NanoSIMS study of organic matter associated with soil
aggregates: advantages, limitations and combination
with STXM.
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Abstract: Direct observations of processes occurring at the mineral-organic interface are increasingly
seen relevant for the cycling of both natural soil organic matter and organic contaminants in soils and
sediments. Advanced analytical tools with the capability to visualize and characterize organic matter at
the sub-micron scale, such as Nano Secondary lon Mass Spectrometry (NanoSIMS) and Scanning
Transmission X-ray Microscopy (STXM) coupled to Near Edge X-ray Absorption Fine Structure
Spectroscopy (NEXAFS) may be combined to locate and characterize mineral-associated organic
matter. Taking advantage of samples collected from a decadal °N litter labeling experiment in a
temperate forest, we demonstrate the potential of NanoSIMS to image intact soil particles and to detect
spots of isotopic enrichment even at low levels of *°*N application. We show how microsites of isotopic
enrichment detected by NanoSIMS can be speciated by STXM-NEXAFS performed on the same
particle. Finally, by showing how >N enrichment at one microsite could be linked to the presence of
microbial metabolites, we emphasize the potential of this combined imaging and spectroscopic approach

to link microenvironment with geochemical process and/or location with ecological function.
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Introduction:



The spatial distribution of organic matter (OM) within the soil matrix has major consequences for its
accessibility to decomposers [1]. When mineral particles entrap or come in close association with OM,
they build physical barriers that prevent decomposer organisms and exo-enzymes from accessing OM
and decrease the in situ supply of gas, water and nutrients. A useful simplification divides the processes
of mineral-organic interaction into two major categories. Organic matter can a) become occluded by
aggregated soil structures, and/or b) be engaged in fine scale interactions with mineral surfaces through
the activity of microorganisms [2] and a variety of adsorption mechanisms [3, 4]. To date, investigations
into the fate of such mineral associated organic materials are restricted to procedures of bulk analysis
performed on operationally defined physical fractions. They are expected to isolate mineral-organic
associations of given characteristics, such as an increasing proportion of microbially processed organic
matter in fractions of increasing density [5-7]. Nevertheless, all physical fractionation techniques in use
today involve some level of interference with the spatial integrity of soil microenvironments while there
IS an increasing awareness of a strong dependence of geochemical process intensity on the physical
structure of the mineral matrix.

The development of micron to nano-scale techniques now opens the gate to elemental, isotopic and
molecular characterization at the required scale to shed new lights on organo/mineral associations. Nano
Secondary lon Mass Spectrometry (NanoSIMS) provides elemental and isotopic maps of OM at the
surface of mineral particles with a spatial resolution less than 100 nm [8-10] and permits tracking of
isotopically labeled substrates added to the soil [11-14]. In contrast to bulk isotopic measurements by
conventional techniques, NanoSIMS allows the visualization of the spread and dilution level of the label
into the soil matrix. Previous NanoSIMS studies in soil science have been performed on samples
embedded in epoxy and further polished to create surfaces without topography. However, studies on
undisturbed microaggregates mounted without carbon-based chemicals are mandatory for applications
that are focused on questions of OM turnover and contaminant degradation.

Scanning X-Ray Transmission Microscopy/ Near Edge X-Ray Absorption Fine Structure

(STXM/NEXAFS) can determine the speciation of OM at the nano-scale [15-18]. Because STXM and



NanoSIMS operate at similar scales, they should theoretically provide complementary information
about organic matter in soil microstructures, provided that samples have (i) intact spatial structure and
are (ii) unaffected by embedding organic resins. Initial attempts towards this goal have recently been
reported for tiny (micron-size) grains recovered from the coma of comet Wild 2 by the Stardust mission
[19]. Our objective with this study is to demonstrate the potential and the limitation of NanoSIMS
imaging for (1) tracking OM and labeled residues within soil microaggregates deposited on a clean
surface, without any epoxy resin. We further use STXM/NEXAFS to (2) assess the nature of this
labeled OM and (3) evaluate the information NanoSIMS can provide on the distribution of a *>N-label
within microaggregates. Our conceptual approach was to take advantage of the availability of physical
soil separates collected from a forest soil in which *>N-labeled litter had been applied 12 years before
sampling.

