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Abstract 

Global change contributes to the retreat of glaciers at unprecedented rates. The deglaciation 

facilitates biogeochemical processes on glacial deposits with initiating soil formation as an important 

driver of evolving ecosystems. The underlying mechanisms of soil formation and the association of 

soil organic matter (SOM) with mineral particles remain unclear, although further insights are critical 

to understand carbon sequestration in soils. We investigated the microspatial arrangement of SOM 

coatings at intact soil microaggregate structures during various stages of ecosystem development 

from 15 to >700 years after deglaciation in the proglacial environment of the Damma glacier 

(Switzerland). The functionally important clay-sized fraction (<2 µm) was separated into two density 

fractions with different amounts of organo-mineral associations: light (1.6-2.2 g cm-3) and heavy 

(>2.2 g cm-3). To quantify how SOM extends across the surface of mineral particles (coverage) and if 

SOM coatings are distributed in fragmented or connected patterns (connectivity), we developed an 

image analysis protocol based on nanoscale secondary ion mass spectrometry (NanoSIMS). We 

classified SOM and mineral areas depending on the 16O-, 12C-, and 12C14N- distributions. With 

increasing time after glacial retreat, the microspatial coverage and connectivity of SOM increased 

rapidly. The rapid soil formation led to a succession of patchy distributed to more connected SOM 

coatings on soil microaggregates. The maximum coverage of 55 % at >700 years suggests direct 

evidence for SOM sequestration being decoupled from the mineral surface, as it was not completely 

masked by SOM and retained its functionality as an ion exchange site. The chemical composition of 

SOM coatings showed a rapid change towards a higher CN:C ratio already at 75 years after glacial 

retreat, which was associated with microbial succession patterns reflecting high N assimilation. Our 

results demonstrate that rapid SOM sequestration drives the microspatial succession of SOM 

coatings in soils, a process that can stabilize SOM for the long-term. 
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Introduction 

Global warming and altered precipitation patterns change polar and alpine ecosystems at 

unprecedented progression (Ernakovich et al., 2014), accelerating the retreat of glaciers and 

exposing new surface for soil formation. In the Alps, the glacier area is estimated to have decreased 

by 30-50 % from 1850 to 2000 (Haeberli & Beniston, 1998; Zemp et al., 2006). With ongoing glacial 

retreat, the proglacial soil development was shown to occur at a decadal to centennial timescale with 

rapid progress during the first decades (Egli et al., 2010; He & Tang, 2008). The exposure of glacier 

forefields provides sites that are appropriate ecological chronosequences at all scales of soil 

development through space-for-time substitution (Huggett, 1998; Walker et al., 2010). After 

deglaciation, the glacial deposits undergo more pronounced geochemical weathering and alteration 

processes leading to the presence of phyllosilicates and (hydr-)oxides in the fine particle fraction 

(Anderson, 2007; Kiczka et al., 2011). The deposits are rapidly colonized by soil biota and plants 

supplying organic matter (Conen et al., 2007). This leads to the formation of organo-mineral 

associations, which play a major role in the stabilization of soil organic matter (SOM) (Chenu & 

Stotzky, 2002; Conant et al., 2011; Dümig et al., 2012; von Lützow et al., 2006). Especially clay-sized 

particles like clay minerals and pedogenic oxides foster the sequestration and have the highest 

potential capacity to stabilize SOM (Kögel-Knabner et al., 2008; Pronk et al., 2012). Previous studies 

were focused on empiric relationships between SOM and biogeochemical properties at bulk scale 

and did not consider spatial heterogeneity within the newly formed soil microstructures. 

Nevertheless, the analysis of SOM arrangement at the microscale is of critical importance for our 

understanding of how initial soils accumulate SOM in soil structures that can stabilize organic carbon 

in the long-term. 

The analysis of intact soil structures has revealed that SOM is distributed heterogeneously on 

biogeochemical interfaces rather than a homogeneous extensive monolayer coating (Chenu & 

Plante, 2006; Vogel et al., 2014; Dignac et al., 2017). The underlying factors for the complex 

microspatial arrangement of SOM on mineral surfaces are thought to be the heterogeneous 

distribution of various physicochemical soil properties like the access to fine mineral surface (Kleber 
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et al., 2015; Dignac et al., 2017; Totsche et al., 2018). Previous bulk and surface analyses suggested 

that SOM accumulates as discrete patches occluding mineral surfaces and topographies with high 

surface area (Kaiser & Guggenberger, 2007; Wagai et al., 2009). In a recent study with direct 

measurement of SOM coverages at intact soil microaggregates and primary clay-sized particles, Vogel 

et al. (2014) observed preferential retention of new SOM at already existing organo-mineral 

associated SOM. Most microbial-derived SOM is contained in the fine-sized soil particle fractions that 

indicate higher surface areas than coarser particles facilitating the attachment and protection of 

microorganisms in the fine fraction (Kögel-Knabner et al., 2008). Microorganisms can colonize the 

soil volume in patchy distributed microenvironments, forming microbial hotspots, and interact with 

the mineral particles (Grundmann, 2004; Kim et al., 2015; Nunan et al., 2007). Given the complex 

spatial arrangement of SOM, it is crucial to investigate intact microstructures at the relevant scale to 

understand the mechanisms of SOM accrual in new developing systems. 

