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Abstract. The cycling of**CH, (“radiomethane”) through  surement has provided another tool for understanding the
the atmosphere has been strongly perturbed in the industriajlobal methane cycle because of the discriminatf@ con-

era by the release df'C-free methane from geologic reser- tent among methane sources. In particular, methane originat-
voirs (“fossil methane” emissions), and in the nuclear era,ing from geologic reservoirs whose carbon has been isolated
especially since ca 1970, by the direct release of nucleogenifrom the atmosphere for at least tens of millennia is either de-
radiomethane from nuclear power facilities. Contemporaryvoid of 14C or has immeasurably small levels. Such “fossil
measurements of atmospheric radiomethane have been usetktthane” sources have both natural and anthropogenic ori-
to estimate the proportion of fossil methane in the globalgin.

methane source (the “fossil fraction”), but such estimates Natural fossil-methane sources include terrestrial and ma-
carry high uncertainty due to the ill-determined nuclear-rine gas seeps, geothermal and hydrothermal systems, mud
power source. Guided by a mass-balance formulation in aolcanoes, and clathrate destabilization. Their average ag-
companion paper, we apply a contemporary time series of atgregate emission is generally considered to be small, usually
mospheric radiomethane to quantify both the fossil fractionup to~10 Tgyr! (e.g. Lelieveld et al., 1998; Houweling et
and the strength of the nuclear power source. We deduce thail., 2000). However, some well-founded estimates are much
30.0+2.3% (1s.d.) of the global methane source for 1986—larger,~50 Tgyr! (Lacroix, 1993; Judd, 2000; Etiope and
2000 has fossil origin, a fraction which may include some Klusman, 2002; Etiope, 2004), making such sources much
14C-depleted refractory carbon such as from aged peat demore significant.

posits. Since this estimate depends upon the validity of as- Anthropogenic fossil-methane sources include methane
sumptions underlying a linear regression model, it should beyentilated from coal mining operations or otherwise out-
seen as providing a plausible re-estimate rather than a defingassed from coal seams (including from abandoned coal
tive revision. Such a fossil fraction would be much larger (by mines), well-head losses from oil and gas mining operations,
50%) than is commonly accepted, with implications for in- reticulation losses from natural gas distribution networks,
ventory compilation. The co-estimated strength of the globaland incomplete combustion of fossil fuels. Peat mining may
nuclear-power source of radiomethane is consistent with valalso releasé*C-depleted methane.

ues inferred independently from local nuclear facilities. Methane emissions from fossil fuel mining are strong tar-
gets for emission-abatement measures, not only for the envi-
ronmental benefit, but also for the economic gain in retaining
the methane for use as a fuel. Determining the extent of those
emissions is important for developing such measures.

Measurement of th&C content in atmospheric methane be- Adgregate fossil methane emissions are usually assessed
came much more feasible with the advent of accelerator mast about 90-120 Tg yr, or about 20% (the “fossil fraction )
spectrometry in the 1980s which is less demanding on samof the total methane source (e.g. Prather et al., 2001). This es-
ple size by 3-4 orders of magnitude than the proportionaltimate is directly attributable to systematic determinations of

counting systems that it has largely displaced. This mea@tmospheri¢“CH; (‘radiomethane”) first reported by Lowe
et al. (1988). Such determinations, although painstaking and

Correspondence to: K. R. Lassey expensive, enable a top-down estimate of the fossil fraction
(k.lassey@niwa.co.nz) that is not readily obtainable by alternative measurements.

1 Introduction
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Table 1. Estimates of fossil fractionf, based on measurements of atmospheric radiomethane.

Investigators Sampling Site Period Fossil Fraction
Ehhalt (1974) miscellaneous 1949-1960 <20%

Lowe et al. (1988) Baring Head, NZ 1987 32%23%)
Wahlen et al. (1989) Mainly N. America 1987 23% (1?s.d.)

Manning et al. (1990) Baring Head, NZ 1987-1988 24% (17-26%)
Quay et al. (1991) Olympic Pen., WA 1987-1989 H1R% (2s.d.)
Quay et al. (1999) Olympic Pen., WA 1987-1995 4886 (2s.d.)
This work Mainly Baring Head 1986-2000 3&:2.3% (1s.d.)

