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Abstract

   specific activities  of  
i4C

 and  carbon  isotopic compositions  (Ai4C) in organic  matter  and  C02 in a

Japanese fbrest soil were  determined. For investigating the  transport of  C02 in soii, the specific  activities  ef

V4C
 and  Aa4C  within  the  organic  layer on  the top of  soil sutface  and  the atmospheric  C02  werc  also

determined. The specific  activity  of  
i4C

 and  A]4C in the organic  matter  decreascd with  the increasing soil

depth ofO  - 60 cm  while  that of  the soil C02  was  not  significantly  variable  at the soil depth of  I3 - 73 cm  and

was  larger ihan  that in the atmospheric  C02. Peaks of  specific  activities  of  
t4C

 appeaTed  at the depth of  O - 4

cm  and  At4C values  were  positive in the depth range  from O to 15 cm.  These results  suggested  that the

present soil at depth of  O - 4 cm  had been produced since  the mid-1950s  up  until l963 and  the bomb  C  had

reached  the depth of  15 cm  in the objective  soil area.  The  soil C02  at the depth of53  - 73 cm  were  assumed

to originate  only  from the decomposition of  soil organic  matter  and  the respiration  of  live roots,  the

respiration  of  live roots  was  estimated  to have seasonal  variations  and  be the main  source  ofthe  soil C02  at

the deeper horizons in the present fbrest area,

Key  words:  soil, soil C02, soil organic  matter,  specific  activity  of  
i4C,

 carbon  isotopic composition  (Ai4C),
depth profiles, sources.
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1. Introduction

    
Radiocarbon is of  concern  in health physics because of  its potential inventory, rapid  mobility,  and  long

halfllife (5730 y) (Amiro et al., 1991). Two  thousands  Pg of  carbon  including radiocarbon  is estimated  to

exist  as  soil organic  matter  (SOM) and  the SOM  exchanges  with  atmospheric  C02  at about  60 Pgy'i (IPCC,
2000). Radiocarbon in the SOM  entcrs  the fbod chain  by plants through  both direct and  indirect uptakes  from

roots  and  atmosphere,  respectively  to give a part of  the radiation  dose te the global populations, The

radiocarbon  can  be indicated by Ai4C, the permil (%D) deviation from the i4C/'i2C ratio  of  a standard  
with

fixed isotepic composition.  As  the Ai4C value  is zero  for atmospheric  C02  in the year AD  1950, the positive
Ai4C value  indicates the presence of  carbon  labeled with  

i4C
 produced by atmospheric  nuclear  weapons

testing (bomb carbon).  Consequently, theAi4C  in SOM  can  show  the transport ofbomb  carbon  in soil.

    Since radiocarbon  in SOM  ultimately  exchanges  with  atmospheric  C02 as  soil C02 (S-C02), it is

essential  to study depth profiles of  the specific  activity  ef  
i4C

 and  Ai4C in SOM  and  S-C02  simultaneously

from the viewpoints  ofhealth  physics and  the study  en  carbon  transport in soil. Some  studies  have been done
on  the variation  of  the specific  activity  of  

i4C
 in SOM  (Guo et  al., 2003) while  few studies  have been done

on  the activity  of  S-C02  due to the dicaculties of  determining the specific  activity  of  
i4C

 in S-C02. Much

fewer studies  have been concerned  on  variations  of  the specific  activity  of  
i4C

 in SOM  and  S-C02

simultaneously.

    Forest ecosystems  constitute  the major  reservoir  ofthe  global carbon  (Houghton et al., 1990; Tan et  al.,
1990)

 and  have little man-madc  effect. Forest soil would  be a good objective  fbr the study  of  carbon

transport
 in soil, In the present study,  both soi) and  soil air at ditTerent horizons in a  Japanese forest soil were

collected.
 Depth profiles of  their specific  activities  of  

i4C
 and  At4C were  obtained.  The specific  activities  of

i4C
 and  Ai4C within  the organic  layer on  soil surface  and  the atmospheric  C02  were  also  deterrnined, The

specific
 activities  of  

i4C

 in all these samples  were  measured  with  an  accelerator  mass  spectrometry

(AMS)(Nakamura et al,, 2004), which  allows  the specific  activity  of  
i4C

 measurement  on  very  small  sample

sizes, about  1 OOO times smaller  than that needed  fbr conventional  decay counting  methods.

