
Vol.:(0123456789)1 3

Journal of Radioanalytical and Nuclear Chemistry (2020) 323:169–177 
https://doi.org/10.1007/s10967-019-06866-2

Sequential combustion separation of soil organic carbon fractions 
for AMS measurement of 14C and their application in fixation of carbon

Xia Yu1,2,3  · Weijian Zhou1,2,4,5  · Yunqiang Wang1,4,5,7  · Peng Cheng1,2,6,7  · Yaoyao Hou1,2  · Hua Du1,2  · 
Xiaohu Xiong1,2  · Ling Yang1,2,3  · Ya Wang1,2,3  · Yunchong Fu1,2,7 

Received: 16 July 2019 / Published online: 16 November 2019 
© Akadémiai Kiadó, Budapest, Hungary 2019

Abstract
A temperature stepped-combustion method for separating soil organic carbon (SOC) fractions and their 14C ages was devel-
oped to investigate SOC fixation and stability in soils. After acid-leaching, SOC was sequentially oxidized, and extracted 
from three temperature intervals: (1) 25–400 °C, (2) 400–600 °C, and (3) 600–900 °C. The acid-soluble carbon and SOC 
released below 600 °C are labile components, with relatively younger 14C ages, while the SOC released above 600 °C is 
stable with older 14C ages. We applied this method in a grassland, maize cropland and forest nursery cropland, to assist in 
understanding the stability of carbon in soils under different land use conditions.
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Introduction

The atmospheric concentration of carbon dioxide  (CO2) has 
increased globally to 410 ppm [1], contributing to increas-
ing temperatures in recent years [2]. The soil organic carbon 
(SOC) pool is the largest terrestrial organic carbon pool on 

earth, and in the wake of global warming, understanding 
SOC has become a critical concern. SOC is a major sink 
for atmospheric  CO2 [3–5]. Increasing the carbon content 
of the world’s soils by just a few parts per thousand (0.4%) 
annually, could potentially remove the amount of  CO2 emit-
ted every year by European Union fossil-fuels combustion 
[3]. However, global soils (0–100 cm depth) also represent a 
huge store (1500 Pg) of organic carbon that could potentially 
release carbon to the atmosphere, especially as atmospheric 
temperatures increase [6]. Therefore understanding the 
sequestration and storage of atmospheric  CO2 as carbon in 
soils is crucial to predicting atmospheric  CO2 concentrations 
under our changing climate [1]. Central to this understand-
ing is the role of SOC stability, and the efficiency of different 
land utilization to facilitate the conversion of atmospheric 
 CO2 to SOC.

Global warming will likely have a greater effect on SOC 
fractions than on total SOC [7], and a detailed understand-
ing SOC stability and sustainability under variable environ-
mental conditions is currently lacking. SOC fractions are 
typically divided into two components: labile and stable [8]. 
Labile SOC has been shown to be a useful measure of soil 
quality [9]. Labile SOC is composed primarily of simple 
alkyl groups, containing carbohydrates, cellulose, and pro-
teins [10–12]. Labile SOC is sensitive to climate change 
[13], land uses [14, 15], tillage style [16], and soil manage-
ment practices [17–19]. Stable SOC is the residual carbon 
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that remains in soils after the labile component has been 
extracted. Stable SOC is characterized by relatively high 
aromaticity (e.g. complex polyphenols, lipids), clay mineral 
organic carbon [20, 21], stable biochar (e.g. charcoal, soot-
graphite and lignin) [2, 12], and other stable organic com-
ponents. These are resistant to biogeochemical degradation 
[20] and little-affected by short-term land use changes [21].

