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A subsurface soil sample was studied for molecular composition and stable carbon isotopic ratios (δ13C) of fatty acids
(FAs) using a capillary gas chromatography (GC) and GC/combustion/isotope ratio mass spectrometer, respectively. Com-
pound specific radiocarbon analyses of FAs were also conducted using an off-line preparative capillary GC/accelerator
mass spectrometer. Molecular distribution of FAs (C14–C32) is characterized by even carbon numbered predominance with
two maxima at n-C16 and n-C28, being similar to that of plant leaf. However, branched chain C15 and C17 acids were
abundant in soil, indicating bacterial degradation and modification of soil organic carbon. The δ13C of FAs (–35.2 to
–23.0‰) are within the range of plant leaf δ13C (–36.4 to –31.2‰), except for heavy values (–23.0 to –28.1‰) of C14 to
C18. The heavier δ13C values are most likely interpreted by microbial re-synthesis of shorter chain FAs in soil. We also
report, for the first time, a significant diversity of ∆14C values (+17 to +127‰) in soil FAs, with higher values (+96 to
+127‰) for saturated and unsaturated C18 and lower values (+16 to +19‰) for longer chain C28 and C30. The higher
radiocarbon values can be explained by a combination of selective microbial decomposition of shorter chain FAs in sub-
surface soil, and the subsequent deposition and mixing of modern carbon with old carbon in soil. The modern carbon may
be transported downward in the form of shorter chain FAs and other water-soluble organic compounds by meteoric water
and/or tree roots, followed by microbial re-synthesis of lipids in soil. This study implies that microbial degradation and
modification of soil organic matter play an important role in geochemical processes which control the carbon cycle on the
Earth.

Keywords: compound specific radiocarbon and isotope analysis (CSRA and CSIA), soil organic carbon, monocarboxylic (fatty) acid,
turnover rate and residence time, soil carbon cycles

cycle in a soil system, including microbial mineraliza-
tion of organic matter to CO2, is closely linked to that of
the atmosphere, whose reservoir size is rather small but
sensitive to global changes. Many studies have been con-
ducted in soil organic matter to investigate the turnover
rates and soil respiration at elemental carbon levels. More
recently, radiocarbon measurement of bulk soil organic
matter has been conducted, including incubation experi-
ments of soils and decomposition experiments of spiked
lipids (e.g., Genty et al., 1998; Richter et al., 1999;
Gaudinski et al., 2000; Becker-Heidmann et al., 2002;
Neff et al., 2002).

In a forest, litters are decomposed by animals and
modified by microorganisms to result in soil organic mat-
ter. They are further subjected to various biogeochemical
processes. A combined molecular, stable carbon and ra-
diocarbon analysis could provide a powerful tool to un-
derstand the sources, transport mechanisms and micro-

INTRODUCTION

Soil organic carbon is one of the largest reservoirs in
the global carbon cycle (IPCC, 2001). Although carbon
uptake by soil has been thought to be balanced by respi-
ration, mineralization and erosion, some forest sites in-
cluding southern China and boreal soil are considered to
accumulate refractory organic carbon that is fixed from
atmospheric CO2 (Zhou et al., 2006; Smittenberg et al.,
2006). Hence, the biogeochemical processes of the or-
ganic matter in a soil system needs to be better under-
stood in relation to the global carbon cycle. The carbon
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bial process of soil organic matter. For example, longer
chain fatty acids (FAs) >C20 are characteristic of leaf
waxes whereas shorter chain FAs <C20 are important com-
ponents of leaf cell membrane as well as microorganisms.
Using 14C content in fatty acids, we could better discuss
the biogeochemical cycle and fates of the terrestrial or-
ganic matter in the soil system. Although stable carbon
isotopic composition (e.g., Hayes et al., 1990; Huang et
al., 1996; Naraoka et al., 1999; Lichtfouse, 2000) and
radiocarbon analyses (Pearson et al., 2001; Uchida et al.,
2000, 2001; Smittenberg et al., 2006) of lipid class com-
pounds have been reported in sediments, radiocarbon
analysis of individual organic molecules has rarely been
conducted in soil samples. Lichtfouse et al. (1997a, b)
determined molecular distribution, 13C and 14C of hydro-
carbon fractions from modern soil samples, and provided
some evidence on their fossil fuel origin. More recently
Kramer and Gleixner (2006) reported, based on 13C and
14C analyses of FAs in soils, a preferential uptake of plant-
derived fresh carbon by gram-positive bacteria.

