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ARTICLE INFO

Article history:

Received 15 July 2021

Received in revised form 14 September 2021
Accepted 15 September 2021

Available online 21 September 2021

Editor: Jay Gan

Keywords:

Methane isotopologue
14C—CH4

Nuclear power
Atlantic Ocean

Pacific Ocean

GRAPHIC ABSTRACT

A%C-CH, (pMC)

0 100 200 300 400 S00 600 700 840

0
gty

1004{® a|*

9
g

O
o

Depth (m)
g £

H

ABSTRACT

Measurements of the natural radiocarbon content of methane ('C-CH,) dissolved in seawater and freshwater
have been used to investigate sources and dynamics of methane. However, during investigations along the
Atlantic, Pacific, and Arctic Ocean Margins of the United States, as well as in the North American Great Lakes,
some samples revealed highly elevated '#C-CH, values, as much as 4-5 times above contemporary atmospheric
14C-CH4 levels. Natural production of the *CH, isotopologue is too low to cause these observations nor can it
explain the variations in location and depth. Numerous lab and field validation tests and blanks, as well as the
relatively small number of samples that display these elevated values, all suggest that these signals are not
derived from an unknown procedural issue. Here we suggest that the byproducts of nuclear power generation
include localized discharges of the '#CH, isotopologue into marine and aquatic environments, severely altering
the measured #C-CH, isotopic signals. Since several of our sample sites are distant from on-land nuclear
powerplants, we conduct further calculations concluding that the most elevated anomalies in '*C-CH, likely
originate with discharge from nuclear-powered vessels.

© 2021 Elsevier B.V. All rights reserved.

* Corresponding author.

1. Introduction

Methane (CH4) is a potent greenhouse gas that contributes
significantly to contemporary atmospheric warming trends (Saunois
et al., 2016). Atmospheric CH,4 concentrations have more than doubled
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over the industrial era and are predicted to continue rapidly
increasing due to intense production of oil and natural gas,
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agricultural activities, and positive feedbacks associated with a warming
climate (Saunois et al., 2016; Brandt et al., 2014; Bruhwiler et al., 2017,
Anthony et al, 2012). Ocean and freshwater environments are
enormous natural reservoirs of CH, originating from diverse sources,
many of which are expected to become stronger with warming and
other anthropogenic activities (e.g. Reeburgh, 2007; Repeta et al.,
2016; Ruppel and Kessler, 2017).

Different sources of CH4 often have unique isotopic signatures,
rendering natural isotopic measurements of CH4 useful for constraining
CH4 sources in various environments (e.g. Graven, 2015). Since
isotopes of one molecule can experience relative abundance changes
with processes such as oxidation and dissolution (e.g. Leonte et al.,
2017, 2018), natural radiocarbon analyses are particularly useful for
identifying sources, since they can be precisely measured by
accelerator mass spectrometry (AMS) (Muller, 2010) and normalized
to remove such fractionation (Stuiver and Polach, 1977). In general,
geological sources of CH, (also referred to as “fossil” or “dead”) have
14C below the detection limit because the carbon has not been
exchanged with the atmosphere for longer than approximately
60,000 years or about ten C half-lives. Such CH,4 has a radiocarbon
value of 0% Modern Carbon (pMC). Studies have shown 0 pMC to be
generally associated with gas hydrates, thawing permafrost, seeps, and
vents (Anthony et al., 2012; Stuiver and Polach, 1977; Winckler et al.,
2002; Pohlman et al., 2009; Kessler et al., 2005, 2006; Douglas et al.,
2016). In contrast, more modern values of '“C-CH, are usually
observed when modern carbon is converted to CHy, often through
biological processes (e.g. Kessler et al., 2008; Sparrow et al., 2018).
“Modern” #C-CH4 (equivalent to 100 pMC) is defined as the 95%
radiocarbon levels in the '“C-activity in the Oxalic Acid I standard pro-
duced in year 1950, which contained no anthropogenic C derived
from nuclear bomb tests (Stuiver and Polach, 1977). Generally, CH,4
formed in the water column and in relatively shallow sediments
(0-50 cm) is likely to contain more modern levels of radiocarbon
(Kessler et al., 2005, 2008; Sparrow et al., 2018). Thus, '“C analysis of
CH,4 can identify the fractions of ancient to modern sources of this
greenhouse gas, and aquatic environments with mixtures of these two
endmembers can be deconvolved using CH,4 isotopic mass balances
(e.g. Sparrow et al., 2018).