2. Materials and  methods

2,l. Site description

    
The

 
experimental

 site (35e13' N  and  137034'E) locates in Inabu, Aichi Pref, Japan, as  shown  in Fig. 1,

with  a mean  elevation  of  1010 m.  The site is fbrested with  about  40-year-old Japanese larch (LaLix
leptolepis) averaging  23 m  in height. The  soil belongs to a brown  fbrest one.  It is covered  by an  organic  layer

with  a  depth of7  cm,  which  consists  ofa  3-cm leafllayer (L) and  a  4-crn fermentation-layer. The soil is dark
at the depth ofO-3  cm,  yellow-brown at 3- 13 cm  and  tan below 13 cm.

-
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35'N

Fig. 1 The  location ofexperimental  site,

2,2. 0rganic carbon  measurements

   Two  sets  of  soii sampies  were  collected:  one  set was  used  to analyze  the physical and  chemical

charactcristics  of  soil such  as bulk density, particle density, volumetric  water  content,  air-fflled porosity,

content of  SOM  and  the value  ofpH,  as shown  in Table 1. Another was  treated with  the high temperature

combustion  pretreatment fbllowed by the AMS  (High Vbltage Engineering Eurepe, The Netherlands)

measurement  to determine its specific  activity  of  
i4C

 and  Ai4C. The  results  were  shown  in Figs. 2 and  3,

respectively,  Additionally, the specific  activity  of  
i4C

 and  Ai4C in the organic  layer were  aiso  measured  with

the same  methed  and  were  shown  in Figs. 2 and  3, respcctively,

2.3, Air rneasurements

   About 500-mL  soil  air  was  collected  at differcnt soil depth through  the gas-colleetion probes by a

200-mL  syringe.  Additionally, a 7000-mL  of  atmespheric  air at either  height of  O, 25 and  50 cm  above  the

organic layer was  collected by a  pump with  airflow  rare of  500 mLmin-i,  The C02  concentrations  in both

collected  soil  air  and  atmospheric  air  were  firstly measured  with  a gas chromatograph  (GC-14 A, Shimadzu,

Japan) with  a  methanizer  and  FID. Then, Their specific  activities  of  
i4C

 and  At4C were  determined with  the

sarne  method  used  fbr the soil samples  and  were  also  shown  in Figs. 2 and  3, respectively.
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3. Results and  discussions

3,l. Depth profiles of  specific  activities  of  
i4C

 and  Ai4C in SOM  and  S-C02

   The specific  activity  of  
i4C

 in the SOM  (Fig. 2) decreased with  the increasing depth. It was  in the range

from 262.3 t  2.3 to I94,I ± 2.3 Bq.kg'iC at the depth of  O - 25 cm,  which  was  in agreement  with  that

published by Guo et al. (2003), who  gave 281- 200 Bq.kg'iC in the SOM  at the depth ofO  - 22.5 cm  in three

Japanese soil samples  collected  in 2001. The  specific  activities  of  
i4C

 in SOM  were  different at different

venical  and  herizontal posnions. They were  236,7±2.2 and  21 1.6± 2,4 Bq.kg'iC at the depth of  lO - 15 and  20

- 25 em,  respectively,  fbr the soil  cellected  on  8 Nov.; however, it was  209,8± 1,8 Bq.kg-iC at the depth of  15

-25  cm  fbr the soil coliected  on  l3 July. At  the same  depth, such  as at the depth of4-7  cm,  it was  243.2± 2,2,

238.6±2.1, 239.7±3.I and  233.5± 2.2 Bq.kg'iC fbrthe soil sample  collected on  26 May, l3 July, 9 Sept and  8

Nov., respectively.  This might  be related  to soil heterogenejty,

   Additionally, peaks of  specific  activity  of  
i4C

 in the SOM  (Fig. 2) appeared  at a  depth of2  . 4 cm  in the

soils samples  collected  on  26 May  and  9 Sept. while  they  appeared  at the depth of  O - 2 crn  on  both of  l3

-159-
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July and  8 Nov. It is known that the specific  activity  of  
i4C

 in the atmosphere  increased strongly  from

mid-1950s  up  until  1963 due te the release  of  
i4C

 by Ruclear  weapons  testing. Thus, the peaks can  be

suggested  to be the residues  of  specific  activities  of  
i`C

 in the SOM  produced in the mid-1950s  until  1963. In

other  words,  the present soils  at the depth ofO  - 4 cm  have been produced since  the mid-1950s  up  until  1963.

