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Abstract

Radiocarbon (14C) ages of acetogenic lipid biomarkers such as n-alkanes are a powerful tool to track carbon-cycle turnover

times. In sediments, biomarker ages are almost always older than the depositional age due to reservoir effects. Recently, Lane et

al. [2021, Anomalously low radiocarbon content of modern n-alkanes, Organic Geochemistry 152, 104170] reported 14C ages up

to [?]1500 yr for n-alkanes extracted from leaf tissue of living plants; they attributed this apparent “pre-aging” to biosynthetic

fractionation against 14C. However, reported 14C ages are always corrected for mass-dependent fractionation using a 14C/13C

mass law, b, of 2.0. Lane et al.’s interpretation therefore requires that lipid biosynthesis follows large, anomalous deviations

from mass-dependent fractionation, with b reaching values as high as [?] 124. Here, I test this assumption by estimating

kinetic and equilibrium mass laws for various processes involved in acetogenic lipid biosynthesis using simple approximations

and more robust computational chemistry methods. I find that kinetic b values range from 1.880 to 1.995 and that equilibrium

b values for several chain elongation steps range from 1.856 to 1.880, consistent with previous results for other chemical and

biological processes. In contrast, complex reaction networks may lead to large expressed b values, but only when net ln(13α)

- 0. Combined, these results imply maximum 14C age offsets due to biosynthetic fractionation of 20 to 40 yr. Biomarker

14C ages are therefore robust to biosynthetic isotope fractionation and can be confidently interpreted to reflect carbon-cycle

turnover times.
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Highlights1

Biosynthetic isotope fractionation negligibly impacts biomarker 14C ages2

Jordon D. Hemingway3

• Acetogenic lipid biosynthesis follows mass-dependent carbon isotope fractionation4

• Acetogenic lipid biosynthesis 14C/13C mass laws range from b ≈ 1.87 to b ≈ 1.975

• Non-canonical mass-laws are only expressed when 13C fractionation is negligibly small6

• Fractionation cannot explain anomalously old n-alkane 14C ages7
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Abstract12

Radiocarbon (14C) ages of acetogenic lipid biomarkers such as n-alkanes are a powerful tool to track carbon-cycle

turnover times. In sediments, biomarker ages are almost always older than the depositional age due to reservoir

effects. Recently, Lane et al. [2021, Anomalously low radiocarbon content of modern n-alkanes, Organic Geochem-

istry 152, 104170] reported 14C ages up to ≈1500 yr for n-alkanes extracted from leaf tissue of living plants; they

attributed this apparent “pre-aging” to biosynthetic fractionation against 14C. However, reported 14C ages are always

corrected for mass-dependent fractionation using a 14C/13C mass law, b, of 2.0. Lane et al.’s interpretation there-

fore requires that lipid biosynthesis follows large, anomalous deviations from mass-dependent fractionation, with b

reaching values as high as ≈ 124. Here, I test this assumption by estimating kinetic and equilibrium mass laws for

various processes involved in acetogenic lipid biosynthesis using simple approximations and more robust computa-

tional chemistry methods. I find that kinetic b values range from 1.880 to 1.995 and that equilibrium b values for

several chain elongation steps range from 1.856 to 1.880, consistent with previous results for other chemical and bi-

ological processes. In contrast, complex reaction networks may lead to large expressed b values, but only when net

ln(13α) → 0. Combined, these results imply maximum 14C age offsets due to biosynthetic fractionation of ∼ 20 to

40 yr. Biomarker 14C ages are therefore robust to biosynthetic isotope fractionation and can be confidently interpreted

to reflect carbon-cycle turnover times.

Keywords: radiocarbon, mass-dependent fractionation, biomarkers13

1. Introduction14

Natural-abundance radiocarbon (14C) activity represents a powerful geochronometer, with applications ranging15

from tracking of various carbon-cycle turnover times and reservoir ages to precise and accurate dating of sediments16

and anthropological artifacts. The utility of radiocarbon comes from its ubiquity; 14C is incorporated into all inorganic17

and organic carbon (OC) phases. Of particular interest here is 14C age measurement of specific lipid compounds—18

termed “biomarkers”—extracted from complex OC mixtures. Because a given biomarker is produced by a particular19
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group of organisms or biosynthetic/chemical pathway, its 14C age offers insight into specific carbon-cycle processes20

that cannot be elucidated by the bulk OC age, which integrates signals from multiple sources. Since the advent of this21

technique by Eglinton et al. (1996), 14C ages of multiple biomarker classes—for example, acetogenic plant-waxes22

(n-alkanes, n-alcohols, and n-alkanoic acids), isoprenoid archaeal lipids, lignin phenols, and condensed aromatic23

hydrocarbons—have been utilized to elucidate a broad suite of carbon-cycle processes, including: soil carbon turnover24

times, both in modern settings and in response to past climatic perturbations (Eglinton et al., 2021; Hein et al., 2020;25

Hemingway et al., 2018; Smittenberg et al., 2006); permafrost thaw (Feng et al., 2013); condensed aromatic (“black”)26

carbon cycling (Coppola et al., 2018); marine sediment chronologies (Eglinton et al., 1997; Pearson and Eglinton,27