Current atmospheric '#C-CH, levels are elevated relative to the
“modern” definition of C, with a value of approximately 135 pMC
due to the release of the '*CH, isotopologue from anthropogenic
nuclear activities (Lassey et al., 2007). However, the atmospheric '“C-
CH4 trend changes with changing emissions from nuclear and fossil
fuel activities (Graven et al., 2019). For example, the C released from
nuclear power plants (NPP) increased the *C/C ratio of CH, for the
period from 1960 and 1980 to 165 pMC, and the values have since
decreased due to the 1963 ban on atmospheric nuclear bomb testing
and reduced use of NPPs (Lassey et al.,, 2007; Quay et al., 1999).
Production of C occurs through nuclear reactions with the parent
isotopes N, 170, and '3C in the nuclear fuel, coolant, and structural
material of nuclear reactors (Yim and Caron, 2006). The production
and release of '*C from NPPs depends on the type of reactor used,
whether pressurized water reactors (PWRs) or boiling water reactors
(BWRs) (Zazzeri et al., 2018). In PWRs, which are the most common
type of NPP in use today, gaseous “C effluents are mostly in the molec-
ular form of "CH, (70-95%, Kunz, 1985) due to the reducing chemical
environment of the reactor coolant. However, in all other nuclear
reactor types, the gaseous '“C effluent is almost entirely '“CO,
(Zazzeri et al., 2018).

NPPs may influence '“C-CH, measurements in some aquatic
environments. Kessler et al. (2008) found ~350 pMC of "*C-CH, in
waters from Santa Barbara Basin, California, USA, close to where Joung
et al. (2020) measured elevated values (~163 pMC). In addition, Joung
et al. (2019) reported slightly elevated '“C-CH, values (~145 pMC) in
Lake Michigan, USA. These studies suggested that the elevated values
were likely associated with NPPs located along coastlines near the
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sampling sites. In a coastal arctic setting, Sapart et al. (2017) also
attributed extremely elevated values of '“C-CH,4 to anthropogenic
nuclear contamination. However, due to a lack of procedural details,
the anomalous measurements could not be unequivocally traced to
the natural environment instead of an unknown analytical issue
during sample collection, preparation, and analysis, as noted by
Sparrow and Kessler (2018).

This manuscript presents a collection of highly elevated '*C-CH,4
values, >140 pMC, observed sporadically in the analysis of 84 water
samples collected from oceans and Great Lakes of varying depths and
distances from land (Fig. 1). We investigate natural and anthropogenic
processes that could produce such high pMC values and discuss the
implications of these findings for geoscientific analyses and operations
of nuclear-powered vessels.

2. Materials and methods

Detailed descriptions of the data, the procedures, and the equipment
for sample collection at sea and preparation for analysis in the shore-
based laboratory can be found in the Supplementary Materials and
Sparrow and Kessler (2017). Briefly, for the at-sea sample collections,
seawater was pumped from a targeted water depth to the deck of the
ship using a discharge pump. Multiple suction hoses, each 10 min length
and 7.6 cm in diameter, were connected together using cam-and-groove
hose couplings and attached to the ship's winch cable using metal hose
clamps to sample water at the targeted depth (Supplementary Fig. S1).
The pumped water was passed through a high-performance, gas-
permeable membrane filter on the deck of the ship for the vacuum ex-
traction of the dissolved gases. To collect an adequate mass of dissolved
CH, for a conventional C analysis (~200 pg-C in CH,), we extracted the
dissolved gas from 21,000 to 42,000 L of seawater per sample (Table 1).
The extracted gases were collected in a plastic bag (~400 L capacity)
attached to the end of extraction system. Finally, the extracted gases in
the plastic bag were pressurized into small (1.6 L) aluminum cylinders
using a non-oil-based compressor pump for transfer back to the shore-
based laboratory (Supplementary Fig. S1).

