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Isotopically,  CO 2  fl uxes refl ected the biodegradation of 

C3 plants (source), diff usive transport, and  CO 2  exchange 

(atmosphere/soil). Soil moisture content appeared as a deter-

mining factor in the diff usion process and the magnitude of 

 CO 2  surface emissions (12–60 g·m −2 ·d −1 ). That condition 

was confi rmed by  CO 2  diff usion coeffi  cients estimated by 

air-fi lled porosity parameters and soil radon gradient model. 

   Keywords     Soil  CO 2     ·  Carbon isotopes    ·  Isotope 

fractionation    ·  Radon gases  

       1  Introduction 

 Carbon dioxide  (CO 2 ) is one of the most signifi cant con-

tributors to global warming and climate change (Kirschbaum 

 2000 ; Rastogi et al.  2002 ). Soil  CO 2  is produced through 

biological processes like organic matter decomposition and 

root respiration. Gas movement through soils is caused by 

concentration gradients (diff usion). Soil  CO 2  concentra-

tions are infl uenced by soil temperature, soil moisture, and 

other soil properties (Pumpanen et al.  2003 ; Hashimoto and 

Komatsu  2006 ; Fan et al.  2016 ). Soil organic matter (SOM) 

decomposition and derived subproducts (i.e.,  CO 2 ) for each 

type of soil depends on biotic characteristics such as bio-

mass production and microbial abundance, environmental 

variables (e.g., mean annual precipitation and temperature), 

soil characteristics (texture and lithology) and anthropogenic 

controls (Rustad et al  2000 ; Jabro et al.  2008 ; Sainju et al. 

 2008 ; Rossi et al.  2023 ). Then,  CO 2  partial pressures of soil 

air appear to be site-specifi c. 

 Stable isotopes have become a useful tool in understand-

ing the complexity of the subsurface processes involving 

the carbon in soils (Clark  2015 ).  13 C/ 12 C ratio of diff er-

ent compartments (vegetation, organic matter, soil gases, 

                     Abstract     The magnitude and spatial variability of  CO 2  

surface emissions and processes involving  CO 2  released to 

the atmosphere from the soils are relevant issues in the con-

text of climate change. This work evaluated  CO 2  fl uxes and 

 13 C/ 12 C ratio of vegetation, organic matter, and soil gases 

from no disturbed soils of Chaco Pampean Plain (Argentina) 

with diff erent soil properties and environmental conditions 

(PL and PA units). Soil organic decomposition from indi-

vidual layers was accompanied by δ 13 C of total organic car-

bon (δ 13 C-TOC) values more enriched to depth. δ 13 C-TOC 

values in the upper soil profi le ~  ca.  0–15 cm were like the 

plant community of this area (~−33 to −29 ‰) while δ 13 C-

TOC varied stronger bellow horizon A, till ~ −24‰. Both 

δ 13 C-TOC and soil δ 13 C-CO 2  were similar (~ −24 to 26 ‰) 

at deeper horizons (~ 50–60 cm). Toward the superfi cial 

layers, δ 13 C-TOC and δ 13 C-CO 2  showed more diff erences 

(till ~ 4 ‰), due infl uence of the diff usion process. Hori-

zon A layer (~ 0–20 cm) from both PL and PA units con-

tained the most enriched δ 13 C-CO 2  values (~ −15–17 ‰) 

because atmospheric  CO 2  permeated the soil air. A simple 

two-component mixing model between sources (atmos-

pheric δ 13 C-CO 2  and soil  CO 2 ) confi rmed that process. 
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carbonates) from a no disturbed soil refl ects the natural C 

isotope fractionation between photosynthesis, root respira-

tion and microbial decomposition, gas diff usion, and soil 

carbonate precipitation (Finlay and Kendall  2007 ). As a 

consequence, the study of these fractionations together with 

isotope geochemical analysis contributes to the understand-

ing of plant sources (C3, C4, CAM), the spatial variability 

of surface soil-derived  CO 2 , and processes governing the 

isotopic signature in which  CO 2  is released into the atmos-

phere (Amundson et al.  1998 ). 

 The stable carbon isotopic composition (δ 13 C) of terres-

trial plants is divided into three groups: C3, C4, and Crassu-

lacean acid metabolism (CAM) following the diff erent pho-

tosynthetic pathways. Typical average values are −27‰ for 

C3 plants and −13‰ for C4 plants (Pessenda et al.  1996 ), 

with intermediate values for the CAM group. The δ 13 C-

SOM refl ects the δ 13 C of the vegetation from which it was 

derived (Farquhar et al.  1989 ). As soil  CO 2  comes from the 

organic matter of plants, soil δ 13 C-CO 2  is relative to that of 

δ 13 C-SOM (Clark and Fritz  1997 ). According to aerobic or 

anaerobic environmental conditions, δ 13 C-SOM can change 

during the degradation of organic matter in subsoil, as was 

documented by δ 13 C variations observed with depth (Ågren 

et al.  1996 ; Andrews et al.  2000 ; Liu et al.  2006 ). As a con-

sequence, both δ 13 C-SOM and δ 13 C-CO 2  variations in situ 

should be studied to understand carbon transport in soil. 

 Some studies have examined together carbon isotope 

ratios on SOM-CO 2  derived, SOM content, and surface soil-

derived  CO 2  (Cerling et al.  1991 ; Buchman and Ehleringer 

 1998 ; Andrews et al.  2000 ; Lui et al.  2006 ; Guillon et al. 

 2012 ; Delogu et al.  2016 ). Such data have not been discussed 

for soils of the Chaco Pampean Plain (CPP) from Argentina. 

CPP is the largest loess deposit (Pleistocene-Holocene) in 

South America (Teruggi  1957 ; Iriondo  1997 ; Zárate  2003 ) 

where intense agricultural/livestock and urban activities are 

developed. The study area is an old quarry used for mineral 

extraction, which contains typical loess and alluvial plains 

with loess-alluvial-derived soils. In addition, that place had 

hydroclimatic conditions with seasonal heterogeneity (vari-

able temperature and rainfall records). 

