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Chapter 8
ANTHROPOGENIC RADIONUCLIDES IN THE
MARINE ENVIRONMENT: CASE STUDIES
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Seattle, Washington,
United States of America

Abstract

This chapter discusses three case studies of greatly different types of discharges of
anthropogenic radionuclides to the marine environment. The SNAP 9A satellite burnup
dispersed almost pure 238pu into the atmosphere over the Mozambique channel at about 25°S
latitude in 1964. A much more heterogeneous mixture of liquids and solids containing a variety
of radionuclides of low activity levels were packaged in steel drums and sunk to the sea floor
near the Farallon Islands off San Francisco, California, U.S.A. between 1994 and 1964. An
extensive series of tests of nuclear and thermonuclear devices with a total yield of many
megatons was conducted by the U.S. at the remote coral atolls of the Marshall Islands at 110°N
and 160-165°E, making them the most radioactively contaminated parts of the marine
environment. The chapter briefly summarizes each of these cases, and stresses the major points
learned about radionuclide cycling and about environmental processes from each of them.

8.1. SNAP 9A Satellite Burnup

SNAP reactors (Systems for Nuclear Auxiliary Power) are relatively small electrical
generating plants designed to provide electrical power for spacecraft missions for at least one
year. Heat from radioactive decay in nuclear fuel elements is used to generate electricity. 238Pu
has often been used in such satellite systems. In April 1964 a SNAP 9A nuclear power generator
aboard a satellite reentered the atmosphere and burned up following a malfunction during launch.
The generator contained about 17 kCi of 238pu but only 13 Ci of 239pu. For comparison, some
400 kCi of 239Pu have been dispersed into the air by all nuclear explosions, and the total amount
of 238pu deposited from the accidental stratospheric abortion of this satellite was about twice the
amount of 238pu from all nuclear weapons testing. The satellite was estimated to have entered the
atmosphere of the southern hemisphere above the Mozambique channel (about 25°S latitude) at
an altitude of about 45000 meters. Pu in the device was assumed to have completely ablated
during the heat of reentry and to have been distributed in the atmosphere as particles of unknown
size distribution.

For several years after the reentry, research programs were carried out to characterize the
fate of the Pu debris. Studies showed that some 73% of the 238Pu was deposited in southern
hemisphere, and 27% in northern hemisphere. Soil cores from a wide range of latitudes revealed
the depositional pattern [2, Table 1, Fig. 1]. The average weapons 238pu/239,24opu ratio was found
to be .024 in soils collected before fallout from SNAP 9A. SNAP 9A 238pu increased this ratio in
northern hemisphere soils to .036, and to above 0.1 in southern hemisphere soils. The 238Pu rich
debris reached maximum concentrations in ground level air 2-3 years later, depending upon
latitude, and by 1971 was largely depleted from the atmosphere [1]. The SNAP derived 238Pu
became evident in surface air at 46°N at Richland, Wa. USA in spring of 1966 [2, Fig. 2]. The
238pu/239,240Pu ratio increased suddenly to .042 from the ratio of 0.020 which it had averaged
from 1962-5 when the Pu came primarily from U.S. and U.S.S.R atmospheric nuclear weapons
tests [1]. SNAP 9A derived 238Pu also caused a sharp increase in activity of this isotope
deposited in ice layers deposited in 1965-66 on both the Antarctic and Greenland ice caps [3,4,
5; Figs. 3 and 4]. The SNAP Pu pulse lasted only a few years. By 1982 the 238pu/239,24opu ratio
in global fallout had declined to .0254 and did not differ significantly between hemispheres.
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TABLE 1. AVERAGE LATITUDINAL DISTRIBUTIONS OF CUMULATIVE 239,240 p u and
238 Pu FALLOUT. From [1],

Hemisphere

Northern

Southern

Northern
Southern
Global

Latitude
band,

degrees

90-80
80-70
70-60
60-50
50-40
40-30
30-20
20-10
10-0

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

2 3 9 , 3 4 Op,,

(0.10 ±0.04)
0.36 ± 0.05

1.6 ± 1.0
1.3 ± 0.2
2.2 ± 0.5
1.8 ±0.6

0.96 ± 0.07
0.24 ± 0.10
0.13 ± 0.06

0.30 ± 0.20
0.18 ± 0.05
0.39 ± 0.16
0.40 ± 0.12
0.35 ± 0.21

(0.20 ± 0.09)
(0.10 ± 0.04)
(0.03 ± 0.01)
(0.01 ± 0.004)

