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Abstract Correlations between organic carbon (OC)

and fine mineral particles corroborate the important

role of the abundance of soil minerals with reactive

surfaces to bind and increase the persistence of organic

matter (OM). The storage of OM broadly consists of

particulate and mineral-associated forms. Correlative

studies on the impact of fine mineral soil particles on

OM storage mostly combined data from differing sites

potentially confounded by other environmental fac-

tors. Here, we analyzed OM storage in a soil clay

content gradient of 5–37% with similar farm manage-

ment and mineral composition. Throughout the clay

gradient, soils contained 14 mg OC g-1 on average in

the bulk soil without showing any systematic increase.

Density fractionation revealed that a greater propor-

tion of OC was stored as occluded particulate OM in

the high clay soils (18–37% clay). In low clay soils

(5–18% clay), the fine mineral-associated fractions

had up to two times higher OC contents than high clay

soils. Specific surface area measurements revealed

that more mineral-associated OM was related to

higher OC loading. This suggests that there is a

potentially thicker accrual of more OM at the same

mineral surface area within fine fractions of the low

clay soils. With increasing clay content, OM storage

forms contained more particulate OC and mineral-

associated OC with a lower surface loading. This

implies that fine mineral-associated OC storage in the

studied agricultural soils was driven by thicker accrual

of OM and decoupled from clay content limitations.
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Organic carbon loading � Nanoscale secondary ion

mass spectrometry

Introduction

There is considerable debate about the factors and

mechanisms responsible for OM storage in soils. Soils

harbor more carbon worldwide than is stored in both

the phytomass and the atmosphere (Scharlemann et al.

2014; Sulman et al. 2018). In particular, the potential

of agricultural soils to sequester carbon has been

recently discussed under the notion of climate change

mitigation (Mayer et al. 2018; Loisel et al. 2019;

Bossio et al. 2020). Interactions between soil organic

carbon (OC) and mineral soil particles reduce the

accessibility of OC for degraders, governing its

susceptibility to mineralization and release into the

atmosphere (Torn et al. 1997; Schmidt et al. 2011;

Kleber et al. 2015, 2021). Fine mineral soil particles

and aggregated soil structures exert control over OC

content through sorption of organic matter (OM) at

mineral surfaces and occlusion in aggregates, protect-

ing particulate OM and its decomposition products

from further degradation (Jones and Edwards 1998;

Baldock and Skjemstad 2000; Schmidt et al. 2011;

Cotrufo et al. 2015). Across various soils, correlations

of the OC content with the mass proportion of fine

mineral particles in the clay and silt size range have led

to the adoption of fine mineral particles as a proxy for

OM storage in current conceptual frameworks and

modelling efforts on the soil OC cycling (Campbell

and Paustian 2015; Bailey et al. 2018). However,

direct evidence relating OM storage to mineral surface

area is often lacking.

Most studies that link OC content to the mass

proportion of fine mineral soil particles include

samples across large scales, including varying cli-

mates, land use, soil types and soil depths. Climatic

conditions were found to affect the relationship

between OC stocks and clay content (Zhong et al.

2018). Such diverse interrelations between environ-

mental site factors could confound the effects of fine

particles on OC storage since many of these factors are

often cross-correlated with each other and the clay

content. Controlling for such site factors may make the

analysis of assessing the influence of fine mineral

particles on OM storage more accurate.

A compelling number of studies assume the

capacity of soils to store OM to be determined largely

by the mass proportion of fine mineral particles with

high surface area like phyllosilicates and Fe/Al

(hydr)oxides (Oades 1988; Mayer 1994; Christensen

1996; Hassink 1997; Carter et al. 2003; Stewart et al.

2007; Castellano et al. 2015). This has led to the notion

that soils with higher contents of fine mineral surfaces

exhibit a higher potential to stabilize OM (Stewart

et al. 2007; Feng et al. 2014). The association of OM

with minerals, especially fine mineral particles, is

related with a long-term stabilization of OM (Six et al.

2002; Cotrufo et al. 2015). According to a recent

study, reactive mineral surfaces can selectively deter-

mine storage and chemical composition of OM, also

termed as ‘mineral filter’ (Mikutta et al. 2019). A

greater abundance of fine mineral particles can also

enhance soil aggregation (Amézketa 1999; Schweizer

et al. 2019) and lead to an increased stabilization of

plant residues (Golchin et al. 1994a; Baldock and

Skjemstad 2000; von Lützow et al. 2007). The

occlusion of partly decomposed plant residues in

aggregates can preserve them in a particulate form as

have been isolated using density fractionation (Bal-

dock et al. 1992; Golchin et al. 1994b; Jastrow 1996;

Baldock and Skjemstad 2000; Wagai et al. 2009b).

Due to the enhancement of soil aggregation by fine

mineral particles and their reported influences on OM

storage within aggregates (Balabane and Plante 2004;

Schweizer et al. 2019), the occlusion of particulate

OM and physical protection may increase the storage

of OC in these forms. Since fine mineral particles were

reported to foster both mineral-associated OM and

particulate OM (Plante et al. 2006), there is a need to

differentiate these OM storage forms systematically.

Fractionation of mineral-associated and particulate

forms may enable a better understanding of how the

abundance of fine mineral particles is affecting the

division of OM in different storage forms. Further

information on the storage form of OM has critical

implications in light of climate change scenarios that

advocate efforts for increased soil carbon sequestra-

tion, especially in arable soils (Chabbi et al. 2017;

Bailey et al. 2018).

The effect of fine mineral particles on the storage of

OM is often assumed to be controlled by their high

mineral surface area to associate with OM (Mayer
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1994; Hassink 1997; Wiseman and Puttmann 2005).

The binding of a specific amount of OM per mineral

surface area, measured as OC loading, was used to

explain the positive correlation of fine mineral parti-

cles and stored OM in soils (Kahle et al. 2002;

Séquaris et al. 2010; Feng et al. 2013). Moreover,

sorption experiments using phyllosilicates and (oxy-

hydr)oxides have shown that the relationship between

the content of sorbed OC and mineral surface area is

non-linear (Kaiser and Guggenberger 2003). A recent

comparison of a forest soil with an agricultural soil in

the US showed that an equal mineral surface area was

covered by OM in the top 15 cm despite two times

higher OC contents in the bulk soil under forest (Wang

et al. 2019). These uncertainties in the relationship of

mineral surface area and OC content in soils indicate

that the roles of mineral surface area and the associ-

ated OC loading need to be elucidated when relating

OM storage with fine mineral particles. The quantifi-

cation of the OC loading is helpful to determine to

which extent the impact of finemineral particles on the

OM storage is related to the mineral surface area.

In this study, we took topsoil samples from an

agricultural experimental site with similar manage-

ment but a wide range of clay content (5–37%). Across

the clay content gradient, we investigated how differ-

ences in clay content affect OC content and propor-

tions of particulate and mineral-associated forms. This

enabled us to constrain how OM is allocated across

mineral surfaces of fine mineral particles. We ana-

lyzed the specific surface area and amount of OM on

the mineral surface by N2-adsorption before and after

OM removal to quantify the OC loading. We also

quantified the microscale arrangement of mineral-

associated OM using nanoscale secondary ion mass

spectrometry (NanoSIMS) (Herrmann et al. 2007;

Keiluweit et al. 2012; Mueller et al. 2013). Based on

the distribution of 12C-, 12C14N- (indicative for OM)

and 16O- (indicative for mineral surfaces), we quan-

tified the distribution of OM on the projected surface at

the microscale using automatic image analysis by

multichannel machine-learning (Schweizer et al.

