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Introduction


The Chernobyl Nuclear Power Plant is located 130 km north of Kiev in Ukraine.  The plant contained four RBMK-1000 nuclear reactors, which utilized the fission of slightly enriched uranium.  In April 1986, a devastating accident occurred in reactor four.  This accident was due to both human error and design flaw and has become known as the world’s worst nuclear accident.  This paper will focus on the cause, the immediate effects and the long-term effects of the Chernobyl accident.
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Chernobyl’s nuclear power plant uses the RBMK-1000 design, which is classified as light-water cooled, graphite moderated reactors (Figure 1).  Slightly enriched uranium is inserted into fuel rods that are composed of zirconium alloy cladding.  These rods are put into the reactor core where the uranium undergoes fission.  The process of fission involves the splitting of uranium atoms by incoming neutrons to produce two smaller atoms, neutrons, and heat.  These neutrons will then interact with other uranium atoms to continue fission or the neutrons will be absorbed by either the coolant water, graphite, or the control rods.  The coolant water surrounds the fuel rods and absorbs heat from the fission reactions, which produces steam that drives a turbine and generates electricity.  The steam is then condensed by a heat exchanger and is recycled back to the reactor.  Graphite blocks also enclose the fuel rods and are used as a moderator, which slows down neutrons to enhance nuclear fission.  Nitrogen and hydrogen gas circulate around the graphite blocks to prevent oxidation and to increase heat conductance between the blocks.  The control rods are made of a neutron absorbing material (boron carbide) and are important in controlling the fission in the reactor.  The rods are raised out of the core when there is a need to increase power and are lowered into the core when there is a need to decrease power.  RBMK-1000 reactors have approximately 200 control rods.  Safety regulations call for a minimum of 30 rods in the core at all times.  There were only 6 rods inserted during the Chernobyl accident.  There are several advantages and disadvantages to the design of RBMK-1000 reactors.  Advantages include it can be refueled during operation, it generates huge amounts of power and the use of graphite allows for the use of uranium fuel that cannot be used in other reactors.  Disadvantages of this reactor design include the lack of a stable containment structure around the reactor to prevent the loss of radioactive material, the use of highly combustible graphite in the core and the reactor’s instability at low power levels (known as the positive void coefficient).
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Steam can build up in reactors and form pockets called voids.  An increase in the amount of voids disrupts the reactor because steam is an inferior coolant, moderator and neutron absorber than water.  A decrease in coolant water will cause an increase in steam production and number of voids (Figure 2).  This increase in steam results in an increase in the number of neutrons in the reactor core and a subsequent increase in fission.  Following an increase in fission will be an increase in the production of heat, steam and power.  This vicious positive feedback cycle is hard to control and can result in a power surge within seconds.

Sequence of Events of the Chernobyl Accident

On April 25th, 1986 a scheduled experiment to power down reactor four turned into a terrible mistake.  The purpose of the experiment was to determine how long the generator would keep the core cool in the event of an emergency power loss1,2,3.  The operators began powering down the reactor but were interrupted for 9 hours due to a high electricity need by the capital city, Kiev1,2,3.  The test proceeded late that night with the operators trying to make up for the lost time and mistakenly dropped the power to 30 MW instead of the ideal 1000 MW1,2.  This made the reactor very unstable. To compensate for this instability, most of the control rods were raised out of the core in an attempt to increase the power1,2,3.  Operators managed to stabilize the reactor at 200 MW but a following increase in coolant flow decreased the steam pressure and made the reactor unstable again1,3. To fix this problem, the amount of cooling water was decreased1,3.  After the drop in cooling water, the positive void coefficient dominated and produced a huge power surge1,3.  The operators tried to ‘put the brakes on’ the reactor by manually re-inserting all the control rods into the core at once2.  However, the type of control rods in this reactor had a design flaw.  The tips of the control rods were made of graphite, which in this reactor acts as a moderator. Thus, when all the control rods were simultaneously driven into the core, the graphite tips increased the reactivity of the reactor further2.   The surge production from both the positive void coefficient and the re-insertion of the control rods generated an uncontrolled nuclear reaction1,2,3.  The first explosion was in the reactor core and resulted from the massive steam production1,2,3.  The second explosion occurred in the reactor building and was from the reaction of steam with graphite and with the zirconium fuel rods to produce hydrogen and carbon monoxide1,3. These gases built-up and reacted with oxygen, which blew the roof off of the reactor building1,3.  The smoke plume was over 1000 m high and a large amount of fission byproducts (radioactive debris) were released into the atmosphere1,3.  It is estimated that the radioactive debris contained 40 million Ci of radioiodines, 3 million Ci of Cesium-137 and 50 million Ci of radioxenones and radiokryptons3.  More chaos occurred from building fires and an intense graphite fire1,2,3.  The building fires were controlled by firefighters but the graphite fire required more attention.  It took ten days to control the graphite fire though the dropping of 5000t of sand, clay, lead and boron on top of the core1,3.  Sand and clay were used to limit the spread of particulates.  Lead was used to absorb radiation while boron was used to absorb neutrons1,3.