Table 2. Estimates of the “NPR factor'g, characterizing the spheres. Lassey et al. (2007) ShQW that the growth in NPR,
strength of the nuclear-power source of radiomethane from pres-ﬂc’derated by the superposed tail of the propagating bomb
surized water reactors, as compiled by Lassey et al. (2007). Uncer- C Pulse, is the main determinant of the growth in atmo-

tainty estimates are:1 s.d. spheric radiomethane above a baseline that is largely deter-
mined by the mean fossil fraction prevailing over the preced-
Investigators Reactor Site Reactor NPR factor ing few years. These distinct roles gfand¢ permit their
Design  (GBqGW!yr—1 simultaneous assessment.

Kunz (1985) NY, USA USA 298 Section 2 summarises from Lassey et al. (2007) the
Kunz (1985) NY, USA USA 179 description and related definitions of radiocarbon cycling
Veres etal. (1995)  Paks, Hungary ~ Soviet 540 through the biosphere, particularly the propagation of the
Elsma et al. (1995)  W. Europe arous 3639 bomb4C pulse. Section 3 presents the mathematical frame-
This work global all 286:26

work that allows the fossil fraction and NPR factor to be eval-

uated through regression analysis; this section can be skipped

by the reader with no interest in that framework. Subsequent
4-Sections present and discuss the numerical results and their

Table 1 reports the fossil fraction estimated this way, inclu > F .
uncertainties, followed by the conclusions.

ing the pioneering estimate by Ehhalt (1974) based on oppor
tunistic pre-1960 measurements. The most recent estimate
of 18+9% (Quay et al., 1999) covers a 9-year dataset, 19872 The role of bomb4C cycling
1995. The large uncertainty in this estimate results from a
significant source of radiomethane being very poorly quan-Bomb 14C is generated through the reaction of atmospheric
tified: nucleogenic radiomethane sourced and vented frond4N with intense neutron fluxes produced by nuclear-weapon
nuclear power facilities (e.g. Kunz, 1985). detonations in the atmosphere. Such weapon tests were
In a companion paper, Lassey et al. (2007) analyze the ramainly in the late 1950s and early 1960s, with 1962 the single
diomethane cycle and its evolution during the nuclear era, exmost prolific year. Following the Limited Test Ban Treaty in
posing the influence of: (a) “bomi¥C”, produced in the at- 1963 only relatively few and isolated tests were conducted by
mosphere by nuclear weapons tests, propagating through th@on-signatories France and China (Hua and Barbetti, 2004,
biosphere into the radiomethane cycle; (b) “nuclear-powerFig. 1). The oxidation product*CO,, was at its peak abun-
radiomethane” (NPR) generated in the fuel and coolant ofdance in 1964-1965, almost doubling the level of a decade
nuclear power facilities and vented to the atmosphere; ancarlier, before declining with the transfer of ¢@® other car-
(c) the fossil fraction of the methane source. The NPR sourcéson pools through photosynthesis and ocean dissolution.
strength is is parameterized by Lassey et al. (2007) and by Photosynthetically-fixed carbon is a substrate for methane
others as proportional to the electrical power generated byroduction, whether by microbial action, through biomass
PWRs (pressurized water reactors), which are the most proecombustion, or via the unknown mechanism of plant-sourced
lific NPR producers. The constant of proportionality, here- methane recently discovered by Keppler et al. (2006). We re-
after termed the “NPR factor” and expressed in GBGHa) fer to the methane so produced as “biospheric methane”, and
per GW,-yr generated by PWRs, has been estimated from rato its radiomethane content as “biospheric radiomethane”
diomethane measurements at or near individual facilities o(BR). Lassey et al. (2007) model bioshperic carbon dynam-
regional air monitoring. Such estimates vary 3-fold (Table 2).ics by specifying a distribution of “biospheric lag times”,
This paper addresses the simultaneous assessment of th&tiag), which, without guiding data, they take to be an ex-
fossil fraction (f) and the NPR factor¢() based on at- ponential distribution:
mospheric radiomethane data since 1986 from both hemi-
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Fig. 1. A scatter-plot of 230 individuaP 4 () measurements (72 and 158 in the Northern and Southern Hemispheres marked green and blue)
made by several research groups and kindly supplied for the composite record. Error bars (1 s.d.) are shown where supplied. Also shown is
the annualised binned record, the means in each hemisphere in each calendar year averaged over the hemispheres, and the linear regress
fit to that binned record with equation aid value. Only the binned means are used in calculations reported in this paper.