A significant amount of Chinese loess (Kosa) is oc-
casionally transported over the Japanese Islands and the
western North Pacific in spring (Huebert et al., 2003;
Kawamura et al., 2004). Asian soil dusts are in part trans-
ported over North America (Perry et al., 1999). In the
open ocean, continental organic carbon is believed as a
significant source of the organic matter in the deep-sea
sediments (Gagosian and Peltzer, 1986; Kawamura,
1995). Thus, atmospheric deposition of continental soils
and associated organic matter may have an impact on the
soil system as well. Matsumoto et al. (2001) analyzed
14C in individual FAs isolated from semi-urban aerosols
in Sapporo, Japan and reported a relatively old age (up to
~5800 years BP) of long chain fatty acids that are de-
rived from terrestrial higher plants. This study suggested
that some fractions of long chain FAs in the aerosols have
been stored in geochemical reservoirs such as soils for
geological time and then transported to the atmosphere
by wind.

In order to understand the sources and biogeochemical
cycle of soil carbon, we conducted organic geochemical
and stable/radiocarbon isotopic studies of fatty acids.
Here, we report, for the first time, the abundances, stable
carbon isotopic compositions and radiocarbon contents
of individual FAs in a subsurface soil sample using Gas
Chromatography (GC), GC/Isotope Ratio Mass
Spectrometry (GC/IRMS) and off-line Preparative Cap-
illary GC (PCGC)/Accelerator Mass Spectrometry
(AMS). The PCGC/AMS method has been developed as
Compound Specific Radiocarbon Analysis (CSRA)
(Eglinton et al., 1996) and applied to various marine
sediments (e.g., Pearson et al., 2001). Using stable car-
bon isotopic composition of individual organic compound
in a soil sample together with their 14C data, we discuss

the sources and biogeochemical processes of FAs in a soil
system.

SAMPLE AND METHOD

A subsurface soil sample (20–30 cm in depth) was
collected in 2000 in a forest area on the campus of the
Institute of Low Temperature Science (ILTS), Hokkaido
University, Sapporo, Japan. This depth layer was chosen
to avoid a direct influence from anthropogenic sources
including atmospheric deposition of fossil fuel combus-
tion products. Inceptisols (United States Department of
Agriculture, 2003) and cambisols (Food and Agriculture
Organization of the United Nations, 1998) are major soil
types around the sampling site. The sampling site has not
been used for agricultural purposes since Hokkaido Uni-
versity was established 130 years ago. In addition, there
is no evidence of historical forest fire around the sam-
pling site and graphitic materials such as black carbons
were not observed in the sample. The color of the soil
sample is dull yellow orange (10YR 6/3). Pebbles, roots
and leaves were removed using tweezers from the sam-
ple to avoid obstructions during lipid analyses. The sam-
ple was dried in an oven (60°C, 3 days) prior to analysis.

The dried soil sample (50 g) was extracted with a
methanol and methylene chloride mixture to separate the
lipid fraction (Matsumoto et al., 2001). The extracts were
saponified and the neutral fraction was removed by sol-
vent extraction. The remaining saponified solution was
acidified with HCl, from which FAs were extracted with
CH2Cl2. Fatty acids were then derivatized to methyl es-
ters using 14% BF3 in methanol, and the ester faction was
further purified to isolate monocarboxylic acid methyl
esters on a silica gel chromatography column (see
Kawamura, 1995). In order to obtain concentrations of
FAs and their stable carbon isotopic composition, an
aliquot of the ester fraction was analyzed using a capil-

Fig. 1.   A typical gas chromatogram (GC/FID) of
monocarboxylic acid methyl ester fraction isolated from the soil
sample.
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lary GC and GC/IRMS, respectively. The details of GC/
IRMS analyses are described elsewhere (Fang et al.,
2002).

