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XPS survey spectrum 
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Figure S1. XPS survey spectrum with all elements and photoelectrons (PE) detected marked. 

Additionally, traces of P could be identified with increasing soil age (P 2s around 190 eV and 

P 2p around 130 eV). The background (as given by Vision 2, Kratos Analytical, Manchester, 

UK) has been subtracted. The spectrum was corrected to the Si 2p binding energy of quartz (BE; 

103 eV1). The PE marked in light blue were used for quantification. Additionally the Auger 

electrons are indicated (dark red). 
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Surface elemental composition as function of soil age 
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Figure S2. Surface element contents as function of soil age. The lines represent linear regression 

fits. Significance levels: * P < 0.05; **  P < 0.01; ***  P < 0.001. The dotted line added to the plots 

with no significant correlation (K, Na, Mg) indicates the general trend. 
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Relationship between C and mineral-derived cations 
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Figure S3. Relationship between the contents of mineral-derived cations and C content. The lines 

represent linear regression fits. Significance levels: * P < 0.05; ** P < 0.01; ***  P < 0.001. The 

correlation between C content and Mg and Na content was not significant (Mg: r2 = 0.30, P = 

0.161; Na: r2 = 0.30, P = 0.164). 
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Bulk element content as function of soil age 

As an estimate for the bulk element contents as function of soil age bulk analysis data from the 

study of Bernasconi et al.2 (Electronic Supplement) were used. They comprised a depth of 5-10 cm 

and did not include the youngest soil (0 yrs). The samples used in the present study were taken in 

direct proximity to the sites probed by Bernasconi et al.2, comprising a slightly greater depth of 

5- 20 cm. 

 Soil age (yrs) 
 7 15 65 70 80 110 120 
 wt.-% 
Na 3.0 1.9 2.8 2.7 2.8 2.2 2.8 
Fe 1.4 1.3 1.2 1.9 1.8 1.5 0.9 
O 47.7 50.4 48.4 48.7 50.5 50.6 49.0 
K 3.6 3.4 2.8 3.2 3.4 2.9 3.1 
Ca 0.7 0.4 0.7 1.0 0.6 0.6 0.7 
Si 35.1 34.1 35.1 33.7 31.8 33.7 35.1 
Mg 0.4 0.3 0.5 0.7 0.6 0.4 0.2 
Al 8.2 8.2 8.5 8.3 8.5 8.3 8.2 

(-) 
CIA 0.52 0.58 0.55 0.53 0.53 0.58 0.55 

 

Table S1: Bulk element contents as function of soil age (except 0 yrs) for a depth of 5-10 cm, 

adopted from the study of Bernasconi et al.2 (Electronic Supplement). Additionally given is the 

chemical index of alteration (CIA) as a measure for intensity of weathering2. 
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Determination of layer thickness t 

Inelastic scattering of photoelectrons (PE) causes kinetic energy (EK) shifts and limits the emission 

depth of counted PE. The mean free path λ, (nm) gives the distance a PE can travel through solid 

matter without losing its element-specific BE. Seah & Dench3 compiled a database to calculate λ 

for different materials. The element content in combination with λ thus is used to determine the 

thickness of surface layers 4,5. The approach of Pantano & Wittberg5 originally was developed for 

glass fibers coated by organosilanes and has the advantage of an easy-to-use formula. The layer 

thickness t (nm) here is determined from the content of an element X occurring only in the 

underlying material but still is detected in the spectra of the coated surface and λ of the PE used 

for calculation. The content of X of the non-coated surface is derived from regression analysis with 

a PE with similar λ of an element Y occurring only in the coating.  