F(tag) = Tlgé exp(—tiag/ Tiag) (2) in which the overdot signifies time derivativ€, and S are
S the tropospheric burden and source, andis the radioac-

The sole_pgrameter.of this _d|str|put_|on, the mean (anq stangye decay constant (8267 yi). Methane quantities are ex-

dard deviation) lag timeiag, is optimized by matching sim- pressed in Tg(C), radiomethane in GBg. Tropospheric re-

ulations to radiomethane data for Antarctic firn air, yield- .o\ 4 rates of methane and of radiomethananda 4, are
ing 71ag=6 years (D. M. Etheridge, personal communication, yg|5ted through mass-dependent isotope fractionation:
2006). The uncertainty in this estimate is difficult to quantify

accurately, but is of ordet50%. A A4C time series can  A14(t) = a?h12(t) ~ A 5)
then be constructed for the global biospheric methane source ) _ _ _

tive decay (Eq. (6) below). The definition af*C is (Stuiver Dependences updfii4 andSi4 can be transformed to de-
and Polach, 1977): pendences upon their respectitd*C, or more succinctly
) upon P4 and Ps defined by:
A 0.975
Un_ As (Y900
ATC= Aabs<l+513C> 1 (2) PA(I)=1+AA(I)

Here, Ag and Agps are respective activities in the sample Ps(t) = 1JgOABR(’)

corrected for radioactive decay since the date of collection, — / (1+ Acoa(t — 1)) F(¢'yexp(—hgt)dt  (6)
and in the “absolute international standard” defined for 1950. '

The accepted value foAgps is 0.2260+0.0012 Bq gCl

. . 14 . .
(Stuiver, 1980) in which 1 Bg converts to 433.2 fméft). in which A4 (1), Apg(1), Acoa(r) are theA™C time se

ries for atmospheric methane, for the biospheric methane

source, and for atmospheric GQespectively. Expressed as

3  Mathematical framework percentagesP,4 (t) and Pg(¢) are the “percent modern car-
bon” (pMC) time series for atmospheric methane and its bio-

We develop a regression approach to calculating simultanespheric source. From definition (2) can be derived:

ously: (i) the fossil fraction of the methane sourge,and

(ii) the NPR factorg. Each is necessarily averaged over the C1a=rKaCPy @)

“regression interval” which is within the period 1986—2000. S14 = Sypr + (1 — f)ksSPs (8)
The mass balance equations for total methane and for ra-

diomethane are, respectively where

. 13-\ 2

C._S re ®) Kj = 1+ Aaspbs j=A or S 9)

C14= S14— (AM14+ 2r)C14 (4) 0.975

www.atmos-chem-phys.net/7/2141/2007/ Atmos. Chem. Phys., 7, 2141-2149, 2007
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Table 3. The fossil fraction,f, and “NPR factor”,¢, and their

sensitivity to the choice of both the regression interval and the bio-

spheric lag function, Eq. (1). All uncertainties atd s.d. in the
regression fit.

Regression 1j5g Fossil NPR factor
Interval ~ (yr)  Fraction  (GBgGW!yr1
1986-2000 6 30482.3% 286:26
1986-1995 6 29483.2% 283:32
1991-2000 6 29465.1% 28438
1986-2000 3 2652.4% 27625
1986-2000 4.5 28:62.3% 283:25
1986-2000 9 30:82.3% 27#25
1986-2000 12 284#2.3% 26024
1986-2000 nfA 29.24+2.2% 28625

@1n place of the distribution of lag times given by Eq. (1), the time
lag 71ag is taken to be exactly 6 years.