2000); and microbial metabolisms (Ingalls et al., 2006; Petsch et al., 2001); among others.28

Like all geochronometers, the utility of biomarker radiocarbon requires that 14C ages are unaffected by kinetic29

and equilibrium processes that fractionate carbon isotopes and thus exclusively reflect the time that has passed since30

each compound was biosynthesized (after accounting for temporal changes in atmospheric 14C inventory). This31

is accomplished by the practice of correcting measured 14C activity for isotope fractionation using concomitantly32

measured 13C/12C ratios and assuming that fractionation is mass dependent (e.g., Stuiver and Polach, 1977). Following33

Craig (1954), fractionation corrections typically use a 14C/13C mass law, here termed b, of 2.0; that is, reported34

ages inherently assume that 14C fractionates exactly twice as much as 13C for any given process since the 14C/12C35

mass difference is roughly double that of the 13C/12C mass difference. Early work estimated the 14C/13C mass laws36

for various kinetic and equilibrium chemical reactions both theoretically and experimentally (e.g., Bigeleisen, 1952;37

Bigeleisen and Wolfsberg, 1953; Bigeleisen, 1949; Stern and Vogel, 1971); nearly all processes measured to date are38

described by a mass law of b ∈ (1.8, 2.0), here termed the “canonical range”. Although most processes cluster around39

b = 1.9 rather than the reference line value of bRL = 2.0 used when reporting radiocarbon ages, resulting age biases40

caused by this difference have been shown to be less than or near 14C analytical uncertainty (Wigley and Muller, 1981;41

Stuiver and Robinson, 1974; Southon, 2011; Fahrni et al., 2017; Steier et al., 2004). Thus, deviations from bRL are42

often ignored and reported 14C ages are considered unbiased.43

Despite this established practice, Lane et al. (2021) recently extracted long-chain n-alkanes from the leaves of44

living plants and found biomarker 14C ages that are up to ≈1500 yr older than bulk leaf tissue. They argued against45

contamination by 14C-free (“dead”) carbon—for example from solvent extraction or chemical processing steps—and46

instead interpret this “pre-aging” as a result of large, anomalous fractionation against 14C during lipid biosynthesis.47

Because of this, they conclude that biomarkers violate a fundamental assumption of the radiocarbon geochronometer48

and urge caution when interpreting their 14C ages. If true, this result would represent a major setback to the burgeoning49

compound-specific radiocarbon field and would possibly invalidate several recent carbon-cycle insights that have been50

elucidated using biomarker 14C age measurements. This interpretation therefore warrants critical examination.51

Here, I evaluate the Lane et al. (2021) hypothesis by focusing specifically on the plausibility of calculated b values52

that would be required to explain these data. Because multiple-isotope analysis is an established practice for many53

light element systems (e.g., O, Si, S), there exist robust theoretical derivations for determining mass laws. Drawing54

2



upon this theory, I estimate b values for several relevant kinetic and equilibrium reactions using both simple approx-55

imations as well as more robust computational chemistry approaches. I then explore how overall expressed isotope56

effects and mass laws may deviate from those calculated for elementary reactions when incorporated into a complex57

(enzymatic) reaction network such as acetogenic lipid biosynthesis. Given these results, I estimate that fractionation58

during lipid biosynthesis can only explain 14C age offsets up to ≈40 yr and conclude that biomarker radiocarbon results59

can be confidently interpreted to reflect aging in the environment. I briefly offer alternative explanations to interpret60

the data of Lane et al. (2021).61

Table 1: Compilation of bulk leaf tissue and non-blank-corrected acetogenic lipid (n-alkane, n-alkanoic acid) δ13C and F14C data from living plants,

including calculated 13α values (calculated using Eq. 6) and mass-law b values (calculated using Eq. 7) that would be required to explain observed

age offsets if they were driven purely by fractionation. References are: [1] = Lane et al. (2021), [2] = Eglinton et al. (1996).

Species Compounds

F14C δ13C (‰ VPDB)
ln

(
13α

)
×1000 ‰

b Ref.bulk leaf lipid bulk leaf lipid

L. styraciflua L. n-alkanesa 1.003 ± 0.003b 0.868 ± 0.002 −31.4c −34.7c −3.4 44.5 1

M. varginiana L. n-alkanesa 1.005c 0.815 ± 0.002 −27.5c −31.3c −3.9 55.3 1

Q. nigra L. n-alkanesa 1.003 ± 0.003b 0.810 ± 0.007 −28.7c −30.4c −1.8 123.8 1

Q. virginiana Mill. n-alkanesa 1.005c 0.923 ± 0.002 −29.3c −32.7c −3.5 26.2 1

A. Stricta Michx. n-alkanesa 1.004c 0.866 ± 0.002 −14.1c −25.2c −11.3 15.1 1

D. sanguinalis L. n-alkanesa 1.000c 0.937 ± 0.002 −29.8c −36.3c −6.7 11.6 1

C. argentea n-C31 alkaned 0.887 ± 0.010 0.816 ± 0.011 −23.9c −38.1c −14.7 7.7 2

A. americana n-C16:0+18:0 FAe 1.098 ± 0.007 0.990 ± 0.021 −14.8c −27.8 ± 0.5 −13.3 9.8 2

aUrea-adducted apolar lipid extract with no further separation or purification procedures; see Lane et al. (2021) for details.

bValue not reported; taken as average of all reported bulk leaf tissue values from Lane et al. (2021) (µ ± 1σ; n = 4).

cNo uncertainty reported in original publication.

cMass-weighted average of all reported replicates after preparatory column gas chromatography (µ ± 1σ; n = 3).

cMass-weighted average of all individually reported n-C16:0 and n-C18:0 separated by preparatory column gas chromatography (µ ± 1σ; n = 2).