In the laboratory, the small cylinder brought from the field was con-
nected to a glass gas purification vacuum line. Through multiple Liquid
Nitrogen (LN,) traps and ovens, this overall system isolates CH, from
other carbon species and converts it to CO, and H,O0. First, the gases in
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Fig. 1. 84 natural water samples from oceans (U.S. Atlantic, Pacific, and Arctic margins) and
the U.S. Great Lakes were collected and analyzed using previously published procedures
(40). The number of samples (orange bars, left scale) in each pMC interval and the
average values of pMC (red squares, right scale) in those samples are depicted here. The
contemporary atmosphere has ~135 pMC. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Detailed information of samples collected from US-Atlantic and US-Pacific Margins.
Latitude Longitude Date Depth Sample Temp [°C] Salinity DOP[umol/l] Water CH;  A'C-CH,4 AMC 14C age
(m)  Depth (m) (L) (nM)  (pMC) (%) (BP)
US-Atlantic Margins (2017)
T3S3 35.532 —74.826 9/1 446 2 23.0 325 215 35,922 46 5695 + 09 4695 + 7.1 Modern
50 139 331 220 16.5
100 10.0 33.0 217 37.5
130 10.0 333 213 33,626 473 438 4+ 01 —-5624 + 1.2 6640
160 14.7 35.8 159 68.2
200 13.0 35.6 172 27376 740 733 4+ 01 —-2668 £+ 04 2495
250 11.2 354 138 40.3
300 9.9 353 132 30,058 547 194 + 01 -8065 + 3.0 13,195
350 8.8 35.2 139 35.6
400 7.9 351 154 21,817 442 69 + 01 —-9308 <+ 10.0 21450
450 6.4 35.1 192 26.1
460 6.4 35.1 191 283
T6S1 37.071 —74661 9/3 557 2 21.7 322 227 34,300 3.7 1234 4+ 02 2340 + 04 Modern
78 103 33.6 233 27,701 168.6 3248 4+ 0.5 22480 + 32 Modern
100 124 353 194 341
150 12.5 354 187 242
200 12.5 35.5 110 55
250 11.2 354 158 154
300 10.2 353 146 14.7
360 8.8 35.2 156 17.5
400 7.2 35.1 181 25948 175 550 4+ 0.1 —4495 + 0.7 4795
450 6.2 35.1 203 20.0
500 5.5 35.0 220 24.0
520 55 35.0 222 231
T751 37.113 —74.528 9/5 575 1.5 220 324 229 35
20 18.2 334 251 25,953 49 1636 + 0.2 6364 + 1 Modern
50 10.2 33.7 234 114
100 12.9 354 199 25955 235 1016 + 0.1 15.6 + 0.0 Modern
150 12.6 355 183 28.7
200 12.0 35.5 161 4.0
250 10.8 354 134 3.1
300 9.5 35.2 134 3.1
350 8.5 35.2 147 19.9
400 7.1 35.1 176 25961 595 25 + 01 —9748 £+ 243 29,580
450 6.3 35.1 198 66.3
484 5.9 35.1 208 46.9
US-Pacific Margin (2019)
RC-2 46.832 —124.567 5/29 103 5 13.2 30.2 309 32,428 77 992 + 02 -76 + 22 60
50 8.5 333 137 28319 299 6239 + 14 52393 4+ 143 Modern
93 7.6 339 86 42,072 684 334 4+ 01 —-6658 £ 1.1 8805
RC-3 46.970 —124934 6/5 167 5 133 31.7 238 33,818 41 1479 4+ 03 4792 + 34 Modern
50 8.9 32.6 276 31,050 49 7452 4+ 1.8 64516 + 17.7 Modern
125 7.9 33.8 110 37,987 269 7415 4+ 1.8 64154 + 17.5 Modern
155 7.7 33.8 103 38354 321 1318 + 03 3175 + 29 Modern
RC-4 47.585 —125.060 6/6 226 1.2 12.7 322 297 39,060 37 2412 4+ 06 14119 <+ 33 Modern
150 7.7 339 116 40,950 269 1044 + 02 442 + 0.1 Modern
210 6.7 34.0 86 23,142 1138 162 4+ 01 —-8379 £ 43 14615
RC_BKG 47.247 —124.690 6/5 103 5 13.0 31.7 322 41,423 82 834 + 02 —1663 4+ 04 1460
92 6.9 34.0 87 28,578 7.7 1597 + 04 5973 + 1.3 Modern
RC-U_2 45.820 —124.033 5/30 70 0 13.8 28.8 288 21,268 10.7 140.8 + 0.3 408.1 + 09 Modern
RC-U_3 45.259 —124.006 5/30 18 0 11.2 35.9 202 24,844 9.0 1635 £ 04 6353 + 1.8 Modern
Standards (n = 13) 2017/2019 0.3 + 00 -—997 + 2 47,534
Field Gas Blank (n = 4)* 9/1/2017 999 £+ 07 —14 + 70 10

2 Four field blank samples were combined after laboratory purification and combustion so that sufficient C mass was available for a '#C-CH, analysis. Combined concentration of carbon

from CH, in these four field background samples was 19 pg C.
b Dissolved Oxygen concentration.

