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ABSTRACT

Natural and anthropogenic radionuclides are used to study a suite of environmental processes. Yet their
applications in aquatic systems are hindered by a general lack of knowledge regarding the underlying
concepts of radioactivity, the occurrence of radionuclides in ecosystems, and the equations used to
describe their decay mechanisms in environmentally applicable ways. The goal of this lecture is to
provide upper level undergraduate and graduate students with a basic understanding of how
cosmogenic and anthropogenically produced radionuclides can be used to address a range of
environmentally relevant questions in marine systems. The lecture begins with a brief introduction to
cosmogenic and anthropogenic radionuclide production and sources to the marine environment. The
remaining lecture focuses on specific case studies using these radionuclides in a range of applications
including: ocean circulation and mixing, particle scavenging, and sedimentation/age dating. This lecture
is the third of a four-part lecture series on radionuclides in the marine environment.

SLIDES

1) The overarching goal of this lecture is to provide a basic understanding of how cosmogenic and
anthropogenic radionuclides are used in the marine environment to investigate a variety of
processes. The lecture begins with a brief introduction to cosmogenic and anthropogenic
radionuclides and their distribution in the marine environment. The remaining lecture focuses
on specific case studies using these radionuclides in a range of applications including: Ocean
circulation, particle scavenging, and sedimentation/age dating.

2) Why study radionuclides? Radionuclides can be used as clocks to study key processes and rates
in the ocean. They are ubiquitous, relatively easy to measure, and have a wide range of half-lives
spanning seconds to billions of years. One of the classic introductory texts to this topic is Tracers
in the Sea by Broecker and Peng (1982) (Also available online at:
http://www.ldeo.columbia.edu/~broecker/Home_files/TracersinTheSea_searchable.pdf). This
text describes a general introduction to marine radioactivity and a suite of basic applications.
While dated, the underlying approaches remain the same.

3) There are three main sources of radionuclides to the environment and they are loosely classified
as the naturally occurring U-Th series radionuclides, naturally occurring cosmogenic
radionuclides, and radionuclides produced by anthropogenic processes. Some radionuclides
have both cosmogenic and artificial sources (e.g., *H and *C). Note that other primordial
radionuclides exist as well, such as “°K, but are less commonly used in marine applications.
These radionuclides enter the ocean via both point and non-point sources and their distributions
are controlled by their biological and chemical reactivity and half lives. The goal of this lecture is
to introduce students to using cosmogenic radionuclides and radionuclides produced by
anthropogenic activities to gauge marine processes.

4) In contrast to U-Th series radionuclides, the major sources of oceanic relevant cosmogenic
radionuclides occurs via atmospheric deposition. Anthropogenic radionuclides enter the oceans
via a variety of pathways, but on the global scale, the flux is dominated by atmospheric
deposition as well.

5) There are a number of naturally occurring radioactive elements produced from cosmogenic
processes. This table presents a general list of the cosmogenic radionuclides found in marine
systems, their source, and globally averaged in situ atmospheric and oceanic production rates.
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6)

7)

8)

9)

The most common radionuclides used in marine systems are ¢ and "Be. For more information,
see Lal (1999).

Cosmogenic radionuclides are produced via spallation (from the Middle English verb ‘to ship or
fragment’): A high energy nuclear reaction that results in the emission of two or more fragments
from the nucleus.

High energy cosmic rays (protons and neutrons) continually bombard the Earth’s surface. These
rays interact with atmospheric gases (e.g., N, O, and Ar) and create secondary neutrons and
protons of lower energy (as well as a number of other particles) that also interact with
atmospheric gases, causing a “Nuclear Cascade.” As a result, cosmogenic radionuclide
production varies with height in the atmosphere. Most cosmic rays are galactic and originate
from supernovas, but our sun also produces significant cosmic rays. Cosmic rays are about 89%
hydrogen atoms (protons), 10% helium, and 1% heavier elements.

Cosmogenic radionuclide production also varies with latitude due to the Earth’s magnetic field,
which essentially acts as a shield from the high energy particles that constantly bombard the
Earth. The Earth’s magnetic field is strongest at the Equator, but decreases in strength at the
poles.