In order to isolate sufficient quantities of individual
fatty acids for 14C measurement by AMS, we used a PCGC
system (HP 6890) equipped with cooled injector (CIS4,
Gerstel, Germany), HP-5 fused silica megabore column
(HP-5, 30 m × 0.53 mm i.d., film thickness of 1.0 µm),
zero-dead-volume effluent splitter, and cryogenic prepara-
tive fraction collector (PFC, Gerstel). More details of
PCGC instrumentation are given elsewhere (e.g., Eglinton
et al., 1996; Matsumoto et al., 2002). The injection vol-
ume was 25 µl and the CIS is programmed from 25°C
(0.5 min) to 350°C at 12°C sec–1 and held at 350°C for 6
min. The GC oven temperature was programmed from
50°C (1 min) to 120°C at 30°C min–1, from 120°C to
310°C at 6°C min–1 and then held at 310°C for 30 min.
Helium was used as the carrier gas. A total of 85 con-
secutive GC injections and subsequent PCGC runs were
performed in order to isolate hundred microgram quanti-

ties of individual saturated monocarboxylic acids. After
the PCGC separation, fatty acid methyl esters were puri-
fied on a silica gel column to eliminate any methyl sili-
cone contaminants that were derived from the stationary
phase of GC column. We separated the FA fraction into
individual C16, C18, C20, C22, C24, C26, C28 and C30 spe-
cies.

The isolated fatty acid methyl esters were combusted
in an evacuated quartz tube in the presence of CuO
(800°C, 2 hrs) and the purified CO2 was then converted
to a graphite target. Amounts of isolated fatty acid me-
thyl esters ranged from 138 µg C to 271 µg C.
Graphitization of CO2 was conducted using a microscale
technique developed for AMS 14C analysis (Eglinton et
al., 1996; Uchida et al., 2004). 14C analyses of graphite
targets were performed by the AMS facility (NIES-
TERRA) at the National Institute for Environmental Stud-
ies, Japan (Kume et al., 1997). To calculate ∆14C values
of fatty acids, we corrected the value of esters using a
simple mass balance equation amongst ∆14C values of

Table 1.  The abundance, carbon isotopic compositions and CPI value of
fatty acids in the soil sample

*n indicates the number of double bond of C18 fatty acid.
We denote mono- and poly-unsaturated C18 fatty acid as “C18:n”.

Carbon number Abundance (µg/g dry soil) δ13C (‰) Standard deviation

C14 0.67 –27.3 0.4

anteiso-C15 2.07 –24.3 0.7

iso-C15 0.90 –24.6 0.5

C15 0.39 –23.0 0.9

C16 6.72 –28.1 0.2

anteiso-C17 0.71 –24.4 1.8

iso-C17 0.40 –23.7 1.5

C17 0.24 –25.8 2.6

C18 :n* 6.49 –26.5 0.9

C18 :0 2.41 –25.3 1.0

C19 0.21 –30.2 0.6
C20 4.11 –30.4 0.9

C21 0.70 –30.5 0.8
C22 5.02 –31.4 0.6

C23 1.74 –32.9 0.5
C24 6.41 –31.7 0.5

C25 1.68 –31.8 0.9
C26 8.01 –32.1 0.5

C27 1.69 –32.3 0.7
C28 8.68 –31.7 0.9

C29 1.27 –32.5 0.7
C30 4.48 –33.2 0.7

C31 0.74 –35.2 1.7
C32 2.24 –34.0 0.9

Total 67.99

CPI (C20–C32) 4.57
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fatty acid, methyl group derived from a derivatizing rea-
gent (BF3/methanol, ∆14C = –998‰) and methyl ester
(Matsumoto et al., 2001). The data were corrected for iso-
topic fractionation using δ13C values (Stuiver and Polach,
1977).

RESULTS AND DISCUSSION

Molecular distribution of fatty acids and their stable car-
bon isotopic compositions

Homologous series of normal and branched fatty ac-
ids were detected in the soil sample as shown in Fig. 1.
Their molecular distribution is characterized by the pre-
dominance of even carbon numbered fatty acids with two
maxima at C16 and C28. The distribution pattern is simi-
lar to that of the plant leaves collected from the same
sampling site (Zea mays, Fang et al., 2002; Taxus
cuspidata, Matsumoto and Kawamura, unpublished data).
This suggests that major source of FAs in the soil is litter
from tree leaf and living plants nearby. Similar distribu-
tion has been reported in atmospheric aerosols
(Matsumoto et al., 2001), riverine, estuarine and marine
sediments (Naraoka et al., 1999).