Due to heterogeneous SOC sources [12, 22], laboratory 
separation methods have a variety of limitations. Therefore, 
a number of studies have focused on optimizing the separa-
tion of SOC fractions. These include physical methods (e.g. 
soil aggregates, density, particle size) [9, 20, 23]; chemical 
methods (e.g. acid hydrolysis [12, 16], water extraction [24], 
hydrophobic/hydrophilic carbon,  KMnO4 oxidation [17, 19, 
25, 26]); and biological methods (e.g. microbial biomass 
carbon) [27]. Because SOC accumulates from heterogeneous 
sources, bioturbation and leaching processes continuously 
supply younger, suspended, colloidal, and soluble organic 
carbon, while degradation-resistant organic constituents 
inherited from parent soils and detrital materials may con-
tribute older organic carbon to the SOC pool [28]. Physical 
separation techniques suffer from a number of shortcom-
ings. For example, Wang et al. [29] separated clays, seived 
to < 64 μm, into two components that were shown to have 
different thermal stabilities and turnover times (implying 
different 14C ages). Benbi et al. [30] conducted SOC aggre-
gate analysis using different sieve sizes. Soils passed through 
successive sieves required 50 min per sieve, with additional 
time to be oven-dried. Hence, such physical separations can 
be very time consuming. The same is true of certain bio-
logical approaches, for example where mineralizable car-
bon must be incubated for several days, and for as long as 
30 days. Soil microbial biomass carbon can take more than 
10 days to analyze, and can require more than 20 g of soil 
[15, 16, 30, 31]. Conventional chemical separations usually 
extract organic carbon with acids and bases, or by wet oxida-
tion with  KMnO4 to isolate labile SOC. Such studies yield 
mixed results, and the difficulty of using these approaches 
has led some researchers to develop alternative methods, 
such as pyrolysis-combustion [28], or temperature-stepped 
combustion [34]. Here we describe a similar approach that 
includes the use of chemical extractions to separate SOC 
fractions.

Disparate 14C ages found for different SOC fractions illus-
trate the heterogeneous character of organic carbon in bulk 
soils [32]. The 14C ages of SOC components often increase 
from low, to high combustion temperatures. Low tempera-
ture combustion can minimize the contribution of clay-
bound carbon in order to extract labile SOC (soil aliphatics) 
[33], while stable SOC (soil organic compounds of aromat-
ics) can be extracted at higher temperatures [21]. Tempera-
ture stepped-combustion, combined with accelerator mass 
spectrometry (AMS) 14C age measurements has been shown 
to be useful to date different carbon fractions in sediments 
[32, 34], but has yet to be applied to soil ecosystem studies. 
We adopted a stepped-temperature combustion method with 
14C AMS measurements of different components, to charac-
terize labile and stable SOC components in soils. Soil types 
were chosen to reflect different land use histories (grassland, 
cropland, forest nursery). Our goal is to understand which 
land use type is most favorable to carbon sequestration and 
fixation, as reflected in the ages and proportions of SOC 
pools in the soils. We are especially interested in intensive 
management areas, typical of densely populated regions 
such as the Chinese Loess Plateau.

Materials and methods

Sampling and pretreatment

A total of 73 samples from three soil profiles, to 500 cm 
depth, were collected from an intensively managed ecosys-
tem at Gutun watershed in Yan’an City, Shaanxi Province, 
China (36°46′39″–37°3′34″N, 109°41′02″–109°56′58″E) 
in March 2017. Two cropland profiles were sampled from 
reclaimed croplands in a gully land, where a forest nursery 
was cultivated for at least 35 years, and maize had been 
planted for at least 70 years. These are referred to here as 
“forest nursery cropland” and “maize cropland”. The third 
profile is from a grassland. Soil samples were collected from 
1 m × 1 m quadrats (Table 1). In order to fully understand 
the migration and transformation of SOC in the profile, we 
refined the sampling depth as much as possible, 10 cm depth 
intervals in 0–20 cm depth range, and 20 cm intervals in 
200–500 cm depth range were sampled by 100 cm3 cutting 

Table 1  Properties and 
sampling information of soil 
samples from Gutun watershed

SWC, soil water content; BD, soil bulk density

Land use Texture (%) SWC (g kg−1) BD (g cm−3)

Clay Silt Sand

Nursery cropland 2.5 ± 0.5 73.9 ± 4.3 23.5 ± 4.5 136.9 ± 29.2 1.20 ± 0.07
Maize cropland 3.5 ± 0.9 78 ± 6.2 18.6 ± 6.8 182.8 ± 25.8 1.62 ± 0.16
Grassland 2.6 ± 0.3 79.9 ± 2.9 17.4 ± 3.1 120.4 ± 17.5 1.32 ± 0.05
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rings, and placed into polyethylene bags (about 500 g) for 
transport to the laboratory for analysis.

