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Organic carbon (OC) stored inpermafrost affected soils of the higher northern latitudes is known to be highly vul-
nerable to ongoing climatic change. Although the ways to quantify soil OC and to study connected C dynamics
from ecosystem to global scale in the Arctic has improved substantially over the last years, the basic mechanisms
of OC sequestration are still not well understood. Here we demonstrate a first approach to directly study micro
scale soil structures mainly responsible for soil OC (SOC) stabilization using nano scale secondary ionmass spec-
trometry (NanoSIMS). A cross section from a permafrost layer of a Cryosol from Northern Alaska was analysed
using a cascade of imaging techniques from reflectance light microscopy (RLM) to scanning electronmicroscopy
(SEM) toNanoSIMS. This allowed for the direct evaluation ofmicro scale soil structures known to be hot spots for
microbial activity and SOC stabilization in temperate soils. The imaging techniques were supported by classical
soil analyses. Using this unique set of techniqueswe are able to evidence the formation of micro-aggregate struc-
tures in the vicinity of plant residues in permafrost soils. This clearly indicates biogeochemical interfaces at plant
surfaces as important spheres for the formation ofmore complex soil structures in permafrost soils. Organo-min-
eral associations from these hot spots of microbial activity were recovered from plant residues (free particulate
organic matter, fPOM) as fine grained mineral fraction with a typically low C/N ratio. This nicely illustrates the
link between classical bulk analysis and state of the art spectromicroscopic techniques.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

More than twice as much organic carbon (OC) than in the atmo-
sphere is estimated to be stored in permafrost affected soils of the
northern hemisphere (Hugelius et al., 2014). Predicted changes in the
arctic carbon cycling solely consider the active layer thawing during
summer while assuming it as a homogeneous carbon reservoir
(Schuur et al., 2008). This is in clear contrast to the known heterogene-
ity of the composition and spatial distribution of soil OC (SOC) and thus
possible future changes in microbial bioavailability (Gentsch et al.,
2015; Höfle et al., 2013; Knoblauch et al., 2013; Mueller et al., 2015;
Schädel et al., 2014; Vonk and Gustafsson, 2013). It is still not fully un-
derstood which mechanisms might replace the climatic stabilization of
SOC (reduced mineralization due to low temperatures) (Trumbore,
2009) and thus possibly sustain long term SOC storage in the future
ueller).
with pronounced warming in polar regions. Due to the fact that active
layers will deepen and large amounts of buried mostly labile OC
(Gillespie et al., 2014; Mueller et al., 2015; Palmtag et al., 2016) might
be exposed tomore favorable conditions in terms of SOCmineralization.
From temperate soils it is known that soil structure plays a vital role for
the long term sequestration of OC by the occlusion of particulate organic
matter (POM)within aggregates and the association of OCwithmineral
micro-aggregate structures (Vogel et al., 2014; von Lützow et al., 2008).
Although permafrost affected soils are characterized by drastic freeze–
thaw cycles leading to the vertical mixing of different soil compart-
ments (cryoturbation), there is growing evidence that soil structural
features (e.g. micro-aggregates) also affect SOC sequestration in perma-
frost affected soils. For instance for soils in northern Alaska and Siberia a
substantial amount of particulate SOC was found to be sequestered oc-
cluded within aggregated soil structures (Höfle et al., 2013; Mueller et
al., 2015). Recent incubation experiments highlighted the contribution
and importance of organo-mineral associations for SOC sequestration
in soils of the Siberian Arctic, with over 50% of soil OC bound tominerals
(Gentsch et al., 2015).
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However, these findings are based on bulk analyses which are de-
fined by the destruction of the intact soil structure and thus integrate
over a larger volume. To directly study soil structure and elemental dis-
tribution together, it is crucial to keep the soil microscale architecture
intact (Mueller et al., 2013). The systematic study of intact in-situ soil
structures dates back to the micropedological work of Kubiena (1938).
Intact soil samples were resin embedded and polished, and pedological
features were studied on the resulting thin sections using transmitted
light microscopy. Over the years this technique was used to study a
wide variety of soils including permafrost affected soils (Bullock and
Murphy, 1980; Eickhorst and Tippkoetter, 2008; Fisk et al., 1999; Li et
al., 2004; Murton et al., 2015; Pulleman et al., 2005; Smith et al., 1991;
Szymanski et al., 2015). But the micromorphological approach is often
restricted to the description of structural features due to the limited ca-
pabilities of visible lightmicroscopic techniques.With the advent of mi-
croscopic techniques resolving soil features together with elemental
and molecular information at the nano- to micro-scale (e.g. scanning
electronmicroscopy (SEM), time offlight secondary ionmass spectrom-
etry (TOF-SIMS), nano scale secondary ion mass spectrometry
(NanoSIMS)), themicromorphological examination of soils may change
from the pure description of soil structures to the identification ofmate-
rials and analyses of soil processes. Thus, the increased accessibility of
spectromicroscopic techniques allows nowadays for the evaluation of
micro-scale structural entities and biogeochemical features and pro-
cesses which determine the long term stabilization of SOC. In the pres-
ent studywe combine the classicalmicromorphological approach of soil
embedding and sectioning with state of the art NanoSIMS to elucidate
elemental distributions at soil microenvironments. To account for the
spatial representation of the spots analysed at high resolution by
NanoSIMS, we used conventional reflectance light microscopy together
with supervised image classification. This allowed for the identification
of structural domains representing specific biogeochemical interfaces
and thus areas which may act as hot spots for SOC stabilization, micro-
bial activity, nutrient sorption and cycling.