The mean free path is determined from Ek as4 

                                                                                         (1) 

Ek = kinetic energy (eV) 

The layer thickness t then is4 

                                                               .                          (2) 

IX = content of element X determined for the coated surface (at.-%) 
IX*  = content of element X of the non-coated surface as determined from regression analysis 

with element Y (at.-%) 

The term 2/π was added by Pantano & Wittberg5 to correct for the curved surface of the analyzed 

glass fibers and was used here as well to consider the roundish surface of soil particles. The 

regression analyses, i.e., Si vs. C and Al vs. C (Fig. S3), resulted for 0 yrs in greater calculated Si 

and Al contents than measured (18.4 at- % vs. 14.5 at.-% and 7.6 at.-% vs. 5.9 at.- %, respectively; 

Table 1, main text). As the regression assumes bare mineral surfaces for the initial stage of soil 

formation (i.e., 0 yrs) this result fits with the actually measured C content (Table 1, main text) that 

indicates C components already present at this stage (see main text). 
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Figure S4. Mean layer thickness t (determined from tSi and tAl; n = 6) as function of soil age. The line 

represents a linear regression fit. Significance level: *** P < 0.001. 
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Figure S5. The contact angle (CA) as function of the mean layer thickness t (n = 6). The line 

represents a linear regression fit. Significance level: ***  P < 0.001. 
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Figure S6. Mean layer thickness t (n = 6) as function of surface C (a) and N (b) content. The lines 

represent linear regression fits. Significance levels: ***  P < 0.001; **  P < 0.01. 
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Differentiation between O bound to C (OC) and O bound to mineral-derived cations (Ocation) 
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Figure S7. Content of O bound to C (OC) and O bound to mineral-derived cations (Ocation) as 

function of soil age. The lines represent linear regression fits. Significance levels: * P < 0.05, *** P 

< 0.001. 
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Figure S8. Relationship between C and O bound to C (OC) and C and O bound to mineral-derived 

cations (Ocation). The line represents a linear regression fit. Significance level: ***  P < 0.001. The 

dotted line added for Oc (no significant correlation with C, P > 0.05) indicates the general trend. 
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Figure S9. The contact angle (CA) as function of the amount of O bound to C (OC) and O bound 

to mineral-derived cations (Ocation). The solid line represents a linear regression fit. Significance 

level: ** P < 0.01. The dotted line added for OC (no significant correlation with CA, P > 0.05) 

indicates the general trend. 

  



10 

 

Characterization of the C species present by a general differentiation of total C in polar 

(Cp) and non-polar (Cnp) C species 
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Figure S10. The amounts of polar (Cp) and non-polar (Cnp) C species as function of soil age. The 

lines represent linear regression fits. Significance levels: * P < 0.05; ***  P < 0.001. The amounts of 

Cp and Cnp were determined by least squares fitting of the C 1s peak6,7. 

Remark: The amount of Cp basically only increased between 0 and 7 yrs, along with a distinct 

increase of total C content and the transition of the wetting properties from hydrophilic to 

subcritically water repellent (s. Table 1, main text). Considering only the interval between 7 and 

120 yrs, Cp content did not show a significant correlation with soil age (r2 = 0.49, P> 0.05). 
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Full width at half maximum (FWHM): comparison between ideal (smooth) and non-ideal 

(rough) surfaces 

XPS analysis sensu stricto (like contact angle analysis) only is applicable to smooth (“ideal”) 

surfaces as surface roughness can affect the intensity of the XPS signal8,9. As an estimate for a 

possible influence of roughness, the Si 2p photoelectron´s full width at half maximum (FWHM) 

from smooth glass slides was used as a reference and compared with the respective Si 2p FWHM 

of rough surfaces, comprising the samples of this study and further soil and mineral samples 

ranging in texture from clay to coarse sand. The mean Si 2p FWHM of the glass surfaces was 

3.05 eV ±0.13 (n = 6), the mean Si 2p FWHM of all other surfaces tested was 2.95 eV ±0.38 (n = 

183). The absolute values thus were very similar, although the Mann-Whitney rank sum test 

indicated a statistically significant difference between both groups. However, the meaning of this 

result probably is limited given the considerable dissimilarity in the number of data points (6 vs. 

183, derived from two and 61 samples, respectively) and thus should not challenge the use of XPS 

on rough surfaces, especially when referring to the main elements. However, roughness may be of 

influence for the detection and quantification of elements that are not evenly distributed and are 

present in only low amounts as must be assumed for P in case of the chronosequence samples. The 

increase in phospholipid fatty acids (PFFA) with soil age10 thus could not be related to P content. 
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