the cylinder were passed through a molecular sieve and a LN, trap to
remove CO, and non-methane hydrocarbons. Then, the gases were in-
troduced to an oven (450 °C) to convert CO to CO,, and this CO, was
removed by passing through another LN, trap. Finally, the remaining
CH4 was converted to CO, through a second oven (900 °C), and the
converted CO, was trapped on a third LN, trap (Supplementary
Fig. S1). This CO, was then transferred to an acid-cleaned and pre-
combusted Pyrex tube and flame sealed. These prepared samples were
sent to the Keck Carbon Cycle Accelerator Mass Spectrometer (AMS)
facility at UC Irvine where the '*C-CH,4 and 6'3C-CH,4 values were
determined by AMS and isotope ratio mass spectrometry (IRMS),
respectively.

At sea and laboratory procedures for '“C-CH4; measurements were
thoroughly evaluated in Sparrow and Kessler (2017), and these
procedures were closely followed throughout this study to ensure no
degradation in performance. In addition, the laboratory procedures
that purify and combust the extracted CH4 samples were routinely
validated by processing standard gases of high and low concentrations,
as well as ultra-high purity (UHP) zero-air. The standards contained
CO,, CO, and CH,4 customized to encompass the concentration ranges
determined in the sample cylinders. These gas standards were
analyzed after every 4-5 natural samples were processed (Supplemen-
tary Fig. S2). The purification and combustion efficiencies and total C
blanks were also checked (see, Supplementary Materials for details).
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Discrete bottle samples to determine the dissolved CH4
concentration were also collected at the same sites as the '*C-CH,
samples. The concentration of CH4 was determined using an Agilent
6850 gas chromatograph with a flame ionization detector (GC-FID)
using procedures previously described in Weinstein et al. (2016) and
Leonte et al. (2017).

3. Results and discussion

Of the total 84 sample set, most samples (56 out of 84) were in the
range of 10-140 pMC for '“C-CH,, and 8 samples were below 10 pMC
(Fig. 1). These results can all be explained by natural variations.
However, 20 out of the 84 samples were higher than 140 pMC; 16 of
these ‘elevated’ samples were in the range of 140-350 pMC and the re-
maining 4 samples were within the range of 570-745 pMC. In this paper
we focus the discussion on the highest values (>140 pMC) observed in
the U.S. Atlantic Margin (USAM) and U.S. Pacific Margin (USPM) sam-
ples (Fig. 2).

Three sites on the USAM upper continental slope between
Chesapeake Bay and Cape Hatteras had elevated '*C-CH, values at
shallow water depths (569.5 and 163.6 pMC in the surface waters at
station T3S3 and T7S1, respectively, and 324.8 pMC at 80 m depth at
station T6S1). Other samples collected at different depths at the same
sites had '#C-CH, lower than contemporary values (Fig. 3 and
Table 1). On the USPM, two sites (stations RC-S2 and RC-S3) offshore
Washington displayed extremely high '*C-CH, values of 623.9-745.2
pMC at water depths of 50-125 m, while the surface water samples at
stations RC-S4, RC-U2, and RC-U3, and the bottom water sample
(92 m) at station RC-BKG offshore Washington and Oregon all had sig-
nificantly elevated values of *C-CH, (241.8, 140.8, 163.5, and 159.7
pMC, respectively). Other water depths at these USPM sites did not
have anomalously high '“C-CH, (Fig. 3).

Below, we comprehensively investigate the processes that could
cause high “C-CH,4 values. These processes include (1) potential
contamination or isotopic alteration associated with the sample
collection and purification procedures; (2) natural production by
cosmic ray spallation reactions; (3) natural methanogenesis and
natural isotopic fractionation; and (4) discharges from NPPs and/or
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nuclear-powered vessels near the sampling sites close to the time of
sample collections.

3.1. Unlikely causes of anomalous values of "4C-CH,

3.1.1. Analytical procedures

Previous experiments have used trace injections of the '“CH,
isotopologue to determine rates of aerobic CH4 oxidation (e.g., Pack
et al., 2011 and references therein). One possible explanation for our
anomalous results is that contamination from these previous experi-
ments on either the research vessel or in the land-based laboratory
influenced our results. However, no such experiments were conducted
during our research cruises, and our laboratory has no history of using
this isotopologue. In addition, field gas blank tests were conducted dur-
ing the USAM sampling campaign using UHP zero-air to check any re-
sidual and ambient gas contaminations during compression and
sample handling. For the four field blank tests conducted, the total com-
bined blank mass was 19 pg-C, which, per sample, is <2% of our typical C
mass collected (~250 pg-C in CH,, Supplementary Table S1). The '*C-
CH,4 of the total blank was ~100 pMC (Table 1), which indicates that
our analytical procedures are not the cause of the high '4C-CH, values.