2. Theory and methods62

2.1. Radiocarbon nomenclature and mass law calculations63

I first define the nomenclature and mathematical relationships required to estimate mass laws. Following Stuiver64

and Polach (1977) and Reimer et al. (2004), radiocarbon activity is typically reported in “fraction modern” as65

F14C =
As,N

0.95 × AOx,N
, (1)

3



where A = 14C/C is the 14C activity, s refers to the sample, Ox refers to the Ox-I oxalic acid standard, N indicates that66

both activities are normalized for isotope fractionation, and the scalar 0.95 is added by convention. To be consistent67

with stable isotope nomenclature, I let A ≈ 14R, where 14R = 14C/12C is the 14C isotope ratio; this approximation68

is commonly applied and has a negligible impact on calculated radiocarbon ages (Fahrni et al., 2017). Then, by69

explicitly including the fractionation normalization of Reimer et al. (2004), Eq. 1 becomes70

F14C =
14Rs

14ROx

(
0.975
0.981

)bRL
( 13ROx

13Rs

)bRL

, (2)

where bRL is the reference line mass law; following Craig (1954), nearly all F14C values are reported using bRL = 2.0.71

The first parenthetical term in Eq. 2 reflects the convention that the sample and Ox-I are corrected to δ13C = −25 ‰72

and δ13C = −19 ‰, respectively, where73

δ13C =
(

13R/13RVPDB − 1
)
× 1000‰, (3)

13R = 13C/12C, VPDB is the Vienna Pee Dee Belemnite reference material, and ‰ indicates “permil” notation.74

Finally, radiocarbon age in conventional 14C yr can be calculated as75

14C yr = −8033 ln
(
F14C

)
. (4)

Following Eq. 2, it is apparent that 14C age biases may arise from isotope fractionation if a given fractionation process76

is described by a mass law that deviates from bRL = 2.0. Mass laws for any kinetic or equilibrium fractionation77

process can be calculated following the relationship (Southon, 2011; Young et al., 2002):78

bp/r =
ln

(
14αp/r

)
ln

(
13αp/r

) , (5)

where79

∗αp/r =

∗Rp
∗Rr

(6)

is the fractionation factor, ∗ = 13 or 14 is the isotope of interest, “p” refers to the product compound, and “r” refers to80

the reactant compound. Fahrni et al. (2017) showed that the mass-law b value for any process can be determined so81

long as the product and reactant F14C and δ13C values are known. That is, combining Eqs. 2, 5, and 6 yields82

bp/r = bRL +
ln

(
F14Cp

)
− ln

(
F14Cr

)
ln

(
13αp/r

) . (7)

Finally, Eqs. 4 and 7 can be combined to yield the 14C age offset due to fractionation:83

14C yr offset (product – reactant) = −8033 ln
(

13αp/r

) (
bp/r − bRL

)
. (8)

I use Eq. 7 and data reported in Table 2 of Lane et al. (2021) to estimate bp/r values that would be required if their84

14C offsets between bulk leaf tissue and n-alkanes were due to fractionation (Table 1). When bulk leaf tissue F14C85
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is not reported (i.e., for the species L. styraciflua and Q. nigra L.), I assume F14C = 1.003 ± 0.003, the average of86

all reported values (µ ± 1σ; n = 4). I calculate 13αp/r using reported δ13C values determined by isotope ratio mass87

spectrometry rather than those measured by accelerator mass spectrometry (AMS). This is appropriate here because88

F14C is determined using concomitantly measured, AMS-derived 13R and 14R values (Eq. 2); any fractionation during89

AMS analysis is thus already accounted for (c.f., Fahrni et al., 2017). Similarly, I use Eq. 8 to calculate predicted90

fractionation age offsets for kinetic, equilibrium, and complex reaction network processes using all 13αp/r and bp/r91

estimates determined in this study.92

Table 2: Estimated bkin values calculated using Eq. 9 with xn = x M (i.e., ideal gas diffusion) and with xn = xµ (i.e., bond breaking to form a

transition state) for a suite of compounds relevant to acetogenic lipid biosynthesis.

Compound 12M (amu)

bkin

xn = xM xn = xµ

acetic acid 66.06 1.982 1.909

malonic acid 108.04 1.987 1.914

pyruvic acid 92.04 1.986 1.913

acetyl-ACPa 452.26 1.994 1.920

acetyl-CoA 847.36 1.995 1.921

malonyl-ACPa 469.25 1.994 1.921

malonyl-CoA 891.35 1.995 1.922

acetoacetyl-ACPa 469.29 1.994 1.921

Acetyl-ACP enolatea 423.25 1.994 1.920

n-C16 alkanoic acid 288.44 1.993 1.919

n-C32 alkanoic acid 544.89 1.995 1.921

mean ± std. dev. (n = 11) 1.992 ± 0.005 1.918 ± 0.004

aAcyl Carrier Protein, truncated at phosphopantetheine group.

