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Abstract. Earth system scientists working with radiocarbon
in organic samples use a stable carbon isotope (§'3C) cor-
rection to account for mass-dependent fractionation, but it
has not been evaluated for the soil gas environment, wherein
both diffusive gas transport and diffusive mixing are impor-
tant. Using theory and an analytical soil gas transport model,
we demonstrate that the conventional correction is inappro-
priate for interpreting the radioisotopic composition of CO»
from biological production because it does not account for
important gas transport mechanisms. Based on theory used
to interpret 8!3C of soil production from soil CO,, we pro-
pose a new solution for radiocarbon applications in the soil
gas environment that fully accounts for both mass-dependent
diffusion and mass-independent diffusive mixing.

1 Introduction

Radiocarbon allows us to measure the age of soil-respired
CO; (CO; diffusing from the soil surface to the atmosphere,
also called soil flux as in Cerling et al., 1991), but the tra-
ditional reporting convention for radiocarbon was not es-
tablished for soil gas-phase sampling; rather, it was estab-
lished for solid (organic matter) sample analysis. The validity
of this convention has never been explicitly tested for soil-
respired CO;.

The traditional radiocarbon reporting convention, A'*C
(Stuiver and Polach, 1977), uses a mass-dependent correction
based on the isotopic composition of wood. Its purpose is

to correct for biochemical fractionation against the radiocar-
bon isotopologue (*CO,) abundance during photosynthesis,
which is assumed to be twice as strong as for '3CO, based
on their respective departures in molecular mass from '>COs.
The classical reference describing these conventional calcu-
lations is Stuiver and Polach (1977).

In the soil gas environment, researchers have different im-
plicit expectations for fractionation processes. They gener-
ally assume that '*C of CO, is not biochemically fraction-
ated in the gas phase between the points of CO, production
(biological production of CO; by soil organisms and roots)
and measurement (subsurface or flux chamber samples). This
assumption is reasonable based on the short residence time of
CO» (minutes to days) in the soil profile before emission to
the atmosphere. However, soil gas isotopic signatures depart
in predictable ways from the signature of production because
of physical fractionation. It has been recognized for decades
that §'3C of CO, at any point in the soil profile will never
equal the isotopic signature of production because of trans-
port fractionations that alter produced CO; before it is mea-
sured (Cerling et al., 1991). This theory readily extends to
14C.

We argue here that in the case of soil pore space '*C in
which mixing of air masses occurs, the assumption that mass-
dependent fractionation is twice as large for '*C as §'3C by
biochemical and physical processes no longer holds. Using
theory and the physical modeling of soil gas transport to il-
lustrate the issue with the current reporting convention cor-
rection, we propose an alternative approach for specific use
cases.
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2 Theory

To understand why the mass-dependent correction used in
the Stuiver and Polach (1977) radiocarbon reporting conven-
tion may be a poor fit for soil gas studies, we can look at
our current understanding of the stable isotopic composition,
813C, of soil CO, (pore space CO;, mole fraction with re-
spect to dry air). We use delta notation to present the stable
isotopic composition of CO;:

B Ry
6 °C=————1)1000, (1)
RvppB

where §'3C is the isotopic composition in per mill (see Ta-
ble 1 for a full list of abbreviations), Ry is the 13C/ 12€ ratio
of the sample, and Ryppg is the Bc / 12 ratio of the interna-
tional standard, Vienna Pee Dee Belemnite.

