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1: Introduction

Eugene “Gene” Castell worked for Exxon at the Intracoastal Tubular Services Co. (ITCO) pipe cleaning and inspection facilities in Louisiana, from about 1979 to 1991.  He was diagnosed with acute myeloid leukemia on October 8th, 2001.  He underwent chemotherapy, during which he fell victim to an infection.  He died January 28, 2003.  Before the onset of leukemia, Mr. Castell was an avid athlete who enjoyed running, tennis, and other activities.  

Intracoastal Tubular Services Co. (ITCO) in Louisiana conducted oilfield pipe scale cleaning operations from the 1940’s until 1993.  The descaling operations generated significant amounts of airborne dust concentrations and surface buildup on the ground.  Scale in oil field pipe and equipment contains technologically enhanced naturally occurring radioactive materials (TENORM) produced from the precipitation of radioactive substances, such as radium-226, radium-228, and their radioactive decay products, out of the oil/brine mixture that arose from oil formations.  Fig. 1 illustrates the chain of radium decay products.  

The workers were exposed to radiation through inhalation of the scale dust, incidental ingestion of radioactive dust, and to direct gamma radiation from the scale in the pipe and from the scale deposited on the ground.  These exposures occurred while cleaning, testing, inspecting, transporting and handling pipe, or carrying out other work on the ITCO premises.  The workers also received radiation doses from breathing radon-222 and radon-220 (thoron) and their progeny from the radium-contaminated soil.  

In this report, we calculate the radiation doses that Mr. Castell received from the ITCO operations and the likelihood that his leukemia was caused by the radiation dose he received at ITCO.

At ITCO, there was no radiation protection program, i.e. no sampling and analysis, no monitoring, no dosimetry and no respiratory protection, even after Exxon officially informed ITCO of the presence of TENORM in 1987.  Since no exposure measurements were taken by radiation monitoring badge or bioassay, the radiation exposures and doses must be reconstructed.  To do this, it was necessary to estimate the dust levels, radon and thoron emanation, ingestion rates, direct gamma fields, and exposure times for each worker.  

To prepare this report, we reviewed court petitions, exhibits, deposition transcripts, and previous work in similar cases, such as the Case family case
 and the Vercher case
.  It is worth mentioning that the Vercher case also involved ITCO operations and that Mr. Vercher worked for ITCO at the same time as Mr. Castell.  Mr. Vercher also developed leukemia.  We also carried out interviews with the workers or their immediate families, consulted several articles and reference documents, and performed spreadsheet calculations, which are included as tables in this report.  

This report has been prepared in consultation with Stan Waligora.
2: Intracoastal Operations

Intracoastal Tubular Services Co. cleaned and inspected pipe and casings used in the oil field industry.  Thousand of oil line pipe joints were brought in by barge from the Gulf; their origins would be listed on the pipe.  Trucks, each carrying about 150 to 200 joints, would then transport the used oilfield pipe to ITCO’s pipe yards in Harvey, LA.  Pipe was also trucked in directly from production sites in Louisiana and neighboring states, and from an additional pipe yard in Alabama.  

The pipe was stacked on racks, about 4’ to 5’ high.  After cleaning, inspection, and testing, the pipe was stored and eventually returned to the oil fields, again either on barges or directly by truck, depending on the location of the oil production sites.  

Precipitated TENORM-containing salts are in a matrix of other compounds and mixtures.  Accumulation of the salts inside the pipe depends on the characteristics of these salt matrices.  Some scale looks like fine sand, whereas other resembles rust.  The quantity of radioactive material in the deposits is small from a mass standpoint.  Only one billionth of a gram of Ra-226 is equivalent to 1,000 pCi/g.  The radioactive material within the pipe scale cannot be distinguished from the salts and other deposits. 

ITCO had three large pipe yards in Harvey (the main yard or yard 1 and lower yards 3 and 4) with a total area of 303 acres (main yard: 62 acres, lower yards 241 acres)
, and smaller pipe yards in Amelia, LA (near Morgan City, LA), Houston, TX and Flomaton, AL.  Mr. Castell worked in all three Harvey yards.  

In the Harvey and Amelia pipe yards, scaled pipe and casings were cleaned with air rattlers and/or brushes.  If the scale was light, the pipe was brushed either in the yard or the inspection building.  However, if the pipe had heavier scale accumulations, a rattler attached to an air gun would be used.  The material inside the pipe was ground and pulverized to dust, which was blown out of the pipe with air.  Pipe cleaners recall (and photos show) a dense cloud of dust when these processes took place.  Large particles of scale fell directly to the ground, whereas smaller particulates stayed airborne for a period of time, before finally settling to the ground.  Inevitably, some of this dust was also blown off the property into neighboring areas.  Scale was spread over the yard or filled into holes, as deep as 2 feet.  Former workers testified that some areas were covered with about 5 to 7 inches of scale
.  L.E. Booher, a consultant for Exxon, estimated about 21 lbs of scale were generated per pipe joint
.

The air rattler was manufactured by Hub City Ironworks of Lafayette, Louisiana.  Hub City referred us to Intool, Inc. a company that currently manufactures tube cleaners, which are shown in Fig. 2.  The air rattler was driven by compressed air, spinning at high speeds within the pipe.  

Also carried out in the yard was the greasing, de-greasing and hydro testing of pipe, where pipe joints were filled with water under pressure to detect leaks.  The yards also served as pipe storage.  Pipe had to be loaded onto and unloaded off trucks and barges, and also moved around within the yard between the testing, cleaning and inspection facilities.  Yard laborers were in charge of moving and storing pipe.  Many workers performed several different jobs in the yard, either consecutively over the years, or simultaneously in the same year.  The yard workers ate their lunch sitting in the scale under the pipe racks to get some shade, often without washing their hands and faces.  

The workers stated that they usually came home covered with scale from head to toe.  The personal vehicles that were parked in the yard had thick dust inside and out.  Some workers’ wives reported that they would not allow their husbands into the house without first disrobing and/or cleaning up.  In one incident, a worker’s neighbor complained about her line-drying laundry being dirty from the dust that the worker brought home on his vehicle and his clothes.  Workers recall coughing up visible dust and sneezing or blowing dust from their noses several hours after work.
Inspection of oil pipe was done in large hangar-like buildings, called units.  The first two inspection buildings (Units 1 & 2) in the Harvey yard were built in 1979.  In 1981, Unit 3 was added, also in the Harvey yard.  In 1982, Unit 4 was constructed in the Amelia yard.  These inspection units had ceilings, but no fixed walls.  In winter, or when it was very windy, the wind-exposed side was closed with canvas curtains to keep out the cold.  The other sides of the building were usually left open, and the one side through which the pipe was rolled in was always open, regardless of wind conditions.  Inside the building, pipe was cleaned, drifted and then inspected.  The cleaning consisted mainly of brushing with wire brushes mounted on a pole.  If thick scale layers could not be removed easily, then the pipe was be taken out to the yard and the scale removed with the cleaning machines. 
There were two fixed cleaning machines in the x-section, near where the inspection units 1-3 were located.  These 3 units were all in the same section at the northern end of the Harvey yard, which is also where most trucks came in and out.  

Inspection consisted of using a magnetic detector to detect damage in the outer 3 feet on each end of the joint, and then an X-ray machine for possible structural damages in the central part of the joint.  Workers in the building were not shielded from the X-ray machine.  Pipe inspectors were given radiation monitoring badges, but according to interviews with the workers, they did not receive the results at any point during the time they were employed at ITCO, nor as part of a work exposure summary at the end of their employment.  

All joints were rattled and/or brushed before being inspected.  Most joints were cleaned in the yards, but pipe with relatively thin layers of pipe scale was also transported directly to the inspection units and subsequently brushed there.  Some pipe had been previously cleaned in the yard if they had thick scale layers, whereas other pipe loads arrived at the inspection building directly from the trucks and barges.  The pipe cleaning produced a fine dust, which was everywhere in the building.  The dust concentration was even greater when they partially closed the building in winter to keep the wind out.  

The inspection units had gravel (“shell”) floors.  The dust that settled on the floor was periodically brushed under the pipe racks, but never removed.  In interviews, we specifically asked questions regarding the floor, and the responses confirmed that the floor was always very dusty and dirty.  

The workers at ITCO were never fully informed of the potential danger of TENORM, nor were they required to wear facemasks.  The workers near the air rattler and inside the inspection units were exposed to much higher dust levels than those who worked in other parts of the pipe yard.  However, according to interviews with workers, it was dusty everywhere, even though there was less dust at locations further away from the rattler. 

In March 1987, Exxon informed ITCO of the association of TENORM with used oil field equipment, and the resulting potential danger to workers’ health which was downplayed with a misleading video.  As a response, ITCO built the CEC (controlled environment cleaning) unit in the lower yard, (also called Tom Hicks yard and about 1 mile away from the main yard) to inspect and clean the pipe.  

The CEC was a closed room with a negative air pressure to keep air from coming out of the building, other than through the stack.  The cleaning process in the new CEC unit was remotely controlled from a sealed operator room, and dust collectors at least partially removed the dust from the air.  The inside of the building still had to be cleaned by workers.  After a first test run, the process was still not considered safe enough, and several changes were proposed and eventually carried out.  A second test run was carried out in October 1987, and the facility was recommended for use under the condition that an operator’s manual including safety procedures be completed and made available to all workers.  However, according to worker interviews it appears that the CEC facility never really worked the way it was supposed to
.  

ITCO’s initial information about TENORM, a subsequent site inspection by Exxon which triggered Exxon’s demand for a CEC, a second site visit where the CEC was inspected (and rejected), and another visit where the improved CEC was inspected again and finally approved, is described in a report by an Exxon Industrial Hygienist, Lindsay Booher
.  This report is interesting as it concerns the conclusions about ITCO’s pipe cleaning process before the construction of the CEC.  Booher writes: “…a considerable amount of airborne dust is generated during pipe cleaning.  The results suggest that the exposure to the machine operators exceeded the American Conference of Governmental Industrial Hygienists Threshold Limit Value (TLV) for nuisance dusts.”  In other words, Exxon’s expert deemed exposure to this amount of dust unsafe, even neglecting the presence of radioactivity. 

It is unclear to us why Exxon did not inform ITCO of the presence of TENORM in their process equipment before March 1987.  Drilling companies had reported radioactivity in oil and brine as early as the 1930’s, the USGS reported radioactivity in Kansas oil fields
 in the 1950’s and the American Petroleum Institute (API) issued a report in 1982 that analyzed the potential impact of the inclusion of radionuclides into the CERCLA process on the petroleum industry.  The report described in detail where specific radionuclides were prevalent: Uranium in crude oil, radium in brine, and radon in both oil and brine
.  The report concluded, “the regulation of radionuclides could impose a severe burden on API member companies”.  

In early 1986 (approximately 9 months before Exxon notified ITCO of the TENORM issue), Booher carried out a survey of several Exxon oil fields with the objective of measuring the radioactivity in process equipment.  In his letter-report to Exxon, he described in detail how radium forms salts that are soluble in salt water, which is pumped together with the oil
.  He wrote that “since exposure to radioactive scale that deposits inside process equipment is likely to be highest during workovers, Industrial Hygiene should be contacted prior to the next workover to evaluate exposures and develop safe work practices.”  Removing scale from used oil pipe would certainly fall within the category of “workovers.”  Booher continues by stating that “it is unlikely that radioactive contamination is limited to just the formations we looked at during this survey.  All formations that produce significant amounts of salt water may be contaminated and should be surveyed.  Until a facility is surveyed, work should proceed assuming the equipment is contaminated.” From these documents, it appears obvious that Exxon was aware of the TENORM in their pipe well before they told ITCO about it in March 1987.

Even after March 1987, Exxon continued to send scale-laden production tubing for cleaning to ITCO’s Harvey Yard.  An Exxon memo dated November 7, 1988 regarding removal of NORM scale from oil field pipe from the Big Escambia Creek Field states that “Scale can only be removed at ITCO, Harvey facility.”
  In the same memo, Exxon further stated that “NORM tubulars can be worked at this time, with management concurrence.”

Exxon’s tactic of keeping the TENORM problem under a closed lid continued even after 1987.  A 1989 memo describes how a group of Exxon staff met “to organize current efforts to diffuse adverse public attention to the allegations of surface land damage and the presence of naturally occurring radioactive material (NORM) in the Loudon Field area.”  It is evident that Exxon did not want to publicly discuss the TENORM problem, but kept denying it by “diffusing” the “allegations” of the presence of TENORM.  

In 1989, Exxon finally instructed its operators not to ship pipe with direct gamma radiation greater than 50 (R/h to contractors, such as ITCO.  This was based on State regulations that were promulgated in September 1989 (see section 6: Rules and Regulations).  It is unclear to us how Exxon identified pipe with direct gamma dose rate >50 (R/h above background, whether they measured each pipe or entire loads.  It is also not stated in any document we have reviewed what Exxon did with pipes that had a direct gamma dose rate >50 (R/h above background.  Were these pipes cleaned in the field, or disposed at some unknown location?