Time dependences are suppressed, and the expressifig for
explicitly segregates the NPR and BR sources. TextG

ands13Cy denotes?3C values in the atmosphere and mean

source, implying a neglect of variations(ih+ §13C) among

biospheric sources and incurring minor error that we addres
below. Without such neglect biogenic and pyrogenic con-

tributions to S14 would have different weightings, and the

source could not be characterized as having merely “fossil’

and “non-fossil” components.
Substituting Egs. (5, 7) into (4) yields

S14 = K4 {CPA(QZ)» +ARr) + CPA + CPA}
which, through substituting Eq. (3) f@f can be recast

S1a= kA {SPA 4+ CPy+CP, (AR —a- az))\)} (10)

The first term of Eq. (10) is numerically dominant, account-

ing for ~95% of the total in our numerical application of
Sect. 4. The third term accounts forl%. We treatP, as
constant to be evaluated by regressitgr) ont.

The NPR source is parameterized as

Snpr() = ¢G(1t) (11)

K. R. Lassey et al.: Radiomethane cycling and the fossil fraction of methane

in which
m=¢/S

The three contributions in Eq. (12) tB(r) are those in
Eqg. (10) toS14: the first term is “numerically dominant”,
the second “numerically minor”, and the third “numerically
ignorable”. Thusf and ¢/S are expressed in terms of
measurement-based entities together §itim the numeri-
cally minor term, andag through Egs. (6) and (1).

Provided that there is a large enough spread (n) and
Y (r) values (i.e. a long enough regression interval), a linear
regression ot on X yieldsb as theY -intercept andn as the
slope, from whichf and¢ follow by inverting Eqgs. (14). An
assumption here is th&thas not changed systematically over
the regression interval, which is consistent with some inter-
pretations of budget changes since ca 1986 (Dlugokencky et
al., 1998, 2003; Cunnold et al., 2002). However, a claim of
no systematic change ifi over 1986—2000 could be ques-
tioned (e.g. Dlugokencky et al., 1994; Bousquet et al., 2006),
leading us to cross-check using 10-year sub-periods 1986—
1995 and 1991-2000 as regression intervals.

Thus m and thereforep are determined by the rate of
growth of the PWR industry compared with that of atmo-
gpheric radiomethane (taking account of the shape of the tail
of the bomb!%C pulse whichrjag characterizes), whilé
and thencef are determined by the level of atmospheric ra-
diomethane that is attributable solely to biospheric sources.

and b=(1- Frs/ka (14)

4 Results

The fossil fractionf and NPR factorp are evaluated by
regression, Egs. (12-14), over the interval 1986-2000. All
contributing terms td (¢) are included.

The annualized time serigs(¢) andY (¢) of Eq. (12) are
computed usings () reported by Lassey et al. (2007, Ta-
ble 3); P4(¢) is from the annualised series, (¢) similarly
reported (ibid, Fig. 6), as i&\co2(?) (ibid, Fig. 4) which
is sourced from Hua and Barbetti (2004), a€¢) (ibid,
Fig. 1) sourced from MacFarling Meure et al. (2006). The
P4(t) data comprise bins of data from several investiga-
tors that weight each hemisphere equally (noting that 69%
of the underlying data is from the Southern Hemisphere,

in which G(¢) is the time series of PWR-generated electrical Mainly Baring Head, New Zealand), and some statistical con-

power (Lassey et al., 2007, Table 3) expressed in.GW
Expressions (8) and (10) fdf4 can be equated, and the

sequences are discussed in Sect. 5. Regregitg on ¢
yields 0881+0.089 pMC yr1 (1s.d.) for the time deriva-

result configured as a linear regression problem by definingtive P, with R=0.88 (Fig. 1). This value agrees well with

4G
X(t):KAlP—S

Py  CPy CPy ’
Yt)= —+ —— AR — (A — A 12
o PS+SPS+SPS(R (1-a?3) (12)
again with time dependences suppressed, so that
Y@)=mX(@)+b (13)

Atmos. Chem. Phys., 7, 2141-2149, 2007

0.8+0.1 pMC yr1 reported by Quay et al. (1999) for 1987—
1995. Other parameter values are taken from Lassey et al.
(2007): —47.440.4%o for §13C,; 560+40 Tg(CHy) yr—1 for
S; 0.994+ 0.002 fora; 8.6+0.5yr for A~1. Results reported
below are insensitive to variations within these uncertainty
ranges.