 Based on paucity of isotopic geochemical data from 

soils of CPP (Argentina), carbon isotopic composition from 

individual soil layers of vegetation, organic matter and soil 

gases were tested, together with  CO 2  surface emissions 

 (CO 2  fl uxes). The aim of this work was to understand the 

natural variations in the carbon isotopic composition from 

these soils and fi nally the processes controlling the isotopic 

composition of soil  CO 2  released to the atmosphere. The 

investigation also provided background information on 

pristine areas where subsoil  CO 2  dynamic, as a component 

of C cycle, is not yet explored. This isotope geochemical 

approach involved another soil tracer isotope, radon ( 222 Rn), 

which was incorporated to this study to know the soil 

diff usivity properties. Diff usion process infl uences on soil 

 CO 2  and emission rates from the soil surface to the atmos-

phere (e.g., Ota and Yamazowa  2010 ; Jabro et al.  2012 ). 

     2   Materials and methods 

    2.1   The study area 

 The study area, Quarry Irazusta, is located 3 km south of 

Gualeguaychú city, Entre Ríos province (Argentina), near 

the confl uence of El Cura Stream and the Gualeguaychú 

River (Fig.  1 ). Two geomorphological units are identifi ed in 

that place: the loessic plain (LP) and the alluvial plain (AP) 

chiefl y formed by two reddish-brown loessic levels (called 

“Pampean sediments") and silty to silty-clayey materials, 

respectively. These two levels are recognized within LP as 

Hernandarias Formation (Middle Pleistocene) and Tezanos 

Pinto Formation (Upper Pleistocene), conforming by silts 

and silty clays of aeolic origin (loess) with variable pro-

portions of fi ne to very fi ne sand and disseminated calcium 

carbonate concretions of approximately 2 cm long (Iriondo 

 1980 ). The Hernandarias Formation presents numerous 

interbedded fl uvial sediments in its interior, which confer it 

a marked heterogeneity, and gypsum accumulations towards 

its base and calcareous concretions or discontinued levels 

of “tosca” towards its top. The thickness of “Pampean sedi-

ments” ranges between 10 and 45 m, and its hydrogeologi-

cal importance is given because it behaves as a free aquifer 

and contains the water table (Boujon and Sanci  2014 ). The 

dominant vegetation consists of  Acacia sp .,  Prosopsis sp , 
 Celtis sp .,  Baccharis sp .,  Bromus sp .,  Ambrosia sp . (INTA 

 2005 ). No changes in vegetation (C3–C4) are recorded in 

the recent sedimentary profi les (Iriondo  2005 ). According 

to the data from Aero Gualeguaychú Station (1969–2017), 

the mean annual precipitation is 1146 m (Fig.  2 a). The mean 

annual temperature of 17.7 °C, fl uctuating between mean 

extremes of 10.9 °C in July to 25.2 °C in January. Informa-

tion analyzed by Thornthwaite ( 1957 ) shows that February 

to November is the wet period (precipitation > evapotran-

spiration) whereas December to January is the dry period 

(Fig.  2 b).                 

     2.2   Methodology 

 Sampling and observations were made in the Irazusta Quarry 

which contained both loess and alluvial plains (PL and PA). 

Soil samples from individual layers (PL and PA units), 

were taken to analyze a set of physical and geochemical 

parameters (up to a depth of 1.50 m): total organic carbon 

(TOC), % w/w, % carbonates, textural properties and color. 

Soil samples were preserved and subsequently analyzed at 

INGEIS and IGEBA laboratories. Subsoil samples were 
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dried at 40 °C, fi ltered by 2 mm, homogenized, and stored 

in plastic bags before analysis. Soil color was classifi ed in 

wet and dry conditions (Munsell Soil Color Chart) and the 

texture of the samples was determined using the gravimetric 

method. The loss-on ignition (LOI) method was used for the 

determination of organic matter which involves the heated 

destruction of all organic matter in the soil or sediment 

(Heiri et al.  2001 ). Carbonate was also measured by LOI 

procedure (Heiri et al.  2001 ). Soil water content (% w/w) 

was measured gravimetrically with a small stainless steel 

cylinder (7 cm in height, 4 cm in internal diameter) in each 

horizon, which afterward allowed to calculate bulk density, 

porosity (particle density = 2.65 g/cm 3 ), water-fi lled pore 

space (WFPS) and air-fi lled porosity (AFP). 

 Soil  CO 2  concentration and  CO 2  fl uxes were carried out 

during winter and summer time (July 2016 and January 

2017). A subsoil probe connected to portable analyzers was 

used to collect subsurface gases  (CO 2 ) at diff erent depths. 

 CO 2  concentrations, expressed as molar fraction × 100, were 

measured in situ with a Madur GA21 Plus (measurement 

range between 0.01 and 4.95% for  CO 2 ). Pearson correlation 

analysis was used for the determination of the relationship 

between the mean soil  CO 2  and other variables, i.e., clay, 

silt and sand content, TOC, w/w.  CO 2  fl uxes from the PA 

and PL were measured using the technique known as the 

closed-chamber method, consisting in the determination 

of the rate of increase in the  CO 2  concentrations within a 

chamber placed on the soil surface. It consisted of a circular 

chamber (78  cm 2  of area and a volume of 1.17 L) with a 

rim and an interior fan, connected to an infrared analyzer 

(SRC-1 soil respiration chamber with IRGA PP Systems 

EGM-4). The detection range of  CO 2  concentration was 0 

to 30 000 μmol/mol. Soil temperature was measured at a 

10 cm depth. Measurements were made along three transects 

defi ned across the whole study area (100 m × 40 m), creating 

a regular sampling grid over both geomorphological units 

(PA and PL), 20 m apart. 

