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ABSTRACT 

 
The year 2017 marks 30 years since the radioactive accident that occurred in the city of Goiania, capital of the 

state of Goias. It was the largest radiological accident in Brazil, and one of the largest in the world occurring 

outside nuclear facilities. Regarding the accidents at nuclear power plants, two of the biggest were Chernobyl in 

Ukraine, a year and a half before Goiania, and the Fukushima accident in Japan, in 2011. Different amounts of 

radioactive material were dispersed in the environment in each of these events. However, each one’s main pathway 

of dispersion was different: the accident of Goiania was terrestrial, Chernobyl was at the atmosphere, and 

Fukushima was mainly in the ocean. This work aims to study these different amounts, comparing such activities. 

In addition, it proposes to compare the sea dispersion of Fukushima with the amount of radioactive waste dumped 

in the oceans, when the release of radioactive waste at sea was permitted. It also proposes to compare the 

Chernobyl aerial dispersion with the radioactive material dissipated in the atmosphere, resulting from the more 

than 500 atmospheric nuclear tests conducted between 1945 and 1962 by the United States, the former Soviet 

Union, England, France and China. 
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1. INTRODUCTION 

 

The year 2017 marks 30 years since the radioactive accident that occurred in the city of 

Goiania, Brazil. On September 13, 1987, two scavengers found a radiotherapy equipment 

abandoned in a former radiotherapy clinic, and without knowing what the unit was, but thinking 

it might have some scrap value, they took it home and tried to dismantle it. During this process, 

they accidentally opened a sealed source with Cesium-137. They later sold the pieces to the 

owner of a junkyard [1]. 

 

The cesium chloride that was inside the sealed source was glowing in the dark, bluish, no one 

there knew what it was, they marveled at its characteristics. Over a period of days, friends and 

relatives of the junkyard owner came and saw the phenomenon. Fragments from it were passed 

on to several families. Many people were directly irradiated by the source and were externally 

and internally contaminated by Cesium-137. Several persons became ill, showing 

gastrointestinal symptoms, and sought medical attention. Initially, the symptoms were not 

recognized as being due to irradiation [1]. 

 

However, one of the affected persons suspected that the illnesses that were spreading in her 

family were connected with that strange material, and took the remnants of the radioactive 

source to the health authorities. They contacted Brazil’s National Nuclear Energy Commission 
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(CNEN). CNEN immediately took action to control the accident and provided support to those 

involved [2]. 

 

This was the largest radiological accident in Brazil, and one of the largest in the world in terms 

of the number of victims of acute radiation syndrome. But after all, what was this 

quantitatively? And the nuclear accidents of the Chernobyl plants in Ukraine in 1986 and 

Fukushima in Japan in 2011, the most serious accidents ever to occur in the nuclear power 

industry, were they the greatest ones in relation to what? [3] 

 

The dispersion of radioactive material occurred not only as a result of accidents but also by 

intentional human actions, especially in the decades after the discovery of the nuclear energy, 

when research and knowledge about radioactivity were still latent. From 1945 to 1962, there 

were a number of nuclear tests carried out in the open air, and the dispersion of radionuclides 

into the atmosphere reached levels that led authorities to ban these tests because of risk of 

fatally damaging life on the planet [4]. 

 

At the same time, some of the radioactive waste generated by the nuclear industry had been 

placed in drums and then dumped at sea since 1946, a practice then considered acceptable, and 

only halted in the year 1972, when limitations came into force [5]. 

 

Anyway, how much radiation has been dispersed in all these events? How much the 

environment has been damaged, as well as the human being? This paper proposes to better 

understand these numbers. 

 

 

2. RADIATION IN THE ATMOSPHERE RESULTING FROM NUCLEAR TESTS 

 

The atomic age began at the end of World War II, when a number of countries launched the 

nuclear arms race. The United States, the USSR, the United Kingdom, France and China 

became nuclear powers during the 1945 – 1964 period [5]. 

