


96	 Favilli et al.	 Dating techniques in the Alpine environment

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. (2008c).
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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 oscillations 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 required 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 cor-
rections 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 climatic 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 significantly (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 evolu-
tion.

The H
2
O

2
 technique is able to isolate the resilient 

fraction of the soil organic matter (SOM). The chemical 
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 developing 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 better inter-
pretation of the obtained ages, the data have to be compared 
with the age estimation from other relative or absolute (nu-
merical) 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 development 
in representative soils enables a relative differentiation 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 occurred since 
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the Lateglacial. This method provides detailed insights into 
the processes of a soil and also indication about its age.

The combined methodology here presented of-
fers new perspectives in deciphering landscape history. 
Applying together a relative and an absolute differen-
tiation of the surfaces, this procedure is a promising tool 
for a better understanding of the geomorphology and 
palaeoclimate of relatively small catchments 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 inves-
tigated area.
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