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Carbon dioxide (CO ), the most important greenhouse gas, is a significant driver of global warming. Radiocarbon

( C), a widely used dating method in archaeology, geosciences, etc., is a direct tracer and a promising method to

differentiate the emissions of fossil fuel and non-fossil fuel from atmospheric carbon.

radiocarbon  fossil fuel carbon dioxide  emission estimation

1. Introduction

Carbon dioxide (CO ), the most important greenhouse gas, is a significant driver of global warming. In 2019, the

annual average concentration of CO  reached 410 ppm, which was higher than any time in at least 2 million years

. The observed increase in CO  concentrations since the beginning of the industrial era is unequivocally caused

by human activities, among which the combustion of fossil fuels is responsible for most of the total anthropogenic

CO  emissions. Global warming has caused increases in the global temperature of the surface and upper ocean,

increases in precipitation and sea level, weather, and climate extremes, and decreases in glaciers and sea ice 

. Besides CO , fossil fuel combustion is also a primary contributor to air pollutants . Thus, slowing down the

increase in fossil fuel CO  (FFCO ) concentration is of vital importance. According to the Paris Agreement and the

sixth assessment report of IPCC (Intergovernmental Panel on Climate Change), CO  emissions need to be net

negative to hold the global surface temperature lower than 1.5 °C or 2 °C at the end of this century (very low and

low greenhouse gas emission scenarios, according to IPCC, 2021). This means that the anthropogenic removal of

CO  exceed anthropogenic emissions. Under these circumstances, identifying the contribution of FFCO  to total

atmospheric CO , as well as its atmospheric process interpretation and emission estimation, is a fundamental work

for studies on its climatic and environmental impacts and on the evaluation of mitigation actions.

Multiple tracers that co-emitted with CO  have been used to quantify FFCO , including carbon monoxide (CO),

sulfur hexafluoride (SF ), tetrachloroethylene (C Cl ) and even air pollutants, based on the ratio of each tracer to

CO  . However, there are large uncertainties due to the non-fossil emissions of the tracers .

Radiocarbon ( C), a widely used dating method in archaeology, geosciences, etc. , is a direct tracer and a

promising method to differentiate the emissions of fossil fuel and non-fossil fuel from atmospheric carbon. The

abundances of three naturally occurring carbon isotopes C, C and C are 98.89%, 1.11%, and ~10 %,

respectively . The radiocarbon content of CO  is expressed as Δ C or Δ CO  :
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(1)

( C/ C)  is the C to C ratio of the sample, and ( C/ C)  is related to the commonly used primary

measurement standard Oxalic Acid I. Radiocarbon is cosmogenic, and has a radioactive half-life of 5730 ± 40

years . Thus, there are no C in fossil fuels because they are all depleted during long-term radioactive decay.

Since fossil fuel CO  contains no C whereas CO  from other sources has similar C concentrations with the

ambient air, the release of fossil fuel CO  will cause a decrease in the C/ C ratio in the atmosphere. This was

first discovered by Hans Suess , and is called the “Suess effect”. With industrial development, atmospheric

Δ CO  decreased by 25‰ between 1890 and 1950 . Then comes the nuclear testing period between the 1950s

and the early 1960s, during which large-scale detonations of nuclear bombs produced C atoms in the Northern

Hemisphere. Atmospheric Δ CO  in the Northern Hemisphere increased swiftly and reached a peak value of

nearly 1000‰ in 1963, and then decreased after the Limited Nuclear Test Ban Treaty . 

2. The Basis of Tracing Fossil Fuel CO  Using C

2.1. The Theory of Quantifying Fossil Fuel CO  Using C

Observed CO  mole fraction (or concentration) is thought to be a mixing of many components, mainly including

atmospheric background CO , fossil fuel CO , biospheric CO  and oceanic CO . The most commonly used method

to constrain recently added FFCO  in the atmosphere with C is called the pseudo-Lagrangian method ,

in which a parcel of air with an initial CO  mixing ratio (CO ) and Δ CO  value (Δ ) moves across a polluted

region, and then CO  mixing ratio and Δ CO  value are modified to CO  and Δ  by the addition of FFCO  and

other sources or sinks of CO . If combining other sources (and sinks) together, the mixing ratio and the Δ CO

value could be written as CO  and Δ . Two balance equations for CO  mixing ratio and Δ C can be

formulated as below.

