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Abstract High-resolution radiocarbon (*“C) analyses on a coral core extracted from Guam, a western
tropical Pacific island, revealed a series of early bomb-produced '*C spikes. The typical marine bomb '*C sig-
nal—phase lagged and attenuated relative to atmospheric records—is present in the coral and is consistent
with other regional coral records. However, "C levels well above what can be attributed to air-sea diffusion
alone punctuate this pattern. This anomaly was observed in other Indo-Pacific coral records, but the Guam
record is unmatched in magnitude and temporal resolution. The Guam coral A'*C record provided three
spikes in 1954-1955, 1956-1957, and 1958-1959 that are superimposed on a normal '*C record. Relative to
mean prebomb levels, the first peak rises an incredible ~7009, and remained elevated for ~1.2 years. A fol-
low up assay with finer resolution increased the peak by ~300%,. Subsequent spikes were less intense with
a rise of ~35 and ~70%,. Each can be linked to thermonuclear testing in the Pacific Proving Grounds at Biki-
ni and Enewetak atolls in Operations Castle (1954), Redwing (1956), and Hardtack | (1958). These '“C signals
can be explained by vaporization of coral reef material in the nuclear fireball, coupled with neutron activa-
tion of atmospheric nitrogen ('*C production), and subsequent absorption of "*CO, to form particulate car-
bonates of close-in fallout. The lag time in reaching Guam and other coral records abroad was tied to ocean
surface currents and modeling provided validation of C arrival observations.

1. Introduction

Hermatypic corals have provided numerous records for bomb-produced radiocarbon (*C) in tropical seas of
the world and can function as archives in marine science. Typically reported as A'*C in reference to a prenu-
clear standard [Stuiver and Polach, 1977], these records can provide proxies for mixed layer ventilation process-
es and as a reference for environmental C levels over time [Broecker and Peng, 1982; Druffel, 1997]. The
tropical marine bomb '“C signal is typically attenuated and phase lagged relative to the atmospheric record
and each region has its own amplitude and temporal characteristics [Druffel, 2002; Grottoli and Eakin, 2007].
This observation emphasizes the challenges for use of this kind of record as a reference in determining the age
of fishes [Kalish, 1993; Andrews et al., 2011] and other tropical marine organisms [Fallon and Guilderson, 2005;
Darrenougue et al., 2013; Van Houtan et al,, 2016] that form conserved hard parts (i.e., otoliths or skeletal struc-
tures). Because of its efficacy in providing validated age and growth estimates for marine organisms that
require management, bomb '*C dating using hermatypic corals as a reference has expanded in its application
geographically and in its temporal utility [e.g., Cook et al, 2009; Andrews et al.,, 2012, 2013, 2015; Vitale et al.,
2016]. The aim of the current study was to establish a new A™C record for Guam—a benchmark for future age
and growth studies in the region—using an existing coral core from Guam that was previously analyzed and
validated (3'80) as a temporal record for ocean-climate change [Asami et al, 2004, 2005], historical plutonium
(Pu) sources [Lindahl et al., 2011], and ocean acidification [Shinjo et al., 2013].

Based on general latitudinal trends in seawater A'“C of the Pacific Ocean—attributed to CO, saturation states
of tropical versus temperate waters [Broecker and Peng, 1982]—it was hypothesized that the bomb '*C pattern
for Guam would lie between existing coral A'*C records from locations north and south of Guam. The coral
records from Okinawa [Konishi et al,, 1982] and Hawaii (French Frigate Shoals (FFS) and Kure Atoll) [Druffel, 1987;
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Figure 1. Location of Guam with regional map showing study site where the coral core was extracted. Inset of the coral core X-ray was lim-
ited to the sample period (1939-2000). Double reef is offshore and well exposed to oceanic waters.

Andrews et al, 2016] were expected to be the greatest and timeliest due to their more northerly position
(between 25°N and 30°N). The A™C coral record for Nauru (0.5°S) exemplifies a southern hemisphere signal
[Guilderson et al., 1998]—defined as more deeply phase lagged and attenuated—by residing near the equator
and separated oceanographically from North Pacific waters by the North Equatorial Current (NEC) and North
Equatorial Counter Current (NECC). A recent coral A'*C record from Palau [Glynn et al., 2013] was expected to
be most similar to Guam in timing and amplitude due to its down-current position within the NEC (~1200 km
southwest of Guam). In addition, it was hypothesized that an early bomb C signal, similar to what was
observed at Palau and attributed to close-in fallout [Glynn et al,, 2013], would be detected in the Guam coral
core because of its close proximity to Bikini and Enewetak atolls (~2000 km due east of Guam)—the most wes-
terly location of the US Pacific Proving Grounds (PPG) where several military operations were conducted in the
1950s to test thermonuclear devices [Hansen, 1988]. Herein we generate a high-resolution (ca. monthly to
bimonthly) A™C time series in a coral core from Guam. Given an early bomb '“C signal was observed, the goals
of this study were to describe the source dynamics—its temporal characteristics relative to known nuclear test-
ing dates and current patterns across the western Pacific and into the Indo-Pacific region—by utilizing other
more distant coral records that have also registered an early bomb 'C signal [i.e., Konishi et al., 1982; Fallon
and Guilderson, 2008; Guilderson et al., 2009; Druffel-Rodriguez et al., 2012; Glynn et al., 2013].

2. Materials and Methods

2.1. Coral Core

The coral skeleton core selected to establish the A™C time series was originally collected from Double Reef on
the northwestern shore of Guam in the western tropical Central Pacific on 5 April 2000 (Figure 1). The core was
273 cm in length and was extracted from a hemispherical coral colony (Porites lobata) that was 3.3 m high with
a bottom depth of 7.8 m. The annual periodicity of the growth band pattern was previously analyzed using
5'80 as a proxy for temperature and salinity and could be used as a validated basis for the A™C time series
[Asami et al,, 2004, 2005]. The timespan of the entire core (years 1787-2000) greatly exceeded what was neces-
sary to establish a bomb '*C time series. Hence, the most recent ~60 years (1939-2000) was chosen to ade-
quately cover the prebomb period through to the peak period, and then into the post-peak decline.

