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There is growing concern that recent rapid changes in climate and environment could have a significant
influence on carbon cycling in terrestrial ecosystems (especially forest ecosystems) and could
consequently lead to a positive feedback for global warming. The magnitude and timing of this
feedback remain highly uncertain largely due to a lack of quantitative understanding of the dynamics of
organic carbon stored in soils and its responses to changes in climate and environment. The tracing of
radiocarbon (natural and bomb-derived '“C) and stable carbon ('3C) isotopes through terrestrial
ecosystems can be a powerful tool for studying soil organic carbon (SOC) dynamics. The primary aim
of this guide is to promote the use of isotope-based approaches to improve our understanding of the
carbon cycling in soils, particularly in the Asian region.

The guide covers practical methods of soil sampling; treatment and fractionation of soil samples;
preparation of soil samples for 1*C (and stable nitrogen isotope, '°N) and '“C analyses; and '*C, °N, and
%C measurements by the use of isotope ratio mass spectrometry and accelerator mass spectrometry
(AMS). The guide briefly introduces ways to report '“C data, which are frequently used for soil carbon
cycling studies. The guide also reports results of a case study conducted in a Japanese forest ecosystem,
as a practical application of the use of isotope-based approaches. This guide is mainly intended for
researchers who are interested but are not experienced in this research field. The guide will hopefully
encourage readers to participate in soil carbon cycling studies, including field works, laboratory
experiments, isotope analyses, and discussions with great interest.

Keywords: Radiocarbon ('*C), Stable Carbon and Nitrogen Isotopes (*C and '°N), Global Carbon Cycle,
Soil, Forest Ecosystem, Sampling, Accelerator Mass Spectrometry (AMS)
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1. Introduction

The world’s soils store more than twice the amount of carbon (C) present in the atmosphere. They
produce the dominant emission flux of C to the atmosphere through microbial decomposition of soil
organic carbon (SOC), which currently balances the net flux of C entering terrestrial ecosystems
through photosynthesis in plants (i.e., the difference between the influx of C by photosynthesis and the
outflux of C by plant respiration, Fig. 1.1)!"?. The gross C fluxes through microbial decomposition of
SOC are estimated to be about 10 times that of the C emission flux due to the use of fossil fuels?. Hence,
even a small change in the dynamics (stock and turnover) of SOC could have a significant impact on the

atmospheric CO, concentration, the global C cycle, and consequently the Earth’s climate system>?.

Net térrestriai‘.--k

uptake
4

Decomposition

Soil
(1500-2400 PgC)

Soil carbon

Fig. 1.1. Simplified schematic of the terrestrial carbon cycle.
White numbers indicate reservoir mass (i.e., carbon stocks in PgC) and yellow numbers indicate annual
carbon fluxes (in PgC y!). Diagram is from U.S. Department of Energy, Office of Science. Data are
from IPCC!?.

There are a number of natural and artificial processes that can potentially affect the SOC dynamics.
Increase in soil temperature due to global warming can accelerate microbial decomposition of SOC and

enhance the release of CO, from soil to the atmosphere®®. This could cause positive feedback that
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further accelerates global warming. Studies using coupled carbon cycle—climate models suggest that this
feedback could lead to a doubling of the projected warming by the end of this century®!'?. Soil moisture
is also known as a major factor controlling SOC decomposition'!"!?. Fluctuations of soil water content
in the Asian monsoon region have reportedly been increasing since the 20th century. This is owing to
the decreased frequency and increased year-by-year variation of precipitation, accompanied by the
progression of climate change'®. Recent studies indicate that repeated dry—wet cycles of soils can
enhance the microbial decomposition of SOC through alteration in substrates available for soil
microorganisms'#'®. Land-use change is one of the most important artificial processes to change the
stock and turnover of SOC. Significant losses of SOC have been observed following the conversion of
forests to agricultural land in many regions over the world!”. Management practices, such as thinning,
clear-cutting, and planting for forests'® and tilling and plowing for agricultural land'” can also affect

the SOC dynamics.

The tracing of radiocarbon ('“C) through terrestrial ecosystems is a powerful tool for quantitatively
understanding SOC dynamics on two different time scales: centuries to millennia, and years to
decades*?%?), Natural '*C is produced at a relatively constant rate in the upper atmosphere by cosmic
ray interactions. Therefore, '“C content in SOC can be a useful indicator of how long SOC has resided
in the soil on a time scale of centuries to millennia, because it decreases with time as a result of the
radioactive decay of '*C (with a physical half-life of 5730 years) after the addition of '*C as organic C
into the soil. Atmospheric weapons testing in the 1950s and early 1960s injected a large amount of
“bomb-'*C” into the atmosphere with a peak value in 1964 that almost doubled the natural '*C
concentration®?. Since the nuclear test ban treaty, the amount of '*C in atmospheric CO» has gradually
decreased as the bomb-'*C has moved into the ocean and terrestrial C reservoirs (and as the atmospheric
CO; concentration has become diluted by the burning of '*C-free fossil fuels). This global bomb-'*C
spike has proven to be useful as a tracer for studying SOC dynamics on a time scale of years to decades,
because it enables us to evaluate how much organic carbon recently fixed via photosynthesis has

incorporated into SOC in the soil®*20-23-26),

Recent developments of the '*C measurement techniques by the use of accelerator mass spectrometry
(AMS) have opened a new range of possible uses of “C because of their analytical capability for a
small quantity of sample, and thus have great potential to facilitate studies to constrain the complicated
dynamics of SOC. The availability and quality of '*C measurements have recently been increasing, and
as we know well, '*C measurements have been vigorously carried out for the purpose of *C dating (i.e.,
age determination), which contribute to the progress of a diverse range of research fields such as
archaeology and geology®”?®. Radiocarbon has also proven very useful in SOC dynamics studies;
however, applications of C to these studies are still limited, and therefore currently no satisfactory and

standard approach to quantifying SOC dynamics is established®” ")
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This guide aims at introducing ways to study SOC dynamics using '*C (and stable carbon and nitrogen
isotopes) and describing its practical procedures including: soil sampling, treatment, and carbon isotope
analysis. The guide also reports results of a case study conducted in a Japanese forest ecosystem, as a
practical application of the use of isotope-based approaches. This guide is mainly intended for
researchers who are interested but, inexperienced in the field of climate change science and in the
applications of nuclear and isotope techniques. We hope this guide will contribute to a rapid expansion
of the application of C to studying SOC dynamics, particularly in Asian countries, and as a result,
contribute to an improved understanding of the SOC dynamics and its interactions with climate and

environmental changes in these regions.



JAEA-Technology 2020-012

2. Soil Sampling

The objective of soil sampling is to collect samples that will best represent the average physicochemical
properties (including organic carbon content) of an investigated site. To achieve this, an undisturbed
area should be selected. Avoid heavily populated areas. In general, soils, forest soils in particular, have
spatial variability. These variabilities are caused by multiple factors, such as bedrock type and parent
material, climate, vegetation, disturbances, and their combined effects. One must take into consideration
all these sources of spatial variability to systematically collect soil samples and describe soil properties

at the site. This is why sampling strategies and methodologies must be selected with care.

There are two widely used methods for soil sampling: (1) the pit-digging method and (2) the
core-sampling method. Each of the methods have their advantages and disadvantages. Therefore, a

choice of the soil sampling method depends on the purpose of the study and precision required.

2.1. Pit-digging Method

In the pit-digging method, a soil pit is dug, and soil samples are collected from a face of the soil pit at
an arbitrary interval of soil depth (Fig. 2.1). Use a spade to dig a large rectangular hole (soil pit), about
60 cm deep (in the case of collecting soil samples down to the depth of 50 cm, for example) and an area
of 100 cm x 100 cm. Please note that the area where soil samples are collected should be undisturbed

during the digging.

Keep out

/
e e e
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Soil samples are then collected layer by layer from a face of the pit as shown in Fig. 2.2. In forest soils,
mineral soil is generally covered by forest-floor organic (litter) layers. Therefore, the litter layers are
first removed completely, and then the soil samples are collected. Fig. 2.2 shows the case of soil
sampling of 10-cm interval layers up to a total of 50 cm. Soil samples are collected using a hand shovel
and clean trays. Place the tray at the bottom of the target layer, and slide down the face of each layer
from top to bottom using shovel, after removing a thin surface of the face of the soil for avoiding
contamination with soils that were tumbled down from upper soil layers®>>*?. The tools should always
be kept clean by wiping, for example with paper towels, to avoid cross-contamination of soil samples
with samples of different soil layers. If the litter layer is also a research target, it should be collected
from a defined area (e.g., 30 cm x 30 cm, this is to determine the amount of litter materials per unit

area) and kept as a sample®>). The samples collected are put into plastic bags.

=~ I

Fig. 2.2. Schematic diagram (a) and photos of soil sampling: collection of litter samples from

forest-floor organic layer (b) and collection of soil samples at the depth interval of 10 cm (c¢).

In the pit-digging method, soil samples are collected from an arbitrary volume by grab sampling, and
the bulk density of the soil cannot be determined. Therefore, we need to collect soil samples separately
for the purpose of determining the bulk density (Fig. 2.3). Bulk density is a measure of how dense and
tightly packed a sample of soil is, which is necessary to evaluate the inventory of soil organic carbon in

the soil (see Section 3.3 for details). Bulk density is determined by measuring the mass of dry soil per
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unit of volume (e.g., in g cm ™). The bulk density of soil depends not only on the soil type but also the
depth of soil even in a single soil profile. Soils dominated by minerals have a different bulk density

from those rich in organic materials.

