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1. Introduction and main research objectives 

The beginning of soil formation is the point of time when parent material starts 

weathering and develops morphological features which are quantifiable on 

microscale and/or visible on macroscale. Soils develop over time and are 

therefore part of a dynamic system. To assess soil development on a time 

scale, Jenny (1941) evolved the chronosequence concept by emphasising the 

soil formation processes and different rates at which several univariant soil 

factors approach a steady state until they are in equilibrium with the 

environment. Questions arising from Jenny’s factors of soil formation therefore 

need to be addressed adequately. To reconstruct soil and landscape 

development, the use of chronofunctions is a powerful tool.  

Research on the time-frame of pedogenic processes is limited, 

however, because it requires suitable conditions to study soil 

chronosequences. These requirements are fulfilled in uplifted coastal 

environments, where fresh material is successively raised above the water. 

Sequences of marine terraces of different ages are formed in such areas and 

allow the observation of subsequent stages of soil genesis. Such conditions 

exist along the tectonically active coastal areas of the lowlands of Metaponto 

(Gulf of Taranto) in Southern Italy and near the town of Menfi in South-

Western Sicily. 

The aim of this research project therefore was to study soil 

development by the investigation of soil chronosequences on marine terraces 

of different ages in these two areas. Chromic Luvisols are typical 

Mediterranean soils which characterise by reddish colours and clay illuviation, 

and are widespread in these areas. Such soils particularly characterise by their 

carbonate and organic matter contents, pH, texture, mineralogy and 

micromorphology. While most pedogenic studies of Mediterranean soils focus 

on clay mineralogy and pedogenic and poorly crystalline iron oxides only, this 

study also includes aluminium oxides and hydroxides and free silica and 

manganese oxides. 

Jahn (1997) remarked the difficulty to make reliable propositions 

about the weathering intensity and the appraisal of mineral weathering, 

including mineral transformation. This is due to the often unknown age of such 

soils as they mix with other material and by translocations. Unfortunately, 

investigations of Chromic Luvisols so far rarely included the subjacent 

limestone and dolomite. Comprehensive pedogenic investigations on Chromic 

Luvisols should therefore consider not only sesquioxides and clay minerals, but 

also any pedogenic formations (including amorphous and crystalline secondary 

phases) as well as the micromorphology and the mineralogy of the parent 

material. This project is meant to contribute to a broader knowledge in this 

field of research. 
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The present work will therefore discuss the following questions on two 

soil chronosequences on marine terraces in Metaponto, Southern Italy and in 

Menfi, South-Western Sicily: 
 

1. How homogeneous is the parent material composition within each terrace 

sequence? Are different pedostratigraphic levels well comparable, both within 

a soil and over time? 
 

2. Do the parameters of soil formation on the marine terraces in both areas 

develop in close chronological order, or do they reflect periods of pedogenesis 

with varying intensities? Are the terrace sequences well comparable in this 

regard, or are differences well pronounced? 
 

3. Do the marine terraces result from uplift and sea-level fluctuation, or did 

they originally build a single terrace body which was later separated by 

tectonic faults? Can the marine terraces in both areas be addressed as 

chronosequences? 
 

Therefore, the primary objective of this research project is to 

quantitatively investigate soil genetic processes on two sequences of marine 

terraces with regard to time. The according results are interpreted by soil 

chronofunctions. This is crucial to understand landscape development and to 

attain fundamental interpretations about paleosol characteristics. Beyond, the 

degree of soil damage and the capability of soils to recover after erosion 

and/or destruction can be estimated. 



 Literature review 7 

 

2. Literature review 

2.1 Soil formation processes in the Mediterranean 

This chapter outlines the factors of soil formation, but addresses only such 

processes which are particularly important in the Mediterranean region, i.e. it 

does not refer to processes which are absent – or occur to a very limited 

extent only – in this area. The processes are described with respect to time 

and cover particular events which typically occur under Mediterranean climate. 

2.1.1 Organic matter accumulation 

The surface-near accumulation of organic material is often the first visible soil-

forming process and is initiated by burrowing soil fauna such as earthworms. 

By digestion of organic and mineral material, they promote the formation of 

the clay-mineral-complex and homogenise the topsoil by the transport of fine-

textured material. The burrowing activity of earthworms creates stable and 

continuous macropores (Lal, 1987). Loss of organic material in the 

Mediterranean is often caused by lightning fires with a common frequency 

between one and five events in a century (Christensen, 1994), but may also 

be due to arson. The fires can result in the oxidation of carbon, nitrogen and 

sulphur, the evaporation of nitrate or amino acids by temperature increase, 

the import and/or export of ashes, and in leaching of mobile elements 

(Christensen, 1994). 

2.1.2 Decalcification and secondary carbonates 

Carbonate decomposition in limestone and other calcareous parent material is 

promoted by precipitation, large CO2 concentrations in the water and a small 

pH dissolving Ca2+- and Mg2+-ions. These ions are transported into the subsoil 

and precipitate as secondary carbonates (e.g. calcrete, caliche, concretions) 

during the dry summer in the Mediterranean, or they are leached into the 

groundwater (Hintermaier-Erhard and Zech, 1997; Zech and Hintermaier-

Erhard, 2002). 

Marine limestones are often pure carbonates with negligible amounts 

of silicate. Because of the slow dissolution in the parent rock and small 

amounts of residual material, soils on limestone are shallow although the 

initial soil formation may date back to the Pleistocene or earlier. Dust deposits 

in the Mediterranean are mostly calcareous and therefore buffer the soil 

acidity of leached soils. They provide sufficient carbonate to form calcic 

horizons in well-percolated soils. Carbonate redistribution is a main soil-

forming process in the Mediterranean (Yaalon, 1997). Calcareous soils on 
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coastal dunes of Morocco have developed from marine sand since the younger 

Pleistocene. Decarbonatisation and subsequent reddening are climate-

independent processes (Meyer and Kruse, 1970). 

Carbonate rock served as parent material for Terra Rossa in Apulia, 

Southern Italy (Moresi and Mongelli, 1988) with the dissolution and 

subsequent accumulation of carbonates and transformation of the limestone 

residue as main pedogenic processes, where the parent material for the 

overlying soil was provided by the residue. The different geochemistry with 

increased Al2O3 contents in the Terra Rossa and smaller K2O contents in the 

carbonate rock residue was consistent with the clay mineralogy, transforming 

remarkable amounts of illite to kaolinite (Moresi and Mongelli, 1988). 

The simultaneous presence of clay argillans and carbonate was 

observed by micromorphological studies of soils in a xeric moisture regime in 

Morocco (Reynders, 1972). Clay lessivation extended into highly calcareous B-

horizons, while swelling and shrinking destroyed former clay coatings, where 

carbonate accumulations disturbed the clay orientation. By micromorphology, 

Wieder and Yaalon (1978) and Aguillar et al. (1983) also proved clay 

illuviation as active process in calcareous soils. It depends upon precipitation 

and rainfall intensity, with the calcic horizon in the lower position (Yaalon, 

1982; Retallack, 1994). Decalcification and clay illuviation are therefore 

concomitant processes. The presence of CaCO3, precipitation of secondary 

calcite and concomitant clay illuviation and accumulation were also observed 

outside the Mediterranean in calcareous soils of the semiarid Indo-Gangetic 

Plains. The downward movement of water included soluble bicarbonates 

precipitating as CaCO3 in the subsoil during subsequent water evaporation. A 

concomitant increase of the exchangeable sodium percentage indicated 

accelerated CaCO3 accumulation in sodic environment, while a decreased 

proportion of exchangeable calcium suggested that clay illuviation was not 

prevented by carbonates, and was therefore an ongoing process. This was 

obvious by clay deflocculation, being facilitated by sodium and a weaker 

orientation of the clay particles, and was also suggested by CaCO3 grains 

along illuvial clay, as observed by SEM. Both processes simultaneously 

prevailed in these soils since four thousand years (Pal et al., 2003). 

Carbonates span a wide diversity of micromorphic forms in soils with 

ustic moisture regimes and thermic temperature regimes (classifying them as 

Ustochrepts, Argiustolls, Paleustolls, Haplustalfs and Chromustert in Texas, 

USA) (Drees and Wilding, 1978). Nodules in carbonate-enriched Bk-horizons 

above slightly- to non-calcareous parent material indicated carbonate 

dissolution and subsequent precipitation as (neo-)calcans and crystallaria, 

while pseudomorphs of gypsum or calcite reflected a (partial) geological origin 

or related paleopedological processes. The surface-near presence of pedogenic 
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carbonates was likewise attributed to diagenesis: Diffuse boundaries indicated 

dissolution, while sharp and distinct boundaries were more common in the 

lower profile, where they were indurated or not actively influenced by 

dissolution (Drees and Wilding, 1978). Micromorphological investigations in 

gypsiferous soils and in Calciustolls under arid climates revealed that the 

formation of calcaric horizons followed the replacement of primary CaCO3 by 

pedogenic CaCO3, rather than by calcareous aeolian dust (Abtahi, 1980; West 

et al., 1988). The presence of carbonate nodules illustrated an early stage of 

calcrete formation according to texture, porosity, carbonate and non-

carbonate clay distribution, bulk density and proceeding interactions, while the 

biogenic influence was subordinate (Wieder and Yaalon, 1982). The stages of 

nodule formation therefore differed between calcareous and non-calcareous 

soils: In calcareous soils, the density of microcalcites was rather small at first, 

but increased in older soils when calcans appeared. In a subsequent stage, 

microcalcites and nodules were of high density. In non-calcareous soils, 

however, secondary carbonates precipitated as large crystals in voids. Nodules 

were formed by pedoturbation processes as few calcans and crystal chambers, 

and subsequently appeared as crystic nodules of sparry crystals, where 

calcans and crystic chambers increased. These nodules recrystallised and were 

mainly composed of microspars. Additions of calcareous dust displayed typical 

nodular forms with cutanic to calciasepic fabric (Wieder and Yaalon, 1982). 

Alonso et al. (2004) described carbonatisation processes in paleosols 

on river terraces (40 ka – 1.2 Ma BP) in Salamanca, Spain and identified 

different carbonate forms and coatings by macro- and micromorphological 

investigations. Calcareous materials were absent in the fluvial deposits 

whereas secondary carbonates filled cracks. On terraces older than 300 ka, 

carbonates replaced silicates and recrystallised. This process succeeded after 

the disorganisation of illuvial clay coatings, where the carbonates were 

coloured by the impregnation with iron compounds. Carbonate crystallisation 

separated the lamellae and cleavage planes of mica grains prior to their 

complete replacement; quartz sands and gravels were also separated and 

replaced by subsequently formed sparry calcite crystals with secondary 

coatings. Floating grains of quartz and feldspar replaced silicate grains which 

were separated from the carbonate by porous spaces. Secondary carbonates 

were generally present in cracks forming laminae; their precipitation occurred 

in soils which were formed between 40 ka BP and 300 ka BP; they were more 

distinct in older soils. Carbonate dissolution characterised mainly by rounded, 

i.e. ellipsoidal or spherical, and separated grains, and by crystals with 

pronounced serration. Hard calcareous nodules also dissoluted, as observed on 

macroscale by clean surfaces, clear borders and elongated forms. Carbonate 

recrystallisation was rather uncommon in soils younger than 40 ka, but 
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frequently occurred in soils older than 350 ka, and proceeded with the age of 

the soil. Complex microstructures in these soils typically reflected replacement 

(since the Middle Pleistocene) and recrystallisation processes. Their form, 

distribution (within soil profiles and in the landscape) and relation to processes 

such as clay illuviation and hydromorphy showed that carbonate accumulation 

once depended upon the presence of vadose water. This was mostly 

associated with distinct hydromorphic processes whereas temporal shifts of 

the water table induced laminae formation. Since carbonates are absent in the 

soils of the youngest surfaces, and also lack in the riverbeds, floodplains and 

the lowest terraces, carbonatisation is currently inactive. Alonso et al. (2004) 

therefore concluded that the presence of carbonate accumulations in the soils 

is sufficient to characterise the soils of this region as paleosols. 

The extent of clay increase and pedogenic carbonate enrichment with 

different amounts of precipitation was examined micromorphologically for soils 

in Kansas, USA, by Gunal and Ransom (2006). The presence of clay films in 

soils in regions with 400-550 mm precipitation by field observation was 

contradicted by thin section analyses. Clay accumulations were generally 

present as grain coatings, while some were very thin, striated and mostly 

associated with voids. Intense shrink-swell processes induced stress 

orientation of the micromass (i.e. partial fabric of the groundmass). The clay 

coatings were covered by pedogenic calcite and suggested that calcification 

succeeded clay illuviation. The CaCO3 in Bk-horizons was pedogenic, while 

aeolian dust addition and weathering of calcium-rich minerals may also have 

contributed to secondary carbonatisation. Higher precipitation in nearby areas 

promoted the evolution of illuvial clay coatings with strong orientation. 

Increased clay proportions at depth were partly due to in situ weathering of 

biotite while both illuviation and shrink-swell processes contributed to clay 

orientation without complete disrupture of clay coatings, although pedogenic 

carbonates were present at nearly the same depth (Gunal and Ransom, 2006). 

This corresponded with similar observations in some earlier studies for (semi-) 

arid and Mediterranean regions (e.g. Reynders, 1972; Verheye and Stoops, 

1973; Sobecki and Wilding, 1983; Khormali et al., 2003; Pal et al., 2003). 

Recalcification in calcareous soils with argillic horizons was identified by the 

superimposition of carbonate coatings with clay coatings, which were 

themselves covered by calcite (Khormali et al., 2003). Wieder and Gvirtzman 

(1999) investigated paleosols of the Late Quaternary in Southern Israel. In 

contrast to former studies which considered clayey layers as representative of 

wet climates, and calcareous layers representing dry periods, Wieder and 

Gvirtzman (1999) identified their concomitant development. Reduced clay 

contents in calcic horizons of this area (Wieder and Yaalon, 1974) were due to 

clay displacement enhanced by intense segregation of secondary carbonates 
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(Wieder et al., 1994). Micromorphology however showed that features such as 

skeleton distribution, plasmic fabric and carbonate nodules were notably 

similar in recently formed Grumusolic Dark Brown soils and in clayey loess-

derived paleosols. In contrast, fairly similar carbonate contents in clayey B-

horizons (10-18 % difference) suggested that their formation took place under 

equal climatic conditions. Therefore, both clayey and calcareous layers have 

formed concomitantly (Wieder and Gvirtzman, 1999). 

2.1.3 Clay illuviation 

A prominent soil formation process is clay illuviation where upper soil horizons 

impoverish in clay which in turn increases in the subsoil. It embraces 

processes of clay dispersion, transport and deposition. Dispersion initiates by 

the separation of clay particles, which mainly occurs through desalination and 

decalcification, the presence of Na+-particles and expansible clay minerals 

(e.g. smectite). The succeeding transport of fine clay in coarse and medium 

pores is favoured by periodic wetting and drying and the subsequent formation 

of pores and cracks. Finally, the clay particles are deposited deeper in the 

profile in smaller (or ending) pores, by increasing amounts of salts and/or 

Ca2+, or by the presence of embedded air. Deposition yields the formation of 

clay films along pores and on aggregate surfaces, and is easily detectable in 

thin section. The proportion of fine clay increases in the argic horizon, i.e. 

where the clay is deposited (Blume, 1964; IUSS Working Group WRB, 2006). 

Clay illuviation in the Mediterranean was investigated by Fedoroff 

(1997) stating that under present conditions, this process suggests a humid or 

sub-humid climate which is bound to former interglacial periods. Typical 

expressions of red Mediterranean soils are microlaminated clay coatings 

denoting the absence of splash effects, water percolation during rainy seasons, 

evaporation of capillary water and settlement of clay flakes in coatings during 

drier seasons. Impure reddish clay coatings and matrix features distinguish 

from the ground mass by their darker colour and larger SOM content which 

characterise them as dust (Fedoroff, 1997). Reddening is preceded by parallel 

translocation of reddened soil material with clay as described in Schwertmann 

et al. (1982), but excludes the parallel development of calcitic features. 

Sedimentation of aeolian and calcareous material was of greater intensity 

during the last glacial cycle, whereas clay illuviation and decalcification both 

characterised more humid phases during interglacial cycles (Fedoroff, 1997). 

2.1.4 Iron oxides and hydroxides 

Iron oxide formation is caused by hydrolysis, where protons release in 

compounds of Fe2+ and Fe3+ and hydroxides and subsequently polymerise to a 
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crystalline form (Cornell and Schwertmann, 1996). Rapid oxidation of iron-rich 

water, or the presence of organic compounds in Podzols promote ferrihydrite 

(5 Fe2O3 × 9 H2O) formation; the latter preferably occur in developing soils. 

Dry conditions and large temperatures enhance the development of 

ferrihydrite into hematite (α-Fe2O3) in contrast to goethite (α-FeOOH), and 

provide the deep red soil colour particularly in the (sub-)tropical area. 

Goethite is the most widespread iron oxide in the world, while hematite is 

particularly common in the Mediterranean. Lepidocrocite (γ-FeOOH) is less 

prevalent and bound to a clay-rich, decalcified and gleyic environment which 

provides the orange soil colour (Cornell and Schwertmann, 1996). 

Depending on the iron content of the parent material and the stage of 

soil development, iron oxides precipitate during weathering of iron-bearing 

minerals (McFadden and Hendricks, 1985). Dithionite-soluble iron (Fed) 

includes free amorphous and crystalline iron oxides and hydroxides (Merritts 

et al., 1991). The amount of Fed is responsible for the soil colour even when 

total iron (Fet) comprises less than 3 % of the soil (Yaalon, 1997). Decreasing 

Fed contents at depth reflect a partial loss of silicate iron by weathering and 

subsequent formation of free iron oxides which remain in the clay fraction 

(Cornell and Schwertmann, 1996). Torrent and Cabedo (1986) demonstrated 

this process for reddened soils on calcarenite in Southern Spain. Iron oxide 

formation mainly depended upon the release of iron from silicate clays, since it 

was mainly weathered from the clay fraction, rather than from non-clay and 

carbonate fractions. Fed is usually bound to clay surfaces and is therefore 

especially concentrated in the Bt-horizon (Bronger et al., 1984; Barrón and 

Torrent, 1987; Aniku and Singer, 1990; Yassoglou et al., 1997). The 

distribution of Fed is therefore related to clay migration (Bronger et al., 1984). 

Bech et al. (1997) defined the iron illuviation index by the ratio of Fed (%) in 

the A-horizon / Fed (%) in the Bt-horizon. Various studies demonstrated that 

the amount of Fed reaches a constant level or even decreases in strongly 

developed soils (Bockheim, 1980; Muhs, 1982a; Aniku and Singer, 1990) 

which was formerly described as self-terminating or irreversible process 

(Yaalon, 1971). 

Clay migration is often accompanied by translocation of pedogenic 

iron oxides and is characterised by uniform Fed/clay ratios within a soil; the 

presence of clay coatings corroborates co-illuviation (Mirabella et al., 1992; 

Durn, 2003). 

The degree of weathering is calculated by the Fed/Fet ratio and may 

gradually approach a rate of 100 % (Cornell and Schwertmann, 1996; Bech 

et al., 1997), being a good indicator for the relative soil age (Arduino et al., 

1986; Aniku and Singer, 1990; Moody and Graham, 1995). Iron release during 

wet periods results in ferrihydrite formation whereas during the drier summer 
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season, hematite is preferentially formed over goethite (Torrent et al., 1980; 

Torrent and Cabedo, 1986; Boero and Schwertmann, 1989). On a sequence of 

river terraces in Northern Spain which were formed between 3.3 ka BP and 

230 ka BP, Torrent et al. (1980) could not establish a time trend for the 

Fed/Fet ratio and concluded that the large Fed/Fet ratio was yielded by intense 

(pre-) weathering in the source area of the alluvium, rather than by in situ 

weathering. On a second terrace sequence in Southern Spain, however, this 

ratio increased with elevation and probably also with time (Torrent et al., 

1980). For a correct assessment of the weathering degree, Bronger et al. 

(1984) pointed to the importance of comparing differences in the Fed/Fet ratio 

between solum and parent material, as the latter may already have a large 

Fed/Fet ratio which may lead to misinterpretations. In the terrace sequence in 

Southern Spain, hematite content and corresponding reddening increased with 

time, while the substitution of aluminium in both goethite and hematite 

reflected acidification proceeding with elevation and soil age (the authors did 

not refer to the age of the parent material, however). Such trends were not 

found in the soils of Northern Spain (between 3.3 ka BP and Pre-Rissian age), 

where a large Fed/Fet ratio on all terraces indicated pronounced pre-

weathering of the alluvium. Subsequent weathering processes were therefore 

of minor relevance to the state of the iron oxides (Torrent et al., 1980). 

Oxalate-soluble iron (Feo) represents the amorphous or active iron 

fraction, i.e. iron extracted from poorly crystalline oxides (Arduino et al., 

1986; Torrent and Cabedo, 1986; Haidouti and Massas, 1998) and organic 

iron complexes (McKeague et al., 1971). Schulze (1981) identified ferrihydrite 

as oxalate-soluble iron fraction by using differential x-ray diffraction (XRD). 

The ratio of Feo/Fed is commonly used to estimate relative soil age and the 

stage of soil development (Alexander, 1974; Arduino et al., 1986) and reflects 

the crystallinity of iron oxides and hydroxides (Schwertmann, 1985). In soils 

on river terraces in Spain, small Feo/Fed ratios (less than 0.1) gave evidence of 

mainly crystalline iron oxide components (Torrent et al., 1980). In a 

chronosequence of marine terraces in California, the Feo/Fed ratio decreased in 

soils of terraces until 490 ka in age and remained constant on older terraces, 

suggesting gradual ferrihydrite transformation into more crystalline iron forms 

(Aniku and Singer, 1990). Similar developments were observed by Moody and 

Graham (1995) and Bronger and Bruhn-Lobin (1997) and were also verified by 

differential XRD (Aniku and Singer, 1990). This behaviour is not found where 

volcanic ashes play a role in the chronosequence (Grez, 1977; Jahn, 1988). 

Irregular trends of the Feo/Fed ratio in Terrae Calcis of Slovakia were 

attributed to relic soil development (Bronger et al., 1984) whereas abrupt 

changes of the Feo/Fed ratio within a soil may also indicate lithological 

discontinuities (Bech et al., 1997). In contrast, Alexander (1974) found that 
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both Fed content and Feo/Fed ratio first increased from the younger to the older 

terraces of the Truckee River in Nevada and steadily declined thereafter on 

terraces older than “some tens of thousands of years“. Yaalon (1971) 

characterised this trend as self-terminating and irreversible process. McFadden 

and Hendricks (1985) demonstrated that both Feo and Fed contents changed 

systematically since the Middle Pleistocene in soils on fluvial deposits, where 

ferrihydrite precipitation and/or complexation of SOM with iron were followed 

by transformation to hematite and reddening with decreasing Feo/Fed ratios. 

Arduino et al. (1986) sampled nine soils on three fluvial terraces in 

Northern Italy and found that various forms of iron (Fed, Feo, Fet) were good 

discriminators of soil age on such terraces and that the clay mineralogy 

became more complex with increased terrace ages. 

Crystalline forms of pedogenic iron oxides were calculated by the 

difference of Fed–Feo (Merritts et al., 1991; Langley-Turnbaugh and Bockheim, 

1998) which increased by 20 mg cm-2 soil column per thousand years on 

marine terraces. Variance analysis demonstrated that in a chronosequence of 

three river terraces of Northern Italy, soil age was best reflected by either the 

Fed/Fet ratio or the (Fed–Feo)/Fet ratio (Arduino et al., 1986). Iron in silicates 

was calculated by the Fet–Fed difference (Bech et al., 1997) in primary 

minerals of the parent material (Hintermaier-Erhard and Zech, 1997). For 

reddish brown soils on calcarenites in Southern Spain, Torrent and Cabedo 

(1986) found no trends with soil depth and concluded that silicates were not 

affected by weathering and participated only slightly in iron oxide formation. A 

close (positive) relationship between smectite and silicate iron however 

suggested that much of the silicate clay iron was in the smectite and was 

subsequently released by transformation to mica near the soil surface (Torrent 

and Cabedo, 1986). This agreed with Bech et al. (1997) who found a close 

relationship between silicate iron and clay content, implying co-illuviation. 

2.1.5 Soil reddening 

Iron oxides are of extremely small crystal size (Cornell and Schwertmann, 

1996). In the pedosphere, iron releases by weathering and subsequently 

transforms into minerals like ferrihydrite, goethite and hematite. The most 

obvious processes are reddening of Mediterranean soils by mineral 

weathering, concomitant release of iron compounds during the dry summer 

season, and silicate weathering by hydrolysis during the rainy winter season 

with subsequent dissolution of calcaric material (Yaalon, 1997). 

Depending on the excess of rainfall over evaporation during winter 

seasons, various secondary minerals form in soils (Boero and Schwertmann, 

1989; Yaalon, 1997). Variations in both temperature and precipitation account 

for differences in secondary minerals (Millot, 1970). Crystallisation to goethite 
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(α-FeOOH) is favoured by less intense weathering from minerals containing 

Fe2+ or Fe3+ surrounded by water molecules; crystalline iron oxides then form 

by hydrolysis. The resulting oxide depends on the rate of this alteration and 

the interference by other dissolution components. The high stability of the 

goethite is reflected by its widespread presence in all climates; it accounts for 

the yellow or brown soil colour, if hematite is absent. Intense weathering and 

rapid oxidation of Fe2+ promote the precipitation of goethite to ferrihydrite 

(5 Fe2O3 × 9 H2O) under the absence of 2:1 minerals. Ferrihydrite as a rather 

young iron oxide which is absent in well-developed soils. It dehydrates and 

crystallises to hematite (α-Fe2O3) under (temporary) dry conditions with high 

temperatures (i.e. mainly in (sub-)tropical climates), accelerated dehydration 

and rapid mineralisation of organic matter, where hematite is closely 

associated with goethite (Zech, 1993; Cornell and Schwertmann, 1996). Under 

Mediterranean climate, these compounds precipitate as ferrihydrite or 

hematite rather than goethite and coat soil particles, accounting for the soil 

reddening or rubefication (Guillet and Souchier, 1982; Schwertmann et al., 

1982; Yaalon, 1997). This process is favoured by good aeration of the soil but 

also depends on the amount and colour of the non-carbonate residue of the 

limestone (Meyer, 1979). Hematite and goethite develop in parallel by 

dissolution, where hematite formation is favoured under drier conditions and 

high temperatures, whereas goethite forms with increasing distance from the 

minimum dilution of the ferrihydrite. Due to their great stability, goethite and 

hematite do not directly transform by de- or rehydroxylation, i.e. release or 

absorption of water (except for burning, where hematite is formed by the 

release of water). However, tropical soils containing hematite may transform 

into yellow-brown soils from the top (xanthisation), since more humid 

conditions at present favour the reduction or complexation under microbial 

activity and the presence of organic matter, dissolving the hematite and 

leaving behind the goethite (Cornell and Schwertmann, 1996). 

Soil reddening by mineral weathering and accompanied hematite 

formation is promoted by xeric-thermic pedoclimates, as suggested for soil 

chronosequences in the Ljubljana Basin in Slovenia (Vidic and Lobnik, 1997) 

and on Quaternary marine terraces at the Calabrian coast in Southern Italy 

(Scarciglia et al., 2006). The latter also mentioned that reddening was more 

common during interglacial periods and referred to corresponding findings of 

Cremaschi and Trombino (1998) in the Libyan Sahara, Simón et al. (2000) in 

Mediterranean high mountains of Southern Spain and Scarciglia et al. (2003b, 

2005b) in the Northern Cilento and Calabria, Southern Italy. 

Gebhardt et al. (1969) assumed that the reddening of Terra Rossa 

only occurs during the statu solvendi, i.e. the dissolution of limestone. 

Consequently, Meyer and Kruse (1970) referred to it as Entkalkungsrötung 
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(decalcification–reddening). Bronger and Ensling (1981) found that the hue of 

the soil colour was governed by the hematite/goethite ratio. Boulaine (1966) 

emphasised that the presence of Ca2+-ions inhibits the formation of iron-

humus-complexes, thereby stimulating hematite formation. Foster et al. 

(2004) attributed reddening to an improved aeration stimulating preferential 

hematite formation in a Terra Rossa on Fleurieu Peninsula, South Australia.  

Reddening in coarse-textured soil was more intense when hematite 

dispersed above a smaller surface area of the residue (Meyer, 1979). 

Schwertmann et al. (1982) and Arduino et al. (1984) found reddening to be a 

continuous process in the northern foreland of the Alps in Germany and in 

soils of fluvial terraces in the Po River Valley in Italy, respectively which did 

not increase during warmer interglacials. Since the ratio of (Fed-Feo)/Fet and 

soil reddening gradually increased with terrace age, Arduino et al. (1984) 

concluded that informations on soil colour and the contents of Fed and Feo 

were sufficient to estimate relative terrace ages. 

A reddening index originally proposed by Hurst (1977) was applied by 

Torrent et al. (1980) and Torrent et al. (1983). The latter calculated redness 

rating (RR) as RR = (10 – H) × C / V, with H for the hue (shade), C as the 

chroma (intensity) and V being the value (lightness) of soil horizons according 

to the Munsell soil colour charts; they found a strong relationship between RR 

and hematite content for soils on river terraces in Spain. Redness increased 

with terrace age in terraces which were formed between 230 ka BP and 3.3 ka 

BP (Torrent et al., 1980). For soils on Quaternary calcareous deposits in 

North-Eastern Greece, Haidouti and Massas (1998) found that reddening 

increased with time. Torrent and Cabedo (1986) also found a strong 

relationship between RR and the hematite content for two iron-rich soils on 

Miocene calcarenites and calcareous orthoquartzites in Southern Spain. 

Redness closely correlated with soil age in a chronosequence developed on 

alluvial deposits (approximately formed between 1.6 Ma BP and 0.6 ka BP) in 

California (Busacca, 1987). 

Bronger and Ensling (1981) and Bronger et al. (1983, 1984) 

ascertained that in the majority of examined Terrae Rossae in Slovakia, there 

was neither mineral weathering nor clay mineral formation. The ratio of 

hematite/goethite was however increased relative to the dissolution residue of 

the limestone in nearly all of the soils. In contrast, Bronger and Bruhn-Lobin 

(1997) discovered considerable weathering and accompanied formation of clay 

minerals, particularly kaolinite in Terrae Rossae of North-Western Morocco. 

They concluded that the intensity of reddening did not relate to silicate 

weathering intensity or to soil age but reflected a climate with humid winter 

and dry summer seasons combined with a great parent material permeability. 
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In a study on red Mediterranean soils in central Western Spain, 

García Marcos and Santos Frances (1997) found soil typology to depend upon 

surface age. Typical characteristics of the corresponding red Alfisols ranged 

from sharp textural contrast above thick and well-developed argillic horizons 

with dark red colours on the oldest fluvial terrace (Middle Eocene, 48.6-

37.2 Ma BP) to moderately developed Bt-horizons without clear clay illuviation, 

smaller clay contents and brown colours on the younger surfaces (Upper 

Miocene, 23.0-16.0 Ma BP) (García Marcos and Santos Frances, 1997). 

2.1.6 Plinthisation 

The evolution of plinthite in the Mediterranean indicates a dominant exposition 

to warm and humid climatic conditions for some time. Such conditions 

prevailed during the Miocene and Early Pliocene; laterisation processes 

particularly occurred during the Miocene and slowed down in the Pliocene 

when lateritic soils were increasingly eroded (Gaucher, 1981). From climatic 

variations in the north-western Mediterranean since the Pliocene, namely 

precipitation and temperature, Günster and Skowronek (2001) concluded that 

during the Tertiary, pedogenesis in Mediterranean areas was mainly influenced 

by ferralitic weathering and concomitant iron accumulation. 

As a product of strong weathering, plinthite (Greek plinthos, brick) is 

rich in iron, poor in organic matter and contains large amounts of low activity 

clays and sesquioxides such as kaolinite and gibbsite (Costantini and Priori, 

2007). Plinthite contains rather large amounts of quartz, but is depleted of 

silicon (Hintermaier-Erhard and Zech, 1997; Scheffer and Schachtschabel, 

2002). Plinthite formation (plinthisation) requires the availability of sufficient 

iron from the parent material or an external source such as the lateral influx of 

iron-rich slope water or ascending groundwater. Plinthisation is initiated by 

strong weathering and associated sesquioxide enrichment at depth of the 

groundwater table or impeded surface drainage. Exposure to air results in 

irreversible hardening of plinthite to petroplinthite which can take place in 

areas with fluctuating groundwater or stagnant surface water in slope areas 

and depressions, after geological uplift, topsoil erosion, lowering of the 

groundwater level or climate change towards drier conditions (IUSS, 2006). 

Until recently, the recognition of petroplinthite by hardening processes 

remained a controversially discussed question. Costantini and Priori (2007) 

outlined the varying definitions for soft and hard plinthite and discussed the 

continuing difficulties aligned with the recognition of plinthite in the field and 

laboratory. They concluded that materials enriched with iron oxide harden “to 

different degrees, in different time frames and under different conditions”, 

covering issues of soil mineralogy, climate and vegetation, surface 

morphology, lithology and hydrology (Costantini and Priori, 2007). 
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In soils on marine terraces at the coast of California, plinthite was 

only slowly permeated by water (Moody and Graham, 1997). It occurred as 

strongly cemented nodules in Btw-horizons with ferrihydrite and crystalline 

iron oxides, compared to the surrounding matrix. A seasonally perched water 

table developed above the plinthite. Similarly, a toposequence in a coastal 

plain of Texas was characterised and it was suggested that iron and clay co-

illuviated in soils with plinthite formation (Vepraskas and Wilding, 1983). 

In Ultisols on coastal marine sediments of Mississippi, USA, iron 

complexation with SOM and a coupled downward movement of iron and clay 

resulted in their enrichment within illuvial soil horizons (Aide et al., 2004). The 

subsequent iron segregation generated accumulation and depletion zones and 

therefore suggested alternating episodes of oxidation and reduction. The 

eventual formation of plinthite nodules was due to the degradation of a Btx-

horizon and the firm consistency of the material in which the iron 

accumulation occurred. 

Costantini and Priori (2007) broadly investigated plinthite formation 

processes in Mediterranean soils of Italy. Most prominent in this regard were 

the iron oxide accumulation providing a dark red colour with reduction and 

depletion of iron, which is observed by micromorphology as bleached areas. 

Large (Fed-Feo)/Fet and small Feo/Fed ratios suggested intense weathering in 

the plinthite-containing soil horizons with distinctly smaller CaO and MnO 

contents. Minor water activity during pedogenesis and increased contents of 

potassium and other bases in the soil solution favoured the preservation of 

illites on account of kaolinite which is rather unusual for plinthite soils. Cyclical 

sedimentation was associated with a fluctuating water table and the influx of 

sea water during the early Pliocene in the Murlo-Montalcino ridge (Siena Basin, 

Central Italy), whereas soil formation was initiated in the late-middle Pliocene 

and followed by intense Quaternary erosion and rejuvenation. Therefore, the 

geomorphological position of the paleosol and sea level changes during the 

early Pliocene modifying the specific chemistry and mineralogy strongly 

influenced the formation of soil horizons with plinthite. Hot and humid climatic 

conditions favouring the release and crystallisation of iron during the early 

Pliocene suggests that the plinthite was formed within a maximum of 100-

200 ka BP (Costantini and Priori, 2007). 

2.1.7 Clay mineral formation and distribution  

This chapter briefly outlines the most common clay minerals and the 

conditions for their formation and conversion. Some examples of clay mineral 

suites in Mediterranean environments are given; their distribution within soils 

and their role in soil formation is discussed. Differences of the clay mineralogy 

between parent material and the soil solum are particularly emphasised. 
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Iron oxide neoformations provide the basis for profile differentiation 

by the release of iron from mica, biotite, olivine, amphibole, pyroxene and 

other silicates in decalcified soils and for goethite accumulation. Weathering 

gives rise to the dark brown colour in the subsoil, and is promoted by a small 

pH. It results in the formation of secondary clay minerals such as illite and 

smectite and a finer texture with increasing clay contents. Concomitant 

leaching may partly remove the weathering products, however (Hintermaier-

Erhard and Zech, 1997; Scheffer and Schachtschabel, 2002). 

Weathering of primary minerals mainly occurs in microfissures and 

narrow solution channels by capillary water (Wilson, 2004). Whether the 

weathering product is in equilibrium with the primary mineral or not is mainly 

regulated by the water drainage and the interaction between water and parent 

material, but also depends upon the presence of organic matter and its degree 

of decomposition. The inherent susceptibility of present minerals broadly 

affects soil weathering. Wilson (2004) outlined the various weathering stages 

of different primary minerals such as feldspars and micas, biotites and 

chlorites and the influence of weathering upon the parent material. 

Illites are closely related to mica from which they develop by loss of 

potassium or by synthesis from weathering fragments of silicates (primarily 

feldspar). Illites are less crystallised than mica; the substitution of interlayers 

is accompanied by lattice growth and may result in interstratifications provided 

that this process is continuous. Their supply with potassium may reverse this 

trend, as observed during diagenesis of sediments from smectites (Deer et al., 

1992; Hintermaier-Erhard and Zech, 1997; Scheffer and Schachtschabel, 

2002). Illite formation is mainly favoured by neutral to alkaline conditions and 

great concentrations of aluminium and potassium (Poppe et al., 2001). 

Vermiculites are commonly derived from the alteration of mica under 

alkaline conditions, i.e. at pH values above 7.5 (Douglas, 1989; Fanning et al., 

1989) comprising the release of K+ from interlayers, iron oxidation and the 

orientation of OH with subsequent destabilisation of the crystal lattice. These 

processes take place during the expansion of mica or illite and may also 

comprise an intermediate step of interstratified illite/vermiculite (Dultz, 1997) 

which preferentially occurs under moist conditions with rapid leaching (Reheis, 

1990). Simultaneous reddening and vermiculite formation enables the 

vermiculite to operate as preferential aluminium trap and prevents a large 

substitution of aluminium in hematite (Boero et al., 1992). The disappearance 

of vermiculite under drier climatic conditions is well-documented (LeRoux 

et al., 1963; Plaster and Sherwood, 1971; Rice et al., 1985). Vermiculite is 

therefore considered as intermediate clay mineral in pedogenic environments, 

as it can be formed from mica and subsequently weathers to amorphous 

silicates (Kittrick, 1973; Allen and Hajek, 1989; Barnhisel and Bertsch, 1989; 
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Douglas, 1989). Under acid conditions, vermiculite dissolves faster than more 

stable minerals can precipitate (Kittrick, 1973; Fanning et al., 1989). 

Smectites may develop from illites or chlorites on account of 

depletion of potassium or aluminium, or during silicate weathering by 

neoformation from pyroxenes or feldspars (Hintermaier-Erhard and Zech, 

1997). Their sustained conversion is promoted by intense weathering 

(Borchardt, 1989) and acid conditions. Morgan et al. (1979) found direct 

transformations from smectite to kaolinite by intense weathering and good 

drainage, a process which was accompanied by iron oxide formation in the 

Lower Cretaceous of South-Eastern England. The alteration of smectite into an 

interstratified smectite-kaolinite requires desilification and illite weathering 

under warm climate with continuous vertical water movement and a (nearly) 

absence of silicic acids (Niederbudde, 1996). This process is promoted during 

periods of high rainfall (Fernández Sanjurjo et al., 2001) and by the input of 

silica, Ca2+, Mg2+ and other cations, as observed by Anjos et al. (1995) on 

footslope positions. It includes aluminium interlayering of smectite but 

remains a transitional stage during mineral genesis (Jackson, 1962; Poncelet 

and Brindley, 1967; Cradwick and Wilson, 1972; Karathanasis and Hajek, 

1983; Bühmann and Grubb, 1991). 

Chlorites differentiate into primary chlorites with Mg(OH2) in 

intermediates of three-layer minerals and into secondary chlorites in acid soils 

(pH 4-5) through inclusion of Al(OH6)-octaeders between the 2:1-layers of 

smectites or vermiculites (Hintermaier-Erhard and Zech, 1997). Similarly to 

kaolinite, chlorite preferentially occurs in the coarser clay and silt fractions 

(Tributh, 1970). Secondary chlorites are mainly present under acid conditions, 

since aluminium is released in sufficient amounts only by the attack with H+-

ions. A soil pH between 4.0 and 5.0 is favourable for secondary chlorites if the 

organic matter concentration is limited, as greater concentrations may 

complex the aluminium and prevent incorporation. Chlorite formation is 

however impeded under more acid conditions, since hydroxy-interlayered 

aluminium between the silicates is not hydrolysed (Scheffer and 

Schachtschabel, 2002). 

Kaolinite is the most common two-layer clay mineral and encloses 

layers of SiO4
4- and Al(OH)6 whereas intermediate layers are absent. Silicate 

layers attach to each other by stable OH-O-bridges. Kaolinites develop through 

intense weathering, e.g. of potassium-feldspars in warm and moist climates 

with accelerated desilification (Hintermaier-Erhard and Zech, 1997; Scheffer 

and Schachtschabel, 2002). Tributh (1970) analysed relative clay mineral 

contents in two B-horizons of a Luvisol from loess and a Cambisol from 

sandstone in the size fraction smaller than 20 µm (nine classes) and figured 

out that kaolinites were most frequently present in the coarse clay and fine silt 
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fractions, whereas 2:1 layer minerals were of finer compounds. Kaolinites in 

Mediterranean soils are often inherited from the parent material 

(Schwertmann, 1971). Neoformation is less common, but is evident from the 

presence of kaolinite in red Alfisols in Southern Spain. More precisely, it is 

present in weathered gravel containing large amounts of Fe2+, Al3+ and Si4+, 

but is absent in the unweathered parent material (Martín-García et al., 1999). 

Interstratifications of clay minerals are mainly characterised by a 

different assembly of two- and/or three-layer-minerals and may develop by 

partial silicate weathering or synthesis from components of the soil solution. 

Irregular interstratifications may yield broad variations in their constitution, 

such as chlorite/vermiculite or illite/smectite after partial weathering of 

chlorite or illite. Regular interstratifications develop by the conversion from 

biotite to vermiculite or from chlorite to smectite by loss of potassium-

interlayers or hydroxides. Kaolinite and smectite can also form 

interstratifications (Hintermaier-Erhard and Zech, 1997; Corti et al., 1998; 

Scheffer and Schachtschabel, 2002). 

Catt (1991) stated that the clay mineralogy is influenced by the 

climatic conditions during soil formation, whereby mineral transitions are 

accelerated under warmer climates. Catt referred to leaching processes which 

follow water infiltration. This results in the release of bases and silicates during 

weathering and subsequent residual accumulation of iron and aluminium 

oxides, as described in Loughnan (1969) and Marshall (1977). These 

processes typically cause weathering trends such as illite � smectite � 

kaolinite or from halloysite to iron and aluminium oxides such as hematite and 

gibbsite. Catt (1991) also named the complexity of clay mineralogy when soils 

receive their present clay from older soils such that current pedogenesis only 

partly contributes to their clay mineral suite. 

Clay minerals in Quaternary Mediterranean soils are often inherited 

(Singer, 1988), which is most likely the case by identical clay mineralogies in 

both parent material and the solum. The parent material may have developed 

by marine sedimentation whereby the clay minerals may have passed rock 

formation (Simonson, 1995). Neoformation by precipitation follows the 

processes of accumulation, transformation or leaching, primarily depending on 

soil pH, the present cation assemblage and the availability of elements such as 

silicon, aluminium and iron (Dixon and Weed, 1989; Velde, 1992). 

Scarciglia et al. (2006) studied a soil chronosequence on Quaternary 

marine terraces along the north-western coast of Calabria in Southern Italy. 

The clay mineralogy was dominated by kaolinite and illite in all soils, while 

CaCO3, sodium and potassium were intensely depleted and quartz crystals in 

older soils severely etched, displaying pronounced leaching on older terraces. 

Asymmetric and broad kaolinite peaks indicated a poor crystallinity and 
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advanced weathering. This was consistent with the soil development during 

Quaternary interglacial stages, since warm-temperate and humid climates with 

alternating wet and dry seasons promote intense mineral weathering and 

cation leaching, with the latter providing the basis for the neoformation of 

secondary minerals. The ubiquitous presence of (sub-)rounded quartz, 

feldspar and mica minerals on carbonate bedrock suggested a partly aeolian 

origin of the parent material, while small volcanic glass fragments confirmed 

pyroclastic activity. Soils of this chronosequence were additionally formed by 

erosion and truncation processes (Scarciglia et al., 2006). 

In a chronosequence on nine fluvial terraces in Northern Italy, 

Arduino et al. (1986) found that vermiculite dominated in soils on the 

youngest terraces (10-130 ka BP) while two-layer minerals were prevalent on 

older terraces (up to 300 ka BP). Subordinated mixed-layer minerals became 

more abundant in soils on older terraces while kaolinite showed more 

disordered forms or was replaced by gibbsite in deeper soil horizons. This was 

explained by different sedimentation and weathering (Arduino et al., 1986). 

Excluding marine or volcaniclastic as well as colluvial or fluvial 

deposits, Vanmechelen et al. (1993) proved aeolian depositions to yield 

considerable differences between the mineralogical and chemical composition 

of the rock residue and that of the solum in Terrae Rossae on dolomitic rocks 

in South-Western Sardinia. Kaolinite, mica and chlorite in the solum were not 

solely derived from parent material weathering. Large proportions of kaolinite 

and unweathered trioctahedral chlorite suggested a mixture of autochthonous 

and allochthonous material where aeolian materials were most likely dust 

deposits derived from the Sahara (Vanmechelen et al., 1993). 

Boero et al. (1992) found that in Terrae Rossae on limestone, illite 

and kaolinite dominated the clay mineralogy in soils on xeric sites in Sardinia, 

whereas chlorites were present in traces. Aluminium-interlayered vermiculite 

dominated the soils in north-western Italy and reflected advanced weathering 

under cool and moist conditions. In the latter environment, reddening and 

vermiculite formation were simultaneous processes, with the vermiculite 

taking up the aluminium and therefore preventing its substitution in the 

goethite and hematite (Boero et al., 1992). Based on the analyses of karst 

water and soil solution near Pastena in central Italy, Spaargaren (1979) 

assumed stable and time-independent conditions for kaolinite formation in 

Terrae Rossae. 

A well-drained environment favoured kaolinite formation in Terrae 

Rossae of northern Israel, whereas decalcification generated the rapid 

decomposition of inherited palygorskite and sepiolite from insoluble limestone 

and dolomite residues (Yaalon et al., 1966). Also in Terrae Rossae of Israel, 
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Gal (1966) detected a slight increase in the kaolinite content in the solum at 

the expense of illite and montmorillonite above the parent material. 

In soils of the Aegaeis, Greece, Rapp and Nihlén (1986) and Nihlén 

and Olsson (1995) found remarkably large amounts of the fractions of quartz 

and kaolinite which were absent in the calcareous parent material, and were 

therefore attributed as Saharan deposits. 

Bronger et al. (1984) investigated Terrae Calcis in Slovakia and 

figured out that the mineralogical composition in the solum was predominantly 

inherited from the subjacent limestone residue, characterising them as 

independent from climatic changes. The limestone residue developed between 

the Pliocene and the Early Pleistocene, whereas minor neoformation processes 

resulted in illite and kaolinite formation. Reddening was mainly determined by 

the hematite content, but was independent from the weathering intensity. In 

one adjoining Terra Rossa, however, feldspar and phyllosilicate weathering 

yielded a neoformation of illites and kaolinites. The latter resulted in distinctly 

larger kaolinite contents relative to these in reddened Brown Loam soils on 

loess in the adjoining Carpathians, where kaolinites were subordinate to illites 

and montmorillonites. While loess soils in the Carpathians developed during 

the Early Pleistocene, the neoformation of kaolinites and the illite and chlorite 

formation in the above Terra Rossa were traced back to weathering since the 

Tertiary (Bronger et al., 1984). Investigations on chronosequences of loess 

soils in this area ascertained that Fed was altered by post-pedogenesis during 

the Pleistocene (Bronger, 1976). In soils on calcarenite from North-Western 

Morocco, Bronger and Bruhn-Lobin (1997) found kaolinite of disordered 

structure and poor crystallinity which was interpreted as neoformation from 

feldspar and smectite and predominantly occurred in the coarse clay fraction. 

Durn et al. (1999) examined Terrae Rossae on limestone and dolomite residue 

in Croatia and deduced neoformation from a less ordered pattern of the 

kaolinite peak. It was associated with the weathering of feldspars (plagioclase, 

potassium-feldspar), mica, vermiculite, chlorite and smectite. Neoformations 

of poorly crystalline kaolinite were promoted by a declined activity of silicic 

acid and are mainly determined by H4SiO4 (Kittrick, 1969, 1973). 

On fluvial terraces in California (40 ka-3 Ma BP in age), mica 

weathering and feldspar alteration in Alfisols were reflected by sesquioxide 

enrichment and kaolinite formation. The mica weathered and disintegrated 

with time, while leaching of calcium, sodium and potassium expressed the low 

stability of feldspar (Harden, 1988). 

Muhs (1982a) studied the clay mineralogy in a soil chronosequence 

(between less than 3 ka BP and more than 1 Ma BP) on Quaternary marine 

terraces in California. He found that mica and quartz occurred in the soil which 

were absent in the parent material and smectite proportions to increase with 
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depth and terrace age, while the proportions of mica concomitantly decreased. 

This indicated that smectite was directly built from mica. Muhs (1982a) 

therefore assumed that the surface layers were influenced by aeolian activity 

and the parent material for soil formation was mainly derived from aeolian 

additions, rather than from the marine terrace debris. 

2.1.8 Amorphous silica 

Silicon comprises almost 29 % of the earth’s crust (Wollast and McKenzie, 

1983; Wedepohl, 1995) and occurs in more than 370 rock-forming minerals, 

being one of the elementary soil components (Sommer et al., 2006). Silicon 

weathering and subsequent release therefore initiates a diversity of processes 

in terms of soil and landscape genesis such as translocation within soil profiles 

and formation of new soil horizons or desilification, among others (Sommer 

et al., 2006). The precipitation of amorphous silica from soil solution on the 

surfaces of other minerals also has to be considered (Drees et al., 1989) and 

takes place upon drying of the soil solution or when acid dissolves unstable 

primary minerals, exceeding the silica activity by 150 mg L-1 SiO2 (Kittrick, 

1969). Synthetic amorphous silica is readily soluble (1800-2100 µmol L-1; 

Drees et al., 1989) and distinctly surpasses the solubility of quartz or biogenic 

opal (Sommer et al., 2006). Although the concentration of amorphous silica in 

soil is also influenced by the soil pH, it remains almost constant between pH 

2.5 and 8.5 (Dove, 1995). Soils are largely supplied with silicon of biogenic 

origin (Blecker et al., 2006 and Sommer et al., 2006). The silicon pools include 

crystalline silicates, e.g. quartz, plagioclase, feldspar, orthoclase and clay 

minerals, but also amorphous silica, as reviewed in Sauer et al. (2006). 

The current knowledge on pools and fluxes of silicon in soils is 

limited, however, giving rise to a number of open research questions about 

the characteristics and controls of low-crystalline silica compounds with 

respect to pedogenic processes. Consequently, there is a need to adequately 

quantify amorphous silica in soils by chemical extraction to yield reliable 

amounts in soils (Sauer et al., 2006), since its dissolution rate distinctly 

surpasses the dissolution of silicate minerals (Bartoli and Wilding, 1980). 

Alkaline extraction methods in soils and sediments use bases such as Na2CO3 

or NaOH at 85°C to dissolve amorphous silica and determine the increase of 

dissolved silica in solution. Since silicon is partly dissolved when these 

methods are applied, corrections are required to separate amorphous silica 

from mineral-derived silicon (Sauer et al., 2006). Saccone et al. (2007) tested 

the validity of three acid and two alkaline extraction methods. While acid 

extraction only obtains comparatively loose components such as adsorbed 

silicon and silicon bound in amorphous matrices with aluminium and iron, the 

alcaline extraction with Na2CO3 comprised all amorphous silica during the first 
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two hours of extraction. The extraction by NaOH (Kodama and Ross, 1991) is 

comparatively more aggressive. The continuous leaching of silicon and 

aluminium allows fairly precise measurements of amorphous silica (Saccone 

et al., 2007). 

Subsequently, the pools, rates, processes and driving forces of silicon 

redistribution as served by biogenic silicon sources and desilification need to 

be addressed in association with soil hydrological, chemical and biological 

processes on both pedon and landscape scales (Sommer et al., 2006). 

Kendrick and Graham (2004) studied the accumulation of pedogenic 

silica in two soil chronosequences in Southern California (11.5-500 ka BP) to 

determine relative ages by tiron extraction. The amount of pedogenic silica 

increased with time and depth towards the argillic horizon while primary silicon 

amounts decreased with time and towards the surface, due to a greater 

weathering intensity. This corresponded with the loss of sodium and potassium 

indicating feldspar weathering, and with the accumulation of pedogenic silica 

in the subsoil (Kendrick and Graham, 2004). A study of chemical weathering 

rates of a soil chronosequence on granitic alluvium (40-3000 ka BP) in central 

California by White et al. (2005) showed that secondary argillic horizons and 

silica duripans developed by a decreasing permeability and growing hydrologic 

heterogeneity. This was due to periods of distinct evapotranspiration and 

combined precipitation of amorphous silica which subsequently resulted in the 

formation of duripans in the oldest soils. 

2.1.9 Aeolian dust and pyroclastic deposits 

An often neglected, but important aspect of soil genesis in the Mediterranean 

region is that most of the soils in this area contain considerable amounts of 

aeolian materials. They mix up with in situ soil material and rejuvenate the 

soil, making chronosequence studies more intricate. Because of their 

ubiquitous occurrence, aeolian materials have to be considered in geomorphic 

studies where they occur (Moody and Graham, 1995). Besides, the deposition 

of volcanic material in Southern Italy and Sicily will also be addressed. 

Simonson (1995) chronologically mentioned aeolian dust depositions 

on a global scale, addressing the Sahara as main source. He referred to a 

large number of references of which the most important Mediterranean places 

are citated here. Leiningen-Westerburg (1915) was the first to discover 

Saharan dust deposits. Reddish dust originated from two dust storms (1901 

and 1903) in Southern Algeria and was deposited in the Alps and as far north 

as Southern Denmark (2800 km from the source), while it was also observed 

in the air at Moscow (1500 km distance). In total, 150 million tons (1901) and 

1.6 million tons (1903) were estimated as depositions in both Africa and 

Europe (Leiningen-Westerburg, 1915). Quartz, silicate clays, calcite and iron 
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oxides were the main components of both events, whereas volcanic material 

was not identified (Radczewski, 1939). Goudie (1978) mentioned that dust 

events from the Sahara bring between three and 195 t km-2 deposits in 

Europe, including the British Isles, at least twice in a decade. In Corsica, 

depositions of Saharan “red rains” contained between 5 and 30 % of calcite 

and less than 2 % gypsum, reflecting their irregular addition in the affected 

soils (Loÿe-Pilot et al., 1986). 

Yaalon (1997, 2009) addressed the issue of aeolian dust additions in 

the Mediterranean, stating that soil material derived from the Sahara 

continuously affects soil formation since five million years (Lower Pliocene), 

when the Sahara began to convert in a desert. Deposits in northward direction 

were assumed to be 100 million tons per year, with most of the material 

falling into the Mediterranean Sea, but appreciable amounts being deposited in 

Europe and in eastward direction, e.g. Israel and Greece (Yaalon did not state 

the amount). The accumulated dust is calcareous and supplies enough CaCO3 

over time to form calcic horizons. Clay illuviation and carbonate redistribution 

are thus main soil formation processes. Dust can make up to 50 % of the fine 

material in soils derived from hard limestone. Yaalon (1997) referred to 

Jackson et al. (1982) and Mizota et al. (1988) who used stable quartz 

isotopes, proving that fine silt and clay fractions in limestone-derived Terrae 

Rossae of Israel, Greece and Italy were mainly of aeolian origin (Yaalon, 

1997). Locally, this process may have started later, e.g. in Istria since the 

early Middle Pleistocene. Polygenetic Terrae Rossae in a karst depression 

contained residual silty clay and clay; they were weathered from limestone 

and dolomite and covered by sandy colluvial sediment (Durn et al., 1999). 

Kubilay et al. (1997) deduced the source area of aeolian dust in the 

north-eastern Mediterranean Sea from combined studies of the surface 

morphology of minerals and the clay mineralogy. By determining the 

carbonate content of atmospheric particles, they figured out that similar 

amounts of smectite and palygorskite as well as quartz and calcite were 

transported during various dust storm events of the early 1990’s, concluding 

that these materials were derived from a common area. Dominantly rounded 

and etched quartz grains and rounded calcite particles in the dust indicated 

arid source regions with physical abrasion. The prevalence of smectite and 

palygorskite was ascribed to present and past arid climate in the Sahara and 

Arabia. To the contrary, kaolinite was attributed to humid conditions during 

the Quaternary and to deltaic and lacustrine locations. Paleolakes in Northern 

Africa with a likewise resemblance were the most likely source (Kubilay et al., 

1997). Results from energy-dispersive x-ray (EDX) measurements and image 

analysis supported conclusions from preceding investigations that such 

Mediterranean dusts contained considerable amounts of illite. Depending on 
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particular element ratios, the source area of minerals can be estimated 

(Blanco et al., 2003). Reconstructions of aeolian transport mechanisms are 

practicable considering former meteorological conditions in the Mediterranean 

and adjoining areas (Tomadin and Lenaz, 1989). Sirocco winds from Northern 

Africa and the Mistral in Southern France should not be disregarded as 

transport sources for fine material in the Mediterranean. Particular attributes 

can be accredited to aeolian dust depending on its source region. Dusts of 

southern provenance (i.e. from Africa) are mainly yellow-red and often contain 

kaolinite, smectite, palygorskite or calcite, whereas dusts of European 

provenance (which are very rare) are more brownish with a dominance of 

well-crystalline illite and chlorite, as observed in previous investigations. The 

latter dusts contain tenfold more organic matter and distinctly larger amounts 

of iron and magnesium, whereas African dust mainly characterises by large 

SiO2/Al2O3 ratios and large amounts of calcium (Tomadin and Lenaz, 1989). 

Proportions of calcite decrease with their distance from the source 

area and indicate that the latter is characterised by secondary carbonates 

(Stahr and Herrmann, 2001). Dust deposition is generated by gravitational 

settling, rain-out or catch-out. Consequently, dust deposition rates are largely 

influenced by weather conditions and the processes involved (Stahr et al., 

1996). A less intense, continuous dust accumulation provides the condition of 

gradual incorporation by bioturbation which often impedes its identification 

(Jahn et al., 1991). The provenience of sediments is traced by heavy minerals, 

particle-size distribution and element ratios (e.g. Herrmann et al., 1996).  

Muhs (1982a) found abrupt textural and mineralogical differences as 

indicators for aeolian influence in a chronosequence in California. The 

according topsoils contained considerable proportions of silt, mica and quartz 

and were abruptly underlain by smectite-rich, clayey subsoils. Jahn et al. 

(1987) also found evidences for aeolian influence on soil formation. The XRD 

analyses of soils on basic volcanic rocks on the island of Lanzarote revealed 

that the clay fraction in 250 year old soils contained some kaolinite while 

coarse clay and silt were partly comprised of quartz. The latter provided 

evidence of allochthonous compounds. Yassoglou et al. (1997) discovered 

aeolian deposits on Pleistocene and Late Pliocene surfaces in the lowlands of 

Greece, where the aeolian material accumulated on residual soils of hard 

limestone. Soils influenced by this aeolian input were loamy and contained 

considerable amounts of mica contrasting autochthonous red soils on 

limestone and basic igneous rocks. Blümel (1982) proved that aeolian 

depositions directly covered the parent material in calcrete soils in South-

Eastern Spain. Simultaneous accumulation of CaCO3 and deposition of wind-

blown material in these soils enhanced duricrust formation. The development 

of calcretes included dust sedimentation (subterraneous stage), exhumation 
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and surficial weathering (subaerial stage) and run-off water with the formation 

of a lamellar structure on top of the calcrete (surficial transformation) during 

15-30 ka BP of soil formation (Blümel, 1982). 

A Terra Rossa in central Italy contained considerable amounts of 

aeolian material in the upper layer with less pronounced clay illuviation 

(Mirabella et al., 1992). The bottom layer was comparatively strongly 

weathered and displayed nitic properties. Clay comprised 85 % of the fine 

earth, and many clay coatings were present. Mirabella et al. (1992) concluded 

that lithological and pedological discontinuities correspond to different climatic 

environments during the Early to Middle Pleistocene and Holocene. The 

mineralogical and chemical composition of Terrae Rossae of South-Western 

Sardinia was markedly different between dolomitic rock residue and soil solum 

(Vanmechelen et al., 1993). Excluding colluvial or fluvial depositions, such 

differences were attributed to aeolian dust transport from the Sahara since 

clay cutans were absent, the mineralogy was dominated by kaolinite (Pitty, 

1968; Tomadin et al., 1984; Pye, 1987) and the same material was found in 

different landscape positions. 

Brückner (1980) found strong indications for aeolian material in the 

littoral lowland of Metaponto, Southern Italy, since mineralogical analyses 

showed the presence of hornblende and unweathered feldspars in the upper 

(i.e. surface-near) terrace edge sediments of the marine terraces. Together 

with a general distinct increase of the fine sand fraction, Brückner interpreted 

this finding as postsedimentary dust enrichment originating from adjoining 

summer-dry river beds (in the shelf-area) or volcanic activity. During intense 

rainfall events, this material was subsequently enriched by silt with other 

sediments. Such displacement is still active at present times. Volcanic ashes 

appear to a very limited degree in the soils of the Metaponto chronosequence, 

but represent a considerable part of the unweathered matrix of the MGB in the 

upper terrace base of the terraces T3-T8, with pyroxene and hornblende 

constituting 74-87 % of the heavy minerals. Terrace T8 contains a 500-600 ka 

BP old layer of volcanic ash from the Phlegraean Fields (Brückner, 1980). 

Terrae Rossae are frequently sedimented by aeolian and/or colluvial 

activity. Delgado et al. (2003) assigned lithological discontinuities between 

coarse fragments and the subjacent rock to colluvial movement of the 

substrate. An allochthonous origin of the fine earth was suggested by varying 

TiO2/ZrO2 ratios, whereas simultaneous inheritance of minerals was evident by 

the common presence of quartz, feldspars and phyllosilicates in the residue 

and soil fractions, suggesting dissolution. Parent material stratification is well 

reflected by the ratio of TiO2/ZrO2 (Stahr, 1975; Busacca and Singer, 1989; 

Milnes and Fitzpatrick, 1989; Stahr et al., 2000; Stahr and Sauer, 2004). 
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Based on the non-clay fraction, SiO2 and ZrO2 are useful to quantify 

pedogenic changes below the surface layers, provided that parent material 

uniformity is given. Although the mobility of TiO2 in all fractions limits the 

usefulness of titanium as index element, it may still be used to separate 

geological deposits (Sudom and Arnaud, 1971). Parent material uniformity can 

be verified by examining ratios such as Fe/Zr, Ti/Zr and Si/Zr 

(Drees and Wilding, 1978). Harden (1988) found zirconium to be the most 

stable element, since zircon grains remained remarkably unchanged with no 

increased etching over time; she used zirconium as reference to show changes 

in soil composition, and found indications for aeolian deposition on fluvial 

terraces in central California by an increase of the above ratios over time. 

The polygenetic origin of Terrae Rossae from Quaternary calcarenites 

in North-Western Morocco was described by Bronger and Bruhn-Lobin (1997). 

They identified allochthonous material by abrupt changes in mineral 

composition and different texture between topsoil and subsoil which could not 

be solely explained by clay illuviation. Differences were rather due to aeolian 

depositions during glacial periods when the sea level was lower and the beach 

area extended 10-15 km to the west in this region; this largely increased the 

availability of source material for inland dunes. However, the formation of 

kaolinites was also distinct; their predominantly disordered structure and poor 

crystallinity suggested inheritance from feldspars and smectites from the 

subjacent calcarenites in these soils (Bronger and Bruhn-Lobin, 1997). 

Publications about Andosols and other soils with andic properties in 

the Mediterranean area of Europe mainly address volcanic ash soils in Spain 

(emphasising soils on the Canary Islands), France, Greece and Italy. Stoops 

(2007) particularly considered the soil micromorphology and observed that soil 

characteristics distinctly changed by the presence of aeolian deposits (such as 

loess); he did not further specify which changes he observed, however. Buried 

paleosols (Alfisols) in Sardinia, Italy were investigated by XRD from Usai and 

Dalrymple (2003). They detected halloysite which was probably formed by 

acid attack and subsequent weathering of volcanic glass and feldspar. Pore 

coatings and infillings of silica phases were most likely formed by prolonged 

weathering and following dehydration since at least 2.5 Ma BP (Usai and 

Dalrymple, 2003). 

Local volcanic activity in the Monte Vulture in the north-western part 

of the Basilicata, Southern Italy started around 730 ka BP (Bonadonna et al., 

1998). Volcanic depositions from this area contained magnetite, pyroxenes 

and garnets (De Santis et al., 2003; Mastronuzzi et al., 2003; Cucci, 2004). 

On Sicily, the activity of the Mount Etna volcano was dated to start at around 

520 ka BP (Gillot et al., 1994). Egli et al. (2008) studied Leptosols, Regosols 

and Andosols in a nearby area where volcanic material was deposited in a time 
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between 115 and 0.13 ka BP. Weathering involved the dissolution of primary 

minerals like plagioclase, pyroxene and olivine, breakdown of volcanic glass 

and formation of the secondary minerals imogolites and ferrihydrite. Volcanic 

glass debris transformed to imogolite and kaolinite in the clay fraction by 

weathering. A more rapid clay mineral (trans-)formation was however 

impeded by rejuvenation of the soil material from ash additions and minor 

precipitation. Aeolian additions contributed a smaller part to the soil and were 

verified by enrichment with quartz and muscovite in the silt fraction (Egli 

et al., 2008). 

The soil map of Sicily does not show Andosols or soils with andic 

properties for Menfi or other regions in South-Western Sicily. However, these 

soils are widely distributed in the Eastern part of Sicily. Depending on their 

proceeding development, the soils are also classified as Regosols, Cambisols 

or Luvisols (with andic properties), while Lithosols are most common in the 

Mount Etna area and further south (Fierotti et al, 1988b). 

Terrae Rossae in Italy are at least partly influenced by dust from the 

Sahara and by volcanic ashes (Yaalon and Ganor, 1973). Sedimentological 

studies by Giraudi (2004) showed that aeolian dusts in central and Southern 

Italy correspond with depositions on the island of Lampedusa and in nearby 

areas. On the ground of two volcanic lakes in central Italy (Latium region), 

Narcisi (2000) determined 3-8 % quartz (25-38 ka BP) and 7-13 % quartz 

(14-25 ka BP) from aeolian deposits which were identical with deposits in the 

Lampedusan area (Giraudi, 2004). 

In central and Southern Italy, the main volcanic activity occurred 

during the Early Pleistocene between 450 and 700 ka BP (Remmelzwaal, 

1979). The soils of the Lazio-Campania region were affected by corresponding 

volcanic deposits. For example, augite comprised up to 50 % of the sand 

fraction minerals in slightly weathered soils. Apart from weathering, aeolian 

and volcanic material provided the source of the clay fraction in these soils, 

and is characterised by deformed clay cutans after illite transformation and 

neoformation (Remmelzwaal, 1979). 

Geomorphological and paleopedological studies of Scarciglia et al. 

(2003a, 2003b) in the northern Cilento, Southern Italy proved the presence of 

volcanic material by pumice, pisolithe and other pyroclastic crystals in some 

lower Bt-horizons of a Pliocene-Pleistocene Alfisol, whereas quartz, feldspar 

and plagioclase decreased concomitantly. The deposition of volcanic ashes was 

also reflected by enrichment of Alo, Feo and Sio in the sand fraction from 

upslope sediments and by inheritance (Scarciglia et al., 2003a, 2003b). 

Six soils of Pliocene to Holocene age were studied in the Sila Grande 

Massif in Calabria, Southern Italy (Scarciglia et al., 2005a). The presence of 

pumice fragments and the rhyolithic composition of glass fragments gave 
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evidence for Holocene volcanic depositions from the Aeolian Islands 

(Tyrrhenian Sea). This material covers fluvial sands and gravels which overlie 

lacustrine clays and the granite bedrock. The mineralogy of these soils was 

observed by SEM-EDS and was dominated by phyllosilicates. Biotite weathered 

to illite and chlorite and subsequently to vermiculite, whereas the distinct 

presence of kaolinite in one buried soil was assumed to denote a leaching 

environment and a greater terrace age. Kaolinites were considered to be partly 

derived from halloysites characterising both the silica-rich granite as parent 

material and the pumice fragments as evidence for volcanic depositions. 

Intense physical and chemical weathering provided the basis for the 

neogenesis of clay minerals and iron oxides. Ongoing soil erosion resulted in a 

continuously lowered weathering base, as evident by thin surface coverages 

and abrupt parent material changes (Scarciglia et al., 2005a). 

Two soil chronosequences on Quaternary marine terraces were 

studied on the coast of Calabria, Southern Italy (Scarciglia et al., 2006). Some 

surface horizons showed typical properties of volcanic soils, classifying them 

as Andosols. Ferrihydrite and poorly crystalline allophane and imogolite 

weathered from glass fragments and other volcanic materials and clearly 

distinguished from the subjacent weathered carbonate material. The 

dominance of kaolinite and illite and quartz dissolution suggested leaching 

conditions, while smectite and vermiculite reflected shrink-swell processes and 

possibly dust depositions from the Sahara. Reddening was enhanced by poorly 

crystalline oxides and hydroxides of iron and aluminium and by interlayered 

clay minerals. The volcanic depositions were derived from the Phlegrean 

Fields, the Vesuvius and from the Ischia Island in the southeast of the study 

side. The presence of quartz, feldspar and mica in the sand fraction above the 

carbonate bedrock suggested an aeolian origin. This was explained by a low 

sea level and subsequently wider deflation of the parent material during the 

Quaternary. Soil formation on both chronosequences was consequently 

influenced not only by erosion and truncation, but also by the deposition of 

aeolian and volcanic material. In conclusion, the reliability of soil 

chronofunctions for the discussed chronosequences is rather limited (Scarciglia 

et al., 2006). 

2.1.10 Parent material and soil successions 

Parent material has a strong effect on soil development. The solum depth 

increases with soil age and changes soil characteristics, while the effect of 

parent material is stronger in younger soils with respect to chemical features 

(Chesworth, 1973). Parent material has a strong influence on both texture and 

surface area and affects pedogenesis which proceeds faster in sandy 

environment. About 50 % of all Mediterranean soils develop on calcareous 
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material such as limestone and dolomite, or contain Tertiary sediments and 

marly layers (Jahn, 1997; Yaalon, 1997). Beyond, soil development on parent 

materials such as sandstone and vulcanites is also frequent. 

The limestone (more than 85 % carbonates) and lime-marl (between 

50 and 85 % carbonates) sediments are mainly composed of calcite, while 

dolomite and ankerite are also common. These sediments are easily leached 

since they are readily soluble in water and rich in bases and nutrients. The 

succession of Leptosol � (Chromic) Luvisol � Lixisol is typical for soils on 

calcareous parent material (Scheffer and Schachtschabel, 2002). Shallow 

Leptosols over continuous rock are extremely gravelly and develop on surface-

near continuous rock, containing less than 20 % fine material. Although 

Leptosols are azonal soils, they are particularly common at higher altitudes in 

dissected landscapes which reflect erosion processes surpassing soil formation. 

Otherwise they generally evolve to Luvisols, as is perceptible by increased clay 

contents in the subsoil. Luvisols characterise by the presence of high-activity 

clays and a great base saturation, but can be susceptible to structure 

deterioration by greater silt contents (IUSS Working Group WRB, 2006). 

Chromic Luvisols (Terrae Rossae) are typical for the Mediterranean, with the 

reddish colour being their striking feature (Scheffer and Schachtschabel, 

2002). Luvisols may further develop by intense weathering into Lixisols, when 

the cation exchange capacity (CEC) is less than 24 cmolc+ kg-1 clay, or to 

Alisols, when the base saturation falls below 50 %. Lixisols are common in 

strongly weathered and leached, fine-textured material in washed-out 

substances and in warmer climates, where they are vulnerable to soil erosion. 

The Alisols also extend in warm climates, but are more common in hilly or 

undulating topography. 

According to Jahn (1997), important features of soils on limestone 

are great clay contents (more than 80 %), distinct redness (Munsell notation 

with hues of 5YR or redder), large Fed values (around 5 %) implying a great 

hematite content, very large Fed/Fet ratios (around 0.7) and small Feo/Fed 

ratios (less than 0.1). Kaolinites are more common than illites. Terrae Rossae 

are characteristic in the Mediterranean region forming from a usually strongly 

clayey residue of limestone, dolomite or gypsum. For central Italy, Spaargaren 

(1979) assumed that 100 cm limestone residue develop within 500 ka while 

Kubiëna (1948) and Klinge (1958) perceived Terra Rossa as a late Tertiary 

relic soil. However, the perception later prevailed that the conditions of Terra 

Rossa formation are complied with the present climate of the Mediterranean 

region (Mensching, 1955; Seuffert, 1964; Rohdenburg and Sabelberg, 1969; 

Skowronek, 1978). Prehistoric red Greek soils were interpreted as polygenetic 

because of significant differences in texture and composition and sharp 

boundaries between topsoil and subjacent sediments (Yassoglou et al., 1997). 
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Clay and Fed contents were closely related in red autochthonous soils but were 

not attested for yellow allochthonous soils; this was interpreted as the result 

of iron oxide removal during the yellowing of the originally red deposits. The 

allochthonous material contained markedly larger amounts of sand and schist 

than the red soil on limestone. 

Soils on marlstone (between 10 and 50 % carbonates) characterise 

by rather large amounts of silt and clay mainly built on Tertiary or older 

sediments. A minor erosion resistency of marlstones characterises landscapes 

by a hilly relief compared to landscapes built on massive marlstone (Jahn, 

1997). A general succession of soil groups might be Regosol � Cambisol � 

Luvisol � Acrisol. According to the IUSS Working Group WRB (2006), Regosols 

are weakly developed soils in unconsolidated material which are common in 

arid areas and mountain regions. They are built on sediments with less than 

2 % CaCO3 (Scheffer and Schachtschabel, 2002) and may further develop to 

Cambisols with a discernible change in structure, colour or clay or carbonate 

content. Cambisols on medium and fine-textured materials are derived from a 

wide range of rocks in level to mountainous terrain. They are free of salt and 

allophanes and do not develop cracks upon drying, while the B-horizon shows 

more intense weathering than the C-horizon. Their main formation process is 

brunification, which describes the alteration of a subsurface horizon by 

developing structure such as colour change, carbonate removal and absence of 

rocks by sandy texture (Hintermaier-Erhard and Zech, 1997; IUSS Working 

Group WRB, 2006). It promotes a crumbly structure and organo-mineral 

complexes in the form of mull or mull-moder, while the adsorption of cations 

from aluminium, calcium, iron and magnesium raises the pH and results in 

chelation (Duchaufour and Souchier, 1978). Upon clay migration and 

illuviation, Cambisols further advance to Luvisols with distinctly more clay in 

the subsoil. They succeed to Acrisols by intense weathering in an acid 

environment such that the base saturation falls below 50 % and the CEC 

declines to less than 24 cmolc+ kg-1 clay, displaying their increased kaolinite 

content. Acrisols are most extensively spread on weathered acid rocks on old 

land surfaces with undulating topography (IUSS Working Group WRB, 2006). 

Marly limestone is a common parent material of soils on sloping lands 

in central and Southern Italy, and is prevalent along the Hills of Murge, 

Salento and Gargano, and along the Hills of Emilia-Romagna in the north. 