2.2. Coral Microsampling
Sample extraction across the coral core slab was performed manually with the aid of a Minimo drill (Model
C101) on a vertical press-mount (Minitor Co., Ltd., Japan) in a HEPA filtered clean bench. Samples were in
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Figure 2. Map of the central western Pacific Ocean and Indo-Pacific covering the locations of coral "*C records of interest to this study with generalized surface currents. The Kure Atoll
'4C record provided a well-mixed '*C record indicative of northern hemisphere air-sea diffusion. Other coral C records confirmed transport of a fallout signal to Palau via NEC, Okinawa
via Kuroshio Current (KC), Langkai Island and Lombok Strait via Mindanao Current (MC), and Palmyra via North Equatorial Countercurrent (NECC). South Equatorial Current (SEC) provides
an effective barrier to N-S transport (not present in Nauru coral). The strongest radioactive signal was traced in March-June 1954 by Japanese researchers (nuclear symbols = radioactive
fish, boats, or water)—surface transport was apparent to the northwest, southwest, and southeast [Nishiwaki, 1955; Sevitt, 1955].

the form of powder extracted from small adjacent holes in series, ranging from the youngest to oldest part
of the coral core during the period of interest. Sampling was performed with a 2.7 mm diamond end mill
(Minitor Co., Ltd., Japan) for the years 2000-1971, after which a 2 mm end mill was employed for the
remainder of the time series for greater temporal resolution (1970-1939). Samples extracted in this manner
were transferred as powder to polypropylene vials (1.5 mL snap-cap centrifuge tubes) with a target weight
of ~4 mg per sample (specific sample weights were not measured). After each extraction, the end mill was
cleaned in dilute HCl, rinsed in Milli-Q water (18.2 MQ), and dried with filtered, oil-less compressed air. The
coral slab was also cleaned for residual sample extraction powder with filtered, oil-less compressed air prior
to the next extraction.

Upon discovery of A™C levels that greatly exceeded expectations in the 1950s, the decision was made to
resample this portion of the coral core at a higher temporal resolution. This series of samples was extracted
with a 0.9 mm end mill in the same manner as described previously, but at 2X the number of original sam-
ples for each of the three A™C spike regions.

The extracted powder samples were submitted as carbonate to the National Ocean Sciences Accelerator
Mass Spectrometry Facility (NOSAMS), Woods Hole Oceanographic Institution (WHOI), Woods Hole, MA, for
routine radiocarbon analysis using Accelerator Mass Spectrometry (AMS). Radiocarbon measurements were
reported by NOSAMS as Fraction Modern (F'C) after correction for fractionation using measured 4'3C
[Reimer et al., 2004]. These F'“C values were used to calculate age-corrected A™C [Stuiver and Polach, 1977]
using validated date of coral formation for direct comparison with other A'*C records.

2.3. Other Regional A"*C Records

To provide a regional context to the Guam A'C reference, other coral records from previous studies were
considered (Figure 2). The closest complete records were from Okinawa and Hawaii (FFS and Kure Atoll) to
the north and Nauru and Palau to the south [Konishi et al., 1982; Druffel, 1987; Guilderson et al., 1998; Glynn
et al, 2013; Andrews et al., 2016]. Two fragment records were also available from Pohnpei (1971-1979)
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Table 1. Data From Surface Thermonuclear Tests That Exceeded a Yield of 1 Mt at PPG in the 1950s®

Operation Shot Date Yield Height Type Location
Ivy Mike 31/10/52 104 Surface Enewetak
Castle Bravo 28/2/54 15 7(2) Surface Bikini
Romeo 26/3/54 1 14 (4) Barge Bikini
Union 25/4/54 6.9 13 (4) Barge Bikini
Yankee 4/5/54 13.5 14 (4) Barge Bikini
Nectar 13/5/54 1.69 14 (4) Barge Enewetak®
Redwing Zuni 27/5/56 35 9(3) AD-surface Bikini
Dakota 25/6/56 1.1 Barge Bikini
Apache 8/7/56 1.85 Barge Enewetak
Navajo 10/7/56 45 Barge Bikini
Tewa 20/7/56 5.0 Barge Bikini
Hardtack | Fir 11/5/58 136 10 (3) Barge Bikini
Koa 12/5/58 137 3(1) Surface Enewetak
Oak 28/6/58 89 86 (3) Barge Enewetak
Poplar 12/7/58 9.3 12 (4) Barge Bikini
Pine 26/7/58 20 8(3) Barge Enewetak

“These tests were most significant in providing regional close-in fallout. All other nuclear tests were <500 kt and were mostly within
the largest test timespans (Table S1). Date is GCT (Greenwich Civil Time) and Yield is megatons (TNT equivalent). Height in feet (meters)
and AD = airdrop.

POften reported as Bikini, but confirmed as Enewetak from aerial survey flight data [LeVine and Graveson, 1954].

[Konishi et al., 1982] and the southwestern coast of Guam at Taelayag Reef (1978-1981) [Moore et al., 1997],
each of which provided some initial information on how the full bomb '*C curve may behave for Guam. All
records were used to contrast the amplitude and timing of the Guam A'*C rise and peak.

The discovery of three A'*C spikes in the 1950s led to an in-depth examination of nuclear testing at Bikini
and Enewetak atolls and a comparison to updated atmospheric records [Hua et al., 2013]. Unclassified infor-
mation on nuclear tests was examined for indications of when the spikes were created and how they may
be tied to operation-specific testing in the region [Department of Energy, 1994; Yang et al., 2000]. Because
interaction of the nuclear fireball with a land or sea surface is necessary for high levels of close-in fallout,
the focus was on operation shots that were near and exceeding 1 Mt—most of which were at or near the
surface of land, lagoon, or sea (Table 1)—to establish the greatest potential contributions to each A'*C
spike. In addition, documentation of fallout processes was examined for information that may explain the
direct infusion of '*C to the marine environments of Bikini and Enewetak atolls. Finally, other A'*C coral
records from farther abroad were considered in describing the movement of the first and strongest A'C
signal (Operation Castle) through stratified ocean surface currents to other locations in the central Pacific
and Indo-Pacific regions. Depth profiles and current modeling were used to validate the transport mecha-
nism and timing.