However, there are two distinct differences in the
molecular distributions between soil and plant leaf sam-
ples. First, iso- and anteiso-C15 and C17 species were
found to be more abundant than corresponding normal
species in the soil sample (see Fig. 1 and Table 1).
Branched structures are not present in plant leaves, but
abundant in bacteria (e.g., Kaneda, 1967, 1991). This sug-
gests that plant-derived FAs, at least shorter chain C14–
C18, are modified by microbial activity. Second, the car-
bon preference index (CPI) for C20–C32 species in the soil
sample was found to be 4.57, which is defined by the
concentration ratio of even carbon numbered fatty acids

over odd carbon numbered acids. This value is much lower
than that (19.1) found in the plant leaf sample collected
at the sampling site (Taxus cuspidata :  C3 plant,
Matsumoto and Kawamura, unpublished data), but is close
to that (5.45) of aerosol sample collected on the rooftop
of ILTS (Matsumoto et al., 2004). Odd carbon numbered
FAs can be produced by microbial α-oxidation of even
numbered homologues (Yano et al., 1971 and references
therein), again suggesting a microbial modification of soil
organic matter.

Table 1 gives stable carbon isotopic compositions of
individual fatty acids in the soil sample. Their individual
δ13C values, except for C14–C18 (–23.0 to –28.1‰), ranged
from –35.2 to –30.2‰, which are 1.2–6.4‰ lighter than
the aerosol samples collected at the ILTS (Matsumoto et
al., 2001, 2004). The stable carbon isotopic compositions
of FAs in a bulk leaf sample, Taxus cuspidata, which grew
near the sampling site (ca. 30 m away), ranged from
–36.4 to –31.2‰ (Table 2), suggesting that C3 plants are
important contributors to fatty acids in soil (Chikaraishi
et al., 2004). However, δ13C values of C16 and C18 spe-
cies in soil are much heavier than those of the plant leaf
sample by 6–10‰ (Tables 2 and 3). Further, heaviest val-
ues were found for branched and normal chain C15 and
C17 species (–23.0 to –25.8‰), whose δ13C values are, at
their maximum, 12‰ heavier than even numbered C14–
C18 in the plant leaves growing at the sampling site (see
Tables 1 and 2). The branched chain FAs are characteris-
tic to sulfate-reducing (Boon et al., 1977; Parkes and
Taylor, 1983) and gram-positive bacteria (Kaneda, 1967,
1991). These results suggest that major portions of C14–
C18 species including branched C15 and C17 in soils were
not directly derived from C3 plants, but were heavily
modified by bacterial activity in soil.

Carbon number Relative abundance*3 δ13C (‰) Standard deviation (‰)

C14 0.218 –36.4 1.1

C16 1 –34.9 0.6

C18*1 4.48 –35.9 1.7

C20 0.104 n.d.*4

C22 0.172 –36.1 0.8

C24 0.357 –33.4 1.0

C26 0.0988 –32.4 0.9

C28 0.0737 –31.7 1.3

C30*2 0.0225 –31.2

Table 2.  Carbon isotopic compositions of fatty acids isolated from bulk
leaves of Taxus cuspidata (C3 plant)

*1C18 fatty acid includes C18:0 (saturated) and C18:1 (one double bond).
*2δ13C values of C30 fatty acid was analyzed only one time because of low concentration.
*3The relative abundance when C16 FA is 1.00.
*4Not determined. C20 fatty acid was omitted because of large standard deviation.
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Microbial degradation and modification of fatty acids in
soil

Living microorganisms in soil can account for a sig-
nificant portion of the organic carbon mass and thus they
should play an important role in the carbon cycle of a
soil system. Microorganisms can utilize C16–C18 FAs more
efficiently than longer chain FAs due to their water solu-
bility and consequent permeability. Although carbon iso-
topic fractionation is not significant during bacterial deg-
radation of C16–C18, an enrichment of 13C in C16–C18 FAs
can occur during a microbial re-synthesis of soil organic
matter. Lichtfouse et al. (1995) conducted an incubation
experiment of crop soils using unlabelled and labelled
(ca. 500 per mil) glucose as a substrate and found that n-
C14–C20 FAs became isotopically heavier by 2–15‰ dur-
ing the incubation, while they reported no change in δ13C
for longer chain FAs >C20. Together with the knowledge
of Lichtfouse et al. (1995), our results suggest that mi-
croorganisms such as bacteria and fungi synthesize FAs
in soils, whose δ13C values are heavier.