 The characterization of diff usion soil properties was made 

through diff usion coeffi  cients (D) based on air fi lled poros-

ity parameters. Currently, there are many diff erent diff usion 

models used in the D calculation, including single and com-

plex parameter models (e.g., Fierer et al.  2005 ; Pumpanen 
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  Fig. 1       The Cura Stream basin showing the study area. Irazusta quarry containing typical loess and alluvial plains with loess-alluvial-derived 
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et al.  2008 ; Jabro et al.  2012 ; Yan et al.  2021 ). In addition, 

D was determined by the  222 Rn gradient method to avoid 

incorporating other soil characteristics such as water con-

tent, total porosity and tortuosity, which have large uncer-

tainties (Uchida et al.  1997 ).  D Rn  coeffi  cient was estimated 

in the depth range 0–15 cm (horizon A) on undisturbed 

soil using a probe connected to a portable detector RAD-7 

(Durridge Co., USA).  222 Rn concentration data collected at 

three depths are least square fi tted to the following equation 

derived from diff usion theory (IAEA  2013 ):

     

where  C ( z ) is the radon concentration in pore-air at depth 

 z  (Bq/m 3 );  C ∞ is the radon concentration at great depth 

(Bq/m 3 );  z  is the depth (m); and  Lr  is the radon diff usion 

length (m). The parameters C∞ and Lr are obtained as fi t-

ting parameters. From the value of Lr obtained from fi tting, 

the diff usion coeffi  cient Dr is calculated as Dr =  λ (Lr) 2 ;  λ  is 

decay constant ( 222 Rn) and is equal to 2.1 ×  10 −6   s −1 . Also, 

 D Rn  was used to estimate the molecular diff usion coeffi  cient 

 (1)C(z) = C∞
[
1 − e

−z∕Lr
]

of  CO 2   (D CO2 ), and then calculated indirectly  CO 2  fl uxes 

(surface emissions), according to the Fick’s law:

     

where  F  CO2  is the diff usion fl ux per unit area per unit time 

(g/m 2  d),  z  is the soil depth, ΔCO 2 /Δ Z  is the gradient of 

soil  CO 2  concentration., and D is the eff ective diff usivity 

for  CO 2 . The ratio of molecular diff usion coeffi  cients  D CO2  

and  D Rn  is constant and equal to 1.3 at a temperature 15 °C 

(Uchida et al.  1997 ; Holy et al.  2017 ). The calculated  CO 2  

fl uxes to the atmosphere from each profi le were compared 

with the  in-situ   CO 2  fl uxes at the soil surface. 

 Organic content of samples (soils, plants) were analyzed 

for carbon isotopic composition at INGEIS laboratories. 

Dominant species were sampled to correlate the carbon iso-

topic composition of organic matter and sources. From loca-

tions where soil gas was sampled, samples of living tissue 

(leaves or needles) of various common vegetation species 

in the area were taken. All plants samples were collected by 

hand, and all samples were placed into tin foil and frozen 
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prior to analysis (within 2 weeks). Samples were dried al 

60 °C ground to a fi ne powder using mortar and pestle, and 

fumed with HCl for 24 h, then dried at 60 °C for 24 h to 

remove any inorganic carbon. Samples were analyzed in an 

elemental analyzer (Carlo Erba EA1108) coupled to a con-

tinuous fl ow isotope ratio mass spectrometer (Thermo Scien-

tifi c Delta V Advantage), using a ConFlo IV interface.  CO 2  

obtained was diluted 80 % via the ConFlo IV interface. To 

normalize the  13 C results, samples were measured together 

with internal references calibrated using the international 

standards. δ 13 C values were normalized on the L-SVEC-

NBS-19 scale, according to Coplen et al ( 2006 ) and have an 

uncertainty of ± 0.2 ‰. 

 To determine the carbon isotopic composition of  CO 2  

samples, gases were absorbed with  BaCl 2  at pH = 11 (Valen-

cio et al.  2003 ) and were taken to the laboratory as  BaCO 3 . 

The precipitates and carbonates underwent in vacuo heat 

treatment at 350 °C to remove organic matter interferences 

and then they were directly introduced into the extraction 

system. Carbon isotopic ratios  13 C/ 12 C were measured by 

mass spectrometry at INGEIS (Buenos Aires, Argentina) on 

 CO 2  extracted from carbonates with phosphoric acid (100%) 

according to McCrea’s ( 1950 ), modifi ed by Panarello et al. 

( 1980 ). The cryogenically purifi ed  CO 2  was contrasted with 

an internal reference (Carrara marble). Data were informed 

as isotopic deviations ( TM ‰) relative to the international 

reference standard Vienna Pee Dee Belemnitella (V-PDB), 

with an analytical uncertainty of ± 0.1%. Isotopic results are 

expressed as δ, defi ned as δ = 1000(RS−RP)/RP ‰, where 

δ is the isotopic deviation in ‰; S: sample; P: International 

reference; R: isotopic ratio ( 13 C/ 12 C). Considering diff er-

ent possible sources of  CO 2  (atmospheric  CO 2  and biogenic 

 CO 2 ), a simple two-component mixing model was tested to 

evaluate some contributing eff ect of the atmospheric  CO 2  to 

the soil  CO 2  at the surface layers. When there are diff erent 

possible sources of  CO 2 , the product of the gas concentration 

and its isotopic composition provides a parameter that can 

serve as the signature of each gas type or fraction (f) in mix-

ing calculations (Clark and Fritz  1997 ). δ 13 C-CO 2  values 

of the two sources or “end members” were calculated in 

this theoretical way according the following expression: (3) 

δ 13 C-CO 2  mix = fA*δ 13 C-CO 2 A+ fB*δ 13 C-CO 2 B. 