2. Materials and methods

2.1. Sampling site and soil material

Samples were taken at the Barrow Peninsula, on the Arctic Coastal
Plain in April 2010. For amore detailed description of the sampling cam-
paign see Mueller et al. (2015). The landscape is characterized by amo-
saic of drained thaw lake basins with a different age since drainage. For
the study we took samples from a soil core (at 71.27786 latitude and
156.44264 longitude) of an Aquiturbel (Soil Survey Staff, 2010), see
Table 1 for basic soil properties. The core originated from a drained
thaw lake basin of medium age (approx. 50 to 300 years after thaw
lake drainage) according to the classification given by Hinkel et al.
(2003). The parent material consists of unconsolidated sediments of
the Late Pleistocene Gubik Formation (Hinkel et al., 2003). The soil
core was obtained using a SIPRE corer attached to a Big Beaver earth
drill apparatus (Little Beaver, Inc., Livingstone, TX)mounted on a sledge.
The frozen core was further processed in a cold room in Barrow and
Table 1
Soil properties of the analysed Cryosol core. The embedded soil sectionwas taken from the
deepest horizon (Cg/Oabfm).

Horizon Depth Bulk density OC N C/N
[cm] [g*cm−3] [mg*g−1] [mg*g−1]

Oi1 0–12 0.13 413.5 19.7 21.0
Oi2 12–14 0.27 324.8 14.3 22.7
Cg/Oijj 14–40 0.66 103.5 6.2 16.7
Cg/Oejjfm 40–80 0.60 97.9 6.5 15.0
Cg/Oabfm 80–126 0.67 30.3 1.9 16.4
after horizon description cut into sections of corresponding soil hori-
zons. Samples for general soil properties were dried at 60 °C in an
oven in Barrow and subsequently shipped to Germany.

2.2. Intact sample preparation and NanoSIMS

Subsections of the intact frozen cores were initially dried with ace-
tone (row of different concentration) and then impregnated with a se-
ries of Araldite 502:acetone mixtures (1:3, 1:1 (vl:vl)) and finally with
100% Araldite 502 (Araldite kit 502, electron microscope sciences,
Hatfield, USA). The blocks (24.5 mm in diameter) were cured at 60 °C
for 48 h, cut into thin slices and carefully polished. Due to the insulating
properties of the epoxy resin, the epoxy blocks were gold-coated by
physical vapour deposition under argon atmosphere prior to SEM and
NanoSIMS analysis. Prior to NanoSIMS analysis, the sampleswere inves-
tigated using a reflectance light microscope (further denominated as:
RLM; Zeiss Axio Imager Z2) and a scanning electron microscope (SEM;
Jeol JSM 5900LV, Freising, Germany) in backscatter electron mode.
Due to the flat polishing of the section the material contrast of the
backscattered electrons allowed for a good differentiation between or-
ganic and mineral compartments while also allowing the identification
of soil pores filled with the epoxy resin.

The NanoSIMS images were recorded at the Cameca NanoSIMS 50 L
(Gennevilliers, France) of the Lehrstuhl für Bodenkunde, TU München,
Germany.

Electron multiplier secondary ion collectors were used for 12C−,
16O−, 12C14N−, 28Si−, 32S−, 27Al16O− and 56Fe16O−. Charging was com-
pensated by an electron beamgenerated by the electronflood gunof the
NanoSIMS instrument. Prior to analysis, impurities and the coating layer
were sputtered away by using a high primary beam current.