256 ± 33
69 ± 14

325 ± 3 6 '

1 31

Weapons

'Pii
ru

SNAP-9A

Millicaries per square kilometer

(0.002*0.001)
0.009 ± 0.001
0.038 ± 0.025
0.0311 0.004
0.053 ±0.011
0.042+0.014
0.023 ± 0.002
0.006 ± 0.002
0.003 ± 0.001

0.007 ± 0.005
0.004 ± 0.001
0.009 ± 0.004
0.009 ± 0.003
0.008 ± 0.005

(0.005 ± 0.002)
(0.002 ± 0.001)
(0.001 ±0.001)

«0.001)

«0.001)
<0.001

0.026 + 0.015
0.013 + 0.004
0.026 + 0.011
0.025 ± 0.015
0.011 ±0.004
0.003 + 0.002

<0.001

X

0.010 ± 0.007
0.036 + 0.021
0.070 + 0.042
0.061 * 0.020
0.069 + 0.038

(0.044 + 0.023)
(0.022 ± 0.012)
(0.008 + 0.005)
(0.004 + 0.002)

3i =

Kilocuries deposited (through 1971)

6.1 ± 0.8
1.6 ±0.3
7.7 ± 0.9

3.1 + 0.8
10.8 + 2.1
13.9 ±2.2

2 3 !Pu
2 3 » ,2 4 0 p u

0.020
0.025
0.040
0.034
0.036
0.037
0.035
0.038
0.023

= 0.032 ± 0.0073

0.057
0.222
0.203
0.175
0.220
0.245
0.240
0.300
0.400

0.229 + 0.092

0.036
0.180
0.066

•Results in parentheses were derived by extrapolation; error terms are standard deviations.

In contrast to the sharp increase in 238pu activities in ground level air samples, in
terrestrial soils and in glacial ice layers deposited a few years after 1964,1 am unaware of any
case of a coastal marine sediment where a time horizon clearly reflects a sudden arrival of 238Pu
from the SNAP 9A event. The appearance of a prominent 238Pu peak shortly after the accident is
not evident in two cores of coastal sediment off Peru in 1974, or in several Pacific coastal
sediments from off southern California, Mexico or Washington state USA [6,7, 8,9].

8.2. Points Learned from SNAP

1. Pu has several isotopes of different half lives and alpha particle energies (Table 2), and the
isotopes differ in relative importance in different sources. Ratios of the different Pu isotopes in
environmental samples can provide valuable information on relative importance of sources, rates
and key processes affecting distribution of Pu in the environment. For example, the
238pu/239 24opu ratio is also high (> 0.3) in nuclear waste fuel reprocessing plants like the
Savannah River facility in the USA. Pu isotope ratios in sediments of the Savannah river estuary
have been used to document the unexpectedly greater importance of supply of open ocean Pu
with low fallout ratio of 238pu, compared to supply from the reprocessing plant with its high
238Pu ratio [10]. S

178



1.0 P-

S" 0.1
CM

eS

0.01

1 -

Southern

Northern

\

I I I
20 40 60

DEGREES LATITUDE

80

Fig. 1. Activity ratio of 238pu/239,24opu in integrated soil samples as a function of latitude. From
[1].

2. In evaluating alpha spectra, care must be taken not to mistake the 5.42 Mev alpha decay of
228Th for alphas of 5.49 Mev from 238Pu. The natural isotope 228Th has about 1000 times more
activity than does 238Pu in most environmental samples. Careful attention must be given to anion
exchange column or liquid-liquid extraction separation techniques employed to ensure complete
separation of Th and Pu isotopes prior to plating and counting the alpha emitter, or else
inaccurately high 238pu activities may be reported. One can examine the alpha spectrum in
energy range of 4.0 Mev for counts due to 232jh to see if noticeable contribution from 228T/h is
likely since activity ratio of the two Th isotopes will be very close to 1.00.

3. Jumps in activities of 238Pu in ground level air, terrestrial soils and glacial ice layers indicate
the time of arrival of 238pu from the SNAP debris, and approximately a 2 year time for
transporting airborne debris across the equator.
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4. Lack of a jump in 238pu activities in coastal marine sediment horizons deposited soon after
1964 reveals the importance of dissolution, mixing and dilution of the SNAP Pu with older
fallout Pu in the ocean water column prior to removal to sediments. The mixing of several years
of deposited sediment layers by physical processes an/or by bioturbation further blurs the
temporal record preserved in sediments.