Figure 2 shows the resulting regression fittobn X. The
fit is of surprisingly high quality g2 0.96) and yields

www.atmos-chem-phys.net/7/2141/2007/
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Fig. 2. A plot of Y (r) versusX (¢) as defined in Eg. (12) and of the linear regression lin& oh X whose equation an#t? value are also
shown.

slope m=0.680+0.036 GBq GW ' Tg(C)™! and intercept ~ While the highR? in the regression fit (Fig. 2) is encourag-
»=0.689+0.022 (1s.d.). ing, apparently-systematic “wobbles” about the linear fit are

The global §13Cs is characterised by—54+5%  unexplained. Moreover, even a slight curvature on the “real”
(e.g. Lassey et al., 2007) in which the exaggerated unsmodel fit would significantly affect th& intercept and there-
certainty (1s.d.) accounts for variability i#3C among fore the inferred fossil fractionf. In addition, it is worth
individual sources that are predominantly biogenic. Theemphasising that the intercept actually measytiesf), so
fossil fraction and NPR factor inferred from Eq. (14) are:  thataslong ag <0.5 the proportional error itff exceeds that

in (1—f).

A regression model as applied (for bof ont, andY
on X) is based on the assumption that all “measured” val-
ues ofy for a givenx are drawn from a population whose

implies thats13C variability among biogenic and pyrogenic mean is linearly related tg, and additionally Whose vari-
methane sources is unimportant, while the assumed uncef¢€ 1S independent of With the latter assumption, errors

tainty in S (7.1%) is the main determinant of that#n(8.9%). incurred in measuring valu_es need not be sp_ecmed, and
the regression analysis estimates the total variance (of both

To test th nsitivity of th results t mptions, w - )
havZ ssrforﬁwég tie fo)I/IgwingeSr?urﬁtsa:cZI ?eztsssuwi?h ?e:l’mjmown and unknown origin) based on fluctuations about the
’ linear fit. With each annual bin aP4(¢) data, the underly-

reported in Table 3. (i) We restricted to 10-year regression. ; . . .
intl?ervals 1986—1995( ?’:md 1991-2000. to tgst whegther aning confidentially-supplied data have variable and often un-

)épecified quality (Fig. 1). While data in the early part of the
trends emerge. (ii) We applied fougg values to distribution . C : . .
(2) roughly reflecting the uncertainty and likely extremes for reco.rd. have hlghe_r uncertainty, t_yp|cally :.3_.5@ until ca 1988
L o declining to~1%. in ca 2000 (Fig. 1), this is compensated
Tiag. (iii) We simplified the lag distribution of Eq. (1) by tak- . )
ing 11ag to be exactly 6 years (equivalent to a “Diradunc- by a much greater m_easurement frequency in the garher pe-
tion” for F (fiag)). All RZ values exceed 0.9 with the smallest riod (189 out of 230 included measurements were in 1986—

values (0.91 and 0.94) for the two 10-year intervals as wouldl.ggz)' Thus It seems adeqL_Jate, t.)Ut not rigorous, to asso-
be expected. ciate ar-independent uncertainty witB4 (¢), which Lassey

et al. (2000, Fig. 6) assess20.7 pMC, noting that a more
complex and subjective weighted least-squares fitting proce-
dure forP4 would appear unjustified for a numerically minor
term.

f=300+23%, ¢ =286+26GBq(GW,-yr)~! (15)

The uncertainty (1s.d.) irf is dominated by that i» with
minimal influence from that associated wish3Cg which