This is one of the reasons why we have the “Northern Lights” or Aurora Borealis. High energy
particles enter the atmosphere at the north and south poles as they are not blocked by a strong
magnetic field in those regions.

10) Combined, cosmogenic radionuclide production increases with both atmospheric height and at

increasing latitudes on Earth. Here is an example of atmospheric ’Be production from cosmic
rays. Note that the tropopause (the interface between the troposphere and the stratosphere)
follows the contour line of 10 atoms min™ m™ air production. The stratosphere is stratified and
gradients in cosmogenic radionuclide production are readily apparent. The troposphere, in
contrast, is relatively well mixed due to convection (largest change in temperature). Mt. Everest
is shown for scale (Height ~ 8.5 km).

11) As cosmic rays are produced via solar activity, variations in solar activity over seasonal to

decadal time scales also influence the production of cosmogenic radionuclides (increased cosmic
rays = increased cosmogenic radionuclide production). Here is a figure showing sunspot activity
over the past 400 years. Note that sunspot numbers vary from < 10 to more than 200 sunspots
per year. Closer examination of the sunspot activity reveals a fairly regular 11 y cycle. Why this
cycle occurs is poorly understood, but may be a result of variations in the sun’s global magnetic
field or “solar dynamo”. From 1645-1715, there was a sudden and unexplained reduction in
sunspot activity that is referred to as the Maunder Minimum and coincides with what we now
know as a colder period in Earth’s climatic history called the “Little Ice Age.” For more
information on sun spots, see the Sunspot Index and Long term Solar Observation (SILSO)
website: http://www.sidc.be/silso/home.

. . . . . 1 .
12) Combined, measurements of longer lived cosmogenic radionuclides, such as **C require careful

correction factors to capture the variability associated with seasonal to decadal production rates
and changes in reservoir size. These include anthropogenically produced “C and the production
of fossil fuels (Suess Effect). In this figure, the 1:1 C conventional age (red dashed line) versus
calibrated age is shown. In order to obtain a calibrated *C age, ages must be corrected using
other archives with known ages, such as marine and lake sediments, corals, Bahamian
speleothems, and even tree rings. Note that if conventional ages were used, samples would
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appear younger than their true age. For more information on how '*C ages are calibrated, see
https://cl14.arch.ox.ac.uk/oxcal/OxCal.html.

13) What are cosmogenic radionuclides used for? Many are used to better understand ocean mixing
and age dating. Most tend to focus on ’Be and **C given their well-defined source to the ocean.
See Lal (1999) for a more comprehensive list of historical applications.

14) One major example for the application of cosmogenic radionuclides is the age and circulation
patterns of the ocean. Our initial understanding of thermohaline circulation is derived from
measurements of naturally occurring **C.

15) This now classic figure shows the age of waters at 3500 m as derived from *C abundance. In the
broadest sense, 1*C enters the ocean via gas exchange in the form of CO,. Cold salty waters of
the North Atlantic sink and form deep waters that then travel to the South Atlantic before
moving through the Indian Ocean and into the Pacific Ocean. Once *CO, is removed from the
surface ocean and gas exchange ceases, the **C begins to decay. The relative age of the water
mass since removal from the atmosphere is subsequently determined, providing information
not only on the age of the water mass, but the pathway of travel.

16) In this second example, dissolved organic carbon (DOC), the humic component of DOC, dissolved
inorganic carbon (DIC) and sinking and suspended particulate organic carbon (POC) were
measured for *C activities with depth in the Sargasso Sea. This information provided some of
the first evidence that DOC is comprised of organic matter that has cycled through the oceans
several times prior to being removed (e.g., > 2000 years old). It further provided evidence that
POC is young (contemporary) and turns over at a much faster rate. This pioneering work by
Druffel et al. (1992) revolutionized our view of oceanic carbon cycling and is the basis for a
multitude of studies that now use **C to date the age of specific biomarkers and compound
classes. See Druffel et al. (2016) for more information.

17) "Be can be used to examine upper ocean mixing rates on short timescales. This information is
critical for understanding how nutrients are injected into the sunlit upper waters of the water
column. This process can vary significantly over space and time. This schematic depicts a simple
model used to describe "Be profiles in the water column and to determine vertical mixing
(defined as J in the equation, i.e., eddy diffusivity and upwelling) rates. Also see Kadko and Johns
(2011) for more information.