Soil water content (SWC) was determined by the loss 
of mass after drying at 105 °C [35]. The bulk density (BD) 
was determined from the volume-mass relationship for each 
dried core sample [36]. Soil texture was determined by laser 
diffraction using a Mastersizer3000 (Malvern Instruments, 
England). The soil samples were air-dried, then sieved 
through a 2-mm mesh after removing roots and other debris.

Ultra-pure water with a resistivity of 18.2 MΩ from 
a milli-Q apparatus (Smart2 Pure ultrapure water sys-
tem integration, TKA, Germany), orthophosphoric acid 
(purity > 99%, PATINAL, Switzerland), potassium per-
sulfate (purity > 99.99%, Aladdin industrial corporation, 
China), high purity oxygen (purity > 99.999%), cupric 
oxide (79.55 MW, Macklin, Shanghai Macklin Biochemical 
Co., Ltd.), isopropyl alcohol (analytical grade, Guangdong 
Guanghua Sci-tech Co., Ltd), liquid nitrogen, iron (Sigma 
Aldrich, USA), zinc free from arsenic (analytical grade) 
were used in the experiments (Fig. 1). 

Experimental methods

Separation of soil organic carbon by combustion 
at different temperatures

A vacuum combustion system with two furnaces (Fig. 2) 
was established to decompose SOC. The temperatures in the 
two furnaces were set with a dedicated temperature control-
ler. After every combustion step, the  CO2 released was col-
lected, and converted to graphite for AMS 14C measurement. 
Three samples collected from 0 to 10 cm, 280 to 300 cm and 
480 to 500 cm depth in a random grassland were used for 
method development. About 10 g of air-dried soil (< 2 mm) 
was placed in a 50 ml centrifugation tube, and about 35 ml 
ultra-pure water was added. The sample mixture was shaken 
for 30 min at 60 °C to extract water-soluble carbon. The 
supernatant was separated by centrifuge at 3500 rpm for 
15 min. This fraction (usually referred to as water-soluble 
labile carbon) was excluded from our study because the 
amount of carbon was insufficient for analysis.

Dilute  H3PO4 was applied to remove carbonate and 
extract acid-soluble organic carbon from the soil. The con-
centration of the  H3PO4 solution was chosen as 0.35 mol L−1 
to insure complete carbonate dissolution. Although dilute 
 H2SO4 has been suggested for this purpose [37], we used 
 H3PO4 because  H2SO4 (a strong acid) might oxidize a por-
tion of the organics. The soil samples were leached in  H3PO4 

Fig. 1  Location of the study 
area and sampling points under 
maize cropland, forest nursery 
cropland and grassland in the 
Gutun watershed
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at 60 °C for 2 h, and agitated to facilitate carbonate disso-
lution [34, 38, 39]. The pH of the leachate was measured 
using pH paper to ensure that sufficient acid had been added 
(pH < 5) to completely dissolve the carbonate. The super-
natant was separated by centrifugation (15 min, 3500 rpm) 
and used to measure the amount of acid-soluble SOC. The 
residue was rinsed with 10–20 ml of ultra-pure water and the 
rinse water was collected and combined with the superna-
tant. We transferred the supernatant to a quartz “Y”-shaped 
reaction flask (Fig. 2) for the separation of the acid-soluble 
SOC fraction. The acid soluble SOC fraction was oxidized 
with 0.15 M potassium persulfate. A volume ratio of 2:3 
(persulfate:SOC) was found to be sufficient to decompose all 
of the acid-soluble SOC. The oxidant was placed in the “Y”-
shaped vessel of the reaction flask with the acid-soluble SOC 
as shown in Fig. 2. The sample was evacuated to < 10−2 bar, 
and the reaction vessel was closed. Then the oxidant was 
introduced into the reaction flask. The reaction flask was 
heated to 95 °C for 30 min, after which the  CO2 produced 
was passed through an isopropyl alcohol-dry ice cold trap to 
remove water, and the purified gas was collected in a liquid 
nitrogen trap. We refer to the  CO2 collected in this step as 
the acid-extractable, or the F1 SOC fraction.