From foundational work done by Cerling et al. (1991) we
know that the isotopic composition of soil CO; is different
from that of soil-respired CO,. Any change in §'3C of soil
CO; with depth is influenced by (1) mixing of atmospheric
and biological (or biogeochemical) sources of isotopically
distinct CO,, which may occur via diffusion (no bulk gas
flow; referred to as diffusive mixing for the remainder of the
paper) or advection (bulk gas flow), and (2) kinetic fraction-
ation by diffusion. The effect of these is illustrated in Fig. 1
using a simulated soil gas profile. In panel (a) two depth pro-
files of §'3C of CO, that were modeled in a steady-state en-
vironment are shown (the model will be described in Sect. 3).
The profiles differ only in soil diffusivity; all other character-
istics were held constant, including rates of production, §'3C
of CO; in the atmosphere (—8 %o; circle), and biological pro-
duction (—25 %o; square with dashed line). In the resultant
depth profile with higher soil diffusivity in panel (a), the §'13C
of soil CO, ranges from —8 %o to —15.1 %o. In the depth pro-
file representing a soil with lower diffusivity, the §!3C of soil
CO; ranges from —8 %o to —20.6 %o. We stress again that
these two isotopic depth profiles differ only due to differ-
ences in transport as a result of their varying soil diffusivities.
In the depth profile with lower soil diffusivity, atmospheric
CO; does not penetrate downwards as readily, so the pro-
file shape is much steeper near the soil-atmosphere boundary
and is more reflective of the production source composition,
—25 %o, at depth. In the depth profile with higher soil diffu-
sivity, atmospheric air of —8 %o more readily mixes from the
surface downward by diffusion, so the near-surface isotopic
composition will be more reflective of the atmosphere due to
diffusive mixing of these end-members near the soil surface.

Importantly, the soil CO, never equals the §'3C of pro-
duction (—25 %o) at any depth in either profile in Fig. 1a. It
is not possible to directly measure 8'3C of production in situ
because diffusion and diffusive mixing alter the character of
CO; immediately after its production. From the site of pro-
duction in the soil, 12C02 diffuses somewhat faster through
the soil than 13CO, because the former has a lower mass.
This diffusive difference leads to isotopic fractionation and
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results in depth profiles of §'3C of soil CO, that are iso-
topically enriched (less negative) compared to the source of
production. Work by Cerling (1984) and later by Cerling et
al. (1991) demonstrated that the mass differences between
the two isotopologues led to a difference in the diffusion rate
of each in air, amounting to a fractionation of 4.4 %o (note
that this applies only to binary diffusion of CO; in air and
will differ if CO, diffuses in other gases). As a result, the
813C of soil CO, measured at any depth will be enriched
by a minimum of 4.4 %o relative to the biological production
CO, source. However, the §!13C of soil-respired CO; can be
considerably more enriched than 4.4 %o relative to produc-
tion due to diffusive mixing with the atmosphere as shown in
Fig. la.

A convenient theoretical formulation for correcting §'3C
for both diffusion fractionation and diffusive mixing was in-
troduced by Davidson (1995), following on the work of Cer-
ling (1984) and Cerling et al. (1991). This approach allows
one to combine measurements of CO, and its isotopic com-
position within the soil and the air above it to infer the iso-
topic composition of CO; produced in the soil. This only ap-
plies when transport within the soil is purely by diffusion (no
bulk air movement). The Davidson (Davidson, 1995) solu-
tion uses the difference between the diffusion coefficients for
12C and 13C as follows:

Cs (81° —4.4) — C(81° — 4.9
1.0044(Cs — C,) ’

13 _
8 =

2

where 8}3 is the §13C composition of CO; from soil produc-
tion (biological respiration within the soil), Cs and 833 are
the mole fraction and isotopic composition of soil CO;, and
C, and 8;3 are the mole fraction and isotopic composition
of CO; in the air just above the soil. In Fig. 2a the mole
fraction and isotopic composition of soil CO, at a 40cm
depth and of the air just above the soil were “sampled” from
model-generated soil depth profiles and the (unrounded) val-
ues were used to calculate the isotopic composition of pro-
duction using Davidson’s equation (Cs = 14 780 ppm, 8;3 =
—20.3832 %0, C, = 380 ppm, and 8)3 = —8 %o). The result-
ing 8&3 (e.g., Eq. 2) at this depth equals the true isotopic
composition of production (see inset box, Fig. 2a). However,
because the Davidson approach accounts for diffusion and
diffusive mixing, at any given soil depth, not just 40 cm, the
modeled values of Cy and 6513 in Figs. 1a and 2a will always
yield (via Eq. 2) the true isotopic composition of production,
813 = —25%o (dashed line). If 813C of soil CO, were (er-
roneously) interpreted to represent the 8'3C of soil-respired
COa,, the error could be as large as the absolute value of
(8,—96 f) — 4.4 %0. This Davidson (1995) § }3 approach has
been shown to be robust when applied to field data from nat-
ural soils (Breecker et al., 2012; Bowling et al., 2015; Liang
etal., 2016).