Further validation of the analytical procedures was conducted by
processing standard radiogenically “dead” CH4 gas through the
laboratory procedures, which would reveal if an anomalously high
radiocarbon blank was present. In total, we conducted 13 standards
tests and the '*C-CH, values were ~0 pMC (—997 + 2%.) (Table 1 and
Supplementary Table S2). Moreover, any vacuum line leaks were
investigated at the end of the laboratory purification procedures by
measuring the increase in the static vacuum pressure as a function of
time, which was always under 0.001 Torr/min (Sparrow and Kessler,
2017). Thus, given the validation tests of the field and laboratory
procedures, the elevated values of '*C-CH4 measured are clearly not
derived from the analytical techniques employed in this study.

3.1.2. In-situ production of "*CH,

Incorporation of naturally produced '“C into a CH, molecule is less
likely to contribute to the anomalous '*C-CH, values. '*C is naturally
produced by the nuclear irradiation of N and O by neutrons of cosmic
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rays in the atmosphere, surface waters, and ice (Yim and Caron, 2006;
Ma and Von Hippel, 2001). The current atmospheric and biotic mass ac-
tivities of *C (not '“C-CH,4) in environments are expected to be
~250 Bq/kg-C (i.e. ~117 pMC, Bq: = disintegration per second), which
decreased after the prohibition of atmospheric nuclear bomb tests and
is close to the levels prior to such anthropogenic activities (Yim and
Caron, 2006; Lal and Jull, 1990). Kessler et al. (2008) examined the
possible introduction of naturally produced *C to ocean waters and
its incorporation into the CH4 molecule. In these previous analyses,
the atmospheric introduction and in situ production of *CO and '4CO,
in ocean waters were viewed as precursors that were subsequently
reduced to '“CH,. Kessler et al. (2008) considered the possibility that
14C0O formed in the atmosphere dissolves into seawater and is fully
reduced to '“CH,. They estimated that this process only contributes at
most 2.8% to observed values of '“C-CH,. Kessler et al. (2008) also
calculated that the in-situ production rate of '*CH, in seawater could
be as high as 1.1 x 10~ '®> nmol L™! per day, which is at most 6.9% of
the value necessary to balance sinks via oxidation. 14C0, can also
diffuse into the ocean surface and be reduced to “CH,. However,
14C0, is immediately diluted with dissolved inorganic carbon (DIC) in
seawater, and DIC radiocarbon has not been reported to be greater
than what can be attributable to the atmospheric testing of nuclear
weapons (Kessler et al., 2008). Thus, Kessler et al. (2008) concluded
that no mechanism of natural '*C production and its incorporation
into CH4 was able to generate the elevated values found in their study.
Moreover, this natural production cannot explain the variations
between locations and at different water depths in the same location,
as described here and in our previous studies (Kessler et al., 2008;
Sparrow et al,, 2018; Joung et al,, 2019).

3.1.3. Natural methanogenesis or isotopic fractionation in seawater

The highly elevated values reported here (>140 pMC) were unlikely
to have originated from the contemporary atmosphere or any natural
process. (1) Contemporary '*C-CH, in the atmosphere is known to be
approximately 135 pMC, though variations in both time and space
have been observed (Wahlen et al, 1989; Lassey et al., 2007;
Townsend-Small et al., 2012; Graven et al., 2019). For ocean surface
waters in equilibrium with the atmosphere, ocean *C-CH, values
should be similar to those in the atmosphere because the dissolution
isotopic fractionation factor between the atmosphere and water is
small (e =~ 1.00033; Fuex, 1980). (2) The *C-CH, values we discuss
here are not influenced by oxidation isotopic fractionation since they

are normalized to '3C (Stuiver and Polach, 1977). The elevated
pMC values therefore cannot be an artifact of biological CHy4
oxidation. Similarly, this normalization eliminates any small isotopic
fractionation in the air-sea equilibrium. (3) Methane produced in
waters and sediments, either anaerobically or aerobically, should have
values below 110 pMC since precursors for CH, production have
values below this limit. For example, dissolved inorganic carbon in
surface seawater has '“C values of approximately 100 to 110 pMC (or
0-100%.) (Beaupré and Aluwihare, 2010; Toggweiler et al., 2019).
Also, organic matter in waters and surficial sediments in the northeast
Pacific Ocean has lower 'C values (44 pMC or ca. —560%.) (Druffel
et al.,, 2019). This indicates that the '4C signatures of CH, produced in
ocean waters and sediments would have values equal to or less than
these precursors, far different from the observed anomalies.