2.3. Physical soil fractionation

To relate the image data with the distribution of main soil constitu-
ents we conducted a combined density and particle size fractionation
procedure according to Mueller et al. (2015). Air dried soil material
(20 g) was capillary-saturated with sodium polytungstate solution
(1.8 g cm−3) and allowed to settle overnight. The floating free particu-
late organic matter (fPOM) was extracted prior to ultrasonic disruption
(Bandelin, SonopulsHD2200; energy input of 440 Jml−1) of aggregated
soil structures and the recovery of occluded POM (oPOM). Excess salt
from POM fractions was removed by washing with deionised water
over a sieve of 20 μm mesh size until the electric conductivity dropped
below 5 μS cm−1. The procedure yielded two large POM fractions
(fPOM, oPOM) and two smaller POM fractions b20 μm (fPOMsmall and
oPOMsmall). Mineral fractions larger than 20 μm were separated by
wet sieving, all smaller mineral fractions were obtained by sedimenta-
tion. All fractions were freeze-dried, weighed and analysed for C and
N content.

2.4. Chemical analyses

For bulk chemical analysis the soil material was ground using a ball
mill (Fritsch, Germany, pulverisette 23). Carbon and nitrogen contents
were measured in duplicate by dry combustion (EuroVector, Milan,
Italy). Due to the absence of carbonates, themeasured C concentrations
equalled organic C.

2.5. Statistical analyses and image processing

To evaluate the spatial extent of the areas analysed using NanoSIMS,
we conducted a supervised maximum likelihood classification
(MaxLike) on the RLM image in the image processing software Envi
(Version 5.2, ITT Visual Information Solutions). The MaxLike algorithm
assumes that the statistics for each class in each band are normally dis-
tributed and calculates the probability that a given pixel belongs to a



Fig. 1.Reflectance light microscopic image of the embedded, polished Cryosol section. The
sample originates from the Cg/Oabfm horizon (~110 cm depth) of an Aquiturbel near
Barrow, Alaska. The white squares indicate regions analysed in more detail using
scanning electron microscopy and nano-scale secondary ion mass spectrometry.
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specific class. No probability threshold was used and all pixels were
assigned to the class that has the highest probability based on the fol-
lowing discriminant functions (Richards and Jia, 1999):

gi xð Þ ¼ lnp ωið Þ−1
2

ln Σij j−1
2

x−mið ÞtΣ−1
i x−mið Þ ð1Þ

wherei = classx = n-dimensional data (where n is the number of
bands)p(ωi) = probability that class ωi occurs in the image and is as-
sumed the same for all classes|Σi | = determinant of the covariancema-
trix of the data in class wiΣi

−1 = its inverse matrixmi = mean vector
We visually identified 6 information classes (fresh plant residues,

decomposed plant residues, highly decomposed OM, Fe oxides,
coarse/medium mineral particles and fine mineral particles) in the
RLM image.We selected 89 training areas (3 to 50 areas per class) to de-
fine the reference spectra for each class and used a fixed set of reference
spectra for the classification.

3. Results

3.1. Fresh and altered particulate organic matter

The soil material contained considerable amounts of plant residues
(particulate organic matter, POM) at different stages of decomposition.
These plant residues, accounting for 58%of theOC stored in the analysed
soil (Table 2), could be recovered by physical fractionation (Table 2) and
visualized using reflectance light microscopy (Fig. 1), scanning electron
microscopy (SEM; Fig. 2) and nano-scale secondary ionmass spectrom-
etry (NanoSIMS; Figs. 3 to 6). Using soil physical fractionation yielding
quantitative information about the mass distribution and C and N con-
tent of free and occluded OM, clearly pointed to the high importance
of free particulate OM (fPOM) for SOC storage (Table 2) in the perma-
frost layer. Besides rather fresh SOMwith a sharp boundary to the min-
eral soil matrix, imaging revealed more complex aggregated structures
with associations betweenmineral and organic particles forming exten-
sive organo-mineral soil structures. The occluded POM (Table 2) recov-
ered by physical soil fractionation represents SOC stored in such soil
aggregates. The backscattered electronmicrograph of the area indicated
as A in the reflectance light micrograph in Fig. 1, is displayed in Fig. 2 A,
demonstrating the sharp delimitation between the silt to medium sand
textured soil matrix and the organic particles. Two main SOM constitu-
ents representing POM end members were recorded, namely the fresh
POM of a plant stem (Fig. 2A, ps) and the amorphous OM of highly al-
tered POM (Fig. 2A, aOM). The microscale distribution of the OM at
these areas was visualized as 12C14N− detected by NanoSIMS (Fig. 3).
The distribution of the 12C14N− of the fresh plant material showed the
unaltered OM distribution reflecting the intact cell structures with no
distinct differences in terms of ion counts (Fig. 3A). The patch with
Table 2
Content, organic carbon and nitrogen contents, distribution of OC and C to N ratios of the
soil organic matter fractions obtained by density (POM) and particle size fractionation
(sand, silt and clay) of the Cg/Oabfm horizon.