While '#C is a radioactive isotope and thus decays with
time, the half-life is sufficiently long so that '*CO, behaves
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Table 1. List of symbols used. Note that the isotope composition ratios are also unitless but traditionally expressed using per mill (%)

notation.
Symbol Description Unit
Ag sample activity unitless
AsN normalized sample activity, relative to 813C of terrestrial wood unitless
Aabs age-corrected absolute international standard for activity unitless
Conc CO, concentration umol m~3
Concatm CO; concentration in air just above the soil umol m—3
C, CO; mole fraction in air just above the soil umol mol !
COy CO, mole fraction relative to dry air umol mol~!
Cs CO, mole fraction in soil pore space umol mol~!
D soil gas diffusivity m?s~!
D(z,1) soil gas diffusivity at depth z and time ¢ m3 s~}
s3c stable (13C/12C) isotope composition (relative to VPDB) %o
sl4c radiocarbon (14C / 12¢) isotope composition (relative to A,pg) %0
A14C01d radiocarbon (14C / 12¢y isotope composition with 813C correction %o
AMCneW radiocarbon (14C / 12C) isotope composition with § }3 correction %o
813 813C of CO, in air above the soil %o
si4 §14C of CO; in air above the soil %o
Aa AC of CO, in air above the soil %o
) }3 s13C of CO; from soil production, calculated using Eq. (2) %o
8}4 s14C of CO; from soil production, calculated using Eq. (4) %o
Ald AC of CO; from soil production, calculated using Eq. (16) %0
(Sslg 813C of CO; in soil pore space %o
8g4 s14C of CO,, in soil pore space %o
Ag AC of CO; in soil pore space %o
L lower model depth boundary m
P(z,1) biological production rate at depth z and time ¢ umol CO, m 35!
P biological production rate umol CO, m3s!
Rs isotopic ratio (heavy / light) of CO, sample unitless
RvprDB isotopic ratio (heavy / light) of Vienna Pee Dee Belemnite standard  unitless
t time S
0 air-filled porosity of soil unitless
Z depth m

similarly to stable isotopes on the timescales at which dif-
fusion occurs in a soil gas system. In this way, 8'3C diffu-
sive fractionation theory can be applied to the radiocarbon
isotopic composition, §'4C, so long as we account for the
mass difference. The larger mass of '*C means that the dif-
fusion fractionation factor is calculated to be 8.8 %o based on
the atomic masses of 14C02, 12C02, and bulk air (Southon,
2011).

We can show that the 14CO, distribution in soils will be
like that of '3CO, if we model its distribution through depth
in the same synthetic soil gas environment. In Fig. 1b we
present a modeled soil environment with defined atmospheric
and production source CO; isotopic composition boundary
conditions for §14C, the 14C equivalent to s13¢ (Stuiver and
Polach, 1977):

Aq
sl4c = (_b - 1) 1000, (3)
al

bs
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where §'4C is the isotopic composition in per mill, Ay is the
measured activity of the sample, and A,y is the activity of
the oxalic acid standard (both unitless). As in Fig. la, in
panel (b), the profile with lower soil diffusivity, the down-
ward penetration of atmospheric CO; into the soil profile
is reduced, and as a consequence the isotopic depth profile
more closely reflects (but does not equal) the composition of
production (—50 %o; dashed line). When the diffusion rate is
high and transport is rapid, the atmospheric source is more
readily able to penetrate the profile and mix with the produc-
tion source. In both profiles, the measured value of soil CO;
at a given depth will not equal the isotopic production value
of —50 %o because of diffusion and diffusive mixing. Simi-
lar profiles of §'4C of soil CO, with depth, highlighting the
diffusive effects, have been presented by Wang et al. (1994).

Since 8'*C transport of soil CO; is like that of §'3C, it fol-
lows that we should apply corrections for §'4C like those in
Eq. (2) in order to calculate the isotopic composition of pro-
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Figure 1. Modeled steady-state diffusive vertical depth profiles for 813C and §14C of soil CO5. In panel (a) the $13¢C of atmospheric CO,
(circle) is —8 %o and CO, from biological production (square with dashed line; 8 ) is —25 %o. In panel (b) the 814C of atmospheric CO;
(circle) is 45.5 %o and CO, from biological production (square with dashed line) is —50 %o. Both profiles have the same biological production
rates and isotopic composition of biological production, but each profile has a different soil diffusivity as indicated.