In addition to the spatial scale, the temporal development in the surrounding ecosystem could 

influence SOM accrual and composition during soil formation. Ecosystems in proglacial and 

comparable environments were postulated to develop in three successional stages on a decadal to 

centennial timescale (Ollivier et al., 2011; Schulz et al., 2013). At the initial stage, barren deposits, 

scarce vegetation, and limited nutrient availability lead to the selection of autotrophic 

microorganisms and those associated with mineral weathering (Bradley et al., 2014; Schmidt et al., 

2008; Zumsteg et al., 2012). The accumulation of C and N is considered low at the initial stage and 

increases with the establishment of vegetation and associated microbes contributing to N 

assimilation (Esperschütz et al., 2011; Hämmerli et al., 2007; Zumsteg et al., 2012). At this 

intermediate stage, both plants and soil microorganisms indicate high N demands (Ollivier et al., 

2011). At a later stage, N is mostly derived from the biomass and nitrification, denitrification, as well 

as mineralization processes become more active (Brankatschk et al., 2011; Ollivier et al., 2011; 

Tscherko et al., 2004). 

The aim of this study was to investigate whether the initial soil structure formation is driven by 

successive patterns of microscale SOM coverage considering both the microspatial heterogeneity and 
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the temporal development of SOM accrual. We investigated the sequestration of SOM by formation 

of coatings on soil mineral surfaces within a chronosequence in the forefield of the Damma glacier 

(Switzerland) including various ecosystem development stages at 15 to >700 years after glacial 

retreat (Bernasconi et al., 2011; Dümig et al., 2011). Advanced spectromicroscopic techniques allow 

for promising observations of soil processes at micro/submicroscale (Rennert et al., 2012). Using 

nanoscale secondary ion mass spectrometry (NanoSIMS) enables the spatial measurement of up to 

seven ion species simultaneously at a lateral resolution of approximately 100 nm (Herrmann et al., 

2007; Mueller et al., 2013). In our study, the secondary ion distributions of 16O- (indicative for soil 

particles) as well as 12C- and 12C14N- (indicative for SOM) were used to analyze the soil formation and 

spatial relationships of SOM accrual on mineral surfaces. To describe the spatial arrangement of SOM 

at the microscale, we developed an image analysis protocol using supervised pixel classification with 

a machine-learning algorithm based on the secondary ion distributions (particle and coating size, 

SOM coverage and connectivity). Our automatic image analysis based on NanoSIMS measurements 

provided for the first time a spatial quantification of developing SOM coatings and their C and N 

composition in a long-term dataset of environmental samples. This approach allowed us to identify 

spatial patterns of soil microstructure formation that are dominating sites for long-term SOM 

sequestration and cycling as well as microbial activity on freshly exposed land affected by global 

change. 

 

Materials and methods 

Research site sampling, fractionation, and bulk soil analyses 

The soil samples originate from a chronosequence study in the foreland of the Damma glacier in 

Switzerland (Dümig et al., 2012). The mean annual temperature at the research site is 2.2 °C and the 

mean annual precipitation is about 2300-2400 mm mostly falling as snow (Dümig et al., 2011; 

Smittenberg et al., 2012). The soils in the forefield of the Damma glacier developed on deposited 

granite of the Aare Massif, metamorphosed under greenschist facies conditions after the 

discontinuous retreat of the glacier (Bernasconi et al., 2011; Keusen et al., 1989; Schaltegger, 1990). 
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Dümig et al. (2012) sampled triplicates from four development stages that were classified according 

to the time after glacial retreat: young (15 years), intermediate (71 years, 79 years), old (111 years), 

and a mature reference site located outside the forefield (>700 years) (Bernasconi et al., 2011). We 

chose five soil samples from all development stages of the work of Dümig et al. (2012). The time 

after glacial retreat for the young and intermediate soils was determined based on glacial movement 

records. For the old and mature soil, the time after glacial retreat was estimated with records of 

neighboring glaciers. More details about the retreat history of the Damma glacier are described by 

Bernasconi et al. (2011). We used clay-sized fractions extracted from the bulk soil within 0-5 cm soil 

depth with a combined size and density fractionation by Dümig et al. (2012). Briefly, the >1.6 g cm-3 

mineral-associated fraction after suspension in sodium polytungstate solution was dispersed with 

200 J ml-1 (Branson Sonifier 250). Afterwards, the clay-sized fraction (<2 µm) was extracted by 

sedimentation, recovered by pressure filtration (0.45 µm; CN), and freeze-dried. To separate 

fractions with differing amounts of organo-mineral associations (Hatton et al., 2012; Sollins et al., 

2009), we additionally fractionated the mineral-associated clay-sized fraction (>1.6 g cm-3) into a light 

fraction (1.6-2.2 g cm-3) and a heavy fraction (>2.2 g cm-3) by density fractionation using sodium 

polytungstate. We analyzed the concentration of organic C and total N in the light and heavy clay-

sized fractions through dry combustion using a CN analyzer (Vario EL, Elementar). 