At the ITCO yard, truckloads of pipe were surveyed with 1-inch NaI detectors.  Trucks with a cargo that emitted radiation greater than 50 (R/h above background were diverted to the lower yard (yards 3 and 4) where the CEC was located, whereas loads that emitted radiation less than 50 (R/h above background proceeded to the main yard for storage, cleaning and inspection.  Background was established by measuring the radioactivity at about 20 feet from the truck.  Since the screening process took place in the pipe yard, the applied background was not natural background, as the radioactivity in the entire pipe yard was elevated due to decades of TENORM processing.  

Subsequent to September 1989, the pipe that was sent to the lower yard was surveyed joint by joint.  Hot pipe was marked with purple and yellow bands and stored in a designated area, whereas joints that emitted up to 50 (R/h radiation were returned to the main yard.  The intent behind separating the hot pipes was to clean them in the CEC, while the non-contaminated pipe would be cleaned as always in the pipe yard.  However, the CEC unit never really worked efficiently.  Often, joints had to be returned to the CEC several times until they were no longer radioactive.  Problems with maintenance and operation were also reoccurring.  This resulted in an accumulation of hot pipes.  A former worker
 described the lower yard as a “huge mountain of purple-and-yellow marked pipe”.  The exact disposition of this mountain of radioactive pipes was not specified in any memo we reviewed.

In addition, process equipment other than pipe, such as drums filled with oil sludge and vessels, found their way to the ITCO lower yard.  Often, joints and other process equipment exceeded levels of 50 (R/h, the legal limit established in 1989.  

The method of surveying entire truckloads or pipe joints with a 1-inch NaI detector is not very refined, and against the law, as each piece of equipment has to be surveyed separately (see section 6).  Difficulties with internal shielding, appropriate definition of background levels, and the estimation of other factors makes it difficult to measure low levels of radiation.  A report by Rogers and Associates that analyzed the correlation between external radiation readings and scale concentration in production equipment concluded that values below 40 pCi/g above background could not be detected, with a margin of error of about 90 %.  In other words, activity in scale of up to about 76 pCi/g could go undetected by 1-Inch NaI detectors.  A 1987 meeting transcript of the API NORM subcommittee even reports an incident when Exxon cleaned a pipe that had read “below background” with the 1-inch NaI detector.  A subsequent scale measurement in this pipe revealed a Ra-226 scale concentration of
 170 pCi/g.  In other words, there is no obvious relation between the radioactivity of scale in pCi/g and external gamma readings.  External gamma is a function of the radius and thickness of the pipe, thickness of the internal scale layer and the radioactivity and age of the scale.  Everything else being equal, a thin layer of highly radioactive scale could produce the same external dose rate as a thick layer of less radioactive scale.  Nevertheless, in order to estimate the radioactive concentrations of scale in air, we used a formula developed by Rogers & Associates for the American Petroleum Institute.

Both steel and scale attenuate external radiation.  By measuring an entire truckload of pipe only at a few spots on the outside, hot joints in the center of the load would not be detected, since joints on the outside would shield the inner pipes.  With thousands of joints coming in by truck or barge, it is statistically almost inevitable that some hot pipes found their way into the main yard undetected.  This problem was acerbated by the limited sensitivity of the 1-inch NaI detectors (as discussed above).  We were also told by a former ITCO worker whose job it was to survey incoming truckloads, that not all shipments were surveyed upon entering the ITCO premises
.  

We do not know what happened to the pipe with >50 (R/h that was never shipped, and to the yellow-and-purple marked pipe accumulated in the lower yard at ITCO, but it should be noted that Exxon tried to sell large amounts of pipe shortly before announcing the TENORM problem to ITCO.  In February 1987, the company mailed bid invitations for their “surplus production equipment and tubular goods” to 125 potential buyers (EX001804-13).  Shortly thereafter, contaminated pipe was found in playground equipment in schoolyards
.  

3:  Radiation Effects

3.1 Principle Effects

There are two principle concerns that accompany exposure to radiation.  One is the formation of genetic defects and the second is induction of cancer.  In both cases, irradiation of cells produces physical and chemical changes.  On one hand, the genetic materials in the reproductive cells of parents are damaged.  The resultant mutation may be manifest in birth defects or heritable diseases in immediate offspring or may be carried through successive generations to remote offspring.  Radiation damage to chromosomes cause changes leading to the induction of various kinds of cancer in the effected organs.  

There are many important factors bearing upon understanding of the effects of radiation dose.  These include the total dose, the rate at which the dose was delivered, the dose pattern (e.g. intervals between exposures), and the nature of the radiation contributing to the dose.  For example, gamma rays can penetrate through the body and deposit only a fraction of their energy.  Interactions are thinly distributed over relatively remote cells and organs.  On the other hand, alpha-emitting radionuclides, deposited internally, deliver a highly localized radiation dose with a total range of approximately 20 (m (0.0008 inches).  Effects are relatively much more likely with alpha particle irradiation.  Another important factor is the stage of cell division.  The cell is more susceptible to damage at the last stage of division.  Children could be more susceptible because cells are reproducing more rapidly while growing and more cells are in the susceptible stage.  This is the same reason why radiation therapy has greater effect on cancerous cells that are multiplying more rapidly.  Other factors affecting radiation effects include sex, age at exposure, time of conception (relative to irradiation), location of exposed genes, and genetic susceptibility.  The ICRP
 recently published a treatise on the possible genetic inherited susceptibility to cancer that could modify the effects of radiation exposure.  The path and organ dose due to the internal deposition of radionuclides is highly variable.  The attendant physical and chemical characteristics result in variable deposition and retention patterns at specific locations in the body.  Certain organs and cells can be much more affected than others.  

3.2 Genetic Effects 

One expects that the consequences of irradiation of germ cells in the female can be are greater than those in the male.  Females are born with the entire inventory of germ cells that will form mature oocytes throughout her reproductive life.  Therefore those germ cells accumulate any radiation dose over many years.  Male sperm is constantly reproduced and would be subject to only short-term exposure.

Mutations in germ cells are characterized by changes within the genes that make up chromosomes in a cell nucleus.  The genes consist of specific sequences of deoxyribonucleic acid (DNA) and protein.  The genes are components of the chromosomes and determine the hereditary factors and the entire organization and function of the chromosomes and the cells.  Genetic diseases occur because of changes in the structure or regulation of DNA within the chromosomes and cells of an organism.  These mutations can occur naturally or by action of physical and chemical agents.  

Virtually any identified birth defect has genetic alterations that could be a consequence of radiation damage.  All mutations are expected to have some harmful effect.  Genetic problems are generally classified to three categories: single gene disorders, chromosomal aberrations, and multifactorial disorders.  Single gene disorders usually are more drastic and are immediately manifest in offspring.  Major anomalies might include hydrocephalus (fluid in the cerebral ventricles of the brain) and achondroplasia (bone deformities and dwarfing).  

Single gene defects are inherited by autosomal transmission (22 pairs of non-sex chromosomes) or by X-linked chromosomes.  One copy of the autosomal gene is contributed by the mother and the other by the father.  The autosomal traits can be either dominant (immediately expressed) or recessive.  Expression of recessive traits requires combination with another copy.  A son’s X-linked gene will come from the mother and a daughter will receive the X-chromosome from both the father and mother.  X-linked traits are expressed only in a daughter and can be either dominant or recessive.  

Chromosomal aberrations due to radiation damage are well known and include abnormal numbers of chromosomes, and broken and/or rearranged chromosomes. The chromosomal abnormalities can be passed on at the union of the egg and sperm.

The multifactorial disorders are believed to involve more than one gene and are expected to be a consequence of environmental factors such as drugs, toxins, viral or bacterial agents, and radiation dose.  The environmental factors include conditions within which the fetus or embryo are developed.  The mother can take in teratogenic radionuclides and the effects transferred to the developing embryo.  There is a genetic component, but the other factors contribute to the diseases or abnormalities.  The term is used or qualified in reference to a single disorder (e.g. clubfeet) because of the multitude of possible contributing factors.  

Newly recognized mechanisms and genetic disease suggest other means of disorders beyond the three described above.  In one case there is a combined effect with the existence of both normal cells and cells carrying a mutation.  It also appears that the parental origin (mother or father) will determine the genetic manifestation.  Other observed phenomena depend upon whether the altered cells originated from both the mother and father.  

It is now understood that the cytoplasm within a cell, outside of the nucleus with the genes and chromosomes, also carries genetic information that is passed on through cell division.  There is a strictly maternal line of transmission and the abnormalities can be transmitted to her children.  

Any of the mechanisms under investigation include abnormalities caused by irradiation even though the means of transmission and manifestation differ.  

3.3 DNA Damage 

Deoxyribonucleic acid (DNA) is bound in double helical chains by hydrogen bonds between the bases forming the material in the chromosomes of the cell nucleus.  There are two base pairs, the purine bases adenine and guanine, and the pyrimidine bases thymine and cytosine.  The adenine base pairs with the thymine and the guanine pairs with the cytosine.  One DNA strand has the complementary sequence of the other.  Each gene has a unique sequence of the bases.  The genes are linked in linear arrays to form chromosomes in the cell nucleus.  A large number of genes, 60,000 to 70,000 are required to control normal functions.  Most genes are present in only two copies with each on a separate chromosome.  One copy is inherited from the mother and one from the father.  

Damage to DNA is the primary event that leads to the development of cancer and hereditary disease.  Double strand breaks in the DNA are the most likely cause of mutation in somatic or germ cells.  

Ionizing radiation can cause different kinds of damage.  The complexity of the damage increases with an increase in the radiation LET.  Ionizing radiation deposits energy in cells as tracks of ion pairs.  The intensity and density of ionizations is a function of the Linear Energy Transfer (LET) of the radiation.  Typical low-LET x-ray and gamma radiation can cause about 70 ionizations across an 8 µm cell diameter cell nucleus.  A high-LET alpha particle, such as from radium-226, will cause over 23,000 ionizations within the nucleus of a single cell
.  This damage causes mutations and chromosomal changes.  Radiation damage transforms cells to a stage in the development of metaplasia that can lead to neoplasia or cancer.  

In an attempt to repair single-stranded DNA damage the DNA replication may bypass the damaged sites by inserting an incorrect base opposite the lost or altered base.  Mutations and chromosomal rearrangements are a consequence.  The repair of complex DNA double-strand breaks is inherently error-prone and is most likely to be dependent upon dose, dose rate and radiation quality.  

The radiosensitivity of normal cells, studied for survival after irradiation in cultures, varies by about a factor of two.  In low irradiation dose conditions, this is extended to a factor of three to four(17).  This variation may have a genetic basis.  

Cancers induced following lower radiation doses appear as a consequence of gene/chromosomal mutations.  The dose-dependent  radiation induced mutations add to other tumor-initiating events.  It is reasonable to assume same variable sets of cellular factors serve to suppress or enhance malignant development.  The dose response could be dependent upon a change in the post-irradiation processes.  The radiation cancer risk might be reduced by error-free DNA repair.  However if post-irradiation mutation rates are persistently high, as with genomic instability, then cancer induction would be enhanced.  

Qualification of the risks associated with lower radiation doses require information from epidemiology, the shape of the dose-response curve, and the damage mechanisms that could be extrapolated to lower doses.  

3.4 Radiation Induced Cancer

It is known that radiation dose can lead to the induction of cancer.  For over 60 years, the International Commission on Radiation Protection, a body of experts in this field, has produced a series of documents providing the progressive knowledge of radiation effects to enable proper radiation protection.  The National Council on Radiation Protection and Measurements has published similar reports, and continues to do so, since 1931.  In 1959, the Federal Radiation Council was formed to advise the President on radiation matters affecting health for all Federal agencies and for cooperative State Programs.  With the formation of the Environmental Protection Agency (EPA) in 1970, that program became the responsibility of the EPA. Since the mid 1980s the EPA has provided a related series of documents to assist Federal and State agencies in their implementation of radiation protection programs. The EPA has recently (Sept., 1999) updated their published cancer risk coefficients
.  A successive series of reports by the Committee on the Biological Effects of Ionizing Radiations (BEIR) of the National Research Council have continued to update the knowledge on the health effects of radiation.  The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) has similarly been issuing successive reports on radiation effects since 1955.

The nature of radiation interactions on cellular components is similar to those that have been described above that can cause genetic defects.  Cancer induction is a complex process and the mechanisms of all of the complex factors involved in the process have not been fully developed.  A simple summary of the expected processes is that radiation dose causes mutations with altered genes and chromosomes; there can be changes in the gene expression without mutation; and there can be induction of cancer causing viruses.  It is believed that cancer induction is a multi-step process that requires two or more intracellular events to transform a normal cell to a cancerous cell.  It is also recognized that there is a long latent period between the delivered dose and the expression of cancer.  

Three successive steps involve initiation, promotion, and finally progression.  Initiation involves dose-dependant radiation effects that are usually irreversible.  Initiation also requires cell proliferation with changes passed on to daughter cells.  Accompanying non-cancer producing conditions and events influence cancer promotion.  Tissues tend to become increasingly malignant with the passage of time.