2.4. Ocean Current Transport Modeling

To provide an estimate of fallout particle propagation, Lagrangian transport simulations were conducted
using ocean currents from a comprehensive ocean reanalysis called the Simple Ocean Data Assimilation ver-
sion 2 (SODA2) [Carton et al., 2000]. SODA2 was chosen for this study because it is a comprehensive recon-
struction of the ocean state in the past century (SODA2 v.2.2.4; NetCDF format from Asia-Pacific Data-
Research Center, International Pacific Research Center, University of Hawaii at Manoa; http://apdrc.soest.
hawaii.edu/). This model output covers the period 1871-2010 at monthly 0.5° latitude/longitude resolution,
and 39 layers of vertical resolution. The thickness of the top 10 layers (upper 121 m) ranges from 10.0 m at
the surface to 16.3 m at depth. These strata were as assumed to represent the mixed layer of the ocean sur-
face and would cover the lower limit of density gradients observed after fallout events [Nishiwaki, 1954;
Miyake and Saruhashi, 1958]. The modeling was a simplified approach that used an isobaric transport model
(i.e., particles remained at a particular depth strata); however, it was safe to assume that the depth strata
were initial starting points that became well mixed over the transport distances and could reach near sur-
face depths for accretion into the shallow water corals, which is plausible due to typical mixed layer dynam-
ics over great distances.

The transport modeling was accomplished using Lagrangian individual-based movement dynamics at a 1
day time step with a diffusivity parameter of 250 m2s~". This value of diffusivity was chosen based upon
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000 T iini analysis of NOAA drifter buoys [Rivera
R et al, 2011]. This simulation was writ-

ten in Python with data visualizations
accomplished with mapping software
Generic Mapping Tools [Wessel and
Smith, 1991]. Particles were released
for each blast event (Table 1), using a
200 nautical mile (322 km) radius cir-
cle as a particle seeding point, and
centered on each blast location. Circle
size was chosen based on unknown
effects of differential atmospheric dis-
persal prior to transport mediated by
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Year of formation ocean currents; however, evidence

from fallout studies from various blast
Figure 3. Plot of the new A'*C record from Guam with two atmospheric records . .
and the Kure Atoll A'C record [Andrews et al., 2016]. The unexpectedly high spike events provided evidence that the
from the Guam coral, followed by two smaller spikes, was more than can be most significant fallout would have
explained by air-sea diffusion alone. The Kure Atoll record exemplifies the been closest to ground zero. A |arge
expected marine '“C signal (no spikes). The largest spike approached maximum

atmospheric A'C levels at ~6409, and can be linked to close-in fallout from number of replicates were desirable

nuclear testing at the US Pacific Proving Grounds in the Marshall Islands. Atmo- to adequately characterize the vari-
:fZTri;:Orgc]ords were plotted to cover the region of interest (~140°E-170°E) [Hua ability of particle transport given there
! ' is a random, diffusive component to
movement dynamics (i.e, particles
released at same point in time and space may not follow similar paths). The sample size used (n = 5000 per
event) was chosen based on previous experience with transport modeling and constraints imposed by com-
putational logistics [e.g., Wren and Kobayashi, 2016]. Particle proximities to any of the coral core locations
were tabulated daily if the particle was within 100 km. Particles were at liberty for 3 years, but this was a
modeling constraint and not an actual lifespan (duration was long enough to characterize primary transport
pathways). The time series of particle hits was scaled to the yield (Mt) of the particular blast event. In this
manner, the time series of relative particle hits could be directly compared to the coral *C time series at
each same location. This comparison, coupled with the initial depth strata scenarios (10 layers at 0-121 m),
allowed inference of the likely transport pathways used by the blast event particles. Analysis of modeling
results focused on arrival time and the initial depth strata that correlated with observed coral core "C data.
Modeled arrival for Guam focused on all three operations, while the other locations may or may not have
included other operations.

3. Results

3.1. Guam Coral '*C Record

Extracted samples from the Guam coral core numbered 370, with one sample (GD2-346) lost during proc-
essing, for a total of 369 'C measurements covering the years 1939-2000 (National Centers for Environ-
mental Information, NESDIS, NOAA, U.S. Department of Commerce; https://www.ncdc.noaa.gov/paleo/
study/20346). The number of samples per year of coral growth varied from 4.5 to 9.5 based on the annual
bandwidth for the given period and the end mill diameter. The A™C values determined from these meas-
urements ranged from a prebomb low of —78.4%, in 1940 to a maximum value of 638.9%, in 1954—well
beyond what was expected for an early "C spike. Three spikes were observed in 1954-1955, 1956-1957,
and 1958-1959 as superimposed peaks on the pre-bomb to initial A'C rise levels from air-sea diffusion of
'C0, (Figure 3). Relative to mean prebomb levels measured in the Guam coral core (—60.8 + 4.9%; n = 84
and pre-1952), the first peak rises abruptly by ~7109%, and remained elevated for ~1.2 years before return-
ing to initial bomb C rise levels. Subsequent spikes were less intense with a rise of ~35 and ~709%, above
expected levels (Figure 3). The continuity of the Kure Atoll A'™C record [Andrews et al,, 2016] was used as a
reference for a gradual A'*C rise from air-sea diffusion (Figures 3 and 4). As hypothesized, the gradual A™C
rise and peak for Guam was between the northern (Okinawa and Hawaii) and southern (Nauru) records, and
most similar to Palau (Figure 4). Short records from Pohnpei [Konishi et al, 1982] and Guam
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Figure 4. Plot of the new Guam A'“C record (shadowed open circles) with other regional coral A™C records that surround Guam. As pre-
dicted by its intermediate latitudinal position, the Guam record was between the timeliest records from the northern Pacific and the atten-
uated and phase-lagged records south of the equatorial Pacific. Palau was most similar in timing and amplitude. The short Pohnpei record
shows the effect of moving closer to Guam from the south. A short record from Guam (1978-1981) [Moore et al., 1997] was not plotted to
reduce complexity, but was consistent with the new record. The early spike is truncated to focus on the overall '*C patterns of each
record.

[Moore et al., 1997] were also consistent with the new Guam record. The Pohnpei A'C rise was lagged a
few years later but rises to meet the Guam record, which would be expected for its position farther south.
The new Guam A'C record was similar on average to the short Guam record (1978-1981; 138.2 = 6.0%, f.
136.4 = 11.59,,, respectively; not plotted in Figure 4 due to visual complexity).