18) In this example, 'Be profiles were measured at stations in the eastern tropical South Pacific. ‘Be
profiles were fit to an exponential below the base of the mixed layer using the previous model
and vertical mixing (eddy diffusivity) estimates were made. The red line shows constant Be
activity in the mixed layer, according to the assumption made in the box model. Shown on each
plot are upwelling velocity (Wy), eddy diffusivity (K;) and uncertainty in K, (oK;). Uncertainties
were propagated from the uncertainty in Wy and the depth attenuation coefficient (a) from the
fit. Points in parentheses were not used for the fit. For more information on the model and
application, see Haskell et al. (2015). Note that another emerging application of ’Be that relies
on 'Be ocean inventories is as a tracer of atmospheric trace metal deposition to the ocean. In
this application 'Be ocean inventories are used in combination with the trace element to 'Be
ratio in bulk aerosols. See Kadko et al. (2015) for more information on this emerging technique.

19) The third class of radionuclides used in marine systems to explore a variety of processes is the
anthropogenic radionuclides. Anthropogenic radionuclides are those radioactive nuclides that
do not naturally occur on Earth in the present day and are created by humans. By far the largest
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source of anthropogenic radioactivity was derived from atmospheric nuclear weapons testing
that began in 1945 at the Trinity Test Site in New Mexico and ended in October, 1980 at the Lop
Nor Chinese Test Site. The nuclear testing at Bikini Atoll encompassed 23 nuclear detonations
between 1946 and 1958 (Richards et al., 2008). When the Paris fashion designer, Louis Réard,
introduced his new women’s swimsuit design in the summer of 1946, he called it the “bikini,”
and suggested that its revealing design was just as shocking as the Bikini Atoll atomic bomb tests
that were capturing the public’s attention that summer.

20) The two major sources of anthropogenic radionuclides to the environment are from nuclear
weapons testing and nuclear facilities (e.g., nuclear reprocessing plants).

21) Why produce anthropogenic radionuclides? Nuclear Power. Anthropogenic radionuclides,
particularly >*U, ?*°U, and ***Pu produce energy during controlled fission chain reactions (See
Lecture 1, Radioactivity in the Marine Environment: Understanding the Basics of Marine
Radioactivity). Uranium enriched to concentrations above 0.7%, but less than 20% 2y, is
defined as low enriched Uranium (LEU).

22) Why produce anthropogenic radionuclides? Nuclear Weapons. Anthropogenic radionuclides,
particularly ***U also produce energy during uncontrolled fission chain reactions (See Lecture 1,
Radioactivity in the Marine Environment: Understanding the Basics of Marine Radioactivity).
Nuclear weapons use high enriched Uranium (HEU), which is comprised of more than 20% 2By,
Weapons-grade HEU is typically defined as 90% HEU or above. This minimizes weapons’ size.
Smaller and lighter nuclear weapons are much easier to deliver. The lower the enrichment level
the greater the amount of material required to achieve a critical mass, i.e., enough mass to build
a nuclear bomb. The figure shows the relationship between weight and yield. For more
information, see: http://tutorials.nti.org/nuclear-101/uranium-
enrichment/#sthash.ZS4qbeWI.dpuf.

23) Anthropogenic radionuclides are also useful for a wide variety of medical, scientific, and
industrial applications, ranging from treatment of cancer to smoke detectors.

24) Major sources of known anthropogenic radionuclides to the ocean occur via atmospheric testing
of nuclear weapons, planned liquid releases from nuclear fuel reprocessing plants, and accidents
related to nuclear power production, satellite re-entry, and undetonated weapons. Data from
IAEA (1999), IAEA (2001), and Hu et al. (2010).

25) Continuation of slide 24

26) Major sources of potential (poorly constrained) anthropogenic radionuclides to the ocean also
include nuclear waste dumping and accidents/losses at sea. Data from IAEA (1999), IAEA (2001),
and Hu et al. (2010).