Tumorigenesis is a multi-stage process.  First the chromosomal DNA in a normal target is damaged .  With the failure to correctly repair that damage, a specific neoplasia initiating mutation can appear.  This promotes growth to metaplasia  followed by conversion to a malignant phenotype leading to the tumor.  According to the National Academy of Sciences, Radiation is not only an initiator of cancer, but also a promoter.

A radiation-induced cancer cannot be distinguished from cancer caused by some other carcinogen.  The risk of cancer depends upon a number of factors: the kind of cancer, the age and sex of the exposed person, the amount of dose to a particular tissue and organ, the kind of radiation, whether the rate of exposure is brief or chronic, the presence of other carcinogens, the presence of promoting biochemicals, and individual variations and genetic susceptibility.

Cells that survive irradiation, with the loss of repair capacity, are prone to cancer. As a result some individuals can become more radiosensitive.   Loss of repair gene function leads to cancer proneness due to increased genetic instability.  

It is unanimously agreed that leukemia and virtually all forms all forms of solid cancers in humans can be induced by ionizing radiation.

Lymphoma is a group of diseases that involve lymphoid tissue.  Multiple myeloma is a malignancy of bone marrow with abnormal plasma cells.  

3.5 Radiation Protection Standards

The standards for protection against radiation have progressed in accordance with the progress of scientific understanding of the nature and extent of the effects.  It has been more recently understood that a given amount of radiation dose, through long term chronic irradiation, is more damaging than that of short-term exposures.  With improved scientific knowledge, the risk of cancer induction per unit of dose has increased.  Estimated cancer risks changed from BEIR III (1980) to those reported in BEIR IV (1990).  The level of risk for leukemia increased by a factor of 4.4 for males and a factor of 5.0 for females.  The risk for non-leukemia cancers increased by factors ranging from 4.8 to 18.3 for males and 4.6 to 12.7 for females.
4: Pathways and Exposure to Radiation

The operation of the air rattler generated considerable radioactive particulates that were inhaled by the pipe cleaners and other workers in proximity, including Mr. Castell.  Airborne emissions obviously did not stop at the fence post, so any person near the yard would also have inhaled radioactivity, even if he/she were offsite.  In addition to particulates, workers inhaled the gases radon and thoron, both of which emanated from the scale deposited on the ground. 

Workers further ingested scale from hand-to-mouth contact, and while eating food and drinking in the contaminated area.  They were also exposed to direct gamma radiation from the contaminated ground and the pipe in the work area.  

The level of exposure for Mr. Castell would primarily depend on the type and duration of his activities in the pipe yard.  The scale dust concentrations and characteristics, the various radiation pathways and the corresponding radiation dose rates that they received are described below.  The detailed calculations are presented in Appendices A (inhalation and ingestion of particulates), B (inhalation of radon and thoron), and C (direct gamma).  

Documents show that after regulations concerning NORM were passed in 1989, Exxon instructed its employees not to ship highly contaminated pipe (>50 µR/h) to ITCO.  As discussed in the introduction, it is very likely that some contaminated equipment still reached the ITCO main yard, as ITCO (and probably Exxon, too) surveyed entire pipe loads, rather than joint by joint.  Also, it is not clear to us what happened to the contaminated pipe stored in the lower yard.  It is possible that this pipe was eventually cleaned in the main yard, as the CEC never reached a satisfactory level of quality.  

In the dose calculations that follow, our approach to the period before and after September 1989 is the following.  For the period before September 1989, we assumed all pipe shipped to ITCO were cleaned in the Harvey yard.  Following the institution of NORM regulations in Louisiana, we assume that, beginning in 1990, only pipe with direct gamma readings less than 50 µR/h were cleaned in the Harvey Yard, though scale from previous cleaning operations still remained.  If we employ the relation between scale radioactivity and external direct gamma developed by Rogers & Associates
, then the average scale activity corresponds to about 1500 pCi/g Ra-226 and 500 pCi/g Ra-228.  Compared to direct gamma and scale measurements taken by Stan Waligora for Kentucky NORM pipes, these estimates for pipe after September 1989 are low.  The bottom line is, after September 1989, we assume the radioactivity in air particulates in the Harvey Yard is about 25% of earlier air particulate radioactivity, and the pipe dose rate is 50 µR/h.

Dose Rate from Inhalation of Radioactive Particulates

We calculate the radiation dose rate due to inhalation of radioactive particulates by first calculating the amount of radioactivity that Mr. Castell inhaled per time, and then employing standard dose conversion factors (DCF) developed by the International Commission on Radiological Protection (ICRP).  DCFs used in this report can be found in ICRP Publication 30 (ICRP 30) and ICRP Publication 72 (ICRP 72).  These DCFs convert an amount of a specific inhaled radionuclide into the resulting inhalation dose.   
ICRP 30 DCFs were first developed in 1982.  These DCFs are the basis for radiation exposure regulations established by the U.S. Nuclear Regulatory Commission, the Department of Energy, the Environmental Protection Agency, and the Occupational Safety and Health Administration. In this report, we use ICRP 30 DCFs to determine whether Mr. Castell’s exposure to radiological materials while working at the ITCO pipe yard exceeded the legal exposure limit to nuclear workers
.   Dose conversion factors derived from ICRP 30 for the inhalation of radioactive materials for an adult were summaried and presented in theUnited States Environmental Protection Agency’s Federal Guidance Report (FGR) Number 11
.  The ICRP 30 DCFs used in this report can be found in Appendix A.
Alternately, age-dependent DCFs, from ICRP 72 (developed for members of the public) 
, were also used to calculate an effective dose to Mr. Castell from the inhalation of radioactive materials while working at the ITCO pipe yard.  These DCFs are more recent than those from ICRP 30 and have been developed as a result of improved dosimetry modeling.  The DCFs in ICRP 72 have been compiled into a database and put on a CD-ROM
.  For this report, the appropriate DCFs were extracted from the database and used in our dose calculations.  
Mr. Castell's exposure to radioactivity at work began in 1979 and he was diagnosed with acute myeloid leukemia in 2001.  We extracted DCFs from ICRP 72 based on Mr. Castell’s commitment period of radiological exposure.  A commitment period describes the time period between the year a person was diagnosed with cancer and the year he was first exposed to radioactive materials.  In 1979, Mr. Castell had a commitment period of 23 years, in 1980 a commitment period of 22 years, in 1981 a commitment period of 21 years, and so on and so forth.  To take into account his varying commitment period, the DCFs for inhalation were scaled in 1 year increments of commitment period.  The ICRP 72 inhalation DCFs used in this report can be found in Appendix A.
Mr. Castell was diagnosed with acute myeloid leukemia (October 2001) and so the dose to the red bone marrow from inhalation was calculated in addition to the total effective dose equivalent (TEDE) to his entire body. DCFs specific to the red bone marrow from ICRP 72 are used because Mr. Castell had acute myeloid leukemia
.   
Different DCFs exist for different exposure assumptions.  For our TEDE calculations, we assume that the respirable scale dust has a moderate solubility and a moderate rate of absorption into the body fluids from the respiratory tract. We also assume that the scale dust particles have a diameter of 1 (m.    
We assume secular equilibrium between Ra-226 and Ra-228 and their respective progeny, i.e. we apply the same activity in scale (in pCi/g) for the daughter nuclides as for their parents.  

The total amount of inhaled radioactive material is equal to the dust loading in the working environment, multiplied by the radioactive concentration of the dust and the ventilation rate (breathing rate) of the worker.  The inhalation dose rate can therefore be calculated as follows: 

DRinh = C * A * V * DCFinh
where

DRinh
Inhalation dose rate (mrem/time)

C
Air particulate concentration (mg/m3)

A
Activity of Ra-226 and Ra-228 in scale (pCi/g)

V
Ventilation rate (breathing rate, m3/time)

DCFinh
Dose conversion factor for inhalation for Ra-226 and Ra-228 chains (mrem/pCi)

Because the ITCO yard is no longer in operation and the workers were exposed years before discovering the dangers associated with cleaning of oil pipe, actual measurements of the air particulate concentration in the pipe yard are not available.  Mr. Castell was exposed to different concentrations of particulates, depending on their exposure type(s).  However, we do have a measured particulate concentration of scale in air, 53 mg/m3, taken while pipe was being cleaned with a rattler at another pipe yard
. 

Because of these uncertainties, we apply an air particulate concentration range, as opposed to a single value.  We expect that this range includes the “true” average air particulate concentration to which the pipe cleaners were exposed.  In the immediate vicinity of the pipe cleaning process, we apply a respirable dust concentration 10 mg/m3 as a lower bound and a concentration of 30 mg/m3 as an upper bound.  

For locations away from the rattler, but still within the pipe yard, we apply a concentration range directly due to pipe cleaning operations that is ten times smaller, i.e. 1 – 3 mg/m3.  To this, we add the resuspension of scale particulates in the yard due to activities that mechanically moved scale.  Such activities include movement of trucks and forklifts, and shoveling scale from ground into potholes.  Workers walking around, as well as wind activity, would further resuspend particulates.  We estimate that particulate concentration due to resuspension is the same as particulate concentration at a construction site
, 0.6 mg/m3.  The air particulate concentration in the pipe yard away from the rattler therefore ranges from 1.6 to 3.6 mg/m3.  A detailed discussion of our calculations and estimates of the concentration range of respirable particulates is presented in App. A.  It is important to note that the dust concentrations we employ may be an underestimate of the true dust concentrations since we assume the operation of only one rattler when up to 11 rattlers my have been operating at a time
.  Further, a report by Dr. WG Biggs
 shows off-site dust concentrations as high as 3.6 mg/m3.

Mr. Castell worked out of a trailer for several years.  As discussed in App. A, a standard air conditioner filters out almost all of the large particulates, but less than 30 % of the respirable fraction.  The concentration of respirable particulates inside of the trailer was therefore 1.12 – 2.52 mg/m3.  

To calculate the radioactivity (A) in the dust, we use the following scale activity, A = 6,000 pCi/g for Ra-226, and of A = 2,000 pCi/g for Ra-228.  This estimate is based on measurements by the EPA
, Chevron
, Reed
 and Scott
.  

The Chevron NORM Study Team reported an average radium-226 content of 5,500 pCi/g for pipe scale.  Maximum readings were much higher than this value.  An earlier analysis by Chevron found
 an average of 5,960 pCi/g Ra-226.  The report by Reed et al. lists radium-226 concentrations of up to 6,027 pCi/g.  The ratio of radium-226 to radium-228 activity concentrations in fresh pipe scale is reported
 to be approximately 3:1.  This ratio changes over time, because Ra-228 (half-life of 5.75 y) decays much faster than Ra-226 (t 1/2 = 1,600 y).  Based on these findings, in this report we use concentrations of 6,000 pCi of Ra-226 per g scale, and of 2,000 pCi of Ra-228 per g scale.  

In addition, the direct gamma rates calculated by assuming a scale activity of A = 6,000 pCi/g for Ra-226, and of A = 2,000 pCi/g for Ra-228, and a scale depth of 1 cm and 5 cm (see Table C1) range between 2 mr/h and 5.9 mr/h.  The actual direct gamma rates measured on the Case Property and OFS give support to our scale concentration values.
As mentioned above and discussed in detail in App. A, we assume a reduction of the pipe scale activity for the years 1990 and 1991 by a factor of about 4.  This only applies to scale dust coming directly from the pipe cleaning machines, but not to scale previously deposited in the pipe yard and subsequently resuspended due to bulldozers, trucks etc.  

The amount of inhaled radioactive material not only depends on the amount of this material in the air, but also on the rate at with which the particles are inhaled.  For Mr. Castell, we use the breathing rate for a resting male adult recommended by ICRP 66
 of V = 0.925 m3/h, when Mr. Castell was in the Exxon trailer, and V = 1.2 m3/h (breathing rate for light exercise) when he was out in the yard.  

Using information about Mr. Castell’s work history, we then calculate the total dose he received by multiplying the dose rate with the exposure time:

Doseinh (mrem) = DRinh (mrem/time)* exposure time 

Information regarding the type of exposure and the exposure time in the vicinity of the pipe cleaning machines, and in other parts of the yard, was gathered from personal interviews with former workers of the ITCO pipe yard in Harvey, LA, and/or their families.  

Dose Rate from Inhalation of Radon and Thoron

The inhalation dose due to emanation of radon and thoron from the ground is calculated in detail in App. B.  Radon and thoron, decay products of radium-226 and radium-224, respectively, emanate from scale deposited on the ground or present in oil pipe.  These radioactive inert gases can be inhaled, and their short-lived decay products cause a radiation dose to the lungs and other sites.  The calculation of the inhalation dose rate is similar to that of the inhalation dose rate for particulates:

DRinh = R * V * DCFinh
where

DRinh
Inhalation dose rate (mrem/time)

R
Radon or Thoron concentration in air (pCi/m3)

V
Breathing rate (m3/time)

DCFinh
Dose conversion factor for inhalation for Rn-222 and Ra-220 and its (-emitting progeny (mrem/pCi)

The most important parameter in this calculation is the radon / thoron air concentration.  As shown in detail in App. B, this concentration can be calculated with an emanation factor, two different formulas and site-specific physical and meteorological information.  Our calculations are based on the RESRAD model developed by DOE contractors
.  