8.3. Farallon Islands Dumpsite

Joseph et al. [11] estimated that between 1944 and 1964 over 47,500 55 gallon drums
with 'low level' radioactive wastes were deposited at three designated sites south and west of the
Farallon Islands. The sites (Fig. 5) are located approximately 80 km west of San Francisco
California USA at about 37°38' N and 123°1O' W and were approved by the U.S. Atomic Energy
Commission. The area also served as a munitions dumping area, but there has been no
radioactive waste dumping since 1965.

The Farallon Islands lie at the edge of the continental shelf just east of the cool,
southward flowing California Current. The area is strongly influenced by coastal upwelling,
which brings cool nutrient rich waters to ocean surface and contributes to the increased
biological productivity of the region. The area was designated the Gulf of the Farallones
National Marine Sanctuary in 1981.

The radioactive wastes were largely generated in the San Francisco Bay area at the U.S.
Naval Radiological Defense Laboratory, the Lawrence Livermore Laboratory and the University
of California at Berkeley. They were an extremely heterogeneous mixture of liquids and solids of
widely varying composition—paper, rubber, cloth rags, glass, filter cartridges, solvents,
evaporated residues etc. The wastes were apparently checked with geiger tubes to verify low
levels of gamma emitters, but detailed record keeping of amounts and types of each beta and
alpha emitter in the wastes was not then required. The wastes were packaged in 55 gallon steel
drums with added cement to help contain the wastes longer and ensure the drums would sink to
the sea floor. These packages were neither designed nor required to remain intact for sustained
periods of time after descent to the sea floor, and it was assumed that all the contents would
eventually be released. The approved dumpsites were chosen to be reasonably close to ports to
reduce costs, but far enough away that the debris would be on the seafloor beneath the depth of
upwelling so that any isotopes leaking from the drums would not return to surface waters and
organisms, and in an area where currents would not carry them back to shore.
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Fig. 2. Concentration ratios of 238pu/239,240pu m surface air at Richland, Washington, U.S.A.
from 1961-1976. Fromfl].
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Fig. 3. Comparison of activities of 239,240pU; 238pu a n (j 2iopb j n layers of Greenland Ice
deposited from 1944-1975. From [5].

Booth et al. [12] summarize " Although the site has not been actively used as a dumpsite
since 1965, during the 20 years prior to that date more than 47,500 containers (chiefly 55-gallon
drums and concrete blocks) of thorium, uranium, activation-product radionuclides and mixed-
fission products were dumped in this area [11]. These authors estimate that, excluding tritium,
14,500 curies of these wastes were delivered to the sea floor. The specific dumpsites are shown
in Figure 1. According to [13], over 90% of the containers were deposited at site B." Site A is in
91 meters depth, site B 1829 m and site C 914 m.

The U.S. Environmental Protection Agency supported several investigations in the
disposal area during the 1970s, including studies of radionuclide concentrations in the water
column, sediments and organisms. Controversy and concern erupted when some results showed
sediments at the dumpsite had higher activities and inventories of Pu (mCi/km2) than would be
expected from air fallout per area. For example, Schell and Sugai [14] found that "The
submersible cores taken near the canisters indicated loss of the surface layers during collection
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TABLE 2. PLUTONIUM ISOTOPES AND DECAY PROPERTIES

Isotope Half-life Cyrs) Alpha Decay Energy (Mev)

236Pu
238Pu
239Pu
240Pu
241 Pu
242Pu

2.85
86

24,000
6580
13.2

3.8 x 105

5.77
5.49
5.15
5.16
beta
4.9

but contain 2-20 times greater integrated deposition than the expected fallout levels of 1.8±0.6
mCi/km2 of 239i24opu." Mussels and oysters from the Farallons also had 2-3 times higher
activities of Pu than similar shellfish from U.S. east coast and Gulf of Mexico sites [15]. Some
people jumped to the conclusion that these data proved widespread radioactive contamination
from the Farallons dumpsite.