      3   Results and discussion 

    3.1    Subsoil processes: biodegradation of SOM and CO   2    

production  

 Soil morphology of sampled sites was the expected for 

soils developed on loessic and alluvial plains (PL and PA), 

mainly classifi ed as Vertic Argiudolls and Typic Endoaquols 

respectively (INTA  2005 ). Table  1  presents a brief descrip-

tion along diff erent geomorphological units and associated 

soils. PL and PA soils exhibited distinctive colors (brown silt 

loam for PL and greenish gray-light brown clay loam for PA) 

and physicochemical properties. PA soils samples had a clay 

loam texture and contained less loam and stone than the PL 

soils (Table  2 ). PL soils had carbonates as concretions and 

nodules. Specifi cally, it was observed a BCk horizon (13% 

 CaCO 3 ) and Ck horizon (16.1%  CaCO 3 ). General charac-

terization showed the water content (w/w%) increased at 

depth for both units. TOC content of soil samples decreased 

with depth (~ 4 to ~ 0.5%) in the opposite trend to soil  CO 2  

(0.05 to 0.34%) (Tables  2 ,  3 , Fig.  3 a, b, c). The Pearson 

correlation analyses showed a signifi cative and negative cor-

relation between TOC and soil  CO 2  (Table  4 ) for both units 

( r  = −0.999,  p  < 0.01 January PA;  r  = −0.983,  p  < 0.01, 

July PA;  r  = −0.665,  p  < 0.1 January PL). Soil  CO 2  con-

centrations in the PA sites were higher than PL for all soil 

depths (Fig.  3 a, b). In addition, the vertical profi les of soil 

 CO 2  exhibited some diff erences between units. At PL sites 

  Table 1       Geomorphological 

units and soils characterization  
  Unit    Topo-

graphic 

elevation  

  Parental material    Horizons-main features    Soil classifi cation  

  PL     > 10 m    Loessic 

 sediments  

  A1-A2-BA-Bt1-Bt2-BCk-Ck 

 Soils well drained developed until to 2 m 

depth, characterized by a powerful mollic 

epipedon and a thick well-structured argil-

lic horizon underneath; “A” denomination 

relates to a mineral horizon obscured by 

organic matter, “Bt o Bk” to mineral horizon 

formed by accumulation of clays or calcium 

carbonate respectively  

  Vertic Argiudolls  

  PA     < 10 m    Alluvial sediments    A-AC-C 

 Soils poorly drained with a predominance of 

aquatic moisture regime, simple profi les and 

evidence of repeated and continuous soil 

rejuvenation  

  Typic Endoaquols  
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the mean value of soil  CO 2  showed a maximum of 0.23% 

(January) and 0.11% at 20 cm (July), and next exposed a 

practically uniform vertical profi le. At PA sites, soil  CO 2  

increased continuously  vs.  depth with a maximum value of 

50 cm depth of ~ 0.34%.             

 δ 13 C-TOC profile (Fig.   4 a, b) showed a continuous 

deviation of δ 13 C-TOC to more enriched values to depth. 

δ 13 C-TOC varied between −32.1 to −24.0‰, and −30.6 

to −25.7‰ for PL and PA units, respectively (Table  3 ). 

Specifi cally, δ 13 C-TOC values in the upper soil profi le  ca.  

0–15 cm. are like the plant community of this area, which 

involve values from −33.2 to – 29.3‰ ( n  = 6) (Fig.  4 a, 

b). According to Boutton et al. ( 1998 ), this concordance 

between the isotopic composition of the soil organic mat-

ter (horizon A) and the plant community occurs because 

isotope fractionation is negligible during the organic matter 

decomposition in the upper profi le. Major isotope fractiona-

tion is observed between δ 13 C-C3 plants (–32 and − 28‰, 

Clark  2015 ) and atmospheric δ 13 C-CO 2  (− 8.4‰, Graven 

et al.  2020 ). Plants sampled from both PL and PA units 

  Table 2       Soil parameters from each layer of PL (loess plain) and PA (alluvial plain) units  

  Unit    Horizons-depth (cm)    Clay (%)    Silt (%)    Sand (%)    TOC (%)    CO 3  (%)  

  PL    A1 (0–15)    20    47    33    3.90    2.7  

  A2 (15–23)    18    42    40    3.51    3.1  

  AB (23–32)    13    52    35    2.54    2.9  

  Bt1 (32–58)    33    40    27    1.89    4.7  

  Bt2 (58–93)    35    42    23    1.21    5.9  

  BCk (93–130)     12    55    33    0.59    13.0  

  Ck (130–151)    10    60    30    0.44    16.1  

  Unit    Horizons-depth (cm)    Clay (%)    Silt (%)    Sand (%)    TOC (%)    CO 3  (%)  

  PA    A (0–15)    33    40    27    2.94    0.9  

  AC (15–41)    32    39    29    2.35    2.1  

  C1 (41–53)    45    29    26    1.93    2.8  

  C2 (53–64)    41    29    30    1.73    3.7  

  C3 (64–78)    38    35    27    1.62    3.2  

  C4 (78–116)    43    34    23    1.51    3.1  

  Table 3       Geochemical and isotopic data (average) of soil profi les from each PL (loess plain) and PA (alluvial plain) units (January and July)  

  Unit    Depth (cm)    δ 13 C-TOC (‰) 

Jan ( n  = 3)  

  δ 13 C-TOC (‰) 

July ( n  = 3)  

  δ 13 C-CO 2  (‰) 

Jan ( n  = 3)  

  δ 13 C-CO 2  (‰) 

July ( n  = 3)  

  w/w (%) 

Jan ( n  = 9)  

  w/w (%) 

July ( n  = 9)  

  CO 2  (%) 

Jan ( n  = 9)  

  CO 2  (%) 

July ( n  
= 9)  