The remaining soil was rinsed until neutral using ultra-
pure water, and dried at 60 °C in an oven. It was estimated 
that at least 0.5 mg carbon in each SOC fraction was suffi-
cient for a 14C AMS age measurement, which was available 

from about 1.5 g dried soil. Each pretreated soil sample was 
placed in a 9 mm vycor combustion vessel, and evacuated 
to  10−2 bar. Ultra-pure  O2 was introduced into the system to 
a pressure of 0.3 bar and the sample was heated to the first 
temperature step (200 °C) for 30 min. The resulting gas, was 
first passed through a CuO trap to convert any CO to  CO2, 
then through an isopropyl alcohol-dry ice trap to remove 
water, and collected in a liquid nitrogen trap (Fig. 2). The 
 CO2 produced in this step was used to measure the volume 
of carbon produced. After evacuating the vacuum line and 
reaction tube, a fresh supply of ultra-pure oxygen was added, 
and the reaction tube was isolated and heated to the next 
temperature (400 °C) and held there for 30 min. This time 
was chosen to completely oxidize the carbon and agrees with 
previous reports for the oxidation of loess and sediment sam-
ples [38]. We made repeated trials with temperature intervals 
of 25–200 °C, 200–400 °C, 400–600 °C, 600–800 °C, and 
800–900 °C and found that negligible carbon was oxidized 
below 200 °C, and between 800 and 900 °C, as discussed 
later.

Radiocarbon measurements

Soils from 0 to 10 cm, 20 to 40 cm, 80 to 100 cm, 180 to 
200 cm, 280 to 300 cm, 380 to 400 cm and 480 to 500 cm 
depth were analyzed using the method described above. The 
SOC content of each temperature fraction was determined 

Fig. 2  Schematic diagram of the experiment setup for separation of different species of carbon in soil by sequential combustion
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from the  CO2 volume collected during each oxidation step. 
Each of the  CO2 samples was converted to graphite in the 
presence of ZnO at 425 °C, using an Fe catalyst at 575 °C 
[38, 40]. The graphite samples were pressed into aluminum 
target holders and analyzed with a 3 MV AMS machine 
at the Xi’an AMS center. The measurement uncertainty 
(14C/12C) in this instrument is better than 0.3% in a modern 
sample, with 250,000–300,000 14C counts collected. Online 
δ13C measurements were made by the AMS, to correct for 
machine-related isotopic fractionation.  ASN is the measured 
14C/12C atomic ratio in the sample normalized to a δ13C of 
− 25‰. In our study, the correction of radioactive decay is 
negligible because of the slight difference between the dates 
of sample collection and instrument analysis. The measure-
ments were determined relative to the NBS Oxalic acid II 
(SRM-4990C) modern standard ratio at AD 1950, also nor-
malized to δ13C = − 25‰  (AON) [29, 40].

Calculation of 14C ages and  F14C

The 14C age of a sample, t, is calculated by the normalized 
sample 14C activity and normalized oxalic acid activity [41].

here τ is the mean life of 14C, 8033 yrs; (14C/12C)SN is the 
sample normalized activity ratio, (14C/12C)ON is standard 
normalized activity ratio. The activity (14C/12C)ON depends 
on the year of measurement (yrs) and is corrected for decay 
between 1950 and year (yrs) of actual counting date.

PMC, percent of modern carbon, Eq. (2), where y is the 
year of oxalic measurement, and λ = 1/8267 yrs−1 is based 
on the 5730 yrs half-life.  F14C means fraction of modern 
carbon [11], Eq. (3).

