (traces to 2%). Fur ther more, red soil sam ples
con tain smectite and mixed layer clays, that were not de tected
in cave-sam ples. Kaolinite is abun dant in all the sam ples in ves -
ti gated, al though its av er age value in red soil sam ples (20%) is
a lit tle higher than the av er age kaolinite con tent in cave-sed i -
ments (16%). Illite is the most abun dant clay min eral phase

even though soil sam ples dis play gen er ally lower per cent ages
of this min eral.

The dif fer ent com po si tion could be ex plained in var i ous
ways, but the data sug gest that they are due to pedogenetic
pro cesses that have af fected sur face soils in re cent times, while 
cave-sed i ments, once de pos ited, were left un changed. In fact,
a typ i cal pedogenic evo lu tion con sists of the al ter ation of illite
with the for ma tion of ver mic u lite, smectitic mixed lay ers,
smectite, kaolinite and amor phous com pounds (Millot, 1970;
Jack son, 1964; Chamley, 1989). How ever, kaolinite is re ported
as a pri mary con stit u ent of the lime stone bed rock crop ping out
in the Montagnola Senese (Gandin et al., 2000; Iacoviello and
Mar tini, 2012) and for this rea son its oc cur rence in the
cave-sed i ments does not pro vide any in for ma tion about the de -
gree pedogenetic weath er ing. By con trast, ver mic u lite can be
con sid ered as a re li able marker of pedogenesis, and there is
gen eral agree ment that most ver mic u lites are de rived by the
weath er ing of mica and illite (Walker, 1949; Barnhisel and
Bertsch, 1989; Douglas, 1989). A sim i lar state ment may be
made re gard ing mixed layer clay min er als (Sawhney, 1989)
and for smectite, be cause the two phases were not de tected in
the bed rock in sol u ble res i due (Gandin et al. 2000; Iacoviello
and Mar tini, 2012). How ever, the  for ma tion of smectite is
strongly in flu enced by top o graphic and lo cal con di tions
(Borchardt, 1989), which pre vent or strongly limit the sig nif i -
cance of the smectite as a marker for un der stand ing  the de gree 
of pedogenesis af fect ing the soils.
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MO1 MO2 MO3 MO4 MO5 MO6 MO7 MO8

Na2O [%]   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   2.43   1.38   2.13   2.67

Al2O3 [%] 18.99 17.61 17.25 19.47 19.21 17.18 18.12 17.80

SiO2 [%] 67.26 70.42 67.22 40.57 46.41 65.51 51.86 54.98

P2O5 [%]   0.07   0.04   0.09   0.11   0.09   0.10   0.19   0.10

K2O [%]   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

TiO2 [%]   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   0.11   0.06   0.07

Fe2O3 [%]   2.10   2.49   3.05 14.05 16.68   4.92   4.52   3.73

L.O.I. [%]   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 [ppm] 134       169       170       194       360      303       332       207       

Y [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 [ppm] 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 [ppm] 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     

Ti/Zr 10.1  5.9 15.9  18.2  10.3 12.7    9.6  16.4  

 L.O.I. – loss on ig ni tion

T a  b l e  3

Chem i cal re sults ob tained by XRF (X-ray flu o res cence) for the col lected soil sam ples