Experimental Methods

The soil was isolated from forest topsoil located at Ebrach in Germany (49°52° N, 10°27° E). It is
classified (World Reference Base) as an acidic dystric Cambisol with a sandy loam texture [20]. *°N
labeled leaves were deposited 12 years before sampling (initial AN of incubated leaves was 2.48%,
corresponding to 8°N~5785%. relative to the atmospheric N, standard). Physical fractions were
obtained by density fractionation in order to isolate microaggregates. Organic matter within individual
fractions was found to vary in the degree of microbial processing and carbon content [21]:
microstructures from the 1.8-2.0 g cm™ density fraction are more plant-like (C/N= 16, §*3C=-27%o
relative to PDB) and contain 210 mg C / g of fraction, those found in the 2.2-2.4 g cm™ density fractions
show a more microbial-like signature (C/N= 11.5, §**C=-26%0) with a C content of 38 mg C / g of
fraction. >N tracer applied a decade before sampling was found in both fractions: 8*°N values were
25.2+0.5%o in the 1.8-2.0 g cm™ density and 25.6+0.2%o in the 2.2-2.4 g cm™ density fraction, whereas
8N of unlabeled aggregates was -3.6+0.1%o in the lighter fraction and -0.3+0.1%o in the denser. More

details and interpretation for the recovery of >N label in the microaggregates are available in [21].



An aliquot of each density fraction was deposited onto clean SisN4 windows without the use of any
fixative; particles are held in place by plain electrostatic forces. When samples were jointly studied with
STXM-NEXAFS and NanoSIMS, they were first imaged by STXM-NEXAFS, because NanoSIMS
beam damage is much more severe than that associated with STXM-NEXAFS.

STXM-NEXAFS analyses were performed at beamline 5.3.2 at the Advanced Light Source (ALYS),
Lawrence Berkeley National Laboratory, Berkeley, USA. Images were obtained by collecting stacks in
the X-rays energy region of 278 eV to 330 eV for carbon NEXAFS and in the region of 390 eV to 440
eV for nitrogen NEXAFS. We omitted particles exhibiting an optical density greater than 2.0 at any
energy between 278 eV and 290eV, i.e. the main energy range of our carbon K-edge spectra. Those
particles were considered to be non-transparent to X-rays, with an effective thickness larger than 150
nm; the thickness limit depends on energy and will be greater at higher energies. Data were processed
with the software package aXis2000 to generate STXM images and NEXAFS spectra for selected
regions of interest [22].

NanoSIMS imaging was performed at MNHN Paris, France. Prior to NanoSIMS analysis, samples
were gold coated (20nm) to improve lateral charge compensation. Imaging was performed using a
primary Cs* beam with a current set to 0.6 pA (using D1-3) to achieve an actual analytical spatial
resolution of less than 100 nm. The primary beam stepped over the sample in a 256 x 256 pixel raster
with a speed set at 2 ms/pixel. Secondary ions images of *C’, °C’, 0", ®CN™ and #’CN™ were
simultaneously collected by electron multipliers. The images cover areas from 64 to 225 um2. The
secondary mass spectrometer was tuned for ~6800 mass resolving power (Cameca definition for
NanoSIMS) to resolve isobaric interferences (like at mass 27 between 2C**N and **C**N). Secondary
electrons were also simultaneously collected in order to image the sample while we collect secondary
ions. Several frames were collected and stacked to increase counting rate and reduce statistical error.
Instrumental fractionation was corrected for isotopic ratios using terrestrial type I11 kerogen, an organic
standard with properties similar to the unlabeled SOM (8°N=3.7+0.2%0). Data were processed as

guantitative isotopic ratio images and were corrected for instrumental bias including image drift from
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layer to layer (due to drift in the location of the ion beam from frame to frame). 8*3C maps did not
reveal any significant enrichment over natural abundance, confirming that the method used in this study
did not generate procedural isotope enrichment in our images. Prior to each image acquisition, the
sample surface was pre-sputtered using a high current beam (around 70 pA) to remove surface
contamination and gold coating and to reach sputtering steady state. As a result, several 100s of
nanometers are removed before the analysis. This means that a preexisting thin coating of the particle
would be only visible at its edge, the center of the particle representing regions that are several 100s of
nm below the surface of the microaggregates.

Detailed procedure for soil fractionation, sample preparation, technical settings for each technique
and statistics are described in the supplementary online information.

Results and Discussion

1. NanoSIMS investigation of soil microaggregates deposited on a SisN4 window

Figure 1 shows a microaggregate of approximately 10 by 3 micron size that originated from a
physical fraction dominated by plant-like organic materials [21]. In this image, **C and *CN are
considered to represent OM, whereas 20 signals are assigned to phyllosilicates, primary silicate
minerals or pedogenic oxides; ‘20 yield being higher in mineral than in organic matrices. N is detected
as the molecular CN" ion due to high ionization potential to form N” under the Cs beam, resulting in a
much lower yield in N compared to CN™ [23, 24]. As expected the OM appears to be heterogeneously
distributed: it occurs as a very thin coating, or as patches in subsurface layers, possibly in protective
pores. Nitrogen and Carbon locations differ significantly, indicating a variable OM composition (see
figure S1). Carbon is distributed in patches all over the particle, while N is found in some patches and
forms a discontinuous rim around the particle.