    The specific  activities of  
i4C

 in the S-C02 (Fig. 2) at the depth of  13-73  cm  and  the organie layer

collected en  8 Nov. were  in the range  from 238.8±2.2 to 244,5±2.3 and  242,8±2.4 Bq.kg'iC, respectively,

Since the ]ive roots  and  the organic  layers belonged to thc same  plant, the specific activity  of  
i4C

 in the

present live roots  was  considered  to be close  to 242.8 Bq.kg'iC. Comparing  the specific  activities of  
i4C

 in

the SOM  of  the soil samples  collected  on  8 Nov. with  those in the S-C02 co]lected  on  the same  day, the

fbrmer ones  were  less than  the latter ones  at deeper soil horizons, For example,  at the depth of50-55  cm,

200.9±1.9 Bq,kg'iC was  observed  for SOM  while  about  242.9±2,4 Bq.kg-iC fbr S-C02. If there is no

difference between the specific  activity  of  
i4C

 in SOM  and  that in the S-C02 derived from decomposition of

this SOM,  the decomposition of  SOM  at the deeper horizon is not  suggested  to be the main  source  of  S-C02

at the same  deeper horizon.

    The  C02  difTUses in soil  in the two  ways:  through the soil air pores and  with  the soil water  (Jassal et al.,

2004). Since the diffusion coeencient  ofC02  in air  is generally much  larger than that in water,  for example,  it

was  reported  to be approximately  ten thousands  times that in water  at 200C  by Robinson and  stokes  (1959);
Pritchard and  Currie (1982), the diffUsion of  S-C02 through  the soil air pores are much  greater tban the

transport of  S-C02 with  the soil water.  Thus, if there is no  depth depefidency efthe  specific actiyity  of  
i4C

 in

S-C02 from the respiration  of  live roots,  the similarity  in the specific  activities  of  
i4C

 between the S-C02 and

live roots  at the deeper soil horizon indicates that the respiration  of  live roots  may  be the dominant source  of

S-C02 at the deeper soil horizons,

    The  specific  activity  of  
i4C

 in the atmospheric  C02 (Fig. 2) is in the range  frorn 242.2±2,3 to 246,4±2,3

Bq.kg'gC, which  is also  approximately  same  as  that in S-C02 at the depth of  13 - 73 cm.  This may  imply that

atmospheric  C02 enters  the soil air. The  air-fi11ed perosity ofthe  present soil ranged  from 1O,O to 49.6%  at a

depth ofO-20  cm  and  about  4,1% at a depth of  40-60  cm,  as  shown  in Tiible l. This indicates that the

vertical  exchange  of S-C02 through  the soil pores is stronger  at O-20  cm  and  weaker  at 40-60  cm.  Jf the

volume  of  collected  soil air can  be corresponded  to a  spherical  volume  of  soil, the  radius  is estimated  to be

less than  1O cm  fbr 500-mL  of  soil air at the depth ef  13 cm  because the air-filled  porosgty at the same  depth

is larger than  1O%, The  500-mL ofsoil  air sample  at the depth ef  13 cm  may  consist  ofthe  air at the  depth of

3 - 23 cm.  The  effbct  of  the entering  of  atmospheric  C02  had been reported  te be important at very  shallow

depths (less than  1O cm)  by (Cerling et al,, 199l; Hcsterberg  and  Siegenthaler, 1991), se  that the 500-mL soil

air at the depth of  13 cm  might  exist the entering of  atmospheric  air.

    The Ai4C in the SOM  (Fig. 3) decreased with  the increasing soil depth. Positive Ai4C in the SOM

appeared  at the depth ofO  
-
 1O cm  in soil samples  collected  on  26 May, 13 July and  9 Sept. and  O - 15 cm  in

that collected  on  8 Nov., respective]y.  Since positive Ai4C value  is due to incorporation of  
`bomb

 C'

(Margarets et  al., 2002), the soils at the depth ofO  - 15 cm  are  considered  to dominate by the organic  matter

-160-
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fixed in the last 50 years. Therefbre, one  can  be concluded  that the bomb  C has reached  the depth of  15 cm  in

the present soil area.