2.2. Kinetic mass law estimates93

Following Young et al. (2002), kinetic fractionation mass laws can be estimated using the general formula:94

bkin =
ln

(
12n/14n

)
ln

(12n/13n
) , (9)

where xn is some measure of the mass of a molecule containing isotope x; I have added the superscript kin to explicitly95

indicate these are kinetic b values. Equation 9 is derived from transition state theory (Bigeleisen, 1949); it ignores96

temperature dependence and assumes purely classical mechanics (although a similar relationship can be derived using97

Marcus theory for quantum bond vibrations; see Young et al., 2002). To explore the possible range of kinetic mass98
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laws associated with lipid biosynthesis, I apply Eq. 9 by calculating xn in two different ways: (i) xn = xM, the99

molecular mass of the compound of interest, and (ii) xn = xµ, the reduced mass of the compound of interested,100

calculated as101

xµ =
xmM

xm + M
, (10)

where xm is the atomic mass of a given carbon isotope (i.e., xm = 12, 13, or 14 amu) and M is the (isotopically102

unsubstituted) mass of all other atoms bonded to the atom of interest (i.e., M = xM− xm). Case (i) represents diffusion103

of an ideal gas, whereas case (ii) represents the breaking of a bond to form a transition state; these should roughly104

represent upper- and lower-bounds, respectively, for bkin values (Young et al., 2002). I calculate b for both cases for105

suite of compounds relevant to lipid biosynthesis (acetic acid, malonic acid, pyruvic acid, acetyl-ACP, acetyl-CoA,106

malonyl-ACP, malonyl-CoA, acetoacetyl-ACP, acetyl-ACP enolate, n-C16 and n-C32 alkanoic acids); these compounds107

were chosen to span broad M range, and resulting b variability should therefore be conservative. For all calculations,108

I assume the only isotopic substitution occurs at the atom of interest. Resulting bkin ranges are shown in Fig. 1 and109

individual values are reported in Table 2.110

Table 3: Estimated *β values for a suite of compounds relevant to acetogenic lipid biosynthesis calculated using Eq. 12 and reported at several

physiologically relevant temperatures

Compound

ln
(

13β
)
× 1000 ln

(
14β

)
× 1000

0 ◦C 25 ◦C 50 ◦C 0 ◦C 25 ◦C 50 ◦C

pyruvic acid 179.77 157.97 142.35 335.99 295.06 265.75

acetyl-ACPa 158.90 139.56 125.72 296.44 260.22 234.33

acetyl-CoA 160.05 140.55 126.61 298.62 262.11 236.02

malonyl-ACPa 180.14 157.84 141.90 336.59 294.75 264.86

malonyl-CoA 180.94 158.54 142.52 338.07 296.05 266.03

acetoacetyl-ACPa 167.80 147.13 132.35 313.08 274.39 246.75

Acetyl-ACP enolatea 145.08 127.34 114.67 270.84 237.60 213.86

aAcyl Carrier Protein, truncated at phosphopantetheine group.

2.3. Equilibrium mass law estimates111

The equilibrium mass law for the triple-carbon isotope system can be estimated as112

beq =

1
12m −

1
14m

1
12m −

1
13m

= 1.854, (11)

where I have similarly added the superscript eq to explicitly indicate equilibrium b values. This relationship is derived113

from the quantum vibrational modes of the reduced partition function ratio (RPFR) assuming a harmonic oscillator114
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(Bigeleisen and Goeppert Mayer, 1947; Urey, 1947); it is unique to a given isotope system and can be interpreted115

as the high-temperature limit of equilibrium fractionation between ideal, monoatomic atoms (Young et al., 2002).116

Still, equilibrium fractionation between any two compounds at temperatures relevant to Earth-surface conditions may117

deviate from this value. Although several steps of the acetogenic lipid biosynthesis pathway are unidirectional and118

irreversible (Wakil, 1989; Pearson, 2014), determining equilibrium mass laws between all relevant compounds may119

nonetheless provide a useful limit to explore the possible range of expressed b values. To provide robust constraints120

on this range, I estimate beq values using RPFRs determined by density functional theory using the computational121

chemistry software Gaussian 16 (Frisch et al., 2016).122

Briefly, RPFRs for any isotopologue can be determined following the Bigeleisen-Goeppert Mayer-Urey equation123

(Bigeleisen and Goeppert Mayer, 1947; Urey, 1947):124

∗β(T ) =
s
s∗

3N−y∏
i=1

u∗i (T )
ui(T )

e−u∗i (T )/2

e−ui(T )/2

1 − e−ui(T )

1 − e−ui(T )∗ , (12)

where125

ui(T ) =
hωi

kBT
, (13)

h is Planck’s constant, ωi is the harmonic normal mode frequency for degree-of-freedom i, kB is Boltzmann’s constant,126

T is temperature in Kelvin, s is the rotational symmetry number, N is the number of atoms in the compound of interest,127

and y = 5 for linear molecules or y = 6 for nonlinear molecules. Here, ∗β is the RPFR multiplied by the rotational128

symmetry number ratio (typically, s/s∗ = 1 since isotopic substitution often does not change rotational symmetry).129