We need to consider possible sources of analytical bias to discuss the C and N distributions.
Microaggregate roughness can be a potential source of bias because sample topography affects the
NanoSIMS yield for *C" and CN ions, preventing us from obtaining accurate C/N ratios [25].

However, on the X-Y profile (Fig. S1) we find no correlation between the amplitude of secondary



electrons (indicative of the topography) and **C and °CN" signals. This allows us to exclude an
influence of sample roughness on the distribution of N and C.

There is also the possibility that the CN™ signal at the edges of the particle may be an artifact
produced by the N-rich window. Scattering effects or wrong definition of the region of interest (ROI)
may result in a fake rim. The X-Y profile through this particle (see Fig S1) proves that the “CN" signal
at the rim matches with the edge of the particle (indicated by the secondary electron signal) and that the
CN' signal is more intense at the particle rim than on the SizN4 window. Scattering of the primary Cs
beam [26, 27] could skew the location of N rich areas in our configuration. When primary Cs ions hit
the side of a particle, some may be deviated to the SizN4 window and sputter it, potentially leading to of
the appearance of a fake N-rich layer around the particle. This effect is nevertheless small if the particle
is constituted by light elements, inducing a small scattering effect because they absorb Cs ions more
easily. We believe that we can rule out this effect here because: 1) on the secondary electron image
(Figure 1), the microaggregate is rather flat with a roughness smaller than its lateral extension, it should
not be thicker than a couple of microns and is composed of light elements (silicates and OM); such
particles are not expected to induce significant scattering; 2) The CN" rich rim is discontinuous, like
on the top side of the particle: the CN" coating is absent whereas the aspect of the particle is similar to
other side regions; there is no reason scattering would not happen in this region in contrast to the rest of
the edge of the particle, the primary beam in the NanoSIMS being quasi-perpendicular to the surface.
On the other hand, it seems possible that an OM coating could have been cut off in some places during
sample preparation. In addition, in another imaging study not involving STXM imaging, we have
deposited similar soil microaggregates on cleaned N-free gold foil and the same N-rich rim could also
be observed (see an example in Figure S2). Finally, re-deposition of N-rich material around the particle
during the Cs sputtering can be excluded here because it would occur outside the imaged area where the
Cs beam does not raster.

We conclude that the observation of a N-rich coating, in this case, is not biased and reflects the actual

occurrence of OM containing more N-rich moieties than most of the OM of this microaggregate. This



N-rich OM also seems to occur in one area in the middle of grain in a pore (as revealed by a hole in **0"
image) that could have been connected to the outer part of the microaggregate. Clear determination of
the origin of this OM is, however, hampered by the lack of information at the molecular scale.

2. NanoSIMS characterization of OM containing a *°N tracer

The amount of N tracer was low in our samples collected from a decadal, in-situ labeling
experiment: the microaggregates contained about 10mg.g™* N, with *°N representing only 0.3705% of
the total N (very close to 0.3655%, the mean natural abundance of >N). Nevertheless, NanoSIMS
successfully detected several cases of >N-enriched OM among 20 studied particles (Figure 1): the 8°N
map indicates three locations of *°N rich organic materials (See SI and Figure S3 for a description of the
statistics used to identify *N-rich hotspots). In spite of the small size of these regions of interest
(around 400 nm wide), the degree of isotopic enrichment is significant even when considerable natural
variability is assumed, with >N up to 500%o whereas natural OM is around °N=-2%.. The occurrence
of such enriched N spots is not compatible with an intense microbial recycling of labeled residues over
the 12 year incubation; an intense recycling would have diluted the isotopic signal and spread it over the
soil components. As a result, the spots of *N-rich organic matter are either unaltered residues of the
original labeled litter incubated for 12 years or stabilized products of the recycling of this litter.
Unfortunately, C/N ratios determined by NanoSIMS in the course of this study are not accurate enough
to distinguish between any of the two hypotheses.

A molecular investigation at a similar scale is desirable to assess the fate of the organic label in such a
long-term experiment. Characterization at the molecular level is usually achieved by using NMR or GC-
MS but these techniques do not provide information about the spatial distribution of molecular moieties
at the micron scale.