In general and ignoring the '*C spikes, the Guam coral A'*C record rises slowly to a maximum as a 16 year
plateau with a mean A'*C of 137.5%, and punctuated with a series of widely separated spikes to ~150%, in
the early 1970s and 1980s (Figure 4). As expected, the broad peak for Guam is different from the more
accentuated peaks of Okinawa and Hawaii. Kure Atoll provided the most comprehensive data set for a
North Pacific coral record and contrasts from the Guam record by having a narrow peak near 1759, for a
period of less than 2 years [Andrews et al., 2016]. Mean prebomb for Guam was —54.3 = 4.99 from 1939 to
1952, the year of the first thermonuclear test (Operation lvy, Mike Shot). This value is lower than prebomb
calculated for the same period at Kure Atoll (—46.6 == 4.99,,) and Okinawa (—41.5 = 3.69,.), and most similar
to prebomb for Palau (—54.7 + 2.1%,). The total A'*C increase between the means of Guam prebomb and
peak was ~2009%, in ~17 years (1952-1969), compared to ~2209%, in ~20 years (1952-1973) for Kure Atoll.
The period and rate for the most rapid A'*C increase were similar: Guam = 44.8%, per year (1962.75-
1964.75) and Kure Atoll = 45.09, per year (1963.46-1965.75). Relative to the lower resolution records of Oki-
nawa and Hawaii (FFS), the rise rates were also similar but precede the Guam rise period by 1-2 years. Palau
rises earlier but tapers off later than Guam (Figure 4). After the broad 16 year plateau for Guam, A'*C tapers
off slowly and irregularly into the postpeak decline period (after ~1986-1990). At this point in time, the
Guam A™C record runs in parallel with the Kure Atoll and Palau records.

3.2. Guam Coral *C Record and Nuclear Testing

Each of the three A'*C spikes measured in the Guam coral can be linked directly to testing of thermonucle-
ar devices in the PPG at Bikini and Enewetak atolls (Tables 1 and S1 and Figure 5). The largest A™C spike—
an increase of ~700%, above prebomb levels—can be linked to Operation Castle (28 March to 13 May
1954), where a series of six nuclear tests released a total yield of ~48.09 Mt, of which three tests exceeded
10 Mt (Shots Bravo, Romeo, and Yankee). The second A'*C spike is lowest of the three—an increase of
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Figure 5. Plot of the new A'C record from the Guam coral focusing on the three spikes measured in the 1950s. The high-resolution sam-
ple series confirmed the observations and included a spike increase in 1954-55 (~9409,,). The Kure Atoll record exemplifies the levels
expected from air-sea diffusion. In concert with the Guam coral A'C spikes, a second scale is plotted in correlated time to show the nucle-
ar test operations at the PPG. Each symbol represents the yield of individual tests in the megaton (Mt) range (right vertical scale bar). Early
nuclear tests during Operations Crossroads (1946), Sandstone (1948), and Greenhouse (1951) were not of significant magnitude to pro-
duce a A™C signal in seawater reaching Guam (Table S1). Operation Ivy (1952) produced the first thermonuclear explosion, but did not
register in the Guam coral. Nuclear tests conducted for Operations Castle (1954), Redwing (1956), and Hardtack | (1958) were of much
greater cumulative magnitude (Table 1), each of which produced a measureable A'“C spike.

~35%, above air-sea diffusion levels—and can be linked to Operation Redwing (4 May to 21 July 1956),
where a series of 17 nuclear tests released a total yield of ~20.8 Mt. All tests in Operation Redwing were <5
Mt. The final spike was during the initial A'*C rise period and exceeded the trend by ~70%,, which can be
attributed to Operation Hardtack | (28 April to 26 July 1958). This series consisted of 31 successful nuclear
tests for a total yield of ~26.6 Mt, of which two tests were just under 10 Mt (Shots Oak and Poplar). Opera-
tion Hardtack | was the last of the nuclear test operations at Bikini and Enewetak atolls (future PPG tests
were high altitude off Johnston Atoll and open ocean shots under Operation Dominic).

Resampling of the three A'*C spikes at higher temporal resolution (2X; n=42) led to verification of the
measurements made for 1956-1957 and 1958-1959, and provided an large increase to the observed peak
levels in 1954-1955 (Figure 4; https://www.ncdc.noaa.gov/paleo/study/20346). Peak values for the 1956-
1957 spike were similar in magnitude with a peak period dip to —4.89,, (~February-May 1957). A sharper
peak was recorded for the 1958-1959 spike (A'*C = 36.4%, cf. 30.0%,). The peak value for the 1954-1955
spike exceeded the initial measurements by ~300%, (A'*C = 638.9%, cf. 937.6%,) in mid-September 1954.
Conformity of the higher resolution samples with the initial measurements was good, but the initial rise
was earlier (1954.4 cf. 1954.5)—this difference is likely negligible because of the limits to temporal resolu-
tion in the coral records.

3.3. Bomb-Produced '*C and Ocean Currents

The movement of seawater masses containing the operation-specific '“C signals to Guam and other loca-
tions were measured based on observed arrival dates of the '*C spikes in coral core records (Figure 2).
Guam was the only location where each nuclear test operation was resolved. This observation is consis-
tent with a direct entrainment of a fallout '*C signal in the NEC from Bikini and Enewetak to Guam (Figure
6), followed by a dispersal of the 'C signals to the northwest (Kuroshio Current), southwest (Minandao
Current) and southeast (NECC; Figure 2). In addition, regional sampling performed in 1954 and 1955 by
Japanese researchers provided the locations of radioactive fish, fishing boats, or water samples—a timely
distribution of the bomb-produced plume (a mix of radioisotopes (e.g., °>Zn, °°Sr) that would include '*C)

ANDREWS ET AL.

BOMB-PRODUCED RADIOCARBON IN THE PACIFIC 6357


http://https://www.ncdc.noaa.gov/paleo/study/20346

QAGU

Journal of Geophysical Research: Oceans 10.1002/2016JC012043

50

200
250 -
300 f - :
0 5°N 10°N 15°N 20°N
Latitude

Figure 6. Profile of east-west current patterns (grey scale = westward direction) to a depth of 300 m for region between PPG and Guam
(140°E-170°E). The latitude of Bikini and Enewetak (B/E) and Guam (G) demonstrate that the North Equatorial Current (NEC) provided a
direct avenue for transport of nuclear fallout to Guam. SEC = South Equatorial Current (SEC) and NECC = North Equatorial Countercurrent
(NECC). Current speeds are in m-s~ ' along the respective contours.

created by close-in fallout from Operation Castle (Figure 2) [Nishiwaki, 1955; Sevitt, 1955; Miyake and
Saruhashi, 1958].