There are several additional sources that contribute to
the heavier carbon isotopic ratios of C16–C18 FAs in a
soil system, including animal activity. Small animals liv-
ing in the soils could produce isotopically heavier FAs
(C16–C18) and contribute to the soil lipids. DeNiro and
Epstein (1978) reported that the carbon isotopic compo-
sition of the whole body of an animal is about 0–1‰
heavier than that of its diet on a basis of organic carbon
level. According to Hammer et al. (1998), redhead ducks
that had consumed a diet showed heavier carbon isotopic
ratios of fatty acids by 3.7‰ than those of the diet. These
results suggest that fatty acids in animals are enriched in
13C during the digestion of the diet and re-synthesis/modi-
fication of shorter chain fatty acids possibly in guts where
microbial activity is significant. Although large animals
such as duck are not living in the sampling site, small
animals should be abundant in a soil system of the sam-
pling site and may contribute to the re-synthesis of fatty
acids having heavier isotopic ratios.

As seen in Table 1, δ13C values of longer chain FAs
>C20 in the soil sample ranged from –35.2 to –30.4‰.
These values are similar to those obtained for C3 plant
leaf (surface waxes, –32.3 to –29.1‰, Fang et al., 2002;
bulk tissues,  –36.1 to –31.2‰ ,  Matsumoto and
Kawamura, unpublished data). This is consistent with the
idea that higher plant leaves are the major source of longer
chain FAs in soils. It is of interest to note that δ13C val-
ues of longer-chain FAs are also similar to those of aero-
sol samples (–30.8 to –27.8‰, Matsumoto et al., 2004),
and river sediment samples in Japan (–36.5 to –31.2‰,
Naraoka et al., 1999). These results demonstrate that the
longer chain FAs >C20 in soils are not seriously metabo-
lized by microorganisms and thus their isotopic compo-
sitions are rather preserved during the biogeochemical

processes in soils due to their hydrophilic properties. This
is in contrast to the case of shorter chain fatty acids.

A stability of longer chain FAs in a soil system is fur-
ther supported by the similarity of δ13C values (–35.2 to
–30.5‰) of odd carbon numbered fatty acids (>C20) that
are scarcely present in higher plants to those of even car-
bon numbered FAs >C20 (–34.5 to –30.4‰, see Table 1).
As described above, the CPI (4.57) of fatty acids in the
soil is much lower than that expected from the adjacent
tree leaves (CPI = 19.1), suggesting an enzymatic
α-oxidation in a soil system. If odd carbon numbered long
chain FAs were newly synthesized in soils by bacteria,
their δ13C values would be similar to those of iso-, anteiso-
and normal-C15 and C17 species (–25.8 to –23.0‰, see
Table 1). However, δ13C values of odd numbered C21–
C31 FAs did not show the similarity, but are equivalent to
those of even C20–C32 FAs. This suggests that odd-
carbon numbered longer chain FAs can be produced by
soil microbes via enzymatic α-oxidation of even carbon
numbered FAs of tree leaf origin (Yano et al., 1971), how-
ever, the isotopic fractionation is negligible.

Preferential degradation of shorter chain FAs and bac-
terial re-synthesis of fatty acids including iso/anteiso
branched chain species have been reported in the lake
sediments from various locations (e.g., Matsuda and
Koyama, 1977; Kawamura and Ishiwatari, 1984), al-
though their stable carbon isotopic compositions were not
studied. A similar biogeochemical process should occur
in the soil system. Preferential microbial degradation of
shorter chain FAs may be related to their water-
solubility. Shorter chain species are more water-soluble
and thus can be mobilized in soils and taken by bacteria
to be digested. In contrast, longer chain FAs are less
water-soluble and are not efficiently mobilized, as dis-
cussed above. Thus they are more refractory to microbial
degradation and stay longer in the soil system (Moucawi
et al., 1981). Similarly, shorter chain FAs in litters can be
dissolved in rainwater and downward transported in the
subsurface soil whereas longer chain FAs cannot be dis-
solved in the water and are less mobilized. Hence longer
chain FAs are more likely retained in the same soil layer
with smaller turnover rates.