 

Microscale element distribution measured with NanoSIMS analyses 

We applied the soil clay-sized fractions on a Si wafer as 1 g l-1 water suspension and dried them 

in the desiccator at room temperature (Mueller et al., 2012). On all samples, representative areas 

containing both smaller primary particles and larger organo-mineral associations were chosen using 

secondary electron microscopy (SEM) (Fig. S1a). The SEM analyses were conducted with a low 

vacuum SEM with a tungsten cathode using 15 keV (Jeol JSM 5900). Prior to SEM and NanoSIMS, we 

coated the samples under Ar atmosphere with 5 nm Au and ~30 nm Au/Pd, respectively. On each 

sample, 8-26 areas were analyzed with NanoSIMS 50L (Cameca, Gennevilliers, France) (Fig. S1b) 

resulting in 121 measurements in total. We used a Cs+ primary ion beam with 16 keV primary ion 
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impact energy while simultaneously recording secondary ion distributions for 12C-, 16O-, and 12C14N- (in 

addition, 30Si-, 32S-, 27Al16O-, and 56Fe16O- distributions were measured but are not shown here). The 

areas were pre-sputtered with a high Cs+ ion beam to remove surface contamination as well as Au/Pd 

coating and to implant reactive Cs+ ions into the sample increasing the secondary ion yield until a 

steady state of secondary ions was reached. Depending on the size of particles, the field of view was 

30x30 µm with pixel dimensions of 256x256 pixels and a dwell time of 30 ms or a field of view of 

40x40 µm with 512x512 pixels and 10 ms dwell time. The NanoSIMS electron flood gun was used to 

compensate for charging effects on soil mineral particles. 

 

Multi-channel machine-learning segmentation and image analysis 

The NanoSIMS measurements (n=121) were corrected for electron multiplier dead-time (44 ns) 

using the OpenMIMS plugin for ImageJ (Gormanns et al., 2012). To avoid distortion due to outlying 

pixels, we enhanced the image contrast of each ion distribution by setting the darkest (brightest) 

0.5 % percentile of pixels to the minimum (maximum) gray value and linear stretching of the 

remaining pixels to the full 16-bit range by employing the contrast enhancement tool in the Fiji 

package for ImageJ (Schindelin et al., 2015). With these images, we performed a supervised pixel 

classification of the 16O-, 12C-, and 12C14N secondary ion distributions (Fig. S1b-g) using the machine-

learning algorithm implemented in Ilastik 1.2 (Sommer et al., 2011). The 16O- ion distribution was 

used to differentiate between the sample (soil particles) and the Si wafer. For the sample particles, 

the 12C- and 12C14N- ion distributions were used to segment the area into mineral particle surface and 

SOM coating (Hatton et al., 2012, Remusat et al., 2012, Vogel et al., 2014). Multiple image features 

like intensity, gradient, and texture at various spatial scales in all three ion distributions served as 

input information for the machine-learning algorithm. The NanoSIMS images were segmented into 

background, mineral particle surface, and SOM coatings according to manually identified training 

data for each material class that covered less than 1 % of the image area (Fig. S1c, further details in 

the supporting information). During the training of the image analysis, we used maps of relative 

uncertainty of the machine-learning algorithm (Fig. S1d) to detect ambiguous image areas. We 
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assigned further training lines until areas of relatively higher uncertainty were confined to the 

borders of the assigned segmentation classes (Fig. S1d). We use the term soil particles to refer to 

both primary particles and aggregates in this study. 

We used the segmented images to compute measures of the spatial arrangement of SOM 

coatings for each particle (Fig. S1i). In total, 2448 particles were detected, 1013 of them coated with 

4668 individual coatings across all 121 images (Table S1). The particle area comprises the total area 

of both the mineral and the associated SOM coating. Particles smaller than 0.05 µm2 (4-8 pixel2) were 

excluded for further calculations. We computed the mean particle size and SOM coating size based 

on the projected image areas for each density fraction and time after glacial retreat. The frequency 

distribution of particles was evaluated for several size classes <1 µm2, 1-5 µm2, 5-10 µm2, 1-50 µm2, 

and >50 µm2. Previous SEM analyses of clay-sized fraction (<2 µm) obtained by sedimentation has 

shown that these fractions regularly exhibit much larger diameters due to the non-spherical platy 

structure of clay particles and varying densities due to associated SOM (Konert & Vandenberghe, 

1997). Regarding the size of the SOM coatings, we reported the frequency distribution for the size 

classes <0.5 µm2, 0.5-2 µm2, 2-5 µm2, 5-20 µm2, and >20 µm2. 

The coverage of mineral particles with SOM coatings (SOM coverage) was calculated as the 

proportion of the SOM coating area from the total particle area of both mineral particle and SOM 

coating segments. The total coverage	Cത of each density fraction, time after glacial retreat, and 

respective size class was computed as 

	Cത = ∑ ∑ ௜ܱ௝ேೄೀಾ௝ୀଵே೛ೌೝ௜ୀଵ∑ ௜ܲே೛ೌೝ௜ୀଵ  
(1) 

where Npar denotes the number of particles with label i, NSOM denotes the number of organic 

coatings with label j, Oij denotes the size of an individual SOM coating [µm2], and Pi denotes the size 

of a particle [µm2]. 

We used the SOM coatings to calculate the connectivity per particle (SOM coating connectivity). 

For every particle with label i, the dimensionless connectivity indicator Γi (Renard & Allard, 2013; 

Schlüter et al., 2014) of the corresponding SOM coatings was computed as 
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Γ௜ = ∑ ൫ ௜ܱ௝ଶ൯ேೄೀಾ௝ୀଵൣ∑ ௜ܱ௝ௌைெ௝ୀଵ ൧ଶ  (2) 

Hence, the SOM coating connectivity Γi = 1 for a single, fully connected SOM coating on one 

particle, whereas Γi → 0 for patchy structures with many isolated SOM coatings on the same particle. 