Following Cao and Liu (2011), equilibrium fractionation factors can be calculated as130

∗α
eq
p/r =

∗βp
∗βr

, (14)

and beq values can then determined following Eq. 5.131

Here, I determineωi values and calculate ∗β(T ) for a suite of compounds relevant to lipid biosynthesis (acetyl-ACP,132

acetyl-CoA, malonyl-ACP, malonyl-CoA, acetoacetyl-ACP, acetyl-ACP enolate, pyruvic acid) using the B3LYP/6-133

31G(d) method and basis set (Lee et al., 1988; Francl et al., 1982). This method and basis set were chosen as a134

balance between accuracy and computational efficiency; they are a common choice for triple-isotope studies (e.g.,135

Cao and Liu, 2011). All compound geometries were optimized in H2O solvent using the C-PCM solvation method136

(Barone and Cossi, 1998); for all analyses, stationary points were found and no imaginary frequencies were observed,137

indicating proper convergence.138

Reported ∗β(T ) values represent the average of results calculated for single isotope substitutions at all relevant139

carbon positions (e.g., at the C1 and C2 positions of acetate-containing compounds), assuming all other atoms in the140

molecule are isotopically unsubstituted. This practice dampens the influence of any small geometric perturbations141

that may spuriously influence ωi values; however, it yields results that cannot discern between site-specific isotope142

compositions such as the odd-over-even C position pattern observed by Monson and Hayes (1982). No attempt was143
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made to correct for anharmonic effects or computational basis-set scaling factors. These corrections may influence144

calculated 13α by several permil, but they have been shown to negligibly impact triple-isotope mass laws to due error145

cancellation (Cao and Liu, 2011). I therefore assume calculated beq values are robust. Results are shown in Fig. 1 and146

*β values are reported in Table 3 at several physiologically relevant temperatures.147

2.4. Expressed mass laws for complex reaction networks148

Finally, I explore the range of possible mass laws—and thus 14C age offsets—that can be expressed by multi-step

reaction networks. For example, consider the enzymatic decarboxylation of pyruvate by the pyruvate dehydrogenase

complex to form acetyl-CoA, the building block for all acetogenic lipids (Pearson, 2014). This reaction has been

shown to yield product acetyl-CoA that is depleted in 13C relative to reactant pyruvate; it has thus been invoked to

explain observed n-alkanoic acid 13C depletion relative to bulk biomass (Monson and Hayes, 1982). Although the

overall reaction is unidirectional and irreversible, for the purpose of predicting isotope fractionation factors it is useful

to consider the reversible formation of a transition state (e.g., Bigeleisen, 1949; Bao et al., 2015). The reaction can

then be written as

O
O

O

pyruvate

+ CoA−SH + NAD+

1
−−−⇀↽−−− O

O

O

S
CoA

‡

2
−−−→

O

S
CoA

acetyl-CoA

+ CO2 + NADH, (15)

where ‡ represents the transition state. Equation 15 is a specific case of the general reaction network:149

r
1
−−−⇀↽−−− t

2
−−−→ p, (16)

where r is a reactant, t is a transition state, and p is a product. For a network of this form, Wing and Halevy (2014)150

showed that the net expressed fractionation factor can be written as151

13αnet
p/r =

(
13αk

2 ×
13α

eq
1 −

13αk
1

)
× f + 13αk

1, (17)

where subscripts 1 and 2 refer to the reaction steps in Eq. 15, superscripts k and eq refer to equilibrium or kinetic152

fractionation factors, and f reflects the degree to which reaction step 1 is reversible (i.e., the backward to forward flux153

ratio). Equation 17 can be similarly written for 14αnet
p/r in terms of step-specific 13α and b values; the overall expressed154
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mass law, bnet
p/r , is then determined following Eq. 5. Several other lipid biosynthesis steps can be interpreted using a155

reaction pathway analogous to Eq. 16.156

To investigate 14C age offsets during acetyl-CoA formation, I solve Eq. 17 using a Monte Carlo approach. Specif-157

ically, I draw all input variables from uniform distributions assuming: 13αk
1 ∈ (0.985, 1.000), 13αk

2 ∈ (0.985, 1.000),158

13α
eq
1 ∈ (0.980, 1.020), bk

1 ∈ (1.85, 2.00), bk
2 ∈ (1.80, 2.00), beq

1 ∈ (1.86, 1.88), and f ∈ (0, 1). These ranges were159

chosen for the following reasons: (i) kinetic 13α values for both steps encompass all observed plant-wax lipid frac-160

tionation factors in Chikaraishi et al. (2004), (ii) kinetic b values span the entire canonical range (Fig. 1; Stern and161

Vogel, 1971), (iii) equilibrium 13α and b values encompass the range calculated in Section 2.3 for all reaction pairs162

(Fig. 1), (iv) f spans the entire range from purely kinetic (unidirectional) to purely equilibrium (equal backward and163

forward fluxes). Resulting 13αnet
p/r , bnet

p/r , and 14C age offset ranges are therefore expected to be conservative estimates;164

true ranges are likely to be much narrower, particularly for 13αnet
p/r (e.g., Chikaraishi et al., 2004). Results for n = 5000165