3.2. Likely cause of anomalous values of '*C-CH,4: contamination of
seawater by nuclear power

Anthropogenic contamination of '“C-CH, is not likely to originate
from local laboratory equipment or sample handling but could be
sourced regionally from nuclear power infrastructure. NPPs have been
recognized as a significant source of the '#CH, isotopologue (Eisma
et al., 1994; Lassey et al., 2007; Kessler et al., 2008; Townsend-Small
et al, 2012). Eisma et al. (1994, 1995) reported 467 pMC of "*C-CH, in
the atmosphere near a NPP in the Netherlands. In the water column,
greater than contemporary values have also been reported
(e.g., Kessler et al., 2008; Joung et al., 2019, 2020), which are likely asso-
ciated with NPPs near their sample collection sites. For example, Kessler
etal. (2008) and Joung et al. (2020) observed ~350 pMC and ~163 pMC,
respectively, of "*C-CH, in Santa Barbara Basin and explained that these
high values likely originated from effluents of the Diablo Canyon NPP,
which uses ocean water for cooling. Joung et al. (2019) found elevated
14C_CH, (~145 pMC) in Lake Michigan, where multiple pressurized-
water NPPs along the shore use lake water for cooling. Thus, while ob-
serving values of '#C-CH, > 135 pMC is uncommon, it is not unusual
in natural waters when point sources related to nuclear power
generation are nearby.

In this study, both the USAM and USPM sampling sites are too
distant from land-based NPPs for these plants to be the source of the
high pMC '*C-CH,4 anomalies (Fig. 2). For the USPM sites with elevated
14C_CH, values, the nearest active NPP is ~1500 km away at Diablo
Canyon on the central California coast. We also investigated if the high
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14C-CH, along the USPM was related to the Fukushima Daichi NPP inci-
dent. However, this NPP is a boiling water type reactor, which mostly
produces gaseous CO, (Graven et al., 2019). Furthermore, Povinec
et al. (2017) found only a 6-7% increase of '*C in oceanic DIC (98.5
pMC to 99.3 pMC or —115%. to ca. —107%.) relative to background wa-
ters near the Fukushima incident site. In the USAM, the T3S3 station is
about 270 km away from the nearest land-based, pressurized-water
NPP, located at Surry Power Station, VA. Any effluents released in the
cooling water would have to navigate the James River and Chesapeake
Bay before entering the coastal USAM, with possible additional dilution
from the Gulf Stream, Labrador Cold current, and local variations from
tides and winds (Fredj et al., 2016). Thus, while some NPPs release efflu-
ents with '“C-CH,4 characteristics consistent with those in our elevated
samples, land-based NPPs cannot explain the characteristics and distri-
bution of all elevated samples in our dataset.

In the ocean, vessels (e.g., ships and submarines) powered by pressur-
ized water nuclear reactors (PWRs) provide another source of anthropo-
genic '“CH, production. At present, there are approximately 150 nuclear-
powered vessels (mostly for military use) with more than 220 reactors
(Namikawa et al., 2011). As of October 2019, the US Navy (USN) alone
runs 79 active nuclear-powered ships with 98 reactors (Naval Reactors
Annual Reports, 2020a). With each reactor producing ~200 MW (M =
10° W = annual electricity production in Watts) (Namikawa et al.,
2011), a total worldwide energy output of 44 GW (G = 10°) is estimated
for nuclear-powered vessels if all reactors were active simultaneously.

Determining how NPPs affect #C-CH4 in the environment is
challenging because emission rates and endmember values of '“C-CH,
produced by NPPs have not been systematically measured and openly
reported with regional and temporal detail. However, Eisma et al.
(1995) modeled the production of C from PWRs to be 260 + 50 GBq/
GW. Zazzeri et al. (2018) reported strong variability of the emission
factor, spanning values from 30 to 2520 GBq/GW. Both Eisma et al.
(1995) and Zazzeri et al. (2018) suggested that about 72% of '“C from
PWRSs is in the form of CH,. Taking Eisma's estimation of '“C production
from NPP (260 GBq/GW) and the power generated by all the nuclear ves-
sels (44 GW), the maximum production of '*CH, by nuclear vessels can
be crudely estimated to be 8200 GBq (=260 GBq/GW x 44 GW x 0.72)
or 3.6 mol (=8200 GBq/(Avogadro's Number x 0.693/half-life in
seconds)) of 'CH, per year. This mass is undetectable in terms of
concentration when diluted throughout the global ocean with a
standing stock of CH4 of 43.2 Tg (Reeburgh, 2007). However, since the
isotopic abundance of 'C relative to >C in a modern sample is roughly

D> D—>P— >D)—>)—

Dar

Single reactor: 37.4 GBq/yr
Vessel Discharge: 17 nmoles or 39.6 KBq
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1 part in 102, this isotopic signature could be detectable globally if not
removed by oxidation or atmospheric emission.