Fractions Content OC Ntot OC distribution CN
[mg ∗ g−1]

POM fPOM 39.5 424.1 10.5 234.2 40.3
fPOM b20 μm 34.4 179.9 11.1 86.6 16.2
oPOM 3.3 443.8 13.4 20.2 33.0
oPOM b20 μm 6.6 300.2 13.5 27.5 22.3

Sand 200 to 2000 μm 35.1 n.d. n.d. b.d.l. n.d.
63 to 200 μm 432.2 24.5 1.1 147.7 22.3

Silt 20 to 63 μm 218.8 42.1 1.8 128.8 23.7
6.3 to 20 μm 90.5 103.6 5.4 131.1 19.1
2 to 6.3 μm 39.3 130.4 7.2 71.7 18.1

Clay b2 μm 100.3 108.5 7.6 152.2 14.4
rather high counts of secondary ions in the central plant cell represents
residues from the polishing processes remaining in a hollow formed by
an air bubble of the embedding resin. Unaltered fresh plant residues are
highlighted in green in the RLM classification results (Fig. 7) with a total
area of 1.9% of the cross section. In contrast to the unaltered plant tissue,
Fig. 3(B) shows collapsed plant cells of POM that appears as dark spots
in the reflectance light microscope (Fig. 1A) or as amorphous matter
in the SEM image (Fig. 2A 2), highlighted in blue in the RLM classifica-
tion (Fig. 7, Table 3) with a total area of 41.1% of the analysed sample.
The 12C14N− distribution shows clear differences in the secondary ion
counts with clear maxima at some spots. In contrast to the consistent
dark appearance in the reflected light, the 12C14N− distribution clearly
indicates a sponge-like structure of this amorphous OM with a lot of
pores which are filled with epoxy resin, appearing here as blue back-
ground in the 12C14N− image.

A third form of plant residues is shown in Fig. 2B representing the
cross section of the intact structures of a moss plant (Fig. 1B). The
backscattered SEM image clearly demonstrates the high amount of
fine textured mainly silt sized mineral particles entrapped within the
leaf-like structures, whereas around the plant structures the texture is
dominated by medium sized sand, a matrix that dominates the sample
as demonstrated by the high amount of fine sand and coarse silt and
classified as fine mineral matrix in the RLM image (Table 2, Fig. 7).
The plant structure as a whole also showed a clear delimitation towards
the sandy soil matrix. In Fig. 4A the composite image of the distribution
of the secondary ions 12C14N−, 56Fe16O− and 27Al16O− are displayed, in-
dicating the formation of interfaces between OM and mineral soil con-
stituents. In Fig. 4B a lateral profile is given, indicated as white arrow
in Fig. 4A, of the three secondary ion species normalized for 16O−. Fol-
lowing the lateral profile the plant residues are clearly depicted by the
peaks in 12C14N− at 0 to 10 μmand 20 to 25 μmof the line scan distance.
The distribution of the 27Al16O− secondary ions is demonstrating a ma-
trix dominated by clay minerals, whereas pedogenic iron oxides are in-
dicated by small patches of 56Fe16O−. Such a small iron sphere is
indicated by the 56Fe16O− peak at 15.6 μm of the line scan distance in
Fig. 4C directly following the 27Al16O− peak indicating the interface



Fig. 2. Scanning electron microscopy (backscattered electron mode) images of the areas indicated in Fig. 1. A) plant stem (ps) and amorphous soil organic matter (aOM), B) moss plant
cross section (mo), C) altered plant residues (pr)with associated laminarmicro aggregate spheres (lma) andD) quartz grains and organic particle coatedwith iron oxide coating (ic). In E)
a sectioned micro-aggregate derived from bulk soil is displayed with occluded POM (oPOM) and associated mineral particles. Free POM derived from density fractionation is displayed
(secondary electron mode) in F) with attached fungal hyphae (fh) on one particle. The red squares in A to D indicate the areas analysed by NanoSIMS. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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between clay minerals and an iron oxide agglomeration. In Fig. 4D the
alteration between the single three secondary ion species indicate the
close vicinity of different interfaces between the three main constitu-
ents, clay, iron oxides and organic matter.