27) This figure presents data on nuclear weapons testing from 1945-2007 by various countries as
well as the location and size of the blast. Note that most of the tests occurred from 1945 — 1964
with large scale reductions in above ground testing occurring after the signing of the Partial Test
Ban Treaty (PTBT) by the United States, the former Soviet Union, and the United Kingdom, on
August 5, 1963. The PTBT banned detonations for military and civilian purposes underwater, in
the atmosphere, and in outer space. Note that some nuclear tests continued to occur after the
PTBT, with France conducting atmospheric tests until 1974 and China until 1980, however, the
number and yield of these tests were significantly lower.

28) Atmospheric nuclear weapons testing led to temporal and spatial variability in global radioactive
fallout or atmospheric deposition: 12% of the fallout was deposited near the test site (“close-
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in”), 10% percent was deposited around the same latitude as the test site (“intermediate”), and
the remaining 78%, “global” fallout, deposited in the same hemisphere as the original nuclear
test. Again, note the peak in the deposition of anthropogenically produced S in 1963 and the
large difference in fallout between the northern and southern hemispheres. *°Sr was of
particular interest as strontium substitutes for calcium and there was concern regarding
radioactive *°Sr contamination in milk produced by cows feeding on contaminated food.

29) A second major point source of anthropogenic radionuclides is from spent nuclear fuel
reprocessing plants. One such example was the planned release of liquid effluent from the
Sellafield nuclear fuel reprocessing and nuclear decommissioning site, United Kingdom, to the
Irish Sea.

30) A third major point source of anthropogenic radionuclides to the ocean is from nuclear
accidents at both land and sea. Note that while this map includes a list of worldwide accidents,
not all have led to releases to the environment. The most well-known environmental releases
are those that occurred on April 26, 1986 (Chernobyl, Ukraine) and on March 11, 2011
(Fukushima Accident, Japan), which is not shown.

31) When investigating accidents and planned releases from nuclear power plants, 137¢s (t, = 30.1
y) is often used as a basis for tracking radiation in marine systems as it is soluble in seawater,
has a high seawater abundance, and has weak particle reactivity. Many of the other
radionuclides released have relatively short half-lives. The 2011 data reflects the initial activity
and the 2015 data reflects the remaining activity. In the case of the Fukushima accident, BKris
the only released nuclide with a higher activity than 137¢s four years after the accident. With a
half-life of 10.8 y, *Kr decay occurs relatively quickly. Furthermore, Kr, is a noble gas that is
unreactive and is rapidly diluted in the atmosphere. Finally, there is significant naturally
occurring 8Kr (from cosmic ray production); the major nuclear accidents of Chernobyl and
Fukushima contributed only marginally to global ®*Kr inventories.

32) As a result of the above information and the short half life of **’Cs, *’Cs activity distributions in
the ocean are spatially heterogeneous, with highest activities in regions were nuclear accidents
or planned discharges have occurred, e.g., the Irish Sea, the Baltic Sea, and the Black Sea.

33) It is important to note that atmospheric weapons tests are still the largest source of 137Cs to the
oceans. Specific activities are low (Bgq m™) due to the large volume of the ocean (dilution).

34) Indeed, anthropogenic radionuclides are relatively low compared to that which naturally occurs
in seawater, by orders of magnitude. For comparison, a banana typically contains 10
Bq and humans typically have ~ 8,000 Bq. Itis important to note, however, that
different radionuclides may have very different fates and relative toxicity (See Lecture 4,
Radioactivity in the Marine Environment: Understanding the Basics of Radioecology).

35) Applications of anthropogenic radionuclides in the ocean span from investigations of
water/atmospheric mixing rates to dating the age of sediments.

36) The focus of the remaining lecture will be on applied case studies. The first set of case studies
focuses broadly on ocean circulation, the second set of case studies focuses on particle
transport and burial.