Radiocarbon content in individual fatty acids and
biogeochemical processes in subsurface soil

Table 3 presents ∆14C values of individual FAs in the
soil sample. Unfortunately, data is not available for C16
species due to loss of the fraction during the formation
and purification steps of microscale graphite target. Here
we report, for the first time, a significant diversity of ∆14C
values of various fatty acids in a soil sample ranging from
+16.7 to +127.6‰. We found that the 14C values of fatty
acids are largely dependent on their carbon numbers:
shorter chain FAs (unsaturated C18:n and saturated C18:0)
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showed higher values (96.3 to 127.6‰) whereas longer
chain FAs (C28 and C30) gave lower values (16.7 to
19.8‰). The values of C20–C26 species (74.3–98.7‰) are
in between two groups. Positive ∆14C values of shorter
chain FAs do not correspond to any ∆14C values of at-
mospheric carbon dioxide before the nuclear bomb tests
that started in 1960 (Levin et al., 1985; Levin and Kromer,
1997; Hua and Berbetti, 2004), but correspond to the val-
ues for the atmospheric carbon dioxide after 1993 or in
1957–1958 (Hua and Berbetti, 2004). On the other hand,
∆14C values of C28 and C30 FAs are close to the carbon
values of pre-bomb age in 1955 (Hua and Berbetti, 2004).

The higher ∆14C values found in the shorter FAs raised
an important question; why are shorter FAs enriched with
younger carbons in subsurface soil? As discussed in Sub-
section “Microbial degradation and modification of fatty
acids in soil”, selective degradation of shorter FAs is an
important process in a soil system. This process can ex-
plain the 14C enrichment of shorter FAs over longer FAs
in the subsurface soil if FAs are supplied into the soil
system from living plants. In a closed system of soil lay-
ers, there should be no difference in ∆14C values among
the remaining FAs even after serious microbial selective
degradation of shorter chain FAs and radiocarbon decay.
However, in a real soil layer where the system is open to
the ground surface, modern carbon can be supplied to the
subsurface soil by several pathways as discussed later,
causing heavier ∆14C values of shorter FAs relative to
longer FAs. Selective degradation of shorter chain FAs
coupled with a continuous supply of fresh organic matter
to the subsurface soil should be a primary factor to con-
trol the diversity of radiocarbon contents of fatty acids in
soil system (Fig. 2). Alternatively, shorter FAs in soil can
be preferentially dissolved in precipitation waters and
subsequently removed.

The 14C enrichment in the shorter chain FAs can be
caused by preferential transport of fresh organic carbon

to the subsurface soil. Because shorter chain FAs are more
water-soluble than longer chain FAs, the former can be
mobilized in the litters and be transported downward by
precipitation waters to be utilized by soil bacteria. They
could also be mobilized in the tree stem/root system and
transported downward to the roots and released to the
subsurface soil layer. In contrast, longer chain FAs that
are enriched in leaf wax are less water-soluble and thus
are not likely transported via a stem down to the roots in
soils. Here we propose biogeochemical pathways as the
source of shorter FAs that can further enhance the diver-
sity of the ∆14C values of individual FAs in soil: (1) down-
ward transport of fresh carbon to subsurface soil via in-
fusion of shorter chain FAs and other water-soluble or-
ganics from litters by meteoric waters and subsequent
microbial re-synthesis of shorter FAs, (2) stem transport
of shorter chain FAs and other water-soluble organics from
tree leaves down to fine roots followed by the subsequent
release to subsurface soils and microbial re-synthesis.

First, leaf litters that contain various organic com-
pounds including fatty acids, carbohydrates and amino
acids are an important source of soil organic matter. The
litters are subjected to animal grazing and microbial deg-
radation on the soil surfaces. The water-soluble organic
compounds in the litters and their degradation products
can be dissolved in wet precipitation and transported
downward to the subsurface soil, where bacteria can uti-
lize them as an energy source and re-synthesize lipids
including short chain FAs. As shown in Fig. 2 (see path-
way 1), infusion of water-soluble organics from litters
and the subsequent downward transport by rainwaters are
an important process to relocate modern carbon from plant
leaves into the subsurface soil. This pathway is consist-
ent with the organic geochemical evidence obtained from
molecular composition and stable carbon isotopic ratios
of soil fatty acids as discussed above, and can also ex-
plain the apparent enrichment of radiocarbon in shorter

Table 3.  The 14C data for individual fatty acids in the soil sample

*1Purity of each compound was compared with their various peaks on the PCGC chromatograms, which were defined as impure compounds.
*2Yield was calculated from the isolated PCGC peak.
*3Standard deviation was calculated from duplicate analyses.

