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SUMMARY - Application of relative and absolute dating techniques in the Alpine environment - The Late Pleistocene and Early 
Holocene climate oscillation and the Alpine landscape evolution of Val di Rabbi (Trentino, Italy) were reconstructed using a combined 
methodology of relative and absolute dating techniques. The research was carried out in the following four steps: 1) an earlier study 
examined the investigated area (aerial photos, soil mapping etc.) to detect and sample the most representative sites (soils and boulders); 
2) the extraction of the oldest organic matter fraction from the soil profiles followed by radiocarbon dating; 3) the comparison of the 
14C dating results with the 10Be age sequence from representative boulders; 4) the addition of relative dating techniques to the absolute 
ones to detect signals of Alpine landscape evolution. We found close links among the results obtained from the relative dating and the 
absolute ones, showing the dynamics of an Alpine landscape within a relatively small area. The combination of relative and absolute 
dating techniques is a promising tool for the reconstruction of landscape history and to detect human influences in high-elevation Alpine 
areas on siliceous substrates.

RIASSUNTo - Applicazione di tecniche di datazioni relative e assolute in ambiente alpino - L’oscillazione climatica e l’evoluzione del 
paesaggio alpino della Val di Rabbi (Trentino) durante il tardo Pleistocene e l’inizio dell’olocene sono stati ricostruiti con l’ausilio di 
tecniche di datazione relativa e assoluta. La ricerca è stata portata avanti in quattro fasi: 1) lo studio iniziale dell’area per la selezione 
e il campionamento di siti rappresentativi (suoli e massi, tramite foto aeree e carte dei suoli); 2) l’estrazione dai profili della frazione 
stabile della sostanza organica e datazione al 14C; 3) il confronto tra la datazione al 14C e la datazione al 10Be effettuata su massi 
rappresentativi; 4) l’aggiunta di tecniche di datazione relativa a quelle assolute, per il riconoscimento di segnali di evoluzione del 
paesaggio. Correlazioni significative sono state trovate tra i risultati ottenuti con le tecniche di datazione relativa e assoluta, utili per la 
comprensione della dinamica dell’ambiente alpino in un’area relativamente piccola. La combinazione di tecniche di datazione relativa 
e assoluta è uno strumento promettente per la ricostruzione della storia naturale e dell’influenza umana nei territori alpini in quota su 
materiale parentale siliceo.
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1. INTRoDUCTIoN

The Alpine environment reflects a long history of cli-
mate shifts and glaciers oscillation at the end of the last Ice 
Age (between 20,000 and 11,500 years ago) and during the 
Holocene period. These events have shaped the landscape as 
we can see nowadays. The oscillations of the glaciers result 
in the deposition of morainic sediments, which creates the 
base on which soil evolution can take place after the retreat 
of the ice (Strahler & Strahler 1987). The accumulation of 
organic material in fractures and microtopographic depres-
sions helps the plant establishment and accelerate the local 
physical and chemical weathering (Phillips et al. 2008).

Soils developed on the glacial sediment can be con-
sidered representative of the different glacial and deposi-
tional phases. Several dating techniques contribute to the 
understanding of how the landscape has changed during 
the millennia of its evolution. These techniques can give 

a relative or an absolute differentiation of the surfaces and 
of the geomorphological items. Soil pH, development of 
clay minerals and the process of podzolisation are typical 
examples of relative dating. In northern Europe podzoli-
sation is a natural outcome of soil development following 
colonization of bare soil after glaciation (Lundström et al. 
2000; Egli et al. 2003a, 2003b). The podzolisation process 
is linked to the duration of soil evolution and can be used 
as a relative indicator of surface age and stability (Briggs et 
al. 2006). Absolute dating techniques give a numerical age 
(with a certain error). By using them, we can know when a 
certain object (i.e., a boulder, a moraine) has been deposited 
(Gosse et al. 1995). This gives precious insights about the 
timing of deposition and the chronology of deglaciation.

Soil organic matter (SoM) contains a stable fraction 
with an old radiocarbon age. This fraction can resist to nat-
ural decomposition for thousands of years, because it is sta-
bilised in the soil mostly by its interaction with the mineral 
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part or by a specific protection due to chemical recalcitrance 
(Baldock & Skjemstad 2000; krull et al. 2003; Poirer et al. 
2003; Wiseman & Püttmann 2006; Favilli et al. 2008a; Egli 
et al. 2009). SoM is composed of diverse organic mate-
rial in different stages of decomposition. The heterogeneity 
of the different organic components is reflected by their 
highly variable radiocarbon ages. Therefore, the 14C dating 
of SoM is always difficult to interpret (Rethemeyer et al. 
2004). Soil organic matter is continuously renewed by the 
addition of fresh and undecomposed organic material on 
the surface horizon. This permanent addition results in the 
rejuvenation of the age, since the radiocarbon dating is al-
ways an average value of the ages of the different fractions 
which constitute the total SoM (Wang et al. 1996). The 
isolation of the resilient substances, which are produced 
at the beginning of soil formation, could clarify the soil 
dynamic processes and open a window on the timing of 
sediment deposition and of soil development (Scharpenseel 
& Becker-Heidmann 1992; Favilli et al. 2008a).

In our study, we applied a combined methodology of 
relative and absolute dating techniques in order to under-
stand the natural processes in the investigated area during the 
glaciers retreat and readvance phases in the Late Pleistocene 
and Early Holocene. To isolate the oldest SoM fraction we 
used an H

2
o

2
-oxidation technique (Plante et al., 2004; Favilli 

et al. 2008a). The 14C dating of the H
2
o

2
-residues was used 

to obtain information about the minimum age of soil forma-
tion and the oscillation phases of the glaciers during the Late 
Pleistocene and Early Holocene (Favilli et al. 2008a, 2008b; 
Egli et al. 2009). The following step was to test the reliability 
of the H

2
o

2
 extraction technique. The 14C age of the resilient 

SoM fraction was compared with the cosmogenic 10Be age 

sequence obtained by the surface exposure dating (SED) 
method applied on several boulders located in the vicinity of 
the investigated soils (Favilli et al. 2008c).