  PL    0–5    −32.1    −29.9    −16.9    −16.1    16    17    0.05    0.04  

  5–10    −31.1    −29.9    −21.9    −21.2    19    19    0.10    0.06  

  10–20    −29.2    −28.9    −22.2    −22.8    19    21    0.23    0.11  

  20–30    −28.2    −27.3    −22.9    −22.8    18    25    0.21    0.10  

  30–40    −27.0    −26.1    −23.1    −23.4    18    24    0.17    0.07  

  40–50     −25.5    −24.7    −24.9    −24.1    20    27    0.19    0.06  

  50–60    −24.0    −24.2    −24.1    −23.9    19    26    0.18    0.06  

  Unit    Depth (cm)    δ 13 C-TOC (‰) 

Jan ( n  = 3)  

  δ 13 C-TOC (‰) 

July ( n  = 3)  

  δ 13 C-CO 2  (‰) 

Jan ( n  = 3)  

  δ 13 C-CO 2  (‰) 

July ( n  = 3)  

  w/w (%) 

Jan ( n  = 9)  

  w/w (%) 

July ( n  = 9)  

  CO 2  (%) 

Jan ( n  = 9)  

  CO 2  (%) 

July ( n  
= 9)  

  PA    0–5    −30.6    −29.5    −15.4    −14.9    21    23    0.06    0.06  

  5–10    −28.6    −28.1    −23.8    −23.9    25    30    0.18    0.14  

  10–20    −27.2    −27.5    −24.7    −24.9    31    37    0.26    0.22  

  20–30    −26.5    −26.9    −25.4    −26.1    37    41    0.31    0.25  

  30–40    −25.7    −25.8    n.d    n.d    34    42    0.33    0.31  

  40–50    n.d    n.d    n.d    n.d    35    42    0.34    0.33  
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showed isotope values typical of C3 plants of temperate cli-

mate, that is, this group fi xed the atmospheric  CO 2  through 

the Calvin cycle yielding C3 compounds as fi rst products 

(Clark  2015 ). The most important diff erences with respect 

to the surface horizon were observed below soil A horizon 

(~ 20 cm), where δ 13 C-TOC showed more enriched values 

to depth (Fig.  4 a, b). These diff erences of δ 13 C-TOC were 

around 3‰ and 5% from PA and PL profi les, respectively. 

These values are consistent with other studies (e.g. Amund-

son et al.  1998 ; Torn et al.  2002 ; Liu et al.  2006 ). Carbon 

isotopic fractionation during SOM decomposition generates 

 13 C enrichment of residual organic matter, that is, C isotopic 

composition of the bulk organic matter of deeper layers can 

deviate gradually from those of the surface because of the 

20
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  Fig. 3        A ,  B  Average soil  CO 2  (%) from both units (PL and PA);  C  Average TOC (%) from both units (PL and PA)  

  Table 4       Pearson correlation coeffi  cients ( r ) between soil  CO 2  and other variables for each unit (PL and PA)  

 a. January; b. July. *signifi cance level at  p  < 0.1; **signifi cance level at  p  < 0.05; ***signifi cance level at  p  < 0.01 

  PL    Clay    Silt    Sand    TOC    w/w  a     w/w  b   

  CO 2  
a     -0.003    0.253    −0.342    −0.665*    0.627*    0.728*  

  CO 2  
b     0.206    −0.162    −0.153    −0.119    0.294    0.237  

  PA    Clay    Silt    Sand    TOC    w/w a     w/w b   

  CO 2  
a     0.721    −0.683    −0.248    −0.999***    0.962***    0.996***  

  CO 2  
b     0.703    −0.583    −0.404    −0.983***    0.920***    0.975***  
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  Fig. 4        A ,  B  Average δ 13 C-TOC from individual soil layers of PL and PA sites (January and July) including C plants records;  C  Average soil 

δ 13 C-CO 2  from individual soil layers of PA and PL sites (January and July)  



954 Acta Geochim (2024) 43:947–958

1 3

continual preferential removal of the isotopically lighter 

molecules ( 12 C) from the carbon pool during aerobic decom-

position (Nadelhoff er and Fry  1988 ; Becker-Heidmann and 

Scharpenseel  1989 ; Agren et al. 1996; Pessenda et al  1996 ; 

Gouveia et al.  2002 ).         

 Soil δ 13 C-CO 2  showed a trend of  13 C values more 

enriched at the surface (Table  3 ), with variability in the fi rst 

meter between ~ −24 to ~ −16‰ (PL) and ~ -26 to ~ −15‰ 

(PA). δ 13 C of root-derived  CO 2  depends on the δ 13 C of living 

plants (in this case, C3 group) and of δ 13 C of organic matter-

derived  CO 2  which depends on the  13 C composition of the 

degraded substrates. Considering no isotope fractionation 

had been reported between soil  CO 2 -derived and the SOM 

decomposition and the root respiration (Liu et al.  2006 ; 

Guillon et al.  2012 ), soil δ 13 C-CO 2  values should refl ect 

the isotopic composition of respiration of living plants and 

decomposition of plant compounds by soil microorgan-

isms. However, soil δ 13 C-CO 2  results showed more enriched 

values compared to δ 13 C-TOC values of soil layers which 

comes from (Table  3 ). In the context of derived  CO 2  soil 

from C3 plant’s photosynthetic pathway, this  13 C enrichment 

of the soil  CO 2  is probably the result of the fractionation that 

takes place during the upward diff usion of the  CO 2  toward 

the atmosphere. This process through air contained in the 

soil pores (unsaturated zone) aff ects the δ 13 C-CO 2  signature 

because the diff usion coeffi  cient of  12 CO 2  is 1.0044 times 

that of  13 CO 2 , which implies that the δ 13 C value of soil  CO 2  

is 4.4‰ larger than that of its originating substrates (Cerling 

et al.  1991 ; Pumpanen et al.  2008 ; Moyes et al.  2010 ). 