Immediate Effects

Only 31 people died directly due to the accident at Chernobyl. While 237 people including employees, firefighters, and liquidators were treated for acute radiation poisoning due to radiation sickness symptoms and known exposure to radiation, only 28 died directly because of the radiation exposure. Those who perished received doses ranging from 4 to 16 Gy. Current treatment for radiation poisoning targets the damage done to the bone marrow, dehydration and loss of immune cells. Treatments for radiation poisoning include; bone marrow transplants, blood transfusion, administration of fluids electrolytes, antibiotics, and anti-fungal agents. The remaining 3 deaths were due to the fire and the explosion.  There were two major groups of people who were exposed to radiation from the accident. The “liquidators” included everyone involved with clean-up, firefighting, containment, and recovery and were mainly middle aged men and Soviet army forces. Most of the liquidators received low doses; however a few people received up to 500 mSv, which is still below the nuclear energy worker emergency limit of 500 mSv1. The second group involved the many people of the nearby villages who were evacuated. Thirty-six hours after the explosion, a 10 km radius of Chernobyl was evacuated and this involved approximately 45000 people. Later, a 30 km radius was evacuated and resulted in over 135 000 people being resettled. In the following years, this area was enlarged, and an addition 210000 people were resettled. The average dose of the evacuees was 17 mSv, with individual values varying from 0.1 to 380 mSv1.

Problematic Aerosolized Isotopes Released 

The main radioisotope that caused the most problems was iodine-131, with a half life of 8 days. Iodine is concentrated in the thyroid by an active process to produce the hormones thyroxin and tetraiodothyronine. The ingestion of iodine-131 will concentrate in the thyroid gland, where it will decay and damage the local tissue and may lead to cancer4. Stable iodine preparations had been given, which may have reduced the damage to the thyroid glands; however these preparations were given too late5.  The most problematic isotopes remaining from the Chernobyl accident are cesium-137 and strontium-90, both with half lives around 30 years. Cesium and strontium mimic the biological effects of calcium and potassium, respectively, and both remain persistent in the environment1.  Strontium will accumulate in the bones and teeth, and will expose the bone marrow cells to radiation, which can result in leukemia and bone cancer6. Cesium will distribute throughout the body and damage a variety of cell types.  There were many other isotopes released during the accident; including xenon, plutonium, tellurium and so on.  Most of these isotopes were deposited within 30km of the reactor, had short half-lives, or little biological activity. The total radiation released during the accident was about 1019 Bq (108 Ci)1.

Sperm and Egg Mutations

An important concern to people if they are exposed to radiation is the chance of passing on mutations to their offspring. Egg and sperm stem cells (spermatogonia) can repair damaged DNA and are easily killed by radiations, so they will have fewer mutations to pass on. Because the spermatogonia and immature eggs have the least chances of mutations, genetic effects are greatly reduced after 2-6 months following an acute dose. In these few months, the stem cells replace the mutated sperm and mature eggs. As resistant as the sperm and eggs are, sterility will occur given high enough doses after 6Gy acute or 15Gy fractionated directed at the reproductive organs7.