A known-volume (100 cm?) soil sampler is often used to collect soil samples for bulk density
determination (Fig. 2.3). The following is the operation procedure of soil sampling utilizing a soil
sampler Model DIK-1601 (Daiki Rika Kogyo Co., Ltd., Japan): (1) Unscrew the lock pin to open the
sampler window; (2) Load the sample cylinder (100 cm® in volume) into the sampler and screw the lock
pin back on; (3) Push the sampler into the soil until the ground surface reaches the level with the top of
the cylinder; (4) Pull the sampler out of the soil and unscrew the lock pin to open the window sampler;
(5) Cleanly cut the soil sample at the bottom of the cylinder with a cutter to separate the cylinder from
the sampler; (6) Carefully pull the cylinder out of the sampler vertically; (7) Clean soil from the top of
cylinder using trowel until the surface reaches the level with the top of the cylinder; and (8) Recover the

soil samples from the cylinder and put into a plastic bag.

(a) Sample cylinder

’\(100 cm? in volume)
Cutter

Im Lock pin

A 4

Sampler

(b)

Fig. 2.3. Schematic diagram of a soil sampler for bulk density determination (a) and

photos of soil sampling: sampling (b) and sample recovery (c, d).
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2.2. Core-sampling Method

A core sampler is used to collect soil samples in this method (Fig. 2.4)***3%. As in the pit-digging
method, forest-floor organic (litter) layers are removed (if sites are in forests). Then, the core sampler is
placed on the ground surface and driven into the soil approximately 25 cm in depth (in the case of a core
sampler with 10-cm diameter and 30-cm long: Model HS-25, Fujiwara Scientific Company, Japan).
Before pulling the core sampler out of the soil, it is better to check, by opening the lid of the core
sampler, whether the level of soil surface in the area isolated by the core sampler is almost the same as
that in the surrounding area. This is to ensure that a significant compaction of soil-core sample does not
occur during the sampling. Afterwards, slowly pull the core sampler up and take the plastic bag

previously set inside the sampler, which now contains a soil core sample.

(a) [ — ]

Lock pin Plastic bag

X

| n | Ring
=

30 cm

Fig. 2.4. Schematic diagram of a soil core sampler (a) and photos of soil core sampling:

sampling (b,c) and sample recovery (d).
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2.3. Advantages and Disadvantages of the Different Methods

Sampling of forest-floor litter layers varies among soil scientists and, also, on the purpose of the

research; therefore, there are no accepted standards for how horizons should be sampled.

The advantages of the core-sampling method are efficiency and practicality. A corrugated knife
equipped on the outside edge of the core-sampling frame will generally cut through surface soil layers
with no difficulty, even if vegetation has spread large amount of fine roots in the soil. Therefore, once
the sample is cut on all sides, it is easy to partition it from the soil. This method provides us with a
hopefully undamaged soil core retrieved from a precisely identified location with minimizing
contamination of each layer in the soil profile. More importantly, this method enables us to collect soil
samples at a very thin depth interval as needed (see Section 3.2); this can sometimes be an essential
factor to achieve your research goal?. The main disadvantage of this method may be related to the
representativeness of the core sample. The area of the core sample collected is normally very small
compared with the site-scale target area to be investigated. To overcome this issue, one may collect
three or more replicated core samples within the target area to consider the spatial variability of soil

samples®>3. Another disadvantage may be the relatively high cost of the equipment.

The advantages of the pit-digging method don’t require any specific equipment (you only need spade,
hand shovel, tray, knife, ruler, plastic bags, skewers, and so on) and can cover a large area. This method
is also convenient if you want to obtain large amounts of soil samples from each of the soil layers.
However, the strongest advantage of this method is that it enables us to collect soil samples from deeper
layers compared with the core-sampling method; this can also sometimes be the key requirement for
your research objectives®. The disadvantage of this method may be that soil sample in a target soil
layer can easily be contaminated with other layers of the soil profile during sampling; therefore, careful
sampling procedure is required®”. This may also be noted as a disadvantage, digging soil pits are

labor-intensive.
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3. Soil Sample Treatment

Pretreatment is generally required for soil and litter samples prior to soil carbon analysis. It includes
drying and sieving of soil samples, both of which are also essential for evaluating SOC stock in the soil.
In this chapter, practical methods for pretreatment of soil and litter samples are briefly described. You

35,36)

can find more detailed procedures for soil sample handling and storage and for soil

physicochemical, mineralogical, and microbiological analyses*’~*! in well-established protocol guides.

3.1. Drying Soil Samples

Soil samples are dried immediately at room temperature (or 50°C in an oven) in a laboratory. If this is
not possible then, the samples should be stored in a freezer (at —30°C, for example) to prevent
decomposition of organic materials in the samples. Measuring the weight of the soil sample before and

after drying allows us to determine the water content of the soil.

3.2.  Cutting Soil Core Samples

According to the research purpose, the soil core samples (e.g., 20 cm long) can be divided into several
sections (thin-layered samples) in terms of the depth intervals (e.g., 0-2 cm, 2—4 c¢m, 4-6 cm, ...15-20
cm) before drying (Fig. 3.1a-¢). The core cutting should be conducted for core samples that are in a
frozen state by using a saw. This will enable us to precisely obtain thin-layered samples without any
cross-contamination**?). An important point that should be kept in mind is that, before cutting each of
the thin-layered samples, an outer part of the soil core is peeled away, and only the inner part of the soil
core should be used for analysis. This procedure is done to eliminate any possible contamination from
the upper to lower soil layers during the sampling*?. Please note that the weight of the outer part of the

soil core should also be measured and considered in the calculation of soil bulk density.

Soil bulk density of each of the separated layers can be estimated as the dry weight of the soil samples
(including both inner and outer parts) divided by the volume of the layer (i.e., the cross-section area of

the core sample multiplied by the thickness of the layer).

3.3. Sieving Soil Samples

The dried soil samples are sieved through a 2-mm mesh to remove gravel and roots (Fig. 3.1d). This
procedure is required not only to obtain a homogenized soil sample for analysis, but also to quantify the
carbon stock in the soil layer. Weigh both fractions (i.e., > 2 mm and < 2 mm fractions) to calculate the
gravel (> 2 mm in size) content in the soil sample. SOC stock in a given soil layer, Is (kgC m™2), can be

calculated as:

Is=BD-Cs-d-(1-g) (Eq. 3.1)
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where BD is the bulk density (kg m™), Cs is the carbon content of the soil (< 2 mm) sample (kgC kg™
soil), d is the thickness of the layer (m), and g is the gravel content (kg kg !)?>.

(d)

Fig. 3.1. Photos of soil-core cutting (peeling an outer part of the soil core (a), cutting (b), and a

thin-layered sample obtained (c)) and sieving of a dried soil sample (d).

3.4. Removing Carbonate Minerals (Inorganic Carbon) from Alkaline Soils

Alkaline soils with high pH values (pH > 7) may contain various soluble carbonate minerals such as
sodium bicarbonate and carbonate. These inorganic compounds should be removed before analysis, if
the focus of the research is on organic carbon in soils. Treatment of soil samples with hydrochloric acid
(HC1) solution can remove such inorganic compounds from the samples because HCI reacts with

carbonate to release C as COx.

3.5. Treatment for Litter Samples

A different procedure is required for the treatment of litter samples collected from forest-floor litter
layers. To obtain a homogenized sample for analysis, litter samples are pulverized by using a blender
after removing roots, branches, and stones (Fig. 3.2). SOC stock in the litter layer, /; (kgC m2), can be

calculated as:

L=C M (Eq.3.2)

_10_
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where C;, is the carbon content of the litter sample (kgC kg ') and M is the amount of litter materials

per unit area (kg m?) in the litter layer.

Fig. 3.2. Photos of the treatment for litter samples: separation of a litter sample into leaf-litter fraction
and the other (roots, branches, and stones) fraction (a); pulverization of the leaf-litter fraction (b); and

homogenized leaf-litter sample (c).

_11_
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4. Fractionation of Soil Samples

Soil organic carbon (SOC) is a complex mixture of organic compounds with heterogeneous physical,
chemical, and biological properties, from undecomposed and partially decomposed plant materials to

43 SOC also consists of various functional pools that are

substances synthesized by soil microbes
stabilized by physical and chemical mechanisms in soil*. These SOC compounds and pools greatly
differ in degradability, and the overall dynamics (stock and turnover) of soil C is thus largely regulated
by such a heterogeneous nature of SOC. This demonstrates that SOC modeled as a homogeneous single
pool (i.e., only represented as a bulk soil) causes a misunderstanding of the real SOC dynamics.

Therefore, quantitative understanding of the heterogeneity in SOC dynamics is a key to accurately

predicting the response of soil C to future changes in climate and environment®.

Fractionation of SOC, as a potentially effective, operational method, has been attempted to separate soil
C into SOC fractions with different properties and turnover times*?. Fractionation methods include: (1)

physical separation of SOC into particle- and/or aggregate-size fractions and density fractions?>*3-9;

and (2) chemical extractions to fractionate SOC according to solubility and chemical reactivity*>>->1-3%9),
Combinations of some of these physical and chemical fractionation methods have also been
proposed?**%3% However, a successful and standard method to identify SOC pools according to

turnover time and thus to quantify the SOC dynamics remains unexplored.

The objective of this chapter is to introduce some basic methods for SOC fractionation and to describe

practical procedures for the methods.

