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Calanchi are badland-like erosional landforms, common in the Mediterranean region, which form from acceler-
ated erosion processes. The calanchi slopes, naked or differently vegetated, can be considered as formed by
different ecological tesserae originated by the mutual interaction of several factors such as erosion, geomorphol-
ogy,microclimatic conditions, vegetation, ground cover, and pedogenesis. However, information about pedogen-
esis is rather scarce mainly because the soils developing on calanchi slopes are incessantly disturbed by erosion
processes. To understand the role of soil evolution on landslide erosion, we considered three land facets each one
made up of four tesserae (T1 to T4), which represented the different steps of soil and vegetal evolution of
calanchi. The soil of each tesserawas described, sampled by genetic horizons, and the sampleswere characterized
for their physical, mineralogical and chemical properties. Field observations and laboratory data suggest that pe-
dogenesis in the calanchi badlands may progress until a critical threshold. Indeed, advanced plant colonization
and solum development improve soil structure, increase soil organic matter, and favor redistribution of nutrients
along the profile. The improvement of structure at depth fosters water storage and clay dispersion through soil
leaching and reduction of ionic strength of the soil solution, making soil less stable. Depending on the slope
gradient, the soil weight acquired during rainfall events may trigger landsliding, mudflows, or collapses that
rejuvenate the surface.

© 2015 Published by Elsevier B.V.
1. Introduction

Badlands are worldwide erosional landforms represented by several
types of geoforms such as rills, gullies, ravines, canyons, hoodoos, and
pinnacles (Plummer et al., 2012). The formation of different badland
morphologies is due to the type of sedimentary bedrock, especially tex-
ture and cementation degree, as well as climate. Among the types of
badlands, “calanchi” are landforms mainly originated from accelerated
erosion such as creep, landsliding, mudflows, slope collapse, and piping
that form a network of rills and gullies with high internal disorder
(Alexander, 1980, 1982; Battaglia et al., 2002). Further, they generally
form onMiocene to Pleistocene soft to semi-coherentmarine sediments
(Battaglia et al., 2002). Calanchi occupymuch of the Italian territory and
are diffused across southern Europe and northern Africa.

The main factors inducing the formation or controlling the persis-
tence of calanchi, as for the other badland-like morphologies, are
1) fine-grained and poorly consolidated or diagenized bedrock, 2) to-
pography, and 3) climatic conditions such as high intensity rainfall
events (e.g., Battaglia et al., 2002; Gallart et al., 2002, 2013; Godfrey
et al., 2008; Alonso-Sarria et al., 2011; Martínez-Murillo et al., 2012).
The diffusion of calanchi in the Mediterranean basin, in addition to
these three factors, can be attributed to an intense soil use (Dramis
et al., 1982; Guasparri, 1993; Torri et al., 1999, 2013; Corti et al.,
2013). In this area, vulnerability to erosion was triggered by anthropo-
genic removal of evergreen oak woodland during the Holocene, so ex-
posing erodible soils to climate rigors, favoring rain-splash and runoff,
and activating processes of mass wasting such as creep, sliding, and
flowage (e.g., Bryan and Yair, 1982; Imeson and Verstraten, 1988;
King, 1990; Howard, 2009; Torri et al., 2013). Another key factor con-
trolling the formation of badlands as well as calanchi is represented by
pedogenesis. The presence of a relatively stable soil instead of a thin ac-
cumulation of unconsolidated material or “regolith” (e.g., Fairbridge,
1968; Gallart et al., 2002), derived from the weathering of the underly-
ing mudrock, may prevent or limit badland formation (Gallart et al.,
2002). Also mineralogical composition plays an important role in bad-
land development as diverse clay minerals may differently affect soil
dispersivity (Summa et al., 2007; de Santis et al., 2010) or mass move-
ments (Kasanin-Grubin, 2012). However, as far as we know, there is
no evidence about the importance of mineralogy on the formation of
calanchi or other badland-like geoforms. As evidence of this, studying
badlands from Dinosaur Park and Chinguacousy (Canada) and calanchi
from an area across Tuscany andMarche (Italy), Kasanin-Grubin (2012)
found that the Dinosaur Park badlands had a mineral composition
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very similar to the Italian calanchi, while it differed from that of
Chinguacousy badlands because of the diverse composition of the par-
ent material. Further, the Italian calanchi have often been remodeled
or obliterated for agriculture purposes by the use of explosives
(Pavari, 1911) or bulldozers (Calzecchi-Onesti, 1954; Rendell, 1986;
Guasparri, 1993). Because of this, calanchi landscapes result from
pedo-climatic and anthropic forces (Torri et al., 2013).

As for the other types of badlands, calanchi are subject to a geomor-
phic evolution that produces a mosaic of soil surfaces (Guàrdia et al.,
2000; Lázaro et al., 2000; Regüés et al., 2000; Cantón et al., 2003). On
calanchi slopes, the soil surface may be naked or differently vegetated,
so that the landscape can be considered as formed by different ecologi-
cal tesserae (sensu Forman and Godron, 1986). Indeed, each tessera
originated by the mutual interaction of several factors such as erosion,
geomorphology, microclimatic conditions, vegetation, ground cover,
and pedogenesis. Among these factors, information about pedogenesis
on calanchi is rather scarce. Consequently, little is known about the
role of soil evolution on calanchi dynamics. This paucity in knowledge
can be partly ascribed to the fact that in these landscapes the erosion
processes responsible for soil removal are often rapid, while soil re-
formation on the scalped surfaces is very slow. Further, selection of
the site where to accomplish pedologic study can be difficult as calanchi
landscapes are often formed bymany different tesserae, some of which,
at sites, may lack or disappear as a result of erosion or pedogenesis. In
some cases, tesserae appear to be linked among themselves so to form
a system of soil and vegetal evolution that describes a so called land
facet, namely a “combination of ecotypes forming a pattern of spatial re-
lationships, being strongly related to properties of at least one attribute”
(Bridgewater, 1993). We hypothesized that integrating pre-existing
studies with new field observations and lab data may highlight the
Fig. 1.Map of Italy with distribution of calanchi, magnificatio
relationships among tesserae and improve the understanding of the
role of pedogenesis on the processes of accelerated erosion that affect
these landscapes. To test this hypothesis, this study was concentrated
on soil genesis of calanchi land facets and assessing the role of soil evo-
lution on landslide erosion.

2. Materials and methods

2.1. Background information

Most of central and southern Italy is made up of territories covered
by calanchi (Fig. 1), which originated from Plio-Pleistocenemarine sed-
iments composed of alternating beds of clay, marl-clay, silt clay and silt
(Alexander, 1982;Moretti and Rodolfi, 2000). In some cases the summit
of the calanchi is occupied by forests, but more often it has been
remodeled (leveled) and plowed to cultivate vines, olive trees, and ce-
reals (Fig. 2). Deep plowing has been responsible for greatly increasing
erosional processes that have left the calanchi slopes almost barren
(Phillips, 1998). The steep slopes around the leveled summit show fea-
tures of accelerated erosion with dissected bare terrain intersected by a
network of gullies (Battaglia et al., 2002). Whether or not the summit is
leveled and cultivated, it may host different soils in function of dip slope
and exposition. The dip slope surfaceswith anNNW toNNE aspect have
rather developed soils (mostly Inceptisols) with a thick grass vegetation
cover or cultivations, while the anti-dip slopes with an SSW to SSE
aspect have poor soils (mostly Entisols) and are almost barren
(e.g., Fascetti et al., 1990; Del Prete et al., 1997). If not artificially
remodeled, themore or less vegetated slopes tend to form sharp pinna-
cles that are at the mercy of strong erosion (Fig. 3). Materials eroded
from the slopes accumulate into, and at the side of, braided streams
n of the Marche region and indication of the study site.



Fig. 2. Example of remodeled (leveled) badlands for agricultural purposes at Rotorscio, Ancona, Italy.
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where soils (Entisols and Inceptisols) develop also due to the coloniza-
tion of shrubs and trees, sometimes with a thick understory.