By tracing the arrival times of each operation-specific '*C signal in the Guam coral core, estimates of the
time and speed required to transport the signal were derived and rounded off to the most significant figure
because of uncertainties in the time of coral formation for each measurement (Table 1 and Figure 7).
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Figure 7. Propagation over distance and time of the operation-specific "*C signals—elevated levels preserved in coral—to Guam and
more distant locations. Shown on left are original timespans for nuclear test operations with corresponding spikes observed in Guam.
Spike periods observed in coral are plotted left to right at each location relative to distance from the PPG. Transport of '“C from Operations
Redwing and Hardtack | were not observed beyond Guam. Timespans represent initial arrival, highest peak value (midpoint, if present),
and a return to air-sea diffusion levels.
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Figure 8. Modeling of bomb-produced C arrival at (A) Guam from Operation Cas-
tle and (B) Operations Redwing and Hardtack | with the two Guam coral core '*C
records (Guam coral 1 = first samples; Guam coral 2 = high resolution). Initial
depth strata for each operation are plotted together (0-121 m), with surface
depths separated (0-41 m) to highlight the timing and relative contribution. A
minor time adjustment of —0.1 years was made to the Guam coral records for
peak alignment. Magnitude is modeling counts and an arbitrarily transformed val-
ue for coral "C records to emphasize temporal alignment.

Distance traveled for Operations Cas-
tle and Redwing was 2240 km (Bikini
to Guam) and was an average of dis-
tances from Bikini and Enewetak
(2070 km) for Operation Hardtack |
due to a mix of test sites. The '*C sig-
nal from Operation Castle (76 day test
period) arrived at Guam in approxi-
mately ~3 months for a mean current
speed of ~0.2-0.3 m-s~' and a spike
duration of ~1.3 years. Operations
Redwing (61 day test period) and
Hardtack | (76 day test period) took
more time to arrive at approximately
5-6 months and 4-5 months, respec-
tively. As a result, mean current
speeds were lower (~0.1-0.2 m-s™ 1)
with peak durations of ~0.8 and ~0.6
years, respectively.

By focusing on the largest A'*C signal
in 1954-1955, a timeline was estab-
lished to Guam and onward to other
locations where coral A'C records
also exhibit the early '“C signal (Fig-
ure 7). Palau is located in the bound-
ary of the NEC and the NECC—
downstream from Guam—and is the
first to exhibit the Operation Castle
C signal after Guam [Glynn et al.,
2013]. The arrival of the C spike was
~3 months after the beginning of
Operation Castle and similar to the
arrival for Guam, with a duration of
~24 vyears (Figure 7). Calculated
mean current speed was ~0.4 m-s~'

(~3400 km from Bikini), which is a
reasonable estimate considering the uncertainties in arrival timing from coral samples. The next record of a
€ spike is with two complicated, low-resolution records from Okinawa [Konishi et al,, 1982]. The records
were variable and somewhat contradictory, but each provided evidence of an arrival near 1955.7 = 0.5 years
(1 year sample extraction). As a result, the earliest arrival may have been ~1955.2 (transit ~380 day), but
the mean arrival near 1955.7 (transit ~560 days) led to a more reasonable current speed of ~0.1-0.2 m-s~"
(~5800 km via Guam and Kuroshio). The timing was slightly later than some of the proximate observations
made by a Japanese researcher in mid to late 1954 (Figure 2) [Nishiwaki, 1955], but many of these observa-
tions were well offshore and there is consistency with other observations made in 1955 [Miyake and Saru-
hashi, 1958]. No additional records were available farther northwest and two western records from the
South China Sea show no evidence of the 1954-1955 spike [Southon et al., 2002; Mitsuguchi et al., 2007],
which leads to movement beyond Palau and into the Indonesian Throughflow (ITF).

Bomb '*C records from coral cores at both Langkai Island (southeastern edge of Makassar Strait) and Lom-
bok Strait (most direct opening of ITF to Indian Ocean) revealed A'*C spikes that were attributed to Opera-
tion Castle (Figure 5) [Fallon and Guilderson, 2008; Guilderson et al., 2009]. Each spike began nearly 1 year
after the first test of Operation Castle (Shot Bravo; Table 1), leading to a transit speed of ~0.2 m-s~'
(~6500-7000 km from Bikini via Celebes Sea and Makassar Strait). The duration of the Operation Castle sig-
nal was complicated for each location by seasonal currents, mixed water masses, and depleted '*C sources,
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1400 T+ which could explain the punctuated spike
1 == Castle (0-121m) . .
decline [Fallon and Guilderson, 2008]. How-
1 Castle (0-41m) it timated that 14C K h d
1200+ . Pata-coral ever., it is estimate .a |r1 eaF recor
) o PRSI begins to return to air-sea diffusion levels
1000 - after ~2 years (Figure 7).
3 In terms of ocean transport via surface cur-
g 800 rents, the coral bomb '*C record that may
oo be the most complicated was from Palmyra
S 600 Atoll. While the A™C record from Palmyra
is low resolution, a rise of up to 409, was
400 attributed to nuclear testing in the PPG
[Druffel-Rodriguez et al.,, 2012]. The record
200 appears to indicate the "C signal arrived
. within the first elevated sample (1955).
0 Hence, assuming the arrival was within 6
1954 1955 1956 1957 months of the 1 year sample, transport
Year time would be ~0.3-0.8 years. The estimate
Figure 9. Modeling of bomb-produced “C arrival at Palau from Operation of distance traveled was not practical
Castle with existing coral core '“C record [Glynn et al., 2013]. Initial depth because of the unknowns associated where
strata are Plotifed together (0-121 m), with suﬁéce cﬁepths stepara.ted (O—. the Operation Castle plume may cross from
41 m) to highlight the timing and relative contribution. A minor time adjust-
ment of —0.1 years was made to align a hiatus in the Palau record with a the NEC to the NECC. In support of a close
similar observation in the modeling (notch at 1954.6). Magnitude is model- crossover to eastward movement and a

ing cour.mts and an arblt.rarl y transformed value or Fora C records to rapid arrival at Palmyra, anecdotal evidence
emphasize temporal alignment (Palau coral 1 = initial samples; Palau coral

2 = high resolution). from a Japanese researcher provided meas-

urements of radioactivity in the NECC
(between Marshall Islands and Palmyra) in the months immediately after nuclear testing (Figure 2) [Nishi-
waki, 1955].