The emanation of radon and thoron from the soil depends both on the thickness of the scale, and on the activity of Ra-226 and Ra-228 in the scale.  For the latter, we again take 6,000 and 2,000 pCi/g, respectively.  For the thickness of the scale, we use a lower and an upper bound, which results in the calculation of a dose range.  For the lower bound, we use a scale thickness layer of 1 cm, whereas for the upper bound, we use a thickness of 5 cm.  

Using these two thicknesses, we first calculate a range of the radon and thoron fluxes, which in turn serve as an input to calculate the radon and thoron air concentration ranges.  We obtain a radon flux of 1.19 - 29.76 pCi/m2-s, and a thoron flux of 2,234 - 27,932 pCi/m2-s.  

With an average wind speed of 3.6 m/s, the resulting outdoor radon and thoron air concentration ranges are 8.27 –206.68 pCi/m3 and 14,244 –178,110 pCi/m3, respectively.  Dose conversion factors for the radon and thoron progeny were taken from UNSCEAR
, and ICRP 72.  

In the trailer, Mr. Castell was not only exposed to outdoor radon concentrations calculated above, but also to radon buildup in the enclosed crawl space beneath the floor and entering the trailer.  The trailer had a skirt that enclosed the crawl space.  We calculate the dose due to inhalation of indoor radon and thoron from this source, using the computer code RESRAD BUILD version 3.1.  To determine the input parameters, we used information obtained from the interview with Mr. Castell, and from published literature related to this issue.  We calculate Mr. Castell’s total radon/thoron exposure by adding his indoor and outdoor exposures.  

Because the pipe yard was heavily contaminated with radioactive scale previously deposited on the ground, exposure from inhalation of radon/thoron did not change after 1989.  

Dose Rate from Incidental Soil Ingestion

The incidental soil ingestion dose rate is calculated in a way similar to the inhalation dose rate.  We first calculate the ingested amount of radioactive material, followed by the application of a DCFs for ingestion to obtain the ingestion dose rate:

DRing. = IR * A * DCFing.

where

DRing
Ingestion dose rate (mrem/time)

IR
Ingestion rate (mg/time)

A
Activity of Ra-226 and Ra-228 in scale (pCi/g)

DCFing.
Dose conversion factors for ingestion for Ra-226 and Ra-228 chains (mrem/pCi).

For incidental soil ingestion, we apply a scale ingestion rate (IR) of IR = 100 mg/d as a lower bound and IR = 480 mg/d as the upper bound.  The upper bound is the incidental soil ingestion rate for outdoor yard work as given by EPA
.  This estimate is based on the assumption that a 50 (m thick layer of soil is ingested from the inside surfaces of the thumb and fingers of one hand.  The upper bound assumes that all of the incidentally ingested soil/dust corresponds to pipe scale, whereas for the lower bound, only half of the ingested material is assumed to be pipe scale, and the other 50 % is ordinary dust/dirt.  


Similar to the calcuations of the inhalation dose rate, DCFs from both ICRP 30 (effective) and ICRP 72 (effective and red bone marrow) are applied for a commitment period of 11 – 23 years, to calculate the ingestion dose rate for Mr. Castell.  ICRP 30 and ICRP 72 DCFs used to calculate the dose rates for Mr. Castell due to incidental soil ingestion while working at the ITCO pipe yard can be found in Appendix A.
We apply the scale activity as used above in the calculation of the inhalation dose rate of 6,000 pCi/g of Ra-226, and 2,000 pCi/g of Ra-228.  Again, we assume secular equilibrium between the parent and daughter nuclides.  


The total ingestion dose is calculated by multiplying the ingestion dose rate by the exposure time:

Ding (mrem) = DRing (mrem/time) * exposure time

The type of exposure and the exposure time in the yard was gathered from a personal interview with Mr. Castell.  

The incidental soil ingestion rate for outdoor yard work does not take into account eating in dusty work places and licking dust off lips; it is entirely due to accidentally ingesting material from one’s hand while working.  Eating food in a dusty environment would lead to much greater ingestion rates.  

Because the pipe yard was heavily contaminated with radioactive scale previously deposited on the ground, exposure from incidental soil ingestion did not change after 1989.  

Dose Rate from External Radiation

Mr. Castell was further exposed to direct gamma radiation from the scale deposited on the ground and from X-rays at the inspection units.  

Direct Gamma Radiation

Direct gamma radiation is directly measured as a radiation dose, as opposed to ingestion and inhalation, for which we first calculate the uptake.  The dose rate to the whole body due to areal gamma is based on the radioactivity in the contaminated layer, and the thickness of this layer.  

To calculate the dose rate of direct gamma radiation from the contaminated ground (groundshine), we use the same scale radioactivity as above, 6,000 and 2,000 pCi/g of Ra-226 and Ra-228, respectively, and secular equilibrium.  
We use a range of scale thickness on the ground.  As the lower bound, we use a scale thickness of 1 cm, whereas for the upper bound, we use a thickness of 5 cm. Dose conversion factors (DCFs) for areal gamma radiation are summarized and presented in the EPA’s Federal Guidance Report (FGR) Number 12
.  FGR 12 DCFs for direct gamma radiation exist for layers of contamination of 1 cm, 5 cm, 15 cm, and infinite depths.  In this report, we use FGR 12 effective DCFs for 1 cm and 5 cm thicknesses to convert the radioactivity of the layer of scale on the ground of the ITCO pipe yard into an effective dose rate.  

Since Mr. Castell had acute myeloid leukemia, we also use areal gamma DCFs for depths of 1 cm and 5 cm specific to the red bone marrow, as recommended by the National Institute of Occupational Safety and Health (NIOSH)
.  

If we multiply the activity in scale with these two sets of DCF, we obtain a direct gamma dose rate in mrem/h:

DR( = A * DCF(
where

DR(
Direct gamma dose rate (mrem/time)

A
Activity of Ra-226 and Ra-228 in scale (pCi/g)

DCF(
Dose conversion factors for areal gamma for Ra-226 and Ra-228 chains (mrem*g/h-pCi)

The resulting effective dose is calculated by multiplying the dose rate with the exposure time.  

Because the pipe yard was heavily contaminated with radioactive scale previously deposited on the ground, exposure from groundshine did not change after 1989.  

X-Rays

At the inspection units, Mr. Castell was also exposed to X-rays.  As a part of the inspection, a radiograph of the inner part (all except 3 feet at both ends) of each joint was taken to detect minor failures in pipe wall.  If undetected, such failures could cause a pipe rupture while oil is being pumped, and possibly cause significant damage.  

Pipe inspection was done in mobile units dispersed throughout the Main, Tom Hicks and Brown & Root yards, and later also in the big hangar-like sheds known as inspection units in the Main yard.  Because the X-ray units were not physically separated from other parts of the inspection unit, Mr. Castell must have received a radiation dose while spending time at the inspection units.  He was also exposed to X-rays at both mobile units out in the pipe yard.  

We lack information about the exact geometry of the inspection units, and the actual machines that were used.  To estimate the dose from pipe radiography, we use dose rates calculated by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) report to the General Assembly
.  Average doses for 3,750 measurably exposed industrial radiography workers in the United States for different years range from 170 to 568 mrem/year.  

These readings are mostly based on shielded X-ray machines.  We apply this dose range for the Mr. Castell, even though this is probably an underestimate, since apparently very little shielding was in place around the X-ray machines at ITCO.  

Obviously, this exposure pathway does not depend on the pipe scale activity as the joints were cleaned before being radiographed; the dose rate remained therefore unchanged for the years after 1989.  

Since we lack information about the exact geometry of the inspection units and the actual machines used, we apply the same dose rate of 170 to 568 mrem/year when calculating both the effective and red bone marrow dose received by Mr. Castell while he worked at ITCO.  According to the United States Department of Health and Human Services
 and the American Cancer Society
, exposure to x-radiation is most strongly associated with the formation of leukemia type cancers. Thus, the dose received by Mr. Castell to his red bone marrow is most likely within the same range of, or even greater than, the dose rate range used to calculate his effective dose. 
5: Radiation Dose Calculation for Eugene Castell

Personal Profile

DOB: 09/06/1939.  Phone No.: (504) 391-3896.  Diagnosed with Leukemia 10/08/2001.  

We interviewed Eugene Castell by telephone on August 6, 2002.  Mr. Castell was employed by Exxon, but worked on the ITCO premises from about 1979 to 1991.  He states that since he started chemotherapy, his memory about dates has deteriorated, so he is somewhat unsure about the exact duration of his work time at ITCO.  He worked 8-12 hours per day, 5-6 days per week, on average about 50 h/w.  

His job was to monitor and ensure quality of ITCO’s operations and report any problems to Exxon.  In the first two years, he worked exclusively out in the pipe yards.  In 1983, Exxon moved a large trailer to the Main yard, which was used as a headquarters for their staff, including Mr. Castell.  After that, Mr. Castell’s spent part of his work time in the trailer, and part outside.  

He was never given a radiation badge, a respirator or even a facemask. He said that he was always covered with “a terrific amount of dust”.  

He was diagnosed with acute myeloid leukemia on October 8th, 2001.  He immediately underwent chemotherapy.  During the therapy, he suffered an infection, which, in combination with the chemotherapy, almost killed him.  He then underwent consolidation chemotherapy, which put his cancer into remission.  In August 2002, he was informed that his leukemia was back, and he started the third round of chemotherapy.  Mr. Castell died in January of 2003.

Mr. Castell has an identical twin brother who does not have any health problems.  

Exposure Assumptions

Mr. Castell spent his work time in the pipe yard, in his trailer office and, in later years, also in the big stationary inspection units in the main yard.  He monitored cleaning, handling, inspection, loading/unloading, transport, and testing of Exxon pipe.  While in the pipe yard, he spent a part of his time in the immediate vicinity of cleaning machines and mobile inspection units.  

From 1979 through 1983, he spent all of his work time in the pipe yard.  He spent about 10 % of his time near cleaning machines in operation (this includes the cleaning machines attached to the mobile inspection units), and another 10 % near the X-ray unit.  The remaining time, he spent in the pipe yard, but not in the immediate vicinity of either cleaning or inspection operations. 

From 1984 through 1989, he spent about 20 % of his work time in the office trailer in the pipe yard, doing paperwork and organizing the work activities of people under his supervision.  Again, we assume that he spent about 10 % of his time near operating pipe cleaning machines, and another 10 % near X-ray machines.  In addition, he spent about 20 % of his work time in the stationary inspection units.  

During his last two years of work at the ITCO facilities (1990/91), his office time increased as there were more employees that he had to oversee, and he spent about half of his work time in the trailer.  He spent less time in the immediate vicinity of pipe cleaning machines and mobile inspection units, about 5 % for each.  He still spent about 20 % of his work time in the stationary inspection units. 
Table 1 displays the number of hours Mr. Castell spent working in each exposure situation between 1979 and 1991, while working at the ITCO pipe yard.
In the pipe yard, in the immediate vicinity of the pipe cleaning process, we apply a respirable scale dust concentration of 10 – 30 mg/m3.  At a distance of more than 10 m, we apply a concentration of 1.6 – 3.6 mg/m3, as discussed in App. A.  In the immediate vicinity of pipe inspection machines, both at mobile units in the pipe yard and at stationary units in the inspection buildings, we apply an X-ray dose for an average radiological worker of 0.07 – 0.23 mrem/h (App. C).  In the pipe yard, we apply a range of 1 – 5 cm of deposited scale.  This scale gives rise to a groundshine, and to emanation of radon and thoron.  

In the inspection units, both pipe cleaning and inspection took place.  Since pipe cleaning, inspection and other areas were not physically separated from each other, we apply an air dust concentration of 10 – 30 mg/m3 in the entire building.  For the same reason, we also apply an X-ray dose rate of 0.07 – 0.23 mrem/h for the entire building.  However, since the floor of the inspection units was periodically swept, pipe scale could not accumulate to the same extent as in the pipe yard, and as a consequence, we neglect exposure to groundshine and emanating radon.  

The office trailer was made of wood and located about 150 feet from the nearest pipe cleaning station.  The trailer was air conditioned, but nevertheless accumulated some dust, which had to be cleaned out.  The floor was about two feet off the ground, which was contaminated with scale (to our knowledge, neither Exxon nor ITCO remediated the soil before placing the trailer).  The crawl space below the trailer floor was enclosed with a plastic skirt, which allowed radon levels to build up below and inside the trailer.  Calculations about radon buildup under such circumstances are carried out using RESRAD BUILD (App. B).  We further assume that the air conditioning in the trailer was standard, which means that about 30 % of the respirable particulates are filtered out by the intake.  As a consequence, we apply a respirable scale dust concentration of 1.12 – 2.52 mg/m3.  We apply the same groundshine levels as in the pipe yard, since direct gamma radiation is not significantly shielded by a wooden trailer floor.  