To account for the varying particles sizes, we reported the average connectivity as an area-

weighted mean (Schumaker, 1996) according to 

Γത = ෍ ൭ ௜ܱΓ௜∑ ௜ܱே೛ೌೝ௜ୀଵ ൱ே೛ೌೝ
௜ୀଵ  

(3) 

To analyze the relative chemical composition of the SOM coatings, we computed the normalized 

CN:C ratio (12C14N-: (12C14N- + 12C-)) between secondary ion distributions for each SOM coating without 

any contrast enhancement (Fig. S1k). A ratio <0.5 indicates relative C-rich SOM coatings with more C 

than N, whereas a ratio >0.5 indicates relative N-rich SOM coatings with more N than C. The CN:C 

ratio was reported as an arithmetic mean across the density fraction, time after glacial retreat, and 

respective size class. A linear relationship was demonstrated for mean 12C14N-:12C- and 12C14N-:12C2
- 

ratios obtained by NanoSIMS and C:N ratios measured at bulk scale by an elemental analyzer (Alleon 

et al., 2015; Hatton et al., 2012). 

We used RStudio 0.99 (RStudio Team, 2015) to compile the results of the image analysis and 

compute averages and standard errors for the spatial measures. The spatial measures were tested 

for normal distribution and homogeneity of variances. To test the effect of time after glacial retreat 

on particle sizes, SOM coating sizes, and the elemental ratios, we used a one-way ANOVA and 

Tukey’s honest significant difference test to compute pairwise differences of means. 
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Results 

Bulk soil organic carbon concentration and change of the mass contribution of heavy and light 

density clay-sized fractions 

In the clay-sized fraction of the initially forming soils, the soil organic carbon (SOC) concentration 

increased rapidly over time after glacial retreat from the young (15 years) to the intermediate and 

old soil stages (75 years, 111 years) and still experienced an additional increase in the mature 

reference soil (Table 1). The SOC concentrations of the intermediate and old soil stages showed a 

variability that is attributed to the heterogeneity of the glacial forefield. Within the heavy clay-sized 

fraction (>2.2 g cm-3), the SOC concentration increased with time after glacial retreat in the initial 

stages, whereas it decreased at the mature site (>700 years). Within the light clay-sized fraction (1.6-

2.2 g cm-3), the SOC concentration remained constant throughout all soil development stages except 

the mature site where the SOC concentration was twice the one in earlier soil development stages 

(Table 1). Overall, the SOC and N concentration was higher in the light clay-sized fraction than in the 

heavy clay-sized fraction. The average bulk C:N ratio in the light fraction was 2 units (22 %) higher 

than in the heavy fraction (Table 1). In the light fraction, the C:N ratio was higher in the young and 

mature soil (15 and >700 years) than in the intermediate and old soils (Table 1). 

Concurrent with increasing SOC concentration, we observed a rapid change in the mass 

proportions of the two clay-sized density fractions: With increasing time after glacial retreat, the 

majority of the particle mass was recovered in the light fraction while the contribution of the heavy 

fraction decreased (Fig. 1a). At 111 years after glacial retreat, the contributions of heavy and light 

clay-sized fractions were similar, whereas at >700 years the contribution of the light fraction was 

predominant (Fig. 1a). The soil at 79 years indicated a higher clay content than the other samples 

leading to a higher mass contribution of the clay-sized fractions to the bulk soil (Fig. 1a). The SOC 

concentration of the clay-sized fractions normalized to the bulk soil increased over time except for 

the old soil stage (111 years) (Fig. 1b). 
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Spatial arrangement of soil microaggregates analyzed by NanoSIMS 

The NanoSIMS measurements revealed the spatial distribution of SOM coatings (12C-, 12C14N-) 

and mineral particles (16O-) at the microscale. Exemplary NanoSIMS measurements show a high 

heterogeneity (Fig. 2). Some mineral particles were partially covered by SOM coatings and some 

mineral particles were without coatings or fully coated (Fig. 2). We observed a rapid increase of the 

area covered by SOM coatings on microscale particles, that were composed of individual mineral 

particles or microaggregates upon glacial retreat. In the heavy clay-sized fraction (>2.2 g cm-3), most 

particles appeared to have a plain, smooth surface, and over time some microaggregates entangled 

by SOM were observed (Fig. 2a, b). In contrast to the heavy fraction, in the light clay-sized fraction 

(1.6-2.2 g cm-3) numerous microaggregates appeared at all soil development stages (Fig. 2c). In both 

clay-sized density fractions, we found a high heterogeneity in the size of particles and SOM coatings 

(Fig. 2). The distribution of 12C- and 12C14N- also indicated a high heterogeneity in the chemical 

composition of the SOM coatings, showing both C-rich and N-rich SOM coatings in the same 

measurement (Fig. 2). 

 

Sizes of particles and SOM coatings provided by image analysis 

A quantification of the spatial arrangement of soil minerals and SOM coatings at the microscale 

was obtained by multi-channel machine-learning segmentation and image analysis. The size of the 

individual particles evolved differently in both clay-sized density fractions: The mean particle size in 

the heavy fraction increased over time (Fig. 3a), whereas it decreased in the light fraction (Fig. 3b). 

Both the light and heavy fraction only reach comparable average particle sizes in the mature soil 

(>700 years) (Fig. 3a, b). On average, 73 % of particles were <5 µm2 in both density fractions. The 

relative frequency of >50 µm2 increased in the heavy fraction, whereas in the light fraction, the 

frequency of particles 10-50 µm2 increased at the expense of the particles >50 µm2 (Fig. 3a, b). 