2018). We hypothesized that soils with lower clay

content contain less mineral-associated OM due to

lower proportions of fine mineral particles and asso-

ciated mineral surface area. We also hypothesized that

higher content of mineral-associated OM is related to a

larger proportion of the mineral surface area associ-

ated with OC. Using this approach, we aimed to

unravel the impact of fine mineral particles on

mineral-associated and particulate storage forms of

OM in soil.

Material and methods

Field experiment and site

To elucidate the impact of soil particle size distribu-

tion on OM allocation, we selected a site with similar

farm management practices and parent material at the

research station in Scheyern, located 40 km north of

Munich (Germany), as described by Kölbl and Kögel-

Knabner (2004) and Krause et al. (2018). The annual

mean temperature at the sampling site is 7.4 �C with

an average annual precipitation of 803 mm at 445 to

498 m above sea level. The parent material is Miocene

Upper Freshwater Molasse, a typical sediment in the

North Alpine foreland basin, heterogeneously covered

by Quaternary loess. Accordingly, the wide variation

of clay contents were likely related to the riparian

sedimentation dynamics of the Upper Freshwater

Molasse, a varying thickness of Loess depositions

and the later homogenization of these parent materials

through agricultural management (e.g. plowing). The

soils at the sampling site are classified as an associ-

ation of Cambisols and Luvisols according to the

World Reference Base for Soil Resources. All soils

were decalcified with typical pH values of 5.2–5.8 on

average (Kölbl and Kögel-Knabner 2004; Schweizer

et al. 2019) and no evidence of lime applications was

found in the samples.

The soil samples were all taken from the same

experimental farm with a history of decades of

intensive agricultural usage (Schröder et al. 2002).

After 1992, the land management practice was

changed to harrowing and chisel plowing instead of

moldboard plowing. The sites received synthetic N

fertilizer and cattle manure. As reported in Schweizer

et al. (2019) based on a remote sensing study (Sommer

et al. 2003), soils at the site with a clay content of

19–22% received approximately 11% less C input

from wheat harvest residues than soils with a clay

content of 32–34%.

Sampling sites at the experimental farm were

determined to systematically represent increment

ranges of clay content along the clay gradient based

on previous remote sensing studies (Sommer et al.
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2003; Weller et al. 2007). In total, 56 sites with a clay

content gradient of 5–37% of the experimental farm

were sampled from the top 20 cm of soil. Subsets of

the gradient were analyzed in previous works as

referenced respectively. The clay content values of 25

of these sites (with a range of clay content of 16–37%)

were taken over from Krause et al. (2018). The clay

content values of the remaining sites (with a range of

clay content between 5 and 33%) were taken over from

Kölbl and Kögel-Knabner (2004) and had a large

overlap with the clay content of the other sites.

Overall, the 56 sampling sites were gathered across an

area of approximately 6 ha with a distance of approx-

imately 15–50 m between each of them.

The top 5 cm was discarded to avoid the influence

of crust formation and slaking at 25 sites with a clay

content ranging between 16–37% that were used

for\ 250 lm aggregate size distribution analyses for

a previous study (Schweizer et al. 2019). Since the

fields were regularly plowed, we assumed that the

remaining material after removal of the top 5 cm was

representative of the whole Ap horizons. The field

fresh soil samples were sieved (\ 8 mm mesh) and

stored at 4 �C for the combined density and size

fractionation. Soil material for the other analyses of

clay content and bulk OC content was air-dried.

Clay content and mineral composition

The topsoil samples showed a wide variety of clay

content from 5 to 37% at a consistent pH of 5.9. After

air drying, the samples for clay and mineralogical

analysis all samples were treated with an excess of

30% H2O2 to remove OM and wet sieved to

63–2000 lm and\ 63 lm. In the\ 63 lm fraction,

the silt and clay content was determined by X-ray

attenuation using a Sedigraph (Micromeritics, Geor-

gia, USA).

To determine whether the clay mineralogical

composition changed across the clay gradient, we

fractionated the clay-sized particles (\ 2 lm) of soils

with 16–37% clay by sedimentation and saturated

them with Mg2? and K?. The X-ray diffraction

patterns at 3–32� 2Theta were measured using a

Bruker D8 Advance (Bruker, Billerica, USA). The

Mg-saturated samples were then saturated with

ethylene glycol. The K-saturated samples were heated

stepwise to 400 �C and 550 �C. The relative content of
clay minerals was assessed using the ratio between the

areas of the characteristic reflexes, considering their

corresponding weight factors (Biscaye 1965). We

found a clay mineral composition that was dominated

by illite, with a low kaolinite and chlorite content

(Table S1). There were minor (low to moderate)

differences between samples in the content of expan-

sive clay minerals like smectite and vermiculite

(Table S1). As well as quartz, traces of K- and Na-

feldspars were found. Among these minor differences

of clay mineral composition, we did not observe any

systematic increase or decrease of a certain clay

mineral with clay content.

To determine Fe and Al (oxyhydr)oxides, we used

two chemical extractions performed in a sequential

manner (Heckman et al. 2018). We first extracted

mineral fractions using acid ammonium oxalate

extraction (oxalate), which is assumed to target

short-range-order and other non-crystalline phases

(Schwertmann 1964). Afterwards, we used a dithion-

ite-citrate-bicarbonate (DCB) to extract remaining

crystalline Fe and Al oxides.

For the extraction with oxalate at pH 3 (Schwert-

mann 1964), we added approximately 1 g of bulk soil

to a centrifuge tube. After adding 30 ml of oxalate, we

vortexed the tubes for 20 s and shook them for 2 h in

the dark. Next, we centrifuged each sample for 20 min

at 20,000 g. The supernatant was filtered through a

syringe-tip filter (0.2 lm, RC, Phenomenex�). Sub-

sequently, we added approximately 40 ml of deion-

ized H2O and vortexed and centrifuged the sample two

times as described to remove remaining Fe and Al in

the extractant. After washing of the residual soil

material, we performed the second extraction with

30 ml of DCB at pH 7 following Mehra and Jackson

(1958). After vortexing and 16 h shaking, we cen-

trifuged and filtered the samples as described previ-

ously. Next, we analyzed the Fe and Al contents in the

extract with inductively coupled plasma optical emis-

sion spectroscopy (ICP–OES; Vista-Pro, Varian,

USA). Increasing proportions of Fe and Al (oxy-

hydr)oxides extractable by oxalate were found to be in

line with increasing clay content (Fig. S3). The oxalate

extract is assumed to target non-crystalline phases,

which provide a high potential for association with

OM (Mikutta et al. 2006). Across the clay content

gradient, the silt content and Fe and Al (oxyhydr)ox-

ides increased linearly with clay content, whereas the

sand content decreased. The clay content is, therefore,
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used as a proxy for fine and reactive mineral particles

in this work, as also proposed by Churchman (2010).