Schell and Sugai [14] summarize: "Dyer [16] examined sediments collected within a
cluster of intact and imploded canisters at the 900 m Farallon disposal site. The concentration of
239-24opu in the 0 to 5 cm sediment sections was reported to be 2-25 times the expected
maximum concentration from fallout debris, and ranged from 0.5 to 532 pCi/g dry. During
January 1977, Noshkin et al. [13] sampled water, sediment and benthic biota from the three

NORTH FARALLON

MIDDLE FARALLON

SOUTHEAST
FARALLON

^RUSSIAN
RIVER

37°40'
N

37°30'

Fig. 5. Sites where radioactive wastes were dumped around the Farallon Islands. Note that site C
is on the continental shelf, while sites A and B are on the continental slope. From [12].
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PLUTONIUM-239,240 CONCENTRATIONS CDISINTEGRATIONS/MIN/100Kg SEAWATER]
STATION
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A LINE SHOWS WATER DEPTH AT EACH STATION

160* 140*W 120*

Fig. 6 Pu concentration profiles in an east-west section across the Pacific at 30-35°N (similar to
latitude of the Farallons) in 1973. From [21].

239*240 Pu Cd/min/kg) .
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Fig. 7. 239,240pu in w e s t c o a s t mussels. Symbols: A, data from 1976 (SIO); O, 1977, (SIO);
1978 (SIO);«, 1978 (WHOI). From [15].
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Fig. 8. Location of the Marshall Islands and the Bikini and Enewetak test sites in the Pacific
Ocean.

disposal sites near the Farallon Islands. They found the total 239'24opu and 137Cs inventory of
Farallon water columns to be within global fallout levels. Fish and invertebrates from the
disposal site region had 239 24opu and J^7Cs concentrations similar to species exposed to only
global fallout. The 239 24opu concentrations in surface sediments ranged from .026 to .042 pCi/g
dry." Some of differences in sediment activities undoubtedly were due to different sampling
devices and techniques employed. Gravity corers were used in early studies by Noshkin et al.
Schell and Sugai used a box corer which is less likely to lose or disturb the sediment surface
most likely to have relatively high radionuclide concentrations. Cores collected with submersible
have certain sampling location relative to waste canisters. Schell and Sugai also sectioned the
sediment cores in 2 cm layers while Noshkin et al used 4 cm thick sections.

Sediment activities, inventories and fluxes of both the natural isotope 2iopD (Fig. 4.7)
and artificial Pu isotopes all along the west coast of the U.S. are 2-50 times higher than values
supported by air fallout [17-20]. These higher activities are due to large supply of dissolved
isotopes in upwelled seawater from several hundred meters depth with relatively high
concentrations of isotopes like Pu (Fig. 6), and subsequent enhanced nuclide scavenging to
sediments in the particle rich coastal waters. The phenomenon has been dubbed 'boundary
scavenging'. Enhanced upwelling also explains why Pu activities in oysters and shellfish all
along the U.S. west coast are higher than activities in shellfish from U.S. east coast and Gulf of
Mexico [15]. Fig. 7 shows that Pu activities in shellfish from the Farallons are not unusually
high compared to other west coast shellfish.

Although data available did not suggest any detectable radioactive contamination from
the Farallon dumpsite, positions and fate of the waste containers on the seafloor were not
precisely known. The area has a rich diversity of marine life and is a nursery and spawning
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ground for commercially valuable fish and shellfish. Continued public concern and skepticism
over previous results, and proximity of the sanctuary site to a major population center, led the
U.S. government to begin in 1992 another study of the area.

The U.S. Geological Survey was given the lead role in a multiagency study of the
dumpsite area and the Marine Sanctuary. They are using new side scan sonar techniques to
make detailed maps of the sea floor, and to identify exact positions of many of the drums of
waste. Scientists from other agencies are also making measurements of ocean currents and
biological resources in the region. These studies will provide data useful if not critical in
understanding both the fate of the radioactive wastes, and in considering possible disposal sites
of nonradioactively contaminated sediments dredged from San Francisco Bay.

More information on the Gulf of Farallones Marine Sanctuary and these studies can be
accessed via the Internet by using the following websites:

http://walrus.wr.usgs.gov/docs/projects/farallon/far.html
http://www-marine.wr.usgs.gov/docs/projects/farallon/radwaste.html
http://www-marine.wr.usgs.gov/docs/projects/farallon/hazwaste.html
http://www-marine.wr.usgs.gov/docs/projects/farallon/currents.html

