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ABSTRACT: The stable 13C/12C isotope composition
usually varies among different organic materials due to
isotope fractionation during biochemical synthesis and
degradation processes. Here, we introduce a novel laser
ablation-isotope ratio mass spectrometry (LA-IRMS) method-
ology that allows highly resolved spatial analysis of carbon
isotope signatures in solid samples down to a spatial
resolution of 10 μm. The presented instrumental setup
includes in-house-designed exchangeable ablation cells (3.8
and 0.4 mL, respectively) and an improved sample gas
transfer, which allow accurate δ13C measurements of an acryl
plate standard down to 0.6 and 0.4 ng of ablated carbon, respectively (standard deviation 0.25‰). Initial testing on plant and
soil samples confirmed that microheterogeneity of their natural 13C/12C abundance can now be mapped at a spatial resolution
down to 10 μm. The respective δ13C values in soils with C3/C4 crop sequence history varied by up to 14‰ across a distance of
less than 100 μm in soil aggregates, while being partly sorted along rhizosphere gradients of <300 μm from Miscanthus plant
roots into the surrounding soil. These very first demonstrations point to the appearance of very small metabolic hotspots
originating from different natural isotope discrimination processes, now traceable via LA-IRMS.

The stable 13C/12C isotope composition of environmental
samples has become a unique tracer of carbon

assimilation pathways. In plants, its analysis provided key
information about the assimilation of fossil carbon sources
(Suess effect)1 and about differentiated C3 and C4 photo-
synthetic pathways2,3 and gave hints regarding water stress
adaptation pathways.4−6 In marine and lacustrine environ-
ments, the analysis helped to track terrestrial C input and was
useful for paleoclimate reconstruction.7−9 In terrestrial
environments, δ13C analyses were indispensable for assessing
the mean residence time of soil carbon after C3/C4 vegetation
changes,10,11 for elucidating microbial and faunal food webs,12

and for paleo-environmental reconstructions.13−16 However,
spatially homogeneous C isotope signals were assumed for all
these studies because it has not been possible to map
microscale variation of the 13C/12C isotope composition in
routine lab analyses down to the natural abundance level. The
present contribution provides a viable solution to this problem.

Different instrumental setups using laser ablation (LA)
combined with other detectors have already been applied on a
micrometer scale for measuring bacterial cells and plant and
animal tissue, as well as to other substances in geological and
biological studies.17−23 For ablation of organic matter, cold
Nd:YAG laser ablation systems are recommended.24,25 Lasers
operating at 213 nm ensure cold ablation as more traditional
266 nm systems24,25 and thus avoid isotope fractionation
effects during the ablation process. All previous laser ablation
studies relied on obtaining spatially resolved signatures from
organic solids with relatively large and homogeneous organic C
contents compared to soil (wood, single hair samples, or pollen
grains of C3 and C4 plants), yielding ablation spot sizes
between 150 and 50 μm22,24,25 and a sensitivity between 65
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and 24 ng C.25,26 Higher spatial resolution and sensitivity are
crucial for many environmental studies, which have aims such
as identifying microbial hotspots in soils and sediments, or
patchy sequestration of carbon.
In this contribution, we introduce a laser ablation-isotope

ratio mass spectrometry (LA-IRMS) system using a frequency
quintupled 213 nm Q-switched Nd:YAG laser with <5 ns pulse
width and flat-top energy profile (>4 mJ pulse−1; Teledyne
CETAC Technologies, Omaha, USA). Laser ablation of
particulate matter was done in newly designed low-volume
cells; the ablated particles were collected and transported using
helium as the carrier gas. Particles were oxidized to CO2 in an
oven; then, sample gas was transferred to a system of two cryo-
traps for gas cleanup and peak focus (modified PreCon system;
see ref 27). Sample gas was then led through a GC column
before it entered the IRMS DeltaVplus via a ConFloIV
interface (both from ThermoFisher Scientific) for analysis of
δ13C. The challenges were to increase the spatial resolution of
the δ13C signal by an order of magnitude by decreasing the
area of ablated spots down to 10 μm, thus responding to a
growing interest in isotopical characterization of microbial hot
spots, organic exudates of roots, and residues of plants and
microbes. Doing so would enable us to reach into areas where
the utilization of organic materials is physically hindered by,
e.g., encrustation processes and occlusion within aggregates
and, thus, limited bioaccessibility.