Physical fractionation and carbon and nitrogen

analyses

All soil samples were fractionated using a combined

density and size fractionation described by Kölbl and

Kögel-Knabner (2004). The free particulate OM

fraction was obtained in a sodium polytungstate

solution of 1.8 g cm-3 and the occluded particulate

OM was extracted after additional sonication at

500 J cm-3. All fractions were washed with deionized

H2O using pressure filtration to\ 1 lS cm-1. To

obtain the mineral-associated OM fractions, the par-

ticles[ 1.8 g cm-3 were fractionated by sieving into

the size fractions\ 20 lm, 20–200 lm and

200–2000 lm. From the\ 20 lm fraction we

obtained the fine fractions\ 2 lm, 2–6.3 lm and

6.3–20 lm using sedimentation. The\ 2 lm fraction

was further split into\ 0.2 lm and 0.2–2 lm frac-

tions using centrifugation. Scanning electron micro-

scopy analyses of the fine fractions obtained by

sedimentation exhibited larger diameters than

expected. This can be explained by the non-spherical

structure of particles and aggregates in these fractions

and varying densities due to associated OM (Konert

and Vandenberghe 1997; Laird 2001). All mineral-

associated fractions were freeze-dried. The carbon and

nitrogen contents of the bulk soil\ 2 mm and the

particulate OM and mineral-associated fractions were

measured by dry combustion at 1000 �C using a Vario

EL CN analyzer (Elementar, Langenselbold, Ger-

many). The average degree of OC recovery, computed

as a proportion of the recovered sum of OC in

particulate and mineral-associated fractions in relation

to the bulk soil OC content, is 87.7 ± 2 s. e. %

throughout the clay content gradient. This is within a

typical range, as e.g. Baisden et al. (2002) reported

89 ± 5%, Chenu and Plante (2006) reported 81–88%

and Plaza et al. (2019) reported 77–86.3%. Potential

redistribution of particulate OM into mineral-associ-

ated fine fractions after physical fractionation was

minimal as shown by C:N ratios of 8–9.5 of OM in

mineral-associated fractions. The particulate OM had

a greater C:N ratio of 18.3 on average (Fig. 1d, f),

which indicates highly microbially processed OM

(Baldock et al. 1997; Helfrich et al. 2006). This

confirms that the distribution of mineral-associated

OM in fine fractions remained largely unaffected by

potential artifacts during physical fractionation.

The OC stocks were calculated by the OC contents

and the bulk density for the top 20 cm of fine

earth\ 2 mm, corrected for the soil skeleton con-

tent[ 2 mm and normalized according to the recov-

ered sum of OC. The radiocarbon signature of eight

representative samples (representative of the clay

content gradient with OC contents close to the mean

contents at the respective clay contents) was deter-

mined using accelerator mass spectrometry by Beta

Analytic (Miami, USA). Since all samples were free of

carbonates, they were combusted without any pre-

treatment. We calculated the D14C of the samples as a

relative difference of the 14C:12C ratio to that of the

oxalic acid standard rate of decay after correction for

the mass-dependent fractionation of 14C by d 13C

(Stuiver and Polach 1977; Trumbore 2009). The

standard was corrected for its decay between 1950

and the year of measurements in 2017, whereas the

sampling dates are provided along the data in Table S2

and were considered when interpreting the data. The

measurement precision of the D14C values was 4.1%
on average. The chemical composition of OM in the

coarse clay-sized and the fine silt-sized was deter-

mined using solid-state 13C NMR spectroscopy.

A Bruker DSX 200 NMR spectrometer (Bruker,

Billerica, USA) was used at a resonance frequency

of 50.3 MHz with the cross-polarization magic angle

spinning technique (CP-MAS). The spinning fre-

quency was 6.8 kHz, and the samples were measured

with a pulse delay of 400 ms.

Specific surface analysis with N2-BET

The SSA of selected mineral-associated OM fractions

was determined by multi-point BET (Brunauer et al.

1938) using an Autosorb-1 analyzer (Quantachrome,

Syosset, USA) with nitrogen gas as the adsorbate at

77 K. Before analysis, the samples were outgassed for

12 h under vacuum using helium at 40 �C. Samples

were measured two times with N2-BET and the mean

of these two measurements is reported for each

replicate.

To quantify the OC loading as a measure for the

mineral surface area associated with OM, we used the

difference of SSA before and after OM removal since

the inherent OM at soil particles is known to have a

low N2 surface area (Theng et al. 1999; Kaiser and
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Guggenberger 2007; Heister 2014). To correct for the

low SSA of the OM, we subtracted 1 m2 (g OM)-1

from the measured SSA values so that they refer to the

SSA of the mineral surface area not covered by OM

(De Jonge andMittelmeijer-Hazeleger 1996). The OM

was removed by treating the samples with NaOCl

whereas the relation of the removed OM with the

associated SSA allowed us to obtain a measure of how

much OM is loaded on the mineral surfaces. We

treated selected mineral-associated OM fractions four

times with suspensions 1:50 soil:solution of 1 M

NaOCl (pH 8) for 24 h. Approximately 85 ± 1.09 s.

d.% of the OC in all samples throughout the clay

content gradient was removed using this NaOCl

treatment, which is coherent with previous studies

(Feller et al. 1992; Mikutta et al. 2005). The degree of

OC removal was consistent across both fractions and

the clay content gradient in accordance with a previous

study, which postulated OC removal to be unaffected

by mineral surface properties and potential OM

sorption mechanisms (Mikutta and Kaiser 2011).

After NaOCl treatment, the soil was washed with

deionized H2O until\ 50 lS cm-1, freeze-dried and

its SSA analyzed. The difference of the remaining N2-

BET SSA between the untreated and the NaOCl

oxidized coarse clay-sized (0.2–2 lm) and fine silt-

sized (2–6.3 lm) fractions provides an estimate of the

mineral surface covered by OM and the loaded OC.

To estimate a potential thickness of the loaded OC,

we compared our measures with monolayer-equiva-

lent OC loading which was established based on

complex proteins like insulin or albumin (Keil et al.

1994; Mayer 1994). Such macromolecules are repre-

sentative model compounds as several studies have

demonstrated that mineral-associated OM is generally

characterized by nitrogen-rich, proteinaceous

compounds (Kleber et al. 2007; Moon et al. 2019).

The monolayer-equivalent OC loading was estab-

lished based on slope calculations of the linear

regression between SSA and OC content (Mayer

1994). In marine sediments and mineral soils, a

monolayer-equivalent OC loading of 0.5–1 mg OC

m-2 was measured (Keil et al. 1994; Mayer 1994).

This was found to represent the expected concentra-

tions if protein-sized molecules were evenly dis-

tributed across the mineral surface. We estimated a

potential thickness of the OM based on adsorbed a-
synuclein and albumin which were measured to be

3–5 nm thick when adsorbed (Ouberai et al. 2014).

NanoSIMS analysis and image analysis

The coarse clay-sized fraction (0.2–2 lm) and fine

silt-sized fraction (2–6.3 lm) were applied to an Si

wafer as a 0.1 g l-1 water suspension and dried in the

desiccator at room temperature (Mueller et al. 2012).