Marls are also widespread in the Apennine relieves further north (Costantini 

et al., 2004). For badland areas in the middle Ebro basin, Spain and landslides 

in Calabria, Southern Italy, Gutiérrez et al. (1988) and Sorriso-Valvo (1988) 

demonstrated a widespread expression of erosion forms such as slope failure, 

runoff erosion and piping. The easily erodible soils on limestone are explained 
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by large amounts of silt and fine sand, which might exceed 60 % in young 

soils with weak decalcification (Jahn, 1997). 

Sandstone sediments contain more than half of their grain size of 

sand (0.063-2 mm diameter) and more than 75 % of quartz, presembling 

coastal-near or continental wind and water depositions (Scheffer and 

Schachtschabel, 2002). Sandy material promotes colour change; the solum 

thickness increases faster in sandy than in fine-textured material (Schaetzl 

and Anderson, 2005). Sandstones distinguish by diagenetically consolidated 

sand (e.g. from carbonates, iron compounds, clay, amorphous silica as 

bonding agents) (AG Boden, 2005). A typical soil succession on sandstone 

might be Leptosol/Arenosol � Cambisol � Alisol. Leptosols and Arenosols are 

identified by their poor development. Comparatively young and sandy 

Arenosols are most common where aeolian depositions occur and are also 

found in marine, littoral and lacustrine sands as well as in weathered siliceous 

rock mantles such as sandstone, quartzite and granite. Arenosols build in sand 

depositions or weathered residual sands; their development is closely related 

to precipitation. Their good permeability limits their water storage capacity, 

however. Upon weathering, Leptosols and Arenosols may further develop to 

Cambisols and, by proceeding weathering, to Alisols (IUSS Working Group 

WRB, 2006). Sandstones in Italy commonly occur on sloping lands in hills of 

Southern Sicily and in the Tuscany, and are mostly of Tertiarian age 

(Costantini et al., 2004). 

Volcanites are also a common in the Mediterranean (although they 

occur under most other climates) and characterise magmatic (e.g. ash, tuff, 

pumice, cinders) or other silicate-rich materials which develop by solidification 

of glowing magma on the surface. Compared to plutonites from the deeper 

earth crust, volcanites cool down rather quickly and provide a fine crystalline 

structure with coarser crystals. Andosols are present in undulating or 

mountainous regions under any climate. They are often intermediates between 

Regosols and Luvisols, with the volcanic depositions weathering rapidly to 

stable organo-mineral complexes or minerals such as allophane, imogolite or 

ferrihydrite (Scheffer and Schachtschabel, 2002; AG Boden, 2005; IUSS 

Working Group WRB, 2006). In Italy, volcanism is particularly active around 

the Tyrrhenian Sea and noticeably influences soil development in the areas 

around the volcanoes Vesuv, Etna and Stromboli (Jahn, 1997). 

Heilmann (1972) investigated the formation of red soils in the nearby 

Crati basin in Calabria which drains towards the Ionian Sea. These red soils 

comprise sandy calcareous and clayey materials and developed on 

sedimentary Pleistocene deposits, with intercalations of “beds of calcareous 

and siliceous gravel and stones“ and parent material expositions. On remnants 

of terraces of different age, lithological discontinuities were perceptible by 



 Literature review 35 

 

increased gravel contents and a massive structure in lower parts of the solum. 

In general, the red soils may have formed during a rather warm climate stage 

with a distinct dry period whereas during more humid seasons, iron was 

released from ferromagnesian minerals or mica and subsequently formed 

organometal complexes or, in the absence of organic compounds, partly 

impregnated the soil matrix (Millot, 1970) with coarser texture than that of the 

surrounding material. Erosion and colluviation processes were quite intense in 

this stage. Iron and manganese oxides and hydroxides then formed as 

irregular nodules or as cutans while ferri-argillans were depleted in these 

compounds indicating water stagnation. Vast destructions of the forests 

resulted in local transport of soil material (Heilmann, 1972). 

2.2 Results of micromorphological studies on Mediterranean 
soils 

Micromorphology is a process-related discipline since it has the potential to 

record initial states and subsequent dynamic changes in a soil. It becomes an 

important tool when macroscale-related descriptions are not sufficient to 

explain pedogenic processes or pedoecologic questions whereas particular 

forms are recognised on the microscale only. Consequently, micromorphology 

needs to link shape and contents in an investigated section and should not 

limit to descriptions, but also highlight the pedogenic processes involved. 

Finally, microscale-related observations should be conveyed to the macroscale 

to provide a more comprehensive understanding of pedogenic processes in 

terms of landscape (Stahr, 1997). 

Soil micromorphology has often been used as a tool to understand 

soil formation processes in the Mediterranean and other areas, particularly for 

Chromic Luvisols and related soils (e.g. Glazovskaya and Parfenova, 1974; 

Durn, 2003; Foster et al., 2004). Micromorphological studies recognise 

incipient soil properties and related pedogenic processes and classify paleosols 

(Bronger and Heinkele, 1989; Retallack and Wright, 1990). Their meaning for 

(often truncated) soils with secondary changes is emphasised, since chemical 

properties are also detected (Bronger et al., 1994; Nettleton et al., 2000). 

They provide a more extensive insight to soil development especially in 

pedocomplexes (Bronger and Heinkele, 1989), i.e. soils composed of two or 

more soils which have formed in several stages (Smolíková, 1967). 

Micromorphological studies help to understand and interpret former 

and current states and processes of pedogenesis (Eswaran, 1972). Many 

studies have been carried out to investigate the according features and 

processes, including hydromorphy, biological activity, calcareous material, 

calcite deposition, mineral transformation and neoformation, soil aggregation, 

clay cutans and clay illuviation. As such, micromorphology is a valuable tool to 
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reconstruct the climatic and/or chronological history of Quaternary landscapes 

(e.g. Mücher and Morozova, 1983; Bronger et al., 1994; Scarciglia et al., 

2003b), and becomes even more powerful if combined with other techniques 

such as thermoluminiscence dating, SEM and EDX, mineralogy or image 

analysis. Micromorphological features of soils were also indexed quantitatively 

(e.g. Langley-Turnbaugh and Evans, 1994; Dorronsoro, 1994; Magaldi and 

Tallini, 2000). Consequently, micromorphology integrates both qualitative and 

quantitative approaches of soil formation processes. 

Micromorphological investigations can prove field observations and 

laboratory results about clay illuviation processes in soils. Bronger (1978) 

therefore investigated soils between forest and dry steppe regions in Eastern 

Europe and prairies of the USA to reveal the degree of clay illuviation in loess 

soils under forest. The presence of fine clay plasma characterising clay 

illuviation processes was only expressed as very thin cutans on aggregate 

surfaces in a few conductive channels. Consequently, the increased clay 

contents in the Bt-horizons were mainly caused by loess sedimentation and 

lithologic discontinuities, and were defined as argilliturbation (Bronger, 1978). 

In a chronosequence of seven Holocene (recent) to early Pleistocene 

(1-2 Ma BP) marine terraces on the Tyrrhenian coast between Rome and 

Naples, Italy, Remmelzwaal (1979) confirmed stratigraphic differences by both 

field and micromorphological observations. The distinct increase in clay 

content with terrace age mainly relied upon an intense weathering of sand 

grains and additions of aeolian dust. Large plasma concentrations in the 

subsoil testified clay translocation, whereas less oriented and less birefringent 

ferri-argillans demonstrated advanced soil development in the upper solum. 

However, carbonate redistribution deformed the cutans or destroyed their 

orientation. At depth, the orientation of ferri-argillans was also changed. These 

processes were ascribed to climatic and hydrological alterations 

(Remmelzwaal, 1979). 

Scarciglia et al. (2003a) studied paleoenvironmental changes in the 

Northern Cilento, Southern Italy, mainly by micromorphological features. The 

presence of eluvial tongues and fresh clay coatings, the absence of silt 

coatings/infillings and a small Si/Al ratio in the clay coatings provided strong 

evidence that soil formation was most intense during interglacial stages. 

Polygenesis was indicated by iron segregations on one hand and subspherical 

iron-manganese concretions on the other, displaying hydrological changes and 

distinct discontinuities and indicating soil erosion between depositional events. 

In another soil, the iron-manganese concretions were complemented by 

eluvial tongues and fresh clay coatings in the same soil horizon. This indicated 

a more humid climate with changing hydrological conditions during soil 

genesis. Aeolian activity was suggested by fractures and surface pitting on 
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quartz grains, while submergence during former interglacial phases also 

underlined the marine character of the soils (Scarciglia et al., 2003a). 

Chittleborough et al. (1984a) investigated four soil chronosequences 

on flood plains and river terraces in New South Wales, Australia. The 

micromorphology of the corresponding soils (Alfisols, Entisols and Inceptisols) 

revealed similar time trends in all chronosequences with four stages of soil 

profile development. Slight clay illuviation is the most obvious soil forming 

process, while distinct boundaries between different fabric types indicated 

colluvial activity. In floodplain soils, the second stage was characterised by 

faunal activity and associated surface-near pedoturbation in younger soils, 

while iron movement was also identified. Clay illuviation and sesquioxide 

segregation became dominant subsequently, where the common presence of 

cutans and papules reflected clay movement. The birefringence of the sepic 

fabric was the largest in the upper B-horizons. Illuviated clay in the lower B-

horizon was explained by progressive displacement. Consequently, total clay 

maxima did not correspond with clay illuviation. The microfabric in all 

chronosequences indicated shrink-swell processes by seasonal moisture 

fluctuations, but rapidly destroyed the cutans by disruption of void and grain 

cutans and clusters of papules. Hence, the absence of clay cutans did not 

exclude clay illuviation processes at this stage. During the last stage, chemical 

weathering became more prominent by forming sesquioxide-rich glaebules, 

while clay illuviation (likely as clay-humus complex) and pedoturbation under 

reducing conditions enhanced mineral breakdown (Chittleborough et al., 

1984a). Complemented by textural and geochemical investigations, 

Chittleborough et al. (1984b, 1984c) concluded textural differentiations in 

these soils mainly by clay illuviation, whereas subordinated weathering 

processes became more important with time. 

Nettleton et al. (1987) studied clay translocation processes in some 

Ultisols and Oxisols in California, Hawaii and Puerto Rico. They found that clay 

accumulations in Oxisols were covered by iron and aluminium oxides giving 

rise to poor dispersion characteristics, except in lower soil horizons. For a 

chronosequence of fluvial terraces in Mississippi, USA, Ufnar (2007) 

determined terrace ages between 0.14 and 23±1.3 ka BP on lower floodplain 

terraces and a maximum of 160±10 ka BP for upland soils by 

thermoluminiscence dating. The presence and form of clay cutans was used to 

estimate relative soil ages since together with other micromorphological 

properties, they reflected different duration of weathering. The upland soils 

showed a comparatively larger solum thickness, redness, clay illuviation (up to 

2 mm in thickness) and proportions of trace elements than terrace soils with 

clay coatings smaller than 1 mm (Ufnar, 2007). 
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Jongmans et al. (1991) investigated soils on gravelly Quaternary 

terraces (Holocene to 2.4 Ma BP) in France and classified micromorphological 

features according to microstructure, voids, fine material and textural, 

neoformed and iron/manganese pedofeatures. They revealed different 

alteration stages of the soils on these terraces. Mineral decomposition was 

more distinct near the soil surface, and with increasing soil age: On Holocene 

Eutric Cambisols, biotite and olivine were slightly altered and quartz became 

more prominent towards the soil surface on Haplic Luvisols (13-30 ka BP). The 

weathering intensity successively increased in Eutric (0.5-1.0±0.1 Ma BP) and 

Dystric Planosols (1.3-2.4±0.1 Ma BP), where the clay fraction was derived 

from decomposed volcanic rock fragments and biotite, while weathered granite 

fragments provided the material for the sand fraction. Deformation of the 

material was caused by periglacial processes such as displacement and 

subsequent compaction, rather than from shrinking and swelling. Pedogenic 

processes such as weathering and clay neoformation and illuviation therefore 

alternated with destructive periglacial processes (Jongmans et al., 1991). 

The polygenetic origin of Terrae Rossae in Croatia was revealed by 

micromorphology. Durn (2003) showed dissolution voids and limestone cracks 

being filled with clayey material. The Bt-horizon displayed a vughy-cracked 

microstructure with (sub-)rounded fragments of relictic clay coatings becoming 

more abundant with depth. They were partly alike clay features in dissolution 

voids and cracks in the limestone; the (sub-)angular quartz differed from 

quartz in the insoluble residue of the limestone (Durn, 2003). 

Biogeochemical factors and their contribution to Terrae Rossae 

formation on Triassic and Jurassic limestones in the Southern Crimea near the 

Black Sea was discussed by Glazovskaya and Parfenova (1974). Their studies 

showed a segregation of iron hydroxides in weakened zones on oolite surfaces 

by the involvement of microorganisms (sulphur and iron bacteria), providing 

the red colour of the Terrae Rossae. Calcareous breccias contained oolitic 

limestone; they were composed of hornblende, epidote and chlorite and 

crystallised iron hydroxides and partly retained in the insoluble residue. In situ 

limestone weathering and the red-coloured deluvium of limestones (which 

were partly washed away from upper mountain slopes) lead to the 

accumulation of red clay material on soil surfaces and in rock fissures 

(Glazovskaya and Parfenova, 1974). 

2.3 Soil chronosequences 

2.3.1 Definitions and related processes 

Soil chronosequences are defined as sequences of soils of different age with 

proceeding soil formation under similar conditions of climate, parent material 
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composition, slope gradient and vegetation (Jenny, 1941, 1980). Harden 

(1982) described soil chronosequences as groups of soils which evolved in 

genetically related parent materials with similar conditions of vegetation, 

topography and climate. However, the Soil Science Society of America (2007) 

considers them simply as “a group of related soils that differ, one from the 

other, primarily as a result of differences in time as a soil-forming factor”. 

Stevens and Walker (1970) stressed the importance of soil chronosequences 

for pedogenic research by emphasising the isochronism and/or time overlap of 

incipience and cessation of soil development. Soil chronosequence studies 

therefore contribute to the understanding of soil and landscape development. 

Soil chronosequences were classified into four kinds by Vreeken 

(1975): (1) Post-incisive: Soils developed in a sequence of deposits of 

different age and were simultaneously buried in the past or are still exposed at 

present; (2) Pre-incisive: Deposits formed simultaneously but their 

development, usually by burial, ended at different times, with one of them 

possibly still being exposed; (3) Time-transgressive: Sequence with historical 

overlap, i.e. either the starting or the ending times of soil development 

overlap; (4) Time-transgressive sequence without historical overlap: Phases of 

soil formation followed one after the other without time overlap. Such stacked 

landscapes provide great stratigraphic, geomorphic and paleo-environmental 

insights if they are understood in their three-dimensional variability and 

genesis. Post-incisive chronosequences are the most common type and were 

found in time-sequences of sand dunes, glacial moraines, lava flows, alluvial 

fans and river and marine terraces, among others (Huggett, 1998). 

Huggett (1998) critically reviewed soil chronosequence studies. While 

recognising them as valuable tools to explore soil and landscape evolution, he 

criticised that often, it is tacitly assumed that soils develop only linearly until 

reaching a steady-state character in balance with the existing environment. 

Multidirectional changes or multiple steady-states of soil development were 

rarely considered so far, assuming that unidirectional pedogenic changes lead 

to a single steady-state of soil development. Huggett complemented his view 

by showing that non-linear dynamics are more common and improve the 

prediction of multidirectional changes, therefore suggesting that pedogenesis 

should be considered as an evolutionary process, thereby strengthening their 

validity to examine pedological theories. The multidirectional theory was 

supported by Howard et al. (1993) who showed that soil properties did not 

always reach a steady-state and that soil evolution was marked by a change in 

rates or even the reversal in its direction. Dorronsoro and Alonso (1994) 

investigated a chronosequence of fluvial terraces in Salamanca, Western 

Spain. They demonstrated that with time soil parameters increased (available 

water), increased only slightly (e.g. solum thickness, Fed content of the Bt-
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horizon, clay accumulation at various depths, quartz content and 

quartz/feldspar ratio) or stayed constant since the Mid-Pleistocene (e.g. clay 

content of the Bt-horizon), whereas other parameters at first decreased with 

age (e.g. feldspar and sand contents in Ap- and Bt-horizons) or were time-

independent (e.g. silt content in the Bt-horizon). 

The temporal variation of pedoenvironments explains that surface 

soils are generally polygenetic (Birkeland, 1999). Although Targulian and 

Krasilnikov (2007) supported this view, they rejected to subdivide between 

linear and complex models because they considered the contribution of such 

subdivision to improve the understanding of soil genetic processes as fairly 

limited. To enhance the understanding of soil genetic processes, Hoosbeek and 

Bryant (1992) proposed to apply quantitative numerical simulation models and 

to use a mechanistic description and prediction of soil behaviour in different 

environments. Targulian and Krasilnikov (2007) suggested future studies to 

consider multiple pathways of pedogenic processes for a more realistic 

description of soil development. 

2.3.2 Studies on marine terraces 

A great number of chronosequence studies on marine terraces was carried out 

in Mediterranean climates (e.g., Remmelzwaal, 1979; Sevink et al., 1982; 

Bockheim et al., 1992; Bockheim et al., 1996; Jeong et al., 2002; Scarciglia 

et al., 2006) and in California (e.g., Birkeland, 1972; Muhs, 1982a; Aniku and 

Singer, 1990; Merritts et al., 1991; Munster and Harden, 2002). These studies 

underline marine terraces as important memories for quaternary processes 

such as sea level changes, tectonic activities, coastal erosion and 

sedimentation. Studies of geochemical and pedogenic processes on marine 

terraces can also provide relative datings of eustatic sea level changes. 

Pedogenic processes on marine terraces are largely influenced by the 

slope position (Muhs, 1982b). Accordingly, Muhs (1982a) studied soils in an 

arid Mediterranean environment in California on marine terrace surfaces with 

slopes of less than 5 % and found soil morphology largely depending upon 

terrace age: Soils on surfaces younger than 200 ka BP were mainly of 

prismatic structure in their B-horizons, whereas soils on terraces older than 

1 Ma BP expressed vertic properties such as slickensides and cracks. The 

solum thickness linearly increased with terrace age. Mica gradually altered to 

smectite, but the latter was completely absent in silty surface horizons. From 

distinct time trends Muhs concluded that solum thickness, clay and salt 

contents, clay mineral ratios and dithionite-extractable aluminium (Ald) were 

valuable for relative-age dating in geomorphic and stratigraphic studies. 

Aniku and Singer (1990) showed that in a chronosequence of marine 

terraces in California, the maximum concentration of total Fed was reached 
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after 490 ka BP and declined thereafter, whereas total Ald reached a steady-

state after 370 ka BP. Intense weathering and accompanied release of both 

Fed and Ald from iron- and aluminium-containing minerals explained their large 

accumulation rates. The decline of Fed after 490 ka BP was due to soil erosion 

on the oldest terrace with an accompanied partial removal of Fed. In this 

chronosequence, the maximum Fed/Fet ratios increased and the Feo/Fed ratio 

decreased both in clay and with terrace age, suggesting a progressive 

transformation of ferrihydrite to crystalline iron oxides (mainly goethite). 

Merritts et al. (1991) found that in soils on marine terraces in 

Northern California, the pH (0-20 cm depth) decreased and the Corg content 

increased at a declining rate until a maximum age of 29 ka after which both 

pH and Corg content remained (nearly) stable and were not reliable properties 

for relative soil age thereafter. The Fed content and the Fed-Feo difference 

increased linearly for the first 240 ka whereby the contents of Fed allowed a 

better distinction between young soils than those of Feo. They contained at 

least 4 % Fed on older terraces. The Alo content was less reliable to indicate 

the degree of soil development since their accumulated mass was negligible 

after 29 ka BP and substantially increased thereafter until at least 124 ka BP, 

whereas two pedons from the same terrace (124 ka BP) contained distinctly 

different amounts of Alo. Clay maxima of at least 30 % for soils on marine 

terraces older than 100 ka BP and of at least 40-50 % on terraces older than 

240 ka BP were the most reliable indicators for relative soil age, rather than 

the Fed content which was influenced by groundwater (Merritts et al., 1991). 

Schulz et al. (2006) examined the evolution of pedogenic iron 

distribution in a chronosequence of five marine terraces with ages between 65 

and 226 ka BP in California and found contents of pedogenic iron to increase 

with time. Sediment grains were replaced by hard nodules formed of iron 

oxides and then cemented above one meter depth. At greater depth, however, 

iron dispersed and concentrated in soft mottles within an argillic horizon. 

Coatings on sediment grains were limited to the youngest terrace, with iron 

nodules growing to a maximum size of 20 mm. These nodules were structured 

with fungal hyphae. Unweathered sediments contained iron-rich smectites 

gradually weathering to kaolinite. The biolifting of iron from the solum into the 

regolith was explained via plant decay. This accounted for the build-up of iron 

in the soils of older terraces (Schulz et al., 2006). 

Two chronosequences in South-Western Oregon with the succession 

Spodosols � Spodosols with clay enrichment � Ultisols on marine terraces 

between 80 and older than 200 ka BP in age were investigated by Bockheim 

et al. (1996). They found that in these strongly acidic soils which contained 

large proportions of Corg, in situ weathering and clay neoformation and 

illuviation led to the formation of argillic horizons superimposing the spodic 
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horizon. The increase in silt and clay fractions, quartz/feldspar ratios in the 

100-50 µm fraction, Fed and Ald contents and the crystalline iron forms on 

older terrace soils proved a time-related weathering (Bockheim et al., 1996). 

Remmelzwaal (1979) investigated Alfisols in a Pleistocene sequence 

of marine terraces, beach ridges, dunes and relict deposits on the Tyrrhenian 

coast with approximate ages between Early Pleistocene and Holocene. These 

Alfisols developed progressively with increasing terrace age; the weathering of 

the sandy sediments distinctly contributed to clay neoformation and illuviation 

which became more pronounced with time. In some places, mixing of both 

sand and clay fractions indicated colluvial activity; a contribution of aeolian 

dust was also assumed (Remmelzwaal, 1979). 

More recently, Scarciglia et al. (2006) studied two sets of soil 

chronosequences on Early to Late Pleistocene marine terraces along the 

Tyrrhenian coast in Southern Italy. Although continuous weathering was 

expressed by clay illuviation and reddening on all terraces, soil formation was 

influenced not only by repeating climatic and environmental changes, but also 

by sedimentation of volcanic or slope deposits and by a spatially different 

distinctness of physical processes such as aeolian activity, reworking of parent 

material and partial erosion and truncation. Soil reddening, clayey texture and 

clay coatings, carbonate concretions and iron-manganese features became 

more prominent on older terraces, while leaching processes were expressed by 

larger proportions in kaolinite and mica fractions, depletion in CaCO3, sodium 

and potassium and severe etching of quartz crystals. Wind erosion and 

deposition probably occurred during glacial periods. The lowering of the sea 

level during cold stadials and the coupled emergence of the continental shelf 

promoted the expansion of the deflation area. The vegetation cover partially 

degrated by smaller temperatures favouring the aeolian removal and 

subsequent transport and sedimentation of the sand fraction. As such, the 

above processes were probably most active during interglacial stages in the 

Quaternary (Scarciglia et al., 2006). 

Because chronosequence studies enable investigations of soil 

formation processes in areas with limited extension in the long-term, they 

qualify as tool to evaluate soil development with time. The above examples 

demonstrated the benefit of such studies to determine pedogenic time trends 

by use of soil properties for relative-age dating. 

2.3.3 Chronofunctions and their interpretation 

Chronofunctions were first identified by Jenny (1941, 1961) as mathematical 

description with soils and their inherent properties being functions of time 

while climate, organisms, relief and parent material remain constant. 

Chronofunctions therefore describe time periods of soil development under 
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equal conditions for all soils in a chronosequence (Simón et al., 2000; Schaetzl 

et al., 2006). Studies on chronofunctions are mainly resolved by graphical 

solutions where soil properties are plotted against soil age (Yaalon, 1975; 

Hoosbeek and Bryant, 1992; Huggett, 1998) to reveal time-related changes in 

soil morphology and chemistry, thus enabling to determine soil formation rates 

(Schaetzl et al., 2006). Consequently, Bain et al. (1993) referred to 

chronofunctions as “rate-equations of soil formation”. In fact, the main 

purpose of soil chronofunction studies is to determine rates of soil formation. 

Jenny (1941) developed a quantitative, univariant model for soil 

properties within chronofunctions and mathematically expressed soil 

chronosequence data for equations with quantitative solutions of functional 

relationships. Numerous efforts were subsequently undertaken to resolve such 

chronofunctions (e.g. Yaalon, 1975; Bockheim, 1980; Muhs, 1982a; Harrison 

et al., 1990; Catt, 1991; Schaetzl et al., 1994; Vidic and Lobnik, 1997; 

Lichter, 1998; Vidic, 1998; Barrett, 2001; Schaetzl et al., 2006). 

Chronofunctions demand a set of preconditions in order to be used 

for correlations (Schaetzl et al., 1994). A precise research goal (Myers, 1986) 

uses appropriate chronofunction models, e.g. by variables that most strongly 

correlate with time or by models that best reflect reality. Some shortcomings 

of soil chronofunction studies are mechanical problems (e.g. lack of sufficient 

surfaces), spatial parent material variability, unsuitable choice of models and 

use of regression equations, different soil development rates between 

horizons, a limited capability to advance theories, incorrect interpretations of 

linearised chronofunctions and the use of linear instead of nonlinear models in 

chronofunction curve-fitting (Schaetzl et al., 1994). 

Harrison et al. (1990) advised that the inherent spatial variability of 

soils, even within the same parent material and within small and rather 

homogeneous areas, may display theoretical and application-related problems. 

Referring to Phillips (1993, 2001) and Phillips et al. (1996), Schaetzl et al. 

(2006) pointed out that even (nearly) identical surfaces of same age are 

sensitive to small perturbations which gradually evolve into spatial patterns 

with greater complexity. Spatial variations on the geomorphic surface affect 

parent material, relief-related factors and time- and space-related changes in 

climate and vegetation, although it is generally assumed that soils are 

monogenetic when all soil-forming factors (except for time) are held constant. 

The careful selection of sampling sites helps to keep the geomorphology 

constant, whereas changes in climate and associated vegetational shifts are 

less avoidable. Such variations generate statistical “noise” to some degree, but 

are by far outweighed by the impact of the time factor. However, to avoid 

imprecise results and misinterpretations of chronofunctions, variations in the 

former factors have to be kept in mind (Catt, 1991; Schaetzl et al., 2006 and 
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references therein). Post-incisive chronosequences were illustrated by Catt 

(1991), contrasting a substantial soil development on older terraces during 

interglacials, and a comparatively slower development on younger terraces. 

The latter may have formed during intervening cold stages. The formation of 

even younger terraces since the early Holocene caused a marked development 

of selected soil properties. Consequently, values of soil properties resulting 

from interglacial pedogenesis show (false) non-linear curves indicating a 

reduced development of soil properties with time; in contrast, present 

development rates are linear in respect of time (Catt, 1991). 

Stevens and Walker (1970) criticised that because of the time offset 

on pedomorphic surfaces and the assumption of steady climate conditions the 

different chronofunction models were imprecise or “non-strict” sequences. 

Birkeland (1974) and Yaalon (1975) summarised and reviewed the main 

achievements by using quantitative solutions of such functions, disapproving 

the scarcity of strict numerical chronofunctions due to problems in isolating 

and dating investigation sites. The representative character of chronosequence 

studies was also questioned as soils of different age developed under 

divergent climatic or groundwater conditions (Daniels et al., 1971). 

In a review paper, Bockheim (1980) calculated temporal variations of 

selected soil properties from different areas and produced soil chronofunctions 

for 32 chronosequences, where the model Y = a + (b log X) yielded the largest 

correlation coefficients for most of the soil properties. Bockheim demonstrated 

that clay content in the B-horizon and solum thickness positively correlated to 

the clay content of the parent material. Because the chronosequences varied 

in parent materials and climate, Bockheim was able to demonstrate their 

influence on soil properties. This enabled the reconstruction of various stages 

of soil genesis over centuries and longer periods by chronosequence studies 

(Huggett, 1998). In conclusion, his analysis is valid to derive soil 

chronofunctions providing insight into the soil formation factors such as parent 

material and climate. Numerous investigations addressing soil chronofunctions 

have been undertaken subsequently (see Schaetzl et al., 1994). 

A sequence of Quaternary marine terraces in California (3-1000 ka 

BP) was investigated by Muhs (1982a) who developed chronofunctions for a 

number of soil properties. Muhs showed solum thickness, clay and salt content 

and the smectite/mica ratio to develop linearly with time, whereas Fed, Ald and 

the quartz/plagioclase ratio in clay reproduced power functions. Their strong 

correlation to surface age indicated that these soil properties did not reach a 

steady-state condition (dynamic equilibrium) to the present, confirming the 

observation of Bockheim (1980) for soils in different environments and making 

them useful relative-age indicators in comparable areas. 
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In contrast, soil development rates on deposits of nine nested 

outwash terraces (which were formed between 5 and 1800 ka BP) in the 

Ljubljana Basin in Slovenia decreased with time (Vidic and Lobnik, 1997). 

Time-dependent properties and processes such as redness, texture, pH and 

the formation of clay films did not change after 980 ka BP, i.e. they reached a 

steady-state. Thus, they expressed a balanced relation between progressive 

(e.g. weathering, translocation, profile differentiation) and regressive (e.g. 

erosion) soil formation processes. The terrace ages were determined in a 

former study according to their topographic position and by paleomagnetic and 
10Be analyses (Pavich and Vidic, 1993) giving various uncertainty intervals for 

each terrace. Vidic and Lobnik (1997) used minimum and maximum ages 

within such intervals, yielding differences in age estimates of less than 15 % 

for semi-logarithmic and power chronofunctions and up to 80 % for linear 

chronofunctions. Age estimates should therefore change only within the 

existing uncertainty interval. It is therefore crucial to use precise and accurate 

dating methods as differences in age estimation yield changing rates of soil 

development. The latter appeared to depend on climatic conditions and mostly 

increased with higher precipitation, whereas soil reddening was promoted 

under more xeric conditions (Vidic and Lobnik, 1997). The chronofunction data 

of the above soil chronosequence were compared with those of three 

chronosequences in the USA (Vidic, 1998). Variations in soil development on 

each surface made it impossible to predict soil age. Age uncertainties resulted 

in soil development rates which changed by up to 20 % for semi-logarithmic 

and up to 180 % for linear chronofunctions, if minimum or maximum ages 

were used instead of best estimates. Vidic (1998) concluded that the large 

intrinsic variability of the soils and the decreasing soil development rate 

impeded the use of soil properties to discriminate between the deposits and 

pointed out that confidence intervals would be more precise with the analysis 

of additional soil profiles, improving the discrimination of geomorphic surfaces. 

The assessment of chronofunctions can be problematic when soil 

development shows abrupt changes. A dated chronosequence in Southern 

California was covered by aeolian silt (Harrison et al., 1990). Since soil 

development was not continuous, multivariate statistical analyses were better 

suited than univariant chronofunctions to reflect the complex spatial variability 

concerning depositional and pedogenic variations, and rised the question 

about the most representative soils in chronofunctions (Sondheim and 

Standish, 1983; Harrison et al., 1990; Vidic, 1998). 

Chronofunctions can display steady-state development of soil 

properties (or even soil groups), as outlined by Yaalon (1975) and Targulian 

and Krasilnikov (2007). They showed that the development of soil properties 

was best expressed by exponential functions with gradually less perceptible 
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changes, as displayed by S-shaped curves. Yaalon (1975) remarked the size-

dependence of steady-state conditions and compared a single soil horizon or 

pedon on one hand with a catena on the other. Whereas the former was less 

balanced, a topographic catena (which Jenny (1946) regarded “as a 

combination of slope and water-table functions”) was closer to the steady-

state condition. This was explained by the continuous influx and outflux of soil 

material where gradual changes are less perceptible (unless a single drastical 

change, e.g. by soil erosion or colluviation, may occur). Yaalon (1975) 

explained this contradiction by negligible differences of influx and efflux 

material (e.g. elements such as silicon, aluminium and iron), whereby a single 

event (e.g. deposition, erosion) may cause drastic changes. Targulian and 

Krasilnikov (2007) investigated soil development, associated soil formation 

processes and their environmental significance. Steady-state models of soil 

development referred to a quasi-equilibrium process under constant soil-

forming factors in the future: At time-zero, a multiphase soil system is induced 

within the parent material when atmo-, hydro-, bio- and lithosphere interact. 

Gradual quantitative changes within a soil in a “normal” steady-state model 

can qualitatively alter the pedosphere during simultaneous interactions of 

irreversible pedogenic processes. In addition, steady-state models comprise 

long-term processes and therefore contrast to short-term processes, although 

both are intimately linked. As such, Targulian and Krasilnikov (2007) proposed 

to arrange such processes “according to their essence and self-termination or 

quasi-equilibrium”. Consequently, multivariate chronofunctions are more 

suitable to reflect pedogenic processes than those with univariant character. 

To improve and facilitate the identification and evaluation of the 

degree of soil evolution considering common micromorphological 

characteristics, Dorronsoro (1994) outlined a quantitative index and described 

a post-incisive soil chronosequence on fluvial terraces (formed between 0.1 ka 

BP and 1.2 Ma BP) in central Spain. The micromorphological index was 

calculated by using properties of microstructure, fine material, groundmass 

birefringence, organic matter, hydromorphic features, carbonates, illuvial clay 

pedofeatures, prevalence of illuvial clay features and mineral alterations. After 

describing and quantifying the above features, Dorronsoro assessed their 

differences between parent material and solum and ranged each property on a 

scale between 0 and 1. These values were weighted according to soil horizon 

thickness; the indices were added and the sum divided by the number of 

properties. The micromorphological index was determined for each soil and 

divided by the profile thickness to avoid overestimation of the latter. 

Dorronsoro (1994) then plotted this index and the indices for all individual 

properties against terrace age, producing chronofunctions with large 

correlation coefficients and levels of significance. Time-related changes of the 
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index did not support steady-state conditions at any time. The 

micromorphological index effectively evaluated the degree of soil development 

in the studied chronosequence (Dorronsoro, 1994). Using the determinative 

soil development index designed by Langley-Turnbaugh and Evans (1994) and 

based on (micro-)morphological properties, it was possible to differentiate 

soils from unaltered sediments and of different stratigraphy. The 

implementation of the micromorphological index illustrated a close relationship 

between the relative age of paleosols and the degree of weathering and 

pedogenesis in subsoils (Magaldi and Tallini, 2000). 

Soil development was also described and modelled by single 

multivariate factor analysis (Scalenghe et al., 2000). Chemical and physical 

soil properties of four pedons from a post-incisive soil chronosequence in 

north-western Italy were selected. In these soils, particle-size distribution, 

cation exchange capacity and the ratio of (Fed-Feo)/Fet accounted for 76.9 % 

of the variance and described the evolution from an Inceptisol to an Alfisol, 

although soil age was not a selected criterion. The variables were adequately 

described by the factorial model. The results of their model revealed soil 

development stages closely related to the duration of pedogenic processes 

(Scalenghe et al., 2000). 
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3. Research areas 

3.1 Soil regions of Southern Italy and Sicily 

The southern part of Italy is situated within the Mediterranean climatic zone 

with mean annual temperatures between 9.5°C and 20°C and no months with 

mean temperatures below 0°C. Most of the precipitation falls during the winter 

season while summers are dry. The soil moisture regimes are dominantly xeric 

and dry xeric but can be udic in regions with higher precipitation while the soil 

temperature regimes are mesic to thermic (Costantini et al., 2004). 

Mesozoic to Tertiary limestone and sandstone are common parent 

materials from the coast to the inland of Southern Sicily and on the hills and 

mountains of the Murge and Salento near the Adriatic Sea (Figure 1). Eutric 

and/or Calcaric Cambisols, Regosols and Luvisols are the most common soils 

on these rocks while Vertisols, Fluvisols and Leptosols (on eroded surfaces) 

are other main soil groups in these regions. Mesozoic and Tertiary calcareous 

rocks occur to the side of the Tyrrhenian Sea in Campania (Figure 1). The 

most frequent soils in this region are Vertisols and Cambisols with 

reorganisation of carbonates and Leptosols developed on limestone while other 

soils are evidently derived from volcanic or alluvial material. The marine 

terraces in the coastal plains of Basilicata are composed of Pliocene to 

Pleistocene deposits which were reworked by rivers (Figure 1). Calcaric 

Cambisols and soils with carbonate reorganisation such as Calcic Vertisols or 

Chromic/Calcic Luvisols and Calcisols are main reference soil groups in this 

region; Eutric Fluvisols and Solonchaks also frequently occur. Tertiary 

arenaceous marly flysch extends from the Gulf of Taranto into central Italy 

(Figure 1). Due to advanced erosion, the soils are mostly shallow. The main 

reference soil groups in this area are Eutric and Calcaric Regosols and Lithic 

Leptosols. Better structured and more developed soils are Eutric and Calcaric 

Cambisols and Luvisols. Calcareous and dolomitic rocks from the Tertiary are 

widely distributed in the hills of Calabria and Northern Sicily overlain by 

alluvial Quaternary deposits (Figure 1). If not eroded, the soils (Eutric or 

Calcaric Regosols) often characterise by accumulation of carbonates and 

soluble salts or show vertic properties such as Calcaric or Vertic Cambisols, 

Calcisols and Calcic Vertisols or Solonchaks. Large iron oxide contents and clay 

illuviation are also prevalent; hence, Chromic and Calcic Luvisols are typical 

soils of these areas while Fluvisols and Andosols are less common (Figure 1; 

Costantini et al., 2004). 
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Figure 1. Petrographical map of Southern Italy. 
The research areas are located within the white rectangles. 56.1 Volcanic igneous 
rocks; 59.7 Limestone covered by volcanic ashes, with alluvial deposits; 
59.9 Limestone and volcanic rocks; 61.1 Sandy sedimentary rocks; 61.3 Marine and 
alluvial sedimentary deposits; 62.1 Marine and alluvial limestone deposits; 
62.2 Clayey flysch, limestone, sandstone and gypsum; 62.3 Calcareous and dolomitic 
rocks and alluvial deposits; 66.4 Volcanic extrusive rocks; 66.5 Igneous and 
metamorphic rocks; 72.2 Limestone, marl and residual deposits. Numbers and 
classification according to Costantini et al. (2004). 

Abbildung 1. Petrographische Karte von Süd-Italien. 
Die Untersuchungsgebiete liegen innerhalb der weissen Rechtecke. 56.1 Vulkanische 
Magmagesteine; 59.7 Kalkstein, überdeckt von Vulkanaschen, mit alluvialen 
Ablagerungen; 59.9 Kalkstein und Vulkangestein; 61.1 Sandiges Sedimentgestein; 
61.3 Marine und alluviale Sedimentablagerungen; 62.1 Marine und alluviale 
Kalksteinablagerungen; 62.2 Toniger Flysch, Kalkstein, Sandstein und Gips; 
62.3 Kalkhaltige und dolomitische Gesteine und alluviale Ablagerungen; 
66.4 Vulkanisches Extrusivgestein; 66.5 Magma- und metamorphes Gestein; 
72.2 Kalkstein, Mergel und residuale Ablagerungen. Numerierung und Einteilung nach 
Costantini et al. (2004). 
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3.2 Metaponto, Southern Italy 

The sequence of marine terraces in the Metaponto area is situated in the 

coastal lowland within the central part of the Gulf of Taranto in Southern Italy 

(Figure 2). The Basilicata Region comprises about 9992 km2 and faces both 

the Ionian and Thyrrenian seas at its coastline. The catchment area of the 

Basento River encloses an area of 1550 km2 (Bonora et al., 2002). An average 

annual precipitation of 559 mm and a mean annual temperature of 16.5°C 

(Figure 3) classify the climate in Brindisi in South-Eastern Italy (Mühr, 2007), 

which is situated about ENE 100 km east of the Metaponto. The climate of this 

region is classified as isothermic-xeric with a moderate hydric excess during 

the winter season, but a water deficit in the summer term. 
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Figure 2. Sequence of marine terraces in coastal lowlands of Metaponto, Gulf of 
Taranto. 
T1–T11 sea terraces (altitude a.s.l./age of sedimentary cycle): T1 (39 m/80 ka), T2 
(48 m/ 125 ka), T3 (82 m/207 ka), T4 (114 m/263 ka), T5 (165 m/314 ka), T6 
(215 m/458 ka), T7 (240 m/526 ka), T8 (284 m (eroded)/575 ka), T9 (352 m 
(eroded)/ 619 ka), T10 (392 m (eroded)/636 ka, T11 (604 m/age unknown). Thick 
hachures: Sea terraces in marine sediments, thin hachures: The same terraces in soil 
layers without detritus. Data modified according to Brückner (1980). Black points: 
Location of the sampling sites. 

Abbildung 2. Meeresterrassenabfolge im Küstentiefland von Metapont, Golf von 
Tarent. 
T0 subrezente Lagune und Auensedimente; T1–T11 Meeresterrassen (Höhe 
ü.d.M./Alter des Sedimentations-Zyklusses): T1 (39 m/80 ka), T2 (48 m/125 ka), T3 
(82 m/207 ka), T4 (114 m/263 ka), T5 (165 m/314 ka), T6 (215 m/458 ka), T7 
(240 m/526 ka), T8 (284 m (erodiert)/575 ka), T9 (352 m (erodiert)/619 ka), T10 
(392 m (erodiert)/636 ka, T11 (604 m/Alter n.b.). Dick schraffiert: Meeresterrassen 
mariner Sedimente, dünn schraffiert: Die gleichen Terrassen im Anstehenden ohne 
Schottervorkommen. Daten verändert nach Brückner (1980). Schwarze Punkte: 
Standorte der Bodenuntersuchung. 
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Figure 3. The climate 
of Brindisi, South-
Eastern Italy. 
Location: 40°38’N, 
17°56’E, 10 m a.s.l. 
(Mühr, 2007). 

Abbildung 3. D a s  
Klima in Brindisi, 
Südost-Italien. 
Standort: 40°38’N, 
17°56’E, 10 m ü.d.M. 
(Mühr, 2007). 

The littoral lowland of Metaponto at the Gulf of Taranto comprises 

Quaternary deposits with eleven Pleistocene marine terraces which are formed 

like a huge amphitheatre being dissected by five main rivers. Brückner (1980) 

investigated this area morphologically and stratigraphically mainly between 

the rivers Sinni and Bràdano; this area developed by the filling of the 

tectonically emerged Bradanian Trench. Thick clay formations were deposited 

by the “Calabriano-Sea” during the Early Quaternary until the “Irsina-

formation” started by the deposition of the Lucanian paleo-rivers into the 

regressive Calabriano-Sea, forming the highest terrace T11 and subsequently 

dissecting the Lucanian country by distinguished erosion and denudation 

processes. After removal and transport of the gravel, the exposed clayey base 

sediments were also eroded by strong and intense precipitation, steep relief 

and the dispersive nature of the clays. This formed a wide badland area with 

steep hills and deeply incised valleys (Brückner, 1980). Tectonic uplift and 

glacio-eustatic sea-level fluctuations in the Tarentinian Gulf resulted in a series 

of marine terraces with their inclination towards the sea and to south-east 

direction, respectively. The terraces were formed during several main 

sedimentary cycles which successively built the terraces T11, T10/9, T8/7, T6, 

T5/4, T3 and T2/1, the grouped terraces describing similar weathering 

intensities under similar climate and age. Brückner (1980) was the first to 

classify this terrace series chronostratigraphically and with absolute ages, 

applying paleomagnetical, tephrochronological and 230Th/234U-datings for 

three terraces. The genesis of the marine terraces was then related with the 

paleo-temperature curve of the Equatorial Pacific for the Brunhes-epoch of 

Emiliani and Shackleton (1974), thereby limiting the time margins of terrace 

development. By this study, the terrace ages were dated between 80 ka BP for 
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T1 and 636 ka BP for T10. (Terrace T0, which describes “the area of the 

subrecent lagoon and the beachridge-zone lying seawards in front of the 

marine terraces“, developed during the Holocene.) The terrace ages were 

equated with the time of sea-water regression, i.e. when the upper cliff 

became inactive at the border of the marine terrace which initialised the 

morphogenesis of the terrace. The morphogenesis in the area between the 

rivers Basento and Cavone showed a calculated average tectonic uplift of 

about 50 cm per thousand years during the last 500 ka BP (Brückner, 1980). 

For the Taranto area and the Basilicata coast, Mastronuzzi et al. (2003) 

determined uplift rates of about 21 cm and 70 cm per thousand years, 

respectively. Westaway and Bridgland (2007) determined maximum uplift 

rates in the upper Agri valley of about 100 cm per thousand years since the 

late Early Pleistocene with strong lateral variations, while the average erosion 

in this area was about 0.5 mm per year since the early Middle Pleistocene, 

giving evidence that the landscape is not in a steady state. The 230Th/234U-

datings of molluscs (Brückner, 1980) and luminescence datings of terrace 

sediments (Zander et al., 2003, 2006) show that the lowest Pleistocene 

terrace (T1) was formed during MIS 5.1, while the second Pleistocene terrace 

(T2) could be dated to MIS 5.5 by its fossil content (Strombus bubonius, 

Brückner 1980). Between the terraces T5 and T6, Brückner (1980) detected 

an abrupt rise in the weathering intensity of the terrace bodies. Terrace T8 

was tephrochronologically dated to 500-600 ka BP. While the terraces T0 up to 

T10 showed the normal magnetisation of the Brunhes epoch, terrace T11 was 

formed before the Brunhes/Matuyama boundary (i.e. before 780 ka BP). It 

therefore gives strong evidence for a definite age increase from T0 up to T11 

(Brückner, 1980). 

From the results of his study, Brückner (1980) developed the 

following geological standard profile with a regular constitution of the marine 

terraces. A loamy and sandy terrace-base lies above the clayey base-

sediments of the Calabriano formation. The proportion of coarse sediments 

increases towards the main gravel body (MGB) with a thickness between two 

and ten meters while the top-sediments above are clayey, loamy or sandy and 

are generally smaller than two meters. The described constitution is due to the 

genesis of these terraces which were built by the deposition of several delta 

generations into the regressive sea by rivers. Gravel layers account for the 

proximity of the central delta zone, whereas the matrix-poor MGB accounts for 

the transition of the central delta zone. Further analyses such as from 

micropaleontology, micromorphology and texture proved the aqueous origin of 

the surface sediments which first developed with a “marine-lagoon facies”, 

whereas later on a “fluvial-lagoon facies” became dominant. Terrestrial 

conditions provided the base for the deposition of aeolian materials (Brückner, 
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1980). However, their presence is probably limited to areas outside fluvial 

sedimentation (Caldara et al., 1998). 

During the final stage of the formation of terrace T6 (450 ka BP), the 

paleoclimate was characterised by cooler and more humid conditions than at 

present and a rather poor forest appeareance, as shown by a palynological 

profile from this terrace. During the Quaternary, dry-warm and humid-cool 

periods changed periodically (Brückner, 1980) whereas the scale of 

Pleistocene glaciation was limited in the areas of Basilicata and Calabria 

(Boenzi and Palmentola, 1971). The geomorphology showed wide case-like 

valleys which formed by periodic and intense runoff erosion. Pronounced 

morphodynamic processes formed the Holocene terrace T0 by considerable 

transport of fluvial sediments and mainly comprised reworked clays and marls 

of the badland-like eroded Lucanian hill country which filled the subrecent 

lagoon. In former times, deforestation caused dramatically increased erosion 

processes and sediment supply (Verstappen, 1983). More recently, i.e. since 

about 1950, the regulation of the torrential rivers by dam construction and 

irrigation stopped the backward movement of the beach (Brückner, 1980; 

Westaway and Bridgland, 2007). This caused the rivers and the coast to 

operate as two independent systems where the sediment supply towards the 

coast by fluvial sediments was distinctly reduced. It is nowadays exceeded by 

coastal erosion (Bonora et al., 2002), such that the mouth of the Basento 

River moves about 200 m towards the north-east at about 3.8 m per year 

(Bonora et al., 2002). 

Subsequent stages of terraces formation after Brückner (1980) have 

recently been questioned by Bentivenga et al. (2004) who interpreted the 

sequence as one single terrace body of Mid-Pleistocene age which had later 

been tectonically dissected, so that the terrace fragments are nowadays 

located at different altitudes. This interpretation did, however, not consider the 

existing chronological framework for the Metaponto terraces. Besides, 

Westaway and Bridgland (2007) argued against the above interpretation by a 

number of reasons. For example, the marine sands and clays were not 

identical and the thicknesses of gravel and patterns of interbedding varied 

between the different terrace surfaces, while the gravel facies repeated in all 

terraces. Terrace T1 must have been about 20 km offshore during the 

formation of terrace T10 around Pisticci, providing a distal instead of a 

proximal facies. The pronounced dissection of the highest terraces relative to 

lower terraces further suggests age differences. Common fluvial incision 

indicates uplifting and a terrace staircase at the coastline. Unlike Bentivenga 

et al. (2004), Westaway and Bridgland (2007) found no evidence of normal 

faulting between the terraces T6 and T7, and interpreted the scarps depicted 

by the former authors as bluffs marking the inner edges of marine terraces 
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instead of fault scarps, and therefore corresponding with the staircase of 

marine terrace series as identified by Brückner (1980). 

Fuchs and Semmel (1974) determined the light brown loam on the 

soils of the lower terraces as loess, since medium and coarse silt composed 

more than 50 % of the fine texture and accumulated to several meters at the 

terrace edges. They revealed the presence of debris accumulations in a fossil, 

generally relocated Bt-horizon and interpreted these as being an interglacial 

product, because the formation of detritus was more intense during the Würm 

glacial. Fuchs (1980) studied the terraces near Metaponto and Sibari. Both 

marine and fluvial terraces were associated by intersections of valleys 

proceeding perpendicular towards the terrace edges. The dissection of terrace 

edges and surfaces was more pronounced on the older terraces. In contrast to 

the marine terraces, fluvial terraces were characterised by less well sorted and 

less rounded gravel and were further identified by their 2-3 km wide, clayey to 

silty deposits which were trenched by the rivers Cavone, Basento and 

Bràdano. They formed rather narrow river beds with up to 20 m deep incisions 

and up to three river terraces, whereas the catchment areas of the rivers Sinni 

and Agri formed comparatively wide river beds with coarse gravel deposits. In 

agreement with Brückner (1980), soil reddening was more intense on all 

terraces from T6 upwards. A more pronounced incision into some major and 

numerous minor valleys with steeper slopes limited the extension of these 

higher terraces. The reddish, loamy material in the terrace sediments and the 

subjacent sandy material were partly eroded and subsequently replenished by 

colluvial material (Fuchs, 1980). 

Since petrographic analyses indicated that the material of the marine 

terraces at Metaponto originated from a uniform source area (Brückner, 

1980), the requirements for building a soil (chrono-) sequence were met and 

enabled to undertake further chronological studies. 

3.3 Menfi, South-Western Sicily 

The second research area is located in South-Western Sicily close to Menfi 

(Figure 4) in the province of Agrigent. The climate is Mediterranean with an 

average annual precipitation of 516 mm at the nearby station of Trapani 

(15 m a.s.l.) and a mean annual temperature of 18.2°C (Figure 5), and 

classifies as thermic-xeric with moderate excess humidity in the winter and 

aridity during the summer season, resulting in an annual water deficit of 

255 mm (Campo et al., 1998). The land is typically cultivated by olive groves, 

vineyards, cereals and pastures (Guaitoli et al., 1998). The geological map 

shows a sequence of Pleistocene marine terraces underlain by marl deposits 

(Guaitoli et al., 1998). 
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The following description refers to the soil map of Sicily (Fierotti 

et al., 1988b) and covers the area between Porto Palo (coast) and Santa 

Margherita di Belìce (18 km inland) in a strip between nine and twelve 

kilometers width (NW-SE direction). It comprises cartographic soil units which 

were previously mapped for this area, and starts with a coastline strip to the 

east and west of Porto Palo (Figure 4) covered by dunes. The dunes are 

incoherent deposits with a height between ten and 20 meters which may 

occasionally reach 50 meters, and slowly advance towards the inland. They 

are of marine and/or aeolian origin, with the according soils being mainly 

Regosols. Further inland, they are represented by Calcic Cambisols and Eutric 

Regosols on limestones; they can have dolomitic character in places. Rock 

outcrops are fairly common. Cambisols and Vertisols represent clay-flysch 

sequences. Intense sloping processes in undulating hill areas promote soil 

erosion. Fluvisols, Cambisols and Vertisols with eutric character dominate on 

alluvial plains, while Chromic or Pellic Vertisols on clay and marl are more 

present in the east. The Fluvisols and Cambisols mainly occur in plains or 

valleys, while Vertisols are more common in wide valleys of hilly and 

undulating land with flat or terraced bottoms. The clay fraction is always 

greater than 30 % and may exceed 50 % of the fine earth in Vertisols, 

underlining the importance of the clay mineralogy to soil chemical features. 

While in such soils, the saline and hydromorphic character stands out around 

Porto Palo, severe soil erosion (in places gully erosion) proceeds to the east 

and south of Menfi and results in distinctly shallower profiles. Chromic Luvisols 

(Terrae Rossae) and Calcic Cambisols are widespread to the west, north and 

north-east of Menfi and extend as far north as Santa Margherita di Belìce. 

Soils of this type have developed on calcarenite (which is widely distributed in 

South-Western Sicily) and, to a lesser extent, on limestone. Such Terrae 

Rossae are typically located on level to moderately steep land surfaces and 

may formerly have been affected by severe soil erosion, explaining their 

moderate to shallow depth and (in places) pronounced degradation. Strong 

scirocco winds further accelerate this process. Within this area, calcarenitic 

rock outcrops (60 %) and Lithosols (20 %) cover a space of 9 km in NW-SE 

and about 4 km in SW-NE direction. On clay or flysch material in hilly land 

further east, moderately developed Eutric Regosols and Eutric or Vertic 

Cambisols are present, but are also severely affected by soil erosion (Fierotti 

et al., 1988a, 1988b). 

Recent studies carried out by local geologists have recognised eight 

marine terraces in a nearby area between Punta Granitola and Porto Palo 

(D’Angelo et al., 2001) which can be correlated with the studied terraces as 

follows: Terraces 1 to 5 (from 0 to about 80 m a.s.l.) correlate with our lowest 

excluded terrace, terraces 6 and 7 (from 90 to 114 m a.s.l.) with our T1 and 
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terrace 8 (from 115 to 214 m a.s.l.) with our T2, T3 and T4. All terraces were 

tentatively dated by means of regional correlation and related to oxygen 

isotope stages, being attributed to the stages 5e, 7, 9, 11 (both 4th and 5th), 

13, 15, 17. That would mean that the terraces studied in this work should be 

Middle Pleistocene in age, with the exception of T5 and T6 which could be 

older. D’Angelo et al. (2001) reported the presence of sandy clays and 

calcarenite (“Calcarenite di Marsala”) of Early Pleistocene (Santerniano-

Siciliano) between the marine terraces and pre-Quaternary marine deposits. 

They also described the occasional occurrence of a reddish soil at the top of 

the “Calcarenite di Marsala”. This soil should have been formed during the so-

called “regressione romana” (marine regression) which lasted from oxygen 

isotope stage 21 to 17. The terraces T2, T3 and T4 have developed during the 

same OIS (Table 1). Assuming that they are not of the same age, the 

minimum terrace ages are calculated differently with equal time steps between 

the minimum and maximum terrace age of OIS 17. The according terrace ages 

for all Menfi terraces are illustrated in Table 1. 

The investigated soils are located on Pleistocene marine terraces 

which rise from 97 m to 361 m a.s.l. They have developed in conformity with 

the terraces between Punta Granitola and Porto Palo with similar terrace ages 

where terrace T0 currently develops, and the following terraces have built in 

the periods as shown in Table 1. The lowest (T0) and the 5th terrace (T5) were 

excluded from the study since they are actively influenced by present fluvial 

deposition (lowest terrace), or limited in extensions and only support strongly 

eroded soils (T5). Terrace T0 is prevalent along the beach of Porto Palo, while 

terrace T5 was located approximately five kilometers north of terrace T4 prior 

to its erosion (Figure 4). 
Table 1. Minimum and maximum ages of the marine terraces. 
The terraces are located near Menfi, South-Western Sicily. Their ages are used 
according to the data in Guaitoli et al. (1998). 

Tabelle 1. Minimum- und Maximum-Alter der marinen Terrassen. 
Die Terrassen liegen in der Nähe von Menfi, Südwest-Sizilien. Die in dieser Arbeit 
verwendeten Terrassenalter sind den Daten aus Guaitoli et al. (1998) entnommen. 

Location 
 

Terrace 
No. 

OIS 
 

Elevation 
[m a.s.l.] 

Terrace age 
Min. [ka] 

Terrace age 
Max. [ka] 

Porto Palo T0 Recent 0 0 100 

Bonera T1 5e 97 100 128 

Torrazza T2 7 121 186 245 

Cavarretto T3 9 139 303 339 

Puporosso T4 11 218 362 423 

Torracita T5 - - - - 

Gorghi T6 13 361 478 524 
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Figure 4. The sequence of marine terraces in the study area with locations of the soil 
profiles. 
The study area is located near Menfi, South-Western Sicily. The above map is modified 
according to Guiatoli et al. (1998). 

Abbildung 4. Die Abfolge mariner Terrassen im Untersuchungsgebiet mit der Lage 
der Bodenprofile. 
Das Untersuchungsgebiet liegt in der Nähe von Menfi, Südwest-Sizilien. Die Karte 
dieser Abbildung wurde verändert nach Guiatoli et al. (1998). 
 

The studied soils have developed on marl locally covered by fluvial 

sediments. The latter are akin to the marl and can be individuated by 

unweathered rounded pebbles, mixed with the marine sandy material. The 

soils on the two most elevated terraces T4 and T6 which are assumed to be 

the oldest ones are an Orthoendocutanic Lixisol and an Endocutanic Luvisol 

while the soils on the three lower terraces (T1, T2 and T3) represent 

Orthoepicutanic, Endocutanic-Endohypocalcic and Orthoendocutanic Luvisols. 
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Figure 5. The climate 
of Trapani in Western 
Sicily. 
Location: 38°01’N, 
12°30’E, 15 m a.s.l. 
(Campo et al., 1998). 

Abbildung 5. D a s  
Klima von Trapani in 
West-Sizilien. 
Standort: 38°01’N, 
12°30’E, 15 m ü.d.M. 
(Campo et al., 1998). 
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4. Concept and methods 

4.1 Attainment of pedogenic processes 

Various analyses were carried out to attain the different pedogenic processes 

in soils on marine terrace sequences of different age (chronosequences). In 

particular, decalcification and organic matter accumulation are attained 

through measurement of the contents of carbonate-carbon, organic carbon 

and total carbon by pyrolysis-coulometry which allows the calculation of 

organic matter and CaCO3 contents. Soil acidification is determined through pH 

and base saturation while leaching and enrichment of electrolytes are 

measured by electrical conductivity. The particle-size analysis examines soil 

textural alterations through weathering and clay illuviation, layering and 

interference of allochthonous material such as aeolian or fluviatile 

components. Insights into several genetic processes are given by 

micromorphological investigations which also enable to differentiate between 

autochthonous and allochthonous soil formation. The minerals and crystalline 

secondary oxides of the bulk soil are determined by X-ray diffraction on 

powder samples, while the clay minerals are further differentiated by X-ray 

diffraction of the clay fraction. 

The soil was mixed with solutions of oxalate, dithionite and NaOH to 

quantify the different amorphous and crystalline secondary phases by 

determining iron, aluminium and silicon in the extracts. The behaviour of the 

various iron fractions such as pedogenic iron (Fed), weak crystalline iron (Feo) 

and well crystalline iron (goethite, hematite) during soil genesis are examined; 

the same applies for these fractions of aluminium and manganese. Mobile 

elements and their relative enrichment respective depletion during soil 

development are acquired by measuring the total element composition via X-

ray fluorescence spectrometry of fused discs. A summary of all analyses with 

the specific processes investigated is given in Table 2. 

The results of this study shall contribute to a better understanding 

and interpretation of soil formation processes in the research areas and shall 

promote the paleoclimatic and geomorphologic interpretation of the landscape 

development in these areas. The results shall also be a profitable reference for 

applied research in areas with comparable climatic and environmental 

conditions. 
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Table 2. Soil genetic processes and analyses for the research study. 
Tabelle 2. Bodengenetische Prozesse und Analysen zum Forschungsprojekt. 
Soil genetic (partly sedimentologic) processes /  

crystalline and amorphous phases to be determined 
Analyses 

Decalcification Carbonate content 

Organic matter accumulation Organic carbon 

Acidification pH, base saturation 

Leaching / Enrichment of electrolytes Electrical conductivity 

Soil textural alteration through weathering and clay 
illuviation, layering, interference of allochthonous material 
(e.g. aeolian, fluvial) 

Particle-size analysis 

Segregation, aggregation, biological activity, mineral 
weathering, formation of iron- and manganese-concretions, 
calcite precipitations, amorphous deposits, clay cutans, stress 
cutans and others; differentiation: autochthonous soil 
formation / soil displacement 

Macromorphology and 
Micromorphology 

Minerals and crystalline secondary oxides Mineralogy of the bulk 
soil (XRD) 

Clay mineral neoformation Mineralogy of the clay 
fraction (XRD) 

Differentiation and quantification of the different amorphous, 
poorly crystalline and crystalline secondary phases and their 
composition 

Determination of iron, 
aluminium, manganese 
and silicon in oxalate-, 
dithionite- and NaOH-
extracts 

Relative enrichment of elements during soil development 
Element composition 
(XRF), element ratios 
with zirconium 

4.2 Field methods 

On all terraces, locations for soil sampling were selected in representative 

landscape positions. The soil description followed the guidelines of the AG 

Boden (1994, 2005) and was classified according to IUSS Working Group WRB 

(2006). The field description specified the substrate, lower boundary of each 

soil horizon, textural class, type of rock fragment, structure, presence of lime, 

rooting intensity, bulk density class and a description of special features and 

remarks, if applicable. The soils were then sampled for laboratory analysis. 

Bulk density classes were estimated in the field according to 

DIN 19682, No. 10 (1998). This method was developed by Harrach (1990). 

Five classes of bulk density are distinguished and estimated in the field. The 

latter is based on aggregate size, degree of firmness, resistance to penetration 

with a knife, aggregate accommodation, and amount of biogenic macropores 

(Table 3). The bulk density class is the mean value of the parameter classes. 
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Table 3. Degree of structural attributes according to Harrach (1990). 
Tabelle 3. Klassen der Gefügemerkmale nach Harrach (1990). 

Feature 1 2 3 4 5 

Aggregate size 
very fine: 
<2 mm 

fine: 
2-5 mm 

medium: 
5-20 mm 

coarse: 
20-50 mm 

very 
coarse: 
>50 mm 

Degree of firmness very loose loose medium firm very firm 

Resistance 

to penetration 
very small small medium strong very strong 

Aggregate 

accommodation 
wide open open semi-open nearly 

closed 
closed 

Biogenic macropores very large large medium small very small 
 

In the research area near Metaponto, Southern Italy, the formerly 

cultivated soil on terrace T4 (profile T4.2) was noticeably affected by surface 

erosion. A second, nearly uneroded soil profile nearby on the same terrace 

(profile T4.1), which is used for crop agriculture, was therefore described and 

also sampled for laboratory analyses. The upper horizons of the eroded main 

profile T4.2 were completed by merging profile T4.2 with the topsoil of profile 

T4.1. The soil profiles on terraces T2, T6 and T7 were complemented by 

bedrock outcrops to comprise the horizons of subjacent strata, which were 

subsequently merged with the upper profiles. 

To include the parent material in the description and sampling, two 

nearby locations were chosen for the soils on the terraces T2, T6 and T7, and 

the matching horizons joined. 

Photographs of the soils included in this study are shown on Plate 1. 

4.3 Laboratory analyses 

4.3.1 Sample preparation 

Samples of each soil horizon were taken for laboratory analyses. Soil horizons 

with a thickness of more than 40 cm were divided into two parts for sampling. 

The samples were air-dried and passed through a 2 mm sieve to obtain the 

fine earth fraction. Subsamples of each soil horizon were oven-dried at 105°C 

overnight and the water content of the air-dried soil calculated. All analyses 

were done with air-dried soil of the fine earth fraction and then referred to the 

oven-dry (105°C) soil mass (including rock fragments). 

4.3.2 Bulk density 

Samples from all soil horizons, except for those with strong cementations or 

stony layers, were taken with a steel cylinder of 100 cm3. They were oven-

dried at 105°C overnight, and weighed to determine the bulk density [g cm-3]. 
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4.3.3 pH and electrical conductivity 

The soil pH was measured after DIN 19684, No. 1 (1977) and IUSS Working 

Group WRB (2006) with a Schott pH-electrode “Blue Line 24 pH, pH 197”. 

Soil pH was determined using 10 g of air-dry soil previously mixed 

with 25 ml of deionised water. This solution was shaken by hand, kept at room 

temperature for 60 minutes and again shaken by hand. After settling of the 

coarse particles, the pH was measured. The same procedure was done for the 

soil pH in suspension of a 1 M KCl solution. 

The electrical conductivity was determined after Schlichting et al. 

(1995) using a suspension of 5 g of air-dried soil in 25 ml of deionised water. 

This suspension was shaken overnight and centrifuged for 10-15 minutes at 

3000 rpm. The electrical conductivity was measured with a “WTW, TetraCon 

96” electrode after decantation of the clear liquid. 

4.3.4 Content of organic carbon and carbonate 

The contents of carbonate-carbon (Ccarb), organic carbon (Corg) and total 

carbon (Ct) were determined by pyrolysis-coulometry with a LECO RC 412 

Analyser. The organic matter content was calculated as Corg × 1.72 (AG Boden, 

2005). The results for CaCO3 contents were calculated as Ccarb × 8.33. 

4.3.5 Cation exchange capacity and exchangeable bases 

The determination of the cation exchange capacity (CEC) followed the IUSS 

Working Group WRB (2006). Therefore, 4 g of air-dried soil were mixed with 

30 ml of 1 M sodium acetate at pH 7.0. This suspension was shaken for five 

minutes, centrifuged at 3000 rpm and the clear supernatant decanted. This 

procedure was repeated four times. To wash off excess sodium ions, 30 ml of 

ethanol were added. This suspension was then shaken for five minutes and 

centrifuged, the EC measured and the clear supernatant decanted. This 

procedure was repeated until the EC dropped below 40 µS. 30 ml of 1 M NH4-

acetate were then added, shaken for five minutes, centrifuged and the clear 

liquid decanted three times. The collected acetate solution was filled up to 

100 ml with deionised water, shaken, filtrated and the sodium concentration 

measured by flame photometry (ELEX 6361). 

Exchangeable bases were also determined after the IUSS Working 

Group WRB (2006). The bases were extracted by shaking a solution of 4 g of 

air-dried soil and 30 ml of 1 M NH4-acetate at pH 7.0 for five minutes and 

subsequent centrifugation. This procedure was repeated three times. The 

supernatant was decanted into a 100 ml flask each time. The solution was 

then filled up to 100 ml, and sodium, potassium and calcium concentrations 

measured by flame photometry (ELEX 6361) while the magnesium 
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concentration was determined by atomic absorption spectroscopy (Perkin 

Elmer 3100). The base saturation (BS) was subsequently calculated as 

BS [mmolc+ kg-1] = [(Ca + Mg + Na + K) / CECpot] × 100 %. 

4.3.6 Soil texture 

20 g of air-dry soil were mixed with 200 ml of deionised water in plastic 

bottles. In soil samples with a pH (H2O) above 6.5, carbonates were removed 

by adding a 10 % HCl solution in drops until the reaction stopped. If the pH 

(H2O) was below 4.5, 0.1 M NaOH was added to avoid alteration of silicates. 

To remove excessive salts and to avoid the coagulation of clay, the 

soil samples were washed with deionised water until the EC dropped below 

40 µS. SOM was removed by step-wise addition of 10 % H2O2 to samples with 

more than 1 % SOM in a water bath at 70°C until the reaction weakened and 

pale colour indicated SOM removal. After completion of the pre-treatments, 

1 ml of NH3 was added to the samples for dispersion. The bottles were shaken 

by hand and then on a shaker overnight at 150 rpm. Prior to the analysis, 

samples were treated for five minutes by ultrasound. 

The fractions of coarse sand (630-2000 µm), medium sand (200-

630 µm) and fine sand (63-200 µm) were determined by wet-sieving 

(DIN 19683, 1973), while the fractions of silt (coarse silt: 20-63 µm, medium 

silt: 6.3-20 µm, fine silt: 2-6.3 µm) and clay (smaller than 2 µm) were 

separated by pipette analysis after Köhn (Schlichting et al., 1995). 

Use of the silt/clay ratio helped to estimate the degree of weathering 

where ratios below 0.2 characterise prolonged weathering (FitzPatrick, 1971). 

Moreover, it helped to verify parent material changes on each site. 

4.3.7 Well crystalline, amorphous and poorly crystalline 
pedogenic oxides and hydroxides 

The quantification of pedogenic oxides of aluminium, iron and manganese 

followed the method of Mehra and Jackson (1960). One gram of air-dried soil 

of each soil horizon was mixed with 50 ml of dithionite-citrate-bicarbonate 

solution (1000 ml containing 16.8 g NaHCO3 and 70.58 g sodium-

citrate × 2H2O) in plastic bottles, and a surplus of one gram sodium-dithionite 

added. Samples were shaken for 16 hours overnight and then centrifuged five 

minutes at 2500 rpm and the supernatant filtrated. 0.5 ml of this filtrate were 

mixed with 9.5 ml of 0.1 % KCl solution and analysed by atomic absorption 

spectrometry (AAS) for aluminium, iron and manganese (Ald, Fed and Mnd). 

Oxalate-soluble elements were determined after Tamm (1932) and 

Schwertmann (1964). Therefore, 2 g of air-dried soil were mixed with 100 ml 

of oxalate solution (17.56 g of oxalic acid dihydrate (C2H2O4 × 2H2O) and 

28.4 g of di-ammonium oxalate monohydrate ((NH4)2C2O4 × H2O) filled to 
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1000 ml with deionised water) in a dark room. The suspension was shaken for 

one hour and filtered in the dark. Oxalate-extractable aluminium, iron and 

manganese (Alo, Feo and Mno) were measured by inductive coupled plasma–

optical emission spectrometry (ICP-OES). 

4.3.8 Soil colour 

The colour of the soil matrix was specified on moist and dry samples by using 

the notations for hue, value and chroma according to the Munsell Soil Colour 

Charts (Munsell, 1994). 

4.3.9 Element composition 

The element composition was obtained by X-ray fluorescence spectrometry 

(XRF) on fused discs. These were prepared as follows: A few grams of 

absolutely dry soil were ground to fine powder with a diameter below 40 µm 

by using an agate mill. One gram of the ground material was mixed with 8 g 

of Li2B4O7 (“Spectromelt A1000“, Merck). The mixture was heated until melting 

(at about 1000°C) and the liquid then poured into a form and used for the XRF 

after cooling down to room temperature. The element composition was 

measured with a Siemens SRS 200 (SPECTRA 3000 V2.0), and loss on ignition 

(LI) was derived from the weight loss of the soil sample during melting. 

4.3.10 Clay minerals 

The clay mineralogy was analysed by X-ray diffraction (XRD) of oriented clay 

specimen on ceramic plates using a Siemens Model D-500 instrument with Cu 

Kα radiation. Different treatments of the clay samples included K+ and Mg2+ 

saturation, heating to 110°C, 220°C, 400°C and 600°C of the K+- and glycerol 

solvation of the magnesium-saturated samples. The amounts of the different 

clay minerals were estimated on a semi-quantitative basis by using the 

computer package DIFFRAC AT V3.3. 

4.3.11 Soil minerals 

Subsamples of selected soil horizons were taken from the absolutely dry soil of 

the fine powder fraction, which was previously ground to a diameter below 

40 µm by using an agate mill. The fine powder was transferred to an 

aluminium bracket and then levelled towards the surface by using a cover slip. 

The powder subsamples were then analysed by X-ray diffraction between 3° 

and 69° 2θ, using a Siemens Model D-500 instrument with Cu Kα radiation. 

The minerals were subsequently identified according to the program DIFFRAC 

AT V3.3 and by using basal spacings according to Brindley and Brown (1980). 
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4.3.12 Amorphous silica 

The extraction and quantification of amorphous silica followed the method of 

Saccone et al. (2007). Amorphous silica was extracted by mixing 1 g of air-

dried soil with 50 ml of 0.5 M NaOH and then kept in a water bath at 85°C for 

one, two, three and four hours by preparing eight bottles per sample and 

removing two bottles from the water bath after the time steps indicated. After 

cooling down in cool water for five minutes, the samples were centrifuged at 

3000 rpm for ten minutes and then filtrated. The concentration of amorphous 

silica at each time step (Siam1, Siam2, Siam3, Siam4) was measured by ICP-OES. 

The results suggest that after one hour, amorphous silica was only partly 

dissolved, whereas a rather marginal increase after three hours (Figure 6) 

reflects continuous dissolution at this time. This allows linear extrapolation to 

time zero to determine the amount of amorphous silica (Siam) in the soil 

(Table 4), following the method of DeMaster (1981) and Saccone et al. 

(2007). It is therefore assumed that the amorphous silica is almost completely 

dissoluted of at this time. To determine Siam, the concentrations of both Siam2 

and Siam3 were only included in the calculation if [Siam3 - Siam2] was similar to 

[Siam4 - Siam3], i.e. by a linear increase. Otherwise, the Siam2 was excluded from 

the extrapolation. However, Siam3 was replaced by Siam2 if the concentration of 

Siam3 was greater than of Siam4. In any calculation, Siam1 was excluded, while 

Siam4 was always included. The calculation of Siam then followed a linear 

regression curve, with the calculated variable representing Siam (Table 4). 
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Figure 6. Extraction 
of amorphous silica. 
The extraction took 
place over four hours. 
This Figure shows the 
results acquired for 
three soil horizons. 

Abbildung 6.  
Extraktion amorpher 
Kieselsäure. 
Die Extraktion lief 
innerhalb von vier 
Stunden ab. Die 
Abbildung gibt die 
Ergebnisse für drei 
Bodenhorizonte wieder.

 

Table 4. Calculation of the amount of amorphous silica. 
Tabelle 4. Berechnung der vorhandenen amorphen Kieselsäure. 

Horizon 
Siam1, Siam2, 
Siam3, Siam4 

Siam2, Siam3, Siam4 Siam3, Siam4 Siam2, Siam4 

Ap2 0.03x+5.8 5.8 0.02x+7.2 7.2 -0.01x+14.5 14.50.02x+6.5 6.5

2Bt1 0.05x+9.2 9.2 0.02x+13.7 13.7 0.03x+13.2 13.2 0.02x+13.8 13.8 

2BCk 0.01x+2.6 2.6 0.01x+2.9 2.9 0.01x+3.6 3.6 0.01x+2.8 2.8 
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4.3.13 Soil micromorphology 

The thin sections of the Menfi terrace sequence were kindly prepared and 

examined by Simone Priori, Earth Sciences Department at the University of 

Siena, Italy. The samples of the Metaponto terrace sequence were partly 

prepared according to Beckmann (1995). Undisturbed soil samples were 

carefully taken from selected soil horizons in the field in Kubiëna boxes to 

prepare 20 × 40 mm thin sections for petrographic and micromorphological 

observation. After removal of the lids, the samples were wrapped with gauze 

bandages and placed on a raised platform in a plastic container filled with 

acetone. The interstitial water in the samples was successively exchanged by 

acetone and the solution in the tub renewed every 1-2 days in the beginning 

and every 5-7 days afterwards until the water was completely replaced by 

acetone. The samples were then left for seven days in fresh acetone, and were 

then impregnated stepwise to support bubble-free impregnation with a 

synthetic polyester resin containing 2000 ml Palatal, 280 ml Styrol, 4 ml 

cyclohexanoneperoxide (hardener), and 2 ml cobalt catalyst (accelerator). 