The subsequent step in this research was to verify 
the exposure and 14C ages by cross-checking them with the 
results obtained by the relative dating techniques applied 
on 9 soils in the investigated area (Favilli et al. 2009). This 
procedure guaranteed an extended interpretation, mutual 
control of the applied methods and a more accurate estimate 
of possible error sources. The obtained results have shown 
the high agreements among the different dating techniques 
and allowed us to hypothesise the glaciers extension during 
the Lateglacial in Val di Rabbi.

Referring to all these results, in this paper we wanted 
to bring together and integrate findings from earlier publica-
tions (Favilli et al. 2008a, 2008b, 2008c, 2009), in order to 
illustrate the issues related to the use of relative and absolute 
dating techniques in the Alpine region. We summarize the 
sampling strategies and laboratory analyses and point out the 
implications of our results with respect to future applications 
of this combined methodology in the Alpine setting.

2. INVESTIGATIoN AREA

The investigation area is located in Val di Rabbi, a lat-
eral valley of Val di Sole, in the south Alpine belt in northern 
Italy (Fig. 1). Detailed description of investigated area can 
be found in Favilli et al. (2009). The investigated soils and 
boulders (Tabs 1-2; Figs 1-3) were situated between 2083 
m a.s.l. and 2552 m a.s.l., i.e. close to timberline and in the 
high-alpine zone. According to the WRB (World Reference 

Soil
profile

Elevation 
(m a.s.l.)

Aspect 
(°N)

Slope
(%)

Parent material / 
Location

Vegetation Land use WRB
(IUSS Working Group 2007)

S1 2100 60 32 Paragneiss / Lateral 
moraine

Larix decidua / 
Juniperus communis

Natural forest Entic Podzol 

S2 2230 70 55 Paragneiss / Lateral 
moraine 

Rhododendro 
- vaccinietum 
extrasilvaticum

Natural grassland Haplic Podzol

S3 2380 320 5 Paragneiss / Lateral 
moraine Festucetum Natural grassland Protospodic Leptosol

S4 2370 300 10 Paragneiss / slope 
deposits Festucetum Natural grassland Brunic Cambisol

S5 2083 240 32 Paragneiss / Lateral 
moraine 

Larix decidua / 
Juniperus communis

Natural forest Entic Podzol 

S6 2076 5 38 Paragneiss / Lateral 
moraine 

Larix decidua / 
Juniperus communis

Natural forest Entic Podzol 

S7 2100 3 43 Paragneiss / Lateral 
moraine 

Larix decidua / 
Juniperus communis

Natural forest Umbric Podzol 

S8 2552 200 33 Paragneiss / 
rockglacier

Carex curvula / 
Nardus stricta

Natural grassland Cambic Umbrisol

S9 2449 90 0 Paragneiss / moraine 
ridge

Carex curvula / 
Nardus stricta

Natural grassland Umbric Podzol

Tab. 1 - Characteristics of the study sites.
Tab. 1 - Caratteristiche dei siti studiati.
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Fig. 1 - Location of the investigation site.
Fig. 1 - Posizione dei siti studiati.
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Base, FAO 1998), the soil types were Entic Podzol, Umbric 
Podzol and Haplic Podzol at lower altitude (2000-2200 m 
a.s.l.), Protospodic Leptosol and Brunic Cambisol at around 
2300 m a.s.l. and Cambic Umbrisol and Umbric Podzol at 
the highest altitude (2500 m a.s.l.).

3. MAteriAls AnD MethODs

3.1. Sampling

landscape was investigated with the aim to discover 
the most representative sampling sites. soil developed on 
glacial and periglacial formations like moraines, rock gla-
ciers, debris flows and solifluctions were chosen after a pre-

study of the area by aerial photos and soil mapping (sartori 
& Mancabelli 2009) (tab. 1, Fig. 2). this was done in order 
to sample the most characteristics sites to get precious in-
sights on the reaction and sensitivity of the area in respond-
ing to climatic changes and slope processes. soil material 
was collected, where possible, down to the BC horizon. ten 
large boulders with volumes > 2 m3 were chosen in order 
to exclude any long-term effects from slope-movement 
processes and sampled (tab. 2, Fig. 3). Quartz sampling 
strategy can be found in ivy-Ochs et al. (2004).

3.2. Soil chemistry and physics

the soil samples were air-dried and sieved to < 2 
mm. total C and n contents of the soil were measured 

Fig. 2 - a. soil profile s1, located at 2100 m a.s.l. on a morainic sediment below a Larix decidua forest; b. soil profiles s3, located at 2380 
m a.s.l. on a morainic sediment; c. soil profile s4, located at 2370 m a.s.l. with indication of the buried horizons; d. soil profile s9, located 
at 2449 m a.s.l. on a morainic sediment.
Fig. 2 - a. Profilo S1, posizionato a 2100 m s.l.m. su sedimento morenico sotto una foresta di larix decidua; b. profilo S3, posizionato 
a 2380 m s.l.m. su sedimento morenico; c. profilo S4, posizionato a 2370 m s.l.m. con indicazione degli orizzonti sepolti; d. profilo S9, 
posizionato a 2449 m s.l.m. su sedimento morenico.
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using a C/H/N analyser (Elementar Vario EL, Elementar 
Analysensysteme GmbH, Hanau, Germany) on oven-dried 
(105 °C) and ball-milled fine earth samples. Soil pH (in 
0.01 M CaCl

2
) was determined on air-dried samples of fine 

earth using a soil solution ratio of 1:2.5. Particle size dis-
tribution of the soils was quantified by a combined method 
consisting of sieving the coarser particles (2000-32 µm) 
and measuring the finer particles (< 32 µm) by means of an 
X-ray sedimentometer (SediGraph 5100, Micromeretics, 
Norcross, GA, USA).

3.3. Relative dating

Relative dating techniques using pedogenetic and 
weathering parameters were applied based on the premise 
that soil development is time-dependent (zech et al. 2003). 
The differences in altitude between the sampling sites were 
minimal and any difference in relative dating could be used 
as a reflection of the age.

3.3.1. Soil mineralogy

The clay fraction (< 2 µm) was obtained from the 
soil following the procedure presented in Carnicelli et al. 
(1997). oriented specimens on glass slides were analysed 
by X-ray diffraction (XRD). The following treatments were 
performed: Mg saturation, ethylene glycol solvation (EG) 

Sample Elevation 
(m a.s.l.)