Monte Carlo draws are shown in Fig. 2.166

3. Results and discussion167

3.1. Predicted mass laws and age offsets168

All kinetic b values calculated here fall within the canonical range, from a minimum of 1.909 to a maximum169

of 1.995 (Fig. 1; Table 2). Importantly, this includes predictions both for ideal gas molecular diffusion (calculated170

using molecular masses) and for bond breaking (calculated using reduced masses) for a suite of compounds ranging171

in size from acetic acid (66 amu) to malonyl-CoA (891 amu). In general, b predictions for diffusion (1.992 ± 0.005)172

are higher than those for bond breaking (1.918 ± 0.004). Although I do not expect any compounds involved in lipid173

biosynthesis to follow ideal gas diffusive behavior, it is nonetheless a useful limiting case to estimate maximum bkin
174

values. The observation that molecular diffusion approaches the reference line value (bRL = 2.0) is consistent with a175

previously measured triple-oxygen mass law for O2 diffusion of b = 1.978 (Yeung et al., 2012). Similarly, predicted176

bkin values for bond breaking and transition-state formation are consistent with previous estimates for several abiotic177

SN1, SN2, E2, hydrogen transfer, and decarboxylation reactions (Stern and Vogel, 1971; Bigeleisen and Wolfsberg,178

1953; Bigeleisen, 1952), as well as triple-oxygen and triple-sulfur kinetic mass laws expressed for several metabolic179

pathways (e.g., Wing and Halevy, 2014; Ash et al., 2020). Interestingly, measured mass laws for photosynthesis180

(1.953 ± 0.025; Fahrni et al., 2017) lie between the diffusion and bond-breaking scenarios calculated here, possibly181

reflecting the importance of CO2 diffusion relative to that of isotope fractionation imparted by the RuBisCo enzyme182

(O’Leary, 1981). In general, I conclude that mass laws for all kinetic processes should lie within the canonical range.183

Similarly, equilibrium b values calculated here for a suite of steps involved in acetogenic lipid biosynthesis all184

fall within a narrow range of 1.854 to 1.895 and exhibit only a small dependence on temperature (Fig. 1; Table185

3). Although several of these steps are unidirectional and are thus not expected to operate in equilibrium in nature,186

these results again represent a useful limiting case to estimate minimum b values. For all studied reactions, beq
p/r187
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approaches the high-temperature, mono-atomic limit of b = 1.854 and is consistently lower than any calculated bkin
188

value. Computational chemistry results also yield 13α
eq
p/r estimates (Fig. 1A), allowing one to predict the 14C age189

offsets that would be imparted by these reactions (Eq. 8). In all cases, equilibrium isotope fractionation leads to a190

maximum age offset of ≈ 30 14C yr (Fig. 1C) despite the large range in predicted 13α
eq
p/r values. This result confirms191

previous observations that small differences between measured b and bRL will lead to small 14C age biases even if 13α192

is large (Stuiver and Robinson, 1974; Southon, 2011; Fahrni et al., 2017). Similar to the bkin case, I conclude that all193

equilibrium fractionation processes should lie within the canonical b range and that resulting 14C age biases should be194

negligible.195

In contrast to all bkin and beq
p/r predictions, bnet values for multi-step reaction networks may reach non-canonical196

values much higher than 2.0 (Fig. 2C). However, Eq. 5 shows that non-canonical b values only manifest in the limiting197

case that ln
(

13αnet
p/r

)
→ 0. For the simplified reaction network here (Eq. 15) this occurs when198

13α
eq
1 ≈

1 − 13αk
1 (1 − f )

13αk
2 f

, (18)

which can be accomplished either when f = 0 and 13αk
1 = 1.0 or when f , 0 and 13α

eq
1 > 1.0 (assuming 13αk

1199

and 13αk
2 < 1.0). In general, large bnet values can manifest at so-called “crossover” points when one step of a reaction200

network is described by 13α > 1 while another is described by 13α < 1; this phenomenon has been observed previously201

both for triple-carbon and for triple-oxygen mass laws (Stern and Vogel, 1971; Bao et al., 2015). However, despite202

the potential for large bnet values, crossover points will not yield large 14C age offsets since ln
(

13α
)
→ 0 (Eq. 8). That203

is, this large, non-canonical mass law is not expressed because carbon is not being isotopically fractionated. This can204

be seen in Fig. 2B, which shows that 14C age offsets are always within ≈ ±40 yr despite the large, conservative input205

parameter range and the possibility of crossover points.206

Interestingly, this phenomenon may explain the one reliable documented experimental case that yielded b > 2.0—207

the two-step enzymatic hydrolysis of urea (b = 3.17 ± 0.38; Schmitt et al., 1952). Several other experiments have208

reported b > 2.0, but these have largely been discredited as experimental artifacts (e.g., Southon, 2011); in contrast,209

the urea hydrolysis results are thought to be robust (Stern and Vogel, 1971). This reaction is known to follow a two-210

step pathway with a transition-state intermediate similar to the network shown in Eq. 16. If the corresponding 13αnet
211

is sufficiently close to 1.0, then the observed b value could be the result of a crossover point. Other than this reaction,212