In the Marche region (central Italy), calanchi landscapes are wide-
spread, covering an area of ~100 km2 all around the basin of the
major rivers (Fig. 1). During surveys conducted in these valleys, we re-
alized that, as inmany other sites, themost commonprocesses affecting
calanchi were rilling, gullying, and slumping. Such occurrences were
commonly preceded by a more or less rapid sequence of sheet erosion,
micro-rilling, and landslides. The eroded material was deposited in
footslopes, where shrubs (Tamarix africana Poiret, Prunus spinosa L.,
Fig. 3. Example of sharp pinnacles due to erosion, formed along
Rosa canina L., Rubus ulmifolius Schott, Cornus sanguinea L.) and a few
trees (Ulmus minor Miller, Salix alba L.) developed. In many areas
where pinnacles were remodeled during the 1920s and 1930s, we rec-
ognized four main tesserae along the flanks of the calanchi:

1) barren surface, which is usually in a slightly depressed position with
respect to the other tesserae andwasmade up of a poorly developed
soil (Entisol) with a “popcorn” surface;

2) semi-barren surface, which occupied micro-escarpments between
the barren and vegetated tesserae, often in the shape of a crown
1 m

the flanks of remodeled surface at Rotorscio, Ancona, Italy.
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around the barren tessera, hosted sparse leguminous plants and a
rather diffuse cover of a biological crust, and showed a slightly
more developed soil than in the barren area (Entisol);

3) relatively well-vegetated surface, which usually occupied an area
adjacent to the previous tessera, hosted a good grass cover of legu-
minous and gramineae plants and was made up of a rather devel-
oped soil (Inceptisol); and

4) well-vegetated surface, which hosted a thick vegetation cover made
up of gramineaewith few leguminous plants and shrubs, and a rath-
er developed soil (Inceptisol). The soil of this tessera represented the
highest stage of development on the steep slopes.

Hereinafter we refer to these four tesserae as T1, T2, T3 and T4,
respectively.

2.2. Study site, field operations and sample preparation

We selected a study area of about 6 km2 in the locality known as
Coste di Staffolo, in the municipality of Staffolo (Ancona, Italy) (Fig. 1).
Here, the lithology is represented by pelitic marine sediments made
up of intercalated strata of shales, gray-blue marleous clay, and fine
sand. The mean annual air temperature of the areas is ~13.5 °C, with
July and August as the warmest months and January as the coldest
one. Themean annual precipitation of the area is ~860mm, concentrat-
ed during autumn and winter and with a summer drought. Several
Table 1
Morphological description of the land facet 2. Badlands of Coste di Staffolo, Ancona, Italy. For s

Landform: steep slope (about 35°) with diffuse soil cracks. Exposure: SSE. Altitude: 206 m
material: Plio-Pleistocene fine-textured marine sediments. Soil classification according to

Depth Colora Textureb Structurec Rootsd

cm

T1, soil with popcorn and barren surface: loamy, mixed, superactive, calcareous, mesic Udic U
A1 0–2 2.5Y 7/2 sicl 3f,m abk 0
A2 2–5 2.5Y 4/2 sicl 3f,m abk 0
BC1 5–14 10YR 5/1 sicl 3th pl → f abk 0
BC2 14–23 2.5Y 5/2 sicl 3th pl → f abk 0
BC3 23–32 2.5Y 5/1 sicl 3th pl → f abk 0
C 32–40+ 2.5Y 4/1 sicl 3m pl → f abk 0

T2, soil under sparse Hordeum maritimum, Hedisarium coronarium and biological crust: loam
A1 0–2 2.5Y 7/2 sicl 3f,m abk 0
A2 2–4 10YR 4/2 sicl 3f,m abk 0
Bw 4–12 10YR 5/4 sicl 2f,m abk 2 mi,vf
BC1 12–20 10YR 5/3 sicl 2m,co abk 2 mi,vf,f
BC2 20–34 10YR 5/1 sicl 1m,co abk 2 mi,vf
C 34–52+ 2.5Y 2/2 sicl 2m pl → f abk 2 mi,vf,f

T3, soil with good cover made of Hedisarium coronarium and few gramineae: loamy, mixed, s
A1 0–1 10YR 6/1 sicl 3f,m abk & 3f,m cr 0
A2 1–4 2.5Y 5/2 sicl 3f,m,co sbk & 3f,m cr 0
Bw1 4–9 10YR 5/2 sicl 3f,m sbk-abk 1 mi,vf,f; v1 m
Bw2 9–7 10YR 5/2 sicl 3f,m sbk-abk 2 mi,vf,f; v1 m
Bw3 17–25 10YR 5/2 sicl 2–3m abk 3 mi,vf; 2 f
BC 25–39 10YR 4/1 sicl 3m abk → th pl 2 mi,vf,f
C 39–56+ 2.5Y 4/0 sicl 2f,m pl → f abk 3 mi,vf,f

T4, soil with thick cover made of gramineae and leguminous: loamy, mixed, superactive, calca
Oi 5–0 – – – –
A1 0–4 5Y 4/2 sicl 3f,m,co cr 1 mi,vf,f
A2 4–11 5Y 4/2 sicl 3f,m,co cr 2 mi,vf,f; 3 m
Bw1 11–18 2.5Y 4/2 sicl 3m,co abk 2 mi,vf,f,m
Bw2 18–26 2.5Y 4/2 sicl 3m,co abk 2 mi,vf; 1 f,m
Bw3 26–35 10YR 6/2 sicl 3m,co abk 3 mi,vf; 2 f,m
BC1 35–47 2.5Y 5/2 sicl 3m,co abk 3 mi,vf,f
BC2 47–59 2.5Y 4/2 sicl 3f,m,co abk → th pl 3 mi,vf; 2 f
C 59–69+ 2.5Y 2/2 sicl 2 f,m pl → f abk 2 mi,vf,f

a Moist and crushed, according to the Munsell Soil Color Charts.
b sicl = silty clay loam.
c 1 = weak, 2 = moderate, 3 = strong; th = thin, f = fine, m = medium, c = coarse; cr =
d 0 = absent, v1 = very few, 1 = few, 2 = plentiful, 3 = abundant; mi = micro, vf = very
e a = abrupt, c = clear; w = wavy, s = smooth, l = linear, i = irregular.
f w/d = wet/dry cycles, crp = creeping; 1 = thin, 2 =moderate, 3 = thick, c = cutans on t
rainfall events with an intensity N50 mm h−1 occur annually, mainly
in autumn and spring.

In the selected area, in orthogonal position with respect to the main
slope, we observedmany land facets aswide asmeters or dozens ofme-
ters which, however, did not always show all the four tesserae. For our
study, we chose three land facets with all the four tesserae that were
10–20 m wide, and had a similar SE to SSE exposure, an altitude be-
tween 198 and 220 m, and a general slope around 33–35°. The distance
among the selected land facets ranged from 15 to 40 m. Table 1 reports
the prominent features at one of the three land facets, and Fig. 4 shows a
picture of the corresponding profiles. In each tessera of the three land
facets, two soil profiles were opened. The profiles were described per
Schoeneberger et al. (2002) and sampled by genetic horizons. The col-
lected samples were air-dried and then sieved at 2 mm.
2.3. Soil analyses

Particle-size distribution was determined after the dissolution of or-
ganic cements by NaClO at pH 9 (Lavkulich andWiens, 1970). Fine sand
and very fine sand (250–100 and 100–53 μm, respectively) were recov-
ered bywet sievingwhile silt was separated from clay by sedimentation
maintaining the columns at 19–20 °C.Water retention at 33 kPawas de-
termined by pressure plate extractor (Soil moisture Equipment Corp.,
Santa Barbara, CA). The coefficient of linear extensibility (COLE), which
ymbols see the legend at the bottom.

. Mean annual air temperature: 13.5 °C. Mean annual precipitation: 860 mm. Parent
Soil Survey Staff (2010).

Boundarye Thickness Other observationsf

cm

storthent.
ci 2–4 Popcorn surface; w/d cracks
aw 2–3 2c
cw 8–10 1c
cw 8–9 –
cw 9–11 –
– – –

y, mixed, superactive, calcareous, mesic Udic Ustorthent.
cw 2–3 crp cracks + w/d cracks
cw 2–3 crp cracks + w/d cracks; 2c
aw 7–10 crp cracks + w/d cracks; 2c
cw 6–8 1c
cw 11–16 –
– – Roots mostly around the cracks

uperactive, calcareous, mesic Udic Haplustept.
ai 1–2 crp cracks
cw 3–5 crp cracks partly filled by A material; 3c
cw 4–5 crp cracks partly filled by A material; 2c; 1sc
cw 5–8 crp cracks partly filled by A material; 2c; 1sc
al 8–9 crp cracks partly filled by A material; 1c
al 11–14 crp cracks partly filled by A material
– – –

reous, mesic Typic Haplustept.
cw 5–7 Remnants of grass
cw 4–5 crp cracks partly filled by O material; few M
cw 7–9 crp cracks partly filled by O + A material; 3c; 1sc; few M
cw 6–7 crp cracks partly filled by A + O material; 3c; 1sc
cw 6–8 crp cracks partly filled by A + O material; 2c; 1sc
al 9–10 crp cracks partly filled by A + O material; 1c
al 10–12 crp cracks partly filled by A + O material
cs 11–12 –
– –

crumb, abk = angular blocky, sbk = subangular blocky, pl = platy;→ breaking into.
fine, f = fine, m = medium, co = coarse.

he surface of the peds, sc = shiny cutans on the upper part of the roots; M=mesofauna.
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Fig. 4. Pictures of the T1 to T4 soil profiles forming one of the land facets under study at Coste di Staffolo, Staffolo municipality (Ancona, Italy). Images are not in scale among themselves.
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is an estimate of soil swell–shrink potential, was determined according
to the rodmethod of Schafer and Singer (1976), paying attention to ob-
tain a similar fluidity for all pastes produced.