Latitude 
(°N)

Lithology / 
Location

Sample 
thickness

 (cm)

Shield
correction

Snow
correction
(meters)*

10Be 
(at g-1 1E+5])

Estimated 
total 

error**
 (%)

10Be date 
(yr)

10Be date
(snow 

corrected)
(yr)

B1 2247 46.2263 Gneiss / 
lateral moraine 3 0.931 1.3 3.23±0.21 10.2 11680±1180 13240±1350

B2 2360 46.2223 Gneiss / 
moraine crest 5 0.927 0.7 3.25±0.15 8.5 11110±940 11890±1010

B3 2456 46.2223 Gneiss / 
lateral moraine 5 0.958 0.3 3.15±0.18 7.8 9780±770 9940±770

B4 2446 46.2223 Gneiss / 
lateral moraine 5 0.959 0.3 2.86±0.19 7.8 8710±680 8850±690

B5 2360 46.2223 Gneiss / 
lateral moraine 5 0.797 0.7 2.31±0.11 11.8 9190±1090 9840±1160

B6 2552 46.2315 Gneiss / 
rock glacier 4 0.978 0.5 3.01±0.13 9.6 8720±840 8960±860

B7 2449 46.2302 Gneiss / 
moraine ridge 5 - - - - n.d. n.d.

B8 2597 46.2308 Micaschists / 
transfluence pass 5 0.986 0.5 4.16±0.20 9.2 11490±1060 12040±1110

B9 2586 46.2308 Micaschists / 
transfluence pass 5 0.956 0.5 3.84±0.17 7.0 11030±770 11550±810

B10 2453 46.2160 Micaschists / 
ridge line 5 0.973 0.7 4.22±0.15 5.7 12950±740 13850±790

Tab. 2 - List of samples, elevation, latitude of the sample sites, thickness of sample, correction factor for topography, snow, 10Be measured 
concentration in the sample, measurement error and 10Be date. n.d.= not determined; *= average value of snow cover during 6 months; **= 
estimated total error including measurement error and the effects of altitude, latitude and topography/depth scaling.
Tab. 2 - Lista dei campioni, altitudine, latitudine dei siti campionati, spessore dei campioni, fattore di correzione per topografia, neve, 
concentrazione misurata di Be10 nel campione, errore di misurazione ed età (Be10) del campione. n.d.= non misurato; *= copertura media 
della neve durante 6 mesi; **= stima dell’errore totale incluso errore di misurazione ed effetto della correzione dovuta all’altitudine e 
alla topografia/profondità.

and k saturation, followed by heating for 2 h at 335 and 
550 °C (Brown & Brindley 1980). Digitised X-ray data was 
smoothed and corrected for Lorentz and polarisation fac-
tors (Moore & Reynolds 1997). Peak separation and profile 
analysis were carried out by the origin PFMTM using the 
Pearson VII algorithm after smoothing the diffraction pat-
terns by a Fourier transform function.

3.3.2. Calculation of weathering rates

Total element concentrations in the soil and skeleton 
were determined by energy-dispersive X-ray fluorescence 
spectrometry (X-Lab 2000; Spectro, kleve, Germany) on 
samples milled to 63 µm. The derivation of mass-balance 
equations and their application to pedologic processes 
were discussed in detail by Brimhall & Dietrich (1987) and 
Chadwick et al. (1990), and revised by Egli & Fitze (2000).

3.3.3. Podzolisation process

The age-dependent formation and movement of pedo-
genic iron, aluminium oxides and hydroxides was used to 
assess the intensity of soil development and to attest surface 
stability for the formation of typical eluvial and illuvial 
horizons. The dithionite- (Fe

d
, Al

d
) and oxalate-extractable 

(Fe
o
, Al

o
) iron and aluminium fractions were extracted ac-

cording to Mckeague et al. (1971), and analysed by AAS 
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Fig. 3 - a. Location of the boulder B3; b. Location of the boulders B2 and B5; c. Location of the boulder B6 with indication of the inactive 
rock glacier; d. Location of B7.
Fig. 3 - a. Posizione del masso B3; b. posizione dei massi B2 e B5; c. posizione del masso B6 con indicazione del rock glacier inattivo; d. 
posizione del masso B7.

(Atomic Absorption Spectrometry – AAnalyst 700, Perkin 
Elmer, USA).

3.4. Absolute dating

Absolute dating was carried on in order to obtain 
minimum ages of deposition of morainic sediments and 
of soil formation. Charcoal fragments found in the studied 
soils were radiocarbon dated to obtain evidences of soil 
pedogenesis (Carcaillet 2000).

3.4.1. Isolation of the resilient organic matter

We compared five chemical extraction techniques 
referring to previous studies (Plante et al. 2004; Eusterhues 
et al. 2005; Mikutta et al. 2006; Helfrich et al. 2007). The 
residues obtained after the five tested treatments were chemi-
cally analysed and radiocarbon dated (see Favilli et al. 2008a 
for details). The one-week oxidation with 10% H

2
o

2
 was the 

most efficient in isolating the oldest organic matter (Favilli 
et al. 2008a). Briefly, air-dried and sieved (< 2 mm) soil was 
wetted for 10 min with few ml of distilled water in a 250 ml 
glass beaker. Afterwards, 90 ml of 10% H

2
o

2
 were added per 

gram of soil. The procedure was run at a minimum tempera-
ture of 50 °C throughout the treatment period. See Favilli et 
al. (2008a) for detailed description of the procedure.

3.4.2. 10Be Cosmogenic Nuclide Dating

Surface Exposure Dating (SED) was applied on 10 
boulders lying on typical representative periglacial forms 
(moraines, rock glaciers, transfluence passes), using in situ 
cosmogenic 10Be in quartz. Samples were processed using 
the method of Ivy-ochs (1996). The 10Be/9Be ratios were 
measured by AMS (accelerator mass spectrometry) using 
the Tandem accelerator facility at the Swiss Federal Institute 
of Technology zurich (ETHz). Details of the procedure are 
given in Favilli et al. (2009).
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3.4.3. Charcoal

Charcoal fragments were hand picked from the soil 
material and dried at 40 °C. The individual particles were 
separated into coniferous and broad-leaved tree species 
(Schoch 1986), with the aid of a stereo and a reflected-light 
microscope. The observations were compared with a histo-
logical wood-anatomical atlas, using an identification key 
(Schweingruber 1990).