For every day that he worked at ITCO, regardless of the exact work location, we apply an incidental soil ingestion rate of 100 – 480 mg/d of scale.  

Inhalation of radon/thoron occurred throughout the pipe yard and also in the office trailer.  However, due to relatively little scale deposited inside of the stationary inspection units, we excluded this pathway for the time that Mr. Castell spent in the inspection units.  

Radiation Dose Rates for Different Exposure Situations

Following the plaintiff profile and the exposure assumptions, we divide Mr. Castell’s work exposure into five different exposure situations:

Exposure in pipe yard in immediate vicinity of operating cleaning machines

Exposure in pipe yard in immediate vicinity of operating (mobile) X-ray units

Exposure in pipe yard at other locations

Exposure in stationary inspection units

Exposure in office trailer

These exposure situations are not defined by a specific location, but by a group of locations with the same exposure levels.  

For each of these exposure situations we calculate a dose rate in mrem/h, using the methodology described in chapter 3.  Detailed calculations are presented in Appendices A (inhalation and ingestion of particulates), B (inhalation of radon and thoron gas), and C (direct radiation).  Tables 2-5 shows all dose rate results.  Internal doses are calculated as committed dose equivalents.  

The following section describes the effective and red bone marrow dose rates received by Mr. Castell under each exposure situation while he worked at the ITCO pipe yard.  Dose rates described in the following section were calculated using ICRP 72 effective and red bone marrow age-dependent DCFs.  Effective dose rates were additionally calculated using ICRP 30 DCFs in order to compare Mr. Castell’s radiation exposure to the limit set for nuclear workers, but these results are not included in the following section.  Results of the radiation dose calculations using ICRP 30 DCFs can be viewed in Table 2 and in greater detail in Appendices A and B.

1.) Exposure in Pipe Yard in Immediate Vicinity of Operating Pipe Cleaning Machines

Mr. Castell spent about 10 % of his work time near operating pipe cleaning machines.  He spent additional time near these machines when no pipe was cleaned, since each mobile inspection unit also included a cleaning machine.  

We apply a respirable scale dust concentration of 10 – 30 mg/m3.  With a breathing rate of 1.2 m3/h, a scale activity of 6,000 and 2,000 pCi/g scale for Ra-226 and Ra-228, respectively, we obtain an average effective dose rate of 5.46 – 16.38 mrem/h and an average dose rate to red bone marrow of 3.89 mrem/h to 11.68 mrem/h. (App. A).  

The incidental soil ingestion dose rate is calculated per day.  The ingestion of 100 – 480 mg/d of scale leads to an average effective dose of 5.09 – 24.45 mrem/d and an average dose to the red bone marrow of 14.52 – 69.71 mrem/d.  Using an average of 5 d/w, 10 h/d, we obtain average effective and red bone marrow incidental soil ingestion dose rates of 0.51 – 2.44 mrem/h and 1.45 – 6.97 mrem/h, respectively. (App. A).  

The inhalation of radon and thoron is much lower than the dose from the inhalation of airborne particulates.  The average hourly effective inhalation dose rate in the pipe yard from these two radioactive gases is 0.003 – 0.046 mrem/h.  The average hourly inhalation dose rate in the pipe yard to the red bone marrow is 2.41E-05 – 3.01E-04 mrem/h. (App. B)
As for direct gamma, the effective dose rate from the contaminated ground (1 – 5 cm of scale) is 2.02 – 5.90 mrem/h.  The dose rate to the red bone marrow from the contaminated ground (1 -5 cm of scale) is 2.00 – 5.75 mrem/h. (App. C).
The total average effective dose rate for Mr. Castell in the pipe yard in the immediate vicinity of operating pipe cleaning machines was 8.00 – 24.77 mrem/h. (Table 3).  The total average dose rate to Mr. Castell’s red bone marrow in the pipe yard in the immediate vicinity of operating pipe cleaning machines was 7.34 – 24.40 mrem/h. (Table 4).  

For exposures after 1989, the only pathway that changed was inhalation of particulates.  Following the calculations in App. A, the effective dose rate from this pathway is reduced to 1.28 – 3.84 mrem/h. The inhalation dose rate to the red bone marrow is reduced to 0.90 – 2.71 mrem/h.  The effective total dose rate for exposure situation 1 for the years 1990/91 was 3.82 – 12.23 mrem/h, and the average dose rate to the red bone marrow for the years 1990/91 was 4.35 – 15.42.  

2.) Exposure in Pipe Yard in Immediate Vicinity of X-Ray Machine

In the pipe yard, Mr. Castell was exposed to X-rays from the mobile inspection units.  These units also included a cleaning machine.  However, this exposure location covers time periods when the cleaning machine was off, but the X-ray machine on (i.e. the inspection of the pipe interior).  

We apply a respirable scale dust concentration of 1.6 – 3.6 mg/m3, either from other cleaning machines at a certain distance or from a previous cleaning process where the dust had not yet settled.  The average effective and red bone marrow inhalation dose rates from this concentration, using the same scale activity and inhalation rate used for exposure situation 1, are 0.87 – 1.97 mrem/h, and 0.62 – 1.40 mrem/h, respectively (App. A).  

We apply the same dose rates for incidental soil ingestion, inhalation of radon and thoron, and groundshine as for exposure location 1. 

Average doses for 3,750 measurably exposed industrial radiography workers in the United States for different years range from 170 to 568 mrem/y.  For the dose from the operating X-ray machine, we assume the same dose rate.  For a 2,500-h-work year, this translates to a dose rate of 0.07 – 0.23 mrem/h.  (App. C).  As discussed in Chapter 3,  we assume the same range of 0.07 – 0.23 mrem/h as the hourly dose rate to Mr. Castell’s red bone marrow, due to radiation exposure via x-rays.  
The total average effective dose rate for Mr. Castell in the pipe yard in the immediate vicinity of operating X-ray machines was 3.48 – 10.58 mrem/h.  The total average dose rate to Mr. Castell’s red bone marrow in the immediate vicinity of the operating X-ray machines was 4.14 – 14.35 mrem/h. (Tables 3 & 4).  

As was assumed for exposure situation 1 (see above), the particulate inhalation dose from the pipe cleaning process decreased for years after 1989 for exposure situation 2 as well.  This change is documented in detail in App. A.  Part of the inhalation dose rate for locations at a distance from the pipe cleaning process is due to inhalation of previously deposited scale that is resuspended by bulldozers, trucks etc.  This part of the inhalation dose rate remains unchanged after 1989, because the pipe yard was still heavily contaminated with radioactive scale.  Mr. Castell’s effective inhalation dose rate at a distance from pipe cleaning processes decreases to 0.45 – 0.71 mrem/h, and his red bone marrow dose rate decreases to 0.32 – 0.50 mrem/h.  The total average effective dose rate from exposure situation 2 after 1989 was 3.06 – 9.33 mrem/h, and the total average dose rate to Mr. Castell’s red bone marrow was 3.84 – 13.44 mrem/h.  

3.) Exposure in Pipe Yard at Other Locations

This exposure location includes all work locations in the pipe yard that were not in the immediate vicinity of either an operating pipe cleaning or X-ray machine.  The dose rate for this exposure location is that of exposure location 2, minus the dose rate from the X-ray machine.  

The total average effective dose rate for Mr. Castell in the pipe yard away from the immediate vicinity of operating pipe cleaning or X-ray machines was 3.41 – 10.36 mrem/h.  The average dose rate to Mr. Castell’s red bone marrow in the pipe yard away from the immediate vicinity of operating pipe cleaning or X-ray machines was 4.07 – 14.12 mrem/h. (Tables 3 & 4).  

This exposure situation undergoes the same change in the dose from inhalation of particulates as exposure situation 2 above.  The average effective dose rate for the years 1990/91 is reduced to 2.99 – 9.10 mrem/h, and the average dose rate to Mr. Castell’s red bone marrow for the years 1990/91 was reduced to 3.77 – 13.22 mrem/h.  

4.) Exposure in Stationary Inspection Units

In the stationary inspection units (as opposed to the mobile inspection units used in the pipe yards), pipe was cleaned and inspected.  The units were large buildings with a roof and plastic sidings, which could be moved away like a curtain.  

As discussed above, we apply a respirable scale dust concentration of 10 – 30 mg/m3, which results in an average effective inhalation dose rate of 5.46 – 16.38 mrem/h, and an effective X-ray dose rate of 0.07 – 0.23 mrem/h throughout the entire building.  The same scale dust concentration results in an average dose rate to the red bone marrow of 3.89 – 11.68 mrem/h.  As previously discussed in exposure situation 2, we assume the same dose rate range from x-rays for both the effective and red bone marrow dose rates.   We also apply average effective and red bone marrow incidental soil ingestion dose rates of 0.51 – 2.44 mrem/h and 1.45 – 6.97 mrem/h, respectively, the same as used in the other exposure locations.  We neglect groundshine and inhalation of radon and thoron.  

The total average effective dose rate for Mr. Castell in the stationary inspection units was 6.04 – 19.05 mrem/h, and the total average dose rate to Mr. Castell’s red bone marrow in the stationary inspection units was 5.41 – 18.88 mrem/h. (Tables 3 & 4).  

This exposure situation strongly resembles situation 1, with the exclusion of groundshine and inhalation of radon.  The average effective and red bone marrow particulate inhalation dose rates after 1989 is reduced to 1.28 – 3.84 mrem/h and 0.90 – 2.71 mrem/h, respectively. The total average effective dose rate for the years 1990/91 was 1.86 – 6.51, and the total average dose rate to the red bone marrow for the years 1990/91 was 2.42 – 9.91.
5.) Exposure in Office Trailer

Inside the office trailer, we apply a respirable ore dust concentration of 70 % of that outside at a distance from the cleaning machines, and a breathing rate of 0.925 m3/h.  This corresponds to a dust concentration of 1.12 – 2.52 mg/m3. This reduced dust concentration resulted in an average effective inhalation dose rate of 0.47 – 1.06 mrem/h, and an average inhalation dose rate to the red bone marrow of 0.34 – 0.76 mrem/h. (App. A).  

We apply the same average incidental soil ingestion dose rates as used for all exposure locations of 0.51 – 2.44 mrem/h (effective) and 1.45 – 6.97 (red bone marrow), and dose rates due to groundshine of 2.02 – 5.90 mrem/h (effective) and 2.00 – 5.75 mrem/h (red bone marrow).  This assumes that the wooden floor of the trailer does not effectively shield the gamma radiation from the scale deposited on the ground.  

Due to the lower breathing rate in the office than outdoors, the average effective inhalation dose due to outdoor radon/thoron that enters the trailer is reduced to 0.002 – 0.032 mrem/h, and the average red bone marrow dose rate is reduced to 1.71E-05 – 2.14E-04 mrem/h.  In addition, Mr. Castell was also exposed to an indoor dose from radon seeping into the trailer from the enclosed crawl space beneath.  Additional average effective and red bone marrow dose rates were 0.02 – 0.10 mrem/h and 0.002 – 0.012 mrem/h, respectively.  The total average effective dose rate due to inhalation of radon and thoron is therefore 0.022 – 0.132 mrem/h, and the total average dose rate to the red bone marrow due to inhalation of radon and thoron was 0.002 – 0.012 mrem/h. (App. B).  

The total average effective dose rate for Mr. Castell in the office trailer was 3.03 – 9.54 mrem/h (Table 3).  The total average dose rate to Mr. Castell’s red bone marrow in the office trailer was 3.79 – 13.48 mrem/h. (Table 4).
After 1989, the average effective inhalation dose rate inside of the office trailer was reduced to 0.15 – 0.38 mrem/h, and the average inhalation dose rate to the red bone marrow was reduced to 0.08-0.27 mrem/h.  The total average effective and red bone marrow dose rates from this exposure situation for the years 1990/91 were 2.70 – 8.86 mrem/h, and 3.53 – 13.00 mrem/h, respectively.  

Underestimates in the Dose Calculation

The following pathways were either underestimated or not accounted for in the exposure situations 1-5 described in the preceding paragraphs.  If these factors were considered, Mr. Castell’s total dose would be higher.  

Eating lunch in an environment with high levels of radioactive dust (not included in the incidental soil ingestion rate)

Elevated direct gamma radiation from potholes filled with scale

Density of scale in pipe is 2.6 g/cm3.  For ground up scale, we used the density 1.5 g/cm3, the same as for normal soil.  This is probably an underestimate, and as a consequence, we underestimated the radon and thoron emanation rate, which both depend on scale density.  

Indoor radon at home, emanating from contaminated work clothes and shoes

Direct gamma radiation in stationary inspection units is greater than 0

Radon inhalation dose in stationary inspection units is greater than 0

Ra-226 and Ra-228 concentrations in scale at the ITCO yard could have been higher than 6,000 and 2,000 pCi/g, respectively, which would result in significantly higher doses.