The content of carbonaceous minerals was chemically quantified by
dissolution in 2 M HCl solution and successive titration of the evolved
CO2 (Bundy and Bremner, 1972). This method allows determining the
content of carbonates with no interference due to the presence of gyp-
sum. The attribution of the carbonates to calcite or dolomite was then
made on the basis of their relative peak-areas obtained by X-ray diffrac-
tometric analyses. Crystalline minerals were identified by analyzing
manually oriented powdered specimens on a Philips PW 1830 (Philips,
Eindhoven, Holland) X-ray diffractometer, using Fe-filtered Co Kα1 ra-
diation (35 kV and 25mA); the step size was 0.02° 2θ and the scanning
speed was 1 s per step. Semi-quantitative estimation was obtained by
identifying the minerals on the basis of their characteristic peaks. The
content of themineralswas assessed from the area of the respective pri-
mary peaks, calculated by multiplying the peak height by the width at
the half-height. Clay minerals were recognized after sub-samples were
Fig. 5. Surface of T2 soil sparsely colonized by Hordeum marinum Hudson and partly covered
municipality (Ancona, Italy).
saturated with Mg and K, solvated with glycerol and heated at 330 °C
and 550 °C. The peak-area of the mineral mixture made up of
hydroxy-interlayered vermiculite and hydroxy-interlayered smectite
(HIV/HIS), which fell in the range between 1.415 and 1.475 nm, was
multiplied by a factor of 1.3 with respect to the 0.716–0.718 nm peak-
area of kaolinite (Cuniglio et al., 2009).

The pHwas determined potentiometrically inwater (solid:liquid ratio
1:2.5). Total C and N contents were determined by a Carlo Erba EA1110
(Carlo Erba Instruments, Milan, Italy) dry combustion analyzer, while
the organic C content was estimated by theWalkley–Blackmethodwith-
out the application of heat (McLeod, 1975). The extractable (soluble plus
exchangeable) Ca, Mg, K, Na and Cl were determined on aliquots of 2 g;
each aliquot was placed into a centrifuge tube, submerged with 0.2 M
NH4NO3 solution (solid:liquid ratio 1:10) and shaken for ~10 min (Corti
et al., 1997). The suspension was left to rest for a while and then gently
shaken to re-suspend the sediments and centrifuged. The extracted solu-
tionwasfiltered throughWhatman42filter paper and analyzed by atom-
ic absorption with a Shimadzu AA-6300 (Shimadzu, Tokyo, Japan)
0.5 m

by a biological crust made of cyanobacteria, algae and lichens. Coste di Staffolo, Staffolo
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spectrophotometer for Ca, Mg, K and Na, and by the Mohr's silver nitrate
titration method for Cl. The exchangeable sodium percentage (ESP) was
calculated as Na / (Ca +Mg+ K+ Na) × 100.

2.4. Replicates and statistic

The results obtained for each horizon of the two profiles opened in
each tessera were averaged. In the tables, the values reported for each
horizon are the means of the three averages obtained for each tessera
of the three land facets. The standard errors were calculated according-
ly, using n = 3. Statistical analyses were performed by a two-way
ANOVA and the means were compared to test the least significant dif-
ference at P b 0.05 by the Fisher's LSD test using XLSTAT PRO 7.5 soft-
ware (XLSTAT, Addinsoft, New York, NY).

3. Results

3.1. Soil morphology

The T1 soil showed a bare “popcorn” surface (Kasanin-Grubin, 2012)
forming a thin A1 horizon 2–4 cm thick interested by cracks due towet/
dry cycles (Table 1). Underneath the A1, there was an A2 horizon a
few cm thick, three BC horizons with a thickness of ~10 cm each, and
a C horizon. Even though all the horizons had a silty clay loam texture,
the A1 and A2 horizons displayed a strongly developed angular blocky
structure while the others showed a platy structure of sedimentary
Table 2
Particle-size distribution after NaClO treatment, water retention at 33 kPa and coefficient of line
Italy. Numbers in parentheses are the standard errors.

Horizons Depth Particle-size distribution in NaClO⁎

Sand Sil

Fine Very fine

cm %

T1, soil with popcorn and barren surface
A1 0–2 1(0)c 4(1)ce 73
A2 2–5 0(–)d 3(1)df 70
BC1 5–14 0(–)d 3(0)df 73
BC2 14–23 0(–)d 1(0)f 68
BC3 23–32 0(–)d 2(0)ef 69
C 32–40+ 0(–)d 2(0)ef 69

T2, soil under sparse Hordeum maritimum, Hedisarium coronarium and biological crust
A1 0–2 0(–)d 3(1)df 67
A2 2–4 0(–)d 4(1)ce 62
Bw 4–12 0(–)d 3(1)df 64
BC1 12–20 0(–)d 3(1)df 68
BC2 20–34 0(–)d 3(0)df 74
C 34–52+ 0(–)d 2(0)ef 71

T3, soil under good cover made of Hedisarium coronarium and few Gramineae
A1 0–1 1(0)c 7(2)ab 64
A2 1–4 1(0)c 4(1)ce 62
Bw1 4–9 1(0)c 4(1)ce 61
Bw2 9–17 1(0)c 5(1)bd 63
Bw3 17–25 1(0)c 5(0)bd 66
BC 25–39 0(–)d 3(0)df 66
C 39–56+ 0(–)d 3(0)df 67

T4, soil under thick cover made of Gramineae spp.
A1 0–4 5(1)a 8(2)a 59
A2 4–11 2(0)b 4(1)ce 54
Bw1 11–18 1(0)c 6(2)ac 57
Bw2 18–26 1(0)c 3(1)df 62
Bw3 26–35 1(0)c 4(0)ce 53
BC1 35–47 0(–)d 3(0)df 60
BC2 47–59 0(–)d 3(0)df 63
C 59–69+ 0(–)d 2(0)ef 71

In each column, mean values with different letters significantly differ for P b 0.05.
n.d. = not determined.
⁎ Fine sand: 250–100 μm; very fine sand: 100–50 μm; silt: 50–2 μm; clay: b2 μm.
origin breaking into fine angular blocks. No roots were present in any
of the T1 profiles, while clay cutans formed in the A2 and BC1 horizons.
The soil of this tessera,which is dry below the depth of 25–30 cmonly in
mid-summer, was classified as a loamy, mixed, superactive, calcareous,
mesic Udic Ustorthent (Soil Survey Staff, 2010).

The T2 was sparsely colonized by Hordeum marinum Hudson and
Hedisarium coronarium L. and showed a surface partly covered by a
black to blackish biological crust made up of cyanobacteria, algae and li-
chens (F. Rindi, personal communication, 2012) (Fig. 5). The soil was
made up of two A horizons a few cm thick, a Bw horizon with a thick-
ness of 8–10 cm, twoBChorizons of 8–15 cmeach and a Chorizonof un-
defined thickness (Table 1). All the horizons had an angular blocky
structure whose degree of development decreased with increasing
depth. Roots were absent in the A horizons, but they were present in
the underlying ones. Cracks due to creeping andwet/dry cycles interest-
ed A1, A2 and Bw horizons, and clay cutans formed only in the A2, Bw
and BC1 horizons. The T2 soil, which is dry below the depth of
30–35 cm only in mid-summer, was classified as a loamy, mixed,
superactive, calcareous, mesic Udic Ustorthent (Soil Survey Staff, 2010).