3.4.4. Radiocarbon dating

Necessary preparation and pre-treatment of the 
sample material for radiocarbon dating was carried out by 
the 14C laboratory of the Department of Geography at the 
University of zurich.

The dating itself was done by AMS with the tandem 
accelerator of the Institute of Particle Physics at the Swiss 
Federal Institute of Technology zurich (ETH).

The calendar ages were obtained using the oxCal 
4.0.5 calibration program (Bronk Ramsey 1995, 2001) 
based on the IntCal 04 calibration curve (Reimer et al. 
2004). Calibrated ages are given in the 2 σ range (minimum 
and maximum value).

4. RESULTS

4.1. Physical characteristics and chemical composition 
of the soils

The investigated soils developed on a morainic sub-
stratum over a paragneiss parent material. The proportion 

of rock fragments ranges from 0% up to 68%, increasing 
with soil depth (Tab. 3), which is typical for Alpine soils 
(Egli et al. 2001a). All investigated soils have a loamy 
to loamy-sand texture. The physical and chemical char-
acterisation help to distinguish some of the natural slope 
processes which occurred during the soil evolution. Soil 
S4 has a polygenetic profile. At 32 cm depth, a buried 
soil appeared (Fig. 2c). Accordingly, a clear rupture in all 
physical and chemical characteristics was measurable due 
to this discontinuity (Tabs 3-4). Due to the high content of 
skeleton (material > 2 mm in diameter) up to the surface 
(Tab. 3), the soils S6 and S7 might have been influenced 
by slope mass movements. These events can be recognized 
also by the amount of organic carbon in the S7 site, which 
is almost double in the topsoil compared to S6 and rather 
constant within the profile (Tab. 4).

4.2. Absolute dating

4.2.1. Radiocarbon age of soil organic matter

A decreasing age with soil depth was measured in the 
profiles S1, S5, S8 and S9 (Tab. 5). Soil profile S1, reveal-
ing an age of around 16,785-17,840 cal BP, may represent 
the first stage of deglaciation that occurred in the studied 
area and the oldest morainic material deposited after the 
LGM. The other soils belong to younger surfaces and refer 
to the Bølling-Allerød interstadial and to the Holocene pe-
riod (Fig. 4). The polygenetic structure of the site S4 was 
confirmed by the 14C results. Soil formation in the buried 
layer started around 13,600-13,990 cal BP and ended, due 
to an accumulation of eroded material, probably slope de-
posits, between 2370 and 2745 cal BP (Tab. 5). This event 

Fig. 4 - Reconstruction of the extension of glaciers and periglacial processes during the Lateglacial/Holocene in the investigated area 
according to 14C and 10Be ages and location of the investigated soil profiles and boulders (according to the obtained ages and to several 
authors, e.g., Maisch 1987; Maisch et al. 1999; kerschner et al. 1999; Ivy-ochs et al. 2004).
Fig. 4 - Ricostruzione dell’estensione dei ghiacciai nell’area studiata durante il Tardoglaciale, in base alle età del 14C e del 10Be con 
indicazione della posizione dei suoli e massi studiati (secondo le età ottenute e vari autori: Maisch 1987; Maisch et al. 1999; Kerschner 
et al. 1999; Ivy-Ochs et al. 2004).
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Site Soil horizon Depth 
(cm)

Munsell colour
(moist)

Skeleton1) (%) Sand2)

(g kg-1)
Silt

(g kg-1)
Clay

(g kg-1)

S1

AE 0-4 10YR 3/3 5 455 280 265

BE 4-8 5YR 4/4 11 515 280 205

Bs1 8-20 7.5YR 4/4 51 575 286 139

Bs2 20-45 10YR 4/4 45 671 275 54

BC 45-60 10YR 5/4 34 n.d. n.d. n.d.

S2

AE 0-9 7.5YR 2/1 3 397 398 205

Bhs 9-20 7.5YR 3/3 19 717 209 74

Bs 20-40 7.5YR 4/3 58 709 252 39

S3

AE1 0-4 10YR 2/3 8 457 223 320

AE2 4-12 10YR 3/2 21 576 212 212

Bhs 12-20 10YR 4/2 45 638 172 190

S4

A 0-8 10YR 3/2 0 352 496 152

Bw1 8-20 10YR 4/4 1 409 437 154

Bw2 20-32 10YR 4/4 32 692 258 50

Ab 32-35 10YR 3/3 2 309 498 193

Bb 35-40 10YR 4/4 49 839 136 25

S5

AE 0-11 10YR 4/3 7 437 302 261

Bs1 11-26 5YR 4/6 16 551 344 105

Bs2 26-50 7.5YR 4/6 47 663 258 79

S6

AE 8-17 2.5YR 5/1 54 438 417 145

Bs1 17-38 5YR 4/6 67 561 317 122

Bs2 38-45 7.5YR 4/6 68 561 317 122

BC 45-60 10YR 4/6 56 530 353 117

S7

AE 5-10 10YR 2/1 43 498 290 212

Bs1 11-25 10YR 3/3 63 544 323 133

Bs2 25-50 10YR 3/3 44 536 331 133

BC 50-60 10YR 3/3 60 532 333 135

S8

AE 0-20 7.5YR 3/2 37 486 374 140

Bs 20-25 5YR 2/4 59 599 360 41

BC 25-48 10YR 4/6 54 632 345 23

S9

AE 0-11 7.5YR 3/2 16 381 416 203

Bs 11-23 7.5YR 3/3 27 497 400 103

BC 23-40 7.5YR 4/4 46 654 310 36

Tab. 3 - Physical characteristics of the investigated soils. 1)= skeleton= material> 2mm; 2)= size fractions: sand= 2000-62 µm, silt= 62-2 
µm, clay= <2 µm.; n.d.= not determined.
Tab. 3 - Caratteristiche fisiche dei suoli studiati. 1)= scheletro= materiale> 2mm; 2)= dimensione delle frazioni: sabbia= 2000-62 μm, 
limo= 62-2 μm, argilla= <2 μm.; n.d.= non determinato.
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Site Soil
horizon

pH 
(CaCl

2
)