A single nuclear-powered vessel can generate electrical output of
~0.20 GW (Namikawa et al., 2011), but has variations based on its
model and type (Naval Reactors Annual Reports, 2020a). This output
leads to the production of approximately 37.4 GBq or 16 mmol of '“CH,
per year. Assuming a vessel speed of 27 km/h (15 knots), only 2.2 min
are needed for a nuclear-powered vessel to pass through one of our sam-
pling sites, assuming the maximum drift of our vessel during sample col-
lection is 1 km. We further assume during normal cruising conditions
that a nuclear-powered vessel uses the power of only a quarter of the re-
actor's maximum output (Naval Reactors Annual Reports, 2020a). Thus,
during the 2.2-min transit, a nuclear-powered vessel could produce
~17 nmol (7.7 nmol/min x 2.2 min) of '“CH,4 across our sampling
location. Considering that the amount of water filtered for our sampling
process can be more than 30,000 L (Table 1), the CH4 addition from the
nuclear-powered vessel accounts for ca. 0.01% of the CH; mass
collected, assuming a dissolved CH4 concentration of 4.6 nM, as found
in the surface waters at station T3S3 along the USAM. This calculation is
an upper estimate as it ignores waters with higher background
concentrations of dissolved CH4 and assumes that all emissions from
the nuclear-powered vessel in the 2.2 min required to pass through our
collection area are captured by our procedures rather than being partially
dispersed. Nonetheless, this estimate yields a minimal influence on the
dissolved CH,4 concentration, while also suggesting the potential for
noticeable influence on the natural radiocarbon abundance.

Contemporary atmospheric '*C-CH, has a value 135 pMC, leading to
the specific activity of 289 Bq/kg-C (at —47%. of §'>C-CH,4 in
atmosphere; Milkov et al., 2020) (see, Supplementary Materials for
calculation). The approximate carbon mass from CH, that we collected
in surface water sites was 1.7 mg (30,000 L of seawater, 1.025 kg/L of
seawater, and ~4.6 nM of CH, in surface seawater at station T3S3).
Thus, the surface water samples would yield about 0.0005 Bq in CH4
carbon assuming they are in equilibrium with the atmosphere.

In contrast, a nuclear vessel with a single reactor operating at ~25% of
the full power output can generate 39.6 KBq of '*C (17.1 nmol in
2.2 min, =17.1 x 10~° x Avogadro's Number x '“C-decay constant in
second), which is about 8.1 x 107 times greater than what is expected
in surface water without this anthropogenic source. This means that
even an extreme dilution ratio of 1: ~20,000,000 would still increase
the '*C-CH4 from 135 pMC to 700 pMC (Fig. 4). This calculation
illustrates that nuclear-powered vessels can significantly alter the '4C

Background:

Atmosphere: 135 pMC or 289 Bq/Kg-C
Surface water at station T3S3: 4.6 nM
or 0.0005 Bq (at 30,000 L of seawater)

135 pMC

S 5700 pMC

Fig. 4. Schematic diagram illustrating the significant impact that nuclear-powered vessels have on '*C-CH, signals in seawater. Even under the extreme mixing scenario where the
discharge from nuclear-powered vessels is diluted by a ratio of 1: 2.0 x 10, the '“C-CH, signal in surface seawater increases from 135 to >700 pMC. This calculation assumes that the
vessel runs at 25% of the maximum energy output and that discharge from the nuclear vessel occurring across 1 km intersected with the sample collection efforts described here. Thus,
across this 1 km with a vessel speed of 27 km/h (15 knots), the nuclear-powered vessel takes 2.2 min to pass our sample collection site, releasing about 17 nmole or 39.6 KBq of
14CH,. At the ocean surface where the '#C-CH, is in equilibrium with atmosphere, the total '4C activity is 0.0005 Bq.
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isotopic values in CH4 without notable increases in the local-scale
concentration of CHy. In addition, this rough estimate suggests that
sampling even a small fraction of CH, released from nuclear-powered
vessels to the oceanic environment would considerably alter the natural
14C-CH, signal. Since nuclear-powered vessels have more than one
reactor, this single-reactor based estimate might be a lower bound
for the influence of CH, produced by passage of a nuclear-powered
vessel.