Carbon number Purity (%)*1 yield (µg)*2 ∆14C (‰) Standard deviation (%)*3

C18 100 105 127.6 1.5

C18 :n 100 224 96.3 1.9

C20 100 149 74.3 1.4

C22 99 177 74.9 1.4

C24 100 227 98.7 1.4

C26 96 249 79.1 0.9

C28 97 271 19.8 1.3

C30 95 136 16.7 1.1
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chain FAs.
Second, roots may act as an important pathway to

transport photosynthesized modern carbon in the plant
leaf down to the subsurface soil. Maudinas et al. (1982)
reported distributions of FAs in roots of Alnus species in
both laboratory and field studies, where short chain C16
and C18 are dominant. Moreover, Gaudinski et al. (2001)
reported ∆14C values of +116 to +377‰ for bulk carbon
in the fine roots of the same species taken from the sub-
surface soil (45 cm in depth). Although the reported ∆14C
values are higher than those obtained for short chain fatty
acids in our soil sample, they are more typical to modern
carbon that is influenced by atomic bomb tests. This sug-
gests that stem transport of modern carbon from plant
leaves to the roots can explain the high ∆14C values of
fatty acids in our soil (see pathway 2, Fig. 2), except for
C28 and C30 species (see Table 3).

Although it is not possible to distinguish whether
shorter FAs in fine roots are transported from leaves via

Fig. 2.  Proposed biogeochemical pathways for selective mi-
crobial degradation of plant-derived fatty acids and re-synthesis
of shorter chain acids in the subsurface soil. Combination of
selective microbial degradation and inputs of fresh carbon to
the soil are responsible to the higher ∆14C values. For more
details, see Subsection “Radiocarbon content in individual fatty
acids and biogeochemical processes in subsurface soil”.

 

(2) Stem transport of shorter fatty acids and
other organics followed by the release to
subsurface soil via fine root

(1) Infusion transport of shorter fatty acids
and other organics by meteoric water

Tree leaf

Stem

Root

Fine root

C16, 18 C20–26 C28, 30

C16, C18
Selective microbial degradation and re-synthesis

Slow

Fast

(3) Atmospheric deposition
of Asian dusts (Kosa)

Litter

Oxidation, loss and
conversion to other
organic compounds

of C14–18 fatty acids (heaver 13C, higher 14C)

stem or they are in situ synthesized, fine roots may not
be the direct source of shorter chain FAs in our soil sam-
ple because their molecular and δ13C composition sug-
gested extensive bacterial alteration. Fine roots should
also release other organic molecules such as carbohydrates
and amino acids, which can be utilized by microbes to
synthesize short chain FAs such as n-C16 and n-C18 as
well as branched (iso-/anteiso-) and normal chain C15 and
C17, which are all detected in our soil sample (see Table
1). This process also contributes to heavier δ13C values
of C14 to C18 acids than longer chain acids (>C20) (Table
1) via microbial processes as discussed above (DeNiro
and Epstein, 1978; Hammer et al., 1998). However, their
∆14C values should be preserved during microbial activ-
ity. Hence pathway 2 (Fig. 2) should also be responsible
to the downward transport of young carbon to the sub-
surface soil.

In contrast, longer chain acids are water-insoluble and
less mobilized to be transported downward in the soil.
Interestingly, the longest C28 and C30 FAs showed ∆14C
values close to those of pre-atomic bomb age, indicating
that the infusion transport and/or stem transport of longer
chain species to subsurface soil is unlikely due to their
hydrophobic properties. Meanwhile C20–C26 FAs showed
∆14C values of 74–99‰, which are close to those of
shorter chain FAs. Since C20–C26 FAs are rarely present
in roots (Maudinas et al., 1982) and are slightly hy-
drophilic, the moderate ∆14C values of C20–C26 FAs may
be associated with the downward transport from the de-
caying leaves to the subsurface soil by precipitation.