The SOM coating size was consistently higher in the light clay-sized fraction than in the heavy 

fraction at all development stages (Fig. 3c, d). On average, 54 % of SOM coatings were <0.5 µm2 in 

the light fraction and 68 % were that small in the heavy fraction (Fig. 3c, d). SOM coatings were 
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smallest in the young soil (15 years) and increased in both heavy and light fraction over time. In the 

heavy fraction, the SOM coating size was smaller in the young soil (15 years) than in the old soil 

(111 years), and the other stages were in between (Fig. 3c). In the light fraction, the SOM coating size 

increased from an average size of 1 µm2 to 7 µm2 from the young soil (15 years) to the mature soil 

(>700 years) (Fig. 3d). A higher variability of both particle and SOM coating sizes in the light fraction 

compared to the heavy fraction was found (Fig. 3). 

 

Coverage of soil organic matter on mineral surfaces provided by image analysis 

Based on the image analysis using the elemental distributions by NanoSIMS, we computed the 

degree of coverage of the total mineral area with the total area of SOM coatings (Fig. 4). The SOM 

coverage increased with time after glacial retreat in the light clay-sized fraction (Fig. 4b): The SOM 

coverage was higher in the intermediate and old soils (71, 79, and 111 years) and still higher in the 

mature soil (>700 years) than the earlier soil development stages. At the young soil, 9 % of the 

mineral surface was covered, whereas at the mature site, SOM coverage of 56 % was reached in the 

light clay-sized fraction (Fig. 4b), which dominated the mass contribution at that time (Fig. 2). In 

contrast, the SOM coverage in the heavy clay-sized fraction was higher in the old soil than in the 

mature soil, which also had the highest bulk SOC concentration (Fig. 4a, Table 1). 

The coverage of 0-5 µm2 particles was higher in the heavy clay-sized fraction of the mature soil 

than the larger particles (Fig. 4a). In contrast, the coverage of the >10 µm2 particles in the light 

fraction was higher than the coverage of smaller particles in the intermediate, old, and mature soil 

(Fig. 4b). This means that the larger particles contributed more to the increasing coverage in the light 

fraction than in the heavy fraction. 

 

Connectivity of soil organic matter coatings on individual particles provided by image analysis 

To evaluate the development of the spatial arrangement of the SOM coatings over time, we 

computed their connectivity on the individual particles (Fig. 5). In the light clay-sized fraction, we 

found an increase of the area-weighted mean SOM connectivity with time after glacial retreat 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

(Fig. 5b). The SOM connectivity of the young and intermediate sites (15 and 75 years) was in a similar 

range (Fig. 5b). 

The connectivity of the SOM coatings in the heavy clay-sized fraction was higher than the one of 

the light fraction at the young soil, which coincides with the heavy fraction having the major mass 

contribution to the bulk soil (Fig. 5a, Fig. 2). Over time, the SOM connectivity decreased from 0.43 to 

0.25 in the heavy fraction (Fig. 5a). In the mature soil, the SOM connectivity decreased with 

increasing particle sizes in the heavy fraction (Fig. 5a). However, in the light fraction of the mature 

soil, the SOM connectivity increased with increasing particle sizes (Fig. 5b). 

 

C and N composition of soil organic matter coatings provided by image analysis 

The normalized element ratio of 12C14N- and 12C- was used to track changes in the C and N 

composition of SOM coatings during soil formation. The average CN:C ratio of the light clay-sized 

fraction was 0.1 units higher (23 %) than the one of the heavy fraction (Fig. 6). In the light clay-sized 

fraction, the CN:C was higher at the intermediate soil (75 years) than at the young and old soil 

(15 years, 111 years) (Fig. 6b). In the mature soil (>700 years), the CN:C ratio was higher in the heavy 

clay-sized fraction than in the light fraction (Fig. 6). In the heavy fraction, the CN:C ratio was higher 

for larger SOM coating sizes except >20 µm2 at 79 and 111 years (Fig. 6a). In contrast, the CN:C ratio 

in the light fraction remained similar for all SOM coating sizes (Fig. 6b). 

 

Discussion 

Microspatial soil formation through the accrual of organic matter 

After the retreat of the Damma glacier, SOM rapidly associated with a fine mineral surface and 

formed soil microaggregates. The increase of the mass contribution of the light clay-sized fraction 

(1.6-2.2 g cm-3) at the expense of the heavy fraction (>2.2 g cm-3) with time after glacial retreat 

indicates that the sequestration of SOM on mineral surfaces occurred more rapidly than the 

development of a fresh mineral surface through the weathering of the glacial deposits (Fig. 1). In the 

geomorphologic active glacier forefield, the particularly high clay content of the soil at 79 years 
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points to a difference in the deposition of glacial till and subsequent glaciofluvial erosion and 

deposition at that time stage. Previous studies in comparable environments also found variable soil 

texture without a chronological trend in proglacial environments (Conen et al., 2007; Dümig et al., 

2011). Therefore, the increasing recovery of particles in the light fraction over time was rather linked 

to the accrual of SOM that contributes to a lower specific weight. This corroborates previous studies 

at the bulk scale that suggested that the SOM input from the establishing vegetation and an increase 

of biological activity as well as the SOM accumulation in the soil were higher than the supply of 

adsorptive mineral surfaces from mineral weathering (Dümig et al., 2012; Schulz et al., 2013). Our 

results provide direct evidence at the microscale for the hypothesis that the increased surface area 

cannot be supplied at the same rate through mineral weathering as shown by X-ray diffraction 

analyses on the same samples as this study (Dümig et al., 2012), which reported biotite weathering 

to hydrobiotite at a low degree. 