Hardener and accelerator were used in such amounts that hardening was 

completed within six weeks. The cured impregnated samples were then cut 

into slices of 5 mm and trimmed to the size of glass slides by using a diamond 

blade saw and glued to the slides with a fast-drying mix of the Palatal resin. 

Each sample was ground and polished by using a grinding machine and then 

glued to a second slide. After cutting off the first slide, the sample (on the 

second slide) was ground from a thickness of 900 µm to 80 µm by machine 

before the grinding was continued by hand to 30 µm thickness. The samples 

were then polished in oil suspensions of 15 µm diamond paste and finally 

covered with a cover glass to protect their surface. The thin sections were 

described according to Stoops (2003) by use of a petrographic microscope. 

Photographs of some soil thin sections are shown on Plate 2. 

4.4 Interpretation 

4.4.1 Parent material inhomogeneities 

To verify parent material stratifications in soils, the quotients between 

adjoining horizons of TiO2 (Q1) and ZrO2 (Q2) contents and of the TiO2/ZrO2 

ratio (Q3) were calculated. The average of the three quotients 

[(Q1 + Q2 + Q3) / 3] resulted in the parameter Q, indicating the degree of 

parent material inhomogeneity in each examined soil. Table 5 classifies the 

degree of inhomogeneity (Stahr, 1975; Stahr, 1979, Stahr and Sauer, 2004). 
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Table 5. Classification of the dimension of inhomogeneity. 
The data is taken according to Stahr (1975) and modified according to Stahr and 
Sauer (2004). 

Tabelle 5. Klasseneinteilung des Ausmaßes der Schichtung. 
Die Daten sind entnommen aus Stahr (1975) und verändert nach Stahr und Sauer 
(2004). 

Parameter of  

inhomogeneity Q 

 

Class 

 

Assessment/valuation 

1.00 I Inhomogeneity not proved 

1.01-1.09 II Inhomogeneity not perceptible/discernible 
(within error range of analysis) 

1.10-1.19 III 

1.20-1.34 IV 

1.35-1.49 V 

       
      Inhomogeneity/stratification 
      of different magnitude present 
      Verify: vertical/horizontal inhomogeneity 

1.50-1.99 VI Distinct inhomogeneity (above any margin of 
error/tolerance range) 

     >2.00 VII Complete substrate change 

4.4.2 Implementation of soil chronofunctions 

The relationships between individual soil properties and terrace age were 

determined. By considerating genetic characteristics and weathering stage in 

each soil, the soil horizons in each sequence were grouped into the following 

pedostratigraphic levels (PLs): Ap-horizons (Ap), Bw- and Bt-horizons (Bw-Bt), 

Bk- and Ck-horizons (Bk-Ck), main gravel body (MGB) and interstratified 

transgressions of (upwards coarser) strata of loam, sand and pebbles (IST). 

Each PL is considered to have formed by materials with a similar degree of 

weathering according to Napoli et al. (2006), Costantini et al. (2007) and 

Priori et al. (2008). Weighted average values of the soil properties of each 

group were determined multiplying each value with the according horizon 

thickness and summing up for the according PL, followed by the subsequent 

division with the thickness of each PL. 

The soil chronofunctions were then assessed by using functions of 

each group following Bockheim (1980) and Schaetzl et al. (1994) whereby the 

following models were considered: 

(1) Y = a + bX (linear function) 

(2) Y = a + b log X (logarithmic function) 

(3) Y = abX (exponential function) 

(4) Y = aXb (potential function) 

where Y is the soil property and X represents terrace age, while a and 

b represent constant values. 
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These models were evaluated and compared by their coefficient of 

determination (R2), and the function with the closest correlation to terrace age 

was chosen as adequate. Following Schaetzl et al. (1994), the description of 

soil development linear model was also preferred if its coefficient of 

determination was only slightly below that of another model. 

4.4.3 Relative indices of soil development 

Indices of quantified pedogenic properties are developed to compare and 

interpret soil development more thoroughly, and in relation to most advanced 

pedogenesis. A relative index (RI) is therefore generated for each soil horizon 

and for each PL within a terrace sequence. Each RI is also comparable 

between different terrace sequences but it has to be kept in mind that they 

are based on different maxima. 

The RI of physical features summarises both colour and texture. Soil 

colour refers to the redness ratings after Hurst (1977) and Torrent et al. 

(1980), and considers both wet and dry colours. Unlike the redness ratings, 

the RI of soil colour is subdivided more thoroughly to enable a more detailed 

differentiation of soil horizons with hues of 10YR and 2.5Y. Points are also 

assigned for each value and chroma (Table 6). As such, each soil horizon is 

calculated by dividing the sum of points with the maximum sum in the 

according terrace sequence, as outlined in Table 6. The according index is then 

designated with points. Following Harden (1982), the RI for each horizon is  

 
Table 6. Quantification of the relative index (RI) of soil colour, and calculation of the 
normalised maxima for the terrace sequences of Metaponto, Southern Italy and Menfi, 
South-Western Sicily. 
Tabelle 6. Quantifizierung des relativen Index (RI) der Bodenfarbe und Berechnung 
der standardisierten Höchstwerte der Terrassenabfolgen von Metaponto, Süd-Italien 
und Menfi, Südwest-Sizilien. 

Hue H Points H Value V Points V Chroma C Points C 

7.5R 200 2 6 8 30 

10R 160 3 5 7 25 

2.5YR 120 4 4 6 20 

5YR 80 5 3 5 16 

7.5YR 40 6 2 4 12 

10YR 15 7 1 3 8 

2.5Y 0 8 0 2 4 

    1 0 
Normalised maximum points of soil colour for Metaponto: 
dry 5YR 5/8 (80+3+30 points) + moist 5YR 5/6 (80+3+20 points) 
Soil colour: 113 + 103 = 216 points 
 

Normalised maximum points of soil colour for Menfi: 
dry 2.5YR 4/8 (120+4+30 points) + moist 2.5YR 4/8 (120+4+30 points)  
Soil colour: 154 + 154 = 308 points 



 Concept and methods 71 

 

determined for each PL by using weighted averages based on the thickness of 

each corresponding soil horizon, and is then related to the terrace age. The RI 

of soil texture includes the quotient of clay content in a single horizon to clay 

content in the lower parent material, and the silt/clay ratios in each horizon. 

Normalised maximum points include both ratio points (Table 7). The RI of 

physical features is derived from the sum of 1/3 of the RI soil colour and 2/3 

of the RI soil texture. Soil horizons are subsequently grouped into PLs. The RI 

of physical features is then calculated by weighted averages of the thickness 

of each PL, and is then related to the according terrace age. 
 

Table 7. Quantification of the relative index (RI) of soil texture, and calculation of the 
normalised maxima for the terrace sequences of Metaponto, Southern Italy and Menfi, 
South-Western Sicily. PM = parent material 
Tabelle 7. Quantifizierung des relativen Index (RI) der Bodentextur und Berechnung 
der standardisierten Höchstwerte der Terrassenabfolgen von Metaponto, Süd-Italien 
und Menfi, Südwest-Sizilien. PM = Ausgangsmaterial. 
clay in horizon / 

clay in PM* 

Points clay silt/clay ratio Points silt/clay 

<0.30 1 <0.10 30 

0.30-0.45 3 0.10-0.14 27 

0.45-0.60 5 0.14-0.18 24 

0.60-0.75 7 0.18-0.24 22 

0.75-0.90 9 0.24-0.32 20 

0.90-1.00 12 0.32-0.4 18 

1.00-1.25 16 0.4-0.6 16 

1.25-1.50 20 0.6-0.8 14 

1.50-1.75 24 0.8-1.0 12 

1.75-2.00 28 1.0-1.2 10 

2.0-2.5 34 1.2-1.4 8 

2.5-3.0 40 1.4-1.6 6 

3.0-4.0 46 1.6-1.8 4 

4.0-5.0 53 1.8-2.0 2 

>5.0 60 >2.0 0 
*Soil horizons with <2.0 % clay always receive 1 point only. 

Normalised maximum points of soil texture for Metaponto: 
Clay in horizon / Clay in PM = 5.01 (60 clay points) 
Silt/clay ratio = 0.17 (24 points) 
Soil texture: 60 + 24= 84 points 
 

Normalised maximum points of soil texture for Menfi: 
Clay in horizon / Clay in PM = 7.57 (60 clay points) 
Silt/clay ratio = 0.10 (27 points) 
Soil texture: 60 + 27= 87 points 
 

Normalised values of both CECs and CECc are determined likewise. 

More points are given to smaller exchange capacities (Table 8). It is based 

upon the assumption that successive soil development results in a decreased 

exchange capacity. More emphasis is given to the CECs as this describes the 
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potential of cation binding, whereas the CECc is mainly used to classify soil 

units after the WRB. The normalised CEC results from relating the sum of both 

CECs and CECc in a soil horizon to the maximum sum in each terrace sequence 

(Table 8). Base saturation (BS) is commonly used to assess cation 

exchangeand to classify reference soil groups after the IUSS Working Group 

WRB (2006) and is therefore also included. More points are given for smaller 

BS (Table 8) to reflect the degree of weathering and leaching in warm climates 

(e.g. Duchaufour, 1982). The normalised BS relates the assigned points to  

 
Table 8. Quantification of the relative indices (RI) of CECs, CECc and base saturation 
(BS), and calculation of the normalised maxima for the terrace sequences of 
Metaponto, Southern Italy and Menfi, South-Western Sicily. PM = parent material 
Tabelle 8. Quantifizierung der relativen Indices (RI) der KAKBoden, KAKTon und 
Basensättigung (BS) sowie Berechnung standardisierter Höchstwerte für die 
Terrassenabfolgen von Metaponto, Süd-Italien und Menfi, Südwest-Sizilien. 
PM = Ausgangsmaterial. 

CECs Points CECs CECc Points CECc BS Points BS 

>50 1 >140 1 100 1 

45-50 4 130-140 2 95-<100 2 

40-45 7 120-130 3 90-95 3 

35-40 10 110-120 4 85-90 4 

30-35 12 100-110 5 80-85 5 

26-30 14 90-100 6 75-80 6 

23-26 16 80-90 7 70-75 7 

20-23 18 70-80 8 65-70 8 

18-20 20 60-70 9 60-65 10 

16-18 22 50-60 10 55-60 12 

14-16 24 45-50 11 50-55 14 

12-14 26 40-45 12 45-50 16 

10-12 28 35-40 13 40-45 18 

8-10 30 30-35 14 35-40 20 

6-8 32 25-30 15 30-35 22 

4-6 34 20-25 16 20-30 24 

2-4 36 15-20 17 10-20 26 

1-2 38 10-15 18 5-10 28 

<1 40 5-10 19 <5 30 

  <5 20   
Normalised maximum points of CECs, CECc and BS for Metaponto: 
CECs of 1.0 mmolc+ kg-1 soil and CECc of 5.7 mmolc+ kg-1 clay 
= 40+19 points = 59 points 
BS of 29.9 % = 24 points 
 

Normalised maximum points of CECs, CECc and BS for Menfi: 
CECs of 1.8 mmolc+ kg-1 soil and CECc of 2.6 mmolc+ kg-1 clay 
= 38+20 points = 58 points 
BS of 53.7 % = 14 points 
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maximal points in a terrace sequence (Table 8). Decarbonatisation is 

considered by using a maximum of 60 points in soil horizons where CaCO3 is 

absent (i.e. with less than 0.1 % CaCO3), and by relating the assigned points 

to the maximum (Table 9). As such, each soil horizon is given a relative score 

for soil pH, CEC, BS and CaCO3 content. The average points of this score 

reproduce the RI of exchange chemistry. The index is summarised by 

weighted averages of horizon thicknesses within a PL of a soil, and is related 

to the according terrace age. 
 

Table 9. Quantification of the relative index of decarbonatisation and calculation of 
the normalised maxima for the terrace sequences of Metaponto, Southern Italy and 
Menfi, South-Western Sicily. PM = parent material 
Tabelle 9. Quantifizierung des relativen Index (RI) der Entkalkung sowie Berechnung 
standardisierter Höchstwerte der Terrassenabfolgen von Metaponto, Süd-Italien und 
Menfi, Südwest-Sizilien. PM = Ausgangsmaterial. 

% CaCO3 Points  % CaCO3 Points  % CaCO3 Points  

<0.1 60 2.4-2.8 32 10-11 16 

0.1-0.2 58 2.8-3.2 31 11-12 15 

0.2-0.3 56 3.2-3.6 30 12-13 14 

0.3-0.4 54 3.6-4.0 29 13-14 13 

0.4-0.5 52 4.0-4.5 28 14-15 12 

0.5-0.6 50 4.5-5.0 27 15-16 11 

0.6-0.7 48 5.0-5.5 26 16-17 10 

0.7-0.8 46 5.5-6.0 25 17-18 9 

0.8-0.9 44 6.0-6.5 24 18-19 8 

0.9-1.0 42 6.5-7.0 23 19-20 7 

1.0-1.2 40 7.0-7.5 22 20-21 6 

1.2-1.4 38 7.5-8.0 21 21-22 5 

1.4-1.6 36 8.0-8.5 20 22-23 4 

1.6-1.8 35 8.5-9.0 19 23-24 3 

1.8-2.0 34 9.0-9.5 18 24-25 2 

2.0-2.4 33 9.5-10.0 17 >25 1 
Normalised maximum points of decarbonatisation for Metaponto: 
CaCO3 of 0.095 % = 60 points 
 

Normalised maximum points of decarbonatisation for Menfi: 
CaCO3 of 0.01 % = 60 points 
 

The RI of iron oxides includes both ratios of Fed/Fet and Feo/Fed. 

Points for the degree of iron weathering are calculated as Fed/Fet x 100 while 

iron oxide and hydroxide crystallinity are converted by the equation of 10 –

(Feo/Fed x 10), to emphasise the first ratio. For each soil horizon, the sum of 

these points is divided by the maximum sum in a terrace sequence. The RI of 

iron oxides is then determined by using weighted averages of the thickness of 

each PL (Table 10), and is then related to the according terrace age. 
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Table 10. Quantification of the relative index of iron oxides and hydroxides of the 
normalised maxima for the terrace sequences of Metaponto, Southern Italy and Menfi, 
South-Western Sicily. PM = parent material 
Tabelle 10. Quantifizierung des relativen Index (RI) der Eisenoxide und -hydroxide 
sowie Berechnung standardisierter Höchstwerte der Terrassenabfolgen von Metaponto, 
Süd-Italien und Menfi, Südwest-Sizilien. PM = Ausgangsmaterial. 
Fed/Fet ratio: 
Points are calculated as Fed/Fet x 100 
 

Feo/Fed ratio: 
Points are calculated as 10 – (Feo/Fed x 10) 
 

Normalised maximum points of iron oxides for Metaponto: 
Fed/Fet = 0.713 and Feo/Fed = 0.018; equal to 71.3+9.8 points = 81.1 points 
 

Normalised maximum points of iron oxides for Menfi: 
Fed/Fet = 0.897 and Feo/Fed = 0.003; equal to 89.7+10.0 points = 99.7 points 
 

The RI of geochemical and clay mineralogical composition embraces 

the CIAAl and contents of illite, smectite and vermiculite, and of kaolinite 

(Table 11). This RI is considered since geochemistry and clay mineralogy both 

change with proceeding weathering. The CIAAl increases upon time under 

Mediterranean climate (Nesbitt and Young, 1982); time-related clay 

mineralogical changes also depend upon the parent material composition and 

may therefore vary to different degrees (Durn, 2003). The unweathered marly 

parent material is considered to be uniform in terms of its clay mineralogical 

composition. Changes in the composition therefore mainly reflect climatic 

conditions (Catt, 1991), although accumulation and erosion processes also 

have to be considered (e.g. Catt, 1991; Simonson, 1995). From the above RI, 

the CIAAl component of the according RI is calculated by division with the 

maximum CIAAl in each area. Kaolinite and illite components are determined 

by dividing their semi-quantitative proportions with their maxima in the 

according terrace sequence (excluding the Arenosol on T0 near Metaponto 

with clay contents of less than 2 %). Smectite and vermiculite are regarded as 

transitional clay minerals in warm climates (e.g. Karathanasis and Hajek, 

1983; Barnhisel and Bertsch, 1989; Bühmann and Grubb, 1991) and are 

therefore calculated by the loss as related to their maximum sum in a terrace 

sequence. Table 11 summarises the calculation of the different parts of the RI 

for each soil horizon in a terrace sequence. The RI of the geochemical and clay 

mineralogical composition is then determined by using weighted averages of 

the thickness of each PL, and relates to the according terrace age. The unified 

RI of soil development summarises, in equal parts, the RI of physical and 

chemical soil characteristics, iron oxides and hydroxides and silica, and the 

element and mineral composition of each PL. The results of the 

micromorphological study are not included, however, since their quantification 

relies upon a highly subjective interpretation from thin sections which may 

comprise some typical, but also specific characteristics which are not 

necessarily reflected by a representative surface percentage. 
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Table 11. Quantification of the relative index of the geochemical and clay 
mineralogical composition of the normalised maxima for the terrace sequences of 
Metaponto, Southern Italy and Menfi, South-Western Sicily. PM = parent material 
Tabelle 11. Quantifizierung des relativen Index (RI) der geochemischen und 
tonmineralogischen Zusammensetzung sowie Berechnung standardisierter 
Höchstwerte der Terrassenabfolgen von Metaponto, Süd-Italien und Menfi, Südwest-
Sizilien. PM = Ausgangsmaterial. 
CIAAl: 
Metaponto: Points are calculated as CIAAl/84.6 
Menfi: Points are calculated as CIAAl/89.6 
 

Kaolinite: 
Metaponto: Points are calculated as % kaolinite/30.1 
Menfi: Points are calculated as % kaolinite/53.0 
 

Illite: 
Metaponto: Points are calculated as % illite/53.5 
Menfi: Points are calculated as % illite/38.8 
 

Smectite and vermiculite: 
Metaponto: Points are calculated as 1 – (% smectite + % vermiculite)/86.8 
Menfi: Points are calculated as 1 – (% smectite + % vermiculite)/43.9 
 

Normalised maximum points of CIAAl: 
60 % of kaolinite points + 20 % of illite points + 20 % of smectite and 
vermiculite points 
 

Normalised maximum points of clay minerals: 
60 % of kaolinite points + 20 % of illite points + 20 % of smectite and 
vermiculite points 
 

Normalised maximum points of element and clay mineralogical composition: 
50 % of CIAAl (normalised maximum) + 50 % of clay minerals (normalised 
maximum)
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5. Results Metaponto, Southern Italy 

5.1 Bulk density 

The bulk density ranges between 1.4 and 1.8 g cm-3 in most of the soil 

horizons and reflects a certain variety of soil matrix conditions. The smallest 

bulk density applies to the Arenosol on the youngest terrace (profile T0.1) 

(Figure 7). Repeated sedimentation with fine material from the Basento River 

explains the increased bulk density towards the Ap-horizons in the Fluvisol on 

the same terrace (profile T0.2). A stepwise increase with depth in the 

Cambisol on the following terrace (Figure 7) reflects the transition from 

granular and (sub-)angular blocky to prismatic structure. Rather small bulk 

densities in the subsoil of profile T5.1 (Figure 7) are due to an abrupt change 

from clayey to sandy-loamy texture. Similar to profile T1.1, a distinct increase 

from the Ap- to the Ah/Bw-horizon reflects the change from granular to 

prismatic structure in the Luvisol of profile T9.1. The large proportion of SOM 

(3.9 %) contributes to a noticeably smaller value in the upper 10 cm 

(Figure 7). 

The bulk density is generally smaller in the Ap- than in the Bw- and 

Bt-horizons (Figure 8). Human activity caused soil compaction in several 

topsoils: A greater bulk density in the Ap-horizons of the Luvisol of profile T3.1 

(Figures 7, 8) is due to ploughing with heavy machinery, while the Alisol of 

profile T5.1 (Figure 7) is on a construction side within a residential area. In the 

Luvisol of profile T7.1 (Figures 7, 8), the bulk density increases with the 

agricultural activity (plow pan). Large values in the Bk- and Ck-horizons reflect 

a slight increase with terrace age (R2 = 0.25), which is particularly pronounced 

during the first 315 ka (Figure 8). A continuous decline with depth in the Bk- 

and Ck-horizons of profile T8.1 results in a smaller average bulk density in the 

according Alisol, however (Figure 8). Altogether, a slight increase of the bulk 

density with time is perceptible in the Bw- and Bt- as well as in the Bk- and 

Ck-horizons, with greater densities in the latter (Figure 8). 
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Figure 7. Bulk density. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 7. Lagerungsdichte. 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien.
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Figure 8.  
Bulk density 
development. 
The above data relates 
to the terrace 
sequence near 
Metaponto, Southern 
Italy. The values are 
weighted averages 
based on the 
thickness of each 
pedost rat igraphi c  
level in the solum 
and relate to terrace 
age. 

Abbildung 8.  
Entwicklung der 
Lagerungsdichte. 

Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien und sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. 

5.2 Soil acidification 

The soil pH (H2O) declines from the parent material towards the surface. It is 

nearly constant within the less weathered subsoil (mostly Cw- and BC-

horizons with pH 8.3-9.5) and ranges between strongly alkaline (pH 9.7) and 

slightly acid (pH 6.3) in subsurface horizons (Figures 9, 10a). A slight decline 

during the first 125 ka of soil genesis is perceptible in the Ap-, Bw- and Bt-

horizons, however. A nearly constant pH (H2O) in subjacent horizons and 

neglectable differences in the MGB on older terraces is perceptible (Figure 10) 

by buffering through carbonate dissolution. Differences between the Ap- and 

B-horizons are pronounced in most of the soils of the terraces T2 and older. 

The pH (H2O) varies only slightly in the Alisol of profile T8.1 and in the Luvisol 

of profile T4.2. Also evident is a smaller pH (H2O) in the nearby Alisol (profile 

T4.1) (Figure 9). 

When measured in 1M KCl suspension, the pH values are generally 

0.5-1.7 units below those of pH (H2O), but can reach differences up to 

∆pH 2.4. This indicates fairly negative net charges with pronounced occupancy 

of the exchange places by H+ in the Metaponto terrace sequence. Differences 

are most distinct within the B- and BC-horizons. In the Alisol of profile T5.2, 

for example, ∆pH is markedly greater in the upper terrace sediment than in 

the MGB underneath. Figure 10 shows a continuous decline in soil pH in all 

pedostratigraphic levels, excluding the Bk- and Ck-horizons. This decline is 

most pronounced in the Bw- and Bt-horizons and the Bk- and Ck-horizons, 

whereas the Ap-horizons and the MGB appear to be less affected. Slightly 
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Figure 9. pH (H2O) and pH (KCl). 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 9. pH (H2O) und pH (KCl). 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien.



 Results Metaponto 81 

 

closer relations are determined for pH (KCl), but the distinct decline during the 

first 205 ka (terrace T3) is more pronounced than for the pH (H2O) 

(Figures 10a-b). The ∆pH continuously increases in all pedostratigraphic levels 

(except for the Bk- and Ck-horizons) during the first 315 ka, and remains 

almost constant or even decreases thereafter. 

5

6

7

8

9

10

0 200 400 600 800

Ap
Bw-Bt
Bk-Ck
MGB
IST

Terrace age [ka]

p
H
 [
H
2
O
]

Soil acidificationa)

 

5

6

7

8

9

10

0 200 400 600 800

Ap
Bw-Bt
Bk-Ck
MGB
IST

Terrace age [ka]

p
H
 [
K
C
l]

Soil acidificationb)

 

Figure 10.  
Soil acidification, 
described by a) pH 
(H2O) and b) pH (KCl). 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 10.  
Bodenversauerung, 
dargestellt anhand 
von a) pH (H2O) und 
b) pH (KCl). 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 
bei Metaponto, Süd-
Italien. Die gewichteten 
Mittel beziehen sich 
auf die Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
und das Terrassenalter.

5.3 Electrical conductivity 

The electrical conductivity (EC) is small in all soils, remains below 0.3 dS m-1 

(Figure 11) and apparently is not related to terrace age. It indicates that the 

Metaponto terrace sequence is not affected by salinisation. According to 

Kovda et al. (1973), an EC below 2 dS m-1 does not impair agricultural 

production. Electrolyte leaching can be identified within the upper part of the 

soils in the profiles T0.1, T2.1, T3.1, T5.1, T5.2 and T9.1 (Figure 11). 

The pedostratigraphic levels do not improve correlations between EC 

and terrace age, i.e. the EC does not unambiguously increase or decline in any  
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Figure 11. Electrolyte distribution, expressed by the electrical conductivity (EC). 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 11. Elektrolyt-Verteilung, dargestellt anhand der elektrischen Leitfähigkeit 
(EC). Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien.
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level with terrace age (Figure 12). Compared to the other soil horizons, the EC 

is noticeably larger in the Ap-horizons of profile T6.1 and in the Bk- and Ck-

horizons and MGB of profiles T5.1 and T9.1 (Figure 12). 
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Figure 12.  
Distribution of 
electrolytes. 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedost rat igraphi c  
level in the solum and 
relate to terrace age. 

Abbildung 12.  
Verteilung von 
Elektrolyten. 

Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien. Sie sind gewichtete Mittel, basieren auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum und beziehen sich auf das Terrassenalter. 

5.4 Decalcification 

The Metaponto terrace sequence illustrates that decalcification proceeds to 

70 cm depth in less than 125 ka. In the soils on the two youngest terraces, 

carbonate leaching is in an initial state (if occurring at all), since the CaCO3 

contents in the A- and B-horizons correspond with those in the parent material 

in two of the three sites. Differences in the carbonate content between the 

solum and the subjacent sediment are apparent in the Fluvisol (profile T0.2), 

but proceed within the alluvium rather than in the terrace deposit. The 

Cambisol on the following terrace is not leached in the layered gravel, while 

aeolian deposits and the colluvium above also show great carbonate contents. 

Leaching is complete in the Ap- and Bt-horizons in the Luvisol of profile T2.1, 

whereas secondary lime concretions (up to 10 mm in diameter) are prominent 

in the lower Ck-horizons. On terraces T3, T4 and T5, the decalcification depth 

successively increases to a depth below 205 cm. The leaching depth in the 

Luvisol of profile T6.1 is lower than in profile T5.2, but assumes former surface 

erosion and is possibly greater than the inserted 145 cm. If not affected by 

surface erosion, the leaching depth in this soil would have to be calculated 

with 181 cm (see the ”explanatory note” in the field description of profile T6.1, 

Appendix). The soils on the two following terraces are almost completely 

decalcified, since decarbonation extends into depths between three and four 

meters. On the other hand, pseudomycelia and lime nodules in the Luvisol of 

profile T9.1 document a pronounced enrichment with secondary carbonates 
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below the Bt-horizon, although decalcification is well advanced. This 

polygenetic terrace was therefore excluded from the following equation. 

A consistently increasing decalcification depth with terrace age is 

apparent for the Metaponto terrace sequence, and is expressed by a linear 

correlation of R2 = 0.87 (Figure 13). The ratio of CaO/Al2O3 indicates the 

degree of decalcification (Figure 14) which dissolves and subsequently 

removes the CaO, while the relative enrichment of Al2O3 reduces this ratio. 

The soils on the three youngest terraces characterise by comparatively larger 

ratios of CaO/Al2O3 relative to soils on older terraces (Figure 14). Ratios 

between 2.6 and 3.4 reflect the large lime content in the Arenosol of the 

youngest terrace (profile T0.1). Altogether, the soils on the three youngest 

terraces contain particularly large amounts of CaO (Figure 14), which is also 

expressed by the presence of lime nodules, concretions and pseudomycelia 

(only lime nodules in the Arenosol). Carbonate enrichments also occur within 

the Btk-horizons and on aggregate surfaces in the Alisol of profile T5.1 and the 

Luvisol of profile T9.1, with a nodule size between 10 and 20 mm. To a minor 

extent, pedogenic carbonates also accumulate in the soils of profiles T4.2 and 

T8.1 Decalcification proceeds on all other terraces from T3 upwards, and is 

underlined by CaO contents below 1.2 % (Figure 14) and an average 

CaO/Al2O3 ratio below 0.06 in the Ap-, Bw- and Bt-horizons. The sharp 

decrease of the above ratio in the soils of these terraces testifies a close 

relation between the degree of decalcification and terrace age (R2 = 0.56) and 

is best expressed by logarithmic functions (Figure 15). 
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Figure 13.  
Decalcification depth 
in relation to terrace 
age. 
The above data is 
related to the terrace 
sequence near 
Metaponto, Southern 
Italy. 

Abbildung 13.  
Entkalkungstiefe in 
Abhängigkeit des 
Terrassenalters. 
Die wiedergegebenen 
Werte beziehen sich 
auf die 
Terrassensequenz 
nahe Metaponto, 
Süd-Italien. 
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Figure 14. Degree of decalcification. 
The data relates to the terrace sequence near Metaponto, Southern Italy. The 
numbers express the ratio of CaO/Al2O3. 

Abbildung 14. Grad der Entkalkung. 
Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. Die 
Zahlen geben das Verhältnis von CaO/Al2O3 wieder. 
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Figure 15 illustrates proceeding decalcification with time and depth; 

this process also depends on the parent material, however. After 125 ka, 

decalcification is complete in the Ap-, Bw- and Bt-horizons, but is less intense 

in the Bk- and Ck-horizons below. Intense decalcification is also due in the 

MGB, and is complete in terraces older than 315 ka. Larger CaO/Al2O3 ratios 

on the three youngest terraces are ascribed to primary carbonates, while 

smaller ratios near the surface imply current decalcification. Distinctly larger 

amounts of CaO occur in the IST contain even after 525 ka (Figure 15). 
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Figure 15.  
Degree of 
decalcification. 
The above data 
relates to the terrace 
sequence near 
Metaponto, Southern 
Italy. The values 
express the ratio of 
CaO/Al2O3. They are 
weighted averages 
based on the 
thickness of each 
pedost rat igraphi c  
level in the solum 
and relate to terrace 
age.

Abbildung 15. Grad der Entkalkung. 
Die obigen Werte beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 
Sie geben das Verhältnis von CaO/Al2O3 wieder und sind gewichtete Mittel, basieren 
auf der Mächtigkeit der pedostratigraphischen Einheiten im Solum und beziehen sich 
auf das Terrassenalter. 

5.5 Cation exchange capacity and base saturation 

The cation exchange capacity in soils (CECs) is linked to the soil texture and 

increases with the clay content. The IUSS Working Group WRB (2006) 

identifies the transition from small to large CECc (CEC related to 1 kg clay) at 

24 cmolc+ kg-1 clay in the soil. In the Metaponto terrace sequence, only six out 

of 89 horizons have a smaller CECc, while a CECc of 47-66 cmolc+ kg-1 clay is 

established for 37 horizons, and 38 horizons have a CECc above 100 cmolc+ kg-

1 clay; the median amounts to 77 cmolc+ kg-1 clay. 

Whereas the CECs is extremely small in the Arenosol of profile T0.1 

and remains small in the other soils on the three youngest terraces, it 

increases in the subsoil of the Luvisol of profile T3.1 (Figure 16), whereas the 

CECc is rather large in these soils. The CECs is extremely large in the soils on 

the terraces T4 and T5. In the Luvisol on terrace T6, both CECs and CECc are 

quite small outside the 2Bt-horizons. A similar trend occurs in the Luvisol on 
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Figure 16. CECs, CECc and BS. 
CECs = cation exchange capacity of the bulk soil; CECc = cation exchange capacity in 
relation to 1 kg in a soil horizon; BS = base saturation. The above results relate to the 
terrace sequence near Metaponto, Southern Italy. 

Abbildung 16. CECs CECc und BS. 
CECs = Kationenaustauschkapazität des Bodens; CECc = Kationenaustauschkapazität 
bezogen auf 1 kg Ton je Bodenhorizont; BS = Basensättigung. Die Ergebnisse 
beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 



88 Results Metaponto  

 

terrace T7, but very small exchange capacities in the Ap- and 2Bw-horizons 

contrast with a distinctly larger CECc in the interstratified transgressions of 

sand and pebbles (IST). Notably large exchange capacities are determined in 

the upper part of the Alisol on terrace T8, but the CECs gradually declines with 

depth. In the Luvisol on the following terrace, both exchange capacities 

increase towards the surface (Figure 16). 

In the complete terrace sequence, the CECc in the argic horizons 

exceeded 24 cmolc+ kg-1, classifying most of the soils as Alisols or Luvisols. 

The soils characterise by their large base saturation (BS) which is 

unanimously 100 % on the two youngest terraces. Smaller BS are determined 

in the upper part of the two following Luvisols (terraces T2 and T3), while on 

the next two terraces, three out of four soils classify as Alisol by their BS, 

which falls below 50 %. This is particularly emphasised in the Ap- and upper 

Bt-horizons. The soil at profile T6.1 classifies as Luvisol, while the BS levels 

100 % in the colluvium and in the IST, it is distinctly smaller in the 

intermediate horizons. A fairly similar distribution is present at profile T7.1, 

with a BS of 100 % in the Ap-horizon and in the lower MGB and IST below 

290 cm depth. The smaller BS in the upper terrace sediment and in the MGB 

are only slightly below 50 %, but classify this soil as Alisol. A further declined 

BS in the Alisol on terrace T8 reflects advanced leaching. On terrace T9, the 

BS is 100 % below a depth of 70 cm. Although the upper three horizons are 

completely decalcified, a BS of 100 % (Figure 16) and the presence of lime, 

nodules and pseudomycelia in the subsoil classify this soil as Luvisol.Although 

decalcification does not unanimously proceed with time (i.e. increased terrace 

age), a clear leaching tendency in the soils of older terraces can be stated. 

Particularly in the latter, secondary carbonate depositions contribute to a fairly 

mixed pattern of exchange properties. 

The division into pedostratigraphic levels reveals that CECs and 

terrace age increase potentially, which appears to be the strongest in the Bw- 

and Bt-horizons (R2 = 0.46), and in the Bk- and Ck-horizons (R2 = 0.47). This 

is mainly derived from a very small CECs in the Arenosol of profile T0.1 

(Figure 17a), but is not valid if this soil is excluded from the calculation. In the 

MGB, the CECs is distinctly smaller in the soils of the three youngest terraces 

and reaches its maximum in the Alisol of profile T5.1, i.e. after 315 ka of soil 

and terrace development (Figure 17a). 

Base saturations of 100 % were determined for the soils on the three 

youngest terraces (Figure 16). Above the Ck-horizons, decalcification reduces 

the BS in the Luvisol of profile T2.1 (Figure 16). The soils of profiles T4.2, 

T6.1, T7.1 and T9.1 are partly decalcified or affected by secondary lime 

enrichment, which explains their large BS and classifies them as Luvisols. On 
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the other hand, a BS below 50 % between 50 and 100 cm depth classifies the 

soils of profiles T4.1, T5.1, T5.2 and T8.1 as Alisols (Figure 17b). 

0

20

40

60

80

0 200 400 600 800

Ap
Bw-Bt
Bk-Ck
MGB
IST

Terrace age [ka]

[c
m
ol

c+
 k
g
-1
 s
oi
l]

Cation exchange capacitya)

 

0

40

80

120

160

200

0 200 400 600 800

Ap
Bw-Bt
Bk-Ck
MGB
IST

Terrace age [ka]

[c
m
ol

c+
 k
g
-1
 c
la
y]

Cation exchange capacityb)

 

0

25

50

75

100

0 200 400 600 800

Ap
Bw-Bt
Bk-Ck
MGB
IST

Terrace age [ka]

[%
]

Base saturationc)

 

Figure 17.  
a) Cation exchange 
capacity in the bulk 
soil (CECs), b) Cation 
exchange capacity in 
the clay fraction 
(CECc) and c) Base 
saturation (BS). 
The above values are 
related to the terrace 
sequence near 
Metaponto, Southern 
Italy. These weighted 
averages are based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 17.  
a) Kationenaustausch-
kapazität im 
Gesamtboden (CECs), 
b) Kationenaustausch-
kapazität in der 
Tonfraktion (CECc) und 
c) Basensättigung (BS). 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 
bei Metaponto, Süd-
Italien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen. 
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Figure 18. Concentration of the elements sodium, potassium, calcium and 
magnesium on the exchange places of the solid soil particles. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 18. Konzentration der Elemente Natrium, Kalium, Calcium und Magnesium 
an den Austauscherplätzen der festen Bodenpartikel. 
Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 



 Results Metaponto 91 

 

The trend for decreased BS with terrace age also becomes clearer by 

applying pedostratigraphic levels, and is most distinct in the Bw- and Bt-

horizons (R2 = 0.42) and in the Bk- and Ck-horizons subsoils (R2 = 0.42 for all 

soils, but 0.93 if the enrichment with secondary carbonates in profile T9.1 is 

not considered in the calculation) (Figure 17b). 

The exchange complex is largely occupied by H+ ions in the Alisols on 

the terraces T4, T5 and T8 and to a lesser extent in the Luvisols on adjoining 

terraces, whereas hydrogen is absent on the two youngest terraces. Sodium 

contributes to an increased EC and BS and particularly abundant in the Alisol 

of profile T5.1 (Figure 18). Calcium, magnesium and potassium are of greater 

influence to the BS, whereas soil development is less related to time. For 

example, the amounts of exchangeable K+-ions seem to increase potentially 

with terrace age (R2 = 0.75 in the Bw- and Bt-horizons), but their maximum 

concentration is reached after 315 ka (Figure 18). Similarly, exchangeable 

Ca2+-ions in the Bw- and Bt-horizons become more abundant with time and 

reach maxima after 315 ka and 460 ka, while they decline thereafter 

(Figure 18). The potential relation of R2 = 0.44 also considers the Arenosol on 

the youngest terrace (profile T0.1), however. In any section, correlations 

between exchangeable Na+- and Mg2+-ions and terrace age are negligible. 

Slight trends can therefore be considered for K+- and Ca2+-ions and 

indicate their importance to the composition of the exchange complex in the 

Metaponto terrace sequence, although their concentration declines after 315-

460 ka and results in smaller cation exchange capacities and base saturations. 

The soils of the terrace sequence develop from Arenosols, Fluvisols and 

Cambisols to Luvisols on the younger terraces, whereas in some older terraces 

leaching supported the development of Alisols. 

5.6 Soil organic matter 

Soil organic matter (SOM) contents between 0.4 and 1.9 % indicate a minor 

coverage of SOM on the surface horizons. A fairly continuous increase of SOM 

with time is obvious, with the smallest amounts in the Ap-horizons of profiles 

T0.1 and T2.1 (Figure 19). Fairly large amounts of SOM in the Ap-horizons of 

the Fluvisol on terrace T0 are derived from the present abundance of field 

weeds and former cultivation. Distinctly smaller amounts of SOM in the 

Arenosol on the same terrace reflect initial soil development and an absence of 

vegetation apart from pioneer plants, while small amounts of SOM on terrace 

T2 are due to the recent growth of fallow flora on an exposure of a gravel-pit 

quarry. A continuous increase of the amount of SOM with time can 

nevertheless be stated. The Luvisol on the highest terrace T9 contains 4 % 

SOM in its Ap-horizon, which is explained by the vegetation of wild pistachios 

directly above with subsequent decomposition of its constituents into litter. 
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Figure 19.  
Soil organic matter 
contents in the Ap-
horizons. 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. 

Abbildung 19.  
Humusgehalte in den 
Ap-Horizonten. 
Die wiedergegebenen 
Werte beziehen sich 
auf die 
Terrassensequenz bei 
Metaponto, Süd-
Italien.

5.7 Soil texture 

In the Arenosol on terrace T0, the medium sand fraction dominates all soil 

horizons (80-86 %), while the remaining part is comprised of fine sand 

(Figure 20). In the Fluvisol on the same terrace, the distribution of silt and 

sand is fairly homogeneous whereas in the Cambisol on terrace T1, a 

continuous increase with fine sand towards the surface and increasing clay 

contents towards the 2Bk-horizons can be established (Figure 20). Typical 

features of clay accumulation and illuviation such as clay coatings occur in the 

soils on higher terraces, with a general dominance of clay and medium to fine 

sand (Figure 20). Clay is more prominent in the Alisols and Luvisols on the 

terraces T4-T7, while sand dominates in most of the other soils (more than 

60 % on seven other terraces). Fine sand is common in the terrace sediments 

from T1 to T6 whereas on the higher terraces, coarse and medium silt are 

more prominent. The distribution of these fractions and fine sand increases 

towards the surface, but sometimes extends into coarser sand fractions 

(Figure 20). 

The particle-size distribution displays some time-related development 

within the terrace sequence. Most apparent is a declined distribution of the 

sand fraction during the first 315 ka, which is not related to any 

pedostratigraphic level. In the Bk- and Ck-horizons, an exponential decline of 

silt with terrace age (R2 = 0.69, excluding T0.1) is determined. At the same 

time, the clay fraction becomes more prominent, and is particularly 

pronounced in the Bw- and Bt- horizons (R2 = 0.86; 0.13 if T0.1 is excluded) 

and in the MGB (R2 = 0.51). 

The silt/clay ratio declines inversely proportional to increasing terrace 

ages on any pedostratigraphic level. Excluding the Arenosol of profile T0.1  
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Figure 20. Particle-size distributions. 
The above values relate to the terrace sequence near Metaponto, Southern Italy. From 
left to right: clay, fine/medium/coarse silt, fine/medium/coarse sand (C, FSi, MSi, CSi, 
FS, MS, CS); Si = silt, S = sand. 

Abbildung 20. Korngrößenverteilungen. 
Die dargestellten Werte beziehen sich auf die Terrassensequenz bei Metaponto, Süd-
Italien. Von links nach rechts: Ton, Fein-/Mittel-/Grobschluff, Fein-/Mittel-/Grobsand 
(C, FSi, MSi, CSi, FS, MS, CS); Si = Schluff, S = Sand. 
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(which contains less than 4 % of silt and clay), the decline in silt/clay ratios 

with time is most distinct in the Bk- and Ck-horizons (R2 = 0.83), but is also 

pronounced in the Bw- and Bt-horizons and in the MGB. To the contrary, 

silt/clay ratios are distinctly larger in the Ap-horizons (Figure 21) and are not 

particularly related to terrace age. 
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Figure 21.  
Weathering degree as 
determined by the 
silt/clay ratios. 
The above values 
relate to the terrace 
sediments in the 
terrace sequence near 
Metaponto, Southern 
Italy. They are 
weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
Profile T0.1 (medium 
sand) and soil horizons 

with silt or clay contents below 5 % were excluded from this calculation, with the 
exception of the IST. 

Abbildung 21. Verwitterungsgrad, bestimmt durch die Ton/Schluff-Verhältnisse. 
Die wiedergegebenen Werte beziehen sich auf die Terrassensedimente der 
Terrassensequenz bei Metaponto, Süd-Italien und sind gewichtete Mittel, die auf der 
Mächtigkeit der pedostratigraphischen Einheiten im Solum basieren und sich auf das 
Terrassenalter beziehen. Profil T0.1 (Mittelsand) und Bodenhorizonte mit Schluff- oder 
Tongehalten unter 5 % wurden von der Berechnung ausgeschlossen, mit Ausnahme 
von IST. 

5.8 Soil colour 

The soil colour is yellowish to olive brown on the two youngest terraces and 

gradually changes to darker brown hues from the terraces T2 to T6, while 

bright and reddish brown colours predominate on the oldest terraces (T7 and 

higher). The soils on the two youngest terraces and the IST on terraces T6 

and T7 are mainly of olive- to yellowish-brown colour and imply that they were 

not affected by reddening (Figure 22). The reddening index is originally based 

on the redness rating (RR) according to Hurst (1977) and Torrent et al. 

(1980), but is modified here to include a minimum redness for soils with hues 

of 10YR and 2.5Y. In soils of the Metaponto terrace sequence, a potential 

increase of reddening with terrace age is observed in all pedostratigraphic 

levels, which is most prominent within the Bk- and Ck-horizons (R2 = 0.92). 
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Figure 22.  
Reddening index. 
The reddening index is 
based on the Munsell 
soil colour charts and 
is a modification of the 
redness rating (RR) 
after Hurst (1977) and 
Torrent et al. (1980). 
The above values are 
determined in the 
terrace sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 

relate to terrace age. 

Abbildung 22. Index der Rötlichkeit in den Böden der Terrassensequenz bei 
Metaponto, Süd-Italien. 
Der Index der Rötlichkeit basiert auf der Munsell-Farbtafel und ist eine Abwandlung 
der Rotfärbung (RR) nach Hurst (1977) und Torrent et al. (1980). Die 
wiedergegebenen Werte wurden für die Terrassensequenz bei Metaponto, Süd-Italien 
bestimmt. Sie sind gewichtete Mitte, die auf der Mächtigkeit der pedostratigraphischen 
Einheiten im Solum basieren und sich auf das Terrassenalter beziehen. 

5.9 Iron and pedogenic iron oxides 

The iron contents in the Metaponto terrace sequence range between 0.4 and 

4.4 % for Fet and from 0.08 to 1.6 % for Fed (Figure 23).  

Iron contents are generally larger in the Bw- and Bt-horizons than in 

the parent material and are accompanied by smaller contents of dithionite-

soluble iron (Fed) in the Bk- and Ck-horizons (Figure 24a). Similarly, the Fed 

contents distinctly increase with terrace age in the Bw- and Bt-horizons 

(R2 = 0.64) and within the MGB (R2 = 0.57), but are only slightly related to 

terrace age in the Bk- and Ck-horizons (Figure 24b). 

A trend of increasing iron oxide formation can be established from the 

youngest to the oldest soil. At depth, comparable Fed/Fet ratios (Figure 25) 

indicate that pedogenic iron oxides have formed to a similar extent in the 

Fluvisol and in the Cambisol of the two youngest terraces. Similar Fed/Fet 

ratios in solum and parent material suggest less intense iron oxide formation 

in these soils and only a slight increase in the Luvisols on the following two 

terraces (Figures 25, 26a). Distinctly smaller Fed/Fet ratios (below 0.21) occur 

in the soils on terraces T4 and T5 (Figure 25), although a slight increase 

towards the soil surface is perceptible. In the Luvisols on the following two 

terraces (Figures 25, 26a), the Fed/Fet ratios are similar to those on the 

terraces T2 and T3 (Figures 25, 26a), with more pronounced differences  
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Figure 23. Contents of total iron (Fet) and dithionite-soluble iron (Fed). 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 23. Gehalte an Gesamteisen (Fet) und dithionit-löslichem Eisen (Fed). 
Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 
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Figure 24.  

Contents of a) total 
iron (Fet) and 
b) dithionite-soluble 
iron (Fed). 
The above values are 
related to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 24.  
Gehalte an 
a) Gesamteisen (Fet) 
und b) dithionit-
löslichem Eisen (Fed). 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 
bei Metaponto, Süd-
Italien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen.

between solum and MGB. On terrace T8, the Fed/Fet ratio is distinctly smaller 

towards the surface (Figure 25), while on T9, this tendency is interrupted by a 

distinctly larger ratio in the Bt-horizon (26-70 cm, Figure 25). 

The iron oxide crystallinity barely mirrors the presence of pedogenic 

iron, as reflected by a rather erratic change of the Feo/Fed ratio (Figures 25, 

26b). In the majority of all soil horizons, this ratio remains below 0.09. An 

unequal soil development between the Alisol and the Luvisol (both on terrace 

T4, Figure 25) is indicated by distinctly larger Feo/Fed ratios in the former. In 

the Alisol of profile T5.1, this ratio distinctly increases from the upper MGB to 

the colluvium. A more pronounced crystallinity is apparent in the Luvisol of 

profile T6.1 (Figure 25), while in the Luvisol of profile T7.1, the smallest ratios 

are determined in the B(C)tk-horizons (Figures 25, 26b). The Feo/Fed ratios  
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Figure 25. Formation and crystallinity of iron oxides, expressed by the ratios of 
Fed/Fet and Feo/Fed. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 25. Neubildung und Kristallinität der Eisenoxide, dargestellt anhand der 
Quotienten von Fed/Fet und Feo/Fed. 
Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 
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Figure 26.  
Pedogenic iron and 
crystallinity of iron 
oxides, expressed by 
the average ratios of 
a) Fed/Fet and 
b) Feo/Fed. 
The above values relate 
to the terrace sequence 
near Metaponto, 
Southern Italy. They 
are weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 26.  
Pedogenetisches Eisen 
und Kristallinität der 
Eisenoxide, dargestellt 
anhand der 
durchschnittl ichen 
a) Fed/Fet- und b) 
Feo/Fed-Verhältnisse. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 
bei Metaponto, Süd-
Italien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen.

 

further drop in the subsoils of the next two terraces (Figure 25). In the Luvisol 

of the highest terrace, the Feo/Fed ratio equals 0.05 (Figures 25, 26b). 

The above results therefore reflect a fairly erratic development of iron 

oxide crystallinity with time. While in the Bk- and Ck-horizons, the Feo/Fed 

ratio tends to decrease linearly with time (R2 = 0.43), it is only slightly 

increased in the Ap-horizons and in the MGB (Figure 26b). 

The amount of finely dispersed crystalline iron oxides is determined 

by the difference of Fed-Feo and mainly represents goethite and hematite 

(Schwertmann, 1959; McKeague et al., 1971; Torrent and Cabedo, 1986; 

Merritts et al., 1991). Due to smaller Feo and larger Fed contents with time, it 

particularly increases in an advanced stage of pedogenesis (Scarciglia et al., 

2006). Correspondingly, Fed-Feo increases with the weathering degree (Fed/Fet 
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Figure 27. Transformation of ferrihydrite into more crystalline forms of iron. 
The data relates to the terrace sequence near Metaponto, Southern Italy, and is 
expressed by the difference between Fed and Feo. 

Abbildung 27. Umbildung von Ferrihydrit zu kristallinerem Eisen. 
Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien, und ist 
dargestellt anhand der Differenz von Fed und Feo. 
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ratio) to some extent (R2 = 0.48). Crystalline iron oxides occur to smaller 

amounts in the Arenosol on the youngest terrace (profile T0.1) and generally 

increase in abundance with terrace age (Figures 27, 28), although variations 

between different soil horizons can be noticeable. With the exception of 

terrace T8, the largest differences between Fed and Feo contents occur in the 

soils on the oldest terraces (Figures 27, 28). 

0,0

0,5

1,0

1,5

0 200 400 600 800

Ap
Bw-Bt
Bk-Ck
MGB
IST

Terrace age [ka]

Crystalline iron oxides

Fe
d
-F
e o

 

Figure 28.  
Crystalline pedogenic 
iron oxides, expressed 
by the difference of 
Fed-Feo. 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are 
weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 28.  
Kristalline pedogene 
Eisenoxide, ausgedrückt 
durch die Differenz 
von Fed-Feo. 

Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. 
 

The (relative) increase of Fed-Feo with time is most pronounced in the 

Bw- and Bt-horizons (R2 = 0.60) where crystalline iron oxides are most 

abundant, and in the MGB (R2 = 0.57) where they occur in smaller amounts. It 

reflects a sharp decline in the Fed content to the parent material. The latter is 

most distinct in the MGB of profiles T1.1, T2.1 and T5.1 and in the IST of 

profiles T6.1 and T7.1 (Figure 28). 

Co-illuviation of clay and iron oxides is characterised by uniform 

Fed/clay ratios within a soil body and the presence of clay coatings (Mirabella 

et al., 1992; Durn, 2003). Fairly uniform Fed/clay ratios in any soil suggest a 

close association of amorphous and crystalline iron oxides with clay. Co-

illuviation is particularly pronounced in all soils with clay translocation. 

Distinctly larger Fed/clay ratios in the subsoils of profiles T1.1 and T6.1 

(Figure 29) are explained by textural changes with noticeably smaller clay 

contents and a concomitant increase in sand fractions. It is accompanied by 

distinctly smaller Fed and Fet contents in the parent material of profile T1.1, 

but an only slight decrease in the IST of profile T6.1. 
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Figure 29. Free amorphous and crystalline pedogenic iron oxides related to clay 
content, expressed by the Fed/clay ratio. 
The above data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 29. Freie amorphe und kristalline pedogene Eisenoxide im Verhältnis zum 
Tongehalt, ausgedrückt durch den Quotienten von Fed/Tongehalt. 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien. 
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5.10 Manganese and pedogenic manganese oxides 

Fairly similar contents of both Mnt and Mnd reflect that manganese mainly 

occurs as pedogenic oxide. Its distribution is rather irregular within the soils, 

but a slight tendency of decreasing amounts of Mnt and increasing Mnd over 

time is perceptible for the Ap- and Bk- and Ck-horizons (Figure 30a-b). 

Although there is no distinct trend within any soil profile, the Mnd/Mnt ratio 

fairly increases over time and is most pronounced in the Bw- and Bt-horizons 

(R2 = 0.73) and in the MGB (R2 = 0.71). Such relationships between Mnd/Mnt 

ratio and terrace age disappear when excluding the Arenosol on the lowest 

terrace, however. A close correlation between Mnt and Mnd within each of the 

pedostratigraphic levels reflects a consistent development of manganese 

oxides in their different specifications and the uniform influence of 

pedogenesis on both sizes. Macromorphologically, manganese coatings and 

concretions occur in most of the soils with different sizes up to 10 mm. 

Manganese nodules are often present on stone surfaces instead of the fine 

material, e.g. on terrace T7, but also cover gravel and aggregate surfaces. A 

concrete time trend cannot be ascribed from the manganese distribution, 

however. 
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Figure 30.  
Contents of a) total 
manganese (Mnt) and 
b) dithionite-soluble 
manganese (Mnd). 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 



104 Results Metaponto  

 

0,00

0,04

0,08

0,12

0,16

0 200 400 600 800

Ap
Bw-Bt
Bk-Ck
MGB
IST

Terrace age [ka]

Pedogenic manganese oxides
M
n
d
 [
%
]

b)

 

Abbildung 30.  
Gehalte an 
a) Gesamtmangan 
(Mnt) und b) dithionit-
löslichem Mangan 
(Mnd). 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 
bei Metaponto, Süd-
Italien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen.

5.11 Amorphous silica 

The least amount of amorphous silica (Siam) is determined in the Arenosol on 

the youngest terrace, while the other soils on the three younger terraces also 

contain distinctly less Siam compared to the soils on older terraces (Figures 31, 

32). Differences between the Arenosol and the Fluvisol on terrace T0 

(Figure 31) substantiate that silica phases differ between the sandy beach 

material and the Basento River floodplain. On the two following terraces, the 

Siam contents decline from the aeolian material (T1) and layered gravel (T2) to 

the subjacent MGB (Figures 31, 32). A continuous formation of amorphous 

silica with time is indicated by increased Siam contents in the soils on older 

terraces (Figure 31). Larger amounts of Siam are determined in the Alisols on 

terrace T5 than in soils on younger terraces, while fairly similar contributions 

are determined in the upper terrace sediment and the MGB (Figure 31). The 

coarser texture of the stray sand of profile T5.2 yields noticeably smaller 

amounts of Siam than the adjoining MGB (Table 22). The largest Siam contents 

occur in horizons with pronounced clay illuviation. They remain large in the 

Ap-horizons on terrace T6, but a sharp decline is due in the MGB (Figures 31, 

32). On the following terrace, the Bt-horizons in the terrace sediment and the 

2Bt-horizons in the MGB contain similar amounts of Siam to a depth of 290 cm 

(Figure 31), whereas distinctly smaller amounts occur in the subjacent 2Bw- 

and 2Go-horizons of the MGB, with a further decline in the IST (Figure 32). In 

the Alisol of profile T8.1, the Siam contents decline relative to the soils on all 

other terraces above T5 (Figures 31, 32). A similar trend is observed in the 

Luvisol of profile T9.1 (Figures 31, 32), although the Siam contents are slightly 

increased relative to the Alisol of profile T8.1. 
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Figure 31. Contents of amorphous silica (Siam). 
The above data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 31. Gehalte amorpher Kieselsäure (Siam). 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien. 
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Figure 32.  
Contents of amorphous 
silica (Siam). 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and relate 
to terrace age. 

Abbildung 32.  
Gehalte amorpher 
Kieselsäure (Siam). 
Die wiedergegebenen 
Werte beziehen sich

auf die Terrassensequenz bei Metaponto, Süd-Italien. Sie sind gewichtete Mittel, die 
auf der Mächtigkeit der pedostratigraphischen Einheiten im Solum basieren und sich 
auf das Terrassenalter beziehen. 
 

In summary, the amount of Siam is very small on the coastside and 

increase stepwise during the following 265 ka of soil development. They are 

fairly similar in the soils on the terraces T3, T4 and T5, but tend to decline in 

soils of older terraces (Figure 32). Amorphous silica generally increases in 

abundance from the parent material towards the Bw- and Bt-horizons and 

declines again in the Ap-horizons. Larger Siam contents occur in the MGB on 

the terraces T5 and T7, but a distinct decline is found in the sandier IST layer 

(Figure 32). Fairly similar contents are found for the soils on the three 

youngest terraces and in the parent material on the terraces T6 and T7 

(Figure 32). As such, differences in the distribution of amorphous silica mainly 

reflect parent material changes. 

5.12 Geochemistry 

5.12.1 Parent material variability 

The TiO2/ZrO2 ratio conspiciously declines in the Ap-horizons in most of the 

soils (Figures 33, 34). Since distinct changes in the above ratio are used as 

indicator for parent material changes (Stahr, 1975; Drees and Wilding, 1978; 

Busacca and Singer, 1989; Stahr and Sauer, 2004), an allochthonous 

component in the surface-near soils or the presence of colluvium on several 

terraces of the according sequence appears to be not unlikely. Differences on 

the youngest terrace indicate a variation of the material source, where a 

considerably larger ratio in the Fluvisol (profile T0.2) is derived from sediment 

transport. 



 Results Metaponto 107 

 

0

100

200

300

0 6 12 18 24

D
ep

th
 [
cm

]

T0.1

TiO2

ZrO2

0 6 12 18 24 0 6 12 18 24

T0.2

0 6 12 18 24 0 6 12 18 24

T1.1

0 6 12 18 24

 

0

100

200

300

0 6 12 18 24

D
ep

th
 [
cm

]

T2.1

0 6 12 18 24

T3.1

0 6 12 18 24

T4.1  

0

100

200

300

0 6 12 18 24

D
ep

th
 [
cm

]

T4.2

0 6 12 18 24

T5.1

0 6 12 18 24

T5.2  

0

100

200

300

0 6 12 18 24

D
ep

th
 [
cm

]

T6.1

0 6 12 18 24

T7.1

0 6 12 18 24

T8.1  

0

100

200

300

0 6 12 18 24

D
ep

th
 [
cm

]

T9.1

0 6 12 18 24

T10.1
 

Figure 33. Chemical stratification of the parent material, expressed by the ratio of 
TiO2/ZrO2. 
The above data relates to the terrace sequence near Metaponto, Southern Italy. 

Abbildung 33. Chemische Schichtung des Ausgangsgesteins, dargestellt durch das 
Verhältnis TiO2/ZrO2. 
Die wiedergegebenen Daten beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien. 
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Figure 34.  
Degree of parent 
material heterogeneity, 
expressed by the 
ratio of TiO2/ZrO2. 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

 

Abbildung 34. Ausmaß der Heterogenität der Ausgangsgesteine, dargestellt durch 
das Verhältnis TiO2/ZrO2. 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Metaponto, 
Süd-Italien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. 
 

Differences of the ZrO2 content and of the SiO2/Al2O3 and TiO2/ZrO2 

ratios between adjoining soil horizons are determined to verify parent material 

inhomogeneities in soils (Stahr, 1975; Stahr and Sauer, 2004). 

The resulting parameter Q suggests distinct stratification of terrace 

sediments in the Arenosol (profile T0.1, Table 12). In contrast, the Fluvisol on 

the same terrace (profile T0.2) is fairly homogeneous (Table 12). Slight 

inhomogeneities are ascertained within the aeolian material in the following 

Cambisol (profile T1.1); the subjacent MGB is characterised by a pronounced 

decrease of the TiO2/ZrO2 ratio (Table 12), whereas towards the surface, the 

aeolian material is overlain by colluvium. The terrace sediment in the Luvisol 

on the following terrace (profile T2.1) is also overlain by colluvium; a distinct 

substrate change to the subjacent gravelly material is illustrated by Q = 2.09 

(Table 12). Although the TiO2/ZrO2 ratio continuously increases with depth in 

the Luvisol of profile T3.1 (Table 12), it does not express parent material 

change, but rather reflects intense clay illuviation and accompanied TiO2 

translocation. Silicon leaching and relative enrichment of aluminium in the 

subsoil is mirrored by a smaller ratio of SiO2/Al2O3. On terrace T4, a rather 

small Q expresses only slight parent material inhomogeneities, which is mainly 

due to a constant TiO2/ZrO2 ratio in the Luvisol (Table 12). Field observations 

suggest that the layered gravel ranges from a depth of 58 to 93 cm and is 

overlain by a rather uniform body of terrace sediment, while the MGB follows 

underneath. The upper terrace sediment (30-108 cm) of profile T5.1 is fairly 

homogeneous and is covered by colluvium; the transition between both  
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Table 12. Distinction of inhomogeneity of the parent material between adjoining soil 
horizons. 
The data relates to the terrace sequence near Metaponto, Southern Italy. It is based 
upon the ZrO2 content, the ratios of SiO2/Al2O3 and TiO2/ZrO2, and the resulting Q 
(parameter of stratification) after Stahr (1975) and Stahr and Sauer (2004).  

Tabelle 12. Ausprägung der Inhomogenität des Ausgangsmaterials zwischen 
angrenzenden Bodenhorizonten. 
Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. Sie 
beruhen auf dem Gehalt an ZrO2, den Quotienten von SiO2/Al2O3 und TiO2/ZrO2, und 
dem daraus resultierenden Schichtungsparameter Q nach Stahr (1975) und Stahr und 
Sauer (2004). 

Hori-

zon 
Deptha

cm
SiAlb 

ZrO2 

% 
 

TiZrc 
Q1 

SiAlb 
Q2 

ZrO2 
Q3 

TiZrc Q Classd 
Strati-

fication 

Profile T0.1 
C1 2 20.7 0.07 5.7 1.04 2.77 1.25 1.68 VI yes 
2AC 13 21.5 0.19 4.6 1.01 6.61 1.40 3.01 VII yes 
3BC1 31 21.3 0.03 6.4 1.13 1.06 1.04 1.07 III  
3BC2 46 23.9 0.03 6.6 1.07 1.31 1.11 1.16 VI  
3Cw1 67 22.4 0.02 7.4 1.12 3.08 1.19 1.80 VI yes 
4Cw2 95 20.0 0.06 6.2 1.12 2.24 1.25 1.54 VI yes 
5C2 158 17.8 0.14 4.9 - - - - -  

Profile T0.2 
Ap1 16 4.8 0.03 21.2 1.00 1.06 1.01 1.02 II  
Ap2 45 4.8 0.03 21.0 1.07 1.12 1.04 1.08 II  
Bk 85 4.5 0.03 21.9 - - - - -  

Profile T1.1 
Ap 30 9.4 0.03 10.5 1.39 1.12 1.09 1.20 IV yes 
2Bw 60 6.8 0.03 11.5 1.01 1.04 1.02 1.03 II  
2Bk1 120 6.9 0.04 11.2 1.06 1.04 1.08 1.06 II  
2Bk2 t 150 6.5 0.03 12.2 1.12 1.01 1.03 1.05 II  
2Bk2 b 185 7.2 0.03 11.8 1.63 1.31 1.07 1.34 IV yes 
3Bk3 240 11.8 0.03 11.1 2.13 1.61 1.76 1.83 VI yes 
4C >450 25.1 0.02 6.3 - - - - -  

Profile T2.1 
Ap 23 12.8 0.04 9.2 1.75 1.03 1.31 1.37 V yes 
2Bt1 60 7.3 0.03 12.1 1.07 1.06 1.06 1.06 II  
2Bt2 93 6.8 0.03 12.8 1.17 1.03 1.10 1.10 III  
2Ck1 130 8.0 0.03 11.6 1.20 1.20 1.05 1.15 III  
2Ck2 180 6.7 0.04 12.1 1.23 1.19 1.06 1.16 III  
2Ck3 280 8.2 0.03 11.5 1.23 1.24 1.12 1.20 IV yes 
3Ck4 325 10.1 0.03 12.9 1.20 1.13 1.22 1.18 III  
4Ck5 350 12.1 0.03 10.5 2.29 2.69 1.28 2.09 VII yes 
5Ckm 400 27.7 0.01 8.2 1.16 1.25 1.10 1.17 III  
5Cw >400 32.1 0.01 9.0 - - - - -  

Profile T3.1 
Ap 25 7.2 0.05 9.6 1.20 1.15 1.03 1.13 III  
AB1 
(Ap2) 

70 8.7 0.04 9.9 1.67 1.05 1.34 1.35 V 
 

AB2 
(Bt1) 

100 5.2 0.04 13.3 1.01 1.14 1.18 1.11 III 
 

Bt2 112 5.2 0.03 15.6 1.07 1.07 1.07 1.07 II  
Bk >112 4.9 0.03 16.7 - - - - -  
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Hori-

zon 

Deptha 

cm 
SiAlb 

ZrO2 

% 
 

TiZrc 
Q1 

SiAlb 
Q2 

ZrO2 
Q3 

TiZrc 
Q Classd 

Strati- 

fication  

Profile T4.1 
Ap 25 5.3 0.04 12.5 1.09 1.02 1.01 1.04 II  
Ap2 42 4.8 0.04 12.7 1.16 1.06 1.14 1.12 III  
Bt 58 4.2 0.04 14.5 - - - - -  

Profile T4.2 
Ap 24 6.5 0.03 11.3 1.29 1.35 1.05 1.23 IV (yes) 
Bkt 58 8.4 0.02 11.9 1.02 1.07 1.07 1.05 II  
2Btk 75 8.6 0.02 11.1 1.21 1.16 1.02 1.13 III yes 
3Bt 93 10.4 0.02 10.9 1.06 1.06 1.08 1.07 II  
4BCt >165 9.9 0.02 11.8 - - - - -  

Profile T5.1 
Ap 30 7.1 0.04 11.9 1.79 1.17 1.36 1.44 V yes 
2Bt1 54 3.9 0.03 16.2 1.09 1.01 1.04 1.05 II  
2Bt2 83 4.3 0.03 15.5 1.08 1.11 1.01 1.07 II  
2Btk 108 4.6 0.03 15.4 1.08 1.16 1.08 1.11 III yes 
3BCt1 174 5.0 0.03 16.7 1.57 1.48 1.07 1.37 V  
3BCt2 >206 7.9 0.02 17.8 - - - - -  

Profile T5.2 
Ap 33 6.2 0.04 11.0 1.09 1.04 1.07 1.06 II  
Bt 80 6.7 0.04 10.3 1.07 1.21 1.24 1.18 III yes 
2BCtk1e 127 6.2 0.03 12.8 1.13 1.20 1.11 1.15 III  
2BCtk2 168 7.0 0.03 14.2 1.03 1.09 1.16 1.09 II  
2BCtk3 >205 7.3 0.03 12.3 - - - - -  

1.35f 1.16f 1.36f 1.29f IVf yesf 
1.45g 1.40g 1.69g 1.52g VIg yesg 

Stray 
sand 

127 9.1 0.04 7.6 
1.29h 1.68h 1.88h 1.61h VIh yesh 

Profile T6.1 
M+Ap 20 8.3 0.04 11.1 1.99 1.02 1.35 1.45 V yes 
2Bt 36 4.2 0.04 14.9 1.13 1.24 1.02 1.13 III  
2Btw 50 3.7 0.03 15.2 1.68 1.12 1.03 1.27 IV  
2Btw2 58 6.2 0.03 14.8 1.70 1.44 1.27 1.47 V yes 
3Bw 115 10.5 0.02 11.7 1.43 1.11 1.10 1.22 IV  
3Bw2 132 15.1 0.02 10.6 1.36 1.60 1.09 1.35 V yes 
4Cw 165 20.5 0.01 9.8 1.51 1.01 1.28 1.26 IV  
4C 200 13.6 0.01 12.5 - - - - -  

Profile T7.1 
Ap 33 10.0 0.04 11.1 1.44 1.03 1.25 1.24 IV  
Bt1 54 7.0 0.04 13.9 1.26 1.42 1.19 1.29 IV  
Bt2 73 5.6 0.03 16.6 1.42 1.32 1.05 1.27 IV yes 
2Bt3 160 3.9 0.03 17.4 1.27 1.01 1.07 1.12 III  
2Bt4 t 225 5.0 0.03 16.3 1.09 1.68 1.00 1.26 IV  
2Bt4 b 290 4.6 0.02 16.3 1.61 1.29 1.06 1.32 IV  
2Bw 330 7.4 0.02 15.4 1.88 1.73 1.09 1.56 VI yes 
3Go 338 13.9 0.01 14.1 1.23 1.12 1.20 1.18 III  
3Ckm+
3C 

380 - - - - - - - - 
 

3C 410 17.0 0.01 11.7 - - - - -  
4C >450 - - - - - - - -  
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aDepth is maximum depth. bSiAl = ratio of SiO2/Al2O3, 
cTiZr = ratio of TiO2/ZrO2, 

dClass = Class arrangement expressing the degree of stratification (Stahr, 1975; Stahr 
and Sauer, 2004). eResults do not relate to the stray sand in this horizon. fResults of 
stray sand in relation to Bt. gresults of stray sand in relation to 2BCtk1. hResults of 
stray sand in relation to 2BCtk2. b = bottom, t = top. Profile T10.1 (Bernalda 2) was 
excluded from the determination of parent material inhomogeneity because only one 
horizon was sampled. 
 

materials is indicated by a distinct increase of TiO2/ZrO2 and a concomitantly 

smaller SiO2/Al2O3 ratio (Table 12), which is mainly derived by co-illuviation of 

titanium and aluminium with clay. The subjacent MGB contains less Al2O3 and 

ZrO2, but differences are more pronounced within this material than to the 

adjoining terrace sediment (Table 12). In the Alisol of profile T5.2, the 

contents of Al2O3 and ZrO2 decrease with depth (Table 12), separating the 

upper terrace sediment from the MGB. A specific feature on this terrace is the 

embedded stray sand in the 2BCtk1-horizon. A pronounced degree of 

inhomogeneity to the MGB in the same depth is expressed, and is even more 

distinct to the following 2BCtk2-horizon. Differences in the ZrO2 content and in 

the ratio of TiO2/ZrO2 are however less distinct towards the overlying Bt-

horizon (Table 12). The Luvisol on terrace T6 is covered by colluvial material, 

as is expressed by a distinct decrease of TiO2/ZrO2 and an increasing 

SiO2/Al2O3 ratio in the latter, whereas ZrO2 contents remain constant. A more 

pronounced decline of ZrO2 and Al2O3 contents below the 2Btw2- and 3Bw2-

horizons (Table 12) indicates parent material changes to the MGB and IST at 

depth. The Luvisol on terrace T7 is characterised by continuously decreased 

Al2O3 and ZrO2 contents within the MGB (Table 12). Parent material change is 

also expressed by an abrupt transition from sandy texture to gravelly 

Hori-

zon 

Deptha 

cm 
SiAlb 

ZrO2 

% 
 

TiZrc 
Q1 

SiAlb 
Q2 

ZrO2 
Q3 

TiZrc 
Q Classd 

Strati-

fication 

Profile T8.1 
M+Ap 22 5.6 0.03 14.4 1.06 1.16 1.03 1.08 II  
M+AB 47 6.0 0.02 14.1 1.15 1.48 1.08 1.24 IV yes 
2Bt 65 6.9 0.02 15.2 1.31 1.05 1.19 1.18 III  
2Btk1 109 9.0 0.02 12.8 1.04 1.03 1.01 1.03 II  
2Btk2 t 155 9.4 0.02 12.9 1.12 1.21 1.05 1.13 III  
2Btk2 b 200 10.5 0.01 13.5 1.01 1.10 1.08 1.06 II  
2Btk3 239 10.6 0.01 12.5 1.09 1.17 1.05 1.10 III  
2Btk4 259 9.7 0.02 11.9 1.04 1.02 1.09 1.05 II  
2BC1 286 10.1 0.02 10.9 1.15 1.33 1.23 1.23 IV  
2BCk 323 11.6 0.02 8.9 1.16 1.60 1.19 1.32 IV  
2BC2 >380 13.5 0.01 10.6 - - - - -  

Profile T9.1 
Ah 10 9.6 0.04 8.6 1.08 1.01 1.02 1.04 II  
Ah/Bw 26 8.9 0.04 8.4 1.09 1.08 1.04 1.07 II  
Bt 70 9.8 0.04 8.1 1.18 1.94 1.40 1.51 VI yes 
2Bkt1 100 8.3 0.02 11.3 1.04 1.08 1.08 1.06 II  
2Btk1 117 8.6 0.02 12.2 1.02 1.25 1.24 1.17 III  
2Bkt2 140 8.7 0.03 9.9 1.08 1.09 1.05 1.08 II  
2Btk2 220 9.4 0.02 10.4 1.21 1.23 1.02 1.15 III yes 
3Bw >230 11.4 0.02 10.2 - - - - -  
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compounds. Stratification in the Alisol on terrace T8 reflects colluvial coverage 

with distinctly increased ZrO2 contents in the topsoil. The ratios of TiO2/ZrO2 

decline at depth, while SiO2/Al2O3 increases. Discontinuities in the lower part 

of this sediment are indicated by a larger Q below the 2BC1-horizon 

(Table 12). The TiO2/ZrO2 ratio in the Luvisol on terrace T9 distinctly increases 

below the Bt-horizon which is mainly derived by a smaller ZrO2 content. 

Transition from the terrace sediment to the MGB at 220 cm depth is indicated 

by a decline of the above element ratio (Table 12). 

Parent material changes such as colluvial sedimentation on the 

surface and alterations to the MGB are therefore fairly well reflected by Q. 

5.12.2 Chemical weathering 

The chemical index of alteration (CIAAl), which is calculated by the ratio of 

100 × Al2O3/(Al2O3+CaO+Na2O+K2O) after Nesbitt and Young (1982), reveals 

that chemical weathering in the soils of this terrace sequence passes all states 

from less to more intense. The results show an almost unaltered Arenosol on 

terrace T0 (CIAAl = 22) and slightly more advanced weathering in the Fluvisol 

and the Cambisol (Figure 35) on the two youngest terraces, as deduced from 

larger CaO contents. Intense weathering in the 2Bt-horizons (23-93 cm depth) 

of the Luvisol on terrace T2 is indicated by a pronounced increase in the CIAAl 

(Figure 35), whereas weathering in the 2Ck-horizons below is similarly 

advanced to the Fluvisol and the Cambisol. In the MGB of the Luvisol on 

terrace T2, the CIAAl at depth (more than 350 cm) is closer to the Arenosol on 

the youngest terrace (Figure 36a). From terrace T3 upwards, the CIAAl ranges 

between 56 and 85 (Figure 35), indicating a fairly advanced weathering stage 

in the corresponding soils. Exceptions are the IST layers in the subsoils on the 

terraces T6 (below 115 cm depth) and T7 (more than 380 cm), where CIAAl 

values between 31 and 50 (Figure 36, Tables 16-17) reveal that the IST 

remains comparatively unaltered. Differences within each soil are rather small, 

however and mainly reflect variations in CaO contents, e.g. in profiles T5.1 

and T9.1. On the other hand, chemical weathering is most advanced in the 

soils on terraces T7 and T8. A distinctly smaller weathering degree in the 

Luvisol on terrace T9 (Figure 36) is apparently derived from calcite nodules in 

the Btk-horizons and concomitantly increased amounts of carbonate. 