37) Circulation from atmospheric fallout (weapons tests). This example focuses on *H produced
during atmospheric weapons testing (t,, = 12.43 y, beta decays to stable *He). *H enters the
oceans predominantly via precipitation and continental run-off that occurs almost entirely in the
northern hemisphere. Note that the units in this figure are tritium units (1 TU = 0.12 Bq LY.
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Repeated measurements allows for a more detailed examination of water mass circulation and
mean age (t). For more information on *H as a circulation tracer, see the World Ocean
Circulation Experiment (WOCE) website.
(http://www.ldeo.columbia.edu/res/fac/etg.tmp/text/woce_method.html)

38) Circulation from atmospheric fallout (weapons tests). This example focuses on **C produced

during atmospheric weapons testing (t,, = 5730 y, beta decays to stable ¥N). Similar to
cosmogenic produced '*C, anthropogenic '*C enters the oceans via gas exchange. In contrast to
*H, the longer half-life of C coupled with the different chemical reaction pathways resulted in a
broader and more even distribution of bomb **C in the atmosphere. Thus, anthropogenic ¢ in
the form of gaseous **CO,, has been used to examine rates of gas exchange and penetration
depths throughout the surface ocean. In this example, **C units are given as A'C notation in %o.
This includes a variety of correction factors that are beyond the scope of this lecture (See Slide
12). Here ~ - 60 %o is considered to be “pre-bomb” **C. For more information on sampling see
the WOCE website (http://woceatlas.ucsd.edu/).

39) Ocean circulation patterns from point sources. There are two major centers for nuclear fuel

reprocessing in northwestern Europe — COGEMA-AREVA NC-ORANO La Hague in France, which
discharged into the English Channel (or La Manche), and BNFL Sellafield in United Kingdom,
which discharged into the Irish Sea. At La Hague & Sellafield, discharges in the release of
radionuclides to the environment have varied as a function of treatment methods and in
response to increases in the throughput of fuel and/or type of fuel being reprocessed. This
figure is an aerial photograph of Sellafield and shows the extent of the site, the location of some
of the main spent fuel reprocessing facilities, and the pipeline through which liquid waste is
discharged into Irish Sea along the seabed about 2 km offshore.

40) Radionuclide tracers (**°l, t,,= 1.57 x 10’ y) discharged from Sellafield and La Hague are

41

42) A similar figure can be made for

~

transported northward through Fram Strait and the Barents Sea into the Arctic Ocean where
they circulate at different depth levels, marking water of Atlantic origin. Shown here is the
schematic flow from Sellafield and La Hague into the Arctic Ocean, its continuation at mid-depth
along the continental margin, and the return flow toward Fram Strait along the Lomonosov and
Mendeleyev Ridges. The inset shows the history of 129) discharges (TBq y™) from Sellafield (red
line) and La Hague (blue line).

12| \vater-depth profiles in Arctic Ocean show the arrival of the large pulse produced in the
1990s from Sellafield and La Hague. Inset (lower right) shows the %] input function at 60°N. The
arrival of the lower, pre-1993 signal (blue color) is indicated at each station by blue 29 profiles.
The arrival of the higher, post-1993 signal is indicated by red profiles. For example, 129 activities
at Station 4 (North Pole) are constant (blue color from 1994 - 1999, but begin to increase (red
color) in 2000 and then further increase by 2007. This shows that the 1990s pulse in **°| takes
about 10 years to reach Station 4. For details on how to determine transit times see Smith et al.
(2011). More recent work uses **°U in a similar manner, e.g., Castillejo et al. (2018).

137Cs. Note the difference between input functions of **’Cs and
I. Although a different radionuclide with a different chemical reactivity and input function,
Cs shows a similar 10 year transit time to **°|

129

137

43) Ocean circulation from nuclear accidents. On March 11, 2011, a magnitude 9.0 earthquake

initiated a tsunami off the coast off Japan that damaged the Fukushima Nuclear Power Plant in
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Fukushima, Japan, releasing significant radioactivity into the environment. The activities shown
in this figure are converging estimates updated from Buesseler et al. (2017).

44) Dissolved seawater **’Cs activities have been continuously measured since the accident at
several coastal locations. Within the first year, **’Cs activities decreased from ~ 10 x 10°Bq m™
to~ 10 x 10* Bq m™. Current Japanese limits are shown for comparison.

45) This animation from Rossi et al. (2013, 2014) shows the migration of 137¢s across the Pacific
Ocean.

46) The second set of case studies focuses on the use of anthropogenic radionuclides to examine
particle transport, burial, and sediment geochronology.