The T3 was well colonized by H. coronarium L. and few gramineae
(surface cover was 90%), with a soil made of two A horizons a few cm
thick, three Bw horizons that as a whole were 20 cm thick, and a BC ho-
rizon ~15 cm thick that rested on a C horizon (Table 1). The A1 horizon
had a strongly developed structure made up of fine and medium angu-
lar blocks togetherwith crumbs, while in the A2 horizon strongly devel-
oped sub-angular blocks with crumbs occurred. In the Bw1 and Bw2
ar extensibility (COLE) for the land facet forming the badlands of Coste di Staffolo, Ancona,

Water retention COLE

t Clay (at 33 kPa)

% cm cm−1

(4)ab 22(3)h 28.7(1.3)e 0.248(0.002)ad

(2)ad 27(3)eh 30.2(1.1)de 0.258(0.026)a

(2)ab 24(2)fh 32.9(1.0)ad 0.256(0.006)ab

(3)ae 31(3)cf 31.6(1.8)be 0.258(0.021)a

(2)ae 29(2)ch 32.8(1.4)ad 0.258(0.008)a

(2)ae 29(2)ch 33.6(1.4)ad 0.260(0.013)a

(4)ae 30(3)cg 28.4(1.2)e 0.194(0.008)eh

(2)cg 34(3)ae 28.5(1.4)e 0.181(0.052)gh

(3)bf 33(2)be 29.1(1.4)de 0.179(0.000)gh

(4)ae 29(3)ch 30.3(1.5)de 0.203(0.013)dg

(2)a 23(2)gh 30.8(0.7)ce 0.224(0.004)ag

(2)ac 27(2)eh 30.8(0.9)ce 0.246(0.005)ad

(5)bf 28(3)dh 30.3(1.4)de 0.115(0.001)i

(3)cg 33(4)be 31.0(1.4)ce 0.126(0.020)i

(4)dg 34(3)ae 32.2(1.5)ae 0.128(0.004)i

(4)cg 31(3)cf 33.7(1.5)ad 0.148(0.007)hi

(2)af 28(2)dh 34.5(1.6)ac 0.180(0.006)gh

(2)af 31(2)cf 35.7(1.1)a 0.187(0.010)fh

(1)ae 30(1)cg 34.6(1.0)ac 0.245(0.011)ad

(5)eg 28(2)dh 35.3(2.4)ab 0.210(0.008)bg

(5)g 40(4)ab 31.2(1.6)ce 0.228(0.022)af

(4)fg 36(2)ac 29.9(0.8)de 0.226(0.008)ag

(3)cg 34(2)ae 30.6(1.1)ce 0.232(0.015)af

(2)g 42(2)a 30.6(1.1)ce 0.214(0.014)bg

(2)dg 37(2)ac 32.6(1.4)ae 0.217(0.013)ag

(2)cg 34(2)ae 32.6(1.2)ae 0.234(0.005)af

(2)ac 27(2)eh n.d. 0.267(0.011)a
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horizons, a well-developed sub-angular to angular blocky structure was
present, while the Bw3 horizon showed only angular blocks. In the
deepest horizons we observed primary structures that broke into sec-
ondary ones: in the BC horizon angular blocks broke into plates, while
the contrary was true in the C horizon. Roots were absent in the A hori-
zons and tended to increase with depth. Creeping cracks were abun-
dant, reached the depth of ~40 cm and were partly filled by A
material. Clay cutans formed in the A2 and Bw horizons, with a degree
of development that tended to decrease with increasing depth. Thin
shiny cutans covered the upper parts of the biggest roots in the Bw1
and Bw2 horizons. Because of the good vegetation cover, the T3 soil is
usually dry below the depth of 30–35 cm from June to mid-September
and was classified as a loamy, mixed, superactive, calcareous, mesic
Udic Haplustept (Soil Survey Staff, 2010).

The T4 showed a 100% soil cover made by a thick vegetation of
gramineae and leguminous species. The soil was composed of an organ-
ic horizon (Oi) ~5 cm thick, two A horizons with a whole thickness of
10–13 cm, three Bw horizons with a total thickness of ~25 cm, two BC
horizons each one ~10 cm thick and a C horizon (Table 1). The A1 hori-
zon showed a well-developed crumb structure, while the A2 horizon
had a strongly developed structure made of fine and medium angular
blocks and crumbs. The Bw horizons displayed a well-developed angu-
lar blocky structure, while in the BC horizons the angular blocks broke
into plates and in the C horizon the contrary occurred. Roots were few
in the A1 horizon but increasedwith depth. Creeping crackswere abun-
dant, reaching the depth of ~50 cm, hosted few mesofauna and were
partially filled by O and A materials. Clay cutans were present in the
A2 and Bw horizons, with a thickness that tended to decrease with
Table 3
Semi-quantitative estimation of themineralogical composition for the land facet forming the ba

C D G Q P M

%

T1, soil with popcorn and barren surface
A1 23(1)ab 3(1)a 2(1)cd 20(0)ac 10(1)e 8(0
A2 23(1)ab 3(0)a 1(0)ce 21(0)ac 11(1)ce 8(0
BC1 24(1)ab 2(0)b tr 22(1)a 11(1)ce 9(0
BC2 23(1)ab 2(0)b 2(1)cd 20(1)ac 10(0)de 10(0
BC3 23(0)ab 2(0)b 4(1)a 20(1)ac 10(0)de 10(0
C 23(0)ab 2(0)b tr 21(1)ab 13(0)ac 10(0

T2, soil under sparse Hordeum maritimum, Hedisarium coronarium and biological crust
A1 24(1)ab 2(0)b tr 20(1)ac 11(1)ce 9(0
A2 24(1)ab 3(0)a tr 20(1)ac 11(0)ce 8(0
Bw 24(1)ab 2(1)b tr 18(0)c 15(1)a 9(0
BC1 23(1)ab 2(0)b tr 19(2)bc 14(1)ab 10(0
BC2 23(1)ab 2(0)b 4(1)a 20(1)ac 11(0)ce 10(0
C 23(1)ab 2(0)b 1(0)ce 21(1)ab 11(0)ce 11(0

T3, soil with good cover made of Hedisarium coronarium and few Gramineae
A1 23(1)ab tr – 22(1)a 11(1)ce 9(0
A2 23(0)ab tr 3(1)ab 22(0)a 11(1)ce 9(1
Bw1 23(1)ab 1(0)c tr 21(0)ab 12(1)ce 10(0
Bw2 23(1)ab 1(0)c tr 21(1)ab 13(1)ac 10(0
Bw3 22(1)b 2(0)b 2(0)bc 21(0)ab 12(1)bd 10(0
BC 22(1)b 2(0)b 3(1)ab 22(1)ab 12(0)bd 9(0
C 23(1)ab 2(0)b 2(0)bc 22(2)a 12(1)bd 9(0

T4, soil with thick cover made of Gramineae spp.
A1 24(2)ab tr – 20(1)ac 10(1)de 9(1
A2 24(1)ab 3(1)a 1(0)ce 20(1)ac 10(1)de 9(0
Bw1 24(1)ab 1(0)c tr 20(0)ac 13(1)ac 9(0
Bw2 23(1)ab 1(0)c 1(0)ce 21(1)ab 12(0)bd 10(0
Bw3 23(1)ab 1(0)c 1(0)ce 20(1)ac 11(0)ce 10(0
BC1 22(1)b 1(0)c tr 20(1)ac 12(1)bd 10(0
BC2 22(1)b 1(0)c tr 22(1)a 13(0)ac 10(0
C 22(1)b 2(0)b 1(0)ce 22(1)a 12(1)bd 10(0

In each column, mean values with different letters significantly differ for P b 0.05.
C= calcite, D= dolomite, G= gypsum, Q=quartz, P= plagioclases, M=micas, K= kaolinit
smectite (HIS) at various degree of polymerization, M–S = interstratified mica–smectite (mos
talc).
tr = b1%.
depth. Also in this case, thin shiny cutans covered the upper parts of
the biggest roots in the A2, Bw1, and Bw2 horizons. Because of the
thick vegetation cover, the T4 soil is usually dry below the depth of
45–50 cm from late spring to the end of summer and was classified as
a loamy, mixed, superactive, calcareous, mesic Typic Haplustept (Soil
Survey Staff, 2010).
3.2. Physical properties

Particle size-distribution (Table 2) substantially confirmed the field-
determined textures with most of the horizons having a silty clay loam
texture and the three upper horizons of T1 soil showing a silt loam tex-
ture. The amount of sand is usually b10% in all the soils,while silt ranged
from 53% to 74%. Clay content showed no difference with depth in T1,
T2, and T3 soils, while T4 soil had the lowest value in the A1 horizon.
As a whole, the clay content increased from T1 to T4 soils.

All water retention at 33 kPa data ranged from 28.4% to 35.7%, with
slight significant differences among the soils (Table 2). The most
marked difference occurred for the A1 horizon of the T4 soil, which
showed the highest value among the A horizons. Throughout the pro-
files, the water retention was rather similar, except for a minimum ten-
dency to increase with depth in T1 and T3.