8.11. Points Learned From Farallon Dumpsite Case

Increasing amounts of heterogeneous, mixed radioactive waste analogous to that dumped
near the Farallons are being generated by numerous peaceful uses of radioisotopes. Biomedical
wastes, scintillation fluids, animal carcasses etc. with low levels of radioactivity are ever more
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Fig. 9. Examples of gamma ray spectra determined on Marshall Islands samples with the older
sodium iodine type detectors. A shows gamma spectra obtained by [28] for sea water, plankton
and flying fish liver from Marsh station 54. B shows spectra of fish tissues collected at Belle
Island, Enewetak Atoll in May-June 1954 and analyzed in February 1957 by [27].
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Fig. 10. Examples of gamma ray spectra determined on two neutron activated marine organisms
with Ge(Li) type detectors by [29]. About 0.3 g of freeze-dried tissue of each organism was
iradiated in an integrated thermal neutron flux of about 3 x 1017 n/cm2. Count I was for ten
minutes after a 5-6 day decay period, while count II was for 400 minutes after 14-15 day decay
period. In both cases the detctor was a 65 cc Ge(Li) diode. Comparison with the spectra in Fig. 9
illustrates the dramatic improvement in resolution achieved with the Ge(Li) type detectors.
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Fig. 11. Comparison of temporal dependence of 90Sr fallout at New York City, U.S.A. with
concentrations of 239,240Pu in annual growth bands of corals from near St. Croix, West Indies .
From [32].

voluminous and require disposal. The Farallons case teaches some important points about
managing similar wastes:

1. Better records of total amounts and forms of all isotopes dumped must be kept in the future,
and are essential to realistically assess concerns over the sites. A major reason for continuing
disputes over the Farallons dumpsite is that no one really knows how much of what isotopes
were originally dumped there. The fact the U.S. government began in 1992 yet another study of
radioactivity levels at the dumpsite [22] reveals the continued public concern and skepticism
over radioactivity in the environment. Some of this concern can be allayed by knowing what
amounts of what forms of what isotopes are to be or have been discharged. Making information
on the study widely available via internet homepages aimed at the general public should also
help relieve their concerns.
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2. Good understanding of basic oceanographic processes at a site is required to accurately
interpret radionuclide distributions. The Mussel Watch data which clearly showed high activities
of Pu in mussels all along the upwelling area along the Pacific coast were critical in confirming
higher Pu activities around Farallons compared to Gulf of Mexico or U.S. east coast sites were
not due to contamination from the dumpsite, but due to upwelling and boundary scavenging.

3. Proper choice of 'background' or 'baseline' activities is required to assess impact of a
dumpsite. Background values cannot just be simply assumed to be atmospheric fallout values,
because processes such as boundary scavenging within the ocean can increase or decrease the
"background1 values relative to the air fallout supply. So, 'exceeding the expected fallout range' is
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Fig. 12. Temporal trends in skeletal concentrations of Pb and Cd in corals from Florida Straits
and Bermuda. From [32] and [36]. Metal concentration decreases in the most recently deposited
coral growth rings reflect decreased discharges to the environment.
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Fig. 13. Ba/Ca, Sr/Ca, and Cd/Ca in a coral record from the Galapagos Islands for the time
period 1965-1978. Higher Ba/Ca and Cd/Ca ratios correspond to years with more upwelling,
colder surface waters and higher biological productivity. Lower ratios reflect El Nino years with
less upwelling, and depleted surface ocean nutrient, Cd and Ba concentrations. From [34] and
[36].
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not always the proper test to use to assess dumpsite contributions. Nor can one just compare
concentrations between areas which "have different intensities of oceanographic processes.

4. Contrary to original expectations, the radioactive wastes dumped at the Farallons did not
disperse in deep sea waters, but have remained largely bound to sediments, which hence form a
localized and potentially long lasting source of radioactive contamination. Benthic organisms
readily colonize in and around the dumpsite. Mixing of surface sediments by their life processes
(bioturbation) may affect radionuclide distributions. The organisms may take up some of the
radionuclides. Whether humans may collect and injest any such creatures is an important
consideration.

8.5. Marshall Islands Nuclear Weapons Test Sites — Bikini and Enewetak Atolls

The remote coral atolls of the Marshall Island series, Bikini and Enewetak, are located in
the Pacific at about 11°N and 160-165°E. (Fig. 8) For some twenty years the U. S. carried out at
these atolls an extensive series of tests of nuclear weapons of various sizes and types. There were
23 detonations at ten locations around Bikini atoll and 43 at Enewetak between 1946 and 1958.
Detonations were set off on barges, towers or on coral surfaces, submerged in shallow water, and
in air. Quantities and types of radioactively labeled particles produced varied depending upon
yield, type of device (fission or fusion) and how each was set off. A list of the date, type, and
yield of each test are given in Table 1 of [1]. Approximate locations of nuclear detonations are
shown in Fig. 1 of [23] for Bikini atoll and Fig. 1 of [24] for Enewetak.