Reduction of doses after 1989 in the main yard: We are not entirely sure about what happened after 1989.  The regulations said that ITCO was not allowed to receive, possess, process etc any equipment that emitted more than 50 µR/h.  We assumed that ITCO and Exxon complied with the regulations after 1989.  However, we have not seen documents that actually prove this.  It is therefore entirely possible that nothing changed at all after Exxon notified ITCO of the TENORM issue.  In this case, the dose estimates for the years 1990/91 would be an underestimate. 

6: Total Effective Dose Equivalent and Radiation Risk Analysis 
Total Effective Dose Equivalent (TEDE)

The total effective dose equivalent (TEDE) consists of the sum of all exposures through inhalation, ingestion and direct gamma radiation.  The TEDE dose was calcuated using both ICRP 30 and ICRP 72 DCFs for inhalation and ingestion calculations, along with FGR 12 DCFs for direct gamma calculations.  As previously mentioned, we calculate the TEDE using ICRP 30 DCFs in order to compare the dose received by Mr. Castell to the allowable dose to nuclear industry workers (5 rem/year) in industries regulated by the Nuclear Regulatory Commission (NRC).
In Table 5, we calculate the TEDE that Mr. Castell received from the ITCO operations by multiplying the total number of hours to which he was exposed within exposure situations 1 - 5 by the dose per hour for the respective exposure situation.  Since Mr. Castell was exposed to five exposure situations, all resulting doses were summed:


[image: image4.emf]
The exposure time is defined as the time of employment from 1979 through 1991.  
Based on ICRP 30 DCFs, Mr. Castell received a TEDE of 156 – 457 rem (Table 5).  If nuclear workers received the maximum allowable dose (5 rem/year) over a period of 13 years, the comparable dose would be 65 rem.  The ICRP 30 derived radiation dose received by Mr. Castell was 156 – 457 rem, thus, this dose greatly exceeds the legal allowable radiation dose for nuclear workers. We acknowledge that TENORM is not regulated by the NRC, but we use the regulated doses for purposes of comparison.
Table 5 also displays the calculated TEDE that Mr. Castell received while working at the ITCO pipe yard, based on ICRP 72 DCFs.  The ICRP 72 based TEDE was calculated using the same method as described above, but accounts for the effective dose rates calculated using ICRP 72 DCFs.  Based on ICRP 72 DCFs, Mr. Castell received a TEDE of 127 – 392 rem. (Table 5).

Dose to Red Bone Marrow

As mentioned earlier, Mr. Castell suffered from acute myeloid leukemia.  This cancer has been found to be related to radiation exposure.  Therefore, it was important to calcuate doses specific to the effected tissue, the red bone marrow.  Similar to calculating the total effective dose equivalent (TEDE), we multiplied the total number of hours Mr. Castell was exposed to radiation within exposure situations 1 - 5 by the ICRP 72 red bone marrow doses per hour for the respective exposure type.  After summing Mr. Castell’s doses from each exposure situation between 1979 and 1991, the final ICRP 72 total dose received by Mr. Castell to the red bone marrow ranges from 141 – 492 rem (Table 5). 
Radiation Risk Analysis 
This analysis focuses on Mr. Castell’s risk of developing leukemia, both the background risk and the excess risk due to the radiation dose that he received.  

Background Risk

From national cancer statistics
, a male at age 47 (Mr. Castell’s average age during exposure at ITCO) has a future risk of fatal cancer of all types of 19.05 %.  For males, acute myeloid leukemia, in particular, is estimated to be responsible for 1.73% of all cancer deaths
.  Thus, the spontaneous risk of fatal acute myeloid leukemia, i.e. without the influence of NORM radiation, is (0.0173 * 0.1905) 0.003296, or 0.33%.  We will now compare this lifetime background risk with the additional risk that is due to the radiation dose that Mr. Castell received at ITCO.  

Excess Lifetime Risk to Develop Fatal Cancer
The excess risk is the additional risk to develop fatal cancer due to the radiation dose received by Mr. Castell.  This risk is in addition to any background risk to develop fatal cancer.  The excess risk of cancer to any organ depends on the TEDE that a worker received, and on the age at which the TEDE was received.  Gender also plays a role in the risk analysis.  The excess risk of developing cancer in a specific organ depends on the dose to that organ. 

Acute Myeloid Leukemia

Acute myeloid leukemia (AML), also commonly known as acute myelogenous leukemia, is a cancer that effects the myeloid cell line.  The myeloid line of cells is a group of stem cells produced in the red bone marrow that normally develop into different types of blood cells.  Most cases of AML develop from cells that would normally progress into white (non-lymphocytic) blood cells. AML is characterized by the continuous development of immature blood cells in the bone marrow that interfere with the maturation of normal blood cells. Acute represents that the leukemia can progress rapidly, and without treatment, this form of cancer is most likely to be fatal within only a few months time. 

AML is a relatively rare disease, accounting for approximately 1.73% of 2008 male deaths from cancer in the United States
.  The average age of an AML patient is approximately 67 years, and it is rare that this disease occurs before the age of 40.  Medical conditions such as certain blood disorders and inherited syndromes (such as down syndrome, fanconi anemia, and bloom syndrome) appear to raise the risk of developing AML.  Other risk factors associated with AML include the use of smoking tobacco, exposure to chemicals, such as benzene, mechlorethamine, and procarbazine, gender (men have an average lifetime risk of getting AML of 1 in 225, whereas women have an average lifetime risk of 1 in 300), and exposure to ionizing radiation.  AML is also known to develop in cancer patients treated with chemotherapy
. 

Exposure to ionizing radiation is recognized as a risk factor to developing AML by both the U.S. Department of Health and Human Services
 and American Cancer Society
.  A 1994 study conducted by Preston et al.
 assessed the excess absolute risk for acute myeloid leukemia among Japanese atomic bomb survivors after exposure to ionizing radiation.  Between the late 1950’s and 1987, this study monitored 103 males who were exposed to radiation doses between 0.01 and 4.0 Gy (1-400 rem) and ranged between 0 to over 40 years in age.   According to this study, males at the age of 40 years or older at the time of initial exposure to ionizing radiation had an excess absolute risk of 6.06 for developing acute myeloid leukemia.  Mr. Castell was 40 years old when he began working at ITCO pipe yard and received a cumulative red bone marrow radiation dose of 141 – 492 rem while working between 1979 and 1991.   Thus, Mr. Castell would fit within this group of exposed males.  

Several studies have observed a correlation between the development of leukemia and exposure to ionizing radiation.   A cohort study by Cardis et al.,  involving 95,673 nuclear workers at seven different facilities across the United States, Canada, and United Kingdom found that workers exhibited an excess relative risk for acute myeloid leukemia of 3.38 per Sv (100 rem)
.  An additional study, involving 3609 peptic ulcer patients of which 1831 were treated by means of radiotherapy, found that patients treated with radiotherapy exhibited an excess relative risk for death due to leukemia of  2.28, when only 5% of their total active bone marrow was directly exposed to a average total dose of 1.55 Gy (155 rem)
.    Mr.  Castell received a cumulative red bone marrow dose greater than 100 rem while working at ITCO, thus he would fit within this group of exposed workers.  
Cancer Dose
The cancer dose is the radiation dose that on average leads to one fatal cancer in an irradiated population.  The cancer dose depends on age, gender, and cancers included.  There is a range of risk estimates in the literature, all of which lead to different cancer doses.  In this report, we discuss risk estimates from BEIR V
, Gofman
, and Pierce
, all of which ultimately use data from Japanese bomb survivors in Hiroshima and Nagasaki.  However, we employ the IREP program for calculating the likelihood that radiation was responsible for Mr. Castell’s cancer.  IREP calls this likelihood, the assigned share.  Combining all radiation pathways, we determine whether it is more likely than not that Mr. Castell’s cancer was due to radiation.

For analysis purpose, we carried out calculations for Mr. Castell under two different dose methods.  We employed dose coefficients from ICRP 30, which assumed a 50-year exposure period and further assumed that his doses, which spanned several years, occurred at the average age while exposed at ITCO pipe yard.  This is so we could compare his dose to the allowable dose to a nuclear worker regulated by the Nuclear Regulatory Commission, even though Mr. Castell was not a nuclear worker.  However, in order to determine the likelihood that radiation caused Mr. Castell’s cancer, we used the more recent dose coefficients based on ICRP 72, that appear on the ICRP CD.  This allows us to take into account Mr. Castell’s age when each radiation exposure occurred and the commitment period, the time between the exposure and the cancer diagnosis.
Risk Ratio and Likelihood that Specific Cancers Were Caused by Radiation
The Risk Ratio (RR) is defined as the ratio between the total risk and the background risk: 

RR = (excess risk + background risk) / background risk

This is a measure to estimate how much more likely it is for Mr. Castell to develop cancer due to the radiation dose received at ITCO pipe yard, compared to another person who was only exposed to background radiation.  Evidently, the RR has a lower limit of 1 in case of no excess radiation dose.  An RR of 2 means that a person’s risk to develop cancer has effectively doubled because of the radiation that he received.  The dose that leads to an RR of 2 is also referred to as the doubling dose.  Obviously, doses that are below the doubling dose lead to an RR between 1 and 2, and doses above the doubling dose to an RR of >2.  

Likelihood (cancer was caused by radiation) = Excess risk / (excess risk + background risk) 

This likelihood can range between 0 (no relationship between cancer and radiation) to 1 (cancer certainly caused by radiation).  It is a measure of the probability that a worker’s cancer was effectively caused by the radiation dose he received.  In previous reports, we employed risk models from BEIR V, Gofman
 and Peirce
.  Like IREP, all are based on Japanese bomb survivor studies.  In this report we only employ IREP, which incorporates the latest Japanese bomb survivor data.  

The risk of cancer from the doses Mr. Castell received was determined using the National Institute of Occupational Safety and Health's (NIOSH's) on-line Interactive RadioEpidemiological Program (NIOSH-IREP)
, version 5.5.3.  This program was developed by NIOSH in collaboration with the National Cancer Institute (NCI). The purpose of the program is to calculate the likelihood radiation doses cause a person's cancer from work in the nuclear weapons industry
.  This program was developed by NIOSH to apply the NCI's risk models directly to data about exposure for a specific employee.  The basis for IREP is the radioepidemiological tables developed by the National Institutes of Health (NIH) in 1985, updated with more recent Japanese bomb survivor data. These tables act as a reference tool to provide the probability of causation estimates for individuals with cancer that were exposed to ionizing radiation. The purpose of this program is to calculate the probability of causation that occupational radiation exposure received while working at a DOE facility or elsewhere within the nuclear weapons industry for a specific type of cancer
. 
IREP is primarily based upon the risk coefficients for cancer incidence gathered from the Japanese atomic bomb survivor study. The risk coefficients have been adjusted to account for random and systemic errors in the atomic bomb survivor dosimetry as well as for the low dose and low dose-rate situations that are more common to American workers exposed while on the job. The probability of causation, or assigned share, for this risk is calculated as "the cancer risk attributable to radiation exposure divided by the sum of the baseline cancer risk (the risk to a worker) plus the cancer risk attributable to the radiation exposure". That is this is the fraction of cancers observed in a large heterogeneous group with similar exposure histories that would not have occurred in the absence of exposure. The assigned share is estimated with uncertainty in IREP and is expressed as a probability distribution of results. The statistical uncertainty of the risk model is accounted for with a Monte Carlo simulation where repeated samples (typically 2,000) are taken from probability distribution functions and the probability of causation is calculated for each set of samples. The upper 99% confidence level from the resulting probability distribution is compared to the probability causation of 50% to determine eligibility for compensation. If cancer is determined to be "at least as likely as not", with a probability of 50% or greater at the 99% confidence level, caused by radiation doses received while working, than the worker is deemed eligible for compensation.  The upper 99% confidence level is used to minimize the possibility of denying compensation to employees with cancer likely caused by occupational radiation exposure. The following equation is utilized in IREP to determine the probability of causation or assigned share.
, 
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Excess Relative Risk - Proportion of relative risk due solely to radiation exposure 


PC       Probability of Causation


RR        Relative Risk - Ratio of the total risk from exposure divided by risk due to 
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Doses specific to the red bone marrow were used in the model, since Mr. Castell was diagnosed with acute myeloid leukemia, and doses from internal exposure (ingestion plus inhalation) using ICRP 72 derived DCFs were entered.  External exposure doses were included using FGR 12 red bone marrow dose DCFs. We include a radiation dose due to exposure to x-rays as part of Mr. Castell’s direct gamma dose as well. 

 If a radionuclide emitted a combination of electron/photon energies, then the energy of the emitted photon was used to characterize the nuclide in the model. To enter the doses from the different concentrations of radionuclides in scale, we employed a uniformal distribution, using minimum and maximum dose values for the years 1979-1991. In IREP, the cancer model for acute myeloid leukemia was selected, along with Mr. Castell’s year of birth and year of diagnosis.  A chronic exposure scenario was used, and 1979, the year Mr. Castell began work at the ITCO pipe yard, was chosen as the initial exposure year. It was assumed that he was exposed for a portion of each following year through 1991. The probability of causation (PC) for the doses entered is summarized in Table 6. Detailed dose inputs can be found in Appendix D.  