We coated the samples with * 5 nm Au under Ar

atmosphere and used secondary electron microscopy

(SEM; Jeol JSM 5900) to find representative regions

that contain primary particles and organo-mineral

associations. After an additional Au/Pd coating of *
30 nm under Ar atmosphere, 5–8 regions of 7

samples representing the whole clay content gradient

were analyzed with NanoSIMS 50L (Cameca, Gen-

nevilliers, France). For that we used a Cs? primary ion

beam with 16 keV primary ion impact energy. The

primary ion current was 2 pA and the lateral resolution

150 nm. After a pre-sputtering to remove potential

surface contamination and the Au/Pd coating and to

reach a steady state of secondary ions, we recorded the

distributions for 12C2
-, 16O- and 12C14N- (the 12C-,

30Si-, 27Al16O- and 56Fe16O- distributions were also

measured but are not presented here). For each spot we

recorded 40 planes with a field of view of 30 9 30 lm
with 256 9 256 pixels and a dwell time of

1 ms pixel-1. The internal electron flood gun was

used to compensate charging of soil mineral particles.

The image analysis was done according to Sch-

weizer et al. (2018). The NanoSIMS measurements

were dead-time corrected using the OpenMIMS plugin

for ImageJ (Gormanns et al. 2012). After a contrast

enhancement of 0.5% of the pixels (Schindelin et al.

2015), we segmented the sample images into mineral

particle surfaces (indicated by the 16O- distribution),

OM (indicated by the 12C2
- and 12C14N-

bFig. 1 Impact of clay content on distribution of organic carbon

(OC) in soil density and size fractions. a Bulk organic carbon

(OC) content and b C:N ratio of the whole soil. c OC proportion

to the bulk soil OC and d C:N ratio of particulate OM fractions

(\ 1.8 g cm-3). Some data for (a,b) was adapted from

Schweizer et al. (2019) and for a–d was adapted from Kölbl

and Kögel-Knabner (2004). e OC content of mineral-associated

OM fractions and f C:N ratio of mineral-associated OM in fine

mineral particle fractions ([ 1.8 g cm-3). Regression models

were fitted when p\ 0.05. For more information on the

proportion of mineral-associated OC to the bulk soil OC, the

mass proportions of the mineral-associated fractions and the

relation of the SSA to the loaded OC see Fig. S1
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distributions) and background using the machine

learning algorithm in Ilastik 1.2 (Sommer et al.

2011; Schweizer et al. 2018). The segmented images

were used to compute the coverage of mineral

particles with OM (Schweizer et al. 2018). The OM

connectivity index was calculated describing, on a

scale from 0 to 1, how closely the OM patches on each

individual particle were connected. The OM connec-

tivity of each particle was weighted according to the

area proportion of the OM patches to the total OM area

per clay content and size fraction. In total 695 parti-

cles were detected, 315 of them coated with 996

individual OM patches in 75 measurements

(Table S3). To analyze the chemical composition of

the OM, a normalized CN:C ratio (12C14N-: (12-

C14N- ? 12C2
-)) was computed without previous

contrast enhancement and averaged across each indi-

vidual OM patch (Schweizer et al. 2018). The results

of the image analysis were computed by ImageJ 1.52

and assessed with RStudio 1.3 (RStudio Team, 2020).

Statistical analysis

We used SigmaPlot 11 to test for normality (Shapiro–

Wilk test) and equal variances, to fit linear regressions

and to compute adjusted R2. The relationship between

clay content and occluded particulate OC proportions

was fit using a logarithmic model with the equation

f = a ? b ln(x) according to a previous study (Kölbl

and Kögel-Knabner 2004). For the relationship

between clay content and mineral-associated OC

contents the best fit was found using inverse first-

order regressions with the equation f = a ? b/x where

a denotes an asymptotic minimum value of OC

contents in the respective fraction under the current

management conditions.

Results

Organic carbon storage in particulate and mineral-

associated fractions across clay gradient

Across the wide gradient of 5–37% clay content, we

found a bulk OC content of 14.2 ± 0.4 mg OC g-1 on

average with a range of 9–23 mg OC g-1 not system-

atically related to clay contents (Fig. 1a). In the bulk

soil, the C:N ratio of the OM increased from approx-

imately 8 to 10 across the clay gradient (Fig. 1b).

Combined density and size fractionation enabled us

identify clay-related changes for two major forms of

OM storage, such as the particulate OM occluded in

aggregates and OM associated with mineral surfaces.

The results of the isolated particulate OM in low

density fractions (\ 1.8 g cm-3) revealed increasing

proportions of OC in particulate OM occluded in

aggregates for soils with higher clay contents

(Fig. 1c). The free, non-aggregate-occluded, particu-

late OM contributed a proportion of 3.1% to the bulk

soil OC on average throughout the clay content

gradient, whereas the proportion of the occluded

particulate OM increased from 0.8 to 13.3% (Fig. 1c).

The C:N ratio of the free particulate OM increased

linearly from 16 to 24 with increasing soil clay content

whereas the C:N ratio of the occluded particulate OM

showed no relationship with clay content with a mean

ratio of approximately 17 (Fig. 1d).

The OC contents of the mineral-associated OM in

the high-density fraction ([ 1.8 g cm-3) followed

similar decreasing trends with increasing clay content

in all four mineral-associated OM fractions\ 20 lm
(Fig. 1e). In both clay-sized fractions (\ 2 lm) and

the fine silt-sized fraction (2–6.3 lm), the mineral-

associated OC was approximately 70 mg g-1 at 6%

clay (Fig. 1e). It decreased to an asymptotic minimum

value of 35.5 mg g-1 and 27.0 mg g-1 for the two

clay-sized fractions (model in Fig. 1e) at clay contents

of[ 30%. The mineral-associated OC of the fine silt-

sized fraction (2–6.3 lm) decreased to even lower

contents at high clay contents (empiric asymptotic

value of 6 mg g-1) (Fig. 1e). In the medium silt-sized

fraction (6.3–20 lm), there was much less mineral-

associated OC of 13.6 mg g-1 on average at 6% clay

content decreasing to an empiric asymptotic value of

1.6 mg g-1 (Fig. 1e).

The C:N ratio of all mineral-associated fractions

decreased with clay content by 1–2 units, except the

coarse clay-sized fraction (Fig. 1f). The average C:N

ratio of the fine clay-sized fraction (\ 0.2 lm) was

lower than both the coarse clay-sized fraction and the

fine silt-sized fraction (0.2–6.3 lm) (Fig. 1f). We did

not observe significant differences between different

clay contents in terms of the chemical composition of

OM in both the coarse clay-sized fraction and the fine

silt-sized fraction according to solid-state 13C nuclear

magnetic resonance (NMR) (Fig. S2). The OM in

these fractions is dominated by 46% O/N-alkyl C as
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well as 19% alkyl C, 12% carboxyl C and 23% aryl C

on average.

In the low clay soils (5–18% clay) with low

proportions of particulate OC, the association with

minerals accounted for up to 90% of the bulk soil OC

(Fig. 2). The high proportions of the fine mineral-

associated OC in the low clay soils enabled them to

accommodate up to 2.7 kg OC m-2 (at 6% clay)

content associated with fine minerals in the top 20 cm

(Fig. 2). In the same fraction and horizon, the high

clay soils stored 1.9 kg OC m-2 at 18–37% clay

content (Fig. 2).

We observed a decrease in the radiocarbon D14C

signatures across the clay content gradient from

approximately 108% at 6% clay content to 49% at

35% clay content for selected coarse clay-sized

fractions (0.2–2 lm) (Table S2).