COLE values tended to increase with depth in all soils (Table 2), as
the highest values were expressed by the C horizons (from 0.245 to
0.260 cm cm−1). However, a more defined increasing trend was ob-
served in T2 and T3 than in T1 and T4 soils. By contrasting the whole
soils, COLEwas highest in T1 and lowest in T3.
dlands of Coste di Staffolo, Ancona, Italy. Numbers in parentheses are the standard errors.

K HIV/HIS M–S S V OM

)d 11(1)b 14(2)a 3(1)a 3(0)a tr 3(0)
)d 12(1)ab 13(2)a 3(0)a 2(1)a tr 3(0)
)c 14(1)a 12(1)a 1(0)bc 2(0)a 1(0)b 2(1)
)b 14(1)a 13(2)a 2(0)bc 2(0)a 1(0)b 1(0)
)b 14(1)a 12(2)a tr 2(1)a tr 3(0)
)b 14(0)a 12(2)a tr 2(1)a tr 2(0)

)c 12(1)ab 14(2)a 2(0)ab 2(0)a 1(0)b 2(0)
)d 12(1)ab 15(2)a 1(1)bc 2(0)a 1(0)b 2(1)
)c 13(1)ab 13(2)a 1(0)bc 2(0)a 1(0)b 2(0)
)b 13(0)ab 13(2)a 1(0)bc 3(0)a tr 1(0)
)b 13(0)ab 13(2)a 1(0)bc 2(1)a tr 1(0)
)a 14(0)a 12(2)a 1(0)bc 2(0)a tr 2(0)

)c 14(2)a 13(2)a 2(0)ab 2(0)a 2(1)a 2(0)
)c 14(1)a 13(2)a 1(0)bc 2(0)a 1(0)b 1(0)
)b 13(1)ab 13(2)a 1(0)bc 2(0)a 1(0)b 3(1)
)b 14(1)a 12(2)a 1(0)bc 2(0)a 1(0)b 2(0)
)b 14(1)a 12(2)a 2(0)ab 2(1)a tr 1(0)
)c 13(1)ab 11(3)a 1(0)bc 3(1)a tr 2(0)
)c 14(0)a 12(2)a tr 2(1)a tr 2(1)

)c 13(1)ab 15(2)a 3(1)a 3(0)a 2(1)a 1(0)
)c 13(1)ab 14(3)a 1(0)bc 3(0)a 1(0)b 1(0)
)c 13(1)ab 14(2)a 1(0)bc 2(1)a 1(0)b 2(0)
)b 14(1)a 13(1)a 1(0)bc 2(0)a tr 2(0)
)b 14(0)a 15(2)a 1(0)bc 2(0)a tr 2(0)
)b 14(0)a 15(2)a 2(0)ab 2(1)a tr 2(0)
)b 14(0)a 12(0)a 2(0)ab 2(0)a tr 2(0)
)b 14(1)a 12(1)a 1(0)bc 2(1)a tr 2(0)

e, HIV/HIS=mixture of hydroxy-interlayered vermiculite (HIV) and hydroxy-interlayered
tly 2:1), S = smectites, V = vermiculites, OM= other minerals (amphiboles, serpentine,



Table 4
pH inwater, and content of total C, organic C and total N for the land facet forming the bad-
lands of Coste di Staffolo, Ancona, Italy. Numbers in parentheses are the standard errors.

pH(H2O) Total C Organic C Total N

g kg−1

T1, soil with popcorn and barren surface
A1 8.54(0.02)h 33.4(0.7)be 3.6(0.1)m 0.27(0.06)gj

A2 8.55(0.03)h 32.4(0.3)be 4.0(0.2)km 0.26(0.02)hj

BC1 8.87(0.02)cd 33.0(0.7)be 4.6(0.2)ik 0.24(0.05)ij

BC2 8.65(0.03)f 32.6(0.0)be 4.5(0.2)ik 0.26(0.00)hj

BC3 8.76(0.04)e 32.1(0.1)ce 4.5(0.2)ik 0.27(0.01)gj

C 9.03(0.02)b 34.7(1.0)be 4.6(0.3)ik 0.21(0.01)j

T2, soil under sparse Hordeum maritimum, Hedisarium coronarium and biological
crust

A1 8.56(0.03)h 33.1(0.3)be 4.3(0.2)il 0.35(0.00)fg

A2 8.76(0.03)e 32.6(0.7)be 3.7(0.2)lm 0.34(0.01)fh

Bw 8.64(0.03)fg 31.8(0.3)de 2.9(0.2)n 0.27(0.03)gj

BC1 8.42(0.02)i 32.8(0.0)be 4.1(0.1)jm 0.29(0.01)fj

BC2 8.40(0.02)i 32.4(0.3)be 4.3(0.1)il 0.31(0.01)fi

C 9.05(0.03)ab 33.2(0.0)be 5.7(0.1)h 0.32(0.00)fi

T3, soil under good cover made of Hedisarium coronarium and few Gramineae
A1 8.57(0.03)gh 37.3(0.6)b 8.5(0.2)c 0.88(0.05)b

A2 8.81(0.03)de 34.7(0.4)be 8.0(0.1)cd 0.57(0.04)e

Bw1 8.92(0.03)c 32.6(6.6)be 6.9(0.2)ef 0.68(0.03)cd

Bw2 8.84(0.02)d 33.9(0.1)be 8.3(0.4)c 0.56(0.04)e

Bw3 8.56(0.04)h 35.8(0.1)bd 8.5(0.1)c 0.58(0.04)e

BC 8.41(0.02)i 30.3(5.1)e 7.4(0.1)de 0.37(0.01)f

C 9.11(0.01)a 34.3(0.2)be 5.8(0.4)gh 0.29(0.00)fj

T4, soil under thick cover made of Gramineae spp.
A1 7.93(0.03)j 49.3(0.9)a 18.8(0.4)a 1.90(0.05)a

A2 8.45(0.03)i 36.5(0.1)bd 9.3(0.2)b 0.74(0.03)c

Bw1 8.66(0.03)f 36.8(0.1)bc 6.4(0.1)fg 0.62(0.01)de

Bw2 8.83(0.02)de 36.6(0.5)bd 6.3(0.1)fh 0.59(0.01)e

Bw3 9.03(0.02)b 34.3(0.2)be 4.7(0.3)ij 0.35(0.05)fg

BC1 9.06(0.01)ab 34.0(0.0)be 4.9(0.1)i 0.35(0.03)f

BC2 9.07(0.01)ab 33.4(0.1)be 3.8(0.2)lm 0.33(0.00)fh

C 9.10(0.01)a 33.8(0.3)be 5.8(0.3)gh 0.28(0.01)fj

In each column, mean values with different letters significantly differ for P b 0.05.
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Fig. 6. Amounts of expandable clay minerals in the T1 to T4 soil profiles forming the land
facets at Coste di Staffolo, Staffolo municipality (Ancona, Italy).
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3.3. Mineralogy

In all the soils the predominant primaryminerals were calcite, quartz,
plagioclases (mainly of albitic composition), and micas (Table 3). As a
whole, these minerals accounted for 61–67% of all the horizons. Other
minerals such as dolomite and gypsum were present in small amounts.
The most dominant clay minerals were kaolinite and HIV/HIS, followed
by interstratifiedmica–smectite (mostly 2-to-1), smectites, and vermicu-
lites.While someminerals (calcite, HIV/HIS, and smectites)were similarly
diffused in all the profiles, others displayed their own highest content in
different profiles (e.g., plagioclases in the Bw horizon of T2 soil; gypsum
in the BC3 horizons of T1 soil and BC2 horizon of T2 soil). However, in
no profile a clear trend with depth was observed for any mineral. The
sum of the phyllosilicates (micas, kaolinite, HIV/HIS, interstratified
mica–smectite, smectites, vermiculites, serpentine, and talc) gave values
ranging from39% and 46% for all soils, with no significant differencewith-
in and among the soils. The sum of expandable minerals, which were
represented by smectites, vermiculites, HIV/HIS, and interstratified
mica–smectite (its content was divided by 3 because of the 2-to-1
interlayering) showed a decreasing trend with depth, with r2 always
higher than 0.737 (Fig. 6).