Pregnant Women and the Fetus

The stage in development after the sperm fertilizes the egg but before it implants in the uterine wall is called the pre-implantation stage. At this stage, the developing embryo is most vulnerable to killing by radiation. Exposure during this period is an “all or nothing” threshold effect and either the fetus is dead or normal8.  If the embryo is killed, it does not come to term and the mother rarely notices that anything has happened.  Organogenesis is the next stage in development that involves the formation of all the major organs and usually occurs during the eighth week after implantation. At this stage, the embryo is most sensitive to malformations and abnormalities. These malformations may or may not result in miscarriages or stillbirth and depend on which organ is malformed.   An example of this would if the spinal cord is in the development stage when the mother is irradiated.  Since the spinal cord is such an important regulating structure, the baby will probably not survive9.  After the major organs have formed, the embryo is now called a fetus. This stage, when the organs and brain continue to develop and grow, lasts until birth. At this period, the fetus is resistant to killing by radiation.  However, there is an increased chance of mental and growth retardation9.

United Nations Summary

On the basis of many studies, United Nations Scientific Committee on the Effects of Atomic Radiation UNSCEAR in its last report concluded that “no increase in birth defects, congenital malformations, stillbirths, or premature births could be linked to radiation exposures caused by the accident”10. This statement could be debatable, however the normal rate of birth defects is around 4-6%11, and the increase due to radiation is 0.002% per mSv12.  So even for the few liquidators who received 500mSv, would only show an increase of in mutation rate of the offspring of 1%. However, these conclusions don’t include the possible development of future cancers.  

Long-term Effects

As there were short-term effects on health due to the Chernobyl accident, people now also wonder what the long-term effects on their health are. Exposure to radiation could cause serious health problems, but the major concern is cancer. Numerous studies have been launched in order to determine the risks of cancer after radiation exposure. This paper will focus on two recent studies. The first one, “Surgical Therapy of the Thyroid Papillary Carcinoma in Children: Experience with 56 Patients 16 Years Old or younger” 14 was conducted in Italy and was released in the Journal of Pediatric Surgery in 2004.  The second paper, “ Risk of Thyroid Cancer in the Bryansk Oblast of the Russian Federation after the Chernobyl Power Station Accident” was just recently published in the Radiation Research periodical15.


Thyroid cancer is a curable type of cancer. There are four types of thyroid cancer which include papillary, follicular, medullary and anaplastic. The most common type of thyroid cancer is papillary carcinoma. This type of cancer starts out as a cyst and occurs primarily in people exposed to low radiation dose of at least 40 to 50 mGy 13. Metastases are common when developing papillary carcinoma and in many cases a thyroidectomy is performed in which the entire thyroid is removed. The incidence rate is 1.5 % in adults and 3 % in children. The mortality rate is 1.5% and the survival rate increases with early detection 13.