Nuclear and thermonuclear devices with a total yield of many megatons were detonated,
making these atolls the most radioactively contaminated marine environment in the world. The
two atolls have been intensively studied before and following the test series [23-25 and
references therein]. Because of the high level of radioactivity initially deposited there, each atoll
is now a continuing, low level transuranic source to the surrounding ocean. Plutonium does not
stay permanently fixed to the carbonates and other material on which it was originally deposited
in the lagoons and reefs during nuclear testing. Small amounts are continuously being
remobilized, resuspended and transferred within the atoll environment by physical, chemical and
biological processes [24]. Near steady-state processes may now exist.

8.6. Points Learned from Bikini/Enewetak Case Studies

1. Enewetak and Bikini atolls were subjected to the equivalent of nuclear war with 43 and 23
nuclear tests conducted on these small atolls respectively. Most predictions of effects of nuclear
war on the marine environment are based on studies at these atolls.

2. Radionuclide fallout from tests at these atolls clearly showed the importance of latitudinal
distribution of fallout to the ocean. Fig. 2 of [1] shows that most of South and Latin America
received relatively little fallout from the tests.

3. Adsorption and uptake of Pu by marine plant surfaces is rapid and leads to relatively high
transuranic activity at the base of the marine food web. However, activities of 90Sr, 137Cs,
239.240Pu and 241 Am did not increase in higher trophic feeding levels from Enewetak lagoon [24].
The earliest studies around the atolls showed the importance of uptake by most marine biota of
neutron activation products such as 65Zn and 60Co [26, 27] In fact, uptake of such neutron
activation products into the flesh of marine animals is generally more extensive than uptake of
transuranics.

4. Slow subsequent leakage of Pu and other nuclides out of the lagoons seems reasonably
predicable from quasi-equilibrium partitioning and circulation-dilution models [24].

5. Comparison of gamma counter outputs (Figs. 9 and 10) clearly shows the great
improvements in energy resolution achieved with the newer Ge gamma detectors compared to
the sodium iodide detectors available in the early studies around the atolls.

191



6. The marine ecosystems seem to have rapidly recovered from the test damage, but activities
of Cs in coconuts and other terrestrial vegetation on the atolls still limit human reoccupation
of the atolls. The importance of better understanding food webs on and around the atolls, the diet
preferences of local residents, and routes by which local people are exposed to the radioactivity
is now recognized [25 and references therein].

7. Scientists have recognized the value of coral annual growth rings as recorders of temporal
changes in past surface water chemical compositions [30-47]. The approach of using chemical
measurements of coral growths rings to retrospectively examine changes in surface ocean water
properties has been reviewed by Dunbar and Cole [47]. The field of study is one of the most
exciting developments from the original studies of radionuclides at Bikini and Enewetak atolls.

X-radiographs of cross sectional slices of many coral types show distinct and fairly regular
alternating light and dark bands, reflecting a cyclic variation in bulk density of the deposited
skeletal material. Radioactivity bands of Sr in reef corals from Enewetak atoll were related to
known dates of nearby nuclear tests and used to show the coral bands were annual growth rings
analogous to tree rings [30, 31]. The close correlation between the temporal dependence of
radionuclide fallout and radionuclide concentrations in annual growth rings of coral off the U. S.

Atlantic coast found by [32] is illustrated in Fig. 11. Several divalent metals (Cd, Pb, Ba, Sr,)
appear to substitute for Ca++ in the coral aragonite lattice in amounts proportional to their
concentrations in solution in surface waters when and where the coral was growing. Changes in
Pb and Cd concentrations in coral layers (Fig. 12) due to changes in industrial pollution of the
atmosphere and fallout to surface ocean waters have been noted [33, 36]. Natural changes such
as El Nino events and temporal variations in upwelling and wind intensity have been studied
using changes in Ba, Cd, and Mn concentrations recorded in the coral bands (Fig. 13) [34, 35,
36, 37, 39]. Changes in concentration of stable Sr/Ca and of U/Ca may reveal past ocean surface
water temperatures, especially when combined with measurements of oxygen isotopes [41, 42,
44, 45, 46]. Even trivalent rare earths may be incorporated in the coral lattice, and their
variations in the growth bands may reflect variations in river discharge and rainfall in tropical
regions [43].
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