Organic matter distribution analyzed by specific

surface area and NanoSIMS

Analyses of the specific surface area by N2 sorption

enabled insights into the relationship of mineral

surface area with OM. The total specific surface area

of the minerals after OM removal ranged from

2.4 m2 g-1 in the medium silt-sized fraction to 12.1

m2 g-1 in the fine silt-sized fraction, 37.3 m2 g-1 in

the coarse clay-sized fraction and 80.6 m2 g-1 in the

fine clay-sized fraction. Analyses before and after OM

removal revealed that a similar specific mineral

surface area was covered with OM at all clay contents

(Fig. 3). The average area covered by OMwas 4 times

higher for the coarse clay-sized fraction (15 m2 g-1)

than for the fine-silt sized fraction (3.8 m2 g-1). Both

fractions contained similar OC contents except for a

minor difference in the high clay soils (Fig. 1e). We

calculated the OC loading as amount of OC covering a

certain surface area. The OC loading was approxi-

mately 5 mg OC m-2 higher in the fine silt

(7.7 mg OC m-2) than in the coarse clay-sized frac-

tion (2.7 mg OC m-2) (Fig. 3).

We measured the distribution of OM and minerals

as revealed by NanoSIMS, analyzing the elemental

distributions of C, N and O in selected samples from

coarse clay-sized (0.2–2 lm) and fine silt-sized

(2–6.3 lm) fractions across the clay content gradient

(Fig. 4). Image analysis of these measurements

enabled quantification of the mean particle and OM

patch size, the CN:C ratio and connectivity of OM

patches as well as their coverage on the projected area

of mineral-dominated surface at the microscale

(Table 1). These results reflect the findings by N2

sorption of a similar area covered by OM throughout

the clay content gradient, whereas there were minor

differences between the two analyzed size fractions

(Table 1). Throughout the clay content gradient,

10.5 ± 0.5% of the projected mineral surface was

found to be covered by OM in the coarse clay-sized

Fig. 2 Organic carbon (OC) stocks across a clay content

gradient. OC stock in mineral-associated fine size fractions

([ 1.8 g cm-3) (filled circles) in the top 20 cm and OC

proportion of these fractions to the bulk soil OC (empty squares)

Fig. 3 Specific surface area (SSA) occupied by soil OM and

loading of OC according to the symbol size (mg OC m-2 SSA).

The difference of the remaining N2-BET SSA between the

untreated and the NaOCl oxidized fractions provide a measure

of the amount of OC covering a certain surface area (OC

loading). The respective size of the symbols relates to the OC

loading in the coarse clay-sized (0.2–2 lm) with a range of

1.7–4.7 mg OC m-2 and the silt-sized fine fraction (2–6.3 lm)

with a range of 5.5–11.8 mg OC m-2
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fraction and 7.9 ± 0.5% in the fine silt-sized fraction

on average (Table 1). The fine silt-sized fraction

showed larger particles with a higher connectivity

between the OM patches on the same particle as the

coarse clay-sized fraction (Table 1). The C and N

composition of OM patches at the microscale was

quantified with the CN:C ratio (12C14N-:(12C2
--

? 12C14N-)). On average across the clay content

gradient, the OM patches in the coarse clay-sized

fraction were found to exhibit a higher CN:C ratio

(0.55) compared to the fine silt-sized fraction (0.44)

(Table 1).

Discussion

Impact of clay content on the proportion

of particulate organic matter

In contrast to established concepts linking soils with

higher fine mineral surfaces to increased OM storage

(Stewart et al. 2007), the arable soils that we sampled

contained OC in a similar range (14.2 mg OC g-1 on

average with a range of 9–23 mg OC g-1). We did not

observe any pattern of a systematic change despite a

large variation in clay content ranging between 5–37%

(Fig. 1a). In the high clay soils more OC is allocated to

particulate OM occluded in aggregates (Fig. 1c),

whereas low clay soils store almost all their OC as

mineral-associated OM (Figs. 1e, 2). Although the

Fig. 4 Identification of organic matter distribution at micro-

scale through elemental distributions. a–c Example measure-

ments of the coarse clay-sized fraction (0.2–2 lm) and d–f of
the fine silt-sized fraction (2–6.3 lm). a, d Scanning electron

microscopy (SEM) images. b, e composite images of the

elemental distributions of the secondary ions 16O- (red), 12C2
-

(green) and 12C14N- (blue). (c,f) CN:C ratio (12C14N-: (12-

C14N- ? 12C2
-)). The individual elemental distributions are

shown in Fig. S4
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high clay soils provide more surfaces for binding OM,

aggregation is likely responsible for preserving OM in

particulate form in these soils at the expense of

mineral-associated OM (Fig. 1c, e). This is in contrast

to previous findings of more mineral-associated OM in

soils with increased clay contents, and hence increased

OM storage directly through binding to mineral

surfaces (Stewart et al. 2007; Laganière et al. 2010;

Vos et al. 2018). Instead, our results demonstrate that

the occluded particulate OM pool can become

increasingly important with increasing clay content.

A higher clay content may also be related to

increased biomass production and interrelated OM

input according to improved water availability.

However, the OC in free particulate OM was constant

and did not reflect larger OM input differences. A

higher OC input in the high clay soils would also be

expected to lead to a higher bulk soil OC compared to

the low clay soils, which was not detected. Accord-

ingly, the increased amounts of OC in the occluded

particulate OM were likely mostly attributed to the

increasing stabilization through higher clay content.

The occlusion of particulate OM has been linked to

encapsulating soil structures rich in clay-sized miner-

als which limit access for microbial degradation at the

microscale (McCarthy et al. 2008; Steffens et al.

2017). Our results indicate that in soils with increased

proportions of fine mineral surfaces, such as the high

Table 1 Microspatial distribution properties of particles and organic matter (OM) measured by image analysis of elemental

distributions

Clay content

(%) and size

fraction

Particles Organic matter Organic matter distribution

Total particle

area analyzed

(lm2)11

Mean

particle

size

(lm2)11

Total OM patch

area analyzed

(lm2)11

Mean OM

patch size

(lm2)11

Mean CN:C

ratio of OM

patches22

Total

coverage

(%)33

Area-weighted

connectivity of

OM patches 44

Coarse clay-sized fraction (0.2–2 lm)

6 1142 18 ± 4 118 2.0 ± 0.6 0.56 ± 0.03 10.3 0.51

7 1297 22 ± 6 118 1.4 ± 0.3 0.57 ± 0.02 9.1 0.69

13 1287 13 ± 1 120 0.9 ± 0.2 0.61 ± 0.02 9.3 0.55

14 1087 19 ± 7 108 1.4 ± 0.2 0.53 ± 0.03 9.9 0.54

20 2011 39 ± 12 239 2.7 ± 0.5 0.45 ± 0.02 11.9 0.49

27 1310 24 ± 9 165 1.7 ± 0.3 0.51 ± 0.02 12.6 0.43

32 2262 26 ± 6 243 2.4 ± 0.8 0.60 ± 0.03 10.7 0.56

Fine silt-sized fraction (2–6.3 lm)

7 2114 75 ± 23 209 2.5 ± 0.9 0.46 ± 0.02 9.9 0.74

9 1030 60 ± 8 84 1.6 ± 0.5 0.49 ± 0.02 8.2 0.72

11 1245 96 ± 37 112 2.6 ± 1.2 0.50 ± 0.02 9.0 0.70

14 1743 138 ± 53 136 2.7 ± 1.6 0.48 ± 0.02 7.8 0.80

19 1839 112 ± 43 145 2.2 ± 0.9 0.44 ± 0.02 7.9 0.61

27 1761 27 ± 42 113 1.5 ± 0.4 0.42 ± 0.02 6.4 0.55

35 1816 55 ± 18 144 1.5 ± 0.6 0.30 ± 0.02 8.0 0.57

1Particle and OM patch area and mean sizes in the coarse clay-sized fraction (0.2–2 lm) and the fine silt-sized fraction (2–6.3 lm).