Org. C
(g kg-1)

Total N
(g kg-1)

C/N Al
o

(g kg-1)
Fe

o

 
(g kg-1)

Fe
d

(g kg-1)
Al

d
(g kg-1)

S1

AE 3.7 103.7 5.7 18 1.73 5.57 15.90 2.50

BE 3.6 61.0 2.9 21 1.91 6.06 20.50 2.80

Bs1 4.1 39.4 1.8 22 10.27 19.62 44.10 14.70

Bs2 4.4 17.0 0.7 24 5.84 9.37 21.40 7.30

BC 4.5 7.5 0.6 12 4.04 1.67 6.90 5.60

S2

AE 3.4 184.6 28.1 7 2.78 5.67 14.53 3.94

Bhs 3.7 63.8 11.8 5 6.31 24.90 45.33 5.96

Bs 4.1 25.4 8.8 3 6.41 8.81 30.13 10.65

S3

AE1 3.4 124.9 6.8 18 2.03 2.47 8.50 2.80

AE2 3.5 48.0 2.2 22 2.48 4.33 11.00 3.20

Bhs 3.8 71.4 3.1 23 8.30 13.76 27.10 14.20

S4

A 3.8 55.3 3.8 15 3.05 7.05 21.90 5.40

Bw1 4.0 20.7 1.5 14 2.47 9.61 30.80 5.00

Bw2 4.1 19.5 1.3 15 1.58 4.21 20.60 3.30

Ab 3.9 62.0 3.9 16 4.39 6.52 23.10 7.50

Bb 4.2 9.1 0.5 18 1.57 3.70 15.30 2.70

S5

AE 3.5 56.9 2.7 21 2.18 7.13 21.10 3.10

Bs1 3.8 35.3 1.7 21 6.42 20.19 50.70 9.50

Bs2 4.3 22.8 1.1 21 6.35 10.08 24.50 8.60

S6

AE 3.5 76.5 4.1 19 1.49 3.88 13.54 1.82

Bs1 4.0 45.3 1.8 25 5.60 16.46 35.81 8.21

Bs2 4.1 47.6 1.6 30 5.53 15.57 35.18 9.20

BC 4.2 35.5 1.1 32 4.09 14.42 30.47 6.57

S7

AE 3.1 143.9 6.4 22 0.89 1.52 8.06 1.33

Bs1 3.7 48.5 1.4 35 1.92 4.39 12.64 3.26

Bs2 3.7 48.3 1.6 30 1.81 3.54 10.43 2.89

BC 3.7 48.7 1.5 32 1.90 3.64 11.12 3.23

S8

AE 3.8 43.0 2.3 19 4.63 6.18 22.82 7.82

Bs 4.2 29.5 1.4 21 6.21 6.32 19.09 8.69

BC 4.4 8.0 0.5 16 3.30 1.97 13.92 4.40

S9

AE 3.2 56.4 3.8 15 3.15 4.60 12.65 3.04

Bs 3.8 37.8 1.6 24 7.32 10.74 31.06 8.30

BC 4.1 17.9 0.7 26 4.08 4.01 18.64 5.91

Tab. 4 - Chemical characterisation of the investigated soils. n.d.= not determined; o= oxalate extractable content; d= dithionite extractable 
content.
Tab. 4 - Caratteristiche chimiche dei suoli studiati. n.d.= non determinato, o= contenuto estraibile in ossalato; d= contenuto estraibile 
in ditionito.
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was inferred from dating root residues in the Ab horizon. 
Weathered and mixed sediment, containing already organic 
material (having an age of 8370-9075 cal BP; Tab. 5, Fig. 
2c), was deposited on the top of the original soil. The age of 
the soils S2, S3, S5 and S9 (Tab. 5) refer to the same period 
and give a general overview of the extent of glaciation at 
the end of the Younger Dryas (Egesen) (Fig. 4).

4.2.2. 10Be exposure ages

The 10Be ages of the sampled boulders range between 
13,850 and 8850 years (Tab. 2). The sampled boulders 
were deposited in the time range between the transition 
Bølling-Allerød / Younger Dryas (around 13-14 ka; Alley 
et al. 1993; Maisch et al. 1999; Schaub et al. 2008) and 
the Boreal (9.0-10.2 ka; Maisch et al. 1999) chronozones 
(Fig. 4). The position of the boulders and their age have 
been explained with respect to the timing of deposition of 
the morainic till (Figs 3-4). The obtained 10Be ages allowed 
the deciphering of the periglacial processes which occurred 
in the investigated area. The boulder B5 (9840±1160 years, 
10Be), located near the same moraine where B3 (at 2456 m 
a.s.l.) was found, has been shifted away from the crest of 
the morainic sediment (Fig. 3b). The boulder B5 was prob-
ably deposited together with B3; in fact, they show a very 
comparable age (Tab. 2). We assume that the boulder B5 
was probably deposited together with B3 and then moved 
downward due to boulder instability to the actual stable 
position (e.g., Ivy-Ochs et al. 2007).

4.2.3. Charcoal

Dating of charcoal fragments from the horizons of 
one of the most developed profile (S5) gave increasing 14C 
ages with soil depth with 3080-3380 cal BP in the upper 
horizon to 10,215-10,510 cal BP in the lower one (Tab. 5). 
According to the plant succession of Burga (1999), after 
about 150-300 years of soil formation, Larix-trees are able 
to growth at 2000-2100 m asl of altitude. The measured age 
of 10,212-10,509 cal BP of the charcoal and the addition of 
the minimum time necessary for tree-growth would give a 
minimum age of soil formation of about 10,500-10,800 cal 
BP. This age corresponds very well to the measured age of 
the resilient organic matter fraction after the H

2
O

2
 extrac-

tion (in the surface horizon).