I know of no other biological process that has been reliably documented to yield triple-isotope mass laws outside of213

the canonical, mass-dependent range.214

3.2. Are large biosynthetic 14C age biases possible?215

Given the range of kinetic, equilibrium, and net reaction mass laws observed here, it is possible to assess the216

claim made by Lane et al. (2021) that biosynthetic fractionation imparts 14C age biases up to ≈1500 yr. In contrast217

to the large mass laws required for this hypothesis, I find that b values for all investigated kinetic and equilibrium218

fractionation process are within the canonical range of 1.8 to 2.0 (Fig. 1; Tables 2–3). Similarly, I show that large219
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expressed b values in multi-step reaction networks are only possible when overall fractionation trends to zero, thus220

imparting no appreciable age offset (Fig. 2). This finding is consistent with all literature mass-laws for biological and221

chemical processes for carbon, oxygen, and sulfur triple-oxygen isotope systems. Even when including experimental222

results that were subsequently disproven as artifacts (see e.g., Southon, 2011), I am unaware of any literature b value223

for the triple-carbon isotope system above ≈ 5 (Stern and Vogel, 1971); this is ≈ 2× lower than the minimum value224

and ≈ 60× lower than the maximum value required to explain the results of Lane et al. (2021). In contrast, so-called225

“mass-independent” fractionation—which has been observed in the triple-oxygen and triple-sulfur isotope systems—226

would lead to b ≈ 1.0 (e.g., Thiemens and Lin, 2021). Still, this phenomenon is limited to gas-phase species in which227

an isotope substitution imparts asymmetry, which doubles the accessible rotational states compared to the symmetric228

isotopologue (Thiemens and Lin, 2021; Young et al., 2002). This is not the case for the reactions considered here.229

I thus conclude that b values for all steps during lipid biosynthesis fall within the canonical range and that isotope230

fractionation cannot explain large apparent 14C age offsets.231

Furthermore, Lane et al. (2021) hypothesize that differences in observed 14C age offsets imply species-specific232

biosynthetic mass laws, further complicating the interpretation of biomarker 14C ages. However, this interpretation233

would require an unprecedented level of biosynthetic mass-law variability, particularly between species within the C3234

angiosperms (b ranging from 26.2 to 123.8; Table 1). Even if b values as high as 123.8 were possible, this species-235

specific variability is highly suspect for several reasons.236

First, although many proteins are involved in the overall biosynthesis of acetogenic lipids, several steps occur237

in different subunits of the multi-enzyme fatty acid synthase protein, which is highly conserved (Wakil, 1989). In238

particular, the amino acid sequences involved in the ester binding of acetyl and malonyl groups exhibit high homology239

across multiple domains of life (Yang et al., 1988; Wakil, 1989); these (reversible) binding steps ensure substrate entry240

into the subsequent synthesis cascade. Such high sequence homology therefore implies that this critical step of the241

biosynthetic pathway will exhibit similar active-site structure and thus similar fractionation factors and mass laws242

across all species.243

Second, even if fatty acid synthase active sites between species are variable—or if a different, less conserved244

enzyme imparts the observed isotope fractionation—the range of b values invoked here is inconsistent with inter-245

species net mass-law variability observed for other multiple-isotope systems. For example, Wing and Halevy (2014)246

observe 33λ values ranging from 0.506 to 0.516 (equivalent to b = 1.94 to 1.98 in the nomenclature used here) for247

different sulfate reducing bacteria under different nutrient conditions, even as 34α values exhibit large variability.248

Similarly, Ash et al. (2020) describe 17θ values between 0.523 and 0.525 (equivalent to b = 1.90 to 1.91) for different249

O2-binding enzymes involved in oxic respiration. In addition to being within the canonical mass-law ranges for triple-250

sulfur and triple-oxygen isotope fractionation, observed variability in both of these studies is three orders of magnitude251

smaller than the range in species-specific b values invoked by Lane et al. (2021).252

Finally, large b variability may be possible at the 13α crossover point; however, all 13C fractionations reported253

in Lane et al. (2021) are far from this point (Fig. 2). Although the reaction network used here is highly simplified,254
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solutions to Eq. 15 suggests that b cannot exceed ≈ 2.4 within the observed 13αlipid/leaf range (Fig. 2C). A more255

complicated reaction network is unlikely to invalidate this result. Interestingly, Chikaraishi et al. (2004) do observe256

C3 angiosperms with n-alkanoic acid δ13C values similar to—or slightly higher than—bulk leaf tissue δ13C, suggest-257

ing that acetogenic lipid biosynthesis near the crossover point may be possible. Nonetheless, I emphasize that this258

phenomenon will not impart an appreciable 14C age offset since ln
(

13α
)
→ 0 at the crossover point (Eq. 8; Fig. 2B).259

Thus, the claim that different plant species will biosynthesize acetogenic lipids following highly variable b values260

is inconsistent with the known biochemistry of fatty acid production, enzymatic isotope fractionations, and all other261

observed biological mass laws—with a possible exception at the 13C crossover point, where no 14C age offset is262

expressed.263

3.3. Interpreting anomalously old 14C ages264

Because biosynthetic fractionation cannot explain the anomalously old 14C ages observed in Lane et al. (2021), this265

result must instead reflect incorporation of 14C-depleted contaminant carbon. Similar biomarker age offsets have been266

