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We investigated the changes in Fe speciation during initial soil development on granitic rock in the 
forefield of the retreating Damma glacier in the Swiss Alps, as part of a multidisciplinary project on 
the links between, climate change, rock weathering, soil formation and early ecosystem evolution 
(http://www.cces.ethz.ch/projects/BigLink). Because Fe is an essential nutrient for almost all 
organisms and biotite is the major primary Fe-bearing mineral at the study site [1], biotite 
dissolution and transformation represents one of the most important initial weathering processes in 
this young ecosystem. We therefore investigated these processes by combining stable Fe isotopes to 
gain insight into different physical and chemical weathering mechanisms with X-ray-absorption 
spectroscopy (XAS) at the Fe K-edge to follow changes in Fe speciation and redox state. 

We previously assessed the variability of Fe speciation and Fe oxidation state in the parent rock by 
Fe K-edge XANES and EXAFS spectroscopy [2] and investigated the dissolution of granite-derived 
primary Fe-bearing phyllosilicates [1]. In continuing work, we collected soil samples at the field 
site along a chronosequence of increasing age of soil development after deglaciation, as well as a 
reference soil substantially older than 150 years (i.e., not ice-covered during Little Ice Age from 
~1650 until ~1850). In addition to the bulk soil samples, the clay size fractions of three soils were 
also investigated. Furthermore, we extended our reference spectra database for the analysis of 
sample spectra by linear combination fitting (LCF). All sample and reference spectra were recorded 
at the Hasylab beamlines A1 and C using a Si(111) double crystal monochromator (all in 
transmission mode except two rock samples that were measured in fluorescence mode). 

For the quantitative determination of the Fe speciation, we fitted the soil and clay-size EXAFS 
spectra with ten reference spectra, from which seven were required to reproduce the spectra.  
Biotite, chlorite (CCa-2), epidote, and magnetite mainly represented geogenic Fe species, whereas 
the phyllosilicates smectite (SWy-2) and illite (IMt-1) and 2-line-ferrihydrite were proxies for 
pedogenic Fe species. Because the combination of fitted components is most representative for the 
average bonding environment of Fe in the respective sample, aggregated results for four groups of 
species are reported in Table 1: Fe(II)-bearing phyllosilicates (“Fe(II)-PS”, i.e., biotite and CCa-2), 
epidote and magnetite (“Epi+Mag”), Fe(III)-bearing phyllosilicates (“Fe(III)-PS”, i.e., SWy-2 and 
IMt-1) and Fe(II)-(hydr)oxides (“Fe(III)-ox”, 2-line ferrihydrite). From the LCF results and the 
Fe(II)/Fetot ratio of the reference materials, the average Fe oxidation state in the rocks and soil 
samples and the soil clay fractions was calculated. The Fe(II)/Fetot ratio of the references was either 
deduced from the stoichiometry or from the barycentre of the pre-edge peak (as described in [3]). 

In soils deglaciated for less than 20 years, about 15% of the Fe were attributed to Fe(III)-
phyllosilicates, indicating that significant oxidation of structural Fe in biotite probably started 
already before or right after deglaciation (Table 1). Within 140 years of soil development, 50% of 
the Fe were weathered to secondary mineral phases, with Fe(III)-(hydr)oxides playing a significant 
role just after 100 years of soil development. The rather constant LCF fractions of epidote and 
magnetite and the decrease in the Fe(II)-phyllosilicate fraction suggested that biotite and chlorite 
were the dominant Fe sources in this weathering process. In the reference soil, almost all primary 
phyllosilicates were transformed into secondary mineral phases. With these changes in the Fe 
speciation, the proportion of Fe(II) in the bulk soils decreased from around 70 % in the bulk rocks 
and initial soils to less than 20 % at the oldest site. 

The clay-size fractions contained less than 7% of the total soil Fe, but were significantly enriched in 
weathering products (Table 1). Already in the clay-size fractions extracted from soils deglaciated 14 
and 70 years ago, approximately 20% of the Fe were hosted by Fe(III)-phyllosilicates and 30% by 



Fe(III)-(hydr)oxides. In the clay-size fraction of the soil weathered for 140 years, Fe(III)-
(hydr)oxides accounted for 50% of the Fe. 

By analyzing the Fe speciation in bulk soil samples and clay-size isolates along a chronosequence 
of increasing soil formation, we were able to trace and quantify Fe transformation processes in the 
initial weathering processes. This included changes in Fe redox-state and co-ordination 
environment, which would not have been detectable at these concentration levels using common 
techniques such as X-ray diffraction. These results contribute to the general understanding of the 
processes in incipient weathering environments and will in particular play an important role for the 
interpretation of stable Fe isotope dynamics in the investigated field system. 

Table 1: Best LCF results for three parent rock samples, bulk soil after increasing soil formation 
time (deglaciation), and corresponding soil clay fractions for three soils. The last column indicates 
the fraction of Fe(II) (relative to total Fe) derived from the LCF results. For further details see text. 

 Fe(II)-PS Epi+Mag Fe(III)-PS Fe(III)-ox Sum NSSRa Fe(II) 
   (%)   (%) (%) 
Parent Rock 

R02 77 23   98 2.1 69 
R07 80 20   98 2.1 73 
R08 75 25   92 7.1 69 

Bulk Soil 
7 yrs 74  13  99 1.0 66 
14 yrs 71 14 15  99 0.5 66 
70 yrs 64  24  104 1.8 59 
80 yrs 46  29  95 1.5 44 
110 yrs 53  16 18 100 0.9 48 
140 yrs 51  30 19 98 1.5 47 
ref. soil 15  41 31 107 0.9 17 

Soil clay fractions 
14 yrs 43  26 31 106 0.8 41 
70 yrs 51  21 29 108 1.0 46 
140 yrs 29  23 48 112 1.0 27 

aNormalized sum of squared residuals of fit. 
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