The study subjects in the first report were children 16 years of age or younger who developed thyroid papillary carcinoma from April 1988 to December 2001. Fifty-six children were studied, 22 of which were from Belarus and developed cancer after the Chernobyl accident. 34 of the children had cancer being exposed to just background radiation. The purpose of this study was to determine if there are differences between the two groups of children in terms of anatomy, clinical views and prognostic. They also attempted to determine what would be the best surgical approach for this type of cancer. They found at the diagnosis that 28 children fit in class I, 8 of whom were from the radiated group and 20 were from the non-radiated group. Patients classified as class 1 indicates the least advanced stage of the tumor. Twenty-four patients were in class 2, 12 of whom were of the radiated group and 12 were of the non-radiated group. During this time, total thyroidectomy (removal of the thyroid) was performed on thirty-seven children.  Of the 37 thyroidectomies, 3 were of the radiated children and 34 of the non-radiated children. In 19 patients, lobectomy (removal of one thyroid lobe) was performed and followed by a thyroidectomy. All nineteen patients were from the radiated group. They also performed a latero-cervical lymphadenectomy in 34 patients, from both radiated (20 patients) and non-radiated (4 patients) groups. After 5.5 years, a follow-up study was done in all 56 patients. At the current time, 26 out of 28 patients from class 1 did not have cancer. From the 8 of the class 1 radiated patients, 6 were free of the disease and 20 out of the 20 non-radiated class patients did not presently have papillary carcinoma. In class 2, twelve out of twenty-four patients do not have the disease. Only one out of the twelve radiated children was free of cancer, while eleven out of the twelve non-radiated patients did not have it. Overall, 73% do not presently have the disease and the recurrence percentage is higher in the radiated group. In terms of the best surgical approach, they found that complications occurred in patients who underwent lobectomy first and then total thyroidectomy when compared to patients who had only total thyroidectomy. This study concluded that initial total thyroidectomy is more advantageous to the patient then having a lobectomy and then a total thyroidectomy. They also state that there is a different biological action when comparing the radiated group with the non-radiated group.


Based on their methods and results, their conclusion has a few problems. The main flaw in their methods is that they performed two different surgical procedures on the two groups and then compared the results. They performed total thyroidectomy on non-radiated patients and lobectomy followed by total thyroidectomy on radiated patients. In order to accurately examine the influence of radiation on biology of both groups, the same surgical procedure should have been performed. It is only logical that if a lobectomy is first performed in radiated patients, that there might be a recurrence of the disease when compared to the radiated patients who had total removal of their thyroid. By completely removing the thyroid, there are less complications and eliminates any tumor sites or potential residual cancer. Another problem is use of a retrospective study design, which assumes equal groups and is generally a weaker design compared to a case-control study. A future suggestion is to perform identical surgical procedures in both groups in order to make an educated conclusion about the effects of radiation in children and cancer occurrence.


The second study was performed on 26 children and adolescents up 19 years of age and used 52 patients as the control. The subjects had developed cancer and were diagnosed before October 1997 and the controls were chosen from the Russian State Medical Dosimetrical Registry by taking into consideration gender, birth year, area of residence and type of settlement during 1986. The data was collected through a series of interviews with the mothers and other relatives in order to determine the radiation dose and other possible periods when they could have been exposed to radiation (e.g. X-rays).  Environmental data was also collected up to the point of diagnosis. Using measurements of local 137Cs contamination levels and comparing to the ratio of 131I soil contamination density to 137Cs soil contamination density that was established previously, estimation of thyroid radiation dose was done. Twenty-two patients out of twenty-six were diagnosed with papillary adenocarcinoma. The average thyroid dose for the twenty-six patients was 555 mGy and 180 mGy for the fifty-two controls. Doses were higher in the cases than in the controls except in two categories. The female cases had higher doses, while the control males had higher doses. The patients from the most contaminated areas had the highest radiation dose. When they calculated the odds ration for the three highest dose quartiles, they observed a very large odds ratio at the highest dose of 44.7, which they concluded to be statistically significant. Overall, this study concluded that there is a correlation between increasing risk of thyroid cancer and radiation dose to the thyroid.


The downside of the study is that their sample size is very small (26) and therefore their confidence interval was fairly wide (3.3-604). A wide confidence interval leaves more room for error and imprecision. Overall the study is well written and defined, but a future suggestion is to perform similar studies on a large population.


The Chernobyl accident released many radioactive materials in the atmosphere, which had an impact on the population as a whole but also on the neighboring countries. There were short-term effects, but the most devastating effects would follow later. The release of radioactive iodine and cesium in the atmosphere would have great consequences on people in the contaminated areas. An increase in thyroid cancer incidence was observed, but studies are still trying to determine if this incidence is related to radiation exposure or to the advancement in cancer detection technology.  
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