IREP calculated that at the 99% confidence level Mr. Castell's acute myeloid leukemia has an assigned share or probability of causation of 96.3% due to his occupational radiation exposure. Note that the IREP model takes into account the exposure and diagnosis dates. Exposures closer to the diagnosis date are given less weight in IREP.  It should be noted that IREP does not account for radiation doses due to inhalation of radon and thoron gases for cancers other than lung cancer.  Since Mr. Castell received a radiation dose via inhalation of radon and thoron while working at the ITCO pipe yard, his true probability of causation is most likely greater than 96.3%.
There were several additional sources of radiation exposure to Mr. Castell, discussed in the previous section, and therefore these calculations are underestimates.  

To summarize, the doses to Mr. Castell depend both on the types of DCFs used and on the activity of radium-226 and radium-228 in scale, depending on the timing of when the oil companies began surveying the scrap pipe.  The likelihood that Mr. Castell’s cancer was caused by his radiation exposure from the conditions at his work, is greater than 50%, that is, more likely than not that radiation caused his cancer.

Radiation Exposure Compensation Act
The Radiation Exposure Compensation Act (Public Law 101-426) established the groundwork for compensating individuals involved in the Manhattan Project, the program to develop the atomic bomb.
  RECA provided for compensation for persons who had contracted cancer of the lung, esophagus and pharynx.  Under the amended RECA (yr 2000), the Energy Employees Occupational Illness Compensation Program (EEOICPA), a former Manhattan Project (MP) worker would receive compensation “based on the radiation dose received by the employee at the MP facility and the upper 99 percent interval of the probability of causation at 0.5 in the radioepidemiological tables published under section 7(b) of the Orphan Drug Act, as such tables may be updated under section 7(b)(3) from time to time.”  In 2003, the National Cancer Institute and the Centers for Disease Control produced an updated set of radioepidemiological tables that estimate the probability of causation, into the software IREP.  A user must input a person’s dose to a specific organ, age at exposure, sex, and age at diagnosis.  These tables were incorporated into the software program NIOSH-IREP, and were updated with the latest radiological risk data.  NIOSH-IREP is the software we employ to assess the radiological risk to Mr. Castell, under the same conditions, to determine that radiation was, more likely than not, responsible for Mr. Castell’s cancer at the 99th percentile.

Since NIOSH-IREP only utilizes the Japanese bomb survivor data, it underestimates the causal connection between radiation and cancer since other more recent studies are not included.  Specifically, the study by Cardis that combines data of nuclear workers in 15 countries, shows a significant increase in cancers for fairly low average total doses.

The Linear-No-Threshold Hypothesis and Bystander Effects

Extensive research has been done in an attempt to quantify the health effects from inhalation, ingestion, and external exposure to radionuclides.  The consensus of the international scientific community has accepted the linear no-threshold hypothesis, which posits that dose-effect relationships derived from experiments with high doses of radiation can be scaled linearly to calculate effects from low doses.  It also states that there is no “safe” threshold of radiation, that each additional exposure, no matter how small, increases a person’s risk of cancer.  The hypothesis is based on the understanding that radiation-induced cancer is caused by mistakes in the genetic code produced when radiation comes in contact with DNA.  For every additional radioactive disintegration, there will be an increased probability that a cancer-causing DNA mutation will occur.  The linear no-threshold hypothesis is also based on epidemiological evidence of Japanese bomb survivors
.  A significant increased incidence of cancers occurred down to a dose of 5 rems, and an increased incidence occurred down to the lowest doses.

Japanese bomb survivors were subjected to external gamma and neutron radiation, but not to internal exposures due to ingestion and inhalation of radionuclides.  However, recent studies suggest that the theory of a proportional dose-response mechanism without threshold significantly underestimates the effects of low-dose radiation.  Whereas at high doses, mutagenic effects do seem to be proportional to the radiation received, low doses have shown a different relationship.  In one study, the mutagenic effect in a cell culture in which only 10 % of all cells were penetrated with one (-particle was found to be almost the same as when all cells were exposed, due to a strong bystander effect.
  Other studies have shown that irradiation of other parts of the cell, but not the DNA, also causes mutations, and that mutations are caused in non-irradiated cells by transferring them into culture from irradiated cells.
  This effect has been observed with both alpha- and gamma- radiation.
  The bystander effect is thought to be caused by proteins excreted from cells in response to radiation.  The bystander effect does not follow a linear dose-response relationship; culture from cells irradiated with low doses causes more mutations in non-irradiated cells than culture from cells irradiated with high doses. 
   


This recent research shows that the linear no-threshold hypothesis may not be sufficiently conservative, as at low doses the effect per dose unit may be significantly greater than at high doses.  Therefore, the use of the linear no-threshold hypothesis may significantly underestimate doses from relatively low levels of radiation, particularly in certain circumstances.  Unfortunately there is not sufficient data from human studies to prove or disprove the significance of the bystander effect in real-life situations.
 
Risk Uncertainties for Internal Radiation

According to the Committee Examining Radiation Risks of Internal Emitters (CERRIE)
, the risk due to exposure by radionuclides taken internally may be as much as 10 times higher.  CERRIE was established by the Environment Minister of Great Britain in 2001 for the express purpose of investigating internal risks and consisted of scientists with a broad range of views on the subject.  Castell and other workers at the Harvey Yard were exposed to radionuclides taken internally by inhalation and ingestion, in addition to direct gamma external radiation.  Therefore, the risk uncertainties discussed below also pertain to Harvey Yard workers.

Radiation risks are predominantly determined by epidemiological studies, particularly the study of Japanese bomb survivors.
  Residents of Hiroshima and Nagasaki were exposed primarily to an instant of external gamma radiation and neutrons.  From that epidemiological study, that is still ongoing, international committees like the International Commission on Radiological Protection (ICRP) have extrapolated the bomb survivor results to radionuclides taken internally.  But radionuclides that emit beta and alpha short range radiation over long time periods present several issues that have not been studied in detail.

In order to calculate radiation dose and risk from internal emitters, the ICRP follows four steps: 

(1) using metabolic models, ICRP first estimates radionuclide concentrations in each organ,

(2) using dosimetric models, these radionuclide concentrations are converted to an absorbed dose (grays or rads), i.e., to an average energy deposited per unit mass of tissue,

(3) using a radiation weighting factor to account for different types of radiation (factor of 20 for alpha particles), the absorbed dose is converted to an equivalent dose (Seiverts or rems), and finally,

(4) the equivalent dose is converted to an effective dose by weighting the individual organs to take into account the differing radiosensitivities.

In the past several years, new experimental data and theories have raised questions regarding the uncertainty introduced by each of these steps, particularly, steps (2) and (3).  The data and theories, all related to internal emitters, are centered on four issues: genomic instability, bystander effect, minitisatellite mutations and the SET theory.

Genomic instability relates to the damage to genomic DNA that results in “detrimental effects in the progeny of the irradiated cell, many cell divisions after the initial insult.”
  There is some evidence that low doses of radiation can lead to much greater frequency of mutations down the road than induced by the direct action of radiation.

Bystander effects are damage to cells that are not directly along a radiation track, but to adjacent cells.  Bystander effects have been seen in laboratory experiments and are not linearly related to radiation dose.  The data are sparse for whole animals.

Minisatellite mutations are characterized by very high mutation rates and were first observed among the barn swallow breeding close to the Chernobyl reactor.  Compared to barn swallows in Italy and the Ukraine, the mutation rates were ten times higher.

The second event theory or SET propounds that a second radiation hit, within a specific time window after the first, enhances the mutagenic effectiveness of radiation.  According to SET, this might be the case for Sr-90/Y-90 and certain Pu radionuclides.
  The CERRIE recommended additional studies of the phenomena.

Taken together, the uncertainties of internal emitters, according to CERRIE, might be as much as ten times greater.
7:  Rules and Regulations

As an Agreement State under the federal Atomic Energy Act, the State of Louisiana enacted regulations for radioactive materials.  The enabling legislation, setting up the regulatory agency (the Board of Nuclear Energy) and its charge, was enacted by the Louisiana Legislature in 1962.  This legislation was called the Nuclear Energy Act.  The Board of Nuclear Energy was divided into the Atomic Energy Development Agency and the Division of Radiation Control.  Since May 1967, which is when the State assumed regulatory authority from the U.S. Atomic Energy Commission (i.e. became an “Agreement State”), the Louisiana Division of Radiation Control has had sole responsibility for the control of radiation.  

The first regulations were promulgated in 1966, and took effect on May 1, 1967.  All radioactive materials, not just source and special nuclear materials, were regulated by the Division of Radiation Control.  While the term NORM was not specifically defined in the regulations, Ra-226 was specifically regulated.  It is a clear that the radiation regulations were violated by the oil companies and ITCO.  We are unaware that the Division ever enforced the Ra-226 regulations, but in any case it was the responsibility of the oil companies and ITCO to follow the regulations.  General licenses were issued and carried over until February 1989 when the State issued a “Declaration of Emergency”
 and specifically enacted regulations for NORM material.  Whether the regulations were enforced before 1989 or not, ITCO and Exxon were required to satisfy radiation regulations such as the posting of radioactive areas, protecting worker safety (also regulated by OSHA) and controlling soil contamination, specifically, maintaining total radium concentrations less than 5 pCi/g in potential residential areas and 15 pCi/g in industrial areas.  The soil contamination limits for operating facilities was relaxed to 200 pCi/g in more recent regulations, but the soil contamination limit for decommissioned sites released for unrestricted use remained the same.  

The first rules that specifically addressed NORM in relation to oil fields and pipe yards were promulgated by a “Declaration of Emergency” February 1989.  In September 1989, the Division of Radiation Control issued the current regulations regarding radioactive materials associated with oil and gas producing operations through the Department of Environmental Quality (DEQ) under Title 33 Part XV, Radiation Protection.  The regulations state that a license is required for the possession, use, transfer, ownership and acquisition of radioactive material, including NORM.  Our calculations assume that Exxon and ITCO adhered to these regulations beginning September 1989.

According to the regulations, licenses are differentiated into general and specific licenses.  For a general license, a licensee must fulfill certain requirements in order to be allowed to process NORM.  The licensee has to comply with these conditions, but does not have to apply for a license.  In contrast, specific licenses can only be obtained through an application process.  Section 1408 requires that licensees notify the Office of Environmental Services by filing NORM Form RPD-36 with the Office of Environmental Services, Permits Division.  Section 1410 pertains to pipe yards, granting a general license to “receive, process, process, and clean tubular goods or equipment which are contaminated with scale or residue but do not exceed 50 microroentgens per hour”.  For the decontamination of pipe that exceeds 50 µR/h, a specific license is required.  We do not know whether ITCO or Exxon held a specific license.  

According to Section §1410, the general license is linked to a series of conditions, which have to be fulfilled in order for the license to be valid.  These conditions are: 

Notification of DEQ within 90 days of the effective date of the regulations that facility (ITCO) intends to receive equipment contaminated with scale or residue that does not exceed 50 µR/h.

Program is approved by the DEQ to screen incoming shipments to ensure that 50 µR/h-limit is not exceeded by individual pieces of equipment

Program is submitted to ensure worker protection

Program is submitted to control soil contamination

Program is submitted to prevent release of NORM beyond site boundary

Program is submitted to ensure that soil contamination does not exceed 200 pCi/g of Ra-226 or Ra-228, or an exposure rate 50 µR/h at 1 m above the ground

Plan for cleanup of existing facilities with NORM contaminated soil in excess of 200 pCi/g Ra-226 or Ra-228, or 50 µR/h at 1 m above the ground; must be submitted to DEQ within 180 days of effective date of regulation 

Soil on site must be cleaned to below 5 pCi/g of Ra-226 or Ra-228 before release of the site for unrestricted use

For most of these conditions, we have no knowledge whether ITCO and/or Exxon complied.  However, we do know that they did not comply with condition 2, as entire truckloads of pipe were screened at once, rather than individual joints.  Noncompliance with a necessary condition for the general license is equivalent to violating the license (and, by extension, Louisiana State law).  

We have not seen documents that show compliance with any of the other conditions.  All programs had to be submitted to DEQ, Office of Environmental Services, Permits Division, for approval.  

State regulations also prohibited the transfer of radioactive material to non-licensed recipients (§340).  Since ITCO was a general licensee under §1410, Exxon was only allowed to transfer material with radioactivity <50 µR/h.  It is not clear whether Exxon surveyed each pipe, or entire loads, or not at all, leaving the surveying entirely up to ITCO.  If they surveyed by load as opposed to by joint, then it was inevitable that some hot joints (>50 µR/h) were shipped to ITCO.  For each hot pipe that was undetected by Exxon and ITCO, both companies violated State law: Exxon for the transfer, and ITCO for the receipt, storage and processing of it.  As we were told by a former ITCO worker
, many pieces of equipment (joints, vessels, drums etc) stored in the lower yard exceeded 50 (R/h.  