47) In this figure, 239+2%0p activities derived from atmospheric fallout has been repeatedly measured
in the Northwest Pacific Ocean. Note the surface peak at depth and how it moves downward
over time. It has been suggested that this sub-surface maximum is due to the scavenging of Pu
onto sinking particles and subsequent remineralization by biological activity. Enhanced 239+240p
concentrations in deep bottom waters are explained by transport of Pu isotopes attached to
larger particles that more rapidly sink through the water column to deep ocean sediments and
are resuspended by near-bottom currents. For more information, see Lindahl et al. (2010).

48) Once in the sediments, anthropogenic radionuclides may be used to examine temporal and
spatial variability of sediment burial as well as bioturbation. In this example, **’Cs inventories,
derived from the Fukushima accident, are plotted off the coast of Japan. Symbols denote the
data source (see Buesseler et al. (2017) for more information). At the time of the compilation,
137¢s inventories, although less than 1% (130 £ 60 TBq) of the initial 137¢s activity released from
the accident, was 5 — 10 times larger than the total inventory of Cs in the overlying waters.
Rapid downward mixing of Cs-contaminated sediments by bioturbation helps to reduce surface
Cs sediment concentrations and subsequent biological uptake at the sediment-water interface.
However, bioturbation can also return contaminated sediments to the surface on timescales of
years to decades.

49) In sediment cores with minimal mixing, measurement of anthropogenic radionuclides, such as
137¢s, can be used as markers of specific date horizons. In this case, two peaks in sediment B¢
occur: 1) From the peak in weapons testing in 1965, and 2) from the Chernobyl Nuclear Accident
in 1986 - note the one year delay between the accident and material buried at the seafloor. In
this example, *°Pb and *’Cs are used to determine the relative sedimentation rate (see Lecture
2, Radioactivity in the Marine Environment: Uranium-Thorium Decay Series) in Pettaquamscutt
River Basin sediments, Rhode Island, U.S.A. For more information, see Lima et al. (2005).

50) For more information on anthropogenic radionuclides in the ocean, see the IAEA MARIS
Database on Anthropogenic Radionuclides. This searchable database includes over 170,000
radionuclide measurements in seawater, sediment, biota, and suspended matter and is
continuously being updated. Profiles of a variety of radioactive elements are also available from
the Geotraces website (www.eGeotraces.org)

51) In summary, radionuclides are very useful tools as tracers to study a large variety of processes in
the oceans at various time scales from days to thousands years.

52) Acknowledgements

53) References



ASLO e-Lectures

References

Broecker, W.S., Peng, T-H (1982) Tracers in the sea. New York: Lamont-Doherty Geological Observatory.
Eldigio Press, Columbia University. Available online at:
http://www.ldeo.columbia.edu/~broecker/Home_files/TracersinTheSea searchable.pdf

Buesseler, K.O. (2014) Fukushima and ocean radioactivity. Oceanography 27(1):92-105,
http://dx.doi.org/10.5670/oceanog.2014.02.

Buesseler, K., Dai, M., Aoyama, M., Benitez-Nelson, C., Charmasson, S., Higley, K., Maderich, V., Masqué,
P., Oughton, D., Smith, J.N. (2017) Fukushima Daiichi—Derived Radionuclides in the Ocean: Transport,
Fate, and Impacts. Annual Review of Marine Science, 9.

Castrillejo, M., Casacuberta, N., Christl, M., Vockenhuber, C., Synal, H.-A., Garcia-lbaiiez, M. I.,
Lherminier, P., Sarthou, G., Garcia-Orellana, J., Masqué, P. (2018) Tracing water masses with 1291 and
236U in the subpolar North Atlantic along the GEOTRACES GAO1 section, Biogeosciences.
https://doi.org/10.5194/bg-2018-228.

Druffel, E.R.M., Beaupré, S.R., Ziolkowski, L.A. (2016) Chapter 5: Radiocarbon in the Oceans, in
Radiocarbon and Climate Change: Mechanisms, Applications and Laboratory Techniques. Editors E.A.G.
Schuur, S.E. Trumbore and E.R.M. Druffel, Springer International Publishing, New York/Heidelberg, 139-
166.

Dunai, T.J., Lifton, N.A. (2014) The Nuts and Bolts of Cosmogenic Nuclide Production. Elements
Magazine, 10(5):347-350, 1811-5209/14/0010-34752.50 DOI: 10.2113/gselements.10.5.347.