With re gard to the red soils in the Montagnola Senese area,
Costantini et al. (2009) dem on strated that these have a poly gen -
etic or i gin (e.g., ae olian de pos its of var i ous na ture, pedogenically
al tered and mixed with the un der ly ing sed i ments). These au thors
based their con clu sions on a range of geo log i cal, pedological and
geo chem i cal ev i dence, in clud ing the Ti/Zr ra tio that gen er ally
helps to iden tify the con tri bu tion of ae olian ma te ri als to the for ma -
tion of terra rossa soils (Dick son and Scott, 1998; Tate et al.,
2007). The Ti/Zr ra tios of the soil sam ples ana lysed in the con text
of this study (Ta ble 3) are al ways low and in line with those re -
ported by Costantini et al. (2009) for the most surficial ho ri zons of
the soil pro files. Con se quently, a sim i lar poly gen etic or i gin is also
pos si ble for the soil sam ples dis cussed in the pres ent pa per.
Costantini et al. (2009) pro vide also op ti cally stim u lated lu mi nes -
cence (OSL) dates that show that older sur face-soils and/or soil
ho ri zons of the area have de vel oped since at least the Late Pleis -
to cene (72.6 ± 9.1 ka), and that their de vel op ment per sisted un til
the pres ent (Costantini et al., 2009, re ported that the youn ger re -
corded age was 3.33 ± 0.44 ka, sug gest ing that pedogenetic pro -
cesses are still ac tive). There fore, it can be sup posed that the ero -
sion of sur face soils and their con se quent re-de po si tion in the
cave en vi ron ment have oc curred dur ing an ear lier stage of
pedogenesis, when the al ter ation pro cesses had not yet re sulted
in to the deep trans for ma tion of illite to al ter ation prod ucts such as
ver mic u lite, mixed lay ers and smectite. This hy poth e sis is cor rob -
o rated by the min er al og i cal dif fer ences of soils sam ples col lected
from dif fer ent ar eas: sam ples col lected in al lu vial and col lu vial set -
tings (i.e., sam ples MO1, MO4–6) gen er ally dis play higher val ues
of ver mic u lite and smectite in com par i son to those col lected from
“lac us trine” sed i ments (i.e., sam ples MO2, MO3, MO7, MO8). It is
im por tant to re mem ber that lac us trine set tings per sisted un til the
18th cen tury when lakes were drained (Pascucci, 2004). Con se -
quently, “red lac us trine de pos its” de rive from the ero sion of sur -
face soils and the re-de po si tion (and per haps par tial sub se quent
reoxidation) of sed i ments in a lac us trine en vi ron ment. This im plies 
that pedogenetic pro cesses have af fected these sed i ments for a
shorter time com pared to the al lu vial/col lu vial ones, be cause
pedogenetic pro cesses can not op er ate in sub aque ous en vi ron -
ments. Hence, de pos its that were never sub ject to lac us trine con -
di tions would dis play a higher de gree of pedogenetic al ter ation,
ex pressed by an in crease in al ter ation-de rived clay min er als.

These ob ser va tions dem on strate that try ing to un der stand
the ge netic re la tions be tween cave sed i ments and sur face red
soils just by an a lysing their clay min er al ogy may be prob lem atic,
and some times even mis lead ing. This is par tic u larly the case
when cave sed i ments were emplaced dur ing the early stages of
pedogenesis, so that their clay-frac tion is com posed mainly of
weakly al tered min er als. By con trast, sur face soils, hav ing been
af fected by pedogenesis and weath er ing for a lon ger time, may
be come en riched in al ter ation-de rived min er al og i cal phases.

CONCLUSIONS

In this pa per the clay min er als of cave sed i ments and of sur -
face red soils of the Montagnola Senese area have been in ves -
ti gated in or der to un der stand the rea son for their sim i lar i ties
and dif fer ences. Pre vi ous au thors have in ves ti gated these two
cat e go ries of sed i ments sep a rately. Costantini and Damiani
(2004), Pri ori et al. (2008) and Costantini et al. (2009) have
stud ied sur face soils, con sid er ing their age of for ma tion and the
im por tant con tri bu tion of ae olian ma te ri als to the de vel op ment
of red soils; on the other hand Iacoviello and Mar tini (2012)
dem on strated that red mud sed i ments in caves orig i nated by
the ero sion and the sub se quent re-de po si tion of sur face soils. 

De spite these well-doc u mented ge netic re la tions, the data
ob tained in the pres ent work in di cate sig nif i cant dif fer ences in
the clay min eral as sem blages in sur face red soils and cave sed -
i ments. In de tail, the lat ter are de fi cient in ver mic u lite, smectite
and mixed layer clays, com pared with sur face soils. More over,
the per cent age of these three phases is ex tremely vari able also
in sur face soil sam ples: a gen eral en rich ment can be rec og -
nized in the sam ples rep re sen ta tive of al lu vial/col lu vial en vi ron -
ments (e.g., ex posed to pedogenetic pro cesses for a lon ger
time), while lower val ues were de tected in the sam ples rep re -
sen ta tive of a lac us trine en vi ron ment (e.g., pedogenetic pro -
cesses were ac tive only prior to sub aque ous de po si tion). The
data sug gest that the min er al og i cal dif fer ences be tween the two 
ma te ri als can be at trib uted to the dif fer ent de gree of
pedogenesis that af fected cave sed i ments and sur face red
soils. Re al is ti cally, the cave sed i ments in ves ti gated might have
been emplaced dur ing an early stage of pedogenesis in which
the al ter ation pro cesses had no time to strongly weather the
orig i nal par ent ma te ri als.

Fi nally, these data show that in ves ti ga tion of only the
clay-frac tion is in suf fi cient, some times even mis lead ing, when
try ing to un der stand the ge netic re la tion be tween cave sed i -
ments and sur face soils. The re sults of our com par a tive study
sug gest that the great dif fer ences in the clay min eral as sem -
blages of sur face soils and cave sed i ments of the Montagnola
Senese area can be as cribed to dif fer en tial pedogenetic pro -
cesses, and they do not in di cate a lack of ge netic re la tions be -
tween the two.
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