The total areas are sums over all areas identified as particle or OM and the mean sizes are computed as arithmetic mean and standard

error
2The normalized CN:C ratio is based on the ion ratio 12C14N-: (12C14N- ? 12C2

-) of the individual OM patches (mean ± standard

deviation) whereas a higher CN:C ratio indicates more N-rich OM compounds
3The total coverage of OM on mineral surface is based on the summed up projected OM and particle area. Number of particles and

OM patches in Table S3
4The dimensionless connectivity indicator was calculated per OM covered particle and area-weighted according to the area

proportion of the OM patches to the total OM area
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clay soils of this study, increasing amounts of OM are

sequestered by occlusion of particulate OM instead of

being limited to association with fine mineral surfaces.

Changes of the mineral-associated organic matter

fractions and C and N contents along the soil clay

content gradient

While the bulk soil OC content was in a similar range

across the clay gradient of 5–37% (Fig. 1a), the bulk

C:N ratio increased from 8 to 10 on average (Fig. 1b).

The change of the C:N ratio across the clay gradient

was related to the increasing proportion of the

particulate OM storage form and the decreasing

mineral-associated form (Fig. 2). In the high clay

soils, more occluded particulate OM (mean C:N of 17)

led to an increased C:N ratio in the bulk soil. The bulk

soil C:N ratio was lowest in the low clay soils, which is

explained by the higher proportion of mineral-associ-

ated OM. However, the C:N ratio of the mineral-

associated OM decreased with clay content (Fig. 1f).

A smaller C:N ratio of the mineral-associated OM in

the finer-sized fractions suggests a relation with

microbial-derived OM leading to a more N-rich

composition around microbial C:N ratios (Christensen

2001; von Lützow et al. 2007; Cleveland and Liptzin

2007).

The decreasing C:N ratios of OM in fine mineral-

associated fractions (Fig. 1f) could also be related to a

higher amount of mineral-fixed ammonium, which has

been positively correlated with clay content inferring

that mineral-fixed ammonium increases with higher

mineral surface area (Jensen et al. 1989). However,

when comparing the clay-sized and silt-sized frac-

tions, there were no systematic differences between

the C:N ratios despite large differences of the OC

contents (Fig. 1e, f). This indicates that the observed

C:N ratios are mostly related to the composition of

mineral-associated OM and the proportion of partic-

ulate OM to the bulk soil instead of the fixation of

mineral N forms. Previous studies related higher clay

contents to increased association of N-rich microbial

metabolites with mineral particles (Baldock et al.

1992; Baldock and Skjemstad 2000; Grandy et al.

2009; Kopittke et al. 2020). This is because microbial-

derived N-rich OM is expected to be more tightly

bound to mineral surfaces compared to plant-derived

C-rich OM (Sollins et al. 2006, 2009; Kleber et al.

2007).

At the microscale, the CN:C ratio varied between

and within individual OM patches (Fig. 4). Despite

this heterogeneity, we observed a higher CN:C ratio on

average indicating more N-rich OM compounds in the

coarse-clay sized fraction (CN:C ratio 0.55) compared

to the fine silt-sized fraction (CN:C ratio 0.44)

(Table 1). This spatially explicit finding has a com-

parable range to the difference of the C:N ratio

between the fractions measured by conventional bulk

elemental analysis. This demonstrates an intimate

relationship between bulk-scale measurements of the

soil fractions and the elemental distributions of the

projected surfaces of OM at the microscale. This

supports the finding that the described properties of the

OM patches, which were identified through the

microscale investigation, are in line with the macro-

scopic OM properties in the studied fractions.

Decoupling of mineral surface area and mineral-

associated organic matter content

The mineral-associated fractions\ 20 lm contained

higher OC contents in the soils with lower clay

contents (Fig. 1e). In the low clay soils (5–18% clay),

the proportion of OC associated with fine particles\
6.3 lm was high (up to 90% of bulk OC) whereas it

was much lower (approximately 58%) throughout the

high clay soils (18–35% clay) (Fig. 2). These results

revealed that despite similarities in bulk soil OC

contents across the 5–37% clay content gradient, the

association of OM with minerals provided the major

site for C storage in soils with lower clay contents

(Figs. 1, 2). Based on these results, we rejected our

initial hypothesis that a lower amount of fine mineral

particles, hence less mineral surface, area would result

in less mineral-associated OM in the soils.

Current understanding of soil carbon dynamics

assumes that fine minerals with high surface areas

preferentially retain OC in soils (Stewart et al. 2008;

Feng et al. 2013). This would mean that the OC

content in the clay-sized fraction would be higher than

in the silt-sized fraction. Accordingly, the difference

of OC contents between various fine fractions would

be expected to increase when their mass proportion to

the bulk soil increases. Here we show that under

similar farm management practices at the same site,

OC was equally retained in all mineral frac-

tions\ 6.3 lm instead of a preferential retention in

the finest fractions (\ 0.2 lm) (Fig. 1e). Except for a
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minor difference in the high clay soils between

the\ 2 lm and the 2–6.3 lm fractions, we did not

observe an OM storage with preference for fine

fractions (hitherto fine fractions have been presumed,

to contain more reactive surface sites and OM than

coarser fractions). Instead, our observations of equal

OM retention in several fine mineral fractions across

the clay content gradient demonstrate that OM distri-

bution is mostly decoupled from mineral surface area

(Fig. 5).

By relating specific surface area measurements

with the respective OM contents of fine mineral

particle fractions, we gained further insights into the

mineral surface area associated with a certain amount

of OM. In both the coarse clay-sized and the fine silt-

sized fraction, we found that the specific surface area

related with OM remained constant throughout the

clay content gradient, despite the OC content almost

doubling in soils with lower clay contents (Fig. 3).

These results provide direct evidence of a similar area

per gram fraction covered by OM throughout the clay

content gradient. In the fine silt-sized fraction, the OM

occupied less surface area than in the coarse clay-sized

fraction (Fig. 3), whereas the OM contents of both

fractions were comparable (Fig. 1e). According to

these results, we rejected our initial hypothesis that

higher contents of mineral-associated OM are related

to a larger extent of the mineral surface covered by

OM.