Freely, H.W., Volchok, H.L., Hardy, E.P., Toonkel, L.E. (1978) Worldwide deposition of O through 1976.
Environment Science and Technology, 12: 808-809.

Gray, J., Jones, S.R., Smith, A.D. (1995) Discharges to the environment from the Sellafield site, 1951-
1992. Journal of Radiological Protection, 15, 99-131.

Hancock, G., Tims, SJ, Fifield, LF, Webster, IT (2014) The release and persistence of radioactive
anthropogenic nuclides. Geological Soc., London Special Publications. 395: 265-281 doi:
10.1144/5P395.15

Haskell, W.Z., Kadko, D., Hammond, D.E., Knapp, A.N., Prokopenko, M.G., Berelson, W.M., Capone, D.G.
(2015) Upwelling velocity and eddy diffusivity from 7Be measurements used to compare vertical
nutrient flux to export POC flux in the Eastern Tropical South Pacific. Marine Chemistry, 168: 140-150.

Hu, Q-H, Weng, J-Q, Wang, J-S (2010) Sources of anthropogenic radionuclides in the environment: a
review. Journal of Environmental Radioactivity 101: 426-437.

International Atomic Energy Agency (1999) Inventory of Radioactive Waste Disposals at Sea, IAEA
TECDOC No. 1105.

International Atomic Energy Agency (2001) Inventory of Accidents and Losses at Sea Involving
Radioactive Material, IAEA TECDOC No. 1242.



ASLO e-Lectures

Karcher, M., Smith, J.N., Kauker, F., Gerdes, R., Smethie Jr., W.M. (2012) Recent changes in Arctic Ocean
circulation revealed by iodine-129 observations and modeling, Journal of Geophysical Research, 117;
C08007, doi:10.1029/2011JC007513.

Kaeriyama, K. (2016) Oceanic dispersion of Fukushima-derived radioactive cesium: a review. Fisheries
Oceanography, 1-15; doi:10.1111/fog.12177

Kadko, D., Johns, W. (2011) Inferring upwelling rates in the equatorial Atlantic using 7Be measurements
in the upper ocean. Deep Sea Research Part 1: Oceanographic Research Papers, 58: 647-657.
do0i:10.1016/j.dsr.2011.03.004

Kadko, D, Landing, WM, Shelley, RU (2015) A novel tracer technique to quantify the atmospheric flux of
trace elements to remote ocean regions, J. Geophys. Res. Oceans, 120: 848-858, doi:
10.1002/2014JC010314.

Lal, D (1999) An overview of five decades of studies of cosmic ray produced nuclides in oceans. Sci. of
the Total Environ., 238: 3-13.

Lal, D., Peters, B. (1967) Cosmic ray produced radioactivity on the earth. In: S. Flugg (Editor), Handbuch
der Physik. Springer, Berlin, pp. 551-612.

Lima, A.L., Hubeny, J.B., Reddy, C.M., King, J.W., Hughen, K.A,, Eglinton, T.I. (2005) High-resolution
historical records from Pettaquamscutt River basin sediments: 1. >*°Pb and varve chronologies validate
record of "*’Cs released by the Chernobyl accident. Geochimicha et Cosmochimicha Acta, 69(7); 1803-
1812.

Lindahl, P., Lee, S-H, Worsfold, P., Keith-Roach, M. (2010) Plutonium isotopes as tracers for ocean
processes: A review. Marine Environmental Research, 69: 73-84.

Matsumoto, K., Key, R.. (2004), Natural radiocarbon distribution in the deep ocean, in Global
Environmental Change in the Ocean and on Land, edited by M. Shiomi, and H. Kawahata, TERRAPUB,
Tokyo, 45-58.

Povinec, P.P,, Litherland, A.E., von Reden, K.F. (2009) Developments in Radiocarbon technologies from
the Libby Counter to compounds specific AMS Analyses, 51(1):45-78.

Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk, C., Buck, C.E., Cheng, H., Edwards,
R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., Haflidason, H., Hajdas, I., Hatté, C., Heaton, T.J,,
Hoffmann, D.L., Hogg, A.G., Hughen, K.A., Kaiser, K.F., Kromer, B., Manning, S.W., Niu, M., Reimer, R.W.,
Richards, D.A., Scott, E.M., Southon, J.R., Staff, R.A., Turney, C.S.M., van der Plicht, J. (2013) IntCal13 and
Marinel3 radiocarbon age calibration curves 0-50,000 years cal BP. Radiocarbon, 55(4):1869-1887.

Richards, Z.T., Beger, M., Pinca, S., Carden, Wallace, C. (2008) Bikini Atoll coral biodiversity resilience five
decades after nuclear testing. Marine Pollution Bulletin, 56 (3): 503-515.
doi:10.1016/j.marpolbul.2007.11.018.

Rossi, V., Van Sebille, E., Gupta, A.S., Gargon, V., England, M.H. (2013) Multi-decadal projections of
surface and interior pathways of the Fukushima Cesium-137 radioactive plume. Deep Sea Research Part
I: Oceanographic Research Papers 80: 37-46.

10



ASLO e-Lectures

Rossi, V., Sebille, E.V., Gupta, A.S., Gargon, V., England, M.H. (2014) Corrigendum to “Multi-decadal
projections of surface and interior pathways of the Fukushima Cesium-137 radioactive plume” [Deep-
Sea Res. |1 80 (2013) 37-46], Deep-Sea Research, Part |, 93: 162-164.

Rutgers van der Loeff, M.M. (2014) Uranium-Thorium Decay Series in the Oceans: Overview. In Elias S
(ed.) Earth Systems and Environmental Sciences, (Reference Module in Earth Systems and
Environmental Sciences). Amsterdam: Elsevier 1-16.

Smith, J.N., McLaughlin, F.A., Smethie Jr., W.M., Moran, S.B., Lepore, K. (2011), lodine-129, 137¢s, and
CFC-11 tracer transit time distributions in the Arctic Ocean, Journal of Geophysical Research, 116:
C04024, doi:10.1029/2010JC006471.

Reading Lists

Broecker, WS, Peng, T-H (1982) Tracers in the sea. New York: Lamont-Doherty Geological Observatory.
Eldigio Press, Columbia University. Available online at:
http://www.ldeo.columbia.edu/~broecker/Home_files/TracersinTheSea searchable.pdf

Buesseler, KO (2014) Fukushima and ocean radioactivity. Oceanography 27(1):92-105,
http://dx.doi.org/10.5670/oceanog.2014.02.

Buesseler K, Dai M, Aoyama, M, Benitez-Nelson, C, Charmasson, S, Higley, K, Maderich, V, Masqué, P,
Oughton, D, Smith, JN (2017) Fukushima Daiichi—Derived Radionuclides in the Ocean: Transport, Fate,
and Impacts. Annual Review of Marine Science, 9.

Druffel, ERM, Beaupré, SR, Ziolkowski, LA (2016) Chapter 5: Radiocarbon in the Oceans, in Radiocarbon
and Climate Change: Mechanisms, Applications and Laboratory Techniques. Editors E.A.G. Schuur, S.E.
Trumbore and E.R.M. Druffel, Springer International Publishing, New York/Heidelberg, 139-166.

Guary, JC, Guéguéniat, P, Pentreath, RJ (1988) Radionuclides : a tool for oceanography. Proceedings of
an international symposium, Cherbourg, 1-5 June 1987. Elsevier Applied Science, 1988, 461 pp.

Hu, Q-H, Weng J-Q, Wang J-S (2010) Sources of anthropogenic radionuclides in the environment: a
review. J. of Envir. Radio., 101: 426-437.

Lal, D (1999) An overview of five decades of studies of cosmic ray produced nuclides in oceans. Sci. of
the Total Environ., 238: 3-13.

Lindahl, P, Lee, S-H, Worsfold, P, Keith-Roach, M (2010) Plutonium isotopes as tracers for ocean
processes: A review. Marine Environ. Res., 69: 73-84.

Useful Websites

IAEA MARIS Database for Anthropogenic Radionuclides: http://maris.iaea.org

eGeotraces. An online Electronic Atlas of Artificial and Naturally Occurring Radionuclides measured
during the GEOTRACES Program: http://www.egeotraces.org/

11



ASLO e-Lectures
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