4.1. Density Fractionation

A density fractionation method is used to separate a soil sample into soil fractions with different
densities; this is based on contrasting densities between soil mineral particles (typically 2.5-3.0 g cm™)
and organic materials (< 1.4 g cm™) in the soil****3), Here, as an example, a simple method using a
heavy liquid (density of 1.6 cm™) to separate a soil sample into two fractions: organic matter-dominant
low-density fraction (LF, < 1.6 g cm*) and mineral-dominant high-density fraction (HF, > 1.6 g cm™),

is described. The flowchart of the physical fractionation method is shown in Fig. 4.1.

Soil samples (approximately 5 ml, after removing roots by hand) are weighed into 50 ml centrifuge
tubes and mixed with 35 ml of 1.6 g cm™> sodium polytungstate (SPT) liquid (Fig. 4.2). The tubes are
shaken gently and centrifuged at 3000 rpm for 30 min, and the floating materials (LF) are aspirated onto
a pre-baked glass microfiber filter (pore size: 0.7 um). The cycle of gentle shaking, centrifugation, and
aspiration is repeated until no LF remained floating (typically three times). The LF is then rinsed at least
three times with ultrapure water (a minimum of 45 ml) on the filter under vacuum using a separate

collector, and dried at 50°C in an oven’?.
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Fig. 4.1. Flowchart of the density fractionation method.

After floating off the LF materials completely, the residue (HF) in the centrifuge tubes is rinsed more
than 7 times with ultrapure water (45 ml) by shaking and centrifuging at 3000 rpm for 15 min to remove

SPT from the HF samples, and then dried at 50°C in an oven>?.

Mass balance (the initial weight of the sample vs. the sum of the weights of LF and HF samples) is used

to assess the completeness of recovery. Note that dissolved organic carbon lost to SPT solution and
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ultrapure water during the fractionation is not recovered; the carbon loss during fractionation may
sometimes reach more than 10% of the total soil C for some soils?*!>3%) The fractions obtained are
then homogenized by grinding using a mortar and pestle (after removing roots again if necessary), and

then are used for analysis.

Fig. 4.2. Photos of the physical fractionation procedure: addition of a heavy liquid (SPT) into a
centrifuge tube with soil sample (a); separation of soil samples into low-density (LF) and high-density
(HF) fractions (b); filtration of LF sample (c); collection of LF sample (d); grinding of HF sample (e);

and the obtained LF and HF samples (f).

4.2. Aggregate-size Fractionation

An aggregate-size fractionation method is used to separate a soil sample into soil fractions with
different size classes of aggregates in which primary soil particles (clay, silt, and sand) are bound to
each other with the help of soil organic matter as binding agent**"%. Here, as an example, a simple
aggregate-size fractionation method to separate a soil sample into two fractions: macroaggregate
fraction (> 250 pum in size) and microaggregate fraction (< 250 pum), is described. The flowchart of the

aggregate-size fractionation method is shown in Fig. 4.3.

Soil sample (approximately 10 g, after removing roots by hand) is put on a polyethylene mesh sheet

having 250 pm pores (approximately 30 cm % 30 cm in size, Nichika, Kyoto, Japan) attached to a
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sieving set (Mini-sieve, Merck, Germany). Both the mesh sheet and the sieving set should be cleaned
with detergent before fractionation. The sieving set is submerged in 200 ml of ultrapure water in a
500-ml beaker for 10 minutes, and is then slowly moved in and out of the water repeatedly for 2 min
(approximately 50 times in 5 cm strokes) (Fig. 4.4). The particulate materials retained on the mesh sheet
are dried at 50 °C for 24 h, and recovered as macroaggregates (> 250 um in size). The solution in the
beaker is filtrated with a 0.45-pum pore-sized nitrocellulose membrane filter (Merck Millipore, MA,
USA) under vacuum condition. The particulate materials retained on the membrane filter are dried at
50°C for 24 h, and recovered as microaggregates (< 250 um in size). Each of the aggregate-size
fractions is then homogenized by grinding before analysis. Note that, as in the physical fractionation,
organic carbon dissolved in ultrapure water (< 0.45 pm) is lost during fractionation, if the dissolved

fraction is not recovered.

Fig. 4.3. Flowchart of the aggregate-size fractionation method.
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\

Fig. 4.4. Photos of the aggregate-size fractionation procedure: submersible sieving set with a cleaned
sieve with mesh size of 250 um (a); the top view of submersible sieving set (b); pulling up and down the
sieving set 50 times for 2 min (c); filtration of microaggregate samples that were passed through the
sieve and contained in the water (d); grinding both microaggregate and macroaggregate (collected on

the sieve) samples (e); and the homogenized microaggregate and macroaggregate samples (f).

4.3. Chemical Fractionation

A chemical fractionation method is used to separate a soil sample into soil fractions according to
different solubility and chemical reactivity of SOC. For example, acid hydrolysis is believed to remove
compounds that are readily available to microorganisms, such as carbohydrates and proteins, while
leaving more biologically recalcitrant materials*-"). Here, as an example, a simple method using acid
and base solutions is described®. The flowchart of the chemical fractionation method is shown in Fig.

4.5.

Before starting fractionation, plant leaf fragments (PLF) are removed from soil samples by using
tweezers, and are collected as a component of SOC for analysis. Approximately 2—7 g of the soil
samples are hydrolyzed with 60 ml of 1.2M HCI at 80°C for 2 h. The suspension is centrifuged at 2000
rpm for 3 min and the supernatant is discarded. This treatment is repeated three times. The residue is

then repeatedly washed with deionized water until the pH is > 4 to obtain acid-insoluble SOC fraction.
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Subsample (~1-3 g) of the acid-insoluble fraction is further extracted with 60 ml of 1.2M NaOH at
80°C for 2 h, then the supernatant is decanted and replaced with fresh solution after centrifugation at
2000 rpm for 3 min. The extraction process is repeated until the supernatant become colorless. The
residue is then washed with deionized water until the pH is < 10, treated three times with HCI to remove
all carbonate contaminants, and repeatedly washed with deionized water as before to obtain insoluble

SOC fraction®.

Carbon content and “C isotope ratio are measured for the bulk (unfractionated) and two insoluble SOC
fractions (Fig. 4.5). Using the measured values, C inventories and '*C isotope ratios for the acid- and

base-soluble SOC fractions can be quantified through mass balance calculations.

Soil sample

<2mm
Hand-picking
—> PLF
\ 4

Bulk soil

Acidhydrolysis | 3| Acid-soluble SOC

h 4
Acid-insoluble
S0OC

Base extractionf|—— | Base-soluble SOC

\ 4
Insoluble SOC

Fig. 4.5. Flowchart of the chemical fractionation method®.
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5. Analysis of Stable Isotopes

5.1.  Stable Isotopes of Carbon and Nitrogen

Carbon and nitrogen have two stable isotopes each: '2C and '3C, and '“N and '>N. Their average natural
abundances are 98.89% for >C and 1.11% for !°C, respectively, for carbon isotopes, and 99.64% for “N
and 0.36% for >N, respectively, for nitrogen isotopes. As the variation in the isotope composition in
nature is exceedingly small for both carbon and nitrogen isotopes, the isotope composition is reported as
a value relative to an internationally accepted standard and is generally expressed as the per mil (%o)

deviation of the '*C/!2C (or '>N/!*N) ratio of the sample from that of the standard, as follows:
0= [(RSample/RStd) - 1] x 1000 (Eq 51)

where Rsampie and R are the ratios of the heavy to light stable isotopes (1*C/>C and '>N/'“N) in the
sample and standard, respectively. The internationally accepted standards are Pee Dee Belemnite (PDB)
for stable carbon isotopes and the atmosphere for stable nitrogen isotopes. Usually, working standards
calibrated against the internationally accepted standards are used in routine measurements. Examples of
the commercially available working standards are glycine (Lot No. AZ300M9R2283, Nacalai Tesque,
Inc., 8N vs. air: 1.12 £ 0.2% and §8'C vs. PDB: —32.3 + 0.2%o) and L-alanine (Lot No.
AZ100M6R397405, Nacalai Tesque, Inc., 8'°N vs. air: 5.0 = 0.2%o and 8'3C vs. PDB: —19.6 + 0.2%o).

Here, an analytical method for the stable isotope ratios using isotope ratio mass spectrometry combined
with elemental analysis is described; it has been used in the environmental science laboratory in the

Japan Atomic Energy Agency (JAEA).

5.2. Configuration of the Measurement System

The carbon and nitrogen contents are measured using an elemental analyzer (EA, vario PYRO cube,
Elementar, Germany), and the stable isotope ratios are measured using an isotope ratio mass

spectrometer (IRMS, IsoPrime 100, IsoPrime, UK). The measurement system is shown in Fig. 5.1.

Soil samples are burned in a combustion furnace heated to 920°C in the vario PYRO cube, and the
combustion products are passed through an oxidation catalyst by a constant flow of helium as a carrier
gas (Fig. 5.2). The oxidation products are then passed through a reduction reactor. Copper granules
within the reduction reactor reduce nitrogen oxides (NO, N>O, and N>0O;) to No. The CO; and N, are
passed through a water trap and a CO; absorption column where CO; is separated from N by
controlling the temperature of the column. The N, and CO, are then passed through a thermal

conductivity detector (TCD) sequentially and are sent to the IRMS. Generally, carbon content in soil
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samples (soil organic matter) exceeds nitrogen content and therefore a diluter is used to reduce the
amount of CO; to balance it with N,. The CO, flow from the EA is injected into a helium flow in the

diluter, and then a part of the CO; flow is introduced into the IsoPrime 100.

CO: Ns
EA
(vario PYRO Diluter Ref Geg IR-MS
cube) Box {IsoPrime 100)

Fig. 5.1. The measurement system for stable carbon and nitrogen isotopes: IRMS connected to EA.