4.3. Relative dating

4.3.1. Podzolisation

All the investigated soils show the tendency to de-
velop toward podzols. Among the nine studied soils, seven 
of them (S1, S2, S3, S5, S6, S7, S9) showed the typical 
eluviation and illuviation of Fe and Al (Tab. 4; Figs 2a, 2b, 
2d). Soil S3 developed during the last 10,435-11,075 years 
under strong leaching conditions (Tab. 5). This soils shows 
a clear downward movement of Fe, Al and organic matter, 
which have contribute to the formation of a Bhs horizon 
(Fig. 2b). The present topsoil of S4 (Fig. 2c), which is lo-
cated near S3 (Fig. 1), showed a first translocation of Fe 
and Al in the Bw1 horizon (Tab. 4). According to the 2370-
2745 years of its undisturbed evolution (Tab. 5), it is clear 
the tendency to develop towards a typical podzol (Tab. 4; 
Egli et al. 2003a, 2003b). Between the soils S6 and S7, the 

degree of podzolisation (i.e., migration of Fe and Al forms 
in the profile) is much more pronounced at the S6 site. The 
soil S6 shows a clear horizon differentiation, as visible by 
the Munsell colour (Tab. 3) and presents a double amount 
of migrated sesquioxides compared to S7. Soil S7 does not 
show a clear horizon differentiation (Tab. 3).

4.3.2. Clay minerals

In the surface soil horizon, smectite and vermiculite 
compounds were measurable in all podzolised soils except 
in the top horizons of the soils developed at the highest al-
titude (S8 and S9) and in the topsoil of the polygenetic soil 
(S4). The accumulated material on the top of the former 
soil at S4 (A, Bw1 and Bw2 horizons) showed no major 
clay mineral transformations. This agrees well with the 
14C age (2370-2745 cal BP) derived from the (untreated) 
roots remaining in the buried horizon (Ab), which gives an 
approximate date of the burial event. An overview of the 
identified clay minerals in the investigated soils is given in 
the table 6. For a detailed description of the clay minerals 
identification see Favilli et al. (2008b).

4.3.3. Mass balance calculations

The composition of the investigated material reflects 
the acidic character of the soils. Minor differences occurred 
in the chemical composition of the C (BC) horizon between 
the sites. The Al

2
O

3
 content of the parent material at the 

sites located below timberline (S1, S5, S6 and S7) seems to 
be slightly higher compared to the other sites. Substantial 
losses of Na, Ca, Mn and Mg up to 70% were observed 
in the soils S1, S2, S3, S5 and S9 (Tab. 7). The polygen-
etic soil S4 showed losses in the present top horizon (A 
horizon) partially up to 70% only in Ca, Mn and Na and 
slightly lower losses in the buried top horizon (Ab). The 
open-system mass transport functions have been calculated 
according to the depth for each soil and element. Generally 
negative values and thus losses of elements are observed 
with increasing age of the soil.

5. DISCuSSION

5.1. Absolute dating techniques

The H
2
O

2
 technique was able to remove the younger 

fractions without affecting the oldest one. The isolated pool 
of organic matter after the H

2
O

2
 treatment was an inert 

fraction of SOM with a mixture of charcoal and organic 
materials strongly adsorbed on or trapped in clays (Favilli 
et al. 2008a). The residues were enriched in aromatic and 
aliphatic C and N-containing compounds, as found by 
other authors (Cheshire et al. 2000; Eusterhues et al. 2005; 
Helfrich et al. 2007). The ages of the soils and of the ex-
posed boulders gave good indications about the evolution 
and timing of glacier retreat and – in a general sense – the 
dynamics of Alpine landscape formation. Soil develop-
ment in Alpine mountains began after the deposition and 
exposure of superficial material (Birkeland et al. 1987). 
The combination of absolute dating techniques resulted 
in good agreement (Favilli et al. 2008c), but the processes 
relating to the stabilisation of OM in Alpine soils are still 
not completely clear. The age sequences obtained from 14C 
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Site Soil type, depth 
(cm)

Soil 
horizon

uncal 14C
untreated

Cal 14C 
untreated

uncal 14C 
H

2
O

2
-treated

Cal 14C
H

2
O

2
-treated

uncal 14C 
charcoal

Cal 14C 
charcoal

S1 Entic Podzol

0-4 AE -650±40 Modern 12,470±90 1416-14,965

4-8 BE -30±40 Modern 14,410±110 16,785-17,840

8-20 Bs1 780±40 670-775 10,060±85 11,275-11,970

20-45 Bs2 2815±45 2795-3065 9735±75 10,790-11,270

45-60 BC - - - -

S2 Haplic Podzol

0-9 AE - - 2360±50 2207-2700

9-20 Bhs - - -

20-40 Bs - - 9775±70 10,825-11,390

S3 Protospodic Leptosol

0-4 AE1 - - 5115±55 5730-5990

4-12 AE2 - - -

12-20 Bhs 650±50 550-680 9425±75 10,435-11,075

S4 Brunic Regosol

0-8 A - - 7655±65 8370-8585

8-20 Bw1 - - - -

20-32 Bw2 - - 8025±60 8650-9075

32-35 Ab 2505±50 2370-2745 11,920±85 13,600-13,990

35-40 Bb - - - -

S5 Entic Podzol

0-11 AE 85±50 10-240  9495±75 10,575-11,100 3055±50 3080-3380 

11-26 Bs1 570±50 520-655 8125±70 8790-9295 3065±55 3080-3395 

26-50 Bs2 1525±50 1320-1525 7700±75 8380-8630 9160±70 10,215-10,510 

S6 Entic Podzol

8-17 AE - - 2825±50 2795-3080 

17-38 Bs1 - - - -

38-45 Bs2 - - 4235±50 4585-4875

45-60 BC - - - -

S7 Umbric Podzol

5-10 AE - - 2880±50 2870-3200

11-25 Bs1 - - - -

25-50 Bs2 - - 4710±50 5320-5585

50-60 BC - - - -

S8 Cambic Umbrisol

0-20 AE - - 8195±60 9010-9400

20-25 Bs - - - -

25-48 BC - - 6445±55 7270-7435

S9 Umbric Podzol

0-11 AE - - 9795±85 10,795-11,600

11-23 Bs - - - -

23-40 BC - - 7200±70 7875-8175

Tab. 5 - Measured and calibrated radiocarbon ages of untreated and H2
O

2
- treated soil samples. Calibrated 14C ages are given in the 2 σ 

range. -= not determined.
Tab. 5 - Età misurate e calibrate dei campioni non trattati e trattati con H

2
O

2
. Le età calibrate sono presentate nell’intervallo 2 σ.  -= non 

determinato.
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and 10Be allowed us to make hypotheses about the different 
stadial and interstadial phases that occurred in the inves-
tigated area and about the glaciers oscillations during the 
Lateglacial (Fig. 4).