observed previously and have been interpreted to reflect contamination by petrochemicals such as gas chromatography267

column bleed, residual solvent, urea, etc., during sample preparation (Table 1; Eglinton et al., 1996; Cisneros-Dozal268

et al., 2016). Many of these contaminants are removed by preparatory-column gas chromatography, which is typically269

utilized when isolating individual compounds for 14C analysis (Eglinton et al., 1996); however, this method was not270

employed by Lane et al. (2021). Interestingly, Lane et al. (2021) considered but ultimately dismissed possibility that271

their results reflect 14C-depleted blank contributions since their sample preparation procedure was careful to avoid272

possible contamination steps. However, no thorough blank assessment was performed. For example, previous blank273

assessment studies using the “modern-dead” isotope dilution approach—in which deviations from accepted F14C274

values for a suite of known standards are measured—have revealed large and variable contaminations, particularly for275

small samples and individual compounds (Santos et al., 2010). A similar blank assessment for the sample preparation276

procedure used in Lane et al. (2021) would be highly informative.277

One plausible alternative explanation may be fossil-fuel derived deposition. Although Lane et al. (2021) were278

careful to avoid sampling near population centers, their sample site is ≈40 km from the 1600 MW coal-fired Weather-279

spoon Power Plant, which is known to emit aerosols via cooling towers (USDOE, 2007). Aerosol deposition on plant280

leaves is well documented (Wedding et al., 1975); if deposited aerosols are rich in apolar and aliphatic compounds,281

then this deposition may survive aqueous cleaning steps and impact the extracted n-alkanes while having a minor or282

negligible impact on bulk leaf tissue 14C ages. Still, this explanation remains speculative.283

4. Conclusions and outlook284

Simple mass-law approximations and computational chemistry results indicate that each investigated step of the285

n-alkanoic acid biosynthetic pathway is described by canonical kinetic and equilibrium b values between 1.8 and 2.0,286
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consistent with all previously reported biological and chemical processes (e.g., Fahrni et al., 2017; Southon, 2011;287

Bigeleisen and Wolfsberg, 1953; Bigeleisen, 1949; Stern and Vogel, 1971). Using a simplified reaction network,288

I show theoretically that non-canonical b values can be expressed for multi-step (enzymatic) reactions such as n-289

alkanoic acid biosynthesis, but only at “crossover” points when ln(13αnet
p/r ) → 0. This behavior has been shown290

previously for several isotope systems (Stern and Vogel, 1971; Bao et al., 2015), and it may explain the only reliable,291

experimentally determined, non-canonical 14C mass law reported in the literature—the two-step enzymatic hydrolysis292

of urea (b = 3.17±0.38; Schmitt et al., 1952). Because large b requires ln(13αnet
p/r ) ≈ 0, fractionation leads to maximum293

14C age offsets on the order of decades, similar to the 14C analytical uncertainty. I therefore conclude that biomarker294

14C ages are robust to isotope fractionation during biosynthesis and that they can be confidently interpreted as a tracer295

for storage and turnover time in the environment after proper blank correction.296
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Figure 1: Calculated isotope effects. (A) 13α
eq
p/r, (B) beq

p/r, and (C) 14C age offsets for a suite of equilibrium reactions involving product (p) and

reactant (r) compounds relevant for acetogenic lipid biosynthesis plotted as a function of reaction temperature. Compound numbers refer to: [1] =

acetyl-ACP, [2] = acetyl-CoA, [3] = malonyl-ACP, [4] = malonyl-CoA, [5] = acetoacetyl-ACP, [6] = pyruvic acid, [7] = acetyl-ACP enolate, where

CoA = coenzyme-A and ACP = acyl carrier protein (truncated at the phosphopantetheine group). Also shown in (B) are the predicted ranges of

kinetic b values for all compounds reported in Table 2 (µ± 1σ, n = 11) calculated using either their molar masses (i.e., diffusive processes) or their

reduced masses (i.e., bond-breaking processes), as well as the high-temperature monoatomic equilibrium limit (b = 1.854) and the reference line

value used to report all 14C ages (bRL = 2.00). Note that many of the reactions reported here are enzymatically catalyzed and thus do not operate in

equilibrium in nature; nonetheless, equilibrium isotope effects represent a useful limiting case when exploring the possible range of 14C age offsets

due to fractionation.
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Figure 2: Expressed isotope effects for a multi-step reaction network. Monte Carlo results (n = 5000 iterations) for the reaction network

r
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2
−−−→ p showing (A) 13αnet

p/r and (B) 14C age offsets plotted as a function of f , the degree of reversibility for reaction step 1, and (C) bnet
p/r

plotted as a function of 13αnet
p/r . Also shown in panel (C) are the calculated b values for n-alkane biosynthesis relative to bulk leaf tissue that would

be required to explain the 14C results of Lane et al. (2021) (Table 1). These values are clearly inconsistent with Monte Carlo predictions, even

when considering that the model calculations performed here encompass all known values for all input parameters (Section 2.4) and are therefore

expected to yield the broadest possible b range. In contrast to the interpretation of Lane et al. (2021), these results indicate that non-canonical b

values are only possible at “crossover points” when ln(13αnet)→ 0, as has been reported previously for other isotope systems (Bao et al., 2015).
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