The SOC concentration of the clay-sized fraction increased within several decades and was 

related to an increase in the coverage of SOM coatings on mineral surfaces (Table 1, Fig. 1b, Fig. 4). 

This means that the sequestration of SOM on mineral surfaces drives a growth of associated SOM 

coatings at a decadal timescale. In addition, the increase of the connectivity of SOM coatings on the 

individual particles at centennial timescale (111 and >700 years after glacial retreat) (Fig. 5) 

demonstrates that the increased SOM coating size and coverage is related to the growth of already 

existing SOM coatings. This means that SOM coatings grow together instead of binding at new spots 

that are not connected to existing coatings. This finding confirms the concept of SOM being 

associated with mineral surfaces as patchy coatings (Dignac et al., 2017; Wagai et al., 2009) and that 

these existing coatings act as preferential spots for the retention of fresh SOM substrate as found 

previously by a spatial analysis of 13C-labelled litter (Vogel et al., 2014). The preferential sorption of 

SOM to organic surfaces was explained by a more readily sorption through peptide binding and 

ligand exchange than unconditioned mineral surfaces (Sollins et al., 2006; Kleber et al., 2015). Other 

studies have connected the in-situ accrual of SOM to the growth of bacterial patches that occurs due 

to chemotactically driven cell movement and dormancy during nutrient limitation (Grundmann, 
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2004; Kim et al., 2015; Pallud et al., 2004). The increased abundance of microorganisms during the 

ecosystem development over time after glacial retreat (Schulz et al., 2013) and the predominant 

abundance of bacteria in the fine soil fractions (Kögel-Knabner et al., 2008) suggest that microbial 

mechanisms could enhance the growth of already existing SOM coatings. 

Our NanoSIMS image analysis revealed that the SOM coverage did not exceed 32 % at the old 

soil and was 56 % at the mature site (Fig. 4). This means that 68 % and 44 % of the soil particle 

surfaces remained uncovered in the forefield and at the mature site, respectively. Through the 

application of the clay-sized fraction as suspension onto Si wafers, we were able to directly observe 

the mineral surfaces covered with SOM at intact soil microstructures. A previous NanoSIMS image 

analysis quantified the SOM coverage as <19 % in the ploughed topsoil of a Luvisol (Vogel et al., 

2014) which is comparable to the SOM coverage of the intermediate soil in this study. Another 

NanoSIMS image analysis quantified the SOM coverage as 57 % in the 1.85-2.0 g cm-3 fraction and as 

<31 % in the >2.2 g cm-3 fraction (Hatton et al., 2012). In accordance with Hatton et al. (2012), our 

image analysis also revealed higher SOM coverages in the light clay-sized fraction (1.6-2.2 g cm-3) 

than the one in the heavy fraction (>2.2 g cm-3) at the oldest mature site (700 years) (Fig. 4). This 

implies that the total surface area of the fine-sized fraction is not decisive for the accumulation and 

preservation of organic carbon associated with minerals. Such decoupling of SOM sequestration from 

mineral surface properties provides direct evidence for the findings at bulk scale in earlier work in 

which higher carbon sequestration in a clay loam soil was found than as expected from established 

carbon sequestration models (Yang et al., 2016). Instead, the differential surface properties of both 

mineral and organic surfaces determining the association with SOM should be considered in 

conceptual models of soil carbon sequestration. The coverage of mineral surface with SOM coating 

mostly retained the functionality as an ion exchange site of mineral particles because their surface is 

not completely coated. This suggests that properties of the SOM do rather add to the mineral 

properties instead of replacing them concerning soil ecological functions like the important 

interactions with microbial activity and nutrient retention. 
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Through density fractionation of the clay-sized fraction, we could observe distinct compositions 

of organo-mineral associations in the two density fractions. The <1 µm2 particles in the heavy clay-

sized fraction (>2.2 g cm-3) were covered to a higher extent with SOM than the >1 µm2 particles at 

111 and >700 years (Fig. 4a). In the light clay-sized fraction (1.6-2.2 g cm-3), however, the >10 µm2 

particles were covered to a higher extent than the smaller particles at 111 and >700 years (Fig. 4b). 

We observed similar trends for the connectivity of the SOM coatings on particles of various sizes 

(Fig. 5). The observation of different relationships of SOM coverage and connectivity with particle 

sizes in the mature soil stage shows that larger particles of >10 µm2 with >15 % coverage were mainly 

recovered in the light fraction. Along with the increased recovery of particles in the light fraction over 

time, the mean particle size decreased in the light clay-sized fraction and increased in the heavy 

fraction (Fig. 3a, b). This suggests that fine particles were preferentially recovered in the light 

fraction, whereas larger particles residually enriched in the heavy fraction. This is explained by the 

fact, that for some fine particles, even small amounts of associated SOM were enough to be 

recovered in the light fraction, whereas larger particles of >5 µm2 needed higher SOM coverage for 

that. The heterogeneity of the particle size classes within the density fractions of the mature soil 

indicate a broad spectrum of formed microaggregate sizes. The building of small organo-mineral 

associations into larger aggregates, therefore, acts at multiple size scales from submicron to several 

10 µm. 