Organic carbon loading of fine mineral particle

fractions

Our measurements showed that a similar area per gram

fine fraction was covered by mineral-associated OM

(Fig. 3). Accordingly, the increasing mineral-associ-

ated OC in the low clay soils resulted in higher OC

loadings (Figs. 1e, 3). A higher OC loading means

that an increasing amount of OC occupies a similar

mineral surface area. These results support earlier

studies that also determined high OC loadings as

derived from energetics of N2 gas sorption (Wagai

Fig. 5 Schematic overview of the OM storage in mineral-

associated and particulate OM fractions across a clay content

gradient of an agricultural topsoil toposequence. The OM

storage was broadly divided into mineral-associated OM and

particulate OM. Across the clay content gradient, the proportion

of fine mineral particles that contributed to the majority of

mineral surface area increased. Low clay soils are displayed

containing more large-sized mineral grains (gray) and less fine

mineral particles (beige matrix). Our results indicate less

particulate OM and more concentrated mineral-associated OM

according to a higher OC loading in the low clay soils. In the

high clay soils we found a more diluted mineral-associated OC

as well as increased particulate OC

123

Biogeochemistry (2021) 156:401–420 413



et al. 2009a) and atomic force microscopy analyses

(Kaiser and Guggenberger 2007). High OC loadings

imply that the OM storage is decoupled from the

mineral surface area in these agricultural soils. This

explains why the studied agricultural soils, even if

they contain fewer fine minerals and particulate OM,

can store a substantial proportion of OM through a

higher OC loading (Fig. 2). Future studies should

investigate to which extent the spatial arrangement of

mineral-associated OM is related to mineral surface

area.

We related the measurements of the OC loading

with a potential thickness of the mineral-associated

OM. For this, we compared our measurements with

monolayer-equivalent OC loading based on proteins

as representative model compounds for mineral-asso-

ciated OM that is generally nitrogen-rich (Kleber et al.

2007; Moon et al. 2019). For fine-textured marine

sediments and upland soils, the monolayer-equivalent

OC loading was calculated at 0.5–1 mg OC m-2 (Keil

et al. 1994; Mayer 1994). With decreasing clay

contents, this would mean that the OC loading in the

coarse clay-sized fraction increased from approxi-

mately twofold to fourfold monolayer-equivalents and

increased from sixfold to tenfold monolayer equiva-

lents in the fine silt-sized fraction (Fig. 3). This means

that the distribution of loaded OM on the mineral

surface area is much greater than can be expected

given monolayer arrangement. When assuming an

average thickness of 3–5 nm for a protein monolayer

(Ouberai et al. 2014), the thickness of the mineral-

associated OM could be estimated to 6–20 nm in the

coarse clay-sized fraction and 18–55 nm in the fine

silt-sized fraction. If instead the OM consisted mainly

of smaller organic molecules such as lipids or

carbohydrates, the range of monolayer equivalents

would be substantially smaller than that of proteins.

Our findings of an increased storage of mineral-

associated OM through higher OC loadings are in line

with recent evidence and conceptual frameworks of a

multilayered accumulation of OM (Possinger et al.

2020; Kleber et al. 2021).

The higher C:N ratios in the fine mineral fractions

of the low clay soils of this studymight also be directly

related to the higher OC loading, according to the

postulated zonal concept for organo–mineral associ-

ations (Sollins et al. 2006, 2009; Kleber et al. 2007).

This concept describes that N-rich compounds are

accumulated close to the mineral surfaces whereas

C-rich compounds are retained in the outer shell of

organic coatings. Accordingly, a more C-rich compo-

sition of the mineral-associated OM in the low clay

soils could be related with a higher OC loading and

thicker accrual of OM. While the interrelation of

measured OC loadings with monolayer equivalents

provides an estimate for the potential average thick-

ness of mineral-associated OM, the underlying struc-

ture warrants further investigation, such as the

postulated assembly of organic molecular fragments

at mineral surfaces (Kleber et al. 2007, 2021).

At the microscale, we discovered a high proportion

of mineral surfaces that was not covered with OM

accumulated in clustered patches (Fig. 4) in line with

earlier observations of a patchy distribution of OM

(Ransom et al. 1997; Chenu and Plante 2006). To

resolve the spatial distribution of OM and minerals

across the clay content gradient, NanoSIMS-based

imaging allowed for the quantification of the hetero-

geneous spatial arrangement confined to the exposed

two-dimensional surface. The total OM coverage

quantified by NanoSIMS was similar throughout the

clay content gradient at an average of 10.5% in the

coarse clay-sized fraction (0.2–2 lm) and 7.9% in the

fine silt-sized fraction (2–6.3 lm) (Table 1). This

provided evidence for a constant OM coverage of

mineral surfaces across the clay content gradient in

line with the results from the N2-sorption (Fig. 3).

The two-dimensional representation of the Nano-

SIMS-based imaging does not include the dispropor-

tionally high specific surface area of micropores that

are exposed when removing OM for the N2-adsorption

measurements (Mayer and Xing 2001; Kaiser and

Guggenberger 2003). This might explain the higher

mineral surface area related with OM as quantified by

N2-adsorption if compared with NanoSIMS measure-

ments. In the two-dimensional representations, 9% of

the projected surfaces were covered with OM

(Table 1), whereas 43 ± 2.3% of the total specific

surface area probed with N2-adsorption was covered

with OM. This could be explained by intraporous

occlusion of OM, whereas earlier studies showed that

sorption of OM is unrealistic in pores with a diameter

of\ 10 nm (Mayer et al. 2004; Kaiser and Guggen-

berger 2007). Therefore, the specific sites of the

mineral surfaces covered by OM represent a dispro-

portionately high specific surface area.

Radiocarbonmeasurements of selected coarse clay-

sized fractions (0.2–2 lm) showed positive D14C
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values (47 to 115 %) which indicate considerable

amounts of bomb C throughout all soils with differing

clay contents. These measurements also demonstrate

that mineral-associated OM in the coarse-clay sized

fraction was turned over during a few decades or less

(Table S2) (Trumbore 2009; Schrumpf and Kaiser

2015). Among the high clay soils, we observed lower

D14C values in the coarse clay-sized fraction sampled

in 2015 (52% on average) compared to the ones

sampled in 2001 (84% on average) which indicates

that the proportion of bomb-derived 14C in the coarse

clay-sized fractions decreased. Accordingly, the

higher values of D14C in the low clay soils (114% at

7% clay content on average) would indicate a slower

decrease of bomb-derived 14C and OC turnover in the

coarse clay-sized fraction. Relating a higherD14Cwith

younger OM is in line with previous works (Schrumpf

et al. 2013; Mathieu et al. 2015). This would mean that

the higher OC loading in the low clay soils would be

related with a lower bioavailability since it might be

protected from rapid decomposition. In a previous

batch sorption experiment, soils with a higher hypoth-

esized OC saturation did not stabilize less isotopically

labelled OM (Feng et al. 2014). Our results on a

thicker OC accrual show that this could be explained

by the protection of OM depending on the OC loading

of fine soil fractions. A second perspective on the

observed D14C values is that higher D14C in the low

clay soils could be related to more rapid decomposi-

tion of OM resulting in a slower dilution of bomb-

derived 14C in the coarse clay-sized fraction. Previous

studies demonstrated that the mineral-associated OC

is a mixture of younger and older components

(Trumbore 1993; Swanston et al. 2005). In line with

these findings, our results indicate that the OC loading

of mineral-associated OM is related with its persis-

tence over time.