The investigation area experienced deglaciation 
between 18,000 and 9000 cal BP, with several phases of 
retreat and readvance. All the events we recognised in this 
work contributed to the shaping of the area and helped us 
to understand how this valley reacted to past climatic shift-
ing.

The portion of the Val di Rabbi we studied is mostly 
covered by Quaternary deposits (Fig. 5) over a paragneiss/
mica schists parent material. The age of these deposits re-
fers to the Late Pleistocene and Early Holocene period, ac-
cording to our analyses (Tabs 2, 5). The highest part of the 
investigated area are not fully covered by glacial deposits, 
which are present up to 2300 m a.s.l. in the north-facing 
side (soils S1-S5; boulders B1-B5) and up to 2600 m a.s.l. 
in the east-and south-facing side (soils S8, S9; boulders B6, 
B7 and B10) (Figs 1, 4, 5). Deglaciation processes in Val 
di Rabbi were far advanced around 14,000 cal BP, reaching 
2453 m a.s.l. in the south-facing side (boulder B10) and 
2370 m a.s.l. in the north-facing side (site S4). Glacier os-
cillations have affected the highest part of the region until 
about 9000 cal BP. The age around 13.5-14 ka (B1) does 
not fit perfectly with the beginning of the Younger Dryas 
readvance phase (Maisch et al. 1999). This boulder re-
quired more than 10% of snow correction to the exposure 
age with an assumed snow density of 0.3 g cm-3. Snow is 
the most common cause for surface coverage corrections 
and its presence on the surface reduces the cosmic radiation 
(Gosse & Phillips 2001). The mean snow cover duration 

was estimated according to Auer et al. (2003) and to cli-
matic data supplied by the Provincia Autonoma di Trento 
(Dipartimento Protezione Civile e Tutela del Territorio – 
ufficio Previsioni e Organizzazione). In our case the snow 
correction increased some of the exposure ages signifi-
cantly (Favilli et al. 2008c, submitted). Snow depth during 
the Lateglacial and Holocene is difficult to quantify (Kelly 
et al. 2004). This boulder may have been deposited early 
on during the Egesen stadial or it may have been deposited 
during the Daun stadial (Maisch et al. 1999).

The distinct warming of climate after the Boreal 
chronozone (around 9000 years ago) gave rise to a rapid 
melting of the glaciers and enabled the Mesolithic hu-
man settlements up to the main Alpine range (Bassetti & 
Angelucci 2007). No morainic sediments were dated back 
to the Little Ice Age (LIA) glacial phases (Ivy-Ochs et al. 
2008). With the absolute dating of the area it was possible 
to detect some local periglacial processes which interested 
the area until recent times (i.e., burial of soil S4).

5.2. Relative dating techniques

Podzolisation processes are going on in these soils, 
even in the ones which do not show a clear albic and a 
spodic horizon (Tab. 4). Eluviation and illuviation of Fe 
and Al forms were evident in most soils. With increasing 
time of soil development, more Al and Fe migrate and ac-
cumulate in the spodic horizon. The downward migration 
of Fe and Al and the advance in the podzolisation process 
are a function of the weathering stage and of the time since 
exposure (Tabs 4, 7). Therefore, the migration of Fe and Al 
in the profile seems to be a good indicator of the soil age 
and of the surface stability (Briggs et al. 2006).

Formation and transformation reactions of clay min-
erals delineate also the weathering stage of the investi-
gated soils. According to Egli et al. (2001b), clay mineral 
transformations mainly occur within the first 3000 years 
of soil formation and distinct amounts of smectite can 
be discernible in well developed soils after 8000 years 
(Tab. 6). The formation of smectite can be traced back 
to the transformation of chlorite and mica over transi-
tional steps such as hydroxy-interlayered vermiculite (or 
smectite), irregularly interstratified mica-vermiculite or 
mica-smectite (Righi et al. 1999; Egli et al. 2003b). The 
presence of smectite in soils is due to strong leaching and 
weathering conditions (Carnicelli et al. 1997; Mirabella 
& Sartori 1998; Egli et al. 2003b), and can be used as 
an age indicator. The 2600 years time span of the present 
soil surface of S4 (Tab. 5) was obviously not sufficiently 
long for the development of major amounts of secondary 
minerals (Tab. 6).

Mass balance calculation indicated that extensive 
mineral weathering resulted in significant losses of Si, ma-
jor base cations, Al and Fe (Tab. 7). These mass balances 
could be related to the weathering degree and time of expo-
sure. The most weathered soils (S1, S2, S3 and S5), which 
developed within a glacial cirque are podzolised, have a 
high radiocarbon age and high element losses. Chemical 
and mineralogical data of the soil profile S7 suggest that 
this soil was affected by greater disturbances compared 
to S6 during the 5000 years of its evolution. Chemical 
weathering, therefore, supports the findings obtained from 
numerical dating.

Fig. 5 - Overview of the investigated area with indications about 
the geology and the locations of the sites.
Fig. 5 - Vista generale dell’area studiata con indicazione della 
geologia e della localizzazione dei siti.
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Site Soil horizon Smeca Verma Mica/smec mica/HIV HIVa Chlorite Mica Kaolinite

S1 AE ++ + + + (+) - ++ +

BE + + ++ - + - ++ +

Bs1 + + + + + + ++ +

Bs2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

BC - + - ++ (+) + ++ (+)

S2 AE + ++ ++ - + - + +

Bhs n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Bs - + - ++ + (+) + +

S3 AE1 ++ + ++ ++ + - + +

AE2 + ++ - - - - ++ +

Bhs + - ++ + (+) + ++ +

S4 A - + - ++ - + ++ +

Bw1 - + - - - + ++ ++

Bw2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Ab ++ ++ - - - + ++ +

Bb - + - - + + ++ ++

S5 AE + (+) ++ + + - ++ +

Bs1 ++ + + + + + ++ +

Bs2 + + ++ ++ - + ++ +

S6 AE ++ (+) ++ - + (+) ++ +

Bs1 + + ++ + (+) + ++ +

Bs2 + + ++ + + + ++ +

BC - ++ - + + + + +

S7 AE ++ (+) ++ + + - ++ +

Bs1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Bs2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