Matsumoto et al. (2001) carried out radiocarbon analy-
sis of individual FAs separated from aerosol particles col-
lected in Sapporo (the same area) and reported that C24
plus C26 species showed 14C ages of 5860 (±200) years
old BP. These aged fatty acids could be long-range trans-
ported from the Asian continent. Based on the average
flux of Asian dusts over the Japanese Islands (1–2 g
m–2yr–1) (Kanamori et al., 1991) and the concentrations
of FAs (200 ppm) in the Chinese yellow dusts that were
collected in Sapporo as dry deposition (Kariya, 2007),
atmospheric fluxes of long-range transported FAs over
Japan are calculated to be 2–4 mg m–2yr–1. Interestingly,
these air-to-soil fluxes are equivalent to those (2.45 mg
m–2yr–1) estimated for the annual flux of FAs from canopy
litters (245 g m–2yr–1) at the Calhorn Experimental For-
est, South Carolina, USA (Richter et al., 1999), assum-
ing fatty acid concentration of 10 ppm in litter fall. Be-
cause longer chain FAs are important constituents of Chi-
nese loess samples (Matsumoto and Kawamura, unpub-
lished results), the dusts may contribute to lowering the
∆14C values of longer chain FAs in the soil. Due to their
slow turnover rates relative to shorter FAs in soils, at-
mospheric dust deposition of longer FAs may also be
important in the biogeochemical cycle of carbon in soil.
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Although there has been no reported data on ∆14C
values of shorter and longer chain FAs in soils, there are
a few studies on the ∆14C measurement of various FAs in
marine sediments (Uchida et al., 2000, 2001). Uchida et
al. (2001) reported higher ∆14C values for shorter chain
(C14–C18) fatty acids than longer (C26–C28) fatty acids in
the subsurface (11–15 cm in depth) sediments from the
western North Pacific. Their results are very similar to
our subsurface soil sample, although no mechanisms have
been proposed for the diversity of ∆14C of various fatty
acids. Those results could also be interpreted by prefer-
ential degradation of shorter FAs, coupled with the down-
ward supply of fresh carbon from the upper sedimentary
layer probably due to bioturbation. Atmospheric deposi-
tion of aged Asian soil dusts may also act as an important
cause to increase the ∆14C values of shorter chain FAs in
marine sediments.

SUMMARY AND CONCLUSIONS

Comparison of molecular composition (e.g., chain
length, normal/branched, odd/even carbon numbers) be-
tween soil and plant leaf samples demonstrated that longer
chain acids >C20 in soil are primarily derived from higher
plant leaves whereas shorter chain acids <C20 are signifi-
cantly modified by microbial activities in soils. We found
heavier δ13C ratios (–23.0 to –28.1‰) of normal and
branched shorter chain acids (C14–C18) than longer chain
acids (–35.2 to –30.2‰), supporting extensive microbial
decomposition of organic matter and re-synthesis of fatty
acids in a soil system. We also found higher ∆14C values
of shorter chain acids (+96 to +127‰) than longer chain
acids (+16 to +98‰) in the subsurface soil. The higher
values can be explained by a combination of the decay of
14C and selective degradation of shorter chain acids un-
der a continuous input of fresh carbon to subsurface soil.
Photosynthesized fresh carbons can be downward trans-
ported to subsurface soil by infusion of water-soluble
organic matter from litters with meteoric waters and/or
by a tree stem and root transport followed by a release to
soil. Soil bacteria should utilize the modern carbon to
synthesize shorter chain fatty acids having higher ∆14C
values.

Selective microbial degradation of shorter chain fatty
acids and the downward transport in the soil system are
due to their physicochemical properties; shorter chain
acids are more hydrophilic and thus more mobilized in
soil whereas longer acids are less hydrophilic and thus
less mobilized. These differences also affect the micro-
bial turnover rates of fatty acids in soils. This study also
suggests that soil microbial activity contributes signifi-
cantly to mineralize photosynthesized organic carbon to
CO2 (Fig. 2). In contrast, longer chain fatty acids of plant
leaf wax origin can stay longer in soil without serious

degradation due to their hydrophobic properties. They
may contribute to the accumulation of refractory organic
matter in soils. Although the stable and radiocarbon analy-
ses of fatty acids provide useful tools to understand
biogeochemical processes, further studies are needed in-
cluding vertical profiles of molecular and stable/radio-
carbon compositions of fatty acids in a soil system.
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