■ EXPERIMENTAL APPROACH
Ablation System and Isotope Measurement. For laser

ablation, highly focused laser light pulses are used to remove
(ablate) material at a spatial resolution of a few micrometers in
diameter from discrete areas of virtually any solid sample (e.g.,
ref 28 and references therein). For the present study, we used a
Teledyne LSX-213G2+ solid state Nd:YAG laser system
(CETAC, Omaha, NE, USA) that produces deep UV laser
radiation at a wavelength of 213 nm. The laser pulse frequency
can be variably adjusted; frequencies from 10 to 20 Hz proved
to be optimal for this application. Furthermore, the laser
allowed adjustment of the energy output, the ablated spot size,
and the number of laser shots.
The standard cell of the LSX213 G2+ laser (two volume

active cell HelEx II) was replaced with an in-house-designed
single-volume cell (see Figure 1; the cell was constructed with
an active volume of 3.8 cm3 and a total internal volume of 17.2
cm3; for details see Figure S-1). The cell was mounted on an
adapted plane mount aligned to the laser’s original movable
stages, which allowed the sample to be monitored by a

computer-controlled video microscope and internal LED
illumination (coaxial, ring, and transmitted light sources). As
we expected, the samples to have very low amounts of C, we
also produced a second cell with the same design, but with an
even smaller active volume of 0.4 cm3 and, therefore, with
reduced background signal. Both cells are easy to handle and
are interchangeable.
The upper and lower windows of the single-volume cell were

made of quartz glass and sealed using O-rings (Ø30 × 2 mm;
form error: 3/0.5 wedge: <5′; Laseroptik corp., Garbsen,
Germany). The top window was specially coated (AR213 nm/
0°; R < 0.25%) to reduce reflection of the 213 nm wavelength.
The system was continuously flushed with high purity

helium (BIP5.0), which ran through a stainless steel line of 1/
16 in., directly connected to a mass flow controller (MFC
adjusted to constant flow rate of 10 mL min−1; Alicat, Cole-
Palmer, Vernon-Hills, IL, USA) and a PEEK 1/16 in. line
between the MFC and the cell (Figure 1).
The resin-embedded sample was positioned on a spring

inside the cell to reduce the cell’s active volume (see Figure S-
1; sample was embedded in Araldite 2020, Huntsman, δ13C
−29.98 ± 0.5‰, and then cut and polished with corundum to
avoid C contamination on the sample surface). Helium was
purged with 10 mL/min into the passive volume of the cell and
then directed via four channels to the active cell volume above
the sample. These four channel outlets were tilted (with 45° to
the cell radius) to ensure gas rotation on the sample surface,
thus increasing flow dynamics and particle suspension in the
gas phase. The maximum sample diameters were 25 and 10
mm (3.8 and 0.4 cm3 cell volume), respectively, which
corresponds to sample sizes used in other applications, such as
nanoscale secondary ion mass spectrometry (NanoSIMS).
The output port was laterally aligned close to the sample