duction. The 8'4C reformulation of Davidson’s 8}3 equation
is as follows:
Cs (81% —8.8) — Ca(81* — 8.8)

sl4 =
4 1.0088(Cs — Cy)

, “

where 8}4 is the 8'#C composition of soil production, Cg and
814 are the mole fraction and §'*C composition of the soil
CO,, and C, and 82114 are the mole fraction and §'*C com-
position of CO; in the air just above the soil. This David-
son reformulation for 8'4C, & }4, was applied to a model-
generated profile of soil 8'#C at a 40 cm depth in Fig. 2b, like
in panel (a) for §'3C (Cs = 14780 ppm, 84 = —39.3989 %o,
C, = 380 ppm, and §!* = 45.5276 %; see inset box, Fig. 2b).
As was the case for §'3C in Fig. 2a, the modeled values of Cj
and 8514 at any depth will yield the true isotopic composition
of production, —50 %o (dashed line), because this approach
accounts for diffusion and diffusive mixing.

The typical approach that has been used for interpreting
the 14C composition of soil CO» and soil-respired CO; (e.g.,
Trumbore, 2000) differs from the st4c example above be-
cause a 8'3C correction is applied to account for the mass-
dependent isotopic fractionation of biochemical origin, ulti-
mately converting §'C to a variant called A'*C (Stuiver and
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Polach, 1977). The derivation of the mass-dependent correc-
tion is provided in Stuiver and Robinson (1974), wherein ob-
servations are normalized to an arbitrary baseline value of
—25%o for 813C (a value for terrestrial wood), and the '3C
fractionation factors are squared to account for the *C/!2C
fractionation factor as follows:

2
Ay = AS[M] ,

®)

where Agy is the normalized sample activity, Ag is the sam-
ple activity, and §'3C is the isotopic composition of the sam-
ple (soil CO; in our case). As explained in Stuiver and Robin-
son (1974), the 0.975 term sometimes used in forms of Agy

is equivalent to (1 - %), which we will retain for clarity.

The equation for AC, the 8§13C-corrected variant of §'4C,

www.biogeosciences.net/16/3197/2019/
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Figure 2. Modeled steady-state diffusive vertical depth profiles for §13¢C (a), s14C (b), and AMCO]d (¢) of soil CO;,. The three soil
profiles were generated using the same soil production and diffusivity rates (2 pmolm_3 sl and 1 x 1070 m?s~ 1, respectively). Pan-
els (a) and (b) were prepared using 813C and §!*C as noted. Panel (c) shows an approach consistent with present day, whereby the Al4c
profile generated by the model incorporates the traditional Stuiver and Polach (1974) correction for biochemical fractionation. Inset “Calcu-
lated” panels show how, using input data read directly from each depth profile, a user would arrive at either the correct or incorrect isotopic
value of production using a Davidson approach to adjust for in-soil gas transport. The atmospheric source (C,) composition is presented
as a white circle, the soil CO, composition (Cs) is a black circle, and the isotopic composition of production is a black square. Note that
values for the isotopic composition of soil in the three panels are rounded for ease of reading but are actually —20.3832 %o, —39.3989 %o,
and —48.4319 %o, respectively, for panels (a—c). These values are drawn from the curve at a depth of 40 cm.
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can then be created from Eq. (5) by substituting in delta no-
tation for A4C of A*C = (Asn/Aabs -1) x 1000 following
Stuiver and Robinson (1974):

2
14 (I—A)
N (1+8 C) woo)

1000. (6)
1000 | 4 31c¢ 2
(1+ c5)
Combining Egs. (3) and (6) leads to
2
25
" 4y (1~ 1é%)
A" Colq = 5= 1] 1000. @)
Aabs

s13C
(1 + m)

For more information on the derivation of Eqs. (6) and (7)
see Stuiver and Robinson (1974), page 88. In Eq. (7) we
have added the subscript “old” to highlight that this is the
common approach used to date for soil gas applications —
we will introduce a “new” method with Eq. (15). The terms
on the left-hand side of Egs. (6) and (7) are identical. Note
that A,ps in our notation is equivalent to Ag in Stuiver and
Robinson (1974).