3.4. Ocean Current Modeling and Coral **C Records

Ocean current modeling of fallout propagation from each thermonuclear test period (Operations Castle,
Redwing, and Hardtack I) provided a series of transport timelines for each of the regional coral '*C records
with an early "C signal (Movie S1). Each simulation led to arrival times and signal magnitudes for each of
10 initial depth strata, which were then analyzed for the primary and composite depths that may have led
to each coral "*C signal. Of primary interest for this study were the three A'C spikes within the Guam coral
record. The arrival and strength of the modeled Operation Castle signal at Guam were well correlated with
the coral "C spike and required only a minor adjustment of —0.1 year (within sample extraction error) to
align the peaks (Figure 8a). Hence, the correlated arrival of the "C signal was ~1954.4. The earliest '*C was
from initial depths of 0-41 m, but more than 60% of the overall Castle signal was from the deepest strata
(41-121 m). Results for Operations Redwing and Hardtack | were similar to the coral record, but coarser
across the event timespan (Figure 8b).

The arrival of bomb-produced '*C at Palau via the NEC was primarily from intermediate initial depths (41-
76 m), with 91% of the overall signal from the deepest strata (41-121 m; Figure 9). Unlike the modeling
results for Guam, the surface layers arrived later and contributed only 9% of the overall signal. This finding
points to the importance of deep density gradients that may have been advected in subsurface currents. In
addition, the modeling supports what appears to be a long spike duration of ~2.4 years. This can be attrib-
uted to the pooling effect of waters in this region (Western Pacific Warm Pool) and is exemplified by mod-
eled particles revisiting Palau over time (Movie S1).

Modeling the transit of bomb-produced '*C through the ITF provided complicated arrival details for the
Langkai Island and Lombok Strait, but generally validated predictions that the previously observed spikes
were from Operation Castle [Fallon and Guilderson, 2008; Guilderson et al., 2009]. Because the coral 4c
records were high resolution and may have exhibited bomb-produced '*C signals from all operations, the
results from fallout modeling of the Redwing and Hardtack | tests were also considered (Figures 10a and
10b). Arrival of the modeled Castle signal preceded the coral records in each location by 0.5-0.7 year.

ANDREWS ET AL.

BOMB-PRODUCED RADIOCARBON IN THE PACIFIC 6360



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012043

00 T Castie(0- 120 m) A Separation of initial surface layers (0-
{ = heug(ciitm 41 m) revealed a stronger correlation
1200 + Hardtack | (0- 121 m)

for the Lombok coral C record with
31% of the overall signal (Figure 10a),
but this scenario did not hold for the

All Ops (0-41 m)
~0~ Langkai coral

1000

g 800 | Langkai coral '*C record with only
En ] 6% of the overall signal from the
600 .
1 upper surface layers (Figure 10b). In
i general, the modeled signal strength
was stronger for Langkai than for
200 ! Lombok, which agrees with the
. observed A'*C increase in 1955 for
o L, ! oy, T ki e
1954 1955 1956 1957 1958 1959 1960 1961 1962 both coral records (A™C increase of
wo ~40 versus ~30%,, respectively). Cur-
= Castle (0- 121 m) . . .
_RZ . B rent modeling provided a potential
900 | — Redwing (0-121m ) ) -
— Hardtack 1 (0- 121 m) explanation by showing a loss of sig-
800 App Ops (0- 41 m)

nal strength after Langkai Island due
to a split of ocean currents into the
Java and Banda Seas, after being con-
strained by Makassar Strait (Movie
S1). In general, the signals from Red-
wing and Hardtack | provided vari-
able levels of input to the system and
were further complicated by seasonal
oscillations (Figures 10a and 10b).
! il B VR T L T A The "C signal from Hardtack | provid-
1956 1957 1958 1959 1960 1961 1962 ed a relatively h|gh input to the SyS'

Year
tem at Langkai and Lombok with 35
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but Redwing was far less significant

each operation are plotted together (0-121 m), with surface depths separated (0- at Lombok.

41 m) to highlight the timing and relative contribution. Magnitude is modeling 14 .

counts and an arbitrarily transformed value for coral *C records to emphasize tem- The coral "“C records at Okinawa and
poral alignment. Palmyra provided the lowest tempo-

ral resolution for comparison with
the modeling. There was some agreement and general confirmation of speculation that the origin of these
moderate, early *C spikes was from the PPG [Konishi et al., 1982; Druffel-Rodriguez et al,, 2012]. For Okinawa,
the first elevated A'*C values were from Operation Castle arriving at 1955.2, which was primarily from initial
sources that entered the upper surface strata (77% from 0 to 41 m). Contributions from Operations Redwing
and Hardtack | were also mostly from upper surface strata and may be responsible for what appears to be a
long elevated period (A™C rise resumes ~1961). This is consistent with the location of Okinawa on the
western edge of the North Pacific Gyre where pooling effects were demonstrated in the particle model-
ing—a sustained presence of upper surface waters from the PPG (Movie S1). For Palmyra, the modeled
spike could have arrived earlier by up to 1 year relative to what was recorded in the coral, but the complexi-
ty of crisscrossing waters from the NEC to the NECC likely precludes realistic arrival times (Figure 6 and
Movie S1).