Autosampler
E=—
He —» Water trap
O:—
¥
Qo o Water trap TC[?
3 o — | —
(=2 = ==L
& 2
= 5]
5| |2
= =
2 ® CO: absorption column
|
920°C  600°C

Fig. 5.2. The configuration of the vario PYRO cube.

The reference N», sample gas, and reference CO, can be introduced into the IsoPrime 100 in this order
by switching the valve in the reference gas injector box (“Ref Gas Box” in Fig. 5.1). Then, stable
isotope ratios of carbon and nitrogen are measured against a pulse of reference gas of known isotopic
composition. The carbon and nitrogen isotopes in the sample gas are ionized at an electron impact
source. The ions generated by the ion source are deflected by an electromagnet, separated by the mass,

and finally detected simultaneously by a multi-collector.
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5.3. Sample Preparation

Prepare what you need before work: aluminum foil on the work bench, several tweezers and
micro-spatulas, tin boats of appropriate size, working standards, tungsten oxide powder, soil samples,
and a 96-hole tray for wrapped samples. The samples must be dried and homogenized by grinding using
a mortar and pestle. The powdered samples are stored in a closed container to prevent it from absorbing
moisture. For the measurement, each of the samples is weighed and wrapped in a tin boat (Fig. 5.3).
Several sizes of tin boat exist; the size of tin boat used here is 12 mm % 6 mm x 6 mm (height), and it
can be changed depending on the carbon and nitrogen contents of the sample. To avoid contamination of
the samples, the weighing area and all tools (tweezers, micro-spatulas, sample trays, and aluminum foil
on the balance weighing pan) used for the weighing procedure must be kept clean. Wear gloves to avoid

contamination from natural greases on the hands.

Fig. 5.3. Sample preparation procedure for stable isotope analysis: (a) a tin boat; (b) putting soil

samples in the tin boat; (c) weighing; (d-f) enfolding the sample by the tin boat; and (g) a tin-wrapped

sample for analysis.

First, as a blank sample, three new tin boats with no soil samples are crushed with tweezers to remove
any air. Next, place a new tin boat on the pan of the microbalance and press the TARE button. Remove

the tin boat from the balance pan and place a small amount of sample into the boat. Weigh the sample. If
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necessary, adjust the sample weight by adding or removing some sample materials. Do not forget to
record the weight. For soil samples, powdered tungsten oxide (equivalent to 1-3 times the sample
weight) must be added as a combustion catalyst. Using the tweezers, close the top of the tin boat tightly
and fold it over. Fold it several times in all directions and form it in a ball-like form. To avoid potential
sample loss, take care not to damage the tin foil when folding. The resulting ball should be tightly
packed to ensure that the sample is completely sealed inside the tin-foil ball to optimize the combustion
process. The final geometry should be as spherical as possible to prevent any jamming inside the
autosampler of the EA. A working standard is needed for every five or six unknown samples. Put the
tin-wrapped ball-like sample in a tray and record the tray position number. Wrap the tray in Parafilm if
it will take a long time from the sample preparation to measurement. Clean your tools and the work

surface with Kimwipes and alcohol before moving to the next sample.

For the isotope ratio measurements, it is desirable to adjust the amounts of carbon and nitrogen in
working standards and samples to be as equal as possible. It is, therefore, better to measure the amounts
of carbon and nitrogen in samples before measuring the isotope ratios. If the IRMS is optimized and
tuned well, the isotope ratios can be stably measured when the peak height is 2-10 nA. Since the
relationship between the amounts of carbon and nitrogen and the peak height changes depending on the
tuning, the condition of the device, and the setting of the diluter, it is better to determine the required

sample weight after confirming the relationship by a preliminary measurement of the working standard.

5.4. Practical Procedure of the Measurement

[When returning from Sleep mode] Check the amount of helium remaining in the helium gas cylinder.
Click the “Wake up now” button in the vario PYRO cube software (vario software) (Option > Settings >
Sleep and Wake up) to make the EA standby and confirm that the furnace temperature and helium
carrier flow rate have reached the specified values. Open the helium gas valve behind the diluter. After
turning off the ion source in the Tune Page window of the lonVantage software (Option > Settings >
Source On), open the Nupro valve. Wait until the vacuum gauge stabilizes at 2-6 x 10°® mbar and the
color of the bar in the display turns green. Then, turn on the ion source again. Confirm that the source
status becomes “Operational” (green). To tune the acceleration voltage, click the “Run Peak Center”
button in the Peak Center Results window for each reference gas and check the peak shape in the Peak

Display window. Then, save the tuning file. Check the stability and linearity of the mass spectrometer.

Place the tin-wrapped sample in the sampler tray of the autosampler (Fig. 5.4). Open the document (or
create a new one and name it) to be used for the measurement in the vario software. Open the sample
list (or create a new one) in the IonVantage software. Enter the sample information in the sample list.
Save the sample list. Select the line you want to run, and click the “Run” button. In the window that

appears, confirm that the boxes before “Acquire Sample Data” and “Auto Process Samples” are checked,
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and click the “OK” button. After the measurement, be sure to close the Nupro valve and then close the

helium gas valve behind the diluter. Click the “Sleep now” button in the vario software.

' . oooeoe

Fig. 5.4. Photos of the EA-IRMS system (a), putting the tin-wrapped sample in the autosampler of the

EA (b), and operating softwares to measure stable isotope ratios of the samples (c).

5.5. Data Processing

Export the data of the TCD peak area in the EA measurement from the vario software. To calculate the
amounts of nitrogen and carbon, calibration curves (to evaluate the amounts of nitrogen and carbon
from the peak areas) are created based on the measurement results of a set of the working standard

samples.

Data of the isotope measurements are collected from the data folder or batch file folder in the project
file folder. The & values in the data file need correction using the measurement results of the working
standard samples. Confirm that the isotope ratio of the working standard does not vary largely before

using these data.
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6. Sample Preparation for Radiocarbon Analysis

Sample pretreatment is required for radiocarbon (*C) measurement with the use of accelerator mass
spectrometry (AMS). It includes: combustion of solid samples into gas samples; purification of CO; in
the gas samples; conversion of CO; into graphite; and preparation of graphite targets for AMS. In this

chapter, practical methods of sample preparation for AMS are briefly described.

6.1. Combustion of Soil Sample to Generate CO;

Soil samples (equivalent to about 3—4 mg of carbon, but this depends on the AMS system to be used for
1%C measurement) are weighed into pre-combusted quartz tubes (6 mm in diameter, Fig. 6.1).
Approximately 1 g of copper oxide (CuO) wire, 0.5 g of reduced copper wire, and Ag foil
(approximately 5 cm x 4 mm) are also added into the tubes. The tubes are inserted into pre-combusted
quarts tubes (9 mm in diameter), which are then attached to a multipurpose vacuum line. The vacuum
line is equipped with pressure gauges and a vacuum gauge to continuously monitor the pressure in the
line. The tubes are evacuated to a pressure of about 10> mbar and then flame-sealed. The samples in the

sealed tubes are combusted at 500°C for 30 min and 850°C for 2 h?.

(a) (b)
+—— Quartz tube (outer)

—H—— Agfoil
Quartz tube (inner)

Cu0 wire

Sample i

Reduced Cu wire } I.

Fig. 6.1. Schematic diagram of the sample preparation for combustion (a) and
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photo of the combusted samples in the quartz tubes (b).

6.2. Purification of CO;

The gas generated in the tubes by combustion is introduced into the vacuum line and CO; in the gas is
cryogenically purified and then recovered (Fig. 6.2). The gas introduced into the line is passed through

two multi-loop traps cooled with liquid nitrogen, in which CO; in the gas sample is completely trapped.
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Molecular nitrogen (N2), O, and other gaseous compounds in the gas sample are not trapped in these
traps and pumped away. The CO; trapped in the first multi-loop trap is then liberated by changing the
cooling agent from liquid nitrogen into liquid nitrogen-ethanol mixture (approximately —90°C) while
water remains trapped in this trap. The CO; is then transferred to the second multi-loop trap that
remains cooled with liquid nitrogen, and consequently, all CO> in the sample is trapped in the second
trap. The CO; trapped in the second trap is liberated as before, and is transferred to a known-volume

reservoir to quantify the amount of carbon by measuring the CO; pressure.

Fig. 6.2. Photos of the start-up of the vacuum line (a), the transfer of CO; to a trap cooled with liquid
nitrogen (b), and flame-sealing of the purified CO, in the Pyrex glass tube (c).

Finally, the purified CO, is separated into two fractions: one is for '>C analysis with the IRMS
(approximately 1 mg of carbon as CO») and the other is for '*C measurement with the use of AMS. This
is conducted by expanding the CO; in two known-volume areas in the line for 5 min. Each of the
fractions (CO> in the two known-volume areas) is transferred to a pre-combusted Pyrex glass tube
cooled with liquid nitrogen and flame-sealed. Note that each of the gas transfer processes requires

approximately 3 minutes to allow the CO, transfer to complete.
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6.3. Conversion of CO; into Graphite

For '*C measurement with the use of AMS, it is necessary to prepare a graphite target. A number of
graphitization methods have been developed and they rely on reduction of CO> in the presence of a
catalyst. The hydrogen reduction method is the most widely used method for graphite production from

CO,%0°%2) The net reaction is:

CO; + Hy — H,0 + C (graphite) (Eq. 6.1)

The CO; reduction is achieved in a reaction tube made by Pyrex glass (Fig. 6.3). A small cup (made by
Vycor glass with high-temperature resistance) is placed inside the reaction tube; the small cup contains
iron powder which works as a catalyst (Fig. 6.3). The iron powder in the cup is pre-cleaned and reduced
with H> gas at 450°C. Part of the purified CO; and H> gases (CO> : Hy =1 : 2.5) are transferred into the
reaction tube using a vacuum system (Fig. 6.4). After that, the reaction tube (and a water trap tube
directly connected to the reaction tube) is sealed and separated from the vacuum system, and is set to an
electric heating furnace for CO; reduction (Fig. 6.5). The electric heating furnace is run at 650°C within
10-12 h including a cooling time. Water generated during the reaction in the tube is removed by the

water trap tube which is cooled at the upper part of the electric heating furnace.