Summarising the results of chemical weathering, the soils of the 

Metaponto terrace sequence can be differentiated into four groups: 

(1) The Arenosol on terrace T0, where weathering is most intense in 

the upper 25 cm, 

(2) the Fluvisol and Cambisol on terraces T0 and T1, with the most 

intense weathering in the upper 50 cm, 
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Figure 35. Chemical weathering: Chemical index of alteration for aluminium (CIAAl). 
The data relates to the terrace sequence near Metaponto, Southern Italy. The CIAAl is 
expressed by the ratio of 100 × Al2O3/(Al2O3+CaO+Na2O+K2O) after Nesbitt and Young 
(1982). 

Abbildung 35. Chemische Verwitterung: Index chemischer Umbildung von Aluminium 
(CIAAl). 
Die Daten beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. CIAAl 
ergibt sich aus dem Verhältnis von 100 × Al2O3/(Al2O3+CaO+Na2O+K2O) nach Nesbitt 
und Young (1982). 
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Figure 36.  
Chemical weathering 
as shown by the 
chemical index of 
alteration for 
aluminium (CIAAl). 
The CIAAl is expressed 
by the ratio of 100 × 

Al2O3 / (Al2O3 + CaO + 
Na2O+K2O) after 
Nesbitt and Young 
(1982). The above 
values relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. They are 
weighted averages 
based on the thickness 

of each pedostratigraphic level in the solum and relate to terrace age. 

Abbildung 36. Chemische Verwitterung, dargestellt anhand des Index chemischer 
Umbildung von Aluminium (CIAAl). 
CIAAl wird ausgedrückt durch das Verhältnis von 100 × Al2O3/(Al2O3+CaO+Na2O+K2O) 
nach Nesbitt und Young (1982). Die wiedergegebenen Werte beziehen sich auf die 
Terrassensequenz bei Metaponto, Süd-Italien. Sie sind gewichtete Mittel, die auf der 
Mächtigkeit der pedostratigraphischen Einheiten im Solum basieren und sich auf das 
Terrassenalter beziehen. 
 

(3) the Luvisols on terraces T2, T3 and T6 with the most intense 

weathering in a depth between 75 and 100 cm, and 

(4) the Alisols and Luvisols on the terraces T4, T5, and T7-T9 are 

most intensely weathered in a depth between 75 and more than 200 cm. 

The above results reflect proceeding weathering with time and depth 

in soils of the Metaponto terrace sequence and show that already the soils on 

medium terraces are strongly weathered. The IST layers in the Luvisols of the 

terraces T6 and T7 are only slightly modified, however, as displayed by a CIAAl 

below 50 (Tables 16-17). Figure 36 reveals consistently advanced chemical 

weathering during the first 205 ka after terrace uplift and maximum CIAAl 

rates on terraces built between 205 ka BP and 525 ka BP, whereas the CIAAl is 

slightly smaller on the three oldest terraces (575 ka and older). After 125 ka, 

weathering is generally most intense within the Bw- and Bt-horizons, followed 

by the Ap-horizons, whereas a reverse order is perceived in the soils on the 

two youngest terraces. Pronounced differences to the less weathered Bk- and 

Ck-horizons are obvious on the terraces T2-T5, but disappear on older 

terraces. A similar trend applies to the subjacent MGB which is comparatively 

less altered by weathering. Consequently, these pedostratigraphic levels reach 

maximum weathering rates on older terraces, i.e. on T7 (after 315 ka, MGB) 

and T8 (after 575 ka, Bk- and Ck-horizons), whereas the IST remains 

comparatively unaltered. The (relative) enrichment of Al2O3 by chemical 

weathering is therefore negligible in the soils of the two youngest terraces, 
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and is noticeably larger in the soils of older terraces. This perception is 

underlined by a close potential relationship betweeen CIAAl and terrace age. 

Within the Bw- and Bt-horizons, for example, the CIAAl increases by 

23.8 × terrace age [ka]0.20, expressed by a correlation of R2 = 0.88. 

Chemical weathering therefore well reproduces different terrace ages 

and suggests the presence of a true chronosequence. 

5.13 Clay mineral composition 

The clay mineral composition in soils of the Metaponto terrace sequence 

describes the clay mineral assemblage of each soil and differences within, but 

may also help to distinguish clay mineral species following in situ weathering 

in relation to time and environment. 

The clay fraction in these soils is comprised of smectite/vermiculite, 

illite, kaolinite and chlorite (in descending order); interstratifications are 

common. While illite, kaolinite and interstratifications were always present, 

smectite/vermiculite was detected in 83 of 89 soil horizons, with the largest 

contents in the soils on the three youngest terraces and being nearly absent in 

the Alisol of profile T5.2 and in soils of older terraces, whereas chlorite was 

found in 14 soil horizons and was limited to the soils of the two youngest 

terraces (Figures 37, 38). 

Illite is present in all soil horizons and generally comprises greater 

proportions of the clay mineral suite in surface horizons (Figure 38a), whereas 

a general trend between the other pedostratigraphic levels is not discernible 

(Figure 38a). Interstratifications also become more pronounced towards the 

surface (Figure 38b) and support the presumption of external additions, as will 

be discussed later. In relative terms, illite is less frequent in the soils on the 

two youngest terraces and more common in the Luvisols on terraces T7 and 

T9 (Figure 37). Its increase with time is best described with a potential 

function and a correlation of R2 = 0.58 between illite content and terrace age. 

Interstratified clay minerals are comprised of a mixture of the present 

clay mineral suite. They are generally common within the 10-14 Å-minerals, 

whereas slightly assymetric peaks at the 7 Å-spacing indicate that kaolinite 

interstratifications are less usual, except for the Luvisols on the terraces T7 

and T9 (Figures 86, 88). Like illite, interstratifications are more common in 

surface horizons (Figure 38b), but a general time trend cannot be deduced 

from their distribution. Smectite and vermiculite form the major part of the 

clay mineral suite and occur in all pedostratigraphic levels of the soils. They 

are most abundant in the Bw- and Bt-horizons and, to a lesser extent, in the 

MGB (Figure 38c). Their distribution generally increases during the first 315 ka 

of soil formation. In the Luvisol on terrace T3, however, the clay mineralogy  
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Figure 37. Clay minerals and their relative amounts. 
The above data relates to the terrace sequence near Metaponto, Southern Italy. 
I = Illites, IS = Interstratification of illites, vermiculites, smectites and chlorites, 
VS = Vermiculites and smectites, C = Chlorites, K = Kaolinites. 

Abbildung 37. Tonminerale und ihre Anteile. 
Die dargestellten Ergebnisse beziehen sich auf die Terrassensequenz nahe Metaponto, 
Süd-Italien. I = Illite, IS = Wechsellagerungen von Illiten, Vermiculiten, Smectiten 
und Chloriten, VS = Vermiculite und Smectite, C = Chlorite, K = Kaolinite. 
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Figure 38.  
Clay minerals and 
their proportions. 
The above values 
relate to the terrace 
sequence near 
Metaponto, Southern 
Italy. They are 
weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 38.  
Tonminerale und 
deren Anteile. 
Die wiedergegebenen 
Werte beziehen sich 
auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
Sie sind gewichtete 
Mittel, die auf den 
Mächtigkeiten der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen. 
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does not match the 

c h r o n o l o g i c a l  

development of the 

other terraces, as is 

reflected by a distinct 

decline of the smectite 

and vermiculite 

proportions in the 

Ap-, Bk- and Ck-

horizons (Figure 38c). 

In the Luvisol on 

terrace T6 (460 ka 

BP), they comprise 

essentially similar 

proportions in each 

pedostratigraphic 

level as on the 

previous terrace 

(Figure 38c), while 

vermiculite is less 

common with 

increased terrace 

ages. Most striking 

is the clay mineral 

distribution on  

terrace T7, where smectite and vermiculite are absent in the upper 225 cm of 

the Luvisol; they are slightly present in the lower MGB, and comprise three-

fourth of the clay mineral suite in the subjacent IST (Figure 38c). 

Primary chlorite is exclusive in the soils on the two youngest terraces 

(Figure 38d), comprising up to 12 % of all clay minerals in the Arenosol and 

up to 5 % in the Fluvisol on terrace T0 and in the Cambisol on terrace T1 

(Figure 37). Its preference in the Arenosol underlines the finding of Tributh 

(1970) that chlorite is mainly present in comparatively coarser fractions. The 

absence of chlorite in soils of all terraces older than 80 ka (Figure 38d) 

suggests its complete conversion within this time of soil formation. 

The presence of kaolinites is most prominent in the soils on terraces 

T0 (Arenosol), T1, T7 and T9 and is the least common in the soils on terraces 

T4, T5 and T6 (Figure 38e). Its distribution slightly, though not always, 

increases in the surface horizons, whereas the parent material generally 

comprises smaller amounts of kaolinite (Figures 37, 38e). On terrace T4, 

however, the kaolinite contents slightly decline towards the surface of the 
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Luvisol, whereas the adjoining Alisol on the same terrace comprises greater 

proportions of kaolinite. Similarly, both Alisols on terrace T5 contain only small 

amounts of kaolinite which slightly increase towards the surface. A rather 

arbitrary kaolinite distribution is identified for the soils of the higher terraces, 

although a slight increase in surface horizons is perceptible (Figure 37). Close 

similarities between the kaolinite peaks of the different pedostratigraphic 

levels (Figures 38e, 76-89) indicate that the kaolinites in the terrace sediment 

and the subjacent MGB are akin. 

It appears that illite, smectite and kaolinite stay in a fair equilibrium 

from terrace T6 on, as their distribution is quite constant within the solum. 

Main changes in the clay mineral suite are due in the IST of these soils. 

5.14 Total soil mineral composition 

The mineral fraction is dominated by quartz (SiO2) in all soils. Feldspars such 

as orthoclase (KAlSi3O8) and albite (NaAlSi3O8) are ubiquitous, whereas calcite 

(CaCO3) is particularly present in soils of the younger terraces. Other minerals 

such as mica-muscovite (KAl2AlSi3O10(OH2)), kaolinite (Al2Si2O5), dolomite 

(CaMg(CO3)2) and smectite (X<1 × (Al2/Mg3)(OH)4 × Si3,x × Al0(1-x)O10) were 

detected in minor amounts and in a few samples only. 

In the Arenosol on the youngest terrace, the dominance of quartz is 

most pronounced near the surface. Calcite and feldspars are also quite 

pronounced (Figure 95, 2Cw1- and 2C2-horizons). A different character 

applies to the Fluvisol on the same terrace, where quartz peaks are less 

pronounced in the 2Bk-horizon and retreat relative to calcite, the latter giving 

the most pronounced peaks within the Metaponto terrace sequence. A distinct 

peak at 2.88 Å and two minor peaks at 2.19 and 1.79 Å prove the presence of 

dolomite in the lower alluvial deposit (Figure 95, 2Bk-horizon). The Fluvisol is 

further composed of mica, kaolinite and smectite (Figure 77 and Figure 95, 

2Bk-horizon), while feldspar contents also appear to be greater than in any 

other soil. In addition, a noticeable enrichment with surface-near feldspar can 

be stated for the Arenosol (Figure 76, 2Cw1- and 2C-horizons of Figure 95). 

In the Cambisol on terrace T1, quartz peak intensities increase from 

the aeolian material to the coarser MGB at depth. Complementary, calcite 

becomes more prominent towards the soil surface (Figure 96). 

The most pronounced quartz peak intensities are determined in the 

MGB of the following Luvisol at 400 cm depth (Figure 97, 5Cw-horizon); 

comparable contents are due in the subsoils of the terraces T8 and T9 

(Figure 102, 3BC2-horizon and Figure 102, 2Bk2- and 2Bw-horizons). Quartz 

is less dominant above the MGB and reflects a depth function in most of the 

soils. The quartz contents increase towards the surface of all soils, except for 

the soils on terraces T0 and T8. 
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Calcite is present in all soils on the terraces T0-T7 and generally 

appears within the MGB and IST, which may reflect its main resistance in the 

subsoil. It is most pronounced in the soils of the two youngest terraces. 

Broader peak shoulders are detected in the Arenosol on the youngest terrace. 

Calcite occurs in minor amounts in the Bkt- (upper terrace sediment) and 

4BCt-horizons (MGB) of the Luvisol on terrace T4, but is not detected in the 

intermediate gravel layers (Figure 98). On the following terrace, calcite peaks 

are due in the 2Btk- (profile T5.1) and 2BCtk3- (profile T5.2) horizons, but are 

absent in the adjoining horizons (Figure 99). 

The feldspars orthoclase and albite were identified in all studied 

horizons. Their presence appears not to be related to soil development or 

terrace age, since differences within any soil profile are negligible, and a trend 

within the terrace sequence cannot be established. The most intense peaks 

occur on the youngest terrace, however. Within the 3.20-3.25 Å spacings, the 

emphasis shifts among potassium feldspars and plagioclase feldspars in the 

terrace sequence. Albite appears to be more pronounced on the two youngest 

terraces, whereas the proportions are rather balanced on older terraces. 

Peaks at 7.11 and 3.56 Å prove the presence of kaolinite and were 

identified in the Fluvisol of the youngest terrace (Figure 95, 2Bk-horizon), and 

in the Cambisol on terrace T1 (Figure 96). 

The weakness of their peaks impeded the identification of other 

minerals which might occur in small proportions. For example, the presence of 

goethite (α-FeOOH) is indicated by a slight peak at 4.19 Å in most soil 

horizons, but secondary peaks are missing. Although the presence of hematite 

(α-Fe2O3) is assumed, peaks at 2.70 and 2.52 Å are absent in any soil horizon. 

5.15 Soil micromorphology 

The Arenosol on terrace T0 is outstanding for its sandy texture. On this young 

terrace, incipient weathering is identified in the 2BC1-horizon for quartz and 

calcite, while feldspar and mica are comparatively more weathered. The most 

common pedofeatures are calcite concretions and secondary calcites, while 

iron and manganese nodules are also identified. It is further characterised by 

its single grain structure. Mineral grains in the surface-near 2AC-horizon are 

thinly coated by humus. 

Weathering is comparatively more advanced in the Cambisol on 

terrace T1, where in the 2Bw- and 2Bk2-horizons quartz and primary and 

secondary calcite are the most common coarse minerals with different 

weathering degrees. Secondary calcite precipitations are present as needles 

inclined in voids of pore walls (Plate 2a) and become more frequent in the 

2Bw-horizon, whereas concretions are common in the 2Bk2-horizon. Dendritic 
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iron and manganese nodules occur in both depths and are slightly more 

common in the 2Bw-horizon, whereas clay coatings are absent. 

Clay coatings already are partially present in the 2Bwt-horizons of the 

Luvisol terrace T2. 

Clay illuviation is evident by coatings in the matrix of the terrace 

sediment of the Alisol of profile T5.1 and can be cross-striated or grano-

striated. Calcite is partly weathered in the 2Btk-horizon with a sharp boundary 

to the surrounding matrix, but is absent in the 2Bt2-horizon, while concretions 

occur at both depths. Iron and manganese nodules are of dendritic or 

aggregate type in the 2Bt2-horizon; they become typic and geodic in the 2Btk-

horizon. 

The Luvisol on the following terrace is characterised by intense 

weathering of the major part of quartz, feldspar and mica, as indicated by 

preferential fracture lines. Calcite concretions occur in the 2Bt-horizon of the 

upper terrace sediment, but are absent in the 3Bt-horizon. Clay coatings are 

cross-striated and, in the 2Bt-horizon, also granostriated. Iron nodules are 

common in both layers; they have a clear boundary with an even distribution 

in the 3Bt-horizon. 

Cross-striated clay coatings are also due in the Luvisol on terrace T7, 

whereas calcites are absent in the terrace sediment. The state of the coarse 

material suggests a similar weathering degree to the former Luvisol. Calcites 

(including concretions) are completely absent in this part of the soil, however. 

Iron and manganese nodules are common and become more abundant in the 

subjacent horizon. They are aggregated with an even and wavy boundary in 

the Bt1-, but an abrupt boundary in the 2Bt2-horizon. 

The coarse material in the Luvisol on terrace T9 is composed of 

quartz, feldspar and mica. Clay coatings at both depths are characterised by 

stress cutans (slickensides) in the Bt-, and by compound layering in the Bkt1-

horizon. Calcite concretions occur in both horizons, secondary calcite is 

present in the latter. Accordingly, Plate 2b displays clay illuviation and 

subsequent recalcification. Iron and manganese nodules are common in both 

depths. 

Decalcification and clay illuviation are the two most prominent 

processes in the soil of this terrace sequence. While decalcification is more 

active on the younger terraces and with increasing depth, secondary calcite 

depositions and concretions are also common on older terraces and in the 

subsoils. Clay illuviation becomes a prominent soil formation process in the 

Alisols and Luvisols. Slickensides on terrace T9 indicate intense swelling and 

shrinking. Iron and manganese nodules occur in all soils and become more 

distinct and prominent with increasing terrace age. The micromorphological 

investigation therefore suggests continuous weathering with time. 
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6. Results Menfi, South-Western Sicily 

6.1 Bulk density 

In the Menfi terrace sequence, the bulk density generally decreases in the 

surface-near soil horizons (Figure 39). This reflects the change from marly 

material to fluvial sediments on the three lower terraces forming their surface. 

It is also partly due to distinctly larger SOM contents in the latter. Within the 

marl of the Luvisol on the 2nd terrace, the bulk density distinctly declines at 

depth. On the following terrace, the smallest bulk density declines from the 

2Bt2- to the 2Bt3-horizon. Within these horizons, the structure changes from 

prismatic with coarse aggregates (20-50 mm in diameter) to angular blocky 

with smaller aggregates (5-20 mm in diameter), while macropores become 

more abundant in the latter. In the Lixisol on the 4th terrace, the sandier 

texture of the colluvial Ap-horizon and larger SOM contents explain its 

noticeably larger bulk density relative to subjacent soil horizons. On the 6th 

terrace, however, the bulk density declines from the Ap- towards the Bw- and 

Bt-horizons (Figures 39, 40). 

0

100

200

300

1.4 1.6 1.8 2.0

T1

d
ep

th
 [
cm

]

g cm-3 1.4 2.01.6 1.8 1.4 1.6 1.8 2.0

T2

1.4 1.6 2.01.8 1.4 1.6 1.8 2.0

T3

1.4 1.6 2.01.8

 

0

100

200

300

1.4 1.6 1.8 2.0

T4

d
ep

th
 [
cm

]

1.4 1.6 1.8 2.0

T6  
Figure 39. Bulk density. 
The above values relate to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 39. Lagerungsdichte in der Terrassensequenz bei Menfi, Südwest-Sizilien. 
Die dargestellten Werte beziehen sich auf die Terrassensequenz bei Menfi, Südwest-
Sizilien. 
 

The bulk density ranges between 1.5 and 1.8 g cm-3 in the Ap-

horizons and slightly increases in the Bw- and Bt-horizons (Figure 40). The 

most distinct differences of Bw- and Bt-horizons to adjoining soil horizons are 

determined in the Luvisols on the two lower terraces (Figure 40), due to clay 
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illuviation processes and an accompanied greater density. A time-related 

development of bulk density is not apparent in these soils, however. 
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Figure 40.  
Bulk density. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
MS = marine sediment. 

Abbildung 40.  
Lagerungsdichte. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 

bei Menfi, Südwest-Sizilien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. MS = marines Sediment. 

6.2 Soil acidification 

The pH (H2O) in soils of the Menfi terrace sequence ranges between 7.3 and 

8.1 in the soils on the 1st and 3rd terrace with slight maxima in the subjacent 

parent material (Figure 41). The differences in soil pH (H2O) of Ap- to Bw- and 

Bt-horizons are negligible on the three lower terraces, but become more 

pronounced in the other soils, where a further decrease with depth is also 

evident. In this terrace sequence, a distinct decline in the soil pH (H2O) from 

the three lower to the two higher terraces displays acidification (Figure 41). 

The soil pH in KCl suspension largely reflects the soil pH pattern in 

water, but differences between these values, expressed by ∆pH, are generally 

less pronounced in the marly parent material. The most distinct differences 

occur in the Bw- and Bt-horizons, where ∆pH ranges between -1.1 and -1.8. 

More distinct differences are determined for the Lixisol on the 4th terrace. The 

∆pH is smaller in the 3BEb- and 4Btb-horizons of the Luvisol on the 6th 

terrace. 

Figures 41 and 42 show that soil acidification is a time-related 

process, as the soil pH decreases after about 300 ka of terrace age, i.e. in the 

soils on the two higher terraces, and indicate that soil acidification begins after 

complete decalcification. This process is most intense in the Bw- and Bt-

horizons (Figure 42), with linear correlations to terrace age of R2 = 0.69 for pH 

(H2O) and R2 = 0.56 for pH (KCl). Figure 44 further shows that the Bw- and 

Bt-horizons are already affected by leaching, but that buffering is still very 
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Figure 41. pH (H2O) and pH (KCl). 
Abbildung 41. pH (H2O) und pH (KCl). 
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Figure 42.  
Soil acidification, 
described by a) pH 
(H2O) and b) pH (KCl). 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
MS = marine sediment. 
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Abbildung 42.  
Bodenversauerung, 
dargestellt anhand 
von a) pH (H2O) und 
b) pH (KCl). 
Die wiedergegebenen 
Werte beziehen sich 
auf die Terrassen-
sequenz bei Menfi, 
Südwest-Sizilien. Sie 
sind gewichtete 
Mittel, basieren auf 
der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
und beziehen sich auf 
das Terrassenalter. 
M S  =  m a r i n e s  
Sediment. 
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effective. The soil pH (H2O) in Ap-horizons is very similar to the Bw- and Bt-

horizons on the three lower terraces, but the decline is less pronounced in the 

Ap-horizons of the 4th and 6th terraces (Figure 42a). 

6.3 Electrical conductivity 

The electrical conductivity (EC) is rather small in all soils and reaches its 

maximum in the lagoon sediment of the soil on the 3rd terrace (Figure 43). A 

general increase from the Bw- and Bt- to Ap-horizons is discernible 

(Figures 43, 44). The soils on the 4th and 6th terrace contain minima in their 

2Bt-, 3BEb- and 4Btb-horizons (Figure 43). 

0

100

200

300

0.0 0.1 0.2 0.3

T1

d
ep

th
 [
cm

]

dS
m

0.30.20.10 0.0 0.1 0.2 0.3

T2

0.30.20.10 0.0 0.1 0.2 0.3

T3

0.30.20.10

 

0

100

200

300

0.0 0.1 0.2 0.3

T4

d
ep

th
 [
cm

]

0.0 0.1 0.2 0.3

T6  
Figure 43. Electrolyte distribution, expressed by the electrical conductivity (EC). 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 43. Elektrolyt-Verteilung, dargestellt anhand der elektrischen Leitfähigkeit 
(EC). 
Die wiedergegebenen Daten beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. 
 

The trend of an increased EC in the Ap-horizons is confirmed by 

Figure 44. Although the EC is distinctly smaller in the soils of the 4th and 6th 

terrace, a clear time-trend cannot be established. The Luvisol on the 1st 

terrace already underwent intense leaching processes, as indicated by a 

reduced EC in the Bw- and Bt-horizons (Figure 44). 
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Figure 44.  
Distribution of 
electrolytes. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment. 

Abbildung 44.  
Verteilung von 
Elektrolyten. 

Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. MS = marines Sediment. 

6.4 Carbonate content 

CaCO3 contents between zero and 3 % in the Ap- and Bw- and Bt-horizons 

document complete decalcification of all soils in the solum. Carbonate 

assembles between 19 and 34 % in the subjacent parent material of the 

Luvisols on the three lower terraces, where the decalcification depth increases 

from 95 cm on the 1st terrace to 100 cm on the 2nd and 155 cm on the 3rd 

terrace. The addressed parent material was not reached within 200 cm soil 

depth on the 4th and 6th terraces. Although all soils are decalcified in their 

upper parts, the fluvial sediments on the three lower terraces contain 

noticeably more CaCO3 than the Bt-horizons. A distinct boundary between the 

marly 2Bt2- and 2BCk-horizons marks the change to the unweathered parent 

material on the 2nd terrace. This is also expressed by the presence of hardened 

lime which precipitated on the upper limit of the stagnic water level after 

seawater regression. Nodules in the subsoil become more prominent with 

increasing depth and reach a maximum diameter of 5 cm. The material is 

almost completely cemented and hardly distinguishable from the marl in the 

subjacent 2R/Ckm-horizon. The Luvisol on the 3rd terrace is marked by a 

10 cm thick stone layer seperating the decalcified solum above from the 

subjacent lagoon sediment, which is temporarily saturated with stagnic water 

and encloses 10-60 mm thick secondary calcite precipitates. In the upper 

105 cm, secondary carbonate enrichments are more pronounced than in any 

other soil, although they are solely visible on microscale. Carbonates are 

completely absent on the following terrace. In the 2Bt-horizons of the Luvisol 

on the 6th terrace, the CaCO3 content slightly increases to 1.2 %. 
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A distinct increase in the decalcification depth with time is therefore 

indicated, reaching depths of about 100 cm on the 1st and 2nd terrace and 

exceeding 200 cm on the 4th and 6th terrace. While the Bw- and Bt-horizons 

are depleted of carbonates, the Ap-horizons on the three lower terraces show 

a discernible increase of carbonate contents. 

6.5 Decalcification 

Decalcification is addressed by a declining ratio of CaO/Al2O3. CaO contents 

below 1 % in all soils (Figure 45, Tables 21-25) suggest that this process is 

nearly complete. 
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Figure 45. Degree of decalcification, expressed by the ratio of CaO/Al2O3. 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 45. Grad der Entkalkung, ausgedrückt durch das Verhältnis von 
CaO/Al2O3. 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. 
 

Above the unweathered marl (1st and 2nd terrace) and lagoon 

sediment (3rd terrace), the CaO/Al2O3 ratio ranges between 0.03 and 0.33 and 

slightly increases towards the Ap-horizons (Figures 45, 46). The ratio is 

distinctly larger in the subjacent parent material of the three lower terraces. In 

the subsoils on the two highest terraces, the CaO/Al2O3 ratio ranges between 

0.03 and 0.04, expressing complete decalcification to a depth of 200 cm. 

Slightly larger ratios are determined in the Ap-horizons, however (Figure 45). 

The subjacent parent material on the three lower terraces detains 

carbonates, whereas the Ap- and Bw- and Bt-horizons are strongly decalcified. 

On all terraces, decalcification is most intense in the latter (Figure 46). A 

general time trend cannot be deduced in this terrace sequence, however. 
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Figure 46. Degree of 
d e c a l c i f i c a t i o n , 
expressed by the 
ratio of CaO/Al2O3. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment. 

Abbildung 46.  
Grad der Entkalkung,  

ausgedrückt durch das Verhältnis von CaO/Al2O3. 

Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. MS = marines Sediment. 

6.6 Cation exchange capacity and base saturation 

The cation exchange capacity (CEC) in the soils of the Menfi terrace sequence 

varies between smaller averages and particularly large values (AG Boden, 

2005). The CECs (CEC in bulk soil) generally increases from the Ap- to the Bw- 

and Bt-horizons, i.e. with larger clay contents, and is larger in the soil on the 

1st than in the soil on the 2nd terrace. The largest CECs is determined in the soil 

on the 3rd terrace with the maximum in the lagoon sediment. It remains 

almost constant between the alluvial sediment and the marl, however. On the 

4th terrace, the CECs is comparable to that of the soils on the 1st and 2nd 

terrace, but a distinctly smaller CECs is determined in the first colluvial layer. 

On the 6th terrace, the CECs is noticeably smaller in the Ap-horizons and in the 

3B(E)bt-horizons below 105 cm depth (Figure 47), but remains distinctly 

larger in the second colluvial layer. Parent material changes are therefore well 

reflected by the results of exchange capacity in all soils. 

Clay minerals and soil organic matter (SOM) are the main agents of 

cation exchange (Ajmone Marsan et al., 1988; Junge and Skowronek, 2007). 

Consequently, the CECc (CEC related to 1 kg clay) gradually increases from 

the subjacent parent material towards the surface on all terraces (Figure 47), 

whereas smaller SOM contents at depth underline the importance of clay 

minerals for the CECc in the subsoil. On four of the five terraces, rather small 

differences of the CECc within the marly material indicate a fairly 

homogeneous mineralogical composition. In the Lixisol on the 4th terrace, 

however, greater differences between the Ap-horizon and the following 
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pedostratigraphic levels (Figure 47) reflect a pronounced increase in the role 

of SOM for the CECc. The decrease of CECc with depth is most distinct in the 

Luvisol on the 6th terrace (Figure 47). 
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Figure 47. Cation exchange capacity of the bulk soil (CECs) and in relation to 1 kg of 
clay in a soil horizon (CECc), and base saturation (BS). 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 47. Kationenaustauschkapazität des Bodens (CECs) und bezogen auf 1 kg 
Ton je Bodenhorizont (CECc), sowie Basensättigung (BS). 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. 
 

The general trend in soils of the Menfi terrace sequence is a distinct 

increase in the CECs from soils on the two lower terraces to the soil on the 3rd 

terrace and a subsequent decline in the soils on the two highest terraces 

(Figures 47, 48a). The CECc increases from the two lowest to the 3rd terrace, 

but are smaller in the subsoils of the two highest terraces. The largest CECc is 

determined for the topsoils on all terraces. 

A general time-trend for the CECs is not identified in the terrace 

sequence of Menfi, but a distinctly increased CEC is due in the Luvisol on the 

3rd terrace (Figures 47, 48a). The base saturation is 100 % in the parent 

material at the bottom of the soils on the three lower terraces, while declining 

base saturations (BS) in Bw- and Bt-horizons reflect a time-trend with 

continuous leaching (Figure 48b). Base leaching in the Luvisol on the 1st 

terrace appears to be much more advanced than in the soils on the following 

three terraces, however (Figure 48b). A small CECc below 24cmolc+ kg-1 clay 

within the argic horizons of the soil on the 4th terrace classifies this soil as 

Lixisol, whereas a larger CECc in all other soils classifies them as Luvisols. 

The exchange complex in these soils is mainly occupied by Ca2+-cations 

(Figure 49). Their concentration distinctly declines to the marly parent 

material on the 1st and 2nd terrace, but the greatest Ca2+-concentration is 
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determined in the lagoon sediment at the bottom of the following terrace. A 

more or less prominent increase in Ca2+-concentrations from the Ap- to the 

Bw- and Bt-horizons is also notified. The K+- and the Mg2+-ions mainly mimic 

the distribution of the Ca2+-ions in all soils, although they occupy distinctly 

fewer places of the exchange complex (Figure 49). Mg2+-ions are almost 

absent in these soils, as reflected by maxima below 0.2 cmolc+ kg-1 soil in the 

subsoil on the 3rd terrace and in the fluvial sediment on the 2nd terrace. The 

greatest contents of Na+- and K+-ions are determined on the 3rd terrace, 

whereas the Luvisol on the 6th terrace is almost devoid of these ions 

(Figure 49). On the three lower terraces, the concentrations of K+- and Mg2+-

ions slightly increase towards the soil surface, whereas Bw- and Bt-horizons 

receive greater concentrations of these ions on the two higher terraces. 
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Figure 48.  
a) Cation exchange 
capacity in the bulk 
soil (CECs), and b) base 
saturation (BS). 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment. 

Abbildung 48.  
a) Kationenaustausch-
kapazität des 
Gesamtbodens (CECs), 
sowie 
b) Basensättigung (BS). 
Die wiedergegebenen 
Werte beziehen sich 
auf die 
Terrassensequenz bei 
Menfi, Südwest-
Sizilien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen. MS = 
marines Sediment. 

 

The above results indicate that the Luvisol on the 1st terrace 

contained smaller lime concentrations than the Luvisols on the following two 

terraces. The influence of the lagoon sediment in the subsoil on the 3rd terrace 
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is clearly established by its large CECs and increased proportions of Ca2+- and 

Mg2+-cations in the exchange complex. Decalcification and a fairly pronounced 

decline in the CECs in the soils on the 4th and 6th terrace indicate an advanced 

stage of pedogenesis. 
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Figure 49. Concentration of the elements sodium, potassium, calcium and 
magnesium on the exchange places. 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 49. Konzentration der Elemente Natrium, Kalium, Calcium und Magnesium 
an den Austauscherplätzen. 
Die wiedergegebenen Daten beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. 

6.7 Soil organic matter 

In the soils of the Menfi terrace sequence, the SOM contents in the Ap-

horizons show a pronounced increase from the 1st to the 3rd terrace, whereas 

on the 4th and 6th terraces, the former is distinctly declined (Figure 50). While  
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Figure 50.  
Soil organic matter 
contents in the Ap-
horizons. 
The values relate to 
the terrace sequence 
near Menfi, South-
Western Sicily. 

Abbildung 50.  
Humusgehalte in den 
Ap-Horizonten. 
Die Werte beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-
Sizilien.
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the lower terraces are covered by fluvial sediments, the soil surfaces on the 

two higher terraces are mainly formed by colluvial displacement. Jones et al. 

(2004) state that in the upper 30 cm of Mediterranean soils in Europe, SOM 

contents are generally below 3.4 %. They range between 0.7 and 1.6 % and 

indicate that even for a climate with dry and warm summers which alternate 

with temperate and most winters, the SOM contents are quite small. 

6.8 Soil texture 

In the soils on the 1st and 2nd terrace, textural differences from the Ap- to Bw- 

and Bt-horizons can be explained by parent material change from sandier 

fluvial sediment to finer-textured marly material (Tables 21-22). Moderate to 

prominent clay illuviation features are present on both terraces. On the 1st 

terrace, the medium sand fraction comprises distinctly greater proportions in 

the Ap- than in the Bw- and Bt-horizons, while the silt fraction is also slightly 

more common. The 2BCk-horizon at the bottom is dominated by fine sand 

which comprises three-fourth of the fine matrix (Figure 51). This trend is less 

pronounced in the Luvisol on the 2nd terrace, where the fractions of silt and 

fine sand become less prominent at depth. The subjacent 2(B)Ck-horizons are  
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Figure 51. Particle-size distributions. 
The values relate to the terrace sequence near Menfi, South-Western Sicily. From left 
to right: clay, fine/medium/coarse silt, fine/medium/coarse sand (C, FSi, MSi, CSi, FS, 
MS, CS); Si = silt, S = sand. 

Abbildung 51. Korngrößenverteilungen. 
Die Werte beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. Von 
links nach rechts: Ton, Fein-/Mittel-/Grobschluff, Fein-/Mittel-/Grobsand (C, FSi, MSi, 
CSi, FS, MS, CS); Si = Schluff, S = Sand. 
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clearly dominated by the sand fraction (Figure 51). In comparison, the Luvisol 

on the 3rd terrace contains remarkably larger amounts of silt in the fluvial 

sediment, whereas the prominence of clay continuously increases towards the 

lower bedrock. This lagoon sediment is unique in the Menfi terrace sequence 

and is mainly composed of clay and silt, emphasising a distinct parent material 

change. The colluvial Ap-horizon of the Lixisol on the 4th terrace comprises a 

distinctly greater proportion of the sand fraction than the following horizons. 

While the silt fraction becomes more dominant to a depth of 110 cm, both 

sand and clay dominate the fine material in the lower horizons (Figure 51). In 

the Luvisol on the 6th terrace, the texture is conspicuously uniform in all soil 

horizons, except for 2Bt1 and 2Bt2 which comprise distinctly greater 

proportions of clay, whereas both the colluvium above and the marine 

sediment below comprise more than 80 % sand. The clay fraction is slightly 

more prominent in the subsoil than in the Ap-horizons (Figure 51), and clay 

illuviation processes are less pronounced than in the other soils. 

If parent material changes can be excluded, distinctly different 

silt/clay ratio can be used as a measure for the weathering degree. In two of 

the three lower terraces, the silt/clay ratios noticeably increase from the marl 

(2Bt- and 2C-horizons) relative to the fluvial sediments (Ap-horizons). The 

largest silt/clay ratios are found in the colluvial Ap-horizons on the 4th and 6th 

terrace with pronounced differences to the Bw- and Bt-horizons (Figure 52). 

Distinctly smaller ratios are due in the sandy-clayey Bw- and Bt-horizons of 

the Luvisol on the 6th terrace, with a more loamy-sandy texture in the 

subjacent marine sediment. 
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Figure 52.  
Weathering degree as 
determined by 
silt/clay ratios of the 
terrace sediments. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment. 

Abbildung 52.  
Verwitterungsgrad, 

bestimmt durch die Ton/Schluff-Verhältnisse in den Terrassensedimenten. 

Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. MS = marines Sediment. 
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6.9 Soil colour 

The hue of the soil colour is generally brown and ranges between (dark) 

reddish and bright yellowish brown in the soils on the 1st and 2nd terrace and 

from brown and reddish brown in the soil on the 3rd terrace. On the two 

highest terraces, it varies between dark to bright brown and brown to orange. 

Brighter colours mainly occur in the marly parent material (1st and 2nd 

terrace), in the lagoon sediment (3rd terrace) and in the subsoil (4th and 6th 

terraces). 

The reddening index increases from the Ap- to the Bw- and Bt-

horizons, while this index is distinctly larger in the solum relative to the 

subjacent parent material (Figure 53). Along the terrace sequence, the 

reddening index continuously decreases from the 1st to the 6th terrace. This 

tendency is particularly distinct within the Bw- and Bt-horizons (Figure 53), 

but contradicts former findings of Torrent et al. (1980), McFadden and 

Hendricks (1985), Busacca (1987), Haidouti and Massas (1998) who stated a 

time-related increase in redness. 
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Figure 53.  
Reddening index. 
The reddening index is 
based on the Munsell 
soil colour charts and 
is a modification of the 
redness rating (RR) 
after Hurst (1977) and 
Torrent et al. (1980). 
The above values are 
determined in the 
terrace sequence near 
Metaponto, Southern 
Italy. They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 53. Index der Rötlichkeit in den Böden der Terrassensequenz bei Menfi, 
Südwest-Sizilien. 
Der Index der Rötlichkeit basiert auf der Munsell-Farbtafel und ist eine Abwandlung 
der Rotfärbung (RR) nach Hurst (1977) und Torrent et al. (1980). Die 
wiedergegebenen Werte wurden für die Terrassensequenz bei Metaponto, Süd-Italien 
bestimmt. Sie sind gewichtete Mitte, die auf der Mächtigkeit der pedostratigraphischen 
Einheiten im Solum basieren und sich auf das Terrassenalter beziehen. 

6.10 Iron and pedogenic iron oxides 

The formation of pedogenic iron oxides and hydroxides generally seems to 

increase with terrace age. This trend exhibits some irregularities and 

uncertainties, however. 
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Figure 54. Contents of total iron (Fet) and dithionite-soluble iron (Fed). 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 54. Gehalte an Gesamteisen (Fet) und dithionit-löslichem Eisen (Fed). 
Die dargestellten Ergebnisse beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. 
 

The amount of total iron (Fet) ranges between four and 50 mg g-1 soil 

(Figure 54) and increases from the subjacent parent material towards the Bw- 

and Bt-horizons (Figure 55a). Pedogenic iron oxides and hydroxides (Fed) well 

reflect this trend and range between one and 40 mg g-1 soil; their contents 

increase towards the Bw- and Bt-horizons (Figure 55b). Smaller proportions of 

Fet occur in the marly parent material of the 1st and 2nd terrace (Figures 55a, 

55b). Increased Fet contents in the 3Bkgb-horizon of the Luvisol on the 3rd 

terrace (Figures 54, 55a) reflect the parent material change from marl to 

lagoon sediment. The Ap-horizons in the soils on the two highest terraces 

contain distinctly smaller amounts of Fet and Fed (Figures 55a, 55b). 
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Figure 55.  
Contents of a) total 
iron (Fet) and 
b) dithionite-soluble 
iron (Fed). 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Italy. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic 
level in the solum 
and relate to terrace 
age. MS = marine 
sediment. 
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Abbildung 55.  
Gehalte an 
a) Gesamteisen (Fet) 
und b) dithionit-
löslichem Eisen (Fed). 
Die wiedergegebenen 
Werte beziehen sich 
auf die 
Terrassensequenz bei 
Menfi, Südwest-
Sizilien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen. MS = 
marines Sediment. 

 

The Fed/Fet ratio reaches maxima of 0.62 in the Bw- and Bt-horizons 

of the soils on the 1st and 2nd terrace (Figure 56), exceeding the ratios in any 

other soil horizon between the 1st and the 4th terrace. In the Luvisol on the 1st 

terrace, this ratio increases about 22 % from the 2BCk- to the 2Bt2-horizon. 

In the 2Bt-horizons of the Luvisol on the 2nd terrace, however, the ratio is 

almost twice as much relative to the subjacent parent material. Very small  
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Figure 56. Formation and crystallinity of iron oxides, expressed by the ratios of 
Fed/Fet and Feo/Fed. 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 56. Neubildung und Kristallinität der Eisenoxide, dargestellt anhand der 
Quotienten von Fed/Fet und Feo/Fed. 
Die dargestellten Daten beziehen sich auf die Terrassensequenz bei Menfi, Südwest-
Sizilien. 
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ratios in the Luvisol on the 3rd terrace (e.g. 0.16 in the 2Bt2-horizon) reflect 

that in the marl, the release of iron is fairly limited (Figure 56, 57a). The 

influence of the lagoon sediment and its location in a doline may induce 

specific weathering conditions. In the Lixisol on the 4th terrace, iron oxide 

formation is similarly advanced as on the 1st and 2nd terrace as expressed by 

equal Fed/Fet ratios in the Bw- and Bt-horizons. The distinctly largest Fed/Fet 

ratios occur on the 6th terrace (Figures 56, 57a). 

The Feo/Fed ratio is particularly increased in the soil on the 3rd terrace 

(Figure 57b). A strong decrease in the 3Bkgb-horizon at depth of the 3rd 

terrace may reflect stagnic properties or bleaching. On the other terraces, this 

ratio remains below 0.07 in any Bw- and Bt-horizon. It increases in all soils 

from the subjacent parent material over the Bw- and Bt- to the Ap-horizons 

(Figures 56, 57b), following lithological discontinuities (Bech et al., 1997). 
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Figure 57. Pedogenic 
iron and crystallinity 
of iron oxides, 
expressed by the 
average ratios of 
a) Fed/Fet and 
b) Feo/Fed. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment. 

Abbildung 57.  
Pedogenes Eisen und 
Kristallinität der 
Eisenoxide, dargestellt 
anhand der 
durchschnittl ichen 
a) Fed/Fet- und 
b) Feo/Fed-Verhältnisse. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 
bei Menfi, Südwest-
Sizilien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen. 



 Results Menfi 139 

 

Weighted averages of Fed/Fet ratios display rather small differences 

between the pedostratigraphic levels on the 1st terrace, whereas distinctly 

larger Fed/Fet ratios above the marly parent material indicate more advanced 

soil development on the 2nd terrace. In the Luvisol on the 3rd terrace, smaller 

ratios in the Ap- and Bw- and Bt-horizons compared to the subjacent lagoon 

sediment suggest that the sediment is comparatively young (Figure 57a). In 

the Lixisol on the 4th terrace, the ratio in Bw- and Bt-horizons matches this 

ratio in soils on the 1st and 2nd terraces, which supports distinct weathering. 

Weathering is most prominent in the Luvisol on the 6th terrace (Figure 57a). 

A time trend for the ratio of Feo/Fed cannot be established. Ratios 

below 0.05 (Figure 57b) suggest pronounced crystallinity in most of the soils. 

Exceptions are the fluvial and colluvial sediments above the marl on the 3rd 

and 4th terrace (Figure 57b) with distinctly larger Feo/Fed ratios and 

comparatively smaller degree of iron oxide crystallinity. 

Crystalline iron oxides mainly occur in Bw- and Bt-horizons, as 

expressed by larger differences of Fed–Feo (Schlichting et al., 1995), and are 

most pronounced in the Luvisol on the 6th terrace (Figure 58). Small 

differences are calculated for the alluvium on the 3rd and the colluvium on the 

4th terrace (Figure 58) and again reflect a less pronounced crystallinity of their 

iron oxides compared to these in the subjacent marl. The amount of well 

crystalline iron oxides decreases at depth on the 2nd terrace (Figure 58). 
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Figure 58. Transformation of ferrihydrite into more crystalline forms of iron, 
expressed by the difference between Fed and Feo. 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 58. Umbildung von Ferrihydrit zu kristallinerem Eisen, dargestellt anhand 
der Differenz von Fed und Feo. 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. 
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Relative to the subjacent marl on the 1st and 2nd terraces, Fed-Feo 

increases in the Bw- and Bt-horizons, and to a lesser extent in the alluvium. 

These differences are distinctly more pronounced on the 2nd terrace. In the 

Luvisol on the 3rd terrace, crystalline iron oxides are less common towards the 

Bw- and Bt-horizons. The greatest Fed-Feo differences occur in the subsoils of 

the 4th and particularly in the marine sediment on the 6th terrace (Figure 59) 

which reveals a stronger presence of goethite and hematite (Schwertmann, 

1959; McKeague et al., 1971; Torrent and Cabedo, 1986; Merritts et al., 

1991) by advanced pedogenesis, as was shown by Scarciglia et al. (2006) for 

soils on marine terraces at the Calabrian coast in Southern Italy. 
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Figure 59.  
Crystalline pedogenic 
iron oxides, expressed 
by the difference of 
Fed-Feo. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment.

Abbildung 59. Kristalline pedogene Eisenoxide, ausgedrückt durch die Differenz von 
Fed-Feo. 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. MS = marines Sediment. 
 

In the soils of the 2nd, 3rd and 4th terrace, a fairly constant Fed/clay 

ratio within the marly Bw- and Bt-horizons suggests predominant co-

illuviation. Differences are more pronounced between the specific sediments 

and reflect lithological discontinuities. Smaller Fed/clay ratios on the 3rd terrace 

(Figure 60) reflect a more clayey texture and smaller contents of free 

amorphous and crystalline pedogenic iron oxides. Rather small variations 

therefore indicate predominant co-illuviation of clay and iron oxides but may 

partly be generated by goethite. In the Lixisol on the 4th terrace, the Fed/clay 

ratio is distinctly smaller in the colluvial 2BE-horizon. In the Luvisol on the 6th 

terrace, the Fed/clay ratio decreases in the Bw- and Bt-horizons while 

pronounced variations suggest less prominent co-illuviation (Figure 60). 
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Figure 60. Free amorphous and crystalline pedogenic iron oxides related to clay 
content, expressed by the Fed/clay ratio. 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 60. Freie amorphe und kristalline pedogene Eisenoxide im Verhältnis zum 
Tongehalt, ausgedrückt durch den Quotienten von Fed/Tongehalt. 
Die dargestellten Daten beziehen sich auf die Terrassensequenz bei Menfi, Südwest-
Sizilien. 

6.11 Manganese and pedogenic manganese oxides 

The manganese fraction mainly occurs as pedogenic oxides, since the amount 

of dithionite-soluble manganese (Mnd) is directly linked to the total amount of 

manganese (Mnt). There is no correlation to terrace age but in the Luvisols on 

the three lower terraces, both Mnt and Mnd contents increase from the 

calcareous material to the decalcified solum (Figures 61a-b). Larger 

concentrations on the 4th terrace (Table 29) reflect the stagnic character in the 

subsoil. In Bw- and Bt-horizons, nodules of manganese oxides reach diameters 

up to 2 mm; mottles on aggregate surfaces can reach diameters of 20 mm. 
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Figure 61.  
Contents of a) total 
manganese (Mnt) and 
b) pedogenic 
manganese oxides 
(Mnd) within the 
terrace sediment. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
Sediment. 

Abbildung 61.  
Gehalte an a) Gesamt-
Mangan (Mnt) und 
b) pedogenen Mangan-
Oxiden (Mnd) in den 
Terrassensedimenten. 
Die wiedergegebenen 
Werte beziehen sich 
auf die 
Terrassenequenz bei 
Menfi, Südwest-
Sizilien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 

das Terrassenalter beziehen. MS = marines Sediment. 

6.12 Amorphous silica 

On the three lower terraces, amorphous silica (Siam) are less common in the 

unweathered parent material and increase in Bw- and Bt-horizons; 

intermediate proportions occur in the Ap-horizons of the fluvial sediment 

above (Figure 62). Similar amounts of Siam occur in the Luvisols on the 1st and 

2nd terrace; they are less common in the Luvisol on the 3rd terrace (Figure 62). 

Within the latter, proportions of Siam increase towards Bw- and Bt-horizons. 

The largest proportions of Siam occur in the subsoil of the 4th terrace and 

continuously increase to a depth of 165 cm, whereas the colluvial Ap contains 

less Siam. In the Luvisol on the 6th terrace, the 2Bt-horizons contain larger 

amounts of Siam than subjacent 3BEb-horizons. Even smaller proportions are 

determined in the Ap-horizons (Figure 62). 
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Figure 62. Contents of amorphous silica (Siam). 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 62. Gehalte amorpher Kieselsäure (Siam). 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. 
 

On all terraces, Siam becomes more prominent from the subjacent 

parent material to the Bw- and Bt-horizons, whereas medium concentrations 

in all Ap-horizons (Figure 63) well reflect parent material changes. A 

continuous time trend along the terrace sequence is not deduced although Siam 

is particularly large in the Bw- and Bt-horizons of the Lixisol on the 4th terrace 

(Figure 63). 
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Figure 63.  
Contents of 
amorphous silica 
(Siam). 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment.

Abbildung 63. Gehalte amorpher Kieselsäure (Siam). 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi, 
Südwest-Sizilien. Sie sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. MS = marines Sediment. 
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6.13 Geochemistry 

6.13.1 Parent material variability 

Boundaries between the marly and overlying fluvial sediments on the three 

lower terraces are discernible by decreased TiO2/ZrO2 ratios towards the 

surface (Figure 64). A distinctly larger ratio in the lagoon sediment on the 3rd 

terrace emphasises a different character from the overlying marl. In the Lixisol 

on the 4th terrace, the depth course of this ratio suggests that three different 

sediments are present: A distinctly smaller ratio in the Ap-horizon reflects its 

colluvial character; larger ratios below 110 cm the presence of two layers of 

marine sediments (Figure 64). The ratio is conspiciously uniform in the Luvisol 

on the 6th terrace, but a lithological discontinuity is well reflected by distinctly 

increased ratios in the Bw- and Bt-horizons (Figure 64). 

The TiO2/ZrO2 ratio mirrors a certain inhomogeneity between the 

pedostratigraphic levels. Whereas the Luvisols on the 1st and 2nd terrace are 

composed of the same parent materials, the above ratio slightly increases in 

all other soils. Parent material change is most obvious on the 3rd terrace with a 

distinct increase of the TiO2/ZrO2 ratio from the Bw- and Bt-horizons in the 

marly material to the subjacent lagoon sediment (Figure 65). 

Parent material stratifications were also determined by comparing 

ZrO2 contents and ratios of TiO2/ZrO2 and SiO2/Al2O3 between adjoining soil 

horizons, as described in chapter 2.1.9. 
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Figure 64. Chemical stratification of the parent material, expressed by the ratio of 
TiO2/ZrO2. 
The above data relates to the terrace sequence near Menfi, South-Western Sicily. 

Abbildung 64. Chemische Schichtung des Ausgangsgesteins, dargestellt durch das 
Verhältnis TiO2/ZrO2. 
Die dargestellten Werte beziehen sich auf die Terrassensequenz bei Menfi, Südwest-
Sizilien. 
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Figure 65.  
Degree of parent 
material 
heterogeneity, 
expressed by the 
ratio of TiO2/ZrO2. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 
M S  =  m a r i n e  
sediment.

Abbildung 65. Ausmaß der Heterogenität der Ausgangsgesteine, dargestellt durch 
das Verhältnis TiO2/ZrO2 
Die wiedergegebenen Werte beziehen sich auf die Terrassensequenz bei Menfi-
Südwest-Sizilien und sind gewichtete Mittel, die auf der Mächtigkeit der 
pedostratigraphischen Einheiten im Solum basieren und sich auf das Terrassenalter 
beziehen. MS = marines Sediment 
 

The corresponding results widely reflect field observations. Inhomogeneities 

are most pronounced in the Luvisol on the 6th terrace, where distinctly smaller 

TiO2/ZrO2 ratios in the Bw- and Bt-horizons relative to adjoining soil horizons 

(Table 13) confirm pronounced parent material stratification. This is obvious 

between the 2Bt3- and 3Bkgb-horizon on the 3rd terrace and between the Ap- 

and 2BE-horizon on the 4th terrace (Table 13), where the parameter of 

stratification suggests distinct inhomogeneities or even a complete substrate 

change, separating the marl from the lagoon sediment (3rd terrace) and the 

colluvium (4th terrace). On the two lowest terraces, the fluvial sediment and 

underlying marl distinguish by noticeably different ratios of TiO2/ZrO2 

(Table 13). Q suggests parent material change from the 2Bt2- to subjacent 

soil horizons and mainly follows increased SiO2/Al2O3 ratios. 
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Table 13. Distinction of inhomogeneity of the parent material between adjoining soil 
horizons. 
The data relates to the terrace sequence near Menfi, South-Western Sicily. It is 
derived from the ZrO2 content, the ratios of SiO2/Al2O3 and TiO2/ZrO2 and the resulting 
Q (parameter of stratification) (after Stahr, 1975 and Stahr and Sauer, 2004). 

Tabelle 13. Ausprägung der Inhomogenität des Ausgangsmaterials zwischen 
angrenzenden Bodenhorizonten. 
Die Daten beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. Sie 
beruhen auf dem Gehalt an ZrO2, den Quotienten von SiO2/Al2O3 und TiO2/ZrO2, und 
dem daraus resultierenden Schichtungsparameter Q (nach Stahr, 1975 und Stahr und 
Sauer, 2004). 

1st terrace, profile T1.2 
Ap1 20 19.1 0.05 88.1 1.06 1.10 1.17 1.11 III  
Ap2 42 20.3 0.05 88.0 2.39 1.36 1.60 1.78 VI yes 
2Bt1 75 8.5 0.04 77.3 1.29 1.24 1.03 1.19 III  
2Bt2 95 11.0 0.03 83.3 2.06 1.24 1.36 1.55 VI yes 
2BCk 105 22.6 0.03 76.4 - - - - -  

2nd terrace, profile T2.2 
Ap1 12 15.5 0.04 86.0 1.04 1.08 1.02 1.05 II  
Ap2 57 16.2 0.04 88.1 1.42 1.38 1.44 1.41 V yes 
2Bt1 85 11.4 0.03 84.1 1.74 1.00 1.41 1.38 V  
2Bt2 100 19.8 0.03 89.4 2.37 1.53 1.22 1.71 VI yes 
2BCk 118 46.9 0.02 77.6 1.18 1.08 1.14 1.13 III  
2Ck 155 55.4 0.02 75.2 - - - - -  

3rd terrace, profile T3.2 
Ap1 45 9.6 0.05 81.5 1.03 1.01 1.04 1.03 II  
Ap2 65 10.0 0.05 81.2 1.03 1.03 1.04 1.03 II  
2Bt1 105 9.6 0.04 80.9 1.17 1.15 1.09 1.14 III  
2Bt2 120 8.2 0.04 81.0 1.35 1.38 1.17 1.30 IV  
2Bt3 155 6.1 0.03 75.6 1.71 1.32 2.05 1.69 VI yes 
3Bkgb 240 3.6 0.02 46.8 - - - - -  

4th terrace, profile T4.3 
Ap 22 34.9 0.05 89.7 3.23 1.00 1.99 2.07 VII yes 
2BE 50 10.8 0.05 83.5 1.08 1.01 1.14 1.08 II  
2Bt1 78 10.0 0.05 82.6 1.39 1.21 1.18 1.26 IV  
2Bt2 110 7.2 0.04 77.6 1.02 1.09 1.53 1.21 IV yes 
2Bt3 165 7.0 0.05 79.0 1.23 1.12 1.11 1.15 III  
2Btx >205 8.7 0.05 81.6 - - - - -  

6th terrace, profile T6.2 
Ap1 15 38.1 0.03 92.4 1.07 1.08 1.05 1.07 II  
Ap2 40 40.9 0.03 92.1 5.88 1.48 2.23 3.20 VII yes 
2Bt1 54 7.0 0.02 77.3 1.01 1.04 1.04 1.03 II  
2Bt2 100 6.9 0.02 77.8 4.42 1.46 2.03 2.64 VII yes 
2Bm 105 - - - - - - - -  
3BEtb1 120 30.5 0.03 91.2 1.24 1.14 1.25 1.21 IV  
3BEtb2 150 38.0 0.03 91.8 1.69 1.09 1.21 1.33 IV  
3Btb +200 22.5 0.03 85.4 - - - - -  
aDepth is maximum depth. bSiAl = ratio of SiO2/Al2O3, 

cTiZr = ratio of TiO2/ZrO2, 
cClass = Class arrangement expressing the degree of stratification (Stahr, 1975; Stahr 
and Sauer, 2004). Terrace 5 was excluded from the determination of parent material 
inhomogeneity because it is limited in its extension and supports only strongly eroded 
soils. 

Hori- Deptha SiAlb ZrO2 TiZrc Q1 Q2 Q3 Q Classd 

zon cm  %  SiAlb ZrO2 TiZrc   

Strati-

fication 
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6.13.2 Chemical weathering 

The weathering progress was evaluated by the chemical index of alteration, as 

related to aluminium (CIAAl) according to Nesbitt and Young (1982). The CIAAl 

calculates by the ratio of 100 × Al2O3/(Al2O3+CaO+Na2O+K2O). On all terraces, 

weathering is more advanced in the Bw- and Bt- than in the Ap-horizons 

(Figures 66, 67). The largest indices were calculated for the soils on the two 

highest terraces (Figures 66, 67), while the Luvisol on the 1st terrace is more 

developed than the Luvisol on the 2nd and parts of the Luvisol on the 3rd 

terrace (Figures 66, 67). 
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Figure 66. Chemical weathering, shown by the chemical index of alteration for 
aluminium (CIAAl). 
The data relates to the terrace sequence near Menfi, South-Western Sicily. CIAAl is 
expressed by the ratio of 100 × Al2O3/(Al2O3+CaO+Na2O+K2O) after Nesbitt and Young 
(1982). 

Abbildung 66. Chemische Verwitterung, dargestellt anhand des Index chemischer 
Umbildung von Aluminium (CIAAl). 
Die Daten beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. CIAAl 
wird dargestellt durch den Quotienten aus 100 × Al2O3/(Al2O3+CaO+Na2O+K2O) nach 
Nesbitt und Young (1982). 
 

Figure 67 clearly illustrates that chemical weathering did not (if only 

slightly) affect the C-horizons in the subsoils on the three lower terraces. In all 

soils, distinctly larger CIAAl in the strata above indicate intense chemical 

weathering to be most advanced in the Bw- and Bt-horizons. A rather erratic 

character can be stated for the latter and demonstrates their allochthonous 

origin. The CIAAl in the Luvisols on the 1st and 2nd terrace are alike values on 

the higher terraces (Figure 67). The former is slightly greater in the lagoon 

sediment on the 3rd terrace than in the marl on the bottom of the 1st and 2nd 

terraces, whereas a reverse trend is evident in the solum. 
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Figure 67.  
Chemical weathering 
as shown by the 
chemical index of 
alteration for 
aluminium (CIAAl). 
CIAAl is expressed by 
the ratio of 100 × 

Al2O3/(Al2O3+CaO+ 
Na2O+K2O) after 
Nesbitt and Young 
(1982). The data 
relates to the terrace 
sequence near Menfi, 
South-Western Sicily. 
The above values are 
weighted averages 
based on the

thickness of each pedostratigraphic level in the solum and relate to terrace age. 
MS = marine sediment. 

Abbildung 67. Chemische Verwitterung, dargestellt anhand des Index chemischer 
Umbildung von Aluminium (CIAAl). 
CIAAl wird dargestellt durch den Quotienten aus 100 × Al2O3/(Al2O3+CaO+Na2O+K2O) 
nach Nesbitt und Young (1982). Die wiedergegebenen Werte beziehen sich auf die 
Terrassensequenz bei Menfi, Südwest-Sizilien. Sie sind gewichtete Mittel, die auf der 
Mächtigkeit der pedostratigrapischen Einheiten im Solum basieren und sich auf das 
Terrassenalter beziehen. MS = marines Sediment. 

6.14 Clay mineral composition 

The clay mineral suite is comprised of kaolinites, illites, smectites, vermiculites 

and small amounts of chlorites, as well as interstratifications of these clay 

minerals. The clay fraction in the Luvisols on the three lower terraces contains 

distinctly larger proportions of smectites and vermiculites, compared to the 

soils on the 4th and 6th terraces (Figures 68, 69b). Interstratifications and 

kaolinite constitute conspicuously large proportions in the soil on the 1st 

terrace. Although illite and interstratifications are present in all layers of the 

Luvisol on the 3rd terrace, they are more common in the marl between the 

fluvial and lacustrine sediments. On the two highest terraces, smectite and 

vermiculite constitute less than 13 % of all clay minerals (Figures 68, 69c). 

Interstratifications commonly present with proportions between 20 and 35 % 

of all clay minerals in 23 out of 30 soil horizons and rather weak proportions in 

the soils on the 2nd and 3rd terrace (Figures 68, 69b). Kaolinite generally 

comprises more than 20 % of all clay minerals, but comprises 36-54 % of the 

clay mineral suite in the Luvisol on the 6th terrace, (Figure 68). 

The clay mineral distribution in the different pedostratigraphic levels 

shows smaller illite proportions in the subjacent parent material with terrace 

age in the first 300 ka, whereas moderate changes in the Bw- and Bt-horizons  
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Figure 68. Clay minerals and their relative amounts. 
The data relates to the terrace sequence near Menfi, South-Western Sicily. I = Illites, 
IS = Interstratification of illites, vermiculites, smectites and chlorites, 
VS = Vermiculites and smectites, C = Chlorites, K = Kaolinites. 

Abbildung 68. Tonminerale und ihre Anteile. 
Die Daten beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. 
I = Illite, IS = Wechsellagerung von Illiten, Vermiculiten, Smectiten und Chloriten, 
VS = Vermiculite und Smectite, C = Chlorite, K = Kaolinite. 
 

do not show a clear trend (Figure 69a). Smectite and vermiculite however 

become more dominant with terrace age in the unweathered marl on the 1st 

and 2nd terrace and in the lagoon sediment on the 3rd terrace, a trend which is 

also partly reflected in the pedostratigraphic levels above. In the soils of the 

4th and 6th terrace, the proportions of smectite and vermiculite are distinctly 

smaller (Figure 69c). Contrary to the swelling clay minerals, the distribution of 

kaolinite remains rather constant during the first 300 ka of soil development, 

but clearly increases in the soils on the two highest terraces (Figure 69e). In 

summary, the distribution of swelling clays peaks after 300 ka and abruptly 

declines thereafter in all pedostratigraphic levels, whereas kaolinite 

proportions increase after more than 300 ka. The proportion of illite in 

subjacent material declines in the first 300 ka, but the clay mineralogy in the 

parent material of the 4th and 6th terraces remains unknown since the latter is 

not reached within the upper 200 cm (depth of the soil pit). 
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Figure 69.  
Clay minerals and 
their proportions. 
The above values 
relate to the terrace 
sequence near Menfi, 
South-Western Sicily. 
They are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and relate 
to terrace age. MS = 
marine sediment. A 
smaller scale is used 
for chlorite. 

Abbildung 69.  
Tonminerale und 
deren Anteile. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenz 
bei Menfi, Südwest-
Sizilien. Sie sind 
gewichtete Mittel, die 
auf der Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
basieren und sich auf 
das Terrassenalter 
beziehen. MS = marines 
Sediment. Für Chlorit 
wurde eine kleinere 
Skala gewählt. 
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6.15 Total soil mineral composition 

Quartz as ubiquitous and most abundant bulk mineral occurs in all soil 

horizons; its dominance is apparent by several distinct peaks. 

Quartz peaks on the 1st terrace are slightly more pronounced in the 

Ap1-horizon (fluvial sediment) than in the calcarenitic subsoil. Unlike quartz, 

the presence of calcite is limited to the unweathered calcarenite. Feldspars 

such as albite and orthoclase occur in minor amounts; slightly broadened 

peaks at 6.40 Å indicate fairly pronounced mica weathering (Figure 104). 

The XRD trace for the Luvisol on the 2nd terrace resembles the above 

distribution, with slightly more pronounced quartz peaks towards the surface 

and the limitation of calcite in the subjacent and only slightly weathered 

parent material. Small and rather broad peaks reflect the presence of minor 

amounts of feldspars and mica (Figure 105). 
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In the Luvisol on the 3rd terrace, the quartz in the fluvial and 

calcarenitic sediments differs from the quartz in the lagoon sediment (3Bkgb). 

Unlike any other soil horizon, the quartz intensities are suppressed and 

feldspar peaks are distinctly less pronounced in the 3Bkgb-horizon. On the 

other hand, the presence of calcite in the latter is reflected by distinct peaks. 

Above, a main peak at 3.03 Å shows its presence in the fluvial sediment. Mica 

is present in all pedostratigraphic levels (Figure 106). 

The reflex intensities for quartz in the Lixisol on the 4th terrace are 

more pronounced in the Ap-horizon than in the colluvial layers directly below. 

Additionally, feldspar peaks are more prominent in the Ap-horizon, while 

kaolinite and mica are present in the Bw- and Bt-horizons only (Figure 107). 

Reflex intensities for quartz on the 6th terrace are more pronounced in 

the 3B(E)tb-horizons of the marine sediment. Mica is strongly weathered. Very 

small peaks at 2.69, 2.45 and 2.19 Å indicate a slight presence of goethite in 

the 2Bt2-horizon. Feldspar peaks are more pronounced and broadened 

towards the bottom (Figure 108). 

Comparing the bulk mineralogy within the terrace sequence, the most 

intense quartz peaks are identified in the marine sediment on the highest 

terrace, in the fluvial sediments on the lower terraces and in the colluvial Ap-

horizon on the 4th terrace. Weak reflections represent the lagoon sediment on 

the 3rd terrace. Similar results are due for the 2Bt-horizon on the 6th terrace. 

6.16 Soil micromorphology 

In the Luvisol on the 1st terrace, the most prominent thin section features in 

the Bt-horizons are thin limpid clay coatings. These coatings are poorly 

laminated with red colour; they cover the pores and surround the grains. 

Limestone dissolution is evident by strong alteration of (partly recrystallised) 

calcium carbonates in the 2Bt2-horizon (Plate 2c). In the overlying fluvial 

sediment, limestone fragments with strongly altered microfossils occur to a 

limited extent. Thin sections show that the carbonate does not extend into the 

red-coloured soil. The original matrix of moderately altered quartz-sandstone 

is destructed. Rock fragments also consist of strongly pellicularly to completely 

weathered siltstone and dotted quartzite in all horizons. The presence of shells 

(though very few) displays the marine origin of the marl. 

Very thin impure reddish to reddish-brown clay coatings in the Luvisol 

on the 2nd terrace occur around grains and sometimes around channels, but 

are mainly found at the contact point to the marl (Plate 2d). Limestone is 

moderately altered in the fluvial sediment and more distinctly transformed in 

the marly subsoil. Frequent vughs indicate dissolution (Plate 2d) with 

subsequent recrystallisation and reprecipitation of CaCO3. Gravel is common in 

all horizons, but becomes more abundant towards the surface. Calcaric shells 



 Results Menfi 153 

 

are present in both layers. Quartz-sandstone, siltstone and limestone comprise 

the rock fragments and occur in all horizons (limestone is absent in the 2Bt1-

horizon, however). Similarly to limestone, the quartz-sandstone is strongly 

altered and its original matrix completely destroyed in the 2BCk-horizon. 

Grains and channels are covered by clay coatings on the 3rd terrace. 

They are dusty in the upper Bt-horizons and become limpid towards the 

bottom. Iron and manganese nodules are concentric in the Ap- and disorthic 

typic in the Bt-horizons. CaCO3 is recrystallised in chambers and vughs. Rock 

fragments are assembled by quartzite, siltstone and quartz-sandstone, but 

absent in the lagoon sediment. Strongly altered limestone and a few shells 

occur in Ap-horizons. In the lagoon sediment, limestone gradually dissolutes 

and is penetrated by iron and a few clay coatings (Plate 2e). Nevertheless, 

weathering is less intense than in the marly and fluvial sediments. 

In the Lixisol on the 4th terrace, clay and fine silt fractions are brown 

in the Ap- and change to reddish-brown in the following horizons. Thin clay 

coatings are common in B-horizons. They are limpid and weakly laminated 

around pores in the upper 100 cm, whereas thin dusty clay coatings occur 

around grains and channels in the horizons below. Disorthic typic nodules of 

iron and manganese are present in the 2Bt1-horizon. Lamination around 

grains and channels is more pronounced in the 2Btx-horizon (Plate 2f). 

Carbonates are completely absent, but limestone was detected in the rock 

fragments of the Ap-horizon. Quartz of the coarse material is dotted and 

weakly altered near the surface; this is slightly more pronounced at depth. 

Siltstone is strongly altered and quartz-sandstone can be completely 

destroyed. Clay and fine silt fractions are brown in the Ap- and alter to 

reddish-brown in following horizons. 

The striking characteristics on the 6th terrace are petroplinthite 

fragments. They are common in the colluvial layers with a subangular or 

subrounded shape and diameters of 2-50 mm (Plate 2g), but decrease 

towards the subjacent marine sediment. Quartz-sandstone in the rock 

fragments is completely destructed in the original matrix which further 

consists of quartzite and strongly to completely altered siltstone. Thick limpid 

clay coatings are frequent in the subsoil on the 6th terrace and most common 

around pores, but also present around channels (2Bt2) and grains. Redox 

features are fairly pronounced. Illuvial clay infillings are also common 

(Plate 2h). Red coatings around pores and grains are strongly laminated and 

rather thin within Ap-horizons with unindifferentiated fabric while at depth, 

they often appear as bridges (Plate 2i). Limestone fragments are 

comparatively rare and more present in the upper colluvial layer. 

A clear trend of micromorphological soil development with time can 

be concluded from the results of the thin section study. It appears that the 
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soils on the three lower terraces passed through fairly similar development 

stages, while the soils on the two higher terraces are more thoroughly 

developed. Differences within each group are identified by particular 

characteristica such as a more distinct presence of carbonates on the 2nd and 

3rd terraces. This is in contrast to their relative absence on the 1st terrace, 

where in turn, clay coatings are more prominent. The lagoon sediment on the 

3rd terrace is also of specific character. The soils on the two highest terraces 

differ by clay coatings, which are more prominent on the 6th terrace, which is 

further outstanding by the presence of petroplinthite (and its fragments). 

Between each petrostratigraphic level (fluvial and colluvial sediments near the 

surface; followed by weathered marl and colluvial sediments; unweathered 

parent rock and marine sediment at the bottom), differences are well 

recognisable. 

In summary, carbonates are present on the three younger terraces 

and secondary limestones occur in the fluvial material and colluvial 

depositions. Clay coatings occur in all soils and are most frequent in the soils 

of the two oldest terraces. 
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7. Discussion 

7.1 Critical comment on the methods 

To ensure validity of the results, each sample should be replicated several 

times. Due to lack of time and material, the number of replicates was 

generally limited to two samples (n=2) in this study. If the results of the 

measurements yielded differences of more than 10 %, the samples were 

replicated a third and/or fourth time, as was the case for a few samples by 

particle-size distribution and amorphous and pedogenic oxides and hydroxides. 

Samples yielding differences of more than 10 % were excluded from the 

calculation of the final result. The presented results are generally the mean of 

two replicates. To assure validity of the measurements, samples of a standard 

soil used for quality control in the laboratory of the Institute of Soil Science, 

University of Hohenheim were also analysed and their results aligned with the 

default value. 

In both research areas, only a few marine terraces have been dated 

so far. Terrace ages are mainly based upon estimates as mentioned in the 

descriptions. As a consequence, the expressiveness of the chronofunctions in 

this study can be improved by exact datings, as discussed by Busacca and 

Singer (1989), Reheis (1990) and Catt (1991). 

The quantification of clay minerals reproduces approximate values 

since the thickness of the sample fluids mounted onto ceramic surfaces varied 

slightly. Peak intensities and according peak areas may therefore vary slightly, 

yielding approximate clay mineral distributions. To obtain the best possible 

results, the preparation of clay mineral samples was carried out consistently in 

all stages of preparation (Kahle et al., 2002). 

Although the use of soil horizon groups for chronofunctions of the 

established pedostratigraphic levels may contribute to illustrate different 

trends in soil development in each level, it may not always thoroughly reflect 

the pedogenic processes within them, since limits between such levels can be 

abrupt or more gradual. 

7.2 Metaponto, Southern Italy 

7.2.1 Physical characteristics 

An erratic time pattern in the Ap-horizons shows larger densities where soils 

are utilised agriculturally, and complies with Breuer et al. (2006) that 

particularly in surface-near soil, the bulk density depends upon land use 

conditions. A slight increase of the bulk density with time is observed in the 

Bw- and Bt-, and in the Bk- and Ck-horizons. Texture, mineralogy and Corg 
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appear to play a minor role to the bulk density, being contradictory to Batjes 

(1992) who reviewed soil processes controlling moisture and climate changes. 

Despite of noticeably different contents in some Ap-horizons (as 

addressed in the results), the SOM slightly increase with terrace age. Clay-

humus complexes stabilise by interactions with clay minerals and iron oxides 

(Christensen, 1996), as underlined by a simultaneous increase of dithionite-

soluble iron (Fed) with larger amounts of SOM, whereas total iron (Fet) is not 

related. Increasing amounts of SOM in the Ap-horizons are accompanied by a 

slight enrichment of the illite fraction and an equivalent decline of kaolinites. 

The distinct decrease of the silt/clay ratio with time illustrates intense 

weathering with finer soil texture and clay neogenesis (Costantini et al., 2002) 

in the subsoil. Large ratios above 0.6 indicate less advanced weathering on the 

three youngest terraces. Parent material changes are reflected by increased 

ratios towards Ap-horizons (Figure 21). Silt/clay only slightly relates to terrace 

age, where the abundance of silt and fine sand in the Ap-horizons suggests 

partial superimposition by allochthonous soil formation. The most prominent 

external processes contributing to increased silt contents are the deposition of 

fluvial, colluvial (Costantini and Priori, 2007) and/or aeolian (Simonson, 1995; 

Durn, 2003) material, while erosion (Chittleborough et al., 1984b) by valley 

incision and subsequent colluvial replenishment (Fuchs, 1980) is also active in 

the Metaponto area. Fedoroff (1997) underlined clay illuviation as important 

process influencing soil texture in the Mediterranean. By agricultural use, 

uncovered soil surfaces are easily washed away by intense rain, slopewash 

and mass movement, as illustrated by French and Whitelaw (2000) for Terrae 

Rossae in Amorgos, South-Eastern Greece. This has to be considered for the 

Metaponto area with intense rainfalls during winter seasons (Mühr, 2007). 

The Ap-horizons are generally enriched by fine sand and silt, whereas 

both MGB and IST are comprised of coarser material. This substantiates the 

former finding of Brückner (1980) of postsedimentary dust enrichment and its 

persisting influence to soil formation on these marine terraces. The common 

presence of intermediate Btk-horizons with lime nodules, firm concretions 

and/or pendants likely reflects a stable land surface under fairly dry climate 

(Kemp, 1995). The consistent top-down succession of Bt- and Bk-horizons 

underlines decalcification to precede clay illuviation (Scheffer and 

Schachtschabel, 2002). The absence of clay coatings on the two youngest and 

simultaneous presence of primary carbonates on all other terraces suggests a 

successive carbonate dissolution and clay illuviation (McKeague, 1983), and is 

also denoted by a declining CaO/Al2O3 ratio with grater clay contents. Partly 

increased CaCO3 contents on higher terraces (T4, T6, T7 and T9) reflect the 

carbonates to cover illuvial clay coatings, where carbonates are secondary 

precipitations (Alonso et al., 2004). 
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The presence or absence of clay in soils strongly determines the oxide 

distribution, where a concomitant increase of aluminium, iron and potassium 

oxides and clay content suggest pronounced co-illuviation. This is most 

obvious in the Bw- and Bt-horizons and in the MGB (excluding T0.1) denoting 

gradual relocation from soil surfaces to the subsoil, while they are almost 

absent in sections with less distinct carbonate leaching. 