surface to increase particle collection efficiency (Figure S-1).
This port was coupled to an IRMS via a PreCon automated
interface, equipped with a continuous gas flow combustion
furnace. The furnace was used to convert the carbon in the
ablated sample to CO2 at 900 °C. Low cell volumes allowed
the oxidation of the complete sample in the oven. A Nafion
trap was installed after the furnace to eliminate remaining
traces of water. This was followed by cryo-trapping of the
evolved CO2 in a first automated trap using liquid nitrogen
(Figure 1). The second automated trap focused the CO2. After
switching the Valco valve, both traps were purged with a
reduced He flow, now received from the ConFlo interface (He
flow of approximately 0.3 mL min−1). Sample gas was then led
through a capillary column for further cleanup and peak
shaping (PoraPLOT Q, 25 m length, 0.25 mm diameter, 8 μm
film; Agilent Technologies, Santa Clara, CA, USA) to a
ConFlow and Delta V plus IRMS detector (Figure 1;
ThermoFisher Scientific, Bremen, Germany). During sample
exchange and stand-by, an additional He flow was added
through the PreCon system (He purge at 10 psi, Figure 1) to
ensure continuous He flow through the combustion furnace
and lines (for stand-by, helium flow from the laser MFC had to
be reduced to 3 mL min−1 to avoid overpressure at the laser
(max. 19 psi)). To maintain the oxidizing capacity of the
combustion, the furnace was periodically oxidized by using a
Crystal-mix (Helium N46 mixed with 5.0 ± 0.1 Vol% Oxygen
N45).
For accurate isotope ratio assessment, we used the Isodat

Software (ThermoFisher Scientific), which basically starts each
run with a peak center adjustment. Then, three peaks of CO2

Figure 1. Setup of the LA-IRMS system starting with a newly
constructed low-volume cell. Only the upper part of the cell is the
active operating volume for laser ablation (marked in red; more
details in the Supporting Information).
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reference gas were introduced before sample ablation started.
Directly before sample gas analysis, the IRMS performance was
again checked by two CO2 reference peaks (reference gas
switched in through ConFloIV after cryo-trapping). The
complete analytical procedure was programmed via an ISL
protocol embedded in the Isodat software, which enables
timing of valve position change, ConFloIV action (CO2
reference gas inlet/sample gas inlet), and positioning of cryo-
traps. The laser was controlled via the Chromium2.2 software
(Laser Ablation System V.2017.1.31.0), and the ablation was
started manually to work in time with the IRMS part of the
LA-IRMS system. Each sample run needed about 10 min.
Standards and Reference Samples. For calibration of

the CO2 gas tank and reference samples, we used isotope
reference standards reported versus Vienna PeeDee Belemnite
(vs VPDB; acetanilide −29.53‰; cellulose −24.72‰; sucrose
−10.45‰; National Institute of Standards and Technology,
Gaithersburg, MD, USA), measured on a FlashEA 1112
elemental analyzer connected to a Delta V advantage IRMS
(ThermoFisher Scientific, Bremen, Germany). In-house EA-
IRMS referenced samples, which were chosen to resemble
different types of organic matter occurring in soil, were applied
to test the LA-IRMS system (beech wood −27.09 ± 0.02‰;
einkorn wheat −28.71 ± 0.03‰; acryl plate −29.75 ± 0.06‰;
IAEA-CH-3−24.77 ± 0.06‰; sucrose −26.93 ± 0.05‰;
Gordonia alcanivorans −23.07 ± 0.00‰).
For the ablation tests, we produced press-pellets from each

separate and in-house-referenced sample. With the exception
of the IAEA-CH-3 standard29 (which was cut into pieces), all
samples were thoroughly homogenized to avoid any
inconsistencies. The standards were placed in stainless steel
sample holders in order to avoid any cross contamination
(Figure S2). Each sample was ablated several times to test the
effects of laser energy efficiency, as well as to try and correlate
ablation depth to the number of shots.
Environmental Samples. To illustrate the performance of

our LA-IRMS system, we used the following sample sets: (1)
We assessed the carbon isotope composition in so-called
occluded large microaggregates (53−250 μm), isolated from
wet fractionated and ultrasonically treated macroaggregates
(250−8000 μm). Such aggregates are considered to play a key
role in C sequestration processes in soil because they protect
physically occluded C from decay. (2) We assessed the carbon
isotope signature along gradients from C4 roots (Miscanthus)
into the surrounding soil (previously under C3 vegetation),
with the knowledge that the living area around roots (the so-
called rhizosphere) is a hot spot for microbial activity, thus
inducing steep gradients in carbon concentration and its
turnover. (3) We assessed the spatial variability of carbon
isotope composition in soil particles <2 mm, which have
received C inputs by C3 and C4 vegetation (two years after C3
to C4 vegetation change).
Soil microaggregates (set 1) were formed in arable loamy