BC + + + ++ + - ++ +

S8 AE (+) ++ - - ++ + + +

Bs n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

BC - ++ - + (+) + ++ +

S9 AE (+) ++ - - - - ++ +

Bs n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

BC - + - ++ + + ++ +

Tab. 6 - Minerals in the clay fraction of the investigated soil horizons: an overview n.d.= not determined; (+)= traces (0-5%); += present 
in significant amount (5-20%); ++= present in high amount (> 20%); (-)= not present; a Smec = smectite; Verm = vermiculite; HIV= 
hydroxy-interlayered vermiculite.
Tab. 6 - Minerali nella frazione argillosa degli orizzonti del suolo studiati: visione generale. n.d.= non determinato; (+)=tracce (0-5%); 
+= presente in quantità significative (5-20%); ++= presente in grandi quantità (> 20%); (-)=non presente; a Smec= smentite; Verm= 
vermicultite; HIV= vermiculite intercalata con idrossido.

6. CONCLuSIONS

Here we present a methodology for understanding 
Late Pleistocene and Holocene Alpine landscape evolution.
- The H

2
O

2
 technique is able to isolate the resilient 

fraction of the soil organic matter (SOM). The chemi-
cal characterisation of the organic residues is in line 
with the findings of others about the resilient fraction 
of the organic matter (see Favilli et al. 2008a and 

references therein). Further research about the H
2
O

2
 

resistant organic fraction is needed, also for develop-
ing new extraction methods.

- The radiocarbon dating of the resilient organic matter 
gives reliable ages about an ice-free surface and the 
first stages of soil organic matter formation. For a bet-
ter interpretation of the obtained ages, the data have 
to be compared with the age estimation from other 
relative or absolute (numerical) dating techniques.
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Site Horizons Depth (cm) ε
i,w

Si Al Fe Mn Mg Ca Na K

S1

AE 0-4 0.36 -0.24 -0.25 -0.49 -0.28 -0.65 -0.03 -0.23 -0.29

BE 4-8 0.27 -0.20 -0.21 -0.38 -0.25 -0.65 -0.26 -0.26 -0.26

Bs1 8-20 0.90 -0.11 -0.07 0.20 0.16 -0.28 0.02 -0.01 -0.14

Bs2 20-45 0.31 0.10 -0.02 0.11 0.14 -0.16 0.68 0.17 -0.14

BC 45-60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S2

AE 0-9 0.66 -0.29 -0.33 -0.48 -0.71 -0.73 -0.50 -0.30 -0.25

Bhs 9-20 0.15 -0.36 -0.27 -0.07 -0.47 -0.52 -0.54 -0.39 -0.21

Bs 20-40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S3

AE1 0-4 0.24 -0.17 -0.20 -0.61 -0.54 -0.51 -0.41 -0.10 -0.17

AE2 4-12 0.06 -0.07 -0.11 -0.46 -0.17 -0.35 -0.21 -0.13 -0.08

Bhs 12-20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S4

A 0-8 0.26 -0.37 0.07 0.13 -0.64 0.04 -0.67 -0.51 0.57

Bw1 8-20 0.20 -0.37 0.09 0.26 -0.63 0.11 -0.66 -0.59 0.62

Bw2 20-32 0.49 -0.24 0.00 0.06 -0.36 -0.01 -0.40 -0.34 0.37

Ab 32-35 0.63 0.03 -0.01 0.02 -0.19 0.05 -0.11 -0.12 0.26

Bb 35-40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S5

AE 0-11 0.29 -0.27 -0.21 -0.42 -0.39 -0.54 -0.44 -0.30 -0.23

Bs1 11-26 0.29 -0.23 -0.16 0.19 0.02 -0.29 -0.37 -0.04 -0.19

Bs2 26-50 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S6

AE 8-17 0.21 -0.16 -0.09 -0.27 -0.18 0.02 0.29 0.15 -0.24

Bs1 17-38 -0.12 -0.13 0.01 0.19 0.13 0.51 -0.10 -0.03 -0.02

BC 45-60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S7

AE 5-10 0.70 -0.15 0.01 0.06 -0.19 0.04 0.14 -0.10 0.02

Bs1 11-25 0.51 -0.02 -0.02 0.00 -0.04 0.17 0.39 0.09 -0.06

BC 50-60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S8

AE 0-20 0.73 0.01 0.03 0.00 -0.19 -0.31 -0.32 0.12 -0.01

BC 25-48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S9

AE 0-11 1.21 -0.25 -0.22 -0.59 -0.77 -0.73 -0.80 -0.39 -0.23

BC 23-40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tab. 7 - Strain coefficient (εi,w
) and open-system mass transport function (τ) for each element investigated with respect to the sites and soil 

depth.
Tab. 7 - Coefficiente di deformazione (ε

i,w
) e funzione di trasporto di massa del sistema aperto (τ) per ogni elemento investigato in relazione 

al sito e alla profondità.

- The 10Be age sequence and the 14C ages of resilient 
OM are in good agreement.

- Clay minerals are time-dependent. Their develop-
ment in representative soils enables a relative dif-

ferentiation of the soil surfaces and avoids possible 
misinterpretations of the 14C ages (of resilient OM).

- Soil mass balance analysis gives important informa-
tion about the weathering mechanisms which oc-
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curred since the Lateglacial. This method provides 
detailed insights into the processes of a soil and also 
indication about its age.

- The combined methodology here presented offers 
new perspectives in deciphering landscape history. 
Applying together a relative and an absolute differ-
entiation of the surfaces, this procedure is a promis-
ing tool for a better understanding of the geomor-
phology and palaeoclimate of relatively small catch-
ments in Alpine environments. Further applications 
of the methodology to other Alpine sites is needed to 
check the reliability of the procedure and to improve 
the Alpine chronology of the Lateglacial.

- All the obtained ages gave a picture of the landscape 
evolution and the chronology of deglaciation of the 
investigated area.
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