 In addition, the soil δ 13 C-CO 2  showed no substantial 

seasonal or depth variations (Table  3 , Fig.  4 c) despite the 

highest values of soil  CO 2  being detected in summertime for 

PL unit. The lowest soil  CO 2  values were measured in win-

tertime. The vertical profi les of soil  CO 2  for PA sites were 

quite similar between seasons (July and January). There was 

a greater persistence of the soil  CO 2  gradient at PA than at 

PL unit (Fig.  3 a, b). These diff erences were associated with 

variable wet/dry soil conditions and texture or particle size 

distribution for each soil. The measurements of gravimetric 

water content at depth ranged from ~ 16 to ~ 26% in PL soils 

 vs . ~ 21 to 42% in PA soils, showing relatively dry condi-

tions in PL profi le with respect to PA (Table  3 ). In this way, 

a signifi cant and positive correlation between gravimetric 

water content (w/w) and soil  CO 2  was observed in both sea-

sons for PA unit ( r  = 0.962,  p  < 0.01 January; r = 0.975,  p  < 

0.01, July). The PL showed a similar behavior although with 

lower signifi cance level ( r  = 0.627,  p  < 0.1). This diff erence 

is due probably by soil texture. PA soil samples had a clay 

loam texture, but PL soils were richer in sand and poorer in 

clay (Table  2 ). This particular size diff erence appears to play 

an important role in explaining the variable values of soil 

water content (Fig.  5 ) and then  CO 2  concentrations from soil 

layers. Clay loam soils have poor drainage of excess water.         

     3.2   Surface processes: diff usion and  CO 2  exchange 
in atmosphere-soil interface 

 Soil δ 13 C-CO 2  showed a gradual change from atmospheric 

isotopic values at the soil surface to values closer to soil 

biological sources (Fig.  4 c). Considering soil  CO 2  is the 

sum of atmospheric  CO 2  and soil  CO 2 , it was constructed 

a theoretical two-component mixing line with “end mem-

bers”. Figure  6 a showed a binary mixture line (dashed line) 

involving isotopes and soil  CO 2  concentrations with a source 

A (δ 13 C-CO 2  from an atmospheric  CO 2  = −8‰,  CO 2  = 

350 ppmv, Graven et al.  2020 ) and source B (δ 13 C-CO 2  

from a biogenic soil  CO 2  = −25‰; 10 000 ppmv). The 

analytic expression responding to this mixing line was:  y  
= 5984.5 x −25.598, where  x  = 1/[CO 2 ] and  y  = δ 13 C-CO 2 . 

A set of δ 13 C-CO 2mod  for each of the 22 samples from dif-

ferent depths (PL and PA) was made using that equation, 

in order to compare the modelled (δ 13 C-CO 2mod ) with the 

measured (δ 13 C-CO 2exp ) values. Then, it was plotted δ 13 C mod  

against δ 13 C exp  values (Fig.  6 b). The best least squares linear 

fi t for this data was: δ 13 C exp  = 0.645 δ 13 C mod −9.685 ( R  2  = 

0.556). ANOVA test allowed to asses that measured values 

are highly correlated ( p  < 0.0001) with all modelled val-

ues falling within the prediction interval (Fig.  6 b). So, it 

can be observed that main contribution of the atmospheric 

 CO 2  to the soil  CO 2  exists at surface layers (~ horizon 

A) while it is negligible at more depths. This layer has a 

high porosity resulting in a rapid exchange of air with the 

atmosphere. That means, soil δ 13 C-CO 2  values of surface 

layer (δ 13 C-CO 2  of ~ −15 to 16‰) refl ected the combina-

tion of diff erent sources and processes:  CO 2  produced in 

soil (decomposition of organic matter from local fl ora and 
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respiration of plant roots), including diffusion process, 

and mix with atmospheric  CO 2 . It is important to note 

that isotopically, δ 13 C-CO 2  surface values (0–5 cm) were 

quite similar between units (−16.9‰/−16.1‰ for PL and 

−15.4‰/−14.9‰ for PA) regardless of δ 13 C-CO 2  variations 

recorded at depth.         

 In addition, diff usivity properties were studied on this 

surface layer trough estimations of gases diff usion coeffi  -

cients (D).  CO 2  gas diff usion coeffi  cients  (D CO2 ) were esti-

mated at the surface layer (0–15 cm) which represents the 

soil horizon A in this study. The amount of sand, silt and 

clay in the soil at 0–15 cm depth were 33, 47 and 20% (PL) 

and 27, 40 and 33%, respectively. Mean soil temperatures 

at 15 cm depth were 10.9 and 11.6 °C (July; PL and PA), 

respectively, and 23.8 and 24.3 °C (January, PL and PA). 

Parameters used to estimate  D CO2  (air fi lled porosity,  D Rn ) 

are summarized in Table  5 . Air-fi lled porosity (e) result-

ing from changes in total porosity and soil water content 

were 0.35–0.37 (PL) and 0.26–0.31 (PA).  222 Rn concentra-

tion data collected at 5, 10, and 15 cm depths were fi tted 

to Eq. ( 1 ) by the method of least squares. The radon diff u-

sion length (Lr) was obtained from the fi tting coeffi  cients 

(Table  5 ). The soil  222 Rn concentration ranged from 0.1 to 

1.1 kBq·m −3  for C∞ of 1.5 kBq·m −3  (PL) and 2.4 kBq·m −3  
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  Fig. 6        a  Plot of measured samples on a mixing line containing source A (atmospheric δ 13 C-CO 2 ) and source B (soil δ 13 C-CO 2 );  b  δ 13 C-CO 2mod  

(modelled) versus .  δ 13 C-CO 2exp  (measured) plot showing the correlation line, confi dence interval (CI, 95%), and prediction interval (PI, 95%). 