 

The United States and the USSR were responsible for about 80% of all nuclear tests that were 

not underground; they performed, between 1945 and 1963, a total of 437 nuclear tests in the 

atmosphere. The most representative examples of these were the Castle Bravo Test, by the 

United States in 1954 – the first nuclear explosion of a hydrogen bomb, conducted on the Bikini 

atoll in the Marshall Islands; and the Tsar test, by the USSR in 1961, in the Novaia Zemlia 

archipelago, north of the Ural Mountains. These were the most powerful tests ever to be 

conducted in the atmosphere, which generated a severe environmental contamination [5]. 

 

According to the report released by the United Nations Scientific Committee on the Effects of 

Atomic Radiation, “the main man-made contribution to the exposure of the world's population 

has come from the testing of nuclear weapons in the atmosphere, from 1945 to 1980. Each 

nuclear test resulted in unrestrained release into the environment of substantial quantities of 

radioactive materials, which were widely dispersed in the atmosphere and deposited 

everywhere on the Earth’s surface” [6]. 

 

Such outcome led to a large-scale international cooperation to eliminate the nuclear weapons 

testing. Therefore, in 1963, the Limited Test Ban Treaty (LTBT) came into effect, a treaty 

which stipulated a ban on nuclear weapons tests in all global environments, except for the 
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underground [7]. France and China did not sign this treaty, so they continued their nuclear 

weapons tests in the atmosphere until 1980. Nevertheless, the treaty had a genuine impact in 

limiting radioactive isotopes in the atmosphere in the two hemispheres from 1963 on [5]. 

 

The Preparatory Commission for the Comprehensive Nuclear-Test-Ban Treaty Organization 

related that “the National Resources Defense Council estimated the total yield of all nuclear 

tests between 1945 and 1980 at 510 megatons (Mt). Atmosphere tests alone accounted for 428 

Mt, equivalent to over 29,000 Hiroshima size bombs” [8]. 

 

Table 1 presents an estimate of the total activity release of important radionuclides from the 

tests in the atmosphere. 

 

 

Table 1: Estimate of radionuclides released in the atmosphere during the nuclear tests 

 
Radionuclide Global dispersion 

(Bq)a 
Annual limit on intake 

(Bq)b 
3H 1.9 x 1020 3.0 x 109 
14C 2.1 x 1017 8.0 x 109 
90Sr 6.2 x 1017 8.0 x 105 
95Zr 1.5 x 1017 1.0 x 107 

106Ru 1.2 x 1019 3.0 x 106 
125Sb 7.4 x 1017 9.0 x 107 

131I 6.8 x 1020 2.0 x 106 
137Cs 9.5 x 1017 6.0 x 106 
140Ba 7.6 x 1020 5.0 x 107 
144Ce 3.1 x 1019 9.0 x 105 
239Pu 6.5 x 1015 5.0 x 102 
240Pu 4.4 x 1015 5.0 x 102 
241Pu 1.4 x 1017 2.0 x 104 

a. Source: [9]. 

b. Indicative value of isotope radiotoxicity. Source: [10]. 

 

 

3. DUMPING OF RADIOACTIVE WASTE AT SEA 

 

In 1946, the first sea disposal operation took place by the United States in the Northeast Pacific 

Ocean, about 80km off the coast of California. Such operations continued for the next 35 years, 

and included the disposal into the oceans of solid and liquid wastes, and nuclear reactor vessels 

with and without fuel. Most sea disposal operations were performed by many countries under 

national authority approval and, in many cases, under an international consultative mechanism, 

the Organization for Economic Co-operation and Development / Nuclear Energy Agency 

(OECD/NEA) [11]. 

 

In 1972, at the United Nations Conference on Human Environment, held in Stockholm, some 

principles for environmental protection were defined, and one of them addressed the 

development of General Principles for Assessment and Control of Marine Pollution. These 

were forwarded to the “Convention on the Prevention of Marine Pollution by Dumping of 

Wastes and Other Matter”, held in London in the same year. The International Atomic Energy 

Agency (IAEA) was designated by the Contracting Parties as the competent international body 
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in matters related to sea disposal of radioactive substances, regulating the suitability levels for 

dumping at sea. 