Chapter 15 of the radiation regulations pertains to the transportation of radioactive material.  Material can only be transported by persons/companies that have a license for transportation, unless the activity of the transported material is below 2,000 pCi/g.  Since many pipes contained scale with concentrations greater than 2,000 pCi/g Ra-226, Exxon and ITCO were required to hold this specific license.  It is not clear that Exxon and ITCO held specific transportation licenses. 

ITCO and Exxon workers were not considered nuclear workers.  The direct gamma requirements of 50 µR/h ensured that ITCO workers received a direct gamma dose less than 100 mrem/y, the allowable dose for a member of the public.  But ITCO workers received a much greater dose from inhalation of radioactive particulates that were not seriously considered when regulations were drafted.

As discussed elsewhere, Exxon instructed its oil fields only to ship process equipment with a dose rate <50(R/h to contractors such as ITCO.  Equipment that exceeded this threshold was to be cleaned and/or disposed of (ITCOEX 833).  The possession, storage, cleaning etc of such equipment, required a specific license.  We assume that Exxon, being an oil company that by default was in possession of equipment contaminated with NORM, had such a license.  However, we do not know where the contaminated equipment was cleaned, if not at ITCO.  

In addition to the above regulations, the defendants were required to satisfy OSHA regulations as they apply to ionizing radiation.  It is evident that persons working in pipe descaling operations spent much of their work day in an area that should have been posted as a radiation area due to gamma radiation, surface contamination and airborne contamination levels (29 CFR 1910.96, Ionizing Radiation).

The radiation dose received by Mr. Castell can be compared to the following annual limits:

Safe Drinking Water Act (40 CFR 141.15)

0.004
Rem/y

Clean Air Act (40 CFR 61)


0.01
Rem/y
Uranium Fuel Cycle (40 CFR 190)


0.025
Rem/y
NRC licensee to general public (10 CFR 20.1301)
0.1
Rem/y

NRC licensee to general public (10 CFR 20)*
0.5
Rem/y

* Prior to revision on May 21, 1991 

8: Conclusion

This report reviewed the available information from discovery documents and other matierals and medical records concerning Mr. Castell’s occupational exposure to radioactive materials.  Based on this information we calculated the occupational radiation dose to Mr. Castell.

1. Based on Mr. Castell’s work history, available literature, and IREP results, it is our opinion that his acute myeloid leukemia was more likely than not caused by occupational exposure to radioactive materials. 

2. As far back as 1987, ITCO was aware of and measured production pipes containing radioactive scale, yet Mr. Castell was never informed of the hazard.  He inhaled and ingested radioactive particulates, and was exposed to direct gamma radiation as he worked in range of contaminated pipe cleaning and inspecting operations in the ITCO yard.

3. Numerous violations of regulatory law occurred as a result of the way the oil companies handled the radioactive materials generated by the oil production process. 
Tables and Figures

	Year
	Exposure Situation 1
	Exposure Situation 2
	Exposure Situation 3
	Exposure Situation 4
	Exposure Situation 5
	Total Hours

	1979
	250
	250
	2,000
	0
	0
	2,500

	1980
	250
	250
	2,000
	0
	0
	2,500

	1981
	250
	250
	2,000
	0
	0
	2,500

	1982
	250
	250
	2,000
	0
	0
	2,500

	1983
	250
	250
	2,000
	0
	0
	2,500

	1984
	250
	250
	1,000
	500
	500
	2,500

	1985
	250
	250
	1,000
	500
	500
	2,500

	1986
	250
	250
	1,000
	500
	500
	2,500

	1987
	250
	250
	1,000
	500
	500
	2,500

	1988
	250
	250
	1,000
	500
	500
	2,500

	1989
	250
	250
	1,000
	500
	500
	2,500

	1990
	125
	125
	500
	500
	1,250
	2,500

	1991
	125
	125
	500
	500
	1,250
	2,500

	Total (through 1989)
	2,750
	2,750
	16,000
	3,000
	3,000
	27,500

	Total (1990/91)
	250
	250
	1,000
	1,000
	2,500
	5,000

	Total 
	3,000
	3,000
	17,000
	4,000
	5,500
	32,500


Table 1.  Hours Spent by Mr. Castell in Each Exposure Situation between 1979-1991

Table 2.  ICRP 30 Derived Effective Dose Rates (mrem/h) for Mr. Castell at Different Exposure Locations at ITCO

	
	Exposure Situation 1
	Exposure Situation 2
	Exposure Situation 3
	Exposure Situation 4
	Exposure Situation 5

	
	(mrem/h)
	(mrem/h)
	(mrem/h)
	(mrem/h)
	(mrem/h)

	
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High

	Inhalation of Particulates
	8.42
	-
	25.26
	1.35
	-
	3.03
	1.35
	-
	3.03
	8.42
	-
	25.26
	0.73
	-
	1.64

	Inhalation of Particulates, 1990/91a
	1.98
	-
	5.95
	0.70
	-
	1.10
	0.70
	-
	1.10
	1.98
	-
	5.95
	0.20
	-
	0.41

	Inhalation of Radon & Thoron
	0.001
	-
	0.024
	0.001
	-
	0.024
	0.001
	-
	0.024
	
	
	
	0.021
	-
	0.117

	Incidental Soil Ingestion
	0.56
	-
	2.69
	0.56
	-
	2.69
	0.56
	-
	2.69
	0.56
	-
	2.69
	0.56
	-
	2.69

	Groundshine
	2.02
	-
	5.90
	2.02
	-
	5.90
	2.02
	-
	5.90
	
	
	
	2.02
	-
	5.90

	X-rays
	 
	
	 
	0.07
	-
	0.23
	 
	
	 
	0.07
	-
	0.23
	 
	
	 

	Average Dose Rate (through 1989)
	11.01
	-
	33.88
	4.00
	-
	11.87
	3.93
	-
	11.65
	9.05
	-
	28.18
	3.33
	-
	10.35

	Average Dose Rate (1990/91)
	4.57
	-
	14.57
	3.36
	-
	9.94
	3.29
	-
	9.72
	2.61
	-
	8.87
	2.80
	-
	9.12

	a: This is the only pathway that is reduced after 1989; all other pathways remain unchanged due to the thick layer of previously deposited pipe scale 

	

	Description of Exposure Situations:

	Exposure Situation 1: Pipe yard, immediate vicinity of operating cleaning machine (V=1.2 m3/h)

	Exposure Situation 2: Pipe yard, immediate vicinity of operating X-ray machine 

	Exposure Situation 3: Pipe yard, other locations

	Exposure Situation 4: Stationary inspection buildings

	Exposure Situation 5: Office trailer (V = 0.925 m3/h)


	
	Exposure Situation 1
	Exposure Situation 2
	Exposure Situation 3
	Exposure Situation 4
	Exposure Situation 5

	
	(mrem/h)
	(mrem/h)
	(mrem/h)
	(mrem/h)
	(mrem/h)

	
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High

	Inhalation of Particulates
	5.46
	-
	16.38
	0.87
	-
	1.97
	0.87
	-
	1.97
	5.46
	-
	16.38
	0.47
	-
	1.06

	Inhalation of Particulates, 1990/91
	1.28
	-
	3.84
	0.45
	-
	0.71
	0.45
	-
	0.71
	1.28
	-
	3.84
	0.15
	-
	0.38

	Inhalation of Radon & Thoron
	0.003
	-
	0.046
	0.003
	-
	0.046
	0.003
	-
	0.046
	
	
	
	0.022
	-
	0.132

	Incidental Soil Ingestion
	0.51
	-
	2.44
	0.51
	-
	2.44
	0.51
	-
	2.44
	0.51
	-
	2.44
	0.51
	-
	2.44

	Groundshine
	2.02
	-
	5.90
	2.02
	-
	5.90
	2.02
	-
	5.90
	
	
	
	2.02
	-
	5.90

	X-rays
	 
	
	 
	0.07
	-
	0.23
	 
	
	 
	0.07
	-
	0.23
	 
	
	 

	Average Dose Rate (through 1989)
	8.00
	-
	24.77
	3.48
	-
	10.58
	3.41
	-
	10.36
	6.04
	-
	19.05
	3.03
	-
	9.54

	Average Dose Rate (1990/91)
	3.82
	-
	12.23
	3.06
	-
	9.33
	2.99
	-
	9.10
	1.86
	-
	6.51
	2.70
	-
	8.86

	a: This is the only pathway that is reduced after 1989; all other pathways remain unchanged due to the thick layer of previously deposited pipe scale 

	

	Description of Exposure Situations:

	Exposure Situation 1: Pipe yard, immediate vicinity of operating cleaning machine (V=1.2 m3/h)

	Exposure Situation 2: Pipe yard, immediate vicinity of operating X-ray machine 

	Exposure Situation 3: Pipe yard, other locations

	Exposure Situation 4: Stationary inspection buildings

	Exposure Situation 5: Office trailer (V = 0.925 m3/h)


Table 3. ICRP 72 Derived Effective Dose Rates (mrem/h) for Mr. Castell at Different Exposure Locations at ITCO
Table 4. ICRP 72 Derived Red Bone Marrow Dose Rates (mrem/h) for Mr. Castell at Different Exposure Locations at ITCO

	
	Exposure Situation

 1
	Exposure Situation 

2
	Exposure Situation 

3
	Exposure Situation 4
	Exposure Situation 5

	
	(mrem/h)
	(mrem/h)
	(mrem/h)
	(mrem/h)
	(mrem/h)

	
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High

	Inhalation of Particulates
	3.89
	-
	11.68
	0.62
	-
	1.40
	0.62
	-
	1.40
	3.89
	-
	11.68
	0.34
	-
	0.76

	Inhalation of Particulates, 1990/91
	0.90
	-
	2.71
	0.32
	-
	0.50
	0.32
	-
	0.50
	0.90
	-
	2.71
	0.08
	-
	0.27

	Inhalation of Radon & Thoron
	2.4E-05
	-
	3.0E-04
	2.4E-05
	-
	3.0E-04
	2.4E-05
	-
	3.0E-04
	
	
	
	0.002
	-
	0.012

	Incidental Soil Ingestion
	1.45
	-
	6.97
	1.45
	-
	6.97
	1.45
	-
	6.97
	1.45
	-
	6.97
	1.45
	-
	6.97

	Groundshine
	2.00
	-
	5.75
	2.00
	-
	5.75
	2.00
	-
	5.75
	
	
	
	2.00
	-
	5.75

	X-rays
	 
	
	 
	0.07
	-
	0.23
	 
	
	 
	0.07
	-
	0.23
	 
	
	 

	Average Dose Rate (through 1989)
	7.34
	-
	24.40
	4.14
	-
	14.35
	4.07
	-
	14.12
	5.41
	-
	18.88
	3.79
	-
	13.48

	Average Dose Rate (1990/91)
	4.35
	-
	15.42
	3.84
	-
	13.44
	3.77
	-
	13.22
	2.42
	-
	9.91
	3.53
	-
	13.00


	a: This is the only pathway that is reduced after 1989; all other pathways remain unchanged due to the thick layer of previously deposited pipe scale 

	

	Description of Exposure Situations:

	Exposure Situation 1: Pipe yard, immediate vicinity of operating cleaning machine (V=1.2 m3/h)

	Exposure Situation 2: Pipe yard, immediate vicinity of operating X-ray machine 

	Exposure Situation 3: Pipe yard, other locations

	Exposure Situation 4: Stationary inspection buildings

	Exposure Situation 5: Office trailer (V = 0.925 m3/h)


Table 5.  Effective and Red Bone Marrow Doses (rem) Received by Mr. Castell While Working at the ITCO Pipe Yard

	
	Exposure Situation 1
	Exposure Situation 2
	Exposure Situation 3
	Exposure Situation 4
	Exposure Situation 5
	Total Doses

(rem)

	
	(rem)
	(rem)
	(rem)
	(rem)
	(rem)
	

	
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High
	Low
	-
	High

	ICRP 30 (Effective)
	31.4
	 
	96.8
	11.8
	-
	35.1
	66.2
	-
	196.1
	29.8
	-
	93.4
	17.0
	-
	53.8
	156.2
	-
	475.3

	ICRP 72 (Effective)
	23.0
	-
	71.2
	10.3
	-
	31.5
	57.6
	-
	175.3
	19.9
	-
	63.4
	15.8
	-
	50.5
	126.6
	-
	391.8

	ICRP 72 (Red Bone Marrow)
	21.3
	-
	71.0
	12.4
	-
	42.9
	69.2
	-
	240.4
	18.5
	-
	65.9
	20.0
	-
	72.0
	141.3
	-
	492.2


Table 6.  Likelihood that Mr. Castell’s Acute Myeloid Leukemia was Caused by Radiation Exposure received at ITCO

	Exposure Type
	External + Internal Red Bone Marrow Doses 

	
	Probability of Causation - 99 Percentile

	Internal + External 
	96.30


Fig. 1.  Ra-226 and Ra-228 Decay Chains
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Fig. 2.  Air Rattlers for Straight Tubes
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