3.2. Biogeochemical interfaces between minerals and particulate organic
matter

It was shown that complex biogeochemical interfaces formed at sur-
faces of particulate organic matter. This was indicated as distinct co-lo-
calizations between organic andmineral soil constituents, namely plant
residues, clay minerals and iron oxides. The area containing rather al-
tered OM indicated as square C in Fig. 1 is shown as backscattered
SEM image in Fig. 2C. The OM particle (plant residue, pr in Fig. 2C) rep-
resents a more altered OMwith attached fine textured minerals which
are in contrast to the coarser texture of the surrounding soil matrix. In
Fig. 5A the distribution of the 12C14N− secondary ions illustrates col-
lapsed plant cells comparable to the ones shown in Fig. 3B for altered
amorphous OM. The direct interfaces between OM and minerals are
demonstrated in the lateral profiles given in Fig. 5B to E, with clear un-
dulating peaks of 12C14N−, 56Fe16O− and 27Al16O−. The small cell wall
residue at 11 μm (Fig. 5B) is covered at both sides by a thin layer of
clay minerals (Fig. 5C). The two peaks of 56Fe16O− at 2.5 μm and
7.5 μm (Fig. 5D) indicate the iron oxide coating of quartz grains which
are visible as black areas surrounded by the 56Fe16O− given in red in
Fig. 5A.

In Fig. 6 data on the elemental distribution of 12C14N−, 32S− and
56Fe16O− is given. The analysed areas (Fig. 6A and B) represent a POM
particle (plant residue, pr in Fig. 2C) entrapped in a larger area dominat-
ed by layered iron oxide deposits co-localizedwith sulphur (Figs. 1D, 6A



Fig. 3. NanoSIMS images A) 12C14N− image of the area indicated in Fig. 2A 1, B) 12C14N− image of the area indicated in Fig. 2A 2.
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and B). The original plant structure is almost absent and also the interior
of the plant structurewas encrustedwith iron oxides as indicated by the
red 56Fe16O− distribution within the green OM structures (12C14N−) in
Fig. 6.

Fig. 6C and D represent the ratio between 56Fe16O− and 32S−,
displayed as HSI (hue, saturation, intensity) image.
Fig. 4. A) overlay of NanoSIMS images (12C14N−, 56Fe16O− and 27Al16O−) of area (red squar
distribution of organic matter (12C14N−), clay minerals (27Al16O−) and the iron distribution (5

stages of formation. B) Secondary ions along the line scan. C) and D) magnified subsections
legend, the reader is referred to the web version of this article.)
3.3. Contribution of soil materials and structures evaluated by physical frac-
tionation and light microscopy

Reflectance light microscopy (Fig. 1) was used to evaluate the spa-
tial extent of the areas analysed in more detail using NanoSIMS. A su-
pervised classification based on the visible soil structures was used
e) indicated in Fig. 2B with white arrow indicating a line scan. The image indicates the
6Fe16O−) within the plant cell region, and suggests organo-mineral interfaces in the early
of the line scan data in B. (For interpretation of the references to colour in this figure



Fig. 5. A) overlay of the NanoSIMS images (12C14N−, 56Fe16O− and 27Al16O−) of the section (red square) indicated in Fig. 2Cwithwhite arrow indicating a line scan. The image indicate the
distribution of organicmatter (12C14N−), clayminerals (27Al16O−) and the irondistribution (56Fe16O−)within theplant cell region, and shows organo-mineral interfaces in the early stages
of formation. B), C), D) and E) 12C14N−, 27Al16O− and 56Fe16O− secondary ions normalized for 16O− along the line scan shown in A. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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(Figs.s 1 and 7, Table 3), aiming to correlate physical SOM fractions
(Table 2) with the visualization results. The classification result in
Fig. 7 indicated a very good separation of distinct soil structures
based on reflectance light microscopy partly matching SOM fractions.
The supervised classification (Fig. 7) links partly to the obtained SOM
fractions, with the plant residues indicative for the POM fractions and
the mineral matrix and iron oxides indicative for the mineral soil frac-
tions. Due to the different approaches, supervised image classification
versus physical soil fractionation, the distinct soil features were not
named according to SOM fractions but visible soil features. As it is
not possible to differentiate between occluded and free POM, the de-
gree of decomposition according to colour was used, with a domi-
nance of decomposed plant residues (Table 3). The ‘fresh plant
residues’ can be attributed to fPOM, whereas it can be assumed that
more altered plant residues (decomposed plant residues and highly
decomposed OM) attribute both to fPOM and oPOM fractions. The
Fe oxides and fine mineral particles can mostly be attributed to the
fine mineral fractions (clay, silt and partly fine sand), whereas the
coarse mineral particles in Fig. 7 represent mostly the sand fraction.
A clearly higher contribution of mineral than organic materials was
classified (Fig. 7 and Table 3), with 43.1% organic and 56.9% mineral
materials, respectively. This corresponds to the results of the physical
fractionation given in Table 2, showing a clear dominance of fine sand
and coarse silt. Thesemineral materials were classified as finemineral
matrix shown in Fig. 7. At the same time the image classification also
clearly revealed the high amount of particulate SOM, which accounts
for 58% of the stored OC in the analysed soil.