Equation (7) uses 8'3C as an input parameter to make a
mass-dependent correction to obtain A'*C, but the profiles
of 813C and §!*C of soil CO, (Fig. 1) highlight the fact that
both vary within the soil because of diffusion and diffusive
mixing. This makes it unclear what form of 8'3C should ac-
tually be used in the place of the mass-dependent correction
in the soil gas environment (813C of the soil CO; is mea-
sured but §'3C of biological production is not) as diffusive
mixing is not a mass-dependent process. When A'4Cgq is
modeled through depth like §'3C and §'*C in Figs. 1 and 2
it also varies with depth as shown in Fig. 2c. However, using
a A'C variant of Davidson’s §; (as for §14C in Fig. 2b) at
the same 40 cm depth does not correctly reproduce the speci-
fied model value for the A'*C of production of —50 % like it
did for 8'3C and 8'*C (Cs = 14780 ppm, A = —48.4319 %o,
C, =380 ppm, and A, = 10 %o; see inset box, 2¢). We there-
fore adapted the mass-dependent correction in AMC1q us-
ing Davidson’s (1995) theory to demonstrate how and why it
should be used for A'*C soil gas applications.

3 Methods — model description

We used an analytical gas transport model to simulate a range
of natural soil profiles of 2CO,, 13CO,, and '*CO, in order
to present soil gas transport theory. The model is based on
Fick’s second law of diffusion:

dConc 0 dConc
9 i D (Zs t)
at 0z

)+P(Z,t), ®)

where 6 is the soil air-filled pore space, Conc is the concen-
tration, 7 is time, D(z, ) is the soil gas diffusion function, and
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P(z,1t) is the biological production function, with the latter
two dependent on both depth z and time 7.
The model was run in steady state,

dConc _
ar

0, €))

and both diffusion and production rates were constant with
depth:

D(z) =D, (10)
P(z)=P. an

The following boundary conditions were used:

C (z =0) = Concym, (12)
aC
_|z=L =0, (13)
9z

where Conc,y, is the concentration of CO» in air just above
the soil and L is the model lower spatial boundary, the point
below which no production or diffusion occurs. Equation (8)
is solved analytically to yield the following equation:

P/L ( z2)
Conc(z) = — | L x z— — ) 4+ Concyyy. (14)
D Z

In the model, isotopologues of CO; are treated as indepen-
dent gases, with their own specific concentration gradients
and diffusion rates (Cerling et al., 1991; Risk and Kellman,
2008; Nickerson and Risk, 2009). We assume total CO, to be
12C0O, because of its high abundance. The error associated
with this assumption is less than 0.01 % (Amundson et al.,
1998). Equation (14) is thus applied for 13CO and '*CO,.
For the full derivation see Nickerson et al. (2014) Sect. 2.3.

The analytical gas transport model was applied across
a range of soil diffusivity (1 x 1077, 1x 10_6, and 1 x
1073 m? s_l) and soil production rates (0.5, 1, 2, and
4 umol CO>, m—3 s~ ). The specific soil diffusivity and pro-
duction rates used to generate each profile are stated in the
figure caption of that profile. We used a §'3C of biologi-
cal production (—25%o) and atmospheric CO; (§3; —8%o0)
and A'#C of biological production (—50 %o) and atmospheric
CO; (Ag; 10 %o0) to represent realistic conditions found in na-
ture. The other model boundary conditions were as follows:
L=0.8m, z=0.025m, and Concyyy = 15833 umol m—3
(~ 380 ppm). The output of the model under these applied
conditions were profiles of 12C0,, 13C0O,, and *CO, for
each depth (z) down to the bottom boundary (L).

4 Results

4.1 Adapted correction for interpreting radiocarbon
values of soil and soil-respired CO

Based on Davidson’s (1995) theory and what we demon-
strated with Fig. 2c, rather than using the §'3C soil pore space

www.biogeosciences.net/16/3197/2019/
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Figure 3. Modeled steady-state diffusive vertical depth profiles for AMCO]d (solid line; same profile as in Fig. 2¢) and A 14C ew (dashed line)
of soil CO,. The A Cpew soil profile was calculated from the profiles in Fig. 2 (soil production and diffusivity rates of 2 umol m~3 s 1 and
1x107%m?s~1, respectively). The inset “Calculated” panels show how, using input data read directly from the depth profile of A Cpew,
a user would arrive at the correct value of production using a Davidson approach to adjust for in-soil gas transport. The atmospheric source
(C,) composition is presented as a white circle, the soil CO, composition (Cs) is a black circle, and the isotopic composition of production
is a black square. Note that values for the isotopic composition of soil and atmosphere are rounded for ease of reading but are actually
—39.3989 %o and 45.5276 %o, respectively. These values are drawn from the curve at a depth of 40 cm.