 

These recommendations were established in 1974 and successively revised in 1978 and 1986, 

reflecting the increasing knowledge of relevant oceanographic behavior of radionuclides and 

improved assessment capabilities. The total prohibition of radioactive waste at sea came into 

force on February 20, 1994; nevertheless, almost every country had abandoned such practice 

more than 10 years earlier [11]. 

 

A global inventory of radioactive materials entering the marine environment from all sources 

began to be developed in 1988 by the IAEA and the Contracting Parties. In 1991 the 

International Agency released the report “Inventory of Radioactive Material Entering the 

Marine Environment: Sea Disposal of Radioactive Waste” [12]. Additional data were provided 

in the subsequent years by the former Soviet Union and the Russian Federation, as well as 

Sweden and the United Kingdom, therefore, in 1999, a revision was issued with the following 

estimates: “The first reported sea disposal operation of radioactive waste took place in 1946 

and the latest in 1993. During the 48 year history of sea disposal, 14 countries have used more 

than 80 sites to dispose of approximately 85.0 PBq (2.3 MCi) of radioactive waste.” [11]. The 

locations where the wastes were dumped, as well as their activities, are presented in Figure 1. 

 

 

 
Source: [11]. 

 

Figure 1: Disposal at sea of radioactive waste worldwide. 
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4. THE CHERNOBYL NUCLEAR ACCIDENT 

 

On April 26, 1986, at 01:23AM local time, an accident occurred at the fourth unit of the 

Chernobyl nuclear power station, during an experimental test of the electrical control system 

as the reactor was being shut down for routine maintenance. The operators, in violation of 

safety regulations, switched off important control systems and allowed the reactor to reach 

unstable, low-power conditions. A sudden power surge caused a steam explosion that ruptured 

the reactor vessel, as well as part of the building in which the core was located. The radioactive 

nuclides released were carried away in the form of gases and smoke particles by air currents. 

This way, they were dispersed over the territory of the Soviet Union, over many other countries 

and, in trace amounts, throughout the northern hemisphere [13-14]. 

 

Severe radiation effects were almost immediately caused by this accident: 134 workers that 

were present on the site during that morning received high doses and suffered from radiation 

sickness; 28 of them died in the first three months, and another two soon afterwards. Moreover, 

in 1986 and 1987, around 200,000 recovery operation workers received doses between 0.01 

and 0.5 Gy [6]. 

 

Table 2 below shows an estimate of the radionuclides released during the Chernobyl accident:  

 

 

Table 2: Current estimate of atmospheric releases during the Chernobyl accident 

 
Radionuclide Inventory (Bq) 

90Sr 3.3 x 1016 
103Ru 6.5 x 1018 
106Ru 2.4 x 1017 
140Ba ~1.15 x 1018 
95Zr ~1.76 x 1018 

99Mo 2.5 x 1018 
141Ce ~4.7 x 1016 
144Ce 3.6 x 1016 
239Np ~8.5 x 1016 
238Pu ~1.15 x 1017 
239Pu ~1.0 x 1016 
240Pu >1.68 x 1017 
241Pu >7.3 x 1016 

242Cm 2.4 x 1017 

   Source: [15]. 

 

 

5. THE FUKUSHIMA DAIICHI ACCIDENT 

 

It was 02:46PM on March 11, 2011 when the biggest earthquake ever recorded in Japan began. 

Units 1, 2 and 3 of the Fukushima Daiichi Nuclear Power Plant were in operation; at the first 

sign of seismic activity, the emergency shut-down feature, or SCRAM, went into operation. 

The seismic tremors damaged the electricity facilities in town, resulting in a total loss of off-

site electricity, so the emergency diesel generators went into operation to keep the vital systems 

working. 
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Fifty minutes later, a large tsunami wave of 14 meters height, caused by the earthquake, 

overwhelmed the plant’s seawall (Figure 2) and totally destroyed the emergency diesel 

generators, resulting in loss of all power. With the back-up generators disabled, engineers were 

down to their final fail-safes for cooling the reactors: a heat-exchanging condenser and 

pressurized water-injection tanks. Both would only work for a few hours [16]. Next day on, 

there were hydrogen explosions at reactors 1, 2 and 3 caused by nuclear fuel rods experiencing 

extremely high temperatures, stripping the hydrogen out of the plant's steam [16-17]. 