(b)

;' lron powder

Fig. 6.3. Photos of the vacuum system (a) and a small cup with iron powder placed inside the reaction

tube (b).
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Fig. 6.4. Photos of the procedure of filling H» gas in a reaction tube containing CO; sample and iron

powder (a) and a vacuum gauge to quantify the amount of H, gas transferred to the reaction tube (b).

i s f

~

Water-trap™a

Heating furnace

Fig. 6.5. Photos of the reduction of CO; to graphite in a reaction tube using an electric heating furnace

(a) and a water trap to remove water generated during the reduction (b).

6.4. Preparation of Graphite Target

At the AMS facility of the Aomori Research and Development Center of JAEA, for example, the target
piece is set in a target press tool and then the graphite sample goes through the funnel to the top of the
target piece (Fig. 6.6). A back pin is inserted into the target piece from the back side and then the back
pin is pressed by a press machine. As a result, the graphite sample is set to the surface of the target piece.
After confirming that the surface of the target piece is clean, target pieces are arranged in the order of

measurement. These processes are carried out under a clean bench to avoid any contamination.
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(@) (b)

Sample

¥
\ / Funnel

ZTarget press tool

—Taget piece ~Back pin

—Sample

Fig. 6.6. Photos of a target piece (a), schematic diagram of setting graphite sample in the target piece (b),
and photo of the loading of graphite into a target piece by using a press machine (c).

This target piece is one used at the JAEA-AMS-MUTSU.

6.5. A Recent Advance in the Sample Preparation Method

A new graphitization system has recently been developed and employed to rapidly and efficiently
prepare samples for AMS-'*C measurement. The graphitization system relies on an Automated
Graphitization Equipment (AGE3, lonplus AG, Switzerland) directly coupled to an elemental analyzer
(EA). AGE3 uses a molecular sieve trap, instead of a cryogenic trap, to isolate CO; from the combustion
gas®. The samples (wrapped in a tin boat as in the stable isotope analysis, see Section 5.3) are
combusted in the EA, and the resulting CO; in the combustion gas is adsorbed in a column filled with
zeolite material. Afterwards, the CO, is thermally released from the column and transferred to a
graphitization reactor in the AGE3. This system has now started operation at the AMS facility of the

Tono Geoscience Center of JAEA®Y.

_27_



JAEA-Technology 2020-012

7. Radiocarbon Analysis by Accelerator Mass Spectrometry

7.1. Radiocarbon

Radiocarbon (!*C), the radioactive isotope of carbon, is a cosmogenic radionuclide and is therefore
constantly being generated by the interaction of cosmic rays with nitrogen isotope (*N) in the
atmosphere. The '*C nuclei is unstable and decays back to '*N by emitting a B particle, with the physical
half-life of 5730 years. The *C nuclei generated in the atmosphere is oxidized to '*CO, (the form of
carbon dioxide) in a matter of a few months. The '*CO, mixes into the troposphere and enters the global
carbon cycle that continuously exchanges carbon between atmosphere, terrestrial, and ocean carbon
reservoirs. The natural abundance of '“C is roughly one in every trillion (10'?) carbon atoms (an

abundance of ~107'°%) in the environment®>,

7.2.  Accelerator Mass Spectrometry

Accelerator mass spectrometry (AMS) is an excellent technique to measure '“C in environmental
samples (including soil samples and soil organic carbon fractions), because of the low detection limit,
good precision, small sample volume required, and short measurement time. Here, we introduce three of
the AMS systems operating in Japan: JAEA-AMS-MUTSU, JAEA-AMS-TONO-5MV, and
MALT-AMS.

7.2.1. JAEA-AMS-MUTSU

The accelerator mass spectrometer (AMS) at the Aomori Research and Development Center of JAEA
(JAEA-AMS-MUTSU) is based on a 3 MV Tandetron system (Model 4130, High Voltage Engineering
Europe). JAEA-AMS-MUTSU has two beamlines: one is optimized for '*C measurement and the other
is for '*°I measurement. The AMS is equipped with a simultaneous injection system for high-precision
4C measurement®®. Photo and schematic layout of JAEA-AMS-MUTSU are shown in Fig. 7.1. At the
negative ion source for the '*C measurement, negative carbon ions (C~) are produced by the cesium (Cs)
sputtering. Molecular ions (**CH?, '3CH") which are isobar of “C are also produced. Accelerated
negative carbon ions and molecular ions collide with Ar gas which is installed at the center of the
accelerator. Outermost electrons of negative carbon ions are stripped by this collision and molecular
ions are broken and also stripped by this collision. Therefore, negative carbon ions and molecular ions
become positive ion (2C™, 13C*, 14C™). After passing through the accelerator, positive carbon ions can
be separated by the analyzing magnet. Finally, only the target ion (*C) can be introduced into the
ionization detector and then counted, whereas '>C and '3C ions can separately be detected by Faraday

cup detectors.
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(b) Accelerator

(Ar gas stripper)
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Fig. 7.1. Photo (a) and schematic layout (b) of the JAEA-AMS-MUTSU system.

A beamline on red is optimized for '*C measurement.

7.2.2. JAEA-AMS-TONO-5MV

The AMS at the Tono Geoscience Center of JAEA (JAEA-AMS-TONO-5MV) is a multi-nuclide system
based on a 5 MV tandem Pelletron type accelerator (Model: 15SDH-2) by National Electrostatics
Corporation, USA®®®. One beamline of the AMS enables us to measure not only '*C but also other
nuclides such as '°Be, 2°Al, and '?°I. Schematic layout of the JAEA-AMS-TONO-5MV is shown in Fig.
7.2. The AMS has two ion sources: a 40-target MC-SNICS ion source and a 12-target MGF-SNICS.
Currently, only the MC-SNICS is used, and the MGF-SNICS is not used. Low energy side of the AMS
beamline is equipped with a 90° double focusing injection magnet producing fast sequential isotope
injection for multi-nuclide measurement. High energy side of the AMS beamline is equipped with a 90°
double focusing analyzing magnet, multi-Faraday cup detector system, a 20° electrostatic cylindrical
analyzer, and an ionization detector. The two Faraday cup detectors and the ionization detector are used

for measurements of '2C,'3C, and !“C, respectively. The ionization detector consists of a cathode
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electrode, grid and anodes of five AE electrodes®”. This has a beneficial effect on discrimination

between isobars and enables us to detect multi nuclides by using the single beamline.

Fig. 7.2. Schematic layout of the JAEA-AMS-TONO-5MV system.

7.2.3. MALT-AMS

The AMS at the Micro Analysis Laboratory, Tandem accelerator, the University of Tokyo (MALT-AMS)
is based on a Pelletron SUD tandem accelerator by National Electrostatics Corporation, charged by a
pellet chain up to 5 MV®®. MALT-AMS comprises a Cs-sputter ion source, a sequential injection
system, and multi-Faraday cup system for high precision AMS measurements. There are several beam
courses such as NRA (nuclear reaction analysis) and PIXE (particle induced X-ray emission), in

addition to AMS course, at MALT-AMS (Fig. 7.3).

A new method for *C-AMS has been used at MALT-AMS in which only beams with mass 13 and 14
are injected into the accelerator. In this method, '*C/!3C is measured by *C counts at the final detector

3C# current by MFC 04-2 (one of multi Faraday cups). '*C/!2C is evaluated from the current ratio

and
of 13C*" generated at the terminal from '*CH™ (mass 14) and 'C* generated from '>CH™ (mass 13)
measured by MFC 04-1 and MFC 04-4, respectively. All three stable isotope beams, '*C*" from '3C",
BC# from *CH™ and 2C** from '2CH", come to different positions after the analyzing magnet so that

three offset Faraday cups are needed for the simultaneous measurements with sequential injection of
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mass 13 and 14. Using this method, *C/'?C can be measured reasonably®”.
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Fig. 7.3. Photo of the accelerator (a) and schematic layout (b) of the MALT-AMS system.

7.3. Reporting Radiocarbon Data

There are several ways to report radiocarbon (**C) data depending on the application®’?. As with stable
isotopes, '*C data are reported based on comparing the '*C/'?C of the sample to that of a universal
standard. Two factors are to be considered, however, to report '*C data: corrections of mass-dependent
isotope fractionation and radioactive decay. Regarding the mass-dependent isotope fractionation, the
14C/12C ratios are corrected for mass-dependent isotope fractionation based on stable carbon isotope
ratios (*C/'2C), assuming that the mass-dependent fractionation of '*C in relation to '>C is twice as
large as that of °C during carbon cycling (biochemical and physical) processes. Regarding the
radioactive decay, the '“C/!?C ratios in the standard used for the AMS measurement decrease over time
as the *C in the standard is subjected to radioactive decay. This is corrected by selecting a specific time
(1950 in the case of *C) and decay to take into account the '“C lost between 1950 and the year the

standard was measured®).

Two ways to report '“C data are briefly described below, which are frequently used for carbon cycle

studies.