as a mass-dependent correction, we suggest instead using the
value 5}3 (Eq. 2), the biological production of §'3C, in its
place in the denominator of Eq. (7) as follows:

1000. (15)

2
Aq (1 - %)
Al4Cnew = ( : ) —1

Aabs 513 2
(1 + ﬁ)

Values of A!4Cpey through depth represent transport-
fractionation-corrected soil CO, values of radiocarbon, and
in comparison to AMCOld, they are corrected for mass-
independent diffusive mixing.

A depth profile of A'*Cpey is presented in Fig. 3 (dashed
line). To generate this soil depth profile we used the num-
bers from the simulated profiles in Fig. 2 and inserted them
into Eq. (2) to determine 8}3 at each depth. These values
were then used in Eq. (15) to obtain A Cpew Of s0il CO,
through depth. The A'#Cpey profile (dashed line) is more
isotopically enriched compared to the AMCo profile (solid
line) in Fig. 3. Values sampled from the AMCoq profile (the
same as the one presented in Fig. 2¢) were not able to repro-
duce the specified model value for the A'*C of production of
—50%o using a A'*C variant of Davidson’s 8;. To demon-
strate that A" Cpew does correct for gas transport fractiona-
tions, it can be placed into Al a Al4C adaption of David-
son (1995) for '4C (Eq. 4), as follows:

Cs (A" Cpew — 8.8) — C, (A4 —8.8)
1.0088(Cs — Cy)

Al = , (16)
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where A1J4 is the A'*C composition of soil production, Cg
and A'%C,., are the mole fraction and A!*C composition of
the soil CO», and C, and A;“ are the mole fraction and AC
composition of CO; in the air just above the soil.

Unlike in the case of A1*Cyq demonstrated in the inset
box in Fig. 2c, using the same 40 cm depth from the A'*Cpey
profile, we were able to reproduce the specified model value
for the A'*C of production of —50%c (Cs=1780ppm,
Ag = —39.3989 %0, Cy =380ppm, and A, =45.5276%c;
see inset box, Fig. 3).

4.2 Work-arounds and establishing new best practice

In the soil gas environment, A'Cpew convention should be
used to properly interpret soil-respired CO; from soil CO;,
as it corrects for all related transport fractionations. For re-
searchers who have soil CO, data previously interpreted us-
ing A'4Cgq, the following steps will help correct for trans-
port fractionations: (1) use 8313 and A'*Cyq to back out the
activity of the sample (As); (2) calculate the isotopic compo-
sition of production for §'3C using Eq. (2), 8 f; (3)use § ?
and A in Eq. (7) to calculate AMCpew; and finally (4) de-
termine the radiocarbon isotopic composition of production
using Eq. (16), Ay‘.

Going forward, several changes to best practice are rec-
ommended. On a lab level, for new soil CO, data, we pro-
pose that laboratories report radiocarbon using Eq. (3) for
814C, the uncorrected radiocarbon variant, so that the first
step above (use 8513 and A'%Cgq to back out the activity of
the sample; As) can be avoided, and researchers can proceed
with steps 2—4. We also suggest that researchers measure '3
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alongside A'“C so that they are not dependent on the AMS-
measured 8'3 for potential back corrections.

The Davidson (1995) 6; method was the gradient ap-
proach we used in our study, but alternative gradient ap-
proaches, such as those presented for §'3C by Goffin et
al. (2014) and Nickerson et al. (2014) and for A4C by
Phillips et al. (2013), would likely be similarly successful
in producing depth-dependent compositions of production.
They are, however, not quite as straightforward as the &;
method.

5 Conclusions

This traditional A'*C solution, which uses 8'3C of soil CO,
as a mass-dependent correction, is not appropriate for the soil
gas environment, as it does not account for mass-independent
mixing processes. We propose a new best practice for A4C
work in the soil gas environment that accounts for gas trans-
port fractionations and produces true estimates of A'4C of
production.
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