4. Discussion

4.1. Microscale features – from plant residues to organic matter interfaces

Free particulate organic matter in the studied soil section occurs as
either fresh mostly undecomposed plant residues (Fig. 2A; plant stem)
or as highly altered plant derived OM (Fig. 2A; aOM). The high amount
of particulate OM not associated with soil minerals is supported by the
high amount of recovered fPOM in the buried O horizon material
(Table 2). This is also supported by the high amount of plant residues
classified in the section shown in Fig. 7. As demonstrated by Mueller
et al. (2015) for soils from the same sampling campaign, the fPOM
was mostly dominated by less decomposed OM demonstrated by high
amounts of O/N alkyl C and constituted the major OC pool especially
in older soils. The low degree of decomposition is also demonstrated
by intact cell structures dominating the fPOM recovered by density



Fig. 6. A) and B) Overlay of NanoSIMS images (12C14N−, 32S− and 56Fe16O−) of the area (red squares) indicated in Fig. 2D, 1 (A) and 2 (B). The images indicate the distribution of organic
matter (12C14N−), iron oxides (56Fe16O−) and sulphur (the 32S−). C) and D) HSI (hue, saturation, intensity) image of the 56Fe16O−/32S− ratios. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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fractionation (Fig. 2F), whereas the attached fungal hyphae (Fig. 2F, fh)
clearly indicate the high potential microbial activity at plant surfaces.
The results of the MaxLike classification (Fig. 7 and Table 3) point to a
darker appearance of the POM in the permafrost layer.

Whereas Fig. 3 A shows the distribution of OM (12C14N−) in con-
served unaltered plant cells, Fig. 3 B shows the collapsed cell structures
of highly altered plant residues, a material whichwas classified as high-
ly decomposedOM in the RLM image representing 23.5% of the thin sec-
tion area. In the 12C14N− measurement of Fig. 3 B a more even
distribution of the secondary ions than in the unaltered plant structure
clearly indicate the increased amount of microbial derived OM during
decomposition. This is supported by findings of Hatton et al. (2015)
who assumed increased microbial derived N at micro-scale spots indi-
cated by narrow C/N ratios calculated based on NanoSIMS measure-
ments of density fractions. In contrast to the mineral-associated OM
from disrupted soils analysed by Hatton et al. (2015), we can show
the enrichment in N for fragmented decomposed plant material in an
intact soil structure. Such small scale distribution of N, presumably es-
pecially dominated bymicrobial derived N, cannot be evaluated by clas-
sical bulk analysis. Also the differentiation into physical soil fractions
widely used to analyse specific soil constituents and SOC pools, is not
sufficient to recover such micro scale spheres. Although there are con-
siderable differences of the C/N ratios between different POM fractions,
except the fPOMsmall which is mostly mineral-associated OM, such ra-
tios only demonstrate a mean over a wide variety of differently altered
OM particles. It might be assumed that the N rich OM particles may
serve as hot spot for microbial activity when the active layer gets
deeper, and OM now stabilized in the permafrost will get unfrozen.
Gentsch et al. (2015), who studied the bioavailability of light and
heavy SOM fractions in laboratory incubations of Cryosols from Siberia,
were able to demonstrate the high vulnerability of SOC for mineraliza-
tion in light particulate SOM to favorable environmental conditions
(e.g. increased temperatures).

4.2. Increased complexity at interfaces between mineral and organic
particles

Besides OM particles located freely within the fine sand dominated
soil structure (Figs. 2A and 3), there also exists a considerable number
of more complex plant residues which can be assumed as important
agents for soil structure formation. Such structures are shown in Fig.
2B, C and D. These images evidence the early stages of the formation
of aggregated soil structures in permanently frozen horizons. This ag-
gregation is demonstrated by the embedded intact bulk soil cross sec-
tion (disturbed bulk soil material from the same horizon was used for
fractionation) shown in Fig. 2E, with clearly visible occluded POM and