3. Combined investigation of labeled soil microaggregates by STXM and NanoSIMS

Figure 2 shows images successively acquired on both STXM and NanoSIMS for a five micron-wide
microaggregate from the fraction characterized by microbial organic matter [21]. On NanoSIMS

images, OM appears only as a thick coating around a side of the particle (Fig. 2B) while STXM
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mapping detects OM within a larger zone (Fig. 2C). This illustrates that NanoSIMS and STXM do not
image the sample in the same way. NanoSIMS, as a surface technique, can only probe the (sub)surface
over a few tens of nm, whereas STXM is a transmission technique that averages information over the
entire thickness of the sample. While OM located on the back of the sample will be invisible for
NanoSIMS, it contributes to the signal obtained by STXM. For this reason, comparisons between
STXM and NanoSIMS images need to account for the fact that the STXM/NEXAFS signal may
indicate the presence of more organic species than are present in the thin surface layer probed by
NanoSIMS. Only areas with concomitant NanoSIMS and STXM signals (like areas 1 and 2 in figure 2)
should be taken into account for joined interpretations. Area 1 is identified by both techniques as being
composed of a type of OM that differs from the rest of the organic coating around the aggregate. On
NanoSIMS images, this area appears to be very C-rich and could correspond to carbonized OM. The C-
NEXAFS spectrum extracted for this area reveals a broad and strong absorption band around 285.2 eV
produced by aromatic C and a second distinct peak at 288.5 eV in the carboxylic region. The dominance
of the aromatic peak is suggestive of black carbon (BC), and, in fact the major features of this spectrum
can be well reproduced by a 58% and 44% linear combination of two reference char spectra, Fescue
grass charred at 300°C and 700°C respectively, [28]. In the o* and post-edge normalization range,
>290.5 eV, the shape of the two spectra remain similar although the absolute intensity is different. As
this range is very sensitive to normalization and thickness effects, the fact that the lower energy
resonances can be well matched by sample BC spectra remains strong evidence for the carbon in the
particle being derived from BC. In contrast, the rest of the OM of this particle, as sampled in areas 2 and
3, shows a smaller peak of aromatic material (285.2eV) and noticeable resonances at 288.5eV and 289.3
eV. The region 2 spectrum has the same overall shape of standard spectrum of Tall Fescue grass [28],
despite a slight shift to lower energy by 0.14 eV. Even without this shift, the very high degree of
similarity implies a potential plant material origin of this spectrum. The region 3 spectrum shows the
same features as the region 2 spectrum with additional intensity at 287.2 eV. Solomon, et al [16]

assigned the 287.3 region to aliphatic carbon. Similarly, Brandes et al [15] identified the aliphatic
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region as 287.1 to 287.4 eV. The increased intensity in this region of the #3 spectrum indicates a greater
concentration of aliphatic carbon.

Figure 3 shows the images we successively obtained by both techniques on a particle with a **N rich
hot spot (Fig. 3, region 1). This particle was from a density fraction enriched with microbial products
[21]. The N-rich hot spot has a 8"°N value of 213+132%o (2 sigma). According to NanoSIMS and
STXM investigations, it is located in a N-poor region (see panel A and C). The feature in the C-
NEXAFS spectrum extracted from this area has a relatively broad absorbance band, ranging from
287.8eV to 288.9 ev, centered at 288.3 eV, and peaking at 288.5eV. The 288.7ev to 288.8eV range is
taken by Kinyangi et al. [17] to indicate carboxyl-C with amide type features resonating at the lower
energy side of this range at 288.2 [29]. The broad nature of this feature in the sample spectrum
combined with the lack of large resonances in the aromatic (285.2 eV) region or other prominent
features, makes the most likely interpretation of this peak to be a mixture of carbon containing a large
fraction of carboxylic/amide functional groups consistent with a mixture of proteins, amino-sugars, and
acid containing polysaccharides. The *°N rich hot spot is more consistent with microbial body material
and/or exo-polysaccacarides than it is with fresh plant litter material as seen in Figure 2 or in [30] (see
the comparison in Fig 3). This is also supported by the comparison with data acquired on pure microbial
cells [31]. These results are consistent with the hypothesis that the potential >N enrichment in this
location originates from microbial metabolites produced from the decomposition of the **N-rich litter
rather than a fragment of the litter itself.

It should be cautionary noted that fine scale mixing between several organic pools (like a little
amount of labeled plant material embedded in a larger unlabeled blob of microbial material) may remain
an issue. A greater number of observations at the nanoscale would help to establish a more robust
assessment. If confirmed, such visual observations would represent a great step forwards for the soil
science community. They would illustrate that microbial processing of litter->N favors its retention in
soil thanks to interactions with mineral surfaces, and prevents it from being continuously cycled and

eventually diluted, released and lost as inorganic **N.
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Technical challenges to combine STXM and NanoSIMS

Several technical constraints, sometimes hard to reconcile, arise if the exact same spot on a given
specimen has to be examined with STXM and NanoSIMS.