3.4. Chemical properties

In all soils, the pH tended to increasewith depth from sub-alkaline to
alkaline values (Table 4). The lowest pH value (7.93) was measured in
the A1 horizon of T4 soil, but in most other cases pH was higher than
8.5, which is the pH-threshold used to distinguish sodic soils from
other salt-affected soils (Richards, 1954). The total C content showed
no trend with depth in T1, T2, and T3 soils, where it ranged between
31.8 and35.8 g kg−1 (Table 4),while in T4 soil theA1 horizon had a con-
tent higher than that of all thehorizons below. Conversely to the general
decreasing trend observed in T2, T3, and T4 soils, the organic C content
of T1 soil increased from the A1 to the BC1 horizon and remained con-
stant underneath (Table 4). Contrasting the whole soils, T1 and T2
contained less organic C than T3 and T4. The total N content showed
no trend with depth in T1 and T2 soils, while in T3 and T4 soils it de-
creased with depth (Table 4). Further, total N concentration increased
from T1 and T2 to T3 and T4 soils.



41S. Cocco et al. / Geomorphology 248 (2015) 33–46
Extractable Ca, Mg, K, Na, and Cl were reported in Table 5. In T1, T2,
and T3 soils the extractable Ca decreased from the surface until a certain
depth, then a reverse depth-trend occurred. The depth at which the re-
verse depth-trend occurred increased according to the sequence
T1 b T2 b T3. Conversely, in T4 the amount of extractable Ca tended to
decrease with depth. Extractable Mg in T1 soil increased from A1 to
A2 and diminished in the horizons below, while in T3 soil it displayed
no variation from the A1 to Bw2 horizons, increased in the Bw3 and
BC horizons, and decreased underneath. In T2 and T4 soils the extract-
able Mg increased with depth. Extractable K showed similar values in
the upper part of the soil and increased at the bottom in T1, T2, and
T3. In T4 soil, extractable K displayed the highest values in the A1 and
BC2 horizons. Extractable Na increased with depth in T1, T2, and T3
soils, while in T4 soil it showed no significant change from the surface
until the Bw3 horizon and increased more with depth. Extractable Ca
generally increased from T1 to T4 in the three superficial horizons,
while extractable Mg, K, and Na followed the opposite trend. The total
extractable cations tended to increase with depth in T1, T2 and T3
soils, while in T4 soil they decreased from A1 to the horizons below, to
increase at depth and reach a value similar to that atop the soil. Also,
the total extractable cations showed a decreasing trend from T1 to T4
soils, especially in the deepest BC horizon. ESP tended to increase with
depth in all the soils, and to decrease from T1 to T4 soils especially in
the A and Bw horizons, while in the BC horizons differences were
small. With the exception of the A1 horizon of T3 soil and the A, Bw1
and Bw2 horizons of T4 soil, ESP assumed a value higher than 15%,
which is the threshold used to distinguish soils among the salt-
affected ones (Richards, 1954). The amount of Cl was similar in the
four soils, with the highest concentrations in the C horizons, where it
reached values from 81.8 to 85.6 mmol kg−1.
Table 5
Extractable Ca, Mg, K, Na and Cl, total cations extracted, and ESP for the land facet forming the b

Ca Mg K N

mmol kg−1

T1, soil with popcorn and barren surface
A1 70.5(1.1)fh 43.6(1.8)cd 23.4(0.0)c

A2 64.1(3.8)hj 49.8(0.1)ab 25.2(0.1)c

BC1 57.5(1.4)jk 39.0(1.9)fi 25.1(0.6)c

BC2 83.4(4.4)cd 38.9(1.1)fi 24.8(0.1)c

BC3 96.3(3.7)b 38.7(0.4)fi 30.0(0.2)b 1
C 94.0(2.9)b 35.8(0.3)hj 40.9(1.0)a 1

T2, soil under sparse Hordeum maritimum, Hedisarium coronarium and biological crust
A1 75.5(1.6)df 35.2(0.8)ij 15.6(3.0)eg

A2 77.1(0.5)df 38.5(0.0)fi 14.3(2.1)eh

Bw 67.1(1.8)gi 41.9(0.1)dg 22.8(3.2)c

BC1 63.2(1.8)hj 41.9(0.4)dg 18.2(2.1)de

BC2 76.3(3.4)df 42.9(1.4)cf 24.4(1.5)c 1
C n.d. n.d. n.d. 1

T3, soil under good cover made of Hedisarium coronarium and few Gramineae
A1 88.7(2.5)bc 38.1(1.6)gi 15.7(0.4)eg

A2 82.9(2.1)cd 37.4(1.6)hj 14.1(0.0)eh

Bw1 80.7(1.6)ce 36.8(1.7)hj 13.3(0.8)fh

Bw2 69.8(9.4)fi 33.4(2.1)jk 11.0(2.1)h

Bw3 61.9(0.4)ij 40.1(2.4)eh 21.6(1.8)cd

BC 63.4(2.4)hj 42.9(0.6)cf 24.8(1.3)c 1
C 115.8(2.3)a 35.9(2.2)hj 29.6(1.6)b 1

T4, soil under thick cover made of Gramineae spp.
A1 123.1(1.4)a 22.4(0.4)l 21.8(0.9)cd

A2 96.1(1.2)b 24.8(0.8)l 13.4(0.2)fh

Bw1 83.8(0.2)cd 30.4(0.1)k 12.6(0.1)fh

Bw2 73.1(1.7)eg 36.6(0.0)hj 12.5(0.5)fh

Bw3 52.4(1.0)kl 44.8(0.7)cd 12.2(1.0)gh

BC1 44.8(2.4)l 47.1(2.1)ac 16.5(1.7)ef

BC2 47.3(1.1)l 50.4(0.7)a 21.0(1.6)cd

C n.d. n.d. n.d. 1

ESP = Exchangeable sodium percentage.
In each column, mean values with different letters significantly differ for P b 0.05.
n.d. = not determined.
4. Discussion

4.1. Soil features and mineralogy

As observed in many slopes, landslides leave a bare surface made of
poorly weathered parent material. This surface may remain barren for
decades following intense erosion, especially on smectite-bearing
mudrocks (Clotet et al., 1988). Because of this, the depressed position
of T1 with respect to the other tesserae indicated that: i) T1 formed
after the occurrence of a landslide, and ii) it experienced intense ero-
sion. In spite of the erosion, a small thickness of the superficial parent
material has been weathered and converted in a popcorn surface asso-
ciated with a network of desiccation micro-cracks (Regüés et al.,
2000). The presence of a popcorn surface in badlands has been widely
documented for many different sites (e.g., Cantón et al., 2001;
Kasanin-Grubin and Bryan, 2007; Yair et al., 2013). The processes relat-
ed to the formation of the popcorn surface are: 1) an initial lowering of
the bulk density (Regüés et al., 2000), and 2) repeated wetting/drying
and freezing/thawing cycles that, if associated with the presence of ex-
pandable minerals, favor the re-arrangement of the mineral particles
(Bryan et al., 1984; Bowyer-Bower and Bryan, 1986; Pardini et al.,
1995; Kasanin-Grubin, 2012). In T1, pedogenesis has been poor and
plants were absent, but a possible evolution of this tessera toward T3
and T4 is expected. Although the discharging of runoff through the net-
work of micro-rills and rills removes seeds and seedlings so preventing
plant colonization (Cerdá andGarcía-Fayos, 2002;Aerts et al., 2006), the
irregularities of the surface represent an opportunity for seed fixation,
also for those that do not produce adhering mucilage (Harper and St.
Clair, 1985; Mücher et al., 1988; Gutterman and Shem-Tov, 1997).
Plant colonization generally occurs when the slope is lower than a
adlands of Coste di Staffolo, Ancona, Italy. Numbers in parentheses are the standard errors.

a Cl Total cations ESP

mmol kg−1 %

45.8(7.0)ij 2.0(0.2)a 183.3(14.0)fh 25.0(3.7)b

86.5(5.0)e 4.4(0.3)bc 225.6(12.7)de 38.3(3.1)ab

72.0(5.8)fg 6.9(0.3)df 193.6(13.6)fg 37.2(3.1)ab

91.1(4.2)de 7.7(0.5)f 238.2(13.9)cd 38.2(3.1)ab

24.8(4.7)c 11.6(0.8)h 289.8(10.6)b 43.1(3.0)a

36.2(5.8)b 81.8(0.5)i 306.9(14.1)ab 44.4(3.3)a

25.4(3.6)km 1.2(0.2)a 151.7(12.7)il 16.7(2.5)c

40.7(3.7)j 2.2(0.2)ab 170.6(8.9)gi 23.9(2.1)bc

56.1(6.5)hi 4.4(0.2)bc 187.9(22.1)fg 29.9(3.7)b

71.1(3.5)fg 7.2(0.4)ef 194.4(11.4)fg 36.6(2.2)ab

01.5(3.3)d 11.9(0.0)h 245.1(13.6)cd 41.4(2.6)ab

43.3(1.1)ab 82.6(0.6)i n.d. n.d.