Fig. 7. Supervised maximum likelihood classifications of the whole cross section disk of
the embedded Cryosol for the real colour image (RGB) taken with a reflectance light
microscope (RLM). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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the associated laminar micro aggregate like structures (lma) at the sur-
face of the plant residues. Here the intact plant residue act as a ‘priming
structure’ for the aggregation of fine grained mineral particles in a min-
eral soil matrix dominated by coarse silt and fine sand. Especially in Fig.
2B it is visible howfinemineralmaterial of silt and clay size (b~63 μm) is
entrapped in the intact plant structures surrounded by the sandy bulk
soil matrix. Such plant structures were recovered as occluded particu-
late OM (oPOM) by density separation. For occluded POM fractions
from the same sampling campaign lower 14C contents compared to
free POM were reported by Mueller et al. (2015). This suggests a re-
duced bioavailability of this occludedOCpool where physical accessibil-
ity for microbes is restricted. Thus, comparable to what was shown for
temperate soils (von Lützow et al., 2008), these oPOM particles repre-
sent an OC pool which is sequestered on a longer term. But these parti-
cles seem to have also an important function as nuclei for soil
aggregation and thus the formation of new biogeochemical interfaces
between fine mineral particles and plant residues (Totsche et al.,
2010). In Fig. 5B such a hot spot is shown as a plant cell residue which
is at both sides covered by a thin layer of clay minerals (Fig. 5C). A
Table 3
Maximum likelihood Classification results for the soil cross section as recorded with a re-
flectance light microscope (RLM). Results are given as relative areas for each individual
class (class) and as sums for organic and mineral classes (sum).

Class Area [%] Area [mm2]

Class Sum Class Sum

Fresh plant residues 1.9 43.1 9.6 217.8
Decomposed plant residues 17.6 89.1
Highly decomposed OM 23.5 119.0
Fe oxides 0.9 56.9 4.6 288.2
Coarse mineral particles 17.5 88.6
Fine mineral fraction particles 38.5 195.0
comparable aggregation at a comparable organic hot spot for soil struc-
ture formation was reported by Dormaar and Foster (1991) for the rhi-
zosphere of ryegrass. Such organic surfaces, either living rhizospheres or
decaying plant residues, represent zones of high microbial activity and
thus also areas with a high amount of microbial residues. These organic
surfaces are known to play a key role in the development and stability of
soil aggregates (Martens, 2000; Oades and Waters, 1991; Tisdall and
Oades, 1982). In Figs. 4 and 5 the micro-scale arrangement of plant-de-
rived OM (12C14N−), clay minerals (27Al16O−) and iron oxides
(56Fe16O−) is shown in close vicinity at the interface between the intact
plant structure and the surrounding mineral sphere. Both fresh (Fig. 4)
and more altered plant structures (collapsed cells, Fig. 5) show compa-
rable interfaces with fine grained mineral particles. The thin layers of
clay minerals and Fe oxides at these plant surfaces represent soil struc-
tures normally recovered as micro-aggregates using physical soil frac-
tionation (Vogel et al., 2014). This clearly points to micro-aggregate
like structures being rather laminar zones of high microbial activity
than rounded structures as usually recovered from bulk soil samples
(Fig. 2 E) or via physical fractionation. The high microbial activity can
be assumed to lead to an enhanced production of gluing agents (extra-
cellular polymeric substances) at the decaying plant surfaces (Foster,
1981; Vidal et al., 2016) fostering aggregation and thus possibly also
forming precursors for more stabilized SOM (Cotrufo et al., 2013). In
the present study the fPOMsmall represents the mineral-associated OM
previously located in close vicinity to decomposing plant structures
forming such laminar micro-aggregate like spheres. The high N content
and the consequently narrow C/N ratio (Table 2) clearly demonstrate
the high proportion of microbial derived OM in the fPOMsmall fraction.
The micro-aggregates of the fPOMsmall itself are mostly fine grained
minerals recovered by the rinsing of the larger fPOM particles, being
noparticulate OM in the classicalmeaning. Although under current con-
ditions aggregated soil structures may be of minor importance for the
overall OC stabilization when located in the permafrost layer, this will
change dramatically with ongoing warming and the reported deepen-
ing of the active layer (Osterkamp and Romanovsky, 1999). A large
amount of rather labile SOM is stored in the form of mostly free partic-
ulate OM (e.g. Table 2) in buried pockets transported down in deeper
soil layers by cryoturbation (Gillespie et al., 2014; Mueller et al., 2015;
Palmtag et al., 2016) like in the studied soil horizon (indicative for bur-
ied O horizon material). The complex aggregate structures integrating
plant residues and mineral material found in the present study (e.g.
Fig. 2B to E) lead to the assumption that fPOM might act as hot spots
for soil aggregate formation in a warming future. Besides a presumably
large amount of lost SOC due to enhanced mineralization of the mostly
unaltered fPOM inwarming Tundra ecosystems (Knoblauch et al., 2013;
Schädel et al., 2014), part of the fPOMmight act as nuclei for SOC stabi-
lization in aggregated soil structures. This may lead to an increased pro-
portion of occluded particulate OM in aggregated soil structures, as
already indicated by the recovered oPOM (Table 2) and the structures
analysed here (Fig. 2E).