4. Discussion

The three spikes in marine C that were observed in this study can be tied directly to close-in fallout from
thermonuclear testing in the PPG at Bikini and Enewetak atolls of the Marshall Islands (Figure 5). The post
WWII series of nuclear tests in this region mark a progression in theoretical design and maximum yield of
these explosive devices over a period of 12 years [Hansen, 1988]. Testing in this location began with Opera-
tion Crossroads in 1946, followed by Operations Sandstone (1948) and Greenhouse (1951), all of which
were fission devices of much lower yield (<225 kt) than the thermonuclear devices to follow [Department of
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Energy, 1994] (Table S1). The first successful thermonuclear test was with the groundbreaking Mike Shot of
Operation Ivy in 1952 at Enewetak Atoll with a yield of 10.4 Mt [Gladeck et al., 1952]. This event led a series
of thermonuclear tests in this location that produced radioactive clouds that stabilized in the stratosphere
(typically associated with a yield >1 Mt). As a result of these tests and others throughout the world, a global
'C signal was created via stratospheric and tropospheric circulation of bomb-produced "*C with uptake by
land plants and soils and an eventual diffusion into the sea surface [e.g., Nydal, 1968; Nydal and Gislefoss,
1996].

The natural source of '*C to the Earth-surface and marine environments is maintained by cosmic ray produc-
tion of neutrons in the upper atmosphere and n,p reaction with "N to produce '*C [Libby, 1946, 1955; Ander-
son et al, 1947]. This process results in a gradual uptake of '*CO, by the marine environment via air-sea
diffusion [Broecker and Peng, 1982]. The uptake rate is exemplified in the northern tropical Pacific by the
bomb-produced '*C signal documented in a coral core from Kure Atoll [Andrews et al., 2016]. Located near the
center of the North Pacific Gyre, the coral "C record shows a gradual and attenuated increase—relative to
the atmospheric record—over a period of approximately 16 years before a peak is reached with a subsequent
decline (Figures 3 and 4). Hence, the close concordance of the Kure Atoll record with the uninterrupted A'*C
rise recorded by the Guam coral is a clear indication that air-sea diffusion alone cannot account for the three
superimposed '*C spikes—fallout of residual nuclear radiation with subsequent sea surface current advection
to Guam must be the conduit of these anomalous signals. In addition, despite the magnitude of Mike Shot in
1952, there was no apparent bomb C signal in the Guam coral record (Figure 5), which is an indication that
a series of tests was required to create the measureable signals observed in this study.

Radioactive fallout from thermonuclear testing at Bikini and Enewetak was studied extensively by the US
military and members or contractors of the Atomic Energy Commission. Almost all of the largest thermonu-
clear tests in this location were surface (tower or air-drop) or barge (lagoon) shots, which provided direct
contact of the nuclear fireball with seawater and atoll substrates (carbonate rock, rubble, sands, and sedi-
ments of coral reefs), leading to massive close-in fallout. Cherokee Shot during Operation Redwing was a
notable exception (3.9 Mt airburst at 4350 feet (1326 m)) and exemplifies the necessity of fireball surface
contact by generating no significant fallout activity [Hawthorne, 1979]. Much of the fallout research for sur-
face bursts was focused on how radioisotopes—created as residual radiation in a fireball that makes contact
with the ground [Glasstone, 1964]—are propagated into the environment as an exposure hazard to humans
(e.g., bone-seeking %0Gr) [Libby, 1957, 1958; Hawthorne, 1979]. As a result, some of the research can be used
as a proxy for how bomb-produced '*C entered the sea surface directly and ended up as the signals
detected at great distances in the marine environment.

Thermonuclear explosions produce an enormous burst of neutrons within the first few microseconds, most of
which are immediately absorbed by atmospheric nitrogen, creating a '*C source in the atmosphere immedi-
ately surrounding the fireball [Latter and Plesset, 1960; Glasstone, 1964]. While much of the '*C production in
these thermonuclear explosions is entrained into the superheated, toroidal cloud and advected well into the
stratosphere [Latter and Plesset, 1960], a substantial amount will return to the surface of the Earth as close-in
fallout [Libby, 1958; Broecker and Walton, 1959]. Most important in this regard is the entrainment of pulverized
and vaporized surface materials (i.e., coral reef carbonates) into the superheated cloud that would provide a
mix of surfaces and condensates with which the newly created '*CO, can react and become an integrated
part of particulate fallout. In particular, it has been proposed that high heat decomposition of coral carbonates
(CaC0s) would produce calcium oxide (CaO), some of which is subsequently rehydrated to calcium hydroxide
(Ca(OH),), which would combine in the cooling cloud with CO, to form CaCO3 and water [Adams, 1953; Miller,
1964]. The reformed carbonates (including other elemental forms of interest, like °SrCO;) [Toggweiler and
Trumbore, 1985] would be a major component of the fallout material by adhering to various kinds of particu-
late matter in the condensing cloud [Adams, 1955], thereby providing a direct infusion and dissolution of at
least some of the Ca'*CO; at the sea surface. These fallout patterns were often spread over vast regions, out
to more than 40-80 miles (64-129 km) from the shot point [Adams, 1957], and include even greater distances
for the shots with greatest yield (i.e,, Bravo Shot of Operation Castle in 1954 was the largest test in the region
at 15 Mt and produced a vast fallout zone to the northeast) [Martin and Rowland, 1982; Kunkle and Ristvet,
2013]. It is applicable to note that reactive spherical and “fluffy” structured particles were observed as part of
the fallout and were composed partly of carbonates that included reformed calcite [Nishiwaki, 1954, 1955;
Adams et al, 1960], which would be partly composed of bomb-produced '*C. Evidence for significant
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'€ levels in fallout material can be found with a reconstruction of nuclear bomb neutron flux from the CaCO;
of coral reef sands and sediments at Bikini Atoll [Lachner et al,, 2014]. In that study, "*C concentrations greatly
exceeded a strict neutron activation of the coral carbonate. Hence, the excess '*C was attributed to other
sources, which were most likely atmospheric neutron activation of '*N and y-ray reaction on '0, with subse-
quent incorporation of the '*C into the CaCO; fallout [Lachner et al,, 2014]. In addition and perhaps of signifi-
cant importance, shots made at or below the sea surface created an enormous volume of water vapor that
would likely sequester atmospheric '*CO, directly in the cooling and condensing cloud, which would provide
a direct pathway to the sea surface.