22.5(1.6)lm 1.3(0.2)a 165.0(8.6)hj 13.6(1.7)d

25.9(0.6)kl 1.6(0.2)a 160.3(6.1)hk 16.2(1.4)c

37.8(3.1)jk 3.4(0.2)ac 168.6(10.2)gj 22.4(2.0)bc

38.8(3.7)j 4.6(0.3)cd 153.0(24.5)il 25.4(5.3)b

82.5(1.8)ef 10.8(0.3)gh 206.1(9.1)ef 40.0(1.8)ab

21.1(3.9)c 12.4(0.7)h 252.2(11.6)c 48.0(2.4)a

49.8(0.1)a 85.6(0.6)j 331.1(8.8)a 45.2(1.8)a

12.8(4.5)m 1.2(0.2)a 180.1(10.0)fh 7.1(2.4)e

13.2(4.1)m 1.3(0.2)a 147.5(8.9)il 8.9(2.2)e

15.8(3.2)lm 1.7(0.2)a 142.6(5.1)jl 11.1(1.6)de

15.8(5.3)lm 2.1(0.2)ab 138.0(10.6)kl 11.4(2.8)de

24.3(4.7)lm 5.4(0.2)ce 133.7(9.8)l 18.2(2.5)c

44.9(5.7)ij 9.1(0.5)fg 153.3(16.8)il 29.3(3.4)b

66.2(6.0)gh 10.8(0.5)gh 184.9(13.3)fh 35.8(3.2)ab

47.6(2.3)a 83.6(0.6)ij n.d. n.d.
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T4 soil profiles forming the land facets at Coste di Staffolo, Staffolo municipality (Ancona,
Italy).

42 S. Cocco et al. / Geomorphology 248 (2015) 33–46
certain threshold that, for semi-arid environments, varies from ~41° to
63° (Bochet et al., 2009). Even though in our study site precipitationwas
higher than in a semi-arid environment, in the absence of agricultural
disturbances within or in the closest surroundings of the calanchi, at
slopes of ~35° crust and crack network may favor plant colonization
and, farther, soil evolution. However, in T1, a poorly pedogenized soil
has evolved also in the absence of plants. In addition to the A1 horizon
representing the crust, the soil was made by another ochric horizon
(A2) and two BC horizons, everything resting on the not weathered
mudrock (C horizon). Also, the increase of organic C with increasing
depth is typical of young soils when they developed from organic mat-
ter bearing sediments. According to Agnelli et al. (2002, 2008), during
the first stage of pedogenesis microorganisms use “geologic” organic
matter and, consequently, the beginning of soil evolution produces a
drop in organic matter. Thus, in a more advanced stage, the organic C
content will increase because of the introduction of pedogenic organic
matter. In the A horizons, the formation of an angular blocky structure
was attributed to the wetting/drying cycles responsible for the forma-
tion of the popcorn surface, but also to cycles of solubilization/precipita-
tion of carbonates and gypsum that, after re-precipitation, act as
cements (e.g., Shainberg et al., 1989; Bronick and Lal, 2005). In the BC
horizons, the platy structure was inherited from sedimentary parent
material (as in the C horizon),while the secondary angular blocky struc-
ture had a pedogenic origin.

Since T2 formed as a crown around T1 and was restricted to the
micro-escarpment between T1 and T3, it was interpreted as a transition
tessera. T2 soil was probably able to conserve a sufficientmoisture level
that enabled cyanobacteria, algae, and lichens to colonize this area. This
“critical”moisture contentwas probablymaintained also because of the
faint shadow produced by the plants that sparsely colonized T2, and
those of the adjacent T3. As the microorganisms forming the biological
crust were able to fix atmospheric N, they were responsible for the en-
richment of soil N and, at least in the A1 horizon, organic C (De Falco,
1995; Harper and Belnap, 2001). The improvement of the chemical
soil conditions probably favored the entrance of pioneer plants like
Hordeum maritimum. This early plant colonization likely accelerated
the pedogenesis by improving the drainage through 1) the develop-
ment of soil structure throughout the profile and 2) the increased flow
of soil solution, which uses roots as preferential discharging paths
(Cocco et al., 2013). As a consequence, a thin Bw horizon formed and
cations were leached.

In T3 and, to a greater extent, T4, the development of a thick cover of
Hedisarium and gramineae was able to enrich the upper soil horizons of
organic C and total N, while roots favored aggregation of soil particles,
porosity, and water movements throughout the soil (e.g., Fageria and
Stone, 2006; Cocco et al., 2013). The gradual soil and vegetal evolution
along the tessera sequence appeared induced by a progressive root col-
onization throughout the soils, and by the consequent formation of Bw
horizons. However, while in the T1, T2 and T3 soils roots were absent in
the A horizons probably because of disturbances due to wetting/drying
and swelling/shrinking cycles, in the T4 soil roots colonized the A hori-
zons as the thick vegetation cover ensured a firmer soil condition. The
increasing thickness of the Bw horizons caused the transition from
Entisols (T1 and T2) to Inceptisols (T3 and T4).

In soils derived from marine sediments, a tight correlation between
cutan development and clay content can be difficult to obtain as the tex-
ture of each horizon is mostly inherited from the parent layer, and the
clay content may vary considerably from layer to layer (Robinson and
Phillips, 2001; Corti et al., 2011). As the horizons with the most devel-
oped cutans corresponded to those with the highest clay (or, in some
cases, silt) content (Table 2), we considered both these features as
mainly inherited from the parent layers. However, we cannot exclude
that water penetrated these horizons and was able to mobilize fines.
In T1 and T2 soils the mobilization of fines would have been favored
by the blocky soil structure and crack network (Retallack, 2005),
while in T3 and T4 it would have been fostered also by the plant roots,
which act as preferential pathway for discharging water (Cocco et al.,
2013). The occurrence of shiny cutans on the upper part of the larger
roots present in T3 and T4 soils would support this hypothesis.

Themineralogical assemblage of the horizons appeared unrelated to
pedogenic processes, but inherited from the parent layers from which
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each horizon had formed (Battaglia et al., 2002; Kasanin-Grubin, 2012).
The presence of theHIV/HISmixture,whichhas been often found inma-
rine sediments (e.g., Dypvik et al., 2003; Yin et al., 2013), supports the
hypothesis that most of the minerals were inherited from the parent
material. In fact, the pedogenic formation of HIV/HIS, especially in
soils with low organic matter content, occurs because of intercalation
of Al–OHpolymers in the interlayers, and this is favored by the presence
of Al ions in the soil solution (Karathanasis andWells, 1989; Kämpf and
Curi, 2003; Velde and Meunier, 2008). In contrast, the pH of our soils
was so high to induce a low Al activity that allowed us to exclude that
HIV/HIS can form in the actual soil environment. Further, from what
has been possible to determine on a HIV/HIS mixture, in spite of pH
changes along and among the profiles, the expandability level of these
minerals did not vary substantially. Evidences like this have been
reported by Azevedo et al. (1996), who did not observed any change
in HIS expandability after 23 years of limestone applications
(40 Mg ha−1 y−1) to a tropical Oxisol. In contrast, changes of the HIV
expandability level were observed in intensively grazed pastures
where pH increase had been associated to urine concentration and ma-
nure distribution (Officer et al., 2006) or in a laboratory study when soil
pH was raised from 3.6 and 5.4 to values higher than 7.2 (Niederbudde
and Rühlicke, 1981). Evidently, the evolution of our soils has been so
brief that, even in the most developed one (T4), mineral weathering
produced no detectable modification. In effect, chemical conditions
atop (A horizons) the T4 soil combined the highest amount of organic
C with the lowest pH values, which are contrasting factors to obtain ex-
pandability level changes of HIV and HIS. Additional support to the hy-
pothesis that soil mineral assemblage was mainly inherited from the
parent material is the fact that no considerable difference occurred
even for calcite, one of the most reactive minerals in soil.

Contrasting the morphology of the four soils, some clear tendencies
appeared in the transition from T1 to T4: i) increases in the thickness of
solum (A andB horizons) from4–7 cm(T1) to ~35 cm(T4); ii) increased
presence, even in the deeper horizons, and thickness of clay cutans; and
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iii) increased depth of the creeping cracks. Because of this, the four tes-
serae were considered as steps of an evolutionary trend that started
after a landslide and brought forth the development of T4. This land
facet formed because of a relatively long time of stable conditions,
which was probably favored by moderate slope (~35°) and absence of
agricultural disturbances.