Results and discussion

Soil organic carbon fractions

The acid-soluble SOC content for all samples averaged 
0.24 g kg−1 and was the smallest SOC fraction in nearly 
every instance (0.32, 0.26, and 0.18 times the average val-
ues of F2, F3, and F4, respectively), with values as low 
as 0.01 g kg−1 (Table 2). For these soils, the acid-soluble 
SOC fraction was estimated to be 3.2–11.9% of the total 
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SOC from 0 to 500 cm depth. Therefore, although it is a 
minor fraction, it cannot be ignored.

The percentage of SOC fractions released during each 
combustion step are shown in Fig. 3. A minor amount of 
SOC (1–7%) was released between 25 and 200 °C, and 
between 800 and 900 °C. About half (44–49%) of the SOC 
was released between 200 and 400 °C. Another 9–31% 
was released between 400 and 600 °C, and 14 to 40% of 
SOC was released between 600 and 800 °C. We assume 
that SOC stability increased with combustion temperature, 
as this is a measure of thermal stability. Cheng et al. [38] 
reported that relatively young carbon is normally decom-
posed at low temperature during combustion. Labile SOC 
is characterized as a simple alkyl group derived mainly 
from materials containing carbohydrates and proteins [11]. 
The exothermic decomposition of labile aliphatic and car-
boxyl groups can occur at around 300 °C [42]. In contrast, 
old carbon was released at high temperature, and this SOC 
fraction is expected to contain complicated poly-phenol 
group aromatic carbon, as more refractory aromatic car-
bon is decomposed at higher temperature (450 °C) [42]. 
To capture these differences in SOC fractions, we chose 
to focus on three temperature steps: 25–400  °C (F2), 
400–600 °C (F3) and 600–900 °C (F4).

The 14C content of each of these SOC fractions assists 
in understanding their stability. Hence, we measured 14C 
ages of each fraction, and calculated their respective PMC 
and  F14C values. The 14C ages measured in the four frac-
tions (F1, F2, F3 and F4), in three depth layers (0–10 cm, 
280–300 cm and 480–500 cm), and from the three land use 
types (forest nursery cropland, maize cropland and grass-
land) are presented in Fig. 4. The 14C ages of four fractions 
in forest nursery cropland, maize cropland and grassland 
were in the ranges of 1060 ± 23 to 19,195 ± 75 yrs (forest 
nursery cropland), 346 ± 23 to 49,222 ± 643 yrs (maize 
cropland), and 945 ± 27 to 23,342 ± 144 yrs (grassland). 
The 14C ages of F1, F2 and F3 were distinctly younger 
than the ages observed for F4 in the same soils, and the 
F4 14C ages were uniformly older than the other fractions 
(Fig. 4). This is consistent with our assumption that F4 is 
composed of stable SOC, and we see that the F1, F2 and 
F3 fractions are more labile than F4.

The 14C ages of the three fractions released from by 
temperature stepped-combustion increased with increas-
ing temperature (Fig. 4). The 14C ages of F1, F2 and F3 
are similar, both in the maize cropland and forest nursery 
cropland, indicating carbon exchange within this layer, 
between these three SOC fractions. The 14C in F1, F2 and 
F3 in the grassland surface soils contained modern (post-
bomb) carbon, pointing to a rapid turnover time, typical of 
thermally labile carbon [42]. Therefore, we consider the 
F1, F2, and F3 SOC fractions to be labile, and the F4 SOC 
fraction to be stable.
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Distribution of labile and stable SOC

Table 2 lists the profile distribution of labile and stable SOC 
from all of the study sites. A uniform decrease in labile SOC 
was observed for all of the sites, to a depth of about 100 cm, 
then remained constant. The stable SOC profiles were less 
consistent, showing both increases and decreases with depth 
(Table 2). The highest labile SOC observed (8.31 g kg−1) 
and highest stable SOC (4.22 g kg−1) were found in the 
grassland surface soil (0–10 cm). This may be attributed to 
carbon derived from grass detritus from a previous season. 
Such enhanced SOC is observed where straw mulching is 
practiced, especially for labile organic carbon [19, 43, 44].