Haplic Luvisols (35% clay; 5−15 cm sampling depth, Scheyern
experiment station, Southern Germany).30

Topsoil samples from a Miscanthus field (set 2) were
collected from the experimental research station of Bonn
University in Klein-Altendorf, Germany, continuously cropped
with Miscanthus since 2007. Coordinates were 50°35′37.18 N/
6°59′10.24 E at an altitude of 240 m a.s.l. The mean annual
temperature and precipitation were 9.5 °C and 605 mm. The
main soil type was a Luvic Stagnosol (Episiltic) (IUSS

Working Group WRB, 2015), with a silty-loam texture (63%
silt, 23% clay, and 14% sand).31

For set 3, soil particles <2 mm from a C3/C4 vegetation
change experiment at the Terrestrial Observatory TERENO,
Selhausen, Germany, were sampled in 2014 (0−30 cm soil
depth). Soil had been continuously cropped with maize since
2012 (Zea mays L.).32 The mean annual temperature and
precipitation were 9.8 °C and 693 mm, respectively. The main
soil type was a Stagnic Cambisol (Skeletic) (IUSS Working
Group WRB, 2015) with a silty-loam texture (64% silt, 15%
clay, and 18% sand).32

Environmental samples were taken as large blocks with a
spade. They were manually broken to undisturbed aggregates
of approximately 15 mm in diameter and air-dried (set 2),
further processed using wet sieving into different aggregate size
classes and freeze-dried (set 1),30 or simply dry-sieved to 2 mm
(set 3).32 The dried subsamples were then embedded in
Araldite before analysis.

Surface Mapping. To determine the ablation quality and
to assess the crater depth and amount of ablated material,
noncontact 2D and 3D surface mappings were applied to the
acryl plate in-house standard. The measurements were carried
out using an Omniscan MicroXAM white lite roughness
microstitching interferometer (ADE Phase Shift, Tucson, AZ,
USA) at Trinity College Dublin Center for Microscopy and
Analysis. The repeated measurements of the crater depths were
performed on combinations of ablation spot size with number
of shots (Figure S3; Table S1; n = 5).

■ RESULTS AND DISCUSSION

Blank Minimizing through Sample Aerosol Transport
Optimization. There is a general risk that CO2 from sources
other than the sample may contribute to the assessment of
δ13C values by LA-IRMS. We call this the blank signal,
originating from small amounts of CO2 already present in the
cell, entering through the Valco-6-port connector, or resulting
from other tiny leakages in the system. Thus, the isotope
discrimination tests were performed at C concentrations far
above the blank signal. However, to perform accurate LA-
IRMS analyses at very low C concentrations at high spatial
resolution, minimization of the blank signal was crucial. We
observed that its contribution to the total signal increased with
increasing loading time on the cryo-trap (Figure 2). However,
the isotope composition of the blank was not affected by the
loading time. It averaged −18.78 ± 0.54‰, ranging from