Conclusions

To isolate the role of fine mineral particles in OM

storage, we conducted a fractionation study of arable

topsoils with a clay content gradient of 5–37%. The

bulk soil contained 14 mg OC g-1 on average without

indications of systematic changes across the clay

gradient. By using density fractionation, a two-faced

impact of fine mineral particles on OM storage forms,

divided into mineral-associated and particulate OM,

was observed in the studied agricultural soils. In the

high clay soils (18–37% clay) of this study, we found a

higher proportion of OM to be stored through occlu-

sion of particulate OM. Despite more fine mineral

particles, the OM storage did not increase by associ-

ation with finemineral surfaces. The proportion of OM

stored in particulate form was driven by the content of

fine mineral particles. In contrast, the low clay soils

(5–18% clay) contained higher proportions of their

OM as mineral-associated. The OC content of the fine

mineral-associated fractions in the low clay soils had

up to two times higher OC contents compared to soils

with higher clay content. The different impacts of fine

mineral particles on the mineral-associated and par-

ticulate storage form of OM challenge univariate

predictions of OM storage by mineral surface area.

Measurements of the mineral surface area related

with the association of OM, by N2 adsorption and

NanoSIMS-based imaging, revealed that a similar

extent of surface was related to the OM storage

throughout the clay content. Accordingly, the higher

mineral-associated OC content in the low clay soils

was related to a more concentrated accrual of OC per

mineral surface area according to our measurements of

higher OC loadings. These observations indicate that

the storage of mineral-associated OM was decoupled

from most of the mineral surface area. The decoupled

storage through increased OC loading may also impact

on the thickness and turnover of mineral-associated

OM necessitating further investigations. The varying

thickness of mineral-associated OM accrual implies

that clay content does not necessarily emerge as a

limiting factor on OC uptake and storage in these

agricultural soils. In future studies on soils with higher

OC contents under comparable management and

controlled mineral composition, we recommend to

further investigate the relationship of mineral-associ-

ated OM and mineral surface area.
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von LützowM, Kögel-Knabner I, Ekschmitt K et al (2007) SOM

fractionation methods: relevance to functional pools and to

stabilization mechanisms. Soil Biol Biochem

39:2183–2207. https://doi.org/10.1016/j.soilbio.2007.03.

007

Vos C, Jaconi A, Jacobs A, Don A (2018) Hot regions of labile

and stable soil organic carbon in Germany – Spatial vari-

ability and driving factors. SOIL 4:153–167. https://doi.

org/10.5194/soil-4-153-2018

Wagai R, Mayer LM, Kitayama K (2009a) Extent and nature of

organic coverage of soil mineral surfaces assessed by a gas

sorption approach. Geoderma 149:152–160. https://doi.

org/10.1016/j.geoderma.2008.11.032

Wagai R, Mayer LM, Kitayama K (2009b) Nature of the ‘‘oc-

cluded’’ low-density fraction in soil organic matter studies:

A critical review. Soil Sci Plant Nutr 55:13–25. https://doi.

org/10.1111/j.1747-0765.2008.00356.x

Wang X, Toner BM, Yoo K (2019) Mineral vs. organic matter

supply as a limiting factor for the formation of mineral-

associated organic matter in forest and agricultural soils.

Sci Total Environ 692:344–353. https://doi.org/10.1016/j.

scitotenv.2019.07.219

Weller U, Zipprich M, Sommer M et al (2007) mapping clay

content across boundaries at the landscape scale with

electromagnetic induction. Soil Sci Soc Am J 71:1740.

https://doi.org/10.2136/sssaj2006.0177

123

Biogeochemistry (2021) 156:401–420 419

https://doi.org/10.1016/S0016-7061(01)00101-X
https://doi.org/10.1016/S0016-7061(01)00101-X
https://doi.org/10.1016/j.geoderma.2014.09.025
https://doi.org/10.1016/j.geoderma.2014.09.025
https://doi.org/10.5194/bg-10-1675-2013
https://doi.org/10.5194/bg-10-1675-2013
https://doi.org/10.1016/j.geoderma.2019.113901
https://doi.org/10.1016/j.geoderma.2019.113901
https://doi.org/10.1111/gcb.14014
https://doi.org/10.1002/jpln.3591050303
https://doi.org/10.1002/jpln.3591050303
https://doi.org/10.1002/jpln.200800224
https://doi.org/10.1002/jpln.200800224
https://doi.org/10.1023/a:1016125726789
https://doi.org/10.1023/a:1016125726789
https://doi.org/10.1007/s10533-009-9359-z
https://doi.org/10.1016/j.soilbio.2006.04.014
https://doi.org/10.1016/S0016-7061(02)00305-1
https://doi.org/10.1016/S0016-7061(02)00305-1
https://doi.org/10.1021/acs.est.7b03715
https://doi.org/10.1007/s10533-007-9140-0
https://doi.org/10.1007/s10533-007-9140-0
https://doi.org/10.2136/sssaj2007.0104
https://doi.org/10.2136/sssaj2007.0104
https://doi.org/10.1017/S0033822200003672
https://doi.org/10.1017/S0033822200003672
https://doi.org/10.1007/s10533-018-0509-z
https://doi.org/10.1016/j.geoderma.2004.12.015
https://doi.org/10.1016/j.geoderma.2004.12.015
https://doi.org/10.1046/j.1365-2389.1999.00230.x
https://doi.org/10.1038/38260
https://doi.org/10.1146/annurev.earth.36.031207.124300
https://doi.org/10.1146/annurev.earth.36.031207.124300
https://doi.org/10.1029/93GB00468
https://doi.org/10.1029/93GB00468
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.5194/soil-4-153-2018
https://doi.org/10.5194/soil-4-153-2018
https://doi.org/10.1016/j.geoderma.2008.11.032
https://doi.org/10.1016/j.geoderma.2008.11.032
https://doi.org/10.1111/j.1747-0765.2008.00356.x
https://doi.org/10.1111/j.1747-0765.2008.00356.x
https://doi.org/10.1016/j.scitotenv.2019.07.219
https://doi.org/10.1016/j.scitotenv.2019.07.219
https://doi.org/10.2136/sssaj2006.0177


Wiseman CLS, Puttmann W (2005) Soil organic carbon and its

sorptive preservation in central Germany. Eur J Soil Sci-

ence 56:65–76. https://doi.org/10.1111/j.1351-0754.2004.

00655.x

Zhong Z, Chen Z, Xu Y et al (2018) Relationship between soil

organic carbon stocks and clay content under different

climatic conditions in central China. Forests 9:598. https://

doi.org/10.3390/f9100598

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

420 Biogeochemistry (2021) 156:401–420

https://doi.org/10.1111/j.1351-0754.2004.00655.x
https://doi.org/10.1111/j.1351-0754.2004.00655.x
https://doi.org/10.3390/f9100598
https://doi.org/10.3390/f9100598

	The role of clay content and mineral surface area for soil organic carbon storage in an arable toposequence
	Abstract
	Introduction
	Material and methods
	Field experiment and site
	Clay content and mineral composition
	Physical fractionation and carbon and nitrogen analyses
	Specific surface analysis with N2-BET
	NanoSIMS analysis and image analysis
	Statistical analysis

	Results
	Organic carbon storage in particulate and mineral-associated fractions across clay gradient
	Organic matter distribution analyzed by specific surface area and NanoSIMS

	Discussion
	Impact of clay content on the proportion of particulate organic matter
	Changes of the mineral-associated organic matter fractions and C and N contents along the soil clay content gradient
	Decoupling of mineral surface area and mineral-associated organic matter content
	Organic carbon loading of fine mineral particle fractions

	Conclusions
	Acknowledgements
	Author contributions
	Code availability
	References