4.2. Physical and chemical properties

Because of the pH values generally higher than 8.5 and ESP always
larger than 15%, both T1 and T2 soils had a sodic character (Richards,
1954). This soil property may favor the clay dispersion, even though a
considerable dispersion can be obtained when the ionic strength of
the soil solution is below a certain level, which depends on the type of
clay mineral and on the cationic composition of the solution (Kopittke
et al., 2005). In T1 and T2 soils, the presence of cutans on the ped surface
of few horizons indicated that, at these early stages of pedogenesis, a
slight clay dispersion occurred. Judging from the relatively high concen-
tration of extractable total cations, in T1 and T2 soils the ionic strength
of the soil solution was sufficiently high to reduce the clay dispersion.
Here, likely, a certain clay dispersion may occur only after prolonged
rainfall events, when salt leaching has reduced the ionic strength of
the soil solution. In T3 and, especially, T4 soils, the sodic character was
less or was not expressed as ESP was lower than in T1 and T2 soils.
Yet, in T3 and T4, the presence of cutans at the surface of peds and
roots of many horizons was ascribed to a considerable clay dispersion
due to the low ionic strength of the soil solution.

In these soils, water retention (Table 2) was not related with soil
structure (Table 1) or clay content, which showed no significant differ-
ence with depth (Table 2). Water retention trend was not even related
with phyllosilicate content, which did not vary throughout the profiles
(Table 3), and did not depend on the amount of expandable minerals,
which tend to decrease with depth (Fig. 6). This was different from
the findings of many authors, who attributed the amount of water
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retention to the above mentioned ensemble of soil factors (e.g., Bruand
and Tessier, 2000; Kodama, 2012; Mile and Mitkova, 2012; Wäldchen
et al., 2012). Soil water retention at 33 kPa of our soils appeared related
with the amount of NaCl salt (Fig. 7), as also reported, for example, by
Abrol et al. (1988) and Ayers and Westcot (1994). On this aspect, addi-
tional considerations are needed. In these soils Na was always less than
the sum of the other extractable cations. Further, Ca, Mg, and K have
more affinity for exchangeable sites. Because of this, it is plausible that
part of the extractable Na was not adsorbed on exchangeable sites, but
was present as salt. At the sub-alkaline and alkaline pHs of these soils,
it was expected that adsorption of anions was very scarce (e.g., Kafkafi
et al., 2001) and, consequently, Cl was present as salt too. By assuming
that all Cl was in form of NaCl, the estimated amount of this salt was
70–257mgkg−1 in the A horizons, 99–631mgkg−1 in the Bwhorizons,
403–725 mg kg−1 in the BC horizons, and 4781–5003mg kg−1 in the C
horizons. The presence of NaCl in badlands has been widely reported
(e.g., Ericksen et al., 1988; Piccarreta et al., 2006). Because of the sharp
increment of NaCl salt from the BC to C horizons (which can be deduced
by the Cl concentration shown in Table 5), the relation between water
retention and NaCl contentwas significant when C horizonswere omit-
ted from plots (Fig. 7). In doing this, we obtained tendency lines with r2

values of at least 0.739 (in the graph of T4 soil also the A1 horizon was
eliminated). This would mean that, with a certain level of clay and
clay minerals and little amounts of organic C, the NaCl content may af-
fect water retention. Similar considerations were reported by Rajkai
and Várallyay (1992) and Tóth et al. (2012). In the A horizons, the
T1 T2

Fig. 9. Suspensions (15 g of soil to 100mL of distilled water) obtained by using soil from BC2 ho
that clay of T1, T2 and T3 were flocculated, while that of T4 was dispersed.
relatively small NaCl content was ascribed to the leaching, which was
likely favored by progressive plant colonization from T1 to T4 soils
and aggregate formation. Thus, in the first stage of pedogenesis (T1
and T2 soils) the formation of structure may be partly promoted, in
addition to other factors, by salts through the increase of the ionic
strength of the soil solution (Kopittke et al., 2005) and clay-ion bonding
(Rengasamy andOlsson, 1991;Marchuk et al., 2013). In themore devel-
oped T3 and T4 soils the increase of organicmatter is responsible for the
structure of the upper horizons. The fact that plants start to colonize
calanchi bare soils when the surface is relatively stabilized and the salt
concentration is reduced has also been reported by Maccherini et al.
(2011) and Torri et al. (2013). Continuing this process, the progressive
increase of NaCl with depth in all soils was ascribed to the enhanced
drainage and leaching favored by plants.

The COLE values were much higher than the limit of 0.09 cm cm−1

and consequently our soils were characterized by severe shrink–swell
hazard (Lewis, 1979; Igwe and Okebalama, 2006). The COLE index de-
pends on many soil variables. Parker et al. (1982) noted that the soil
properties most related with COLE were the contents of swelling clays
and clay, while the interstratified swelling clay, organic carbon, and so-
dium adsorption ratio were poorly related. Conversely, Reeve et al.
(1980) found that COLEdepended on organic C. In our soils, only inverse
correlations were observed between COLE and content of expandable
phyllosilicates, as these latter decreased and COLE increased with
depth. In the T1 soil, reliable relations with COLE were observed only
for clay, while in the other three soils COLE was well related with silt
T3 T4

rizon for T1, T2 and T4, and BC horizon for T3. Picture taken after 1 h frommixing indicates
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and, with the exception of T4 soil, NaCl (Fig. 8). Importantly, the T1 soil
had a relatively low clay content and a high Na content. A possible ex-
planation of the relationships between COLE and clay in the T1 soil
could be that clay was flocculated because of the high ionic strength of
the soil solution (Kopittke et al., 2005; Chibowski, 2011). Likely, when
clay is flocculated in presence of abundant Na, the larger the clay con-
tent, the greater the shrinking of the rod at the dry state. In themore de-
veloped T2, T3, and T4 soils, the decline of Na and the higher
concentration of Ca probably had no relationship with clay, while the
abundant silt, whose expansion is small and independent of salt con-
centration and type of saturating cation, induced a certain soil
extensibility.

The soil behavior in terms of bothwater retention and COLEmay ex-
plain the state of T1 soil. At the surface, water retention is limited so that
water is rapidly lost,while extensibility and swelling are high. Such con-
ditions exacerbate erosion and favor rapid drying of the extended and
heaved soil surface, with the development of a popcorn and fractured
surface. When pedogenesis has progressed, superficial erosion and for-
mation of fractures and popcorn surface attenuate, while soil structure
improves and organic matter content increases, so favoring water infil-
tration and salt leaching. Afterward, problems of soil stability progres-
sively shift toward depth. Indeed, in the occasion of prolonged rainfall
events, concentration of salts in the Bw and BC horizons declines be-
cause of leaching, and consequently, ionic strength of the soil solution
drops below a certain threshold to induce clay dispersion. The possibil-
ity to achieve chemical conditions inducing clay dispersion in badlands
as well as in other soil environments has been widely reported
(e.g., Sherard and Decker, 1976; Goldberg et al., 1988; Faulkner,
2013). The higher clay dispersivity acquired by the BC horizon of the
more developed T4 soil is shown in Fig. 9. Depending on the slope gra-
dient, clay dispersion combined with the weight of the wet soil may
trigger accelerated erosion.

5. Conclusions

Results of this study indicate that recognizing land facets in calanchi
landscapes may help to understand the driving processes of soil genesis
in these ecosystems, and to better define the role of soil evolution in the
self-maintenance of calanchi. Field observations and laboratory data
suggest that the pedogenesis in the calanchimay progress until a critical
threshold. Advanced plant colonization and progressive root diffusion
increase organic matter content and development of soil structure at
depth, so favoring formation of solum and redistribution of nutrients
along the profile. The improvement of structure at depth fosters water
storage and, through soil leaching and reduction of the solution ionic
strength, clay dispersion, tomake the soil less stable. The progress of pe-
dogenesis and development of vegetation cover make the soil even
thicker and more porous, so that during the wet season it may contain
enough water to become sufficiently heavy to overcome frictions that
are reduced by clay dispersion at the level of the Bw or BC horizons. De-
pending on the slope gradient, the soil weight acquired during rainfall
events may trigger landsliding, mudflows, or collapses. After these, the
new barren surface will undergo pedogenic forces that will produce a
new soil mantle. Therefore, along the calanchi slopes, tesserae with dif-
ferent degrees of soil and vegetal evolution are present, and pedogene-
sis alternates with sudden erosion phenomena that rejuvenate the
surface. In areas where agricultural activity in the closest surroundings
of the calanchi conveys rainfall water toward the flanks of the calanchi,
tesseraewith a rather developed soil may be induced to slide down as a
consequence of the accelerated salt leaching (which favors clay disper-
sion) and soil overloading.
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