1) The samples must be mounted in the same fashion for STXM and NanoSIMS analysis. Most
STXM holders contain either N (SisN4 window) or C (TEM Cu grid with C lacey) and may introduce
unwanted bias for NanoSIMS N and C imaging (ion scattering, background contribution).

2) The regions of interest (ROI) have to be large enough (about 500 nm in diameter) to achieve decent
counting statistics with NanoSIMS; this is easier to do for large particles. At the same time, particles
have to be transparent to X-rays, i.e. with an effective thickness smaller than 150 nm, to be studied by
STXM. Consequently, flat particles are the best targets for joints STXM/NanoSIMS studies — with
resulting issues in terms of biased sample populations.

3) Charging of quartz grains during NanoSIMS imaging, in spite of gold coating, is an issue, resulting
in a dramatic decrease of signal intensity. This is usually addressed by flooding the sample with
electrons for charge compensation using a device called “electron gun”. Because the electrons produced
by the electron gun dazzle the detector for secondary electrons, the electron gun would have prevented
us from acquiring the secondary electron images that were needed to overlap images obtained from
STXM and NanoSIMS and to assess analytical bias. We decided to favor the secondary electron images
and to mask, on our images, the very few regions showing obvious charging. As a consequence, there is
no information at the location of charging while the information for the rest of the image is deemed
suitable for interpretation. When mineral grains are significantly coated by organic material, charging
effects can be neglected (see figure 1). As a result, only regions free of organic material appear to
undergo charging; there is no significant loss of information about the OM at the surface of a

microaggregate if charging obscures only the inorganic component.

Environmental Implications
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Our study has demonstrated the feasibility of NanoSIMS investigations on isolated soil
microstructures deposited on a clean surface. We have shown how NanoSIMS identifies organic and
mineral components in microaggregates, detects the occurrence of local concentration of any isotopic
label even in the case of weakly labeled samples. The observation of some label-rich hot spots in our
long-term experiment shows that labeled organic matter in soil can be preserved over a long period.

STXM-NEXAFS combined with NanoSIMS generates more robust conclusions than NanoSIMS
imaging alone. Joint STXM/NEXAFS analysis requires a significant amount of analytical time on both
instruments. When implemented, the combination of methods offers a means to test hypothesis arising
from bulk scale studies by visualizing the suspected process. The really unique set of results from such a
combination, in addition to small-scale textural observation using SEM and TEM, opens a new window

of opportunities for geochemical and ecological processes research at the sub-micron scale.
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Figure 1: NanoSIMS images of a soil micro aggregate, indicating the location of **C, *CN and **0
along the particle, which shape is shown by secondary electrons. Maps of 8**C and 8°N are also
represented. °N-rich hot spots can be distinguished with 8N significantly above the natural
abundance; §°N= 573+175 %o, 382485 %o and 467+130 %o (2 sigma errors) for a, b and c, respectively.
A mask was applied to these images by taking in account only the area of the particle with **C" and
®CN" counts above an arbitrary threshold. Then, black regions correspond to the location of the SisN,

window (on the sides) or to area where we cannot get reliable data. 5(in %o)=(Rsample/Rstandara — 1)*1000.

Figure 2: Example of the combined study of a soil aggregate by NanoSIMS (A and B) and
STXM/NEXAFS (C and D). **0 image (A) can be used to map the inorganic part of the whole particle.
OM, represented by *2C and *®CN, occurs only as a rim around the particle (B). Color scale for A and B
is similar to figure 1. (C) is an image of C and N as revealed by STXM imaging, the regions were the

sample was to thick to get NEXAFS spectra or was free of organic matter appear in grey. In (D), the
18



NEXAFS spectra of 3 areas are compared with a black carbon spectra obtained from [28]. Area (1) is
identified by C-NEXAFS as black carbon; this is consistent with a strong **C” signal on the NanoSIMS

image. See text for peaks identification.

Figure 3: Joined NanoSIMS/STXM study of a soil aggregate with a >N hot spot. (A): *CN image.
(B): "N image of the same grain. A mask was applied on these images with a similar fashion as figure
2. The point (1) indicates a *>N-rich hot spot, §°N=213+132%.. STXM C and N imaging is reported in
(C). NEXAFS (panel D) shows that the litter-derived-">N (region 1) would be involved in microbial OM
as indicated by the comparison with forest litter from [30] and microbe cell from [31]. See text for peak

identification.
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