    The  Ai`C  in the S-C02  (Fig. 3) were  not  significantly  variable  at the depth of  13 - 73 cm  comparing

with  the variation  of  that in SOM  with  the increasing soil  depth, The  Ai4C values  in the S-C02 were  larger

than that in the atmospheric  C02  and  approximately  same  as  that in the organic  layer. It was  much  larger than

that in thc SOM  at deeper soil horizon. For example,  the S-C02 at the depth of53  
-
 73 cm  on  8 Nov., it was

in the range  from 72.0±O.3 to 82.6±O.4%o while  that ofthe  SOM  was  
-1OO.3±O.5%o at the depth of50  

-
 55 cm.

Thus, it can  also  be concluded  that the decomposition of  SOM  at the deeper horizon is not  the main  source  of

S-C02  at the same  deeper soil horizon,

3.3. Quantitative estimation  of  S-C02 originations

    The  S-C02 at the depth of53  - 73 cm  is assumed  to originate  only  from the  decomposition ofSOM  and

the respiration  of  live roots,  based on  a mass  balance approach  of  
i4C02,

 the fbllowing equations  can  be

obtained:

Rr+Rs=i,

A14ci=RrxAi4cr+RsxA14Cs･

(1)

(2)

Combining  Eqs, (1) with  (2), onc  can  obtain:

Rr=A14ci-A14Cs
Al4cr'A14Cs  

' (3)

where  R, and  R, stand  fbr the fractional contributions  of  the respiration  oflive  roots  and  the decomposition

of  SOM  to the total S-C02 concentration,  respectively;  Ai4C,, Ai4C, and  Ai3C, present the Ai4C in the S-C02,

those derived from the respiration  of  live roots  and  the decomposition of  SOM, respectively.  Since the effects

ofisotopic  fractionations on  Ai4C arc eliminated  with  norrnalization  by 6i3C (Stuivcr and  Polach, 1977), the

Ai4C  in the S-C02 derived from the respiration  of  live root  can  be inferred to be that in the same  plant itself

Additionally, little or  no  significantly  seasonal  variations  occurred  in the  Ak4C  within  the plant tissue and  the

SOM.  The Ai4C vaiue  in the S-C02 derived from the live root-respiration  can  be estimated  te be close  to

85.1%o, which  is the AT4C value  in the organic  layer shown  in Fig. 3. The  Ai4C value  in the S-C02 derived

from the SOM-decomposition  at the depth of  55 - 73 cm  can  be inferred to be less than  
-lOO.3%e

 that is the

Ai`C value  in the SOM  at the depth of  50 - 55 cm  on  8 Nov. due to the decrease of  AT4C  in SOM  with  the

increasing soil depth. From Fig. 3, the Ai4C value  in the measured  S-C02 were  69.7, 95,O - 70.6 and  82.6 -

77.3%o fbr the S-C02 at the depth of  53 cm  on  13 July, 53 - 73 cm  on  9 Sept and  53 - 73 cm  on  8 Nov.,

respectively.  Using Eqs.  (l) - (3), the R, at these depths were  estimated  to be 92%, larger than  929t6 and
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larger than 96%  on  13 July, 9 Sept, and  8 Nov, 2004, respectively.  Therefore, one  can  be concluded  that the

fractional contribution  ofthe  live root-  respiration  in the deeper horizon (53 - 73 cm)  in the present soil may

have a seasonal  variations  and  the live root-respiration  is the main  source  of  the S-C02 at the deeper soil

horizons.

4. Conclusions

    The specific  activity  of  
i4C

 and  Ai4C in SOM  decreased with  the increasing depth from O to 60 cm  while

that in the S-C02 was  not  significantly  variable  at the depth from 13 to 73 cm  and  larger than that in the

atmospheric  C02, A  peak of  
]4C

 specific  activity  was  fbund at the depth from O to 4 cm,  which  implied that

the present soil at the depth of  O - 4 cm  had been produced since  mid-1950s  up  until 1963. Positive Ai4C

values  in the depth range  from O to 15 cm  implies that the bomb  C  have reached  the depth of  15 cm  in the

present forest soil,

    The  specific  activity  of  
i4C

 and  Ai4C  in the S-C02 were  larger than that in the SOM  at the deeper

hQrizons (53 - 73 cm).  This implied that decomposition of  SOM  were  not  the main  source  of  S-C02 at the

same  deeper horizon. If the S-C02 at the deeper horizon was  assumed  to originate  only  from the

decomposition of  SOM  and  the respiration  oflive  roots, the respiration  of  live roots  was  estimated  to have an

seasonal  variations  and  be the main  source  of  the S-C02  at the deeper horizons (53 - 73 cm)  in the present
forest soil based on  the isotope mass  balance approach  for 

]4C02,
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