(2)

(3)

By combining Equations (2) and (3), CO  can be calculated as:
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CO , Δ  are measured in collected samples at interested sites. Δ  is measured in samples from background

sites in general, while free tropospheric measurements can also act as Δ , too . Δ  is known to be −1000‰

since CO  is C-free.

The second term of Equation (4) is bias due to the effect of the others:

(5)

some researchers assume β to be zero, which means that all other sources have the same Δ C compared to

those of the background atmosphere, Δ  = Δ  . The main contributor to uncertainties in β would be

heterotrophic respiration, which has large C disequilibrium. The ignorance of β would cause a systematic

underestimation of CO , up to 0.5 ppm in summer and 0.2 ppm in winter . There are two other factors that

influence atmospheric Δ CO , air-sea exchange in the oceans, and stratosphere-troposphere transport .

However, these exchanges are assumed to affect the background and observed samples equally; thus, normally,

they will not be counted in the calculation of FFCO .

2.2. Air Sampling and Measurement

Atmospheric Δ CO  can be measured with direct air sampling. Whole air samples are normally collected using

flasks or bags. Short-period and integrated samples can be collected by pump and acid solution, respectively. CO

samples can be collected by static absorption using CO -free sodium hydroxide (NaOH) or barium hydroxide

(BaOH) solutions in flasks . The primary collection method is the static absorption of CO  using CO -free

sodium hydroxide (NaOH) or barium hydroxide (BaOH) solutions in discrete glass flasks . The flasks are

exposed to air for collection of integrated samples. Besides ground sites, tall towers, aircrafts, balloons, and even

kites are all effective platforms to collect CO  samples .

Air samples reflect near real-time atmospheric Δ CO , can be used to characterize the FFCO  temporal variations

with high resolution effectively. However, the representativeness of the air samples is limited to those of the

sampling region and period, while little information (spatial and temporal distribution) is known beyond that. In

addition, the sample collecting process and/or the site maintenance is labor and cost intensive. Direct sampling of

air is not the only way to analyze atmospheric Δ CO . Plants fix CO  from the atmosphere via photosynthesis,

offering a unique complementary analysis method.
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For plants, their carbon isotopic composition can be used to reflect the mean atmosphere Δ CO  isotopic

composition of their growing period. By collecting plant samples in different regions and analyzing C, FFCO

spatial distribution on a large scale can be mapped out. Compared to air samples, collecting plant materials is

more convenient and relatively cheap. Tree rings and annual leaves (grasses) are two main types used to reveal

the spatiotemporal distribution of FFCO  . Each plant species may have its own advantages in

addition to those illustrated above. Maize is grown in many countries, so it is convenient to map out the large-scale

spatial distribution of fossil fuel influences using corn leaves. Gingko is a perennial and deciduous tree that is

widely planted in East Asian countries, urban areas, and rural areas. Thus, it is feasible to separate samples of

clean sites from samples of polluted sites. Wine ethanol is a unique plant material that can represent previous

sampling years, since the harvest year and region are all written on the label of the wine bottle. Tree rings, a

unique plant material, help in the reconstruction of annual atmospheric Δ CO  for decades or hundreds of years.

In practice, however, the sampling of tree rings may be more difficult than that of annual plants since it is difficult to

separate one annual ring from the others.

Comparisons of Δ CO  and/or FFCO  between plant materials and air samples show nearly consistent results 

, which verifies the usage of plant materials. Xiong et al.  found a significant difference in Δ CO

between respired CO  and bulk organic matter from 21 plant species, suggesting that bias associated with dark

respiration should be considered when use C in plants to quantify atmospheric FFCO . It should be noted that

biomass accumulated by plants only represents daytime Δ CO  (when photosynthesis occurs), and the sampling

should be well planned for different plant species considering their growing period and local climate.