The 14C ages in the SOC fractions increase with depth 
from the surface (Fig. 4), which implies an increase in mean 
residence time with depth. The bulk soil values show that 
active exchange with young carbon from the surface (with 
relatively young 14C ages) is largely restricted to the upper 
300 cm (Fig. 4). This trend is consistent from site to site, 
despite their very different absolute age-depth characteris-
tics. This suggests that they share common SOC exchange 
characteristics. Below 300 cm, the 14C ages are constant, 
indicating limited exchange with fresh carbon from the sur-
face. Deep soils cannot sustain active microbial populations 
to decompose SOC, and promote carbon exchange [45] and 

Table 2  The content of labile and recalcitrant soil organic carbon and their responding  F14C values of the dried soils

F1 is the SOC fraction from acid-soluble, F2, F3 and F4 are the SOC fractions released from the temperature intervals of 25–400 °C, 400–
600 °C and 600–900 °C, respectively. Labile SOC is the plus of F1, F2 and F3, and the stable SOC is F4

Sites Depth (cm) F1 (g kg−1) F2 (g kg−1) F3 (g kg−1) F4 (g kg−1) Labile 
SOC 
(g kg−1)

F14Clabile Stable 
SOC 
(g kg−1)

F14Cstable

Forest nursery 
cropland

0–10 0.19 1.23 1.27 0.46 2.69 0.8116 ± 0.0027 0.46 0.3731 ± 0.0020
20–40 0.28 1.32 1.79 0.33 3.39 0.33
80–100 0.35 0.47 0.61 0.25 1.44 0.25

180–200 0.24 0.64 0.57 0.23 1.45 0.23
280–300 0.17 0.60 0.37 0.44 1.14 0.4638 ± 0.0021 0.44 0.0917 ± 0.0009
380–400 0.30 0.21 0.25 1.53 1.54 0.77
480–500 0.12 0.80 0.44 0.46 1.36 0.4519 ± 0.0023 0.46 0.2038 ± 0.0013

Maize cropland 0–10 0.05 1.15 1.47 1.86 2.66 0.8519 ± 0.0025 1.86 0.0426 ± 0.0007
20–40 0.03 1.07 0.93 2.09 2.02 2.09
80–100 0.02 0.15 0.38 3.03 0.55 3.03

180–200 0.02 0.12 0.66 3.30 0.80 3.30
280–300 0.01 0.21 0.20 2.30 0.42 0.2056 ± 0.0023 2.30 0.0022 ± 0.0002
380–400 0.01 0.29 0.29 2.58 0.59 0.1638 ± 0.0014 2.58 0.0026 ± 0.0001

Grassland 0–10 1.45 3.07 3.79 4.22 8.31 1.0360 ± 0.0033 4.22 0.8890 ± 0.0030
20–40 0.38 1.35 1.76 1.21 3.49 1.21
80–100 0.27 0.30 0.65 0.37 1.22 0.37

180–200 0.10 0.45 1.02 0.19 1.56 0.19
280–300 0.37 0.56 0.48 0.37 1.41 0.1887 ± 0.0023 0.37 0.0547 ± 0.0010
380–400 0.17 0.46 0.87 0.31 1.50 0.31
480–500 0.24 0.43 0.26 0.71 0.93 0.2161 ± 0.0015 0.71 0.0628 ± 0.0008

2% 3% 7%

47% 44%

49%

9%

31%

28%

40%

18%
14%

1% 3% 2%

S1 S2 S3
0

20

40

60

80

100

So
il 

or
ga

ni
c 

ca
rb

on
 fr

ac
tio

n 
pe

rc
en

ta
ge

 (%
)

800-900°C 600-800°C 400-600°C
200-400°C 25-200°C

Fig. 3  Soil organic carbon fractions in three soil samples by sequen-
tial combustion. S1: grassland soil in 0–10 cm, S2: grassland soil in 
280–300 cm, S3: grassland soil in 480–500 cm. (Color figure online)
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the thermal stability of deep soil SOC imply reduced bio-
logical degradability [21].