7.3.1. Radiocarbon age

Like stable carbon isotopes (12C and '3C), “C enters the terrestrial ecosystems by uptake of atmospheric

CO; through photosynthesis. During its lifetime, organisms remain in isotopic equilibrium with the

_31_



JAEA-Technology 2020-012

atmosphere due to the quick exchange of C between them. Immediately after the organisms die,
however, the '*C isotope ratio (**C/'?C) in the organisms (organic matter such as plant tissues in this
case) starts to decrease as a result of the radioactive decay of '“C with a physical half-life of 5730 years.
Therefore, measuring the '*C isotope ratio of a sample enables us to estimate the age of the organic
matter in the sample by comparing it with the '“C isotope ratio of a standard with known age. This is
well known as '*C dating. The '*C isotope ratio of the atmospheric CO; in 1950 is generally used as a

standard for this purpose.

Conventional '*C age (in years BP; BP means before present with present defined as 1950) is reported

as:

14C age = —8033-In(4o/4) (Eq. 7.1)

where 8033 is the mean life of '“C (= 5568/In2 in years) based on the Libby half-life (5568 years, this
value is still used by convention for reporting the '*C age, although the half-life value has been updated
as before), 4y is the initial *C/!2C ratio of the sample which is defined by reference to the 1950 standard,
and 4 is the '*C/!2C ratio of the sample. If 4 is smaller than 4y, then A4 can give an estimate of the time
elapsed since the sample was isolated from exchange of '*C (and '°C) with the atmosphere. Note that
the '“C dating assumes that there has been no loss (other than radioactive decay) or addition of '*C to

the sample since it ceased exchanging with the atmosphere (i.e., since death of the organism).

7.3.2. A"C

The absolute amount of *C in a sample in the year it was measured can be more informative
particularly for geochemical applications. In this case, a correction for radioactive decay undergone by
the standard between 1950 and the year the sample was measured must be done, and '*C value for the

sample is reported as:

A™C = [Ryample,-25/{0.95%Roxi - 19%exp((»—1950)/8267) 1 ~1] x 1000 (Eq. 7.2)

where Ryampie, 25 is the C/'C ratio of the sample normalized to the common §'3C value of —25%o to
account for the mass-dependent isotopic fractionation, Roxs 1o is the *C/'2C ratio of the OX-I standard
normalized to §'°C value of —19%o, and y is the year the sample was measured. The term 0.95%Rox; -9
represents the internationally accepted '*C reference value in 1950, and the following exponential term
is for decay correction for change in the OX-I standard since 1950. Note that in this case of decay
correction, the half-life of 5730 years, not the Libby half-life, is used, so that 8267 is the mean life of
14C (= 5730/In2 in years).
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The notation A'¥C is per mil (%o, or parts per thousand) deviation of the sample from the standard.
Positive A'*C value indicate that the sample has more '*C than the atmospheric CO; in 1950, indicating
the presence of bomb-'*C*2%65 A AC value of +1000%0 would be equivalent to a doubling of the
14C/12C ratio in the atmosphere, which is roughly the value reached in 1964 for atmospheric CO» owing

to the atmospheric weapons testing®?.
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8. Practical Application

This chapter demonstrates an application using '“C and stable carbon and nitrogen isotopes to studying
soil carbon dynamics, which was conducted in a Japanese temperate forest. The chapter includes: soil
sampling and treatment; soil organic carbon fractionation by two methods (density and aggregate-size);

stable isotope and '“C analysis; and results obtained and their interpretations.

8.1.  Soil Sampling and Treatment

Soil sampling was conducted at a 30-year-old evergreen broadleaved forest site in Tsukuba (in the
premise of the National Institute for Environmental Studies, NIES) in November 2018 (Fig. 8.1). The
method used for soil sampling was the soil-digging method (see Chapter 2). This is because the soil at
this forest site has been classified as Andosol and is assumed to accumulate a significant amount of
SOC even in deeper soil layers; therefore, we want to evaluate it throughout the soil profile. Litter
samples was collected from O horizon (forest-floor litter layer) in the area of 30 cm x 30 cm, and
thereafter, soil samples of five soil layers (0-10, 10-20, 20-30, 30—40, and 40-50 cm) were collected
from a face of the pit. To determine the bulk density of the soil, we also collected soil samples from

each of the soil layers, by using a known-volume (100 cm?) soil sampler.

Fig. 8.1. Photos of the forest site in Tsukuba (a), soil sampling (b),

and the face of the soil pit after sampling (c).
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The litter and soil samples were immediately transported to the laboratory and then dried to a constant
weight at room temperature. The litter samples were finely chopped using a mixer to obtain
homogenized samples after removing coarse woody debris (fallen branches and twigs). The soil samples
were sieved through a 2-mm mesh, and for analysis, the < 2 mm fractions were ground into powder in a

mortar after carefully removing fine roots in the samples.

The soil samples of the 100-cm® volume were also dried, weighed, and sieved through a 2-mm mesh.
Both fractions obtained by sieving (i.e., > 2 mm and < 2 mm fractions) were weighted to evaluate the

bulk density and the gravel (> 2 mm) content of the soil.

8.2.  Soil Organic Carbon Fractionation

To investigate the physical status of SOC and its relation to the SOC dynamics in the soil profile, we
applied two fractionation methods. The density and aggregate-size fractionation methods, described in
Sections 4.1 and 4.2, were applied to the soil samples. Through the density fractionation method, we
separated the soil samples into two SOC fractions: a low-density fraction (LF: < 1.6 g cm™> in density)
and a high-density fraction (HF: > 1.6 g cm™>) (Fig. 8.2). Through the aggregate-size fractionation, we
separated the soil samples into two SOC fractions: macroaggregate fraction (MAA: > 250 um in size)

and microaggregate fraction (MIA: < 250 um) (Fig. 8.3).

Fig. 8.2. Examples of LF (a) and HF (b) fraction samples isolated from the topmost (0—10 c¢m) soil layer
observed using a stereomicroscope (SZX7, OLYMPUS, Japan). The LF fraction was dominated by plant
detritus or particulate organic matter (POM), whereas the HF fraction was dominated by soil mineral

particles.
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250 um ;
l_

Fig. 8.3. Examples of MAA (a) and MIA (b) fraction samples isolated from the topmost (0—10 cm) soil
layer observed using a stereomicroscope (SZX7, OLYMPUS, Japan). The MAA fraction was dominated
by macroaggregates (> 250 um in size), whereas the MIA fraction was dominated by microaggregates

(<250 pm).

8.3.  Stable Isotope Analysis

A portion of each of the samples (litter, bulk soil, and SOC fractions) was analyzed for their total C and
N contents using an elemental analyzer (vario PYRO cube, Elementar, Germany). Stable carbon and
nitrogen isotope ratios (5'°C and 8'°N, respectively) were analyzed using an isotope ratio mass
spectrometer (IsoPrimel00, Isoprime Ltd., UK) connected with an elemental analyzer (vario PYRO
cube), with an analytical uncertainty of < 0.1%o (1SD). See Chapter 5 for detailed procedures of the

stable isotope analysis.

8.4. Radiocarbon Analysis

Radiocarbon analyses were made with the JAEA-AMS-MUTSU for the bulk soil samples and the
JAEA-AMS-TONO-5MV for the SOC fraction samples, respectively. The bulk soil samples were
prepared for AMS-!“C measurements in the manner described in Sections 6.1-6.4. Briefly, the samples
were combusted to generate CO; in evacuated quartz tubes with CuO, and the resulting CO, was
cryogenically purified. Graphite targets for AMS were formed on fine iron power by reducing the
purified CO, with hydrogen gas. To prepare the SOC fraction samples for AMS-!*C measurements, we

used the automated graphitization system at the Tono Geoscience Center of JAEA (see Section 6.5).
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8.5. Results and Interpretations

8.5.1. Carbon content and SOC stock

Results of the soil sampling and treatment and the measurement of C content in the soil samples are
shown in Table 8.1. The SOC stock in the O horizon (litter layer) was evaluated using the equation (Eq.
3.2), based on the measured data of the litter inventory and C content of the litter sample. The SOC
stock in each of the soil layers was evaluated using the equation (Eq. 3.1), based on the measured data

of the bulk density, gravel content, and C content of the soil sample.

Table 8.1. Properties and SOC stocks in the O horizon and soil layers.

Layer Litter Bulk density® Gravel C content SOC stock
inventory® (g cm™) content® (gC g ! soil) (kgC m2)
(kgm™) (%)

O (litter) 2.93 NA NA 224 0.65

0-10 cm NAY 0.52 2.5 86 4.30

10-20 cm NA 0.53 0.7 52 2.74

20-30 cm NA 0.48 0 42 2.04

30-40 cm NA 0.47 0 31 1.45

40-50 cm NA 0.52 0 22 1.13

aLitter inventory was evaluated from the dry weight of the litter sample in the collection area of 30 cm % 30 cm.
"Bulk density was evaluated from the dry weight of soil sample collected by the 100-cm? volume sampler.
°Gravel content was determined as a percentage by mass of the > 2 mm fraction of the 100-cm?® volume sample.
INA: Not available.