Before the analysis of C, the preparations of air samples included extracting the CO  (purification), and the

reduction of CO  to graphite. The extraction of CO  is to remove water cryogenically, freeze CO  completely

together with N O (non-interfering), and without freeze O  or CH  . Graphite is produced by adding hydrogen

gas to CO  over an iron catalyst . The atom counting of each graphite sample is then performed by an

accelerator mass spectrometer (AMS). The preparation of annual leaves is a little different from air samples: plant

samples need to (1) be cleaned by pure water and then dried, (2) be combusted to CO  and then reduced to

graphite .

Direct atom-counting of C using AMS is a great progress of C analysis methods. Before that, the conventional

methods were decay counting, solid carbon using a Geiger–Muller counter, and liquid scintillation counting . The

sensitivity was improved around 10  times by AMS over the decay counting methods . With the attempts to

reduce sample size and to increase precision, the detection limits have been reduced to ~5 µg of carbon ,

and the reported precisions have reached 1‰ .

References

1. IPCC. Climate Change 2021: The Physical Science Basis; Cambridge University Press:
Cambridge, UK, 2021.

14
2

14
2

2
[30][35][36][37][38][39][40]

14
2

14
2 2

[30]

[41][42][43] [44] 14
2

2

14
2

14
2

14
2

2 2 2

2 2 4
[13][45]

2
[46][47]

2

[35]

14 14

[48]

6 [49]

[50][51]

[17]



Basis of Tracing Fossil Fuel CO
2
 Using 

14
C | Encyclopedia.pub

https://encyclopedia.pub/entry/39577 5/8

2. Diffenbaugh, N.S.; Singh, D.; Mankin, J.S.; Horton, D.E.; Swain, D.L.; Touma, D.; Charland, A.;
Liu, Y.; Haugen, M.; Tsiang, M.; et al. Quantifying the influence of global warming on
unprecedented extreme climate events. Proc. Natl. Acad. Sci. USA 2017, 114, 4881–4886.

3. Frolicher, T.L.; Fischer, E.M.; Gruber, N. Marine heatwaves under global warming. Nature 2018,
560, 360–364.

4. Kraaijenbrink, P.D.A.; Bierkens, M.F.P.; Lutz, A.F.; Immerzeel, W.W. Impact of a global
temperature rise of 1.5 degrees Celsius on Asia’s glaciers. Nature 2017, 549, 257–260.

5. Papalexiou, S.M.; Montanari, A. Global and Regional Increase of Precipitation Extremes under
Global Warming. Water Resour. Res. 2019.

6. Shindell, D.; Smith, C.J. Climate and air-quality benefits of a realistic phase-out of fossil fuels.
Nature 2019, 573, 408–411.

7. Berhanu, T.A.; Szidat, S.; Brunner, D.; Satar, E.; Schanda, R.; Nyfeler, P.; Battaglia, M.;
Steinbacher, M.; Hammer, S.; Leuenberger, M. Estimation of the fossil fuel component in
atmospheric CO2 based on radiocarbon measurements at the Beromünster tall tower,
Switzerland. Atmos. Chem. Phys. 2017, 17, 10753–10766.

8. Konovalov, I.B.; Berezin, E.V.; Ciais, P.; Broquet, G.; Zhuravlev, R.V.; Janssens-Maenhout, G.
Estimation of fossil-fuel CO2 emissions using satellite measurements of “proxy” species. Atmos.
Chem. Phys. 2016, 16, 13509–13540.

9. Lee, H.; Dlugokencky, E.J.; Turnbull, J.C.; Lee, S.; Lehman, S.J.; Miller, J.B.; Petron, G.; Lim, J.-
S.; Lee, G.-W.; Lee, S.-S.; et al. Observations of atmospheric (CO2)-C-14 at Anmyeondo GAW
station, South Korea: Implications for fossil fuel CO2 and emission ratios. Atmos. Chem. Phys.
2020, 20, 12033–12045.