Feo is also bound to the clay surface. Accordingly, the ratio of CIAAl 

increases with finer-textured matrix in the Bw- and Bt-horizons and in the 

MGB and reveals more intense weathering in clayey soils. Larger ratios of 

SiO2/(Al2O3+Fe2O3+TiO2) in the sand fraction reflect silicon enrichment. A less 

intense in situ weathering of silicon is suggested for Bk- and Ck-horizons while 

Al2O3 and Fe2O3 are more commonly translocated in overlying soil horizons. 

The absence of soil reddening on the two youngest terraces suggests 

comparatively cooler and moister climate conditions after the formation of 

terrace T2, i.e. since at least 80 ka. A more pronounced redness in the Alisols 

and Luvisols on the following terraces indicates incipient hematite formation. It 

is consistent with a geomorphologic study on paleosols in the Northern Cilento, 

Southern Italy of Scarciglia et al. (2003b) determining moderate rubefication 

with reddening in aeolian dunes of OIS 7. A more pronounced redness on the 

following three terraces (T3-T5) indicates warm and dry climatic conditions 

promoting hematite formation, while even larger ratings on the older terraces 

reflect a climate with more pronounced water deficits and higher temperatures 

(Cornell and Schwertmann, 1996; Yaalon, 1997) during OIS 13. 

A time-related linearly increased redness in the Bw- and Bt-horizons 

is accompanied by advanced co-illuviation of clay and iron (Mirabella et al., 

1992; Bech et al., 1997; Durn et al., 2001; Durn, 2003). This is not the case 

in the Bk- and Ck-horizons, where increasing redness with smaller Feo/Fed 

ratios suggests a direct relationship between iron oxide crystallinity and 

hematite formation. According to Walker (1979), reddening depends on iron 

availability and clay mineral distribution. Although redness in the Bw- and Bt-

horizons tends to increase with both illite content and presence of pedogenic 

iron (ratio of Fed/Fet and Fed-Feo), it is not related to the amount of kaolinite. 

Soil erosion processes and aeolian depositions modify the soil texture 

and decline the correlation between silt/clay ratio and terrace age in the Ap-

horizons, while close relationships in subsequent pedostratigraphic levels well 

reflect parent material changes. Carbonate leaching and clay illuviation are 

consecutive processes, as established by the co-illuviation of carbonates and 

clay and subsequent enrichment with secondary oxides. In addition, secondary 

carbonate depositions and redness are also more prevalent on higher terraces. 

Altogether, the physical soil characteristics well support the perception of a 

chronological terrace development in the Metaponto area. 
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7.2.2 Chemical characteristics 

Although the soil pH rapidly changes over time and tends to be biased in 

terrace sequences (Yaalon, 1971; Huggett, 1998), a clear time tendency of 

acidification with larger clay contents can be stated for the first 205 ka of soil 

development. This trend is less pronouned on older terraces and may reflect 

that erosion and deposition overlap mineral weathering or result from organic 

matter decomposition and/or material translocations. It contrasts Bockheim 

et al. (1996) who did not observe a clear time-related development of the soil 

pH in a marine terrace chronosequence in Oregon, USA. In any of the Bk- and 

Ck-horizons, constant pH (H2O) values between 8.3 and 8.9 reflect efficient 

and sustained carbonates buffering (Schwertmann et al., 1987). A declining 

soil pH after carbonate dissolution on older terraces corresponds with 

Chadwick and Chorover (2001) that dissolution is particularly active during 

mineral weathering. The negative charge (∆pH) shows a pronounced, time-

dependent increase during the first 315 ka of soil development in the MGB and 

in the Bw- and Bt-horizons. It reflects cumulative acidification with time and 

terrace age while the negative charge does not further increase on older 

terraces (T6-T10). 

Very small EC values in any soil of the Metaponto area imply that the 

agricultural production is not limited by this factor (Kovda et al., 1973). 

The decalcification depth partly alters by fluvial, colluvial and aeolian 

depositions and by soil erosion (Catt, 1991). Their chronological character is 

however well established by comparing decalcification depth and terrace age 

solely on account of the marine terrace body: For a more precise estimation of 

the decalcification depth, the Ap-horizon depth is substracted from the total 

soil depth if verified as secondary deposit. This depth proceedingly increases 

with terrace age. Decalcification gives rise to subsequent clay illuviation 

(Blume, 1964) where on the terraces T2-T9, the Bt-horizons comprise 

decalcified material with declined carbonate and concomitantly increased clay 

contents upon older terraces. (The loamy-clayey texture in the Fluvisol on 

terrace T0 reflects a pronounced discharge of sand from the Basento River into 

the sea, and a subsequent secondary enrichment with fine sediments.) 

Secondary carbonates prevail in horizons with clay illuviation (Btk). 

In soil horizons with primary and secondary carbonates, the 

weathering degree, i.e. silt/clay ratio is linearly related to the degree of 

decalcification (Figure 70a). Even between different parent materials, larger 

carbonate contents imply less advanced weathering which is however not the 

case in decalcified soil horizons (i.e. horizons with less than 2 % CaO). 

Moreover, both carbonate content and silt/clay ratio decline exponentially with 

greater terrace ages (Figure 70b). 
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Figure 70.  
Degree of weathering 
in relation to 
a) decalcification and 
b) terrace age. 
Included are soil 
horizons with 
carbonate contents 
above 2 % in the 
terrace sequence near 
Metaponto, Southern 
Italy. Other soil 
horizons are regarded 
as decalcified and 
therefore excluded 
from this calculation. 
To calculate the 
weathering degree, 
profile T0.1 (medium 
sand) and any other 
soil horizon with a silt 
or clay content below 
5 % were not 
considered for the 
calculation. The above 
values are weighted 
averages based on 
the thickness of each 
pedostratigraphic level 
in the solum and 
relate to their terrace 
age. 

Abbildung 70.  
Verwitterungsgrad im 
Verhältnis zu a) Grad 
der Entkalkung und 
b) Terrassenalter. 

Einbezogen sind alle Bodenhorizonte mit Carbonatgehalten über 2 % in der 
Terrassensequenz bei Metaponto, Süd-Italien. Alle anderen Bodenhorizonte werden als 
entkalkt angesehen und sind daher in der Berechnung nicht berücksichtigt. Zur 
Berechnung des Verwitterungsgrads wurden Profil T0.1 (Mittelsand) und alle anderen 
Bodenhorizonte mit Schluff- oder Tongehalten unter 5 % von der Berechnung nicht 
berücksichtigt. Die wiedergegebenen Werte sind gewichtete Mittel, basieren auf der 
Mächtigkeit der pedostratigraphischen Einheiten im Solum und beziehen sich auf das 
Terrassenalter. 
 

The CEC increases during 315 ka of soil development and distinctly 

declines thereafter. Relative to the clay content, the increase of the CECs is 

well pronounced in all pedostratigraphic levels. For soils in the Sierra Nevada, 

Southern Spain in altitudes above 2500 meters, Simón et al. (2000) found a 

close relation of CEC with clay and Corg, but not to surface age. The amounts 

of smectite and vermiculite in the Bw- and Bt-horizons also contribute to the 

exchange complex. They are more prevalent during the first 315 ka and less 

common on older terraces. Clay mineral transformations therefore appear to 

persist over longer time periods (635 ka). Correspondingly, Costantini and 
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Damiani (2004) found that both clay mineralogy and CEC are modified in soils 

of Holocene and Pleistocene age. It underlines the role of clays and clay 

minerals as main components for nutrient storage in subsoils, while humic and 

organic substances provide the major part of the nutrient balance near the 

surface. A larger CECc in the MGB is mainly provided by increased smectite 

and vermiculite concentrations. 

The time-related decreased of base saturations underlines the 

perception of Bockheim (1980) that climate, parent material and SOM slightly 

modify BS, but do not inhibit its decrease. The BS remains large in the 

subsoils on terraces T6 (58 cm) and T9 (70 cm), and to a lesser extent in T7 

(290 cm), possibly reflecting short leaching periods which did not completely 

remove the carbonates. The common presence of secondary carbonates 

suggests that after terrace formation, the soils were supported with cations by 

rainfalls dissolving exchangeable Ca2+ cations from limestone in adjacent 

areas. Accordingly, Ortiz et al. (2002) described paleosols in South-Eastern 

Spain; the great pH and BS originated from capillary base rise during dry 

climates. The BS clearly increases with soil pH In the Bk- and Ck-horizons, and 

is also linked to the clay mineralogy. Although a BS of 100 % does not exclude 

any clay mineral, the results display that smectites and vermiculites are more 

readily present in areas with large BS while kaolinites, illites (to a lesser 

extent) and interstratifications are more common in soil horizons with smaller 

BS. Soils on the terraces T6 and T7 have a BS of 100 % in the Ap- and in the 

lower MGB, whereas a BS between 30 and 60 % within the Bt-horizons reflects 

a distinct increase of the CECs. Exchangeable Ca2+ cations also become more 

abundant, but cover only a minor part of the exchange surface. Small amounts 

of Na+ and K+ in the exchange complex indicate exposition to rather intense 

leaching conditions. This is corroborated by increased concentrations of K+ and 

Ca2+ in the exchange complex of clay-rich soil horizons. 

Chronofunctions with a declining pH over time are established for 

205 ka of pedogenesis, while the negative charge (∆pH) increases during the 

first 315 ka. On older terraces, acidification diminishes or is superimposed by 

other processes, while both degree and depth of decalcification become more 

prominent. Clay illuviation and neoformation are associated weathering 

processes and increase concomitantly. The CEC clearly increases during the 

first 315 ka of soil formation and distinctly declines on strongly leached older 

terraces. The BS is 100 % during the first 125 ka of soil formation and 

declines subsequently. Chemical characteristics therefore underline the 

chronosequence character of the marine terraces, which is also well reflected 

by the succession from Arenosols, Fluvisols and Cambisols on younger to 

Luvisols and Alisols on older terraces, depending on leaching conditions. 
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7.2.3 Iron and manganese oxides and hydroxides and 

amorphous silica 

The increasing distribution of Fed with terrace age is most particular in the Bw- 

and Bt-horizons and within the MGB. It reflects advanced weathering, iron 

release from silicate clays and bonding to clay surfaces upon time (e.g. Barron 

and Torrent, 1987; Yassoglou et al., 1997). A linear increase of both Fed and 

Feo contents over time is established by smaller soil pH values and underlines 

soil acidification and decalcification and subsequent release of iron and co-

illuviation with clay (Mirabella et al., 1992; Durn, 2003). In the Bw- and Bt- as 

well as in the Bk- and Ck-horizons, the contents of Fed and kaolinite increase 

concomitantly, while interstratifications become more abundant in the latter. 

The Fed/Fet ratio reflects a common soil development with larger 

amounts of pedogenic iron in soils of older terraces. Smaller ratios (below 

0.21) on the terraces T4 and T5 may indicate the deposition of younger fluvial, 

aeolian or colluvial sediments while fairly large ratios in the MGB and IST on 

terraces T6 and T7 suggest partial pre-weathering. This is more prounounced 

in the upper terrace sediment and MGB of terrace T9 (0.44-0.58) with a 

further increase of the Fed/Fet ratio in Bw- and Bt-horizons, underlining the 

influence of subsequent weathering upon clay formation. 

Blume and Schwertmann (1969) stated a Feo/Fed ratio between 0.3 

and 0.8 to be common in most soil groups. Very small ratio between 0.02 and 

0.27 in any soils of the Metaponto sequence however suggest iron oxides and 

hydroxides to be primarily crystallised to goethite and hematite (Torrent et al., 

1980; Igwe et al., 2005). Comparatively larger ratios in the Ap-horizons most 

likely reflect a strong association of Feo with SOM (Wiseman and Püttmann, 

2006) and/or presence of ferrihydrite (e.g. Schulze, 1981; Parfitt and Childs, 

1988; Aniku and Singer, 1990). The former are less crystallised and may 

partly comprise rejuvenations by younger sediments. Small Feo/Fed ratios on 

terrace T8 were partly explained by volcanic ash deposition (Brückner, 1980). 

The iron crystallinity is constantly small on younger terraces and increases 

after more than 315 ka. It may reflect partial pre-weathering prior to soil 

formation, while subsequent genesis further promotes goethite and hematite 

neoformation. 

The increased abundance of crystalline iron oxides (Fed–Feo) during 

the first 525 ka of terrace development and their reduction on older terraces 

underline the finding of Merritts et al. (1991) who found increasing proportions 

of crystalline sesquioxides in soils on marine terraces in California for at least 

240 ka. A pronounced degree of iron oxide formation is implied for the soils on 

the terraces T6 and T7 with distinct differences of the iron oxide 

concentrations between the MGB and IST, a trend which is less perceptible on 

younger terraces. Iron oxides develop by hydrolysis (Cornell and 
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Schwertmann, 1996) and weathering of iron-bearing minerals (McFadden and 

Hendricks, 1985; Leigh, 1996) and are particularly prevalent in the Bt-

horizons (e.g. Barron and Torrent, 1987; Aniku and Singer, 1990; Yassoglou 

et al., 1997). The above processes also contribute to increased soil redness, as 

observed by Leigh (1996) and Yaalon (1997). Torrent and Cabedo (1986) 

showed that iron oxide formation in marly soils of Southern Spain was closely 

related to the weathering of silicate clays. A finer texture with smaller silt/clay 

ratios, increased proportions of both Feo and Fed and a comparatively larger 

Feo/Fed ratio in the MGB, as compared to the IST, suggest intense pedogenesis 

in these soils. A similar trend can be declared between the layered gravel and 

the subjacent MGB in the subsoils on terraces T1 and T2, although the above 

differences are less pronounced. 

Manganese and its various fractions are comparatively less affected 

by environmental conditions and soil geochemistry. Less alkaline conditions 

slightly release the manganese, however, as expressed by close relationships 

between Mnd and Mno to soil pH, CIAAl and the ratio of CaO/Al2O3 in Bw- and 

Bt-horizons. Weaker relationships to clay and iron contents reflect incident 

hydromorphic processes and concomitant relocation of manganese oxides 

(Durn et al., 2001). Since both Mnd and Mno are closely correlated, it is 

sufficient to determine the dithionite-soluble component (Blume and 

Schwertmann, 1969). Associations with Fed and clay indicate co-illuviation, 

while field observations show manganese nodules and concretions to increase 

both in amount and size with terrace age. This suggests more pronounced 

seasonal waterlogging and flocculation to temporary anoxic conditions 

(Hintermaier-Erhard and Zech, 1997) in the according depths. It is, however, 

not sufficient to characterise these horizons with the c-suffix (FAO, 2006). The 

manganese distribution therefore is interpreted as a consequence of lateral 

solute migration and seasonal water fluctuation (Dowding and Fey, 2007). 

Small Siam contents in the terrace sediment in the Arenosol on terrace 

T0, in the subsoils of terraces T1, T2 and T8 and in the IST of terraces T6 and 

T7 suggest less pronounced weathering and a direct reference to textural 

attributes. The Siam is most prominent in clayey texture of the Bw- and Bt-

horizons, suggesting close interaction with clay exchange surfaces and release 

of silicon from primary and secondary minerals. Their distribution is therefore 

particularly influenced by the mineral character of the parent material, 

pedogenic processes (e.g. clay mineral neoformation) and the presence of 

secondary microcrystalline and poorly ordered phases (Sommer et al., 2006). 

They are more prominent after decalcification and subsequent co-illuviation. 

A common degree of soil development is characterised by the Fed/Fet 

with a maximum ratio of 0.58. Similar ratios in the B-horizons and in the MGB 

display partial pre-weathering of the parent material (e.g. Bech et al., 1997; 
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Jahn, 1997). Its general increase with terrace age highlights proceeding iron 

oxide formation, whereas irregular ratios in some Ap-horizons reflect external 

additions of soil material. Well crystalline iron oxides are co-illuviated with clay 

while neoformations become more prominent with time. These processes are 

particularly pronounced upon parent material changes. Both nodules and 

concretions of manganese increase in size and with time. Quartz is more 

common in coarser-textured soil. Decalcification and clay illuviation processes 

and the Siam distribution concomitantly increase for 265 ka in the solum and 

over 525 ka in the MGB. The distribution of iron and manganese oxides and 

hydroxides and amorphous silica therefore well reproduce the chronosequence 

character of the Metaponto terraces. 

7.2.4 Element and mineral composition 

Apart from iron, the oxides of titanium are also co-illuviated with clay and silt 

fractions towards the Bt-horizons. Within each parent material in the individual 

soils, the distribution of ZrO2 remains largely unaffected. The stratification 

parameter Q (Table 5; Stahr, 1975; Stahr and Sauer, 2004) is largely 

consistent with parent material changes as determined by the TiO2/ZrO2 ratio 

and by field observations (Table 6). Such changes are not always perceptible 

by Q, where the according class II (Stahr and Sauer, 2004) reflects a high 

degree of similarity in the physical and chemical properties of both materials. 

Stratifications are most pronounced in the Arenosol on terrace T0. Although 

the soil texture is largely homogenous, distinct changes in both elemental 

composition and clay mineralogy reflect several deposition stages. 

In any soil, the increase of CIAAl towards the Bt-horizons reflects both 

intense pedogenesis and advanced chemical weathering. A distinguishable 

increase of the CIAAl with terrace age and depth in all pedostratigraphic levels 

(excluding IST) displays successive weathering during 525 ka of soil formation 

with a maximum CIAAl on terrace T7. Biotite weathering thus initiated clay 

mineral and iron oxide neogenesis. Such trends were also observed by 

Scarciglia et al. (2005a) by micromorphological investigations of Pleistocene 

and Holocene materials on Palaeozoic granite bedrock in Calabria, Southern 

Italy. The weathering processes are accompanied by proceeding acidification, 

while concomitant changes in both CECs and BS are particularly evident in the 

Bw- and Bt-horizons. Similarly, weathering enhances the neoformation of 

amorphous silica. More calcareous aeolian depositions in the Ap-horizons are 

conform to Brückner (1980) who found hornblende and unweathered feldspars 

in surface-near terrace edge sediments of this area. The Cambisol on terrace 

T1 and the Luvisol on T2 are particularly dominated by aeolian material 

overlying fluvial sediments of the Basento River and the marine material of the 

MGB. Brückner (1980) outlined this stratigraphy with a standardised geological 
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profile. A distinctly smaller CIAAl in the Bk- and Ck-horizons is ascribed to 

accumulations of primary and secondary carbonates while in the IST, CaCO3 is 

considerably more common at the expense of Al2O3. 

The limited presence of chlorite in the soils on the two youngest 

terraces suggests effective chlorite transformation to interstratifications (e.g. 

chlorite/vermiculite) or to smectite by chemical weathering and decalcification, 

or by the loss of aluminium (Hintermaier-Erhard and Zech, 1997; Scheffer and 

Schachtschabel, 2002). For granitic bedrock material in Calabria, Southern 

Italy, Scarciglia et al. (2005a) described the development of chlorites as 

intermediate process between hydration and cation exchange of mica, with 

subsequent weathering to vermiculites and smectites. Chlorites are preferably 

present in acidic environments which explains their early transformation 

already on terrace T2 (125 ka) and their replacement by expandable three-

layer minerals (Barnhisel and Bertsch, 1989). 

Increased illite contents in soils on older terraces indicate continuous 

(though less intense) mica weathering (Soller and Owens, 1991) and a strong 

stability of illite (Rutherford, 1987) under prevailing conditions. Illite formation 

is favoured by large concentrations of aluminium and potassium under fairly 

neutral pH conditions (Poppe et al., 2001). Their close correlation in the MGB 

does however not correspond with generally larger illite contents towards the 

overlying strata. Particularly large illite proportions in the Ap-horizons indicate 

that the surface material is at least partially of external origin. Blanco et al. 

(2003) found significant amounts of illite in dust samples near Lecce, South-

Eastern Italy, by infrared transmission spectra. The comparison of their results 

with former studies on aeolian dust proved a desert origin of this dust, with 

increased illite contributions originating from the western part of the Sahara. A 

partial aeolian origin in soils of the Metaponto terrace sequence therefore 

seems likely for the Ap- and Bw- and Bt-horizons. In addition, the distribution 

of illite in the Ap-horizons partly depends upon the degree of decalcification: 

Illite composes less than 20 % of the clay minerals in horizons with more than 

2 % CaO, but accounts for 22-45 % of clay minerals in decalcified horizons. 

A rather steady kaolinite distribution over time and fairly small 

differences between parent material and solum indicate subordinated 

neoformation processes, which is supported by a good conformity of kaolinite 

peaks (Figures 76-89). A slight increase towards the Ap-horizons relative to 

the solum suggests a partly aeolian enrichment from the Sahara similarly to 

illite, as found by Blanco et al. (2003) in the Salentum Peninsula in South-

Eastern Italy. The simultaneous increase of silt/clay ratios is conform to 

Tributh (1970) that kaolinite is prevalent in the coarse clay and fine silt 

fractions. This trend is distinctive in the Ap-horizons only and suggests a silty 

texture of the aeolian material in conformity with Fuchs and Semmel (1974) 
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and Brückner (1980). Dust deposits in Terrae Rossae of South-Western 

Sardinia contained a mixture of kaolinite with autochthonous mica and 

chlorite, while the absence of kaolinite in the solum were evidence for a 

partially allochthonous origin of the surface material (Vanmechelen et al., 

1993). Jahn et al. (1987) also reported a partial aeolian origin for 250 years 

old Eutric Regosols in Lanzarote. These soils were enriched by secondary 

kaolinites and quartz, where the simultaneous increase of coarse clay and silt 

fractions suggested dust sources from the surrounding area and the Sahara. 

Aeolian additions and a secondary enrichment of kaolinite in the Metaponto 

area are therefore most likely. The prevalence of kaolinite in the Bk- and Ck-

horizons is closely related to a diminishing CECc and increasing distributions of 

Fed. It indicates that although kaolinite and iron oxide formation may occur 

independently, they are simultaneous processes. Co-illuviation of clay and Fed 

is well-known (Mirabella et al., 1992; Durn, 2003). A possible explanation for 

their concomitant increase is the uptake of released aluminium and iron upon 

weathering by kaolinite and their maintenance as oxides (Bigham et al., 

2002). 

In contrast to other clay minerals, the distribution of smectite and 

vermiculite generally declines towards the soil surface. Their continuous 

presence in all soils suggests inheritance from (or formation in) the marly 

parent material. In fact, they comprise more than 50 % of the clay mineral 

suite in the MGB and/or IST of seven soils in the sequence, and are generally 

preserved in a fairly alkaline environment (Douglas, 1989; Fanning et al., 

1989). In contrast, the virtual absence of vermiculite and distinctly smaller 

silt/clay ratios on the terraces T7-T10 indicate gradual interstratification, 

which is associated with the leaching of alkali and alkaline earth metals (Boero 

et al., 1992; Dultz, 1997) and a subsequent decline of the CECc. In the Bk- 

and Ck-horizons, the presence of smectites is closely related to the CECc. A 

more common presence of interstratifications in soil horizons with increased 

Fed/Fet ratios indicates that iron oxide formation and clay mineral 

transformation are accompanied processes. 

The ubiquitous dominance of quartz in any soil is displayed by 

pronounced mineral peaks. While a time-trend is not distinguishable, an 

increased abundance of quartz towards the soil surfaces on the terraces T1-T6 

reflects residua of both clay translocation and silicate weathering. The 

presence of dolomite solely in the Fluvisol on the youngest terrace (which is in 

close vicinity to the Basento River) and the parallel distribution of less stable 

calcite (but not dolomite) on some older terraces suggest an external source 

area of the dolomite. The location of the Fluvisol on the Basento floodplain 

suggests that the source of the dolomite is situated within the catchment area 

of the Basento River. The geological map of Italy (Servizio Geologico d’Italia, 
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1969) displays dolomites at the source of the Basento River which is located 

about ten kilometers south-west to the city of Potenza, and can therefore be 

considered as source area of dolomite in the Basento floodplain. Apart from 

Triassic amorphous silica and calcareous nodules, they occur within the 

calcareous layer. Advanced calcite weathering in the C1-horizon of the 

Arenosol is derived from either the actual influence of the sea to soil 

development or by deposits of less calcareous or partially decalcified material. 

In this horizon, the reflections of calcite, illite and kaolinite are less 

pronounced compared to lower horizons, being less likely for an aeolian origin 

from the Sahara (Blanco et al., 2003). On the other terraces, less regular 

calcite reflections below the Ap-horizons indicate prevalent dissolution and 

reprecipitation processes, since CaCO3 enrichments are embedded between 

decalcified sections. In the subsoils of the oldest terraces, the absence of 

calcite suggests a comparatively more advanced weathering stage. 

Proceeding chemical weathering during 460 ka of terrace formation 

and pedogenesis is suggested, while slightly smaller indices on older terraces 

are mainly due to the enrichment with secondary carbonates. It reflects a 

partial superimposition of weathering processes by allochthonous depositions 

and associated rejuvenation. The clay mineralogy in the subsoil reflects 

sustained changes of soil chemical properties and inheritance of kaolinite, 

smectite and vermiculite from the terrace sediment, with smectite and 

vermiculite increasing over 460 ka and declining thereafter, while vermiculite 

replaces chlorite after 125 ka. A chronological development is also suggested 

by increased illite proportions with terrace age, while secondary enrichments 

of illite and kaolinite and persisting additions of silty material towards the soil 

surfaces underline their aeolian origin. Illites are more common in decalcified 

soil horizons. Kaolinite neoformation in Bk- and Ck-horizons is accompanied by 

more prominent iron and manganese oxides. These results support the 

chronosequence character of the according soils on marine terraces. Provided 

that quartz is present in the silt fraction, it may partly be derived from aeolian 

depositions. Its abundance mainly correlates to coarser textured soils and 

particularly dominates the medium sand fraction, coinciding with increased 

contents of Siam. Calcite is present after dissolution and reprecipitation. Its 

occurrence near the surface may however reflect fertilisation or water erosion. 

Most evident is the limitation of dolomite in the parent material of the 

youngest terrace which is traced back to its provenance from the Basento 

floodplain. Chemical and clay mineralogical compositions address secondary 

material changes mainly by aeolian deposits and proceeding weathering. 

These processes are particularly distinctive to soil properties, while the 

chronosequence character of the according terraces is highlighted by the 

concomitant increase of weathering intensities with increased terrace ages. 
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7.2.5 Soil micromorphology 

The dominance of goethite in the soils on the 1st and 2nd terraces suggests 

primarily humid conditions with sustained downslope water movement in the 

toposequence and suppressed hematite formation (Boero and Schwertmann, 

1987), while secondary calcites precipitate by subsequent evaporation. The 

simultaneous presence of primary calcite illustrates parallel deposition and 

redeposition of carbonates. Their common presence in all pedostratigraphic 

levels (Figure 104) suggests dissolution and weathering during successive 

wet/dry cycles and subsequent reprecipitation (Monger et al., 1991). 

Clay coatings appear from terrace T2 upwards, with a general 

presence of clay cutans and larger clay contents suggesting pronounced 

illuviation processes (Chittleborough et al., 1984a). Discontinuous coatings in 

weakly developed 2Bwt-horizons indicate early or less intense clay illuviation. 

It nevertheless suggests periodic wet/dry cycles (Blume, 1964) with clay 

translocation and accompanied formation of Bt-horizons (McCarthy and Plint, 

2003; Fedoroff et al., 1990). Young clay coatings may thus refer to humid 

conditions (Scarciglia et al., 2003a) since pedogenesis on this terrace started 

about 125 ka BP. Clay illuviation and shrink-swell processes are also common 

on the terraces T3-T7, where striations with clay being pressed into the soil 

matrix indicate humid climate conditions (Stoops, 2003) since at least 525 ka. 

An alternating presence and absence of calcite concretions in different 

depths on terrace T6 displays several precipitation stages of secondary 

carbonate deposits. Alonso et al. (2004) also described various stages of 

carbonatation on a chronosequence of paleosols near Salamanca, Spain by 

recrystallisation, silicate replacement and precipitation, referring to alternating 

wet and dry periods. The calcite distribution thus depends upon the length and 

intensity of wet/dry cycles. In the Luvisol on terrace T9, the simultaneous 

presence of secondary calcites and concretions on one hand and stress cutans 

(slickensides) on the other attest the integration of multiple processes with 

alternate humid and dry seasons. The sandy clay loam provides a large 

specific surface area, while pH (KCl) values around 7.0 in the upper 70 cm and 

around 7.7 underneath give evidence for a persistence of carbonates in the 

subsoil even as secondary calcites and concretions. Clay cutans are present in 

the Bt-horizon (26-70 cm) only and consist to a distinctly smaller Ca2+-

saturation on the exchange surface. Stress cutans reflect the alignment by 

shrink/swell effects or by shear stress (Scheffer and Schachtschabel, 2002). 

Terrace T9 is therefore strongly affected by soil erosion, as is evident by 

different stages of tunnel erosion. 

The presence of a conspicious (dark) brown manganese band with a 

coherent, massive structure in the MGB of terrace T7 (330-338 cm) suggests a 

former exposition to seasonal water fluctuation with subsequent aeration. This 
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manganese band also shows a very strong quartz concentration (83.9 %) 

similar to adjoining soil horizons, underlining that the MGB is situated between 

the terrace sediment above and the interstratified transgression layer below. 

The MGB and subjacent IST well display the marine provenance of this band. 

Iron and manganese oxides along pores refer to intense chemical weathering 

in this soil accompanied by reddening. The neogenesis of clay minerals and 

iron oxides indicates a permanent activity of the soil solution on mineral 

surfaces, as found by Scarciglia et al. (2005a) in Calabria, Southern Italy. This 

process is also active in the soils of the Metaponto terrace sequence. 

From these results, successive soil development can be concluded by 

initial weathering on lower terraces and more advanced weathering on 

terraces which have formed since at least 200 ka BP. Consecutive stages of 

carbonate dissolution and frequent redepositions, and the often simultaneous 

presence of secondary carbonates and clay coatings reflect a climatic variety 

with pronounced changes of humid and dry seasons. Intense water discharge 

is induced by the surface morphology with steep slopes which accounts for the 

diversity of the landscape. Soil erosion is particularly evident on the highest 

terraces. The results from micromorphological study therefore well reflect a 

more advanced soil development on chronologically older terraces. 

7.3 Menfi, South-Western Sicily 

7.3.1 Physical characteristics 

The bulk density develops irregularly with terrace age and even from the Ap- 

to Bw- and Bt-horizons. Increasing SOM contents from the 1st to the 3rd 

terrace may support a chronological soil development on the Menfi terrace 

sequence, whereas declining contents on the two higher terraces are derived 

from erosion and/or leaching processes (Scheffer and Schachtschabel, 2002; 

Jones et al., 2004). A close conformity of SOM and clay contents in the Ap-

horizons indicates the development of clay-humus complexes which may 

stabilise the soil matrix. Such complexes primarily depend upon the soil 

coverage with plants and rooting, and partly upon the distribution of clay 

minerals and iron oxides. The simultaneous increase of both iron and SOM 

contents in Ap-horizons reflects their common association in soils (McKeague 

et al., 1986; Wang and Xing, 2005). 

Silt/clay ratios well reflect parent material changes from the Ap- 

towards subjacent Bw- and Bt-horizons, with smaller ratios in the latter. Very 

thin limpid clay coatings suggest that clay neoformation is more pronounced 

than clay illuviation (Gutiérrez-Castorena et al., 2007). Distinctly larger 

silt/clay ratios in the fluvial sediments reflect a coarser texture relative to the 

marl. Distinct textural differences on the 4th and 6th terraces are due between 
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the Ap- and Bw- and Bt-horizons, where a sandier texture and a distinctly 

smaller silt/clay ratio near the surface underline the parent material change to 

colluvial sediments (Durn, 2003; Costantini and Priori, 2007). 

Reddish colours in the soils on the 1st and 2nd terrace support 

advanced weathering and co-illuviation of clay and iron (Mirabella et al., 1992; 

Bech et al., 1997; Durn et al., 2001; Durn, 2003), while less pronounced 

reddening on higher terraces reflects specific redoximorphic conditions and an 

exposition of the according soils to perched water. This is further expressed by 

the presence of manganese mottles (4th terrace) and iron oxides (6th terrace). 

Bright brown to orange colours on the 6th terrace may indicate the presence of 

lepidocrocite. Within each soil, increasing redness towards Bw- and Bt-

horizons suggests greater hematite contents in the latter consistent with 

Mirabella et al. (1992) and Durn (2003) who observed co-illuviation of clay 

and iron with subsequent iron oxide precipitation. Smaller RR in Ap-horizons 

may partly result from the presence of SOM (Harden, 1982) and its potential 

to mask the real soil colour. Rather small SOM contents in this terrace 

sequence well reflect negligible divergences from the real hematite content. 

Below the Ap-horizons, the continuous decline of redness with terrace age 

implicates intense pre-weathering of the marl, while subsequent soil genesis 

further modifies the colour. Fluvial and colluvial Ap-horizons display similar 

trends in redness. Its close relationship to the carbonate content implies 

consecutive decarbonation and reddening, with the latter being more 

pronounced in sandy-loamy material while in the parent material, redness 

appears to increase with larger kaolinite contents. This process is well 

comprehensible by the release of iron by clay mineral transformations and 

weathering to kaolinite (Torrent and Cabedo, 1986) as well as by subsequent 

relocation of iron contributing to reddening (Yaalon, 1997), and is most 

distinct in the marine sediment on the 6th terrace. 

The change from angular blocky to prismatic soil structure from Ap- 

to Bw- and Bt-horizons on the 4th terrace reflects temporary shrink-swell 

processes (Hintermaier-Erhard and Zech, 1997) accompanied by manganese 

mottling on aggregate surfaces. Petroplinthite and adjacent red iron mottles 

on the 6th terrace attest to a (sub-)tropical climate after terrace formation and 

is underlined by a comparatively smaller pH and a distinct presence of 

kaolinites and iron oxides. The pedogenesis in such soils is divided into three 

weathering stages (Duchaufour, 1982): Large amounts of iron, silicon and 

aluminium retain and Bt-horizons are enriched with 3-phase clay minerals. 

Subsequent ferrugination with more intense weathering and incipient 

desilication generates kaolinite neoformation and a smaller base saturation 

enabling plinthisation. Kaolinite and oxide clays dominate during ferrallitisation 

with proceeding desilication which finally leads to the enrichment with iron and 
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aluminium oxides and hydroxides (Duchaufour, 1982). Red iron mottles reflect 

alternating wet and dry seasons with frequent changes in the redox potential 

and may point to an interaction of both groundwater and stagnic water 

(Hintermaier-Erhard and Zech, 1997). These processes support the 

development of a coherent structure in the subsoil on the 6th terrace. 

To sum up the above results, physical characteristics mainly reflect 

the parent material differences. Clay neoformations prevail relative to clay 

illuviation. The marl is noticeably pre-weathered, while subsequent weathering 

is perceptible in the Bw- and Bt-horizons. The overlying fluvial sediment is 

comparatively younger. A more advanced soil development on the two highest 

terraces may reflect a chronological soil development, whereas the soils on the 

two lowest terraces were pre-weathered with a considerable redness in the 

marl. Less pronounced redness in the soils on the 4th and 6th terraces is likely 

caused by perched water and the partial transformation to black (manganese) 

and yellow (lepidocrocite) soil colours. 

7.3.2 Chemical characteristics 

An increased soil pH (KCl) in Ap-horizons suggests intense agricultural farming 

with liming on depositions of decalcified fluvial (1st, 2nd and 3rd terrace) and 

colluvial sediments (4th and 6th terrace). Fertilisation and accompanied base 

supply (Haynes and Naidu, 1998) result in a net influx of bases. An almost 

constant pH (H2O) in the Bw- and Bt-horizons of the soils on the three lower 

terraces reflects sustained buffering by exchangeable carbonates, whereas a 

limited presence of (secondary) carbonates causes a fairly pronounced 

acidification in the two other soils. Exchangeable cations are removed from 

oxides and hydroxides, while alkaline and alkaline earth metals are released 

from primary silicates and result in clay mineral neoformation (Ulrich, 1981; 

Schwertmann et al., 1987). Additionally, a distinctly smaller ∆pH in the Luvisol 

on the 6th terrace relative to the other soils reflects a comparatively more 

advanced soil development with a smaller CEC. 

A small EC indicates intense leaching in all soils (0.02-0.24 dS m-1), 

while the agricultural production is not affected by electrolyte concentration 

(Kovda et al., 1973). A larger EC in the Ap-horizons reflects seaspray 

deposition (Merritts et al., 1991; Scarciglia et al., 2003a) and/or irrigation with 

associated electrolyte addition or fertilisation (Nunes et al., 2007). 

Decalcification in the solum is complete in all soils. The decalcification 

depth increases from 95 cm on the 1st to 100 cm on the 2nd and 155 cm on the 

3rd terrace, and to at least 200 cm in both soils on the higher terraces. The 

marl on the three lower terraces is covered by fluvial sediments with 

increasing thickness (42 cm, 57 cm and 105 cm, respectively) reflecting more 

intense sedimentation at a slow stream velocity and/or longer sedimentation 
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periods on accordingly higher terraces. A continuous (time-related) 

decalcification can therefore not be deduced. Although a slight increase of the 

CaO/Al2O3 ratio from the Bw- and Bt- towards the Ap-horizons (4th and 6th 

terrace) may reflect a comparatively younger age of the fluvial sediments, 

accretions of calcareous dust and a subsequent enrichment with secondary 

carbonates cannot be excluded (Yaalon, 1997). The degree of decalcification 

and the clay mineralogical character are closely related in the soils on the 

three lower terraces, where smectite and vermiculite are less common in the 

weathered Bw- and Bt-horizons than in the marly parent material. These clay 

minerals are less common in the colluvium on the 4th and 6th terraces and do 

not relate to the carbonate distribution, indicating mixing of the different 

sediments. To the opposite, illite, kaolinite and interstratifications are more 

common with smaller amounts of CaO in both fluvial sediment and marl. 

While distributions of CEC are rather irregular, the exchange complex 

in Ap-horizons displays a strong increase of the CECs with finer texture and 

correspondingly smaller SiO2 contents. It is related to increasing smectite and 

vermiculite proportions at the expense of kaolinite. On the other hand, a very 

small CECc at depth of the 6th terrace reflects increased prominence of 

kaolinite (Alwis and Pluth, 1976) in marine sediments and comparatively 

larger proportions of Corg in colluvial layers. Fairly small amounts of SOM in the 

Ap-horizons suggest the major part of the exchange complex to depend on the 

clay mineralogy. In the fluvial sediments on the three lower terraces, for 

example, smectite and vermiculite become more prevalent and the CECs 

increases. The dominance of Ca2+ to the exchange complex in any soil reflects 

the specific environment of the lagoon and fluvial sediments. Intense leaching 

of Ca2+- and Mg2+-ions result from partial pre-weathering of the Luvisol on the 

1st terrace. Agricultural fertilisation of the Luvisols on the three lower terraces 

is perceptible by the increase of K+ towards the Ap-horizons (Haynes and 

Naidu, 1998). This is not the case on the 4th and 6th terraces, however. 

Continuous leaching from the 3rd to the 6th terrace results in a declining BS. It 

is more advanced in the Bw- and Bt-horizons reflecting younger fluvial and 

colluvial deposits and/or agricultural fertilisation. The Ap-horizons on the three 

lower terraces are agriculturally fertilised and result in greater contents of K+-, 

Ca2+-, and Mg2+-ions in the exchange complex (Haynes and Naidu, 1998). 

Continuous soil development is indicated by a clearly declined soil pH 

(H2O) in the three higher terraces, while a constant pH on the lower terraces is 

ensured by sustained buffering, as is evident in the complete solum. All soils 

are markedly leached. Both the weathered marl (Bw- and Bt-horizons) and the 

colluvial bodies are chemically altered. As such, soil development is mainly 

ascribed to the parent material. The subjacent lagoon sediment characterises 

by an exceptionally large CECs and a large base saturation with a strong 
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activity in the exchange complex (i.e. presence of K+-, Ca2+-, and Mg2+-ions). 

The Luvisols on the two lower terraces are comparatively more weathered, 

while the soils on the 4th and 6th terraces are partly eroded. From the above 

results, a continuous soil development with a chronosequence character can 

not be concluded. 

7.3.3 Iron and manganese oxides and hydroxides and 

amorphous silica 

A steady development of both Fet and Fed over time is obvious in all soils. On 

the 3rd terrace, more pronounced differences between Fet and Fed indicate a 

comparatively less advanced development. Colluvial coverage of the Bw- and 

Bt-horizons is implied by distinctly smaller Fet and Fed contents and a sandier 

texture towards the soil surface in all soils. 

A similar degree of soil development within most of the Ap-horizons is 

indicated by almost equal Fed/Fet ratios, while smaller ratios reflect the 

integration of iron in organic complexes (McKeague et al., 1971) on the 3rd 

terrace, and a comparatively less developed colluvium on the 4th terrace. 

Larger ratios in the solum and small differences to the parent material are a 

strong indicator of pre-weathered crystalline iron (Merritts et al., 1991). Such 

advanced iron oxide neoformation is particularly pronounced on the 6th terrace 

with constantly large ratios. The character of each soil therefore changes by 

processes of decalcification, clay illuviation and concomitant iron translocation, 

and the parent material origin is well reproduced by different Fed/Fet ratios. 

Similarly large ratios on the 1st, 2nd and 4th terrace reflect intense pre-

weathering of the marl, while subsequent pedogenesis causes additional iron 

oxide transformation and further rising ratios, as described by Torrent et al. 

(1980) for Alfisols on a river terrace sequence in Northern Spain. Uniformly 

large Fed/Fet ratios of 0.8 in the soils on all of these terraces (between 3.3 ka 

BP and Pre-Rissian age) also indicate pronounced pre-weathering prior to 

sediment deposition. Relative iron enrichment by pedogenesis and more 

distinct iron oxide crystallinity after decalcification are observed in the Bw- and 

Bt-horizons, while the Ap-horizons are less affected. 

Small Feo/Fed ratios in four of five soils suggest advanced soil 

development with a large iron oxide crystallinity and weathering to goethite 

and hematite (Torrent et al., 1980; Igwe et al., 2005). Comparatively higher 

ratios in Ap-horizons reflect associations of Feo with SOM (e.g. Wiseman and 

Püttmann, 2006) and less advanced conversion of ferrihydrite to kaolinite (e.g. 

Schulze, 1981; Parfitt and Childs, 1988; Aniku and Singer, 1990). Such large 

ratios also reproduce a comparatively younger age of the alluvial and colluvial 

material, while the 3rd terrace also distinguishes by stagnic properties. 
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Since the concentrations of MnO vary only little, a relation to terrace 

age cannot be deduced. A small, though noticeable increase towards the Ap-

horizons is most prominent in the colluvial marine sediment of the Lixisol on 

the 4th terrace (22-100 cm depth). Here, an exceptionally strong presence of 

manganese corresponds with field observations, where mottling is evident by 

sporadically present manganese nodules of about two millimetres diameter. In 

the 2Bt3- and 2Btx-horizons, mottling on aggregate surfaces is more common 

and corresponds with the occurrence of manganese oxides in the colluvial Ap-

horizon. Such mottling is typical for periodic wetness, i.e. seasonal wetting 

and drying with accompanied mobilisation, translocation and immobilisation of 

manganese (Allen and Hajek, 1989). These processes are less pronounced or 

absent in the Luvisols on the other terraces. Since manganese and their oxides 

are common in perched water, a time-related trend cannot be concluded. 

Clearly different amounts of amorphous silica exist between the 

pedostratigraphic levels; they are distinctly more prominent in the Bw- and Bt-

horizons than in the subjacent parent material. Noticeably smaller proportions 

with a slight decline of Siam over time are detected in alluvial and colluvial 

sediments. A close relationship between the amount of amorphous silica and 

the CIAAl indicates a pronounced release of Siam from the parent material or 

secondary minerals in the soil solution (Sommer et al., 2006). Slightly 

increasing proportions with clay and illite contents, to the pH (KCl) and to the 

amount of Fed underline their increasing presence with proceeding weathering. 

Essentially greater Siam proportions in the subsoil on the 4th and in the 2Bt-

horizons on the 6th terrace also reflect the stagnic character by mottling. 

Parent material differences are fairly pronounced. Rather large Fed/Fet 

ratios and small differences within all soils suggest partial pre-weathering, 

while distinctly larger ratios on the 6th terrace reflect a strong effect of 

subsequent weathering and a greater terrace age. Co-illuviation of iron and 

iron oxides with clay is most pronounced on the 2nd and in the subsoils of the 

3rd and 4th terraces. Manganese oxides reflect pronounced mottling and 

temporary stagnic conditions in the soils of the latter two terraces. The 

presence of amorphous silica is related to weathering conditions. Since the 

above parameters invariably reflect parent material changes rather than 

terrace ages, a chronosequence character cannot be deduced in this area. 

7.3.4 Element and mineral composition 

Parent material changes between fluvial and colluvial sediments, marl and 

unweathered subjacent stratum are well reflected by the TiO2/ZrO2 ratio and 

the stratification parameter Q. Distinct stratifications between colluvial layers 

and marine sediments are mainly derived from smaller SiO2/Al2O3 ratios in the 

marly Bw- and Bt-horizons indicating silica leaching (Saccone et al., 2007). 
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From the CIAAl, a trend of proceeding weathering can be assumed for 

a part of the sequence only. This is most perceptible for the marly and marine 

Bw- and Bt-horizons between the 2nd and the 6th terrace, whereas similarly 

advanced weathering stages in the soils on both 1st and 4th terraces indicate 

advanced pre-weathering in the Luvisol or even similar terrace ages. A 

successive development cannot be stated for the Ap-horizons either. A similar 

weathering progress can be established for the alluvial, colluvial and aeolian 

material on any terrace, however. An exception is the 3rd terrace with a 

comparatively smaller CIAAl. Distinct differences between the marly parent 

material and overlying Bw- and Bt-horizons on the three lower terraces also 

reflect advanced chemical weathering in the solum. The CIAAl in Bw- and Bt-

horizons linearly increases with the clay contents, but not in the Ap-horizons. 

A smaller CIAAl in fluvial and colluvial materials suggests less advanced 

weathering than in the marl, and may therefore support a younger age of the 

alluvial material. Very small silt/clay ratios of the in situ marl indicate strong 

pre-weathering conditions in the subjacent stratum prior to terrace formation. 

Partly dissolved carbonates on the three lower terraces are secondary 

components in the according Bw- and Bt-horizons. Dissolution subsequently 

removed exchangeable cations from oxides and hydroxides, while alkaline and 

alkaline earth metals released from primary silicates resulting in kaolinite 

neoformation (Ulrich, 1981; Schwertmann et al., 1987). Comparatively larger 

proportions of kaolinite and interstratifications on the 1st terrace suggest 

intense weathering and ongoing mineral transformation. It corresponds with 

Bronger (2007) who showed marine sediments in Terrae Rossae at the Atlantic 

coast of Morocco gradually emerging from the sea since the Pliocene. The 

sediments were subsequently covered by coastal dunes of different age, and 

the material transformed on marine sediments by pedogenic weathering to 

marl and poorly crystalline kaolinites. In the Luvisol on the 6th terrace, 

however, strongly crystalline kaolinite derived from hydrothermal or in situ 

weathering rather than from transport mechanisms (Lau, 2004). Distinct 

mottling further indicates strong leaching conditions. 

Pronounced quartz peaks in the Ap1-horizons likely result from 

transport and deposition of sandy material in the fluvial sediment covering the 

subjacent marl. Calcite peaks reflect carbonate leaching and a distinctly 

smaller pH (KCl) around 6.5 in the solum on the 1st terrace, whereas alkaline 

conditions and associated buffering characterise the 2nd and 3rd terraces. The 

unique lagoon sediment on the 3rd terrace is dominated by calcite and smaller 

quartz peaks, whereas calcite is absent in the overlying marly and fluvial 

sediment. Mica weathering is advanced in this Luvisol. On the 4th terrace, the 

Ap- and subjacent horizons are of different origin while on the 6th terrace, the 

dominance of quartz and a limited presence of feldspars and chlorite displays 
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advanced weathering. The subjacent 2Bt2-horizon and the marine sediment 

are deposited in different time periods. Although this Luvisol is of red colour, 

the XRD analysis indicates an absence of hematites most likely resulting from 

microbial activity with reductive dissolution under wet conditions and a relative 

decline of hematite relative to goethite; this is characterised as xanthisation 

(Schwertmann, 1971). It is otherwise also explained by the poor crystallinity 

of hematite (Torrent et al., 1980). The different character of the parent 

materials is well reflected by varying peak intensities. The XRD peaks 

generally reflect SiO2 contents and the soil texture and are not related to the 

terrace age. The alluvial surface sediments appear to be slightly enriched with 

quartz. Calcite occurs in the unweathered parent material on the two lower 

terraces and in the fluvial sediment on the 3rd terrace. In the latter, marl 

dominates the lagoon sediment, while the presence of quartz is limited. 

Feldspar weathering is advanced on all terraces; particularly the peak around 

6.40 Å is of wide convexity and characterises their amorphous character. On 

all terraces, varying peak intensities of mica reflect parent material changes. 

Fairly advanced weathering is consequently assumed for all soils, with 

slightly smaller CIAAl ratios for the alluvial and colluvial sediments, while a 

time trend cannot be stated. Increased kaolinite contents from the 3rd to the 

6th terrace at the expense of smectite and vermiculite indicate a certain 

succession of soil development with kaolinite neoformation on higher terraces, 

however. Soil mineralogical differences are therefore well reflected by parent 

material changes, but only to a minor extent between the terraces. 

Weathering is more advanced on higher terraces, whereas differences on the 

three lower terraces are most pronounced between the calcareous bottom 

layer, the decalcified Bw- and Bt-horizons and the overlying alluvial sediments. 

The mineralogical analyses therefore do not reflect a true chronosequence 

character. 

7.3.5 Soil micromorphology 

Micromorphological results underline the division of the soils into alluvial 

sediments and bedrock marl on the three lower terraces. This is exemplified 

by a cumulative number of (sub-) rounded fine and coarse gravel fractions 

towards the surface displaying the fluvial origin of the according Ap-horizons. 

The likewise presence of such gravel in the marl refers to partial mixing of 

both parent materials. Carbonate dissolution and secondary reprecipitations 

are reflected by current limestone weathering. 

Limpid red clay coatings and iron oxides denote moderate co-

illuviation of clay and iron oxides and are most pronounced on the 1st terrace. 

Intense shrink-swell dynamics modify the clay mineral orientation (e.g. Stoops 

2003; Gunal and Ransom, 2006) and disturb clay coatings (Kemp and Zárate, 
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2000) with subsequently formed stress cutans on the 3rd terrace. Slight redox 

conditions are feasible in the marl. Overlying fluvial sediments are of massive 

microstructure with channels. The strong density of the limestone material in 

diagonal direction indicates rapid deposition and subsequent burial by the 

marl. Intense leaching in the Lixisol on the 4th terrace causes a complete 

absence of carbonates. Prominent reddening and clay illuviation are 

outstanding and advanced processes, while the surface-near limestone is 

derived from the colluvium. The Luvisol on the 6th terrace characterises by 

complete decalcification and distinguished clay illuviation with accompanied 

iron oxide release. Plinthite gradually formed in stagnant water by repeated 

wetting and drying under a formerly warmer climate (IUSS Working Group 

WRB, 2006). Distinct iron and clay enrichment in illuvial horizons and slow 

water permeation gradually contributed to this process, as described by Aide 

et al. (2004) for Ultisols in coastal marine sediments of Mississippi. 

The abundance of carbonates near the unweathered marl on the 

three lower terraces is limited to the fluvial sediment. The rounded grain form 

of the limestone reflects its main derival from the marl. Strong leaching and 

complete carbonate removal in the subsoils of the 4th and 6th terraces result 

from intense weathering. The colluvial limestone is derived from fluvial and/or 

partly aeolian material as indicated by its rounded form, and is particularly 

frequent on the 6th terrace. Apart from the plinthite, a well comparable 

micromorphology in the soils on the two highest terraces indicates similar 

environmental conditions for soil formation, but at least a comparable degree 

of soil development. Thin clay coatings in most of the Bt-horizons refer to clay 

translocation with prolonged wet seasons in any soil (Scarciglia et al., 2003a). 

Close affinities between the Luvisols on the two lower terraces likewise 

indicate similar terrace ages. 

The above observations reflect an inconsistent environment with 

varying conditions of soil development. The two lower terraces are possibly of 

similar age, while a progressively more advanced pedogenesis on the two 

highest terraces underlines that they are older. In this regard, the Menfi 

terraces can be characterised as a modified chronosequence. 
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8. Soil genesis on marine terraces as compared 
between two coastal areas of Basilicata and 
Sicily 

8.1 Overview 

Pedogenic processes in the marine terraces of Metaponto and Menfi are well 

comparable. The soils in these areas distinguish by decalcification and clay 

illuviation after at least 100 ka of pedogenesis. These processes are 

perceptible by the presence of secondary carbonates in Bk- and Ck-horizons, 

and by clay coatings in the Bt-horizons (see also Fedoroff, 1997). Secondary 

carbonates are however more prominent in the Metaponto soils. Together with 

the common presence of pendants, it reflects the presence of a stable land 

surface under a predominantly xeric soil moisture regime (Kemp, 1995) and is 

underlined by the linear increase of the decalcification depth upon time. 

Soil development also depends upon the parent material character 

which becomes apparent by the division of soil horizons into pedostratigraphic 

levels (PLs). By the comparison of the PLs, weathering processes become 

more prominent from the MGB to the Bk- and Ck-horizons, and is most 

advanced in the Bw- and Bt-horizons. 

The chemical exchange in the MGB on Metaponto terraces is rather 

negligible during the first 100 ka and steadily increases thereafter. In the MGB 

on terraces older than 210 ka, the CECsoil and BS are less than in the Bk- and 

Ck-horizons. Almost complete carbonate leaching after about 260 ka of soil 

genesis well fits to the results of chemical weathering. 

The Bk- and Ck-horizons characterise by a common presence of 

secondary carbonates in alkaline environment with large exchange capacities 

and large base saturations, even in the long term. After more than 320 ka of 

soil development, primary and secondary carbonates are completely absent in 

the upper 200 cm. It most likely reflects advanced leaching and a relocation of 

calcareous material during comparatively wet periods (Schaetzl and Anderson, 

2005). The simultaneous presence of both clay coatings and secondary 

carbonates in similar depths of Metaponto terraces older than 570 ka reflects 

concomitant clay illuviation and shrink-swell activity under thermic-xeric 

conditions, and is further expressed by the nomenclature of Btk- and Bkt-

horizons (Zárate et al., 2002; Gunal and Ransom, 2006). 

Soil development is more advanced in the Bw- and Bt-horizons. A 

subangular blocky structure develops within about 250 years (profile T0.2 in 

the Metaponto sequence), but clay illuviation features distinguish only after 

about 100 ka. The Bw- and Bt-horizons characterise by a comparatively acid 

environment with smaller exchange capacities and smaller base saturations. 
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This is most obvious on the 4th and 6th marine terraces near Menfi with 

particularly small values of pH, CEC and BS. 

The Ap-horizons embrace fluvial, aeolian and colluvial sediments and 

distinguish by a less pronounced soil development relative to other PLs. It 

underlines the effect of SOM on retaining iron (Cornell and Schwertmann, 

1996) under a more humid pedoclimate. Iron is then reduced or complexated 

instead of forming hematite. Where present, the hematite is dissolved (Cornell 

and Schwertmann, 1996). The most pronounced differences between Ap-

horizons on one hand and following PLs are observed on Metaponto terraces 

with at least 450 ka of soil development whereas in the Menfi sequence, such 

pronounced differences already occur after 100 ka. While the Ap-, Bw- and Bt-

horizons on Metaponto terraces contain similar amounts of CaCO3, carbonates 

are more common in the Ap-horizons of the Menfi terraces. It further indicates 

the different source material compared to the marine sediment in the subsoils, 

but may additionally refer to agricultural fertilisation. 

8.2 Physical characteristics 

The development of soil physical characteristics differs in both investigated 

areas. The RI shows a close, time-related increase in bulk density, texture and 

colour in the Metaponto soils, i.e. they are fairly porous in a young stage of 

soil development, but tend to compact upon time. The bulk density remains 

comparatively small in the Ap-horizons and increases towards the Bk- and Ck-

horizons in both areas. A time-related increase of the bulk density is also valid 

in the Ap-horizons of the Menfi soils. 

Summarising the increase in clay content relative to the parent 

material and the silt/clay ratio as indicator for soil development (FitzPatrick, 

1971), the RI texture reflects more advanced soil development in the Bw- and 

Bt-horizons compared to the subsoil. In the Metaponto area, such differences 

are most obvious in the Bw- and Bt-horizons where soil development is most 

advanced after at least 450 ka. Soil horizons with secondary carbonates reveal 

a fairly intense development during the first 80 ka whereas on older terraces, 

the RI texture increases only slightly. In the MGB, the latter shows a linear 

development during 260 ka and remains constant thereafter. The textural 

development in soils on Menfi terraces is well advanced during the first 190 ka 

but scatters thereafter. Such differences may reflect a strong influence of 

external materials to soil formation by sustained fluvial, aeolian and colluvial 

sedimentation which are rather moderate on the Metaponto terraces. 

Most striking are the different colour trends where on the Metaponto 

terraces, redness distinctly increases during the first 125 ka. Colour 

differences are rather negligible during the following 400 ka, but redness 

further increases in the solum of older terraces. Reddening is comparatively 
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more intense in soils on the Menfi terraces. It is most distinct after 100 ka and 

declines linearly with the terrace age. It is based upon periodic water 

saturation in the marine sediment on the three highest terraces which take 

place at decreasing depths of 165 cm (3rd terrace), 50 cm (4th terrace) and 

40 cm (6th terrace). Such waterlogging was not detected in the solum of 

Metaponto terraces. 
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Figure 71.  
Relative index (RI) of 
physical features. 
The above values 
relate to the terrace 
sequences near 
Metaponto, Southern 
Italy and Menfi, South-
Western Sicily. They 
are weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 71.  
Relativer Index (RI) 
bodenphysikalischer 
Merkmale. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenzen 
bei Metaponto, Süd-
Italien und Menfi, 
Südwest-Sizilien. Sie 
sind gewichtete Mittel, 
die sich auf die 
Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
und das Terrassenalter 
beziehen.

 

In both areas, the soils on older terraces have formed under (sub-) 

tropical climate conditions. A fairly homogeneous development of soil physical 

features on the Metaponto terraces is evident for the first 125 ka, while the 

MGB is similarly developed after 260 ka. The according RI remains fairly 

similar on older terraces, with positive deviations in the Bw- and Bt-horizons 

after 460 and 575 ka (Figure 71a). The Menfi terrace sequence characterises 

by advanced development in the first 100 ka (Figure 71b). Stagnic features 

are common on older terraces. The Luvisol on the 6th terrace (480 ka) 

distinguishes by relocation of iron and aluminium, kaolinite neoformation and 

presence of petroplinthite. It therefore appears that soil genesis on this 
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terrace already started prior to a subsequent uplift. The Luvisols on the two 

lower terraces are well developed, but were not affected by perched water. 

8.3 Chemical characteristics 

From the exchange capacity, the relative index (RI) of soil development 

slightly increases during the first 205 ka and remains fairly constant on older 

terraces (Figure 72a). The index develops irregularly over time in soils of the 

Menfi terraces (Figure 72b), but is comparatively greater in the Bw- and Bt-

horizons relative to the soils on the Metaponto terraces. A prolonged buffering 

even after 600 ka of pedogenesis can therefore be assumed for the Metaponto 

soils. 
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Figure 72.  
Relative index (RI) of 
exchange chemistry. 
The above values 
relate to the terrace 
sequences near 
Metaponto, Southern 
Italy and Menfi, South-
Western Sicily. They 
are weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 72.  
Relativer Index (RI) 
des chemischen 
Austauschs. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenzen 
bei Metaponto, Süd-
Italien und Menfi, 
Südwest-Sizilien. Sie 
sind gewichtete Mittel, 
die sich auf die 
Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum und 
auf das Terrassenalter 
beziehen.
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8.4 Iron oxides and hydroxides 

The RI of iron oxide formation mainly ranges between 0.3 and 0.6 in soils of 

the Metaponto terrace sequence. It is slightly smaller in the Arenosol on the 

youngest terrace and perceptively increases after more than 500 ka to 

maxima around 0.8 in Bw- and Bt-horizons and in the MGB (Figure 73a). An 

exception is terrace T8 where volcanic depositions contribute to distinctly 

smaller indices. In soils of the Menfi terrace sequence, the most advanced 

development occurs on the 6th terrace while this RI obviously is not time-

related on lower terraces (Figure 73b). The results indicate iron oxide 

formation is most intense within the first 125 ka of pedogenesis, but becomes 

irregular for the following 400 ka. A comparatively more advanced soil 

development on older terraces most likely reflects a warmer climate with more 

pronounced wetting and drying seasons, as discussed by Scarciglia et al. 
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Figure 73. Relat ive 
index (RI) of iron 
oxide development. 
The above values 
relate to the terrace 
sequences near 
Metaponto, Southern 
Italy and Menfi, South-
Western Sicily. They 
are weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 73.  
Relativer Index (RI) der 
Eisenoxid-Entwicklung. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenzen 
bei Metaponto, Süd-
Italien und Menfi, 
Südwest-Sizilien. Sie 
sind gewichtete Mittel, 
die sich auf die 
Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum und 
auf das Terrassenalter 
beziehen.
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(2006) who studied Pleistocene marine terraces at the Tyrrhenian coast of 

northern Calabria. 

Moreover, a comparatively distinct presence of manganese nodules 

and concretions on the Metaponto terraces refers to comparatively wetter 

climate with impeded drainage (Allen and Hajek, 1989) relative to the Menfi 

area. Such conditions were most pronounced between 315 ka and 525 ka BP. 

The most common and largest manganese nodules occur in soils of these 

terraces (T5, T6 and T7) while near Menfi, only the Lixisol on the 4th terrace 

shows the according features. 

8.5 Element and mineral composition 

Chemical weathering is most advanced in the Bw- and Bt-horizons of both 

terrace sequences. The most obvious increase of CIAAl occurs between 80 ka 

and 125 ka of soil formation in the Metaponto terrace sequence (Figure 74a). 

Accordingly, the CIAAl is fairly large in the Luvisol on the 1st Menfi terrace, i.e. 

after 100 ka (Figure 74b). Differences between Bw- and Bt-horizons on one 

hand and Bk- and Ck-horizons on the other are most apparent on the Menfi 

terraces even after 300 ka of pedogenesis. Such differences are reflected by 

noticeably smaller proportions of oxides of aluminium, calcium, sodium and 

potassium while alluvial and colluvial deposits are less weathered. 

Continuous alteration of mica into illite during at least 500-600 ka 

illustrates sustained physical weathering and linearly correlates to decreasing 

proportions of vermiculite and smectite in the soils of the Metaponto terrace 

sequence (r2 = 0.68 when excluding the Arenosol on T0.1). After more than 

80 ka of pedogenesis, the amounts of kaolinite and illite both increase linearly 

(r2 = 0.54). The latter trends are also evident on the Menfi terraces, but the 

amount of illite declines after 220 ka due to limestone weathering into 

kaolinite in the residue (Moresi and Mongelli, 1988) in a rather acidic 

environment and distinctly smaller aluminium and potassium contents (Poppe 

et al., 2001). 

On both terrace sequences, the increased abundance of quartz 

towards the soil surfaces reflects enrichment by secondary depositions. Quartz 

in the Metaponto area is mainly derived from colluvial activity, while alluvial 

and/or aeolian sediments occur to minor parts. Smaller amounts of secondary 

calcite and exchangeable cations upon time reflect intense leaching conditions. 

It is more pronounced in soils of the Menfi terrace sequence, as underlined by 

distinct mottling features. Feldspar weathering is well advanced in both areas. 
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Figure 74.  
Relative index (RI) of 
mineral composition. 
The above values 
relate to the terrace 
sequences near 
Metaponto, Southern 
Italy and Menfi, South-
Western Sicily. They 
are weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 74.  
Relativer Index der 
m i n e r a l o g i s c h e n  
Zusammensetzung. 
Die wiedergegebenen 
Werte beziehen sich 
auf die 
Terrassensequenzen 
bei Metaponto, Süd-
Italien und Menfi, 
Südwest-Sizilien. Sie 
sind gewichtete Mittel, 
die sich auf die 
Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum 
und auf das 
T e r r a s s e n a l t e r  
beziehen.

8.6 Soil micromorphology 

The results of the micromorphological study suggest strongly consistent 

processes of soil development in both areas, with some modifications. 

During wet seasons with intense precipitation, the calcareous base 

rock gradually dissolved. Silica and alumina are readily soluble in the alkaline 

environment and yield a large saturation base for the carbonates (Alonso et 

al., 2004). Discharged zones distinguish the soil by structural development 

and/or colour change. Pendants at the bottom of secondary carbonates in soils 

of the Metaponto terrace sequence reflect comparatively drier conditions 

(Kemp, 1995). This implies a persistence of carbonates underneath clasts 

during water percolation, and their accumulation by subsequent evaporation 

or root uptake (Treadwell-Steitz and McFadden, 2000). 

Decalcification precedes clay accumulation where the latter is readily 

identifiable after at least 100 ka of soil development and characterises by the 
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presence of Bt-horizons. Oriented clay domains are discernible by cross-

striated and grano-striated clay coatings (Spötl and Wright, 1992), reflecting 

periodic changes of wet and dry seasons (Blume, 1964; Blokhuis et al., 1990) 

and a strong shrink-swell activity (Gunal and Ransom, 2006). The latter 

process is more pronounced in soils of the Menfi terrace sequence as indicated 

by comparatively thinner, limpid clay coatings (Kemp and Zárate, 2000; Gunal 

and Ransom, 2006) which must have developed during earlier stages of clay 

illuviation (Kühn, 2003). The common presence of secondary carbonates 

covering previously formed illuvial clay coatings reflects a number of climatic 

changes (Alonso et al., 2004; Gunal and Ransom, 2006) in both areas. 

The reddish colour in soils of the Menfi terrace sequence reflects iron 

impregnation during interglacial periods (Fedoroff, 1997; Scarciglia et al., 

2006) and ascribes iron release from silicate clays by weathering (Torrent and 

Cabedo, 1986; Yaalon, 1997) and accompanied hematite formation (Vidic and 

Lobnik, 1997; Cremaschi and Trombino, 1998; Scarciglia et al., 2003b, 2005b, 

2006). These processes are less intense in soils of the Metaponto terrace 

sequence. The remarkable plinthite layer in the Luvisol on the 6th terrace of 

the Menfi terrace sequence and a distinct iron and clay enrichment in alluvial 

horizons reflect particularly intense weathering and interaction of both 

groundwater and stagnic water (Hintermaier-Erhard and Zech, 1997). It must 

have occurred under comparatively warmer climate conditions with high 

precipitation and a pronounced seasonality (Costantini and Priori, 2007). 

8.7 Soil development in comparison 

Soil development is most advanced in the Bw- and Bt-horizons which are 

exposed to intense weathering during the first 125 ka in the Metaponto terrace 

sequence, when the relative index peaks at 0.60 (Figure 75a). A more 

pronounced development can be assumed for the Menfi terrace sequence, with 

a relative index of 0.72 after 100 ka (Figure 75b). The index generally remains 

at a similar level on subsequently older terraces of both areas. A less 

advanced soil development is observed after about 300 ka and is most striking 

in the latter sequence. This is due to less developed physical features, 

particularly to a distinctly coarser texture relative to the underlying parent 

material, less intense reddening than on other terraces and distinctly less 

advanced weathering of iron oxides and hydroxides with smaller Fed/Fet and 

larger Feo/Fed ratios. The textural difference reflects the transition from 

lagoonal sediment to overlying marl and may therefore be of limited validity. 

The other features however clearly display the restricted soil development on 

the 3rd Menfi terrace. Slightly smaller Fed/Fet ratios also reflect less intense 

weathering in the Metaponto soils after 260-315 ka. The conditions for 

chemical weathering are thus more favourable in the Menfi area and point to 
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more distinct changes between wet and dry seasons which pander ferrihydrite 

and hematite formation (Torrent et al., 1980; Boero and Schwertmann, 1989). 

The RI of soil development again is distinctly larger in the Menfi area after 

480 ka (0.78) than on Metaponto terraces with a maximum of 0.67 on 

terraces of similar or higher age (Figures 75a-b). 
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Figure 75.  
Relative index (RI) of 
soil development. 
The above values 
relate to the terrace 
sequences near 
Metaponto, Southern 
Italy and Menfi, South-
Western Sicily. They 
are weighted averages 
based on the 
thickness of each 
pedostratigraphic level 
in the solum and 
relate to terrace age. 

Abbildung 75.  
Relativer Index (RI) der 
Bodenentwicklung. 
Die wiedergegebenen 
Werte beziehen sich auf 
die Terrassensequenzen 
bei Metaponto, Süd-
Italien und Menfi, 
Südwest-Sizilien. Sie 
sind gewichtete Mittel, 
die sich auf die 
Mächtigkeit der 
pedostratigraphischen 
Einheiten im Solum und 
auf das Terrassenalter 
beziehen.

 

A quite different result is illustrated for the Bk- and Ck-horizons. Soil 

development is well comparable with a RI around 0.40 in soils on the youngest 

terraces of both areas. It increases to a maximum of 0.62 in the Metaponto 

soils while this index declines to 0.29 in the Menfi soils after 300 ka. Such 

differences reflect proceeding decalcification, clay illuviation and recalcification 

in the Bk- and Ck-horizons in the terrace sequence of Metaponto. It may 

otherwise be due to synchronic transport of carbonate and clay which occurs 

under changing climates towards more semiarid conditions and was described 

by Alonso et al. (2004) for paleosols on river terraces near Salamanca, Spain. 

A quite different result is illustrated for the Bk- and Ck-horizons. Soil 

development is well comparable with a RI around 0.40 in soils on the youngest 
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terraces of both areas. It increases to a maximum of 0.62 in the Metaponto 

soils while this index declines to 0.29 in the Menfi soils after 300 ka. Such 

differences reflect proceeding decalcification, clay illuviation and recalcification 

in the Bk- and Ck-horizons in the terrace sequence of Metaponto. It may 

otherwise be due to synchronic transport of carbonate and clay which occurs 

under changing climates towards more semiarid conditions and was described 

by Alonso et al. (2004) for paleosols on river terraces near Salamanca, Spain. 

The MGB on Metaponto terraces is comparatively less developed, but 

increases linearly with time and reaches a maximum of 0.60 after 620 ka. 

It is outstanding that for each PL, the RI of soil development 

increases almost linearly in the Metaponto soils with maxima after 525-620 ka 

whereas in the Menfi area, advanced soil development can be ascertained 

after 100 ka already and remains similar after 480 ka. 

8.8 Conclusions 

Knowledge about the rates of pedogenic processes is essential to understand 

landscape development. This study therefore considered soils on two marine 

terrace sequences by quantitative investigation. The questions outlined at the 

beginning are responded subsequently. 

 

1. How homogeneous is the parent material composition within each terrace 

sequence? Are different pedostratigraphic levels well comparable, both within 

a soil and over time? 
 

The soils on the marine terrace sequence of Metaponto commonly develop on 

a main gravel body (MGB) above an interstratified transgression layer (IST). 

Carbonates and small amounts of amorphous and crystalline iron oxides and 

hydroxides characterise the sandy-textured and less weathered IST. 

Secondary pedogenic carbonates are present on most of the terraces; they 

reflect an alkaline environment and incomplete leaching with constant 

exchange chemistry in the Bk- and Ck-horizons. Soil development is most 

advanced in the Bw- and Bt-horizons, as highlighted by advanced chemical 

weathering and complete decarbonation after more than 80 ka. Processes of 

soil erosion and fluvial and aeolian depositions modify the chemical properties 

particularly in the Ap-horizons. The described composition of pedostratigraphic 

levels (PL) is typical for most of the soils on these terraces. 

Differences between each PL are comparatively more pronounced in 

the soils on the Menfi terrace sequence. The soils are less developed in the Bk- 

and Ck-horizons than in the overlying Bw- and Bt-horizons, but the amount of 

carbonates in the former is distinctly larger than in the soils of the Metaponto 

sequence. The Ap-horizons originate from fluvial, colluvial and/or aeolian 
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sediments; soil development in this PL is however closely related to the trend 

in the Bw- and Bt-horizons. A time-related soil development is not evident for 

this marine terrace sequence, however. 

 

2. Do the parameters of soil formation on the marine terraces in both areas 

develop in close chronological order, or do they reflect periods of pedogenesis 

with varying intensities? Are the terrace sequences well comparable in this 

regard, or are differences well pronounced? 
 

A successive soil development on Metaponto terraces is due during the first 

125 ka and after more than 315 ka. Accordingly, the relative index of soil 

development successively increases on the terraces T0, T1 and T2 as well as 

on the terraces T6, T7, T8, T9 and T10. The soils on the terraces T3, T4 and 

T5 however characterise by a less advanced development relative to the soil 

on terrace T2 and do not reflect a true chronosequential character. The most 

striking differences occur between the terraces T1 and T2, i.e. between 80 and 

125 ka and between the terraces T5, T6 and T7, i.e. between 315, 460 and 

525 ka. These time segments can be addressed as periods with most intense 

pedogenesis. Different terrace ages can nevertheless be stated for all of the 

remaining terraces, as further indicated by a time-consistent increase of 

leaching depths. Other soil formation parameters develop constantly at first, 

but reach an almost steady state such as the CIAAl after 265 ka, or change the 

direction of development such as soil pH and the silt/clay ratio which both 

decline during the first 205 ka and 265 ka, respectively and remain almost 

constant thereafter. Such results contribute to a more diverse pattern of the 

terrace sequence and underline a certain diversity of the according parameters 

modifying the chronological character of the according terrace sequence. 

The terrace sequence of Menfi is comparatively less uniform where 

soils on the two lower terraces are already well developed with only slight 

differences. The distinctly less developed Luvisol on the 3rd terrace suggests a 

modified soil development. This is due to the strong influence of the 

underlying strongly calcareous lagoonal stratum with a different mineralogical 

character, i.e. comparatively large amounts of smectite and muscovite, and to 

less advanced weathering of the overlying fluvial material. A chronosequential 

character is conceivable from the 3rd to the 6th terrace, i.e. from 300 to 480 ka 

of pedogenesis. Comparatively advanced acidification and decarbonatisation 

occur after 360 ka and 480 ka while iron oxides are most commonly present 

on the 6th terrace. Intense shrink-swell processes and a strong weathering 

activity are exemplified by thin clay coatings, distinct iron impregnation and 

the incidence of plinthite. The latter reflects a strong influence of stagnic water 

under warmer climate conditions 480 ka BP. The marl of the Menfi terrace 

sequence appears to be partially pre-weathered. 
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The comparatively advanced soil development in the Menfi terrace 

sequence can be partly ascribed to partial pre-weathering of the marl and to a 

climate with more intense precipitation and warmer conditions. A striking 

difference to the terrace sequence of Metaponto is the decreasing redness 

over time as induced by periodic water saturation in the marine sediment. 

 

3. Do the marine terraces result from uplift and sea-level fluctuation, or did 

they originally build a single terrace body which was later separated by 

tectonic faults? Can the marine terraces in both areas be addressed as 

chronosequences? 
 

The Metaponto terrace sequence developed from successive sedimentary 

cycles in agreement with Brückner (1980). The results from pedological 

investigations reflect similar weathering conditions for the following terrace 

pairs: T10/9, T8/7, T6, T5/4, T3, T2, T1 and T0. Grouped terraces are less 

suitable for T2 and T1 since soil development is distinctly more advanced on 

terrace T2. The above results clearly underline the chronological character 

with continuously increased terrace ages in this area.  