The bulk density of the soil was very low and fairly uniform throughout the soil profile. There was
virtually no coarse particles (> 2 mm in diameter) in all soil layers. The litter sample showed a high
content of C (224 gC g!), indicating a relatively small contribution of soil mineral particles in the O
layer. The C content of the soil decreased with depth, and as a result, the SOC stock decreased with
depth. The total stock of SOC in the first 20 cm of soil was determined to be 7.0 kgC m ™2 for this forest
site, which was approximately 1.4 times greater than the global average of SOC stock (5.1 kgC m2)"".
These properties are attributable to the unique physical and chemical properties of Andosol, which
develops from parent materials of volcanic origin (volcanic ash). The large accumulation of SOC in this
soil is probably due to the formation of organometallic complexes (Al-humus complexes) that resist

microbial decomposition’?.
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Carbon contents of the density and aggregate-size fractions are given in Table 8.2, together with that of
the bulk soil. Regarding the desntity fractionation, the C content of the LF fraction was higher
compared with that of the bulk soil, whereas the C content of the HF fraction is lower. The results
indicate that the density fractionation is useful to separate the soil into two different SOC pools with
different properties: the LF fraction is a particulate organic matter (POM)-dominant fraction with
relatively free of mineral materials (soil particles), and the HF fraction is a mineral-dominant fraction. It
is interesting to see that the C content of the LF fraction does not change so much with soil depth, even

though the C contents of the bulk soil and HF fraction decrease with soil depth.

Table 8.2. Carbon content (in gC g”! soil) of the bulk soil, density fractions, and aggregate-size

fractions.
Layer Bulk Density fractions® Aggregate-size fractions®
LF HF MAA MIA

O (litter) 224 NA® NA NA NA
0-10 cm 86 150 67 84 76
10-20 cm 52 140 45 45 50
20-30 cm 42 150 40 41 44
30-40 cm 31 160 29 30 31
40-50 cm 22 133 20 20 22

3LF and HF represent low-density (< 1.6 g cm™3) and high-density (> 1.6 g cm™3) fractions, respectively.
"MAA and MIA represent macroaggregate (> 250 um) and microaggregate (< 250 um) fractions, respectively.
°NA: Not available.

In contrast to the density fractionation, the two MAA and MIA fractions obtained through the
aggregate-size fractionation were very similar in the C content and its decreasing trend with soil depth.
These fractions significantly differed in the size of soil aggregates, but seemed to consist of both
organic and mineral materials at a similar percentage by mass in each of the soil layers at this forest site.
In general, C content in soil aggregates increases with the size of aggregates because of a relatively
large contribution of POM and fine roots in macroaggregate formation. However, a lack of aggregate

size-dependent change in the C content has been reported for Andosols®®"?.

SOC stocks in the density and aggregate-size fractions are summarized in Table 8.3. The density
fractionation revealed that approximately 80% of the SOC was present in the HF fraction, i.e., in the
form of organo-mineral associations. Only in the top 0-10 cm layer of the soil, the LF fraction
represented a significant fraction to accumulate SOC. This is probably because of a continuous input of
POM from the upper O layer through microbial decomposition of litter materials. The aggregate-size

fractionation revealed that approximately two-thirds of the total SOC was present in association with
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microaggregates. The result indicates that microaggregates play an important role in SOC accumulation
in this soil. Note that the SOC stocks in the separated fractions (LF and HF fractions for the density
fractionation, or MAA and MIA fractions for the aggregate-size fractionation) do not sum up to 100% in

some soil layers due to a loss of SOC (mostly as dissolved organic carbon) during the fractionation

procedure.
Table 8.3. SOC stocks (in kgC m™?) in the density and aggregate-size fractions.

Layer Density fractions? Aggregate-size fractions®

LF HF MAA MIA
0-10 cm 1.04 (24.2%)° 2.83 (65.7%) 0.98 (22.7%) 2.81 (65.3%)
10-20 cm 0.24 (8.8%) 2.29 (83.6%) 0.93 (34.0%) 1.56 (56.9%)
20-30 cm 0.16 (7.8%) 1.84 (90.2%) 0.74 (26.2%) 1.27 (62.3%)
30—-40 cm 0.12 (8.5%) 1.33 (91.5%) 0.26 (17.8%) 1.17 (80.8%)
40-50 cm 0.10 (8.6%) 1.05 (91.4%) 0.23 (20.6%) 0.88 (78.0%)
Total 1.66 (14.2%) 9.34 (79.9%) 3.14 (26.9%) 7.69 (65.9%)

3LF and HF represent low-density (< 1.6 g cm™3) and high-density (> 1.6 g cm™3) fractions, respectively.
"MAA and MIA represent macroaggregate (> 250 pm) and microaggregate (< 250 um) fractions, respectively.
“Number in parentheses indicates percentage of the total SOC stock in the soil layer.

8.5.2. Radiocarbon signatures of SOC

Conventional '*C ages determined for the bulk soil, density fractions, and aggregate-size fractions are
shown in Table 8.4. In general, '“C age of SOC in the bulk soil increased with soil depth, ranging from
Modern to more than 2000 years BP. This indicates that SOC in deeper soil layers is, on average, older
than that in shallower soil layers. A question here is why the litter materials in the O horizon showed '*C
age of 50 years BP (or a negative A'*C value, also see Table 8.5); that is too old when considering that
turnover times (as a result of the addition via litter fall and the decomposition) of litter materials are
normally several years to a decade in O horizons of temperate forests*’®. A possible explanation for this
is that the current atmospheric CO, in this region has a negative A'*C value with a contribution of CO»
emission from '“C-depleted fossil fuel combustion’. Thus the recently added litter materials in the O
horizon might show an older '*C age. To test this, we collected atmospheric samples at this site in 2018

and obtained A'*C values of around —16%o for the atmospheric CO».

In contrast to the O horizon, SOC in the topmost 0-10 c¢m soil layer had a modern '*C age, indicating a
significant incorporation of '*C-enriched organic materials that have been fixed since 1950 (i.e., the
atmospheric nuclear weapons testing) in this soil layer. In the soil layers deeper than a depth of 10 cm,

however, SOC was found to have resided in the soil long enough (several hundred to several thousand
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years) for significant radioactive decay to occur.

Table 8.4. Conventional '*C ages (in years BP) of the bulk soil, density fractions, and aggregate-size

fractions.

Layer Bulk Density fractions® Aggregate-size fractions®

LF HF MAA MIA
O (litter) 50°¢ NA® NA NA NA
0-10 cm Modern? Modern Modern Modern Modern
10-20 cm 210 Modern 160 140 80
20-30 cm 1010 70 1000 1070 910
30-40 cm 1740 f 1630 1740 1530
40-50 cm 2330 — 2400 2490 2230

aLF and HF represent low-density (< 1.6 g cm™3) and high-density (> 1.6 g cm ™) fractions, respectively.
"MAA and MIA represent macroaggregate (> 250 um) and microaggregate (< 250 um) fractions, respectively.
°The analytical uncertainty of the '“C age was less than + 50 years BP.

4Modern indicates that C in the sample contains post-1950, bomb-'4C.

°NA: Not available.

fThe amount of sample obtained is small and not enough for '“C analysis.

Soil organic carbon in the LF and HF fractions differed in '*C age (Table 8.4). The SOC in the HF
fraction, which is the predominant pool of C in this soil (see Table 8.3), had a “C age similar to that in
the bulk soil, whereas the SOC in the LF fraction was significantly younger compared with the HF
fraction (and the bulk soil). This result indicates that the SOC in the LF fraction represents a rapidly
cycling pool of C in the soil. It is particularly interesting to see the stark contrast in '*C age of SOC
between the two fractions in the 20-30 cm soil layer. In contrast, SOC in the MAA and MIA fractions
was relatively similar in '*C age throughout the soil profile, although SOC in the MAA fraction was
consistently older than that in the MIA fraction. This result suggests that, in general, SOC in soil

aggregates with different size classes can turn over on a similar timescale in the same depth of this soil.

The A'C values determined for the bulk soil, density fractions, and aggregate-size fractions are shown
in Table 8.5. The A'*C values of SOC can be interpreted, however, as for the '*C age: the A'C value of
SOC in the bulk soil decreased with soil depth, reflecting more contribution of bomb-'*C in the upper
soil layers and more influence of '*C radioactive decay in the deeper soil layers. The SOC in the LF
fraction are enriched in *C (bomb-'*C) and therefore dominated by SOC fixed since 1950s. On the
other hand, the SOC in the HF fraction generally consists of SOC fixed prior to 1950s. Two
aggregate-size fractions show a similar A'*C value, indicating that cycling of SOC in these fractions, on

average, occurs on a similar timescale.
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Table 8.5. Radiocarbon signatures (A'*C in %o) of the bulk soil, density fractions, and aggregate-size

fractions.

Layer Bulk Density fractions® Aggregate-size fractions®

LF HF MAA MIA
O (litter) —6.1¢ NAY NA NA NA
0-10 cm 359 64.7 50.8 63.3 62.0
10-20 cm -25.6 78.0 -19.5 -17.7 -10.5
20-30 cm -117.6 -8.4 -116.9 —124.3 -107.4
30-40 cm —194.5 — —183.8 —194.5 -173.0
40-50 cm —251.4 — -258.4 —266.1 —242.1

3LF and HF represent low-density (< 1.6 g cm™3) and high-density (> 1.6 g cm™3) fractions, respectively.
"MAA and MIA represent macroaggregate (> 250 um) and microaggregate (< 250 um) fractions, respectively.
°The analytical uncertainty of the AC value was 4—6%o.

INA: Not available.

The SOC fractions obtained through any of the fractionation methods are still a mixture of young and
old SOC; it has recently been revealed that even in deeper soil layers, decadally cycling SOC (i.e., SOC
generated via photosynthesis since the atmospheric nuclear weapons testing and thus enriched in '*C
due to the incorporation of bomb-'*C) can exist?®. This contradicts the assumption in the '*C dating
method that there has been no addition of '*C in SOC in the soil sample since the SOC was added into
the soil. In this respect, conventional '“C age cannot represent real dynamics of SOC in many cases,
particularly for SOC pools with a relatively young *C age (or a less '*C-depleted A'*C value). For such
semi-open systems like SOC, it should therefore be considered better to estimate its turnover time or
mean residence time by considering both the inflow (addition of SOC via various soil processes) and
outflow (loss of SOC via microbial decomposition (and radioactive decay for '*C)) of C in a SOC pool.
To achieve this, some modeling approaches have been proposed®?325433%76)  Details of these
approaches are well explained and summarized in a chapter of the recently published book®®. One thing

we should note here is that these modeling approaches are all still built upon several assumptions.