10. Lopez, M.; Schmidt, M.; Delmotte, M.; Colomb, A.; Gros, V.; Janssen, C.; Lehman, S.J.;
Mondelain, D.; Perrussel, O.; Ramonet, M.; et al. CO, NOx and 13CO2 as tracers for fossil fuel
CO2: Results from a pilot study in Paris during winter 2010. Atmos. Chem. Phys. 2013, 13, 7343–
7358.

11. Niu, Z.; Zhou, W.; Feng, X.; Feng, T.; Wu, S.; Cheng, P.; Lu, X.; Du, H.; Xiong, X.; Fu, Y.
Atmospheric fossil fuel CO2 traced by (CO2)-C-14 and air quality index pollutant observations in
Beijing and Xiamen, China. Environ. Sci. Pollut. R 2018, 25, 17109–17117.

12. Rivier, L.; Ciais, P.; Hauglustaine, D.A.; Bakwin, P.; Bousquet, P.; Peylin, P.; Klonecki, A.
Evaluation of SF6, C2Cl4, and CO to approximate fossil fuel CO2 in the Northern Hemisphere
using a chemistry transport model. J. Geophys. Res. 2006, 111.

13. Turnbull, J.C.; Miller, J.B.; Lehman, S.J.; Tans, P.P.; Sparks, R.J.; Southon, J. Comparison of
14CO2, CO, and SF6as tracers for recently added fossil fuel CO2 in the atmosphere and
implications for biological CO2 exchange. Geophys. Res. Lett. 2006, 33.



Basis of Tracing Fossil Fuel CO
2
 Using 

14
C | Encyclopedia.pub

https://encyclopedia.pub/entry/39577 6/8

14. Vogel, F.; Hamme, S.; Steinhof, A.; Kromer, B.; Levin, I. Implication of weekly and diurnal 14C
calibration on hourly estimates of CO-based fossil fuel CO2 ata moderately polluted site in
southwestern Germany. Tellus B Chem. Phys. Meteorol. 2010, 62, 512–520.

15. Gamnitzer, U.; Karstens, U.; Kromer, B.; Neubert, R.E.M.; Meijer, H.A.J.; Schroeder, H.; Levin, I.
Carbon monoxide: A quantitative tracer for fossil fuel CO2? J. Geophys. Res. 2006, 111, D22.

16. Libby, W.F.; Anderson, E.C.; Arnold, J.R. Age Determination by Radiocarbon Content: World-Wide
Assay of Natural Radiocarbon. Science 1949, 109, 227–228.

17. Schuur, E.A.G.; Druffel, E.; Trumbore, S.E. Radiocarbon and Climate Change: Mechanisms,
Applications and Laboratory Techniques; Springer International Publishing: Cham, Switzerland,
2016.

18. Reimer, P.J.; Brown, T.A.; Reimer, R.W. Discussion: Reporting and Calibration of Post-Bomb 14C
Data. Radiocarbon 2004, 46, 1299–1304.

19. Donahue, D.J.; Linick, T.W.; Jull, A.J.T. Isotope-Ratio and Background Corrections for Accelerator
Mass Spectrometry Radiocarbon Measurements. Radiocarbon 2016, 32, 135–142.

20. Godwin, H. Half-life of Radiocarbon. Nature 1962, 195, 984.

21. Suess, H.E. Radiocarbon Concentration in Modern Wood. Science 1955, 122, 415–417.

22. Stuiver, M.; Quay, P.D. Atmospheric14C changes resulting from fossil fuel CO2 release and
cosmic ray flux variability. Earth Planet Sci. Lett. 1981, 53, 349–362.

23. Dutta, K. Sun, Ocean, Nuclear Bombs, and Fossil Fuels: Radiocarbon Variations and Implications
for High-Resolution Dating. In Annual Review of Earth and Planetary Sciences; Jeanloz, R.,
Freeman, K.H., Eds.; Northwestern Univ, Dept Earth & Planetary Sci: Evanston, IL, USA, 2016;
Volume 44, p. 239.

24. Levin, I.; Naegler, T.; Kromer, B.; Diehl, M.; Francey, R.; Gomez-Pelaez, A.; Steele, P.;
Wagenbach, D.; Weller, R.; Worthy, D. Observations and modelling of the global distribution and
long-term trend of atmospheric 14CO2. Tellus B Chem. Phys. Meteorol. 2010, 62, 26–46.