Figure 2. Impact of loading time in the first cryo-trap on the blank
peak area in cells with 3.8 and 0.4 mL active volume (without laser
ablation). If the loading time was <7 s, the blank was at the baseline
level of the IRMS detector for both cells. The isotopic signature of the
blank signal was not affected by the loading time.
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−17.93‰ to −19.27‰ on different days (n = 34; individual
data not shown). With the 3.8 mL cell and a trap loading time
of 7 s, the blank fell below the routine detection limit of the
IRMS system (which was preset to 50 mV; that is, close to the
baseline). With a loading time of 20 s, the blank signal
remained stable with a peak area less than 0.6 Vs; this means
that any signal above this value must have resulted from sample
ablation. Thus, very clear ablation signals from the in-house
acryl standard were produced with spots of 30 μm size and 40
shots in a 3.8 mL cell volume (Figure S-4). By minimizing the
time window for cryo-trapping, that is, finding the optimum
delay time between particle ablation in the cell and particle
arrival at trap 1 (loading time), the blank signal could be
reduced significantly as needed for improved sensitivity. All
these steps were controlled by the Valco-6-port valve in the
PreCon settings (modified ISL method of the PreCon, loaded
in the Isodat Software, ThermoFisher Scientific). The method
was programmed with a delay time of 2 s until switching to
cryo-trapping with a loading time of 20 s for the 3.8 mL cell
(see details for the 0.4 mL cell below).
Energy Efficiency and Limitation of the Fractiona-

tion. First, we tested the optimal efficiency of the LA-IRMS
system under different ablation settings and for different in-
house standardized organic materials with known δ13C value,
such as beech wood, sucrose, einkorn grass, the actinomycete
Gordonia alcanivorans, an acryl plate, and the certified IAEA-
CH-3 standard. The question was whether these organic
materials, which commonly occur in soil, show different
ablation behavior. To perform these tests, we produced press-
pellets from milled standard materials and placed them in the
metal sample holders (Figure S-1a,b). According to Jeong et
al.,33 the entrainment efficiency of particle transport decreases
with increasing laser power density and is strongly affected by
laser beam diameter at constant laser pulse energy (that is,
removing more sample than can be efficiently collected and
transported) or at variable laser pulse energy with fixed spot
size. We tested the appropriate laser pulse energy using a fixed
spot size and a fixed number of shots in increments, starting
from the configuration of 40% energy output to 20%, 15%,
10%, 5%, and finally 3.5% energy output (Figure 3). Using a
constant spot size of 30 μm and 40 pulses, the results of

different in-house-referenced samples clearly showed that the
3.5% energy output setting of the laser (corresponding to a
fluence of 0.71 J/cm2) was appropriate for organic matter
ablation independent of matrix. If higher laser energies were
set, δ13C decreased from the referenced value, probably due to
partial heating of the sample inducing isotopic discrimination
(Figure 3). Also, the blank contribution was significantly
reduced and, since this was constant during the day, it did not
interfere with the sample measurements. Across different days,
however, the isotope composition of the blank varied, which
must be accounted for when analyzing a sample at different
days (Figure 3).

Sensitivity. The sensitivity of the LA-IRMS system was
tested by applying variable spot sizes (40, 30, 25, 20, 15, and
10 μm) and numbers of pulses (40, 30, 20, and 10 shots) to
our organic matrices (cell size 3.8 mL, Figure S-4a,b). As
expected, the results showed that decreasing the spot size
impacted the resulting signal intensity more than a decreasing
number of shots. The combination of both, that is, the dilution
of the blank signal in a sample by increasing the sample
volume, resulted in a linear decrease of the measured isotope
signal for all tested in-house-referenced samples (Δδ13C =
δ13Ctotal − δ13Creference; Figure S-4a; Table S1). In the 3.8 mL
cell, the isotope signal was stable for 30 μm spots due to a
negligible blank signal, and the resulting isotope signatures
were close to the reference values (Figure S-4b).
Here, we directly measured the blank value and subtracted

the respective contribution of blank carbon from sample
carbon. In detail, this means that, when ablating soil samples,
we need to compare the resulting carbon signature with that of
the reference peak from standard material that was
homogeneous in carbon content. The subtraction then refines
the resulting signals by a linearity correction, which involves
using measured and true values for the CO2 reference gas.
A blank correction for isotope ratio measurement with small

amounts of samples can be performed by regression or by
subtraction34,35 and calculated as described by Werner et al.:36