Although the elevated '“C-CH, signals we measure in some
seawaters were likely derived from nuclear-powered vessels, it is still
unclear how the '*CH,4 contamination is introduced to the seawater.
Possible explanations include seawater reactions involving neutrons
leaked from the vessel or discharge of coolant used for reducing extra
heat from the nuclear reactors. We consider the first possibility to be
unlikely since any leaked neutrons would likely interact with chemical
elements having strong neutron reaction thermal cross sections and
high concentrations (e.g., B with 3800 b and ~5 mg/kg; Sears, 1992;
Lee et al., 2010) before encountering N (=0.000024 b) or with other
14C parents. Even if 14C is produced in this way, it would likely be con-
verted to CO and #CO, rather than '“CH, due to the abundance of
dissolved O, in seawater. Thus, any leaked neutrons likely do not
contribute to elevated *C-CH, in seawater (Supplementary Materials).

In contrast, the USN reports (Naval Reactors Annual Reports, 2020b)
that a vessel's release of coolant waters containing long-lived radionu-
clides often occurs close to a Navy base at a distance within ~20 km
(12 miles) from the shore and that the total activities in released liquids
are typically <0.4 Ci (1.48 x 10'° Bq; total long-lived gamma radioactiv-
ity) per year and <100 Ci release of '*C per year. While this value is
much less than annual natural production (c.f.,, 40,000 Ci of '“C per
year, Naval Reactors Annual Reports, 2020b), the local and short-
duration nature of coolant release means that this anthropogenic signal
could be detectable in our measurements. As discussed above, only
small fractions of the discharged '“CH, are needed to cause elevated
14C-CH,4 values. Thus, although only very low levels of radioactive
methane are released from the vessel, the signal can be detectable
when the discharged liquids are not fully mixed regionally, which may
be the case in certain areas of the USAM and USPM.

Some other sites on both the USAM (T6S1, T7S1) and USPM (RC-54,
-BKG, —U2, and —U3) have also shown elevated '#C-CH, relative to the
contemporary atmosphere, but at magnitudes much less than RC-S2
and-S3. Again, the areas we studied were not close to active NPPs.
Thus, these additional anomalously high '*C-CH, values were also
likely derived from nuclear-powered vessels, although dispersion,
atmospheric emission, and possibly oxidation of this discharge may
have reduced the influence of this source.

The explanations provided here for the observed '“C-CH, anomalies
are based on no knowledge of the tracks of nuclear-powered vessels
through our sampling sites. However, many of these sampling locations
are near well-known USN ports such as Norfolk, Virginia and Seattle,
Washington. Our results thus suggest that waters near nuclear powered
activities— both power plants and vessels that use pressurized water re-
actors— can lead to discharge of *CH, causing anomalously high pMC
values. Further systematic study in the vicinity of nuclear-powered ves-
sels operating under normal conditions would be necessary to confirm
source attribution and assess environmental impacts. Regardless, such
contamination can significantly influence and confuse the interpreta-
tion of natural '*C-CH, measurements in ocean waters. This discovery
further highlights the potential to use such measurements to track the
general positions of nuclear-powered vessels.

4. Conclusion

With growing attention to and utilization of '*C analysis for
attribution studies of natural CH4 sources, a full understanding of
anthropogenic sources of '“CH, and how they might influence the
interpretation of measured values is critical. Pressurized-water nuclear
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reactors have previously been established as sources of *CH,4, and
some coastal waters near these types of NPPs have shown elevated
14C-CH, signals. However, we found that some marine waters at sites
distant from the land-based NPPs also have '4C-CH, values elevated
by at least 4-5 times higher than the contemporary surface ocean's
14C-CH,. Our calculations strongly suggest that these localized, very
high '4C-CH, values reflect the influence of nuclear-powered vessels
discharging "“CH,4. While this is the most plausible explanation, we
have no knowledge of the specific amount of '*CH, discharge in our
study areas, nor the tracks of the nuclear-powered vessels. Nonetheless,
our measurements and calculations show that these emissions can
significantly affect the natural radiocarbon abundances on local scales.
Thus, when choosing sample collection sites and interpreting the
results of '4C-CH,, these potential anthropogenic sources should be
considered.
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