25. Levin, I.; Schuchard, J.; Kromer, B.; Münnich, K.O. The Continental European Suess Effect.
Radiocarbon 1989, 31, 431–440.

26. Levin, I.; Kromer, B.; Schmidt, M.; Sartorius, H. A novel approach for independent budgeting of
fossil fuel CO2 over Europe by 14CO2 observations. Geophys. Res. Lett. 2003, 30.

27. Turnbull, J.; Rayner, P.; Miller, J.; Naegler, T.; Ciais, P.; Cozic, A. On the use of (CO2)-C-14 as a
tracer for fossil fuel CO2: Quantifying uncertainties using an atmospheric transport model. J.
Geophys. Res.-Atmos. 2009, 114, D22302.



Basis of Tracing Fossil Fuel CO
2
 Using 

14
C | Encyclopedia.pub

https://encyclopedia.pub/entry/39577 7/8

28. Graven, H.D.; Guilderson, T.P.; Keeling, R.F. Observations of radiocarbon in CO2 at seven global
sampling sites in the Scripps flask network: Analysis of spatial gradients and seasonal cycles. J.
Geophys. Res.-Atmos. 2012, 117, D02302.

29. Manning, M.R.; Lowe, D.C.; Melhuish, W.H.; Sparks, R.J.; Gavin, W.; Brenninkmeijer, C.; Mcgill,
R.C. The Use of Radiocarbon Measurements in Atmospheric Studies. Radiocarbon 1990, 32, 37–
58.

30. Zhou, W.; Wu, S.; Huo, W.; Xiong, X.; Cheng, P.; Lu, X.; Niu, Z. Tracing fossil fuel CO2 using
Delta C-14 in Xi’an City, China. Atmos. Environ. 2014, 94, 538–545.

31. LaFranchi, B.W.; McFarlane, K.J.; Miller, J.B.; Lehman, S.J.; Phillips, C.L.; Andrews, A.E.; Tans,
P.P.; Chen, H.; Liu, Z.; Turnbull, J.C.; et al. Strong regional atmospheric C-14 signature of respired
CO2 observed from a tall tower over the midwestern United States. J. Geophys. Res.-Biogeo.
2016, 121, 2275–2295.

32. Turnbull, J.C.; Keller, E.D.; Baisden, T.; Brailsford, G.; Bromley, T.; Norris, M.; Zondervan, A.
Atmospheric measurement of point source fossil CO2 emissions. Atmos. Chem. Phys. 2014, 14,
5001–5014.

33. Karion, A.; Sweeney, C.; Tans, P.; Newberger, T. AirCore: An Innovative Atmospheric Sampling
System. J. Atmos. Ocean. Technol. 2010, 27, 1839–1853.

34. Paul, D.; Chen, H.; Been, H.A.; Kivi, R.; Meijer, H.A.J. Radiocarbon analysis of stratospheric CO2
retrieved from AirCore sampling. Atmos. Meas. Technol. 2016, 9, 4997–5006.

35. Hsueh, D.Y.; Krakauer, N.Y.; Randerson, J.T.; Xu, X.M.; Trumbore, S.E.; Southon, J.R. Regional
patterns of radiocarbon and fossil fuel-derived CO2 in surface air across North America. Geophys.
Res. Lett. 2007, 34, L02815.

36. Palstra, S.W.L.; Karstens, U.; Streurman, H.-J.; Meijer, H.A.J. Wine ethanol C-14 as a tracer for
fossil fuel CO2 emissions in Europe: Measurements and model comparison. J. Geophys. Res.-
Atmos. 2008, 113, D21.

37. Riley, W.J.; Hsueh, D.Y.; Randerson, J.T.; Fischer, M.L.; Hatch, J.G.; Pataki, D.E.; Wang, W.;
Goulden, M.L. Where do fossil fuel carbon dioxide emissions from California go? An analysis
based on radiocarbon observations and an atmospheric transport model. J Geophys. Res.-
Biogeo. 2008, 113, G04002.