The SOM connectivity increased from 0.15 to 0.73 in the light clay-sized fraction (Fig. 5). This 

indicates that the SOM coatings were distributed in a patchy pattern in the beginning and grew 

connected to each other over time in this fraction. In contrast, the SOM connectivity in the heavy 

clay-sized fraction was higher and more connected than in the light fraction at 15 years after glacial 

retreat (Fig. 5). This could be related to the fact that at this young stage only few SOM coatings were 

associated with mineral particles, resulting in a high connectivity, the extreme being a single SOM 

coating causing a connectivity of 1. Over time after glacial retreat, the SOM connectivity in the heavy 

fraction decreased from 0.43 to 0.25 (Fig. 5a). In the heavy fraction, SOM coverage and connectivity 

showed a contrary relationship, whereas both increased in the light fraction (Fig. 4, 5). This was 
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probably caused by an accumulation of residual particles in the heavy fraction with a more patchy 

distribution of SOM coatings, whereas those particles on which the SOM coatings grew more 

connected were recovered in the light fraction. 

 

Development of C and N composition of soil organic matter coatings 

The element distributions of the SOM coatings point to changes in the stoichiometric properties 

of C and N composition during the soil formation after glacial retreat. In the establishing light clay-

sized fraction, the SOM coatings retained more N within several decades from young (15 years) to 

the intermediate soil (75 years) and decreased below the initial ratio from the old (111 years) to the 

mature site (>700 years) (Fig. 6b). This means that the SOM coatings in the light clay-sized fraction 

rapidly gained more N within several decades, whereas after several centuries, they gained 

comparatively more C. Such development possibly indicates a change of the chemical composition of 

SOM from aliphatic compounds to more proteinaceous ones, as reported for increasing amounts of 

microbial-derived SOM in earlier works (Dümig et al., 2012; Schurig et al., 2013; Sollins et al., 2009). 

For the primary ecosystem succession in the forefield of the Damma glacier, the highest abundance 

of N fixing microbes in the bulk soil and the highest N fixation activity in rhizospheres were described 

75 years after glacial retreat at the intermediate stage (Brankatschk et al., 2011; Duc et al., 2009; 

Zumsteg et al., 2012). At the later stages of soil development, nitrate reducers and decomposers of 

plant-derived substrate were reported to have increased and outcompeted earlier bacteria (Zumsteg 

et al., 2012). This process probably also influenced the decrease of CN:C ratios of SOM coatings in the 

light clay-sized fraction at the mature soil stage compared to earlier stages in our study (Fig. 6b). Our 

direct observations of the spatial complexity and the element distributions on the coatings agree 

with the microbial development at the bulk scale (Schulz et al., 2013). 

In the heavy clay-sized fraction, the SOM coatings mostly retained more N if they were larger 

(Fig. 6a). In contrast, the CN:C ratio in the light clay-sized fraction remained at similar ranges at all 

evaluated coating sizes (Fig. 6b). This means that the rapid growth of the SOM coatings over time 

probably mediates more N-rich SOM coatings with a certain extent. This is confirmed by the higher 
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C:N ratios at bulk scale and higher CN:C ratios at microscale when comparing the light clay-sized 

fraction and its larger SOM coatings with the heavy fraction at all development stages 

(Table 1, Fig. 6). This means that the N-rich SOM, which mostly derive from microbes, increased hand 

in hand with the evolving light clay-sized fraction, showing that microbes play an active role in the 

formation of soil microstructures. 

In conclusion, our results reveal that SOM accrual drives the initial formation of soil structure 

over time after glacial retreat. We summarized the successive patterns of soil structure formation in 

a schematic overview shown in Fig. 7. The initial soil formation in ecosystems triggered by a changing 

climate showed a rapid development of soil microaggregates at a decadal timescale that may 

sequester soil organic matter for the long-term. We found SOM coatings at the microscale that 

increasingly covered the mineral surfaces over time. The SOM coatings grew over time and 

developed from patchy-distributed to more connected SOM coatings. The growth of already existing 

SOM coatings means that the adsorptive mineral surface is a poor estimate of the limit of SOM 

sequestration potential of soils. Instead, the association of SOM on mineral surfaces is governed by 

sorptive properties of both organic and mineral surfaces and their spatial interactions at microscale. 

We observed that the SOM accrual was dominated by a growth of SOM coatings at the mineral 

surfaces and not limited by the slow development of fresh mineral surfaces provided by geochemical 

weathering. After a rapid increase in the beginning, the rate of SOM coverage became lower after 

several centuries. This means that in mature soils the SOM accrual on mineral surfaces does not 

mask their surface properties. Instead, the SOM adds to the functionality of mineral surfaces and 

together they provide soil functions such as the biogeochemical cycling of carbon, nutrients, and 

water. The retention of N-rich SOM rapidly increased after several decades, whereas it changed to 

SOM that is richer in carbon than in the initial soils after some centuries. These stoichiometric 

changes of the SOM coatings over time after glacial retreat agree with the reported N dynamics of 

primary ecosystem succession in earlier works at the same site. According to the comparable net 

carbon input at Damma and other glaciers (Dümig et al., 2011; Smittenberg et al., 2012), we assume 

that the observed successive patterns of microspatial SOM accrual may also be valid for other alpine 
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and polar ecosystems with initial soil formation. The potential decoupling of SOM accrual from 

mineral surface properties and their heterogeneous spatial dynamics at the microscale describe 

important mechanisms of SOM sequestration in soils affected by a changing climate.  
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Tables 

Table 1 Properties of organic matter in the clay-sized fraction (<2 µm; n = 2) and its heavy 

(>2.2 g cm-3) and light subfraction (1.6-2.2 g cm-3). 