A A
A

C
( C C )

( A )
13

sample

13
total total

13
blank blank

total blank
δ =

δ × − δ ×
−

where A is the area of the m/z 44 peak.
The trapping time of 20 s needed for the complete transport

of the sample gas suspension from a 3.8 mL cell to the first
cryo-trap poses a constraint for sampling resolution; namely,
the signal intensity from ablated carbon material had to be in
excess of 0.3 Vs for it to be reproducible (Figure S-4b).
To calculate the ablated C amount, we used an acryl plate

and measured the total ablated volume (Figure S-3a; C content
60%; density 1.19 g cm3; δ13CAcryl = −29.75 ± 0.06‰, relative
to VPDB using EA-IRMS). We determined the ablated crater
volume for different combinations of laser spot size and shot
numbers (Figure S-3b; Table S1). The crater geometry and
overall symmetry may influence the depth resolution and
fractionation effects, which might not be strictly related only to
the beam profile. The Nd:YAG laser was able to produce flat-
bottom and straight-wall craters.37,38 The crater geometry
(Figure S-3b,c) maintained flat-bottom laser beam profiles
during repeated ablations at a single spot, using focused laser
light pulses with 10 and 40 μm operative diameters. Because of
this crater assessment, we were able to calibrate the LA-IRMS
signal to C amount and, thus, also determine sample size
requirements for the reference measurements comparable to

Figure 3. Discrimination of stable carbon isotopes from different
organic matrices by ablation with increasing laser energy.
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Moran et al.25 The final limit of determination corresponded
to a carbon amount of 0.6 ng for the 3.8 mL cell, which
corresponded to a minimum of 20 μm ablated spot size
(Figure 4a).

Sensitivity Enhancement. In order to be able to detect
carbon when using spots <20 μm in diameter, we built a
second sample cell with reduced active volume (0.4 mL). We
used it with decreased loading time for cryo-trapping in order
to minimize blank signal accumulation in the cryo-traps
(Figure 2). The isotopic signature of the blank was comparable
to that of the 3.8 mL cell, but the contribution of the blank to
the ablated signal was significantly smaller. The trapping time
needed for the evacuation (transport efficiency) of the sample
was best at 10 s (Figure S-5). A saturation of raw isotopic
signal from the acryl plate was reached at a δ-value of −37.42
± 0.37‰, irrespective of the loading time; this indicates that
the blank contribution could then be neglected (Figure S-5a).
The smaller cell finally yielded the same δ13C values as the
larger cell after blank correction (Table 1; Table S-1). We
conclude that operation with the small cell is feasible, which
enables us to reduce the combination of spot size for laser
ablation to 15 μm with 20 shots and to 10 μm with 40 shots.
The limit of determination was calculated to be 0.3 ng C for
the 0.4 mL cell, which corresponded to a minimum ablated
spot size of 10 μm (Figure 5b).
Analyses of Environmental Samples. We first applied

our methodology to soil microaggregates (sample set 1, long-
term arable experiment station at Scheyern, Germany). We
fixed the occluded microaggregate fraction in Araldite and
detected spotwise the δ13C using the 3.8 mL cell (Figure 5).
During the analyses of the embedded material, we randomly
repeated the acryl plate standard measurement in order to have
the reference measurements in the same sample run (Figure S-

2c). The bulk soil and microaggregate fraction (53−250 μm)
were characterized for their C isotope composition before
using EA-IRMS and showed an average δ13C value of −25.10
± 0.07‰ and −25.36 ± 0.42‰, respectively. However, the
single isotopic signals in the ablated material showed a much
larger variability, which reached a data spread >1‰
independent of ablation spot size (Table 2). In soil, such a
shift in δ13C values corresponds to organic matter degradation
along a depth interval of a few dm in native sites not
experiencing a C3/C4 vegetation change, which may well
comprise >1000 years of organic matter turnover and
genesis.39 Therefore, the accuracy of δ13C analyses for bulk
soil or even a soil aggregate fraction in no way represents the
true heterogeneity of processes involved in soil organic matter
transformation and genesis. Instead, we have to conclude that
there are hot spots of C accrual, even at microaggregate level,
that originate from different isotope discrimination processes
and, thus, probably from different organic molecules and,
respectively, from different plant or microbial debris.
Heterogeneous δ13C distribution not only is to be expected