38. Park, J.H.; Hong, W.; Xu, X.; Park, G.; Sung, K.S.; Sung, K.; Lee, J.-G.; Nakanishi, T.; Park, H.-S.
The distribution of Delta C-14 in Korea from 2010 to 2013. Nucl. Instrum. Methods Phys. Res.
Sect. B-Beam Interact. Mater. At. 2015, 361, 609–613.

39. Djuricin, S.; Xu, X.; Pataki, D.E. The radiocarbon composition of tree rings as a tracer of local
fossil fuel emissions in the Los Angeles basin: 1980–2008. J. Geophys. Res. Atmos. 2012, 117.



Basis of Tracing Fossil Fuel CO
2
 Using 

14
C | Encyclopedia.pub

https://encyclopedia.pub/entry/39577 8/8

40. Hou, Y.; Zhou, W.; Cheng, P.; Xiong, X.; Du, H.; Niu, Z.; Yu, X.; Fu, Y.; Lu, X. (14)C-AMS
measurements in modern tree rings to trace local fossil fuel-derived CO2 in the greater Xi’an
area, China. Sci. Total Environ. 2020, 715, 136669.

41. Bozhinova, D.; van der Molen, M.K.; van der Velde, I.R.; Krol, M.C.; van der Laan, S.; Meijer,
H.A.J.; Peters, W. Simulating the integrated summertime Delta(CO2)-C-14 signature from
anthropogenic emissions over Western Europe. Atmos. Chem. Phys. 2014, 14, 7273–7290.

42. Bozhinova, D.; Palstra, S.W.L.; van der Molen, M.K.; Krol, M.C.; Meijer, H.A.J.; Peters, W. Three
years of delta(CO2)-C-14 observations from maize leaves in the netherlands and western europe.
Radiocarbon 2016, 58, 459–478.

43. Piotrowska, N.; Pazdur, A.; Pawelczyk, S.; Rakowski, A.Z.; Sensula, B.; Tudyka, K. Human activity
recorded in carbon isotopic composition of atmospheric CO2 in gliwice urban area and
surroundings (southern poland) in the years 2011–2013. Radiocarbon 2019, 62, 141–156.

44. Xiong, X.; Zhou, W.; Cheng, P.; Wu, S.; Niu, Z.; Du, H.; Lu, X.; Fu, Y.; Burr, G.S. Delta(CO2)-C-14
from dark respiration in plants and its impact on the estimation of atmospheric fossil fuel CO2. J.
Environ. Radioact. 2017, 169, 79–84.

45. Zhao, C.L.; Tans, P.P.; Thoning, K.W. A high precision manometric system for absolute
calibrations of CO2 in dry air. J. Geophys. Res. Atmos. 1997, 102, 5885–5894.

46. Slota, P.J.; Jull, A.J.T.; Linick, T.W.; Toolin, L.J. Preparation of Small Samples for 14C Accelerator
Targets by Catalytic Reduction of CO. Radiocarbon 1987, 29, 303–306.

47. McNichol, A.P.; Gagnon, A.R.; Jones, G.A.; Osborne, E.A. Illumination of a Black Box: Analysis of
Gas Composition During Graphite Target Preparation. Radiocarbon 2016, 34, 321–329.

48. Anderson, E.C.; Arnold, J.R.; Libby, W.F. Measurement of Low Level Radiocarbon. Rev. Sci.
Instrum. 1951, 22, 225–230.

49. Litherland, A.E. Ultrasensitive Mass Spectrometry with Accelerators. Annu. Rev. Nucl. Part Sci.
1980, 30, 437–473.

50. Ziolkowski, L.A.; Druffel, E.R. Quantification of extraneous carbon during compound specific
radiocarbon analysis of black carbon. Anal. Chem. 2009, 81, 10156–10161.

51. Smith, A.M.; Hua, Q.; Williams, A.; Levchenko, V.; Yang, B. Developments in micro-sample 14C
AMS at the ANTARES AMS facility. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact.
Mater. At. 2010, 268, 919–923.

Retrieved from https://encyclopedia.pub/entry/history/show/88811