On the Menfi terraces, a more advanced soil development on the 6th 

and 4th relative to the other terraces gives evidence for subsequent uplift with 

true chronosequence character. Soil development on the 2nd and 1st terraces is 

however fairly similar while the less developed on the 3rd terrace reflects 

unfavourable site characteristics rather than terrace age. It can therefore not 

be excluded that the 3rd, 2nd and 1st terraces once formed a single terrace 

body which was later separated by tectonic activity. 
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9. Summary – Soil (chrono-) sequences on marine 
terraces 

The time frame of soil formation processes is investigated on two sequences of 

marine terraces of Metaponto, Southern Italy and Menfi, South-Western Sicily. 

These areas are particularly suitable to study soil formation since the parent 

material (marls), topography, climate and vegetation are considered as 

uniform. Both areas are situated in uplifted coastal environments in the 

Mediterranean, where fresh sediment is successively raised above the water 

level forming marine terraces of different ages. This allows the observation of 

subsequent stages of soil genesis in these tectonically active coasts. 

Investigations on marine terrace chronosequences were so far limited 

to the weathered solum material. This project therefore also refers to the 

parent material, and estimates the degree of soil formation in each layer. 

Apart from standard analyses, investigations on amorphous and crystalline 

secondary phases of iron and manganese oxides and silica, the mineralogy of 

the parent material and the micromorphology are addressed. The main issues 

in this context are (1) homogeneity of the parent material composition and 

comparability of different pedostratigraphic levels, (2) time-relation and 

consistency of soil formation parameters; comparability between both terrace 

sequences, (3) soil development on subsequently uplifted terraces reflecting a 

chronosequence character, or after tectonic activity separating a single 

terrace. Interpretations of these results are mainly accomplished on the base 

of chronofunctions. 

The soils of the Metaponto terrace sequence are developed on eleven 

marine terraces from recent (T0; T for terrace) to 635 ka BP (T10) of age and 

successively elevate to a maximum of 346 meters a.s.l. The terrace material is 

generally composed of a main gravel body (MGB) overlain of sandy, loamy or 

clayey sediment which is partly covered by aeolian and/or colluvial material. 

On two terraces, the subjacent interstratified transgression layer of strata of 

loam, sand and pebbles (IST) is also exposed and sampled. For a more 

applicable interpretation of soil development in chronofunctions, each soil is 

subdivided into pedostratigraphic levels within which genetic characteristics 

and weathering stages are well comparable: Ap-, Bw- and Bt-, Bk- and Ck-

horizons, MGB, and IST. The soils comprise a series from Arenosol, Fluvisol 

and Cambisol on the two youngest to Luvisols and Alisols on older terraces. 

The decalcification depth consistently increases with terrace age from 

zero (T0) to below 300 cm (T8, 575 ka BP) while a declined CaO/Al2O3 ratio 

over 315 ka confirms proceeding decalcification; it is superimposed by 

secondary carbonates on some terraces. The soil pH declines over 205 ka and 

remains nearly constant thereafter. Cation exchange capacities increase over 

315 ka (T5) and decline thereafter reflecting pronounced leaching. The base 
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saturation (BS) is unanimously 100 % during 80 ka of soil development (T0, 

T1) and rapidly declines thereafter, but still classifies the soils as hypereutric 

where secondary carbonates are present. 

Continuous weathering in the Bw- and Bt-horizons is indicated by 

declining silt/clay ratios and clay illuviation. Reddening takes place after 80 ka 

of soil formation (T1); it successively increases with the terrace age and is 

pronounced in the Bw- and Bt-horizons, but absent in the IST. The Fed/Fet 

ratio closely relates to the terrace age with a maximum of 0.58 after 620 ka 

(T9). Notably small Feo/Fed ratios in any soil (maximum of 0.27) suggest that 

well crystalline iron oxides and hydroxides are built at early stages of soil 

formation. Manganese oxides are mainly bound to clay and perched water. 

Amorphous silica (Siam) is closely related to decalcification and clay illuviation, 

and to chemical weathering in particular. It is common in the Bw- and Bt-

horizons and becomes more abundant during the first 265 ka of pedogenesis 

before remaining on a constant level. In the MGB, the amount of Siam 

increases over 525 ka. 

Chemical weathering is at an early stage on the two lowest terraces. 

It becomes more intense in the Bw- and Bt-horizons after 125 ka (T2) and in 

the MGB after 525 ka (T7), whereas the IST remains largely unaltered. 

Acidification, decarbonatisation, clay illuviation and clay mineral neoformations 

are the most prominent processes being affected by chemical weathering. The 

chronosequence character is well reproduced in all pedostratigraphic levels. 

The presence of chlorite is limited to the first 80 ka. Increased illite 

contents over time are due to the almost neutral pedoenvironment and lasting 

mica weathering. Illite and interstratifications are partly derived from external 

sources. Kaolinite is mainly inherited. Smectite and vermiculite are derived 

from the marl and less prevalent near the soil surface. Quartz dominates the 

bulk soil mineralogy. The exclusive presence of dolomite in the Fluvisol on the 

youngest terrace (T0) documents provenance from the catchment area of the 

Basento River. Calcite forms a major part of the MGB and IST in the soils on 

the terraces T0-T7, but is weathered in the overlying soil matrix. To a minor 

extent, feldspars were ubiquitous in all soils. 

Intense weathering and decalcification in the soils on younger 

terraces are reflected by micromorphology. Secondary calcite depositions and 

concretions are common on older terraces. Clay coatings reflect illuviation 

processes in the Luvisols and Alisols, while stress cutans refer to pronounced 

swelling and shrinking processes on terrace T9, probably induced by intense 

land use. Iron and manganese nodules are prominent in older terrace soils. 

The Menfi terrace sequence is comprised of seven marine terraces 

which were assumed to be successively raised above the sea water level since 

the Middle Pleistocene. The lowest (T0) and the 5th terrace (T5) are influenced 
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by current fluvial deposition or strongly eroded, and were therefore not 

included in the study. The terraces elevate to a maximum of 361 m a.s.l. and 

were assumed to be of recent (T0) to 480 ka BP (T6) of age. The soils on the 

three lower (1st, 2nd and 3rd) terraces have developed on marl overlain by 

fluvial sediments, where the 3rd terrace is also comprised of lagoon sediment 

as subjacent stratum. Marine sediments on the 4th and 6th terraces are partly 

relocated and covered by colluvium. The according pedostratigraphic levels in 

this terrace sequence addressed in the chronofunctions are: Ap-horizons, Bw- 

and Bt-horizons, and Bk- and Ck-horizons. The soils are classified as Luvisols, 

except for the soil on the 4th terrace representing a Lixisol. 

All soils are decalcified in the solum with an increasing depth from 

95 cm on the 1st to at least 200 cm on the 4th and 6th terraces. All soils are 

intensely leached; this process is most advanced on the 4th and 6th terraces. 

The CEC distribution is fairly irregular. Small amounts of SOM testify that the 

major part of the exchange complex is represented by clay minerals. 

Distinctly greater silt/clay ratios in the fluvial sediments underline 

their external origin, whereas small ratios and distinct reddening in the marl 

indicate partial pre-weathering. Smaller redness ratings (RR) in the soils on 

the highest terraces reflect perched water conditions. 

Great Fed/Fet ratios in the marly parent material suggest pre-

weathering on the two lower terraces, while weathering is most advanced on 

the 6th terrace (maximum Fed/Fet of 0.90). Generally small Feo/Fed ratios 

testify pronounced iron oxide crystallinity and weathering to hematite and 

goethite; the alluvial material is comparatively younger. Unlike iron, 

manganese and its oxides are not particularly co-illuviated with clay. 

Distinct parent material differences between fluvial and colluvial 

sediments, marl and unweathered stratum are evident by applying both the 

TiO2/ZrO2 ratio and the parameter of stratification Q. 

The clay mineralogy reflects an increased prominence of kaolinite 

from the 3rd to the 6th terrace at the expense of smectite and vermiculite. To 

the contrary, however, smectite and vermiculite become more prominent from 

the 1st to the 3rd terrace. In the bulk material, calcite is limited to the 

unweathered bottom layer on the two lower terraces, and is pronounced in the 

lagoon sediment on the 3rd terrace. Slight quartz enrichment characterises the 

alluvial sediments. Feldspar weathering is well advanced. 

Clay coatings and carbonate dissolution are most pronounced on the 

4th and 6th terrace soils, while well expressed coatings on the 1st terrace also 

characterise pronounced weathering. In the lagoon sediment on the 3rd 

terrace, limestone is gradually dissoluted and penetrates with iron and some 

clay coatings. The subsoil on the 4th terrace distinguishes by fragic properties, 

while pronounced petroplinthite fragments occur in the soil on the 6th terrace. 
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By comparing the terrace sequences of Metaponto and Menfi, a more 

advanced soil development is obvious for the latter. It points to partial pre-

weathering under more intense precipitation and higher temperatures in the 

Menfi area, and is possibly combined with comparatively greater terrace ages. 

The marly bedrock material of both areas is generally covered by alluvial, 

colluvial and aeolian material in varying magnitudes.  

The terrace sequence of Metaponto characterises by a strong time-

consistent development; some soil formation parameters develop constantly at 

first and reach a steady-state or change the direction of development 

thereafter. This development is modified by aeolian depositions most 

particularly in the Ap-horizons, although the extent of their influence cannot 

be quantified solely by the accomplished analyses. The above results reflect 

incessant weathering in the terrace order T0, T1, T2, T3, T4/5, T6, T7/8, 

T9/10, underlining the chronosequence character with continuously increased 

terrace ages in this area. 

The soils on the two highest terraces of the Menfi terrace sequence 

are completely decalcified; clay illuviation and mottling by backwater overlap. 

Their Bt-horizons are comparatively well developed, while alluvial and colluvial 

sediments are partly modified by aeolian depositions. The soils on the 1st and 

2nd terraces are similarly well developed whereas on the 3rd terrace, 

unfavourable site characteristics gave rise to a less advanced development. 

These terraces may once have formed a single terrace body which was later 

separated and uplifted by tectonic activity. A chronosequence character is 

however likely for the 4th and 6th terraces where soil development is more 

advanced. 
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10. Zusammenfassung – Boden (Chrono-) 
Sequenzen auf marinen Terrassen 

Die Zeitskala bodengenetischer Prozesse wurde auf zwei Abfolgen mariner 

Terrassen von Metaponto, Süd-Italien und Menfi, Südwest-Sizilien untersucht. 

Diese Gebiete sind zur Studie solcher Prozesse besonders geeignet, da 

Ausgangsmaterial (Mergel), Topographie, Klima und Vegetation als homogen 

betrachtet werden können. In diesem Hebungsraum der mediterranen Küste 

wird sukzessive frisches Sediment über den Wasserspiegel gehoben, wobei 

sich Abfolgen unterschiedlich alter Terrassen bilden. Aufeinanderfolgende 

Phasen der Bodenbildung werden in tektonisch aktiven Küstengebieten 

untersucht. 

Bislang beschränken sich Untersuchungen an Chronosequenzen 

mariner Terrassen meist auf das verwitterte Bodenmaterial, während hier auch 

das Ausgangsmaterial einbezogen wird. Standardanalysen werden durch 

Untersuchungen amorpher und kristalliner sekundärer Phasen von Eisen- und 

Manganoxiden ergänzt. Amorphes Silizium, die Mineralogie des 

Ausgangsmaterials und die Mikromorphologie werden ebenfalls untersucht. 

Daraus ergeben sich folgende Schwerpunkte: (1) Homogenität des 

Ausgangsmaterials und Vergleichbarkeit verschiedener pedomorpher 

Einheiten, (2) Zeitbezug und Kontinuität bodenbildender Parameter; 

Vergleichbarkeit der beiden Terrassensequenzen, (3) Bodenentwicklung auf 

nacheinander herausgehobenen Terrassen mit Chronosequenz-Charakter oder 

nach Teilung eines einzelnen Terrassenkörpers durch tektonische Aktivität. Die 

Ergebnisse werden hauptsächlich auf Grund von Chronofunktionen 

interpretiert. 

Die Böden von Metaponto sind auf elf marinen Terrassen entwickelt, 

deren Alter von rezent (T0; T für Terrasse) bis zu 635 ka BP (T10) reicht und 

die bis zu 346 m ü.d.M. angehoben wurden. Der Hauptschotterkörper (MGB) 

ist von sandigem, lehmigem oder tonigem Sediment sowie zum Teil auch von 

äolischem und/oder kolluvialem Material überzogen. 

Transgressionswechsellagerungen aus Lehm-, Sand- und Kieslagen (IST) im 

Liegenden zweier Terrassen wurden ebenfalls untersucht. Zur Interpretation 

der Bodenentwicklung durch Chronofunktionen wurde jeder Boden in 

pedomorphe Einheiten unterteilt, wonach bodengenetische Eigenschaften 

vergleichbar und die Verwitterung ähnlich ausgeprägt sind: Ap-, Bw- und Bt-, 

Bk- und Ck-Horizonte, MGB, und IST. Die Böden umfassen eine Serie von 

Arenosol, Fluvisol und Cambisol auf den beiden jüngsten sowie Luvisolen und 

Alisolen auf allen älteren Terrassen. 

Die Entkalkungstiefe nimmt mit engem Zeitbezug von null (T0) zu 

über 300 cm (T8, 575 ka BP) zu; ein über 315 ka abnehmendes CaO/Al2O3-

Verhältnis deutet fortlaufende Entkalkung an; auf manchen Terrassen sind 
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sekundäre Carbonate abgelagert. Der Boden-pH nimmt über 205 ka ab und 

bleibt dann nahezu konstant. Die Kationenaustauschkapazität nimmt über 

315 ka zu; der anschliessende Rückgang gibt eine ausgeprägte Auswaschung 

wieder. Die Basensättigung (BS) beträgt einheitlich 100 % in den ersten 80 ka 

der Bodenentwicklung (T0, T1) und nimmt danach deutlich ab, wobei Böden 

mit sekundären Carbonaten als hypereutric klassifiziert werden. 

Kontinuierliche Verwitterung in den Bw- und Bt-Horizonten deutet 

sich durch abnehmende Schluff/Ton-Verhältnisse und Tonverlagerung an. 

Nach 80 ka der Bodenbildung (T1) setzt Rotfärbung ein; sie nimmt sukzessive 

mit dem Terrassenalter zu und ist in Bw- und Bt-Horizonten besonders 

ausgeprägt, fehlt jedoch im IST. Das Fed/Fet-Verhältnis korreliert eng zum 

Terrassenalter und erreicht ein Maximum von 0.58 nach 620 ka (T9). Niedrige 

Feo/Fed-Verhältnisse in allen Böden (maximal 0.27) deuten auf eine Bildung 

kristalliner Eisenoxide und –hydroxide in einem frühen Stadium der 

Bodenentwicklung hin. Manganoxide kommen meist in der Tonfraktion und im 

Stauwasserbereich vor. Amorphes Silizium (Siam) ist an Entkalkung und 

Tonverlagerung, insbesondere aber an Prozesse der chemischen Verwitterung 

geknüpft. Siam tritt meist in Bw- und Bt-Horizonten auf; es nimmt in den 

ersten 265 ka zu und bleibt danach konstant. Im MGB nimmt die Menge 

amorphen Siliziums über 525 ka zu. 

Auf den beiden untersten Terrassen ist die chemische Verwitterung in 

einem jungen Stadium. Sie ist in den Bw- und Bt-Horizonten nach 125 ka 

(T2), im MGB erst nach 525 ka besonders ausgeprägt, während die IST 

weitgehend unverwittert bleiben. Chemische Verwitterung korreliert mit 

Prozessen der Entkalkung, Versauerung, Tonverlagerung und 

Tonmineralneubildung. Die Chronosequenz ist in allen pedomorphen Einheiten 

gut wiedergegeben. 

Chlorit ist in Terrassen, die nicht älter als 80 ka sind, vorhanden. Mit 

der Zeit steigende Illitgehalte zeigen ein neutrales Bodenmilieu und 

anhaltende Glimmerverwitterung an. Illit und Wechsellagerungen sind 

teilweise allochthon angereichert. Kaolinit entstand meist autochthon, während 

Neubildungen eher selten sind. Smectit und Vermiculit entstehen meist im 

Mergel und werden zur Oberfläche hin seltener. Quarz dominiert die 

Mineralogie des Gesamtbodens. Dolomit im Fluvisol der jüngsten Terrasse (T0) 

dokumentiert eine Herkunft aus dem Einzugsgebiet des Basento. Calcit bildet 

einen Hauptbestandteil des MGB und IST in den Böden der Terrassen T0-T7, 

ist jedoch im Liegenden verwittert. Feldspäte sind in geringen Anteilen in allen 

Böden gegenwärtig. 

Auf den jüngeren Terrassen wurden intensive Verwitterung und 

Entkalkung mikromorphologisch nachgewiesen. Sekundäre Ablagerungen von 

Kalk und Calcit-Konkretionen kommen auf älteren Terrassen vor. Tonhäutchen 
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zeigen Tonverlagerung in Luvisols und Alisols an; auf Terrasse T9 zeigen 

Stresscutane intensive Quellung und Schrumpfung und intensive Landnutzung 

an. Eisen- und Manganknötchen sind in den Böden älterer Terrassen 

verbreitet. 

Die Terrassensequenz von Menfi umfasst sieben marine Terrassen, 

die vermutlich sukzessive im Mittleren Pleistozän über den Meeresspiegel 

gehoben wurden. Die unterste (T0) und die 5. Terrasse (T5) sind gegenwärtig 

durch fluviatile Ablagerungen überdeckt oder sind stark erodiert und daher 

nicht Teil der Untersuchung. Die Terrassen erheben sich bis zu 361 m ü.d.M. 

und entstanden vermutlich von rezent (T0) bis zu 480 ka BP (T6). Die Böden 

der drei unteren (1., 2. und 3.) Terrassen auf Mergel sind fluviatil überdeckt, 

wobei auf der 3. Terrasse ein lagunäres Sediment im Liegenden vorkommt. 

Die marinen Sedimente der 4. und 6. Terrasse sind teilweise umgelagert und 

kolluvial überdeckt. Die pedomorphen Einheiten der entsprechenden Böden, 

die in den Chronofunktionen angesprochen werden, sind Ap-Horizonte, Bw- 

und Bt-Horizonte, und Bk- und Ck-Horizonte. Die Böden sind als Luvisols 

klassifiziert, lediglich der Boden auf der 4. Terrasse bildet einen Lixisol. 

Im Solum sind alle Böden entkalkt; die Entkalkungstiefe steigt von 

95 cm auf der 1. zu über 200 cm auf der 4. und 6. Terrasse. Insbesondere die 

Böden der 4. und 6. Terrasse zeichnen sich durch starke 

Kationenauswaschung aus. Die CEC entwickelt sich uneinheitlich. Geringe 

Mengen an SOM zeigen an, dass der Austauschkomplex vor allem durch 

Tonminerale bestimmt wird. 

Deutlich höhere Schluff/Ton-Quotienten in fluviatilen Sedimenten 

bestätigen die externe Herkunft des Materials, während niedrige Quotienten 

und deutliche Rotfärbung im Mergel eine teilweise Vorverwitterung andeuten. 

Geringere Indices der Rotfärbung (RR) in den Böden der höchsten Terrassen 

geben den Stauwassereinfluss wieder. 

Das mergelhaltige Ausgangsmaterial der beiden untersten Terrassen 

ist vorverwittert; im Luvisol der 6. Terrasse ist die Verwitterung fortgeschritten 

(Fed/Fet bis zu 0.90). Niedrige Feo/Fed-Quotienten deuten auf hohe Eisenoxid-

Kristallinität mit Goethit- und Hämatit-Bildung; alluviales Material ist jünger. 

Im Gegensatz zu Eisen sind Mangan und Manganoxide kaum tonverlagert. 

Ausgeprägte Unterschiede zwischen fluviatilen und kolluvialen 

Sedimenten, dem Mergel und dem unverwitterten Unterboden werden durch 

TiO2/ZrO2-Verhältnisse und den Schichtungsparameter Q bestätigt. 

Die Tonmineralogie zeigt eine deutlich hervortretende Zunahme von 

Kaolinit von der 3. zur 6. Terrasse zulasten von Smectit und Vermiculit. Deren 

Anteil nimmt dagegen von der 1. zur 3. Terrasse zu. Die 

gesamtmineralogische Zusammensetzung zeigt, dass Calcit auf das 

unverwitterte Liegende der beiden unteren Terrassen beschränkt ist, im 
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lagunären Sediment der 3. Terrasse jedoch deutlich hervortritt. Der 

Quarzanteil nimmt in alluvialen Sedimenten leicht zu. Die Verwitterung des 

Feldspats ist weit fortgeschritten. 

Tonüberzüge und Carbonatauflösung sind in den Böden der 4. und 

6. Terrasse ausgeprägt; gut erkennbare Überzüge zeigen auch auf der 

1. Terrasse eine deutliche Verwitterung an. Im lagunären Sediment der 

3. Terrasse wird der Mergel allmählich gelöst und von Eisen und Tonüberzügen 

durchdrungen. Im Unterboden der 4. Terrasse treten fragic Eigenschaften, im 

Unterboden der 6. Terrasse hingegen Fragmente von Petroplinthit hervor. 

Im Vergleich der Terrassensequenzen von Metaponto und Menfi ist 

die Bodenentwicklung in letzterer offensichtlich fortgeschrittener. Dies weist 

auf eine teilweise Vorverwitterung unter Klimabedingungen mit stärkeren 

Niederschlägen und höheren Temperaturen im Gebiet um Menfi hin und dürfte 

vergleichsweise höhere Terrassenalter andeuten. Die Mergelsande beider 

Gebiete sind meist durch alluviale, kolluviale und äolische Sedimente in 

unterschiedlichem Ausmaß überlagert. 

Die Terrassensequenz von Metaponto zeichnet sich durch eine 

Bodenentwicklung mit engem Zeitbezug aus, wobei sich manche Parameter 

zunächst konstant entwickeln, bevor sie einen Gleichgewichtszustand 

erreichen oder ihre Entwicklungsrichtung ändern. In den Ap-Horizonten wird 

diese Entwicklung durch äolische Ablagerungen modifiziert, wobei deren 

Ausmaß nicht alleine aufgrund der durchgeführten Analysen quantifiziert 

werden kann. Die vorliegenden Ergebnisse zeigen ein gleichmäßig 

zunehmendes Ausmaß der Verwitterung in der Terrassenfolge T0, T1, T2, T3, 

T4/5, T6, T7/8, T9/10 an und unterstreichen den Charakter einer 

Chronosequenz mit zunehmenden Terrassenaltern in diesem Gebiet. 

Die Böden auf den beiden höchsten Terrassen der Menfi-Sequenz sind 

vollständig entkalkt; Tonverlagerung und Marmorierung durch Stauwasser 

überlagern sich. Die Bt-Horizonte sind relativ gut entwickelt, während alluviale 

und kolluviale Sedimente teilweise durch äolische Ablagerungen modifiziert 

sind. Die Böden auf der 1. und 2. Terrasse sind ähnlich gut entwickelt während 

ungünstige Standorteigenschaften auf der 3. Terrasse eine weniger 

fortgeschrittene Entwicklung nach sich zogen. Diese Terrassen bildeten einst 

möglicherweise einen einzelnen Terrassenkörper, der später durch tektonische 

Aktivität gespalten und in unterschiedliche Höhen transportiert wurde. Der 

Charakter einer Chronosequenz ist hingegen für die 4. und 6. Terrasse 

wahrscheinlich, in denen die Bodenentwicklung weiter fortgeschritten ist. 
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13. Appendix 

13.1 Abbreviations 

°C degrees celsius 
abk angular blocky 
Abu  abundant 
Al aluminium 
Ald dithionite-extractable aluminium 
Alo oxalate-extractable aluminium 
Alt total aluminium 
Amo amorphous material 
a.s.l. above sea level 
 

BR Brown, dark brown 
BS base saturation 
 

C Clay  
Ca calcium 
Cc calcite 
Ccarb carbonate-carbon 
CEC cation exchange capacity in cmolc+ kg

-1 
CECc CEC kg-1 clay 
CECs CEC kg-1 soil 
c/f ratio of coarse to fine particles 
cfe close fine enaulic 
Chab chambers 
Chan channels  
chi chitonic  
Chl chlorite 
CIAAl chemical index of alteration: ratio of 

Al2O3/(Al2O3+CaO+Na2O+K2O) 
CL clay loam 
clou cloudy 
cm centimeter 
cm3 cubic centimeter 
Co  common 
compo composite (sometimes with silt-clay bridges) 
Corg organic carbon 
cpo close porphyric  
cps counts per second 
cry crystallitic  
CS coarse sand 
CSi coarse silt 
Ct total carbon content (%) 
 

Dis related distribution of coarse and fine material 
Dol dolomite 
dom.  dominant 
dot dotted  
dpo double spaced porphyric 
ds. Density 
dS m-1 deci-Siemens per metre 
 

EC electrical conductivity 
EDX Energy-Dispersive X-ray 
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 energie-dispersive Mikroanalyse 
e.g. for example (exempli gratia, lat.) 
et al. and others (et alii, lat.) 
 

Fab fabric 
Fe iron 
Fed dithionite-extractable iron 
Feo oxalate-extractable iron 
Fet total iron 
FS fine sand 
FSi fine silt 
Fsp feldspars 
 

g gram 
GB bright brown, greyish brown 
g cm-3 grams per cubic centimeter 
GPS global positioning system 
GR pale grey 
Gt goethite 
 

I illite 
ICP-OES inductive coupled plasma-optical emission spectrometry 
idf indifferentiated  
i.e. that is (id est, lat.) 
IS interstratification 
IST interstratified transgressions of (upwards coarser) strata 

of loam, sand and pebbles 
 

K kaolinite 
ka thousands of years 
kg kilogram 
 

Lbdr. lower boundary 
LI loss on ignition 
 

m meter 
mas massive  
mm millimeter 
mmolc+ kg

-1 millimole of charge per kilogram 
Mnd dithionite-extractable manganese 
Mno oxalate-extractable manganese 
Mnt total manganese 
MS  medium sand 
MSi medium silt 
Mus muscovite 
MWR molecular weathering ratio: (CaO+MgO)/Al2O3 
 

N north(ern) 
No. number 
NW north-west(ern) 
 

Ol olivine 
opo open porphyric 
 

Pvd packing voids 
pgs weakly/partly granostriated  
pH potentia hydrogenii (pH-value) 
por porostriated  
Pun punctuations 
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Qz  quartz  
 

RB reddish-brown  
RE red, dark red  
rpm rounds per minute 
RR redness rating 
RS reddish  
RY reddish yellow  
 

Sm smectite 
S south(ern) 
sbk subangular blocky 
SEM scanning electron microscopy 
Siam amorphous silica 
Sio oxalate-extractable silicium 
SOM soil organic matter 
spe single spaced equal enaulic 
spec speckled  
spo single spaced porphyric 
ssp stipple speckled  
str granostriated or porostriated 
 

T terrace 
t top 
t km-2 tons per square kilometer 
 

ü.d.M. über dem Meeresspiegel 
 

Vm vermiculite 
 

WRB World Reference Base 
 

XRD X-ray diffraction 
 

YB yellowish brown 
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Plate 1a. Soil profile photos Metaponto, Southern Italy. 

 

   
Profile T0.1 Profile T0.2 Profile T1.1 

Depth 0-158 cm Depth 0-85 cm Depth 0-450 cm 

Arenosol Fluvisol Cambisol 

 
 
 

   
Profile T2.1 Profile T2.1 Profile T3.1 

Depth 0-180 cm Depth 180-400 cm Depth 0-112 cm 

Luvisol Luvisol Luvisol 
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Profile T4.1 Profile T4.2 Profile T5.1 

Depth 0-58 cm Depth 0-165 cm Depth 0-206 cm 

Alisol Luvisol Alisol 

 
 
 

   
Profile T5.2 Profile T6.2 Profile T7.1 

Depth 0-205 cm Depth 0-200 cm Depth 0-90 cm 

Alisol Luvisol Luvisol 
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Profile T7.2 Profile T7.3 Profile T8.1 

Depth 90-210 cm Depth 190-390 cm Depth 0-90 cm 

Luvisol Luvisol Alisol 

 
 

   
Profile T8.2 Profile T9.1 Profile T10.1 

Depth 185-380 cm Depth 0-230 cm Depth 0-50 cm 

Alisol Luvisol Luvisol 

 

 
 

 



230 Appendix  

 

Plate 1b. Soil profile photos Menfi, South-Western Sicily. 
 

   
Profile T1, 1st terrace Profile T2, 2nd terrace Profile T3, 3rd terrace 

Depth 0-110 cm Depth 0-180 cm Depth 0-240 cm 

Luvisol Luvisol Luvisol 

 
 

  
Profile T4, 4th terrace Profile T6, 6th terrace 

Depth 0-205 cm Depth 0-200 cm 

Lixisol Luvisol 
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Plate 2. Thin section photographs 
 

  
 

  
 

  
 

  

Plate 2a Plate 2b 

Plate 2c Plate 2d 

Plate 2e Plate 2f 

Plate 2g Plate 2h 
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Plates 2a-c: 

Photomicrographs of soil thin sections from the marine terrace sequence near 
Metaponto, Southern Italy. The micrographs are with crossed polarisers. 

2a) Terrace T1, Cambisol, 2Bw-horizon, 43-47 cm depth, 0.44 mm frame length 

2b) Terrace T9, Luvisol, Bkt1-horizon, 82.5-86.5 cm depth, 0.44 mm frame length 

2c) Terrace T9, Luvisol, Bkt1-horizon, 82.5-86.5 cm depth, 1.1 mm frame length 

 

Tafeln 2a-c: 

Mikroaufnahmen von Bodendünnschliffen aus der marinen Terrassensequenz bei 
Metaponto, Süd-Italien. Die Aufnahmen erfolgten mit gekreuzten Polarisatoren. 

2a) Terrasse T1, Cambisol, 2Bw-Horizont, 43-47 cm Tiefe, 0.44 mm Abbildungsbreite. 

2b) Terrasse T9, Luvisol, Bkt1-Horizont, 82.5-86.5 cm Tiefe, 0.44 mm 
Abbildungsbreite. 

2c) Terrasse T9, Luvisol, Bkt1-Horizont, 82.5-86.5 cm Tiefe, 1.1 mm Abbildungsbreite. 

 

Plates 2e-j: 

Photomicrographs of soil thin sections from the marine terrace sequence near Menfi, 
South-Western Sicily. The micrographs are with crossed polarisers. 

2e) 1st terrace, Luvisol, 2Bt2-horizon, 83-91 cm depth, 4 mm frame length. 

2f) 2nd terrace, Luvisol, 2BCk-horizon, 94-102 cm depth, 4 mm frame length. 

2g) 3rd terrace, Luvisol, 3Bkgb-horizon, 180-188 cm depth, 4 mm frame length. 

2h) 4th terrace, Lixisol, 2Btx-horizon, 128-136 cm depth, 4 mm frame length. 

2i) 6th terrace, Luvisol, 2Bt1-horizon, 46-54 cm depth, 4 mm frame length. 

2j) 6th terrace, Luvisol, 2Bt2-horizon, 118-126 cm depth, 4 mm frame length. 

2k) 6th terrace, Luvisol, 3BEb2-horizon, 155-170 cm depth, 4 mm frame length. 

 

Tafeln 2e-j: 

Mikroaufnahmen von Bodendünnschliffen aus der marinen Terrrassensequenz bei 
Menfi, Südwest-Sizilien. Die Aufnahmen erfolgten mit gekreuzten Polarisatoren. 

2e) 1. Terrasse, Luvisol, 2Bt2-Horizont, 83-91 cm Tiefe, 4 mm Abbildungsbreite. 

2f) 2. Terrasse, Luvisol, 2BCk-Horizont, 94-102 cm Tiefe, 4 mm Abbildungsbreite. 

2g) 3. Terrasse, Luvisol, 3Bkgb-Horizont, 180-188 cm Tiefe, 4 mm Abbildungsbreite. 

2h) 4. Terrasse, Lixisol, 2Btx-Horizont, 128-136 cm Tiefe, 4 mm Abbildungsbreite. 

2i) 6. Terrasse, Luvisol, 2Bt1-Horizont, 46-54 cm Tiefe, 4 mm Abbildungsbreite. 

2j) 6. Terrasse, Luvisol, 2Bt2-Horizont, 118-126 cm Tiefe, 4 mm Abbildungsbreite. 

2k) 6. Terrasse, Luvisol, 3BEb2-Horizont, 155-170 cm Tiefe, 4 mm Abbildungsbreite. 

Plate 2i Plate 2j 
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T0.1, Lido di Metaponto 
 
Terrace:   T0 

Profile:  T0.1 

Locality:   Lido di Metaponto 
Description:  S. Wagner, D. Sauer 
Date of record: 2006, April 7th 
Position:   Beach at Lido di Metaponto with sandy beach barrier 
GPS position:  N 40°21.053’, E 16°49.912’, precision: 5 m 
Elevation a.s.l.: 1 m 
Land use:  Recreational 
Vegetation:  Pioneer plants 
Stratigraphic sequence: 0-2 cm: Aeolian sand 
  2-158 cm: Upper sandy terrace sediment 
Reference soil group WRB: Epialbic-Cumulibrunic Arenosol (Hyperhumic, Hypereutric) 
 
 
Horizon Depth [cm] Field description 

 
C1 0-2 yellowish brown (2.5Y 5/3) moist, grayish yellow 

(2.5Y 7/2) dry; medium sand (MS), no gravel; loose 
consistence, single grain structure; fine roots common 
(>50 dm-2), very few medium and coarse roots (1-2 dm-

2); distinct, wavy and flat boundary to 
 
2AC 2-13 yellowish brown (2.5Y 5/3) moist, grayish yellow 

(2.5Y 7/2) dry; medium sand (MS), no gravel; soft 
consistence, single grain structure, in places slightly 
granular structure; fine roots common (>50 dm-2), very 
few medium and coarse roots (1-2 dm-2); distinct, wavy 
and flat boundary to 

 
2BC1 13-31 olive brown (2.5Y 4/4) moist, light yellow (2.5Y 7/3) dry; 

medium sand (MS), no gravel; slightly hard consistence, 
single grain structure, in places massive structure; very 
few fine roots (11-20 dm-2); diffuse, even and flat 
boundary to 

 
2BC2 31-46 olive brown (2.5Y 4/4) moist, light yellow (2.5Y 7/3) dry; 

medium sand (MS), no gravel; slightly hard consistence, 
single grain structure, in places massive structure; very 
few fine roots (6-10 dm-2); distinct, even and flat 
boundary to 

 
2Cw1 46-67 olive brown (2.5Y 4/5) moist, light yellow (2.5Y 7/3) dry; 

medium sand (MS), no gravel; slightly hard consistence, 
single grain structure; very few fine roots (3-5 dm-2); 
diffuse, even and flat boundary to 

 
2Cw2 67-95 olive brown (2.5Y 4/4) moist, light yellow (2.5Y 7/3) dry; 

medium sand (MS), no gravel; slightly hard consistence, 
single grain structure; very few fine roots (3-5 dm-2); 
diffuse, even and flat boundary to 

 
2C2 95-158 dark olive brown (2.5Y 3/3) moist, dull yellow (2.5Y 6/3) 

dry; medium sand (MS), no gravel; slightly hard 
consistence, single grain structure; no roots 
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Table 14. T0.1, Lido di Metaponto, Epialbic-Cumulibrunic Arenosol 
Tabelle 14. T0.1, Lido di Metaponto, Epialbic-Cumulibrunic Arenosol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

2 C1 elCn 1840-1 - 0.06 1.56 2.50 1.81 13.0 0.43 

13 2AC IIAh-C 1840-2 1.51 0.07 1.65 2.40 1.89 13.7 0.41 

31 2BC1 IIBv-Cv1 1840-3 1.50 0.04 1.63 2.18 1.85 13.5 0.37 

46 2BC2 IIBv-Cv2 1840-4 1.51 0.06 1.80 3.80 2.19 15.0 0.65 

67 2Cw1 IICv1 1840-5 1.48 0.05 1.44 2.73 1.71 12.0 0.47 

95 2Cw2 IICv2 1840-6 1.53 0.05 1.86 2.31 2.10 15.5 0.40 

158 2C2 IIelCn 1840-7 1.53 0.06 2.07 2.42 2.31 17.2 0.42 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

2 C1 3.8 0.9 10.3 3.0 18 100 0.65 8.95 8.74 0.16 0.0 

13 2AC 1.1 1.2 10.2 2.9 15 100 0.39 9.37 9.02 0.08 0.0 

31 2BC1 1.7 0.8 9.1 2.4 14 100 0.10 9.60 9.19 0.08 0.0 

46 2BC2 2.0 0.7 10.8 2.7 16 100 0.52 9.71 9.21 0.09 0.0 

67 2Cw1 2.0 0.6 9.7 2.3 15 100 0.59 9.66 9.35 0.09 0.0 

95 2Cw2 2.0 0.6 10.6 2.4 16 100 0.36 9.60 9.43 0.09 0.0 

158 2C2 2.1 0.7 10.5 2.8 16 100 0.53 9.46 9.41 0.12 0.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

2 C1 0 0.0 82.3 13.6 95.9 1.1 0.8 1.9 3.7 0.3 

13 2AC 0 0.0 79.5 17.1 96.6 1.6 0.0 0.1 1.7 1.7 

31 2BC1 0 0.0 85.9 11.1 97.0 0.7 0.8 0.1 1.7 1.3 

46 2BC2 0 0.0 86.5 9.6 96.1 1.3 0.4 0.2 2.0 1.9 

67 2Cw1 0 0.0 83.7 13.2 96.9 0.7 0.7 0.8 2.2 0.9 

95 2Cw2 0 0.0 82.3 14.6 97.0 0.8 0.4 0.5 1.7 1.3 

158 2C2 0 0.1 80.7 14.8 95.6 1.0 1.4 1.3 3.7 0.7 

 

cm Horizon 
% 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

2 C1 71.7 3.46 1.97 1.04 9.26 0.61 0.90 3828 0 1147 672 5.5 

13 2AC 65.3 3.04 3.38 1.17 9.24 0.29 0.73 8498 490 1702 1863 4.3 

31 2BC1 76.5 3.60 1.32 0.94 9.53 0.64 0.96 1804 398 896 282 3.2 

46 2BC2 74.9 3.13 1.25 0.95 9.40 0.62 0.94 1771 384 903 267 5.5 

67 2Cw1 76.5 3.42 1.19 0.93 8.99 0.71 1.04 1501 372 868 204 4.3 

95 2Cw2 71.6 3.59 2.03 0.98 11.1 0.53 0.83 3879 493 1275 628 3.0 

158 2C2 63.8 3.58 3.14 1.16 12.3 0.45 0.74 6952 568 1715 1405 4.2 
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cm Horizon 
mg g-1 

Oxalate extact 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

2 C1 0.03 0.10 - 0.13 1.63 0.17 0.11 0.007 0.062 1.53 

13 2AC 0.02 0.09 - 0.14 2.02 0.16 0.08 0.004 0.046 1.93 

31 2BC1 0.02 0.07 - 0.13 1.45 0.16 0.16 0.008 0.050 1.38 

46 2BC2 0.02 0.08 - 0.14 1.64 0.17 0.18 0.009 0.047 1.56 

67 2Cw1 0.02 0.08 - 0.13 1.39 0.16 0.17 0.009 0.056 1.32 

95 2Cw2 0.02 0.11 - 0.15 2.14 0.18 0.15 0.008 0.050 2.03 

158 2C2 0.02 0.11 - 0.18 2.90 0.20 0.13 0.005 0.037 2.79 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

2 C1 39 12 1 0 11 36 5.7 2.98 24.3 12.3 11.18 

13 2AC 44 15 12 12 12 5 4.6 3.42 22.9 9.0 0.96 

31 2BC1 44 15 12 12 12 5 6.4 2.91 24.4 15.0 1.27 

46 2BC2 37 13 18 9 10 13 6.6 3.31 22.2 16.4 1.03 

67 2Cw1 41 17 9 10 10 14 7.4 2.90 24.2 16.1 2.37 

95 2Cw2 42 13 11 10 10 14 6.2 3.38 22.3 11.9 1.30 

158 2C2 34 10 25 14 8 9 4.9 3.77 20.9 8.6 5.26 
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T0.2, Metaponto 
 
Terrace:   T0 

Profile:  T0.2 

Locality:   Metaponto 
Description:  S. Wagner, D. Sauer, C. Stein 
Date of record: 2004, March 28th 
Position:   On grassland, near the banks of the river Metaponto  
GPS position:  N 40°21.798’, E 16°47.559’, precision: 7 m 
Elevation a.s.l.: 5 m 
Land use:  Grassland, field weeds (on formerly cultivated land) 
Vegetation:  Oats, legumes, alfalfa, clover, fallow flora 
Stratigraphic sequence: 0-45 cm: Alluvial deposits 2 
  45->85 cm: Alluvial deposits 1 
Reference soil group WRB: Haplic Fluvisol (Hyperhumic, Hypereutric, Episiltic) 
 
 
Horizon Depth [cm] Field description 

 
Ap1 0-16 olive brown (2.5Y 4/3) moist, dull yellow (2.5Y 6/3) dry; 

silty clay loam (SiCL), <1 % gravel (pebbles); granular to 
subangular blocky structure; fine aggregates (2-5 mm), 
bulky storage, very loose compaction, very easy 
penetration, very high proportion of macropores; many 
fine roots (>50 m-2) with very uniform distribution; 
presence of earth worms; diffuse and flat boundary to 

 
Ap2 16-45 olive brown (2.5Y 4/3) moist, dull yellow (2.5Y 6/3) dry; 

silty clay loam (SiCL), <1 % gravel (coarse pebbles, 
bricks); granular to subangular blocky structure, in places 
slightly granular structure; aggregates 2-20 mm, open to 
half-open storage, loose compaction, easy penetration, 
very high proportion of macropores; many fine roots 
(>20 dm-2) with very uniform distribution; presence of 
earth worms; diffuse and slightly wavy boundary to 

 
2Bk 45->85 yellowish brown (2.5Y 5/4) moist, dull yellow (2.5Y 6/4) 

dry; silt loam (SiL), no gravel; subangular blocky 
structure; aggregates 5-20 mm, open to half-open 
storage, loose to medium compaction, easy to medium 
penetration, high proportion of macropores; fine roots 
common (>16 dm-2) with uniform distribution; 
pseudomycelia, in places concretions (5-10 mm) 
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Table 15. T0.2, Metaponto, Haplic Fluvisol 
Tabelle 15. T0.2, Metaponto, Haplic Fluvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

16 Ap1 Ap1 1701-1 1.66 3.37 1.64 9.64 2.60 13.6 1.66 

45 Ap2 Ap2 1701-2 1.67 3.37 1.55 8.98 2.46 12.9 1.54 

+85 2Bk IIBc 1701-3 1.61 2.99 2.59 3.97 3.00 21.6 0.68 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

16 Ap1 2.0 11.9 176 0.85 191 100 5.1 8.39 7.52 0.16 0.0 

45 Ap2 1.7 9.5 183 1.04 195 100 4.5 8.39 7.63 0.13 0.0 

+85 2Bk 2.9 5.2 161 1.41 171 100 3.1 8.59 7.63 0.12 0.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

16 Ap1 <1 0.2 3.5 11.8 15.5 22.0 16.2 11.9 50.1 34.4 

45 Ap2 <1 0.2 3.5 12.1 15.8 21.2 16.8 11.7 49.8 34.4 

+85 2Bk 0 0.3 0.3 7.8 8.3 31.7 21.7 11.4 64.7 26.9 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

16 Ap1 66.3 13.7 4.34 1.27 8.61 1.08 2.05 5692 1559 1362 268 1.7 

45 Ap2 65.2 13.5 4.95 1.14 9.62 0.85 2.25 5957 1599 1529 283 1.6 

+85 2Bk 61.7 13.7 4.39 1.50 13.3 1.04 1.87 5519 1356 1304 252 1.6 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

16 Ap1 0.76 0.87 0.66 - 8.01 0.77 0.27 0.03 0.11 7.14 

45 Ap2 0.70 0.78 0.69 - 8.04 0.74 0.23 0.02 0.10 7.26 

+85 2Bk 0.64 1.00 0.54 - 8.78 0.62 0.29 0.03 0.11 7.78 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

16 Ap1 28 10 16 14 4 29 21.2 0.72 53.9 3.6 1.45 

45 Ap2 25 11 30 11 3 20 21.0 0.80 51.5 3.4 1.45 

+85 2Bk 22 8 30 11 5 24 21.9 1.08 45.8 3.3 2.40 
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T1.1, Petrulla 
 
Terrace:   T1 

Profile:  T1.1 

Locality:   Petrulla 
Description:  D. Sauer, K. Stahr 
Date of record: 2004, March 26th 
Position:   Exposure of gravel pit (abundant) 
GPS position:  N 40°21.58’, E 16°46.40’ (data from H. Brückner) 
Elevation a.s.l.: 22 m 
Land use:  Olive grove 
Vegetation:  Olive trees 
Stratigraphic sequence: 0-30 cm: Colluvium 
  30-185 cm: Aeolian depositions 
  185-240 cm: Layered gravel 
  240->450 cm: Main gravel body of the marine terrace 
Reference soil group WRB: Haplic Cambisol (Ruptic, Colluvic, Calcaric, Alcalic, 

Hypereutric, Aridic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-30 olive brown (2.5Y 4/4) moist, yellowish brown (2.5Y 5/3) 

dry; fine sandy loam (FSL), no gravel; very low bulk 
density; granular to subangular blocky structure; few fine 
roots (21-50 dm-2); worm pellets, few lime nodules, 
yellow-brown; sharp boundary to 

 
2Bw 30-60 olive brown (2.5Y 4/6) moist, bright yellowish brown 

(2.5Y 6/6) dry; loam (L), no gravel; very low to low bulk 
density; subangular blocky structure (5-20 mm, in parts 
40 mm); very few fine roots (6-10 dm-2); few lime 
nodules, yellow-brown; distinct and flat boundary to 

 
2Bk1 60-120 yellowish brown (2.5Y 5/6) moist, dull yellow (2.5Y 6/3) 

dry; loam (L), no gravel; low to medium bulk density; 
angular blocky structure (5-20 mm); very few fine roots 
(6-10 dm-2); few lime nodules, yellow-brown; diffuse and 
even boundary to 

 
2Bk2, 120-150 dull yellowish brown (10YR 5/4) moist, dull yellow  
top  (2.5Y 6/4) dry; loam (L), no gravel; medium bulk density; 

angular blocky or prismatic structure (5-30 mm); very few 
fine roots (1-2 dm-2); more lime nodules, reddish-brown; 
diffuse boundary to 

 
2Bk2, 150-185 dull yellowish brown (10YR 5/4) moist, dull yellow orange  
bottom  (10YR 6/4) dry; loam (L), 3 % gravel (coarse pebbles); 

medium bulk density; angular blocky or prismatic 
structure (5-30 mm); very few fine roots (1-2 dm-2); more 
lime nodules, reddish-brown; sharp and even boundary to 

 
3Bk3 185-240 yellowish brown (10YR 5/7) moist, yellowish brown 

(10YR 5/6) dry; fine sandy loam (FSL), 90 % gravel 
(coarse pebbles); medium bulk density; coherent 
structure; very few fine roots (<1 dm-2); very few lime 
nodules, reddish; distinct and even boundary to 
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Horizon Depth [cm] Field description 

 
4C 240->450 dull yellowish brown (10YR 5/3) moist, dull yellow orange 

(10YR 7/3) dry; medium sand (MS), layers with sand and 
pebbles; medium bulk density; single grain structure; no 
roots. 

 
 
 
Table 16. T1.1, Petrulla, Haplic Cambisol 
Tabelle 16. T1.1, Petrulla, Haplic Cambisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

30 Ap Ap 1702-1 1.51 1.77 1.15 7.00 1.85 9.5 1.23 

60 2Bw IIBv 1702-2 1.58 2.02 2.23 3.71 2.60 18.6 0.65 

120 2Bk1 IIBvc1 1702-3 1.65 2.23 2.16 2.42 2.40 18.0 0.42 

150 2Bk2 
top 

IIBvc2 
oben 

1702-4 1.72 2.63 1.75 2.36 1.99 14.5 0.41 

185 2Bk2 
bottom 

IIBvc2 
unten 

1702-5 - - 1.51 1.96 1.71 12.6 0.34 

~240 3Bk3 IIIBcv 1702-6 - - 1.04 1.67 1.21 8.7 0.29 

>450 4C IVC 1702-7 - - 1.31 0.75 1.39 10.9 0.13 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

30 Ap 1.1 9.4 96 0.30 107 100 3.4 8.56 7.86 0.13 0.0 

60 2Bw 1.2 5.6 103 0.32 110 100 2.7 8.59 7.88 0.12 0.0 

120 2Bk1 1.5 5.6 109 0.42 117 100 3.8 8.64 7.76 0.10 0.0 

150 2Bk2 
top 

2.9 7.0 126 1.05 137 100 1.8 8.63 7.82 0.12 0.0 

185 2Bk2 
bottom 

3.0 7.1 117 1.15 128 100 3.4 8.85 7.87 0.10 0.0 

~240 3Bk3 4.1 5.5 65 1.08 76 100 5.3 8.79 8.10 0.18 0.0 

>450 4C 0.7 0.9 9 0.24 11 100 0.7 9.55 9.20 0.09 0.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

30 Ap 0 0.6 22.4 38.0 61.1 15.2 4.9 2.5 22.6 16.3 

60 2Bw 0 0.5 9.2 37.8 47.5 22.3 5.9 5.6 33.8 18.7 

120 2Bk1 0 0.8 8.9 34.9 44.6 21.2 7.7 5.9 34.8 20.7 

150 2Bk2 
top 

0 1.8 15.1 25.5 42.5 19.8 7.5 5.8 33.2 24.4 

185 2Bk2 
bottom 

3 2.6 22.5 22.4 47.5 17.9 5.1 5.7 28.7 23.8 

~240 3Bk3 90 4.4 52.9 13.1 70.4 8.4 3.0 2.9 14.3 15.3 

>450 4C - 2.5 85.8 8.8 97.1 0.4 0.1 1.2 1.6 1.3 
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cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

30 Ap 77.7 8.2 2.39 0.72 5.97 1.00 1.70 3171 1291 797 303 1.7 

60 2Bw 67.5 9.9 3.39 0.86 13.6 0.88 2.01 3881 983 1087 339 1.1 

120 2Bk1 68.9 10.0 2.95 1.00 11.7 1.08 1.80 3965 885 910 354 1.9 

150 2Bk2 
top 

69.0 10.7 3.13 1.07 9.42 0.83 1.76 4136 816 941 340 3.6 

185 2Bk2 
bottom 

72.6 10.0 3.05 1.01 8.49 0.92 1.70 3983 758 935 337 1.5 

~240 3Bk3 81.9 6.9 2.49 0.61 5.03 0.45 1.34 2848 426 744 258 0.8 

>450 4C 87.7 3.5 1.02 0.49 5.09 0.49 0.95 1006 181 419 160 0.6 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

30 Ap 0.41 0.34 0.36 - 4.87 4.87 0.41 0.30 0.021 0.070 

60 2Bw 0.37 0.41 0.34 - 5.80 5.80 0.36 0.24 0.017 0.071 

120 2Bk1 0.40 0.49 0.36 - 5.86 5.86 0.32 0.29 0.024 0.084 

150 2Bk2 
top 

0.53 0.49 0.45 - 6.02 6.02 0.41 0.28 0.023 0.082 

185 2Bk2 
bottom 

0.42 0.42 0.44 - 5.77 5.77 0.48 0.28 0.020 0.073 

~240 3Bk3 0.26 0.28 0.32 - 5.09 5.09 0.38 0.29 0.016 0.055 

>450 4C 0.05 0.08 0.07 - 1.74 1.74 0.14 0.24 0.011 0.045 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

30 Ap 21 16 23 11 4 26 10.5 0.81 48.8 7.1 1.39 

60 2Bw 16 9 52 13 0 10 11.5 1.45 37.6 4.9 1.81 

120 2Bk1 19 14 27 16 0 24 11.2 1.27 40.6 5.2 1.68 

150 2Bk2 
top 

19 11 10 38 5 18 12.2 0.98 47.0 4.9 1.36 

185 2Bk2 
bottom 

20 14 29 15 5 17 11.8 0.95 47.4 5.4 1.20 

~240 3Bk3 17 13 51 10 0 8 11.1 0.81 50.4 8.4 0.94 

>450 4C 21 12 38 10 5 13 6.3 1.60 34.8 19.0 1.19 
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T2.1, San Teodoro 1 
 
Terrace:   T2 

Profile:  T2.1 

Locality:   San Teodoro 1 
Description:  S. Wagner, D. Sauer, K. Stahr, C. Stein 
Date of record: 2004, March 23rd 
Position:   Gravel-pit quarry 
GPS position:  N 40°21.316’, E 16°44.676’, precision: 5 m 
Elevation a.s.l.: 47 m 
Land use:  Exposure of gravel-pit quarry 
Vegetation:  Fallow flora 
Stratigraphic sequence: 0-23 cm: Colluvium 
  23-280 cm: Aeolian depositions (loess) 
  280-325 cm: 1st layered gravel 
  325-350 cm: 2nd layered gravel 
  350->400 cm: Main gravel body of the marine terrace 
Reference soil group WRB: Orthocutanic Luvisol (Epiabruptic, Epiruptic, Hypereutric,  
  Profondic, Epichromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-23 brown (10YR 4/4) moist, dull yellowish brown (10YR 5/4) 

dry; loamy very fine sand (LVFS), no gravel; coherent to 
subangular blocky structure (5-50 mm), closed storage; 
very few fine roots (6-10 dm-2) with regular distribution; 
buried organic matter; sharp boundary to 

 
2Bt1 23-60 brown (7.5YR 4/6) moist, reddish brown (5YR 4/8) dry; 

sandy clay loam (SCL), no gravel; subangular blocky 
structure (5-20 mm), closed storage; very few fine roots 
(2-5 dm-2) with regular distribution; root pores, clay 
cutans (green to brown); sharp, clear and smooth 
boundary to 

 
2Bt2 60-93 brown (10YR 4/6) moist, dull yellowish brown (10YR 5/4) 

dry; sandy clay loam (SCL), no gravel; subangular blocky 
structure (5-20 mm), closed storage; very few fine roots 
(2-5 dm-2) with regular distribution; root pores, clay 
cutans (green to brown); diffuse and even boundary to 

 
2Ck1 93-130 dull yellowish brown (10YR 5/4) moist, dull yellow orange 

(10YR 6/4) dry; sandy clay loam (SCL), no gravel; 
coherent, sometimes places subangular blocky structure, 
closed storage; very few fine roots (<1 dm-2); firm lime 
concretions (≤1 cm); abrupt and wavy boundary to 

 
2Ck2 130-180 brown (10YR 4/6) moist, yellowish brown (10YR 5/6) dry; 

loam (L), no gravel; subangular blocky or angular blocky 
structure, closed storage; very few fine roots (<1 dm-2); 
firm lime concretions (≤1 cm, smaller than in 2Cwk1), 
presence of pseudomycelia; diffuse and smooth boundary 
to 
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Horizon Depth [cm] Field description 

 
2Ck3 180-280 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

sandy clay loam (SCL), no gravel; coherent to angular 
blocky structure, closed storage; no roots; lime 
concretions (≤1 cm), presence of pseudomycelia; abrupt 
and flat boundary to 

 
3Ck4 280-325 bright brown (7.5YR 5/6) moist, bright brown (7.5YR 5/8) 

dry; fine sandy loam (FSL), 25 % gravel (coarse pebbles); 
coherent structure; no roots; lime concretions, presence 
of manganese coatings; abrupt and flat boundary to 

 
4Ck5 325-350 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

fine sandy loam (FSL), 80 % gravel (medium pebbles); 
coherent structure (layered, massive), medium degree of 
compaction; no roots; presence of manganese coatings; 
abrupt and flat boundary to 

 
5Ckm 350-400 dull yellow orange (10YR 7/3) moist, light yellow orange 

(10YR 8/3) dry; medium sand (MS), 80 % gravel (coarse 
pebbles); coherent structure, high degree of compaction; 
no roots; lime coatings (cemented), bonds of lime and 
rust, presence of manganese coatings;  

 
5Cw >400 dull yellow (2.5Y 6/3) moist, light yellow (2.5Y 7/3) dry; 

medium sand (MS), no gravel; coherent to subangular 
blocky structure (5-50 mm), closed storage, high degree 
of compaction; very few fine roots (6-10 dm-2) with 
regular distribution. 
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Table 17. T2.1, San Teodoro 1, Orthocutanic Luvisol 
Tabelle 17. T2.1, San Teodoro 1, Orthocutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

23 Ap rAp 1703-1 1.57 0.88 0.01 2.61 0.28 0.11 0.45 

60 2Bt1 IIBvt1 1703-2 1.67 2.46 0.02 3.49 0.37 0.13 0.60 

93 2Bt2 IIBvt2 1703-3 1.74 2.93 0.01 1.82 0.19 0.10 0.31 

130 2Ck1 IIelCvc1 1703-4 1.75 2.35 1.52 2.31 1.76 12.7 0.40 

180 2Ck2 IIelCvc2 1703-5 1.77 2.80 1.06 1.52 1.21 8.8 0.26 

280 2Ck3 IICvc3 1703-6 1.60 2.63 0.92 1.24 1.05 7.7 0.21 

325 3Ck4 IIICvc4 1703-7 - - 0.97 1.40 1.12 8.1 0.24 

350 4Ck5 IVCvc5 1703-8 - - 1.24 1.66 1.41 10.3 0.29 

400 5Ckm VCmc 1703-9 - - 2.04 1.22 2.17 17.0 0.21 

>400 5Cw VCv 1703-
10 

- - 1.10 0.67 1.17 9.1 0.12 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

23 Ap 0.7 2.3 49 0.20 52 80 3.1 8.23 7.33 0.08 0.0 

60 2Bt1 1.7 7.2 96 0.81 167 63 8.0 7.87 6.72 0.08 3.8 

93 2Bt2 1.9 6.1 93 0.72 157 65 5.2 7.80 6.37 0.06 0.0 

130 2Ck1 1.8 4.6 106 0.60 113 100 3.5 8.64 7.67 0.10 0.0 

180 2Ck2 2.7 5.8 145 0.82 154 100 5.1 8.53 7.56 0.12 0.0 

280 2Ck3 2.9 4.5 115 0.71 123 100 4.3 8.66 7.70 0.11 3.8 

325 3Ck4 2.4 3.3 88 0.64 94 100 3.6 8.72 7.84 0.11 3.0 

350 4Ck5 2.2 3.1 89 0.65 95 100 2.9 8.54 7.91 0.15 3.8 

400 5Ckm 1.1 1.2 26 0.35 29 100 1.3 9.19 8.60 0.09 0.0 

>400 5Cw 0.7 0.6 12 0.19 13 100 0.5 9.53 8.99 0.06 0.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

23 Ap 0 1.0 36.9 38.8 76.6 9.7 3.3 2.6 15.5 7.9 

60 2Bt1 0 0.4 22.6 32.4 55.4 9.1 4.0 4.9 18.1 26.5 

93 2Bt2 0 0.3 21.2 34.9 56.4 10.3 3.6 5.7 19.7 23.9 

130 2Ck1 0 0.5 26.4 32.3 59.2 11.3 5.1 3.5 19.8 21.0 

180 2Ck2 0 1.1 17.8 27.2 46.1 16.7 7.0 5.1 28.8 25.1 

280 2Ck3 0 2.9 38.2 17.5 58.5 8.8 4.7 3.8 17.3 24.2 

325 3Ck4 25 3.1 48.4 15.9 67.4 6.6 3.4 2.9 13.0 19.6 

350 4Ck5 80 6.4 59.8 9.1 75.3 4.5 2.7 2.1 9.4 15.3 

400 5Ckm 80 8.3 80.1 3.6 92.0 1.4 1.0 0.4 2.9 5.2 

>400 5Cw 0 10.1 82.6 4.3 97.1 0.8 0.5 0.2 1.5 1.4 
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cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

23 Ap 87.4 6.8 1.68 0.35 0.42 1.07 1.40 3298 334 575 358 0.4 

60 2Bt1 77.9 10.7 3.51 0.51 0.59 0.71 1.93 4188 290 836 347 3.6 

93 2Bt2 77.4 11.4 3.58 0.68 0.57 0.97 1.85 4201 416 942 328 3.0 

130 2Ck1 74.0 9.3 2.77 0.80 7.54 0.93 1.65 3684 573 832 318 2.5 

180 2Ck2 72.4 10.9 3.71 0.85 7.61 0.77 2.00 4618 648 1046 380 1.1 

280 2Ck3 76.5 9.3 2.95 0.67 5.42 0.83 1.50 3678 418 885 321 2.3 

325 3Ck4 79.0 7.8 2.60 0.56 4.87 0.71 1.30 3332 339 848 259 2.6 

350 4Ck5 81.0 6.7 2.50 0.55 4.63 0.71 1.07 3086 364 1114 294 2.4 

400 5Ckm 81.8 3.0 0.68 0.45 9.69 0.47 0.75 894 345 228 109 3.1 

>400 5Cw 89.2 2.8 0.58 0.35 4.78 0.58 0.91 785 280 269 87 0.7 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

23 Ap 0.24 0.41 0.33 - 4.35 0.31 0.38 0.035 0.094 3.94 

60 2Bt1 0.75 0.79 0.53 - 10.0 0.57 0.39 0.031 0.079 9.21 

93 2Bt2 0.74 0.92 0.61 - 9.40 0.64 0.38 0.037 0.098 8.48 

130 2Ck1 0.52 0.45 0.41 - 5.95 0.37 0.31 0.024 0.075 5.50 

180 2Ck2 0.60 0.47 0.57 - 6.61 0.56 0.25 0.018 0.071 6.14 

280 2Ck3 0.39 0.39 0.50 - 8.11 0.56 0.40 0.019 0.048 7.72 

325 3Ck4 0.31 0.41 0.47 - 8.26 0.73 0.46 0.023 0.049 7.85 

350 4Ck5 0.27 0.47 0.68 - 7.60 0.97 0.44 0.027 0.061 7.13 

400 5Ckm 0.05 0.04 0.06 - 0.80 0.06 0.17 0.008 0.049 0.76 

>400 5Cw 0.03 0.05 0.05 - 0.96 0.03 0.24 0.012 0.051 0.91 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

23 Ap 16 36 3 4 0 41 9.2 0.11 70.2 9.9 1.97 

60 2Bt1 10 30 30 8 0 22 12.1 0.10 76.8 5.3 0.68 

93 2Bt2 13 19 20 24 0 25 12.8 0.11 77.0 5.0 0.82 

130 2Ck1 13 18 38 15 0 16 11.6 0.90 47.8 6.0 0.94 

180 2Ck2 14 20 34 17 0 16 12.1 0.78 51.1 4.8 1.15 

280 2Ck3 16 22 26 11 0 24 11.5 0.65 54.6 6.1 0.71 

325 3Ck4 14 30 30 5 0 20 12.9 0.69 53.3 7.3 0.66 

350 4Ck5 9 19 45 3 0 24 10.5 0.77 51.1 8.5 0.61 

400 5Ckm 4 5 82 5 0 4 8.2 3.43 21.3 22.0 0.55 

>400 5Cw 4 11 71 7 0 7 9.0 1.85 30.7 26.0 1.12 
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T3.1, San Teodoro 2 
 
Terrace:   T3 

Profile:  T3.1 

Locality:   San Teodoro 2 (Masseria Galetta) 
Description:  S. Wagner, D. Sauer, K. Stahr, C. Stein 
Date of record: 2004, March 24th 
Position:   Ditch at boundary of agricultural field 
GPS position:  N 40°22.110’, E 16°44.746’, precision: 5 m 
Elevation a.s.l.: 62 m 
Land use:  Crop agriculture with drainage/infiltration ditch 
Vegetation:  Clover, speedwell, fallow flora 
Stratigraphic sequence: 0-112 cm: Upper loamy terrace sediment 
  >112 cm: Upper clayey terrace sediment 
Reference soil group WRB: Orthoendocutanic Luvisol (Endoruptic, Hypereutric, 

Endochromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-25 brown (10YR 4/4) moist, dull yellowish brown (10YR 5/4) 

dry; sandy clay loam (SCL), <5 % gravel (coarse and 
medium pebbles); subangular blocky structure (5-
20 mm); closed storage, few macropores; very few fine 
roots (6-10 dm-2) with even distribution; fragments of 
mussels; abrupt and flat boundary to 

 
AB (Ap) 25-70 dark brown (7.5YR 3/4) moist, dark brown (7.5YR 3/4) 

dry; fine sandy loam (FSL), <5 % gravel (fine and 
medium pebbles); subangular blocky structure (5-
20 mm); closed storage, few macropores; very few fine 
roots (2-5 dm-2) with rather uneven distribution; abrupt 
and clear, but broken boundary to 

 
AB (Bt) 70-100 brown (7.5YR 4/6) moist, brown (7.5YR 4/4) dry; clay 

loam (CL), <5 % gravel; angular blocky structure (5-
20 mm); closed storage; very few fine roots (2-5 dm-2) 
with rather uneven distribution; clay cutans and nitic 
properties 

 
Bt 100-112 brown (10YR 4/6) moist, yellowish brown (10YR 5/7) dry; 

clay (C), no gravel; angular blocky structure (5-20 mm); 
closed storage, medium proportion of macropores; very 
few fine roots (2-5 dm-2) mainly concentrated in cracks 
and channels; clay cutans and nitic properties; abrupt and 
wavy boundary to 

 
Bk >112 brown (7.5YR 4/6) moist, dull yellow orange (10YR 6/4) 

dry; clay (C), no gravel; angular blocky or subangular 
blocky structure; closed storage; very few fine roots 
(<1 dm-2); clay cutans, presence of lime concretions. 
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Table 18. T3.1, San Teodoro 2, Orthoendocutanic Luvisol 
Tabelle 18. T3.1, San Teodoro 2, Orthoendocutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

25 Ap Ap 1704-1 - - 0.02 5.86 0.61 0.20 1.03 

70 AB(Ap) R1 (Ap) 1704-2 1.72 1.99 0.02 4.37 0.46 0.17 0.76 

100 AB(Bt) R2 (Bt) 1704-3 1.61 5.24 0.02 4.64 0.48 0.13 0.81 

112 Bt Bt 1704-4 1.59 5.52 0.02 3.84 0.40 0.14 0.67 

>112 Bk Bkc 1704-5 1.76 3.99 0.84 15.86 1.14 7.01 2.77 
 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

25 Ap 3.6 10.0 88 0.80 159 64 11.2 7.75 6.70 0.07 0.0 

70 AB(Ap) 3.2 5.0 1 0.42 10 100 7.3 7.95 6.70 0.05 3.3 

100 AB(Bt) 3.6 10.4 124 1.25 241 58 13.5 7.71 5.96 0.05 3.8 

112 Bt 5.4 11.6 145 0.91 276 59 9.1 7.79 6.14 0.09 0.0 

>112 Bk 4.7 11.5 221 1.25 238 100 10.9 8.45 7.42 0.13 3.8 
 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

25 Ap <5 0.7 17.0 31.7 49.4 15.2 6.3 4.0 25.5 25.1 

70 AB(Ap) <5 0.6 21.7 35.5 57.8 15.9 4.6 4.6 25.1 17.1 

100 AB(Bt) <5 0.5 14.2 19.7 34.5 13.9 7.1 4.9 26.0 39.6 

112 Bt 0 0.4 11.8 16.8 29.1 13.7 7.7 5.9 27.3 43.6 

>112 Bk 0 0.9 15.4 12.1 28.5 14.6 5.7 6.2 26.5 45.0 
 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

25 Ap 79.8 11.0 3.22 0.60 0.54 0.94 2.01 4491 776 1050 467 1.2 

70 AB(Ap) 81.7 9.4 2.52 0.49 0.49 1.11 1.85 4019 517 837 405 1.9 

100 AB(Bt) 74.5 14.3 4.52 0.82 0.66 0.90 2.20 5135 415 1250 387 1.3 

112 Bt 68.9 13.1 4.79 0.71 0.73 0.60 2.17 5328 338 1186 341 8.3 

>112 Bk 68.6 14.0 4.53 0.99 5.46 0.76 2.09 5320 591 1230 318 2.8 
 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

25 Ap 0.63 0.81 0.69 - 7.57 0.60 0.34 0.037 0.108 6.75 

70 AB(Ap) 0.38 0.59 0.52 - 5.81 0.61 0.34 0.034 0.102 5.21 

100 AB(Bt) 0.89 0.76 0.70 - 10.6 0.65 0.34 0.024 0.072 9.85 

112 Bt 1.03 0.77 0.82 - 11.2 0.86 0.31 0.021 0.069 10.42 

>112 Bk 1.04 0.56 0.74 - 9.33 0.70 0.30 0.018 0.060 8.77 
 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

25 Ap 12 34 22 0 0 32 9.6 0.10 76.0 5.4 1.01 

70 AB(Ap) 15 28 12 4 0 42 9.9 0.10 73.2 6.6 1.47 

100 AB(Bt) 11 24 32 3 0 30 13.3 0.10 79.2 3.8 0.66 

112 Bt 11 23 43 9 0 14 15.6 0.11 79.0 3.7 0.63 

>112 Bk 20 25 25 5 0 26 16.7 0.46 62.8 3.6 0.59 
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T4.1, Markonia top 
 
Terrace:   T4 

Profile:  T4.1 

Locality:   Markonia top 
Description:  S. Wagner, D. Sauer 
Date of record: 2006, April 09th 
Position:   Boundary between agricultural field and shrub vegetation 
GPS position:  N 40°21.022’, E 16°41.085’, 5 m precision 
Elevation a.s.l.: 98 m 
Land use:  Crop agriculture 
Vegetation:  Grass, shrubs, broom 
Stratigraphic sequence: 0-25 cm: Colluvium 
  25->85 cm: Upper loamy terrace sediment 
Reference soil group WRB: Orthoepicutanic Alisol (Profondic, Clayic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-25 brown (7.5YR 4/3) moist, brown (7.5YR 4/4) dry; clay 

loam (CL), 2-3 % gravel (fine, medium and coarse); soft 
consistence; subangular blocky to angular blocky structure 
(2-20 mm); very few fine roots (11-20 dm-2); presence of 
manganese concretions (<1 %, ≤1 mm); distinct, even 
and flat boundary to 

 
2Ap2 25-42 brown (7.5YR 4/3) moist, brown (7.5YR 4/5) dry; clay (C), 

<1 % gravel (fine); slightly hard consistence; angular 
blocky structure (5-20 mm); very few fine roots (6-10 dm-

2); presence of manganese concretions (<1 %, ≤1 mm); 
distinct, even and flat boundary to 

 
2Bt 42-58 brown (7.5YR 4/4) moist, brown (7.5YR 4/4) dry; clay (C), 

<1 % gravel (fine and medium); slightly hard consistence; 
angular blocky structure (5-50 mm); very few fine roots 
(6-10 dm-2); presence of manganese concretions (2 %, 
≤1 mm); distinct, even and flat boundary to 

 
2Bkt 58->85 slightly hard consistence [not sampled]. 
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Table 19. T4.1, Markonia top, Orthoepicutanic Alisol 
Tabelle 19. T4.1, Markonia top, Orthoepicutanic Alisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

25 Ap Ap 1842-1 1.48 2.29 0.05 9.56 1.01 0.41 1.67 

42 2Ap2 IIrAp 1842-2 1.60 2.64 0.04 5.82 0.62 0.30 1.02 

58 2Bt IIBt 1842-3 1.64 3.08 0.02 4.81 0.50 0.20 0.84 

>85 2Bkt IIBtc - - - - - - - - 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

25 Ap 3.2 21.7 152 21.7 506 39 10.1 7.87 6.53 0.08 1.9 

42 2Ap2 4.9 9.7 156 26.9 530 37 15.3 7.74 6.08 0.05 1.9 

58 2Bt 5.9 11.1 177 33.6 593 38 15.8 8.00 6.23 0.08 2.5 

>85 2Bkt - - - - - - - - - - - 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

25 Ap 2-3 1.5 13.2 22.0 36.8 14.7 5.3 4.5 24.4 38.8 

42 2Ap2 <1 1.1 11.0 20.6 32.7 14.9 6.2 4.8 25.9 41.4 

58 2Bt <1 1.0 7.7 17.2 25.9 15.8 6.5 7.3 29.5 44.6 

>85 2Bkt - - - - - - - - - - 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

25 Ap 68.1 13.0 4.01 1.07 0.67 0.99 1.88 4877 606 849 390 3.6 

42 2Ap2 66.1 13.7 4.13 1.13 0.63 1.03 1.82 5053 407 880 398 4.7 

58 2Bt 63.2 15.2 4.62 1.31 0.71 1.01 1.96 5464 403 1115 377 4.6 

>85 2Bkt - - - - - - - - - - - - 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

25 Ap 0.92 1.14 - 1.18 6.10 0.40 0.20 0.037 0.186 4.97 

42 2Ap2 0.97 1.29 - 1.20 6.32 0.45 0.20 0.040 0.204 5.03 

58 2Bt 1.05 1.32 - 1.31 6.80 0.62 0.19 0.036 0.195 5.48 

>85 2Bkt - - - - - - - - - - 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

25 Ap 12 35 23 0 0 30 12.5 0.13 78.6 3.9 0.63 

42 2Ap2 10 24 46 14 0 5 12.7 0.13 79.8 3.6 0.62 

58 2Bt 10 25 45 7 0 3 14.5 0.13 80.5 3.1 0.66 

>85 2Bkt - - - - - - - - - - - 
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T4.2, Markonia 
 
Terrace:   T4 

Profile:  T4.2 

Locality:   Markonia 
Description:  S. Wagner, D. Sauer 
Date of record: 2006, April 9th 
Position:   Exposure at erosion gully with broom shrubland 
GPS position:  N 40°20.991’, E 16°41.095’, 6m precision 
Elevation a.s.l.: 97m 
Land use:  Slope of broom shrubland (formerly cultivated) 
Vegetation:  Broom shrubland, grasses 
Stratigraphic sequence: 0-58 cm: Upper loamy terrace sediment 
  58-75 cm: 1st layered gravel 
  75-93 cm: 2nd layered gravel 
  93->165 cm: Main gravel body of marine terrace 
Reference soil group WRB: Orthoepicutanic Luvisol (Endoruptic, Hypereutric, 

Epihyperchromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-24 brown (7.5YR 4/5) moist, brown (7.5YR 4/4) dry; sandy 

clay (SC), 2 % gravel (fine and medium pebbles); soft 
consistence; subangular blocky structure (5-20 mm), 
loose degree of compression, open to half-open storage; 
low bulk density; few fine roots (21-50 dm-2); presence of 
lime concretions (6 %, 5-15 mm) increasing with depth, 
manganese concretions (<1 %, ≤1mm); clear, even and 
flat boundary to 

 
Bkt 24-58 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

sandy clay loam (SCL), 2 % gravel (fine and medium 
pebbles); slightly hard consistence; angular blocky 
structure (5-50 mm), medium degree of compression, 
half-open to closed storage; low to medium bulk density; 
very few fine roots (11-20 dm-2); presence of lime 
concretions (15 %, 5-20 mm), manganese concretions 
(<1 %, ≤1 mm) and pendants; clear, wavy and inclined 
boundary to 

 
2Btk 58-75 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

sandy clay loam (SCL), 15 % gravel (2 % fine pebbles, 
5 % medium pebbles, 8 % coarse pebbles); slightly hard 
consistence; subangular blocky to angular blocky structure 
(5-20 mm), medium degree of compression, half-open to 
closed storage; medium bulk density; very few fine roots 
(6-10 dm-2); presence of soft concretions, manganese 
concretions (3 %, 1-2 mm), manganese on gravel, lime 
pendants (2 %); clear, wavy and inclined boundary to 

 
3Bt 75-93 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

sandy clay loam (SCL), 4 % gravel (fine and medium 
pebbles); slightly hard consistence; angular blocky 
structure (5-50 mm), medium degree of compression, 
closed storage; medium bulk density; very few fine roots 
(6-10 dm-2); presence of manganese concretions (2 %, 1-
2 mm), manganese on gravel; clear, wavy and inclined 
boundary to 
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Horizon Depth [cm] Field description 

 
4BCt 93->165 brown (7.5YR 4/4) moist, brown (7.5YR 4/6) dry; sandy 

clay loam (SCL), 60 % gravel (15 % fine pebbles, 15 % 
medium pebbles, 30 % coarse pebbles); slightly hard 
consistence; coherent or subangular blocky structure (5-
50 mm), loose degree of compression, half-open storage; 
medium to high bulk density; very few fine roots (3-
10 dm-2); presence of manganese concretions (1 %, 
≤1 mm), manganese on gravel, lime pendants, lime crust 
of 40 cm length and 4 cm thickness in 93 cm depth. 