5 Uncertainties

Confidence intervals reported in Table 3 are “regression er- A particular vulnerability of this analysis arises if quanti-
rors” (1s.d.) as they emerge from the linear regression modefies assumed to remain constant during 1986—2000 in fact
of Egs. (12-13) and its underlying assumptions. Errors assovaried systematically. This includes both and ¢ (or,
ciated with the validity of that model are necessarily absent.strictly, ¢ /S=m) themselves. We tested for such variation by

www.atmos-chem-phys.net/7/2141/2007/ Atmos. Chem. Phys., 7, 2141-2149, 2007
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performing comparative regression fits for each 10-year re-P,=1.195+0.082 pMC yr ! and the corresponding and¢
gression interval 1986—1995 and 1991-2000. While a pooreare 282+3.3% and 28832 GBq (GW.-yr)~2: (ii) for subin-
quality fit (lower R2) would be expected to accompany the terval 1995-2000P4 =0.564+0.153 pMC yr1 and the cor-
shorter interval, each of the regression-fitfednd¢ differed respondingf and¢ are 311+5.1% and 27838 GBq (GW.-
insignificantly, both between the two 10-year intervals, andyr)~1. This confirms that neithef nor ¢ are sensitive to the
with the common 15-year interval (Table 3). This suggestsparticular choice of?,, as would be expected from its con-
that systematic changes in the methane budget were eithdinement to a numerically minor term.
insignificant or unimportant to this analysis. Nevertheless, Binning the underlyingP, (¢) data effectively discards in-
the constancy off or ¢ over 15 years could be challenged, formation while reducing the scatter on a plotRf(r) ver-
and we consider these in turn. susrt. Figure 1 shows the scatter among the underlying 230
As noted, Dlugokencky et al. (1998, 2003) and Cunnolddata points together with the binned data and its regression
et al. (2002) report that the secular growth in atmosphericfit. The binning process averages all data in each hemisphere
methane in the 1990s was consistent with an unchangingn each calendar year and then averages the hemispheres. It
global source (but not necessarily an unchanging geograplis clear that extracting trend information from such scattered
ical distribution). In particular, Cunnold et al. (2002) argue data is not unambiguous, and a trend determined through un-
that without changes in the sink strength “emissions wereweighted regression of the binned data is subject to much
approximately constantH20Tg) from 1985 to 1997 but more uncertainty than is captured in the regression statis-
that in 1997 emissions increased by approximately 37 Tg".tics. However, as long as that uncertainty-isdependent, it
This constancy is despite appreciable inter-annual variabilwill contribute uniformly to the error in al¥ (¢), and there-
ity throughout the 1990s (Simpson et al., 2002; Bousquet efore not violate the assumption underlying unweighted re-
al., 2006) commencing with a marked decline in atmospheriagression that’ values are drawn from a population wik
growth rate in ca 1991 (Dlugokencky et al., 1994). Variationsindependent variance.
as have been observed have been attributed to effects of the In summary, while our regression-based analyses place ap-
Mt. Pinatubo eruption (in 1991), to climatic effects such as parently tight limits onf and¢ (Table 3) there are unquan-
on wetlands (Bousquet et al., 2006), to variations in biomassifiable errors associated with the validity of the assumptions
burning (Simpson et al., 2006), but not to variations in fossil underlying the linear regression model, for batfa(z) on ¢
methane emissions. andY on X. Included in these assumptions are that NPR is
It could be argued that the global-mean NPR fagtor emitted “instantly” at a rat¢ G (r) from a PWR industry that
would vary with time in the event that different NPR fac- is generating electrical power at raf) (an assumption
tors were associated with different reactor designs and thaiade by all investigators reported in Table 1). Consequences
global electricity production by nuclear facilities were gen- of a poorly-knownP, are minimised by its minor numeri-
erated by a changing mix of designs. In particular, Veres efcal importance. Furthermorél— f) is inferred from they
al. (1995) suggest that Soviet-designed PWRs produce morgtercept of theY on X regression line and could be sen-
14C effluent than western-designed PWRs, as evidenced byitive to any non-linearity, for whatever reason, in the real
measurements near the Paks, Hungary, reactor facility (Tarelationship betweery and X. Thus we believe that our
ble 2), because the use of nitrogen solutes as chemical regesults should be taken to indicate thatould be as high
ulators in the primary coolant allows greaté€ production  as 30%, which if true would imply a significant adjustment
through the'*N(n, p}“C reaction. However, Lassey et al. to the global methane budget as currently understood (e.g.
(2007) reported that of the electricity production by PWRs, Prather et al., 2001).
the proportion generated by those of Soviet design did not
change significantly over 1986—2000, averaging314.4%
(1s.d.). Consequently, there is no reason to expect a systeng- Discussion
atic change inp during this interval from a changing PWR
mix, unless due to systematic changes in PWR managements novel approach of this work is in the construction of a
or due to influence from non-PWR facilities. Our estimate A4C time series for the global biospheric methane source,
for ¢ should therefore be associated with an enduring 86:14A gz (¢). Such measurements afzg as have been reported
mix of electrical power from western:Soviet PWRs. for methane sources have poor global and temporal cover-
In addition to vulnerability to systematic variations fn  ages: most are confined to the late 1980s and early 1990s,
and¢, P, is another parameter whose value and constancyand mostly in wetland and rice paddy sources (Lassey et
could be questioned (Fig. 1), even if it appears only in theal., 2007, Table 4). We have appealed to the analysis by
numerically minor term o (z). All results reported in Ta- Lassey et al. (2007) who relate radiomethane content in the
ble 3 employP,=0.881+0.089 pMC yr-! as determined by  global biospheric source to that in atmospheric,G®prior
reg(ession ofP4(¢) ont over the full 1986-2000 interval. photosynthesis at mean timgg earlier. The latter time se-
If P4 were determined over the same interval as the re+ies,Aco2(?), is adequately characterized (Hua and Barbetti,
gression ofY on X, then: (i) for subinterval 1986-1991, 2004; Lassey et al., 2007, Fig. 4). Lassey et al. (2007) show
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that jag is constrained to about 6 years by Antarctic firn air clude unaccounted-for sources such as abandoned coal mines
data dated to the 1970s when the botf® pulse was prop-  (e.g. Kirchgessner et al., 2000).
agating through the radiomethane cycle. That choicga.gf The estimated NPR factor is within the range of values de-
does not seem critical to this analysis (Table 3). Thus, in eftermined at individual sites (Table 2), and consistent with a
fect, our computational strategy divides the global methangop-down estimate for Western Europe (Eisma et al. 1995).
source into two fractions: a fractiofi— /) whose carbon Itis also consistent with analyses by Lassey et al. (2007) who
was last photosynthesized 6 years earlier on average; andemonstrate that for a source construction that includes about
a fraction f fully devoid of radiomethane. In such a 2- 21-23% fossil methane (based on EDGAR anthropogenic
fraction source,f may include refractory carbon such as sources: Olivier and Berdowski, 2001) the value foof
aged 1“C-depleted carbon in peatlands, a possibility thatabout 190 GBq GW'yr— that gives the best fit between
amounts to a conceptual definition of “fossil methane” to in- simulated atmospheria*C and data is too small for the
clude some peat emission. However, such an ambiguity ofyrowth rate inA4C to be fully captured. Lassey et al. ar-
inclusion cannot be overcome by using poorly representativeyue that a fossil fraction appreciably exceeding 21-23% in
BR source data to characterize all major biospheric methanéandem with a largeg would improve that simulation.
sources.