in soils but also has previously been found for tree rings24 and
may be expected as well for root exudation of C into soil as for
nutrient uptake and related feeding of the microbial
community. We detected the microscale shift in C isotope
composition in a gradient ablated from the root to the root-to-
soil contact zone (rhizosphere) and the soil matrix (Figures
6a,b and S-6). The root, which was from Miscanthus (sample
set 2), clearly consisted of C4-photosynthesis derived C (with
an average δ13C of −19‰, Figure 6a), while soil in about 300
μm distance did not yet show signs of C4-carbon input.
However, signals had already mixed in less than a 300 μm

Figure 4. Detection limit of the LA-IRMS system given in C amount
(a) for the cell with 3.8 mL active volume and (b) for the cell with 0.4
mL active volume (detected with an acryl plate with known ablated
crater volume; see also Supporting Information).

Table 1. Accuracy Tests of the LA-IRMS System with 3.8 and 0.4 mL Active Cell Volume

laser ablation-IRMS

active volume 3.8 mL active volume 0.4 mL EA-IRMS

sample δ13C ± st.dev. (‰) offset (‰) n δ13C ± st.dev. (‰) offset (‰) n δ13C ± st.dev. (‰) n

acryl platea −29.68 ± 0.25 −0.07 39 −29.77 ± 0.25 0.02 22 −29.75 ± 0.06 5
IAEA-CH-3 −24.72 ± 0.78 0.00b 30 −24.80 ± 0.57 0.08b 21 −24.77 ± 0.06 5
Beech −27.05 ± 0.64 −0.04 27 −27.09 ± 0.02 5

aAcryl plate sampling corresponded to 3.4 ng C in the 3.8 mL cell and 0.7 ng C in the 0.4 mL cell (see text for calculation). bIUPAC reference for
δ13C value IAEA-CH-3 = −24.72 ± 0.04‰.29

Figure 5. Spatially resolved microanalysis of δ13C heterogeneity in a
soil microaggregate structure from a cropped Luvisol field of 33% clay
(53−250 μm aggregate fraction, 20 μm spot size, 40 shots per
ablation). Raw δ13C values shown in red and blank corrected δ13C
values, in black.
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distance, indicating that 25−50% of the C was gradually
exchanged in this region. To our knowledge, this is the very
first in situ detection of rhizosphere gradients using stable-
isotope screening. Rhizosphere gradients evolve because of
water and related nutrient uptake, which eventually cost
carbon to feed the nutrient-mobilizing community and are
frequently assumed to extend into a gradient of up to 1−4 mm.
Figure 6a suggests that rhizosphere extension in terms of C
exudation from roots to soil may even be limited to 100 μm,
that is, very close to the rhizoplane. These findings shed new
light on rhizosphere biochemistry, since getting hold of its
extension has challenged research until now (e.g., ref 40).
When using the same embedded material, but decreasing

spot size to 10 μm, even a larger range of δ13C isotope values
was found (Figure 6b). This range reached 13.76‰, which
was slightly larger than the range detected with a spot size of
15 μm (Δδ13C = 13.25‰). While this may still be due to
random hits of different hot spots in soil, none of the δ-values
above −17‰ (Figure 6b) had been found using 30 μm-sized
spots (Figure 6a). We attribute this to the improvement of our
cell: only a spot size of 10 μm is able to discover the full range
of isotope values in the environment (here, soils with C3/C4
vegetation change), while a spot size of 30 μm already includes
the risk of averaging across a sampling area that is too large to
detect realistic hot spots. As former attempts to track δ13C
values in plant and soil had to rely on a spot size of at least
100−150 μm (e.g., ref 23), we see our method developments
as a clear step toward a now upcoming, in situ mapping of δ13C
isotope values and discrimination processes in the environ-
ment.
In order to obtain an independent field replicate, we took