Deviation from the 45º line may be explained by diff usive processes occurring in the path of  CO 2   that aff ect diff erentially the carbon isotope 

composition  

  Table 5       Measured parameters and calculated diff usion coeffi  cients  (DCO 2 )  

 (1) Penman model (1940) from Jabro et al. ( 2012 ); (2) Millington–Quirk model (Millington and Quirk  1960 ); (3) Radon method ( 2013 ; Holy 

et al.  2017 ). Parameters:  D CO2  = gas diff usion coeffi  cient in soil  (m 2 ·s −1 );  D  0  =  CO 2  gas diff usion coeffi  cient in air  (m 2 ·s −1 ); ε = air-fi lled poros-

ity of soil; ϕ = total soil porosity; δ b  = bulk density (g·cm −3 ); δ w  = water density (g·cm −3 );  Lf   radon diff usion length;  λ  = decay constant of 

 222 Rn  (s −1 );  WFPS   water fi lled porosity 

  The gas diff usion coef-

fi cient in soil 0–15 cm 

 (m 2   s −1 )  

  PL unit (January)    PL unit (July)    PA unit (January)    PA unit (July)  

  D CO2 /D 0  = 0.66 ε (1) 

 ε = ϕ*(1-WFPS) 

 ϕ = (1−δ b /2.65) 

 WFPS = (w/w*δ b )/(δ w *ϕ)  

  D CO2  = (3.35 ± 0.13) × 

 10 –6  

 ε = 0.37  

  D CO2  = (3.25 ± 0.03) × 

 10 –6  

 ε = 0.35  

  D CO2 =  (2.87 ± 0.21) × 

 10 –6  

 ε = 0.31  

  D CO2 =  (2.43 ± 0.41) ×  10 –6  

 ε = 0.26  

  D CO2 /D 0  = ε 2 /ϕ 2/3  (2) 

 ε = ϕ*(1-WFPS) 

 ϕ = (1—δ b /2.65) 

 WFPS = w/w*δ b /δ w *ϕ  

  D CO2 =  (2.69 ± 0.19) × 

 10 –6  

 ε = 0.37  

  D CO2  = (2.52 ± 0.06) × 

 10 –6  

 ε = 0.35  

  D CO2  = (1.93 ± 0.32) × 

 10 –6  

 ε = 0.31  

  D CO2  = (1.42 ± 0.50) ×  10 –6  

 ε = 0.26  

  D CO2 /D Rn  = 1.3 (3) 

 D Rn  = λ (Lr) 2   

  D CO2  = (5.55 ± 0.14) × 

 10 –6  

 D Rn  = (4.26 ± 0.11) ×  10 –6  

 Lr = (142.59 ± 23.05) cm  

  D CO2  = (4.94 ± 0.12) × 

 10 –6  

 D Rn  = (3.82 ± 0.10) ×  10 –6  

 Lr = (134.51 ± 14.12) cm  

  D CO2  = (1.09 ± 0.45) × 

 10 –6  

 D Rn  = (8.31 ± 3.53) ×  10 –7  

 Lr = (63.14 ± 41.11) cm  

  D CO2  = (1.01 ± 0.47) ×  10 –6  

 D Rn  = (7.72 ± 3.62) ×  10 –7  

 Lr = (57.32 ± 33.47) cm  
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(PA).  D Rn  values were (3.82 ± 0.10) ×  10 –6   m 2  ·s −1  and 

(4.26 ± 0.11) ×  10 –6  for PL unit and  D Rn  = (8.31 ± 3.53) × 

 10 –7   m 2 ·s −1  and  D Rn  = (7.72 ± 3.62) ×  10 –7   m 2 ·s −1  for PA 

unit, according to  D Rn  reported by other authors Uchida et al. 

( 1997 ), Ota and Yamazawa ( 2010 ) and Khan ( 2017 ). Radon 

diff usion coeffi  cients in soil  (D Rn ) appeared in this case more 

dependent on the soil type and water content, in coincidence 

with studies affi  rmed that diff usion coeffi  cient drops as soil 

saturation increases (e.g., Papachristodoulou et al.  2007 ).  

 Both soil  CO 2  gas diff usion coeffi  cients (D1 and D2), 

dependent on air-fi lled porosity and soil type, have a simi-

lar order of magnitude that  DCO 2  coeffi  cients calculated 

by Rn gradient (D3). Estimated D1 ranged from 3.25 × 

 10 –6 ·m 2 ·s −1  to 3.35 ×  10 –6   m 2 ·s −1  (model 1) and D2 ranged 

from 2.52 ×  10 –6   m 2 ·s −1  to 2.69 ×  10 –6   m 2 ·s −1  (model 2) for 

PL unit (Table  4 ). Quantifi cation of D1 varied between 2.43 

×  10 –6   m 2 ·s −1  and 2.87 ×  10 –6   m 2 ·s −1  (model 1) and 1.42 × 

 10 –6 ·m 2 ·s −1  to 1.93 ×  10 –6   m 2 ·s −1  for PA unit (Table  5 ).  CO 2  

diff usivity coeffi  cients values from these  D Rn  coeffi  cients 

in soil varied from (4.94 ± 0.12) ×  10 –6  to (5.55 ± 0.14) 

×  10 –6 ·m 2 ·s −1 , and (1.01 ± 0.47) ×  10 –6  to (1.09 ± 0.45) × 

 10 –6   m 2 ·s −1 , respectively (Table  5 ). These  D CO2  and soil air 

 CO 2  concentration data were used to compare the results 

taken by the chamber method.  CO 2  concentration gradient 

was taken from measured values of 5 cm, 10 cm and 15 cm 

in depth, and it ranged from 7.85 to 17.03 g·m −4  (PL) and 

18.33 to 20.95 g·m −4  (PA) (Table  6 ).  CO 2  fl uxes determined 

from  CO 2  gradient and  DCO 2  coeffi  cient in the surface layer 

(0–15 cm) were 3.92 to 11.31 g·m −2 ·d −1  (PL), 1.81, and 

2.49 g·m −2 ·d −1  (PA). In comparison,  CO 2  fl uxes measured 

by chamber method, showed major values of 21.77 ± 15.06 

and 60.01 ± 8.98 and g·m −2 ·d −1  (PL) and 12.88 ± 7.16 and 

18.44 ± 6.67 and g·m −2 ·d −1  (PA) (Table  6 ).  