As an example, a time-dependent single-pool model can be used to predict the change in A'*C value in a

SOC pool:

F(t)={(t-1) - Fam(t=1) + F(t=1) - C(t=1) - (1—k—-2)} / C(¥) (Eq. 8.1)
where F(f) represents the Fraction Modern of carbon (= A"C(£)/1000+1) in the SOC pool at year ¢,
I(t—1) the amount of C inputs to the SOC pool at year #—1 (i.e., in the previous 1-year time step),

Fum(t—1) the Fraction Modern of carbon in the atmospheric CO; at year t—1, and F(z—1) the Fraction
Modern of carbon in the SOC at year at year —1. C(¢) and C(t—1) represent the amounts of C in the SOC
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pool at years ¢ and ¢—1, respectively, £ represents the decomposition rate constant for the SOC pool (in
y 1), and A the radioactive decay constant for C (1.21 x 107* y'). Fum(¢) is derived from the
atmospheric *C-CO; record®>”?. For the target SOC pool, we can predict A'*C value by using this
model to find a value of & to the best explain the measured A'*C value, and then estimate the turnover

time of the SOC pool as k! (in year)*.

With the use of this modeling approach (Eq. 8.1), the turnover time of SOC for the O horizon (litter
materials) can be estimated as 6 years based on its A*C value (=6.1%o). The A'¥C value (+35.9%o) of
SOC in the topmost (0—~10 c¢m) soil layer, which shows a contribution of bomb-'*C, yields two possible
estimates for turnover time: approximately 11 and 190 years. The turnover times of SOC for the deeper
soil layers can be estimated as approximately 450, 1190, 2020, and 2770 years for the 10-20 cm, 20-30

cm, 30—40 cm, and 40-50 cm soil layers, respectively.

8.5.3. Stable carbon and nitrogen isotope ratios of SOC

Stable carbon isotope ratios (8'*C) of the bulk soil, density fractions, and aggregate-size fractions are
shown in Table 8.6. The 8'°C values of the O horizon was around —29%o, which was similar to §'3C
values of C3 plants, the current vegetation at this forest site. The '°C value of the bulk soil increased
with soil depth. The §'°C value of SOC is influenced by the degree of biological transformation and the
vegetation (i.e., around —29%o for C3 plants and around —13%o for C4 plants)’®. Regarding the effect of
biological transformation, it is well documented that an enrichment of heavier isotopes ('*C) relative to
lighter isotopes ('2C) in SOC occurs during its decomposition via biological metabolic processes of soil
microorganisms’®%?. Therefore, an increase in 8'3C value of SOC with depth can occur because SOC in
deeper soil layers is more biologically transformed through repeated microbial processing. However, the
13C enrichment through the biological transformation is typically within several per mil from the surface
to deeper soil layers®*®?). Therefore, the large change in the §'3C value of SOC with depth (from
—26.1%0 to —19.5%0) at this forest soil can be mostly attributed to change in the vegetation. The high
313C values (—19.5%o) observed for the deeper soil layers indicate an accumulation of SOC that
originated from C4 plants, and suggest that the forest site was previously dominated by C4 plants and

the vegetation had changed to current C3 plants.

For this study site, the amount of SOC of the previous C4-plant (grassland) origin in a soil can be

estimated through a mass balance equation:

SOCc4 = (513CSOC — 513CC3) / (513Cc4 - 513ch) (Eq. 8.2)

where SOC¢y is the proportion of C4 plant-derived SOC (%), 6"*Csoc is the 8'*C value of the SOC (%),
613Cc;3 is the 8'°C value of C3 plant-derived SOC (%o), and 6°Ccy is the §'3C value of C4 plant-derived
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SOC (%o), respectively. For instance, the contribution of the previous grassland-derived SOC to the
SOC currently accumulated in the 40—-50 cm soil layer can be estimated to be 59% by using the equation
(Eq. 8.2) and the measured §'°C values (i.e., 6"*Csoc and ¢'°Cc;), when the value of ¢/3Ccy is assumed
to be —13%0’®. Similarly, the contribution of grassland-derived SOC can be estimated as 18% of the
total SOC in the 0-10 cm soil layer, which indicates that SOC in this layer is mostly of forest origin.
This finding from 8'2C data is qualitatively consistent with '*C results showing older SOC in deeper soil
layers (Tables 8.4 and 8.5). In this way, using the !3C data, we may be able to separate soil C into two
different SOC pools with different origins (i.e., turnover times) without any physical and chemical
fractionations of soil samples, if the study site had experienced a land use conversion (e.g., grassland to
forest and forest to agricultural land) and information about when the conversion occurred can be

obtained®?.

Table 8.6. Stable carbon isotope ratios (8'*C in %o) of the bulk soil, density fractions, and

aggregate-size fractions.

Layer Bulk Density fractions® Aggregate-size fractions®
LF HF MAA MIA

O (litter) —28.8 NA® NA NA NA
0-10 cm -26.1 =277 -25.2 —26.1 -25.4
10-20 cm -22.9 -26.7 -22.7 -22.9 -22.9
20-30 cm -20.3 =25.7 -20.2 -20.3 -20.3
30-40 cm -19.5 -25.9 -19.4 -19.6 -19.5
40-50 cm -19.5 -26.4 -19.4 —-19.5 -19.4

aLF and HF represent low-density (< 1.6 g cm™3) and high-density (> 1.6 g cm™3) fractions, respectively.
®MAA and MIA represent macroaggregate (> 250 um) and microaggregate (< 250 pum) fractions, respectively.
°NA: Not available.

The 8'3C values of the SOC fractions showed contrasting patterns between the two fractionation
methods (Table 8.6). In the density fractionation, the HF fractions were similar in the 8'*C value to the
bulk soils, but the LF fractions were lower in the 8'3C value compared with the bulk soils and HF
fractions. This indicates that the SOC in the LF and HF fractions largely differ in its origin; the LF
fractions consist mostly of SOC of the recent forest origin throughout the soil profile, whereas the HF
fractions are a mixture of previous grassland- and recent forest-derived SOC with a depth trend in the
mixture ratio. In contrast, in the aggregate-size fractionation, the 8'°C values of SOC were generally
similar between the MAA and MIA fractions, indicating that both aggregate-size fractions have a
similar mixture ratio of the grassland- and forest-derived SOC throughout the soil profile. These results
are consistent with the results of '*C analysis showing that the SOC in the LF fraction is younger than

that in the HF fraction, and that the MAA and MIA fractions are generally similar in '*C age or AC
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value in each of the soil layers (Tables 8.4 and 8.5).

It has been documented that, as with '3C, N is also enriched relative to “N during microbial
decomposition of SOC!*¥. Because §'°N value is less affected by the vegetation, §'°N value may be a
better indicator of the degree of biological transformation of SOC in soils. Clear trends of increasing
8'°N value with soil depth were observed for the bulk soil and for the three SOC fractions (except the
LF fraction) (Table 8.7), indicating that SOC in these soil and fractions is transformed more in deeper
soil layers through microbial degradation. Consistent with the '*C signatures, the §'°N values suggest a
relatively less degradation of SOC in the LF fractions, compared with the other fractions, throughout the
soil profile. The concomitant increase in the §'°N value and *C age with soil depth implies that the

longer SOC resides in soil, the higher the degree of microbial transformation®>.

Table 8.7. Stable nitrogen isotope ratios (8'°N in %o) of the bulk soil, density fractions, and

aggregate-size fractions.

Layer Bulk Density fractions® Aggregate-size fractions®
LF HF MAA MIA
O (litter) -1.2 NA NA NA NA
0-10 cm 2.4 0.0 3.5 2.2 3.2
10-20 cm 7.0 2.1 7.4 7.1 7.1
20-30 cm 9.6 3.2 10.0 9.8 9.8
30-40 cm 10.4 5.2. 10.1 10.6 10.7
40-50 cm 10.0 4.5 10.3 10.7 10.5

aLF and HF represent low-density (< 1.6 g cm™3) and high-density (> 1.6 g cm™3) fractions, respectively.
®MAA and MIA represent macroaggregate (> 250 um) and microaggregate (< 250 pum) fractions, respectively.
°NA: Not available.

8.6. Summary

In this way, '“C and stable isotope analyses are useful to understand and further quantify the carbon
dynamics in soils. The isotope-based approaches enable us to compare the soil carbon dynamics in
different terrestrial ecosystems and regions, which may offer a way to explore the diverse ecological
roles of soils in the global carbon cycle. Studies using coupled carbon cycle—climate models suggest
that soil carbon feedback to climate change could lead to a doubling of the projected warming by the
end of this century. However, there is still a great deal of mechanistic uncertainty that underlies
simulations of the responses of SOC to climate change. In these models, soils are generally
characterized by several pools of SOC with specific turnover times. Therefore, quantification of SOC

dynamics by using the '*C approach can be incorporated into the models to improve their accuracy and
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reliability. In addition, isotope-based approaches provide a unique opportunity to investigate how soil
carbon dynamics changes along with, for example, land-use conversion and the progression of climate
changes. Such investigations will be important to assess the impacts of natural and artificial processes
on the global carbon cycle. Findings obtained through the isotope-based approaches are essential to

improve our predictions of the future change in the Earth’s climate.
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