Besides aggregation as a more important SOC stabilization factor in
the future, the same is true for the OM directly bound to mineral sur-
faces recovered as mineral associated organic matter in the heavy soil
fractions (sand, silt and clay). This is known as a main mechanism se-
questering OC on the long term in temperate soils (Kögel-Knabner et
al., 2008). In Figs. 4D and 5E the interface at the surface of a quartz
grain is demonstrated by the displayed secondary ions of 12C14N−,
27Al16O− and 56Fe16O−. The surface of the quartz grain is covered with
iron oxides with associated OM and attached clay minerals indicated
by the layer of 27Al16O−. It becomes clear that this FeO layer acts as a
binding surface for both OM and clay minerals, thus also acting as a nu-
cleus for soil structure formation. The vanishing of this Fe oxide layer
from quartz surfaces is well known as podsolization (Lundström et al.,
2000), leading to the single grain sandy texture of Podzols.

Additionally to the organo-mineral associations, there also exist
clear spatial correlations between Fe and S as demonstrated in Fig. 6.
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The ratio maps (HSI images, Fig. 6C and D) of 56Fe16O−/32S− indicated
the presence of presumably pyrite like domains in the layered iron
oxide spheres. These found structures possibly link to the lacustrine
phase before thaw lake drainage with distinct different redox condi-
tions, demonstrating the unique setting of permafrost soils being an im-
portant archive for biogeochemical processes in the past.

The importance of Fe oxides for the sequestration of SOM in perma-
frost affected soils is clearly demonstrated by the correlating increased
counts in both 56Fe16O− and 12C14N− at 41.8 μm shown in Fig. 4D. Nev-
ertheless, in Fig. 4C a single strong Fe peak (at 16 μm) is not correlated
with a higher CNpeak, indicating that not all Fe oxides showahigher as-
sociation with OM. There are numerous other small aggregated Fe ox-
ides found throughout the measurement which show no distinctive
enrichment in CN and thus SOM. This indicates that the surfaces of ped-
ogenic iron oxides, although very important for the sequestration of OC,
seem to be not completely associated with OC. This indicates a possible
higher importance of aggregated soil structures (micro aggregates) for
OM preservation. Thus at the same spot thicker layers of clay minerals
(27Al16O−) are located in the vicinity of the plant structure, indicating
the early stages in the formation of micro-aggregates, presumably re-
coverable by density fractionation as fPOMsmall (Table 2). Especially
the structure at 18 to 19 μmof the lateral scan (Fig. 4C) shows OMasso-
ciated with clay minerals indicating a zone assignable to micro aggre-
gate structures rich in biogeochemical interfaces. These soil structures
with a high abundance of mineral associated OC in fine textured soil
compartments reside in a coarse grained matrix, and are prone to relo-
cation by freeze-thaw phenomena (cryoturbation). The development of
granular, platy and lenticular soil structures due to forces originating
from periodic freeze-thaw cycles including formation of segregated ice
are well known for permafrost affected soils (Bockheim and Hinkel,
2012; Ping et al., 2008; Smith et al., 1991; Todisco and Bhiry, 2008).
The resulting physical forces foster the mixing of mineral particles and
plant residues, leading to the new formation of biogeochemical inter-
faces. With respect to our knowledge about the stability of organo-min-
eral associations in temperate soils it could be assumed that the found
soil micro structures, namely soil aggregates rich in SOM, might play a
crucial role in the future with ongoing global warming and thus the
deepening of the active layers throughout the permafrost affected
soils of the Northern hemisphere (Gentsch et al., 2015; Gillespie et al.,
2014; Mueller et al., 2015).
5. Conclusions

Soil structure is an important driver for a multitude of soil functions
with processes at themicro scale. One globally very important soil func-
tion in permafrost affected soils of the Northern higher latitudes is the
long term storage of organic carbon. Still very little is known which
mechanisms besides climatic stabilization (restricted SOM decomposi-
tion due to low temperatures) may stabilize the organic carbon when
the active layers deepen in a warming future. We were able to show
the tight interlinkage between soil micro structures, well known for
temperate soils, and organicmatter storage in a permafrost soil. Mineral
associated OC from these hot spots of microbial activity were recovered
from plant residues (free particulate organic matter, fPOM) as fine
grainedmineral fractionwith a typically low C/N ratio. It is demonstrat-
ed how plant residues act as initial nucleus for the formation of micro
aggregate structures composed of mineral associated OM. The
biogeochemical interfaces at plant surfaces, thus act as hot spots for
the formation of more complex soil structures in permafrost soils. In ad-
dition to the large number of studies on organic carbon storage and
trace gas emissions in the Arctic, this study demonstrates an approach
to focus on the spatial scale relevant for carbon stabilization. This
work illustrates the useful combination of classical bulk analysis and
state of the art spectromicroscopic techniques interlinked by computa-
tional image analysis.
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