 

Tokyo Electric Power Company estimates of releases to the ocean, over 26 March to 30 

September, presented a total of about 11 PBq Iodine-131, 3.5 PBq Cs-134, 3.6 PBq Cs-137, 

with a total of 18.1 PBq apart from the atmospheric fallout.  Relatively little radioactive 

material was released by the active venting of pressure inside the reactor vessels (routing steam 

through water and releasing it through the exhaust stacks) or by the hydrogen explosions [17]. 

The Technical Volume of IAEA on the Fukushima Daiichi accident presented the following 

estimate of atmospheric releases, on Table 3: 

 

 

Table 3: Current estimate of atmospheric releases during the Fukushima accident 

 
Radionuclide Inventory (Bq) 

85Kr 6.4-32.6 x 1015 
133Xe 6.0-12.0 x 1018 

129mTe 3.3-12.2 x 1015 
132Te 0.8-162.0 x 1015 

131I 1.0-4.0 x 1017 
133I 0.7-300.0 x 1015 

134Cs 8.3-50.0 x 1015 
137Cs 7.0-20.0 x 1015 
89Sr 0.4-130.0 x 1014 
90Sr 0.3-1.4 x 1014 

103Ru 7.5-71.0 x 109 
106Ru 2.1 x 109 
140Ba 1.1-20.0 x 1015 
95Zr 1.7 x 1013 

99Mo 8.8 x 107 
141Ce 1.8 x 1013 
144Ce 1.1 x 1013 
239Np 7.6 x 1013 
238Pu 2.4-19.0 x 109 
239Pu 4.1-32.0 x 108 
240Pu 5.1-32.0 x 108 

241Pu 0.03-120.0 x 1010 
242Cm 1.0-10.0 x 1010 

   Source: [18]. 

 

 

No harmful health effects were found in 195,345 residents living in the vicinity of the plant, 

who were screened by the end of May 2011. All the 1,080 children tested for thyroid gland 

exposure presented results within safe limits, according to the report submitted to the IAEA in 

June. Anyway, while there was no major public exposure, let alone deaths from radiation, there 
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were reportedly 761 victims of "disaster-related death", especially old people uprooted from 

homes and hospital because of forced evacuation and other nuclear-related measures. The 

psychological trauma of evacuation was a bigger health risk for most than any likely exposure 

from early return to homes, according to some local authorities [19]. 

 

 

 
Source: [20]. 

 

Figure 2: Cross section of the Daiichi Fukushima plant showing  

the inundation level. 

 

 

6. THE GOIANIA ACCIDENT 

 

The radioactive source that was in the teletherapy unit was in the form of cesium chloride salt, 

which is highly soluble and readily dispersible. In total, approximately 112,000 persons were 

monitored, of whom 249 were contaminated either internally or externally. Twenty persons 

were identified as needing hospital treatment; besides the medical treatment at the Marcilio 

Dias Naval Hospital in Rio de Janeiro to 14 of these persons, there were four casualties within 

four weeks of their admission to hospital [2]. 

 

The best estimate of the radioactivity accounted for in contamination is around 44 

terabecquerels, compared with the known radioactivity of the cesium chloride source before 

the accident of 50.9 terabecquerels [2]. According to estimates of activities in the waste 

packages resulting from the response to the accident, around 10 percent of the radioactive 

source were never regained, and was dispersed in the environment [21]. Figure 3 presents a 

schematic diagram of dispersal of Cesium-137 in the city of Goiania and out of the state. 