The maize cropland contained a relatively small amount 
of labile SOC, and large amount of stable SOC, especially 
below 20 cm. The stable SOC content in maize cropland 
was approximately 3.5–14.2 times greater than the forest 
nursery cropland, and 1.8–17.7 times greater than the grass-
land. In addition,  F14C values in maize cropland were also 
much smaller than the other sites in corresponding layers 
(Table 2). This could be related to the high BD in the maize 
cropland soil (Table 1) with a higher fraction of older sta-
ble SOC [46]. Moreover, maize has short roots and with no 
regular fertilization management, limits the supply of fresh 
C to the deep soils [45].

14C signal from above‑ground nuclear weapons tests

A large amount of 14C was released by atmospheric nuclear 
weapons testing in 1945–1980 [47–49]. Positive Δ14C values 
in SOC show the presence of “bomb carbon” [50, 51], where 
 F14C > 1. In the grassland surface soil, the  F14C values of 
F1, F2 and F3 were between 1.02 and 1.06, with a  F14Clabile 
value of 1.0360 ± 0.0033 (Table 2), reflecting nuclear fallout 
in all of these labile SOC fractions. Hence, our tempera-
ture-stepped combustion technique allows us to identify the 
sequestration of bomb carbon in the SOC fractions.

There was no significant difference in the labile and stable 
SOC contents between the forest nursery cropland and natu-
ral grassland at depths of 20–500 cm. The  F14C values of 
the forest nursery cropland at 280–300 cm and 480–500 cm 
were 0.4638 ± 0.0021 and 0.4519 ± 0.0023, respectively, 
which were significantly larger than that in the grassland at 

corresponding depths (Table 2). Since the sampling sites are 
very close to one another (1–4 km), we can assume that their 
14C fallout histories are the same. We attribute the difference 
in the soil carbon to the relative SOC fixation efficiencies 
between the two sites. The forest nursery cropland soil was 
able to fix a greater proportion of bomb carbon in the deep 
soil, as compared to the grassland soil. This idea could be 
confirmed with additional analysis of soil profiles.

Conclusions

In this study, we introduce a combined chemical-physical 
approach to the analysis of SOC fractions, using acid and 
base extractions, wet oxidation, and temperature stepped-
combustion. We complement this protocol with AMS 14C 
analysis. The SOC is separated into four components: (1) 
acid-soluble SOC, and (2) SOC oxidized in the tempera-
ture interval 25 to 400 °C, (3) 400 to 600 °C, and (4) 600 
to 900 °C. We associate the three lowest temperature frac-
tions with labile SOC. This is apparent in their relatively 
younger and tightly clustered 14C ages  (F14C in the range 
0.73–1.05). The high temperature fraction is characteristic 
of stable SOC, with generally older 14C ages  (F14C in the 
range 0.04–0.889). We applied this method to three soil 
types: forest nursery cropland, maize cropland, and grass-
land. We show that most of the carbon exchange in all three 
sites occurs in the upper 300 cm of these soils. The for-
est nursery cropland was the most efficient of the three in 
sequestering fresh carbon from the surface into deep soils. 
The grassland surface soils contained the highest amounts 
of labile and stable SOC, and labile SOC in the surface soils 

Fig. 4  The 14C ages of four 
fractions of carbon, i.e. F1 (yel-
low circles), F2 (red rhombus), 
F3 (purple circles), F4 (green 
triangle) and calculated bulk 
soils (black circles) at the depth 
of 0–10 cm, 280–300 cm and 
480–500 cm in three types of 
soil. (Color figure online)
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contained bomb carbon, showing that the grassland had not 
been disturbed since at least 1963. The maize cropland had 
lower labile SOC and the highest stock of stable SOC, which 
is not conducive to maize growth. Our results illustrate the 
efficacy of the combined chemical and temperature-stepped 
combustion approach, for the study of SOC, and such results 
can be helpful in the management of reclaimed croplands. 
Additional studies of this nature will both improve the 
method and increase our understanding of SOC dynamics 
in reclaimed croplands.
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