Close-in fallout from nuclear tests in these islands was extensive. Radioactive plumes in the sea surface
created by multi-megaton shots Yankee and Nectar of Operation Castle were tracked by air and sea
[LeVine and Graveson, 1954]. The regional study provided a direct connection of contaminated water
propagation from shot sites with observations of a strongly cohesive plume structure and a limit to the
depth of radioactivity (above the thermocline). Tracking of the plume led to a current speed estimate of
~0.5 mi/h (~0.2 m-s™") at 3-4 days after Yankee shot, similar to the current speeds calculated for the
transit to Guam. At the time of the surveys, the traversed radioactive plumes were 20-30 miles wide (32—
48 km). In addition, some observations made by Japanese researchers south of Bikini Atoll using depth-
stratified sampling indicated there were density-gradients transporting contaminated water below the
surface which appeared to remain within the mixed layer for extended periods [Nishiwaki, 1954; Miyake
and Saruhashi, 1958].

Modeling the advection of bomb-produced 'C from Bikini and Enewetak effectively validated the
hypothesis that the three '*C signals observed in coral at Guam were the result of ocean transport in sur-
face currents (Figure 8 and Movie S1). The close temporal alignment of the modeled Castle signal, cou-
pled with a comparable magnitude and period, provided confidence that fallout material generated
during thermonuclear tests led to the "C signals observed in Guam. Current structure in the mixed layer
of the sea surface and density gradients of waters laden with fallout material led to differences in the
arrival timing and signal strength. Modeling also provided validation of '*C observations made in corals
elsewhere. The findings for Palau indicated there was a significant and rapid advection of '*C to the west
from the PPG via subsurface currents of the NEC (Figure 6). The early arrival observed in the Palau coral
C record was not supported by the current modeling and should have arrived ~1-2 months later. How-
ever, a bimodal structure was reflected in the modeling with a hiatus in the arrival of fallout waters cen-
tered on mid-1954. Modeling indicated that the initial signal (prior to the hiatus) was entirely Bravo and
Romeo Shots. Shifting of the Palau coral '*C record by —0.1 year to match the hiatus led to a more unreal-
istic arrival (before Guam); hence, it is possible that the timeframe represented in the Palau coral samples
was slightly less than originally estimated (Figure 9). The modeled return of the *C signal (posthiatus)
was from Union and Yankee Shots, coupled with the return of Bravo and Romeo via the SECC (Movie S1),
which may explain the lengthy spike period.

The initial depths of "C from close-in fallout at the PPG used in the modeling provided some preliminary
information on how density gradients may have played a role in transport. Sources of the 'C signal origi-
nating in the uppermost depth strata seemed to play a less important role across the western Pacific and
may be the result of either advection away from the existing coral records, or at-depth density gradients
maintaining a long period of cohesiveness, or both. The "C record at Okinawa provided some evidence
that the pooling effects of the NPG contributed to the moderate, long-period signal observed in this loca-
tion. The deep origins of the C signal at Palau, located on the south side of the NEC, seems to confirm the
partitioning of upper fallout *C layers toward the north. In addition, the passage of bomb-produced '*C to
the Langkai and Lombok locations revealed some agreement in timing and a greater contribution from
deeper fallout origins (Figure 10). Some of the disagreement in timing for these records may be attributed
to the relatively coarse spatial resolution of the SODA currents (more applicable to high-seas transport).
However, SODA has been used in other studies of the ITF [Potemra, 2005], and is thought to perform well in
estimating total transport through this complex region. Further, the simulation modeling was able to show
particles utilizing the primary pathways of Lombok Strait, Ombai Strait, and Timor Passage to reach the Indi-
an Ocean, as would be expected based upon oceanographic knowledge of that region [Bray et al., 1997].
Despite the early arrivals, the modeling provided a general validation of the hypotheses that the largest sig-
nals at Langkai and Lombok were from close-in fallout of Operation Castle [Fallon and Guilderson, 2008;
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The original goal of this analysis was
to provide a bomb 'C benchmark
for Guam to be used in answering
questions of age for regional fishes.
The unusual "C spikes measured in
this study will complicate use of this
tool in age validation studies. As is
typical with the bomb '*C dating approach, A'*C measurements from extracted samples will need to con-
sider the possibilities for temporal alignment with the A'*C reference record. In most cases, the A'*C rise
period (late 1950s to the mid-1960s) is the most diagnostic period because the range of elevated A'™C
values is unique through recent time. The exception in some existing studies is when the A™C decline
(typically more recent than ~1980) begins to provide a more recent temporal alignment of the measured
values, creating a potentially ambiguous result. However, in most cases where this was a potential prob-
lem, other information about the time of capture or age and growth can lead to an objective birth year
selection [e.g., Andrews et al., 2012, 2013]. When considering the Guam coral record, the complication is
most significant with the '*C spike in 1954-1955 because of its amplitude, but is further complicated by
the smaller peaks in 1956-1957 and 1958-1959 (Figure 4). In general, the A'*C rise period would normally
provide validated birth years for ~1956-1968 (A'*C from ~-25 to 115%,), but there is a possibility of birth
years in 1954-1955 for any measured A'*C value in this range because of the Operation Castle spike. The
smaller peaks attributed to Operations Redwing and Hardtack | must also be considered for A'C values
below 39/, and 309, respectively. To overcome these complications, successive sampling into more
recent material can provide answers for most of the A'C rise, and most effectively for values between 30
and 115%,, where the 1954-1955 spike is widely separated in time from the air-diffusion A'*C rise period.
In addition, further utility of bomb radiocarbon dating of younger fishes collected recently may be aged
using the post-peak decline period, as was the case for a coral record established in the Gulf of Mexico
[Andrews et al.,, 2013] and in other places that have a steep post-peak A'*C decline gradient [Andrews
et al., 2016]. The Guam record is more limited in this regard due to the moderately broad peak and may
provide diagnostic birth years more recent than 1990, whereas the Gulf of Mexico and Kure Atoll records
begin a significant decline in the early 1980s. In addition, the Guam record ends in the year 2000 and
would need to be supplemented with more recent known-age carbonates from the region to become
more useful in age validation studies (i.e., archived juvenile otoliths) [Andrews et al., 2016].

Figure 11. Alignment of the modeled arrival time and magnitude of the plume
from each thermonuclear test operation relative to a strontium-90 (°°Sr) signal that
was recorded in a coral core from Cocos Island in the Indian Ocean [Toggweiler and
Trumbore, 1985]. Magnitude is modeling counts and an arbitrarily transformed val-
ue for the coral ®°Sr record to emphasize temporal alignment.
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