another sample from 2 years of the C3/C4 vegetation change
from the Terrestrial Observatory TERENO Selhausen,
Germany.3,32 Even though we only performed laser shots on
sieved soil aggregates, we detected the full range of possible
δ13C values, reflecting hotspots of both C3 and C4 plant origin
(Figure 7). Again, this discovered range was almost as large as

the difference between C3 and C4 plant species (Δδ13C =
12.44‰), even though the hot spots looked macroscopically
similar. The results have two implications. From an analytical
point of view, these data show that it is possible to resolve hot

Table 2. δ13C in Spots Ablated with 20 and 30 μm Spot Size
from Soil Microaggregatesa

fraction [μm]
spot size
[μm]

LA-IRMS δ13C
[‰]

EA-IRMS δ13C ± s.d.
[‰]

<2000 −25.10 ± 0.07
250−53
occluded

20 −25.28 −25.36 ± 0.42

−23.59
−26.83
−25.28
−24.23
−25.36
−25.21

250−53
occluded

30 −27.36

−26.68
−23.90
−25.60
−24.98
−25.13

aLaser ablation revealed high spatial variability, which is not visible
from standard EA-IRMS analysis. The δ13C was not influenced by
spot size (3.8 mL cell active volume, mean isotope signal from 13 LA-
IRMS measurements −25.34 ± 1.11‰ compared well to bulk sample
EA-IRMS analysis).

Figure 6. Spatial differences of isotopic signatures inside the root,
rhizosphere area, and soil matrix from a Miscanthus root ablated with
(a) constant spot size of 30 μm and 30 shot numbers and with (b)
variable spot size of 15 μm and 40 shot numbers (white-colored
signatures) and spot size of 10 μm and 80 shot numbers (black
colored signatures), both performed on a 60 μm cross section; in-
house reference acryl = −29.75 ± 0.04‰.

Figure 7. Spatial differences of isotopic signatures ablated from 2 mm
sieved soil with constant spot size of 10 μm and 60 shot numbers after
2 years of C3 to C4 vegetation change (Zea mais L., Selhausen; in-
house reference acryl = −29.57 ± 0.32‰).
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spots of C accrual with different 13C isotope discrimination in
an environment even down to a spatial scale of 10 μm. From
the environmental point of view, the data implies that it is
possible to find microsites at which original C3 plant material
had remained untouched in soil, while other places were
comprised solely of the newly C4 carbon introduced; in other
words, there are microsites with more or less 0−100% of C
sequestration, separated by a distance of only a few
micrometers.

■ CONCLUSIONS AND IMPLICATIONS
By adapting laser ablation isotope ratio monitoring to δ13C
analysis in soil organic matter on the microscale, we found
significant heterogeneity in soil microaggregates after C3/C4
vegetation change (>10‰), as well as in microaggregates that
did not receive a vegetation change (3‰), and we were able to
detect C4−C inputs from roots into soil. Hence, this technique
allows us to spatially recognize hot spots of organic C turnover
in soil, as well as of input dimensions of rhizodeposits and root
exudates. The same will be possible in other environmental
samples like sediments, geological and geoarcheological
archives, or biological tissues. The achieved current spot size
of 10 μm allows detection of natural δ13C abundance far below
conventional IRMS routines, which is achieved here by
minimizing the split of sample gas fluxes and by reducing
active cell volume to 3.8 and 0.4 mL. Future challenges might
be the automatization of the ablation procedure (communi-
cation between laser and IRMS equipment) and the extension
to δ15N analysis, which requires a modified analytical setup for
focusing on the N2 peak.
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