 These  CO 2  fl uxes were heterogeneous (5–72 g/m 2 /d) 

across the whole study area, despite the similar soil 

δ 13 C-CO 2  values found on the surface.  CO 2  fl uxes varied 

among sites. At PL sites,  CO 2  fl uxes showed a clear seasonal 

pattern with values of 5–49 (mean 21.8 ± 15.1) g/m 2 /d, July, 

and 48–72 (mean 60.1 ± 9.1) g·m −2 ·d −1 , January. Seasonal 

pattern of  CO 2  fl uxes at PA sites was not so distinctive. PA 

sites had similar values between seasons: 3–25 g·m −2 ·d −1  

(July) and 10 a 33 g·m −2 ·d −1  (January). General trend exhib-

ited the highest values of  CO 2  fl uxes at PL sites in both 

seasons (summer and winter time).  CO 2  fl uxes determined 

from  CO 2  gradient and  DCO 2  coeffi  cient in the surface layer 

(0–15 cm) were lower than the measured  CO 2  fl uxes deter-

mined by isolated chambers (Table  5 ) despite using the high-

est values of  DCO 2  in the calculation. The disparity between 

calculated and measured  CO 2  fl uxes can be attributed to the 

shallow  CO 2  concentration gradient in the near-surface soil 

horizons, this is, measurements  CO 2  concentrations at these 

depths (0–15 cm) were often close to atmospheric concen-

trations. Ficks law approaches tend to underestimate  CO 2  

production in near-surface soil layers, underestimating the 

net fl ux of  CO 2  at the soil/atmosphere interface (Davidson 

and Trumbore  1995 ). 

      4   Conclusions 

 Depth profiles of δ 13 C-TOC and δ 13 C-CO 2  were deter-

mined from the soils no disturbed but diff erent types. SOM 

decomposition, soil  CO 2  increase, and δ 13 C-TOC values 

more enriched from surface soil layers to depth, confi rmed 

biodegradation process. δ 13 C-TOC values in the upper soil 

profi le ~  ca.  0–15 cm were like the plant community of this 

area (− 33.2 to −29.3‰) while δ 13 C-TOC varied stronger 

bellow horizon A, specifi cally from 15 to 60 cm (PL) and 15 

to 40 cm (PA). Both δ 13 C-TOC and δ 13 C-CO 2  were similar 

(~ −24 to 26‰) at deeper horizons (~ 50–60 cm). Toward 

the superfi cial layers, δ 13 C-TOC and δ 13 C-CO 2  showed more 

diff erences (till ~ 4‰), which was attributed to the diff usion 

process. Horizon A layer (~ 0–20 cm) from both PL and 

PA units contained the most enriched δ 13 C-CO 2  values (~ 

−15 to 17‰), because atmospheric  CO 2  permeated the soil 

air. The two-component mixing model, with  CO 2  concentra-

tions and two “end members” (atmospheric δ 13 C-CO 2  and 

soil  CO 2 ) confi rmed this mixing of gases near the surface. 

Isotopically,  CO 2  fl uxes refl ected the infl uence of plants C3 

sources (that include root respiration and biodegradation of 

modern soil carbon), diff usion mechanism as transport of 

gases and  CO 2  exchange (atmosphere/soil). 

  Table 6       Calculated and measured  CO 2  fl uxes (g·m −2 ·d −1 ) from 18 stations of PL (loess plain) and PA (alluvial plain) units (January and July)  

  PL unit    DCO 2   (m 2 ·s −1 )    CO 2  gradient (g/m 4 )    Calculated  CO 2  fl uxes 

(g/m 2 /d)  

  Measured  CO 2  fl uxes (g/m 2 /d)  

  0–15 cm (Jan) 0–15 cm 

(July)  

  (5.55 ± 0.14) ×  10 –6  

(4.94 ± 0.12) ×  10 –6   

  23.57 g/m 4  9.17 g/m 4     11.31 3.92    60.01 ± 8.98 21.77 ± 15.06  

  PA unit    DCO 2   (m 2 ·s −1 )    CO 2  gradient (g/m 4 )    Calculated  CO 2  fl uxes 

(g/m 2 /d)  

  Measured  CO 2  fl uxes (g/m 2 /d)  

  0–15 cm (Jan) 0–15 cm 

(July)  

  (1.09 ± 0.45) ×  10 –6  

(1.01 ± 0.47) ×  10 –6   

  26.19 g/m 4  20.95 g/m 4     2.49 1.81    18.44 ± 6.67 12.88 ± 7.16  
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 Soil moisture content and soil texture appeared as deter-

mining factors in the diff usion process. Soil diff usive trans-

port controls the movement of gases to the atmosphere and 

the magnitude of  CO 2  surface emissions. Results showed 

that more  CO 2  production at depth layers does not necessar-

ily imply more  CO 2  surface emissions. Despite there was a 

bigger  CO 2  vertical gradient at PA than PL soils,  CO 2  fl uxes 

were minor in PA that PL sites. PA recorded the major clay 

contribution, and the most soil water content, with reduc-

tions in the pore spaces or decrease in air soil porosity. That 

condition was refl ected too by  DCO 2  diff usion coeffi  cients. 

Minor values of  DCO 2  were found at PA sites.  222 Rn gradi-

ent method to estimate the  DCO 2  diff usion coeffi  cients from 

both units (PL and PA), detected effi  ciently the changes in 

the soil water content, near the soil surface. 
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