A fossil fraction estimated at 30+2.3% for 1986—-2000
is quite robust againstag at least in the range 4.5-9 years 7 Conclusions
(Table 3), and can be compared with estimates by other re-
searchers within the same time period (Table 1). Lowe etWe have calculated simultaneously the fossil fractjom
al. (1988) made the first definitive estimate at 32% whichthe global methane source and the source strength of direct
Manning et al. (1990) subsequently revised to 24%. Wahlerfradiomethane emissions from global nuclear power facilities.
et al. (1989) incorporated a relatively extensive but localizedThe latter is the “NPR factor'g, which is the radiomethane
dataset ofA14C from methane sources to estimate the fos-production per unit of electricity generated from pressur-
sil fraction at 21-3%, but with undocumented derivation of ized water reactors. This calculation exploits the fact that
uncertainty_ The most recent estimate of-B®%6 (Quay et the gl’OWth in NPR (nuclear power radiomethane) since the
al., 1999) used a 9-year dataset of atmospheric radiometharkd80s is the principal cause for the growth in atmospheric
from Olympic Peninsula, Washington. While the definitions A*C(CHa), while the base level im'“C(CHy) is largely
of these various uncertainties are not always clear, the uncefletermined byf. This enables botfy and ¢ to be deter-
tainties themselves are dominated by the uncertain strengtined with greater certainty than determinifigilone in the
of the nuclear-power source. With estimates apparently conpresence of a very uncertagn Our best estimates during the
verging toward about 20%, this value has become viewed ageriod 1986-2000, when the character of the methane bud-
a strong constraint when constructing methane source invergét is not believed to have changed markedly (Dlugokencky
tories (e.g. Prather et al., 2001), suggesting a fossil sourcét al., 2003), are as reported by Egs. (15), though these esti-
of ~90-120Tg yrl. The present work is the first attempt mates do depend upon the validity of assumptions about the
to fully utilize data from atmospheric radiomethane mon- quantitative determinants of radiomethane release rates.
itoring to simultaneously constrain both the fossil fraction ~ Our estimate off is higher than, though consistent with,
and strength of the nuclear-power source, and interestinglghe most recent estimate of £8% (probably a 95% confi-
favours a value for the former quite close to the original Lowe dence interval) by Quay et al. (1999). The higlfers also