 
 
Table 20. T4.2, Markonia, Orthoepicutanic Luvisol 
Tabelle 20. T4.2, Markonia, Orthoepicutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

24 Ap rAp 1841-1 1.63 2.13 0.49 6.87 1.17 4.05 1.20 

58 Bkt Btc 1841-2 1.75 1.45 0.48 2.98 0.78 3.99 0.52 

75 2Btk IIBct 1841-3 - 1.31 0.10 1.73 0.27 0.83 0.30 

93 3Bt IIIBt 1841-4 1.68 0.86 0.02 1.20 0.14 0.20 0.21 

>165 4BCt IVCv-Bt 1841-5 - 1.02 0.27 1.54 0.42 2.25 0.27 
 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

24 Ap 1.1 15.7 340 17.0 459 82 9.6 8.43 7.44 0.14 3.1 

58 Bkt 1.3 9.4 315 18.0 343 100 8.3 8.54 7.55 0.10 3.8 

75 2Btk 1.6 11.3 174 18.4 309 66 6.5 8.50 7.38 0.12 3.8 

93 3Bt 1.3 10.2 82 18.3 210 53 7.8 8.41 7.33 0.11 3.8 

>165 4BCt 2.0 11.9 140 20.0 224 78 5.9 8.55 7.57 0.14 2.5 
 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

24 Ap 2 3.4 27.1 20.5 50.9 6.6 4.0 3.2 13.9 35.2 

58 Bkt 2 4.3 39.2 19.2 62.6 5.0 2.5 2.4 10.0 27.4 

75 2Btk 15 6.5 43.3 19.5 69.3 3.3 2.0 0.8 6.1 24.7 

93 3Bt 4 5.2 49.3 20.0 74.4 2.8 1.5 0.9 5.2 20.4 

>165 4BCt 60 22.5 38.0 12.2 72.8 2.7 1.6 0.7 5.0 22.3 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

24 Ap 71.3 11.0 3.30 1.08 2.93 0.72 1.69 3396 364 611 300 3.3 

58 Bkt 74.2 8.82 2.69 0.95 2.96 0.81 1.47 2643 260 509 222 4.5 

75 2Btk 77.2 8.99 2.85 0.93 1.03 0.75 1.51 2648 336 668 238 2.9 

93 3Bt 79.5 7.63 2.41 0.83 0.45 0.80 1.43 2237 334 543 204 3.7 

>165 4BCt 76.2 7.73 2.57 0.93 1.73 0.55 1.32 2262 395 594 192 5.5 
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cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

24 Ap 0.58 0.47 - 0.83 4.34 0.28 0.17 0.019 0.109 3.87 

58 Bkt 0.34 0.23 - 0.60 3.59 0.26 0.18 0.011 0.064 3.36 

75 2Btk 0.33 0.29 - 0.52 3.38 0.29 0.16 0.014 0.085 3.10 

93 3Bt 0.28 0.26 - 0.57 3.73 0.32 0.21 0.015 0.071 3.46 

>165 4BCt 0.34 0.33 - 0.59 3.43 0.29 0.17 0.017 0.097 3.10 
 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

24 Ap 7 18 58 0 0 17 11.3 0.37 67.3 4.9 0.39 

58 Bkt 6 12 73 1 0 8 11.9 0.44 62.8 6.3 0.36 

75 2Btk 7 20 60 2 0 10 11.1 0.22 73.2 6.4 0.25 

93 3Bt 9 28 50 0 0 13 10.9 0.17 74.0 7.7 0.25 

>165 4BCt 10 31 37 0 0 21 11.8 0.34 68.2 7.2 0.22 
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T5.1, Tinchi-Markonia 
 
Terrace:   T5 

Profile:  T5.1 

Locality:   Tinchi-Markonia 
Description:  S. Wagner, D. Sauer, F. Scarciglia 
Date of record: 2006, April 4th 
Position:   Construction site within residential area (village) 
GPS position:  N 40°21.365’, E 16°40.556’, 5 m precision 
Elevation a.s.l.: 120 m 
Land use:  Residential use/settlement, formerly deciduous woodland 

with agricultural use 
Vegetation:  Broom shrubland, grasses 
Stratigraphic sequence: 0-30 cm: Colluvium 
  30-108 cm: Upper clayey terrace sediment 
  108->206 cm: Main gravel body of marine terrace 
Reference soil group WRB: Epicutanic-Hyperalic Alisol (Epiferric, Epiabruptic, 

Epiruptic, Endoeutric, Profondic, Endoclayic, Endochromic, 
Novic) 

 
 
Horizon Depth [cm] Field description 

 
Ap 0-30 brown (7.5YR 4/3) moist, brown (7.5YR 4/4) dry; loam 

(L), <1 % gravel (fine pebbles); soft to slightly hard 
consistence; granular structure with loose degree of 
compression and open storage (0-10 cm depth) or 
subangular blocky structure with medium degree of 
compression and half-open storage (10-30 cm depth); 
presence of (very few) earth worms; (very) low (0-10 cm) 
to medium (10-30 cm) bulk density; very few fine roots 
(6-10 dm-2); presence of manganese concretions (<1 %, 
1-2 mm), surface compaction in the upper 10 cm with 
lamination; clear, wavy to even boundary to 

 
2Bt1 30-54 brown (7.5YR 4/4) moist, dull orange (7.5YR 6/4) dry; 

clay (C), <1 % gravel (fine pebbles); slightly hard 
consistence; angular blocky structure (5-50 mm), medium 
degree of compression, half-open storage; medium bulk 
density; very few fine roots (3-5 dm-2); presence of 
manganese concretions (4-5 %, 1-2 mm); diffuse, even to 
wavy boundary to 

 
2Bt2 54-83 brown (7.5YR 4/4) moist, dull brown (7.5YR 5/4) dry; clay 

(C), <1 % gravel (fine pebbles); slightly hard consistence; 
angular blocky structure (5-50 mm), medium degree of 
compression, closed storage; medium to high bulk 
density; very few fine roots (3-5 dm-2); presence of 
manganese concretions (6-7 %, 1-5 mm); distinct, even 
to wavy boundary to 

 
2Btk 83-108 bright brown (7.5YR 5/6) moist, dull orange (7.5YR 6/4) 

dry; clay (C), <1 % gravel (fine and medium pebbles); 
slightly hard consistence; angular blocky structure (5-
50 mm), medium degree of compression, closed storage; 
high bulk density; very few fine roots (3-5 dm-2); 
presence of manganese concretions (1-2 %, 1 mm), firm 
lime concretions (20 %, 5-10 mm); distinct, even to wavy 
boundary to 
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Horizon Depth [cm] Field description 

 
3BCt1 108-174 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

clay (C), 75 % gravel (3 % fine, 7 % medium, 65 % 
coarse pebbles); slightly hard consistence; angular blocky 
structure (5-50 mm), loose degree of compression, closed 
storage; high to very high bulk density; no roots; 
presence of manganese walls on gravel and aggregate 
surfaces (25 %), firm lime concretions (10 %) within 
upper half of horizon, lime pendants on bottom of gravel 
within lower half of horizon; distinct, even and slightly 
wavy boundary to 

 
3BCt2 174->206 brown (7.5YR 4/4) moist, bright brown (7.5YR 5/6) dry; 

sandy clay loam (SCL), 90 % gravel (5 % fine, 15 % 
medium, 70 % coarse pebbles); slightly hard consistence; 
subangular blocky (5-20 mm) to coherent structure 
(ambiguous due to infillings with fine material within 
gravel); high to very high bulk density; no roots; presence 
of manganese walls on gravel (7 %), lime pendants on 
bottom of gravel. 

 
 
Table 21. T5.1, Tinchi-Markonia, Epicutanic-Hyperalic Alisol 
Tabelle 21. T5.1, Tinchi-Markonia, Epicutanic-Hyperalic Alisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

30 Ap Ap 1843-1 1.76 1.42 0.04 5.99 0.64 0.31 1.05 

54 2Bt1 IIBt1 1843-2 1.62 3.97 0.03 3.43 0.37 0.27 0.60 

83 2Bt2 IIBt2 1843-3 1.69 3.90 0.06 3.17 0.38 0.53 0.55 

108 2Btk IIBtc 1843-4 1.80 2.56 1.16 3.12 1.48 9.62 0.55 
174 3BCt1 IIIBtc-C1 1843-5 - 2.65 0.36 2.52 0.61 2.99 0.44 

>206 3BCt2 IIIBtc-C2 1843-6 1.26 1.72 0.13 2.06 0.33 1.05 0.36 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

30 Ap 2.3 8.4 93 16.8 362 33 9.1 7.08 5.40 0.03 1.9 

54 2Bt1 11.0 11.8 196 36.6 662 38 16.8 7.86 5.78 0.06 2.5 

83 2Bt2 18.3 12.3 217 38.9 648 44 9.4 8.48 6.86 0.21 2.5 

108 2Btk 21.1 11.7 371 33.2 528 83 9.8 8.90 7.44 0.24 3.0 

174 3BCt1 38.2 17.8 300 32.7 554 70 11.3 8.90 7.64 0.28 3.8 

>206 3BCt2 29.4 13.8 145 15.8 359 57 10.8 9.10 7.51 0.27 2.5 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

30 Ap <1 2.5 23.5 15.7 41.7 19.5 8.0 4.7 32.2 26.1 

54 2Bt1 <1 1.5 13.0 8.9 23.4 12.2 6.5 6.0 24.7 51.9 

83 2Bt2 <1 1.5 15.3 9.3 26.1 12.7 6.0 4.8 23.5 50.4 

108 2Btk <1 2.7 19.6 9.7 32.0 11.5 6.0 4.8 22.3 45.7 

174 3BCt1 75 3.6 25.8 8.9 38.2 8.5 5.5 4.0 18.1 43.7 

>206 3BCt2 90 4.7 47.2 6.0 57.9 5.1 3.0 2.4 10.5 31.6 
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cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

30 Ap 71.5 10.1 2.93 0.78 0.49 1.19 1.63 4675 496 1567 392 4.2 

54 2Bt1 62.8 15.9 5.06 1.36 0.73 0.90 1.91 5437 337 1198 336 4.0 

83 2Bt2 63.8 14.9 4.73 1.44 0.94 0.87 1.83 5264 371 1265 340 4.2 

108 2Btk 61.7 13.3 4.18 1.57 7.05 0.23 1.63 4704 431 1100 305 3.8 

174 3BCt1 65.9 13.1 4.42 1.57 2.30 0.82 1.72 4404 467 1152 264 3.8 

>206 3BCt2 74.9 9.5 3.33 1.15 1.15 0.77 1.33 3179 404 795 179 3.3 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

30 Ap 0.55 1.24 - 0.83 4.52 0.81 0.20 0.054 0.273 3.29 

54 2Bt1 0.99 1.42 - 1.37 6.45 0.58 0.16 0.036 0.220 5.03 

83 2Bt2 0.91 0.80 - 1.27 6.25 0.80 0.17 0.022 0.128 5.45 

108 2Btk 0.66 0.40 - 0.94 4.66 0.48 0.15 0.013 0.086 4.26 

174 3BCt1 0.65 0.46 - 0.98 5.57 0.56 0.16 0.013 0.082 5.11 

>206 3BCt2 0.70 0.74 - 0.62 3.70 0.34 0.15 0.030 0.201 2.95 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

30 Ap 10 23 48 13 0 7 11.9 0.13 75.4 5.3 1.23 

54 2Bt1 7 17 66 7 0 3 16.2 0.13 81.8 2.9 0.48 

83 2Bt2 6 16 44 30 0 4 15.5 0.16 80.3 3.2 0.47 

108 2Btk 8 15 69 1 0 7 15.4 0.65 59.9 3.4 0.49 

174 3BCt1 8 16 64 3 0 9 16.7 0.29 73.1 3.7 0.41 

>206 3BCt2 10 19 60 1 0 10 17.8 0.24 74.6 5.7 0.33 
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T5.2, Tinchi 1 
 
Terrace:   T5 

Profile:  T5.2 

Locality:   Tinchi 1 
Description:  S. Wagner, D. Sauer, F. Scarciglia 
Date of record: 2006, April 05th  
Position:   Exposure due to erosion gully 
GPS position:  N 40°21.731’, E 16°37.943’, 6 m precision 
Elevation a.s.l.: 164 m 
Land use:  Agricultural land, field path to the other side 
Vegetation:  Open area with little vegetation, grasses 
Stratigraphic sequence: 0-80 cm: Upper loamy terrace sediment 
  80->205 cm: Main gravel body of marine terrace 
  (80-127 cm: Stray sand within right part of soil profile) 
Reference soil group WRB: Epicutanic Alisol (Endoruptic, Profondic, Epiclayic, 

Endochromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-33 brown (7.5YR 4/3) moist, brown (7.5YR 4/4) dry; loam 

(L), 7 % gravel (2 % fine, 3 % medium, 2 % coarse 
pebbles); subangular blocky structure (20-50 mm), loose 
degree of compression, open storage; presence of 
medium to coarse cracks (5 %, 1-3 mm) and coarse tubes 
(10 %, 1-10 mm); very low (0-15 cm) to low (15-33 cm) 
bulk density; very few fine (11-20 dm-2) and coarse (1-
2 dm-2) roots; presence of manganese concretions (1 %, 
1 mm); clear, flat and even boundary to 

 
Bt 33-80 brown (7.5YR 4/4) moist, brown (7.5YR 4/5) dry; clay (C), 

2 % gravel (<1 % fine, 1-2 % medium pebbles); 
subangular blocky to angular blocky structure (5-50 mm), 
loose to medium degree of compression, half-open 
storage; medium bulk density; very few fine roots (6-
10 dm-2); presence of manganese concretions (2 %, 1-
3 mm), firm lime concretions (2-3 %, 2-5 cm); clear, flat 
and wavy boundary to 

 
2BCtk1 80-127 brown (7.5YR 4/5) moist, dull to bright brown (7.5YR 5/5) 

dry; clay (C), 20 % gravel (5 % fine, 10 % medium, 5 % 
coarse pebbles); angular blocky structure (5-50 mm), 
sometimes subangular blocky (5-50 mm), medium degree 
of compression, half-open storage; medium bulk density; 
very few fine roots (3-5 dm-2); presence of manganese 
concretions (1 %, 1-2 mm), firm lime concretions (7 %, 2-
4 cm), pendants; diffuse, flat and even boundary to 

 
2BCtk1 80-127 brown (7.5YR 4/4) moist, dull brown (7.5YR 5/4) dry; clay  
(stray sand)  (C), 20 % gravel (5 % fine, 10 % medium, 5 % coarse 

pebbles), half-open storage; medium bulk density; very 
few fine roots (1-2 dm-2); presence of manganese 
concretions (1 %, 1-2 mm); distinct, even to wavy 
boundary to 
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Horizon Depth [cm] Field description 

 
2BCtk2 127-168 brown (7.5YR 4/4) moist, dull orange (7.5YR 6/4) dry; 

clay (C), 15 % gravel (2 % fine, 3 % medium, 10 % 
coarse pebbles); angular blocky structure (5-20 mm), 
sometimes subangular blocky structure (5-20 mm), 
medium degree of compression, half-open storage; high 
bulk density; very few fine roots (1-2 dm-2); presence of 
manganese walls on gravel, manganese concretions 
(15 %, 1-2 mm), firm lime concretions (4 %, 1-5 cm), 
pendants; clear, flat and even boundary to 

 
2BCtk3 168->205 dull brown (7.5YR 5/4) moist, dull orange (7.5YR 6/4) dry; 

sandy clay loam (SCL), 8 % gravel (1 % fine, 3 % 
medium, 4 % coarse pebbles); angular blocky (5-50 mm) 
structure, sometimes subangular blocky structure (5-
50 mm), medium to firm degree of compression, half-
open storage; high bulk density; very few fine roots (1-
2 dm-2); presence of manganese concretions (5 %, 1-
2 mm), firm lime concretions (2 %, 1-5 cm), soft lime 
enrichments (10 %). 

 
 
Table 22. T5.2, Tinchi 1, Epicutanic Alisol 
Tabelle 22. T5.2, Tinchi 1, Epicutanic Alisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

33 Ap Ap 1844-1 1.53 2.00 0.04 7.23 0.77 0.35 1.26 

80 Bt Bvt 1844-2 1.62 1.82 0.04 6.32 0.67 0.36 1.11 
127 2BCtk1 IIBt-elCc1 1844-3 - 2.15 0.16 2.59 0.42 1.36 0.45 

127 Stray 
sand 

Sand-
linse 

1844-4 - 1.15 0.14 2.83 0.43 1.20 0.50 

168 2BCtk2 IIBt-elCc2 1844-5 - 1.86 0.13 2.10 0.34 1.05 0.37 

>205 2BCtk3 IIBt-elCc3 1844-6 - 1.79 0.22 1.45 0.36 1.81 0.25 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

33 Ap 2.8 16.9 125 20.4 462 36 6.0 7.49 6.09 0.06 1.9 

80 Bt 3.1 7.3 124 15.8 409 37 7.4 7.64 6.29 0.06 2.5 
127 2BCtk1 3.2 7.4 195 15.9 412 54 11.3 8.36 7.28 0.13 3.1 
127 Stray 

sand 
2.1 5.3 154 10.0 280 61 6.0 8.34 7.50 0.14 2.5 

168 2BCtk2 2.8 8.3 179 30.5 416 53 11.0 8.31 7.33 0.17 2.5 
>205 2BCtk3 2.9 7.7 229 31.3 404 67 8.9 8.29 7.40 0.18 2.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

33 Ap 7 3.1 19.9 22.1 45.1 10.4 5.1 3.0 18.5 36.4 

80 Bt 2 3.6 20.9 24.4 48.9 12.5 5.4 4.1 21.9 29.2 

127 2BCtk1 20 4.6 23.7 21.4 49.8 8.9 5.0 4.9 18.8 31.4 

127 Stray 
sand 

(20) 5.0 30.6 30.4 66.1 7.9 2.6 2.3 12.8 21.1 

168 2BCtk2 15 3.4 23.0 22.1 48.5 8.7 4.7 4.9 18.3 33.2 

>205 2BCtk3 8 3.9 25.4 23.0 52.2 8.6 4.6 3.7 16.9 31.0 
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cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

33 Ap 71.1 11.5 3.50 0.92 0.53 0.79 1.65 4129 564 762 374 4.2 

80 Bt 72.5 10.8 3.14 0.86 0.56 0.98 1.61 4022 314 712 389 4.1 
127 2BCtk1 70.8 11.4 3.42 1.01 1.37 1.06 1.74 4116 378 1029 321 3.4 
127 Stray 

sand 
76.8 8.49 2.41 0.72 1.09 0.91 1.41 3412 304 659 449 3.3 

168 2BCtk2 73.1 10.4 3.44 1.03 1.16 0.95 1.63 3816 352 1000 268 2.9 
>205 2BCtk3 72.6 10.0 3.20 1.00 1.66 0.98 1.56 3578 366 920 292 3.9 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

33 Ap 0.38 0.31 - 0.98 5.08 0.38 0.19 0.011 0.061 4.77 

80 Bt 0.63 0.73 - 0.84 4.48 0.36 0.19 0.030 0.162 3.76 
127 2BCtk1 0.50 0.32 - 0.69 3.85 0.53 0.15 0.012 0.083 3.53 
127 Stray 

sand 
0.47 0.40 - 0.62 3.17 0.30 0.17 0.022 0.128 2.77 

168 2BCtk2 0.37 0.26 - 0.66 3.97 0.55 0.15 0.010 0.065 3.71 
>205 2BCtk3 0.36 0.26 - 0.57 3.35 0.48 0.14 0.011 0.078 3.09 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

33 Ap 10 34 33 6 0 16 11.0 0.13 79.6 4.6 0.51 

80 Bt 12 34 41 0 0 13 10.3 0.13 77.5 5.0 0.75 
127 2BCtk1 8 15 61 5 0 11 12.8 0.21 73.2 4.7 0.60 
127 Stray 

sand 
11 29 42 1 0 17 7.6 0.21 71.3 6.8 0.61 

168 2BCtk2 7 17 66 1 0 10 14.2 0.21 73.5 5.1 0.55 
>205 2BCtk3 5 9 74 2 0 9 12.3 0.27 70.4 5.4 0.54 
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T6.1, Tinchi 2 
 
Terrace:   T6 

Profile:  T6.1 

Locality:   Tinchi 2 
Description:  S. Wagner, D. Sauer, K. Stahr, C. Stein 
Date of record: 2004, March 26th 
Position:   On olive grove, open land adjacent 
GPS position:  N 40°21.679’, E 16°37.105’, 5 m precision 
Elevation a.s.l.: 200 m 
Land use:  Olive grove 
Vegetation:  Calendula, clover 
Stratigraphic sequence: 0-20 cm: Colluvium 
  20-36 cm: Upper clayey terrace sediment 
  36-115 cm: Main gravel body of marine terrace 
  115-200 cm: Transgression with interstratifications of 

sand and pebbles 
Reference soil group WRB: Orthoepicutanic Luvisol (Endoleptic, Epiabruptic, 

Endoskeletic,  Epiclayic, Endochromic) 
 
Explanatory note: This soil is located at a slope and was partly affected by 

erosion. A second profile was therefore dug uphill to attain 
a complete description of the upper horizons (0-50 cm 
depth). The Luvisol of this site is therefore deduced from 
the conjunction of the two adjoining sites. The given 
profile depths assume former soil erosion of 36 cm. 
However, horizon boundaries would be 36 cm deeper, if 
the soil was not affected by erosion (see the field 
description for alternative depths). 

 
 
Horizon Depth [cm] Field description 

 
Ap 0-20 brown (7.5YR 4/3) moist, dull yellowish brown (10YR 5/4) 

dry; sandy clay loam (SCL), 1 % gravel (fine and coarse 
pebbles, bricks); subangular blocky structure (5-20 mm), 
bulky storage, very loose compaction, very easy 
penetration, very high proportion of macropores; few fine 
roots (21-50 dm-2) very evenly distributed; all data from 
soil profile; clear, flat and wavy boundary to 

 
2Bt 20-36 brown (7.5YR 4/4) moist, brown (10YR 4/6) dry; clay (C), 

3-5 % gravel (fine and coarse pebbles); angular blocky 
structure (5-20 mm), open to half-open storage, loose 
compaction, easy penetration, very high proportion of 
macropores; very few fine roots (6-10 dm-2) very evenly 
distributed; all data from soil profile; gradual, flat and 
wavy boundary to 

 
3Btw 36-50 brown (7.5YR 4/5) moist, dull yellowish brown (10YR 5/4) 

dry; clay (C), 80 % gravel (fine and coarse pebbles); 
coherent structure, open to half-open storage, loose to 
medium compaction, easy to medium penetration, high 
proportion of macropores; very few fine roots (1-2 dm-2) 
evenly distributed; data from profile (unclear depth), in 
parts strongly weathered, digging is partly possible 

 



 Appendix 259 

 

Horizon Depth [cm] Field description 

 
3Btw2 50-58 brown (7.5YR 4/4) moist, brown (7.5YR 4/5) dry; sandy 

clay (SC), 70 % gravel (fine and coarse pebbles); 
subangular blocky structure (5-20 mm); no roots; depth 
calculated from outcrop and by slope inclination (if not 
eroded: 36-94 cm) 

 
3Bw 58-115 brown (7.5YR 4/4) moist, brown (7.5YR 4/6) dry; sandy 

clay loam (SCL), 75 % gravel (fine and coarse pebbles); 
coherent structure; no roots; depth calculated from 
outcrop and by slope inclination (if not eroded: 94-
151 cm) 

 
4Bw2 115-132 brown (7.5YR 5/4) moist, yellowish brown (10YR 5/6) dry; 

medium sand (MS), 1 % gravel (fine and coarse pebbles); 
coherent structure; no roots; depth calculated from 
outcrop and by slope inclination (if not eroded: 151-
168 cm) 

 
4Cw 132-165 brown (10YR 4/6) moist, bright yellowish brown 

(2.5Y 6/8) dry; medium sand (MS); single grain or 
coherent structure; no roots; depth calculated from 
outcrop and by slope inclination (if not eroded: 168-
201 cm) 

 
4C 165-200 olive brown (2.5Y 4/6) moist, bright yellowish brown 

(2.5Y 6/6) dry; medium sand (MS); single grain or 
coherent (massive) structure; no roots; depth calculated 
from outcrop and by slope inclination (if not eroded: 201-
236 cm). 

 
 
Table 23. T6.1, Tinchi 2, Orthoepicutanic Luvisol 
Tabelle 23. T6.1, Tinchi 2, Orthoepicutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

20 Ap M+Ap 1706-1 1.74 3.57 0.01 9.64 0.98 0.11 1.69 

36 2Bt IIBt 1706-2 1.51 7.17 0.03 6.30 0.66 0.22 1.10 

50 3Btw IIIBtv 1706-3 - - 0.88 6.43 1.53 7.30 1.13 

58 3Btw2 IIIBtv2 1706-4 - - 0.02 3.30 0.35 0.15 0.58 

115 3Bw IIIBtv3 1706-5 - - 0.22 3.94 0.62 1.85 0.69 

132 4Bw2 IVBv 1706-6 - - 0.85 1.17 0.97 7.10 0.20 

165 4Cw IVlCv 1706-7 - - 0.02 0.58 0.08 0.16 0.10 

200 4C IVlCn 1706-8 - - 1.38 0.89 1.47 11.50 0.16 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

20 Ap 1.4 8.2 7 0.83 18 100 11.5 7.13 5.77 0.30 0.0 

36 2Bt 3.2 10.8 206 1.81 370 60 17.3 7.40 5.71 0.05 3.1 

50 3Btw 3.1 12.7 88 1.35 350 30 16.0 8.27 7.28 0.18 0.0 

58 3Btw2 1.6 8.6 119 1.13 254 51 11.2 6.79 5.12 0.03 3.8 

115 3Bw 0.9 4.7 7 0.20 12 100 7.4 8.35 7.50 0.11 3.8 

132 4Bw2 0.4 1.6 4 0.10 6 100 3.0 8.70 7.92 0.08 0.0 

165 4Cw 0.5 1.2 3 0.10 4 100 1.4 9.08 8.36 0.07 0.0 

200 4C 0.5 1.6 52 0.18 54 100 1.8 8.99 8.27 0.07 0.0 
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cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

20 Ap 1 8.7 29.2 15.6 53.5 14.1 6.0 3.3 23.5 23.1 

36 2Bt 3-5 2.4 13.9 9.4 25.7 8.5 5.1 3.5 17.0 57.3 

50 3Btw 80 5.7 13.2 9.6 28.5 5.6 3.3 5.7 14.6 57.0 

58 3Btw2 70 4.8 30.3 12.3 47.5 7.2 1.9 3.5 12.7 39.9 

115 3Bw 75 7.2 59.5 10.2 76.9 1.0 1.2 0.8 3.0 20.2 

132 4Bw2 1 1.0 59.6 27.7 88.3 1.7 1.1 0.8 3.6 8.1 

165 4Cw 0 1.7 77.0 17.2 95.8 0.3 0.6 0.5 1.4 2.8 

200 4C 0 1.1 73.1 15.5 89.8 2.1 1.0 1.4 4.5 5.7 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

20 Ap 81.9 9.8 3.00 0.49 0.50 0.83 1.57 4223 431 971 380 1.3 

36 2Bt 70.8 16.9 6.22 0.75 0.99 0.42 2.00 5589 349 1086 374 1.1 

50 3Btw 63.2 17.1 5.62 1.07 6.60 0.55 1.79 4602 563 1015 302 3.5 

58 3Btw2 77.9 12.6 5.00 0.53 0.62 0.47 1.71 4013 324 1525 270 0.6 

115 3Bw 83.5 7.9 3.01 0.52 1.01 0.58 1.17 2197 513 782 188 2.0 

132 4Bw2 83.9 5.6 1.99 0.45 3.79 0.70 1.16 1786 461 585 169 2.1 

165 4Cw 83.7 4.1 1.51 0.47 7.52 0.63 1.08 1028 376 455 105 0.8 

200 4C 79.9 5.9 1.84 0.44 8.65 0.61 1.64 1306 400 526 105 0.8 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

20 Ap 0.54 0.71 0.48 - 7.17 0.44 0.35 0.035 0.099 6.45 

36 2Bt 1.36 1.14 0.65 - 13.6 0.62 0.31 0.026 0.084 12.46 

50 3Btw 1.40 0.71 0.52 - 12.2 0.47 0.32 0.018 0.058 11.46 

58 3Btw2 0.90 0.83 0.98 - 13.2 1.04 0.38 0.024 0.062 12.42 

115 3Bw 0.52 0.55 0.52 - 7.90 0.39 0.38 0.026 0.069 7.35 

132 4Bw2 0.22 0.32 0.30 - 6.10 0.26 0.44 0.023 0.053 5.78 

165 4Cw 0.09 0.18 0.16 - 5.09 0.11 0.49 0.017 0.035 4.91 

200 4C 0.11 0.17 0.14 - 3.55 0.18 0.28 0.013 0.047 3.38 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

20 Ap 10 22 51 0 0 17 11.1 0.10 77.2 6.2 1.02 

36 2Bt 5 18 72 3 0 3 14.9 0.10 83.2 3.0 0.30 

50 3Btw 8 14 62 5 0 12 15.2 0.45 65.6 2.7 0.26 

58 3Btw2 11 25 44 5 0 14 14.8 0.09 81.8 4.3 0.32 

115 3Bw 9 17 54 7 0 13 11.7 0.19 74.1 7.5 0.15 

132 4Bw2 8 24 42 2 0 25 10.6 0.76 49.7 10.8 0.44 

165 4Cw 9 28 45 0 0 19 9.8 1.96 30.7 14.7 0.49 

200 4C 7 9 76 2 0 6 12.5 1.55 35.1 10.2 0.80 
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T7.1, Tinchi 3 
 
Terrace:   T7 

Profile:  T7.1 

Locality:   Tinchi 3 
Description:  S. Wagner, D. Sauer, K. Stahr, C. Stein 
Date of record: 2004, March 27th 
Position:   On olive grove, open land adjacent 
GPS position:  N 40°21.874’, E 16°36.251’, 7 m precision 
Elevation a.s.l.: 238 m 
Land use:  Olive grove, ploughed 
Vegetation:  Olive trees (15m × 15m), grass 
Stratigraphic sequence: 0-73 cm: Upper loamy terrace sediment 
  73-380 cm: Main gravel body 
  380-410 cm: 2nd transgression with interstratifications of 

sand and pebbles 
  410->450 cm: 1st transgression with interstratifications of 

sand and pebbles 
Reference soil group WRB: Epicutanic Luvisol (Endomanganiferric, Epieutric, 

Endochromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-33 dark brown (10YR 3/4) moist, dull yellowish brown 

(10YR 4/3) dry; fine sandy loam (FSL), <1 % gravel; 
granular (2-5 mm) to subangular blocky (5-20 mm) 
structure; very few fine roots (16-20 dm-2) with strongly 
decreasing root density from top to bottom; 5 cm plow 
pan on the bottom (see bulk density!), bioturbation with 
very fine krotovina; clear and very wavy boundary to 

 
Bt1 33-54 dark brown (7.5YR 3/4) moist, brown (7.5YR 4/4) dry; 

sandy clay loam (SCL), <1 % gravel (medium pebbles); 
angular blocky structure (20 mm); very few fine roots (2-
5 dm-2); clay cutans, bioturbation with very fine 
kronovina; gradual, even and wavy boundary to 

 
Bt2 54-73 reddish brown (5YR 4/6) moist, reddish brown (5YR 4/6) 

dry; sandy clay loam (SCL), 1-2 % gravel (medium and 
coarse pebbles); subangular blocky to angular blocky 
structure (20 mm); very few fine roots (1-2 dm-2); clay 
cutans (more distinct than in Bt1), many bright and rusty 
manganese nodules; abrupt boundary to 

 
2Bt3 73-160 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

clay (C), 75 % gravel (medium and coarse pebbles); 
subangular blocky structure (5-20 mm); no roots; clay 
cutans, many manganese nodules; clear and smooth 
boundary to 

 
2Bt4 160-225 brown (7.5YR 4/6) moist, brown (7.5YR 4/4) dry; clay (C), 
top  70 % gravel  (medium and coarse pebbles); angular 

blocky structure (2-5 mm); no roots; manganese nodules 
on stone surfaces (not within fine material); gradual and 
smooth boundary to 
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Horizon Depth [cm] Field description 

 
2Bt4 225-290 reddish brown (5YR 4/6) moist, dark reddish brown  
bottom  (5YR 3/6) dry; sandy clay (SC), 70 % gravel (medium and 

coarse pebbles); angular blocky structure (2-5 mm); no 
roots; manganese nodules on stone surfaces (not within 
fine material); diffuse boundary to 

 
2Bw 290-330 dark brown (7.5YR 3/4) moist, reddish brown (5YR 4/6) 

dry; sandy clay loam (SCL), 65 % gravel (medium and 
coarse pebbles); coherent structure; manganese nodules 
on stone surfaces (not within fine material); clear 
boundary to 

 
2Go 330-338 dark brown (10YR 3/3) moist, brown (10YR 4/4) dry; 

medium sand (MS), 80 % gravel (medium and coarse 
pebbles); coherent (massive) structure; no roots; 
manganese band; abrupt boundary to 

 
2Ckm+2C 338-380 75 % gravel (medium and coarse pebbles); gluey to single 

grain structure; no roots; alteration of solidified lime tapes 
and loose C-horizon material from sand; abrupt boundary 
to 

 
3C 380-410 olive brown (2.5Y 4/6) moist, dull yellow (2.5Y 6/4) dry; 

medium sand (MS), <1 % gravel (medium and coarse 
pebbles); no roots; abrupt boundary to 

 
4C 410-450 80 % gravel (medium and coarse pebbles); single grain 

structure; no roots; manganese band 
 



 Appendix 263 

 

Table 24. T7.1, Tinchi 3, Epicutanic Luvisol 
Tabelle 24. T7.1, Tinchi 3, Epicutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

33 Ap Ap 1706-1 1.71 2.13 0.02 8.67 0.89 0.20 1.52 

54 Bt1 Bt1 1706-2 1.54 1.50 0.03 6.32 0.66 0.21 1.11 

73 Bt2 Bt2 1706-3 1.78 3.04 0.02 5.48 0.58 0.21 0.96 

160 2Bt3 IIBt1 1706-4 1.59 5.19 0.01 2.89 0.30 0.11 0.51 
225 2Bt4 

top 
IIBt2 
oben 

1706-5 - - 0.02 3.64 0.39 0.19 0.64 

290 2Bt4 
bottom 

IIBt2 
unten 

1706-6 - - 0.06 5.51 0.62 0.50 0.96 

330 2Bw IIBv 1706-7 - - 0.19 3.26 0.52 1.59 0.57 

338 2Go IIfGo 1706-8 - - 0.81 2.84 1.10 6.79 0.50 
380 2Ckm 

+2C 
IICmc+ 
IIlCn 

1706-9 - - - - - - - 

410 3C IIIlCn 1706-
10 

- - 1.51 1.12 1.62 12.54 0.20 

>450 4C IVlCn 1706-
11 

- - - - - - - 
 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

33 Ap 0.8 0.3 9 0.40 11 100 9.0 6.31 5.52 0.08 0.0 

54 Bt1 1.2 6.5 69 0.55 140 55 11.0 7.21 5.72 0.04 3.3 

73 Bt2 4.6 8.0 71 0.94 167 50 14.1 6.52 5.30 0.10 7.5 

160 2Bt3 2.6 16.3 115 0.14 285 47 13.7 7.37 5.93 0.06 3.8 
225 2Bt4 

top 
1.8 11.1 95 1.13 192 57 12.3 7.46 5.92 0.04 3.8 

290 2Bt4 
bottom 

6.5 7.9 125 0.13 255 55 16.5 6.93 5.90 0.14 7.5 

330 2Bw 3.7 3.8 10 0.57 18 100 7.1 8.31 5.94 0.14 2.5 

338 2Go 1.9 1.7 63 0.15 67 100 3.9 8.68 8.08 0.12 0.0 
380 2Ckm 

+2C 
- - - - - - - - - - - 

410 3C 0.7 0.8 40 0.10 42 100 1.3 9.08 8.30 0.10 0.0 

>450 4C - - - - - - - - - - - 
 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

33 Ap <1 10.0 27.0 21.0 58.0 16.8 6.2 3.6 26.6 15.4 

54 Bt1 <1 6.7 23.7 16.6 47.0 14.6 5.7 5.1 25.4 27.6 

73 Bt2 1-2 11.2 24.1 14.4 49.7 8.7 5.1 2.6 16.4 33.8 

160 2Bt3 75 6.4 13.0 10.5 29.9 9.6 4.2 5.7 19.5 50.7 

225 2Bt4 
top 

70 5.6 18.8 12.4 36.8 11.5 5.8 5.3 22.5 40.7 

290 2Bt4 
bottom 

70 5.3 26.1 15.7 47.0 4.9 2.8 1.5 9.2 43.8 

330 2Bw 65 7.1 41.0 19.5 67.7 1.5 1.9 1.5 4.9 27.5 

338 2Go 80 21.4 54.1 14.7 90.2 1.0 1.1 1.0 3.1 6.7 

380 2Ckm 
+2C 

75 - - - - - - - - - 

410 3C <1 3.0 70.7 18.8 92.5 1.7 0.8 1.0 3.5 4.0 

>450 4C 80 - - - - - - - - - 
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cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

33 Ap 83.4 8.3 2.31 0.36 0.36 0.92 1.69 4186 626 1006 376 2.0 

54 Bt1 79.2 11.4 3.29 0.47 0.40 0.71 1.90 5061 446 1180 363 1.9 

73 Bt2 75.2 13.5 4.35 0.55 0.39 0.80 1.71 4233 532 1420 256 2.9 

160 2Bt3 69.2 17.7 5.59 0.76 0.54 0.64 2.12 5900 414 1430 338 2.6 
225 2Bt4 

top 
74.2 14.9 4.58 0.65 0.48 0.70 2.09 5596 408 1200 343 1.6 

290 2Bt4 
bottom 

71.0 15.5 5.02 0.69 0.60 0.58 1.64 3325 450 1805 204 4.4 

330 2Bw 80.1 10.9 3.77 0.58 1.13 0.73 1.46 2441 514 1546 159 0.9 

338 2Go 83.9 6.0 1.93 0.43 2.75 0.73 1.26 1298 386 2369 92 2.5 
380 2Ckm 

+2C 
- - - - - - - - - - - - 

410 3C 82.1 4.8 1.87 0.47 7.45 0.74 1.16 1203 452 517 102 1.1 

>450 4C - - - - - - - - - - - - 
 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

33 Ap 0.45 1.05 0.61 - 6.65 0.53 0.42 0.066 0.158 5.60 

54 Bt1 0.58 1.32 0.84 - 11.2 0.94 0.49 0.058 0.118 9.90 

73 Bt2 0.88 0.90 1.03 - 16.0 0.94 0.53 0.030 0.056 15.06 

160 2Bt3 1.03 1.54 0.83 - 15.3 0.95 0.40 0.040 0.101 13.71 
225 2Bt4 

top 
0.79 1.53 0.78 - 11.3 0.84 0.36 0.049 0.136 9.72 

290 2Bt4 
bottom 

0.87 0.90 1.17 - 14.3 1.26 0.41 0.026 0.063 13.36 

330 2Bw 0.52 0.60 0.94 - 10.8 1.13 0.42 0.023 0.056 10.16 

338 2Go 0.23 0.48 1.76 - 9.48 3.04 0.71 0.036 0.050 9.01 
380 2Ckm 

+2C 
- - - - - - - - - - 

410 3C 0.07 0.14 0.21 - 4.79 0.25 0.37 0.011 0.030 4.64 

>450 4C - - - - - - - - - - 
 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

33 Ap 19 45 0 0 0 36 11.1 0.09 73.7 7.5 1.73 

54 Bt1 19 42 0 0 0 39 13.9 0.08 79.1 5.2 0.92 

73 Bt2 21 46 0 0 0 33 16.6 0.07 82.3 4.1 0.49 

160 2Bt3 18 39 0 0 0 43 17.4 0.07 84.3 2.9 0.38 
225 2Bt4 

top 
17 39 0 0 0 45 16.3 0.08 82.0 3.7 0.55 

290 2Bt4 
bottom 

23 21 27 9 0 20 16.3 0.08 84.6 3.4 0.21 

330 2Bw 19 26 25 1 0 29 15.4 0.16 76.6 5.4 0.18 

338 2Go 30 41 9 3 0 17 14.1 0.53 56.1 10.3 0.46 
380 2Ckm 

+2C 
- - - - - - - - - - - 

410 3C 4 12 74 0 0 10 11.7 1.64 34.0 12.0 0.88 

>450 4C - - - - - - - - - - - 
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T8.1, Pisticci 
 
Terrace:   T8 

Profile:  T8.1 

Locality:   Pisticci 
Description:  S. Wagner, D. Sauer, F. Scarciglia 
Date of record: 2007, April 6th  
Position:   Margin of erosion gully, near olive grove 
GPS position:  N 40°22.137’, E 16°35.246’, 5 m precision 
Elevation a.s.l.: 255 m 
Land use:  Olive grove, ploughed 
Vegetation:  Olive trees (in 5m distance), legumes, grasses 
Stratigraphic sequence: 0-47 cm: Colluvium 
  47-259 cm: Upper loamy terrace sediment 
  259->380: Upper sandy terrace sediment 
Reference soil group WRB: Orthoepicutanic Alisol (Manganiferric, Epiruptic, 

Epichromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-22 brown (7.5YR 4/4) moist, brown (7.5YR 4/3) dry; clay 

loam (CL), 7 % gravel (2 % fine, 4 % medium, 1 % 
coarse pebbles); subangular blocky (5-20 mm) or granular 
(2-5 mm) structure, very loose or loose degree of 
compression, open storage; few fine roots (21-50 dm-2), 
very few coarse roots (1-2 dm-2); presence of manganese 
concretions (1 %, ≤1 mm); clear, smooth and even 
boundary to 

 
AB 22-47 brown (7.5YR 4/3) moist, brown (7.5YR 4/4) dry; sandy 

clay (SC), 10 % gravel (2 % fine, 5 % medium, 3 % 
coarse pebbles); subangular blocky structure (5-20 mm), 
loose degree of compression, half-open storage; few fine 
roots (21-50 dm-2), very few coarse roots (1-2 dm-2); 
presence of manganese concretions (<1 %, ≤1 mm), 
manganese coatings on gravel; abrupt, smooth and even 
boundary to 

 
2Bt 47-65 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/6) dry; 

sandy clay loam (SCL), 3 % gravel (2 % medium, 1 % 
coarse pebbles); prismatic structure (20-50 mm), loose to 
medium degree of compression, half-open storage; very 
few fine (6-10 dm-2) and coarse (0-1 dm-2) roots; 
presence of manganese concretions (3 %, ≤1 mm); clear, 
smooth and even boundary to 

 
2Btk1 65-109 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/7) dry; 

sandy clay loam (SCL), 1 % gravel (medium and coarse 
pebbles); columnar structure (5-20 mm), loose degree of 
compression, closed storage; very few fine (6-10 dm-2) 
and coarse (0-1 dm-2) roots; presence of manganese 
concretions (15 %, ≤1 mm), manganese coatings on 
gravel, firm lime concretions (2-3 %, 1-4 cm), pendants; 
clear, smooth and slightly wavy boundary to 
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Horizon Depth [cm] Field description 

 
2Btk2 109-155 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/8) dry;  
top  sandy clay loam (SCL), 1 % gravel (medium and coarse 

pebbles); columnar structure (5-20 mm), loose degree of 
compression, closed storage; angular blocky structure (2-
5 mm); very few fine roots (3-5 dm-2), mostly within 
fissures, vegetation cover and roots due to exposed pit; 
presence of manganese concretions (20 %, 1-4 mm), lime 
pendants. 

 
2Btk2 155-200 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/8) dry;  
bottom  fine sandy loam (FSL), 1 % gravel (medium and coarse 

pebbles) between 155-190 cm, 18 % gravel (2 % fine, 
12 % medium, 4 % coarse pebbles) between 190-200 cm; 
columnar structure (5-20 mm), loose degree of 
compression, closed storage; very few fine roots (3-5 dm-

2), mostly within fissures, vegetation cover and roots due 
to exposed pit; presence of manganese concretions 
(20 %, 1-4 mm), pendants; clear, smooth and even 
boundary to 

 
2Btk3 200-239 brown (7.5YR 4/6) moist, bright brown (7.YR 5/6) dry; 

fine sandy loam (FSL), 10 % gravel (1 % fine, 7 % 
medium, 2 % coarse pebbles); columnar structure (5-
20 mm), loose degree of compression, closed storage; 
very few fine roots (1-2 dm-2), vegetation cover and roots 
due to exposed pit; presence of manganese concretions 
(15 %, 1-8 mm), manganese coatings on gravel, firm lime 
concretions (<1 %, ≤10 mm); clear, smooth and even 
boundary to 

 
2Btk4 239-259 brown (7.5YR 4/5) moist, bright brown (7.5YR 5/6) dry; 

fine sandy loam (FSL), <1 % gravel (fine and medium 
pebbles); angular blocky structure (5-50 mm), loose 
degree of compression, closed storage; very few fine roots 
(≤2 dm-2), vegetation cover and roots due to exposed pit; 
presence of manganese concretions (12 %, 1-10 mm), 
manganese coatings on aggregate surfaces; diffuse, 
smooth and even boundary to 

 
2BC1 259-286 brown (7.5YR 4/4) moist, bright brown (7.5YR 5/6) dry; 

loamy very fine sand (LVFS), <1 % gravel (fine pebbles); 
gluey to single grain structure; very few fine roots 
(≤2 dm-2), vegetation cover and roots due to exposed pit; 
coherent (layered) structure (<2 mm), loose degree of 
compression, closed storage; presence of manganese 
concretions (3 %, ≤4 mm), soft and firm lime concretions 
(<1 %, 5-10 mm); clear, smooth and even boundary to 

 
2BCk 286-323 brown (10YR 4/6) moist, yellowish brown (10YR 5/8) dry; 

coarse sand (CS), no gravel; very few fine roots  
  (≤2 dm-2), vegetation cover and roots due to exposed pit; 

coherent (massive) structure, loose degree of 
compression; presence of manganese concretions (<1 %, 
≤1 mm), firm lime concretions (2 %, 10-80 mm); diffuse 
and even boundary to 
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Horizon Depth [cm] Field description 

 
2BC2 323->380 brown (10YR 4/6) moist, yellowish brown (10YR 5/7) dry; 

medium sand (MS), 15 % gravel (12 % fine, 3 % medium 
pebbles); very few fine roots (≤2 dm-2), vegetation cover 
and roots due to exposed pit; single grain to coherent 
(massive) structure, loose degree of compression; 
presence of manganese concretions (<1 %, ≤1 mm), 
manganese coatings on gravel. 
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Table 25. T8.1, Pisticci, Orthoepicutanic Alisol 
Tabelle 25. T8.1, Pisticci, Orthoepicutanic Alisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

22 Ap M+Ap 1845-1 1.40 2.14 1.13 11.05 1.23 9.41 1.93 

47 AB M 1845-2 1.48 2.08 0.17 8.44 1.02 1.43 1.48 

65 2Bt IIBt 1845-3 1.67 2.22 0.03 3.01 0.34 0.29 0.53 

109 2Btk1 IIBtc1 1845-4 1.70 1.23 0.03 1.50 0.18 0.23 0.26 
155 2Btk2 

top 
IIBtc2 
oben 

1845-5 1.66 1.12 0.02 1.19 0.14 0.18 0.21 

200 2Btk2 
bottom 

IIBtc2 
unten 

1845-6 1.69 0.85 0.01 0.74 0.09 0.12 0.13 

239 2Btk3 IIBtc3 1845-7 1.69 0.96 0.02 0.84 0.10 0.13 0.15 

259 2Btk4 IIBtc4 1845-8 1.65 0.95 0.01 1.92 0.20 0.12 0.34 

286 2BC1 IICB1 1845-9 1.58 0.81 0.02 1.43 0.17 0.19 0.25 

323 2BCk IIBcC 1845-
10 

1.49 0.45 0.02 0.90 0.11 0.13 0.16 

>380 2BC2 IIBC2 1845-
11 

1.49 0.34 0.02 1.71 0.19 0.16 0.30 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

22 Ap 1.3 21.3 206 6.9 498 47 5.5 8.21 7.26 0.12 2.5 

47 AB 1.6 10.0 226 4.8 490 49 7.6 8.40 7.32 0.12 1.9 

65 2Bt 2.8 6.8 152 4.5 438 38 10.6 8.28 7.12 0.10 3.8 

109 2Btk1 1.6 5.0 109 3.7 285 42 11.4 8.49 7.17 0.10 3.8 
155 2Btk2 

top 
1.7 4.1 93 4.7 241 43 8.6 8.40 7.06 0.09 3.8 

200 2Btk2 
bottom 

2.0 3.7 69 5.8 215 37 9.8 8.25 6.85 0.06 3.8 

239 2Btk3 1.7 4.3 78 7.8 210 44 6.3 8.28 6.76 0.09 3.8 

259 2Btk4 1.4 4.2 76 7.9 211 42 6.8 8.26 6.96 0.10 3.1 

286 2BC1 1.3 3.4 70 6.7 176 46 8.9 8.38 7.10 0.11 2.5 

323 2BCk 0.9 2.1 46 4.9 121 44 3.7 8.37 7.05 0.06 0.0 

>380 2BC2 0.7 1.6 40 4.1 101 46 4.4 8.37 7.11 0.07 0.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

22 Ap 7 4.3 19.1 19.8 43.2 9.2 4.6 4.7 18.5 38.3 

47 AB 10 4.4 22.8 22.3 49.5 7.2 3.8 2.5 13.4 37.1 

65 2Bt 3 3.8 43.3 13.5 60.6 3.0 2.0 0.8 5.8 33.7 

109 2Btk1 1 4.6 48.4 19.3 72.3 1.7 0.8 1.5 3.9 23.8 

155 2Btk2 
top 

1 1.7 46.3 28.1 76.1 1.5 1.1 1.1 3.7 20.2 

200 2Btk2 
bottom 

18 5.7 53.2 19.7 78.6 1.0 0.7 0.6 2.3 19.0 

239 2Btk3 10 9.6 51.7 17.0 78.4 1.2 1.0 0.8 2.9 18.7 

259 2Btk4 <1 1.7 43.3 33.2 78.2 2.2 1.0 1.2 4.4 17.4 

286 2BC1 <1 1.2 35.8 45.2 82.2 2.5 1.2 0.7 4.3 13.5 

323 2BCk 0 1.3 20.4 63.9 85.6 3.8 1.4 0.7 5.9 8.5 

>380 2BC2 15 3.8 45.0 40.5 89.3 2.5 1.0 0.6 4.0 6.7 
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cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

22 Ap 69.8 12.4 3.98 1.04 1.10 0.84 1.95 4185 630 962 290 2.9 

47 AB 70.5 11.8 3.90 0.98 1.42 0.89 1.75 3515 546 843 250 3.6 

65 2Bt 74.0 10.8 3.66 0.84 0.59 0.64 1.45 2556 318 707 168 4.3 

109 2Btk1 78.5 8.69 2.81 0.69 0.51 0.81 1.44 2050 280 620 160 3.4 
155 2Btk2 

top 
79.4 8.48 2.58 0.64 0.43 0.63 1.46 2007 229 686 155 3.2 

200 2Btk2 
bottom 

79.7 7.62 2.33 0.57 0.31 0.78 1.40 1736 285 788 128 4.3 

239 2Btk3 80.6 7.61 2.46 0.63 0.36 0.80 1.45 1757 324 832 140 3.0 

259 2Btk4 79.4 8.15 2.42 0.61 0.37 0.93 1.69 1959 273 658 165 3.4 

286 2BC1 79.5 7.86 2.21 0.59 0.38 1.10 1.79 1822 300 564 167 3.7 

323 2BCk 80.6 6.94 1.87 0.53 0.30 1.18 1.64 1973 294 574 222 3.9 

>380 2BC2 83.1 6.17 1.58 0.48 0.29 1.02 1.56 1466 313 581 139 3.3 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

22 Ap 0.78 0.59 - 1.14 5.21 0.47 0.17 0.020 0.114 4.62 

47 AB 0.79 0.60 - 1.23 6.12 0.41 0.21 0.020 0.099 5.52 

65 2Bt 0.69 0.48 - 1.30 6.75 0.39 0.24 0.017 0.070 6.27 

109 2Btk1 0.37 0.29 - 0.98 5.89 0.38 0.28 0.014 0.049 5.61 
155 2Btk2 

top 
0.29 0.28 - 0.93 5.90 0.40 0.31 0.015 0.048 5.62 

200 2Btk2 
bottom 

0.25 0.32 - 0.84 5.80 0.53 0.33 0.018 0.055 5.48 

239 2Btk3 0.25 0.31 - 0.84 5.74 0.53 0.32 0.017 0.054 5.42 

259 2Btk4 0.25 0.26 - 0.74 5.13 0.39 0.29 0.015 0.051 4.87 

286 2BC1 0.19 0.22 - 0.71 4.99 0.33 0.30 0.013 0.043 4.78 

323 2BCk 0.12 0.21 - 0.56 4.07 0.32 0.29 0.015 0.051 3.86 

>380 2BC2 0.10 0.21 - 0.48 3.40 0.33 0.29 0.018 0.062 3.19 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

22 Ap 12 28 44 0 0 17 14.4 0.17 76.0 4.2 0.48 

47 AB 11 26 47 1 0 15 14.1 0.20 74.5 4.4 0.36 

65 2Bt 9 15 64 0 0 11 15.2 0.13 80.1 5.0 0.17 

109 2Btk1 9 23 54 1 0 13 12.8 0.14 75.9 6.7 0.17 
155 2Btk2 

top 
14 30 42 0 0 15 12.9 0.13 77.0 7.1 0.18 

200 2Btk2 
bottom 

15 27 44 1 0 13 13.5 0.12 75.4 7.9 0.12 

239 2Btk3 12 26 48 0 0 15 12.5 0.13 74.4 7.9 0.16 

259 2Btk4 9 20 59 1 0 12 11.9 0.12 73.1 7.4 0.25 

286 2BC1 9 20 61 0 0 9 10.9 0.12 70.7 7.7 0.32 

323 2BCk 8 15 64 0 0 13 8.9 0.12 69.0 9.0 0.70 

>380 2BC2 9 16 61 0 0 14 10.6 0.13 68.2 10.5 0.60 
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T9.1, Bernalda 1 
 
Terrace:   T9 

Profile:  T9.1 

Locality:   Bernalda 1 
Description:  S. Wagner, D. Sauer, K. Stahr, C. Stein 
Date of record: 2004, March 26th 
Position:   Exposure at margin of erosion gully 
GPS position:  N 40°26.720’, E 16°36.381’, 7 m precision 
Elevation a.s.l.: 331 m 
Land use:  Macchia bordering farmland 
Vegetation:  Wild pistachios 
Stratigraphic sequence: 0-220 cm: Upper loamy terrace sediment 
  220->230 cm: Main gravel body 
Reference soil group WRB: Orthoepicutanic Luvisol (Hyporuptic, Hypereutric, 

Epichromic) 
 
 
Horizon Depth [cm] Field description 

 
Ah 0-10 dark brown (10YR 3/4) moist, brown (10YR 4/4) dry; 

sandy loam (SL), 1 % gravel (medium and coarse 
pebbles); granular structure (2-5 mm), bulky storage, 
very loose compaction, very easy penetration, very high 
proportion of macropores; few fine roots (21-50 dm-2) 
very evenly distributed; diffuse and wavy boundary to 

 
Ah/Bw 10-26 dark brown (7.5YR 3/4) moist, brown (7.5YR 4/4) dry; 

sandy loam (SL), <1 % gravel; prismatic structure (60-
80 mm), open storage, medium degree of compaction and 
penetration, high proportion of macropores; few fine roots 
(21-50 dm-2) rather evenly distributed; diffuse, flat and 
smooth boundary to 

 
Bt 26-70 brown (7.5YR 4/6) moist, bright brown (7.5YR 5/8) dry; 

sandy clay loam (SCL), 2 % gravel (fine and medium 
pebbles); prismatic (65-80 mm) and angular blocky (5-
20 mm) structure, half-open storage, medium degree of 
compaction, difficult penetration, medium proportion of 
macropores; very few fine roots (16-20 dm-2), mostly 
within aggregates; presence of cutans (7.5YR 3/4); clear, 
wavy, flat and smooth boundary to 

 
Bkt1 70-100 bright brown (7.5YR 5/6) moist, bright brown (7.5YR 5/8) 

dry; sandy clay loam (SCL), 2-5 % gravel (medium 
pebbles); prismatic structure (100-200 mm), almost 
closed storage, medium degree of compaction, difficult 
penetration, small proportion of macropores; very few fine 
roots (16-20 dm-2), mostly within aggregates; presence of 
nodules and pseudomycelia; diffuse and wavy boundary to 

 
Btk1 100-117 bright brown (7.5YR 5/6) moist, bright brown (7.5YR 5/8) 

dry; sandy clay loam (SCL), 2-5 % gravel (medium 
pebbles); prismatic structure (100-200 mm), partly 
cemented, almost closed storage, firm to very firm 
compaction, (very) difficult penetration, (very) small 
proportion of macropores; very few fine roots (6-10 dm-2), 
only on aggregate surfaces; distinctly more nodules than 
in Bkt1 (approximately 10-22 mm in diameter); clear, flat 
and smooth boundary to 
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Horizon Depth [cm] Field description 

 
Bkt2 117-140 bright reddish brown (5YR 5/6) moist, bright reddish 

brown (5YR 5/8) dry; sandy clay loam (SCL), <1 % gravel 
(fine and medium pebbles); prismatic structure (100-
200 mm), partly cemented, almost closed storage, firm to 
very firm compaction, (very) difficult penetration, (very) 
small proportion of macropores; very few fine roots (6-
10 dm-2), only on aggregate surfaces; presence of 
manganese nodules; diffuse and smooth boundary to 

 
Btk2 140-220 brown (7.5YR 4/6) moist, reddish brown (5YR 4/6) dry; 

sandy clay loam (SCL), <1 % gravel; coherent (massive) 
to coarse prismatic structure (200-350 mm), almost 
closed storage, very firm compaction, very difficult 
penetration, very small proportion of macropores; very 
few fine roots (2-5 dm-2), mainly concentrated in fissures 
and cracks; presence of manganese and lime, mainly on 
aggregate surfaces; clear and flat boundary to 

 
2Bw 220->230 brown (7.5YR 4/6) moist, reddish brown (5YR 4/8) dry; 

sandy clay loam (SCL), 10 % gravel (coarse pebbles); 
coherent (massive) to coherent (layered) structure, 
macropores absent; very few fine roots (1-2 dm-2); 
presence of manganese and lime, mainly on aggregate 
surfaces. 

 
 
Table 26. T9.1, Bernalda 1, Orthoepicutanic Luvisol 
Tabelle 26. T9.1, Bernalda 1, Orthoepicutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

10 Ah Ah 1707-1 1.19 2.84 0.06 22.95 2.36 0.51 4.02 

26 Ah/Bw Ah+Bv 1707-2 1.61 2.21 0.11 9.42 1.04 0.90 1.65 

70 Bt Bt 1707-3 1.77 3.34 0.02 4.36 0.46 0.14 0.76 

100 Bkt1 Bct 1707-4 1.72 2.69 0.46 2.04 0.67 3.84 0.36 

117 Btk1 Btc 1707-5 - - 0.71 1.48 0.86 5.89 0.26 

140 Bkt2 Bct2 1707-6 1.85 2.60 0.57 1.65 0.74 4.77 0.29 

220 Btk2 Btc2 1707-7 - - 0.19 0.70 0.25 1.58 0.12 

>230 2Bw IIBv 1707-8 - - 0.25 1.50 0.41 2.09 0.26 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

10 Ah 1.2 18.5 118 0.90 204 68 5.0 7.52 6.94 0.11 0.0 

26 Ah/Bw 1.2 12.5 86 0.65 147 68 8.3 7.96 6.91 0.07 3.3 

70 Bt 3.9 9.5 95 0.95 151 72 12.6 8.33 7.06 0.10 5.0 

100 Bkt1 2.0 4.6 135 0.53 142 100 8.8 8.54 7.62 0.11 3.8 

117 Btk1 2.6 3.9 123 0.50 130 100 9.8 8.59 7.61 0.13 3.0 

140 Bkt2 2.7 3.6 113 0.61 120 100 13.2 8.57 7.65 0.13 6.0 

220 Btk2 9.0 2.7 97 0.22 109 100 10.3 8.65 7.75 0.20 3.8 

>230 2Bw 7.1 2.6 105 0.47 115 100 6.1 8.40 7.65 0.24 3.8 
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cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

10 Ah 1 0.7 21.5 45.5 67.6 8.3 4.1 2.6 15.0 17.4 

26 Ah/Bw <1 0.6 22.9 44.2 67.7 7.9 3.2 2.0 13.2 19.1 

70 Bt 2 1.0 25.8 33.5 60.3 6.9 3.6 3.0 13.6 26.1 

100 Bkt1 2-5 2.2 33.5 26.9 62.6 5.7 2.1 2.7 10.5 26.9 

117 Btk1 2-5 2.9 45.4 19.1 67.4 3.8 1.6 2.1 7.4 25.2 

140 Bkt2 <1 2.4 52.0 15.7 70.1 3.4 2.1 1.7 7.2 22.7 

220 Btk2 <1 2.1 55.7 13.6 71.3 3.5 2.4 2.7 8.5 20.2 

>230 2Bw 10 2.5 66.3 7.1 75.9 1.6 1.4 0.3 3.4 20.8 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

10 Ah 83.3 8.6 2.50 0.43 0.71 0.91 1.84 3396 597 963 394 1.1 

26 Ah/Bw 81.9 9.2 2.56 0.41 0.50 0.90 1.83 3304 404 874 392 2.3 

70 Bt 83.8 8.6 2.53 0.42 0.70 0.78 1.86 3428 572 979 423 0.7 

100 Bkt1 77.6 9.4 2.85 0.48 4.93 0.60 1.53 2470 312 343 218 2.3 

117 Btk1 79.0 9.2 2.89 0.50 5.02 0.60 1.53 2471 273 350 202 0.9 

140 Bkt2 81.7 9.4 2.82 0.43 2.17 0.63 1.57 2489 282 375 252 1.0 

220 Btk2 82.4 8.7 2.50 0.34 0.97 0.63 1.51 2400 262 765 231 2.6 

>230 2Bw 85.2 7.5 2.34 0.34 1.23 0.59 1.16 1916 214 922 188 1.3 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

10 Ah 0.56 0.48 0.61 - 6.57 0.56 0.38 0.028 0.074 6.08 

26 Ah/Bw 0.53 0.45 0.55 - 7.86 0.70 0.45 0.026 0.057 7.41 

70 Bt 0.57 0.30 0.40 - 10.1 0.44 0.58 0.017 0.030 9.80 

100 Bkt1 0.42 0.22 0.26 - 8.69 0.29 0.44 0.011 0.025 8.47 

117 Btk1 0.32 0.18 0.15 - 9.57 0.30 0.48 0.009 0.018 9.39 

140 Bkt2 0.30 0.19 0.18 - 9.64 0.31 0.50 0.010 0.020 9.45 

220 Btk2 0.40 0.35 0.44 - 8.59 0.59 0.50 0.020 0.040 8.24 

>230 2Bw 0.32 0.22 0.63 - 8.58 0.81 0.53 0.014 0.026 8.36 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

10 Ah 22 41 9 0 0 27 8.6 0.13 71.4 7.3 0.86 

26 Ah/Bw 15 45 0 0 0 40 8.4 0.10 73.9 6.8 0.69 

70 Bt 16 33 33 0 0 19 8.1 0.13 72.0 7.3 0.52 

100 Bkt1 20 53 3 0 0 24 11.3 0.58 57.1 6.2 0.39 

117 Btk1 18 30 34 4 0 15 12.2 0.60 56.4 6.4 0.29 

140 Bkt2 16 29 35 0 0 21 9.9 0.28 68.2 6.6 0.32 

220 Btk2 15 47 13 0 0 25 10.4 0.15 73.7 7.2 0.42 

>230 2Bw 11 38 32 2 0 17 10.2 0.21 71.5 8.5 0.16 
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T10.1, Bernalda 2 
 
Terrace:   T10 

Profile:  T10.1 

Locality:   Bernalda 2 
Editor:  C. Stein 
Date of record: 2004, March 26th 
Position:   Terrace surface 
GPS position:  --- 
Elevation a.s.l.: 346 m 
Land use:  Agricultural farmland 
Vegetation:  Wild pistacios (nearby) 
Stratigraphic sequence: 0->50 cm: Upper loamy terrace sediment 
Reference soil group WRB: Epicutanic Luvisol 
 
 
Horizon Depth [cm] Field description 

 
Bt 30-50 bright brown (7.5Y 5/7) moist, bright brown (7.5YR 5/8) 

dry; sandy clay loam (SCL), <1 % gravel; presence of 
lime concretions; between an Ap-horizon (above) and a 
Bk-horizon (below) (DBG: rAp and Bvc). 

 
 
Table 27. T10.1, Bernalda 2, Epicutanic Luvisol 
Tabelle 27. T10.1, Bernalda 2, Epicutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

50 Bt Bt 1708-1 1.65 3.23 0.06 1.95 0.25 0.46 0.34 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

50 Bt 1.2 5.8 79 0.98 168 52 8.4 7.72 6.20 0.05 3.5 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

50 Bt <1 0.6 11.6 49.3 61.5 4.9 2.6 3.8 11.3 27.2 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

50 Bt 81.3 10.6 3.72 0.41 0.46 0.56 2.10 3465 124 748 290 0.4 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

50 Bt 0.68 0.58 0.44 - 11.2 0.48 0.43 0.022 0.051 10.61 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

50 Bt 11 22 48 0 0 20 11.9 0.08 77.3 5.5 0.41 
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1st terrace, Bonera 
 
Terrace:   T1 (1st terrace) 

Profile:  T1 

Locality:   Bonera 
Description:  E.A.C. Costantini, S. Wagner, D. Sauer, C. Stein 
Date of record: 2004, April 04th 
Position:   On marine terrace about 2 km to the west of Menfi, 

South-Western Sicily 
GPS position:  N 37°36.224’, E 12°56.640’, 4 m precision 
Elevation a.s.l.: 97 m 
Land use:  Fallow land at present, following legumes 
Vegetation:  Grasses, clover, marguerites; olive trees at a distance of 

10m (to both sides) 
Stratigraphic sequence: 0-42 cm: Fluvial sediment 
  42->110 cm: Calcarenite 
Reference soil group WRB: Orthoepicutanic Luvisol (Epiabruptic, Epiruptic, Epirhodic) 
 
 
Horizon Depth [cm] Field description 

 
Ap1 0-20 dark reddish brown (5YR 3/4) moist, dark reddish brown 

(5YR 3/4) dry; fine sandy loam (FSL), 3-5 % gravel (1 % 
fine, 1 % medium, 1-3 % coarse pebbles); granular 
structure (2-5 mm), fine aggregates (<5 mm) with bulky 
storage, very loose compaction, very high proportion of 
macropores; few fine roots (21-50 dm-2) very evenly 
distributed; diffuse and smooth boundary to 

 
Ap2 20-42 dark reddish brown (5YR 3/4) moist, dark reddish brown 

(5YR 3/4) dry; fine sandy loam (FSL), 3-5 % gravel (1 % 
fine, 1 % medium, 1-3 % coarse pebbles); granular to 
subangular blocky structure (5-20 mm), weakly 
developed, fine aggregates (2-5 mm) with open storage, 
loose to medium degree of compaction, high proportion of 
macropores; few fine roots (21-50 dm-2) evenly 
distributed; abrupt and wavy boundary to 

 
2Bt1 42-75 dark reddish brown (2.5YR 3/6) moist, dark reddish brown 

(2.5YR 3/6) dry; sandy clay (SC), <1 % gravel (fine and 
medium pebbles); prismatic, in places angular blocky 
structure (30-50 mm), medium to coarse aggregates (5-
50 mm) with half-open storage, medium degree of 
compaction, high to medium proportion of macropores; 
few fine roots (21-50 dm-2) less evenly distributed; diffuse 
boundary to 

 
2Bt2 75-100/90 reddish brown (2.5YR 4/8) moist, reddish brown 

(2.5YR 4/8) dry; sandy clay loam (SCL), <1 % gravel (fine 
and medium pebbles); prismatic structure (50 mm), 
medium to coarse aggregates (5-50 mm) with half-open 
storage, medium degree of compaction, medium 
proportion of macropores; very few fine roots (16-20 dm-

2) less evenly distributed; clear and wavy boundary to 
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Horizon Depth [cm] Field description 

 
2BCk 100/90- bright brown (7.5YR 5/8) moist, bright brown (7.5YR 5/8)  
 110/100 dry; loamy very fine sand (LVFS), 30 % gravel 

(weathering remnants of calcarenite); coherent (massive) 
structure (5-50 mm); very few fine roots (1-2 dm-2); 
abrupt and wavy boundary to 

 
2Ckm 110/100- bright brown (7.5YR 5/8) moist, bright brown (10YR 8/3)  
 >110 dry; no roots. 
 
 
Table 28. 1st terrace, Bonera, Orthoepicutanic Luvisol 
Tabelle 28. 1st terrace, Bonera, Orthoepicutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

20 Ap1 Ap1 1712-1 1.56 1.41 0.05 0.62 0.66 0.39 1.06 

42 Ap2 Ap2 1712-2 1.69 1.48 0.04 0.49 0.53 0.29 0.84 

75 2Bt1 IIBt 1712-3 1.80 3.70 0.00 0.32 0.33 0.01 0.56 
100 
/90 

2Bt2 IIBvt 1712-4 1.68 2.71 0.02 0.27 0.29 0.13 0.46 

110 
/100 

2BCk IICvc 1712-5 - - 2.30 0.25 2.55 19.17 0.43 

>110 2Ckm IIlCmc - - - - - - - - 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

20 Ap1 0.8 12.5 77 0.47 100 90 6.0 8.16 7.36 0.15 6.7 

42 Ap2 1.8 5.2 68 0.34 87 87 6.5 8.47 7.39 0.11 6.7 

75 2Bt1 3.1 5.2 96 0.68 170 62 13.7 8.14 6.59 0.05 15.0 
100 
/90 

2Bt2 2.7 4.3 81 0.56 144 61 8.6 7.98 6.40 0.05 15.0 

110 
/100 

2BCk 1.5 1.9 57 0.25 61 100 3.6 8.51 7.93 0.12 4.0 

>110 2Ckm - - - - - - - - - - 4.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

20 Ap1 3-5 1.5 35.4 38.4 75.3 4.3 2.2 2.4 8.9 15.8 

42 Ap2 3-5 1.3 35.7 38.6 75.6 3.9 2.7 2.6 9.1 15.3 

75 2Bt1 <1 0.7 21.1 36.9 58.6 2.9 1.7 1.2 5.8 35.6 

100 
/90 

2Bt2 <1 0.4 15.1 51.6 67.1 2.1 0.5 1.1 3.6 29.4 

110 
/100 

2BCk 30 0.2 9.5 73.5 83.2 1.6 0.5 0.4 2.5 14.2 

>110 2Ckm - - - - - - - - - - 
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cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

20 Ap1 88.1 4.6 2.2 0.28 0.49 0.27 0.79 3353 915 454 488 2.7 

42 Ap2 88.0 4.3 2.1 0.22 0.42 0.25 0.73 3131 619 459 535 3.4 

75 2Bt1 77.3 9.1 4.6 0.37 0.41 0.07 1.06 3688 515 441 393 6.6 
100 
/90 

2Bt2 83.3 7.6 4.4 0.35 0.36 0.27 0.99 2883 467 556 318 2.3 

110 
/100 

2BCk 76.4 3.4 2.0 0.44 14.3 0.27 0.61 1719 523 403 257 2.4 

>110 2Ckm - - - - - - - - - - - - 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

20 Ap1 0.34 0.38 0.26 - 7.90 0.30 0.52 0.025 0.048 7.52 

42 Ap2 0.32 0.35 0.24 - 7.81 0.32 0.55 0.025 0.045 7.46 

75 2Bt1 0.68 0.40 0.21 - 9.74 0.30 0.31 0.013 0.041 9.34 
100 
/90 

2Bt2 0.61 0.40 0.29 - 18.0 0.39 0.62 0.014 0.022 17.63 

110 
/100 

2BCk 0.29 0.13 0.11 - 6.86 0.20 0.51 0.009 0.019 6.73 

>110 2Ckm - - - - - - - - - - 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

20 Ap1 39 21 8 8 0 25 6.9 0.17 74.9 12.3 0.56 

42 Ap2 33 25 4 5 0 33 5.9 0.15 75.5 13.0 0.59 

75 2Bt1 24 25 10 10 0 31 9.4 0.09 85.5 5.5 0.16 
100 
/90 

2Bt2 26 21 7 5 0 41 9.1 0.09 82.4 6.8 0.12 

110 
/100 

2BCk 25 17 31 5 0 22 6.7 4.36 18.2 13.8 0.18 

>110 2Ckm - - - - - - - - - - - 
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2nd terrace, Torrazza 
 
Terrace:   T2 (2nd terrace) 

Profile:  T2 

Locality:   Torrazza 
Description:  E.A.C. Costantini, S. Wagner, D. Sauer, C. Stein 
Date of record: 2004, April 05th 
Position:   On marine terrace about 1.5 km to the west of Menfi, 

South-Western Sicily 
GPS position:  N 37°36.609’, E 12°56.785’, 5 m precision 
Elevation a.s.l.: 121 m 
Land use:  Vineyards and cereal crops in a distance of 5m to both 

sides 
Vegetation:  --- 
Stratigraphic sequence: 0-57 cm: Fluvial sediment, mixed with marine sand 
  57->180 cm: Calcarenite 
Reference soil group WRB: Endocutanic-Endohypocalcic Luvisol (Endoruptic, 

Epidystric, Epihyperchromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap1 0-12 dark reddish brown (5YR 3/4) moist, dark reddish brown 

(5YR 3/4) dry; sandy clay loam (SCL), 3-5 % gravel (1 % 
fine, 2-4 % medium pebbles); subangular blocky structure 
(5-20 mm), medium aggregates (5-20 mm) with open 
storage; very few fine roots (10-20 dm-2) less evenly 
distributed, loose compaction, easy penetration, medium 
to high proportion of macropores; presence of charcoal, 
plastic cover, anthropogenic influence (few meters 
distance from fire place, calcareous; clear and smooth 
boundary to 

 
Ap2 12-57 dark reddish brown (5YR 3/4) moist, dark reddish brown 

(5YR 3/4) dry; sandy clay loam (SCL), 3-5 % gravel (1 % 
fine, 2-4 % medium pebbles); subangular blocky structure 
(5-20 mm, in parts 40 mm), medium aggregates (5-
20 mm) with half-open storage, loose to medium degree 
of compaction, easy penetration, (very) high proportion of 
macropores; very few fine roots (10-20 dm-2) less evenly 
distributed; more charcoals than in Ap1, plastic cover, 
anthropogenic influence (few meters distance from fire 
place, calcareous; abrupt and wavy boundary to 

 
2Bt1 57-85 reddish brown (2.5YR 4/6) moist, reddish brown 

(2.5YR 4/6) dry; sandy clay loam (SCL), 3-5 % gravel 
(fine pebbles; medium pebbles limited to upper half of 
2Bt1); prismatic (40-50 mm) to angular blocky (20-
30 mm) structure, coarse aggregates (20-50 mm) with 
closed storage, medium to high degree of compaction, 
difficult penetration, medium proportion of macropores; 
very few fine roots (5-10 dm-2) concentrated within 
fissures and cracks; calcareous; diffuse and wavy 
boundary to 
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Horizon Depth [cm] Field description 

 
2Bt2 85-100 reddish brown (2.5YR 4/6) moist, reddish brown 

(2.5YR 4/6) dry; fine sandy loam (FSL); 1-2 % gravel 
(fine pebbles); prismatic (40-50 mm) to angular blocky 
(20-30 mm) structure (less developed than in 2Bt1), 
coarse aggregates (20-50 mm) with half-open storage, 
medium degree of compaction and penetration, medium 
to small proportion of macropores; very few fine roots (5-
10 dm-2) concentrated within fissures and cracks; non-
calcareous; abrupt and wavy boundary to 

 
2BCk 100-118 orange (7.5YR 6/8) moist, orange (7.5YR 6/8) dry; 

medium sand (MS), 7 % gravel (medium pebbles, 
weathering remnants); coherent structure, medium 
degree of penetration, small proportion of macropores; no 
roots; presence of nodules (≤5 cm, 3 %), hardened line in 
100 cm depth (only left part of soil profile) showing 
groundwater influence after terrace formation; clear and 
wavy boundary to 

 
2Ck 118-155 bright yellowish brown (10YR 6/6) moist, bright yellowish 

brown (10YR 6/6) dry; medium sand (MS), 7 % gravel 
(medium pebbles, weathering remnants); single grain 
structure, medium degree of penetration, small proportion 
of macropores; no roots; presence of nodules (≤5 cm, 
5 %); abrupt and strongly wavy boundary to 

 
2R/Ckm 155->180 bright yellowish brown (10YR 6/6) moist, bright yellowish 

brown (10YR 6/6) dry; medium sand (MS); coherent 
(massive) structure, macropores absent; no roots; almost 
completely cemented, well hardened, hardly 
distinguishable from calcarenite bedrock; 3-5 % gravel. 