 

The dispersion of Cesium-137 in Goiania reached even the city of Sao Paulo, delivered in scrap 

metal and paper bales. Because they were contaminated, these materials were considered as 

radioactive waste; they were collected and are currently in the intermediate radioactive waste 

storage unit of the Nuclear and Energy Research Institute in Sao Paulo [21]. 
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The diagram is based on a drawing made shortly after the discovery of the accident in 

attempting to reconstruct what had happened. Key: (1) the derelict clinic of the IGR; (2) 

removal of the rotating source assembly from an abandoned teletherapy machine by R.A. and 

W.P.; (3) source assembly placed in R.A.’s yard near houses rented out by R.A.’s mother E.A.; 

(4) R.A. and W.P. break up source wheel and puncture source capsule; (5) R.A. sells pieces of 

the source assembly to Junkyard I; (6) Junkyard I: the cesium chloride is fragmented and 

dispersed by I.S. and A.S. via public places; (7) D.F.’s house: contamination is further 

dispersed; (8) visitors and neighbors, e.g. O.F.1 are contaminated; (9) E.F.1 and E.F.2 

contaminated; (10) I.F.’s house; other arrows indicate dispersion via visitors and contaminated 

scrap paper sent to other towns; (11) contamination is spread to Junkyard II; (12) contamination 

is spread to Junkyard III; (13) K.S. returns to the IGR clinic to remove the rest of the teletherapy 

machine to Junkyard II; (14) M.F.1 and G.S. take the source remnants by city bus to the 

Sanitary Vigilance; (15) contamination transferred to other towns by M.A.1. 

Source: [22]. 

 

Figure 3: Schematic diagram of the dispersal of Cesium-137 in Goiania. 

 

 

7. CONCLUSIONS 

 

The initial objective of this work, since the year 2017 marks 30 years since the radioactive 

accident that occurred in the city of Goiania, was the comparison between radiological and 

nuclear accidents and events. However, such objective turned out to be mostly unachievable: 

as shown, there are very large differences between a radiological accident and an accident in a 

nuclear power reactor, not only in terms of orders of magnitude, but also related to the variety 

of radioactive elements. 
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All these events released 137Cs. However, the isotopic signature for the accident in Goiania was 

much simpler; it was a single isotope with a half-life of about 30 years. The nuclear accidents 

of Chernobyl and Fukushima, as well as the atmospheric releases of the nuclear bombs and the 

wastes dumped into the seas comprised more than a hundred different radionuclides.  

 

The amount of contamination in Goiania was approximately 50.0 x 1012 Bq of Cesium-137, 

while in Fukushima the releases were between 7.0 and 20.0 x 1015 Bq, and around 8.5 x 1016 

Bq in Chernobyl, of 137Cs alone. Chernobyl accident released almost 2,000 times more Cesium-

137 in the atmosphere, besides many other radioisotopes, than the cesium chloride spread in 

Goiania. 

 

Despite the difficulty in comparing Fukushima Daiichi and the Chernobyl nuclear accidents, 

the Japanese Nuclear and Industrial Safety Agency estimated Fukushima as about one-tenth of 

the total activity released at Chernobyl [23]. 

 

In 1996, at the IAEA/WHO/EC International Conference in Vienna, the International Agency 

reported that “…the Chernobyl explosion put 400 times more radioactive material into the 

Earth's atmosphere than the atomic bomb dropped on Hiroshima; atomic weapons tests 

conducted in the 1950s and 1960s all together are estimated to have put some 100 to 1,000 

times more radioactive material into the atmosphere than the Chernobyl accident” [24].  

 

In the course of 48 years, approximately 85.0 PBq of radioactive waste were disposed in 

different parts of the sea throughout the planet. The Fukushima accident, conversely, released 

around 18.1 PBq of contaminated water in just a few months at the ocean east of Japan. 

 

All in all, regarding human casualties, it has become clear that even a small quantity of a 

radioactive element, if gone astray, can become very dangerous and harmful. The safety culture 

has improved very much ever since; nevertheless, mankind has already been aware of the great 

hazards involved in an eventual lax management of nuclear technology, and has also 

acknowledged its great benefits in medicine, food control, energy production, and a number of 

other areas; the question whether to reduce its use until its extinction or to regain confidence 

from the public in general remains in the hands of the nuclear energy professionals. 
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