 

Figure captions 

 

Fig. 1 (a) Mass recovery of heavy (>2.2 g cm-3) and light (1.6-2.2 g cm-3) clay-sized density fraction 

from bulk soil over time after retreat of the Damma glacier. (b) SOC in the clay-sized fractions 

normalized to the bulk soil. 

 

Fig. 2 Example measurements at the microscale showing (a, b, c) Scanning electron microscopy image 

and composite images of NanoSIMS measurements with secondary ion counts of (d, e, f) 16O-, (g, h, i) 

12C-, and (j, k, l) 12C14N- as a heat map. (m, n, o). Above the grayscale 16O- distribution, the normalized 

CN:C ratio (12C14N-: (12C14N- + 12C-)) of SOM coatings is shown as a heat map. Scale bar is 5 µm. 

 

Fig. 3 Frequency distribution and mean size of various size classes and mean size of particles in the 

Damma glacier forefield at various times after glacial retreat according to the image analysis of 

NanoSIMS measurements in (a) a heavy clay-sized fraction >2.2 g cm-3 (triangles) and (b) a light 

clay-sized fraction 1.6-2.2 g cm-3 (circles). The frequency distribution and size of SOM coatings is 

shown in (c) a heavy clay-sized fraction >2.2 g cm-3 (triangles) and (d) a light clay–sized fraction 1.6-

2.2 g cm-3 (circles). The scale of the right y-axis in (a, b) is ten times the one in (c, d). The soil 

Develop-
ment stage 

Years 
after 
glacial 
retrea
t 

SOC (mg g-1) N (mg g-1)  
 

C:N Clay 
contenta 
(% of 
bulk soil) 

Claya Heavy 
clay 

Light 
clay 

Claya Heavy 
clay 

Light 
clay 

Claya Heavy 
clay 

Light 
clay 

Young 15 44.4 32.4 153 4.9 3.7 11.4 9 9 13 3 
Intermediat
e 

71 232.7 59.1 197.1 22 7.1 17.4 11 8 11 4 
79 193.7 63.9 144.3 19.5 6.9 13.1 10 9 11 13 

Old 111 197.2 81.6 178.7 19.9 7.8 16.5 10 10 11 4 
Mature >700 330.9 38.3 335.5 24 4.2 23.4 14 9 14 7 
SOC, soil organic carbon; N, total nitrogen; C:N, carbon to nitrogen ratio; a, data adapted from Dümig et al. (2012). 
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chronosequence comprised several stages of soil development: young (green), intermediate 

(orange), old (yellow), and a mature site (blue). The symbols display arithmetic means, and the error 

bars denote standard errors. The ANOVAs were statistically significant (p<0.001), and means with the 

same letter and case do not differ significantly (Tukey's HSD). 

 

Fig. 4 The degree of SOM coverage in the Damma glacier forefield after deglaciation based on image 

analysis of NanoSIMS measurements in (a) the heavy clay-sized fraction >2.2 g cm-3 (triangles) and (b) 

the light clay-sized fraction 1.6-2.2 g cm-3 (circles). The soil chronosequence comprised several stages 

of soil development: young (green), intermediate (orange), old (yellow), and a mature reference site 

(blue). The symbols and bars display the summed area of the SOM area divided by the summed area 

of the particle area (Equation 1). 

 

Fig. 5 The connectivity of SOM coatings in the Damma glacier forefield after deglaciation based on an 

image analysis of NanoSIMS measurements in (a) the heavy clay-sized fraction >2.2 g cm-3 (triangles) 

and (b) the light clay-sized fraction 1.6-2.2 g cm-3 (circles). The soil chronosequence comprised 

several stages of soil development: young (green), intermediate (orange), old (yellow), and a mature 

reference site (blue). The symbols and bars display area-weighted means (Equation 2 and 3). 

 

Fig. 6 Normalized CN:C ratio (12C14N-: (12C14N- + 12C-)) of SOM coatings in (a) the heavy clay-sized 

fraction >2.2 g cm-3 (triangles) and (b) the light clay-sized fraction 1.6-2.2 g cm-3 (circles) of 

developing soils in the Damma glacier forefield with different times after glacial retreat. The bars and 

symbols display arithmetic means, and the error bars denote standard errors. The ANOVAs were 

statistically significant (p<0.001), and means with the same letter and case do not differ significantly 

(Tukey's HSD). 
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Fig. 7 Schematic overview of the initial soil structure formation over time after retreat of the Damma 

glacier. The light clay-sized fraction 1.6-2.2 g cm-3 (blue line) increased at the expense of the heavy 

clay-sized fraction >2.2 g cm-3 (pink line). The composite images of NanoSIMS measurements show 

representative spots according to the total SOM coverage, area-weighted SOM connectivity, and the 

arithmetic mean particle size with a 5 µm scale bar. “Hollow” particles in the 16O- distribution indicate 

charging effects occurring on soil minerals not covered with SOM coatings and were classified as 

mineral surfaces.  
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