 
 
Table 29. 2nd terrace, Torrazza, Endocutanic-Endohypocalcic Luvisol 
Tabelle 29. 2nd terrace, Torrazza, Endocutanic-Endohypocalcic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

12 Ap1 Ap1 1713-1 1.65 2.16 0.17 0.86 1.04 1.40 1.48 

57 Ap2 Ap2 1713-2 1.58 2.11 0.13 0.66 0.80 1.06 1.14 

85 2Bt1 IIBt 1713-3 1.78 2.80 0.01 0.21 0.22 0.04 0.37 

100 2Bt2 IIBvt 1713-4 1.74 1.74 0.04 0.19 0.23 0.32 0.32 

118 2BCk IIBv-lCc 1713-5 1.63 0.83 2.81 0.17 2.98 23.38 0.30 

155 2Ck IIlCc 1713-6 1.52 0.47 3.10 0.11 3.21 25.83 0.19 
 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

12 Ap1 1.0 25.5 97 1.17 125 100 7.6 8.45 7.74 0.21 6.7 

57 Ap2 1.1 10.8 102 1.46 115 100 7.6 8.41 7.62 0.14 6.7 

85 2Bt1 4.9 5.7 99 0.41 139 79 10.0 8.59 7.10 0.12 11.3 

100 2Bt2 3.3 3.8 82 0.30 90 100 8.5 8.79 7.73 0.11 11.3 

118 2BCk 2.0 1.3 32 0.22 35 100 2.2 9.16 8.49 0.10 3.3 

155 2Ck 1.4 1.0 14 0.23 16 100 0.9 9.34 8.97 0.08 0.0 
 



 Appendix 279 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

12 Ap1 3-5 2.7 48.9 22.3 73.9 3.0 1.9 0.5 5.4 20.7 

57 Ap2 3-5 3.1 51.5 20.1 74.7 2.9 1.3 0.4 4.6 20.7 

85 2Bt1 3-5 2.9 50.5 16.3 69.7 1.8 0.8 0.3 2.8 27.5 

100 2Bt2 1-2 2.1 59.2 17.9 79.2 1.4 0.4 0.4 2.2 18.6 

118 2BCk 7 1.3 60.7 28.3 90.3 0.8 0.6 0.1 1.5 8.2 

155 2Ck 15 0.7 71.1 23.4 95.2 0.3 0.8 0.0 1.1 3.6 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

12 Ap1 86.0 5.5 2.8 0.33 1.33 0.57 0.98 3089 1386 333 446 1.9 

57 Ap2 88.1 5.4 2.6 0.32 0.90 0.12 0.81 2808 674 311 415 1.3 

85 2Bt1 84.1 7.4 3.6 0.33 0.43 0.56 0.97 2943 430 268 301 2.2 

100 2Bt2 89.4 4.5 2.3 0.25 0.44 0.44 0.65 2092 309 290 302 1.7 

118 2BCk 77.6 1.7 1.0 0.45 16.4 0.11 0.39 1127 342 263 198 2.3 

155 2Ck 75.2 1.4 0.6 0.44 17.0 0.23 0.29 918 542 245 184 4.6 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

12 Ap1 0.61 0.44 0.13 - 9.66 0.24 0.52 0.024 0.045 9.22 

57 Ap2 0.48 0.33 0.13 - 10.4 0.23 0.59 0.019 0.032 10.06 

85 2Bt1 0.68 0.31 0.10 - 14.7 0.12 0.60 0.013 0.021 14.43 

100 2Bt2 0.47 0.23 0.13 - 7.72 0.18 0.51 0.015 0.030 7.50 

118 2BCk 0.15 0.06 0.04 - 2.19 0.09 0.32 0.009 0.029 2.12 

155 2Ck 0.04 0.03 0.03 - 1.35 0.12 0.32 0.006 0.020 1.32 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

12 Ap1 32 26 21 0 0 21 6.9 0.30 65.7 10.0 0.26 

57 Ap2 37 21 16 4 0 21 6.8 0.22 74.9 10.6 0.22 

85 2Bt1 22 33 17 13 0 15 9.8 0.10 79.0 7.4 0.10 

100 2Bt2 19 16 37 1 0 27 6.9 0.15 74.7 12.7 0.12 

118 2BCk 19 11 47 1 1 21 5.7 10.17 8.9 28.4 0.18 

155 2Ck 14 7 67 1 1 9 5.0 12.85 7.2 36.0 0.31 
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3rd terrace, Cavarretto 
 
Terrace:   T3 (3rd terrace) 

Profile:  T3 

Locality:   Cavarretto 
Description:  E.A.C. Costantini, S. Wagner, D. Sauer, C. Stein 
Date of record: 2004, April 06th 
Position:   Flat landscape on marine terrace about 1 km east of 

Menfi, South-Western Sicily 
GPS position:  N 37°36.332’, E 12°59.206’, 5 m precision 
Elevation a.s.l.: 139 m 
Land use:  Pasture: legumes 
Vegetation:  Pasture weeds: grass, clover 
Stratigraphic sequence: 0-105 cm: Fluvial sediment 
  105-165 cm: Calcarenite, stones 
  165-240 cm: Lagoon sediment 
Reference soil group WRB: Orthoendocutanic Luvisol (Hypereutric, Endochromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap1 0-45 brown (7.5YR 4/3) moist, grayish brown (7.5YR 4/2) dry; 

sandy clay loam (SCL), 2 % gravel (fine and medium 
pebbles); granular structure (2-5 mm), fine aggregates 
(2-5 mm) with open storage, easy penetration, high 
proportion of macropores; very few fine roots (2-5 dm-2) 
evenly distributed; diffuse boundary to 

 
Ap2 45-65 brown (7.5YR 4/3) moist, grayish yellow brown 

(10YR 4/2) dry; sandy clay loam (SCL), 2 % gravel (fine 
and medium pebbles); subangular blocky structure (5-
20 mm), weakly developed, medium aggregates (5-
20 mm) with half-open to almost closed storage, medium 
degree of penetration, medium proportion of macropores; 
very few fine roots (2-5 dm-2) rather unevenly distributed; 
clear and smooth boundary to 

 
Bt1 65-105 brownish black (5YR 3/2) moist, dark reddish brown 

(7.5YR 3/2) dry; sandy clay loam (SCL), 2 % gravel (fine, 
medium and coarse pebbles); prismatic (40 mm) to 
angular blocky (20 mm) structure, coarse aggregates (20-
50 mm) with almost closed storage, medium to high 
penetration resistance, medium proportion of macropores; 
very few fine roots (2-5 dm-2) concentrated in fissures and 
channels; gradual and smooth boundary to 

 
2Bt2 105-120 dull reddish brown (5YR 4/3) moist, dark reddish brown 

(5YR 3/3) dry; sandy clay (SC); 2-3 % gravel (fine, 
medium and coarse pebbles); prismatic structure 
(50 mm), hardly developed, coarse aggregates (20-
50 mm) with almost closed storage, medium to high 
penetration resistance, rather small proportion of 
macropores; very few fine roots (5-10 dm-2) concentrated 
in fissures and channels; diffuse and smooth boundary to 
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Horizon Depth [cm] Field description 

 
2Bt3 120-155 dull reddish brown (5YR 3/4) moist, dark reddish brown 

(5YR 4/4) dry; sandy clay (SC), 1-2 % gravel (fine 
pebbles); angular blocky structure (5-20 mm), well-
developed, medium aggregates (5-20 mm) with almost 
closed storage, rather easy penetration, medium 
proportion of macropores; very few fine roots (<1 dm-2) 
concentrated in fissures and channels; slightly 
hydromorphic and mottled; abrupt and smooth boundary 
to 

 
2Ckm 155-165 gravel of angular form (100 %, 20-40 cm); presence of 

nodules (≤5 cm, 5 %), no aggregates, no macropores; 
abrupt and smooth boundary to 

 
3Bkgb 165-240 light yellow (2.5Y 7/4) moist, light yellow (2.5Y 7/4) dry; 

clay (C); angular blocky structure (2-5 mm), pronounced 
and fine, fine aggregates (2-5 mm) with medium to 
almost closed storage, medium degree of penetration, 
medium proportion of macropores; very few fine roots 
(<1 m-2) less evenly distributed; nest-like, partially 
hardened calcification (10-60 mm). 

 
 
Table 30. 3rd terrace, Cavarretto, Orthoendocutanic Luvisol 
Tabelle 30. 3rd terrace, Cavarretto, Orthoendocutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

45 Ap1 Ap1 1714-1 1.55 3.58 0.31 0.91 1.22 2.57 1.56 

65 Ap2 Ap2 1714-2 1.68 3.84 0.36 0.95 1.36 2.99 1.64 

105 Bt1 Bt 1714-3 1.74 4.08 0.25 0.72 0.98 2.10 1.24 

120 2Bt2 IIBvt1 1714-4 1.72 3.65 0.10 0.40 0.51 0.85 0.70 

155 2Bt3 IIBvt2 1714-5 1.56 5.30 0.09 0.30 0.39 0.76 0.51 

165 2Ckm IICmc 1714-6 - - - - - - - 
240 3Bkgb IIIlCc+ 

Bv-Sd 
1714-7 1.61 4.07 4.12 0.24 4.36 34.29 0.42 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

45 Ap1 2.4 12.2 187 0.73 202 100 6.4 8.21 7.16 0.18 1.9 

65 Ap2 3.6 11.9 195 0.76 211 100 3.6 8.18 7.26 0.20 1.9 

105 Bt1 4.4 7.4 205 0.67 217 100 5.7 8.42 7.25 0.17 3.3 

120 2Bt2 5.5 5.0 133 0.62 198 73 5.5 8.27 6.80 0.13 3.8 

155 2Bt3 7.9 6.7 151 0.87 220 76 12.3 7.96 6.69 0.19 6.7 

165 2Ckm - - - - - - - - - - - 
240 3Bkgb 5.7 4.4 425 1.69 305 100 3.5 8.36 7.40 0.23 0.0 
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cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

45 Ap1 2 2.9 24.8 20.6 48.4 10.4 7.0 4.5 21.9 29.7 

65 Ap2 2 2.5 24.3 21.3 48.1 8.1 7.5 4.8 20.5 31.4 

105 Bt1 2 2.7 24.0 19.4 46.1 7.0 9.6 4.8 21.3 32.6 

120 2Bt2 2-3 2.7 27.6 21.0 51.3 4.7 4.6 2.7 12.0 36.7 

155 2Bt3 1-2 2.4 24.7 20.3 47.4 2.0 2.0 1.4 5.4 47.1 

165 2Ckm 100 - - - - - - - - - 

240 3Bkgb - 2.2 3.3 4.2 9.7 10.9 10.7 9.4 31.0 59.3 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

45 Ap1 81.5 8.4 3.6 0.45 2.21 0.34 1.34 5057 686 598 464 1.5 

65 Ap2 81.2 8.1 3.7 0.49 2.71 0.16 1.22 5194 730 493 460 1.7 

105 Bt1 80.9 8.4 3.7 0.49 1.85 0.31 1.15 5258 502 544 446 2.6 

120 2Bt2 81.0 9.8 4.5 0.46 0.70 0.22 1.32 4985 355 521 390 1.3 

155 2Bt3 75.6 12.4 6.0 0.60 0.62 0.43 1.51 4211 456 608 282 2.2 

165 2Ckm - - - - - - - - - - - - 

240 3Bkgb 46.8 13.1 5.5 1.06 27.2 0.28 1.21 6520 710 430 214 4.0 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

45 Ap1 0.68 0.76 0.29 - 2.03 0.30 0.08 0.031 0.374 1.27 

65 Ap2 0.72 0.77 0.25 - 9.58 0.26 0.39 0.031 0.080 8.81 

105 Bt1 0.72 0.85 0.29 - 2.52 0.30 0.10 0.034 0.336 1.68 

120 2Bt2 0.68 0.69 0.24 - 4.96 0.30 0.16 0.023 0.139 4.27 

155 2Bt3 0.92 0.62 0.28 - 6.09 0.36 0.15 0.015 0.102 5.47 

165 2Ckm - - - - - - - - - - 
240 3Bkgb 0.33 0.28 0.14 - 11.6 0.14 0.30 0.007 0.024 11.36 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

45 Ap1 13 22 65 0 0 1 10.9 0.31 68.5 6.5 0.74 

65 Ap2 20 10 63 1 0 6 11.3 0.39 66.6 6.6 0.65 

105 Bt1 19 8 0 66 0 7 11.8 0.28 71.7 6.4 0.65 

120 2Bt2 24 19 0 35 0 21 12.8 0.12 81.5 5.5 0.33 

155 2Bt3 28 26 0 10 0 36 14.9 0.10 83.5 4.0 0.12 

165 2Ckm - - - - - - - - - - - 
240 3Bkgb 16 2 68 6 0 8 30.5 2.15 31.4 2.4 0.52 
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4th terrace, Puporosso 
 
Terrace:   T4 (4th terrace) 

Profile:  T4 

Locality:   Puporosso 
Description:  E.A.C. Costantini, S. Wagner, D. Sauer, C. Stein, C. Dazzi 
Date of record: 2004, April 06th 
Position:   Within doline on marine terrace about 2.5 km to the 

North-West of Menfi, South-Western Sicily 
GPS position:  N 37°37.145’, E 12°59.941’, 5 m precision 
Elevation a.s.l.: 218 m 
Land use:  Olive grove, pasture 
Vegetation:  Clover, thistles, camomile; olive trees 
Stratigraphic sequence: 0-22 cm: Colluvium with resedimentation of 1st marine 

sediment 
  22->205 cm: Colluvium of 2nd marine sediment 
Reference soil group WRB: Orthoendocutanic Lixisol (Epiabruptic, Epiruptic, 

Hypereutric, Bathychromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap 0-22 dark brown (7.5YR 3/3) moist, dark brown (7.5YR 3/3) 

dry; loamy very fine sand (LVFS), 1 % gravel (fine and 
medium pebbles); granular structure (1-2, 2-5 mm), very 
fine to fine aggregates (<5 mm) with bulky storage, very 
loose compaction, very easy penetration, high proportion 
of macropores; few fine roots (21-50 dm-2) very evenly 
distributed; clear and wavy boundary to 

 
2BE 22-50 brownish black (7.5YR 3/2) moist, dark reddish brown 

(5YR 3/3) dry; sandy clay loam (SCL), <1 % gravel (fine 
pebbles); subangular blocky structure (5-20 mm), weakly 
developed, medium aggregates (5-20 mm) with open 
storage, loose to medium degree of compaction, easy 
penetration, high proportion of macropores; very few fine 
roots (16-20 dm-2) less evenly distributed; diffuse and 
wavy boundary to 

 
2Bt1 50-75/80 dark reddish brown (7.5YR 3/4) moist, dark brown 

(5YR 3/4) dry; sandy clay loam (SCL), <1 % gravel (fine 
pebbles); angular blocky structure (5-20 mm), medium 
aggregates (5-20 mm) with half-open storage, loose to 
medium degree of compaction, medium degree of 
penetration; very few fine roots (6-10 dm-2) less evenly 
distributed, high to medium proportion of macropores; 
sporadically presence of small manganese nodules 
(~2 mm); diffuse and wavy boundary to 

 
2Bt2 75/80-110 reddish brown (5YR 4/4) moist, dull reddish brown 

(5YR 4/6) dry; clay loam (CL), <1 % gravel (fine 
pebbles); angular blocky structure (5-20 mm), medium 
aggregates (5-20 mm) with half-open storage, medium 
degree of compaction, medium to difficult penetration; 
very few fine roots (3-5 dm-2) less evenly distributed, 
medium proportion of macropores; slightly mottled, 
presence of manganese nodules; gradual and smooth 
boundary to 
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Horizon Depth [cm] Field description 

 
2Bt3 110-165 reddish brown (7.5YR 5/6) moist, bright brown (5YR 4/8) 

dry;sandy clay (SC), 1 % gravel (mostly fine, few medium 
pebbles); prismatic structure (15-40 mm, sometimes 
angular blocky structure (10-20 mm), coarse aggregates 
(20-50 mm) with half-open to almost closed storage, 
medium degree of compaction, difficult penetration, 
medium to small proportion of macropores; very few fine 
roots (3-5 dm-2) concentrated in fissures and cracks; 
regular presence of mottled manganese on aggregate 
surfaces; diffuse and wavy boundary to 

 
2Btx 165->205 reddish brown (7.5YR 5/6) moist, bright brown (5YR 4/8) 

dry; sandy clay loam (SCL); <1 % gravel (fine pebbles); 
prismatic structure (40 mm), weakly developed, coarse 
aggregates (20-50 mm) with almost closed storage, high 
degree of compaction, difficult penetration, small 
proportion of macropores; very few fine roots (1-2 dm-2) 
concentrated in fissures and cracks; regular presence of 
mottled manganese on aggregate surfaces. 

 
 
Table 31. 4th terrace, Puporosso, Orthoendocutanic Lixisol 
Tabelle 31. 4th terrace, Puporosso, Orthoendocutanic Lixisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

22 Ap Ap 1715-1 1.67 0.87 0.02 0.70 0.73 0.18 1.20 

50 2BE IIrAp-Bv 1715-2 1.82 2.55 0.02 0.46 0.48 0.14 0.78 

75/80 2Bt1 IISw-Bt 1715-3 1.93 2.42 0.09 0.25 0.34 0.72 0.43 

110 2Bt2 IISd-Bt 1715-4 1.84 2.93 0.01 0.22 0.24 0.10 0.38 

165 2Bt3 IIBt-Sd 1715-5 1.67 5.04 0.07 0.16 0.23 0.61 0.27 

>205 2Btx IISd 1715-6 1.73 4.02 0.02 - 0.13 0.18 - 

 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

22 Ap 0.4 4.5 47 0.14 58 89 4.5 7.87 6.98 0.10 2.5 

50 2BE 1.6 4.8 83 0.50 135 67 8.9 7.97 6.37 0.05 1.7 

75/80 2Bt1 1.8 4.3 59 0.63 119 55 9.7 7.82 6.02 0.03 3.3 

110 2Bt2 3.2 6.1 82 1.15 159 58 14.4 7.79 5.98 0.04 5.0 

165 2Bt3 4.3 6.1 7 1.28 18 100 17.1 7.21 5.33 0.05 3.0 

>205 2Btx 3.7 4.9 72 0.90 146 56 13.0 6.87 5.14 0.06 3.0 

 

cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

22 Ap 1 4.0 47.2 30.4 81.6 5.6 3.1 3.0 11.7 6.7 

50 2BE <1 2.7 29.9 20.6 53.2 7.8 6.9 5.5 20.1 26.7 

75/80 2Bt1 <1 2.1 27.2 21.2 50.4 8.2 7.0 5.5 20.8 28.7 

110 2Bt2 <1 1.4 28.2 14.3 43.9 6.8 5.9 4.9 17.7 38.4 

165 2Bt3 1 3.0 30.2 18.2 51.3 2.8 1.5 1.1 5.4 43.2 

>205 2Btx <1 3.1 35.1 18.9 57.1 4.2 1.9 2.1 8.2 34.6 

 



 Appendix 285 

 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

22 Ap 89.7 2.6 1.2 0.16 0.30 0.24 0.57 2751 724 524 532 4.8 

50 2BE 83.5 7.7 3.6 0.31 0.40 0.23 1.19 5487 478 1374 533 2.2 

75/80 2Bt1 82.6 8.3 3.9 0.36 0.40 0.29 1.35 6303 456 1520 536 2.0 

110 2Bt2 77.6 10.8 4.9 0.46 0.35 0.27 1.52 6155 489 940 442 3.3 

165 2Bt3 79.0 11.3 5.2 0.49 0.38 0.10 1.32 4401 404 431 483 1.6 

>205 2Btx 81.6 9.4 4.4 0.41 0.35 0.21 1.20 4449 412 516 541 1.8 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

22 Ap 0.21 0.34 0.31 - 4.30 0.34 0.55 0.044 0.080 3.95 

50 2BE 0.59 0.72 0.88 - 3.31 0.98 0.14 0.030 0.217 2.59 

75/80 2Bt1 0.52 0.76 0.91 - 14.8 1.20 0.58 0.030 0.051 14.05 

110 2Bt2 0.73 1.00 0.53 - 15.2 0.74 0.46 0.030 0.066 14.22 

165 2Bt3 0.71 0.66 0.14 - 18.8 0.29 0.53 0.019 0.035 18.16 

>205 2Btx 0.55 0.57 0.18 - 16.0 0.37 0.54 0.019 0.036 15.42 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

22 Ap 42 23 8 3 0 24 5.2 0.18 69.8 22.4 1.76 

50 2BE 32 23 5 6 0 34 10.3 0.09 80.9 7.0 0.75 

75/80 2Bt1 31 30 2 3 0 35 11.8 0.09 80.1 6.5 0.73 

110 2Bt2 26 39 4 0 0 31 13.9 0.08 83.5 4.8 0.46 

165 2Bt3 30 29 3 1 0 38 9.1 0.08 86.2 4.7 0.13 

>205 2Btx 31 35 6 0 0 28 8.2 0.08 84.2 5.7 0.24 
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6th terrace, Gorghi 
 
Terrace:   T6 (6th terrace) 

Profile:  T6 

Locality:   Gorghi 
Description:  E.A.C. Costantini, S. Wagner, D. Sauer, C. Stein 
Date of record: 2004, April 07th 
Position:   Middle slope on erosion surface on marine terrace about 

7 km to the North-Eeast of Menfi, South-Western Sicily 
GPS position:  N 37°40.098’, E 12°59.916’, 5 m precision 
Elevation a.s.l.: 361 m 
Land use:  Fallow land, previously used for cactus fig leaves 
Vegetation:  Grass, clover, prickly pears (on both sides) 
Stratigraphic sequence: 0-40/50 cm: Colluvium of 1st marine sediment 
  40/50-105/200 cm: Colluvium of 2nd marine sediment 
  105/200->200 cm: Marine sediment 
Reference soil group WRB: Endocutanic Luvisol (Ferric, Epiabruptic, Epiruptic, 

Epiarenic, Bathychromic) 
 
 
Horizon Depth [cm] Field description 

 
Ap1 0-15 brown (7.5YR 4/4) moist, dull brown (7.5YR 5/4) dry; 

loamy fine sand (LFS), 7 % gravel (medium and coarse 
pebbles); subangular blocky structure (5-20 mm), 
medium aggregates (5-20 mm) with open storage, loose 
compaction, very easy penetration, very high proportion 
of macropores; very few fine roots (11-20 dm-2) very 
evenly distributed; presence of ironstone fragments 
(approximately 15 %); gradual and wavy boundary to 

 

Ap2 15-40/50 brown (7.5YR 4/4) moist, brown (7.5YR 4/4) dry; loamy 
fine sand (LFS), 7 % gravel (medium and coarse pebbles, 
ironstone); subangular blocky structure (5-20 mm), very 
weakly developed, medium aggregates (5-20 mm) with 
open storage, medium degree of compaction, easy 
penetration, high proportion of macropores; very few fine 
roots (6-10 dm-2) evenly distributed; presence of 
ironstone fragments (approximately 15 %); clear and 
wavy boundary to 

 

2Bt1 40/50 bright brown (7.5YR 5/6) moist, bright brown (7.5YR 5/6)  
 -54/62 dry; sandy clay (SC), no gravel; angular blocky structure 

(5-20 mm), medium aggregates (5-20 mm) with half-
open storage, medium degree of compaction and 
penetration, medium proportion of macropores; very few 
fine roots (1-2 dm-2) less evenly distributed; gradual and 
wavy boundary to 

 

2Bt2 54/62 bright yellowish brown (10YR 6/8) moist, bright yellowish  
 -100/200 brown (10YR 6/8) dry; sandy clay (SC), no gravel; 

angular blocky structure (5-20 mm), medium aggregates 
(5-20 mm) with almost closed storage, high degree of 
compaction, difficult penetration, small proportion of 
macropores; very few fine roots (1-2 dm-2) mainly in 
fissures and cracks; plinthic horizon, very deep pocket on 
right part of soil profile with brown (10YR 4/6) to reddish 
brown (5YR 4/7) colour, presence of iron mottles (7 %, 
<20 mm); clear and very wavy boundary to 
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Horizon Depth [cm] Field description 

 
2Bm 100/200 dark reddish brown (10R 3/2) moist, very dark reddish  
 105/200 brown (10R 2/2) dry; no gravel; coherent (massive) 

structure, no aggregates, very high resistance to 
penetration, very small proportion of macropores; no 
roots; petroplinthic horizon, very deep pocket on right 
part of soil profile; clear and very wavy boundary to 

 
3BEtb1 105/200 bright brown (7.5YR 5/8) moist, bright brown (7.5YR 5/8)  
 -120/200+ dry; loamy fine sand (LFS), no gravel; coherent structure 

(massive to layered), no aggregates, difficult penetration, 
macropores absent; no roots; presence of red iron mottles 
(15 %, <10 mm); gradual and wavy boundary to 

 
3BEtb2 120/200+ orange (7.5YR 6/8) moist, orange (7.5YR 6/8) dry; loamy  
 -150/200+ fine sand (LFS), no gravel; coherent (massive) structure, 

no aggregates, difficult penetration, macropores absent; 
no roots); clear and wavy boundary to 

 
3Btb 150/200+ bright reddish brown (5YR 5/8) moist, bright reddish  
 -200+ brown (5YR 5/8) dry; fine sandy loam (FSL), no gravel; 

coherent (massive) structure, no aggregates, difficult 
penetration, macropores absent; no roots; presence of red 
iron mottles (5 %, <7 mm). 

 
Table 32. 6th terrace, Gorghi, Endocutanic Luvisol 
Tabelle 32. 6th terrace, Gorghi, Endocutanic Luvisol 

cm Horizon No. g cm-3 % 

Lbdr. FAO KA5 Sample Bulk ds. Moisture Ccarb Corg Ct CaCO3 SOM 

15 Ap1 Ap1 1716-1 1.72 0.84 0.06 0.53 0.59 0.47 0.92 

40/50 Ap2 Ap2 1716-2 1.72 1.04 0.02 0.39 0.42 0.20 0.68 

54/62 2Bt1 IISw-Bt 1716-3 1.65 3.66 0.15 0.41 0.57 1.22 0.71 
100 
/200 

2Bt2 IISd-Bt 1716-4 1.65 3.93 0.14 0.29 0.44 1.18 0.49 

105 
/200 

2Bm IIBms - - - 0.12 0.30 0.43 1.01 0.52 

120/ 
200+ 

3BEtb1 IIIBv-Cv 1716-8 1.81 1.04 0.11 0.08 0.19 0.89 0.13 

150/ 
200+ 

3BEtb2 IIIBv-Cv-
Sw 

1716-9 1.63 0.73 0.09 0.14 0.24 0.79 0.23 

200+ 3Btb IIISd 1716-12 1.78 1.30 0.09 0.11 0.20 0.72 0.18 
 

cm Horizon 
mmolc+ kg

-1 

Exchangeable cations 
% g kg-1 H2O KCl dS m-1 moist 

Lbdr. FAO Na K Ca Mg CEC BS Siam pH EC RR 

15 Ap1 0.3 3.2 46 0.15 50 100 3.8 8.12 7.20 0.12 2.5 

40/50 Ap2 0.3 2.7 42 0.18 45 100 4.7 8.04 7.24 0.10 2.5 

54/62 2Bt1 1.4 4.7 102 0.32 180 60 16.7 6.92 5.48 0.04 3.0 
100 
/200 

2Bt2 1.5 4.3 86 0.53 172 54 10.9 6.36 5.07 0.03 0.0 

105 
/200 

2Bm 1.4 4.5 82 0.75 172 51 14.1 6.23 5.00 0.03 6.7 

120/ 
200+ 

3BEtb1 0.4 1.0 18 0.18 34 59 6.7 6.46 5.50 0.02 4.0 

150/ 
200+ 

3BEtb2 0.4 0.8 16 0.18 25 68 6.0 6.39 5.59 0.02 3.3 

200+ 3Btb 0.5 0.9 24 0.35 45 56 7.3 6.52 5.70 0.02 8.0 
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cm Horizon % 
% 

Particle-size distribution 

Lbdr. FAO Gravel CS MS FS Sand CSi MSi FSi Silt Clay 

15 Ap1 7 4.9 67.3 10.8 83.0 3.9 2.4 1.9 8.2 8.7 

40/50 Ap2 7 5.2 68.5 10.5 84.2 3.3 2.7 2.1 8.1 7.7 

54/62 2Bt1 0 2.4 47.6 4.9 54.9 1.7 0.3 1.3 3.3 41.8 

100 
/200 

2Bt2 0 2.2 47.9 4.6 54.7 1.6 0.6 2.0 4.2 41.0 

105 
/200 

2Bm - - - - - - - - - - 

120/ 
200+ 

3BEtb1 0 2.5 74.1 7.0 83.6 2.2 1.7 1.2 5.2 11.2 

150/ 
200+ 

3BEtb2 0 1.7 76.3 8.2 86.3 1.6 1.5 0.2 3.3 10.4 

200+ 3Btb 0 2.2 70.3 8.2 80.7 2.2 1.3 0.8 4.4 15.0 

 

cm Horizon 
 % 

Main compounds 

mg kg-1 

Trace compounds 
% 

Lbdr. FAO SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO ZrO2 LI 

15 Ap1 92.4 2.4 1.9 0.17 0.47 0.20 0.42 2170 515 424 307 1.7 

40/50 Ap2 92.1 2.3 1.8 0.14 0.28 0.17 0.40 2123 490 416 284 2.6 

54/62 2Bt1 77.3 11.1 7.4 0.36 0.41 0.14 0.86 3201 464 202 193 2.0 
100 
/200 

2Bt2 77.8 11.3 7.0 0.36 0.35 0.14 0.82 3188 430 141 200 1.8 

105 
/200 

2Bm - - - - - - - - - - - - 

120/ 
200+ 

3BEtb1 91.2 3.0 3.0 0.14 0.10 0.10 0.33 2300 253 226 293 1.7 

150/ 
200+ 

3BEtb2 91.8 2.4 2.4 0.13 0.09 0.13 0.29 2092 244 102 334 2.5 

200+ 3Btb 85.4 3.8 3.0 0.14 0.11 0.13 0.34 2326 264 97 305 6.8 

 

cm Horizon 
mg g-1 

Oxalate extract 

mg g-1 

Dithionite extract 
Fe weathering dynamics 

Lbdr. FAO Alo Feo Mno Ald Fed Mnd 
Fed 

Fet 

Feo 

Fet 

Feo 

Fed 

Fed- 

Feo 

15 Ap1 0.24 0.31 0.25 - 9.75 0.31 0.77 0.024 0.031 9.44 

40/50 Ap2 0.22 0.37 0.28 - 9.71 0.41 0.81 0.031 0.038 9.34 

54/62 2Bt1 0.73 0.35 0.02 - 37.8 0.11 0.75 0.007 0.009 37.43 
100 
/200 

2Bt2 0.70 0.34 0.02 - 40.4 0.07 0.85 0.007 0.008 40.09 

105 
/200 

2Bm 0.72 0.48 0.02 - - - - - - - 

120/ 
200+ 

3BEtb1 0.14 0.05 0.02 - 18.1 0.02 0.90 0.002 0.003 18.09 

150/ 
200+ 

3BEtb2 0.12 0.04 0.02 - 13.2 0.03 0.81 0.002 0.003 13.17 

200+ 3Btb 0.19 0.07 0.02 - 16.7 0.03 0.83 0.004 0.004 16.66 

 



 Appendix 289 

 

 

cm Horizon 
% 

Clay mineral 
Soil development ratios 

Lbdr. FAO K I Sm Vm Chl IS 
TiO2 

ZrO2 
MWR CIA SiR silt/clay 

15 Ap1 37 25 0 10 2 26 7.1 0.26 69.1 20.4 0.94 

40/50 Ap2 42 16 0 10 2 30 7.5 0.19 72.7 21.7 1.06 

54/62 2Bt1 42 24 0 11 0 23 16.6 0.07 88.8 4.1 0.08 
100 
/200 

2Bt2 42 19 8 4 0 26 15.9 0.06 89.6 4.2 0.10 

105 
/200 

2Bm - - - - - - - - - - - 

120/ 
200+ 

3BEtb1 49 17 0 8 0 26 7.9 0.08 84.8 14.6 0.46 

150/ 
200+ 

3BEtb2 53 15 2 6 0 23 6.3 0.09 82.7 18.1 0.32 

200+ 3Btb 53 15 0 9 0 23 7.6 0.06 86.8 12.1 0.29 
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Appendix 2. X-ray diffraction (XRD) traces obtained from 

oriented specimen of the soil horizons from the sequences near 

Metaponto, Southern Italy and Menfi, South-Western Sicily. 
The main clay minerals and mineral groups identified from the peaks are: Cc = calcite, 
Chl = chlorite, Dol = dolomite, Fsp = feldspar, I = illite, K = kaolinite, 
Mus = muscovite, Ol = olivine, Qz = quartz, Sm = smectite, Vm = vermiculite. 

Die Haupt-Tonminerale und Mineralgruppen, die aus den Peaks abgeleitet wurden, 
sind: Cc = Calcit, Chl = Chlorit, Dol = Dolomit, Fsp = Feldspat, I = Illit, K = Kaolinit, 
Mus = Muskovit, Ol = Olivin, Qz = Quarz, Sm = Smectit, Vm = Vermiculit. 
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Figure 76. XRD diagrams 
from soil profile T0.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 76.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T0.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 77. XRD diagrams 
from soil profile T0.2. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 77.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T0.2. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 78. XRD diagrams 
from soil profile T1.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 78.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T1.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 79. XRD diagrams 
from soil profile T2.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 79.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T2.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 80. XRD diagrams 
from soil profile T3.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 80.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T3.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 81. XRD diagrams 
from soil profile T4.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 81.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T4.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 82. XRD diagrams 
from soil profile T4.2. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 82.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T4.2. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 

C
p
s

1
2
0
0
0

0

2ϑϑϑϑ

V,S
I

K
Mus

Qz

K

Qz

Fsp

T5.1, Tinchi-Markonia, Mg-AD  

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Ap

2Bt1

2Bt2

2Btk

3BCt1

3BCt2

 

Figure 83. XRD diagrams 
from soil profile T5.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 83.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T5.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 84. XRD diagrams 
from soil profile T5.2. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 84.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T5.2. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 85. XRD diagrams 
from soil profile T6.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 85.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T6.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 86. XRD diagrams 
from soil profile T7.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 86.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T7.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 



294 Appendix  

 

C
p
s

1
2
0
0
0

0

2ϑϑϑϑ

K

I

V,S
K

Qz

Qz
Mus

Fsp

T8, Pisticci, Mg-AD  

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Ap

AB

2Bt

2Btk1

2Btk2 t

2Btk2 b

2Btk3

2Btk4

2CB1

2CBk

2CB2

 

Figure 87. XRD diagrams 
from soil profile T7.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 87.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T8.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 88. XRD diagrams 
from soil profile T9.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 88.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T9.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 89. XRD diagrams 
from soil profile T10.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 89.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  v o n  
Bodenprofil T10.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 



 Appendix 295 

 

C
p
s

1
2
0
0
0

0

2ϑϑϑϑ

K

I

V,S

K Qz

Qz
FspMus

1st terrace, Bonera, Mg-AD  

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Ap1

Ap2

2Bt1

2Bt2

2CBk

 

Figure 90. XRD diagrams 
from the soil profile on 
the 1st terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 90.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  d e s  
Bodenprofils auf der 
1. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 91. XRD diagrams 
from the soil profile on 
the 2nd terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 91.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  d e s  
Bodenprofils auf der 
2. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 92. XRD diagrams 
from the soil profile on 
the 3rd terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 92.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  d e s  
Bodenprofils auf der 
3. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassnsequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 93. XRD diagrams 
from the soil profile on 
the 4th terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 93.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  d e s  
Bodenprofils auf der 
4. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 94. XRD diagrams 
from the soil profile on 
the 6th terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 94.  
R ö n t g e n b e u gu n g s -
d i a g r a m m e  d e s  
Bodenprofils auf der 
6. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Appendix 3. X-ray diffraction (XRD) traces obtained from 

random powder samples of selected soil horizons of the terrace 

sequences near Metaponto, Southern Italy and Menfi, South-

Western Sicily. 
The main clay minerals and mineral groups identified from the peaks are: Cc = calcite, 
Chl = chlorite, Dol = dolomite, Fsp = feldspar, Gt = goethite, K = kaolinite, 
Mus = muscovite, Qz = quartz. 

Die Haupt-Tonminerale und Mineralgruppen, die aus den Peaks abgeleitet wurden, 
sind: Cc = Calcit, Chl = Chlorit, Dol = Dolomit, Fsp = Feldspat, Gt = Goethit, 
K = Kaolinit, Mus = Muskovit, Qz = Quarz. 
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Figure 95. XRD diagrams 
of random powders from 
soil profiles T0.1 and T0.2. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 95.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten der 
Bodenprofile T0.1 und T0.2. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 96. XRD diagrams 
of random powders from 
soil profile T1.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 96.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils T1.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 



298 Appendix  

 

C
p
s

1
0
0
0
0

0

2ϑϑϑϑ

Terraces T2-T3, San Teodoro 1+2, X-ray powder  

5 10 15 20 25 30 35 40 45 50 55 60 65

Qz

Qz

Qz

Qz

Qz

Qz
Qz

Qz

Cc

Qz

Qz

QzCcQzCcCcCc

Fsp
Fsp

Cc

Cc
Qz

4Cw

2Bk

 

Figure 97. XRD diagrams 
of random powders from 
soil profiles T2.1 and T3.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 97.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten der 
Bodenprofile T2.1 und 
T3.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 98. XRD diagrams 
of random powders from 
soil profile T4.2. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 98.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils T4.2. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 99. XRD diagrams 
of random powders from 
soil profiles T5.1 and T5.2. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 99.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten der 
Bodenprofile T5.1 und 
T5.2. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 100.  
XRD diagrams of random 
powders from soil profile 
T6.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 100.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils T6.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 101.  
XRD diagrams of random 
powders from soil profile 
T7.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 101.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils T7.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 102.  
XRD diagrams of random 
powders from soil profile 
T8.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 102.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils T8.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 103.  
XRD diagrams of random 
powders from soil 
profiles T9.1 and T10.1. 
The results relate to the 
terrace sequence near 
Metaponto, Southern 
Italy. 

Abbildung 103.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten der 
Bodenprofile T9.1 und T10.1. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Metaponto, Süd-Italien. 
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Figure 104.  
XRD diagrams of random 
powders from the soil 
profile on the 1st terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western Sicily. 

Abbildung 104.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils auf der 
1. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 105.  
XRD diagrams of random 
powders from the soil 
profile on the 2nd terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western Sicily. 

Abbildung 105.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils auf der 
2. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 106.  
XRD diagrams of random 
powders from the soil 
profile on the 3rd terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 106.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils auf der 
3. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 107.  
XRD diagrams of random 
powders from the soil 
profile on the 4th terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 107.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils auf der 
4. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Figure 108.  
XRD diagrams of random 
powders from the soil 
profile on the 6th terrace. 
The results relate to the 
terrace sequence near 
Menfi, South-Western 
Sicily. 

Abbildung 108.  
R ö n t g e n b e u gu n g s -
diagramme von 
Pulverpräparaten des 
Bodenprofils auf der 
6. Terrasse. 
Die Ergebnisse beziehen 
sich auf die 
Terrassensequenz bei 
Menfi, Südwest-Sizilien. 
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Table 33. Micromorphological characterisation of soil profile T0.1.
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Tabelle 33. Beschreibung mikromorphologischer Charakteristika von Bodenprofil T0.1 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 

[cm] Horizon Voids [%] [mm] Groundmass 

Depth FAO 

Micro-

struc-

ture Total Vugh Chan Chab Plane Pvd Size c/f Dis 
Fab/Col 

Limp 

13-31 2BC1 - 40 10 25 5 60 0.08-
0.80 

1/ 
1.5 

cpo GB 
dotted 

 

[cm] Horizon 

Depth FAO 
Amount and weathering degree of minerals in the coarse fraction 

13-31 2BC1 Coarse material: strongly weathered: feldspar (20 %, 140-240 µm), mica 
(20 %, 180-400 µm), partly weathered: quartz (40 %, 70-400 µm), calcite 
(20 %, 220-380 µm); fine material: sandy texture (yellowish-brown); organic 
components: fine roots (very few); pedofeatures: calcite concretions (not 
transported); 15 % iron- (170 µm) and 5 % iron-manganese-nodules 
(420 µm); 10 % secondary calcite (200-230 µm); 5 % excrements sharp 
boundary, even distribution; sharp boundary, even distribution. 

 
Table 34. Micromorphological characterisation of soil profile T1.1. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Tabelle 34. Beschreibung mikromorphologischer Charakteristika von Bodenprofil T1.1 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 

[cm] Horizon Voids [%] [mm] Groundmass 

Depth FAO 

Micro-

struc-

ture Total Vugh Chan Chab Plane Pvd Size c/f Dis 
Fab/Col 

Limp 

30-60 2Bw  90 30 40 20 10 0.12-
2.00 

1/ 
1.5 

spo  

120-
150 

2Bk2 
top 

 40 10 25 5 60 0.08-
0.80 

1/ 
1.5 

spo limpid 

 

[cm] Horizon 

Depth FAO 
Amount and weathering degree of minerals in the coarse fraction 

30-60 2Bw Coarse material: strongly weathered: quartz (20 %, 100-240 µm); partly 
weathered: feldspar (5 %, 70-290 µm), calcite (30 %, 100-220 µm), mica 
(10 %, 100-170 µm), unweathered: quartz (10 %, 100-240 µm), feldspar 
(5 %, 70-290 µm); organic components: absent; pedofeatures: absence of clay 
coatings; calcite concretions (not transported); 15 % FeMn-nodules (150-
360 µm) typic dentritic; 30 % secondary calcites (260-300 µm); <1 % 
excrements. 

120-
150 

2Bk2 
top 

Coarse material: strongly weathered: quartz (15 %, 110-480 µm), partly 
weathered: quartz (5 %, 110-480 µm), feldspar (10 %, 50-200 µm), calcite 
(10 %, 80-260 µm), unweathered: quartz (10 %, 110-480 µm), mica (5 %, 
70 µm); organic components: fine roots (very few); pedofeatures: calcite 
concretions (not transported); 5 % iron- (120-450 µm) and 5 % iron-
manganese-nodules (210-220 µm) dendritic, lime-nodules; 10 % primary 
calcite (180-200 µm); <1 % excrements. 
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Table 35. Micromorphological characterisation of soil profile T5.1. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Tabelle 35. Beschreibung mikromorphologischer Charakteristika von Bodenprofil T5.1 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 

[cm] Horizon Voids [%] [mm] Groundmass 

Depth FAO 

Micro-

struc-

ture Total Vugh Chan Chab Plane Pvd Size c/f Dis 
Fab/Col 

Limp 

54-83 2Bt2  50 15 30 5 50 0.24-
1.28 

1.5/
1 

spe by, dot 

83-
108 

2Btk  30 20 5 5 70 0.20-
1.20 

1.5/
1 

cfe gb,  
limpid 

 

[cm] Horizon 

Depth FAO 
Amount and weathering degree of minerals in the coarse fraction 

54-83 2Bt2 Coarse material: strongly weathered: feldspar (5 %, 160-300 µm), partly 
weathered: quartz (20 %, 190-310 µm), mica (10 %, 120 µm), unweathered: 
quartz (10 %, 190-310 µm), feldspar (10 %, 160-300 µm); fine material: 
yellowish-brown, red; organic components: fine roots (very few); pedofeatures: 
clay coatings, cross-striated and granostriated; calcite concretions (not 
transported); 15 % iron-nodules (350-400 µm) dendritic to aggregates. 

83-
108 

2Btk Coarse material: strongly weathered: quartz (15 %, 100-410 µm), feldspar 
(5 %, 80-300 µm); partly weathered: mica (20 %, >350 µm), calcite (30 %, 
400 µm), unweathered: feldspar (10 %, 80-300 µm); fine material: greyish-
brown; organic components: fine roots (very few); pedofeatures: clay coatings 
cross-striated; calcite concretions (not transported); 10 % typic and geodic 
iron-manganese-nodules (100-350 µm); 25 % primary calcite (120-200 µm); 
sharp boundary and even distribution. 

 
Table 36. Micromorphological characterisation of soil profile T6.1. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Tabelle 36. Beschreibung mikromorphologischer Charakteristika von Bodenprofil T6.1 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 

[cm] Horizon Voids [%] [mm] Groundmass 

Depth FAO 

Micro-

struc-

ture Total Vugh Chan Chab Plane Pvd Size c/f Dis 
Fab/Col 

Limp 

20-36 2Bt  80 40 20 20 20 0-12-
0.96 

1/ 
1.5 

spo br 

36-50 3Bt  50 10 30 10 50 0.12-
1.44 

1/ 
1.5 

spo br 

 

[cm] Horizon 

Depth FAO 
Amount and weathering degree of minerals in the coarse fraction 

20-36 2Bt Coarse material: strongly weathered: quartz (20 %, 100-410 µm), mica (20 %, 
>350 µm), partly weathered: feldspar (15 %, 80-300 µm), unweathered: 
quartz (10 %, 100-410 µm); fine material: brown; organic components: fine 
roots; pedofeatures: clay coatings cross-striated and granostriated; calcite 
concretions (not transported); 10 % iron- (180 µm) and 5 % manganese-
nodules (130 µm) 

36-50 3Bt Coarse material: strongly weathered: feldspar (30 %, 150-200 µm), mica 
(20 %, 300-350 µm), partly weathered: quartz (20 %, 240-400 µm); fine 
material: yellowish-brown; organic components: fine roots (very few); 
pedofeatures: clay coatings cross-striated; absence of calcite concretions; 20 % 
iron-nodules (170-480 µm) with clear boundary and very even distribution 
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Table 37. Micromorphological characterisation of soil profile T7.1. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Tabelle 37. Beschreibung mikromorphologischer Charakteristika von Bodenprofil T7.1 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 

[cm] Horizon Voids [%] [mm] Groundmass 

Depth FAO 

Micro-

struc-

ture Total Vugh Chan Chab Plane Pvd Size c/f Dis 
Fab/Col 

Limp 

33-54 Bt1  90 50 10 30 10 0.12-
1.24 

1/3 dpo BR, dot 

54-73 Bt2  40 10 25 5 60 0.16-
1.40 

1/ 
1.5 

chi YB 

 

[cm] Horizon 

Depth FAO 
Amount and weathering degree of minerals in the coarse fraction 

33-54 Bt1 Coarse material: strongly weathered: feldspar (30 %, 200-410 µm), mica 
(15 %, 300-400 µm), unweathered: quartz (20 %, 220-480 µm); fine material: 
dark-brown; organic components: fine roots (very few); pedofeatures: clay 
coatings cross-striated; absence of calcite concretions; 10 % iron- (120-
320 µm) and 15 % iron-manganese-nodules (180-370 µm) aggregated with 
even and wavy boundary 

54-73 Bt2 Coarse material: strongly weathered: feldspar (20 %, 130-200 µm), partly 
weathered: quartz (30 %, 240-390 µm), mica (20 %, 190-350 µm), fine 
material: yellowish-brown; organic components: absent; pedofeatures: clay 
coatings cross-striated; absence of calcite concretions; 15 % iron- (170-
250 µm) and 20 % iron-manganese-nodules (150-450 µm) aggregated; many 
bright, rusty manganese-nodules with abrupt boundary 

 

Table 38. Micromorphological characterisation of soil profile T9.1. 
The data relates to the terrace sequence near Metaponto, Southern Italy. 

Tabelle 38. Beschreibung mikromorphologischer Charakteristika von Bodenprofil T9.1 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Metaponto, Süd-Italien. 

[cm] Horizon Voids [%] [mm] Groundmass 

Depth FAO 

Micro-

struc-

ture Total Vugh Chan Chab Plane Pvd Size c/f Dis 
Fab/Col 

Limp 

26-70 Bt  40 10 20 10 60 0.12-
1.20 

1/ 
1.5 

cpo GB, 
limpid 

70-
100 

Bkt1  40 10 25 5 60 0.08-
0.80 

1/ 
1.5 

cpo GB, not 
limpid 

 

[cm] Horizon 

Depth FAO 
Amount and weathering degree of minerals in the coarse fraction 

26-70 Bt Coarse material: strongly weathered: feldspar (10 %, 300-490 µm), partly 
weathered: mica (10 %, 300-350 µm), unweathered: quartz (45 %, 120-
300 µm), feldspar (10 %, 300-490 µm); fine material: bright-brown; organic 
components: fine roots (very few); pedofeatures: clay illuviation and stress 
cutans, calcite concretions (not transported); 15 % iron- (220-400 µm) and 
15 % iron-manganese-nodules (180-250 µm) with wavy and clear boundary 
and very even distribution 

70-
100 

Bkt1 Coarse material: strongly weathered: quartz (45 %, 100-300 µm), partly 
weathered: feldspar (25 %, 150-160 µm), mica (25 %, 120-250 µm); fine 
material: bright-brown; organic components: fine roots (very few); 
pedofeatures: Compound layering of clay coatings; calcite concretions (not 
transported); 15 % iron- (100-250 µm) and 10 % iron-manganese-nodules 
(200-340 µm); 15 % secondary calcites (200-200 µm); clear boundary 
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Table 39. Micromorphological characterisation of the soil on the 1st terrace. 
The data relates to the terrace sequence near Menfi, South-Western Sicily. 

Tabelle 39. Beschreibung mikromorphologischer Charakteristika des Bodenprofils der 
1. Terrasse. 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. 

[cm] Horizon  Voids [%] [mm] Groundmass 

Lbdr. FAO Microstructure Total Vughs Chan Chab Pvd Size c/f Dis Fab 

20 Ap1 Composite 20 70 25 5 0 0.01-
10 

4/1 spo idf 

42 Ap2 Massive 7 55 40 5 0 0.01-
10 

4/1 cpo idf 

75 2Bt1 sbk, massive 10-20 60 33 7 0 0.01-
10 

2/1 spo ssp 

100 
/90 

2Bt2 Massive, 
channels 

8 50 50 0 0 0.01-
50 

2/1 spo ssp 

110 
/100 

2BCk - - - - - - - - - - 

>110 2Ckm - - - - - - - - - - 

 

[cm] Horizon 

Lbdr. FAO 
Distribution and weathering degree of coarse material  

20 Ap1 fine and medium sand; fine and coarse gravel (rounded to subangular); rock 
fragments: quartz-sandstone (moderate alteration, complete destruction of 
original matrix), siltstone (complete or strong pellicular alteration), quartzite, 
limestone (very few); mineral grains: quartz (weak alteration, dotted), 
quartzite (very few), feldspar and plagioclase (moderate-weak alteration, 
dotted or irregular linear)  

42 Ap2 fine and medium sand; fine and coarse gravel (rounded to subangular); rock 
fragments: quartz-sandstone (moderate alteration, complete destruction of 
original matrix), siltstone (complete or strong pellicular alteration), quartzite 
and few limestones (with strongly altered microfossils); mineral grains: 
quartz (weak alteration, dotted) and very few chlorite, feldspar and 
plagioclase (moderate to weak alteration, dotted or irregular linear) 

75 2Bt1 fine and medium sand; very few medium gravel (subrounded, subangular); 
rock fragments: quartz-sandstone (moderate alteration with complete 
destruction of original matrix), siltstone (completely or strongly pellicular), 
quartzite; mineral grains: quartz, plagioclase (moderate-weak alteration, 
dotted or irregular linear), very few small fragments of mica and feldspar 

100/ 
90 

2Bt2 fine sand (subrounded or subangular); rock fragments: quartz-sandstone 
(moderate alteration, complete destruction of original matrix), siltstone 
(strong-complete pellicular alteration), quartzite, limestone (one big piece); 
mineral grains: quartz (weak alteration, dotted), mica (very few, small), 
plagioclase (moderate-weak alteration, dotted or irregular linear), feldspar; 
occurrence of calcaric shells 

110/ 
100 

2BCk - 

>110 2Ckm - 
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[cm] Horizon Fine material Organic components 

Lbdr. FAO Texture Colour Limpidity Pun Pellets Tissue Root Amo 

20 Ap1 C, FSi BR (RS) speckled Abu Few Few None None 

42 Ap2 C, FSi BR (RS) speckled Abu Few None Very few None 

75 2Bt1 C, FSi RE dot, spec Co Few Few None None 

100/ 
90 

2Bt2 C, FSi RE dot, spec Co Abu None None Abu 

110/ 
100 

2BCk - - - - - - - - 

>110 2Ckm - - - - - - - - 

 

[cm] Horizon 

Lbdr. FAO 
Pedofeatures 

20 Ap1 - 

42 Ap2 Strong iron oxide impregnation in the external part of bigger grains; very few 
and thin irregular CaCO3 coatings 

75 2Bt1 Poorly laminated thin limpid red clay coatings around pores and sometimes 
around grains 

100/ 
90 

2Bt2 Poorly laminated thin limpid red clay coatings around pores and sometimes 
grains; few grey-yellowish silt infillings, carbonatic matrix is absent in red soil 

110/ 
100 

2BCk - 

>110 2Ckm - 

 
Table 40. Micromorphological characterisation of the soil on the 2nd terrace. 
The data relates to the terrace sequence near Menfi, South-Western Sicily. 

Tabelle 40. Beschreibung mikromorphologischer Charakteristika des Bodenprofils der 
2. Terrasse. 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. 

[cm] Horizon  Voids [%] [mm] Groundmass 

Lbdr. FAO Microstructure Total Vughs Chan Chab Pvd Size c/f Dis Fab 

12 Ap1 - - - - - - - - - - 

57 Ap2 Composite 20 70 28 2 0 0.01-5 2/1 cpo,spo idf 

85 2Bt1 Massive, chan 25 67 30 3 0 0.01-5 2/1 cpo, spo idf, 
pgs 

100 2Bt2 Granular, chan 25 55 40 5 0 0.01-
20 

3/1 cpo, chi idf 

118 2BCk Granular 5-15 95 3 2 0 0.1-30 1.5/1 cpo,spo cry 

155 2Ck - - - - - - - - - - 
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[cm] Horizon 

Lbdr. FAO 
Distribution and weathering degree of coarse material  

12 Ap1 - 

57 Ap2 fine to medium sand; fine and coarse gravel (rounded, subrounded); small 
calcaric shells; rock fragments: quartz-sandstone, siltstone (complete or 
strong alteration), limestone (weak-moderate alteration); mineral grains: 
quartz (weak alteration, dotted), plagioclase (moderate-weak alteration, 
dotted or irregular linear) 

85 2Bt1 fine to medium sand; fine and coarse gravel (rounded, subrounded); rock 
fragments: quartz-sandstone, siltstone (complete or strong alteration); 
mineral grains: quartz (weak alteration and dotted, or moderate-weak 
alteration, dotted and irregular linear), chlorite (very few), plagioclase 
(moderate-weak alteration, dotted or irregular linear) 

100 2Bt2 fine to medium sand; fine and coarse gravel (very few, rounded or 
subrounded); rock fragments: quartz-sandstone, siltstone (complete or 
strong alteration), limestone; mineral grains: quartz (weak alteration and 
dotted), chlorite (very few), plagioclase (moderate-weak alteration, dotted or 
irregular linear); occurrence of calcaric shells 

118 2BCk fine to medium sand; fine and coarse gravel (very few, rounded or 
subrounded); rock fragments: quartz-sandstone (strong alteration, complete 
destruction of original matrix), siltstone, limestone (moderate-strong 
alteration, frequent vughs, reprecipitation of CaCO3); mineral grains: quartz 
(weak alteration and dotted), plagioclase (moderate-weak alteration, dotted 
or irregular linear); occurrence of calcaric shells 

155 2Ck - 

 

[cm] Horizon Fine material Organic components 

Lbdr. FAO Texture Colour Limpidity Pun Pellets Tissue Root Amo 

12 Ap1 - - - - - - - - 

57 Ap2 C, FSi RB speckled Abu Abu None Very few Abu 

85 2Bt1 C, FSi RS dotted Co Co None None Co 

100 2Bt2 C, FSi RS dotted Co Co None None Co 

118 2BCk CaCO3 GR - Very few No None None None 

155 2Ck - - - - - - - - 

 

[cm] Horizon 

Lbdr. FAO 
Pedofeatures 

12 Ap1 - 

57 Ap2 Very thin impure clay coatings around grains and some channels 

85 2Bt1 Very thin impure clay coatings around grains and some channels; very few 
CaCO3 coatings 

100 2Bt2 Very thin impure clay coatings around grains and some channels 

118 2BCk CaCO3 recrystallisation in the matrix 

155 2Ck - 
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Table 41. Micromorphological characterisation of the soil on the 3rd terrace. 
The data relates to the terrace sequence near Menfi, South-Western Sicily. 

Tabelle 41. Beschreibung mikromorphologischer Charakteristika des Bodenprofils der 
3. Terrasse. 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. 

[cm] Horizon  Voids [%] [mm] Groundmass 

Lbdr. FAO Micro-

structure 

Total Vughs Chan Chab Pvd Size c/f Dis Fab 

45 Ap1 mas, few chan 20 65 30 5 0 <10 1.5/1 spo idf 

65 Ap2 mas, few chan 10 70 30 0 0 <10 1/1 spo idf 

105 Bt1 sbk, some chan 5-20 60 30 10 0 <20 1/1 spo idf 

120 2Bt2 sbk 4 50 50 0 0 <10 1/1 spo idf 

155 2Bt3 sbk, chan 15 55 37 8 0 <30 1/1.5 spo,dpo ssp, str 

165 2Ckm - - - - - - - - - - 

240 3Bkgb sbk, some mas 10 60 40 0 0 <20 1/4 opo cry 

 

[cm] Horizon 

Lbdr. FAO 

Distribution and weathering degree of coarse material  

45 Ap1 fine and medium sand; fine and medium gravel (very few, subrounded or 
rounded); rock fragments: quartz-sandstone (strong alteration, complete 
alteration of original matrix), quartzite, siltstone (complete alteration), 
limestone (strong alteration, frequent vughs); mineral grains: quartz (very 
fractured, weak-moderate alteration, dotted), mica (very few, very small), 
plagioclase (weak-moderate or moderate alteration, dotted, irregular linear); 
CaCO3 reprecipitation; shells (very few) 

65 Ap2 fine and medium sand; fine and medium gravel (very few, subrounded or 
rounded); rock fragments: quartz-sandstone (strong alteration, complete 
alteration of original matrix), quartzite, siltstone (complete alteration), 
limestone (strong alteration, frequent vughs); mineral grains: quartz (weak-
moderate alteration, dotted), mica (very few, very small), plagioclase and 
microcline (both weak-moderate or moderate alteration, dotted, irregular 
linear); CaCO3 reprecipitation; shells (very few) 

105 Bt1 fine and medium sand; fine and medium gravel (very few, rounded-
subangular); rock fragments: quartz-sandstone (strong alteration, complete 
alteration of original matrix), quartzite, siltstone (complete alteration); 
mineral grains: quartz (weak-moderate alteration, dotted, irregular linear), 
chlorite (very few, very small), feldspar, plagioclase and microcline (both 
moderate alteration, dotted, irregular linear) 

120 2Bt2 fine and medium sand; fine gravel (few, rounded to subangular); rock 
fragments: quartz-sandstone (strong alteration with complete alteration of 
original matrix), quartzite, siltstone (complete, sometimes pellicular 
alteration); mineral grains: quartz (weak-moderate alteration, dotted, 
irregular linear), mica (very few, very small), plagioclase (moderate 
alteration, dotted, irregular linear) 

155 2Bt3 fine and medium sand (rounded to subangular); rock fragments: quartz-
sandstone (strong alteration, complete alteration of original matrix), 
quartzite, siltstone (complete, sometimes pellicular alteration); mineral 
grains: quartz (weak-moderate alteration, dotted, irregular linear), 
plagioclase (moderate alteration, dotted, irregular linear); shells are frequent 

165 2Ckm - 

240 3Bkgb Formation by limestone with deep, strong alteration and reprecipitation of 
CaCO3 and clay; limestone: (very) fine sand, (sub-)angular grains inside; 
mineral grains: quartz (weak alteration); shells are frequent 
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[cm] Horizon Fine material Organic components 

Lbdr. FAO Texture Colour Limpidity Pun Pellets Tissue Root Amo 

45 Ap1 C, FSi YB speckled Abu Few None None Few 

65 Ap2 C, FSi YB speckled Abu Few Few None Few 

105 Bt1 C, FSi YB speckled Co Very few None None Very few 

120 2Bt2 C, FSi YB speckled Co Very few None None Very few 

155 2Bt3 C, FSi RE dotted Co Very few None None Very few 

165 2Ckm - - - - - - - - 

240 3Bkgb C, FSi, 
CaCO3 

YB speckled Very few Very few None None Very few 

 

[cm] Horizon 

Lbdr. FAO 

Pedofeatures 

45 Ap1 Very few small iron-manganese disorthic concentric nodules; very few small 
CaCO3 recrystallisations in some chambers or vughs 

65 Ap2 Very few small iron-manganese disorthic typic nodules; very few small CaCO3 
recrystallisations in some chambers or vughs 

105 Bt1 Few very thin dusty clay coatings around grains and channels; very few small 
disorthic typic, concentric iron-manganese nodules; dense brown-yellowish 
incomplete clay infillings and CaCO3 recrystallisations in some chambers or 
vughs 

120 2Bt2 Strong iron oxide impregnations in some bigger grains; few very thin dusty 
clay coatings around grains and channels; very few and small disorthic typic 
iron-manganese nodules; very few small CaCO3 recrystallisations in chambers 
or vughs 

155 2Bt3 Very few thin limpid clay coatings around grains and channels (sometimes 
weakly laminated); very few small disorthic typic iron-manganese nodules 

165 2Ckm - 

240 3Bkgb Micritic dense (in-)complete CaCO3 infillings; common thin dark silt infillings 
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Table 42. Micromorphological characterisation of the soil on the 4th terrace. 
The data relates to the terrace sequence near Menfi, South-Western Sicily. 

Tabelle 42. Beschreibung mikromorphologischer Charakteristika des Bodenprofils der 
4. Terrasse. 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. 

[cm] Horizon  Voids [%] [mm] Groundmass 

Lbdr. FAO Microstructure Total Vughs Chan Cham Pvd Size c/f Dis Fab 

22 Ap compo 35 0 0 0 100  5/1 chi, 
cfe 

idf 

50 2BE sbk 20 75 25 0 0 0.01-
20 

1.5/1 spo idf, 
por 

75/80 2Bt1 chan 18 65 35 1 0 0.01-
10 

1.5/1 spo idf 

110 2Bt2 sbk 7 60 40 0 0 0.01-
10 

1/1 spo idf 

165 2Bt3 sbk 5 65 35 0 0 0.01-
10 

1/2 spo, 
dpo 

ssp  

>205 2Btx sbk 3-50 45 55 0 50 0.1-20 1/1 spo ssp, 
por 

 

[cm] Horizon 

Lbdr. FAO 

Distribution and weathering degree of coarse material  

22 Ap fine and medium sand; fine and medium gravel (very few, subrounded, 
subangular); rock fragments: quartz-sandstone (strong alteration and 
complete destruction of original matrix), siltstone (complete-strong 
alteration), quartzite, limestone; mineral grains: quartz (weak or moderate-
weak alteration, dotted, irregular linear), mica (very few, very small), 
plagioclase (moderate alteration, dotted, irregular linear) 

50 2BE fine and medium sand; fine and medium gravel (very few, subrounded, 
subangular); rock fragments: quartz-sandstone, siltstone (complete-strong 
alteration), quartzite; mineral grains: quartz (weak to moderate alteration, 
dotted, irregular linear), mica (very few, very small), plagioclase (moderate 
alteration, dotted, irregular linear) 

75/80 2Bt1 

110 2Bt2 

165 2Bt3 

fine and medium sand; rock fragments: quartz-sandstone (strong alteration, 
strong alteration with complete destruction of original matrix), siltstone 
(complete-strong alteration), quartzite; mineral grains: quartz (weak or 
moderate-weak alteration, dotted, irregular linear), mica (very few, very 
small), plagioclase (moderate alteration, dotted, irregular linear) 

>205 2Btx fine and medium sand; rock fragments: quartz-sandstone, siltstone 
(complete-strong alteration), quartzite; mineral grains: quartz (weak or 
moderate-weak alteration and dotted, or moderate alteration, dotted and 
irregular linear), mica (very few, very small), plagioclase (moderate 
alteration, dotted, irregular linear) 
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[cm] Horizon Fine material Organic components 

Lbdr. FAO Texture Colour Limpidity Pun Pellets Tissue Root Amo 

22 Ap C, FSi BR speckled Abu Few Few None Few 

50 2BE C, FSi RB speckled Abu Few None None Few 

75/80 2Bt1 C, FSi RB speckled Abu Few Few None Few 

110 2Bt2 C, FSi RB speckled Co Very few None None Very few 

165 2Bt3 C, FSi RE dotted Co Very few None None Very few 

>205 2Btx C RE dot, clou Co Very few None None Very few 

 

[cm] Horizon 

Lbdr. FAO 

Pedofeatures 

22 Ap - 

50 2BE Very few thin limpid clay coatings laminated around pores; stress coatings 

75/80 2Bt1 Very few thin limpid clay coatings around weakly laminated pores; very few 
disorthic typic or aggregated iron-manganese nodules 

110 2Bt2 Very few thin limpid clay coatings around weakly laminated pores 

165 2Bt3 Few thin dusty clay coatings around grains and channels 

>205 2Btx Few thin dusty clay coatings (yellow) around grains and channels; moderate 
to strong lamination 

 

 

Table 43. Micromorphological characterisation of the soil on the 6th terrace. 
The data relates to the terrace sequence near Menfi, South-Western Sicily. 

Tabelle 43. Beschreibung mikromorphologischer Charakteristika des Bodenprofils der 
6. Terrasse. 
Die Ergebnisse beziehen sich auf die Terrassensequenz bei Menfi, Südwest-Sizilien. 

[cm] Horizon  Voids [%] [mm] Groundmass 

Lbdr. FAO Microstructure Total Vughs Chan Chab Pvd Size c/f Dis Fab 

15 Ap1 compo, silt/clay 
bridges 

20 0 0 0 100  10/1 cpo idf 

40/50 Ap2 compo, silt/clay 
bridges 

18 0 2 0 98 1-20 8/1 cpo idf 

54/62 2Bt1 abk, sbk 12 67 33 0 0 0.1-20 1.5/1 spo ssp 

100 
/200 

2Bt2 sbk 7 55 45 0 0 0.1-20 1/1 spo, 
dpo 

ssp, 
pgs, 
por 

105 
/200 

2Bm - - - - - - - - - - 

120/ 
200+ 

3BEtb1 sbk, peculiar, 
bridges 

20 30 70 0 0 0.1-50 8/1 chi pgs 

150/ 
200+ 

3BEtb2 - - - - - - - - - - 

200+ 3Btb mas, abk in big 
clay infilling 

8 35 65 0 0 0.1-80 5/1 cpo, 
spo 

por, 
ssp 
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[cm] Horizon 

Lbdr. FAO 

Distribution and weathering degree of coarse material  

15 Ap1 medium sand; gravel (few, (sub-)rounded); fragments of petroplinthite 
(frequent, large, subangular to subrounded); rock fragments: quartz-
sandstone (strong alteration, complete destruction of original matrix), 
quartzite, siltstone (complete or strong alteration, limestone (few); mineral 
grains: quartz, mica (very few, very small), chlorite (very few, very small), K-
feldspar (very few, very small), plagioclase (weak-moderate or moderate 
alteration, dotted, irregular linear); limestone fragments (very few); in 
plinthite hardened material is well-preserved, outside strong weathering 

40/50 Ap2 medium sand; gravel (few, (sub-)rounded); fragments of petroplinthite 
(common, large, subangular to subrounded); rock fragments: quartz-
sandstone (strong alteration, complete destruction of original matrix), 
quartzite, siltstone (complete or strong alteration, limestone; mineral grains: 
quartz, mica (very few, very small), chlorite (very few, very small), 
plagioclase (weak-moderate or moderate alteration, dotted, irregular linear); 
limestone fragments (very few); in plinthite hardened material is well-
preserved, outside strong weathering 

54/62 2Bt1 medium sand; gravel (very few, (sub-)rounded); fragments of petroplinthite 
(common, large, subangular to subrounded); rock fragments: quartz-
sandstone (strong alteration, complete destruction of original matrix), 
quartzite, siltstone (complet or strong alteration; mineral grains: quartz, mica 
(very few, very small), chlorite (few), plagioclase (moderate alteration, 
dotted, irregular linear); limestone fragments (very few) 

100 
/200 

2Bt2 medium sand; gravel (very few, (sub-)rounded); fragments of petroplinthite 
(very few, large, subangular); rock fragments: quartz-sandstone (strong 
alteration, complete destruction of original matrix), quartzite, siltstone 
(complet or strong alteration; mineral grains: quartz, mica (very few, very 
small), chlorite (few, very small), plagioclase (few, moderate alteration, 
dotted, irregular linear); limestone fragments (very few); limestone 
fragments (very few); highly weathered or reworked material is abundant 

 

[cm] Horizon 

Lbdr. FAO 

Distribution and weathering degree of coarse material  

105 
/200 

2Bm - 

120/ 
200+ 

3BEtb1 medium sand (rounded-subrounded); gravel (very few, (sub-)rounded); 
fragments of petroplinthite (few, large, subangular to subrounded); rock 
fragments: quartz-sandstone (strong alteration, complete destruction of 
original matrix), quartzite, siltstone (complete or strong alteration; mineral 
grains: quartz, chlorite (few), plagioclase (weak-moderate to moderate 
alteration, dotted, irregular linear); limestone fragments (very few) 

150/ 
200+ 

3BEtb2 - 

200+ 3Btb medium sand (rounded-subrounded); rock fragments: quartz-sandstone 
(strong alteration, complete destruction of original matrix), quartzite, 
siltstone (strong-complete alteration); mineral grains: quartz (weak-
moderate to moderate alteration, dotted irregular linear), chlorite (few), 
plagioclase (moderate alteration, dotted, irregular linear) 
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[cm] Horizon Fine material Organic components 

Lbdr. FAO Texture Colour Limpidity Pun Pellets Tissue Root Amo 

15 Ap1 C, FSi BR speckled dom. None None None Few 

40/50 Ap2 C, FSi BR speckled Abu None None None Very few 

54/62 2Bt1 C, FSi RB spec, dot Abu None None None Few 

100 
/200 

2Bt2 C, FSi, Fe 
oxides 

RE dotted Abu Very few None None Very few 

105 
/200 

2Bm - - - - - - - - 

120/ 
200+ 

3BEtb1 C, FSi, Fe 
oxides 

RY spec, dot Co Very few None None Very few 

150/ 
200+ 

3BEtb2 - - - - - - - - 

200+ 3Btb C, FSi  RY speckled Few None None None Very few 

 

[cm] Horizon 

Lbdr. FAO 

Pedofeatures 

15 Ap1 - 

40/50 Ap2 - 

54/62 2Bt1 - 

100 
/200 

2Bt2 Common strong iron oxide impregnation in matrix; frequent limpid clay 
coatings around pores, channels and grains with strong lamination; common 
dense (and often large) complete illuvial clay infillings with strong lamination 

105 
/200 

2Bm - 

120/ 
200+ 

3BEtb1 Common thin limpid clay coatings around grains (often like bridges); few 
large limpid reddish clay coatings with strong lamination 

150/ 
200+ 

3BEtb2 - 

200+ 3Btb Common thin limpid red clay coatings around pores (sometimes grains); very 
large dense incomplete illuviated clay infilling (not laminated, but sometimes 
strongly parallel or convolute lamination with yellowish colour) 
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87 LAMERS, M.: Nitrous oxide emissions from mineral and organic hillslope soils of a 

temperate spruce forest ecosystem: Measurement and modelling. Univ. Hohenheim 
(2008) 
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88 SCHÜLLI-MAURER, I.: Bodenentwicklung in Süd-Norwegen in Abhängigkeit von Alter 
und Ausgangsgestein. Univ. Hohenheim (2008) 

 
89 SCHULER, U.: Towards regionalisation of soils in Northern Thailand and consequences for 

mapping approaches and upscaling procedures. Univ.. Hohenheim (2008) 
 
90 GHRAIR, A. M.: Immobilization of heavy metals in soil by amendment of nanoparticulate 

zeolitic tuff. Univ. Hohenheim (2009) 
 
91 BISCHOFF, W.-A.: Development and applications of the self-integrating accumulators: A 

method to quantify the leaching losses of environmentally relevant substances. Univ. 
Hohenheim (2009) 

 
92 KAHL, G.: Lateral water flow and solute transport in a sloped soil in Northern Thailand: 

Measurement and Simulation. Univ. Hohenheim (2009) 
 
93 WAGNER, S.: Soil (Chrono-) Sequences on Marine Terraces. Pedogenesis in two coastal 

areas of Basilicata and Agrigent, Southern Italy. Univ. Hohenheim (2009) 
 
 
Dissertationen und Habilarbeiten aus dem Institut für Bodenkunde und Standortslehre der 
Universität Hohenheim aus den Jahren 1975 - 1992 sind noch in begrenztem Umfang lieferbar bzw. 
können hiervon Kopien angefordert werden. Eine Liste befindet sich jeweils am Schluss in den 
HOHENHEIMER BODENKUNDLICHEN HEFTEN Nr. 1 - 50. 
 