et al. estimate. able to accommodate suggestions of a much larger natural
Bottom-up estimates of the anthropogenic fossil-methanegeological source of methane than is widely applied to in-
emission are generally of similar magnitude to th®0-  ventories (Lacroix, 1993; Etiope and Klusman, 2002; Etiope,

120 Tgyr ! based on a-20% fossil fraction (e.g. 92 Tgy* ~ 2004).

for EDGAR 3.2: Olivier and Berdowski, 2001). Such esti-  Ourapproach to calculatingarguably provides a superior
mates are generally accepted on the basis that natural fogstimate for radiomethane production by the global PWR in-
sil emissions are minor, typicallr10 Tgyr-l. However, dustry to those based on individual sites with their individual
following Lacroix (1993) and others, Etiope and colleaguesengineering designs, managements and gas-vent sampling.
(Etiope and Klusman, 2002; Etiope, 2004) contend that nat-Our estimate of is within the range of available estimates
ural emissions from geologic formations have been over<Table 2) that are based on local or regional sampling.
looked or under-estimated, and are by themselves in the Estimates of bothf and ¢ appear robust against varia-
range 40-60 Tgyr!, thereby accounting for about half of tions of the postulated biospheric carbon dynamics (Table 3),
the global 20%. Thus our estimate o30% for the fos-  and therefore against how th&C bomb pulse is propagating
sil fraction can accommodate such assessments of geologitirough the radiomethane cycle.

methane without compromising present estimates of anthro- These results have the potential to modify the present un-
pogenic fossil emission. Indeed it can also accommodate aerstanding of the methane source inventory. In particular a
modest upward revision of the anthropogenic emission to indarger fossil component is suggested which would also result
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in a morel3C-enriched source, which in turn has implica- Etiope, G.: New directions: GEM—Geologic emissions of
tions for 13CH4 balance (Lassey et al., 2007). A larger fos- methane, the missing source in the atmospheric methane budget,
sil methane source would also provide impetus for efforts to Atmos. Environ., 38, 3099-3100, 2004.

reduce fugitive methane emissions from coal mining OperaEtiope, G. and Klusman, R. W.: Geologic emissions of methane to
tions and natural gas reticulation if the “extra” methane has_ the atmosphere, Chemosphere, 49, 777-789, 2002.

a large anthropogenic component, or could stimulate effortd 1°uWeling, S., Dentener, ., and Lelieveld, J.: Simulation of prein-
dustrial methane to constrain the global source strength of natural

to control or exploit large natural fossil emissions. wetlands, J. Geophys. Res., 105, 17 243—17 255, 2000
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